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Abstract  Herein we describe a sngle trackway that pertain to Menglongipus sinensis ichnogen. et ichnosp.
nov. from the Nijiagou track sitein the Chicheng county, Hebei Province, China. The tracksoccur in the Tuchengzi
Formation, which spans the Jurassc Cretaceous boundary. The discovery of M. sinensisindicates that deinonycho-
saurians occupied this area prior to depostion of the Yixian Formation, from which the oldest denonychosaur body
fosdlsin the region have been found. The body length (about 65cm) of the M. sinensistrack maker isvery smilar to
that estimated for basal paravians. Additional details are provided about the type Velociraptorichnus sichuanensis,
and the association between dromaeopodid and other theropod tracksis discussed.
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sedimentology , and paleontology have been com-
prehensively studied (Ji et al. , 2004). Dinosaur
tracks, primarily those of theropods, are abundant
inthisunit, with the most common basically of the
Grallator morphotype (Yabe et al. , 1940; Shika

INTRODUCTION

The Tuchengzi Formation is the primary geo-

ning-northern Hebei) area, and its stratigraphy,

ma, 1942; Young, 1960; Matsukawa et al. ,
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2006 ; Zhang et al. , 2004; Fujita et al. , 2007).
Larger tracks have been attributed to Anchisauri-
pus (Sullivan et al., 2009) , and others to birds
(Lockley et al. , 2006) .

The ichnofamily Dromaeopodidae (Li et al. ,
2007) includes tracks made by didactyl dei nonycho-
saurian theropods. Dromaeopodid tracks both were
first discovered and are particularly common in
China, including Velociraptorichnus sichuanensis
from the ? Early Cretaceous of E’ me , Schuan
Province (Zhen et al., 1994) ,an unnamed dro-
maeosaurid track from the Early Cretaceous of
Yongjing, Gansu Province (Li et al. ,2006) ,and
Velociraptorichnus and Dromaeopodus shandong-
ensis from the Early Cretaceous of Junan, Shan-
dong Province (Li et al. , 2007). Reports outside
of Chinainclude unnamed ichnites of dubious quali-
ty from the Early Cretaceous of Utah (Lockley et
al. , 2004) and Dromaeosauri pus hamanensis from
South Korea (Kim et al. , 2008) . The smallest of
In 2008 and
2009, the senior author was invited by the Chich-
eng County Bureau of Land and Resources to study
dinosaursfrom exposures of the Tuchengzi Forma-
tionin the area. During this study, new didactyl

these tracks are about 10cm long.

tracks were discovered. The Tuchengzi Formation
is primarily Early Cretaceous in age but includes
the JurassicCretaceous boundary (Davis, 2005;
Sun et al . , 2007; Zhang et al . , 2009) , making

Chicheng County

State Highway 112

O Nijiagou

Houchengo

these not only the earliest known deinonychosaur
tracks but al so the smallest.

2 INSTITUTIONAL ABBREVIATIONS

LDRC = Lufeng Dinosaur Research Center ,
Yunnan, China. GS. TZP = Fossl Research and
Development Center of the Third Geology and
Mineral Resources Exploration Academy of Gansu
Province, China. LRH-dz = Li Rihui- Dasheng,
Qingdao Institute of Marine Geology , China Geo-
logical Survey, China.

3 GEOLOGICAL SETTING

The tracks were discovered on the southern
slope of Sliang Mountain, Nijiagou village, Yang-
tian township ,Chicheng County ,Zhangjiakou City ,
Hebei Province (N 40° 47 13", E 115° 53 33")
(Fig. 1). The fossl-bearing horizon is a grayish-
purple, conglomeratic sandstone in the Tuchengzi
Formation. The Tuchengzi Formation unconform-
ably overlies the andestic lavas of the Tiaojishan
Formation and contacts the overlying high-rMg la
vas of the Lower Cretaceous Zhangjiakou Formar
tion in an angular unconformity (Davis, 2005) .
The Tuchengzi (also called the Houcheng) Formar
tionin Hebe Province partialy overlapsin age the
Tuchengzi Formation in western Liaoning Province

(Swisher etal., 2002). This suggests that

Hebei Province

P. R. China

Chicheng

Bohai Sea

Fig.1 Geographic map of the dinosaur footprint locality (indicated by the footprint icon)
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Tuchengzi sedimentation was probably diachronous
(Davis, 2005) . The minimum age of the Tucheng-
zZi Formation was measured at 136—39 Ma
(Swisher et al. , 2002; Zhang et al. , 2009) , and
its maximum age is 147 Ma (Zhang et al. , 2009) .
The tracksoccur in a horizon highin the Tuchengzi
Formation, but it is not presently possble to de
termine whether the tracks are latest Jurassc or
earliest Cretaceousin age.

4 SYSTEMATIC ICHNOLOGY

Dinosauria Owen, 1842
Dromaeopodidae Li, Lockley, Makovicky, Mat-

sukawa, Norell, Harrisand Liu, 2008
Menglongi pussinensis ichnogen. et ichnosp. nov.

Etymology From the Chinese® Menglong”
meaning vigorous dragon ; and from the Greek’ po-
dus’ , meaning foot. Menglong refers to the osten-
sbly fierce nature of the track maker. The specific
epithet refersto the holotype locality in China.

Holotype A complete natural mold, cataloged
as T.A.1, from the Nijiagou trackste. An artifi-
cia mold of the track, (Figs. 2—3, Table 1) is
stored at the L ufeng Dinosaur Research Center ,
whereit iscataloged asLDRCv. x.8. Theorigina
track remainsin the field.

Paratypes T.A.2—4, three additional natu-
ral molds in the same trackway as the holotype
(Figs. 2—3, Table 1). Artificia molds of the
tracks are stored at the L ufeng Dinosaur Research
Center , where they are cataloged as LDRCv. x.
9—1. Theoriginal tracks remainin the field.

Holotype local ity and horizon  Tuchengzi For-
mation, Upper JurassicLower Cretaceous ( Titho-
nian-Valanginian) . Nijiagou tracksite, Chicheng,
Hebei Province, China.

Diagnosis Small , didactyl theropod track that
lacks manus and tail traces. The digit I111:digit IV
length ratio of T.A.1is2.36 (average value of T.
A.1—4 is 1. 8) , differentiating the ichnotaxon
from Velociraptorichnus, Dromaeopodus, and
Dromaeosauri pus, in which digit IV is amost as
long as digit I1l. Digit I, when present , is repre-

sented only by a short , round impresson located at
the proximomedial margin of digit IIl. The divari-
cation angle between digits |11 and IV rangesfrom
40° 44,
Dromaeopodus, or Dromaeosauri pus.

wider than in Velociraptorichnus,

Description  The Menglongi pus trackway ex-
hibits a very narrow stance with a pace angulation
of 180° ,als0 supporting that the tracks represent a
single trackway registered by a sngle track maker.
The length:width ratio of T. A.1is 1. 67. Diserni-
ble claw marks were observed on digits |11 and IV.
Digital pads areindistinct , but based on the photo-
grammetric maps (Fig. 2E—H) , it appears that
digit 111 has at least two pads and digit 1V at least
one. Digit impressons do not substantialy taper
distally. The divarication angle between digits 111
and IV averages 42° and ranges from 40° to 44°.
The metatarsophalangeal region is small; no dis
tinct border demarcating a pad divides this region
from ether digit 111 or 1V. For the trackway ,the
step lengths are: T. A. 1—2: 45cm, T. A.2-3:
32cm,T.A.3—4: 66cm. Thelong axisof T.A.1
has a markedly different orientation from those of
T.A.2—4 (Fig. 3B) , suggesting a change in the
direction of movement at the beginning of the
trackway. A substantial gap separates T. A.3from
T.A.4. T.A.3and T.A.4 appear to lie on differ-
ent surfaces, but it is actually the same surface
that has been offset by about 0. 5cm by a small
fault. The greater distance between T.A.3and T.
A. 4 than the other tracks may indicate that the
track maker suddenly accelerated. Both T. A.3 and
T.A.4 are deeper than T.A.2, suggesting s a
greater force of impact in T.A.3 and T.A.4. In
T.A.3,thedista endsof the digitsare more deep-
ly impressed than the metatarsophalangeal region
issmaler (Fig. 2G) , indicating a more powerf ul
launch phase. T.A.4, however, has the opposite
configuration: a deeper metatarsophalangeal region
than distal digit impressons (Fig. 2H). Without
subsequent tracks, it is difficult to determine the
meaning of this difference.

Comparisons Numerous Grallator tracks are
preserved at the Nijiagou trackste; the only excep-
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Fig.2 Nijiagou didactyl tracks

A —D. Photographsof T.A.1—4 taken at a dightly oblique angle to the track surface. The black outlinesin thefigure were drawn by persons

unknown prior to the present analyss; they approximate the edges of the tracks, but are not exact profilesof thefootprints. E—H. Computer-

ized photogrammetry of artificial moldsof tracks T. A.1—4 with 0. 122mm contour lines. Color banding reflects topography (blue-green = high-

est, redwhite = lowest) . | — : Outline drawings made from the photogrammetric mapsof T.A.1—4.

tions are the four didactyl tracks T. A.1—4. To
better distinguish the didactyl tracks from Gral-
lator morphotype tracks, molds were scanned with
a Norrcontact Grating Type Structured Light 3D
Scanning System (JiRui 11, made in Beijing JiRui
Xintian technology Co. , Ltd.) to obtain the 3D
data; the software (JiRui 3D image analyss soft-
ware) generated photogrammetric models of the
fosdls. Theresults (Fig. 2E—H) suggest that the
apparent didactyly in T.A.1—4 is genuine. How-
ever , the substrate of the dte is conglomeratic,
which means it would be highly resstant to de
formation. On such a surface, a light, tridactyl
track maker bearing minimal weight on digit Il
would leave a didactyl track. In the Tuchengz
Formation Grallatortype tracks ( Yabe et al. ,

1940; Shikama, 1942; Young, 1960; Matsukawa
et al. , 2006; Zhang et al., 2004; Fujita et al. ,
2007) , the divarication angles between digits are
consderably narrower thanin T.A.1—4. Evenin
larger tracks, such as Anchisauripus (Sullivan et
al. , 2009) , the divarication angles between digits
IV is 30.5°. Tuchengzi Grallator tracks dem-
onstrate relatively consstent morphology across
the conglomeratic substrate, suggesting that the
greater divarication angles exhibited by T.A.1—4
reflect genuine differencesin track maker foot mor-
phology and, as a result , ichnological distinction.
Fujita et al. (2007) described Grallator-type
tracksfrom the Tuchengzi Formation at the Sjia
ban tracksite, in Liaoning; they divided the tracks
into three sze categories representing juvenile
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FHg.3 T.A.1—4 trackway
A. photograph; B. same as A with tracks T. A.1—4 numbered. Blue arrows indicate the forward direction of each footprint. Scale bar =1m.

Table1 Measurements(in cm; ° asnoted) of T.A.1—4.

Secimen T.A.
Measurement
1 2 3 4
Maximum length 6.7 — 5.8 6.5
Maximum width * 4 3.4 4.6 4.7

Width between top of 458 3.75 4.17 4.5

digits 1l and 1V

Length: width ratio 1.68 1.26 1.38
Length of digit 111" 5.2 4.6 5.5 5.8
Length of digit IV ™" 2.2 3™ 2.7 4

Angle between digits Il

and 1V 44 40 44 41

A line paralel to the axis of the track was drawn from the outer
margin of digit II; measurement was taken as the vertica distance
from the outer margin of digit 1V to theline.

" Measured the distancefrom the tip of the digit to aline drawn per-
pendicular to the digit axisand that istangent to the adjacent hypex.

""" Incomplete.

(A) , subadult (B) , and adult (C) ontogenetic star
ges. The average lengths of types A —C are
4.5cm, 13.4cm, and 16. 7cm, respectively ; divari-
cation angles between digits |11l and IV are
26.5° and 23.5°, 21. 77 and 15°, and 25. 2° and
21.2°, respectively. Even in the smallest (4. 5cm
long) Grallator-type tracks, the divarication angle
between digits III-1V is merely 23.5° , a value sub-
stantially different from T.A.1—4.

Grallator-type tracks are al 0 abundant at the
Nijiagou tracksite. As an example, track T.B. 6

,

© 1994-2010 China Academic Journal Electronic Publishing House. All rights reserved.

(from trackway T.B.1—12) (Fig. 4) , which lies
closeto the T. A.1—4 trackway, has a length of
19.7cm, alength/ width ratio of 1.7, and divarica
tion angles between digits IFIIl and 111V of 25°
and 22° , respectively. All these characteristics ac-
cord with the characteristics of Grallator per Olsen
et al. (1998). Digit Ill of T.B.6is 10.4cm long;
digit IV is6.7cmlong, so the ratio of their lengths
is1.55, avalue markedly different from T.A.1—
4. In addition, digit Il is as deeply impressed as
digitsIlland IV in T.B.6.

If T. A.1—4 are hypotheszed as Grallator
type tracks that , for some reason, lack impres
sons of digit I, the divarication angles between
digits I1-1V should still be close to the valuesfrom
tridactyl Grallator-type tracks, as should the rela
tive lengths of digits 11l and digit IV. This phe
nomenon has been demonstrated experimentally
with emu tracks made in dfferent substrates
(Milan, 2006, fig. 12). Intotal, T. A.1—4 can
not be reasonably referred to aberrant , Tuchengzi
Formation Grallator-type tracks, but instead most
parsmonioudy represents a didactyl track maker.
The wider divarication angles in T. A. 1—4 may
therefore represent compensation by digits 111 and
IV for the loss of digit 11 as a weight-bearing digit
to provide a larger, more stable surface area on

http://www.cnki.net
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Fig.4 Grallator-type track (T.B.

A. photography; B. ontline drawing.

which the track maker wal ked.
(1994) indicated the following
characteristics in the description of Velocirap-

Zhen et al.

torichnus sichuanensis:“ Bipedal , digitigradeform,
didactyl structure in walking, with claws at the
end of toes, the ratio of pace to the length of foot
is4.4 1, with small angle between toes. No ma-
nus or caudal impressons.” This description lacks
a fair amount of detail. The Velociraptorichnus
specimens ( CFECG-B-1, CFECB-2, CFEGB-3)
were restudied for the present analyss (Fig. 5A,
5B). They are indeed narrow , didactyl tracks,
with subequal digit Il and IV lengths. Digit Illis
dightly wider than digit 1V, and both bear discer
nible claw marks. Digital pads are indistinct to
nonexistent. Digit Il is represented only by a
short , round impresson that is at least partially
embedded within the impresson of digit IIl at its
proximomedial edge. The large metatarsophalan-
geal region is hemispherical and not separated from
the digits by a distinct border.
length:width ratio across the sampleis 1. 77. The

The average

length: width ratio of Velociraptorichnus tracks
from the Tianjialou Formation of Junan (Fig. 5C) ,
Shandong Province (Li et al. , 2007) is 2. 2. Ex-
cept for possessing stronger claw marks on digits
Il and 1V, the Tianjialou tracks do not differ
markedly from CFECB-1.

B ]
I

\
&
10 cm

6) from the Nijiagou trackste

In these other didactyl tracks, digit Illischar-
acteristically almost equal in length to digit IV.
The ratio of digit Ill: digit IV lengths of V. si-
chuanensis CFECB-1is1.3 (6.2 cm/4.7 cm; this
val ue provided by Zhen et al. (1994) is0.9). For
the Junan Velociraptorichnus, the ratiois 1. 2. In
Menglongipussinensis, the ratioof T.A.1is2.36
based on the photogrammetric map (Fig. 2E—H) .
Moreover , the impresson of digit 1l in the Nijia
gou trackstendsto be more external to theimpres
son of digit Il than in the Velociraptorichnus
sample. The divarication angles between digits 111
and IV of V. sichuanensis range from 21° —28°
(Zhen et al. , 1994) ; in the Junan Velociraptorich-
nus, the divarication angle is 23°. In comparison,
the angles in Menglongipus sinensis range from
41° AL,

Asidefrom Velociraptorichnus, dromaeopodid
occurrences include a possble didactyl track from
Utah (Lockley et al. 2004) , didactyl tracks from
the Hekou Group near Yongjing, Gansu Province
(Fig. 6; Li et al., 2006) , Dromaeopodus shan-
dongensis (Li et al. , 2007) , and Dromaeosauri pus
hamanensisfrom South Korea (Kim et al. , 2008) .
These tracks are narrower than Menglongipus,
and the widths of each pad in these tracks are more
or less consstent. Digit |1l isamost equal to digit
IV in length, and there is a well developed meta
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Fg.5 Small-szed didactyl tracksfrom China
A. photograph of Velociraptorichnus sichuanensis from E' mei County, Schuan Province; B. outline drawingsof A ; C. outline drawing of Ve~

lociraptorichnus isp. from Junan, Shandong Province (CfromLi et al. , 2007) .

Fg.6 Computerized photogrammetry with 0. 2mm contour lines
of adidactyl track (G TZP-S2- TEO4L) from the Hekou
Group near Yongjing, Gansu Province (Li et al. , 2006)

Color banding reflects topography (blue-green = highest , red-white

= lowest) .

tarsophalangeal region (except in Dromaeocsauri-
pus). The only character that these tracks share
with Menglongipus sinensis is that digit Il is not
embedded within the impresson of digit Ill. M.
sinensis contrasts with these other prints by having
digits Il and IV expand distally. Additionally, the
differencesin length between digits Il and IV are
distinct, and the metatarsophalangeal region is

9/

very small (Fig. 21—). The divarication angles
between digits Il and IV are 16° and 21° in D.
shandongensis and the Yongjing tracks, respec
tively , both smaller than the 41° —44° angles ex-
hibited by M. sinensis. These differences support
placing the Nijiagou tracksin a new ichnotaxon.
Discussion  Deinonychosaurians (Dromaeo-
sauridae and Troodontidae) were functionally di-
dactyl , norravian theropod dinosaurs that flour-
ished in the Cretaceous and were widely distributed
globally. Teeth possbly representing dromaeosau-
rids occur in the Middle Jurassc (Bathonian) of
England (Metcalf et al., 1992) , but the oldest
well-substantiated deinonychosaur is an asyet un-
described troodontid from the Upper Jurassc
(Kimmeridgian to Tithonian) Morrison Formation
(Hartman et al. , 2005). The discovery of Meng
longi pus sinensis in the Tuchengzi Formation pro-
vides new evidence for the existence and distribu-
tion of deinonychosaurians around the Jurassic
Cretaceous boundary. Deinonychosaurian body
fosslsare known in western Liaoning in the much
younger , Lower Cretaceous (BarremianAptian)
Yixian Formation, which is a lateral correlate of
the Zhangjiakou Formation that unconformably
overlies the Tuchengzi Formation. Yixian Forma
tion deinonychosaurians include the dromaeosau
rids Graciliraptor (Xu and Wang, 2004a) , Mi-
croraptor (Xuetal.,2000; Hwang et al. , 2002) ,
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and Sinornithosaurus (Xu et al., 1999) and the
troodontids Mei (Xu and Norell , 2004) , Sinusona
sus (Xu and Wang, 2004b) , and Sinovenator (Xu
et al. , 2002) . Menglongi pus sinensis tracks dem-
onstrate that deinonychosaurians lived in the same
region roughly 15 million years earlier. It is not yet
possble to determine whether Menglongipus
tracks were made by a dromaeosaurid or a troodon-
tid.

The hip height of a track maker can be esti-
mated using theformula: hip height = 4 xfootprint
length (Henderson, 2003). The average ratio of hip
height to body length in theropods (averaged from
members of a variety of theropod clades) is1 2.63
(Xing et al. , 2009) . Based on these estimates, the
body length of the Menglongipus sinensis track
maker is 66. 6cm. This estimate very smilar to
that (about 65cm long) estimated for a basal para
vian by Turner et al. (2007) .

Ichnol ogical
tracks are currently known from Schuan, Shan-
dong, Gansu and Hebei provinces in China, Chu
Idand in South Korea, and posshbly Utah, USA.
Velociraptorichnus sichuanensis from Schuan

Associations Dromaeopodid

Province was discovered together with Grallator
emeiensis (Zhen et al. ,1994) and Minisauripus
chuanzhuensis (Zhen et al. ,1994; Lockley et al. ,
2008) ; both G. emeiensis and M. chuanzhuensis
are extremely small footprints (2. 7cm and 3cm
long, respectively, claws included). Velocirap-
torichnus and Dromaeopodus shandongensis in
Shandong Province (Li et al. , 2007) were a o dis
covered along with tridactyl theropod tracks, in-
cluding larger (L RH-dz 73:49cm long) and smaller
(LRH-dz 71-1:8.5cm long) tracks; the lengths of
most tracks range between 15—26cm (Li et al. ,
2005). Based on the origina descriptions and
drawings, the smaller tracks appear to be of the
Grallator morphotype (sensu Olsen et al. , 1998) .
Furthermore, 3—6cm long Minisauripus zhen
shuonani tracks (Lockley et al. , 2008) were dis
covered at the same dte. The Yongjing dromaeo-
saurid tracks from Gansu Province (Li et al.
2006) were associated with three types of theropod

tracks (Zhang et al. , 2006) , some of which could
pertain to Grallator (Li et al., 2006). Dromaeo-
sauri pus hamanensis and Minisauripus from Chu
Isand (Lockley et al. , 2008) and the possble di-
dactyl Utah occurrence (Lockley et al., 2004)
were also discovered in association with abundant
tridactyl theropod tracks.

The cond stent co-occurrence of dromaeopodid
tracks with tridactyl theropod tracks is notewor-
thy , asistheir rarity compared to the latter at each
Ste. Feet capable of registering Grallator morpho-
type tracks were widely distributed in small-medi-
um sized theropods (other than dromaeosaurids
and troodontids) . This indicates that deinonycho-
saurs occupied Smilar ecosystems as other thero-
pods, but that deinonychosaurians may have occu-
pied ecological niches distinct from those occupied
by more typical , tridactyl theropods, and that dei-
nonychosaurians only rarely entered the track-pre-
serving environments favored by their tridactyl re-
latives. Also noteworthy is the relatively cond st-
ent association of Minisauripus and dromaeopodid
tracks, which suggests a close ecological associa
tion between the makers of these two tracks.
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