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The Late Cretaceous fossiliferous beds of Mongolia's Gobi Desert have yielded spectacular articulated remains of a
remarkable diversity of fossil mammals, lizards, turtles, birds, and non-avian dinosaurs. Paleoenvironmental inter-
pretations of the deposits at these localities have ranged from arid wind-blown dune fields to more mesic, moist
environments. Among the diversity of fossils, dinosaur eggshells and teeth are commonly found at these localities.
Dinosaur eggs, like modern avian eggs, are constructed of biomineralized calcite (CaCOs) and proteins, allowing
carbon and oxygen stable isotopes to be quantified to provide information about the environment in which the

g:{:;giisl;;gy egg-laying animals were living. Here it is shown that dinosaur eggshell and teeth from the Djadokhta and Nemegt
Eggshells Formations have not been significantly altered and reflect an environment of dry dunes during deposition of the
Stable isotopes Djadokhta Formation and a more mesic stream environment for conditions in the Nemegt Formation. Carbonate
Dinosaurs nodules from the same eggshell-bearing layers also independently reflect a similar environmental signal. This
Cretaceous study represents the first geochemical analysis of dinosaur remains from the Cretaceous of Mongolia and illustrates
Mongolia the potential of utilizing dinosaur fossil geochemistry of both eggs and teeth to reconstruct Mesozoic environments.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Geochemical analysis of biological materials in fossils, such as tooth
enamel, bone, and eggshell is a commonly used method for discerning
paleoenvironments and paleobiology of extinct organisms and ecosys-
tems (e.g., Fricke and O'Neil, 1996; Koch, 1998, 2007). Typically these
types of studies are done on mammalian tooth enamel, but it has been
shown that these methods can be used on dinosaur teeth and eggshells
for paleoecological reconstruction (e.g., Cojan et al.,, 2003; Amiot et al.,
2004, 2006; Fricke et al., 2008, 2009). Carbon in the carbonate phase
of bioapatite [Cas(PO4, CO3)3(0OH, CO3)] the material making up both
teeth and bones, is reflective of organic material ingested by the organ-
ism. Oxygen in bioapatite is primarily influenced by the oxygen isotopic
composition of the water an organism drinks and metabolic processes
within the organism (Longinelli, 1984; Luz and Kolodny, 1985). Stron-
tium is another trace element that can be examined in eggshell to
help discern paleoenvironment and water chemistry at the locality
(e.g. Erben et al,, 1979; Cojan et al,, 2003) and analyses of strontium
on these Mongolian eggshells is forthcoming but will not be included
in this paper.

Southern Mongolia is made up of flat-lying, non-marine, Upper
Cretaceous rock formations. During the Late Cretaceous, the Gobi Desert
region was a completely terrestrial interior continental setting, as it is
2800 km from the nearest known Cretaceous marine outcrops in
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Kazakhstan (Averianov, 1997). This location provides a unique window
into Central Asian Cretaceous paleoclimates that cannot be obtained any-
where else. Terrestrial paleoclimate records from the Mesozoic are espe-
cially limited, and vertebrate fossils can provide a useful proxy.

Experiments on modern bird eggshell over the past four decades
have shown clearly that carbon and oxygen isotopic compositions of
the calcite shells record the environmental conditions that the female
was experiencing immediately prior to egg laying (Folinsbee et al.,
1970; Johnson et al., 1997). Using this information, paleoenvironmental
archives have been obtained from ostrich and ratite eggshell (e.g., Stern
etal,, 1994; Johnson et al., 1998; Segalen et al., 2002), and dinosaur egg-
shell from India (Sarkar et al., 1991), France (Cojan et al., 2003), China
(Zhao et al., 2009) and Romania (Bojar et al., 2010), illustrating the po-
tential of this proxy. Oxygen isotopic compositions in eggshell have
been well correlated with the isotopic composition of drinking water,
while carbon isotopes of the eggshell carbonate strongly reflect stable
isotopic composition of ingested food material of the egg-bearer
(Folinsbee et al., 1970; Erben et al., 1979; Von Schirnding et al., 1982;
Schaffner and Swart, 1991).

It can be difficult to use dinosaurs for stable isotope investigation be-
cause, unlike mammals, no experimentation is possible on living
non-avian dinosaurs to measure isotopic fractionations between diet,
drinking water and isotopes in eggshells and bioapatite. With eggshell,
it is assumed that the fractionation of oxygen and carbon isotopes in di-
nosaur eggshell is similar to what occurs in extant bird eggshell (Cojan
et al.,, 2003). But in studies of dinosaur teeth, isotopic composition of
tooth enamel cannot be attributed to true environmental signal because
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the exact fractionation factor is not known, an issue that has been show-
cased in numerous publications (e.g. Stanton Thomas and Carlson,
2004; Fricke et al., 2008).

Fricke et al. (2008) states that if certain assumptions are made, then
relative differences in isotopic values among taxa from the same and/or
different localities can be compared to glean important environmental
information. The first assumption is that dinosaurs utilize and incorpo-
rate carbon as all extant homeothermic vertebrates do. The second as-
sumption is that dinosaurs were homeothermic, which has been
corroborated numerous times (e.g., Barrick and Showers, 1994; Fricke
and Rogers, 2000). In this paper, eggshells and teeth from two different
species of dinosaur from three different localities are analyzed. If our
data show distinct differences or similarities in isotope values when com-
pared between localities and species, then ancient environments with
general reference to vegetation and precipitation can be characterized.
One would expect distinct differences in isotopic values between species
that occupy different dietary niches. Additionally, there would be isoto-
pic differences between species inhabiting environments with different
climate regimes. Similarities in isotope values could mean the animals
ate similar food and occupied similar dietary niches, or that diagenesis
has overwhelmed all signal and reset isotope values to be homogenous.

1.1. Background on isotopes and environment

There are numerous detailed reviews on the systematics of carbon
and oxygen isotopes in ecosystems (e.g., Koch, 2007), and how they
are preserved in fossils so only a brief review will be presented here.
Plants utilize one of three metabolic pathways: C3, C4, and CAM. Grasses
and succulents utilize the C4 and CAM pathways. Since there is no evi-
dence for widespread C4 or CAM plants until the Cenozoic, the assump-
tion is that only C3 plants occur in the Late Cretaceous (Sage, 2004).
Carbon isotope ratios of plants depend on both photosynthetic pathways
and environmental conditions (O'Leary, 1988). 6'3C values of organic
matter in the neighborhood of —24%. and higher are indicative of a
semi-arid environment with low relative humidity (Kohn, 2010). It is no-
table that the 6'3C of atmospheric CO, can also change over time, which
in turn affects the 6'3C of organic plant matter (Fricke et al., 2008). The
813C of atmospheric CO,, can also differ by ~1%. depending on the global
extent of glaciation, so care must be taken in interpreting results from
times when the extent of glacial cover is not known (Koch, 1998).

Oxygen isotopic ratios in water vary because of temperature, evapo-
ration, and source of the precipitation's air mass (Dansgaard, 1964). The
cause of 5'80 variation in precipitation is the preferential incorporation
of '80 into condensate as water is precipitated and removed from the
cooling air mass. The same is true in terrestrial bodies of water; '°0 is
preferentially evaporated concentrating the '30 in the water body. Typ-
ically, terrestrial vertebrates do not ingest precipitation directly. Instead,
most water ingestion comes from leaves, streams, ponds, and lakes that
will have a different 8'80 than precipitation (Fricke et al., 2008). In
humid areas, there may not be a large discrepancy between 680 of pre-
cipitation and 680 of water on land, but in arid regions the increased
evaporation will lead to a large difference in these 5'0 values. Another
important factor is that not all animals (e.g., desert dwelling verte-
brates) are obligate water drinkers. These organisms get most of their
water from plants and seeds, or they create metabolic water from the
breakdown of proteins (Chew, 1961; Johnson et al., 1997, 1998). Meta-
bolic water is formed in all organisms, but rarely does it contribute sub-
stantially to body water. Animals such as kangaroo rats never need to
drink free water because their entire water budget is met by metabolic
water, but larger organisms need water from other sources (Chew,
1961). It has been shown that non-passerine birds such as ostriches pro-
duce metabolic water, but the majority of their body water needs are
met by drinking surface water and water contained in the plants they
eat (Withers, 1983). Due to the fact non-avian dinosaurs are close rela-
tives of modern birds, the physiology of dinosaurs could have func-
tioned similarly to that of extant birds like ostriches, so the 6'0 of

their body water reflects ingested water from plants and surface reser-
voirs. Leaf water of plants in water stressed areas can be '80 enriched
relative to 6'80 of meteoric water because of the preferential evapo-
transpiration of %0 (Gonfiantini et al., 1965). Because it is unknown if
the dinosaurs in question were obligate drinkers or not, all of these sce-
narios must be taken into account when interpreting the data.

1.2. Geology and stratigraphy

The stratigraphy of Mongolia's Late Cretaceous Nemegt Basin is di-
vided into three formations: Djadokhta, Barun Goyot, and Nemegt
(from stratigraphically oldest to youngest) (Jerzykiewicz and Russell,
1991; Hasegawa et al., 2009). Evidence from geochronological studies
shows that the lithologic sequence of the Nemegt Basin is essentially
a semi-continuous section from Cenomanian to Maastrichtian
(Jerzykiewicz and Russell, 1991; Shuvalov, 2000; Hasegawa et al,
2009). All three of the formations in this basin are known to have pro-
duced a vast array of fossil vertebrates, such as dinosaurs (e.g., Norell et
al,, 1994; Clark et al., 2001), mammals (e.g., Wible et al., 2007), crocodiles
(e.g., Pol and Norell, 2004), turtles (e.g., Mlynarski and Narmandach,
1972), and lizards (e.g., Gao and Norell, 2000).

The localities of Ukhaa Tolgod and Bayn Dzak (Fig. 1) are assigned to
the Djadokhta Formation, which is Campanian in age (Loope et al., 1998;
Dashzeveg et al., 2005; Dingus et al., 2008). These localities are separat-
ed by about 187 km. The formation was first described in 1927 at the
Bayn Dzak locality (Berkey and Morris, 1927). The fossil locality of
Bayn Dzak, also known as the Flaming Cliffs and Shabarak Usu, was dis-
covered by the Central Asiatic Expeditions of the American Museum of
Natural History in the 1920s (Andrews et al., 1932). Dinosaurs such as
Velociraptor, Saurornithoides, and Oviraptor were discovered in the red
beds of Bayn Dzak (Osborn, 1924). Ukhaa Tolgod, discovered in 1993
by the Mongolian Academy of Sciences—American Museum of Natural
History Expedition (MAE), has yielded an unprecedented diversity of
extremely well-preserved specimens of birds, dinosaurs, mammals,
and lizards reviewed by Dashzeveg et al. (1995). This locality is correlat-
ed to the Djadokhta Formation based on lithofacies and biostratigraphic
evidence and is assigned a Campanian age (Dingus et al., 2008).

The rocks of the Djadokhta Formation at Bayn Dzak are reddish-
orange medium to fine grained sandstones (Fig. 2). Some of the strata
contain calcareous nodules and pockets of silty clay (Dashzeveg et al.,
2005). The fossiliferous unit of the Djadokhta Formation exposed at
Bayn Dzak is reddish colored, structureless, medium grained sandstone
that varies between 2 m and 14 m in thickness. There is evidence of mi-
grating dunes, with cliffs of consolidated sandstones with 5-7 m high
crossbed sets. Calcareous nodules are found in both the crossbedded
and structureless sandstone layers, and these white nodules often con-
tain the bones of mammals such as multituberculates, and lizards
(Dashzeveg et al,, 2005). There are thin beds of concretionary calcite
and lenses of siltstone and mudstone within the sandstone units, indi-
cating an arid to semi-arid depositional environment.
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Fig. 1. Map of Mongolia. The locations of the localities are marked with stars.
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Fig. 2. Generalized stratigraphic columns. Stratigraphic columns showing the general structural and lithologic successions at each locality. The prevalence of aeolian and structure-
less sandstones indicates that the Djadokhta Formation localities, Baynz Dzak and Ukhaa Tolgod, were far drier than the Nemegt Formation locality, Bugin Tsav. The stratigraphy at
Bugin Tsav indicates the presence of a fluvitile system. Arrows indicate where analyzed fossils were found in each section.

Columns are compiled from Dashzeveg et al., 2005 (Bayn Dzak), Dingus et al., 2008 (Ukhaa Tolgod), and Kielan-Jaworowska and Sochava, 1969 (Bugin Tsav).

At Ukhaa Tolgod, lithology similar to that seen at Bayn Dzak is ob-
served (Fig. 2). The outcrops of fossiliferous rock are also reddish
fine-grained structureless sandstones. There are non-fossiliferous
cross-stratified dune deposits and siltstone deposits that are not lateral-
ly continuous (Dingus et al., 2008). The vertebrate fossils preserved at
Ukhaa Tolgod often appear to be in death positions, which seem to indi-
cate that the animals were rapidly buried in sandslides off of
superhydrated collapsing dunes while they were still alive (Loope et
al., 1998; Dingus et al., 2008). Calcite sheets and nodules are also pres-
ent at this locality, which indicates the dunes were stable for a period
of time. There are indications of small ponds in the interdune corridors
during times of dune stabilization, but these were mostly ephemeral
(Dingus et al., 2008). Based on these lithographic and faunal similarities,
Ukhaa Tolgod is assigned to the Bayn Dzak Member of the Djadokhta
Formation proposed by Dashzeveg et al. (2005) (Dingus et al., 2008).

The Bugin Tsav locality (Fig. 1) is located in the southern portion of
the central Gobi Desert of Mongolia and is assigned to the Nemegt Forma-
tion, which overlies the Barun Goyot Formation (Gradzinski, 1970). It is
about 126 km from the Ukhaa Tolgod locality and about 294 km from
the Bayn Dzak locality. The Nemegt Formation is considered late Campa-
nian (Weishampel et al., 2008) to Maastrichtian (Kielan-Jaworowska and

Barsbold, 1972) in age. The Nemegt Formation differs from the Djadokhta
Formation in that it consists mainly of fluvial sediments deposited by
braided or meandering river systems (Gradzinski and Jerzykiewicz,
1974; Jerzykiewicz and Russell, 1991). Fossiliferous sediments at the
Bugin Tsaav locality are yellowish-brown sands that range in grain size
from very fine to very coarse. Additionally, there are thin-bedded con-
glomerates and sandy siltstones (Gradzinski, 1970). Features such as
climbing ripples, flaser structures, and scoured surfaces are present pro-
viding additional evidence that the Nemegt Formation was deposited
on an alluvial plain with a low-flow regime (Gradzinski, 1970). Remains
of dinosaurs and other vertebrates like turtles (sometimes found in mass
death assemblages) are commonly found in point bar deposits without
much obvious reworking, so death appears to have been close to the lo-
cation of burial (Weishampel et al., 2008) (Fig. 2).

1.3. Bioattribution of eggshell

Mongolian dinosaur eggs have been studied on the basis of micro-
structure (Grellet-Tinner and Norell, 2002; Grellet-Tinner et al., 2006;
Balanoff et al., 2008), nesting behavior (Norell et al., 1995; Weishampel
et al., 2008), and embryonic associations (Norell et al., 1994; Balanoff
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et al., 2008), but never have stable isotopes been utilized in the analyses
of these eggshells. Unfortunately, dinosaur eggshells are usually found
separate from any identifiable skeletal remains, so taxonomic assign-
ment is in most cases problematic. This has led to the development of
an eggshell parataxonomic scheme (Mikhailov et al., 1996), which is
used for identifying “ootaxa”. Eggshell types are characterized by a com-
bination of size, shape, ornamentation, and microstructure (Mikhailov et
al., 1996). Recent discoveries of dinosaur nests with associated remains
of parents or embryos have allowed association of certain eggshell
morphotypes with distinct species or groups of dinosaurs and in many
cases it is no longer necessary to rely entirely on the potentially mislead-
ing parataxonomic scheme (Norell et al., 1994; Grellet-Tinner et al.,
2006).

At Ukhaa Tolgod, the oviraptorid taxon known to belong to an egg
morphotype is Citipati osmolskae. They certainly belong to the oofamily
Elongatoolithidae (Grellet-Tinner et al., 2006). At Bugin Tsav, the exact
identity of the egg-layer is unknown, but the microstructural and
ultrastructural similarities between the eggshells from Ukhaa Tolgod
and Bugin Tsav seem to indicate they are both from oviraptorids
(Weishampel et al., 2008). Because this egg type has been found associat-
ed only with this group of dinosaurs in the Late Cretaceous of Central Asia,
this allows us to parataxonomically categorize them as elongatoolithid,
and for this egg type to be preliminarily assigned to oviraptorids. This
eggshell morphotype is characterized by an elongated egg shape, two
aprismatic layers of calcite in the eggshell microstructure, and
lineartuberculate ornamentation on the surface of the eggshell. In this
study, only elongatoolithid type eggshell fragments were used, to provide
for taxonomic control in interpreting the paleoenvironments of these lo-
calities. These fragments were mostly collected in situ weathering out of
rocks or as nearly complete eggs in float.

1.4. Diagenesis in biogenic materials

All fossilized material is affected by diagenesis, even soon after burial
(Trueman and Tuross, 2002). Alteration occurs when there is isotopic
exchange between bioapatite and surrounding fluids at a significantly
different temperature and isotopic composition than formation; alter-
ation can also occur when there is dissolution or addition of secondary
apatite or carbonate (Zazzo et al., 2004). Because diagenesis is nearly
universal, it needs to be shown that the primary signal in the fossil ma-
terial has not been completely obscured by secondary diagenetic alter-
ation. The highly porous bioapatite constructed of small apatite
crystals (with more surface area) found in bone seems to be more sus-
ceptible to alteration, whereas tooth enamel is more resistant due to
its tightly packed, large bioapatite crystals (Sharp et al,, 2000; Kohn
and Cerling, 2002).

While there is no way to demonstrate definitively that diagenesis
has not obscured primary signal, a suite of methods, such as
cathodoluminescence and comparison of isotopic signals in biogenic
carbonate to signals in authigenic carbonates, can be used to best illus-
trate that alteration is not completely pervasive (Cojan et al., 2003;
Fricke et al., 2008, 2009; Grellet-Tinner et al., 2010). One such method
is comparison of the isotopic signal of the material in question, in this
case eggshell calcite and tooth enamel, with an independent proxy,
such as bulk organic carbon or carbonate nodules in the same forma-
tion. If the carbon and oxygen isotopic compositions of the two sub-
strates differ, then diagenesis, such as hydrothermal alteration or
burial, have not significantly impacted the locality and altered the pri-
mary environmental signal (Sarkar et al, 1991; Cojan et al., 2003;
Fricke et al., 2008). We apply this method, and when eggshells were col-
lected, carbonate nodules weathering out from the same sedimentary
layer were also collected if available.

Additionally, cathodoluminescence (CL) is used on polished thin sec-
tions of the eggs to check for zones of chemical and mineral alteration. Au-
thors using fossil shells for geochemical analysis commonly use CL as a
diagenetic indicator (Barbin et al, 1995). Pure CaCOs; has very little

luminescence; unaltered CaCOs is essentially non-luminescent under CL,
but has slight changes in luminescence when there are ionic substitutions
in the crystal lattice (Grellet-Tinner et al., 2010). Iron and manganese
most commonly replace calcium in the crystal lattice and typically diage-
netic pore waters are enriched in these two elements relative to biological
host fluid (Grellet-Tinner et al., 2010). Finding signs of alteration under CL
gives an indication that diagenesis has occurred. Energy-dispersive spec-
troscopy (EDS) can also be used to create an element map of the eggshell
in the SEM and obtain qualitative elemental abundance data (Grellet-
Tinner et al.,, 2012). If there is suspicion of diagenesis under CL, EDS can
be used to determine where the secondary elements have infiltrated
the eggshell. If luminescence is absent, it provides evidence there has
been little or no diagenetic alternation of biogenic carbonate. Another
method, such as electron backscatter detection (EBSD), has been used
with great success in the analysis of the chemical composition of eggshells
(e.g., Grellet-Tinner et al., 2011) but was unavailable in this analysis.

2. Methods

Between 5 and 19 eggshell fragments from each locality were ana-
lyzed. Carbonate nodules from Ukhaa Tolgod were also analyzed as
comparative samples, providing a test of diagenesis. Across all materials,
a total of 60 samples were analyzed. Samples of eggshell were manually
abraded to remove adhered sediment and subsequently crushed with a
mortar and pestle. The carbonate nodules were prepared by drilling out
material from each nodule with a Dremel tool. Bulk samples of
protoceratopsian tooth enamel were obtained by crushing or drilling
enamel flakes after they were separated from the underlying dentin.
In this analysis, the 6'C and 8'80 of tooth enamel was analyzed from
the carbonate (COs), substituted for PO,4 in the bioapatite matrix. For
carbonate samples (nodules and eggshell) approximately 250 pg of
sample was obtained, and for bioapatite samples over 1000 pg was
used to obtain an accurate result. Powdered samples of bioapatite
were subsequently treated using 30% H,0, and 0.1 N acetic acid to re-
move organic material and surficial carbonates; carbonate samples
were treated only with H,O, (see MacFadden and Higgins (2004) for
detailed methods). Analyses were run on a Thermo Electron Corpora-
tion Finnegan Delta plus XP mass spectrometer in continuous-flow
mode via the Thermo Electron Gas Bench peripheral and a GC-PAL
autosampler housed at the University of Rochester. Carbon and oxygen
isotopic results are reported in per mil (%.) relative to VPDB (Vienna
Pee-Dee Belemnite) with an allowable 2-sigma uncertainty of 0.12%.
and 0.20%. for carbon and oxygen respectively. Isotopic ratios of carbon
and oxygen are expressed using the permil notation, such as: 6 X (per
mil, %o) = ((Rsample/Rstandara-1) x 1000), where R=ratio of *C/'2C or
180/160 of an unknown sample relative to a known standard V-PBD
(Coplen, 1994). Statistical analyses, such as t-tests, F-tests, Hotelling's
pairwise comparisons, and MANOVA were all performed on Microsoft
Excel 2011 and PAST ver. 2.14.

Thin sections made of eggshell fragments from each locality were ex-
amined under both SEM and transmitted light microscopy. Using trans-
mitted light to view the thin sections illustrates preservation of the two
distinct layers seen in unaltered oviraptorid-type eggshell. The sections
were viewed under 50x magnification on a Nikon polarizing micro-
scope. Photographs of the slide were captured using a Sony CCD-Iris
camera with UltraTV software. These thin sections were also viewed
with CL in a Hitachi S-4700 SEM equipped with a Gatan MonoCL
cathodoluminescence detector. Eggshells were examined under the
Zeiss EVO 60 variable pressure SEM to look at crystal structure and
make elemental maps with the equipped Bruker AXS Quantax 4010
EDS. Eggshells were cleaved manually, and the freshly broken side was
examined under extended pressure in the SEM chamber to see if the
two eggshell layers were visible. Then, these same freshly broken shells,
along with the thin sections of the same eggshell, were used to create el-
emental maps to discern whether secondary elements had infiltrated
the eggshells. The EDS maps were made using Bruker Esprit 1.9.3
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software with a wavelength between 15 and 20 kV and a collection time
5 minutes for element maps. Some images were refined in Adobe
Photoshop CS5 to improve contrast and visibility of fine-scale structures.

3. Results and discussion
3.1. Eggshell microscopy

Under transmitted light, distinct structures can be seen in the egg-
shell thin sections. Oviraptorid eggshell is unique in that it consists of
two distinct aprismatic layers of biogenic calcite as opposed to the
tri-layered avian and mono-layer crocodilian eggshell (Grellet-Tinner
and Makovicky, 2006; Grellet-Tinner et al., 2006). The base inorganic
eggshell layer consists of acicular calcite crystals arranged in a fan-like
pattern. The distinct second layer consists of calcite crystals arranged
with their C crystalline axis oriented 90° in respect to the first layer
(Grellet-Tinner et al, 2006). The outer surface of the shell appears
wavy due to the lineartuberculate orientation of the shell. The preserva-
tion of these fine-scale structures in the shell indicates that the calcite
crystals have not been significantly altered by diagenesis (Fig. 3a). In
some cases, the eggshell surface appears strongly eroded, which most
likely means it was exposed to some acidic environment that degraded
its structure and composition. Under variable pressure SEM, the same
crystal layers are seen. On freshly broken dinosaur eggshells, the radiat-
ing acicular fan-like crystals can be seen forming a separate layer
(Fig. 3b). Additionally, the underside of the eggshell still clearly shows
mammillary cones, all adding to the argument that these eggshells
have not been severely altered (Fig. 3c).

Under CL, the thin sections did not exhibit bright luminescence. This
could indicate that there is a large amount of iron in the eggshell, so the
same eggshells were placed under the SEM to examine their elemental
composition through EDS. A fresh ostrich egg was also placed in the
SEM for comparison purposes. The ostrich eggshell showed similar
structure features, like the fan-like calcite base layer, and reflected a
pure calcium carbonate elemental composition with only a small
amount of sodium detected in the shell, which has similarly been seen
in other extant reptile and bird eggshell chemical studies (Dauphin et
al., 2006; Al-Bahry et al., 2009). In the dinosaur eggshells, on the other

hand, more elements appear in some EDS spectra, such as magnesium,
iron, and strontium. Silica and aluminum are present, but that is clearly
due to adhered sand grains on the eggshell (see images in supplement).
The amount of other elements besides Ca, C, and O in the dinosaur egg-
shell total <1% in each shell sampled. This supports the conclusion that
there are no major elemental changes in the eggshell since burial, and
their composition remains relatively pure and appropriate for stable
isotopic testing.

3.2. Stable isotope paleoecology

The mean 6'3C and 680 values, number of samples, and standard
deviations for each material in each locality are provided in Table 1.
The Hotelling's pairwise comparisons of these means between mate-
rials and localities are presented in Table 2. F-tests and t-tests were
also performed for pairwise comparisons of carbon and oxygen be-
tween substrates tested (Table 3).

3.2.1. Carbon isotopes in dinosaur remains and paleovegetation

At Ukhaa Tolgod and Bayn Dzak, both of the Djadokhta Formation
localities, the §'3C of eggshell (5'3Cegg) values are high with a mean of
—5241.1% and —4.640.9%. respectively. The §'3Ceg from both
Djadokhta Formation sites are not significantly different (Table 3). At
Bugin Tsav, the younger Nemegt Formation locality, the mean of
8"%Cegg is similarly high (—5.6 4+ 0.65%.) (Fig. 4). Across avian groups,
eggshell calcite is enriched by ~16.0%. relative to ingested plant fodder
(Von Schirnding et al., 1982; Schaffner and Swart, 1991). If it is assumed
that non-avian dinosaurs, as extinct relatives of birds, had a similar
method of fractionation, then the vegetation of the paleoenvironment
may be characterized. With the enrichment factor of 16.0%. subtracted
from the measured 6'3C, the average plant 6'>C is found to be —21.2%
at Ukhaa Tolgod and —20.6%. and —21.6%. at Bayn Dzak and Bugin
Tsav respectively.

The closest modern day environmental analog to the calculated
plant 5'3C from the eggshells in both formations is a semi-arid desert
ecosystem that supports gymnosperms (Pinus sp.) and small shrubs
(DeLucia and Schlesinger, 1991). Among modern C3 plants, it is noted
that gymnosperms often have the highest 6'3C values (Tieszen, 1991).

Fig. 3. Photomicrographs of dinosaur eggshell. Black arrows point to the layer of radial calcite crystals in a, b, and d. a. Transmitted light radial view of an elongatoolithid eggshell
thin section (specimen IGM 100/1189) from Bugin Tsav. Note the clear delineation of the radiating acicular calcite layer from the second layer. b. Radial SEM view of IGM 100/1189
with both eggshell layers also visible. c. SEM view of IGM 100/1189 illustrating the bottom of the eggshell's mammillary cones. d. Radial SEM view of a modern ostrich eggshell that
depicts the similarities in appearance of eggshell layers to the dinosaur eggshell fragments utilized in this study.
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It is quite probable that gymnosperms like pine trees and small shrubs
dominated the Cretaceous ecosystems of Mongolia, as they are well
adapted to water stress, and the seeds from gymnosperms could have
served as a food source for nesting dinosaurs. Without actual remains
of Cretaceous gymnosperms, this is only an assumption and cannot
yet be directly tested.

It is notable that the 5'3C of the dinosaur enamel in this study and
others (Stanton Thomas and Carlson, 2004; Fricke and Pearson, 2008;
Fricke et al., 2008) is high when compared with enamel values of modern
mammals that forage on C3 plants. The 5'3C of enamel (6'3Cenam) of the
protoceratopsian teeth from Ukhaa Tolgod has an average of —5.39 +
1.53%.. This mean is similar to what was found in Fricke and Pearson
(2008) for the 6'3Cepam Of herbivorous dinosaurs of the Hell Creek For-
mation, which was — 5.9%.. The diet-tissue fractionation in mammalian
herbivores has been fairly well established (DeNiro and Epstein, 1978).
For wild herbivorous non-avian dinosaurs, the fractionation between
bulk diet and 8'3C of enamel apatite is obviously more difficult to phys-
ically test because the living relatives of dinosaurs do not have teeth. This
‘high’ 6'3C in dinosaurs could be indicative of diagenesis or, as has been
suggested by Fricke et al. (2008), indicative of a different physiological
fractionation in dinosaurs relative to ingested matter than mammals.
Fricke et al. (2008) compared hadrosaur tooth enamel to bulk organic
sediments from two different sites and consistently found a — 18%. dif-
ference between the 6'3C of organic sediment matter (diet) and the
513C of the dinosaurian tooth enamel.

If this fractionation holds true at our localities, then the Protoceratops
diet had an average value of ~— 23.4%.. This value is not only concordant
with the average value calculated from eggshell fractionation at the
same locality (—21.2%.) but with plants from water-stressed environ-
ments. C3 plants exposed to a high amount of sunlight have higher
813C values than those that are constantly shaded (Lockheart et al,,
1998). It is also critical to remember when comparing Cretaceous to
modern day 6'3C values that the absolute values of &'>C of organic
plant matter will be higher during the Cretaceous because the '3C of at-
mospheric CO, at the time was 1-2%. higher than it is today, so the 5'3C
of plants would also be higher (Hasegawa et al., 2003; Foreman et al.,
2011).

3.2.2. Oxygen in dinosaur remains and paleovegetation

The oxygen isotope composition of the eggshell fragments should
reflect the body water of the nesting mother (assuming she was an ob-
ligate drinker). The &'80 of eggshell (5'80.g) values at Ukhaa Tolgod
are highly variable with a mean of —5.243.2%. and a variance of
10.5. This is the highest variance of isotope values recorded in any of
the materials sampled in this study. The a‘soegg reflects the organism's
drinking water days before the egg was laid (Folinsbee et al., 1970;
Johnson et al., 1998).

It is possible that the §'80.g, signature is due to physiological needs
of the organisms in question. Ostriches are not obligate water drinkers —
that is, they obtain enough water to survive purely through vegetation
consumed. Leaf water in warm, dry regions can be '80-enriched relative
to the 580 of meteoric water (5'80,,w) because of preferential evapo-
transpiration of %0 (Gonfiantini et al., 1965). Captive and wild experi-
ments on ostriches in South Africa showed that while there is a

Table 1

Stable isotope results and statistics. Mean, n (sample number), standard deviation
(SD), and variance for both carbon and oxygen isotope values for all materials sampled.
Isotope values are presented in per mil (%o).

513C 5180
Material n Mean SD Var Mean SD Var

Ukhaa Tolgod eggshell 19 -52 11 12 —-52 32 105
Ukhaa Tolgod carbonate nodule 11 —-42 09 07 —-110 04 02
Bayn Dzak eggshell 5 —46 09 08 —105 15 2.1
Ukhaa Tolgod Protoceratops teeth 8 —-54 15 23 —-58 19 35
Bugin Tsav eggshell 17 —-56 07 04 —93 0.8 0.7

Table 2

Pairwise comparisons of all materials and localities. Post-hoc Hotelling's pairwise com-
parisons of eggshell and carbonate nodules within the same environment illustrate sig-
nificantly different isotopic values between Ukhaa Tolgod eggshell and carbonate
nodules. Significant p-values are shown in bold.

Ukhaa Tolgod Ukhaa Tolgod Protoceratops Bayn Dzak

eggshell carb nodes enamel eggshell
Ukhaa Tolgod eggshell
Ukhaa Tolgod 0.000000258
carbonate nodes
Protoceratops enamel  0.619286 0.000193258
Bayn Dzak eggshell 0.000206455 0.712936 0.00955824
Bugin Tsav eggshell 0.00000092  0.00303766  0.00149165 0.159946

correlation between §'80,, and the §'80 of drinking water, the strong
correlation between these two values falls apart when the ostriches
studied are wild as opposed to captive (Johnson et al., 1998). In the in-
stance of the present study, the §'80., may be reflecting the 5'0 of
leaf water in the plant, which can vary upwards of 14%. over the course
of a single day, as was supposed with wild ostriches (Johnson et al.,
1998). Consequently, the equation derived from captive ostriches is
not necessarily useful due to this wild variation, and for this reason it
will not be used in relation to these non-avian dinosaurs. The large
range of oxygen isotope values in the eggshells from this locality is prob-
ably reflective of a combination of evaporative enrichment of the water
source and evapotranspiration within the leaves of food.

The 680, from the Bayn Dzak locality of the Djadokhta Formation
has a mean of —10.5 4- 1.5%. with a variance of 2.10. At the Bugin Tsav
locality of the Nemegt Formation, the mean §'80,gg is — 9.3 -+ 0.8%, and
has a variance of 0.7, the lowest variance of all eggshell isotopic values.
The mean §'80,g, from Ukhaa Tolgod is significantly higher than that
seen at Bayn Dzak and Bugin Tsav. While this could indicate diagenesis,
the earlier findings illustrating the structural and elemental purity of
the eggshell make this less likely. In fact, this sort of difference between
localities and formations would be expected because there are clearly
differing environments represented between an arid environment like
Ukhaa Tolgod and the more mesic environment, Bugin Tsav. 680 of sur-
face waters in areas subject to evaporative water loss are high, while in
more mesic environments there is not as much variance (Sternberg et
al., 1989). The mean 6'®0gn.m Of the protoceratopsian teeth is also
high, like that from the eggshell in Ukhaa Tolgod, but less variable. It ap-
pears as though the protoceratopsians were drinking from evaporated
pools, just as is indicated in the oviraptorid eggshells, but whatever
they were eating and/or drinking was not as water stressed. More sam-
ples of the tooth enamel from different species at these localities are
needed to confirm the microhabitat differentiation between species.
The difference between the eggshell stable isotopes in oxygen values
at both Djadokhta localities is most likely explained by regional varia-
tion, primarily in hydrology as reflected by §'®0eg.

Table 3

Results from t-tests. F-tests were first performed to see if the variances between samples
were equal or unequal. Depending on that result, the appropriate t-test for equal or un-
equal variance was performed. These t-tests show at Ukhaa Tolgod, that there is a signif-
icant difference between the &'C of the carbonate nodules and eggshell. This also holds
true for the %0 for the same materials. Eggshell 5'>C composition from all three localities
is indistinguishable, but 5'0 is different. Abbreviations: UT= Ukhaa Tolgod, BD=Bayn
Dzak, BT = Bugin Tsav.

Variable 1 Variable 2 Test p Value Significant?

UT eggshell carbon  UT carbonate carbon t-equal var. 0.02 Yes
UT eggshell carbon BD eggshell carbon  t-equal var. 0.33 No
UT eggshell carbon BT eggshell carbon t-equal var. 0.14 No
UT eggshell oxygen UT carbonate oxygen t-unequal var. 0 Yes
UT eggshell oxygen BT eggshell oxygen  t-unequal var. 0 Yes
UT eggshell oxygen BD eggshell oxygen t-equal var. 0.002  Yes
BT eggshell oxygen BD eggshell oxygen t-equal var. 0.03 Yes
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Fig. 4. Bivariate plot of oxygen and carbon. 5'80 vs. 5'*C values for eggshell, tooth enamel,
and soil carbonate. Samples are marked by colored squares, circles, and triangles as noted
in the legend.

3.2.3. Carbonate nodules

The carbonate nodules from Ukhaa Tolgod do not appear to be tradi-
tional paleosol carbonates. Hasegawa et al. (2009) calls the carbonate
pebbles “reworked calcrete” at the Bayn Dzak locality. The fabric of
the nodules is micritic, pointing to early diagenetic groundwater calcite.
Eberth (1993) notes that there are similar groundwater calcrete nod-
ules in the structureless sandstones of the contemporaneous Djadokhta
Formation Bayan Mandahu locality of China's Gobi Desert. Calcite ce-
ments like those found in the Djadokhta Formation are common in
sandstones and are formed during long periods of non-deposition in
semi-arid localities with less than ~760 mm per year of precipitation
(Birkeland, 1999; Royer, 1999; Dingus et al., 2008).

At Ukhaa Tolgod, the carbonate nodule 6'3C (6'3Ccapp) mean is
— 4.1+ 0.9%.. These carbonate nodules appear to be contemporaneous
with the fossils at the same locality. Quade and Roe (1999) state that
these sorts of calcretes represent ground-water cements and can poten-
tially be used in the same way paleosol carbonates are to reconstruct
paleoclimate, but the fractionation and source of §'3C found in the
nodules are not well defined. If the pedogenic carbonate fractionation
(—16%o.) from Cerling and Quade (1993) is assumed, then the average
613C of vegetation would be about —20.4%., which is in concordance
with what we see preserved in the tooth enamel and eggshell 5'3C. Al-
though, since these carbonates are most likely early groundwater car-
bonate, the fractionation between vegetation and the &'3C.,, of this
type of carbonate is not precisely known (Quade and Roe, 1999). The
source of carbon in the carbonate nodules and the eggs are most likely
not exactly the same, so a difference between §'3Ceyrp, and §'3Cegg is
expected. In this case, the isotopic values of the carbonate nodules are
used to compare to the other carbonate at the site (eggshell) to see if
there was any mixing of the isotopic values, indicating diagenesis.
There is no linear mixing of the isotopic values from different materials
(Fig. 4) and the carbonate nodules and eggshells are significantly differ-
ent despite the fact that they are from the same site (Table 2). This fact
strengthens the assertion that the paleoenvironmental reconstruction
is not affected by diagenesis.

The §'®0., from Ukhaa Tolgod does not show as much scatter
(mean —11.04:0.4%.) in the data as the eggshell fragments from the
same locality. An F-test shows the variances of 8'80p, and §'80g,
are not equal. Generally, the 6'20 of soil carbonates is determined main-
ly by the meteoric water &'80 (precipitation), soil temperature, and soil
water evaporation (Levin et al., 2004). The fact that 5804y has such a
low variance (0.2) makes sense because it is from early-diagenetic

ground-water calcrete which would not be subject to as much evapora-
tive enrichment as more exposed water sources.

4. Comparing lithology and isotopic paleoenvironment
reconstructions

The stable isotopic inferences of environment are in concordance with
paleoenvironmental information that can be gleaned from the rock re-
cord. The Djadokhta Formation is largely composed of cross-bedded
sandstones, representing large dunes, and structureless sandslide facies.
The scarcity of small channel cuts and mud or silt stones leads one to be-
lieve the environment on the whole was devoid of abundant water
sources. Our isotopic data from Ukhaa Tolgod strongly support this as-
sumption. The high §'3Cegg and 8'3Cepam are indicative of dinosaurs feed-
ing on vegetation adapted to a dry environment. The oviraptorid
eggshells from Ukhaa Tolgod show a large spread of oxygen isotopic
values, but the Protoceratops teeth from the same locality tell a different
story with much less 680 variation, perhaps due to differences in micro-
habitats of oviraptors versus protoceratopsians. It is fairly apparent from
both lithological and isotopic evidence that dinosaurs at Djadokhta local-
ities were not drinking running water from frequently replenished
sources. The eolian dunes had minimal drainage, with runoff collecting
in interdune ponds and streams undergoing evaporation.

Similar lithologies at the contemporaneous Bayn Dzak locality give
us a similar paleoenvironmental interpretation from the rocks. The sta-
ble isotope values of the eggshell from Bayn Dzak are different from
those at Ukhaa Tolgod; the §'3C.q; means are statistically similar, but
there is a substantial difference in the 8180egg at these Djadokhta For-
mation localities. The 5'®0g, at Bayn Dzak shows lower enrichment
in '80 than at Ukhaa Tolgod, which illustrates that the environment
could have been less dry at Bayn Dzak representing regional hydrolog-
ical variation.

On the other hand, the lithology of Bugin Tsav locality of the younger
Nemegt Formation is most certainly representative of a more mesic en-
vironment than the Djadokhta Formation localities. In the Nemegt For-
mation, there are clear features in the sandy siltstones, such as ripples
and flaser structures, that indicate the paleoenvironment was a braided
stream system. Most of the fossils there are preserved in laterally dis-
continuous deposits of sandstone, which are indicative of point bars.
The lack of carbonate nodules at this locality, which generally only
form in dry conditions, also reinforces the notion that these two forma-
tions represent different types of environments. The stable isotopic ev-
idence presented in this paper also strengthens this interpretation. The
smaller variance of Slsoegg at Bugin Tsav (compared with Ukhaa
Tolgod) (Table 3) suggests that oviraptorids were drinking from less
evaporated bodies of water, such as streams. Interestingly, there is no
statistical difference when Hotelling's post-hoc comparison (Table 2)
is performed between eggshell from Bayn Dzak (Djadokhta) and
Bugin Tsav (Nemegt), indicating that perhaps Ukhaa Tolgod was an un-
usually dry environment in the Late Cretaceous in this region. This
unique quality of the environment at Ukhaa Tolgod could be part of
the reason for such unprecedented exceptional fossil preservation at
this locality when compared with other Gobi localities (Dashzeveg et
al., 1995). The consumed vegetation 6'3C for both formations is calcu-
lated to be ~—22%., which indicates that the type and physiological
qualities of the plants present in both sorts of environments were the
same. Further discovery and sampling of organic plant material from
these localities is needed to confirm our isotopic inferences about the
plants these dinosaurs were eating.

5. Summary

Overall, when stable isotopes are examined in dinosaur remains, envi-
ronmental heterogeneity becomes apparent in both plants and surface
waters when compared within the same formation and time slice (Bayn
Dzak and Ukhaa Tolgod) and also between localities from two different
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formations potentially spanning millions of years (Ukhaa Tolgod/Bayn
Dzak versus Bugin Tsav). Comparing within and between formations
and time scales helps us test the viability of our methods for
reconstructing environmental change in a basin over time. While this re-
construction cannot particularly reveal whether the Mongolian fauna fell
victim to either a mass-wasting event like a sandslide (Loope et al., 1998)
or were buried in a sudden sandstorm (Jerzykiewicz, 1998), it shows that
the Gobi Desert was still a dry, harsh environment ~80 Ma. Even before
the uplift of the Tibetan plateau and the Himalayas during the Cenozoic,
which currently deprive the Gobi of rainfall, this ecosystem probably
was only able to support sheltered areas of biodiversity where organisms
could thrive and reproduce.
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