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Surfaces with more than 2200 dinosaur footprints from the Huanglonggou (Yellow Dragon Valley) site near
Zhucheng, in Shandong Province, were excavated for scientific study and with a view to future development
as an educational site suitable for further research and tourism. Although geographically close to spectacular
and historically famous Upper Cretaceous sites yielding vast bone assemblages, representing giant hadrosaurs
and other dinosaurs from theWangshi Group, the tracksite is in the Lower Cretaceous Yangjiazhuang Formation
(equivalent in part to the Longwangzhuang Formation), represents an entirely different dinosaurian fauna, dom-
inated by small theropods. In contrast to a recent pre-excavation study of a localized outcrop which identified
only three theropod track morphotypes, in a sample of 135 tracks, the present study has identified at least
2000 additional tracks including those of sauropods and turtles. It is therefore possible to present a more com-
plete interpretation of the site based on the larger and more diverse track assemblage presently exposed.
Three theropod track morphotypes are identified as grallatorid morphotypes A and B, with the latter assigned
to Grallator yangi comb. nov., and Corpulentapus lilasia. Tracks have been identified from at least 5 levels, of
which level 4 exhibits the vast majority in an excellent state of preservation. Other recent studies, which we
re-evaluate, suggest the tracks help define an ENE–WSW shoreline with the lake center to the SSE. In terms of
number of tracks documented the Huanglonggou site is one of the largest dinosaur tracksites in China, or indeed
in the world.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

As noted by Li et al. 2011 tetrapod tracks were first reported from
Shandong Province by Young (1960). He introduced the name
Laiyangpus liui for multiple parallel scrape marks found in lacustrine
deposits of the Shuinan Formation, underlying the Longwangzhuang
Formation (Laiyang Group), inMuyudian Town, Laiyang, and attributed
them to a coelurosaurian trackmaker. The holotype was subsequently
thought lost and the coelurosaurian interpretation was challenged in
favor of a possible crocodilian swim tracks origin (Lockley et al.,
inosaur TracksMuseum; IVPP,
gy (Beijing); LRH-ZC, Ri-Hui Li,
e Geology; UCM, University of

1 303 5566197.
Lockley).
2010). Recently, the holotype has been relocated and examined by
four of the present authors (MGL, JL, LX and XX) who infer a turtle
swim tracks origin. Bird tracks (cf. Tatarornipes) and a few grallatorid
tracks have also been reported from the Laiyang site. In total only a
few dozen tracks have been recorded from this site.

The second Early Cretaceous ichnofauna reported from Shandong
consists of theropod tracks named Paragrallator yangi by Li and Zhang
(2000), also from the Longwangzhuang Formation (Laiyang Group), in
Longwangzhuang Town, Laiyang. This site has yielded only a few tracks.
As discussed below, Xing et al., 2010: p. 1111 consider “the theropod
ichnotaxon Paragrallator …a nomen dubium” and Lockley et al., 2012a,
2013 also agree that this ichnotaxon is in need of revision.

A larger and more important Early Cretaceous ichnofauna is known
from the Tianjialou Formation (Barremian–Albian) at Houzuoshan Di-
nosaur Park in Junan County. The site reveals more than 350 tracks
from multiple levels and is the type locality for Shandongornipes (Li
et al., 2005; Lockley et al., 2007) Dromaeopodus shandongenis (Li et al.,
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2008) andMinisauripus zhensohounani (Lockley et al., 2008). A detailed
description of ichnological assemblage from this site is given by Li et al.,
2015.

As noted by Li et al., 2011, the Huanglonggou site, discovered in
2000 and studied by the three senior authors in 2006 through
2008, then represented the fourth major dinosaur tracksite reported
from Shandong Province (Figs. 1–4). Li et al., 2011, p. 423 noted that
“collectively these four ichnofaunas indicate that diverse vertebrate
ichnofaunas are widely distributed in Shandong Province. The previ-
ously un-described Zhucheng… [Huanglonggou] …site reveals at
least one distinctive theropod ichnotaxon (Corpulentapus lilasia
ichnogen. et ichnosp. nov.) unknown from any other sites.”

Since 2011 there has been a flurry of publications on additional
dinosaur tracksites in Shandong Province. Li et al., 2015 list eight
sites. Among these the Linshu site has been described independently
by Xing et al., 2013 and Chen et al., 2013; Peng et al., 2013 and Xing
et al., 2012 reported pterosaur tracks from the Wenxinyuan site.
Other reports of dinosaur tracksites from Shandong Province include
multiple sites from the Tancheng area (Kuang et al., 2013; Wang
et al., 2013a) and the Tangdigezhuang site in northwest Zhucheng
(Wang et al., 2013b).

2. Previous work at the Huanglonggou dinosaur tracksite

The Huanglonggou (Yellow Dragon Valley) site discovered in May
2000 by one of us (RL), is one of the largest and most significant dino-
saur tracksites in China. For this reason alone it deservesmuch attention
and careful study. A preliminary study (Li et al., 2011) established that a
high density of trackswas exposed in a small stream bed outcrop ~35m
long and ~2 mwide (~70m2). This yielded 35mappable tracks, includ-
ing the distinctive new theropod ichnospecies Corpulentapus lilasia (Li
et al., 2011). However, in 2010, soon after this initial study the Zhucheng
Government decided to excavate the area so as to expose a total area of
about ~1900 m2 (~38 × 50 m), which was then enclosed with a wall
which defines the present boundaries of the ‘site’ (Figs. 2–4). One of
us (LX), was involved in this excavation phase while future plans for
Fig. 1. Locality map. Modifi
research and documentation were in the making. The Zhucheng Gov-
ernment also established an international advisory board to help with
the development of the site and other bone-richUpper Cretaceous dino-
saur sites in the region. The senior author ML, and XX, were appointed
asmembers of this board, and in October 2011ML coordinated an effort
to map the site in detail with the help of several of the present authors
(RL, MM, JL). The result of this first step was the production of a colorful
sitemap suitable as a template for interpretative signage (Fig. 4). A ben-
efit of exposing this greatly enlarged area of bedding plane was the op-
portunity to study the huge assemblage of well-preserved dinosaur
tracks and other traces in detail (Figs. 3 and 4), based on a much larger
sample than was available for the previous study (Li et al., 2011).
Allowing for the areas where outcrop is missing within the walled
area the total bedding plane surface is on the order of 1400 m2. Prelim-
inary results of this phase of theworkwere presented at the 11thMeso-
zoic Terrestrial Ecosystems Symposium where the map was presented
(Lockley et al., 2012b) and it was reported that the site was only one
of three in China where turtle tracks had been discovered, in 2011,
and simultaneously reported, with notice of those found that same
year in NeiMongol and Xinjiang (Xing et al., 2014) as the first described
from China (Lockley et al., 2012c). The aforementioned, re-location of
the lost Liayangpus holotype adds a fourth occurrence of Cretaceous tur-
tle tracks to the three reported in 2012 though 2014.

After excavation of the site (i.e., removal of the overburden) brief
visits were made, in 2010, by several of the present authors and it was
observed that sauropod and turtle tracks also occur at the site
(Lockley et al., 2012c). It was also observed that tracks are distributed
unevenly across the site, with a large concentration of small theropod
tracks at the northern, down dip end of the site, and that the turtle
tracks are found to the south, where there are few dinosaur tracks. Ar-
rangements were made with the local authorities to remap the whole
site. This project was undertaken in October 2011, leading to the results
presented below.

Before 2010 the track-bearing outcrop was very localized along the
bed of a small stream. However, it was evident that many of the tracks
were well preserved, including a morphotype not previously described
ed after Li et al., 2014.



Fig. 2. Photos of Huanglonggou site: A: during field work in 2006–2008, prior to excavation in 2010. B: after excavation in 2010. C: after covering of site with protective roof in 2011.
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(C. lilasia). Li et al., 2011 inferred that the tracks represent at least three
theropod track morphotypes. These included a large unnamed
morphotype (footprint length ~ 30 cm), designated as morphotype A,
numerous smaller tracks, cf. Grallator, designated as morphotype B,
that are potentially attributable to the problematic ichnogenus
Paragrallator discussed by Xing et al., 2010 and Lockley et al., 2013.
Prior to any revision of the ichnogenera Grallator and Paragrallator
these are provisionally referred to as “grallatorid tracks.” Most signifi-
cantly the new ichnospecies C. lilasia (morphotype C) was described
on the basis of distinctive trackways of a medium-sized biped with
very short, wide, robust, ‘lily-shaped’ tracks, and long steps typical of
theropods. Representative specimens, including original casts and
molds and replicas made from impressions were collected in 2006 and
2008: see Li et al., 2011 for details. Manymore Corpulentapus trackways
were discovered after the 2010 excavation, and following mapping of
the site in 2011 more molds were made.

Li et al., 2011 noted that the exposed stratigraphic section at
Huanglonggou is very thin (~1.5 m: see Fig. 5) and inferred that the
tracks occur in the lower part of the Longwangzhuang Formation
which locally consists of track-bearing sandstones overlyingmudstones
interpreted as the upper part of the Shuinan Formation. Conspicuous
ripple marks with a consistent crest trend of 120–300° occur in associa-
tion with the main track-bearing layer as well as layers a few centime-
ters below. It was also noted that at least one large theropod
trackmaker had created underprints on the main track-bearing surface
as the result of having registered footprints on higher surfaces not ex-
posed prior to 2010. Thus, Li et al., 2011 concluded that only theropod
tracks were exposed at the site. It should be noted that subdivision
and correlation of Cretaceous strata in Zhucheng area have been in dis-
pute: in the Zhucheng area, the expressions of the Longwangzhuang
Formation and underlying Shuinan Formation,which are chiefly distrib-
uted in the Laiyang area, should be combined under the name
Yangjiazhuang Formation in the study area (Shandong Provincial No.4
Institute Of Geological and Mineral Resources, 2003).

In August 2013 Xu et al., 2013 published a moderately detailed de-
scription and interpretation of the site, in which they referred to some
previous work (Li et al., 2011) but not other reports (Lockley et al.,
2012b, 2012c). This study is interesting for several reasons. First, these
authors referred to the site as being in the Yangjiazhuang Formation,
not the broadly equivalent Longwangzhuang Formation (see explana-
tion above). Second the study was conducted without collaboration
with most of the authors of the present study. Third, such independent
study has the benefit of allowing future researchers to compare two in-
dependent analyses of the same ichnological assemblage. On the other
hand such independent work has, in this case, generated significantly
different interpretations of the ichnological assemblage, and associated
depositional environment evidence. Thesewill ultimately need to be in-
tegrated if a reasonable consensus as to themost convincing interpreta-
tions is to be achieved.

For the reasons given above we briefly summarize the report of Xu
et al., 2013 before presenting our own results. According to Xu et al.,
2013, p. 468 they identified 63 trackways, of which 50 were well-
preserved and measured. These authors refer to “upper and lower
beds”with “abundant wavemarks and mud cracks” providing evidence
of superimposition of tracks which indicate that all “tracks were not left
at the same time.” They inferred a lacustrine paleoshorelinewith an EW
orientation and a lake center to the S/SW (i.e.with the onshore direction
to the N/NE: i.e. in the present down dip direction). They used these in-
ferences to suggest that the Corpulentapus trackmakers “were living
much closer to the shore” than the Paragrallator trackmakers.

Since the time the field photographs of Xu et al., 2013 (Fig. 2) were
taken, the sitewas enclosedwith a low,more or less rectangular cement
wall which serves as footpath or walkway (Figs. 3–4). The walkway is
about 1 m wide and is horizontal (along strike) along the northern



Fig. 3. General map of the Huanglonggou dinosaur tracksite (2011), showing four boundary walls marked by steps and walkways. Note that the site dips north at about 20°. The area
mapped prior to excavation runs along the banks of the stream that flowed along strike just north of the present northern boundary walkway: see Li et al., 2011, and areas A and B
which correspond to detailed maps presented here in Figs. 6 and 7 respectively.
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(lower), and southern (upper) boundaries of the site. Along the eastern
and western boundaries, the walkway is a series of steps that traverse
the dip slope at an angle of about 20°. These developments were
made to protect the site and as an initial step towards developing it as
an educational and tourist resource. After excavation of the site, resin
was poured and brushed over the surface, with various results noted
below, and in 2010 a temporary roof was constructed. One of the results
of the excavation was to fill in, at least temporarily, the very small



Fig. 4. Pictorial map of the Huanglonggou dinosaur tracksite designed for an interpretative sign. Compare with Figs. 6 and 7. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)
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Fig. 5. Stratigraphy of the Huanglonggou site modified after Li et al., 2011, (Fig. 3).
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stream that flowed along strike on the northern boundary of the site.
The combination of this fill and the construction of the northern bound-
ary walkway have covered the area that was originally mapped by Li
et al., 2011. However, as noted below, the same track morphotypes
have been identified in the enlarged area now exposed, and a number
of specimens and replicas from that area were collected from the area
that is now effectively inaccessible.

In this regard it is important to recognize that the map published by
Xu et al., 2013 (Fig. 2) was made before the cement wall was
constructed. Thus, they were able to show the relationship of the area
mapped by Li et al., 2011 to the larger area that had just been exposed.
In contrast, by necessity, our maps (Figs. 3–4) show the 2011 map as
separate from the rest of the site due the installation of the lower walk-
way along the northern boundary and the accumulation of excavated
debris in this area at the base of the dip slope. It is also worth noting
that Xu et al., 2013 mapped the site before it was covered by low (2–
3 m-high) scaffolding and heavy opaquely translucent polythene and
synthetic canvas sheets (Fig. 1C). Thus, conditions of lighting and
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illumination were different during both studies. Moreover, as long as
the site is covered the potential to obtain 3D images using Lidar or
other similar technologies is postponed and compromised. In this re-
gard the use of a resin coating on the track-bearing surface is also a fac-
tor which affects present and future results to various degrees.
3. Methods

After the site was excavated and enclosed in the boundary wall,
and the surface coated with resin, it was covered with a canvas roof
supported by scaffolding. These measures, while protecting the sur-
face from the direct impact of precipitation, have certain drawbacks,
including the masking of subtle features by resin, and the reduction
and diffusion of natural light. It was therefore decided in October
2011 to map the site using traditional compass and tape methods.
Four of the authors formed a team to lay out a chalk grid over the
whole site covering an area of about 1900 m2. The site was then
mapped by one of us (ML) on two scales. General reference maps
(Figs. 3–4) were made at a scale of 1:200 (0.5 cm = 1 m), and the
northern part of the area, where there is a high concentration of
small tracks in an area of ~625 m2, was then mapped at a scale of
1:50 (2 cm = 1 m). While mapping at both scales it was possible to
separate out Corpulentapus tracks from other morphotypes, based
on their distinctive morphology. Due to the high density of
grallatorid tracks they could only be mapped at the larger (1:50)
scale. Given the large size and semi-pictorial nature of the interpre-
tative color map (Fig. 4), it is not conducive to showing details of
the small tracks. For this reason, two maps covering the high density
of tracks in the northern area are presented here (Figs. 6 and 7) in
order to show the track and trackway distributions more clearly.
Fig. 6. Detailed map of the eastern sector of the northern portion of the Huanglonggou tracksite
the reader is referred to the web version of this article.)
After mapping was complete, measurements and tracings were col-
lected for representative, trackways, in all cases choosing only trackway
segments where consecutive right and left footprints were identified
unambiguously. Measurements were made on site, from the actual
tracks, of track length, track width, step and stride using steel tape
graduated in millimeters. The tracings were made with transparent
acetate film, and these are archived in the University of Colorado col-
lections. The criteria for obtaining trackway measurements were as
follows: trackways needed to be well preserved, and steps and, in
most cases, also strides in trackways needed to be clearly seen. In
general this was easy to do with Corpulentapus trackways, and
some of the larger non-Corpulentapus theropod trackways, However,
it was generally difficult to distinguish small theropod (grallatorid)
trackway patterns and orientations due to the dense concentrations
of tracks of similar size, that often show overlapping relationships.
For this reason it has not been possible to estimate the number of
grallatorid trackways found at the site, although a more or less accu-
rate estimate of the total number of individual mapped tracks is pos-
sible. It is also possible to use the map to show orientations of many
of the measured trackways. However, due to the limitations of plotting
small footprints in densely tracked areas it is not possible to use themap
to reliablymeasure the orientation of individual small grallatorid tracks
(and trackways) other than those for which tracings were made or
measurements collected directly (see tabulations herein). However it
has been possible to estimate the speeds of dinosaurs using the formula
of Alexander (1976) V=0.25 g0.5 · SL1.67 · h−1.17 in which V= velocity,
g = the acceleration due to gravity, SL = stride length and h = hip
height (estimated at 4× footprint length).

Finally, a few sets of overlapping photographs of representative
track areas were obtained in order to create 3D images using photo-
grammetric methods. We have future plans to obtain 3D images of the
. Compare with Figs. 3, 4 and 7. (For interpretation of the references to color in this figure,



Fig. 7.Detailedmap of thewestern sector of thenorthernportion of theHuanglonggou tracksite. Comparewith Fig. 3, 4 and 6. (For interpretation of the references to color in thisfigure, the
reader is referred to the web version of this article.)

69M.G. Lockley et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 423 (2015) 62–79
whole site at such time as the requisite technology is available for our
use, and the temporary covers are removed. Whether such images are
obtained using photogrammetric methods, or Lidar scanning, we antic-
ipate that at least locally, if not for the whole site, it may be possible to
obtain more precise orientation data for the large number of grallatorid
tracks, and perhaps to discriminate a larger number of reliably-
measured grallatorid trackways.
Readers should note that while it is possible to compare the track-
way measurements obtained by Xu et al., 2013, (Table 1) with those
presented herein, our trackwaynumbers andmeasurementswere com-
piled independent of those obtained by these authors, prior to the pub-
lication of their results. Thus, the trackway numbers in the two data sets
are not the same. In short, the two data setsmust be treated as indepen-
dent samples of the better-preserved trackways from the assemblage.



Table 1
Theropod tracks: morphotype A, showing length (L), width (W), L/W, step stride and
speed in m/s. Number (N) of each data set also given. Mean values indicated in bold.

Trackway
#

Length
(N)

Width
(N)

L/W Step (N) Stride (N) Speed
(N)

T-1 36.0 (1) 26.0 (1) 1.38 110.0 (1) –

T0 34.0 (1) 32.0 (1) 1.06 128.0 (1) 233.0 (1) 2.24
T1 30.2 (3) 19.3 (3) 1.56 123.0 (3) 246.0 (3) 2.82
T2 24.7 (3) 16.0 (3) 1.54 105.0 (3) 211.0 (2) 2.76
T3 25.0 (2) 13.7 (3) 1.82 101.3 (3) 200.5 (2) 2.50
T6 26.2 (3) 16.2 (3) 1.62 110.5 (2) 221.5 (1) 2.80
Means 29.35 (6) 20.53 (6) 1.43 (6) 112.96 (6) 222.40 (5) 2.625 (5)
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Thus, they provide a good test case for comparing independently-
obtained results.

4. Results

The following results were obtained in the present study:

1) Complete site maps were created at a scale of 1:200 (Figs. 3–4).
However, the northern part of the area was mapped at a scale of
1:50 owing to the high density of small tracks. The maps for this
area are presented herein in two categories: a pictorial map for gen-
eral, touristic, interpretative purposes (Fig. 4) and detailed maps for
scientific evaluation (Figs. 6–7).

2) A stratigraphic section of the track-bearing areawas obtained show-
ing that there are at least 5 different track-bearing layers (Fig. 5).

3) Measurements and tracings were obtained for the best-preserved
and most representative tracks and trackways.

4) Trackway orientations were recorded for Corpulentapus and sauro-
pod trackways.

5) Molds of representative tracks and trackway segments were made
with latex and converted into hard copies in plaster and fiberglass.
These include 28 molds collected between 2008 and 2011 and
cataloged as UCM 214.121, UCM 214.172 to 214.176, UCM 214.222
to 214.239, UCM 214.242 and UCM 214.249 to UCM 214.252.

6) Based on overlapping photographs of representative tracks, three di-
mensional photogrammetric images were generated.

4.1. General description of the tracksite

The Huanglonggou tracksite is much larger than any other currently
known in Shandong province, in fact, as noted below, in terms of the
total number of tracks mapped and recorded (illustrated) in any bona
fide scientific publication, it is the largest tracksite in China, and one of
the largest in the world. The total of about 2200 mapped tracks, is
about ten times the number reported from multiple levels at the
Houzuoshan Dinosaur Park site in Junan (Li et al., 2014). In comparison
with the area (~70m2)mapped by Li et al., 2011 the present area is ~30
times larger and there are more than 15 times as many tracks recorded
(Fig. 4).

As indicated in Figs. 4, 6 and 7 the tracks are not evenly distributed
throughout the area, nor are the five track-bearing levels equally well
exposed. Very few tracks associated with the lower three levels (1–3)
are exposed, and some of these just show trampling. For this reason it
is only level 4 that was mapped in detail. Level 5 appears to have regis-
tered only a small number of trackways of large animals that in some
areas are transmitted through to level 4 as underprints. In order to pres-
ent these trackway distribution patternswith graphic clarity, the gener-
al sitemap (Fig. 3) shows only the trackways of the three sauropods and
the six largest theropods. All but one sauropod and one large theropod
trackway occur within, or cross into, the northern area which was
mapped in detail. In the southern area, whichwas notmapped in detail,
many tracks are faint and difficult to interpret, and the outcrop is also
more broken up (Figs. 3 and 4).
There are significant ichnological and sedimentological differences
between the northern and southern parts of the site (cf., Xu et al.,
2013), particularly in relation to level 4. As described below, the north-
ern part of the site has a high density of tridactyl dinosaur tracks that are
well preserved, and many surfaces show well developed ripple marks.
In contrast the southern area has a lower density of tracks in most
areas, and those attributed to dinosaurs are mostly undertracks that
have been transmitted through from a higher layer, presumably level
5. There are many conspicuous, non-biogenic sedimentary structures
such as ripple marks associated with level 4 but less associated with
level 5. There are many small tetrapod swim tracks associated with
the southern sector of the main surface: these we attribute to turtles
(Lockley et al., 2012c). Clearly these differences in the distribution of
tracks and other non-biogenic sedimentary structures have a bearing
on the interpretations of the local paleogeography as inferred by Xu
et al., 2013 and as discussed below.

It is also striking that in the northern area the highest densities of
Grallator tracks occur in two more or less parallel zones oriented ENE–
WSW. As discussed below this pattern appears in some way related to
the paleogeography and its influence on sediment consistency in the vi-
cinity of a shoreline.

4.2. Local stratigraphy

The track-bearing surfaces (levels 1–5) constitute the major part of
the local outcrop. Most of the exposed surface is here designated as
level 4. Although there are somepoorly-exposed outcrops of the succes-
sion below the main tracksite, there is not much vertical section that is
well-exposed above and below the surface of level 4 which constitutes
themain part of the whole site. Moreover, it is not possible to unambig-
uously trace these five levels continuously across the whole area to es-
tablish whether or not they pinch out locally or continue as planar
units of consistent thickness. For example the surfaces of units 1–3 are
mostly overlain by level 4. Nevertheless with a vertical section of only
~1.50 m we have identified at least five track bearing levels, each with
significantly different track assemblages and style of preservation. The
lowest layers exposed on the eastern side of the site, appear to be tram-
pled zones caused by the registration of sauropod footprints. As there is
little areal exposure of these bedding planes little information is avail-
able for level 1. Likewise there is limited exposure of level 2. At level 3
however, there is at least one recognizable sauropod trackway. As
noted below, the vast majority of tracks occur on the level 4 surface,
which has by far the largest exposed area of any of the five track-
bearing levels. A small number of tracks found on level 4 are demonstra-
bly undertracks transmitted from level 5. The level 5 track-bearing sur-
face is the second largest in areal extent, exposed mostly in the middle
part of the site towards the eastern boundary. As discussed below the
impact of level 5 trackmakers on the level 4 surface is of sedimentolog-
ical and ichnological interest.

4.3. Mapping of the northern area

There are ~2000 tracks in the northern area of ~625 m2. This is an
average density of 3.2 tracks/m2, although in some areas (Figs. 6 and
7) the density is as high as 30–40 tracks/m2. Such an abundance of
tracks in such a small area makes it difficult to present a single map at
a scale suitable for publication. Thus, we present the northern area
maps in two sections, suitable for visual inspection, for comparison
with the overall site maps (Figs 3 and 4), which shows some of the larg-
er tracks in the southern sector of the site where track density is low.

4.4. Identification and measurement of theropod trackways

It is well established that the majority of tracks from the
Huanglonggou site are attributable to theropods. According to Li et al.,
2011 there are three theropod track morphotypes referred to as A, B
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and C. The first is a large theropod morphotype which is easily distin-
guished from the grallatorid morphotype (type B) and the distinctive
ichnospecies C. lilasia (morphotype).
4.4.1. Morphotype A
Morphotype A is a typical theropod track, that is easily distinguished

frommorphotype B on the basis of size and length/width ratio. The av-
erage size of morphotype A is three times the size of morphotype B, and
the average length/width ratio of the larger morphotype (A) is only 77%
that of the smallermorphotype (B).Moreover, morphotype A is uncom-
mon being represented by only six well preserved trackways, whereas
morphotype B is extremely abundant.

At least five specimens were molded from the footprints we
assigned to morphotype A. These are UCM 214.172, UCM 214.176,
UCM 214.229-230 and UCM 214.249 (Fig. 8). UCM 214.250 is also
provisionally included in this category. We provisionally label
these tracks as large grallatorids in the general sense used by Olsen
(1980) when he used the term Grallator–Anchisauripus–Eubrontes
plexus (GAE) suggesting that all three ichnogenera could be consid-
ered sub-ichnogenera in the super ichnogenus Grallator. Although
this ichnotaxonomy was never formally established by the revision
of the type material, and in fact is contradicted by Olsen et al., 1998
in a studywhich retains the three ichnogenera as separate ichnotaxa,
the suggested synonymy has been cited by various workers as a gen-
eral acknowledgment that the three morphotypes are difficult to
separate. The main difference appears to be that larger forms are
less elongate (with lower L/W ratios) and weaker mesaxony as mea-
sured by the height (or anterior apex) of the anterior triangle defined
by Olsen (1980) and used by Weems (1992); Lockley (2009) to ana-
lyze differences in theropod track proportions.

The mean length (L), width (W), and L/W measurements obtained
for morphotype A from Huanglonggou are 29.35 cm, 20.53 cm and
1.43 respectively based on six trackways of trackmakers with a foot
length of 25 cmormore. This footprint length is based on the categories
used by Thulborn (1990) and includes footprints from one trackway
Fig. 8.Theropod tracks designated asmorphotype A and represented by replicas in theUCMcolle
and 5 cm in B–F.
with a mean footprint length of 24.7 cm (Table 1): the mean step and
stride for this sample are 112.96 cm and 224.00 cm respectively. Thus,
the mean step length is 3.84 times the mean foot length (L).

We note that with the exception of two trackways, here designated
as T4 and T5 (Table 2) with lengths between 18.2 and 20.5 cm, there are
few tracks in our measured sample with lengths between about 15 and
25 cm. Thus there is a distinct grouping based on size between a small
number of large grallatorids (morphotype A) and abundant small
grallatorids (morphotype B). As discussed in the next section the differ-
ence between these twomorphotypes is not only in size but also in L/W
proportions (compare Table 1 and 2) and the degree of weak versus
strong mesaxony.

As noted above estimates of the speeds of the theropods represented
by the trackways included in this categories, defined here, were made
using the formula of Alexander (1976): V = 0.25 g0.5 · SL1.67 · h−1.17.
Speed estimates for morphotype A range from 2.24 to 2.80 m/s
(N = 6). These values translate into between ~8 and 10 km/hr.
4.4.2. Grallatorid morphotype B Grallator yangi comb. nov.
As noted above the small grallatorid morphotype resembling

Grallator (sensu lato) that is so abundant at the Huanglonggou site is
similar if not indistinguishable from the problematic morphotype
assigned to ichnospecies P. yangi (sensu Li and Zhang, 2000), originally
named from the coeval Lower Cretaceous Longwangzhuang Formation
of Shandong Province, and also referred to as Paragrallator by Xu et al.,
2013: see Xing et al., 2010; Lockley et al., 2013 for further comment
on the argument against using this ichnogenus, originally proposed for
a Lower Jurassic ichnite from South Africa (Ellenberger, 1972), to
name Shandong tracks. Thus, since P. yangi is indistinguishable from
Grallator sensu lato, here we use the combination G. yangi as the most
appropriate label for the small grallatorid tracks from Huanglonggou
(Fig. 9). However, we recognize that careful analysis of various Grallator
(sensu lato) tracks from the Cretaceous of China, and comparison with
Jurassic assemblages (Hitchcock, 1858; Olsen et al., 1998) may result
in further ichnotaxonomic results. As shown in Table 2 the majority of
ctions byUCM214. 172, 214.176, 214.229-230 andUCM214.249-250. Scale bar 10 cm inA



Table 2
Theropod tracks: morphotype B, showing length (L), width (W), L/W, step stride and
speed in m/s. Number (N) of each data set also given, with mean values in bold.

Trackway
#

Length (N) Width
(N)

L/W Step (N) Stride
(N)

Speed
(N)

T4 20.5 (3) 12.3 (3) 1.67 80.0 (2) 160.0 (1) 2.16
T5 18.2 (3) 10.3 (3) 1.77 84.0 (3) 168.5 (2) 2.71
T7 12.5 (3) 7.0 (3) 1.79 60.8 (2) 121.5 (1) 2.44
T8 14.8 (3) 8.0 (3) 1.85 59.7 (3) 119.2 (3) 1.94
T9 13.0 (3) 7.3 (3) 1.78 63.8 (3) 127.5 (2) 2.52
T10 11.3 (2) 6.2 (3) 1.82 62.0 (2) 124.0 (1) 2.84
T11 11.3 (2) 6.5 (3) 1.74 53.3 (3) 107.0 (2) 2.22
T12 11.8 (3) 6.2 (3) 1.90 61.8 (2) 124.0 (1) 2.70
T13 10.5 (3) 6.0 (3) 1.75 46.0 (2) 92.0 (1) 1.88
T14 8.0 (2) 4.5 (2) 1.78 57.5 (2) –

T15 13.2 (3) 6.5 (2) 2.03 61.3 (3) 123.0 (2) 2.33
T16 13.5 (3) 7.0 (3) 1.93 54.8 (3) 109.5 (2) 1.87
T17 10.8 (2) 5.5 (3) 1.96 62.3 (3) 123.0 (2) 2.95
T18 12.2 (3) 6.8 (3) 1.79 54.5 (3) 106.3 (2) 2.01
T19 11.5 (3) 5.7 (3) 2.02 51.3 (2) 102.0 (1) 2.01
T20 13.2 (3) 6.7 (3) 1.97 52.0 (1) 107.0 (1) 1.85
T21 12.5 (30) 6.0 (3) 2.08 68.0 (2) 136.0 (1) 2.94
Means 12.87 (17) 6.97 (17) 1.86 (17) 60.77 (17) 114.15 (16) 2.336 (16)
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these tracks fall in the footprint length size range of 8.0–14.8 cm (mean
foot length 12.9 cm, footprint width 7.0 and L/W 1.86). Note that com-
pared with morphotype A the difference in L/W ratio is about 30% (i.e.,
1.86/1.43 = 1.3/1.00). The mean step length of 60.8 cm is 4.72 times
the mean footprint length (L) and thus proportionally longer than the
L-step ratio recorded for morphotype A.

Estimates of the speeds of the theropods represented by the
trackways included in the morphotype B category, and provisionally
labeled as G. yangi again were made using the aforementioned
formula of Alexander (1976). Speed estimates range from 1.85 to
Fig. 9.Grallatorid theropod tracks (morphotype B) represented by replicas in theUCM collection
UCM 214.225, G: UCM 214.175, H: UCM 214.223, I: UCM 214.226, J: UCM 214.224 and K: UCM
2.94 m/s (N = 16). These values translate into between ~6.7 and
8.8 km/hr.
4.4.3. C. lilasia
C. lilasia is a highly distinctive theropod track morphotype de-

scribed by Li et al., 2011 on the basis of a small number of trackway
segments available for study on the small surface exposed prior
to 2010. During the present study 19 Corpulentapus trackways (C1–
C19) were measured (Table 1), and we herein illustrate several rep-
resentative replicas in the UCM collections (Fig. 10). In addition,
other trackways producing less-precise measurements are identified
and shown on the site maps. As noted in Table 3, Corpulentapus
tracks are relatively wide (L/W = 1.24 compared with 1.43 and
1.86 for morphotypes A and B). As previously noted by Li et al.,
2011 a Corpulentapus track in the IVPP collections (IVPP 17903)
was labeled, incorrectly as Liayangpus.

Due to the distinctive morphology of C. lilasia (Li et al., 2011) it
has been possible to discriminate between this morphotype and
the grallatorids assigned to morphotypes A and B. As a result 25
Corpulentapus trackways are shown in the maps presented here
(Figs. 6 and 7) making it possible to measure their orientations
(Fig. 11). The orientations show a strong ENE trend which is parallel
to the inferred shoreline orientation.

Estimates of the speeds of the theropods represented by the track-
ways included in ichnogenus Corpulentapusweremade using the afore-
mentioned formula of Alexander (1976). Speed estimates range from
1.7 to 3.2 m/s (N = 25). These values translate into between ~6.2 and
11.4 km/hr. Based on these estimates themean speeds of Corpulentapus
were closer to those of the large grallatorid morphotype (A) than to the
smaller Grallator (morphotype B), even though based on track lengths
Corpulentapus and morphotype B were very similar in size.
s: A: UCM214.228, B: UCM214.172, C: UCM214.227, D: UCM214.251, E. UCM214.173, F:
214.222. All scale bars of 5 cm.



Fig. 10. Corpulentapus lilasia track replicas represented in the UCM collections. A: UCM 214.172, B: UCM 214.121, C: UCM 214.174 and D: UCM 214.230.
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4.4.4. Sauropod trackways
We have identified three unequivocal sauropod trackways that

show both manus and pes impressions, and therefore the direction of
Table 3
Corpulentapus tracks, showing length (L), width (W), L/W, step stride and speed in m/s.
Number (N) of each data set also given, with mean values in bold.

Trackway # Length (N) Width (N) L/W Step (N) Stride (N) Speed

C1 13.0 (3) 11.2 (3) 1.16 62.7 (3) 123.5 (2) 2.39
C2 12.2 (3) 9.0 (3) 1.35 60.2 (3) 121.0 (2) 2.49
C3 12.2 (3) 10.0 (3) 1.22 58.0 (3) 115.0 (2) 2.29
C4 11.7 (3) 10.3 (3) 1.14 70.3 (2) 140.0 (1) 3.34
C5 12.3 (3) 10.3 (3) 1.19 62.3 (2) 126.0 (2) 2.64
C6 11.7 (3) 9.2 (3) 1.27 59.8 (2) 120.0 (1) 2.58
C7 13.3 (3) 9.8 (3) 1.36 74.8 (3) 148.5 (2) 3.17
C8 12.5 (3) 10.3 (3) 1.21 66.0 (2) 132 (1) 2.80
C9 12.5 (3) 10.7 (3) 1.17 68.5 (2) 137 (1) 2.98
C10 13.3 (2) 10.5 (2) 1.27 74.0 (1) –

C11 11.0 (2) 8.3 (2) 1.32 71.0 (1) –

C12 11.7 (3) 9.8 (3) 1.19 47.0 (2) 94.0 (1) 1.72
C13 12.3 (3) 10.3 (3) 1.19 58.2 (3) 117.0 (2) 2.33
C14 12.7 (3) 9.7 (3) 1.31 60.5 (2) 121.0 (1) 2.38
C15 13.8 (2) 10.3 (2) 1.34 71.0 (1) –

C16 10.3 (3) 8.2 (3) 1.25 51.5 (2) 103.0 (1) 2.32
C17 13.2 (3) 10.7 (3) 1.23 72.5 (2) 145.0 (1) 3.07
C18 11.0 (3) 10.2 (3) 1.08 58.5 (2) 117 (1) 2.66
C19 12.0 (1) 9.0 (1) 1.33 57.0 (1) –

Mean 12.24 (19) 9.92 (19) 1.24 (19) 63.36 (19) 124.00 (15) 2.61
progression of the trackmakers. The longest trackway segment, oriented
towards the NW (Figs. 3, 4, 7 & 11) was evidently registered on level 5
and transmitted through to level 4 as underprints, resulting in track su-
perposition, or strictly what should be referred to as underprint
overprinting on pre-formed prints on buried underlayers. The same in-
terpretation of transmission from a higher level onto level 4 is possible
for a second, shorter, sauropod trackway segment exposed in the south-
western sector of the site. Both trackways have very similar orientations
towards the NW (Fig. 11). A third sauropod trackway with aWNW ori-
entation is associatedwith level 3 (Figs. 3, 4 and 6). The identification of
these three trackways as sauropodan is based on three diagnostic fac-
tors. The rounded/oval morphology of pes and manus tracks, with the
manus tracks being much smaller, the low pace angulation (~100°)
and the trackway width, which is much greater than the underprints
of large bipeds (theropods) which also occur at the site. As noted
below, in our opinion (Xu et al., 2013) misidentified the orientation of
both the upper level (level 5) sauropod trackways, and were uncertain
about their identification. They also, in some cases misinterpreted sub-
oval theropod undertracks in narrow trackways with much higher
pace angulations (~160°).

4.4.5. Other tetrapod tracks
As reported by Lockley et al., 2012c there are a large number of

small tetrapod tracks that were registered on the southern part of
the bed 4 surface. These authors have inferred the trackmakers to
have been turtles. The tracks, represented in the UCM collections



Fig. 11. Rose diagram showing trackway orientations of 25 Corpulentapus trackways (white) and three sauropod trackways (black). Note strong ENE trend.
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by replicas UCM 214.231-239 and UCM 214. 252 (Fig. 12) are very
variable in shape, but generally all are quite small (2–5 cm). Many
show at least four parallel toe traces, sometimes short but in other
cases extended into elongate scratch marks. The more or less equal
lengths of the toe traces are characteristic of both the manus and pes
tracks of turtles (although they also characterize pterosaur pes swim
traces) (Lockley et al., 2014). One set of tracks (Fig. 11H, I) appears to
represent a walking animal that left small circular footprints with a
more or less regular spacing pattern. Although various names like
Fig. 12. Turtle tracks from the Huanglonggou site. A–E represent line drawings of turtle track re
214.238, and E:UCM. 214.235. F: photograph ofUCM214.233 (comparewith C) andG:photogra
214.252. Note scaffolding and plastic roof over site in background of photograph H.
Hatcherichus and Charachichnos (Foster and Lockley, 1997; Whyte and
Romano, 2001 respectively), which also lend their ichnogenus names
to ichnofacies (Hunt and Lucas, 2007; Lockley, 2007) have been applied
to tetrapod swim tracks, we consider it premature to name these in-
ferred turtle swim tracks prior to a more detailed study. Moreover, nei-
ther of these names could be appropriately applied to the set of tracks
inferred to represent walking (Fig. 11H, I). The recent re-location of
the holotype of Liayangpus, noted above, highlights similarities between
this important specimen and those from Huanglonggou. This suggests
plicas in the UCM collections A: UCM 214. 239, B: UCM 214.236, C: UCM 214.233, D: UCM
phofUCM214.231. H and I outcrop photograph (H) and replica (I) of turtle trackwayUCM
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that the ichnogenus label Liayangpusmust be considered as potentially
applicable in any further study of turtle tracks, especially those reported
from the Cretaceous of China.

5. Discussion

5.1. General observations

The Huanglonggou dinosaur tracksite is very important for various
reasons discussed below. Obviously with such an abundance of consis-
tently well-preserved tracks, occurring at multiple levels in association
with various non-biogenic sedimentary structures there is great poten-
tial for further detailed study in a number of different directions includ-
ing: track morphology and ichnotaxonomy, detailed photogrammetric/
3D imaging, paleoecological census, track preservation, and local and re-
gional paleoenvironmental analysis. Added to these areas of interest we
may also include the potential to develop the site for tourism, and relat-
ed issues such as comparison of the site with others of global signifi-
cance (ranking of the sites' importance: sensu Alcalá et al., 1972), and
long term protection and management.

Clearly we cannot address all these issues in detail in a single paper,
and for this reason we consider this paper only a preliminary contribu-
tion to the growing literature on the Huanglonggou site (Li et al., 2011;
Xu et al., 2013). However, it is important to address previous work, es-
pecially in caseswhere distinctive trackways have been given question-
able labels and interpretations (Xu et al., 2013) which we need to re-
evaluate. Therefore, for the purposes of clarity, we focus on the follow-
ing topics:

1) Challenges of mapping and interpreting the whole site.
2) Aspects of track preservation.
3) Comparison of theHuanglonggou tracksitewith other large tracksites.

5.2. Challenges of mapping and interpreting the whole site

As noted above we have mapped the whole site (Figs. 3,4, 6 & 7) at
two scales. The level of resolution adopted allowed us to plot every
track we were able to recognize under two constraints: 1) the low
level of illumination available under the plastic and scaffolding roofing
in place in 2011, and 2) the covering of the surface by resin. These latter
two constraints were not problems facing previous investigators, when
the small northern area was mapped in 2006 and 2008 (Li et al., 2011)
or when the whole site was first exposed in 2010 at which time there
was no roof to affect the illumination (Xu et al., 2013; Fig. 13 herein).

The map produced by Xu et al., 2013, here reproduced with modifi-
cation, is of a different style fromours (Figs. 3, 4, 6 & 7) because it shows
only selected trackways as arrows, not individual tracks. One useful as-
pect of this map is that it shows the relationship of the whole site to the
area mapped by Li et al., 2011. This could not be shown precisely in our
study because between the opening of the site in 2010 and themapping
we undertook in 2011, a concrete walkway was constructed more or
less in the area of the original exposure (see Figs. 3 and 4). However,
the mapping by Xu et al., 2013 suffers several drawbacks: first it does
not adequately show the distribution of tracks across the site, second
it incorrectly identifies many track types, and third it often incorrectly
identifies the direction of progression registered by the trackmakers.
We address each of these issues in turn.

First, as shown in Figs. 3, 6 and 7 the highest densities of small the-
ropod tracks clearly occur in two sub parallel zones in the northern
part of the area, shown in detail in Figs. 6 and 7. Each of these zones is
about 4–5 m wide from north to south and both zones extend more or
less continuously, for about 40 m across the whole site from ENE to
WSW. The two zones have their centers about 6–7 m apart: i.e. with a
lightly tracked zone about threemeters wide between them. These pat-
terns give insight into the small meter- or micro-scale paleogeography
of a Cretaceous shoreline. Two possible explanations for these
concentrations are given below. The map of Xu et al., 2013 has a very
vague suggestion of concentrations of trackways in the northern sector,
but the pattern is not mapped or described in any detail as done here. In
addition, there is no reference by Xu et al., 2013 to the many small tet-
rapod (turtle tracks) found in the southern (southwestern) sector.

Second, regarding trackway and trackmaker identification, Xu et al.,
2013 labeled certain large trackways as sauropod/ornithopod, and iden-
tified all others as theropodan. In our analysis we recognize no ornitho-
pod trackways, and consider that several of the trackways referred to as
sauropod/ornithopod (especially E: see Fig. 13) are in fact undertracks
of large theropods: compare with Figs. 6 and 7. In our analysis of the
small theropod tracks we were able to distinguish between the wide,
‘fleshy’ track morphotype Corpulentapus (shown in red in Figs. 4, 6
and 7) and the elongate tracks here referred provisionally to G. yangi
(shown in black) in these same figures. The differences between these
two morphotypes are quite striking and obvious. For example Grallator
consistently has very strong mesaxony, well defined pad impressions
and sharp distal claw traces, whereas Corpulentapus is almost the
polar opposite with weak mesaxony, a lack of clear digital pad traces
and sharp distal claw traces (Lockley, 2009).

Third the problem of discerning trackway orientations is evident
from a comparison of our mapping with that of Xu et al., 2013. In the
case of two the large trackways (B and D) of Xu et al., 2013, referred
to as sauropod/ornithopod, (Fig. 13 herein) we are able to clearly iden-
tity that they are sauropod trackways oriented to theNW, andnot to the
SE. In the case of the Corpulentapus trackways, orientations are very
clear and shown in ourmaps (see Fig. 11 for summary). Theorientations
of the Grallator trackways are more difficult to discern due to the high
densities. It is outside the scope of this study to comment in detail on
the orientations (purportedly dominantly to the WSW) of theropod
tracks and trackways reported by Xu et al., 2013 except as follows. First-
ly, Xu et al., 2013 do not discriminate between the two theropod
ichnogenera which we differentiate in our maps, and secondly, if their
rose diagrams have the same orientation as their maps they appear to
show a strong WSW orientation for tracks and trackways. (Alternately
they have the north arrow in the correct direction for their rose dia-
grams but at 180° to the correct orientation of their map). As shown
in Fig. 11, the predominant orientation of Corpulentapus trackways is
ENE, in the opposite direction. Simple inspection of our maps shows
that this is the predominant direction of the grallatorid tracks. Why
the trackway orientations are unimodal, rather than bimodal as is some-
times the case in shore-parallel trackways (Lockley, 1986, 1991) is a
matter of conjecture.

5.3. Aspects of track preservation

In the previous sectionwe noted that Xu et al., 2013 havemadewhat
we consider to be some incorrect trackway identifications, in part be-
cause of misinterpretation of undertracks. In this section we draw at-
tention to the fact that some of the trackways of the larger animals,
notably sauropod trackway B (Fig. 13) are clearly transmitted prints
(underprints) when they appear on surface 4. Because they are
underprints they appear as large bowl-shaped indentations indenting
surface 4 on which many well preserved Grallator tracks were regis-
tered prior to the deposition of layer 5. For this reason it appears that
the Grallator tracks are superimposed on the large bowl-shaped inden-
tationswhen in fact the reverse is the case (Fig. 14). The underprints are
the result of the layer above level 4 (i.e., layer 5) which is about 10 cm
thick and topped by surface 5, being impacted so as to transmit
underprints to surface 4. Because surface 4 was already buried, the
smallGrallatorprintswere not obliterated as they never came in contact
with the sauropod foot. However, in many cases, where the walls of the
underprints are steep, the Grallator tracks occur on very steep surfaces
that have been pushed to inclinations of ~30° or more from the original
horizontal orientations (Fig. 14). Tracks in their undisturbed positions
(inclinations) relative to the original surface (4) on which they were



Fig. 13.Amended version of theHuanglonggoumapof Xuet al., 2013, (Fig. 2), showing amendments and translations in red andpink. Note north arrow, and translated labels for arrows on
uppermap, showing areamapped by Li et al., 2011. Pink arrows for trackways B andD show correct directions of sauropod progression. Red arrow indicates a theropod track (not sauropod).
See text for details. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 14. Interpreting track superposition. A (photo) and B (line drawing), after Xu et al., 2013, (Fig. 13A, B) show apparent superposition of large and small theropod tracks on a large bowl
shaped track. However, the large tridactyl tracks inferred by Xu et al., 2013 are artifacts that we could not verify. C shows a photogrammetric image of the same area, from the present
study. Note the clear Grallator tracks just left of the hammer head on the originally horizontal surface, and the very similar Grallator tracks just below with the same orientation, but a
quite different inclination, where they now appear on the steep wall of the large track. These large rounded tracks are interpreted as underprints that indented the level 4 surface after
the deposition of the overlying bed. See text for details.
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registered, are still evident on the Level 4 surface where it was not im-
pacted by transmitted prints from large animals.

To the best of our knowledge this is the first case it can be unam-
biguously shown that small tracks situated inside large tracks, there-
fore appearing to have been made later, were in fact made earlier on a
surface already buried at the time the large undertracks were
superimposed on them. The reverse pattern, i.e., small tracks inside
large tracks, has been reported in a few cases (Lockley et al., 1997;
Hwang et al., 2002). This suggests caution is necessary in interpreting
the sequence of events represented where tracks are superimposed.

A more general aspect of track preservation pertains to the distri-
bution of tracks across the whole site. As noted above Xu et al., 2013
inferred that the distribution of tracks suggested an E–W lake shore-
line with the lake center to the south.We have observed two zones of
small Grallator tracks with a dominantly ENE orientations. These
small tracks are very bird-like and so reminiscent of shorebird and
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the shorebird ichnofacies (Lockley et al., 1994; Hunt and Lucas, 2007;
Lockley, 2007; Kim et al., 2012). The occurrence of two narrow zones
a few meters apart suggests either that the shoreline shifted a few
meters perpendicular to the ENE–WSW trend in order to create con-
ditions ideal for good preservation of small tracks, or that there may
have been two zones ideal for preservation separated by a drier, per-
haps slightly elevated zone a few meters wide. The former interpre-
tation requires that the first formed zone preserve the tracks without
significant deterioration (dissolution) while the shoreline shifted. If
the shift was the result of falling water levels towards the lake center
to the south then themore northerly zone was likely the first formed.

It is noteworthy that there is a low density of tracks to the south,
towards the inferred lake center (sensu Xu et al., 2013). Explicitly,
this means a low density of dinosaur tracks, because many small
and inconspicuous tetrapod tracks occur in this area (Fig. 10).
These which have been identified as turtle tracks, were evidently
not noted or interpreted by Xu et al., 2013. The presence of abundant
turtle tracks towards the south supports this inference as turtles are
aquatic. Of equal significance is the striking similarity between the
meter-scale, micro-paleogeography, inferred from shoreline track
distributions at both the Huanglonggou site in Shandong, and the
Gajin site from the Cretaceous Haman Formation in Korea (Kim
et al., 2012, Fig. 2). At the Korean site a high density of small bird
tracks occurs in a narrow 3–4 m-wide zone, flanked on one side by
a zone with larger bird tracks that show evidence of feeding. This ev-
idence strongly supports the inference that high density track zones
only a few meters wide are small scale, or micro-paleogeographical
shoreline indicators and that much lower densities of tracks may
occur only a few meters away from these high density zones.

Thus we agree with the general interpretation of Xu et al., 2013
that the lake center was to the south with a shoreline towards the
north. However, we offer much more detailed corroborating evi-
dence based on a careful analysis of the track evidence. We note
also that there are many small wavelength ripple marks with crest
orientations from ENE to WSW to help corroborate this shoreline
trend, implying that waves broke shore-parallel. Xu et al., 2013 also
discuss ripple mark evidence.

5.4. Comparison of the Huanglonggou tracksite with other large tracksites

Clearly the Huanglonggou tracksite is exceptional in many respects,
and has already been the subject of several studies. It is the largest
tracksite currently known in Shandong Province and indeed in all of
China, especially with respect to the number of tracks mapped and re-
corded. Recently, significant tracksites from various regions around
the world have been compared using various criteria including area of
tracksite, number of tracks and trackways, number of track types
(including holotypes), preservation quality and other factors such as ac-
cessibility, educational and scientific value (Alcalá et al., 1972). There
are a relatively small number of large tracksites, with more than 1000
tracks corroborated by published maps. For example, among sites that
have been mapped in detail Thulborn andWade (1984) mapped and re-
ported N4000 tracks from the mid-Cretaceous of Australia. Lockley et al.,
1986 reportedmore than 1300 tracks from theUpper Jurassic of Colorado,
and Lockley and Hunt (1995) presented a map of ~2000 tracks from the
Middle-Upper Jurassic of Utah (Lockley and Gillette, 1989). Kim et al.,
2012 reportedmore than 2500 tracks,mostly of birds (avian theropods)
mapped at the Lower Cretaceous Gajin tracksite in South Korea. Various
other siteswithmore than 1000 tracks are known (Lockley and Gillette,
1989) but not all have accessible published maps.

6. Conclusions

1) The Huanglonggou tracksite is one of the largest concentrations of
dinosaur tracks ever reported from the Cretaceous of China, indeed
from anywhere in the world. With more than 2000 footprints it is
presently among the largest concentrations of tetrapod tracks
known from anywhere in theworld. This large number does not in-
clude numerous small turtle tracks.

2) Due to the site's importance the site has already been the subject of
several previous preliminary studies notably by Li et al., 2011; Xu
et al., 2013. However, the former study was preliminary based on
a small area exposed prior to large scale excavation of the site.
The latter study is flawed by sketchy, schematic mapping, misiden-
tification of trackway orientations, lack of discrimination between
trackway morphotypes and a lack of appropriate ichnotaxonomic
labeling.

3) The quality of preservation of the tracks is generally very good, es-
pecially at level 4. Tracks at four other levels (1–3 and 5) are not
well exposed. They nevertheless indicate repeated tetrapod activity
in the area for some time.

4) The layer 4 assemblage is dominated by small to medium-sized
theropod tracks assigned to two grallatorid morphotypes (A and
B) and C. lilasia (Li et al., 2011).

5) A few large sauropod trackways also occur in association with
levels 3 and 5.

6) Abundant small tetrapod tracks of presumed turtle affinity occur
but have not been mapped.

7) The distribution of tracks and associated sedimentary structures,
notably ripple marks, indicates that most of the tracks were made
close to a lacustrine shoreline, with evidence of land to the north
or NNW and the lake center to the south or SSE.

8) Dominant trackwayorientation trends to the ENE coincidewith the
main wave ripple crest trends thereby supporting an ENE–WSW
shoreline orientation.

9) Plans for the site are to develop it as a tourist attraction, which is
situated close to other historically important and well-exposed
bone-bed sites of Cretaceous age.

10) Themapping component of this study was completed with the ob-
jective of providing interpretative material to aid in the develop-
ment of the site.
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