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bstract

Deposits from the Ordos Basin of mid-western China are rich in body fossils and ichnofossils of Early Cretaceous vertebrates. Thousands of
arly Cretaceous sauropod, theropod and bird tracks described since 1958 have been found at several localities in the basin. We report two new
ites (Dijiaping and Bawangzhuang) in the Luohe Formation of the Ordos Basin, Shaanxi Province, which contain small theropod footprints that
re here referred to the ichnogenus Jialingpus. The assignment is based on pad configurations including (1) the large metatarsophalangeal area
ositioned in line with the axis of digit III, (2) the subdivision of this part into a small pad behind digit II, which in some specimens is close
o the general position of the hallux (digit I), and a large metatarsophalangeal pad behind digit IV, and (3) a distinct inter-pad space between

etatarsophalangeal pads and proximal phalangeal pads of digits II and III. We re-describe the type material of the type ichnospecies Jialingpus
uechiensis  from the Upper Jurassic Penglaizhen Formation of Sichuan Province, proposing a largely amended diagnosis for this ichnotaxon. The
resence of a digit I trace in the holotype, indicating a relatively long hallux, and the large metatarsophalangeal area positioned in line with digit
II distinguishes Jialingpus  from the ichnogenus Grallator  and similar tracks that all lack these features. The only difference between Jialingpus
pecimens from the Cretaceous of the Ordos Basin and those of the Jurassic Penglaizhen Formation is the larger digit divarication in the Cretaceous
axon. This is the fourth record of Jialingpus  in China and the second in Cretaceous strata, with the first being those from the Huangyangquan
ocality in Xinjiang, China.
 2014 Elsevier B.V. and Nanjing Institute of Geology and Palaeontology, CAS. All rights reserved.
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.  Introduction

.1.  Vertebrate  tracks  from  the  Ordos  Basin

The Ordos Basin is the second largest sedimentary basin in
hina, spreading across Shaanxi, Gansu, and Shanxi provinces
Please cite this article in press as: Xing, L.-D., et al., The non-avia
Basin, China, with a revision of the type material: Implications for i
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s well as the Ningxia and Inner Mongolia autonomous regions.
t includes deposits of Jurassic and Early Cretaceous ages.

 large number of body fossils are known from the Lower
retaceous strata. The invertebrate fauna includes ostracods
nd estherians (Cypridea, Eosestheria) (Ma, 1998); the verte-
rate fauna includes the fishes Lycoptera  and Sinamia  (Ma,
998), the turtles Ordosemys  (Brinkman and Peng, 1993a)
nd Sinemys  (Brinkman and Peng, 1993b), the choristodere
kechosaurus (Brinkman and Dong, 1993), the pterosaur Huan-
n theropod track Jialingpus  from the Cretaceous of the Ordos
chnotaxonomy and trackmaker morphology. Palaeoworld (2014),

epterus (Dong, 1982), the dinosaurs Psittacosaurus  (Russell

gy and Palaeontology, CAS. All rights reserved.
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nd Zhao, 1996), Sinornithoides  (Russell and Dong, 1993), as
ell as stegosaurs (Dong, 1993), and the bird Otogornis  (Hou,
994).

Numerous Jurassic and Cretaceous vertebrate tracksites are
lso known from the Ordos Basin. The Chabu tracksites, dis-
overed in the mid-west area of the basin, display thousands of
auropod, theropod and bird tracks from the Lower Cretaceous
ingchuan Formation (Lockley et al., 2002; Li et al., 2006, 2011).
he Hailiutu tracksite from the north of the basin shows thero-
od, ornithopod, and crocodile tracks from the ?Lower–Middle
urassic Shiguai Group (Li et al., 2010). Two Jurassic dinosaur
racksites were reported from the southwest margin of the Ordos
asin: the Shenmu tracksite (Teilhard de Chardin and Young,
929; Kuhn, 1958; Li et al., 2012) in the northern area of Shaanxi
rovince, and the Tongchuan tracksite (Young, 1966) in central-
estern Shaanxi.
In 1935, three footprints (XYT7–9) were discovered by Mr.

i-Feng Guo (a local peasant), near the Zhidang River, at
awangzhuang Village (Xunyi County, Xianyang City, Shaanxi
rovince) (Fig. 1). In 1999, six footprints (XYT1–6) were found
y Mr. Li-Xin Zhang (a local peasant) during the construction
f a warehouse on a hill near his home, in Dijiaping Village,
unyi County. All of these footprints were collected by the
unyi Museum in December 2005 and March 2009, where

hey are currently curated. More recently, in May 2011, two
f us (Li-Da Xing and Song-Mei Hu) were invited by the Xunyi
useum to study dinosaur tracks from the local museum, and

uring prospecting in the area, more tracks (described below as
pecimens DJP1–6) were discovered at exposures nearby.

.2.  Jialingpus yuechiensis material

Between 1940 and 2012, 63 tetrapod ichnospecies were
rected based on Chinese type specimens. Lockley et al. (2013)
eviewed these tracks and reduced the Jurassic theropod ichno-
axa among them from 23 to only 9 because most ichnogenera
ere considered subjective junior synonyms of Grallator  and
ubrontes. Previous studies had already suggested this for some
ases (Lockley et al., 2013 and references therein). However, all
f these proposed synonymies affected Lower and Middle Juras-
ic theropod tracks, many of which were poorly preserved. In
ontrast to this overabundance of names, only three Late Juras-
ic theropod ichnogenera have been erected. Jialingpus  is one of
hese, and was described based on several well-preserved tracks
rom the Upper Jurassic Penglaizhen Formation of Sichuan
rovince (Zhen et al., 1983, 1989; Yang and Yang, 1987).
ockley et al. (2013) retained Jialingpus  as valid; nevertheless

he ichnogenus is in need of detailed comparison with other
chnotaxa, and such an analysis is pending.

In recent years, Jialingpus  was also reported from Middle
urassic to Lower Cretaceous strata of other regions, includ-
ng the Middle Jurassic of Morocco (Gierliński et al., 2009a),
he Upper Jurassic of Poland and Spain (Gierliński et al.,
009b), the Lower Cretaceous Obernkirchen Sandstone of
ermany (Gierliński et al., 2009b), and the Early Cretaceous
uangyangquan tracksites, Xinjiang, China (Xing et al., 2011).
Please cite this article in press as: Xing, L.-D., et al., The non-avia
Basin, China, with a revision of the type material: Implications for i
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n this situation, and to allow for better comparisons, it is a
ecessary to re-describe the holotype of Jialingpus; we did such
 re-description in the systematics section below.

.3.  Institutional  abbreviations

BNHM = Beijing Natural History Museum, Beijing, China;
U = University of Colorado Denver, USA; DJP = Dijiaping

racksite, Shaanxi, China; IVPP = Institute of Vertebrate
aleontology and Paleoanthropology, Beijing, China;
GCM = Moguicheng Dinosaur and Bizarre Stone Museum,
injiang, China; XY = Xunyi Museum, Shaanxi, China. CU

pecimens were transferred to the University of Colorado
useum of Natural History (UCM) in 2012.

.  Geological  setting

Xunyi County is located in central-western Shaanxi Province
Fig. 1), and geologically belongs to the southern margin of the
rdos Basin, where the Lower Cretaceous was divided by Hao

t al. (1986) into the lower part of the Luohe Formation and
he Huanhe-Huachi Formation, the upper part of the Luohan-
ong Formation and the Jingchuan Formation (Fig. 2). Wu et al.
2007) subsequently recognized the Yijun Formation as an addi-
ional Lower Cretaceous unit below the Luohe Formation. The
jinhoro Formation at the Chabu tracksites corresponds to the
ingchuan Formation (Li et al., 2006), although Wu et al. (2007)
ave also interpreted the Ejinhoro Formation as pertaining to the
uanhe-Huachi Formation.
The Dijiaping tracksite (GPS: 35◦15′36′′N, 108◦36′4′′E) was

iscovered in the Luohe Formation, in Dijiaping Village, Malan
own, Xunyi County (Fig. 1). The stratum containing the fossils
as large cross-stratifications, which are typical for the formation
Ma, 1998). The tracks are preserved on brown-red sandstone
ssociated with large mud cracks, ripple marks, and invertebrate
races. The Luohe Formation is approximately 200 to 500 m
hick, and accounts for 2/3 of the surface area of this basin. It
otably includes alluvial facies grit or weathered sandstone and
sh remains (Lycoptera, Actinopterygii) (Yang et al., 2008).

The Bawangzhuang tracksite (Fig. 1) was discovered 28 km
o the west of Bawangzhuang Village (Qiupotou Town, Xunyi
ounty). The site had been lost after its discovery in 1935, and

he precise location of the original find cannot be determined.
owever, the stratigraphy of the Zhidang River bank and the
resence of fuchsia-colored siltstones similar to the slab in which
he Bawangzhuang tracks were preserved indicates that it was
robably also recovered from the Luohe Formation. Abundant
nvertebrate traces co-occur with the Bawangzhuang tracks.

.  Systematic  ichnology

.1.  Dijiaping  tracksite

Material.  Six complete natural casts on three slabs without
ounterparts were given the field identification numbers DJP1–6
Figs. 3–5; Table 1). These original tracks were not collected and
n theropod track Jialingpus  from the Cretaceous of the Ordos
chnotaxonomy and trackmaker morphology. Palaeoworld (2014),

re still in situ. Additionally, six natural casts on a single slab

dx.doi.org/10.1016/j.palwor.2013.12.001
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Fig. 1. Location of the Dijiaping and Bawangzhuang track localities (indicated by the footprint icon) in Shaanxi Province, China.

Table 1
Measurements (in cm) of Jialingpus tracks from China.

Specimen ML MW* LD I LD II LD III LD IV II–III III–IV II–IV ML/MW M

DJP1 11.1 8.1 – 5.0 7.6 5.1 38◦ 30◦ 67◦ 1.4 0.63
DJP2 11.1 8.6 – 5.4 6.5 5.6 37◦ 33◦ 70◦ 1.3 0.60
DJP3 – – – – 9.0 7.6 – – – – –
DJP4 17.1 11.7 – 8.0 12.7 7.5 30◦ 30◦ 60◦ 1.5 0.64
DJP5 15.7 14.8 – 9.3 9.5 11.6 42◦ 26◦ 68◦ 1.1 –
DJP6 14.0 – – – 8.8 7.0 – 27◦ – – –
XYT1 12.6 8.8 – 5.9 9.7 7.0 37◦ 25◦ 62◦ 1.4 0.54
XYT2 11.6 9.3 – 5.8 7.9 6.4 38◦ 30◦ 68◦ 1.2 0.62
XYT3 13.8 – – – 8.6 4.8 – 27◦ – – –
XYT4 >13.9 11.5 – >9.4 >12.3 >7.5 – – – – –
XYT5 13.3 11.2 – 5.2 7.7 6.9 35◦ 33◦ 67◦ 1.2 –
XYT6 10.7 7.5 – 4.0 7.4 4.9 33◦ 27◦ 60◦ 1.4 –
XYT7 15.4 11.3 – 6.4 10.1 7.2 39◦ 26◦ 65◦ 1.4 0.68
XYT8 14.1 12.4 – 7.4 9.6 9.0 37◦ 30◦ 67◦ 1.1 0.56
XYT9 14.1 – – >2.9 9.7 6.8 – 28◦ – – –
BNHM-SCFP 11 21.0 13.5 – 12.0 15.2 10.8 21◦ 27◦ 48◦ 1.6 0.70
BNHM-SCFP 21 19.7 10.5 4.7 8.4 13.9 8.0 22◦ 25◦ 47◦ 1.9 0.82
BNHM-SCFP 24 20.0 10.3 3.5 8.4 13.0 8.4 19◦ 28◦ 47◦ 1.9 0.75
IVPP DT 1 15.1 8.8 – 7.6 9.6 6.9 24◦ 32◦ 56◦ 1.7 0.75
IVPP DT 2 20.7 11.5 – 11.8 14.3 9.6 23◦ 21◦ 44◦ 1.8 0.93
IVPP DT 3 >17.2 10.8 – 10.5 13.0 9.2 23◦ 22◦ 45◦ – 0.74
CU 199-31b 18.1 11.8 – 8.7 12.0 10.1 28◦ 22◦ 50◦ 1.5 –
CU 199-32 10.8 6.1 – 5.3 7.0 5.7 19◦ 28◦ 47◦ 1.8 –
CU 199-33 17.8 11.9 – 10.4 11.2 7.1 23◦ 21◦ 44◦ 1.5 –
CU 199-36 9.7 5.5 – 5.2 7.4 5.1 22◦ 25◦ 47◦ 1.8 0.76

Abbreviations: ML: maximum length; MW: maximum width*; LD I: length of digit I; LD II: length of digit II; LD III: length of digit III; LD IV: length of digit IV;
II–III: angle between digits II and III; III–IV: angle between digits III and IV; II–IV: angle between digits II and IV; M: mesaxony (length/width ratio for the anterior
triangle). * measured as the distance between the tips of digits II and IV.

dx.doi.org/10.1016/j.palwor.2013.12.001
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Fig. 2. Lower Cretaceous stratigraphy of Xunyi County, Shaanxi Province, China (based on Ma, 1998) with the position of the track-bearing horizon.
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Fig. 3. Photograph of Dijiaping specimens DJP1–3.
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ere collected by the Xunyi Museum, and cataloged as XYT1–6
T = theropod) (Figs. 4, 5; Table 1).

Locality  and  horizon.  Dijiaping tracksite, Xunyi County,
ianyang City, Shaanxi Province, China. Luohe Formation,
ower Cretaceous.
Please cite this article in press as: Xing, L.-D., et al., The non-avia
Basin, China, with a revision of the type material: Implications for i
http://dx.doi.org/10.1016/j.palwor.2013.12.001
Description.  These twelve tracks are preserved on four
labs without counterparts. Mud cracks and invertebrate traces
re also present, especially on the slab containing specimens
JP1–3 (Fig. 3). Aside from specimen DJP3, tracks are gener-

lly similar in morphology. Their size ranges between 10.7 cm
nd 17.1 cm in length, and between 7.5 cm and 14.8 cm in
idth. DJP1, 2, 4–6 and XYT1–6 are small-sized and tri-
actyl. The length:width (L/W) ratios range between 1.1 and
.5. All of these tracks are isolated, lacking evidence of distinct
rackways.

DJP4 is the biggest and best-preserved of these tracks. The
mpression of digit III is directed anteriorly and is the longest,
hereas that of digit II is shorter than digit IV. Digit II pos-

esses two digit pad traces; the impression of distal pad 2
s shallower due to weathering. Digits III and IV have three
halangeal pad traces, but although the margins of the first
proximal) pad are clear, the borders between pads 2 and 3
re more difficult to distinguish. Claw marks are sharp. The
etatarsophalangeal area, where preserved, is positioned in line
ith the long axis of digit III in all tracks from the Dijiap-

ng tracksite. Especially in the more complete specimens DJP1,
JP4, XYT1, and XYT2, two distinct metatarsophalangeal pad

races can be seen: a smaller one behind digit II and another
arger one continuous with digit IV. There is a distinct metatar-
ophalangeal pad trace behind digit II which is oval in shape,
nd connected to the trace of the first pad of digit II via a
hort inter-pad space. This is the general position in which one
ould expect to find the trace of digit I (hallux) if present. It is

empting to interpret this part as the base or attachment of the
allux; however, as discussed below, it probably represents the
etatarsophalangeal pad of digit II. The trace of the metatar-

ophalangeal pad of digit IV is extended proximally and round
nd blunt distally where it is connected to the first pad of the third
igit by a large inter-pad space. The divarication angle between
igits II and III is almost equal to the one between digits III
nd IV.

Specimens DJP1, DJP2, XYT1, and XYT2 are slightly
maller than DJP4, yet their overall morphologies are very sim-
lar. The divarication angles between the traces of digits II and
V of these tracks range between 61.8◦ and 69.8◦, the divari-
ation angles between digits II and III being much larger than
hose between digits III and IV. These tracks lack the inter-pad
pace connecting the traces of the metatarsophalangeal region
ith the proximal ends of digits II and III, which could be
ue to individual variation, the consistency of the substrate,
r the lighter weights of the smaller track makers leaving
hallower tracks. XYT3–6 are poorly preserved and shallower
han XYT1 and XYT2. The divarication angle between the
races of digits II and III is significantly larger in DJP5 than
n other tracks, which may have been influenced by a mud
rack affecting the second digit. DJP6 and XYT3 are incom-
lete, both revealing poorly preserved impressions of digit II,
epresented only by faint traces. DJP3 is only preserved with
wo parallel digit impressions (III and IV), of which digit IV
ossesses four discernible digit pads, whereas those of digit
II are indistinct. Both of these digit traces reveal sharp claw
arks.
n theropod track Jialingpus  from the Cretaceous of the Ordos
chnotaxonomy and trackmaker morphology. Palaeoworld (2014),

dx.doi.org/10.1016/j.palwor.2013.12.001
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Fig. 4. Outline drawings of slabs with Dijiaping specimens DJP4 and 6 and XYT1–6.
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.2.  Bawangzhuang  tracksite

Material.  Three complete natural casts on a single slab cat-
loged as XYT7–9 (Figs. 6, 7; Table 1).

Locality  and  horizon.  Bawangzhuang tracksite, Xunyi
ounty, Xianyang City, Shaanxi Province, China. Luohe For-
ation, Lower Cretaceous.
Description.  All three tracks were preserved on a single slab

ssociated with invertebrate traces. Their sizes range between
4.1 cm and 15.4 cm in length and 11.3 cm and 12.4 cm in width.
YT7 and XYT8 constitute a single pace (42 cm), and both

re very similar to DJP4 in morphology. As in the latter, they
how the characteristic metatarsophalangeal area in line with
igit III consisting of a small metatarsophalangeal pad II and

 large metatarsophalangeal pad IV separated by a crease. The
ivarication angles between digits II and IV range between 65.4◦
nd 67.0◦, with the divarication angles between digits II and III
eing much larger than those between digits III and IV. Specimen
YT9 is poorly preserved, but shares the same morphological

haracteristics as those of the other tracks.

.3.  Re-description  of  the  type  material  of  Jialingpus
uechiensis

Saurischia Seeley, 1888
Theropoda Marsh, 1881
Jialingpus  Zhen et al., 1983

Amended  diagnosis.  Small- to medium-sized functionally
ridactyl theropod tracks, with a hallux trace being occasion-
Please cite this article in press as: Xing, L.-D., et al., The non-avia
Basin, China, with a revision of the type material: Implications for i
http://dx.doi.org/10.1016/j.palwor.2013.12.001

lly present and with a phalangeal pad formula (including w
etatarsophalangeal pads II and IV) of 2-3-3-4-x and x-3-3-4-x
espectively, if a hallux trace is absent. The L/W ratio ranges
etween 1.1 and 1.9, the divarication angles range between 44◦
nd 70◦, and the mean L/W ratio of the anterior triangle ranges
etween 0.70 and 0.93. An elongate and swollen metatar-
ophalangeal area consists of a larger metatarsophalangeal
ad of digit IV and a smaller, medial metatarsophalangeal
ad behind digit II, likely belonging to digit II. The proximal
metatarsophalangeal) area of the footprint is larger than any
ndividual digital pad trace.

Type  ichnospecies.  Jialingpus  yuechiensis  Zhen et al., 1983.
Type locality  and  horizon.  Yuechi County, Guang’an City,

ichuan Province, China. Penglaizhen Formation, Upper Juras-
ic.

Amended diagnosis.  As for the ichnogenus.
Description. Specimens of Jialingpus  yuechiensis  (Fig. 8)

re currently curated in the Beijing Natural History Museum
BNHM), the Chongqing Natural History Museum, and the
nstitute of Vertebrate Paleontology and Paleoanthropology
IVPP) in Beijing. Casts of some well-preserved specimens,
ncluding the holotype, which were formally in the University
f Colorado Denver collection, are now kept at the University
f Colorado Museum of Natural History (UCM), USA.

All in all 41 tracks and a possible tail trace were discovered in
uly 1982 by Ming Zhao (Science and Technology Committee,
uechi County). After Zhao’s report, the technicians from the

VPP selected and collected three of the best-preserved ones. DT
= dinosaur track, IVPP) 1 and 2 were extracted on the same slab,
n theropod track Jialingpus  from the Cretaceous of the Ordos
chnotaxonomy and trackmaker morphology. Palaeoworld (2014),

hile DT 3 was collected on a different one. Later, researchers

dx.doi.org/10.1016/j.palwor.2013.12.001
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Fig. 5. Photographs and outline drawings of Dijiaping specimens DJP1–6 and Bawangzhuang specimens XYT1–6.
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nd technicians from the BNHM collected the remaining 38
racks and the possible tail trace; the track-bearing slabs are
umbered as BNHM-SCFP 1–25. Arguably, the IVPP speci-
ens are better preserved than the BNHM specimens; however,

he only available description of the IVPP specimens is a brief
ccount by Xing et al. (2011). The lead authors (Li-Da Xing and
artin G. Lockley) have studied the specimens and casts curated

n the IVPP and CU, as well as the better-preserved specimens
Please cite this article in press as: Xing, L.-D., et al., The non-avia
Basin, China, with a revision of the type material: Implications for i
http://dx.doi.org/10.1016/j.palwor.2013.12.001

rom the BNHM. t
The holotype of Jialingpus  yuechiensis  is BNHM-SCFP 24
cast: CU 199-34). It is a unique specimen, with an elongated
etatarsal impression (14.8 cm in length) and a well-preserved

igit I. Digit I is represented by two digital pad traces, of which
he first (proximal) one is longer than the second. Digital pad
ormulas are 2-3-3-4-x and x-3-3-4-x respectively, if a hallux
race is absent. We emphasize, that throughout this paper and
ontrary to the practise in other studies, we included the trace of
n theropod track Jialingpus  from the Cretaceous of the Ordos
chnotaxonomy and trackmaker morphology. Palaeoworld (2014),

he metatarsophalangeal pad II which is very small but mostly

dx.doi.org/10.1016/j.palwor.2013.12.001
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Fig. 6. Photograph of slab with Bawangzhuang specimens XYT7–9.

v
i
i
D
w
i
w

l
9
i

I
t
d
I
t
o
a
s
t

y
i
I
t
d
l
d
p
I
c
l
2
l
t
but it is generally oval in shape, and connected to the trace of
isible in Jialingpus. Digit IV is elongated, proximally running
nto the impression of the metatarsus. The attachment of digit I
s positioned slightly posterior to the metatarsophalangeal area.
igit III preserves a sharp claw mark, and scale scratch lines
ere observed in digits I and II, and in the elongate metatarsal

mpression. The scratch lines of digit I average 1 mm in width,
ith a density of about 6 lines per centimeter. The scale scratch
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Fig. 7. Photographs and outline drawings of
ines of digit II are 0.8 mm wide on average, with a density of
 to 10 lines per centimeter. The scratch lines of the metatarsal
mpression are indiscernible.

The imprints seen in BNHM-SCFP 21 probably include digit
 and a partial metatarsal impression. As in BNHM-SCFP 24,
he supposed digit I imprint is located proximal to, or behind,
igit II close to the medial side of the metatarsophalangeal pad
I, a position that indicates a narrow configuration of digits along
heir base. In the imprint this might occasionally cause the fusion
f pad traces in this region. Thus, in the tridactyl variants lacking

 distinct digit I, the small pad behind digit II could also represent
mall coalesced portions of the metatarsophalangeal pad II and
he proximal hallux.

IVPP DT 2, the best-preserved topotype of Jialingpus
uechiensis, lacks an elongated metatarsal impression. Digit III
s longest, and digit IV shortest in this tridactyl track. Digits
I–IV respectively have 3, 3, and 4 digital pads, among which
he first digital pad of digit II is larger in comparison with the first
igital pad of digit III. IVPP DT 2 has two distinct metatarsopha-
angeal pad traces; the smaller, behind digit II likely belongs to
igit II and the larger to digit IV. In fact the holotype is mor-
hologically different from the other paratypes in the sample.
n any event, the smaller pad proximal to digit II is situated
lose to or just anterior to the point where the trace of digit I is
ocated in the afore-described specimens (BMNH-SCFP 21 and
4). The metatarsophalangeal pad trace of digit IV is located in
ine with the long axis of digit III. The metatarsophalangeal pad
race behind digit II (representing digit II) is slightly damaged,
n theropod track Jialingpus  from the Cretaceous of the Ordos
chnotaxonomy and trackmaker morphology. Palaeoworld (2014),

 Bawangzhuang specimens XYT7–9.
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Fig. 8. Jialingpus tracks from Sichuan Province. White arrows indicate digit I trace; black arrows indicate small semicircular metatarsophalangeal pad on the medial
side of the metatarsal phalangeal area.
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he first pad of digit II via a short inter-pad space. A distinct
pace was observed between the metatarsophalangeal pad and
he first digital pad of digit IV. Digit II preserves the largest
law mark (3.6 cm long), whereas that of digit IV is smaller
2.4 cm long), and the claw mark of digit III is the smallest
0.9 cm long).

BMNH-SCFP 11 (CU 199-35) is similar to IVPP DT 2,
nd also well-preserved. It also shows two distinct metatar-
ophalangeal pad traces. IVPP DT 1 is smaller, but otherwise
orphologically identical to DT 2, aside from a relatively more

ronounced metatarsophalangeal pad of digit II. The crease
eparating the two metatarsophalangeal pads is located along
he long axis of digit III. CU 199-36 is the smallest track, but
he divarication angles of its digits and its anterior triangle are
imilar to those of other tracks, especially those of IVPP DT
. The other specimens such as IVPP DT 3, CU 199-31, 32,
nd 33 are less well-preserved, although their morphological
haracteristics are consistent with those of the above-mentioned
racks.

The mean divarication angle between digits II and IV of
he Jialingpus  yuechiensis  tracks is 48◦, ranging between 44◦
nd 56◦, and the divarication angles between digits III and IV
re generally larger than those between digits II and III. The
mprints have a mean L/W ratio of 1.7 (N  = 9), and the mean L/W
atio of the anterior triangle is 0.78 (N  = 7), indicating moderate
Please cite this article in press as: Xing, L.-D., et al., The non-avia
Basin, China, with a revision of the type material: Implications for i
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a

esaxony, unlike the somewhat stronger mesaxony typical of
rallator type tracks (Lockley, 2009).
The track orientations in the type sample of Jialingpus

uechiensis are irregular (Zhen et al., 1983, fig. 4). Only two
airs of footprints represent possible steps, for one of which the
verage length of the two footprints is 19 cm for a step length of
8 cm, while the corresponding measurements for the other pair
f tracks are 10 cm and 54 cm, respectively (Zhen et al., 1983).

.4.  Comparison  and  discussion  of  Jialingpus yuechiensis

Jialingpus  tracks have well-defined digital pad impressions,
nd are the most distinctive Late Jurassic tracks reported from
hina, as well as representing the largest and best preserved

ample available for analysis. Because of the presence of hallux
nd metatarsal traces, Zhen et al. (1983, 1989) compared Jial-
ngpus to Anomoepus, an ichnotaxon essentially known from
he Lower Jurassic deposits of North America, Europe, and
outhern Africa and placed it in the ichnofamily Anomoepo-
idae. However, Jialingpus  rather resembles the Early Jurassic
rallator  than Anomoepus, given the projection of the middle

oe and mesaxony which is slightly stronger in Grallator  but
uch weaker in Anomoepus. Gierliński (1994) treated Jialing-

us as a junior synonym of Grallator. Lockley et al. (2003)
n theropod track Jialingpus  from the Cretaceous of the Ordos
chnotaxonomy and trackmaker morphology. Palaeoworld (2014),

lso interpreted Jialingpus  as a theropod track based on narrow
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ivarication angles. Thus, the consensus is that in general mor-
hology, Jialingpus  tracks are of the Grallator  morphotype and
re similar to both Grallator  and Anchisauripus. Lockley et al.
2013) considered Jialingpus  as a valid ichnotaxon, based on the
istinctively well-preserved pad, hallux, and metatarsal traces.
hese characters indicate that Jialingpus  is similar to Grallator

n some features but different from this ichnotaxon in others.
he ichnotaxon is in need of detailed comparison with other

chnotaxa.
All Jialingpus  specimens exhibit a strongly pro-

ecting middle digit III, but in contrast to the
ubrontes–Grallator–Anchisauripus  plexus tracks, the metatar-
ophalangeal area is complex, large, elongate and located more
entrally, behind digit III. Such a distinctive, centrally placed,
wollen metatarsophalangeal area is a diagnostic feature of
ialingpus. It consists of a larger metatarsophalangeal pad
ehind digit IV and a smaller metatarsophalangeal pad behind
igit II, which appears to be related to the location of digit I.
long with the hallux trace, this is a feature seen in Jialingpus
ut absent from Grallator. The metatarsophalangeal area is
arger than any digit pad of the track. In the best-preserved
pecimens, a crease separates the small metatarsophalangeal
ad region behind digit II and the larger region behind digit IV.

The metatarsophalangeal area is located behind the middle
oe, possibly indicating a narrow arctometatarsalian arrange-

ent of the metatarsals. A number of Cretaceous derived
heropod groups have a ‘pinched’ metatarsal III resulting in
he arctometatarsalian condition (Holtz, 1995), which proba-
ly increased their agility. This homoplasy suggests multiple
daptive pathways and adaptive advantages for predation and
redator evasion (Snively et al., 2004).

The presence of a metatarsal impression and of a hallux
mprint in the Jialingpus  type specimen BNHM-SCFP 24 and in
nother track, interpreted as an anomoepodid-like manual print
ith 4–5 digits, led Zhen et al. (1983, 1989) to the conclusion

hat the tracks were similar to the Early Jurassic ornithischian
racks of Anomoepus  Hitchcock, 1848. The alleged manual print
NHM-SCFP 2 is not convincingly associated with any pedal
rint of Jialingpus, and it does not look like a manus to us.
he presence of a metapodium impression and the occurrence
f the hallux imprint in a plantigrade footprint like BNHM-
CFP 24 cannot prove its ornithischian origin, nor can it justify
n assignment to Anomoepus. Evidently, several other theropod
chnites have also been misinterpreted as ornithischian on the
asis of the presence of a metapodium trace (see Gierliński,
994, 1996). In fact, theropods possessed metapodia that could
e registered while sitting, traveling across soft substrates or
therwise crouching. The idea that only Anomoepus  displays
longate metatarsal traces has persisted for historical reasons,
wing to the original descriptions (Hitchcock, 1848). However,
t is now clear that theropod tracks with metatarsal traces are as
ommon as Anomoepus, if not more so (Kuban, 1989; Lockley
t al., 2003; Gierliński et al., 2009b).

In their general morphology, Jialingpus  footprints, with their
ighly projecting middle toe and tulip-like shape, strongly
esemble the Early Jurassic ichnogenus Grallator. The digit
Please cite this article in press as: Xing, L.-D., et al., The non-avia
Basin, China, with a revision of the type material: Implications for i
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ength ratios of IVPP DT 2 are 1.58 (III/II) and 1.09 (III/IV). t
hese ratios are1.31 and 0.93, respectively, for BMNH-
CFP 11. Similar digit length ratios are observed among the
arly Jurassic grallatorids (Anchisauripus  sillimani: 1.45, 0.94;
rallator parallelus: 1.78, 1.14; Olsen et al., 1998). How-

ver, the morphology of Jialingpus  differs from most other
urassic–Cretaceous theropod tracks in its relatively widely
ivaricated digits and the larger, compound metatarsophalangeal
egion, as well as in the presence of a hallux, in some specimens.
n comparison, Grallator  does not have widely divaricated digits
10◦–30◦, Olsen et al., 1998), and Kayentapus  has similar widely
ivaricated digits but lacks a large, compound metatarsopha-
angeal region (Lockley et al., 2011).

Among Jurassic and Cretaceous theropod tracks, the associa-
ion of widely divaricated digits and a large, metatarsophalangeal
egion seen in Jialingpus  is similar to the Early Cretaceous
chnites known from Asia (Matsukawa et al., 2005) and
orth America (unpublished data), which Matsukawa et al.

2005) named Asianopodus. However, Asianopodus  comprises
edium-sized footprints, 27–30 cm in length according to
atsukawa et al. (2005), which are clearly larger than those

f Jialingpus  that are approximately 10–20 cm in length. In
ddition, the robust “heel” pad is more developed in Asianopo-
us than in Jialingpus, in which the small metatarsophalangeal
ortion behind digit II does not constitute a separate pad.

.5.  Comparisons  among  the  Chinese  examples  of
ialingpus

Jialingpus  tracks are also found in northeastern China. Fujita
t al. (2007) described three different sizes of theropod tracks
rom the Tuchengzi Formation (Upper Jurassic), Sijiaban, Beip-
ao City, Liaoning Province, China. For the well-preserved
racks B1 and C14, the L/W ratios are similar at 1.7 and 1.8,
nd the L/W ratios of the anterior triangle are 0.5 and 0.55.
owever, both B1 and C14 have a distinctively swollen metatar-

ophalangeal area, positioned in line with the long axis of digit
II, which makes B1 and C14 more similar to Jialingpus  than to
rallator. These tracks are different from Jialingpus  in their lack
f a small metatarsophalangeal pad behind digit II, but this can
e an extramorphological feature related to substrate conditions
nd imprint depth.

Apart from Jialingpus  from the Jurassic strata of the Sichuan
asin and Liaoning Province, Xing et al. (2011) reported cf.
ialingpus  isp. from the Lower Cretaceous (Lower Layer of the
ugulu Group) Huangyangquan tracksites in Wuerhe District,
injiang. Among these, the well-preserved MGCM.H7 (Fig. 9)

s consistent with the characteristics of Jialingpus: 14.9 cm long,
 divarication angle between digits II and IV of 44◦, and a
halangeal pad formula of x-3-3-4-x. The sub-ovoid metatar-
ophalangeal pad of digit IV lies nearly in line with the long
xis of digit III, close to the proximal end of digit IV. The
rack also has a metatarsophalangeal area consisting of metatar-
ophalangeal pads IV and II. The latter is somewhat indistinct in
hese specimens, a feature that may reflect substrate consistency
r the shallowness of the imprints. Thus, we here assign the
uangyangquan tracks to Jialingpus. Additionally, Jialingpus
n theropod track Jialingpus  from the Cretaceous of the Ordos
chnotaxonomy and trackmaker morphology. Palaeoworld (2014),

racks were discovered at the Asphaltite tracksite in Wuerhe

dx.doi.org/10.1016/j.palwor.2013.12.001
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Fig. 9. Jialingpus tracks from Xinjiang Region (MGCM.H7; based on Xing
et al., 2011) and from Liaoning Province (B1 and C14; based on Fujita et al.,
2007).
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istrict, near the Huangyangquan tracksite but in the Upper
ayer of the Tugulu Group, among which were probable juvenile
ialingpus  tracks (Xing et al., 2013a).

Interestingly, there is one significant difference between Jial-
ngpus from the Late Jurassic and Jialingpus  from the Early
retaceous, which is that the divarication of digits of the former

s generally less than that of the latter.

.6.  Comparison  and  discussion  of  the  Xunyi  specimens

The morphological characteristics of the tracks from the Diji-
ping site are consistent with those of the Bawangzhuang site.
oth are small tridactyl theropod tracks with a relatively large
nd slightly elongated metatarsophalangeal area located cen-
rally behind the middle toe. This feature is also seen in the type

aterial of Jialingpus.
The Dijiaping and Bawangzhuang tracks are here assigned

o Jialingpus  isp. based on: (1) a phalangeal pad formula of
-3-3-4-x, (2) a distinctive, swollen metatarsophalangeal area
ocated centrally behind digit III that includes a large metatar-
ophalangeal pad of digit IV and a smaller metatarsophalangeal
ad behind digit II. These characteristics are consistent with
hose of Jialingpus  (Zhen et al., 1983; Gierliński et al., 2009a,
; Xing et al., 2011, 2013a). Furthermore, the digit length ratios
f specimen XYT7 are 1.65 (III/II) and 1.02 (III/IV). The cor-
esponding ratios of track DJP4 are, respectively, 1.68 and 0.97.
uch digit length ratios are also consistent with those of Jial-

ngpus yuechiensis. The imprints have a mean L/W ratio of
.3 (N  = 10), and the mean L/W ratio of the anterior triangle is
.61 (N  = 7), indicating moderate mesaxony, similar to, although
lightly less than, that in Jialingpus  yuechiensis.

The tracks reported here differ slightly from the Jialingpus
ype material in having wider digit divarication angles, similar
o those of Asianopodus  (Matsukawa et al., 2005). In Jialingpus,
he angles between the traces of digits II and IV range between
4◦ and 52◦, which contrasts with the divarication angles ranging
etween 59.5◦ and 69.8◦ in the Dijiaping and Bawangzhuang
racks. The small sample size and the lack of trackways make
Please cite this article in press as: Xing, L.-D., et al., The non-avia
Basin, China, with a revision of the type material: Implications for i
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t difficult to discern systematic features across a significant m
umber of tracks, but the Dijiaping and Bawangzhuang tracks
ay represent a Jialingpus  ichnospecies different from the

urassic forms. On the other hand, Asianopodus  represents
edium-sized footprints (20–30 cm long), which are clearly

arger than the material from Dijiaping and Bawangzhuang site.
The lengths of DJP1, DJP2, XYT1 and XYT2 range between

1.1 cm and 12.6 cm, XYT7 and XYT8 are 14.1 and 15.4 cm
ong, and DJP4 is 17.1 cm in length. In spite of this, their

orphologies are consistent, which suggests that in differ-
nt developmental stages, Jialingpus  isp. did not significantly
hange its pes shape; allometry was not pronounced.

So far, at least six deinonychosaurian tracksites have been
iscovered in the Lower Cretaceous of Asia (Lockley et al., in
ress; Xing et al., 2013b). The most remarkable characteristic
f deinonychosaurian tracks is their didactyly. The two paral-
el digits of DJP3 are typical of didactyl theropod tracks, such
s Dromaeopodus  from Shandong Province (Li et al., 2007) or
romaeosauripus  from Korea (Kim et al., 2008, 2012). DJP3

acks an impression corresponding to the proximal portion of
igit II, but is otherwise similar to Dromaeosauripus. However,
aston et al. (2003) suggested that some poorly-preserved tri-
actyl tracks may lack the distal parts of digit II and become a
didactyl” variant. If this were the case for DPJ3, its morphology
ould still be unusual in that the two preserved digit impressions

re nearly parallel. As DJP3 is morphologically unique among
he discovered tracks, it is difficult to determine whether it repre-
ents an actual didactyl track, or an extramorphological variant
reated by a particular behavior of the track maker, by the influ-
nce of the substrate, or by a combination of both. Given the
solated occurrence of DJP3 among many tridactyl tracks, the
atter interpretation is most parsimonious.

.  Conclusions

Jialingpus  isp. from the Dijiaping and Bawangzhuang track-
ites are the first record of this ichnogenus from central China.
hese footprints also enrich the Early Cretaceous dinosaur track

ecord from the Ordos Basin. The discoveries extend the dis-
ribution of Jialingpus  in China from Sichuan (Zhen et al.,
983) and Wuerhe, Xinjiang (Xing et al., 2011, 2013a) to the
haanxi Province. Furthermore, it is the second record of Jial-

ngpus in the Chinese Cretaceous strata after the reports from
he Huangyangquan tracksites in Xinjiang, China. This suggests
hat the track-making taxon or taxa, small- to medium-sized,
unctionally-tridactyl theropods of similar foot structures, were
idely distributed across China in space and time. The review
iven here suggests that Jialingpus  is distinct from Grallator
ot only in the presence of a hallux (digit I) which, fortuitously,
s characteristic of the holotype, but also in the presence of

 large metatarsophalangeal area consisting of metatarsopha-
angeal pads II and IV separated only by a crease. The hallux in
he holotype suggests the trackmaker possessed a relatively long
igit I in comparison with the Grallator  trackmaker. A review
f the Sichuan Jialingpus  and its relationships to forms such
s Asianopodus  will be the subject of future study. The “track-
n theropod track Jialingpus  from the Cretaceous of the Ordos
chnotaxonomy and trackmaker morphology. Palaeoworld (2014),

aker” of Jialingpus  might actually represent a large number of

dx.doi.org/10.1016/j.palwor.2013.12.001
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pecies, a possibility consistent with the wide geographic and
emporal range of this ichnotaxon.
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ierliński, G., Niedźwiedzki, G., Nowacki, P., 2009b. Small theropod and
ornithopod footprints in the Late Jurassic of Poland. Acta Geologica Polonica
59 (2), 221–234.

ao, Y.C., Su, D.Y., Li, Y.G., Wang, N.W., 1986. The Chinese Cretaceous. The
Geological Publishing House, Beijing, 301 pp. (in Chinese, with English
abstract).

itchcock, E., 1848. An attempt to discriminate and describe the animals that
made the fossil footmarks of the United States, and especially of New
England. Memoirs of the American Academy of Arts and Sciences, new
series 3, 129–256.

oltz Jr., T.R., 1995. The arctometatarsalian pes an unusual structure of the
metatarsus of Cretaceous Theropoda (Dinosauria: Saurischia). Journal of
Vertebrate Paleontology 14, 480–519.

ou, L.H., 1994. A late Mesozoic bird from Inner Mongolia. Vertebrata PalAsi-
atica 32, 258–266 (in Chinese).

im, J.Y., Kim, K.S., Lockley, M.G., 2008. New didactyl dinosaur footprints
(Dromaeosauripus hamanensis ichnogen. et ichnosp. nov.) from the Early
Cretaceous Haman Formation, south coast of Korea. Palaeogeography,
Please cite this article in press as: Xing, L.-D., et al., The non-avia
Basin, China, with a revision of the type material: Implications for i
http://dx.doi.org/10.1016/j.palwor.2013.12.001

Palaeoclimatology, Palaeoecology 262 (1–2), 72–78.
im, J.Y., Lockley, M.G., Woo, J.O., Kin, S.H., 2012. Unusual didactyl traces
from the Jinju Formation (Early Cretaceous, South Korea) indicates a new
ichnospecies of Dromaeosauripus. Ichnos 19, 75–83.

uban, G.J., 1989. Elongate dinosaur tracks. In: Gillette, D.D., Lockley,
M.G. (Eds.), Dinosaur Tracks and Traces. Cambridge University Press,
Cambridge, pp. 57–72.

uhn, O., 1958. Die Fährten der vorzeitichen Amphibien und Reptilien. Ver-
lagshaus Meisenbach KG, Bamberg, 64 pp.

i, J.J., Bater, M., Zhang, W.H., Hu, B.L., Gao, L.H., 2006. A new type of
dinosaur tracks from Lower Cretaceous of Chabu, Otog Qi, Inner Mongolia.
Acta Palaeontologica Sinica 45, 221–234 (in Chinese, with English abstract).

i, R.H., Lockley, M.G., Makovicky, P.J., Matsukawa, M., Norell, M.A., Harris,
J.D., Liu, M.W., 2007. Behavioral and faunal implications of Early Cre-
taceous deinonychosaur trackways from China. Naturwissenschaften 95,
185–191.

i, J.J., Bai, Z.Q., Lockley, M.G., Zhou, B., Liu, J., Song, Y., 2010. Dinosaur
tracks in Wulatezhongqi, Inner Mongolia. Acta Geologica Sinica 84 (5),
723–742 (in Chinese, with English abstract).

i, J.J., Bai, Z.Q., Wei, Q.Y., 2011. On the Dinosaur Tracks from the Lower Cre-
taceous of Otog Qi, Inner Mongolia. Geological Publishing House, Beijing,
109 pp. (in Chinese, with English abstract).

i, J.J., Lockley, M.G., Zhang, Y.G., Hu, S.M., Matsukawa, M., Bai, Z.Q., 2012.
An important ornithischian tracksite in the Early Jurassic of the Shenmu
Region, Shaanxi, China. Acta Geologica Sinica (English Edition) 86 (1),
1–10.

ockley, M.G., 2009. New perspectives on morphological variation in tridactyl
footprints: clues to widespread convergence in developmental dynamics.
Geological Quarterly 53, 415–432.

ockley, M.G., Wright, J., White, D., Matsukawa, M., Li, J.J., Feng, L., Li, H.,
2002. The first sauropod trackways from China. Cretaceous Research 23,
363–381.

ockley, M.G., Matsukawa, M., Li, J.J., 2003. Crouching theropods in taxo-
nomic jungles: ichnological and ichnotaxonomic investigations of footprints
with metatarsal and ischial impressions. Ichnos 10, 169–177.
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