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Recently, a paleosurface with microbially-induced sedimentary wrinkle structures that are associated
with abundant, well-preserved, iguanodon-type, tridactyl tracks has been documented at the Lotus
tracksite near Qijiang (Chongqing, China) in fluvial deposits of the Lower Cretaceous Jiaguan Formation.
Two different wrinkle structure types are identified and described from a macroscopic point of view and
also by applying microstructure analysis with a scanning electron microscope (SEM) with energy

ﬁywobr,dsl: . dispersive spectroscopy (EDS) and other high-resolution instruments, that detected sheath-like and
M;Erso 1al ma globular organic matter and thus confirm the microbial origin of the observed wrinkle structures. A

model for the formation of the two microbial mat induced wrinkle structure types and associated
preservation of dinosaur tracks is proposed. Finally, some human footprints were left in comparable
modern environments covered with a thin microbial mat, and they are used as a modern analog in order
to better understand the track formation and preservation mechanisms of the dinosaur tracks of the
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Neoichnology Lotus tracksite.

© 2014 Published by Elsevier Ltd.

1. Introduction

In 2006, the Qijiang District Bureau of Land Resources and the
Southeast Sichuan Geological Team discovered dinosaur tracks
within the Lower Cretaceous Jiaguan Formation in the notch named
Lotus Fortress that is historically famous as a castle dating back to
the Mongol invasions of the late 13th century (Xing et al., 2011). The
Lotus tracksite contains nine track levels with both imprints and
casts (track fills). The main concentration of vertebrate tracks is on
the main track level which is dominated by the tracks of iguanodon
and an underlying level (a couple of centimeters below the layer
with the iguanodon tracks), which is dominated by pterosaur and
bird tracks (Xing et al., 2013). This study focuses on the well-
preserved imprints of the main track level and small associated
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wrinkle structures, that are of a possible microbial origin. Accord-
ingly the presence of a former (thin, superficial) microbial mat may
have helped to preserve these tracks, and it is the hypothesis is
tested hereafter.

Microbial mats consist of benthic microbial communities, which
are usually dominated by photosynthetic prokaryotes, particularly
cyanobacteria and photosynthetic bacteria, and occasionally by
eukaryotic microalgae such as diatoms (e.g., Bauld, 1984; Cohen
et al.,, 1984; Krumbein et al., 2003; Noffke, 2010; Thomas et al.,
2013). Fossil microbial mats data back as far as 345 Ma (Allwood
et al,, 2006; Noffke et al., 2006a,b) and constitute one of the old-
est direct evidence of life. Today, microbial mats can be found in a
wide range of environments including tidal flats, lagoons, outer
shelf to slope environments, or even in deep ocean basins (e.g.,
Cohen et al., 1984; Schieber et al., 2007; Noffke, 2010; Mata and
Bottjer, 2013). The microbes that created the mats, however, are
seldom preserved due to their small size (Noffke and Paterson,
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2008) and tendency to degrade rapidly (Jones, 2000). Since the
1980s (Schieber, 1986; Gehling, 1986; Gerdes and Krumbein, 1987),
modern siliciclastic and peritidal, carbonate depositional environ-
ments have been extensively investigated to help understand the
role of microbes in the formation of microbial mats and the pres-
ervation of proxy structures (Cohen et al., 1984; Hagadorn et al.,
1999; Noffke et al., 2001; Prave, 2002; Pruss et al., 2004; Noffke,
2005; Schieber et al., 2007; Sarkar et al., 2006, 2008; Noffke,
2010; Lan and Chen, 2012, 2013).

Microbialites (fossil sedimentary structures formed by micro-
organism communities) can be divided into two main types: those
that are found in carbonate dominated environments, and those
that are found in siliciclastic environments. In carbonate-
dominated, shallow-marine environments, microbial mats can
produce stromatolites, which are layered accretionary growth
structures that can obtain significant synoptic relief above the
seafloor (e.g., Semikhatov et al., 1979; Bauld, 1984; Dill et al., 1986;
Reid et al., 2000; Dupraz & Visscher, 2005). On carbonate and sil-
iciclastic tidal flats and other siliciclastic environments, microbial
mats are known to be formed by biostabilization, that is by trapping
and binding of ambient siliciclastic sediment particles (Noffke et al.,
2003a). Various distinctive types of microbial mat features are
termed microbially induced sedimentary structures — abbreviated
MISS (Noffke et al.,, 2001). In the first description of MISS from
silicilastic environments, Noffke et al. (1996) distinguished MISS
that greatly differ in morphology from stromatolites. Stromatolites
include planar to updomed features, but MISS constitute a group of
sedimentary structures of various morphologies, on the meter to
millimeter scale. The most common forms of MISS are wrinkle
structures (Hagadorn and Bottjer, 1997), palimpsest ripples
(Seilacher, 1999), roll-up structures (Simonson and Carney, 1999),
and laminar structures (Noffke et al., 1996). Wrinkle structures (also
named wrinkle marks) are among the best documented MISS (e.g.,
Noffke et al., 2002; Fernandez and Pazos, 2013; Zhong et al., 2013),
and they are also observed on the main track level of the Lotus
tracksite.

Wrinkle structures generally occur on a millimeter scale, and
Hagadorn and Bottjer (1999) characterized wrinkle structures as
“oddly contorted, wrinkled, irregularly pustulose, quasi-polygonal,
commonly oversteepened surface morphologies that can occur on
bed tops and bottoms”. Many hypotheses have been put forth to
explain the formation of wrinkle structures, with nearly all pro-
posed methods requiring the presence of a cohesive microbial mat
at the sediment's surface (e.g., Hagadorn and Bottjer, 1997; Noffke
et al., 2002). Wrinkle structures have been widely reported from
the Precambrian (e.g., Gehling, 1999; Noffke et al., 2002; Noffke
et al., 2003b; Parizot et al., 2005; Schieber et al., 2007; Shi et al.,
200843, b, c; Xing et al,, 2011; Zhong et al., 2013). The great abun-
dance of Precambrian wrinkle structures has been linked to the
absence of grazing animals, which permitted the undisturbed
growth of the microbial mats (Fenchel, 1998). Although propor-
tionately rarer, some Phanerozoic wrinkle structures have also been
documented (e.g., Noffke and Nitsch, 1994; Fernandez and Pazos,
2013).

Microbial mats can either agglutinate sediment particles onto
their sticky mucilaginous sheaths or act as bafflers that trap sedi-
ment washed in the tangle of filaments (Demicco and Hardie, 1994).
Thick microbial mats may form a continuous, strongly cohesive
zone of low permeability, separating the underlying sediment from
the atmosphere and protecting it against water loss, and therefore
the sediment below a dry mat is not necessarily dry (“confined
aquifer”) (Porada et al., 2007). Today, the important role of micro-
bial mats in the formation and preservation of sedimentary struc-
tures (Schieber et al., 2007) as well as in the formation and
preservation of (in)vertebrate traces and tracks is more and more

recognized (Marty et al., 2009; Carmona et al., 2011; Carvalho et al.,
2013; Fernandez and Pazos, 2013). Marty et al. (2009) studied the
formation and taphonomy of human footprints in microbial mats in
various recent tidal flat environments to better understand their
influence on the formation and preservation of (fossil) footprints.
Marty et al. (2009) observed that a footprint may be consolidated
by desiccation or lithification of the microbial mat and/or by
ongoing growth of the mat, which may then also modify the initial
footprint morphology and lead to the formation of (a stack of)
overtracks. More recently, Fernandez and Pazos (2013) explained
the exceptional preservation of xiphosurid trackways by the pres-
ence of filamentous mats and associated binding and bio-
stabilisation of the track-bearing level.

2. Geological and stratigraphical setting

In the Qijiang National Geological Park three bone bearing Up-
per Jurassic formations (Shangshaximiao, Suining and Pengliazhen)
and the Lower Cretaceous track-bearing Jiaguan Formation (Xing
et al., 2012) form outcrops. The Qijiang Petrified Wood and Dino-
saur Footprint National Geological Park is located in Qijiang County,
south of Chongqging Municipality, near the southeastern border of
the Sichuan Basin (Fig. 1). According to Xing et al. (2012, fig. 2) the
succession at the Lotus tracksite is more than 700 m thick with the
Upper Jurassic Pengliazhen Formation (about 340 m) at the base
and the Lower Cretaceous Jiaguan Formation (about 390 m) on top
with massive sandstones intercalated with thinner mudstone in-
tervals. The track- and wrinkle structure-bearing levels occur in the
lower part of the Jiaguan Formation about 30—40 m above the base
of the unit, and dinosaur tracks are frequently found in this interval
(Xing et al., 2007, 2012, 2013) (Figs. 2 and 3).

The age of the Jiaguan Formation has been indicated between
117 and 85 Ma (Aptian—Santonian) by Li (1995), and between 140
and 85 Ma (Berriasian—Santonian) by Gou and Zhao (2001). Recent
pollen studies, however, rather indicate a Barremian—Albian age for
the Jiaguan Formation (Chen, 2009), i.e. about 145 to 100.5 Ma.

3. Methodology

Individual tracks were measured and photographed, and the
entire tracksite was mapped on transparent plastic film, based on
which a track outline site map was digitized. Aftrewards, the
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Fig. 1. Geographical map indicating the location with a star icon of the Lotus tracksite
(Qijiang National Geological Park) within the Qijiang District, Chongqing Municipality,
China.
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Fig. 2. Stratigraphic section of the sedimentary sequence around the notch that forms the Lotus tracksite. This fluviatile sequence is located in the Jiaguan Formation. The main track
level with the MISS-bearing layer and track-bearing layers in the Jiaguan Formation. Abbreviations: Q. = Quarternary.

outline map of the main dinosaur track level was printed and taken
to the Lotus tracksite and used to map the areas with wrinkle
structures (Fig. 3).

The track-bearing layer was sampled at several localities and the
samples were cut with a rock saw and polished. Additionally, thin
sections were made and studied using an optical microscope, and
an SEM. Platinum plating was applied before SEM and EDS (energy
dispersive spectroscopy) analyses. A Supra 55 with ultrahigh-
resolution field-emission scanning SEM (produced by Zeiss)
equipped with Inca Energy dispersive X-ray spectroscopy analysis
attachment was used to photograph microstructures of purpoted
microbial structures and to characterize the chemical composition.

Some human footprints were left in comparable recent envi-
ronments, and they are used for comparison with the fossil tracks.
They were left at two different sites, one in Belize (Ambergris Caye)

and another in Northwestern China (Yanguoxia) in fine-grained
micritic and clayey substrates, respectively, both covered with a
thin microbial mat that exhibits wrinkle structures closely resem-
bling the fossil ones observed at the Lotus tracksite.

4. Sedimentology

The probability cumulative grain size curve shows a bi-
segment pattern that is composed of a middle slope bouncing
population and low slope suspension population but the former
is dominant (Fig. 4). The cutoff points of the bouncing population
and the suspension population are between 3 and 3.5® (Fig. 4).
The sedimentary sequence exposed in the notch shows an
alternation of thin to thick beds of massive, fine-frained sand-
stones with fluvial cross bedding, current bedding and convolute
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Fig. 3. Outline map of the main dinosaur track level of the Lotus tracksite indicating areas covered with microbial wrinkle structures. 13 trackways of large and 9 of small ornithopods have been identified.
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Fig. 4. Probability cumulative grain size curve of the track-bearing and MISS-bearing
layers. Three samples have been counted. X-axis denote Udden—Wentwoeth scale
(@) and Y-axis denote cumulative probability (%).

bedding and blocky fine-grained siltstones and mudstones. Many
of the sandstones are lenticular and contain rip up clasts of the
underlying siltstones and mudstones. Some of the sandstone
surfaces display current ripple marks, whereas deep-reaching
desiccation cracks are common in the siltstones. The track-
bearing and MISS-bearing layers were likely deposited in a
meandering fluvial system. The main track-bearing level is a
siltstone and mostly covered by a thin, micritic, microbial crust.
The underlying fine-grained sandstone is dominated by pterosaur
and bird tracks while the overlying mudstone contains deep
ornithopod and sauropod casts (track fills). Invertebrate traces
(e.g., Scoyenia gracilis White, 1929; Beaconites antarcticus Vialov,
1962; Planolites beverleyensis Billing, 1862) are present on the top
of the siltstone bed (Fig. 2).

5. Wrinkle structures at the lotus tracksite
5.1. Description

At the Lotus tracksite, two different types of wrinkle structures
were observed around the tracks and occasionally a few, compacted
wrinkle structures within the tracks, implying that the tracks were
left later, when the water just dried of the surface.

Type 1 wrinkle structure is characterized by abundant elliptic,
elongated, and crescent bulges preserved in a positive epirelief on
the top of the main track level. The bulges are 1-6 mm wide and
0.5—3 mm deep and are brick-red in color (Fig. 5A—B).

Type 2 wrinkle structure is characterized by relatively short,
curved, sporadically bifurcating, and flat-topped undulating ripple
forms. These ripple-like structures are 2—8 mm wide and about
1 mm high, and separated by parallel, rounded-bottom depressions
(Fig. 5C—D). Both types occur as micritic, microbial crusts that are
peeling off the underlying sandstone surface (Fig. 5D). The sand-
stone beneath the thin crust preserves the same wrinkle structures
but in less detail. Some authors have termed this type 2 wrinkle
structure Kinneyia (e.g. Walcott, 1914; Noffke, 2000; Porada et al.,
2008; Thomas et al., 2013).

Macro photographs of cross-sections perpendicular to the
bedding surface show that areas with wrinkle structures are

characterized by alternating elevations and depressions aligned in
an irregular way (Fig. 6A). The upper dense dark lamina (super-
stratum) is 0.1—0.6 mm thick and has a dense mudstone texture, i.e.
grains are only visible in this layer exceptionally. In the sanstone
layer below, mineral grains (quartz, feldspar and mica) vary be-
tween 0.07 and 0.6 mm in size, but they concentrate in the size
range between 0.2 and 0.4 mm. The grains have a subangular to
angular shape, but are dominated by the latter. Large mineral grains
loosely float in fine grains, exhibiting clearly a floating grain
texture. The sorting of the sandstone is good and the grains are in a
directional arrangement (Fig. 6B).

Thin sections and fragments of the fresh surficial micritic, mi-
crobial crust exhibiting the ripple-like wrinkle structures were
palted by platinum. To reduce potential contamination, ultrasonic
cleaning was used after drying. The samples were then photo-
graphed under the SEM and analyzed by the EDS. Filament-like
microstructures are present in the thin in a tanglesome distribu-
tion, and filament-like structures are found buried under some
sand grains (Fig. 7A). The structures preserved here (Fig. 7B) appear
to be the sheaths, and not the filaments. As such, the structures
were most likely ensheated forms, one of the most common mor-
photypes of benthic cyanobacteria involved in mat and biofilm
formation (Gerdes et al., 2000). Within the sample, there are
extracellular polymer substances (EPS) produced by microbial mats
that show heterogenous organic matter with sticky networks that
bind to sedimentary grains (Fig. 7C). In the wrinkle structures, there
are several globular microbes (maybe sulfate reducing bacteria)
together with the filament-like structures. The diameters of these
microbes are 2—6 pm (Fig. 7D). Results of the EDS analysis of the
sheets indicate that the EPS and globular microbes in the examples
have high carbon (C) content and accompanying oxygen (O), sili-
cium (Si), aluminum (Al) and sulfursulfur (S), while the recorded
platinum (Pt) is derived from the coating used for SEM studies (see
inset in Fig. 7B, D).

5.2. Interpretation

Various types of microbial mat features have been described
within the literature, such as wrinkle structures, leveled ripple
marks, polygonal sand cracks (crack fills), gas domes, reticulate
structures, elongate reticulate structures, ‘Arumberia’-like struc-
tures, and discoidal structures (e.g., Noffke et al., 2003a; Callow
et al., 2011; Zhong et al., 2013), and all formed in a similar way
and are termed MISS. However, MISS are not easily differentiated
from numerous small-scale MISS-like structures that are non-
biogenic structures that formed without the participation of mi-
crobial communities, such as rill marks (Reineck and Singh, 1980),
rain impact ripples (Robb, 1992), and load structures (Allen, 1985).
As a result, two kinds of criteria have been raised by Porada and
Bouougri (2007) and Noffke (2009) to distinguish MISS from
MISS-like structures. The first of these criteria is tested based on
external macroscopic morphologies, and the second is tested based
on internal microscopic features.

Wrinkle structures show a preference for heterolithic strata of
the offshore transition and mixed tidal flats, where hydrodynamic
energy is low (e.g., Fedo and Cooper, 1990; Noffke et al., 2002;
Banerjee and Jeevankumar, 2005; Mata and Bottjer, 2009a,b).
Mata and Bottjer (2013) stated that wrinkle structures should be
most prevalent in environments that consist of heterolithic de-
posits and are absent from deposits consisting of only siltstone or
only sandstone. A further prerequisite for successful mat growth is
a sedimentary grain size in the range of 0.02—0.2 mm (silt to fine-
grained sand) (Noffke, 1998; Porada and Bouougri, 2007). In this
study, wrinkle structures are preserved on a fine-grained sandstone
layer surface covered with a siltstone layer (Fig. 2).
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Fig. 5. Wrinkle structures of the main track level. (A) Abundant pits and bulges on a sandstone bedding surface. (B) Close-up of the area shown in A. (C) Relatively short, curved,
sporadically bifurcating, flat-topped undulating ripple-like structures on top of the microbial (black) crust. On the underlying sandstone similar structures can be observed. (D)
Close-up of the area shown in C. Note the dense, micritic crust that is fragile and slowly peeling off the main track level. (A) (C) represent type 1 wrinkle structures and (B) (D)

represent type 2.

Wrinkle structures preserved in the rock are commonly inter-
preted as indicators of cyanobacterial activity (Hagadorn and
Bottjer, 1997). Microbial mats are frequently composed of a cohe-
sive surface layer constructed by ensheathed and sheathless fila-
mentous cyanobacteria, which are photosynthetic autotrophs.
Underlying these, there are usually less cohesive zones dominated
by coccoid, anaerobic phototrophic, and heterotrophic bacteria.
Among which, sulfate-reducing species may play an important role,
if sulfate is abundant (Porada and Bouougri, 2007). Nevertheless,
Noffke et al. (2003) and Bailey et al. (2009) have noted that other
types in mat-forming filamentous bacteria should also be consid-
ered when interpreting the origins of MISS. Flood et al. (2014)
observed that filamentous representatives of the beggiatoacea,
which are sulfur-oxidizing gammaproteo-bacteria, are able to trap
and bind sediments in much the same way as phototrophic

cyanobacteria, giving rise to many of the same wrinkle structures
and reticulate patterns that are commonly attributed to cyano-
bacteria. Sulfate-reducing bacteria (globular microbes in this paper)
have also been found to construct significant microbial mats
(Noffke et al., 2006a,b). Some authors consider wrinkle structures
as evidence of preserved surfaces with microbial mats (Hagadorn
and Bottjer, 1997), whereas others interpret these structures to
have formed beneath microbial mats (Noffke, 2010). At the Lotus
tracksite, the sandstone layer beneath the superficial thin micritic,
microbial crust interpreted as ancient microbial mats also exhibit
the same wrinkle structures than on top of the superficial veneer
(Fig. 5B, D), suggesting that the wrinkle structures reflect both
morphological surface and subsurface features. The mats are less
resistant to weathering than most of the sediments, thus the
morphology of the microbial mats is only observable if the upper
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Fig. 6. Main track level with micritic crust (dark brown) in cross section (A) Macro photograph. Note alternating elevations and depressions aligned in an irregular way. (B)
Photograph of the thin section. The grains in the sandstone are quartz, feldspar and mica and the cement is mainly calcareous. Note that the micritic crust is opaque, which also
indicates that it contains a lot of iron and/or organic matter. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

mats are well preserved, and otherwise the wrinkle structures
represent the morphology of sediments beneath the mats.

A model is proposed to demonstrate the formation mode of the
two kinds of MISS wrinkle structures observed at the Lotus track-
site (Fig. 8). The growth of the microbial mats occurs under humid
conditions either subaerially or under a thin layer of water and
during periods of low hydrodynamic energy (Fig. 8A). The wrinkle
structures begin to form under water when the energy of a direc-
tional flow regime becomes forceful enough, so that microbial mats
and the underlying sandstone are deformed into undulating
structures similar to ripple marks (Fig. 8B). This may be enhanced
by the fact that the microbial mat is loosely attached because of the
production of phytosynthetic gas bubbles beneath, so that the mat
is readily affected by wind (in areas where it is subaerially exposed)
and/or water friction (in submerged areas) (Aref et al., 2014). The
‘ripple marks’ are anomalous and ramulous due to adhesion forces
of the microbial mat. If the ‘ripple marks’ are buried quickly un-
derwater by ongoing sedimentation in a directional flow regime,
the crests may become flattened (Fig. 8C), and ripple-like structures
may be preserved. However, if the ‘ripple marks’ remain exposed
subaerially, due to dehydration and the escape of gases produced
by the decaying mats, the morphology of the mats and top of the
underlying sandstone layer will develop abundant elliptic, elon-
gated and crescent bulges that are preserved as bulge-like struc-
tures (Fig. 8D). If smooth mats that have formed under low
hydrodynamic energy conditions (Fig. 8A) are directly exposed,
bulge-like structures (Fig. 8D) will be preserved similarly.

6. Influence of the microbial mats on the formation and
preservation of the dinosaur tracks

Microbial mats favor the preservation of vertebrate tracks and
traces in two major ways. First, a microbially-stabilized substrate

behaves more plastically, in a way that when a foot produces a track,
the microbially-bound sediment preserves the imprint better than
pure cohesion-less substrate (notably in the case of fine-grained
sand). Second, microbial mats often induce early cementation and
enhance the preservation potential of vertebrate tracks (e.g., Genise
et al,, 2009; Marty et al., 2009; Scott et al., 2010; Carmona et al.,
2011; Carvalho et al., 2013). In particular, the decay of the microbi-
al filaments, EPS and other organic matter below the surface (in the
anoxic zone) stimulate carbonate precipitation, inhibited by bac-
teria, in the form of micritic cements, as it can be observed in
modern settings (Chafetz and Buczynski, 1992; Schieber, 2007). In
addition, ongoing growth of the mat may also enhance the preser-
vation potential of a track by covering-up, and simultaneously (a
stack of) overtracks may be formed (Marty et al., 2009).

In order to better understand the preservation of the dinosaur
tracks on the Lotus tracksite main track level, we have left some
human footprints at two different sites in two different kinds of
substrate covered with a thin microbial mat and exhibiting wrinkle
structures closely resembling the fossil ones observed at the Lotus
tracksite. The first site was located on a supratidal flat near San
Pedro Town (Ambergris Caye, Belize), and the second site (name
DLF site, Dany—Lida's foots GPS is 36° 3’51.03”N, 103°16'24.97"E)
was a small almost dried-up pond in a small valley close to Yan-
guoxia (Gansu, Northwestern China), where clay and silt eroded
from the Lower Cretaceous Hekou Group accumulated during pe-
riods of heavy rain. The substrate at both sites were very fine-
grained, carbonatic (micritic carbonate mud) at the first, and sili-
ciclastic (clay-silt) at the second site. Even though both sites are not
located in a floodplain environment, they are assumed to corre-
spond well to the general environmental and substrate conditions
under which the tracks of the Lotus tracksite may have formed.
Thus, they are considered to represent a useful modern analog for
comparison with the fossil tracks.
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Fig. 7. SEM photographs of the thin section of the fresh micritic crust as well as EDS analysis. (A) Filament-like forms and some buried under sand grains (circle). (B) Detail of the
filament-like forms showing a filament sheath. (C) EPS showing heterogenous organic matter with sticky network and they were binding sedimentary grains (lower right corner).
(D) Globular microbes. Top right corner are EDS analysis. Points of EDS analysis for each figure are indicated by a dot. In the EDS analyses, the numbers 1—12 respectively means the

element C, Ca, O, Ba, Na, Mg, Al, Si, Pt, S, Cl, K.

6.1. Description of human footprints

Both human footprints in Fig. 9A and B were left by the third
author (DM, 23 cm foot length, 70 kg weight), in moist (water-
unsaturated) 2—3 cm thick substrates covered with a thin (<3 mm)
microbial mat with wrinkle structures on top of layered, firm
sediment with a relatively high yield strength in a way that the
underlying sediment was not penetrated but instead, the superfi-
cial layer with the microbial mat was compressed (to a varying
degree) and pushed into the underlying sediment. In the case of the
Belize footprint, the impact of the foot formed a well-defined small
displacement rim all around the track, while there is no displace-
ment rim in the case of the Chinese footprint, because of particular
properties of the superficial microbial mat that led to cracking
around the foot rather than an outward transmitting of the applied
force.

Both footprints are well-defined with anatomical details of the
toes, even though the footprint from Belize shows better details
because compression of the substrate was more important than in
the case of the Chinese footprint. In the latter, the microbial mat
broke around the foot and was pushed into the underlying sedi-
ment by compacting the sediment below the microbial mat but not

the mat itself. This is underlined by nice striation marks that can be
observed on the toes (Fig. 9B). These striations were created during
the foot impact, and therefore can be named entry striation marks.
Also, in the case of the Chinese footprint, wrinkle structures that
were present prior to track formation were only little affected by
the foot impact, as they were only slightly compacted and still are
quasi identical to the ones around the footprint (Fig. 9B).

6.2. Comparison with ornithopod tracks from lotus tracksite

From a formational and preservational point of view, the fossil
ornithopod tracks of the main track level at the Lotus tracksite
share many similarities with the two human footprints described
above.

Some ornithopod tracks (Caririchnium lotus Xing et al., 2007) in
this study preserved on areas with microbial mats preserve well-
defined digits II, IIl and IV, a metatarsophalangeal pad, well-
defined displacement rims, and wrinkle structures around but
also within the tracks (Fig. 9C, D and E). In analogy to the human
footprint in Fig. 8B, we assume that the wrinkle structures were
present before the tracks were formed and that the mat was pushed
by the force of the foot into the underlying sediment without
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Fig. 8. Formation model for the two types 1 and 2 of microbial wrinkle structures as observed on the main track level of the Lotus tracksite. (C) represents type 2 wrinkle structures

and (D) represents type 1.

(completely) obliterating the wrinkle structures, even though they
may have been slightly compressed.

A manus print of Caririchnium lotus (Fig. 9E) exhibits an anterior
part that is deeper than its posterior part, and wrinkle structures
are present around as well as within the track. Also, some clasts can
be seen on the broken border of the track, and we interpret these
clasts as fragments of the original microbial mat, that was broken in
this part (Fig. 9E), similar to the human footprint in Fig. 8E, where
the mat broke around the foot.

Marty et al. (2009) showed that the formation and morphology of
footprints in microbial mats depend not only on the nature
(composition, thickness, water content, degree of consolidation, etc.)
of the mat itself but also on the characteristics (water content, grain
size, lamination, degree of consolidation, presence of a lithified ho-
rizon) of the underlying sediment. Consequently, many different
combinations are possible, which complicate a thorough description

of (fossil) footprints. Nevertheless, it was found that the thickness of
the microbial mat and the water content of the mat and of the un-
derlying sediment are the most crucial factors for footprint
morphology. In dry mats, poorly defined or no footprints are gener-
ally produced, while in water-unsaturated microbial mats the foot-
prints are well defined, often with well-defined displacement rims
and anatomical details. The formation of well-defined displacement
rims around the prints of large dinosaurs occurs in thick, plastic,
moist to water-unsaturated microbial mats on top of moist to water-
unsaturated sediment. These features are typical for the dinosaur
(ornithopod) tracks of the main track level at the Lotus tracksite.

7. Conclusions

Two different types of wrinkle structures are described from
the main track level of the Lotus tracksite and are interpreted to
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Supratidal flat (Belize) Small dried-up pond (China)

Fig. 9. (A) Left human pes footprint with anatomical details of the toes and a well-defined displacement rim left by the third author (DM) on a thin and water-unsaturated microbial
mat on a supratidal flat SW of the airport of San Pedro Town (Ambergris Caye, Belize). Note wrinkle structures to the left of the track. Scale bar is 10 cm. (B) Right human pes
footprint without displacement rim but with anatomical details of the toes, left by the third author (DM) on a thin and water-unsaturated microbial mat on top of a 2—3 c¢m thick
moist layer of clay. Note striations on the toe tracks that were created during the foot impact (not exit) and wrinkle structures around the track. Also note that due to the elevated
yield strength of the superficial microbial mat, the mat was not penetrated but pushed into the underlaying sediment. As a result, the wrinkle structures, that were present on the
surface prior to track formation, are still visible even after the foot impact. Scale bar is 10 cm. (C) Ornithopod (Caririchnium lotus) tridactyl pes (T18-LP3) and oval manus track (T18-
LM3) surrounded by small displacement rim and wrinkle structures (notably upper right of the pes track) (D) Large ornithopod (Caririchnium lotus) pes track (T13-RP1) with a small
displacement rim (upper left) and surrounded by wrinkle structures. Tracks in (C) and (D) are outlined with white chalk. (E) Ornithopod (Caririchnium lotus) manus track with a
deeper anterior than posterior part, and wrinkle structures that are present around as well as within the track. Track is outlined with white chalk. (A) (C) (D) indicate foot impact
compresses microbial mat and also leads to formation of displacement rim. (B) (E) indicate foot impact breaks microbial mat breaks and pushes it vertically into substrate without
desintegration of original wrinkle structures.

have been produced under two slightly different environmental
conditions, that have led to the formation of wrinkle structures
both on the surface but also as subsurface features. SEM and EDS
analyses have identified elements of the filament sheaths, EPS
and globular microbes that are all microtextures and represent
ancient microbial mats with a high carbon (C) content and
dominance of accompanied oxygen (O), silicium (Si), aluminum
(Al) as well as sulphur (S) in their composition. However, not
only cyanobacteria but also other bacteria such as beggiatoacea
and sulfate reducing bacteria can be considered when

interpreting the origin of these “microbial mats”. Not only the
nature (thickness, water content, degree of consolidation, etc.) of
the microbial mat itself but also the characteristics (grain size,
lamination, water content, etc.) of the underlying sediment had
an important influence on track morphology. However, the
presence of a microbial mat was an important if not the crucial
factor for the exquisite preservation of dinosaur and other
vertebrate tracks at the Lotus tracksite, as they may have
enhanced the stabilization and/or early precipitation of Ca-
carbonate and hence have consolidated the tracks.
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Some human footprints have been left at two different kinds of
substrate covered with a thin microbial mat exhibiting wrinkle
structures that to better understand the preservation of the dino-
saur tracks on the Lotus tracksite main track level. It was found that
the formation and morphology of footprints in microbial mats
depend not only on the nature (composition, thickness, water
content, degree of consolidation, etc.) of the mat itself but also on
the characteristics (water content, grain size, lamination, degree of
consolidation, presence of a lithified horizon) of the underlying
sediment.
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