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the locomotor performances of fishes it is
common practice to express burst speeds in terms
of body lengths per second, and by analogy the
speeds of dinosaurian track-makers might
conveniently be expressed in terms of h /s (a 'sizerelated' speed, where h is height at the hip). Table
8 presents examples of such 'size-related' speeds,
compared to absolute speeds, for a variety of
dinosaurian track-makers. Evidently dinosaurs
with similar absolute speeds may have very
different 'size-related' speeds, and vice versa. In
terms of such 'size-related' speed the locomotor
performances of the Lark Quarry ornithopods
and coelurosaurs are outstanding, although in
terms of absolute speed these animals seem to
have been moving rather slowly. However, such
'size-related' speed is no more useful for
comparing locomotor performances than is
absolute speed. The following (hypothetical)
example, where three different-sized animals are
moving at the same 'sized-related' speed, will
make this clear:

(m)
0.5
1.5
3.0

relative
'size-related'
absolute speed stride length gait
speed
(m/s)
(A/h)
(h/s)
walk
1.5
1.8
3.0
4.5
2.5
trot
3.0
run
3.0
9.0
3.1

Evidently the effects of size-differences are
undiminished, because large animals need to
attain faster gaits and higher absolute speeds in
order to match the 'size-related' speeds of small
animals.
Heglund, Taylor and McMahon (1974)
proposed that 'speed at the trot-gallop transition
point is a "physiologically similar speed" for
animals of different size'. We may extend this
proposition to identify two points at which
animals of different sizes would attain
'physiologically similar' speeds: the walk-trot
transition, and the trot-run transition. At such
points different-size animals will have different
absolute speeds (and different 'size-related'
speeds), but their locomotor performances may
be regarded as equivalent. These two points may
be defined in terms of relative stride length (A/h
about 2.0 and 2.9 respectively). They may also be
defined in terms of Froude number (11/gh; see
Alexander 1976), or in terms of 'dimensionless
speed' u(ghr; see Alexander 1977). It is probably
most convenient to compare locomotor
performances in terms of A/h, because estimates
of this ratio have been cited in previous studies of
speed in dinosaurian track-makers. From the

estimates of A/h presented here (Tables 4, 5 and
8) it is clear that the locomotor performances of
the Lark Quarry ornithopods and coelurosaurs
were superior (and often far superior) to those of
most other dinosaurian track-makers. Estimates
of Froude number and of 'dimensionless speed'
(equivalent to the square root of Froude number)
point to the same conclusion.
Relative stride length would seem to be a useful
and fairly realistic basis on which to evaluate and
compare the locomotor performances of
different-size animals. But even on this basis an
element of bias will emerge because there
probably exists a negative correlation between
body size and maximum A/h; this seems to be the
case among some living mammals (see data
presented by Alexander et al. 1977), and it is
reasonable to suppose that a similar relationship
between size and gait prevailed among dinosaurs.
Consequently straightforward comparisons of
A/h might in some cases be a little misleading; for
example, two dinosaurian track-makers with A/h
estimated at 2.0 could scarcely be regarded as
maintaining equivalent performances if one of
them were a large dinosaur moving at maximum
speed and the other were a small dinosaur capable
of accelerating to greater speeds. Unfortunately
there is no way to eliminate this bias, because
there is insufficient evidence (either from living
animals or from dinosaur trackways) to
determine the regression of maximum A/h on
body size (represented by h or by body mass). All
that may be said, in general terms, is that small
dinosaurs probably attained higher values for
maximum A/h than did large dinosaurs. Indeed, it
has been maintained (Thulborn 1982) that giant
dinosaurs were unable to extend A/h beyond 2.0
and were physically incapable of running.
Nevertheless comparisons of A/h would seem, for
the present at least, to give the best indication of
relative locomotor performances among
dinosaurs. And on this basis the performances of
the Lark Quarry ornithopods and coelurosaurs
appear to be exceptional.
If the ornithopods and coelurosaurs at Lark
Quarry were caught up in a stampede, or some
similar event, one might expect these animals to
have been running at or near their maximum
speeds. And if this were the case it might be
possible to determine a relationship between body
size (h ) and maximum running speed. Such a
relationship might then be used to gain some idea
of the maximum speeds of dinosaurs in general.
Fig. 24A is a plot of estimated mean speed against
estimated hip height for ornithopods and
coelurosaurs at Lark Quarry. In this diagram it is
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COMPARISON OF THE LOCOMOTOR PERFORMANCES OF VARIOUS DINOSAURIAN TRACK-MAKERS.

A. LARGE THEROPODS
relative
absolute
stride
length
ichnotaxon or^speed
track-maker^(m)^(m/s) (km/h) (X/h)
*Megalosaurus insignis:^1.5^2.4^8.6
1.7

sizerelated
speed
(h/s)
1.6

Froude
number
(11 2 /gh)
0.38

dimensionless speed
(u(gh) -O.5 )
0.62

Irenesauripus mcleani:^1.7^0.7^2.4
*Megalosaurus:^1.8^2.2^8.0

0.8
1.6

0.4
1.3

0.03
0.29

0.17
0.54

*Irenesauripus acutus:^2.2^2.5^8.9
*Irenesauripus
occidentalis:^2.3^0.9^3.3
cf Tyrannosauropus:^2.6^1.9^6.9
*Tyrannosauropus
petersoni:^3.6^2.7^9.6

1.6

1.1

0.28

0.53

source
de Lapparent and
Zbyszewski 1957
Sternberg 1932
de Lapparent and
Zbyszewski 1957
Sternberg 1932

0.9
1.3

0.4
0.7

0.04
0.15

0.19
0.38

Sternberg 1932
this paper

1.4

0.7

0.20

0.45

Haubold 1971

1.7
1.8
2.3
7.0
3.8

4.8
4.7
7.5
23.8
8.2

0.41
0.43
1.86
31.99
6.86

0.64
0.66
1.36
5.66
2.62

Lull 1953
Lull 1953
Lull 1953

0.9
1.6
4.2

0.8
2.0
10.1

0.04
0.33
8.70

0.20
0.57
2.95

Lull 1953
Lull 1953
de Lapparent and
Montenat 1967

B. SMALL AND MEDIUM-SIZED THEROPODS
*Grallator gracilis:^0.17^0.8^2.9
*Plesiornis pilulatus:^0.20^0.9^3.3
*Grallator cursorius:^0.32^2.4^8.7
*Hopiichnus shingi: a 0.55^13.1^47.2
*Hopiichnus shingi:^b 1.00^8.2^29.5
*Anchisauripus
sillimani:^0.69^0.5^1.9
*Grallator formosus: 0.82^1.6^5.8
*Saltopoides igalensis:^0.83^8.4^30.1
*Anchisauripus
exsertus: 1.07^2.1^7.7
*Ditophosauripus
williamsi: 1.37^1.3^4.8
*Ornithomimipus
angustus: 1.56^1.3^4.8
1.16^12.1^43.6
c Theropod Q94/98:
1.46^10.1^36.4
1.48^9.4^33.8
`Theropod BLV/A3: 1.85^7.9^28.3
1.52^11.9^42.8
c Theropod 86/0-82:
1.90^10.0^35.9
Skartopus Nr 25: 0.18^2.2^8.0
Skartopus (mean):^0.17^3.2^11.6
Skartopus Nr 2: 0.13^4.4^15.9

Welles 1971

1.8

2.0

0.43

0.66

Lull 1953

1.3

1.0

0.13

0.37

Welles 1971

1.2
4.9
3.9
3.7
3.0
4.3
3.5
2.7
3.7
4.9

0.9
10.4
6.9
6.4
4.3
7.8
5.4
12.1
18.8
33.1

0.12
12.94
7.16
6.12
3.42
9.55
5.34
2.73
6.18
14.92

0.34
3.60
2.68
2.47
1.85
3.09
2.31
1.65
2.49
3.86

Sternberg 1926

0.9

1.2

0.04

0.20

Lull 1953

1.1

1.2

0.10

0.31

Currie and Sarjeant
1979

Farlow 1981
Farlow 1981
Farlow 1981
this papers'

C. ORNITHOPODS
*Anomoepus minimus: 0.28^0.3^1.2
Amblydactylus
kortmeyeri: 0.64^0.8^2.8
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*Anomoepus crassus: 0.84
*Sauropus barrattii: 0.88
Irenichnites gracilis: 0.89
*Satapliasaurus
dsocenidzei: 1.08
*Gypsichnites pacensis: 1.74
3.44
e Ornithopod:
3.44
Wintonopus Nr 44: 0.42
Wintonopus (mean): 0.35
Wintonopus Nr 21: 0.29
Wintonopus (New
Quarry): 0.47
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0.6
1.9
1.6

2.3
6.7
5.9

0.9
1.7
1.6

0.7
2.1
1.9

0.05
0.40
0.31

0.22
0.63
0.56

Lull 1953
Lull 1953
Sternberg 1932

1.0
1.3
7.6
2.4
2.5
4.6
6.3

3.5
4.8
27.2
8.6
9.2
16.5
22.7

1.1
1.2
2.7
1.3
2.2
3.7
5.0

0.9
0.8
2.2
0.7
6.0
13.3
21.7

0.08
0.10
1.70
0.17
1.53
6.26
14.03

0.30
0.32
1.30
0.41
1.24
2.50
3.75

Gabouniya 1951
Sternberg 1932

1.1

4.0

1.5

2.3

0.26

0.51

this paper

Brown 1938
this paper d

In most cases h is estimated by methods introduced in this paper.
*stride length estimated from published data (e.g. pace length or ratio of pace length: footprint length).
a with h estimated as for an ornithomimid; equation (14).
b with h estimated by Welles (1971).
`first estimate of h represents four times footprint length, after Farlow (1981); second estimate is the mean of
two, calculated as for a carnosaur and as for a coelurosaur (equations (7) and (12) respectively).
d
all track-makers at Lark Quarry. First estimate represents the worst-performing track-maker (in terms of X/h),
and the third estimate represents the best-performing track-maker. Track-makers are listed by number in
Tables 4 (Wintonopus) and 5 (Skartopus).
e two interpretations of single trackway (Russell and Beland 1976; Thulborn 1981), both with h estimated as
four times footprint length.

immediately obvious that the trend (or first
principal axis) of the distribution is roughly
parallel to the regression lines defining size/speed
relationships at the walk-trot transition (A/h 2.0)
and the trot-run transition (A/h 2.9). This
parallelism is not an artefact generated by our
methods for estimating size and speed (note
size/speed relationship for the New Quarry
ornithopod); nor does it appear to be fortuitous.
Instead it demonstrates very clearly that most
animals at Lark Quarry were running and,
moreover, that animals of different sizes were
maintaining equivalent locomotor performances
(in terms of A/h ). Mean A/h for the ornithopod
track-makers is estimated to be 3.69; for the
coelurosaur track-makers it is estimated to be
3.71. Fig. 24B is similar to Fig. 24A, except that it
illustrates the relationship between estimated
maximum speed and estimated hip height. In this
diagram the line drawn through the distribution is
not derived from our data: it is a line defining the
theoretical regression of speed on size (h) when
A/h is at a value of 3.93. (The figure of 3.93 was
selected on the basis of our findings: among the
ornithopod track-makers the mean figure for
maximum A/h per trackway is 3.94, and among
the coelurosaurs it is 3.92). Evidently the actual
relationship between size and speed conforms
quite closely to the theoretical relationship at this

particular value for A/h. In other words most of
the Lark Quarry track-makers seem to have been
running at a 'physiologically similar [or standard]
speed' - even though the track-makers were of
various sizes and had different absolute speeds. It
seems quite probable that the 'physiologically
similar' speed shared by the Lark Quarry
dinosaurs did represent maximum or nearmaximum speed. If this were not so one might
reasonably expect that small animals would have
matched the absolute speeds of larger ones.
Further, it is difficult to conceive of any
circumstances that might have led different-sized
dinosaurs to run at a 'physiologically similar'
speed less than maximum speed. From the
evidence presented in Fig. 24 we may deduce that
small bipedal dinosaurs, with h up to about 60
cm, could attain maximum A/h of at least 3.93. In
our preliminary account of the Lark Quarry site
(Thulborn and Wade 1979) we attempted to
account for the 'rather low' absolute speeds of the
track-makers by suggesting that the animals
might have been fatigued, or that they might have
been retarded by sinking deeply into the muddy
substrate. However, we have found no evidence
that the track-makers were decelerating to any
marked degree, and Alexander pointed out (1976)
that relationships between body size, speed and
stride length did not seem to be seriously affected
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by the consistency of the substrate. Even so, it
may be more accurate to re-phrase our general
conclusion as follows: that the Lark Quarry
animals were running at maximum or nearmaximum speed under the conditions that then
prevailed. We cannot determine to what extent
those prevailing conditions might have affected
the locomotor performances of the Lark Quarry
dinosaurs.
If small bipedal dinosaurs were capable of
attaining maximum A/h about 3.93 we may
estimate the maximum speeds of these animals by
substituting 3.93h for A in equation (2 ). This
equation may then be re-written as follows:
u [gh (3.93h /1.8h ) 25 1 °
(15)
and simplied to give:
u (72.22h ) 05
(16)
where h is in metres and u is solved in metres per
second. This equation may be applied equally well
to trackway data (with h estimated from footprint
dimensions) or to osteometric data (with h
measured directly). The maximum estimate of
A/h for any of the Lark Quarry track-makers is
5.03 (for a Wintonopus track-maker, No. 21 in
Table 4). If this figure (rather than 3.93)
represents maximum A/h for small bipedal
dinosaurs we may estimate their maximum speeds
by substituting it for A in equation (2 ). The
equation may then be re-written and simplified to
give:
(136h ) °5
( 17)
u
However, the assumption behind this equation is
that nearly all track-makers at Lark Quarry
would have been running at somewhat less than
their maximum possible speeds. Consequently it
seems reasonable to qualify our conclusions as
follows: the Lark Quarry track-makers seem to
have attained maximum A/h of at least 3.93 and,
in some instances, as high as 5.03. If these
conclusions do have more general application it
should be possible to predict maximum running
speed for any small bipedal dinosaur (h < 70 cm)
that is known from a skeleton or a trackway: its
maximum speed would probably lie between the
two estimates to be obtained with equations (16)
and (17). It might also be legitimate to make use
of these equations in estimating maximum speeds
for some medium-size bipedal dinosaurs (with h
up to 1.5 or 2 m), but it is certainly not
appropriate to do so for very large bipeds or
quadrupeds. This is because a dinosaur moving
with X/h as high as 3.93 must incorporate an
unsupported interval in each stride, and the

ability to use unsupported intervals is generally
restricted to animals with body mass less than
500-800 kg (see discussions by Coombs 1978,
Thulborn 1982). Many large bipedal dinosaurs
were certainly above this critical weight limit, as
were nearly all of the quadrupedal forms (see, for
example, the body weights estimated for
dinosaurs by Colbert 1962). Coombs indicated
(1978) that the best mammalian runners had
optimum body mass of about 50 kg — but not
over 500 kg or below 5 kg — and it seems likely
that dinosaurs would have been under similar
physical constraints. In addition it is possible that
the maximum speeds of quadrupedal dinosaurs
were restricted by structural peculiarities of the
limbs and their girdles (see Thulborn 1982). Even
so, it may be legitimate to apply equations (16)
and (/ 7 ) in the case of some quite large bipedal
dinosaurs that seem to have been very lightly
constructed. Notable among these are the
ornithomimids or 'ostrich dinosaurs'; these
animals possess striking cursorial adaptations and
are commonly supposed to have been the swiftest
of all dinosaurs (Russell 1972, Coombs 1978).
One example of the ornithomimid
Dromiceiomimus has skeletal hip height of 1.22
metres and is estimated to have had a live body
weight of about 154 kg (Russell and Beland 1976);
with equation (16 ) the maximum speed of this
animal may be estimated at 9.31 m/s (33.5 km/h).
Among the ornithomimids described by
OsmOlska et al. (1972) the largest example
(Gallimimus) has skeletal hip height of 1.94
metres; this dinosaur's maximum speed may be
estimated at 11.82 m/s (42.6 km/h). These speeds
(c. 35-45 km/h) could conceivably be the highest
attained by any of the dinosaurs. However, it is
certainly possible that the ornithomimids were
able to extend relative stride length beyond 3.93
— particularly in view of their cursorial
adaptations. Russell and Beland (1976) used
Alexander's method (1976) to consider the
hypothetical example of an ornithomimid (h
about 1.22 metres) running at 80 km/h; at this
speed the animal's stride length would have been
about 8.6 metres, indicating A/h about 7.05. It is
difficult to imagine that any dinosaur could have
extended stride length to such a degree. Among
living mammals such a high figure for A/h is
achieved only by the most highly adapted of
quadrupeds — which are able to employ stridelengthening techniques unavailable to bipeds (e.g.
scapular rotation and flexion/extension of the
vertebral column). An example may help to make
this clear. At a speed of 10 m/s (36 km/h) a
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human sprinter with hip height about 95 cm will
have relative stride length in the region of 4.6 —
as estimated with equation (2). To attain A/ h of
7.0 a human athlete must perform a leap. We
suspect that similar constraints apply to ratites,
though we have been unable to find suitable data
on these animals. By comparison it is unlikely
that a bipedal dinosaur could have maintained a
running gait with A/ h as high as 7.05, even though
the ornithomimids may have reached maximum
values of A/h somewhat higher than 3.93. If the
largest ornithomimid mentioned above
(Gallimimus, with h of 1.94 metres) had been
capable of achieving maxmium A/h of 5.0 its
maximum speed would have been about 16 m/s
(58 km/h) — as estimated by means of equation
(17).
The general conclusion to be drawn from the
Lark Quarry trackways is that small bipedal
dinosaurs (h < 70 cm) attained maximum A/h of
at least 3.93, and possibly as high as 5.03. These
same figures for maximum A/ h might also apply
to somewhat larger bipedal dinosaurs, providing
that these had live body weights less than 500-800
kg. Larger and heavier dinosaurs, both bipeds
and quadrupeds, probably attained lower figures
for maximum A/ h — simply because they would
have been too heavy to have made use of
unsupported intervals. If the most highly adapted
of dinosaurian cursors — the ornithomimids —
did have maximum A/h of about 3.93 their
maximum speeds might have been about 35-45
km/h. Even if ornithomimids were capable of
attaining A/h as high as 5.03 their maximum
speeds might still have been no greater than about
60 km/h. These estimates fall rather short of the
maximum possible speeds attributed to
ornithomimids on the basis of anatomical
comparisons (70-80 km/h, or even more; see
Russell 1972).
Are these general conclusions supported or
contradicted by evidence from other dinosaur
trackways? Trackways attributed to running
dinosaurs appear to be uncommon, but we will
examine those few examples that have come to
our attention. In describing a short section of
ornithopod trackway from the Cretaceous of
Colorado, Brown (1938) mentioned that each
footprint measured 34 inches (c. 86 cm) in width
and length, and that the track-maker had
'stepped' a distance of 15 feet (c. 4.6 metres).
assumed status of
track-maker

'typical' codurosaur
carnosaur-like
ornithomimid-like

(m)
0.70
0.93
0.85

A/ h
4.9
3.7
4.0

Brown did not suggest that this trackway had
been made by a running dinosaur: instead he
accounted for the remarkably long stride by
suggesting that the track-maker was a gigantic
creature nearly twice the height of Tyrannosaurus
in its classic standing pose (i.e. 35 feet as opposed
to 18 feet). By using Alexander's methods (1976)
to determine speed and hip height Russell and
Wand (1976) estimated that this trackway had
been made by a very large animal (h about 3.44
metres) running at a speed of 7.54 m/s (27.1
km/h). Russell and &land estimated that the
Colorado ornithopod had weighed about 11
tonnes, and from their figures it may be
calculated that A/h was in the region of 2.7. These
estimates have, at best, an indirect bearing on our
general conclusions: if a giant dinosaur was
capable of running at 27 km/h one might
reasonably expect the much smaller dinosaurs at
Lark Quarry to have matched, or even surpassed,
such a speed. However, it may be recalled that the
best available measure for comparing locomotor
performances seems to be relative stride length
(A/h), rather than absolute speed. Moreover there
is a suspicion that Brown may have
misinterpreted the Colorado trackway, and that
the dinosaur responsible for it was actually
walking (A/h 1.34) at a speed no greater than 8.5
km/h (see Thulborn 1981).
In Saltopoides igalensis, the trackway of a
bipedal dinosaur from the Rhaeto-Liassic of
France, de Lapparent and Montenat (1967) found
the ratio PL/FL to be as high as 11/1 (see Fig.
16). These authors considered that the trackmaker was most probably a long-legged
coelurosaur; they gave a figure of 15.5 cm for
footprint length, and from their diagram of the
trackway (1967, fig. 15B) we estimate stride
length to have been about 344 cm. The
Salt opoides footprints are rather large by
coelurosaurian standards (see Table 2), and they
could quite possibly have been made by a
medium-size theropod closer in appearance to
carnosaurs. Alternatively the track-maker might
have been a rather large coelurosaur with 'typical'
hindlimb proportions, or a coelurosaur with
hindlimb proportions resembling those of
ornithomimids. By considering all these
possibilities we may obtain several estimates of
size and speed for the track-maker:
estimated speed
(m/s)^(km/h
34.0
9.45
27.3
7.57
29.2
8.10

equations used
(h)^(speed)
(11)
(12)
(11)
(7)
(11)
(14)
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In each case A/h is found to be greater than 2.0,
so that speed is most appropriately estimated with
equation (II ). These estimates of speed and
relative stride length are in fair agreement with
the conclusions we have drawn from the Lark
Quarry trackways, and they might be taken to
indicate that the Saltopoides track-maker was
running at or near its maximum speed. It is
noteworthy that all three estimates of A/h are
below 5.0.
From the Kayenta Formation of Arizona (Early
Jurassic or Late Triassic) came a sequence of
three dinosaur footprints described by Welles
(1971) as Hopiichnus shingi. The maker of this
assumed status of
track-maker
'typical' coelurosaur
ornithomimid-like
ornithomimid-like
ornithomimid-like

(m)
0.42
0.55
1.00
1.00

A/h
9.0
7.0
3.8
3.8

In the last two cases h is the estimate by Welles
(1971); and in one of these speed is estimated by
means of equation (6 ), which is appropriate for
walking animals, even though A/h is greater than
2.0. It seems impossible to draw any firm
conclusions from these estimates of size, speed
and relative stride length. For the animal to have
been walking (with A/h less than 2.0) it would
need to have been at least 1.9 metres high at the
hip; this improbably high figure is equivalent to
19 times footprint length. It may be recalled that
Alexander (1976) found h to be approximately 4
times footprint length among bipedal dinosaurs;
and even on the assumption that the track-maker
could have been an ornithomimid-like dinosaur
we estimate h to have been less than 6 times
footprint length (see the second of the cases listed
above). If we adopt Welles's estimate for h
(equivalent to 10 times footprint length) the
Hopiichnus track-maker is found to be similar to
the Lark Quarry track-makers in terms of
size/speed relationship (A/h 3.82 as opposed to
mean of 3.93). This close correspondence in
relative stride length might indicate that the
Hopiichnus track-maker was running at or near
its maximum speed — if it were indeed an
extremely long-limbed dinosaur. Estimates of h
obtained with equations (12) and (14) are
equivalent to 4.2 and 5.5 times footprint length
(see the first two cases listed above), but these
indicate that A/h was as high as 7.0 or 9.0. It is
difficult to imagine that any bipedal dinosaur
could have attained such values for relative stride

trackway was evidently a long-striding bipedal
dinosaur: footprint length was about 10 cm
whereas pace length was found to be 191 cm.
Welles commented that pace length was
'tremendous' in relation to the size of the
footprints (compare data in Fig. 16), but he did
not suggest that the track-maker had been
running. He considered, instead, that the trackmaker had been an exceptionally long-limbed
animal (perhaps an ornithomimid) with h about 1
metre. Dr Welles also informs us (pers. comm.)
that the morphology of the footprints seems to
indicate a walking gait rather than a running gait.
We may consider several estimates of size and
speed for the Hopiichnus track-maker:
estimated speed
(m/s)^(km/h)
16.03
57.7
13.10
47.2
8.18
29.5
7.32
26.4

equations used
(h)^(speed)
(12)
(11)
(14)
(11)
(11)
(6)

length. In summary, we are unable to offer any
satisfactory interpretation of the Hopiichnus
trackway. If the track-maker had hindlimb
proportions resembling those in any known
dinosaur it must have been progressing in a series
of phenomenal leaps. If the track-maker had been
using a running gait (A/h from 2.9 up to about
5.0) it must have had hindlimbs about twice as
long as those of an ornithomimid with
comparable foot length. And if the track-maker
had been walking (A/h less than 2.0) it must have
had hindlimbs about 3 times as long as those of an
ornithomimid with comparable foot length.
There is no indication that the animal might have
been swimming, and only touching down
occasionally with its feet (cf. theropod trackways
described by Coombs 1980b).
Alexander's methods (1976) have recently been
applied by Farlow (1981) to a series of 15
dinosaur trackways in the Cretaceous of Texas.
Three of these trackways seem to have been made
by fast-running animals, with A/h in the range 3.7
to 4.9 and speeds estimated from 30 to 43 km/h.
Once again it is noteworthy that estimates of A/h
are less than 5.0. Farlow identified the Texas
track-makers as theropod dinosaurs, and from
the size of their footprints they might be
envisaged either as exceptionally large
coelurosaurs or as small to medium-size
carnosaurs. Consequently it is possible to
compare several estimates of size and speed for
these track-makers:
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equations used
estimated speed
assumed status of
A/h
(h)^(speed)
(m/s)^(km/h)
track-maker
(11-1)
*Q94/98:
(6)
*11.9
*42.8
theropod
1.16
*4.9
(11)
*12.1
1.16
43.6
*4.9
theropod
(11)
(12)
37.0
coelurosaur-like
1.42
4.0
10.3
(11)
35.7
1.49
3.8
9.9
carnosaur-like
(7)
*BLV/A3:
(6)
*8.3
*29.9
1.48
*3.7
theropod
(11)
*9.4
33.8
theropod
1.48
*3.7
(11)
7.7
28.0
(12)
2.9
1.87
coelurosaur-like
(11)
8.0
28.6
carnosaur-like
1.82
3.0
(7)
*86/0-82:
(6)
*39.9
*11.1
1.52
*4.3
theropod
(11)
*11.9
42.8
1.52
*4.3
theropod
(12)
(II)
35.4
1.93
3.4
9.8
coelurosaur-like
(11)
3.5
10.1
36.4
carnosaur-like
1.86
(7)
(*trackway identification numbers and estimates taken from Farlow, 1981)

None of these estimates seems to be in serious
conflict with our general conclusions. If h is
estimated as 4 times footprint length only one of
the track-makers (Q94/98) is found to have
attained A/ h very much greater than 3.93. If h is
estimated with the methods introduced in this
paper it appears that this same track-maker would
have rivalled the Lark Quarry dinosaurs in its
locomotor performance (A/h 3.8 to 4.0).
To summarize, we have found no certain
evidence that any bipedal dinosaur greatly
surpassed the locomotor performances of the
Lark Quarry dinosaurs. The Colorado
ornithopod (Brown 1938) may have been walking
with A/h about 1.34 (Thulborn 1981); even if the
track-maker had been trotting or running (Russell
and Beland 1976) A/h would have been no greater
than 2.7. The Saltopoides track-maker (de
Lapparent and Montenat 1967) seems certainly to
have been running, with mean A/ h of 4.2 (based
on three estimates for h). If this track-maker had
resembled carnosaurs or ornithomimids in body
build it would appear to have matched the
locomotor performances of the Lark Quarry
animals, having A/ h in the range 3.7 to 4.0. But if
the Saltopoides track-maker is envisaged as an
exceptionally large coelurosaur with 'typical'
hindlimb proportions its locomotor performance
(A/ h 4.9) is matched by only a few of the Lark
Quarry dinosaurs. The Hopiichnus trackway
(Welles 1971) presents intractable problems of
interpretation. If this track-maker resembled any
known dinosaur in hindlimb proportions its
locomotor performance must have been
phenomenal: A/ h would have been at least 7.0,
and possibly 9.0 or higher. It is difficult to believe
that any bipedal animal could sustain a running
gait with such figures for A/h. But if the

Hopiichnus track-maker had achieved this feat it
would be necessary to abandon, or at least
modify, the conclusions we have drawn from the
Lark Quarry trackways. In this case further
problems would arise. If the Hopiichnus trackmaker and the Lark Quarry track-makers were
running at or near maximum speed we might be
forced to question Alexander's findings (1976,
1977) on the relationships of size, speed and gait
in living tetrapods. Alternatively we must suppose
that the Lark Quarry dinosaurs were very severely
retarded by sinking into the muddy substrate
(with the effect of reducing A/ h from at least 7.0
to 4.0 or less). If the Lark Quarry track-makers
had been running well below their maximum
possible speeds (but were not seriously retarded
by the muddy substrate) another question will
emerge: what circumstances caused these animals
to run at a 'physiologically similar speed' (A/h
3.93) a good deal less than maximum speed? We
cannot find a satisfactory answer. Next it might
be surmised that the Hopiichnus track-maker had
been travelling with A/ h no greater than 5.0 (the
maximum estimate from any trackway considered
here); in this case the track-maker must be
envisaged as an animal with hindlimbs very much
longer (relative to foot length) than those in any
known dinosaur. Evidently all these
interpretations of the Hopiichnus trackway
present difficulties; for the present we must
regard the significance of this trackway as
uncertain or equivocal. Finally we estimate that
the three fastest of the Texas theropods (Farlow
1981) were travelling with A/h between 2.9 and
4.0. These theropods, whether coelurosaurs or
carnosaurs, seem to have maintained locomotor
performances equivalent or inferior to those of
the Lark Quarry dinosaurs.
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CONCLUSIONS
The most reliable guide to the size of a
dinosaurian track-maker is probably footprint
size index (SI) — rather than footprint length
(FL) or any similar dimension. This conclusion is
based on analysis of variance in a sample of 57
Wintonopus trackways, and it remains to be
tested elsewhere. The Skartopus trackways
cannot be used to test this conclusion because
they do not show sufficient variation in size.
In bipedal dinosaurs the anatomy and posture
of the foot were such that metatarsus length (MT)
can be estimated on the basis of footprint
dimensions (Fig. 18). Such an estimate of MT can
then be used to predict skeletal hip height (h)
because these two dimensions are strongly
correlated in each major group of bipedal
dinosaurs. We provide allometric equations to
predict h in the following groups of dinosaurs:
coelurosaurs (with 'typical' hindlimb
proportions), ornithomimids, carnosaurs,
ornithopods in general, cursorial ornithopods,
and graviportal ornithopods. These equations
were used to obtain the following estimates of h
for dinosaurian track-makers at the Lark Quarry
site: about 2.6 m for the single carnosaur
(trackway identified as cf. Tyrannosauropus);
from 14 cm to 70 cm for the numerous
ornithopods (trackways identified as Wintonopus
latomorum ichnogen. et ichnosp. nov.), but with
one large individual at about 1.6 m; from 13 to 22
cm for the numerous coelurosaurs (trackways
identified as Skartopus australis ichnogen. et
ichnosp. nov.).
The carnosaur traversed the Lark Quarry area
from NE to SW, and a mixed group of
ornithopods and coelurosaurs subsequently
crossed the same area in the opposite direction.
This mixed group comprised at least 150 animals.
The gaits of these (and other) dinosaurian trackmakers must be defined arbitrarily: this is because
bipedal dinosaurs had the same sequence of limb
movements at all speeds (and because the
sequence of limb movements is unknown in
quadrupedal dinosaurs). We define three
dinosaurian gaits on the basis of relative stride
length (A/h): a walking gait (A/h < 2.0), a trotting
gait (A/h between 2.0 and 2.9), and a running gait
(A/h > 2.9). These may be regarded as
'physiologically similar' to the walking, trotting
and running gaits of mammals (see Heglund et al.
1974, Alexander 1977). On this basis it is
determined that the carnosaurian track-maker
was walking (A/h 1.3) whereas the ornithopods
and coelurosaurs were using a fast running gait

equivalent to cantering or galloping in mammals
(mean A/h about 3.7). An ornithopod trackmaker at a second site (New Quarry) was found to
have been walking (A/h 1.5).
The relationships between size (h), speed and
gait in living tetrapods (see Alexander 1976, 1977;
Alexander et al. 1977) were used to estimate the
speeds of the track-makers. It is estimated that
the carnosaur was walking at a speed of about 7
km/h; for a sample of 56 ornithopods mean speed
is estimated to have been about 16 km/h, and for
a sample of 34 coelurosaurs it is estimated to have
been about 12 km/h. For the single ornithopod at
New Quarry estimated speed is 4 km/h.
The findings of this study support our
preliminary interpretation of the Lark Quarry
trackways — that the ornithopods and
coelurosaurs were caught up in a stampede, which
may have been generated by the approach of the
carnosaur (Thulborn and Wade 1979, Wade
1979). We can find no evidence that conflicts with
this interpretation. Indeed, it is difficult to
imagine any other circumstances that might
account for a mixed group of 150 dinosaurs
running in a single direction. Moreover there is
some indication that the ornithopods and
coelurosaurs were running at or near their
maximum speeds (under the conditions that
prevailed): different-sized individuals were
moving at different absolute speeds, but they
seem to have maintained a 'physiologically
similar speed' measured in terms of relative stride
length (A/h -a 3.7). It is difficult to believe that so
many animals could have maintained and shared
a 'physiologically similar speed' other than
maximum speed.
To measure and compare the locomotor
performances of dinosaurian track-makers it is
desirable to adopt some criterion that will
eliminate (or at least reduce) the effects of
differences in body size. Direct comparisons of
absolute speed are of little value because they are
biased in favour of larger animals; comparisons
of a 'size-related' speed (h/s, analogous to body
lengths per second in studies of fish locomotion)
are equally biased in favour of small animals. Of
the criteria that are available for appraising
locomotor performance the most suitable would
seem to be relative stride length (A/h), Froude
number (see Alexander 1976), and 'dimensionless
speed' (see Alexander 1977). In terms of these
criteria the locomotor performances of the Lark
Quarry ornithopods and coelurosaurs are
outstandingly good; their performances are better
(and usually far better) than those of most other
dinosaurian track-makers.
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The ornithopods and coelurosaurs at Lark
Quarry attained maximum A/h of at least 3.9, and
possibly as high as 5.0. This latter figure might
represent the maximum limit of relative stride
length for any bipedal dinosaur: it is difficult to
imagine that any bipedal animal could extend A/h
much beyond 5.0, and we have found no certain
evidence of any dinosaur having done so. If the
most highly adapted of dinosaurian cursors — the
ornithomimids — attained A/h of 5.0 their
maximum speeds might have been about 60
km/h.
Finally it is clear that small dinosaurs, whether
juveniles or adults (or both), may have been
abundant in some localities. It may not be
legitimate to identify small footprints as those of
juvenile dinosaurs, because dinosaurian rates of
growth are unknown and may not have been
constant. For this reason it is probably fruitless to
investigate dinosaurian demography on the basis
of ichnological data.
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FOOTPRINT WIDTH

FOOTPRINT WIDTH

FIGURE 2. Diagrams to illustrate measurements of footprints and trackways. A, outline of ornithopod footprint
showing footprint length measured along or parallel to the axis of digit 3 (dotted line); footprint width is measured
at a right angle to footprint length. B, outline of coelurosaur footprint showing corresponding measurements of
length and width. C, short section of ornithopod trackway showing measurements of two successive paces and a
single stride. Pace angulation (ANG) is calculated from the lengths of the paces and the stride (see `Methods').
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FIGURE 3. Outline chart of the study area at Lark Quarry. Scale bar indicates 2 m. Trackway of the solitary
carnosaur is shown at left (C), and partly eroded trackway of an exceptionally large ornithopod is shown at right
(B). A representative portion of the bedding plane is enlarged (bottom centre) to illustrate the abundance and
orientation of small footprints attributed to ornithopods (D) and coelurosaurs (E). Trackways are identified by
corresponding letters in descriptions (p. 417). The number of track-makers was estimated by counting footprints
in a metre-wide transect between the points marked X. The area shown in outline was photographed (see Pl. 4),
replicated in fibreglass and studied in detail. Adjoining areas of bedding plane (mainly to S and SW) were exposed
during excavations but were not studied in detail. An outlier or 'island' of overburden was left undisturbed in the
area indicated.
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FIGURE 4. Variation in size and shape of the footprints at Lark Quarry. Scale bar indicates 20 cm. The four large
footprints are from the trackway of the carnosaur (cf. Tyrannosauropus ) and are identified by their number in
the sequence 1-11. Footprint 7 shows traces of large pointed claws (see also Pl. 6); footprint 8 shows a
longitudinal crest formed by mud adhering to the underside of the track-maker's middle toe. a, the largest
ornithopod footprint (Wintonopus ) found at Lark Quarry. b, an `average' ornithopod footprint ( Wintonopus )
at Lark Quarry, based on mean dimensions in 284 examples. c, an 'average' coelurosaur footprint (Skartopus) at
Lark Quarry, based on mean dimensions in 191 examples.
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FIGURE 5. Diagrams to illustrate variation in shape of ornithopod footprints ( Wintonopus ) at Lark Quarry. A,
complete and undistorted imprint of a right foot; all other diagrams illustrate variation on this basic footprint
shape. Examples B, C and D are fore-shortened or 'stubby-toed' footprints formed by the toes entering and
leaving the sediment at a steep angle. In example D the toes entered the sediment vertically but did not sink to the
level of the interdigital web between digits 2 and 3. In examples E and F the foot has not sunk deeply enough to
leave traces of one or both of the interdigital webs. In examples G and H footprint width is reduced because the
foot entered and left the sediment obliquely — with the track-maker's weight carried mainly on the outer two
digits. Examples I and J show backwardly directed scrape-marks; examples K and L show scrape-marks directed
anterolaterally.
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FIGURE 6. Foot structure in small bipedal dinosaurs. In all cases the right foot is shown in anterior view and the
scale bar indicates 2 cm. A, foot skeleton in the Upper Jurassic ornithopod Nanosaurus; B, foot skeleton in the
Lower Cretaceous ornithopod Hypsilophodon; C, attempted restoration of foot structure in the Wintonopus
track-maker (based on mean dimensions in 284 footprints); D, foot skeleton in the Triassic coelurosaur
Coelophysis; E, foot skeleton in the Upper Jurassic coelurosaur Compsognathus; F, attempted restoration of foot
structure in the Skartopus track-maker (based on mean dimensions in 191 footprints). A and B after Galton and
Jensen (1973); D and E after Ostrom (1978).
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FIGURE 7. Morphological features of ornithopod footprints (Wintonopus ) related to events during the trackmaker's stride cycle. Each diagram shows position of foot (at top, with distal end of metatarsus indicated by a
spot), longitudinal section of corresponding footprint (at middle), and corresponding plan view of right footprint
(at bottom). Stage 1: start of stride, with forwardly extended foot; initial footprint (shaded) is shallow and shows
positive rotation. Stage 2: as the track-maker moves forwards the foot sinks deeper, rotates to face directly ahead,
and slips backwards a little (unshaded footprint). Stage 3A: as foot starts to lift from the substrate the toes
continue to slip backwards, incising slots in the floor of the footprint. Stage 3B (following Stage 2, or via Stage
3A): toes slip back far enough to breach rear wall of footprint, producing backwardly-directed scrape-marks.
Stage 3C (following Stage 2): toes do not slip backwards but drag through front wall of footprint to produce
forwardly-directed scrape-marks.
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FIGURE 8. Frequency distributions based on pooled data from Wintonopus (ornithopod) trackways at Lark
Quarry. All modal classes drawn to uniform height, and vertical scales are absolute frequencies. Diagrams for
footprint length, footprint width and footprint size index exclude data from single exceptionally large trackway
(No. 57 in Table 4; see also Fig. 9).
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Quarry. All modal classes drawn to uniform height, and vertical scales are absolute frequencies.
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FIGURE 10. Scatter diagrams based on grouped data from Wintonopus (ornithopod) trackways. In all cases both

axes have logarithmic scales. Note that the New Quarry track-maker (open circle) resembles Lark Quarry trackmakers (solid circles) in footprint proportions, but is distinguished by its relatively short stride. The same is true
(but less obviously so) for the single exceptionally large track-maker at Lark Quarry (star).
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FIGURE 11. Scatter diagram to illustrate relationship between pace length and footprint length in trackways
attributed to ornithopod dinosaurs. Solid circles — Wintonopus (at Lark Quarry; No. 57 is the single large
trackway formed at slightly earlier date); open circle — Win tonopus (at New Quarry); stars — Anomoepus;
triangles — Irenesauripus; open squares — various trackways including Amblydactylus, Gypsichnites and
Sauropus. Incorporating data from Sternberg 1932, Lull 1953, Currie and Sarjeant 1979.
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FIGURE 12. Morphological features of coelurosaur footprints (Skartopus ) related to events during the trackmaker's stride cycle. Each diagram shows position of foot (at top, with distal end of metatarsus indicated by a
spot), longitudinal section of corresponding footprint (at middle), and corresponding plan view of footprint.
Stage 1: start of stride, with forwardly extended foot; initially there is no footprint, or a very shallow one. Stage
2A: as the track-maker moves forwards the foot sinks deeper. Stage 3A: the foot lifts from the substrate, leaving
sharp imprints of the claws. Stage 4A (frequently follows Stage 3A): the toes slip backwards, incising slots in the
floor of the footprint. The sequence of Stages 2B to 5B is equivalent to the sequence 2A to 4A, but the foot does
not sink into the substrate; the only traces are scratches produced by the toes slipping backwards.
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FIGURE 13. Frequency distributions based on pooled data from Skartopus (coelurosaur) trackways at Lark
Quarry. All modal classes drawn to uniform height, and vertical scales are absolute frequencies.
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FIGURE 15. Scatter diagrams based on grouped data from Skartopus (coelurosaur) trackways at Lark Quarry. In
all cases both axes have logarithmic scales. Polygons define distributions for Wintonopus (ornithopod) trackways
at the same site.
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FIGURE 16. Scatter diagram to illustrate relationship between pace length and footprint length in trackways
attributed to small and medium-sized theropod dinosaurs. Solid circles — Skartopus (at Lark Quarry); stars —
Grallator; triangles — Anchisauripus; solid squares — Plesiornis; Sa — Saltopoides; St — Stenonyx; T —
unidentified theropods. Incorporating data from Lull 1953, de Lapparent and Montenat 1967, Bassoullet 1971,
Tucker and Burchette 1977, Farlow 1981 (two smallest of 15 unidentified theropods).
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FIGURE 17. Relationship between hindlimb height and metatarsus length in large theropod dinosaurs. Productmoment correlation coefficient (r 0.979) is not improved by transformation of data. Least squares regression line
represents equation (7) in text. Based on data from Lambe 1917 (Gorgosaurus), Osborn 1917 (Tyrannosaurus),
Gilmore 1920 (Allosaurus, Ceratosaurus ), von Huene 1932 (Megalosaurus ), Welles 1954 (Ditophosaurus ),
Russell 1970 (Daspletosaurus ).
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FL

FIGURE 18. Diagrammatic comparison of dimensions in the foot of a bipedal dinosaur. The diagram represents a
vertical section along digit 3, with bones stippled and other tissues in outline. EP represents the sum of the lengths
of phalanges in digit 3. FL (footprint length) comprises EP together with claw sheath, joint capsules, base of the
metatarsus and (perhaps) a fleshy 'heel' at point X. MT (length of metatarsus) is often about the same length as
P.
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FIGURE 19. Relationship between hindlimb height and metatarsus length in ornithopod dinosaurs. Logarithmic
scale on both axes. A, heterogeneous sample of 32 ornithopod dinosaurs; r 0.988; least squares regression line
represents equation (8 ) in text. B, same data, but with graviportal ornithopods (23 specimens) separated from
cursorial ornithopods (9 specimens); for graviportal ornithopods r = 0.997 and least squares regression line
represents equation (10) in text; for cursorial ornithopods r = 0.997 and least squares regression line represents
equation (9 ) in text. Based on data from Gilmore 1915 (Thescelosaurus ) and 1924 (Stegoceras ), Parks 1920
(Kritosaurus ), Osborn 1924 (Protiguanodon, Psittacosaurus), Hooley 1925 (Iguanodon), Lull and Wright 1942
(Anatosaurus, Corythosaurus ), Thulborn 1972 (Fabrosaurus ), Galton 1974 (Hypsilophodon, Dryosaurus,
Parksosaurus ), Galton and Jensen 1973 (Nanosaurus ), Santa Luca et al. 1974 (Heterodontosaurus ), Dodson
1980 (Catnptosaurus, Tenontosaurus ).
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FIGURE 20. Relationship between hindlimb height and metatarsus length in coelurosaurs. Logarithmic scale on
both axes; r 0.989, and least squares regression line represents equation (12 ) in text. Based on data from Talbot
1911 (Podokesaurus ), Osborn 1917 (Ornitholestes), Colbert 1964 (Coelophysis), Ostrom 1978 (Compsognathus).
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FIGURE 21. Comparison of size-frequency curves for (A) Wintonopus track-makers and (B) Skartopus trackmakers at Lark Quarry. Vertical scale is percentage frequency. Insets show examples of similar curves for
populations with different mortality rates and different initial population sizes (adapted from Boucot 1953).
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FIGURE 22. Variation in stride length for three track - makers at Lark Quarry. A, carnosaur trackway (cf.
Tyrannosauropus ) comprising 9 strides. B, ornithopod trackway (Wintonopus ) comprising 17 strides. C,
coelurosaur trackway (Skartopus ) comprising 22 strides. In each case the scale at left indicates percentage
deviation from mean stride length (horizontal line, M).
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FIGURE 23. Consistency of stride length for (A) 56 Wintonopus track-makers and (B) 34 Skart opus track-makers
at Lark Quarry. Horizontal scale indicates percentage deviation ( + /-) of mean stride length for second half of
trackway (2nd mean SL) from mean stride length for first half of trackway (1st mean SL). Trackways showing no
deviation are shared equally between + (0-5 01o) and -(0.5 07o) classes. Vertical scale is percentage frequency.
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FIGURE 24. A, relationship between estimated mean speed and estimated hindlimb height for Wintonopus trackmakers (solid circles) and Skartopus track-makers (triangles) at Lark Quarry. For the single Wintonopus trackmaker at New Quarry (star) speed is estimated with equation (6) in text. Logarithmic scale on both axes. Lines
defining gaits correspond to size/speed relationships when A/h is 2.0 (walk-trot transition) and 2.9 (trot-run
transition). B, relationship between estimated hindlimb height and estimated maximum speed (based on single
longest stride per trackway). Small symbols indicate that maximum speed is also mean speed (i.e. all strides in
trackway are equal in length, or only a single stride could be measured). Speed for the New Quarry track-maker
(star) is maximum possible estimate, derived (perhaps inappropriately) with equation (11 ) in text. Line drawn
through distribution indicates the theoretical regression of speed on hindlimb height when A/h is 3.93.
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FIGURE 25. Reconstruction of geographic features and events leading to formation of the Lark Quarry trackways.
A, outline reconstruction of geographic features at the time the trackways were formed. Sites of Lark Quarry and
Seymour Quarry are superimposed. B, ornithopods and coelurosaurs congregate to drink or to forage in the area
marked by stars (possibly also further to SW). C, carnosaur traverses future site of Lark Quarry from NE to SW;
it turns sharp right to approach the ornithopods and coelurosaurs, which begin to disperse. D, ornithopods and
coelurosaurs take fright and stampede, presumably on account of carnosaur's subsequent behaviour (unknown);
some may escape via their entry route (?), but at least 150 are driven round the point to the SW and can only
escape by running to the NE — across the future sites of Lark Quarry and Seymour Quarry.
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PLATE 1
Wintonopus latomorum ichnogen. et ichnosp. nov.,
and Skartopus australis ichnogen. et ichnosp. nov.
Referred specimens, preserved as natural casts at Seymour Quarry.
All x 1.0.
FIGURES A-B: Wintonopus latomorum; right footprint in posterior
(A) and inferior (B) views. The specimen is a natural cast
detached from overlying sandstone. Distal parts of all three digits
are broken away; so too is the inferior part of digit 3 (which in
Fig. B reveals sandstone filling and ironstone cortex). Adherent
tubular structures are plant rootlets and/or burrows of
invertebrates. Fine tubercles and wrinkles may represent skin
texture. In Fig. B note concave posterior margin (uppermost).
(QM F12264).
FIGURES C-D: Skartopus australis; right footprint in inferior (C)
and anterior (D) views. A•natural cast still attached to a small
portion of overlying sandstone. (QM F12265).
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PLATE 2
Sediments at Lark Quarry.
FIGURE A: Freshly-broken hand-specimen showing finely laminated
claystone in which dinosaur footprints occur as natural moulds.
Dark-coloured sediment below the level of the scale-bar (marked
in cm) is part of the underlying sandstone.
FIGURE B: Natural section (joint face) through laminated claystone
and the underlying sandstone bed. Scale bar marked in cm.
Colour contrast between claystone and sandstone is slightly
masked by iron-staining (especially at upper left). The three slotlike cavities (across centre) are pick-marks.
Abbreviations: a, thin ferruginous adhesion from overlying
sandstone; f, dinosaur footprint, still filled with overlying
sandstone; t, tubular structures (possibly escape burrows of
arthropods).
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PLATE 3
Lark Quarry, viewed from the NW. Carnosaur footprints (cf.
Tyrannosauropus ) are visible in front of kneeling figure at centre.
The site is now roofed for its protection.
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PLATE 4
Portion of Lark Quarry bedding plane to show abundance, relative
sizes and orientation of dinosaur footprints. All footprints are natural
moulds, and lighting is from the lower left. Area shown is near the W
corner of the quarry (see Fig. 3 in text) and is approximately 2.8 by 3.8
m. The sequence of three large footprints (numbered 6 to 8) is from
the trackway of a carnosaur that travelled to the SW (towards bottom
of page). The numerous small footprints (350 + ) are attributed to
coelurosaurs and small ornithopods, all of which travelled in the
opposite direction.
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PLATE 5
Carnosaur footprints, cf. Tyrannosauropus.
FIGURE A: Single left footprint preserved as natural mould, x 0.22.
Photographed from fibreglass replica (QM F10322/1), lighting
from N. This is footprint number 3 in the carnosaur trackway (11
prints) at Lark Quarry. Note ripples of sandy sediment in the
floor of the print, and surrounding footprints of small dinosaurs.
FIGURE B: Portion of Lark Quarry bedding plane (NW margin)
showing first four footprints in carnosaur trackway.
Photographed obliquely under natural low-angle illumination.
Scale indicated by stride of the carnosaur (3.31 m or
approximately 11 feet). The animal moved from NE (top right) to
SW (lower left); note the upwelling of sediment around each
footprint, and the numerous footprints of small dinosaurs that
moved in the opposite direction.
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PLATE 6
Carnosaur footprint, cf. Tyrannosauropus.
Single left footprint preserved as natural mould, x 0.25.
Photographed from fibreglass replica (QM F10322/11), with lighting
from NW. This is footprint number 7 in the trackway at Lark Quarry.
In diagrammatic key (below): ART, artefact (a pick-mark); URN 1,
ornithopod footprint still filled with sandstone; URN 2, ornithopod
footprint with scrape-marks extending forwards from digits 3 and 4.
All other footprints appear to be those of coelurosaurs.
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PLATE 7
Win tonopus latomorum ichnogen. et ichnosp. nov.
and Skartopus australis ichnogen. et ichnosp. nov.
FIGURE A: Wintonopus latomorum, holotype (QM F10319). A right
footprint preserved as natural mould, x 1. Lighting from NE.
Attributed to an ornithopod dinosaur.
FIGURES B and C: Skartopus australis, holotype (QM F10330). A
right footprint preserved as natural mould, x 1. In Fig. B
lighting is diffuse, from above; in Fig. C lighting is from E.
Attributed to a small theropod dinosaur (coelurosaur).
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PLATE 8

Wintonopus latomorum ichnogen. et ichnosp. nov.
Referred specimens, all preserved as natural moulds at Lark Quarry,
and all photographed from fibreglass replicas.
FIGURE A: Right footprint, x 0.5. Lighting from E. Showing
pronounced anterolateral scrape-mark from digit 3, and a shorter
scrape-mark from digit 4. No trace of interdigital web between
digits 2 and 3. (QM F10322/11).
FIGURE B: Left footprint, x 0.5. Lighting from NE. Footprint foreshortened by toes entering and leaving sediment at steep angle.
Interdigital web is clearly imprinted between digits 3 and 4,
faintly imprinted between digits 2 and 3. Note backwardlydirected scrape-marks from digits 3 and 4. (QM F10322/11).
FIGURE C: Left footprint, x 0.5. Lighting from NE. Digit 2
contains raised 'cusp' formed by sediment adhering to underside
of track-maker's toe. Footprint has poorly defined outline
because it was badly damaged during excavation. (QM
F10322/B).
FIGURE D: Left footprint, x 0.5. Lighting from SE. Anterolateral
scrape-mark produces forked or Y-shaped outline to digit 3.
Interdigital web is clearly imprinted between digits 3 and 4,
absent between digits 2 and 3. (QM F10322/11).
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PLATE 9
Wintonopus latomorum ichnogen. et ichnosp. nov.
Referred specimens, all preserved as natural moulds at Lark Quarry,
and all photographed from fibreglass replicas.
FIGURE A: Left footprint, x 1. Lighting from E. Shallow imprint
with digit 2 exceptionally broad, and digit 4 represented by a
furrow. Probably formed with the track-maker's body weight
carried mainly on the two inner toes. (QM F10322/B).
FIGURE B: ?Right footprint, x 0.75. Lighting from E. Showing
backwardly-directed scrape-marks from all three digits. (QM
F10322/A).
FIGURE C: Right footprint, x 1. Lighting from NW. From the
smallest trackway referred to W. latomorum. Note the distinct
'spur' behind digit 4, and the faint indication of an anterolateral
scrape-mark from digit 3. (QM FI0322/B).
FIGURE D: Right footprint, x 0.75. Lighting from N. From the
second-largest trackway referred to W. latomorum. (QM
F10322/1).
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PLATE 10
Wintonopus latomorum ichnogen. et ichnosp. nov.,
and Skartopus australis ichnogen. et ichnosp. nov.
Referred specimens, all preserved as natural moulds at Lark Quarry,
and all photographed from fibreglass replicas.
FIGURE A: Wintonopus latomorum; left footprint, x 0.75. Lighting
from NW. With all three digits represented by furrows, and with
distinct trace of interdigital web between digits 3 and 4. There
may also be a very faint imprint of the metapodium. (QM
F10322 /A).
FIGURE B: Skartopus australis; ?right footprint, x 0.66. Lighting
from W. Characteristically divergent digits, but one of them (72)
unusually exaggerated in width. Presumably formed with trackmaker's body weight carried mainly on the two inner toes. (QM
F10322/B).
FIGURE C: Wintonopus latomorum; two right footprints, x 1.
Lighting from NE. The slightly larger print (below) is foreshortened by toes entering the sediment at a very steep angle. As
toes were withdrawn the central one scraped the sediment
forwards — so that it folded over to conceal digit 4 of a smaller
and earlier-formed print. (QM F10322/11).
FIGURE D: Wintonopus latomorum; left footprint, x 0.33. Lighting
from E. Showing exceptionally broad imprint of digit 3, and
forwardly directed scrape-marks from all three digits. The scrapemark from digit 3 is extremely long and is deflected slightly as it
runs through the earlier-formed footprint of a coelurosaur
(Skartopus australis ). (QM F10322/11).
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PLATE 11

Wintonopus latomorum ichnogen. et ichnosp. nov.
Referred specimens, all preserved as natural moulds at Lark Quarry.
FIGURE A: Left footprint, x 1. Lighting from NE. Note deeply
imprinted interdigital webs, and distinct curvature of digit 3.
Photographed from rock slab (QM F10320).
FIGURE B: ?Left footprint, x 1. Lighting from N. Extremely foreshortened on account of toes entering and leaving sediment at a
very steep angle. Trace of posterior 'spur' at left (behind digit ?4)
seems to confirm identification as left footprint. Fibreglass
replica (QM F10322/11).
FIGURE C: ?Left footprint, x 1. Lighting from SE. Three small pits
seem to indicate brief touch-down of toe-tips after they had been
withdrawn from the footprint. Location of these pits indicates
that the foot was shifted forwards and slightly to the right, and
that it was rotated around the axis of digit 3. Fibreglass replica
(QM F10322/11).
FIGURE D: Three left footprints (representing three track-makers),
x 1. Lighting from W. All three examples show characteristic
'spur' behind digit 4. Uppermost example is very fore-shortened,
with shallow imprint of digit 2; imprints of digits 3 and 4 are
amalgamated. Lowermost example (bisected by joint ) shows Yshaped tip to digit 3. Fibreglass replica (QM F10322).
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PLATE 12
Skartopus australis ichnogen. et ichnosp. nov.
Referred specimens, all preserved as natural moulds at Lark Quarry,
and all photographed from fibreglass replicas.
FIGURES A and B: Single right footprint, x 1. In A lighting is from
the NE, in B lighting is from the E. Showing full imprint of the
metapodium. Note sharply pointed tips of digits (QM F10322/1).
FIGURE C: ?Right footprint, x 1. Lighting from NE. Somewhat
fore-shortened, and with deeply incised scratches formed by
backwards sweep of the track-maker's foot. (QM F10322/B).
FIGURE D: Right footprint, x 1. Lighting from E. Characteristic
symmetrical arrangement of narrow and sharply pointed digits.
Showing faint imprint of metapodium, traces of interdigital
webs, and scratch-marks behind digits. (QM F10322/11).

