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ABSTRACT:  Oxygen isotope compositions of tooth enamel increments in theropod dinosaurs are investigated as potential
proxies of climate seasonality. Six teeth of large carnivorous theropods collected from four Cretaceous formations
deposited under contrasted climates have been sampled. These teeth have been analyzed for the oxygen isotope
compositions of their apatite phosphate (6180p) through incremental sampling performed along the major growth
axis. Significant fluctuations in oxygen isotope compositions alon$ the growth axis of each tooth are observed and
interpreted as reflecting seasonality in ingested local surface water 5'°0,, values. Fluctuations in 6180}, values of theropod
teeth from the Aptian of Thailand and Cenomanian of Morocco vary similarly to meteoric water §'%0,,, values
occurring today in sub-tropical regions subjected to large seasonal amounts of precipitations. A dinosaur tooth recovered
from the more inland and mid-latitude Nemegt Formation of Mongolia shows a seasonal pattern similar to present-day
cold temperate and continental climate. Finally, the high latitude and coastal Kakanaut Formation (Russia) experienced
strongly dampened seasonal variations, most likely due to the influence of warm Pacific oceanic currents. Such conditions
occur today in high latitude regions submitted to marine influence. These results further highlight the potential of using
the oxygen isotope compositions of large theropod teeth to reconstruct past seasonal variations of terrestrial climates.
Increased knowledge of past seasonality may help to better understand the complex interactions between climate and
the dynamics of land biodiversity in terms of ecological adaptations, biogeography and the evolutionary history of
organisms.

Fricke et al. 1998; Fox and Fisher 2001; Zazzo et al. 2002; Bernard et al.
2009). However, during the Mesozoic Era, mammals were too small for their
teeth to grow over a sufficient period of time to allow seasonal analysis. Con-
sequently, available proxies of seasonality have been reduced to isotopic stu-
dies of marine organisms such as bivalves or cephalopods (e.g., Steuber et al.
2005; Lécuyer and Bucher 2006; Dutton et al. 2007). Stable oxygen isotope
composition of theropod dinosaur tooth enamel may constitute a relevant proxy
of seasonal variations of terrestrial climates. Indeed, theropod teeth are particu-
larly abundant in the fossil record, and since theropods were homeothermic and
carnivorous vertebrates, their tooth phosphate oxygen isotope composition is

INTRODUCTION

Climate seasonality refers to the intra-annual fluctuations of physical para-
meters such as temperature or amounts of precipitation. In response to these
variations, living organisms have developed various adaptations such as migra-
tion, hibernation, thermophysiology or reproductive strategies, which enable
them to withstand seasonally extreme conditions such as freezing winters or
drought periods. Therefore, the knowledge of seasonality is of paramount
importance in order to understand some aspects of biodiversity dynamics or
evolutionary trends (Tauber et al. 1986; Comeau et al. 2002; Altizer et al.
2006). Studies of past seasonality are limited by the scarcity of geological

archives or proxies, most of which are based on the stable isotope compositions
of fossilized organisms having prolonged or continuous growth (mollusk
shells: Ivany et al. 2004; tree rings: McCarroll and Loader 2004; mammal
teeth: Bernard et al. 2009; corals: Giry et al. 2012). When considering the Cen-
ozoic Era, serial oxygen isotope analyses of hypsodont mammal teeth have
been commonly used to reconstruct past seasonal variations of climate (e.g.,
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linearly related to that of local surface waters they drank (Amiot et al. 2004,
2011; Straight et al. 2004; Suarez et al. 2012, 2013, 2014; Domingo et al.
2013). Moreover, theropod teeth incrementally grew over several months
depending on their size (up to 2.5 years for large adult tyrannosaurs; Erickson
1996b), and were continuously replaced throughout their life. Thus, each tooth
increment records the oxygen isotope composition of recently ingested water,
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i.e., surface waters (rivers, lakes, ponds) that mostly derive from local meteoric
waters. In turn, meteoric waters have 8'%0 values (SISOmw) reflecting both
local air temperature and humidity (Dansgaard 1964; Rozanski et al. 1993).
Thus, theropod dinosaur teeth should record seasonal variations in local meteo-
ric water 8'®0,, values integrated over their growth periods (Straight et al.
2004). It is noteworthy that the §'°0 value of surface waters (5'%0,,) can differ
from that of local precipitations due to local processes such as evaporation,
mixing with ground waters, mixing with river drainage catchments with differ-
ent water oxygen isotope compositions, and orographic effect (e.g., Dutton
et al. 2005). Such processes complicate the interpretations in terms of climatic
reconstructions.

We have measured the oxygen isotope compositions of phosphate (618Op) of
enamel apatite incrementally sampled along six theropod teeth recovered from
four sedimentary deposits for which distinct climate modes have been
previously proposed. The measured 6180p profiles have been compared to
present-day seasonal records of 880, values provided by climate stations
operated by the International Atomic Energy Agency-World Meteorological
Organization (IAEA-WMO) and discussed in terms of seasonal variations of
air temperature, amounts of precipitation and continentality.

MATERIALS AND METHODS
Sample Collection

Enamel of six teeth of large theropods have been sampled and analyzed for
their oxygen isotope composition of phosphate (SISOP). These teeth were
recovered from four Cretaceous localities ranging in paleolatitude from about
16°N to 75°N (Fig. 1). One tooth, referred to Spinosaurus aegyptiacus (Mca)
and another one attributed to Carcharodontosaurus saharicus (Mcb) come
from the lower Cenomanian Ifezouane Formation at Khetitila Shrira, Morocco
(Fig. 1B; Cavin et al. 2010). Tooth crown ‘Mca’ is 49 mm long from the apex
to the base, whereas ‘Mcb’ is a 41 mm long fragment of a larger tooth. Two
large theropod teeth, ‘Ta’ and ‘Tb’, have been recovered from the Thai local-
ities of Khok Pha Suam and Ban Sapan Hin, respectively (Fig. 1A), both
from the Aptian Khok Kruat Formation (Racey 2009; Racey and Goodall
2009). Sample ‘Ta’ is missing the tip, as well as a part of the root, and is 33
mm long. Sample ‘Tb’ is only missing the root and is 53 mm long. These teeth
may belong to carcharodontosaurid theropods, which are the only non-spino-
saurid large theropods hitherto recorded from the Khok Kruat Formation
(Azuma et al. 2011). Tooth ‘Mg’ comes from the locality of Yagaan Khovil,
Mongolia (Fig. 1C; Susuki and Watabe 2000; Watabe and Tsogtbaatar 2004).
The associated fauna is characterized by the occurrence of large-sized tyranno-
saurids and hadrosaurids and the bird-like small theropod Avimimus, which
suggests that this locality belongs to the Maastrichtian Nemegt Formation (Jer-
zykiewicz and Russell 1991; Hasegawa et al. 2009). It is a fragmentary tooth
measuring 53 mm along the growth axis. The frontal carina, which curves
mesially toward the cervix and the wide denticles, which do not curve toward
the apex, are both characteristics of Tyrannosauridae (Currie et al. 1990) but
the tooth could not be identified at the generic level. Tooth ‘R’ comes from
the Maastrichtian Kakanaut Formation at Kakanaut, in Northeastern Russia
(Fig. 1C; Golovneva 1994, 2000; Rich et al. 2002; Godefroit et al. 2009);
only its crown, 25 mm long, is preserved. As with the Mongolian tooth, the
denticles of tooth ‘R’ are characteristic of Tyrannosauridae (Currie et al. 1990).

Analytical Method

The sampling technique followed the conventional method adopted by Bry-
ant et al. (1996) and Fricke et al. (1998) for herbivorous mammals and adapted
for theropods by Straight et al. (2004) based on different histological studies
(Erickson 1996a, 1996b; Sander 1999, 2000). The teeth have been washed to
remove traces of sediment. Then, enamel samples were collected using a sphe-
rical diamond-tipped drill bit (1 mm in diameter) perpendicularly to the major

Fic. 1.—Paleogeographic maps (modified after Blakey 2015) showing the
four Cretaceous localities from which the six theropod teeth have been
recovered. A) Map of the Aptian showing the Thai localities of Khok Pha
Suam (1) and Ban Sapan Hin (1) both belonging to the Khok Kruat Formation.
B) Map of the Cenomanian showing the Moroccan locality of Khetitila Shrira
(2) belonging to the Ifezouane Formation. C) Map of the Maastrichtian showing
the Mongolian Yagaan Khovil locality (3) and the Russian Kakanaut locality (4)
belonging respectively to the Nemegt Formation and the Kakanaut Formation.

growth axis (Fig. 2). The width of grooves was kept narrow and fixed for each
tooth between 0.9 and 1.8 mm in order to both minimize time-averaging and
collect a sufficient mass of enamel powder ranging between 2 and 3 mg.
Each of the sampled powders was treated following the wet chemistry pro-
tocol described by Crowson et al. (1991), slightly modified by Lécuyer et al.
(1993) and adapted by Bernard et al. (2009) for small sample weights (3
mg). This protocol consists of the wet chemical isolation of phosphate ions
from apatite using acid dissolution and anion-exchange resin and subsequent
precipitation as AgsPO, crystals. For each sample, 3 mg of enamel powder
was dissolved in 1 mL of 2 M HF overnight. CaF, residue was separated by
centrifugation and the solution was neutralized by adding 1 mL of 2 M
KOH; 1.5 mL of Amberlite™ anion-exchange resin was added to the solution
to separate the PO43" ions. After 24 hours, the solution was removed and the
resin was eluted with 6 mL of 0.1 M NH4NO;. After four hours, 0.1 mL of
NH,4OH and 3 mL of an ammoniacal solution of AgNO; were added and the
samples were placed in a thermostated bath at 70°C for six hours, allowing
the precipitation of AgzPO, crystals. Oxygen isotope compositions were
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Fi6. 2.—Schematic cross section (left) and picture (right) of the spinosaurid tooth (Mca) illustrating the sampling strategy adopted in this study. Dentin grows by
cone-shaped increments adding up from the apex to the cervix of the crown. Each growth increment of dentin is associated with a circular band of enamel (see
caption). The sampling strategy consisted in sampling enamel along inter-parallel bands perpendicularly to the major growth axis.

measured using a high temperature elemental analyzer (EA)-pyrolysis inter-
faced in continuous flow (CF) mode to an isotopic ratio mass spectrometer
(IRMS) (EA-Py-CF-IRMS technique, Lécuyer et al. 2007; Fourel et al.
2011). For each sample, five aliquots of 350 to 400 pg of silver phosphate
were mixed with 350-400 pg of pure powder graphite loaded in silver foil cap-
sules. Pyrolysis was performed at 1450°C using a varioPYROcube™ Elemen-
tal Analyzer interfaced in continuous flow mode with an Isotopic Ratio Mass
Spectrometer Isoprime™.

Measurements have been calibrated against the NBS120c standard (natural
Miocene phosphorite from Florida). The value of NBS120c was fixed at
21.7%0 (V-SMOW) accordingly to Lécuyer et al. (1993) for correction of
instrumental mass fractionation during CO isotopic analysis. Silver phosphate
precipitated from the NBS120c standard was repeatedly analyzed (6180p =
21.7 £0.3%o¢, n = 16) along with the silver phosphate samples derived from
the enamel to ensure that no fractionation occurred during the wet chemistry.
The average standard deviation equals 0.26 +0.11%o.

RESULTS

Oxygen isotope compositions of enamel increments from the six theropod
teeth are reported in Table 1. They range from 16.4%o to 19.2%0 and from
19.2%¢ to 22.0%0 for Moroccan Spinosaurus and Carcharodontosaurus,
respectively. Thai teeth attributed to carcharodontosaurids have 6180p values
ranging from 13.5%o to 17.1%¢ and from 18.4%o to 21.0%.. Mongolian and
Russian tyrannosaurids have 6180,, values ranging from 11.1%o to 14.0%o,

and from 10.3%o to 11.9%o, respectively. For each tooth, the 6180p values of
enamel increments are plotted against their approximate time of growth (Fig.
3A, 4A, 5A, 6A) assuming a constant enamel growth rate of about 50 mm/yr
(Erickson 1996a, 1996b; Straight et al. 2004). Each value corresponds to an
enamel increment of 0.9 to 1.8 mm in width, corresponding to an isotopic com-
position averaged for about one to two weeks. Considering the analytical error
to be about 0.3%o, observed intra-tooth variations ranging from 1.7%. and
3.5%o are assumed to be significant.

DISCUSSION
Preservation of the Original Oxygen Isotope Compositions

Secondary precipitation of apatite and isotopic exchange during microbially
mediated reactions may alter the primary isotopic signal (Blake et al. 1997,
Zazzo et al. 2004a, 2004b). However, apatite enamel has a low porosity and
hence limited pore space for the precipitation of secondary minerals (Zazzo
et al. 2004a, 2004b). Apatite enamel also has a very low organic matter content
that makes it unsuitable for bacterial development. Furthermore, the pore size
of dentin canals is probably too small for bacteria to penetrate and only cracks
may create pathways to the heavily crystallized enamel (Kohn et al. 1999).
Even on a geological time scale, inorganic isotopic exchange might not affect
the oxygen isotope composition of phosphates as the covalent bond between
oxygen and phosphate is very hard to break (Shemesh et al. 1983; Lécuyer et al.
1999).
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TaBLE 1.—Phosphate oxygen isotope composition of theropod dinosaur enamel increments reported along with the taxon name, location, age and the distance of
the increment from the apex.

Distance from

5'%0

)
Sample Taxon Locality name Country Formation Age apex ( mm) (%0 V-SMOW)
Mcal Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 45.5 17.5
Mca2 Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 41.5 17.4
Mca3 Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 37.5 18.0
Mca4 Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 34.0 18.8
Mca5 Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 29.0 17.8
Mca6 Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 25.0 19.0
Mca7 Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 21.0 18.9
Mca8 Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 16.0 19.2
Mca9 Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 12.5 17.5
Mcal0 Spinosaurus aegyptiacus Khetitila Srhira Morocco Ifezouane early Cenomanian 9.0 16.4
Mcbl Carcharodontosaurus saharicus Khetitila Srhira Morocco Ifezouane early Cenomanian 35.5 20.6
Mcb2 Carcharodontosaurus saharicus Khetitila Srhira Morocco Ifezouane early Cenomanian 31.0 19.5
Mcb3 Carcharodontosaurus saharicus Khetitila Srhira Morocco Ifezouane early Cenomanian 27.5 21.0
Mcb4 Carcharodontosaurus saharicus Khetitila Srhira Morocco Ifezouane early Cenomanian 23.5 22.0
Mcb5 Carcharodontosaurus saharicus Khetitila Srhira Morocco Ifezouane early Cenomanian 19.5 20.2
Mcb6 Carcharodontosaurus saharicus Khetitila Srhira Morocco Ifezouane early Cenomanian 15.0 21.0
Mcb7 Carcharodontosaurus saharicus Khetitila Srhira Morocco Ifezouane early Cenomanian 10.5 20.4
Mcb8 Carcharodontosaurus saharicus Khetitila Srhira Morocco Ifezouane early Cenomanian 6.5 19.2
Mcb9 Carcharodontosaurus saharicus Khetitila Srhira Morocco Ifezouane early Cenomanian 3.0 20.7
Tal Carcharodontosauridae indet. Khok Pha Suam Thailand Khok Kruat Aptian 26.0 13.5
Ta2 Carcharodontosauridae indet. Khok Pha Suam Thailand Khok Kruat Aptian 23.5 14.2
Ta3 Carcharodontosauridae indet. Khok Pha Suam Thailand Khok Kruat Aptian 19.5 14.9
Ta4 Carcharodontosauridae indet. Khok Pha Suam Thailand Khok Kruat Aptian 15.5 14.4
Tas Carcharodontosauridae indet. Khok Pha Suam Thailand Khok Kruat Aptian 11.5 152
Ta6 Carcharodontosauridae indet. Khok Pha Suam Thailand Khok Kruat Aptian 7.5 16.1
Ta7 Carcharodontosauridae indet. Khok Pha Suam Thailand Khok Kruat Aptian 3.5 17.1
Ta8 Carcharodontosauridae indet. Khok Pha Suam Thailand Khok Kruat Aptian 0.0 16.9
Tbl Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 45.0 20.9
Tb2 Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 40.5 21.0
Tb3 Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 36.5 21.0
Tbd Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 32.0 21.0
Tb5 Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 28.0 19.7
Tb6 Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 24.0 20.6
Tb7 Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 20.0 19.6
Tb8 Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 16.0 18.4
Tb9 Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 12.5 18.9
Tb10 Carcharodontosauridae indet. Ban Sapan Hin Thailand Khok Kruat Aptian 7.0 19.3
Mgl Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 46.0 13.0
Mg2 Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 41.5 13.3
Mg3 Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 38.0 13.7
Mg4 Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 34.0 14.0
Mg5 Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 29.5 13.5
Mg6 Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 25.5 13.5
Mg7 Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 21.5 13.6
Mg8 Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 18.0 13.9
Mg9 Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 14.0 13.5
Mgl0 Tyrannosauridae indet. Yagaan Khovil Mongolia Nemegt Maastrichtian 10.0 11.1
RO Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 21.0 10.7
R1 Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 19.0 11.0
Rla Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 17.0 10.7
R2 Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 15.0 10.3
R2a Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 13.0 10.3
R3 Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 11.0 10.7
R3a Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 9.0 11.1
R4 Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 7.0 11.9
R4a Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 5.0 10.7
RS Tyrannosauridae indet. Kakanaut Russia Kakanaut Maastrichtian 2.0 10.4

To date, only one method is available to demonstrate directly whether or not
the pristine oxygen isotope compositions of fossil vertebrate phosphate has
been altered by diagenetic processes. This method is based on triple oxygen
analysis (%0, "0, '80) of phosphate of vertebrate apatite (Gehler et al.
2011). However, considering the analytical uncertainty at the time this study

was carried out, the validity of the method was restricted to small mammals
and it remains to be tested for large endotherms like dinosaurs.

The present dataset consists of phosphate oxygen isotope composition of
tooth enamel only. The main arguments supporting the preservation of the ori-
ginal oxygen isotope compositions are the significant intra-tooth variations in
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6180p values along the growth axis that mimic seasonal patterns that can be
observed nowadays under various climate regimes. If isotopic re-equilibration
with diagenetic fluids occurred, it would have homogenized oxygen isotope
compositions of all enamel increments within each tooth. Furthermore, four
of these teeth (Mca, Mcb; Ta, Tb) come from deposits for which Amiot et al.
(2009) and Amiot et al. (2010b) have demonstrated the preservation of the ori-

compositions, and will be interpreted in terms of seasonal variations of the liv-
ing environment of these dinosaurs.

Influences of Physiology and Ecology

Theropods were homeothermic vertebrates (Barrick and Showers 1994;
Fricke and Rogers 2000; Amiot et al. 2006), which means that they maintained

ginal oxygen isotope compositions of phosphatic remains based on the obser-
vation of expected 6180lD value differences between animals having various
ecologies and physiologies (e.g., endothermic and terrestrial dinosaurs vs.
ectothermic and semi-aquatic crocodilians and turtles). In this case, diagenetic
alteration would have homogenized oxygen isotope compositions of all phos-
phatic remains and erased these biological differences (Lécuyer et al. 2003).
Based on these considerations, we assume that the 6180p values of analyzed
theropod teeth have at least partly preserved their original isotope

arelatively constant body temperature. Thus, the 6180p value of their enamel is
linearly related to the oxygen isotope composition of body water (8'%0yy,). As
theropods were carnivorous, their body water came from ingested waters, most
of them being surface waters, with a minor contribution of body water derived
from their prey (Kohn 1996). It is worth noting that Kohn and McKay (2012)
have observed that oxygen isotope compositions of apatite of fossil carnivores
were systematically higher (4 to 5%o) than those of the associated herbivores.
They tentatively explained this enrichment by either an unknown physiological
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effect or a greater incorporation of '30 from food water or proteins of their prey
items. Assuming that the contribution of prey water consumption is constant,
this isotopic enrichment should not distort the intra-tooth isotopic variations.
Thus, the &' SOp values of theropods reflect the 80, values of local environ-
mental waters, assumed to be meteoric waters or derived from them.

Both enamel mineralization processes and body water residence time in
large mammals have been recognized to dampen the oxygen isotope signal
(Passey and Cerling 2002; Kohn 2004).

During the process of mineralization, the initial volume of enamel deposited
is not fully mineralized and has a high protein content. Progressively, proteins
are degraded and the mineral content increases. Thus, during the time it takes
for the enamel to achieve maturation, it may incorporate oxygen from body
water, which results from a time-averaged oxygen isotope composition of
environmental water ingested by the animal. Moreover, water residence time
in an animal’s body increases with increasing body mass, thus affecting the
resulting oxygen isotope composition of body water and apatite by dampening
the environmental seasonal signal.

It is noteworthy that mammalian and reptilian enamels have differences and
similarities in mineralization processes. For instance, in the scincid lizard Chal-
cides viridanus, ameloblast Tomes’ processes (present in mammals) are lacking
and enamel prisms do not form (Delgado et al. 2005). On the other hand, the
maturation process, at least in Chalcides viridanus, progresses from the tip
towards the base of the tooth similarly to that of mammals. Because no infor-
mation about the duration of the maturation process is available, the related
dampening effect is difficult to estimate. In theropods, the enamel is rather
thin (~ 150 pm; Sander 1999) compared to that of large mammals. This differ-
ence of thickness could be associated with shorter duration of maturation for
reptilian enamel, reducing the dampening as a result.

Kohn (2004) proposed that the dampening effect in large mammals such as
bovids and horses should range between 40% and 70%. Bernard et al. (2009)
have modeled the dampening effect for Pleistocene bison (Bison priscus) based
on oxygen isotope analysis and predicted a dampening factor of about 50 to
55% for these 700 to 800 kg animals. In the case of theropods, this dampening
is unknown. All analyzed teeth belong to large theropods of similar sizes,
weighing between one to a few tons according to various estimates (e.g., Ther-
rien and Henderson 2007). From the above-mentioned considerations, large
theropod dinosaurs are assumed to have a shorter maturation time leading to
reduced dampening effect, but a body water residence time larger than that

of modern large mammals, thus increasing the resulting dampening effect.
Because neither effect can be quantified, a dampening of about 50% is
assumed. We emphasize that the general seasonal pattern in terms of variations
is not modified by this choice, but only the amplitude. Therefore, it is assumed
that the measured amplitude of variations in theropod 6'80p values reflect sea-
sonal variations of environmental water §'0,, values with a dampening of at
least 50%. Figures 3B, 4B, 5B, 6B illustrate the possible restored amplitude
in 6'80 values of waters ingested by theropods assuming a dampening effect
of 50%.

It is also noteworthy that the 5180p profile of the Moroccan carcharodonto-
saurid tooth ‘Mcb’ has an average SISOP value more positive than that of the
spinosaur tooth ‘Mca’. This is likely the result of a distinct ecology, the spino-
saur being semi-aquatic (Amiot et al. 2010a; Ibrahim et al. 2014), hence having
enhanced water fluxes flushing through the body and being subjected to less
water loss through evaporation than the apparently fully terrestrial carcharo-
dontosaur. As a result, the spinosaur body water and apatite phosphate were
less '80-enriched than those of the carcharodontosaur (Amiot et al. 2010a).

Climate Seasonality Recorded by Theropod Teeth

Global paleogeography during the Cretaceous (Fig. 1), and partial pressure
of atmospheric CO, (up to 1000 ppm according to Franks et al. 2014) were dif-
ferent from those of today, thus affecting the global water cycle and spatial dis-
tribution of marine and terrestrial surface temperatures (e.g., Ufnar et al. 2002;
Amiot et al. 2004; Pucéat et al. 2007; Suarez et al. 2011). In this context,
although it is likely that global Cretaceous climate modes may have had no
modern equivalent, seasonal patterns of local temperature and precipitation
do have present-day analogues. Keeping this in mind, the oxygen isotope pro-
files of theropod teeth were qualitatively compared to present-day records of
seasonal variations in 8'0y,, values provided by IAEA-WMO stations acces-
sible via the Global Network of Isotopes in Precipitation (GNIP) database
(Figs. 3C, 4C, 5C, 6C; IAEA/WMO 2015), assuming that intra-tooth variations
in theropod 6180p values reflect intra-annual fluctuations in meteoric water
5'%0,,,, values. For consistency, stations at latitudes similar to the paleolati-
tudes of Cretaceous localities have been considered for comparison. It should
be emphasized that each analyzed tooth does not record a complete seasonal
pattern.
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6180p profiles of theropod teeth ‘Mca’ and ‘Mcb’ from Morocco appear to
have spanned about nine and eight months of seasonal record, respectively
(Fig. 3A). They are characterized by similar amplitudes of about 3%, although
the average 6]80,, value of the carcharodontosaur tooth ‘Mcb’ is more positive
than that of the spinosaur tooth ‘Mca’ as a result of different ecologies (see pre-
vious section). Both tooth profiles show several minima and maxima that are
comparable to the 5'30,,,, values of present-day meteoric waters from regions
subjected to a large amount of seasonal precipitation, such as that recorded in
the East Asian station of Fuzhou, People’s Republic of China (Fig. 3C). More-
over, Amiot et al. (2010b) estimated an average §'%0,.,, value of =5.0+ 1.0%
for the locality of Khetitila Shrira from crocodile and turtle 61801D values. This
value falls within the range of variations of present-day 8'®0,, values of
meteoric water (—3%o to —10%o; Fig. 3B) recorded by the station of Fuzhou
and which is close to the mean annual value of —5.5%0. Under such climates,
episodes of heavy rain during spring and summer lead to more negative
880, values (the so-called amount effect). Similarities between the seasonal
variations in 8'¥0,, values at Fuzhou and the raw (Fig. 3A) and “dampening-
effect corrected” (Fig. 3B) &' 8Op profiles of theropod teeth suggest that Moroc-
can paleoenvironments during the early Cenomanian were far from being as
arid as traditionally viewed, but instead at least temporarily highly wet. Multi-
ple and rapid (two to three month) fluctuations in the 8'30,, values of local
waters suggest that the precipitation regime was episodic rather than seasonal,
as previously proposed by Russell and Paesler (2003).

The 6180lD profiles of Thai teeth ‘“Ta’ and ‘Tb’ integrate about seven and nine
months of seasonal record, respectively (Fig. 4A). They show large amplitudes
in 8'%0,, values between 2.6%o and 3.6%s, with ‘Tb’ having §'*0, values sig-
nificantly higher than ‘Ta’. Considering that these two teeth belong to indivi-
duals from the same taxon and were recovered from the same geological
formation but from distinct localities (Khok Pha Suam and Ban Sapan Hin),
the differences in the ranges of SISOP values are probably the results of climate
fluctuations on larger time scales (centennial or millennial). It is also possible
that the two teeth reflect large intra-annual amplitudes of the local 850y,
values such as those experienced today in monsoonal climates such as those
of Southeast Asia. The present-day IAEA station of Hanoi, Vietnam (Fig.
4C), shows a seasonal 8'%0,,, profile compatible with those recorded by the
two teeth ‘Ta’ and ‘“Tb’ (Fig. 4A, 4B). Moreover, Amiot et al. (2009) estimated
an average 880, value of —6.7%. from crocodile and turtle 6'80p values.
This value falls within the range of variations of present-day 'O, values

of meteoric water (—1%o to —12%o; Fig. 4B) recorded by the station at Hanoi
and which is close to the mean annual value of —5.7%.. Under these climate
conditions, 830, values result from the large amounts of spring to summer
precipitation corresponding to the summer monsoon. There is no clear consen-
sus on climatic conditions that prevailed in northeastern Thailand during the
deposition of the Khok Kruat Formation. It is, however, agreed that the deposi-
tional environment was a large flood plain with meandering river systems con-
taining paleosols and silcretes indicative of aridity (Meesook 2000, 2011). The
combination of both aridity markers and large hydrologic systems suggest that
local climate was seasonal. Moreover, climates subjected to such large amounts
of seasonal precipitation have previously been proposed for the Aptian Khok
Kruat Formation of Thailand on the basis of both oxygen and carbon isotope
compositions of vertebrate apatites (Amiot et al. 2009, 2015).

The 6180p profile of theropod tooth ‘Mg’ from Mongolia spans about eight
months of seasonal record and shows a rapid rise from a low 6180p value of
11.1%o to higher values fluctuating between 13.5%0 and 14.0%0 over about
five to six months, and then drops again (Fig. SA). Considering the continental
and mid-paleolatitude location of the sedimentary deposit where the tooth was
recovered, it is likely that the seasonal fluctuation in 5130, values was mainly
controlled by air temperature. Similar seasonality prevails today in areas
experiencing continental climates. For example, the IAEA station of Krakow,
Poland, records air temperature fluctuations that are similarly correlated to
8"® 0y fluctuations (Fig. 5C). It is noteworthy that during the summer, a
high amount of local precipitation, in the form of summer storms can be asso-
ciated with a slight drop in 8'%0,,,, values as already observed in several stu-
dies (Higgins and MacFadden 2004; Straight et al. 2004; Bernard et al.
2009). This effect could account for the ~0.5%o drop in 6180p values observed
within the five to six months of 6180p maxima (Fig. 5A) that may correspond
to a larger drop of at least 1%o considering the dampening effect due to body
water residence time (Fig. 5B). High amounts of seasonal (summer?) precipita-
tion are compatible with associated sedimentological criteria such as well-
developed fluvial channels, mature caliche paleosols, as well as the lack of
eolian dunes, which indicate seasonal climate (Jerzykiewicz and Russel, 1991).

The 6180lJ profile of the theropod tooth ‘R’ from Russia spans about five
months and shows the lowest amplitude in 8180p values (1.6%o; Fig. 6A). Dur-
ing the Maastrichtian, the Kakanaut Formation was deposited in Far East Rus-
sia in the vicinity of the Pacific paleo-coast, at a paleolatitude of about 75°N
(Fig. 1C). Similar patterns can be observed today in high-latitude coastal
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regions as illustrated by the climate mode of the IAEA station of Reykjavik in
Iceland (Fig. 6C). In these regions, the influence of the warm North Atlantic
Current that continues the Gulf Stream brings warm waters from low latitudes.
As a result, intra-annual air temperature variations are weakened, leading to
low seasonal amplitudes in &30y, values (Fig. 6C). Conditions of comparable
amplitude may have prevailed along the Pacific coast of northeastern Russia
during the deposition of the Kakanaut Formation. Indeed, enhanced heat trans-
fer toward polar regions through oceanic currents resulted in a globally warm
Arctic Ocean as evidenced by paleobotanical studies (Herman and Spicer
1996; Spicer and Herman 2010). Moreover, it has been proposed that the Kaka-
naut paleoenvironments experienced low seasonality with 1500 to 1700 mm of
annual precipitation equally distributed over the year and 10°C of mean annual
temperature variation with temperatures as low as 3°C for the colder months
(Golovneva 2000). It is noteworthy that the contemporaneous tooth from the
Nemegt Formation of Mongolia, situated at a lower paleolatitude (~ 45°N),
records a higher amplitude in 6180p values than the Russian tooth situated at
a higher paleolatitude (~ 75°N). This counter-intuitive observation may be
due to the effect of continentality that significantly affects the seasonal ampli-
tude of oxygen isotope composition of local meteoric waters (e.g., Dansgaard
1964). However, it cannot be excluded that the low amplitude in 8'80p values
measured in the theropod tooth from the Kakanaut Formation could be the
result of migratory behavior within dinosaur faunas, which is known to dam-
pen intra-tooth oxygen isotope variations (e.g., Britton et al. 2009).

CONCLUSION

Oxygen isotope compositions of phosphate have been analyzed in incre-
ments sampled along the major growth axis of six large theropod dinosaur
teeth. According to previously estimated theropod tooth growth rates, the stu-
died teeth took between six and nine months to grow. Significant intra-tooth
variation in 6180p values are interpreted as reflecting seasonal variation in local
surface waters. For the four Cretaceous localities from which the teeth have
been recovered, different local climate patterns comparable to extant ones
have been recognized. Theropod teeth from the early Cenomanian Ifezouane
Formation of Morocco and from the Aptian Khok Kruat Formation of Thailand
have 6180,J patterns reflecting warm climates subjected to large amounts of
seasonal precipitation. Such climate seasonality can be observed today in
Southeast Asia, for instance in South China or in Vietnam. The tyrannosaurid
tooth recovered from the Maastrichtian Nemegt Formation of Mongolia has a
8180p pattern most likely reflecting seasonal variation in local air temperatures
in relation to its mid-latitude and continental location. Similar patterns occur
today in regions far inland such as Central Europe. Finally, the tyrannosaurid
tooth recovered from the Maastrichtian Kakanaut Formation of Far East Siberia
shows a weaker intra-tooth 6180,J variation pattern despite its high paleolati-
tude (about 75°N). This might be due to the proximity of the fossil locality
to the Pacific Ocean. Maastrichtian oceanic current circulation may have wea-
kened the seasonal amplitude of air temperatures in coastal areas including the
Kakanaut locality. High-latitude islands and coastal regions of the North Atlan-
tic such as Iceland or west Norway experience similar amplitudes in air tem-
perature and oxygen isotope composition of rain waters, buffered by the
North Atlantic current. However, we consider all these interpretations cau-
tiously as they rely on only one to two teeth analyzed per locality. More teeth
from the same localities should be analyzed to assess the inter-annual variabil-
ity along with inter-specific variability of oxygen isotope composition in order
to draw firm conclusions. Nonetheless, following the previous attempt made by
Straight et al. (2004), this study highlights the potential of using phosphate
oxygen isotope composition of enamel from large theropod teeth to retrieve
seasonal patterns of climate parameters for terrestrial environments during
the Mesozoic. One further step would be to better constrain the oxygen isotope
fractionation between theropod tooth phosphate and water, as well as

physiological aspects of large theropod dinosaurs weighing a few tons, such
as body water residence time. This would ultimately make it possible to quan-
titatively estimate seasonal amplitudes of local 8180, values and estimate
intra-annual variations in air temperatures or amounts of precipitations.

Reconstructed seasonal variations in Cretaceous terrestrial climates present
in this and previous studies reveal significant fluctuations from the intra-annual
to the million year scale contrasting with the traditional view of a Mesozoic Era
dominated by equable climatic conditions. Under such conditions, it is not sur-
prising that dinosaurs, which benefited from sustained metabolic activity and
thermoregulation (homeothermy), colonized all terrestrial environments from
equatorial to polar regions and developed either adaptive or behavioral strate-
gies to withstand local or temporal climate extremes that may have prevailed
during the Mesozoic.

ACKNOWLEDGMENTS

The authors would like to thank the Northeastern Research Institute of Petrified Wood
and Mineral Resources, Nakhon Ratchasima Rajabhat University, Thailand, for provid-
ing the theropod tooth sample from Ban Sapan Hin, as well as two anonymous reviewers
and the editor for their constructive comments that greatly improved the manuscript. This
study was supported by the Jurassic Foundation, the CNRS PICS program DINASIA
(RA, NK, CL, EB), the National Basic Research Program of China grant
2012CB821900 (RA), by the Institut Universitaire de France (CL), by BELSPO grant
BL/36/62 (PG), and by a Thai-French exchange programme of CNRS (EB).

REFERENCES

ALTiZER, S., DoBsoN, A., Hossei, P., Hupson, P., PascuaL, M., aNp RoHani, P., 2006, Season-
ality and the dynamics of infectious diseases: Ecology letters, v. 9, p. 467-484.

Awmiot, R., BUFreTAUT, E., LECUYER, C., FERNANDEZ, V., FOUREL, F., MARTINEAU, F., AND SUTEE-
THORN, V., 2009, Oxygen isotope composition of continental vertebrate apatites from Meso-
zoic formations of Thailand; environmental and ecological significance: Geological Society,
London, Special Publications, v. 315, p. 271-283.

Awmiot, R., BurretauT, E., LECUYER, C., WaANG, X., Boupap, L., DING, Z., Fourer, F., Hutt, S.,
MarTiNEAU, F., MEDEIROS, M.A., AND OTHERS, 2010a, Oxygen isotope evidence for semi-
aquatic habits among spinosaurid theropods: Geology, v. 38, p. 139-142.

Awmiot, R., LEcuyer, C., Burretaut, E., ESCARGUEL, G., FLUTEAU, F., AND MARTINEAU, F., 2006,
Oxygen isotopes from biogenic apatites suggest widespread endothermy in Cretaceous dino-
saurs: Earth and Planetary Science Letters, v. 246, p. 41-54.

Awmiot, R., LEcuyer, C., Burretaut, E., FLUTEAU, F., LEGENDRE, S., AND MARTINEAU, F., 2004,
Latitudinal temperature gradient during the Cretaceous upper Campanian-middle Maas-
trichtian: 8" °O record of continental vertebrates: Earth and Planetary Science Letters, v.
226, p. 255-272.

Awmior, R., WanG, X., LEcuyer, C., Burretaur, E., Boupab, L., CaviN, L., DING, Z., FLuTEAu, F.,
KELLNER, A.W., TonG, H., AND oTHERs, 2010b, Oxygen and carbon isotope compositions
of middle Cretaceous vertebrates from North Africa and Brazil: ecological and environmen-
tal significance: Palacogeography, Palacoclimatology, Palacoecology, v. 297, p. 439-451.

Awmior, R., Wang, X., Znou, Z., WaNG, X., BUrretaur, E., LECUYER, C., DING, Z., FLUTEAU, F.,
HBmo, T., Kusunashi, N., aNp oTHERS, 2011, Oxygen isotopes of East Asian dinosaurs
reveal exceptionally cold Early Cretaceous climates: Proceedings of the National Academy
of Sciences, v. 108, p. 5179-5183.

Awmiot, R., Wang, X., Znou, Z., WaNG, X., LEcuyer, C., Burretaur, E., FLuteau, F., Ding, Z.,
Kusunasti, N., Mo, J., AND oTHERS, 2015, Environment and ecology of East Asian dinosaurs
during the Early Cretaceous inferred from stable oxygen and carbon isotopes in apatite:
Journal of Asian Earth Sciences, v. 98, p. 358-370.

AzuMa, Y., JINTASAKUL, P., SHiBATA, M., HANTA, R., AND THaAsoD, Y., 2011, New carcharodonto-
saurian theropod materials from the Lower Cretaceous Khok Kruat Formation in northeast-
ern Thailand, in World Conference on Paleontology and Stratigraphy, Program and
Abstracts: Nakon Ratchasima Rajabhat University, Nakhon Ratchasima, p. 5.

BaRrrIcK, R.E. aND SHowers, W.J., 1994, Thermophysiology of Tyrannosaurus rex: evidence
from oxygen isotopes: Science, v. 265, p. 222-224.

BERNARD, A., Daux, V., Licuver, C., BrucaL, J.-P., GEnTy, D., WANER, K., GARDIEN, V.,
FoureL, F., aND Jauserr, J., 2009, Pleistocene seasonal temperature variations recorded in
the 5'%0 of Bison priscus teeth: Earth and Planetary Science Letters, v. 283, p. 133-143.

BrakE, R.E., O’NEL, J.R., AND GARCIA, G.A., 1997, Oxygen isotope systematics of biologically
mediated reactions of phosphate: I. Microbial degradation of organophosphorus compounds:
Geochimica et Cosmochimica Acta, v. 61, p. 4411-4422.

BLAKEY, R., 2015, Colorado Plateau Geosystem, Inc."™. Accessible at: http://cpgeosystems.
com/index.html. Accessed on 3 April 2015.

BritToN, K., GrIMES, V., Dau, J., aND RicHARDS, M.P., 2009, Reconstructing faunal migrations
using intra-tooth sampling and strontium and oxygen isotope analyses: a case study of mod-
ern caribou (Rangifer tarandus granti): Journal of Archaeological Science, v. 36,
p. 1163-1172.



18 J. GOEDERT ET AL.

Bryant, J.D., FroELICH, P.N., SHOWERS, W.J., AND GENNA, B.J., 1996, Biologic and climatic sig-
nals in the oxygen isotopic composition of Eocene—Oligocene equid enamel phosphate:
Palacogeography, Palaeoclimatology, Palacoecology, v. 126, p. 75-89.

Cavin, L., Tong, H., Boupab, L., MEISTER, C., Piuz, A., TABOUELLE, J., AARAB, M., AmioT, R.,
Burretaut, E., DYKE, G., AND oTHERS, 2010, Vertebrate assemblages from the early Late Cre-
taceous of southeastern Morocco: an overview: Journal of African Earth Sciences, v. 57, p.
391-412.

ComEeau, L.A., Campana, S.E., AN CHOUINARD, G.A., 2002, Timing of Atlantic cod (Gadus
morhua L.) seasonal migrations in the southern Gulf of St. Lawrence: interannual variability
and proximate control: ICES Journal of Marine Science, Journal du Conseil, v. 59, p.
333-351.

CrowsoN, R.A., SHowers, W.J., WrigHT, E.K., aND HoERING, T.C., 1991, Preparation of phos-
phate samples for oxygen isotope analysis: Analytical Chemistry, v. 63, p. 2397-2400.

Currig, PJ., RiGBy, J.K.J., AND Sroan, R.E., 1990, Theropod teeth from the Judith River For-
mation of southern Alberta, Canada, in Dinosaur Systematics: Cambridge University Press,
Cambridge, p. 107-125.

DansGaArD, W., 1964, Stable isotopes in precipitation: Tellus, v. 16, p. 436-468.

DELGADO, S., DavIT-BEAL, T., ALLIZARD, F., AND SIRE, J.-Y., 2005, Tooth development in a scin-
cid lizard, Chalcides viridanus (Squamata), with particular attention to enamel formation:
Cell and Tissue Research, v. 319, p. 71-89.

DomiNGo, L., BARROSO-BARCENILLA, F., aND CamBra-Moo, O., 2013, Paleoenvironmental
reconstruction of the “Lo Hueco” Fossil Site (Upper Cretaceous, Cuenca, Spain): prelimin-
ary stable isotope analyses on crocodilians and dinosaurs: PALAIOS, v. 28, p. 195-202.

DurtroN, A., HuBer, B.T., LoumanN, K.C., AND ZINsMEISTER, W.J., 2007, High-resolution stable
isotope profiles of a dimitobelid belemnite: implications for paleodepth habitat and late
Maastrichtian climate seasonality: PALAIOS, v. 22, p. 642-650.

DuttoN, A., WiLkinsoN, B.H., WELKER, .M., BoweN, G.J., aND Lonmany, K.C., 2005, Spatial
distribution and seasonal variation in '%0/'°0 of modern precipitation and river water across
the conterminous USA: Hydrological Processes, v. 19, p. 4121-4146.

ERricksoN, G.M., 1996a, Daily deposition of dentine in juvenile Alligator and assessment of
tooth replacement rates using incremental line counts: Journal of Morphology, v. 228,
p. 189-194.

EricksoN, G.M., 1996b, Incremental lines of von Ebner in dinosaurs and the assessment of
tooth replacement rates using growth line counts: Proceedings of the National Academy
of Sciences, v. 93, p. 14623-14627.

FourkL, F., MarRTINEAU, F., LECUYER, C., Kupka, H.-J., LanGE, L., Osemvi, C., AND SEED, M.,
2011, '80/*%0 ratio measurements of inorganic and organic materials by elemental analy-
sis—pyrolysis—isotope ratio mass spectrometry continuous-flow techniques: Rapid Commu-
nications in Mass Spectrometry, v. 25, p. 2691-2696.

Fox, D.L. anp Fisuer, D.C., 2001, Stable isotope ecology of a late Miocene population of
Gomphotherium productus (Mammalia, Proboscidea) from Port of Entry Pit, Oklahoma,
USA: PALAIOS, v. 16, p. 279-293.

Franks, P.J., Rover, D.L., BEERLING, D.J., VAN DE WaTER, P.K., CANTRILL, D.J., BARBOUR, M.
M., aND BERRY, J.A., 2014, New constraints on atmospheric CO, concentration for the Pha-
nerozoic: Geophysical Research Letters, v. 41, p. 4685-4694.

Fricke, H.C., CLyDE, W.C., AND O’NELL, J.R., 1998, Intra-tooth variations in §'%0 (POy) of
mammalian tooth enamel as a record of seasonal variations in continental climate variables:
Geochimica et Cosmochimica Acta, v. 62, p. 1839-1850.

Fricke, H.C. axp Rocers, R.R., 2000, Multiple taxon-multiple locality approach to
providing oxygen isotope evidence for warm-blooded theropod dinosaurs: Geology, v. 28,
p. 799-802.

GEHLER, A., TUTKEN, T., AND Pack, A., 2011, Triple oxygen isotope analysis of bioapatite as
tracer for diagenetic alteration of bones and teeth: Palacogeography, Palaeoclimatology,
Palaeoecology, v. 310, p. 84-91.

Gy, C., FeLis, T., KOLLING, M., ScHoLz, D., WEI, W., LoHMANN, G., AND SCHEFFERS, S., 2012,
Mid- to late Holocene changes in tropical Atlantic temperature seasonality and interannual to
multidecadal variability documented in southern Caribbean corals: Earth and Planetary
Science Letters, v. 331, p. 187-200.

GopEFROIT, P., GOLOVNEVA, L., SHCHEPETOV, S., GARCIA, G., AND ALEKSEEV, P., 2009, The last
polar dinosaurs: high diversity of latest Cretaceous arctic dinosaurs in Russia: Naturwis-
senschaften, v. 96, p. 495-501.

GOLOVNEVA, L.B., 1994, The flora of the Maastrichtian-Danian deposits of the Koryak Upland,
northeast Russia: Cretaceous research, v. 15, p. 89-100.

GorovNeva, L.B., 2000, The Maastrichtian (Late Cretaceous) climate in the Northern Hemi-
sphere: Geological Society, London, Special Publications, v. 181, p. 43-54.

HasEeGawa, H., Tapa, R., Icanworov, N., axp M, C., 2009, Lithostratigraphy and deposi-
tional environments of the Upper Cretaceous Djadokhta Formation, Ulan Nuur basin, south-
ern Mongolia, and its paleoclimatic implication: Journal of Asian Earth Sciences, v. 35, p.
13-26.

HEermaN, A.B. AND Spicer, R.A., 1996, Palacobotanical evidence for a warm cretaceous arctic
ocean: Nature, v. 380, p. 330-333.

HiGaINs, P. AND MACFADDEN, B.J., 2004, “Amount Effect” recorded in oxygen isotopes of late
Glacial horse (Equus) and bison (Bison) teeth from the Sonoran and Chihuahuan deserts,
southwestern United States: Palacogeography, Palaeoclimatology, Palacoecology, v. 206,
p. 337-353.

TAEA/WMO, 2015, Global Network of Isotopes in Precipitation. The GNIP Database. Acces-
sible at: http://www.iaea.org/water. Accessed 3 April 2015.

IBrAHIM, N., SERENO, P.C., DAL Sasso, C., MaGanuco, S., FABRr, M., MARTILL, D.M., ZOUHRI,
S., Mynrvorp, N., anp [urNo, D.A., 2014, Semiaquatic adaptations in a giant predatory
dinosaur: Science, v. 345, p. 1613-1616.

Ivany, L.C., WiLkinson, B.H., Lonmann, K.C., Jounson, E.R., McELroy, B.J., anp CoHen, G.J.,
2004, Intra-annual isotopic variation in Venericardia bivalves: implications for early Eocene

temperature, seasonality, and salinity on the US Gulf Coast: Journal of Sedimentary
Research, v. 74, p. 7-19.

Jerzykiewicz, T. aND RussiLL, D.A., 1991, Late Mesozoic stratigraphy and vertebrates of The
Gobi basin, Cretaceous Research, v. 12, p. 345-377.

Konn, M.J., 2004, Comment: Tooth Enamel Mineralization in Ungulates: Implications for
Recovering a Primary Isotopic Time-Series, by B. H. Passey and T. E. Cerling (2002): Geo-
chimica et Cosmochimica Acta, v. 68, p. 403-405.

Koun, M.J., 1996, Predicting animal 3'*0: Accounting for diet and physiological adaptation:
Geochimica et Cosmochimica Acta, v. 60, p. 4811-4829.

Konn, MJ. anD McKay, M.P., 2012, Paleoecology of late Pleistocene—Holocene faunas of
eastern and central Wyoming, USA, with implications for LGM climate models: Palacogeo-
graphy, Palaeoclimatology, Palacoecology, v. 326-328, p. 42-53.

Konn, M.J., SCHOENINGER, M.J., AND BARKER, W.W., 1999, Altered states: effects of diagenesis
on fossil tooth chemistry: Geochimica et Cosmochimica Acta, v. 63, p. 2737-2747.

LEcuyer, C., BoGey, C., GARCIA, J.-P., GRANDIEAN, P., BARRAT, J.A., FLOQUET, M., BARDET, N.,
AND PEREDA-SUPERBIOLA, X., 2003, Stable isotope composition and rare earth element content
of vertebrate remains from the Late Cretaceous of northern Spain (Lafio): did the environ-
mental record survive? Palacogeography, Palacoclimatology, Palaecoecology, v. 193, p.
457-471.

LEcuyer, C. AND Bucher, H., 2006, Stable isotope compositions of a late Jurassic ammonite
shell: a record of seasonal surface water temperatures in the southern hemisphere? eEarth,
v. 1, p. 1-7.

LEcuyer, C., FOUREL, F., MARTINEAU, F., AmioT, R., BERNARD, A., DAUX, V., ESCARGUEL, G., AND
MorRisoN, J., 2007, High-precision determination of 180/160 ratios of silver phosphate by
EA-pyrolysis-IRMS continuous flow technique: Journal of Mass Spectrometry, v. 42, p.
36-41.

Licuyer, C., GRANDJEAN, P., O’NEIL, J.R., CAPPETTA, H., AND MARTINEAU, F., 1993, Thermal
excursions in the ocean at the Cretaceous—Tertiary boundary (northern Morocco): §'50
record of phosphatic fish debris: Palacogeography, Palacoclimatology, Palacoecology, v.
105, p. 235-243.

LECUYER, C., GRANDIEAN, P., AND SHEPPARD, S.M.F., 1999, Oxygen isotope exchange between
dissolved phosphate and water at temperatures <135°C: inorganic versus biological fractio-
nations: Geochimica et Cosmochimica Acta, v. 63, p. 855-862.

McCarroLL, D. anp Loaper, N.J., 2004, Stable isotopes in tree rings: Quaternary Science
Reviews, v. 23, p. 771-801.

MEEsSook, A., 2000, Cretaceous environments of northeastern Thailand, in Okada, H. and
Mateer, N.J. (eds.), Developments in Palacontology and Stratigraphy: Cretaceous Environ-
ments of Asia, Elsevier, p. 207-223.

MEEsook, A., 2011, Cretaceous, in Ridd, M.F., Barber, A.J., and Crow, M.J. (eds.), The Geol-
ogy of Thailand: The Geological Society, London, p. 169-184.

Passey, B.H. anp CerLING, T.E., 2002, Tooth enamel mineralization in ungulates: implications
for recovering a primary isotopic time-series: Geochimica et Cosmochimica Acta, v. 66, p.
3225-3234.

Puceat, E., DonNADIEU, Y., NavEAau, P., CappETTA, H., RAMSTEIN, G., HUBER, B.T., AND KRIWET,
1., 2007, Fish tooth 5'%0 revising Late Cretaceous meridional upper ocean water tempera-
ture gradients: Geology, v. 35, p. 107-110.

Racey, A., 2009, Mesozoic red bed sequences from SE Asia and the significance of the Khorat
Group of NE Thailand: Geological Society, London, Special Publications, v. 315, p. 41-67.

Racey, A. AND GoopaLL, J.G., 2009, Palynology and stratigraphy of the Mesozoic Khorat
Group red bed sequences from Thailand: Geological Society, London, Special Publications,
v. 315, p. 69-83.

Rich, T.H., Vickers-RicH, P., AND GANGLOFF, R.A., 2002, Polar Dinosaurs: Science, v. 295, p.
979-980.

Rozanski, K., ARAGUAS-ARAGUAS, L., AND GONFIANTINL, R., 1993, Isotopic patterns in modern
global precipitation: Climate Change in Continental Isotopic Records, p. 1-36.

RusseLL, D.A. AND PAESLER, M.A., 2003, Environments of mid-Cretaceous Saharan dinosaurs:
Cretaceous Research, v. 24, p. 569-588.

SANDER, P.M., 2000, Prismless enamel in amniotes: terminology, function, and evolution, in
Development, Function and Evolution of Teeth: Cambridge University Press, Cambridge,
p. 92-106.

SANDER, PM., 1999, The microstructure of reptilian tooth enamel: terminology, function, and
phylogeny: Muncher Geowissenshaftliche Abhandlungen, v. A38, p. 102.

SHeMESH, A., Korobny, Y., anp Luz, B., 1983, Oxygen isotope variations in phosphate of
biogenic apatites, 1. Phosphorite rocks: Earth and Planetary Science Letters, v. 64, p.
405-416.

SpicER, R.A. AND HERMAN, A.B., 2010, The Late Cretaceous environment of the Arctic: a quan-
titative reassessment based on plant fossils: Palacogeography, Palacoclimatology, Palaeoe-
cology, v. 295, p. 423-442.

STEUBER, T., RAUCH, M., MassE, J.-P., GRAAF, J., AND MALKOC, M., 2005, Low-latitude season-
ality of Cretaceous temperatures in warm and cold episodes: Nature, v. 437, p. 1341-1344.

Straigut, W.H., Barrick, R.E., anp EBErTH, D.A., 2004, Reflections of surface water, season-
ality and climate in stable oxygen isotopes from tyrannosaurid tooth enamel: Palacogeogra-
phy, Palacoclimatology, Palaeoecology, v. 206, p. 239-256.

Suarez, M.B., GonzALEz, L.A., aND LubviGson, G.A., 2011, Quantification of a greenhouse
hydrologic cycle from equatorial to polar latitudes: the mid-Cretaceous water bearer revis-
ited: Palacogeography, Palacoclimatology, Palacoecology, v. 307, p. 301-312.

Suarez, C.A., GonzALEz, L.A., LupbvigsoN, G.A., CireLLl, R.L., AND TREMAIN, E., 2012, Water
utilization of the Cretaceous Mussentuchit Member local vertebrate fauna, Cedar Mountain
Formation, Utah, USA: using oxygen isotopic composition of phosphate: Palacogeography,
Palaeoclimatology, Palacoecology, v. 313, p. 78-92.

Suarez, C.A., GonzALEz, L.A., LubviGsoN, G.A., KIRKLAND, J.I., CIFeLLI, R.L., AND KonN, MLJ.,
2014, Multi-taxa isotopic investigation of paleohydrology in the Lower Cretaceous Cedar



OXYGEN ISOTOPE SEASONALITY IN THEROPOD TEETH 19

Mountain Formation, eastern Utah, USA: deciphering effects of the Nevadaplano Plateau on
regional climate: Journal of Sedimentary Research, v. 84, p. 975-987.

Suarez, C.A., Lupvigson, G.A., Gonzaiez, L.A., Fioriiro, A.R., Fraig, PP, Anp
McCarthy, P.J., 2013, Use of multiple oxygen isotope proxies for elucidating Arctic Cretac-
eous palaco-hydrology: Geological Society, London, Special Publications, v. 382,
p. 185-202.

Susuki, S. AND WataB, M., 2000, Report on the Japan-Mongolia joint paleontological expedi-
tion to the Gobi desert, 1998, in Hayashibara Museum of Natural Sciences Research Bulletin
1: p. 83-98.

TauBER, MLJ., TAUBER, C.A., AND Masaki, S., 1986, Seasonal Adaptations of Insects: Oxford
University Press, New York, 430 p.

THERRIEN, F. AND HENDERSON, D.M., 2007, My theropod is bigger than yours... or not: estimat-
ing body size from skull length in theropods: Journal of Vertebrate Paleontology, v. 27, p.
108-115.

UrNAR, D.F., GoNzALEZ, L.A., LupviGsoN, G.A., BRENNER, R.L., AND WitzkE, B.J., 2002, The
mid-Cretaceous water bearer: isotope mass balance quantification of the Albian hydrologic
cycle: Palacogeography, Palacoclimatology, Palacoecology, v. 188, p. 51-71.

WaTABE, M. AND TSOGTBAATAR, K., 2004, Report on the Japan-Mongolia joint paleontological
expedition to the Gobi desert, 2000, in Hayashibara Museum of Natural Sciences Research
Bulletin 2, p. 45-67.

ZAzz0, A., LECUYER, C., AND MARIOTTI, A., 2004a, Experimentally controlled carbon and oxy-
gen isotope exchange between bioapatites and water under inorganic and microbially
mediated conditions: Geochimica et Cosmochimica Acta, v. 68, p. 1-12.

Zazz0, A., LECUYER, C., SHEPPARD, S.M., GRANDIEAN, P., AND MARIOTTI, A., 2004, Diagenesis
and the reconstruction of paleoenvironments: a method to restore original 5'°0 values of
carbonate and phosphate from fossil tooth enamel: Geochimica et Cosmochimica Acta, v.
68, p. 2245-2258.

Zazz0, A., MARIOTTL, A., LECUYER, C., AND HEINTZ, E., 2002, Intra-tooth isotope variations in
late Miocene bovid enamel from Afghanistan: paleobiological, taphonomic, and climatic
implications: Palacogeography, Palacoclimatology, Palacoecology, v. 186, p. 145-161.

Received 16 April 2015; accepted 22 November 2015.



