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Theropod (Dinosauria: Saurischia) tracks from
Lower Cretaceous Yixian Formation at Sihetun
Village, Liaoning Province, China and possible
track makers
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Abstract: Herein we describe three and one half footprints that pertain to Grallator isp. from the Lower Cretaceous Yixian Formation,
Sihetun, Liaoning Province, China. This is the first description of dinosaur footprints from the Yixian Formation. The tracks were left
by at least three individual track makers. It is estimated from the tracks that the body lengths of the track makers were 1.51 m, which
is the average length of known theropods from the Yixian Formation. The feet of Caudipteryx and Sinosauropteryx were reconstruct-
ed. The former was more similar than the latter to the Grallator isp. track outlines. Feet capable of registering Grallator morphotype
tracks may therefore have been widely distributed in small-medium sized theropods (other than dromaeosaurids and troodontids) from
the Yixian Formation.
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1 Introduction

Research on Mesozoic tracks in western Liaoning
Province has long history. In 1940, the first formal
study was by Yabe et al., who described dinosaur
tracks from the Sijiazi (Ssuchiatzu) tracksite near
Yangshan, near Chaoyang City!". Thereafter, Shikama,
Young, Zhen et al. and Matsukawa et al. further studied
the track site?™. In 2004, Zhang et al'. described
dinosaur tracks from the Sijiaban dinosaur track site
near Beipiao City, Nanbajiazi County; Fujita et al.
described these tracks and the site in greater detail”.
In 2006, Lockley et al™. described the Kangjiatun bird
track site near Kangjiatun village, Beipiao City. In
northern Hebei Province, bordering western Liaoning
Province, Sullivan et al. described a dinosaur track
occurrence from the Nanshuangmiao site in Chengde
County.

All the

Province are from the Tuchengzi Formation; the

aforementioned tracks in Liaoning
tracks in Hebei Province are from the probably cor-
relative Houcheng Formation. The Tuchengzi Forma-
tion and its lateral correlates, while apparently relative-
ly track —rich, have produced comparatively few body
fossils "™, In contrast, the overlying, body fossil—rich
Yixian Formation has thus far produced only one re-

[13]

ported dinosaur track occurrence , though tracks
were also reported from the possibly correlative '
Xiguayuan Formation in Hebei Province ™. The lone
Yixian Formation track sample was collected at Si-
hetun in 1998 by the National Geological Museum of
China, at the same time they collected the type speci-
men of the ornithomimosaur Shenzhousaurus orien-

talis". The tracks are described here for the first time.

2 Institutional abbreviation

CAGS —1IG =Institute of Geology, Chinese A-

X EHRS .1671-2552(2009)06—0705-08

cademy of Geological Sciences, China
NGMC=National Geological Museum of China, Bei-

jing, China. BPM =Beipiao Paleontological Museum,

Beijing,

China. IVPP=Institute of Vertebrate Paleontology and
Paleoanthropology, Beijing, China. JMP = Jinzhou
Museum of Paleontology, Liaoning , China, NIGP =
Nanjing Institute of Geology and Palacontology, Nan-
jing, China.

3 Geological setting

Beipiao City is located in the northeast of
Chaoyang City, western Liaoning Province, the area
includes Dabangou, Libalanggou, Sihetun, Huangban-
jigou, Jianshangou to Shangyuan from south to north.
The Sihetun area of Beipiao is situated at, and over-
laps, the eastern border of the northern end of the
larger Jilingsi—Yangshan basin, Liaoning Province (Fig.

1). The Jurassic—Cretaceous boundary Tuchengzi For-

P. R. China

Q_50 1gokm

B.eipiao Shenyang
« wWSihetun ©
Chaoyang eYixian
Liaoning

Province

Fig. 1 Geographic map of the dinosaur footprint locality

(indicated by the footprint icon)
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mation is the primary unit exposed in the Sihetun
area, but the Lower Cretaceous Yixian Formation is
exposed unconformably on the Tuchengzi Formation
at many localities.

The tracks were found in the lower—Jianshangou
bed of the Yixian Formation at Sihetun—i.e., the low-
ermost part of the formation, immediately overlying
the unconformable contact with the Tuchengzi For-
mation. The sedimentary facies of the site is a stream
channel™. The ages of these rocks are between 128 Ma
and 139 Ma'™.

4 Systematic ichnology

Grallator Hitchcock, 1858

Type ichnospecies

Grallator parallelus Hitchcock, 1858

Revised diagnosis

Small
dactyl ichnite. Digit III projects relatively farther cra-

(< 15 cm long) bipedal, functionally tri-

nially (projection ratio 1.3); foot narrower than in Eu-
(length/width ratio =2,

often around 2.2); hallux rarely impressed; divarication

brontes and Anchisauripus

of outer digits 10—30°, averaging 28°M".
Grallator isp.
Figs. 2,3; Table 1.

Material: Three complete and one half natural
(NGMC V2115) housed at the
National Geological Museum of China. The tracks on
NGMC

casts on a single slab

the slab are cataloged individually as
V2115A-D (Figs. 2, 3; Table 1).

Locality and horizon:Sage green siltstone of the
lower —Jianshangou bed of the Yixian Formation
(Lower Cretaceous), Sihetun fossil site, Beipiao, west-
ern Liaoning, China.

Description: All specimens (NGMC V2115A-D)
are natural casts. They display typical characteristics of

theropod tracks™

tridactyl, narrow, have tapering
digits with V —shaped outlines and impressions of
claws, and made by bipeds.

The average length:width ratio of tracks NGMC
V2115A—C (the complete specimens) is 1.71. Digit II

is the shortest, with two indistinct and discernible dig-

Fig. 2 Grallator isp. (NGMC V2115)

(Individual tracks A—D) proceed from the bottom

of the slab to the top, scale bar=10 cm

ital pads. Digit IIT is the longest and has three indis-
tinct digital pads. Digit IV is short, bearing three in-
distinct digital pads that are narrower than those of
digits II and III. In all three tracks, the divarication
angles between digits II and IIT are greater than those
(Table 1). The cranial ends
of digits IT and IV in V2115D are missing, and only

between digits III and IV

the first digital pad is preserved for digit III. In all
tracks, two sub —rounded, somewhat indistinct
metatarsophalangeal pads are separate from the proxi-
mal ends of all three digits. The more medial of the
two is typically in line with digit III, implying it may
pertain to the metatarsal of that digit. The other im-
pression lies at the base of digit IV.

Short claw drag marks are preserved at the tips of
digit II in NGMC V2115B and C. In NGMC
V2115B, the mark is 2.11 em long; in NGMC

V2115C, it is 2.39 cm long.
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Table 1 Measurements of Grallator isp.
‘/ V2115D (NGMC V2115)
(\
j NGMC V2115

woQ|

V2115A

Fig. 3 Outline drawings of Grallator isp.
NGMC V2115A-D
The black lines around the footprints demarcate the natural
outlines around each track of substrate deformed by

the mass of the track maker

Discussion: Theropod tracks thus far described
from this region in China are primarily from the
Tuchengzi Formation. These include tracks originally
named Jeholosauripus s—satoi, but Jeholosauripus was
later considered a junior synonym of Grallator so the
specimens were redescribed as Grallator ssatoi’. Thero-
pod track types A, B, and C from the Sijiaban site are
very similar to Grallator; type B is particularly similar
to Grallator ssatoi, but displays a few differences .
Generally speaking, the known theropod tracks from
the Tuchengzi Formation are basically of the Grallator
morphotype.

Grallator™ > is a common, small (< 15 cm long),
by Dbipedal
theropods. Digit III projects relatively farther cranially

narrow, tridactyl track type made

than the other digits and the foot is narrower than in

Measurement
A B C D

12.96 1472 1545 -

Maximum length*/cm

Maximum width*/cm 777 853 887 -
Length of digit IT**/cm 6.87 625 541 6.24%**
Length of digit IIT**/cm 12.56 12.54 14.03 3.22%**

Length of digit IV**/cm 7.62 774 7.9 5.35%%*
Angle between digits [Tand IIT  27° 29° 35° -
Angle between digits [Il and IV 24°  20° 23° -
Angle between digits [Tand IV 51°  49° 58° -

notes: “Maximum length/width plus claw drag marks; Maximum
length and width are the distance between the tips of
digits [T and IV; **Measured to the rear margin of the

caudalmost digital node; " * “Incomplete

Eubrontes and Anchisauripus (length/width ratio =
2). The hallux is rarely impressed and divarication of
the outer digits ranges from 10—30°. In terms of the
number of specimens and named ichnospecies, Gralla-
tor is a massive ichnotaxon that encompasses many
small, predominantly Late Triassic and Early Jurassic
theropod tracks. NGMC V2115 possesses enough
characteristics of Grallator to warrant placement in this
ichnotaxon, including: digit III always the longest,
digits 1T and IV subequal in length®", and length/width
ratio is 1.71. This latter number is substantially smaller
than the 2.2 listed for the type ichnospecies (see
above), but other tracks also referred to Grallator sim-
ilarly have smaller ratios (see example below). The ra-
tios may reflect differences in locomotion adopted by
the track makers and/or differences in foot—substrate
interaction; additionally, it may indicate a previously
unappreciated ichnotaxonomically useful characteristic.

The NGMC V2115 tracks differ from both G.
ssatoi and the Sijiaban theropod tracks. The average
digit length ratios of NGMC V2115 tracks are 0.47
for digits II—III and 0.59 for digits IV —III, but those
of G. ssatoi are 0.77 and 0.93, respectively . The
mean ratios for Sijiaban track type B specimens are
0.62 and 0.76, respectively”l. The digit divarication
angles of NGMC V2115 average 30° for digits II-III



¥28% ol

XING Li—da, et al: Theropod (Dinosauria: Saurischia) tracks, Liaoning, China 709

and 22° for digits III-1V, but are 14° and 13°, respec-
tively, in G. ssatoi and 21.7° and 15° in Sijiaban type B
tracks”.

Furthermore, NGMC V2115 differs from repre-
sentative Grallator, particularly the ichnogenotype, G.
parallelus ™. The length:width ratio of G. parallelus
is 2.2, versus 1.71 in NGMC V2115; divarication of
the outer digits averages of G. parallelus is 28°, but
53° in NGMC V2115. Narrow divarication angles be-
tween digits II —IV exemplify most Grallator ich-
nospecies, such as G. variabilis (35—39°™), G. limno-
sus (35°%), G. andeolensis (37°""), but the same mea-
surements are substantially greater in NGMC V2115.
For other Grallator ichnospecies, such as G. emeien-

Pl and G. sauclierensis™, the angles between digits

sis
II-IV are 60° and 54°, respectively, much more simi-
NGMC V2115
length/width ratios difter (2.17 and 1.39, respectively).
The NGMC V2115 Grallator tracks therefore repre-

sent a comparatively short and wide exemplar of Gral-

lar to the tracks. However, the

lator.
5 Track maker

5.1 A single track maker?

Virtually all theropod trackways have extremely
high pace angulations
lengths. If the NGMC V2115 tracks are interpreted as
pertaining to a single trackway, the pace angulation of
NGMC V2115A —C is an unusually low 123°. This
means that they were probably registered by multiple

(nearing 180° ) and stride

individuals. However, in tridactyl or tetradactyl di-
nosaur tracks, the claws of digits II and IV point
away from the axis of the foot while the claw of
digit IIT is invariably bent inward toward the midline
of the trackway™. This situation is apparent in NGMC
V2115A—C, especially NGMC V2115B and C, which
lies in an alternating right—left—right pattern. Taken at
face value, this suggests that the tracks pertain to a
single trackway. Additionally, NGMC V2115A —C
have very similar length:width ratios—the concomitant
differences in the angles between digits II and III and
[T and IV of NGMC V2115A—C may be attributed

to variations of the substrate® and/or changes in track
maker behavior. Most telling, however, is the peculiar
arrangement of tracks in the aforementioned right —
left —right pattern of NGMC V2115A—C. In this se-
quence, the right and left tracks lie on the opposite
sides of the “trackway” axis from what would be pre-
dicted —to make this pattern, a single track maker
would have to swing each foot inward far over the
trackway axis, a behavior unknown in any theropod.
Were the pattern left—right—left, NGMC V2115A—C
could conceivably have been made by a single di-
nosaur walking very slowly. The trackway pattern in-
stead supports that the small sample on the slab could
only have been made by at least three individual track
makers.
5.2 Many kinds of possible track makers

The hip height of the track maker can be esti-
mated most accurately using the formula: hip height ?
4x footprint length™. From Table 1, the estimates of
track maker height for the NGMC V2115 A—C tracks
would be 51.8 cm, 58.9 cm, and 61.8 cm, respective-
ly, with a mean of 57.5 cm. To estimate body length
from the hip height, ten theropod (or near—theropod,
in the cases of Foraptor and Herrerasaurus) species
from a diverse set of clades and that are known from
complete skeletons were analyzed to determine hip
(Table 2); the resultant
average ratio of hip height to body length is 1:2.63.

height to body length ratios

Based on this mean, the body length of the track
makers of NGMC V2115 is estimated at about 1.51 m.

Theropods in this size range are not unknown in
the Yixian Formation. The overall length of the pre-
served vertebrae and skull of the only known speci-
men of the ornithomimosaur Shenzhousaurus orien-
talis is 843 mm ; assuming similar proportions to
other  ornithomimosaurs  (eg, Gallimimus and
Struthiomimus®™), the estimated overall length of Shen-
zhousaurus is 1.37 m. In addition, the basal tyran-
nosauroid Dilong paradoxus™' has an estimated length
of 1.66 m. At 1.2 m, the compsognathid Huaxiag-
nathus is slightly shorter™!) but the compsognathid

Sinocalliopterx is far larger at 2.4 m ®1 All these
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Table 2 Ratios of hip height to body
length of nine theropods

Taxa Hip height : body length
Deinonychus anlirrhopus[gg] 1:261
Herrerasaurus ischigualastensis[34] 1:257
Eoraptor lunensis’) 1:235
Allosaurusﬁ'agilis[36] 1:2.96
Compsognathus longipes[ﬂ] 1:3.20
Sinosauropteryx primam] 1:3.66
Tyrannosaurus rex 1:2.44
Gallimimus bullatus” " 1:215
Citipati osmolskae ™ 1:2.16
Microraptor gui[42] 1:2.18

note:sources of measurements given in parentheses for each taxon

theropods are therefore in the size range expected for
the NGMC V2115 track maker. Other Yixian For-
mation theropods are known only from smaller speci-
mens, such as 67 and 72 cm, respectively, for speci-
mens NGMC 97—4—A and BPM 0001 of the ovirap
torosaurian: Caudipteryx zoui™, 77 cm for Caudipteryx
sp.  (IVPP V 12430)"" and Protarchaeopteryx robusta™,
and 71 cm for the compsognathid Sinosauropteryx
prima™. The NGMC V2115 tracks could not have
been made by any of the Yixian Formation dro-
maeosaurids or troodontids because the specialized
digits II of members of these clades were held off the
ground during locomotion;and therefore would regis-
ter didactyl, not tridactyl, tracks™.

Dromaeosaurids and troodontids aside, complete
pedes are rarely preserved in theropods from the Yixi-
an Formation. Complete and correlative feet occur in
the oviraptorosaurians Caudipteryx dongi (IVPP V
12344), Caudipteryx zoui (BPM 001), Caudipteryx sp.
(IVPP V 12430), and Protarchaeopteryx robusta (NGM
C 2125) and the compsognathids Sinosauropteryx pri-
ma (NIGP  127587),
(CAGS —1G02 -301),
(MP—-V—-05—8-01). Incomplete feet are preserved in

Huaxtagnathus ~ orientalis

and  Sinocalliopteryx  gigas

other theropod specimens such as Caudipteryx zoui
(NGMC 97-4-A) and Dilong paradoxus (IVPP V
11579). Caudipteryx sp. (IVPP 'V 12430) and
Sinosauropteryx prima (NIGP 127587) were selected

Fig. 4 Comparison between NGMC V2115B and
the foot skeletons of selected theropod dinosaurs
A—Caudipteryx sp. (IVPP V 12430); B—Sinosauropteryx prima
(NIGP 127587); C—Foot idealized of NGMC V2115 track

maker. Arrows denote the minor differences between A and C

and their in vivo feet reconstructed for comparison
with the NGMC V2115 tracks (Fig. 4). An idealized
foot of the actual track maker was also reconstructed
according to the x—2—3—-3—x phalangeal formula of
Caudipteryx sp. It is well known that digital pads can
be both arthral and mesarthral, so digital pads do not
necessarily reflect the underlying phalangeal formulae
in footprints *. However, phalangeal lengths can re-
flect the approximate lengths of the pedal digits of a
track maker. The NGMC V2115 track makers appear
to have had feet similar to Caudipteryx sp., with two
exceptions in the lengths of digits I and III (Fig. 4—
A, C). The NGMC V2115 tracks are distinct from the
reconstructed pes of Sinosauropteryx in the lengths of
digits II and IV (Fig. 4—B). These measurements and
comparisons, however, cannot determine whether or
not the NGMC V2115 track maker was ovirap-
torosaurian; nor cant hey definitively exclude comp-
sognathids and other theropods. Still, we can at least
make the following determinations:

(1) Due to the similarity of the tracks to known

pes body fossils, the Yixian Grallator isp. track maker
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was at least fairly closely related to known small —
medium sized Yixian Formation theropods. The Gral-
lator morphotype would therefore be expected to
have a wide distribution in theropods (aside from
dromaeosaurids and troodontids) from the Yixian For-
mation.

(2) The occurrence of Grallator in the Yixian For-
mation expands the known age range and geographic
distribution of the morphotype. Because Grallator
tracks occur in both the Tuchengzi and Yixian forma-
tions, it also suggests similarities in the theropod faunas
from these two units.
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