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SUMMARY

Mammalian tracks and trackways are widely preserved at all stratigraphical levels in the Flandrian
sediments of tidal mudflat and marsh origins which formed over the last 8000-9000 years on the marginal
wetlands of the inner Bristol Channel and Severn Estuary. The fauna recorded in this way, however, is
less diverse than that known from the few, small assemblages of skeletal remains, including some from
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482 J.R. L. Allen Subfossil mammalian tracks

archaeological sites, so far assessed. Missing or rarely represented in terms of tracks are the smaller of the
large mammals. Humans are represented by tracks throughout the Flandrian deposits. In the earlier
Flandrian, they were accompanied by deer and aurochs which gave way, in the later Flandrian, to
domesticated cattle and sheep/goat; there are sporadic indications of the presence of horse. Wolf/dog,
represented by just two records, is the only smaller large mammal so far recorded as a track.

The tracks were made, modified, and eventually preserved under a wide variety of sedimentological
conditions on the margins of the estuary. Those environmental conditions constrained the quality of the
anatomical evidence preserved in the tracks but can be inferred from the character of the tracks. Field
experiments suggest that the moisture content of the sediment at the time was crucial to the general nature
of the tracks. The mudflat-marsh silts which received the tracks varied from semi-liquid to firm,
depending on tidal and seasonal factors and on the elevation of the sedimentary surface relative to the
tidal frame. Some tracks were made in marsh peats which offered little resistance. Deep tracks preserving
little detail were produced in weak sediments of high moisture content; tracks formed in strong, firm muds
retained full anatomical detail. Referring to mechanical theory, and to a series of laboratory experiments
using Plasticine, the act of making a track is shown to be similar in character and effect to the indentation
of an ideal elastic—plastic material by a punch. The punch represents the descending limb of the animal,
the face of the punch the sole of the animal’s foot, and the elastic—plastic material the sediment which 1s
pierced and deformed by the downward action of the limb. The character of the experimental tracks, and
the range and relative size of the deformation structures they include, is qualitatively similar to what is
recorded from the field. Many of the tracks recorded from the field were variously modified in a

changeable and dynamic environment before final burial and preservation.

1. INTRODUCTION

When a vertebrate animal progresses over a surface of
sufficiently soft sediment, it leaves behind a series of
traces or tracks, which collectively form a trackway. In
principle, as every hunter has known, the character of
these spoor reveals the taxonomic position and age of
the animal, its direction of travel, its gait and speed,
and its health and behaviour at the time. From the
sediment which received the impressions, even when
fossilized, may be deduced the character of the
environment through which the animal was moving,
adding a further dimension to an appreciation of the
ecological position of the organism. Indeed, tracks and
trackways, with their high preservation potential as
trace fossils in sediments, may in many instances be
more revealing about the composition, abundance and
environmental range of past vertebrate faunas and
their ways of life than skeletal material (body fossils), so
readily subject to scavenging, dispersal, and decay
cither before or after burial in sediment. Early work
stressed the taxonomic significance of tracks and
trackways, but a strong appreciation of their ecological
value has been added in recent years.

Fossil reptile and dinosaur tracks attracted early
attention (e.g. Hitchcock 1858) and are the subject of
a huge literature (Sarjeant 1974, 1975, 1987; Delair &
Sarjeant 1985) and important recent syntheses that
stress their ecological value (Gillette 1986; Lockley
1986, 1991a, b; Leonardi 1987; Gillette & Lockley
1989; Thulborn 1990; Lockley et al. 1994; Lockley &
Hunt 1995). Tracks of mammalian origin, predomi-
nant in Tertiary and Quaternary sediments, have
attracted less attention but are being increasingly
reported from a widening range of geological
(Robertson & Sternberg 1942; Chaftee 1943; Bjork
1976 ; Demathieu et al. 1984 ; Loope 1986; Scrivner &
Bottjer 1986; Leakey 1987; Belperio & Fotheringham
1990; Loope & Simpson 1992; Smith et al. 1993; Lea
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1996; Roberts et al. 1996) and archaeological (Michel
1968; Fowler et al. 1976; Cramm & Fulford 1979;
Smith et al. 1981; Bahn & Vertut 1988) settings.
Scrivner & Botter (1986) give a subtantial listing of
papers. Hominid and human footprints have long been
known from cave sites (e.g. Vallois 1931; Clottes &
Simonnet 1972, 1984 ; Bégouer & Clottes 1984 ; Faton
& Richet 1985). They are also reported, in some
instances as lengthy trackways, from a range of
terrestrial (Brown 1947; Haberland & Grebe 1955;
Leakey & Hay 1979; Day & Wickens 1980;
Behrensmeyer & Laporte 1981 ; Leakey et al. 1987) and
coastal (Mountain 1966; Belperio & Fortheringham
1990; Aldhouse-Green et al. 1992; Politis & Bayon
1995; Price 1995; Roberts et al. 1996) deposits.
Preservation is especially good in damp volcanic ash
and in stiff-firm, laminated, intertidal muds.

An understanding of the mechanics of track-making
and the taphonomy of the traces continues greatly to
lag behind knowledge of the anatomical aspects and
distribution of tracks, despite the importance of these
questions to secure taxonomic and ecological inter-
pretations. So far, two main approaches have been
adopted. Several workers made observations or experi-
ments using live animals allowed to wander over
selected natural or prepared substrates (e.g. Brown
1911; McKee 1947; Peabody 1959; Reineck &
Howard 1978; Brand 1979; Fichter 1982, 1983 ; Padian
& Olsen 1984). Allen (1989) proposed that the limb
and foot of an animal making a track could be
regarded as a punch or indenter, and described some
preliminary results from laboratory experiments in
which an artificial limb and foot was allowed to deform
a prepared mass of Plasticine. Other investigators
collected evidence of tracks and track associations in
contemporary environments, from aeolian dunes
(Lewis & Titheridge 1978; Fryberger et al. 1983),
barrier coasts (Van der Lingen & Andrews 1969; Frey
& Pemberton 1986, 1987), a lake delta (Frostick &
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Reid 1986), and a lake-shore (Cohen et al. 1991, 1993).
However, several important environments remain
unrepresented in this list, and none can yet be described
as well-characterized, in terms of an acceptable number
of globally representative examples.

The aims of this paper are to provide an introductory
account of the formation, taphonomy and distribution
of contemporary and sub-fossil (Flandrian) mam-
malian tracks in a large estuarine environment (the
Severn Estuary) in which salt marshes and tidal mud-
flats abound, and to support the field observations on
formation with simple laboratory experiments related
to a theoretical mechanical model. The substantial
outcrops of Flandrian sediment, and the modern salt
marshes and high intertidal mudflats, have been
walked as thoroughly as possible, in the case of the
former particularly from autumn to spring, when
wave action ensures that the exposures are least
obscured by mobile sand and mud. Extensive exposed
bedding surfaces afford the best opportunities for
observing tracks in the silts and peats deposited on the
ancient mudflats and salt marshes of the estuarine
margins. The field procedures routinely applied were
direct observation and measurement, photographic
recording, and the dissection of selected tracks using a
trowel or large kitchen knife. In the inner estuary,
however, where the estuarine muds are well-laminated
and comparatively sandy, tracks could also be freely
sectioned (serially in some cases) and preserved as relief
casts (peels) using solutions of cellulose acetate in
acetone applied to cheesecloth stretched over the
prepared traces (Bouma 1969). In a study of human
trackways (Aldhouse-Green et al. 1992), successful use
was made of X-radiographs of thin slices cut serially
using a cheese-wire from an excavated block of
sediment that contained a track.

2. TERMINOLOGY

Mammalian tracks are included within the category
of trace fossils (also called ichnofossils or Lebenspurren),
for they are marks preserved in sediment which record
the activities of organisms. Two nomenclatures are
required in order to describe tracks and trackways.
One relates to the surviving evidence for particular
anatomical features and, therefore, is track-specific.
The other is more general and aims to cover the many
features displayed by tracks as marks resulting from the
deformation of sediments by organisms. Figure 1
summarizes a descriptive nomenclature of the latter
kind which expands on an earlier, preliminary scheme
(Allen 1989).

As each limb of a moving animal in turn descends to
meet and penetrate the surface of the sediment, the foot
cuts a more or less deep and vertical skaft into the
deformable substrate (figure la). Depending on the
consistency of the sediment, the shaft may vary from a
shallow imprint, with a depth only a tiny fraction of
the width, to a pit deeper than wide (e.g. Laury 1980;
Frey & Pemberton 1986; Lockley et al. 1986; Scrivner
& Bottjer 1986; Smith 1993; Scarboro & Tucker
1995). In cross-section, the shaft may vary from
essentially circular over the whole of its depth to
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increasingly elongated upward, depending on the
extent to which the limb hinges about the foot once the
latter has reached its terminal position. Roughnesses
on the edge of the foot as it either cuts or leaves the
sediment may impart steeply inclined striae to the
surface of the shaft, especially toward the lip (e.g.
Lockley et al. 1989). At the bottom of the shaft lies the
Jootprint, a more or less faithful mould of the sole of the
foot in the sediment last in contact with the foot. Only
under limited circumstances are footprints in this strict
sense ever seen.

The descent of the foot deforms the sediment in a
wide variety of ways, creating a substantial deformed
zone which embraces the whole of the shaft (figure 14).
The deformation structures include folds of various
scales, suggesting that the sediment responded in a
viscous-plastic manner, and faults, pointing to a brittle
response. A marginal ridge following the outline of the
foot is commonly formed on the surface of the sediment
(e.g. Tucker & Burchette 1977; Demathieu et al. 1984
Hay & Leakey 1987; Leakey 1987; Leakey el al.
1987 ;Belperio & Fotheringham 1990). A corresponding,
encircling, marginal upfold is developed beneath the
surface ridge (e.g. Ginsburg et al. 1966; Laury 1980;
Allen 1989; Smith 1993). Surface radial fractures have
been reported to accompany a ridge and upfold
(Scrivner & Bottjer 1986 ; Lockley e al. 1989). In damp
sands, one or more outward marginal thrusts may either
accompany or replace the marginal fold (e.g. Frey &
Pemberton 1986; Leonardi & Sarjeant 1986;
McKeever 1991, 1994). Laminae in the sediment
beneath the footprint may be bent downward into a
more or less deep, basin-like, axial downfold (e.g. Loope
1986; Allen 1989; Smith et al. 1993; Lea 1996),
associated with microfaults of various kinds and microfolds
(Aldhouse-Green et al. 1992; Nadon 1993). Microfaults
that are curved in the horizontal plane may appear to
the sides of the shaft, but are most commonly seen
dipping down toward the axis of the shaft beneath the
footprint. Swinehart (1990) records an exceptionally
fine example of the latter beneath a (?)bison footprint
in wind-blown sand. According to Maltman (1988),
the presence of shear zones in the (muddy) sediment
denotes a moisture content of less than 60-70 %,. Since
the deformational regime in the floor of the downfold
is essentially one of layer-normal compression, the
microfolds may be expected to have affinities with
Kidan & Cosgrove’s (1996)  ‘pinch-and-swell’
structures. Some of the radial fractures described by
Lockley et al. (1989) have the appearance of being
radiating microfolds. The surfaces of laminae within
the axial downfold will also display what have been
variously called Innenspur (Seilacher 1953), sous-traces
(Heyler & Lessertisseur 1963), undertracks (Goldring
& Seilacher 1971), undertraces (Allen 1989) or
transmitted prints (Smith 1993). Hitchcock (1858,
p- 32, PL. VI.1), in his early study, was well aware of
the occurrence and significance of undertraces, and was
quick to point out that the quality of preservation of
anatomical detail rapidly weakened downward within
a stack.

Other markings in addition to the marginal ridge
may be seen on the sediment surface (figure 10, ¢).
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Figure 1. Schematic general morphology of mammalian tracks. () The track of a two-toed animal in transverse
vertical section. (b) A track in longitudinal vertical section. (¢) A track as seen from above on the sedimentary surface.
(d) The preserved track of a two-toed animal in transverse vertical section. (¢, /) Various erosional modifications of

tracks in the course of preservation.

When travelling over soft-stiff mud, animals with more
than one toe commonly eject through the interdigital
clefts, often violently, small amounts of sediment on to
the surface ahead or to the side; at the same time, the
toes become increasingly separated, splaying outward.
These ¢jecta vary from dispersed splatters to one or two
more substantial striated lumps, depending on the
consistency of the sediment. The toes or claws of the
animal, as each foot either descends into or is retracted
from the sediment, occasionally make short, striated
drag marks or scrapes at the posterior (trailing)/anterior
(leading) edge of a track (e.g. Smith 1993). Related to
these are long skim marks, created on the surface usually
by part of the bent foot before a descent into deep mud
(e.g. Leakey 1987), and skid marks (Stuart 1982),
formed when the whole foot slips in a soft but thin
layer, before engaging with and descending into firmer
sediment below. In some instances, the marginal ridge
is associated with patterns of radial and concentric
Jfractures which penetrate for some distance into the fold
beneath (e.g. Scrivner & Bottjer 1986; Lockley et al.
1989; Nadon 1993). The radial ones typically are
vertically oriented, but the concentric features nor-
mally resemble outward thrusts. In two-toed animals,
digits/accessory digits II and IV are raised off the

Phil. Trans. R. Soc. Lond. B (1997)

ground and either a little smaller than digits III and
IV, as in the suids (Barone 1976), or reduced to a pair
of tiny digits and hooves (dewclaws), as in cervids and
bovids (Ashdown & Done 1984). Pairs of
symmetrically placed external pits recording these
reduced digits are commonly associated posteriorly
with the deeper shafts made by such animals (e.g.
Gonzalez et al. 1996), those due to pigs being further to
the side than in the case of cattle, sheep and goats.
The features named above all form during the
descent of the foot into the substrate and its immediate
withdrawal. There are other features which arise after
the production of the track and during its burial, which
may involve more than one accretionary or erosional
event, as well as other processes. Figure 14 shows some
of the features of tracks whose formation was completed
as the result of a single depositional event, without
intervening erosion. A shaft fill becomes emplaced in
the space vacated by the foot. The infilling sediment
may vary from laminated to structureless or, if material
collapses from higher in the shaft, disrupted. As
Hitchcock (1858) was early to appreciate, a series of
upward-weakening overtraces will form in the shaft
when sedimentary conditions permit a laminated plug
to build up. These overtraces will preserve anatomical
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details present on the footprint only where they
immediately overlie it; in terms of quality of pres-
ervation, overtraces are the mirror images of under-
traces (figure 1d). Where an erosional event followed
the production of the shaft, but before it was infilled, a
laterally inextensive, erosional surface
obliterating part of the shaft and marginal fold (figure
l¢). Where scouring followed the partial or complete
infilling of the shaft, a widespread erosional surface will
be present above a truncated deformed zone and shaft
fill (figure 1f). Depending on the relative resistance to
erosion of the sediments involved, the truncated plug
may survive on the scoured surface in either negative
or positive relief. Rarely, the plug is preserved as the
capping to a mushroom-like pinnacle of less resistant
sediment, rather as snow compressed beneath a
footprint is preserved during a thaw.

Erosion exposes the fossil tracks preserved in
sediments in various views. Vertical sections are of
three main kinds: axia/ when they contain the axis or
axial plane of the shaft or finely cut the axial plane,
wnternal-vertical when they lie off the axis or axial plane
but within the bounds of the shaft, and external—vertical
when they are limited to the deformed zone outside the
shaft. Sections more or less normal to the axis or axial
plane are transverse. They may cut the track either
above or below the level of the footprint, revealing
either (a) the shaft with a fill of overtraces, (b) the shaft
with a structureless fill, or (c¢) undertraces. Oblique
sections are intermediate in orientation between the
axial and transverse kinds.

may arise,

3. AMODEL OF TRACK FORMATION

(a) Limbs as indenters

To make a track, the combined limb and foot of an
animal must cut or otherwise permanently deform the
sediment as it descends and is then withdrawn. The
simplest mechanical model by which to understand the
first stage in the process of track-making is provided by
the action of an engineer’s punch or indenter (Allen
1989), which is held perpendicular to the surface of a
piece of metal or other substance and then pushed
axially some way into it by an appropriate force, as in
the Brinell and other hardness tests (Bishop et al. 1945;
Rollason 1973; Hill et al. 1989). Ideally, the indenter
should be much stronger and more rigid than the
material under test, but it may have any of a wide
range of shapes, for example, the flat head of a right-
circular cylinder, a sphere, or a symmetrical wedge.

Some differences may be noted between a limb and
foot and an indenter, and the action of each. For an
indenter to be effective, it must deform negligibly as it
is forced into the affected material, whereas the feet of
animals are neither rigid nor inflexible; even in the
case of hooved mammals (except horses), the toes are
capable of a degree of relative movement when plunged
into sediment (see above). Soft tissues supported by
jointed phalanges, as in humans, will tend to mould
themselves closely to the sediment they deform. The
action of the force exerted through an indenter is
always perpendicular to the surface of the affected
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material; it is sudden and impulsive in the case of a
struck punch, but is often chosen to be slow in hardness
tests. The force exerted through a limb is applied
gradually and over an interval measured in seconds
during walking, but quickly and violently in running
or galloping (Leutscher 1960; Bang & Dahlstrom
1974). It is always steeply inclined to the surface of the
sediment, but usually describes a small angle as the
limb hinges about the stationary foot between the
descent and the withdrawal. In animals with limbs
close to the plane of symmetry of the body, for
example, humans and cattle, the angle is wholly
contained in a parallel, vertical plane, and a slight
forward followed by backward shear may be exerted
on the sediment through the foot. The feet of reptiles
with outward-pointing elbows and knees, however, lie
distant from the plane of symmetry, and in these cases
a tendency of the foot to exert a horizontal, rotational
shear may also be apparent. These differences should
be borne in mind when experimenting with or
interpreting tracks, but they do not detract from the
usefulness of the basic indenter/punch model.

(b) Sediments as elastic-plastic solids

The vast majority of recorded tracks are impressed
into unconsolidated, polyphase sediments that range
from clay-mineral or lime muds to siliciclastic or
bioclastic-ooid sands, and to laminated mixtures in
between. In the voids of the mineral skeleton there was
an interstitial fluid, varying from air alone, in a dry
mud or sand, to water alone, in a fully saturated
deposit, or to a mixture of water and air in the partially
saturated state. Instead of air, bubbles of methane can
arise in those watery sediments, especially muds,
holding organic matter that continued to decay after
deposition.

Many factors combine to confer ‘strength’ and other
rheological properties upon these complex mixtures
(Tertzaghi 1959; Parry 1972; Yong & Warkentin
1975). These properties, and the rate at which the
animal’s descending foot strained the sediment, com-
bine to determine the amount and style of deformation
observed in each track. The moisure content un-
doubtedly is crucial in all sediments at a time of track-
making. For example, a given sand is generally stronger
when partially saturated (damp), because of the action
of surface-tension films, than when either fully satu-
rated or dry. The contribution of surface tension is
even more important in partially saturated muds,
because of the very large number of films that can be
held in the minute voids present in these deposits.
Electrochemical and other non-frictional surface forces
not only help to bind together the tiny grains that form
saturated muds, but also ensure that these particles at
the time of deposition assume very loose, open packings
and only locally ordered fabrics, from within which
pore water is expelled with difficulty. In the case of
some muddy sediments, these same forces, controlling
the disruption and reformation of fabrics during
deformation, combine with other factors to introduce
rate- and time-dependent rheological behaviour (e.g.
shear-thinning, shear-stiffening, thixotropy). The
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Figure 2. Relative calculated displacement vectors in an ideal elastic material under a strip load (adapted from

Lambe & Whitman 1969, fig. 32.9).

strength of a sand also varies with the closeness of
particle packing, and with the grain shape, surface
roughness, and degree of preferred orientation in the
aggregate as well. Some sands, either dry or wet, are
deposited with such a loose, metastable grain packing
that only a small force is needed to liquefy them
temporarily (Allen 1982).

There is no single rheological model (Reiner 1969)
that wholly satisfactorily describes the behaviour of
unconsolidated sediments, which achieve such variety
in terms of mineralogy, grain size and moisture content.
The elastic-plastic model, however, is helpful under an
especially wide variety of circumstances (Johnson
1970), and other models, including the Newtonian one,
can also under appropriate circumstances be usefully
applied to sediments and rocks (Johnson 1977;
Ramberg 1981; Johnson & Fletcher 1994). The
responses of an unconsolidated sediment differ signifi-
cantly according to whether the deforming force lies
within the elastic range or exceeds by an appropriate
factor the yield strength of the sediment and causes
plastic flow.

(¢) Elastic region

In the elastic region, very small, reversible strains
arise in the material affected by a deforming force.
Consider the action of a loaded, circular punch on a
large, uniform material considered to be incompressible
and elastic-plastic. As in the case of a strip load (Lambe
& Whitman 1969, fig. 32.9), illustrated in figure 2, the
punch sets up an axially-symmetric pattern of displace-
ments within the material. These decay with depth and
are negligible below about one punch-diameter. The

Phil. Trans. R. Soc. Lond. B (1997)

displacement is downward and outward in a zone
beneath the punch, which descends slightly. Sur-
rounding this zone is another in which the displacement
is outward and upward, an annular, surface bulge
surrounding the punch in compensation for the
incompressible material forced from beneath. When
the punch is unloaded, the displacements are reversed
and the material returns to its original configuration.
There is no surviving mark to indicate what has
happened because there was no permanent defor-
mation.

Most unconsolidated sediments show elastic be-
haviour, but normally over only a range of very small
deforming forces. Some unconsolidated sands, how-
ever, have such a close grain packing (e.g. plane beds
on beaches) that their response to vertical loading by a
foot is purely elastic, the small, permanent deformation
(scuffing) that is seen recording horizontal shear as the
foot rotates during a stride.

(d) Plastic region: general

Permanent and continuing distortion by plastic flow
becomes possible if the deforming force exerted through
an indenter exceeds by some factor the yield strength of
the affected material, with the total displacement
increasing until either the force is withdrawn or, in the
case of a body which increases downward in strength,
the punch descends to an horizon sufficiently firm as to
arrest the motion. The displacement may now be large
or very large, and will increase with the degree of
intrusion of the punch into the material.

The conditions for steady yield and the deformation
pattern at incipient yield vary with the shape of the
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indenter and a number of boundary conditions, as has
been demonstrated for ideal plastics employing various P
theoretical techniques (Calladine 1969; Hill 1971; 8 A
Johnson et al. 1970, 1982), and recently, using ¥ A \‘8 ~ SN A
rheologically more complex materials (Hill et al. 1989; A rigid o B TN A rigid
Hill 1992; Bower et al. 1993). Two of these conditions ST T TR A R AN
are particularly important in the context of tracks in ED D E base

sediments: the extent of the elastic-plastic material in
relation to the size of the punch, and whether or not the
material adheres to the face of the punch. Also of some
importance is whether or not a shallow, indented layer
adheres to the stratum beneath. Many tracks are made
in deposits which are interstratified (in addition to
being laminated) on a scale approaching that of the
foot, or which increase continuously but rapidly
downward in strength, with the effect of introducing a
virtual stratal boundary. Watery sediments are likely
to stick glutinously to the sole and sides of a foot,
whereas drier ones may display no significant cohesion,
while accepting near-perfect anatomical detail.

(e) Semi-infinite plastic region

Assuming strain in two-dimensions only (plane
strain), the undistorted thickness, /&, of the indented
layer must theoretically be large compared to the
width, a, of the indenter: 2 > 4.38a. When the face of
the indenter is rough (figure 34), the yield-point load
for steady plastic deformation takes an upper bound of
P =2ka(14+m/2), where P is the unit force and £ is the
yield strength, the slightly smaller lower bound being
P =5k (Prandtl 1920; Shield & Drucker 1953;
Calladine 1969; Johnson e/ al. 1982). Immediately
beneath the indenter occurs a triangular ‘dead’ region,
BBC, in which the material simply moves downward
with the punch, as in laboratory experiments illustrated
by Johnson et al. (1982) and Tapponnier et al. (1982).
In the adjoining regions ABCDA the material moves
along the slip-lines sketched. Rigid material occurs

Phil. Trans. R. Soc. Lond. B (1997)

Figure 4. Theoretical slip-line fields during the steady
indentation of a finite, ideal plastic material. (¢) Punch and
base both rough (after Shield 1955). (4) Punch and base both
smooth (after Hill 1971). (¢) Punch smooth, base rough (after
Shield 1955).

beneath ABCDA. Note that heave may be expected at
the exposed surface, creating marginal ridges, and that
the deformed zone is in total three times wider than the
indenter. For a perfectly smooth punch (figure 35) the
same bounds are obtained, but the slip-line field is
different and without a dead zone (Shield & Drucker
1953; Levin 1955; Hill 1971). The width of the
deformed zone is now only twice that of the indenter.
A dead zone limited to a part of the underside of the
punch may be expected when the indenter is neither
perfectly smooth nor perfectly rough.

(f) Finite plastic region

A wider range of cases arises when /4 < 4.38a, since
one or both of the indenter and the base of the affected
layer may be either rough or smooth. Yield-point loads
are greater than in the general semi-infinite problem,
increasing gradually with a//4 (Shield 1955). A trap-
ezoidal ‘dead’ region, BCCB, extending through the
thickness of the plastic material (figure 44a) is expected
when both the punch and the base of the layer are
rough (Shield 1955). Hill (1971) calculated the
deformation shown in figure 44 for a smooth base and
punch. Deformation follows the pattern in figure 4¢
when the punch is smooth but the base is rough (Shield
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Figure 5. Materials and equipment for laboratory experi-
ments on tracks. (¢) Arrangement of Plasticine markers and
layers (series A: adhesive square prisms of two colours; series
B: adhesive horizontal layers in two colours; series Ci: non-
adhesive horizontal layers). (b) A pile of markers/layers
ready to be captured in the box. (¢) Lower faces of smooth
and slotted punches. (d) Box containing layered Plasticine
mounted in jig ready for an experiment.

1955). In each case, heave and a pair of marginal ridges
may again be expected at the exposed surface, but the
width of the deformed zone is now between approxi-
mately a and 2a, decreasing as a/h grows larger.

(g) Conclusion

The above summary of mechanical theory, although
describing with highly simplified conditions, offers a
number of insights into the likely character of the
animal tracks present in the field. In particular, it
suggests that (a) the shaft is surrounded by a substantial
deformed zone, (b) the deformed zone is likely to
include faulted as well as folded layers, and (c) the
character of a track is likely to vary with the
‘rheological stratigraphy’ of the affected sediment.

4. LABORATORY EXPERIMENTS ON
TRACK-MAKING
(a) Materials and methods

In these essentially qualitative laboratory experi-
ments, a contained block of elastic-plastic material
held in a simple jig was pierced to a prescribed depth
normal to its upper surface by a right-cylindrical
punch with a smooth face. The head of the punch was
either plane or bisected along a diameter by an inset,
rectangular slot.

Fresh Plasticine served as the modelling material
(Green 1951; McClay 1976) because it was cheap,
available in various colours, and readily shaped and
glued. It is virtually incompressible, has a well-defined

Table 1. Summary of conditions for laboratory experiments on track-making. Note: all values are nominal

punch slot slot layer penetration
diameter width height thickness depth

experiment (a/mm) (b/mm) (¢/mm) (h/mm) (d/mm) hfa d/a d/h

Al 32 plane plane 42 4 1.31 0.125 0.095
A2 32 plane plane 58 8 1.81 0.250 0.138
A3 32 plane plane 75 16 2.34 0.500 0.213
A4 32 plane plane 91 32 2.84 1.00 0.352
Ab 32 plane plane 91 48 2.84 1.50 0.527
A6 32 plane plane 42 32 1.31 1.00 0.762
A7 32 plane plane 25 25 0.781 0.781 1.00

Bl 32 8 4 34 4 1.06 0.125 0.118
B2* 32 8 4 51 8 1.59 0.250 0.157
B3 32 8 8 68 16 2.13 0.500 0.235
B4* 32 8 8 80 32 2.50 1.00 0.400
B5 32 8 8 80 48 2.50 1.50 0.600
B6 32 8 8 34 24 1.06 0.760 0.706
B7* 32 plane plane 23 23 0.718 0.718 1.00

B8 32 plane plane 23 23 0.718 0.718 1.00

Cl1 32 8 4 48 4 1.50 0.125 0.083
c2 32 8 4 57 8 1.78 0.250 0.140
C3 32 8 4 88 16 2.75 0.500 0.182
C4 32 8 8 60 8 1.88 0.250 0.133
G5 32 8 8 86 16 2.69 0.500 0.186
C6 32 4 4 48 4 2.34 0.125 0.083
c7 32 4 4 68 8 2.13 0.250 0.118
C8 32 4 4 88 16 2.75 0.500 0.140

* Experiment repeated to provide transverse sections.
" Face of punch and base of Plasticine block lubricated.

Phil. Trans. R. Soc. Lond. B (1997)


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Subfossil mammalian tracks ~ J. R. L. Allen 489

Figure 6. Laboratory experiments on track-making: displacement fields (Series A, axial sections) and surface strain
markers (Series B). Each photograph illustrates a subject about 105 mm across. (a) Experiment Al. (4) Experiment
A2. (¢) Experiment A4. (d) Experiment A3. (¢) Initially circular strain markers on upper surface of Plasticine block

in Experiment B7. See table 1 for experimental details.

yield point, exhibits only a weakly nonlinear flow law
and, at high strains, shows no work-hardening when
warm. The experiments are in three series, differing
chiefly in the construction of the masses of Plasticine to
be shaped into contained blocks and then pierced by
the selected punch (figure 5a). Except in one experi-

Phil. Trans. R. Soc. Lond. B (1997)

ment, each mass was firmly glued to the rigid base on
which it was built up. In Series A, intended to
demonstrate modes of deformation and displacement
fields, square prisms (side 8.3 mm) of alternately light-
and dark-coloured Plasticine made using a pug mill
are pressed and glued together to form a square-based
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Figure 7. Laboratory experiments on track-making: small-scale features associated with deformation (series B, axial
sections). Except where a portion is specified, each photograph illustrates a subject about 105 mm across. (a) Radial
fractures due to circumferential tension on the upper surface of Plasticine block, experiment B2. (4, ¢) Microfaults
associated with shear zones beneath ‘footprint’, Experiments Bl and B2. (d) High-angle microfaults close to shaft wall
and microthrusts beneath marginal upfold, Experiment B8 (left-hand portion; see figure 9% for right-hand part). ()
Microfaults associated with the shaft wall (high-angle) and the ‘dead region’ below the ‘footprint’, Experiment B4

(right-hand portion). See table 1 for experimental details.

mass (side ca. 140 mm) of the desired height. These
prisms, in cross-section, serve as strain markers. Masses
for Series B and C are built of stacked layers of
Plasticine rolled on plane glass to a uniform thickness
of 2.85 mm; these stacks are intended to simulate the
laminated deposits so frequently encountered in the
field. Alternately light and dark layers are glued
together in Series B, but in Series C they are of a single
colour and dusted with powdered talc to make them
non-adhesive, except for the underside of the lowest
layer which, as described, was glued to the base. The
endeavour in Series B is to explore the geometry of
deformation in a layered but essentially homogeneous
material. The stacks for Series C mimic sediments
composed of sharply contrasting layers. Because of the

Phil. Trans. R. Soc. Lond. B (1997)

lack of adhesion other than at the base, these blocks
can, after deformation, be dissected a layer at a time,
affording insight into the progressive loss of anatomical
detail downward through undertraces (see figure 1a).

Each block was contained in a cube-shaped metal
box (side 105 mm internally), with upper and lower
faces open, divisible into two L-shaped parts by
withdrawing pins from hinge-like fastenings along
opposite vertical edges. A block was formed by pressing
the box into one of the masses of Plasticine supported
on its base, fashioned as described above (figure 54).
The blocks in each series may be regarded as identical,
within the limits imposed by the hand-construction of
the parent stacks. The punches to pierce the blocks are
cylindrical (diameter 32 mm), with plane or slotted
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Figure 8. Experimental displacement field reconstructed from the positions of the axes of square prisms of identical
size and arrangement in an undeformed block of prisms and in three increasingly deformed blocks (Experiments

A1-A3). See table 1 for full experimental conditions.

faces, and made from hardwood mounted axially on a
stout steel rod (figure 5¢). The slotted forms simulate
the divided hooves of cervids and bovids, the mammals
chiefly represented by tracks in the Flandrian deposits
of the Severn Estuary.

In order to make an experiment, the contained
Plasticine block was secured in a simple jig on the
laboratory bench (figure 5d). Over a period of a few
seconds, a steady downward force was applied manu-
ally through the rod to the punch, the penetration of
which was limited by an adjustable collar. In Series A
and B, the blocks, wrapped in plastic sheets, had been
heated in an oven for 18 h at about 40 °C in order
to soften them; the punch was also preheated. These
experiments were carried out as soon as possible after
removing the punch and block from the heat. The
blocks were used at room temperature in Series C, in
order to prevent layer adhesion. After completion of an
experiment, the punch was carefully removed, the
shaft quickly filled with hot black Plasticine, and the
block allowed to cool. The box was removed from
around the block by withdrawing the corner pins and
the mass (Series A, B) transferred to another jig in
which it could be cut serially into parallel slices of
controlled thickness and photographed. The orien-
tation of these slices may be described in the same
terms as for naturally occurring tracks (see above).

Phil. Trans. R. Soc. Lond. B (1997)

Blocks from Series C were dissected and photographed
in the jig by peeling off layers in sequence from the
topmost downwards. Fractures on the upper surfaces of
blocks, and on the surfaces of layers in Series C, were
made clearer by applying a paint of Indian ink,
followed by the careful removal of the surplus.

(b) Mode and intensity of deformation

Blocks from Series A (table 1) were sliced axially
along the shaft and normal to the lie of the Plasticine
prisms (figure 5a). They show that the Plasticine
deforms around the descending punch chiefly by pure
shear, but with some simple shear and rotation of
elements (figure 6a-d). At large strains, some
unglueing and slippage of the Plasticine prisms may be
evident. Beneath the face of the punch is a narrow,
roughly hemispherical zone of intense shear that
bounds a ‘dead’ region, as in the experiments of
Johnson et al. (1982) and Tapponnier et al. (1982) (see
figure 3a). Upward displacement and vertical ex-
tension due to a much less intense radial compression is
evident laterally from this zone and from the wall of the
experimental shaft. The surfaces of the blocks are
arched up around the shaft and, judging from patterns
of faint surface cracks, in radial tension within a
narrow, annular zone commencing at the lip. Along
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Figure 9. For description see opposite.
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and just outward from the crest of the arch, however,
circumferential tension exists compatible with a de-
tectable radial compression and slight outward dis-
placement of elements (figure 6a—d). Green (1951) and
Johnson et al. (1982) found upward and outward
displacement in their experiments; the simple doming
experiments of Withjack & Scheiner (1982) and Marti
et al. (1994) produced radial fractures and a radial
compression expressed internally and at the surface by
outward micro-thrusts. Blocks that were deeply
penetrated showed intense strain (e.g. table 1, A5-A7).
As the punch approaches closer to the base of the
deformed layer, the state of circumferential tension at
the surface spreads inwards toward the lip of the shalft,
as shown by strain markers in an experiment from
Series B (figure 6e, table 1, B7) and surface cracks
revealed by a paint of Indian ink in another case (figure
7a, table 1, B2).

Figure 8 shows the displacements of the centres of
prisms observed from an unpierced block and experi-
ments AI-A3, with the base of the blocks serving as
datum (table 1; figure 6a, b, d). All four blocks were
identical in construction. As the theoretical model
demands (figure 3), and as Lambe & Whitman (1969,
fig. 14.3) illustrate from a related experiment using
uniform glass rods, material is displaced downward
and sideways beneath the punch, and upward and
slightly outward in the outer part of the deformed
zone. However, the displacement field yielded by the
present experiments i3 not exactly symmetrical, as
required theoretically, on account of a systematic
distortion found to have been introduced as the result
of the way of building up the mass of square prisms.

(¢) Geometry of deformation

The deformation of blocks of homogeneous, layered
Plasticine by a slotted or plane punch is illustrated in
figure 9a—h (table 1, B1-B8), the section in the slotted
case being cut normal to the length of the slot. The
changing transverse section is illustrated by serial slices
from experiments B2 and B4 (figure 10). Essentially,
the punch creates a deformed zone composed of (a) an
annular upfold beneath a marginal ridge on the surface
that surrounds (b) an axial downfold; when the punch
is slotted, the floor of the downfold may include (c) a
small slot-related cross-fold. The basic geometry may
be described using the measures defined in figure 114.

In all the experiments the upfold is asymmetrical
and faces the axis of the shaft, the inter-limb angle
increasing downward. The relative length L, /a at the
crest increases at first rapidly and then more gradually,
with little difference between the trials (figure 11a),
but the relative length L,/a between the hinge points is
constant only for small penetrations (figure 114, ¢).

Subfossil mammalian tracks J. R. L. Allen 493

Downward, the crest and outer hinge of the upfold
gradually converge, leaving only the axial downfold at
greater depths (figure 9¢). The relative height, H, /a, of
the downfold falls off downward, typically on an
inflected curve (figure 115), but the relative height,
H,/a, is steadier (figure 11¢).

Increasing penetration effects two main changes.
The upfold and downfold increase in strength (figure
9a—¢) and, as in Series A (figure 6a—d), a semicircular
zone of increasingly intense shear develops around the
‘dead’ material (e.g. figure 9d). Transversely, the
increasingly intense folding is expressed in several
ways. Within the vertical range of the shaft, a growing
number of layers are seen to be involved (figure 104,
S, g). Slices from about the level of the ‘footprint’ vary
downward from simple in structure, with a clear slot-
related cross-fold, to more complex and confused a
little below (figure 104, ¢, 7, j). Only at greater depths
is there evidence of a broad, flat-bottomed basin
(figure 10d, ¢, £, [). At small penetrations (figure 9aq,
b), the relative length, L,/a, is about two (figure 114),
corresponding well with the scale of the deformed zone
in the theoretical rough-punch model (figure 3a). At
greater penetrations, the deformed zone seems at first
to widen at the surface toward L,/a =3 and then
narrow, while narrowing rapidly downward (figures
9¢-h, 11d, ¢). The theoretical models for plastic layers
of finite depth suggest a narrowing of the deformed
zone as the punch increases relatively in size (figure 4).

Shear zones arise at a number of sites within the
blocks. With growing penetration, they become
increasingly obvious at the lateral margin of the shaft
and also beneath the punch. The marginal ones first
appear at about d/a = 0.5 (e.g. figure 9¢). They are
closely spaced, dipping inward and outward at 70-80°
(e.g. figures 7d,9e¢), and may correspond to (much
shallower) slip lines in the models (figures 3, 4). A
better fit to the theoretical models is afforded by the
axially symmetrical shear zones that extend obliquely
downward and inward from the outer edges of the
punch and slot (figures 7¢-¢ and 9:¢). Crossing
semicircular zones of intense layer-thinning, these dip
at about 45° and seem to match the shear zones at the
boundaries of the predicted ‘dead’ regions. The uneven
thicknesses (figure 9¢—f) and crenulate margins (figure
10j) of these thinned layers beneath the punch are
suggestive of Kidan & Cosgrove’s (1996) ‘pinch-and-
swell’ structures, produced by vertical-normal com-
pression. As the punch cuts deeper into the blocks, an
increasing amount of Plasticine is compressed vertically
and squeezed outward. The displaced material forms a
wide-angled, almost flat-lying fold which is partly
thrust, along steep reverse shear zones, beneath the
outer limb of the upfold (figures 3d, 9g, k).

A deformation geometry similar to the above arises

Figure 9. Laboratory experiments on track-making: effects due to penetration and layer-thickness (Series B, axial
sections). Except where a portion is specified, each photograph illustrates a subject about 105 mm across. (a)
Experiment Bl. (b) Experiment B2. (¢) Experiment B3. (d) Experiment B4. (¢) Experiment B5. (f) Experiment B6.
(g) Experiment B7. (k) Experiment B8. () Experiment B1, detail of microfaults beneath the ‘footprint’ (right-hand
portion). (j) Experiment B4, detail of folds and microfaults associated with the ‘dead region’ and shear zone beneath
the “footprint’ (shaft 32 mm across). (k) Experiment B8 (right-hand portion). See table 1 for experimental details.
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Figure 10. Laboratory experiments on track-making: transverse sections (Series B). Each photograph illustrates a
subject about 105 mm across. (a—¢) Experiment B2, a section high across the shaft (black) and at progressively
increasing depths below the level of the footprint. (f~/) Experiment B4, sections across the shaft (black), across the
shaft and slot, and at progressively increasing depths below the level of the footprint. See table 1 for experimental
details.

in the blocks composed of non-adhesive layers (table 1,
Series C). The main qualitative differences from Series
B are (a) a more subdued marginal upfold, and (b) a
corresponding partial suppression of the shear zones
generated at sharp edges on the punch. Quantitatively,

Phil. Trans. R. Soc. Lond. B (1997)

the main change is a range of higher values for L,/a
(figures 11a, b and 12).

The field observer is commonly presented with non-
axial vertical sections of tracks, represented exper-
imentally in figure 13a—¢ (see also table 1). Depending
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Figure 11. Laboratory experiments on track-making (Series B). Aspects of the geometry of the deformed zone. See
also table 1.
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Figure 12. Laboratory experiments on track-making (Series C). Further aspects of the geometry of the deformed
zone. See figure 11 for definition diagram and also table 1.
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Figure 13. Laboratory experiments on track-making: external-vertical sections (Series B) and and views of non-
adhesive bedding surfaces (Series C). Each photograph illustrates a subject approximately 105 mm across. (a—c)
Experiment B2, three external-vertical sections at progressively shorter distances from the concealed shaft wall.
(d, ¢) Experiment B35, two external-vertical sections progressively closer to the concealed shaft. (f, ¢) Experiment B7,
two external-vertical sections progressively closer to the concealed shaft. (A—n) Experiment C7 (light from left), the
surface of the indented Plasticine block (with strain markers) showing the empty shaft, and six bedding surfaces at
progressively greater depths below the shaft. See table 1 for experimental details.

on their relative axial distance, such sections may be

. . . . . d) Features due to a slot
recognized by either (a) vague undulations in laminae, ()

(b) a pair of folds of downward decreasing height that A slot on the face of the punch, simulating the
grow out of a single upfold, or (c¢) closed bedding  interdigital cleft on the hooves of cervids and bovids,
traces, as in a sheath fold, indicative of a fold nose. creates various minor structures on the floor of the

Phil. Trans. R. Soc. Lond. B (1997)
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Figure 14. Laboratory experiments on track-making (series
B and C). Effect of penetration (d) on the depth in the
material (y,) at which a slot on the base of the punch is no
longer detectable. Note that y,, is measured relative to the
undisturbed surface and not to the surface after deformation.
See also table 1.

axial downfold. These are (a) the shear zones already
described and (b) a cross-fold, shown axially in figure
9a—e (table 1, B1-5), transversely in figure 104, ¢ (table
1, B2, 3), and as features on the surfaces of layers in
figure 13/-n (table 1, C7). The anticlinal cross-fold is
most readily detected and simplest at small
penetrations, when the shear zones are little developed.

Downward through the undertraces, the cross-fold
declines in height but increases in the inter-limb angle,
the minimum angle falling as the slot deepens (e.g.
figure 9a, ¢). The cross-fold remains recognizable below
the level of the footprint to relative depths, y,/a, of
0.45-0.85 (figure 14), increasing with the size of the
slot, but decreasing with growing penetration, as more
and more layers are entrained into the intensely
sheared zone below the punch. Adhesion between
layers appears to increase somewhat the relative depth
to which the cross-fold can be traced.

(e) Conclusion

These experiments reproduce qualitatively (figures
6, 7, 9, 10, 13) all the essential features of real tracks
(figure 1), and justify the choice of an indented plastic
material (figures 3, 4) as an appropriate general
theoretical model for the first stage in track formation.
It would appear that the limb and foot cut a shaft in
the sediment, creating around and below the shaft
an extensive zone of deformed sediment, the degree of
deformation increasing with penetration. The de-
formed zone comprises an axial downfold, in which
are preserved downward-decaying undertraces, and a
marginal upfold, together with shear and fracture
zones. Where the sole of the foot is complex in shape,
anatomical details, in the form of cross-folds, may to an
extent be preserved among the undertraces, but only in
those closest below the footprint.
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5. TRACK-MAKING IN THE
CONTEMPORARY SEDIMENTS

(a) Tidal and climatic regimes

The inner Bristol Channel and Severn Estuary
constitute one of the largest tidal inlets on the west
coast of Britain (Allen 19904, 1991). With a hypertidal
regime (extreme tidal range 14.8 m, Avonmouth) and
an exposed setting (opening west to south-west), the
system 1s swept by fast, turbulent currents frequently
augmented by substantial storm waves and surges.
Tidal heights are least during the late spring and
summer, but otherwise fairly uniformly high. The
climate is maritime, with a strongly seasonal dis-
tribution of sunshine, temperature, rainfall, and wind
strength, direction and frequency (Chandler &
Gregory 1976; Allen 19874), the warmest, driest and
calmest months extending from May to August;
February can also be calm and dry. The tidal and
climatic regimes are significant factors in track-making
and track preservation, for they strongly influence the
amounts of sediment accretion/erosion on the higher
mudflats and salt marshes, together with the grain size,
moisture content, and general strength of the deposits.

(b) Sedimentological background

Rivers draining areas of mainly Palacozoic and
Mesozoic rocks supply large amounts of fine sediment
to the estuary (Collins 1987; Allen 1991), and there 1s
a considerable short-term exchange of fines between
the water body and the unstable bed and banks (Allen
19876, 19904a). Although the bed-material coarsens
from chiefly medium sand in the outer estuary to very
fine sand in the inner part (McLaren et al. 1993), the
suspended sediment becomes finer grained and more
clay-rich down-estuary (Allen 1987¢; French 1993).
Roughly 109, of this sediment consists of carbonate
particles, chiefly shell debris, and a full range of clay-
mineral species is present, about 259, of the < 2 mm
fraction consisting of expandable minerals.

Large amounts of suspended fine sediment at
generally high concentrations (Hydraulics Research
Station 1981 ; Kirby 1986) are potentially available for
deposition at high-water slack on the salt marshes and
mudflats. However, the accretion—erosion regime in
these environments is extremely variable (e.g. Allen
1987¢), and sensitive to spatio-temporal changes in
tidal, wind-wave and other weather conditions, with
consequent effects on sediment properties that control
track-making (figure 15). Most deposition, and also
most erosion, occurs from late autumn to early spring,
when the tides are relatively high and strong, and
westerly winds generally frequent. The sediment is
coarsest during the winter, when sand is readily sus-
pended owing to increased storminess and the elevating
effect of low temperatures on water viscosity (Allen
19904). Normally, accretionary and erosional events
occur on time-scales ranging from the twice-daily tide,
to a few days (strong-wind events), to a few weeks
(spring-neap and monthly tidal cycles; late autumn—
carly spring storms). Seasonally, there is a greater
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Figure 15. Summary of spatio-temporal trends in six
environmental factors which influence the formation of
animal tracks in the inner Bristol Channel and Severn
Estuary. The spatial trends plotted are those observed in a
transect across the mudflats and marshes. The main axial
trends are an up-estuary decline in accretion/erosion rates,
and an increase in the grain size of the mudflat-marsh silts.

tendency toward accretion during the summer months,
and a heightened tendency toward erosion during the
winter. There are, however, exceptions in particular
years. Deposited mud can remain uneroded during
winter anticyclonic conditions, when thicknesses total-
ling up to a few decimetres can form without
interruption on the mudflats, and up to a few
centimetres on the lower marshes, provided that
periods of such weather follow each other in rapid
succession. A single, severe storm, however, can remove
these accumulations in their entirety, as well as some
older sediment. Heavy rain and winter freeze-thaw
also erode the higher intertidal sediments. Generally,
little deposition takes place from the lower tides that
prevail from late spring to late summer. During these
periods, the silts underlying the salt marshes and
higher mudflats lose moisture and become stronger,
although the accompanying development of desic-
cation fractures (Allen 19874) means that sufficiently
powerful currents can erode them later in the form of
relatively large masses. Those deposits highest in the
tidal frame may dry out completely during a lengthy
warm, dry period. Consequently, animals that inhabit
the margins of the estuary encounter seasonally varying
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sediment conditions that affect the character of the
tracks they may leave behind. During any one season,
however, sediment conditions also vary with position in
the tidal frame, with moisture content declining, but
strength increasing, upward and outward from the
mudflats to the high salt marshes. The tidal and
climatic regimes ensure that, from the standpoint of
strength, the stratigraphically most variable sediments
occur on the salt marshes; the mudflat deposits are
generally speaking the weaker and more uniform
vertically.

Because of the current high rate of relative sea-level
rise (Heyworth & Kidston 1982; Shennan 1989; Allen
19904), no peat marshes are being formed today on the
margins of the estuary. Hence it has not been possible
to conduct field track-making experiments in organic-
rich sediments. It may nevertheless be reasonably
assumed that, as sediments potentially able to receive
animal tracks, the peats (reed swamp, fen-carr, coastal
woodland, acid bog) that occur in the Flandrian
sequence (see below) were weak at the time of
formation and for a period afterwards. In contrast to
the contemporaneous silts, they would also be highly
and, to a substantial extent, irreversibly compressible.

(¢) Larger mammalian inhabitants

In the contemporary estuary, the potential makers
of tracks on the higher mudflats and surviving salt
marshes (Burd 1989) are chiefly humans (farmers,
salmon and elver fishermen, tourists) and stock put out
to graze. The latter are overwhelmingly sheep and
cattle, for the most part kept separate, but horses have
been grazed locally. Farm dogs are occasionally seen.
The few wild mammals that venture today on to the
marshes and mudflats are mainly scavenging foxes.

(d) Tracks in semi-liquid mud

Semi-liquid mud in the inner Bristol Channel and
Severn Estuary is distinguished by (a) its very high
moisture content and very low yield strength, (b) the
ease with which it wets and clings thickly to even
greasy surfaces and, as a consequence of shear-thinning,
(c) its ability when disturbed to flow and take a
consistency ranging from thick paint to lumpy por-
ridge. The semi-liquid state is the normal one of freshly
deposited mud, but it is gradually lost, with a
consequent gain in the strength of the sediment, due to
the drainage and evaporation of pore water with
increasing atmospheric exposure during low tide.
Desiccation fractures are never seen. Tracks do not
form in thick deposits of semi-liquid mud, which
animals tend to shun, as they would otherwise become
mired and flounder.

Figure 164 illustrates a typical track observed to
have been made by a shod human in a thin (¢a. 0.12 m)
layer of semi-liquid mud overlying firm sediment at
Hills Flats (ST 633978). Many fine laminae of silt and
very fine sand were present in the affected deposit. The
mud was extensively disrupted during the insertion of
the foot and again, as the result of adhesion and
suction, during its withdrawal. Deformation produced
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Figure 16. Field experiments on track-making. (¢) Shod human in semi-liquid mud, Hills Flats (ST 633978). (b)
Shod human in soft mud, Hills Flats (ST 632978). Note radial fractures. (¢) Cattle in stiff mud, Oldbury Pill (ST
599929). Note radial deformation fractures, and that shaft has localized later desiccation cracks. (¢) Sheep in stiff
mud, Goldcliff (ST 363823). (¢) Cattle and sheep in firm mud, St Pierre Pill (ST 521894). (/) Shod human in firm
mud, Beachley Point (ST 551904). (g) Sheep trampling in stiff-firm mud, Wick St Lawrence (ST 359664). (4) Sheep
trampling in soft mud, Goldcliff (ST 363823). Scales: tape boxes 50 mm square; lens cap 55 mm across.
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a liquefied sediment, which consisted of a mixture of
small, variously orientated ‘rafts’ of groups of
undisrupted laminae (the lumps in the photograph)
supported by a more homogeneous, fluid mud. No
marginal fold survived. Instead, the deformed sediment
collapsed and partly flowed back into the shaft,
significantly narrowing and partly filling it and
obscuring the footprint at the bottom. Marking the
outer limit of the deformed zone were a few, short,
circumferential tension fractures. Such a track, if
fossilized, is unlikely to reveal much about the track-
maker, and may be recognizable only as a mass of
disrupted sediment below a slight depression on a
bedding surface.

(e) Tracks in soft mud

Soft mud has a high moisture content and low yield
strength, and adheres thickly to surfaces with which it
1s in contact. The tendency to flow and collapse,
however, is much less pronounced than in the previous
case, and is not always apparent. Desiccation fractures
are never seen in soft muds.

Typical of tracks made in soft mud overlying firm
are those produced at Hills Flats (ST 633978) by a
shod human in a layer (ca. 0.1 m) of well-laminated
mud above a firm deposit (figure 16). The footprints
are poorly formed and covered with many tall
‘adhesion spikes’, created as the foot was withdrawn.
Each shaft is surrounded by a bold marginal ridge, cut
by radial tension fractures; there is no sign that the
sediment was liquefied as the result of deformation.
The lips of the shafts carry a few blurred striae made by
the foot, and the walls have collapsed (or been sucked)
inward slightly. Tracks such as these could be infilled
and preserved, but the footprints and overtraces are
likely to show only the grosser anatomical features.

(f) Tracks in stiff mud

This material has a moderate moisture content and
yield strength. It is readily moulded, securely retaining
the shape given to it, but tends to adhere to surfaces,
leaving behind local clusters of tiny spikes. Together
with soft mud, it is perhaps the category of sediment in
the Severn Estuary in which tracks are most commonly
made. Some thick deposits of stiff mud may reveal
widely spaced desiccation fractures, but most stiff muds
lack these features. Once formed, however, tracks in
stiff mud can serve to localize desiccation cracks that
arise as the sediment loses further moisture.

Cattle and sheep were observed as they wandered
over deep layers of stiff mud at, respectively, Oldbury
Pill (ST 599929) and Goldcliff (ST 363823), photo-
graphs being taken either at the time (Goldcliff) or
within a day or so (Oldbury Pill). The animals cut
shafts of a depth similar to or slightly less than the
diameter of the foot (figure 16¢, d). The footprints were
well defined and, in many cases, impressions of
dewclaws appeared on a platform-like extension of a
shaft. Marginal ridges were weakly developed and in
some cases limited to only one side of the shaft; vertical
radial fractures accompanied only the more strongly
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developed ones (figure 16¢). Striated ejecta, mostly
attached to the inner lip of the shaft, were associated
with both the sheep and cattle tracks, but only the
sheep spoor included finely grooved drag marks.
Fossilized tracks such as these are likely to preserve
substantial anatomical detail, in the form of under-
traces, the footprints themselves, and overtraces.

(g) Tracks in firm and hard mud

These two categories of material are distinguished by
their high yield strength and, respectively, their low
and negligible moisture contents. Hard mud, normally
encountered on salt marshes only during summer
months, is so dry and strong that an animal leaves no
trace behind, other than powdery scuff marks or a few
broken and displaced mud flakes where desiccation
fractures had developed horizontally along laminae in
the sediment (Allen 19874). However, on the fringes of
salt marshes and in the creeks, a thin surface layer of
hard mud is commonly found to overlie a thick layer of
stiff or even soft sediment. Tracks made under these
circumstances consist merely of more or less deep
shafts, at the bottoms of which are plates of mud which
have been pressed down from the surface but are
devoid of footprints.

Firm mud retains sufficient moisture that it can just
be moulded in the hand but without adhering; such
muds frequently reveal desiccation fractures in an early
stage of growth. The feet of animals seen crossing
surfaces of firm mud at St Pierre Pill (ST 521894) and
Beachley Point (ST 551904) sank to depths of no more
than a few millimetres or centimetres, leaving
undistorted and sharply defined footprints unaccom-
panied by either collapsed shaft walls, significant
marginal ridges or ejecta (figure 16e¢, f). A short
sequence of high-fidelity undertraces may be expected
to underlie each footprint, and there is the potential for
a sequence of high-fidelity overtraces to accumulate
directly above in the shaft. The footprint itself should
preserve the finest anatomical detail. Dinosaur foot-
prints with the impressions of tuberculate skin, for
example, seem to have been made in a muddy substrate
that was firm (Currie et al. 1991).

(h) Trampled surfaces

Animals are seen to continually wander over a
grazing marsh with only sparsely distributed or already
close-cropped vegetation, as at Wick St Lawrence (ST
359664) and Goldcliff (ST 363823). The observed
result is a more or less densely trampled surface, on
which the tracks vary in spacing from a few diameters
apart to overlapping, together with a more or less
intensely reworked superficial deposit of a thickness
increasing as the strength of the sediment declines and
the animals sink more deeply and frequently (figure
16g, k). These observations suggest that, in a fossil
context, the track-maker(s) may be difficult to identify,
since all but the youngest spoor are likely to have been
modified by subsequent trampling. Given the quantity
of skeletal remains and tracks in the associated
sediments, Laury (1980) considered it likely that
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mammoths trampling the laminated mud at the
bottom of a shallow, sinkhole pond were responsible for
the almost complete destratification of much of the
deposit that was present.

(i) Contemporaneity of tracks with sedimentation

In areas like the Severn Estuary, where mammals
living today can in many places walk over exposures of
Flandrian deposits that contain tracks due to their sub-
fossil counterparts, it is important to be able to
demonstrate that the tracks observed are truly con-
temporaneous with the sediments in which they occur.
Since the deposits are unlithified, the tracks could have
been made by modern animals as they traversed the
eroding outcrops. The following critera, especially if
applied collectively, have been found helpful in
distinguishing contemporaneous from contemporary
tracks.

Tracks and trackways contemporaneous with sedi-
mentation are generally restricted to particular bed-
ding surfaces and, for a given quality of preservation,
normally do not step up or down from one surface to
another. They can also be traced laterally by ex-
cavation into the outcrop of the sediment, where they
lie partly to fully concealed. Thirdly, contemporaneous
tracks, like the sediments lateral to them, commonly
are pierced by plant root-channels or by the burrows or
siphon tubes, with diagenetically hardened walls, of
infaunal invertebrates.

6. DISTRIBUTION AND PRESERVATION OF
SUBFOSSIL TRACKS
(a) Review of late Quaternary stratigraphy

The Flandrian deposits in the inner Bristol Channel
and Severn Estuary from which mammalian tracks
have been recorded form part of a complex sequence of
late Quaternary sediments, laid down in various
terrestrial and marine environments over a period of
profound and linked changes in climate and relative
sea level.

These sediments are associated with a dissected
bedrock surface taking the form of ‘valleys within a
valley’ (figure 174). The inner valleys seem to have
contained the rivers of the area at times of glacial low-
stand of the sea (Codrington 1898; Leese & Vernon
1960; Hawkins 1962; Anderson & Blundell 1965;
Anderson 1968, 1974; Williams 1968; Gilbertson &
Hawkins 1978 ; Whittaker & Green 1983 ; Allen 1987¢).
The outer valley has a relatively level floor, the higher
parts of which appear intertidally as rock platforms
(e.g. Hills Flats, Oldbury Flats, English Stones) and
even as a variety of islands (e.g. Aust, Goldcliff, Flat
Holm). This surface and its outer margins have been
shaped by several processes. Interglacial (?Ipswichian)
beach deposits occur along the northern margin (Locke
1970-71; Andrews el al. 1984) and are visible at
Goldcliff, on the shores of an island. At Goldcliff, the
deposits are succeeded by a periglacial head (?late
Devensian) with involutions and possible ice-wedge
casts. Head deposits abound along the southern and
eastern margins of the outer valley (Welch & Trotter
1961; Gilbertson & Hawkins 1978, 1983) and ice-
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wedge casts (?late Devensian) are widely known from
its floor (Allen 1984, 1987¢). Later Pleistocene fluvial
terrace deposits crop out intermittently along the edges
of the outer valley, including the ‘Main Terrace’ near
the level of present-day high tides (Wills 1938; Hey
1991; Maddy et al. 1995).

The subsequent Flandrian deposits were laid down
on mudflats and salt marshes at the margins of the
estuary during a period of warming and rapidly rising
relative sea level (Heyworth & Kidston 1982). Data on
these sediments are scattered and a systematic treat-
ment remains to be attempted, despite the availability
of exceptionally fine intertidal exposures and many
boreholes. However, a ‘standard’ stratigraphy can be
pieced together, which is recognizable throughout the
outer valley (figure 174). Named for the Wentlooge
Level in Gwent (Allen & Rae 1987), the Wentlooge
Formation (ca. 10-15 m thick) may be divided in-
formally into three parts. Typically, the lower
Wentlooge Formation consists of a basal peat, locally
replaced by gravels and sands, overlain by several to
many metres of high-intertidal silts which in places
include root beds and thin, impersistent peats. Infilled
palaeochannels, presumed to record networks of tidal
creeks that wander through the marshes and flats,
are widely present in these sediments. The middle
Wentlooge Formation is characterized by a number of
high-intertidal silts and and partly supratidal, laterally
extensive peats intercalated on a decimetre to metre
scale, the peats thickening and fusing landward toward
bedrock ‘islands’ and the outer margins of the outcrop.
Relative sea level fluctuated markedly, while con-
tinuing its underlying upward trend, during the period
represented by the middle division. Palaeochannels are
again present, but the field evidence shows that the
creek networks had generally become infilled by the
time a peat had formed; with the return of silt,
however, new patterns of tidal channel developed. A
return to thick, high-intertidal silts is evident in the
upper Wentlooge Formation. The main stratigraphical
variations seen in the Wentlooge Formation are in
terms of the overall thickness and the completeness of
the lower member, and the number and thickness of
the peats recognizable at any one locality. Regionally,
the sequence thins up-estuary and toward the edges of
the outer valley; local variations are related to
undulations, and especially small, tributary valleys, on
the bedrock floor.

The Wentlooge Formation is widely recorded from
the southern margins of the inner Bristol Channel and
outer estuary (Godwin-Austen 1865; Godwin 1948;
Beckinsale & Richardson 1964 ; Green & Welch 1965;
Hawkins 1968; Jefferies et al. 1968; Kidson &
Heyworth 1976; Gilbertson & Hawkins 1978;
Whittaker & Green 1983 ; Edmonds & Williams 1985
Burton & Hodgson 1987; Gilbertson et al. 1990;
Kellaway & Welch 1993), and there are scattered
reports from the northern side (Strahan 1896; Hyde
1936; Seddon 1964 ; Squirrel & Downing 1969; Locke
1970-71; Murray & Hawkins 1976; Burton &
Hodgson 1987; Waters & Lawrence 1987; Smith &
Morgan 1989; Allen & Rippon 1997). Records of the
Wentlooge Formation are less plentiful from the middle
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estuary (Lucy 1877; Welch & Trotter 1961 ; Beckinsale
& Richardson 1964; Murray & Hawkins 1976; Cave
1977; Allen & Fulford 1987, 1996; Hewlett & Birnie
1996). A feature of these records is a north-easterly rise
of the base of the Wentlooge Formation, expressed as a
thinning of the lower member. In a continuation of this
trend, the lower member is absent at many places in
the inner estuary, intercalated peats and silts lying
directly on either gravel or bedrock (Prevost et al.
1901; Beckinsale & Richardson 1964; Worssam et al.
1989; Hewlett & Birnie 1996).

Evidence for the age of the Wentlooge Formation
comes chiefly from the middle division. A total of 87
radiocarbon dates on peat or wood (figure 175) shows
that this member spans a period of about 3500 years
(Godwin & Willis 1964; Hawkins 1971; Murray &
Hawkins 1976; Heyworth & Kidson 1982; Allen &
Rae 1987; Smith & Morgan 1989; Allen & Fulford
1992, 1996; Aldhouse-Green ef al. 1992; Barnes et al.
1993; Bell 1993, 1995; Walker & James 1993 ; Scaife &
Long 1995; Allen 1997a; Allen & Rippon 1997).
Deposition of the intercalated peats began between
6660 and 6052 conventional radiocarbon years BP
(mean 6262 years) and finished between 2890 and
2180 years (mean 2603 years), the one-sigma labora-
tory error on these dates generally being of the order
of 50 years. Hence the Neolithic and the Bronze Age
are covered in their entirety, together with the earlier
Iron Age, periods during which the estuarine area was
undoubtedly exploited by humans, with settlement
taking place on the wetlands especially during those
times when peat marshes were beginning to be replaced
by mineralogenic marshes. However, because of the
way the middle division is defined lithologically, the
bounding dates are subject to local variation.

Phil. Trans. R. Soc. Lond. B (1997)

Post-Roman instability of the shoreline is expressed
on the mudflats and salt marshes by three, erosively-
based, offlapping morphostratigraphic elements (figure
17a). The oldest of these is the Rumney Formation. As
originally defined and dated, the Rumney Formation
consists of pale brown passing up into grey silts that
began, on ceramic grounds, to form from the late
seventeenth century (Allen 19874; Allen & Rae 1987;
Allen, 1997b). Recently, erosively based units of pale
brown silts apparently of medieval inception have been
recognized locally beneath the original Rumney
Formation, as at Frampton-on-Severn and Pill House,
Tidenham. Accordingly, the term Rumney Formation
1s here extended to cover both bodies of pale brown silt,
as well as brown silts of young but uncertain date, the
qualifier ‘lower’ or ‘upper’ being applied where the
evidence allows an element to be separately identified.
The Awre Formation of Allen & Rae (1987) is a unit
composed of grey silts that began to be deposited in the
late nineteenth century. It was not until the second or
third quarter of the twentieth century that the
succeeding grey silts of the Northwick Formation
began to form (Allen & Rae 1987). All three formations
are represented throughout the area, locally reaching
a thickness of several metres. As the youngest unit,
least affected by erosional tendencies, the Northwick
Formation is especially widespread.

(b) Mammalian fauna

Judged from Stuart’s (1982) national review, a wide
variety of large mammals could at times have left
tracks and trackways in the Flandrian sediments
formed on the margins of the inner Bristol Channel and
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Severn Estuary. Among the native herbivores are wild
horse (Equus ferus), elk (Alces alces), wild boar (Sus
serofa), red deer (Cervus elaphus), roe deer (Capreolus
capreolus) and aurochs (Bos primigenius). Alien intro-
ductions include domestic sheep (Owis) and goats
(Capra), dating from the Neolithic onward, and the
domestic horse, dating from the Bronze Age. Domestic
cattle and pig probably developed from indigenous
wild forms. The main carnivores are wolf (Canus lupus),
fox (Vulpes vulpes) brown bear (Ursus arctos) and wild
cat (Felis sylvestris). A wide range of habitats, although
not necessarily all at the same time, was available for
these animals on the margins of the Severn Estuary and
inner Bristol Channel, including lowland forest, fen
carr, open salt marsh and mudflat-fringe. The latter
could have been especially appealing during the
summer, when low tides allow efflorescing sea salt to be
licked from drying mud.

Although systematic work is lacking in the Severn
Estuary and inner Bristol Channel, and reliance has to
be placed on largely isolated, casual finds, many
elements in Stuart’s (1982) faunal list have already
been recognized as skeletal remains, albeit very few and
scattered. Aurochs are reported from the lower
Wentlooge Formation of the Wentlooge Level (Green
1989), and boar, red deer, wolf/dog, fox and cat are
recognized from the Mesolithic, estuary-margin site at
Goldcliff on the Caldicot Level (Parkhouse 1991). The
middle Wentlooge Formation, ranging into the earlier
Iron Age, has yielded horse, boar, red deer, roe deer,
cattle, sheep/goat and dog at localities dispersed
throughout the area (Lucy 1877; Prevost et al. 1901;
Whittle et al. 1989; Allen & Fulford 1992; Nayling
1992; Allen 19974). Within the limits of the scant
remains, red deer seem to have been especially
widespread and plentiful at this time. Skeletal material
preserved in the less well-exposed, upper Wentlooge
Formation is best known from Iron Age and Romano-
British archaecological contexts in the deposits. The
fauna includes horse, pig, cattle, sheep and dog
(Whittle et al. 1989; Allen & Fulford 1992; Fulford e
al. 1994). The limited record of red deer probably
reflects the dominance of domesticated animals in these
assemblages. Skeletal remains are practically unknown
from the post-Roman deposits. At Magor Pill, however,
the Rumney Formation, infilling a large palaeo-
channel, preserves the bones and teeth of cattle, horse
and sheep, evidence of medieval-early-modern exports
of store cattle from Wales to England (Allen & Rippon
1997).

The recognition of the presence and behaviour of
these animals from their tracks in the sediments has
been facilitated by (a) comparison with spoor per-
sonally observed to have been made by contemporary
animals (see above), (b) reference to the experimental
results (see above), which allowed largely concealed
tracks to be located and excavated, and undertraces
and overtraces to be distinguished and their quality
assessed, and (c) the many European and North
American books on vertebrate footprints and signs,
ranging from the popular to the forensic (Jaeger 1948;
Murie 1954; Leutscher 1960; Ennion & Tinbergen
1967; Lawrence & Brown 1973; Bang & Dahlstrom
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1974; Falkus 1978; Bouchner 1982; Robbins 1985).
For the larger mammals, the works of Leutscher and of
Lawrence & Brown are especially helpful; Robbins
discusses human tracks from a chiefly forensic stand-
point. Whatever the source of comparative infor-
mation, identification in the field was based on the size
and shape of the overtrace, footprint or undertrace as
a whole and also of its elements. The large mammals
definitely recognized so far from tracks in the Flandrian
deposits are humans, cattle, sheep/goat and deer.
There are indications of horse and possibly wolf/dog.

(¢) Lower Wentlooge Formation (figure 18a)

The lower Wentlooge Formation, cropping out
intertidally below the peat ledges created by the
middle division, is poorly exposed and best seen in the
outer estuary.

Ill-preserved human tracks with those of deer occur
at Goldcliff (ST 376819) in well-laminated silts below
the main (lowermost) peat. Aldhouse-Green et al.
(1992) describe from Uskmouth (ST 337819) the main
display of human spoor at this general stratigraphic
level (figure 194). Three lengthy trackways made by
two unshod, probably adult males, and a young person
or child were found exposed over extensive, strati-
graphically close bedding surfaces in well-laminated
silts. The people were proceeding in a direction oblique
to the present shoreline. One track, contained in an
excavated block of silt, was examined by X-raying thin
slices (see Allen in Aldhouse-Green et al. (1992)). The
shaft is only 40-60 mm deep, suggesting that the
trodden substrate was a stiff, bordering on firm, mud at
the time. Associated with the weak marginal upfold are
normal and reverse microfaults, suggesting the pre-
sence of a ‘dead’ region. As the laminae which form the
undertraces are severely thinned and buckled, the mud
at a shallow depth was probably even stronger than
that at the surface. The buckles have some resemblance
to Kidan & Cosgrove’s (1996) ‘pinch-and-swell’
structures. Short trackways made by adults and
juveniles were recorded near Redwick on the Caldicot
Level (ST 426838).

Cattle tracks, presumably those of aurochs, are
recorded only from Uskmouth (ST 330818-337819),
Redwick (ST 421835) and Magor (ST 4328412—
438845), at all of which they occur in association with
the generally much more plentiful spoor of deer at a
number of stratigraphic levels (figure 20a). The
affected silts are laminated and the character of the
tracks suggests that the sediment was stiff to firm. The
Redwick tracks are part of a trampled area several tens
of square metres in extent (figure 21), apparently
beside a palacochannel. From the ‘lower blue clay’ at
Magor, Mr Derek Upton of Caldicot (personal communi-
cation, 1987) recorded a number of undertraces of what
are here interpreted as wolf/dog.

Red deer are well represented at several localities by
tracks in laminated silts of the divison. Especially fine
displays occurs along the shore at Uskmouth (ST
330818-337819), where extensive bedding surfaces

reveal areas of moderate to dense trampling, inter-


http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org
504 J.R. L. Allen Subfossil mammalian tracks

GENERAL KEY

estuarine alluvium

tracks /trackways
¢ human
e cattle
4 deer

<Y GLOUCESTER

THE ROYAL
SOCIETY

v

PHILOSOPHICAL
TRANSACTIONS
OF

L

Weston-super-mare
=

Y 6

(b) Newport

OUCESTER

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
(@)

Figure 18. For description see opposite.

Phil. Trans. R. Soc. Lond. B (1997)


http://rstb.royalsocietypublishing.org/

THE ROYAL

PHILOSOPHICAL
TRANSACTIONS

SOCIETY

OF

THE ROYAL

PHILOSOPHICAL
TRANSACTIONS

SOCIETY

OF

Downloaded from rstb.royalsocietypublishing.org

secting trackways and isolated tracks (figure 224), and
again in the extensive trampled area at Redwick
(figure 21). At both places, the tracks were made in
sediments that varied at the time from stiff to firm.

(d) Middle Wentlooge Formation (figure 18b)

The middle division is the best and most extensively
exposed part of the Wentlooge Formation, with
representatives throughout the area.

Human tracks are recorded from three localities.
The upper surface of a Neolithic occupation deposit
immediately overlain by estuarine silt at Oldbury Flats
(ST 632978) was deeply and intensely trampled by
some humans and probably deer. From a bedding
surface exposed south-west of Magor Pill (ST 433843),
Aldhouse-Green et al. (1992) described a short
trackway of an unshod, adult male, together with other
tracks, including that of possibly a child. They were
also travelling obliquely across the shore and, it can be
seen in the field, toward a large, tidal palacochannel
that crossed the coast almost at right angles. Nearby, a
human trackway, and that of possibly a dog, was found
among laminated silts contributing to the fill of another
palaeochannel.

Poorly preserved cattle tracks appear at many places
on the Gwent coast. Here they are associated with deer
and possibly horse spoor on the trampled floors and
margins of small channels developed contempor-
ancously with the growth of peat marshes. The tops of
the peats at Oldbury Flats are trampled here and
there, and locally (ST 601935) cattle spoor occur in the
laminated silts between the beds (figure 204).

The tracks of probably red deer are known from
localities dispersed over the entire estuary. The animals
occasionally crossed the peat marshes, where their
tracks, infilled with organic-rich silt, are preserved
mainly at the tops of the intercalated peats, but they
chiefly trampled the floors and margins of the shallow
creeks that meandered through those marshes, perhaps
finding these features convenient as routeways. Locally,
tracks are seen in the laminated silts of the division, as
at Goldcliff (ST 362820-369819). Here there are
extensive areas of trampling, in sediments that were
mainly stff (figure 224), and further examples of
trackways and isolated spoor (figure 22¢). At Oldbury
Flats (ST 599932, 601935), where the peats yield red
deer antlers and bones, trackways of the walking
animals mark the tops of the peats and are plentiful in
the intercalated silts (figure 224).

(e) Upper Wentlooge Formation (figure 18¢)

This division is rarely seen, largely because it is
obscured by sea defences in the outer estuary and inner
Bristol Channel and, in the middle and inner estuary,
is replaced by Rumney, Awre and Northwick deposits.
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Trackway records of humans are sparse. At Redwick
(ST 413831), green silts smother the densely trampled
bottom of a small, shallow channel eroded into a thick
peat; human tracks are present, together with cattle
and possibly horse. Ill-preserved human tracks were
seen at Beachley (ST 543909) on a bedding surface
that also showed widely spaced but narrow, con-
temporaneous desiccation cracks of a type restricted to
the mudflat-salt marsh fringe (Allen 19874).

There are more records of cattle. They trampled the
soft muds forming within erosional palacochannels at
Rumney Great Wharf (ST 249778) and Redwick (ST
413831, 428840) and, at Beachley (ST 543909) and
Oldbury Flats (ST 601935), walked over surfaces of
firm, laminated mud (figure 20¢). Intense trampling
by cattle, accompanied by possible horse, is recorded
by Bell (1995) from the floor of a complex palaco-
channel apparently eroded into the top of the main
peat at Goldcliff (ST 357820). At Oldbury Flats,

(’red) deer seem also to have been present.

(f) Rumney Formation (figure 23a)

The Rumney Formation is best developed in the
middle and inner Severn Estuary and is rarely seen in
the outer estuary and inner Bristol Channel.

Human spoor occur abundantly in the upper
Rumney Formation exposed intertidally at Pill House,
Tidenham (ST 568958), and Plusterwine, Woolaston
(ST 604990). At Pill House short human trackways
and areas of trampling are intermingled with those of
cattle and sheep, the character of the tracks suggesting
semi-liquid to soft mud (figure 194). They are exposed
on long bedding surfaces that slope moderately steeply
down into the estuary, a little above an erosional
surface strewn with seventeenth-century pottery and
other debris (Allen & Fulford 1987, bed B). A line of
stepping stones is also present, and nearby lies a setting
of decayed, stout timbers, suggestive of a small jetty.
The occurrence at Plusterwine also suggests animal-
handling, either into boats or at one end of a low-tide
ford across the sandflats and shallow channels of the
estuary (2.3 km wide). Many long trackways of mainly
unshod humans and cattle can be traced for tens of
metres down gently sloping bedding surfaces toward
low water. The mud was semi-liquid to soft, for the
shafts are generally deep and with collapsed sides
(figure 19¢). The trackways seem to emanate from a
paved drove now seen at a depth of up to 2.5 m in the
Rumney Formation. Accompanying the various sur-
facing materials opportunistically used—brick, tile,
stone, roundwood cordons, bundles of furze—are small
amounts of pottery and industrial residues (blast-
furnace tap slag; copper-smelting tap slag and cast
building blocks) of the later eighteenth century, which
date the tracks.

Figure 18. Distribution of the tracks/trackways of the larger large mammals in Flandrian (before ca. 1900 years BP)
mudflat—salt marsh deposits of the Severn Estuary. (a) lower Wentlooge Formation. (4) middle Wentlooge Formation.

(¢) upper Wentlooge Formation.

Phil. Trans. R. Soc. Lond. B (1997)


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org
506 J.R. L. Allen Subfossil mammalian tracks

Figure 19. Human tracks. (a) lower Wentlooge Formation, Uskmouth (ST 337819) (photograph Derek Upton). ()
upper Rumney Formation, Tidenham (ST 568958). (¢) Rumney Formation, Plusterwine (ST 604990). (d, ¢) Awre
Formation, Frampton-on-Severn. (f) Northwick Formation, Tites Point (ST 90047). (g) Northwick Formation,
Strand (SO 709135). Scales: stick ca. 0.8 m tall; tape box 50 mm square; lens cap 55 mm across; trowel 0.28 m long.
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Figure 20. Cattle tracks. () lower Wentlooge Formation, Magor Pill (ST 438845). (b) middle Wentlooge Formation,
Oldbury Flats (ST 601935). (¢) upper Wentlooge Formation, Oldbury Flats (ST 601935). (d) Base of Upper Rumney
Formation, Rumney Great Wharf (ST 240779). (¢) Deformed zone and shaft-fill, Rumney Formation, Plusterwine
(ST 604990). (f) Rumney Formation, Plusterwine (ST 604990). (g¢) Awre Formation, Frampton-on-Severn (SO
736086). (k) Trampled surface, Northwick Formation, Woolaston (ST 602986). Scales: tape boxes 50 mm square;
lens cap 55 mm across; trowel blade 74 mm wide; spade blade 0.135 m wide.
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Figure 21. Part of an extensive surface of laminated silt trampled by red deer and a few cattle, lower Wentlooge

Formation, Redwick (ST 421835). Scale is 0.2 m long.

The many occurrences of cattle spoor point to
widespread grazing on the marshes with associated
mudflats, beneath which accumulated the Rumney
Formation. Apparently the oldest examples, assigned
to the lower member, occur at Frampton-on-Severn
(SO 737067-736087) at several levels beneath a buried
soil with medieval ridge-and-furrow (Allen 1986,
1988). The character of the tracks suggests that
sediment conditions ranged from soft to firm. From the
base upward in the upper member, the tracks are
especially plentiful and well-preserved at Rumney
Great Wharf (ST 235777-252788), Oldbury Pill (ST
600928-601935), Pill House (ST 568958-569961),
Horse Pill (ST 580973-583974), Plusterwine (SO
604990) and Awre (SO 714077). Mud conditions again
were variable. At Rumney Great Wharf, where most
shafts are very shallow, there was locally (e.g. ST
240779) much trampling (figure 20d). The tracks at
Plusterwine are displayed in various ways, from
vertically as deep, infilled shafts with marginal and
axial folds (figure 20¢) to transversely as the shallowest
of undertraces (figure 20f).

Although sheep and goat were domesticated from
Neolithic times onward (Stuart 1982), their tracks are
rare and have yet to be found in deposits older than the
Rumney Formation. The only record of sheep/goat
from the lower member is an extensive, lightly to
densely trampled surface (figure 22¢, /) lying 0.75 m
below the buried soil with ridge-and-furrow at
Frampton-on-Severn (SO 738081). The sediment
which received the footprints appears to have been
very stiff or firm. The tracks of sheep are subordinate
to those of those of cattle in the basal beds of the upper
Rumney Formation at Rumney Great Wharf (ST
240779) and at Pill House (ST 568958).

Phil. Trans. R. Soc. Lond. B (1997)

(g) Awre Formation (figure 23b)

Although represented throughout the area, human
tracks were found in the Awre Formation only at
Frampton-on-Severn (SO 737067-736087), where up
to 1.6 m of silt accumulated after set-back on a 2 km
frontage in the third quarter of the nineteenth century
(Allen 1986, 1988). The lower and more rapidly
accumulated part of the deposit in many places
includes deep shafts accompanied by strong downfolds
and marginal upfolds (figure 194). At a middle level
occurs a short trackway made in very stiff mud by a
walker in hob-nailed boots (figure 19¢).

Cattle tracks have a distribution and preservation
similar to that in the Rumney Formation, the best
examples occurring in the middle and inner estuary in
well-laminated silts at Horse Pill (ST 580973-583975),
Frampton-on-Severn (SO 737067—-736087), Awre (SO
705079-708075) and Rodley (SO 754108). The preva-
lence of deep shafts and strongly developed axial
downfolds, affording long sequences of undertraces
(figure 20g), suggests sediment conditions of mainly
soft to moderately stiff mud.

Sheep are grazed on a number of salt marshes in the
Severn Estuary, but only near Tites Point (SO 703042)
have their tracks been identified in the Awre
Formation.

(h) Northwick Formation (figure 23c)

The Northwick Formation is the youngest and most
widespread of the post-Roman silt deposits in the high
intertidal zone.

Human trackways occur at Tites Point (SO 690047),
in the middle estuary, and in the inner estuary at
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Figure 22. Deer and sheep/goat tracks. (a) lower Wentlooge Formation, Uskmouth (ST 330818). (4) Deer (smaller
tracks) and cattle (larger tracks), middle Wentlooge Formation, Goldcliff (ST 368818). (¢) Deer with toes splayed
apart, middle Wentlooge Formation, Goldcliff’ (ST 362820). (d) Deer trackway, Oldbury Flats, middle Wentlooge
Formation (SO 599932). (¢) Trampling by sheep/goat, lower Rumney Formation, Frampton-on-Severn (SO
738081). (f) Detail of (¢). (¢) Trampling by sheep, Northwick Formation, Goldcliff (ST 363823). Scales: tape boxes
50 mm square; lens cap 55 mm across; spade blade 0.135 m wide.
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Arlingham (SO 714098) and Strand (SO 709135).
Deep shafts, modified and freed of their contents by
erosion, are preserved at Tites Point; the juvenile
maker was barefoot and walked through soft mud
(figure 19f). At Strand, a trackway was made in
moderately stiff mud, modified by erosion, buried so
that overtraces built up in what survived of the shaft,
and then eroded a further time (figure 19g).

Although widespread and abundant, cattle tracks
are seldom well preserved in this rapidly accumulating
body of generally weak mud. The intense reworking of
the surface sediment by trampling cattle is ruled out
only by long periods of weak tides and dry weather
during the summer. Closely spaced shafts up to 0.35 m
deep with slightly indrawn walls result from trampling
(figure 204). Their sides fracture as the mud gradually
dries, and they become infilled episodically with
overtraces as successive spring tides attain their level.

The most informative of these tracks lie in the
seasonally banded, well-laminated, sandy silts exposed
in the inner estuary at Rodley (SO 721123-745107),
where serial sectioning is possible and successful peels
can be made. Figure 24 a—¢ gives a sequence of internal-
vertical sections representing sediment conditions
which ranged from a thin, soft layer above a stiff-firm
one, to a deep soft-stiff deposit. Marginal upfolds are
well developed and tend to be box-shaped in vertical
section. Layer-thinning is especially severe where a
soft, thin surface layer overlays stiff-firm sediment, and
the presence of a décollement, or layer-parallel glide
surface, beneath the upfold may be suspected (figure
24a,[). Décollement seems also to have occurred at the
bases of groups of muddier laminae that were inter-
sected by the foot (figure 24d). Axial downfolds and
undertraces are best developed where soft-stiff mud
was pierced (figure 24¢), and may be accompanied by
axially-dipping  microfaults  (figure 24a,d, ¢, g),
suggesting that a ‘dead’ region formed beneath the
hooves. Cross-folds apear beneath the interdigital clefts
(figure 245, d). The shafts were infilled in various
ways. In some cases (e.g. figure 245), the soft layer
seems to have collapsed into the shaft, with the
accompaniment of some internal brecciation, before
suffering erosion. The shaft in figure 244 was partly
filled in this way, but was finally sealed by a set of
overtraces which record only the general outline of the
shaft but no other anatomical details. Sandy overtraces
that dip and thicken into the shaft rapidly buried the
track in figure 23¢. Such overtraces have a concentric
‘outcrop’ in transverse section; the example in figure
23 h is from a sufficiently high level to preserve, external
to the main shaft, evidence of the dewclaws. The two-
toed character of the foot is more obvious in figure 234,
a transverse section from about the level of the roof of
the interdigital cleft.

It is only locally that sheep spoor accompany or
replace those of cattle. Intense trampling by ewes with
half-grown lambs (figure 22¢) is a frequent, seasonal
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event at Goldcliff (ST 340823-364823). Some sheep
tracks are also recognized in the Northwick Formation
at Rodley (SO 721123-745107), where their pres-
ervation is similar to that of the cattle (figure 24).

7. DISCUSSION

As Lockley (1986, 1991) and Thulborn (1990) have
argued in the case of dinosaurs, the stratigraphic and
areal survey of tracks in the Flandrian deposits of the
inner Bristol Channel and Severn Estuary (figures 18,
23) reveals far more about the spatio-temporal dis-
tribution of the fauna of large mammals than the
known skeletal remains, even allowing for the bones
and teeth of hunted or managed animals concentrated
by humans at the known archacological sites. The
fauna so far evident from tracks is not as diverse,
however, as the assemblage indicated by known
skeletal remains, which in turn is less varied than what
might have been expected on general grounds (Stuart
1982). Apparently missing, aside from the two records
from Magor, are the smaller of the large mammals,
such as foxes, wolves and dogs. This may be more of a
preservational than an ecological issue. Judging from
experience in the area today, the sedimentary regime,
with its emphasis on substantial but short-term
erosional—depositional events, is generally speaking
against the preservation of comparatively small tracks
with fine anatomical detail (see below). Consequently,
under normal field conditions, these tracks have much
less chance of being detected than those of the larger
mammals, for instance, cattle, no matter how scru-
pulous the search. There are other possible limitations
to the record provided by tracks. For example, the
skeletal remains of sheep, a domesticated introduction,
are present at archaecological sites within the middle
Wentlooge Formation (Allen 19974), but their tracks
are not known from deposits older than the lower
Rumney beds (figures 18, 22). This may reflect
inadequate sampling, but it also points to a small
population that was either herded over large areas of
salt marsh or penned in a few, small enclosures.

Humans were present on the margins of the estuary
(figures 18, 22) from earlier prehistoric times, as
represented by the lower Wentlooge Formation.
Although the known tracks and trackways provide no
definite clues, it is reasonable to suppose that the
activities of these early people included hunting and
wild-fowling, as well as fishing and foraging. For
example, the skeletal remains recovered at the Meso-
lithic, estuary-margin site at Goldcliff on the Caldicot
Level incorporate boar and red deer, as well as
wolf/dog, fox and cat. The incidence of the larger
wild mammals—notably deer—which could have been
hunted for food seems to have declined steeply in the
later Bronze Age and afterwards (later middle
Wentlooge Formation), and this probably reflects the
increasing domestication and management by humans

Figure 23. Distribution of the tracks/trackways of the larger large mammals in Flandrian (after ca. 1500 years BP)
mudflat—salt marsh deposits of the Severn Estuary. (¢) Rumney Formation (undifferentiated). (5) Awre Formation.

(¢) Northwick Formation.
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Figure 24. Cattle tracks in the Northwick Formation, Rodley (SO 721123-745107), represented by cellusose acetate
peels on muslin (white in photographs). (a—¢) Internal-vertical to axial sections showing effects associated with
increasing relative penetration. (f) Detail of décollement and layer-thinning in (¢). (g) Detail of microfaults beneath
footprint in (e). (k, ¢) Transverse sections through the shaft and overprints. Note in (%) traces of external pits due to
dewclaws. Scale bar equivalent to 50 mm in (a—¢) and (4, ¢), and 10 mm in (f, g).
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of animal populations on the margins of the estuary
(figures 18, 23). Final Bronze Age sites on the
Wentlooge Level, for instance, have yielded only cattle
bones and teeth (Allen 19974). At the Romano-
British settlement on the Wentlooge Level (Fulford et
al. 1994), only one fragment attributable to red deer
was recorded among more than 400 bones and bone
fragments assigned to horse, cattle and sheep. The
situation in the twentieth century is that the Flandrian
outcrop has been enclosed by sea defences practically
in its entirety and exploited agriculturally in a
changing variety of ways; almost without exception,
the surviving salt marshes are maintained for grazing
by cattle and/or sheep, and no ‘wilderness’ areas
remain.

Human exploitation of coastal settings and resources
1s beginning to be attested by finds elsewhere of
subfossil tracks in intertidal and other coastal sedi-
ments. Mountain (1966) described human tracks,
associated with possible hyaena and bird traces, from
cemented aeolian sands of probably the latest
Pleistocene age on the South African littoral. Politis &
Bayon (1995) found on the Argentinian coast some 420
human tracks, associated with those of sea mammals,
in Flandrian tidal sediments with a radiocarbon age of
some 7100 years. The shores of a coastal, saline lake in
South Australia were walked over by humans of
various ages and by kangaroos and emus about 5000
years ago (Belperio & Fotheringham 1990). The
important site on the Sefton coast in north-west
England (Gonzalez et al. 1996; Roberts et al. 1996), at
which coastal silts and sands with a radiocarbon age of
about 3500 years are exposed, has so far revealed 121
human trackways, chiefly of unshod children but with
some of women and a few of men. At the same and
nearby stratigraphic levels are tracks due to aurochs,
red deer, roe deer and cranes. The purpose of the
journeys made by the humans could have been
foraging, given the age and gender structure of the
parties.

The extent to which ecological, environmental and
archaeological inferences can be drawn from tracks is
partly controlled by the way tracks are made and
fossilized. There are two stages in the production of an
animal track that is eventually preserved in the
stratigraphic record. First comes the cutting and
deformation of a receptive substrate by the feet of the
moving animal. Second, after the animal has moved
on, comes the burial and preservation, after possible
erosional modification, of the first-stage structure.

The laboratory and field observations described
above demonstrate that the piercing of an ideal elastic-
plastic solid by a rigid indenter or punch is a
qualitatively truthful and instructive model for the first
stage of track-making. In the field, as in the laboratory,
tracks tend to present a constant set of features, in
addition to the shaft itself. The shaft is surrounded by
a deformed zone consisting of a marginal ridge and
upfold, as recorded experimentally (figure 9) and from
the Severn Estuary (figure 24a—¢) and the rock record
(e.g. Demathieu et al. 1984 ; Scrivner & Bottjer 1986),
together with a more or less deep axial basin, as
produced by the punch (figure 9) and found in the
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Severn Estuary (figures 20¢, 24a—¢) and elsewhere (e.g.
Loope 1986). In the experimental models, a regime of
circumferential tension exists at least from roughly the
crest outward of the marginal ridge (figure 6¢). Some
instances were found of circumferential tension be-
ginning at the lip of the shaft (figure 74). In the Severn
Estuary (figure 164, ¢), as well as in other field contexts
(Scrivner & Bottjer 1986; Lockley et al. 1989), radial
tension fractures compatible with such a pattern of
forces can be seen in this position on spoor. Nadon
(1993) describes fractures compatible with circum-
ferential tension from the axial downfold in a dinosaur
track.

The inferences by Scrivner & Bottjer (1986) about
the role of sediment moisture content in determining
the character and faithfulness to anatomical detail of
tracks, supplemented by the direct observations of
Cohen et al. (1991) from the shores of Lake Manyara
(Tanzania), are in general supported by the field
experiments carried out in the Severn Estuary (figure
16). Anatomical features are best preserved where
animals travelled over stiff to firm mud. However, the
range of theoretical models (figures 3, 4), together with
certain field observations (figure 24 a—¢), suggest that a
significant role is also played by ‘rheological stra-
tigraphy’, namely, the extent to which the sediment is
vertically uniform in the properties of grain size,
mineralogy and moisture content that confer strength.
The rule in the estuary seems to be either a gradual or
an abrupt and stepwise downward increase in
strength. Thus the upper part of a track may present
the features to be expected from a sediment of high
moisture content (e.g. slumping of the sides), while the
lower part has the quality of a structure formed in a
more consolidated and less moist substrate (e.g.
preservation of fine anatomical detail, a short vertical
sequence of undertraces). One restriction on the
theoretical and laboratory models employed so far is
that they are limited to uniform materials, any
supporting substrate being supposed to be perfectly
rigid. Future experiments should be quantitative and
tackle vertically non-uniform as well as uniform plastic
materials.

The second stage in the formation of a track is the
burial of the structure. This stage is complex, at least in
the inner Bristol Channel and Severn Estuary, judging
from general experience of the sedimentary regime and
of the wide variety of ways in which tracks are exposed
to view in the field (figures 19, 20, 22, 24). The many
time-scales on which accretion—erosion occurs mean
that a shaft may on several occasions be partly filled,
partly or wholly emptied, and its upper part erosively
modified before final burial is achieved. Partial
desiccation of the sediment, even to the point of
fracturing, is not uncommon. Locally, a high pro-
portion of tracks become modified through trampling
by later track-makers (e.g. figures 16g, i; 22¢, g). The
frequency, duration and severity of these modifying
events all influence what Cohen et al. (1991), in their
specifically taphonomic study, have described as the
‘survivorship’ and ‘deterioration’ of tracks. What
ultimately survives in the Severn Estuary expresses in
part a trade-off between shallow shafts with finely
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detailed footprints, of low survivability in a very
dynamic regime of many erosional events, and deep
shafts that contain only crude footprints, with a higher
survivability under such a regime. Controlled tapho-
nomic experiments over time in the Severn Estuary
would repay, but the conditions for them would be
somewhat artificial, given the paucity of wild
mammals.

The subfossil tracks preserved in the Severn Estuary
are presented at outcrop to the observer in many
different modes (figures 19, 20, 21, 22, 24), as
undertraces of varying degrees of detail, as overtraces
from a range of levels in the shafts, as emptied shalfts,
and as footprints. No attempt has been made to
quantify the relative abundance of these different
modes, but it is clear qualitatively that footprints, by a
significant degree, are the least common. Since
footprints vary from the crudest (soft mud) to the finely
detailed (firm mud), only a very small proportion of
the tracks in the area would seem capable of yielding
unchallengeable taxonomic information about the
animals that made them. Taxonomic, ecological and
environmental inferences about extinct species are
particularly difficult, but the process would be aided
by paying greater attention than has been paid in the
past to the preservational aspects of tracks.

8. CONCLUSIONS

(1) The track made by an animal as it moves over
a receptive deposit consists of a volume of sediment
that displays a constant deformation geometry, in-
cluding a shaft with footprint at the base, around the
shaft a marginal surface ridge above an upfold, and
beneath the shaft an axial downfold acompanied by a
vertical sequence of undertraces. Depending on preser-
vational conditions, laminae with overtraces may
partly or wholly fill the shaft.

(2) Laboratory experiments using Plasticine con-
figured to provide a variety of strain markers, together
with observations from the mudflats and salt marshes
and their deposits of the inner Bristol Channel and
Severn Estuary, confirm that the piercing of an ideal
elastic—plastic solid by a rigid indenter is a valid model
for the response of a receptive sediment to the limbs of
an animal travelling over it. The depth and detailed
character of a track is a function of the strength of the
sediment, as controlled particularly by moisture content
and its vertical variation. Generally speaking, the
shallowest tracks, which best preserve anatomical
detail, occur in the least moist deposits. Sediment
moisture content is changeable, and a function of
climate and position in the tidal frame.

(3) Once an animal has withdrawn its limb and
moved away, the shaft and its surrounding deformed
zone are subject to modifying events (accretion,
erosion, desiccation, trampling by other animals)
before final preservation is achieved. It is at this stage
that overtraces, recording either anatomical details on
the foot, or merely its outline, can form within the
shaft.

(4) Sparsely distributed skeletal remains from the
Flandrian deposits of the inner Bristol Channel and
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Severn Estuary reveal the presence of a varied fauna of
larger mammals on the marginal salt marshes and high
mudflats. Tracks recorded from the sediments show the
presence of a fauna of larger mammals from the earlier
Flandrian onward, and demonstrate that the animals
ranged far and wide in these environments. Humans
were included, together with cattle (wild and dom-
estic), deer and sheep/goat. Issues of preservation and
sampling may explain the lack of records in the form of
tracks of the smaller of the large mammals. The
stratigraphic sequence of track assemblages reveals the
gradual displacement of wild species, such as deer, by
domesticated animals, as the degree of human in-
tervention in the area grew.

It is a pleasure to record my gratitude to Denys Hutchings,
who helped me construct the apparatus for the laboratory
experiments, and Annie Grant (University of Leicester), for
advice on animal anatomy and general discussion. I am
especially grateful to Derek Upton of Caldicot, who gave me
photographs of tracks he found and allowed me to reproduce
a human trackway.
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