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ARTICLE INFO ABSTRACT

Keywords: Eggshells represent an important part of the fossil record of Titanosauria (Dinosauria — Neosauropoda) and their
Titaﬂofa“r egss stable isotope compositions are valuable palaeoenvironmental proxies. A new set of conventional (580 and
Stable isotopes 513C) and clumped (A47) stable isotope compositions of titanosaurian eggshells is presented, together with that of
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a bone and a single associated tooth, sampled in three Late Cretaceous nesting sites from La Rioja Province, NW
Argentina. The preservation state of the fossils was first evaluated using optical and analytical techniques, such

as transmitted light and optical cathodoluminescence (CL) microscopy, energy dispersive X-ray spectroscopy
(EDX), and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). The isotopic compositions
of the fossils were then compared to those of associated carbonate rocks and nodules, hydrothermal calcite and
quartz, and those reported for eggshells from other nesting sites worldwide. This large, combined sample set
allows us to define an isotopic hallmark (61BCVPDB = —15 to —11%o; SISOVSMOW = 27 to 33%o) typical for well-
preserved mid-palaeolatitude titanosaurian eggshells. This hallmark is intended to identify the oological speci-
mens best suited for palaeoenvironmental reconstructions, for instance in museum collection samples that may
lack associated abiogenic materials such as host rocks. In addition, our isotopic data support that titanosaurians
were animals with an elevated body temperature, mainly feeding on C3 plants, and reproducing under conditions
more arid than the long-term average. The data are in excellent agreement with the isotopic data reported from
other mid-palaeolatitude nesting sites around the world, indicating that titanosaurians needed similar envi-
ronmental conditions to reproduce, regardless of the palaeogeographic location of their habitat. Finally, we raise
the question whether titanosaurians experienced reproduction-related fasting, as noted for several extant ver-
tebrates, and discuss the complexity of interpreting A4y-derived temperatures, despite very consistent bulk

isotopic data.
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1. Introduction

Reproduction is an essential trait of vertebrates, and the reproductive
strategy adopted by a given species can be decisive for its success or
decline when facing environmental stress and/or inter-taxa competition.
In the fossil record, eggs provide undisputed evidence of breeding ac-
tivity and represent key snapshots of the animal's life, contrasting with
the vast expanse of the geological timescale. Like other archosaurians,
titanosaurian dinosaurs were oviparous and laid eggs (Chiappe et al.,
1998), which, as in other amniotes, provided protection and a stable
micro-environment that contained all the essential nutrients for the
embryo to develop in a terrestrial realm (Nys and Guyot, 2011). Tita-
nosaurian eggs are known from several nesting sites worldwide, usually
in association with fluvial deposits that may have been lithified. Nesting
sites have been found in palaeolatitudes between 10° and 45° (e.g.,
Folinsbee et al., 1970; Erben et al., 1979; Sarkar et al., 1991; Chiappe
et al., 2003; Cojan et al., 2003; Kim et al., 2009; Bojar et al., 2010;
Fiorelli et al., 2012; Hechenleitner et al., 2016b, 2020). They are an
invaluable record for this clade, especially when skeletal remains are
poorly preserved or absent. Resistance of the eggshells to diagenetic
alteration is mainly due to a dense microstructure low in organic matter
content (about 2 vol% vs. >17 vol% in dentine and ~25 vol% in bone;
Hincke et al., 2012; Wang and Cerling, 1994). Additionally, the nesting
strategy adopted by titanosaurians, which consists of burying the eggs
into the substrate (Hechenleitner et al., 2015), plays a key protective
role against transport, breakage and weathering.

Vertebrate hard tissues (including eggshells, teeth and bones) crys-
tallise from body fluids that are derived from ingested water and food.
Therefore, their oxygen (5'%0) and carbon (5'%C) stable isotope com-
positions largely reflect environmental cycles and climatic conditions
(DeNiro and Epstein, 1976, 1978; Luz et al., 1984; Luz and Kolodny,
1985; Cerling and Harris, 1999; Kohn and Cerling, 2002; Koch, 2007),
and more generally the palaeoenvironment in which the animals used to
live. Since they form within a short period of time (days to weeks) (e.g.,
Tiitken, 2011) in the distal part of the oviduct (Nys and Gautron, 2007),
fossil eggs are of prime interest as they represent very specific envi-
ronmental conditions prevailing during the reproduction period. The
isotopic compositions of eggshells thus reflect the body temperature,
diet and water assimilated by the female just before and during the
production of the eggs. However, the use of the isotopic compositions
measured in fossil remains as reliable palaeoenvironmental indicators
requires careful evaluation of the preservation state of their mineral-
ogical, chemical, and isotopic compositions. As alteration of isotopic
compositions can be cryptic, i.e., without unequivocal changes in the
primary mineralogy and biogenic structure of the fossil material (e.g.,
Aratijo et al., 2013), reliable indicators are increasingly needed in this
field. In this context, we propose here a new definition of the 5'3C and
5180 isotopic compositions characteristic of well-preserved titano-
saurian eggshells that may be used as a hallmark in future work.

Several isotopic studies on titanosaurian eggshells from Europe and
Asia have been carried out over the last decades to determine the con-
ditions best suited for the reproduction of this clade in South America,
Europe and Asia (Folinsbee et al., 1970; Erben et al., 1979; Sarkar et al.,
1991; Riera et al., 2013; Eagle et al., 2015). However, none has focused
so far on the nesting sites known from NW Argentina (Fiorelli et al.,
2012; Hechenleitner et al., 2016b, 2020). This study presents the stable
isotope compositions of titanosaurian eggshells, as well as that of a
single tooth and a bone, discovered in three nesting sites of La Rioja
Province (NW Argentina). After a careful determination of the preser-
vation state of the fossils, and hence, of their potential as palae-
oenvironmental and physiological proxies, we used the best-preserved
specimens to re-evaluate the thermoregulation strategies of titano-
saurians and the palaeoenvironmental conditions prevailing during
nesting and incubation. Comparison of our results with previous studies
from other mid-palaeolatitude nesting sites worldwide indicates that the
conditions required for the breeding of titanosaurians in NW Argentina
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were very similar to those in other sites. We also speculate that limiting
food resources for a sizable population of very large animals was likely a
controlling factor for sedentariness, which further supports the idea that
titanosaurians were breeding migrants.

2. Nesting sites and materials
2.1. Nesting sites

Three nesting sites — Sanagasta, Tama, and Quebrada de Santo
Domingo — all located in La Rioja Province, NW Argentina (Fig. 1), have
been investigated in detail. For a general description of the regional
geology, the reader is referred to previous work (Ciccioli et al., 2005;
Ezpeleta et al., 2006; Grellet-Tinner and Fiorelli, 2010; Fiorelli et al.,
2012; Hechenleitner et al., 2016b; Limarino et al., 2016; Basilici et al.,
2017; Hechenleitner et al., 2020).

The nesting site of Sanagasta is located in the pedogenised sandstone
deposits in the northwesternmost part of the Los Llanos Fm, in the Si-
erras Pampeanas (Fiorelli et al., 2012). The egg-bearing levels were
affected by extensive palaeohydrothermal activity evidenced by
numerous carbonate and silicate deposits and precipitates, possibly
originating from vents, geysers or discharge channels (Fiorelli et al.,
2012). The fact that eggshells are systematically found in association
with hydrothermal features, together with the very common occurrence
of overly thick eggshells (which necessarily implies massive extrinsic
dissolution before the young could hatch) led to the hypothesis that
some titanosaurians used hydrothermal heat for egg incubation (cf.
Grellet-Tinner and Fiorelli, 2010; Hechenleitner et al., 2018b). In this
context, the unusual thickness of the eggshells can be viewed as an
adaptive trait compensating for the strong dissolution of the outer shell
under the acidic conditions prevailing in most hydrothermal environ-
ments where silica is deposited. An Early Cretaceous age for the Los
Llanos Fm deposits in Sanagasta had first been proposed based on
compositional similarities between the egg-bearing sedimentary rocks
and hydrothermal veins found in granitoids and pegmatitic intrusions
associated to the Gondwanan Cycle and the Sierras Pampeanas orogeny
(Galindo et al., 1997; Fiorelli et al., 2012). However, recent microfossil
dating in the nearby site of Tama (Carignano et al., 2013; de Sosa Tomas
et al.,, 2017) suggests that a Late Cretaceous age is more likely
(Hechenleitner et al., 2018a).

The nesting site of Tama is also located in the Los Llanos Fm, but in
an area once dominated by an ephemeral braided river system subjected
to strong seasonality, alternating long arid periods and short episodes of
precipitation (Ezpeleta et al., 2006; Basilici et al., 2017). No evidence for
the occurrence of a palaeohydrothermal system in Tama has been
identified so far. Several studies have reported the existence of abundant
vegetation grown in cumulative, poorly-developed paleosols (Incepti-
sols), and a typical Late Cretaceous Gondwanan vertebrate fauna
(Fiorelli et al., 2016; Basilici et al., 2017). Fossil remains include in situ
titanosaurian egg clutches, probably buried in dug-out holes or mounds
for incubation (Hechenleitner et al., 2015, 2016b; Basilici et al., 2017).
The identification of charophytes and ostracods in the nearby lacustrine
deposits (Carignano et al., 2013; de Sosa Tomas et al., 2017) supports a
Campanian-Maastrichtian age for the fossil-bearing levels.

The nesting site of Quebrada de Santo Domingo belongs to the Late
Cretaceous Ciénaga del Rio Huaco Fm, which consists of a reddish fine-
to medium-grained sandstone succession deposited in a semi-arid, flu-
vio-lacustrine environment (Ciccioli et al., 2005; Limarino et al., 2016;
Hechenleitner et al., 2020). Numerous titanosaurian egg clutches have
been preserved in several levels of fine-grained sandstone corresponding
to floodplain deposits, while semi-articulated titanosaurian skeletons
can be found in coarser interbeds interpreted as crevasse splay deposits
(Hechenleitner et al., 2020). The fossiliferous levels crop out on either
side of the valley, even though they are topographically higher and more
exposed to weathering in the south, while in the north, they are overlaid
by several meters of sedimentary deposits. In this study, the site of
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Fig. 1. Map showing the location of the three sites from which titanosaurian eggshells and skeletal remains have been collected.

Quebrada de Santo Domingo was divided into two subsites, abbreviated
QSD Sur and QSD Norte hereafter. Eggshells were found in both subsites,
while skeletal remains (including one tooth) were only excavated from
QSD Sur. According to van Hinsbergen et al. (2015) and Hechenleitner
et al. (2020), the Late Cretaceous palaeolatitude of Sanagasta, Tama and
Quebrada de Santo Domingo, was between 32 and 35°S.

2.2. Materials

Several eggshell fragments from Sanagasta and Tama show large and
sometimes translucent calcite and silica crystals, suggesting a significant
degree of recrystallisation. Biogenic structures including shell units,
radiating calcite crystals and pore canals are generally absent or clearly
partly recrystallised as can be noted with a hand lens. In Quebrada de
Santo Domingo, the general aspect of the eggshells is different in the two
subsites. In QSD Sur, they are light greyish to white when freshly broken,
and commonly cemented together. Some are heavily deformed and have
lost their original gentle curvature. No biogenic structures can be
distinguished, except the superficial ornamental features on the outer
surface of the eggshells, suggesting a rather poor preservation state. In
contrast, the eggshells from QSD Norte are dark gray to black in colour,
and biogenic structures such as shell growth units are visible with a hand
lens. When crushed, they release a strong hydrocarbon odour indicating
a high volatile organic content, possibly unrelated to the original
organic matter of the shells. The titanosaurian tooth found in association
with a semi-articulated skeleton has translucent enamel, well distin-
guishable from the white dentine.

Seventy-one titanosaurian eggshell fragments, one bone and associ-
ated tooth, together with eighty-four abiogenic samples including bulk
host sedimentary rocks, pedogenic and diagenetic carbonate nodules,
hydrothermal calcite and quartz, and silicate clasts were collected (see
Table 1). Eggshells, bulk sedimentary rocks, and carbonate nodules were
sampled in the three nesting sites, while the hydrothermal crystals and
the skeletal remains come from Sanagasta and QSD Sur, respectively. In
Table 1, eggshells with the same laboratory number but different letter
(e.g., LL-82a, LL-82b) refer to samples from the same egg accumulation.
The samples selected for stable isotope analyses are in the Palae-
overtebrate Collection (Pv) repository of the Centro Regional de Inves-
tigaciones Cientificas y Transferencia Tecnoldgica de La Rioja (CRILAR),
Argentina.

3. Analytical techniques

The degree of preservation of the fossil remains, crucial for the
interpretation of isotopic compositions, was evaluated using a combi-
nation of optical and in situ chemical analyses. The sample preparation
followed a well-established procedure during which the fossil specimens
were mounted in epoxy resin or cut in thin sections, stepwise diamond-
powder polished down to a grade of 0.1 pm, and carbon coated to pre-
vent charging. The samples intended for conventional and clumped
stable isotope mass spectrometry were then prepared specifically. All the
analytical work was carried out at the University of Lausanne (UNIL)
and the Swiss Federal Institute of Technology (ETHZ), Zurich,
Switzerland.
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Table 1
5'3C and 8'®0 of titanosaurian SD and SE remains (eggshells and tooth), as well as associated abiogenic precipitates collected in the sites of Sanagasta, Tama, and
Quebrada de Santo Domingo, NW Argentina.

Site Sample type Sample ID  Collection ID 5%Ccos 8'®0co3  SD 8'%0cos 5'%0p04 5'%0gi02 5180420 5'8040"
%0VPDB %0VPDB %oVSMOW %oVSMOW %o VSMOW %oVSMOW %o VSMOW

Sanagasta Eggshell LL-114a CRILAR-Pv 401 -9.3 —4.7 # 26.1 - - 0.0 -
LL-114b CRILAR-Pv 401 —-9.5 —4.8 # 26.0 - - —0.1 -
LL-115a CRILAR-Pv 401 —-9.4 -5.0 0.1 25.8 - - -0.3 -
LL-115b CRILAR-Pv 401 —-8.4 -2.0 0.1 28.9 - - 2.7 -
LL-116a CRILAR-Pv-402 —8.6 —4.5 # 26.3 - - 0.2 -
LL-116b CRILAR-Pv-402 -8.0 —4.8 # 26.0 - - -0.1 -
LL-117a CRILAR-Pv-402 —-8.4 —4.1 0.1 26.7 - - 0.6 -
LL-117b CRILAR-Pv-402 -8.9 —4.1 # 26.7 - - 0.7 -
LL-118a CRILAR-Pv-403 -8.0 -39 # 26.9 - - 0.8 -
LL-118b CRILAR-Pv-403 -9.6 -1.1 0.1 29.8 - - 3.6 -
LL-119a* CRILAR-Pv-403 -8.3 —4.1 # 26.7 - - 0.6 -
LL-121a CRILAR-Pv-404 —8.5 —4.4 0.1 26.4 - - 0.3 -
LL-121b CRILAR-Pv-404 -9.0 -3.7 0.1 27.1 - - 1.0 -
LL-122a CRILAR-Pv-404 -8.7 —4.2 # 26.6 - - 0.5 -
LL-122b* CRILAR-Pv-404 —8.5 —-5.2 # 25.6 - - —-0.4 -
LL-123a CRILAR-Pv-405 —-9.2 —4.9 # 25.9 - - —0.1 -
LL-124a CRILAR-Pv-405 -9.3 -5.1 # 25.7 - - -0.4 -
LL-124b CRILAR-Pv-405 -8.7 —4.6 # 26.2 - - 0.1 -
LL-124c CRILAR-Pv-405 -9.3 —4.8 0.1 26.0 - - —0.1 -
LL-125 CRILAR-Pv-406 —-8.8 —4.8 # 25.9 - - -0.1 -
LL-126 CRILAR-Pv-407 -9.2 —4.4 # 26.4 - - 0.3 -
LL-126b CRILAR-Pv-407 -8.8 —4.7 0.1 26.0 - - 0.0 -
LL-127a CRILAR-Pv-407 —-8.8 —4.4 # 26.4 - - 0.3 -
LL-127b CRILAR-Pv-407 -9.5 -5.0 # 25.7 - - -0.3 -
LL-128b CRILAR-Pv-408 -8.8 -5.1 # 25.6 - - —-0.4 -
LL-129a CRILAR-Pv-408 —9.1 —4.4 0.1 26.3 - - 0.3 -
LL-130b* CRILAR-Pv-409 -9.3 0.1 # 31.0 - - 4.8 -
LL-131b CRILAR-Pv-409 -7.6 -3.5 # 27.3 - - 1.2 -
Sedimentary rock SAN 3 - -8.8 —6.1 # 24.6 - - - -
SAN 4 - -7.8 —4.6 # 26.2 - - - -
SAN 5 - —-8.4 -5.2 # 25.6 - - - -
SAN 6 - —-8.7 —4.2 # 26.6 - - - -
SAN 8 - —-6.0 —-8.2 # 22.4 - - - -
SAN 9 - -7.7 -7.9 # 22.7 - - - -
SAN 11 - -9.0 —-4.8 # 26.0 - - - -
SAN 12 - —-8.6 —-4.3 # 26.5 - - - -
SAN 13 - -8.6 —4.8 # 26.0 - - - -
SAN T1 - -7.1 —4.6 # 26.2 - - - -
SAN T2 - -7.5 —4.7 # 26.1 - - - -
SAN T3 - -7.7 —4.7 # 26.1 - - - -
SAN T4 - -8.3 -5.0 # 25.8 - - - -
SAN T5 - -8.1 —4.7 # 26.1 - - - -
SAN T6 - -85 —4.8 # 26.0 - - - -
SAN T7 - —-8.4 —4.5 # 26.2 - - - -
Carbonate nodule LL-174 - -8.6 -5.1 # 25.7 - - - -
LL-180* - -7.7 -4.9 # 25.9 - - - -
Hydrothermal calcite LL-48 - -7.9 —4.9 # 25.9 - - - -
LL-49 - -7.5 —-5.5 0.1 25.2 - - - -
LL-50 - -9.3 -7.0 # 23.7 - - - -
LL-58 - -9.1 -5.1 # 25.7 - - - -
LL-61a - —-8.4 -5.8 # 24.9 - - - -
LL-61b - —-8.4 —6.1 # 24.6 - - - -
LL-61c - —9.1 —-5.5 # 25.2 - - - -
LL-61d - -9.5 -5.7 # 25.1 - - - -
LL-61e - —-9.6 -5.7 # 25.0 - - - -
LL-62* - —-9.4 —7.4 # 23.3 - - - -
LL-98 - -7.1 —4.8 # 25.9 - - - -
LL-99 - -7.9 -5.7 # 25.1 - - - -
LL-100* - -8.0 —6.1 # 24.7 - - - -
LL-101 - -7.9 —4.8 # 26.0 - - - -
LL-173a - -7.9 —-4.7 # 26.1 - - - -
LL-173b - —-9.2 -7.9 # 22.8 - - - -
LL-173c* - -7.9 —-6.1 0.1 24.6 - - - -
LL-173d - —8.8 -5.5 # 25.2 - - - -
LL-173e - —-8.4 —5.4 # 25.3 - - - -
LL-175b* - —-9.2 -5.9 # 24.8 - - - -
LL-175c¢ - —-9.2 -5.6 # 25.1 - - - -
LL-175d - -9.6 —5.6 # 25.1 - - - -
LL-175f - -8.3 -7.6 # 23.1 - - - -
LL-177a - -7.7 —4.8 # 25.9 - - - -
LL-177c¢ - -8.1 -5.9 # 24.9 - - - -
LL-177e - -7.6 -5.2 # 25.5 - - - -

(continued on next page)
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Table 1 (continued)

Site Sample type Sample ID  Collection ID 8%Ccos  6%0co3  SD 5'%0c03 5'%0p04 5180502 5'80p00" 5180p20"
%0VPDB %0VPDB %o VSMOW %o VSMOW %o VSMOW %o VSMOW %o VSMOW
LL-177f - —9.4 -8.0 # 22.7 - - - -
LL-178b - -89 -7.9 01 228 - - - -
LL-178¢ - -89 —5.4 # 25.3 - - - -
LL-178d - —9.5 5.4 0.1 254 - - - -
LL-179b - ~10.0 -6.2 # 24.6 - - - -
Hydrothermal quartz LL 49 - - - - - - 30.5 - -
LL 52 - - - - - - 31.5 - -
LL 56 - - - - - - 33.9 - -
1151 - - - - - - 33.8 - -
LL_50 - - - - - - 30.5 - -
Silicate clast LL 75 - - - - - - 10.7 - -
LL73 - - - - - - 12.7 - -
LL53 - - - - - - 13.3 - -
LL 48 - - - - - - 11.6 - -
LL.77 - - - - - - 11.1 - -
Site Sample type Sample ID Collection ID §'%Ccos 5'%0c0o3 5'%0c03 5'%0p04 5'%05i02 8"80m201 5180401

%oVPDB %oVPDB %oVSMOW %0 VSMOW %oVSMOW %oVSMOW %oVSMOW

LL-109¢ Pv-530/5 4c -8.3 -5.1 25.6 - - -0.4 -
LL-110b Pv-530/3 4bnl -8.6 -4.9 25.9 - - -0.1 -
LL-110c Pv-530/3 4bnl -8.7 —4.6 26.2 - - 0.1 -
LL-111a Pv-530/4 4a -8.8 -5.2 25.6 - - -0.4 -
LL-111b Pv-530/4 4a -9.0 —4.9 25.9 - - -0.2 -
LL-111c Pv-530/4 4a -8.6 —4.4 26.4 - - 0.4 -
LL-170 N2F1i -8.8 -5.7 25.1 - - -0.9 -
Sedimentary rock N2F1 - -9.2 —6.0 24.7 - - - -
TAM 1 - -9.1 -5.6 25.1 - - - -
TAM 3 - -9.1 -5.8 25.0 - - - -
TAM 4 - -9.0 -5.4 25.3 - - - -
Carbonate nodule LL-97* - -9.7 -5.9 24.8 - - - -
QSD Sur Eggshell LL-102a CRILAR-Pv-621 -5.6 -0.7 30.2 - - 4.1 -
LL-102b CRILAR-Pv-621 -5.7 -0.5 30.4 - - 4.3 -
LL-102¢ CRILAR-Pv-621 -5.6 -0.2 30.7 - - 4.5 -
LL-103a CRILAR-Pv-621 -5.8 0.1 31.1 - - 4.9 -
LL-103b CRILAR-Pv-621 -3.7 -1.1 29.8 - - 3.6 -
LL-103c CRILAR-Pv-621 -5.3 1.7 32.7 - - 6.5 -
LL-104a CRILAR-Pv-621 —4.1 —2.6 28.2 - - 2.1 -
LL-104b CRILAR-Pv-621 -3.4 -0.4 30.5 - - 4.4 -
LL-104c CRILAR-Pv-621 -39 -2.4 28.5 - - 2.4 -
LL-105a* CRILAR-Pv-621 —-5.6 —-0.6 30.3 - - 4.1 -
LL-105b CRILAR-Pv-621 -6.2 -0.9 29.9 - - 3.8 -
LL-105c¢ CRILAR-Pv-621 -5.8 0.6 31.5 - - 5.3 -
LL-106 CRILAR-Pv-621 -29 -1.6 29.3 - - 3.1 -
LL-107a CRILAR-Pv-621 —6.1 —-0.6 30.3 - - 4.2 -
LL-107b CRILAR-Pv-621 —6.4 -0.6 30.3 - - 4.1 -
LL-107c¢ CRILAR-Pv-621 -6.4 -0.9 30.0 - - 3.8 -
LL-83a CRILAR-Pv-621 —-5.4 —-2.2 28.7 - - 2.6 -
LL-83b CRILAR-Pv-621 -5.1 -2.0 28.9 - - 2.8 -
LL-84c CRILAR-Pv-621 —4.4 -1.6 29.3 - - 3.2 -
LL-86 CRILAR-Pv-621 -6.5 -0.2 30.7 - - 4.5 -
LL-88a CRILAR-Pv-621 -3.4 -1.9 28.9 - - 2.8 -
LL-88b CRILAR-Pv-621 -4.7 -2.1 28.8 - - 2.6 -
Tooth enamel LL-167,79 CRILAR-Pv-613 -7.6 —4.6 26.2 18.9 - 0.2 1.0
Tooth dentine LL-168,80 CRILAR-Pv-613 -8.6 -7.5 23.2 16.9 - -2.8 -0.9
Bulk tooth LL-215 CRILAR-Pv-613 -7.7 —6.4 24.3 17.6 - -1.7 -0.3
Bone LL-218 CRILAR-Pv-613 - - - 16.6 - - -
Sedimentary rock QSD 2 - —6.6 1.9 32.9 - - - -
QSD 3 - —6.2 —-2.6 28.2 - - - -
QSD 8 - -2.4 -2.3 28.6 - - - -
Carbonate nodule LL-85a - —6.9 6.7 37.8 - - - -
LL-85b - —-6.9 6.1 37.2 - - - -
LL-85¢ - -6.9 6.3 37.4 - - - -
LL-85d - —6.9 6.4 37.5 - - - -
LL-85e* - —-6.9 6.5 37.6 - - - -
LL-85f - —6.8 6.3 37.4 - - - -
LL-85¢g - -6.9 6.5 37.6 - - - -
LL-85 h* - -6.9 5.9 37.0 - - - -
LL-85i - —-6.9 5.8 36.9 - - - -
QSD Norte Eggshell LL-108a CRILAR-Pv-620 -12.1 1.4 32.4 - - 6.2 -
LL-108b* CRILAR-Pv-620 -11.8 -0.7 30.2 - - 4.0 -
LL-108c* CRILAR-Pv-620 -8.7 -0.8 30.1 - - 4.0 -
LL-108d CRILAR-Pv-620 -12.0 1.2 32.1 - - 5.9 -
LL-108e CRILAR-Pv-620 -11.4 0.5 31.4 - - 5.2 -

(continued on next page)
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Table 1 (continued)
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Site Sample type Sample ID Collection ID 8'%Ccos 5'%0¢o3 5'%0¢03 5'%0po4 5'%0si02 58020 5180201
%oVPDB %0VPDB %o VSMOW %oVSMOW %o VSMOW % VSMOW %o VSMOW
LL-108f CRILAR-Pv-620 -12.7 0.3 31.2 - - 5.0 -
LL-108 g* CRILAR-Pv-620 -9.9 -0.5 30.4 - - 4.3 -
LL-82a CRILAR-Pv-620 —-12.2 1.0 32.0 - - 5.8 -
LL-82b CRILAR-Pv-620 —-12.4 1.1 32.0 - - 5.8 -
LL-82c CRILAR-Pv-620 -12.0 0.9 31.9 - - 5.7 -
LL-82d* CRILAR-Pv-620 -12.8 1.6 32.5 - - 6.3 -
LL-82e CRILAR-Pv-620 -12.5 1.1 32.1 - - 5.9 -
LL-82f* CRILAR-Pv-620 -11.9 0.3 31.2 - - 5.0 -
Sedimentary rock QSD 4 - -7.3 -4.0 26.8 - - - -
QSD 5 - -7.1 -3.8 27.0 - - - -
Carbonate nodule LL-81a* - -9.4 —-2.6 28.2 - - - -
LL-81c - -9.0 -3.6 27.3 - - - -
LL-81d - -8.9 —-2.9 27.9 - - - -
LL-81 g* - -8.8 —-2.4 28.4 - - - -
LL-81 h - —-9.2 —-3.4 27.4 - - - -
LL-81j - -8.9 —-2.8 28.0 - - - -

" Samples selected for clumped stable isotope analyses (see Table 2).

3.1. Optical methods

Eggshell thin sections were examined in transmitted and polarised
light using a Leica DM 4500 P LED petrographic microscope equipped
with an integrated digital camera. Optical examination and imaging was
used to characterise features of interest and help constrain the samples
of choice for further optical and analytical studies.

Optical cathodoluminescence (CL) images were taken on polished
surfaces using Technosyn 8200 MKkIl unfocussed, cold cathode lumino-
scope at a voltage of 15-20 kV and a current of 0.4-0.6 mA. The lumi-
noscope was mounted on an Olympus light microscope equipped with a
static stage and a high-sensitivity Olympus DP74 camera. The images
were taken in air but depressurised to 0.2 Torr (about 26.6 Pa). In
calcite, a yellow-orange CL colour (A = 600-650 nm) usually results
from the incorporation of Mn?* (20-1000 ppm) in the crystal lattice. In
contrast, a dark bluish CL colour (A = 410-430 nm) corresponds to the
intrinsic luminescence of high-purity calcite, while violet-mauve CL
colours (A = 380-410 nm) arise from the combination of intrinsic
luminescence and low (<20 ppm) Mn?* content (Sommer, 1972;
Baumgartner-Mora and Baumgartner, 1994). The quenching effect of
Fe?t was not considered here, as it requires high concentrations (in the
thousands of ppm range) and is absent in (at least avian) eggshells
(Bravo et al., 2003). The CL colours observed from tooth enamel are
complex to decipher as they result from the combined effects of lumi-
nescence in calcite and hydroxyapatite, which are caused by both
extrinsic chemical elements and structural defects. Nevertheless, a dark
blue CL colour (A = 390-410 nm) is generally accepted as a reliable
indicator of high-purity and good preservation of biogenic hydroxyap-
atite (e.g., Gotze, 2012).

3.2. In situ chemical analyses

Major and minor element concentrations were measured by energy-
dispersive X-ray spectroscopy (EDX) using a Tescan Mira II LMU field
emission-scanning electron microscope (FE-SEM) operated at an accel-
eration voltage of 20 kV, a probe current of 1.1 nA, and equipped with a
PentaFETx3 Si(Li) X-ray detector controlled by the AZtec 2.4 software
package. Backscattered electron (BSE) images (providing grayscale
compositional contrast) were taken using the same instrument to high-
light the different phases of the samples and spot the regions of interest
for EDX analyses.

Rare Earth Element (REE) concentrations were measured by laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS).
The data were acquired in two separate sessions using an Element XR

T Calculated for body water using the calcite-water fractionation equation of Kim and O'Neil (1997) with T = 37 °C.
* Calculated for body water using the phosphate-water fractionation equation of Lécuyer et al. (2013) with T = 37 °C.

sector-field ICP mass spectrometer (ThermoFisher Scientific), interfaced
to an UP-193 FX 193 nm excimer ablation system (ESI) during the first
session, and linked to a RESOlution 193 nm ESI equipped with an S155
two-volume ablation cell (ASI) during the second session. The reference
material (NIST-SRM612) from the National Institute of Standards and
Technology (NIST) was systematically analysed from four ablation spots
in each series of measurements. The data were initially processed with
the LamTrace (Lotus 1-2-3 spreadsheet) software (Jackson, 2008). It
must be noted that LA-ICP-MS analyses of REE are commonly used to
check the preservation state of biogenic hydroxyapatite. Rare Earth El-
ements are present in extremely low amount in biomineralised tissues of
living organisms (<ppm, e.g., Kocsis et al., 2010), but they are easily
incorporated into the hydroxyapatite lattice during diagenesis (Kohn
and Cerling, 2002). Thus, the relative concentration of REE in hy-
droxyapatite can be very helpful to recognise provenance, reworking
and recrystallisation (Henderson et al., 1983; Trueman et al., 2006;
Tiitken, 2011; Fadel et al., 2015). In contrast, the use of LA-ICP-MS
analyses is unusual to check for the preservation state of carbonated
fossil remains. However, its application was justified in the case of the
eggshells from QSD Sur and QSD Norte in order to determine whether
the striking difference in the degree of alteration observed in the hand-
specimens and thin sections was supported by distinct REE
compositions.

3.3. Stable isotope mass spectrometry

Carbon and oxygen stable isotope analyses (5'°C, 580, and A47) of
all types of carbonates (eggshells, bulk sedimentary rocks, nodules and
hydrothermal calcite), except the structural carbonate in tooth hy-
droxyapatite were analysed according to the method described in
Schmid and Bernasconi (2010) and refined by Meckler et al. (2014) and
Miiller et al. (2017). The outer and inner surfaces of the eggshells were
removed using a Dremel 3000 rotary device, ultrasonically cleaned in
distilled water, air-dried, and crushed into fine powder in an agate
mortar. The same procedure was applied to the hydrothermal calcite
and the carbonate nodules, in which the sampling was selectively
limited to the central parts. For sedimentary rocks, the largest silicate
clasts were handpicked and the matrix crushed into fine powder without
any pre-treatment. The powder of each sample was then weighed into
glass vials and analysed in a GasBench II system coupled to a Thermo-
Fisher Scientific Delta V isotope ratio mass spectrometer at the Geology
Institute of ETHZ. Tooth enamel and dentine, as well as bone tissues
were collected separately with a rotary device, and the oxygen and
carbon isotopic compositions of the structural carbonates in the
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hydroxyapatite were measured at UNIL in a GasBench II system coupled
to a Finnigan MAT Delta Plus XL mass spectrometer. The instruments of
ETHZ and UNIL laboratories were calibrated against the international
carbonate standard NBS-19 (TS limestone). Additionally, the isotopic
compositions of in-house Carrara marble standards were measured
together with the samples for data correction. The analytical precision of
the analyses was better than +0.1%o for both carbon and oxygen isotope
compositions.

For clumped isotope analyses (A7), eggshells and hydrothermal
calcite were sampled following the procedure described above. The
amount of sample material to be weighed (equivalent to 100-120 pg of
pure carbonate) was estimated based on the carbonate yield of each
sample calculated from previous GasBench analyses. Between fifteen
and twenty replicates were measured for individual eggshells (n = 9)
and two to fourteen replicates for hydrothermal calcite (n = 4). The
eggshell specimens were selected for A47 measurement according to the
513C and §'80 values obtained from the GasBench measurements, that is
two samples with average 8'°C and 5'%0 values, and one outlier. The
process consisted in reacting the powder with 104% phosphoric acid
(Burman et al., 2005) at 70 °C in a ThermoFisher Scientific Kiel IV
carbonate device linked to a MAT 253 mass spectrometer. The data
correction procedure includes several steps, i.e., a pressure base-line
correction (PBL), a transfer to an absolute reference frame and a
correction for the phosphoric acid fractionation at 70 °C (for more
detail, see Dennis et al., 2011; Bernasconi et al., 2013; Meckler et al.,
2014). Raw data were processed with the community software “Easo-
tope” (John and Bowen, 2016). A4y values were normalized to the CDES
and to 25 °C acid reaction temperature according to Bernasconi et al.
(2018). Temperatures were calculated with the Kele et al. (2015)
equation as recalculated by Bernasconi et al. (2018).

Phosphate samples, i.e., dentine and enamel hydroxyapatite, were
crushed into fine powders (2 mg each) and pre-treated following the
procedure of Koch et al. (1997). The phosphate ions (PO43’) were iso-
lated as described in O'Neil et al. (1994) and precipitated as silver
phosphate (AgsPO4). The international standard NBS-120c (phospho-
rite: 21.7%o) as well as the two in-house reference materials GW-1 and
KHM-25 (great white shark tooth: 22.1%o, and sea cow rib: 20.1%o,
respectively) were processed the same way as the samples for quality
control. For each sample, three silver capsules containing 350-500 pg of
AgsPO4 powder were analysed at UNIL in a high-temperature conver-
sion elemental analyser (TC/EA) coupled to a Finnigan MAT Delta Plus
XL mass spectrometer (see Vennemann et al., 2002). Additionally, two
in-house phosphate standards (LK-2 L: 12.1%o0 and LK-3 L: 17.9%o) that
had better than +0.3%. standard deviations were used for data
correction.

Silicate clasts and hydrothermal quartz (five each) were ultrasoni-
cally cleaned in distilled water and air-dried. The powder drilled out
from the crystal bulk was then cleared from any carbonate residue in a
10 vol% HCI solution, rinsed several times with distilled water, and
oven-dried at a temperature of 40 °C. The oxygen stable isotope
composition of the samples (1-2 mg each) was analysed at UNIL with a
COq-laser fluorination line coupled to a Finnigan-MAT 253 mass spec-
trometer according to the method described in Lacroix and Vennemann
(2015).

The reproducibility for 8'C and 6!%0 measurements were smaller
than 0.1%o for carbonate samples and tooth phosphates (enamel and
dentine), and 0.2%o for the bone phosphates. We obtained a value of
21.5 + 0.2%o for the standard NBS-120c, i.e., in agreement with the
value of 21.7%o typically considered for this standard (O'Neil et al.,
1994). The Ay47 results and derived temperatures are presented with
their standard error, and the temperatures with the 95% confidence
interval. The accepted value for the internal quartz standard LS1 was of
18.1%o0 on the VSMOW scale and this was measured with a precision of
+0.1%o.
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4. Results
4.1. Fossil preservation

Thin section optical microscopy of the eggshells from Sanagasta,
Tama and QSD Sur confirms poor preservation and massive recrystalli-
sation (mainly silicates with minor secondary calcite), as observed
macroscopically. The eggshells show extensive alteration features, with
only occasional and partial preservation of biogenic structures. In
contrast, the eggshells from QSD Norte show obvious biogenic features
typical for the clade and indicative of good preservation. Those include a
mono-layered shell structure, concentric wavy lines parallel to the shell
surface (possibly related to organic matter incorporated during miner-
alisation; Williams and Vickers-Rich, 1992), and spherulites from which
calcite fans nucleate and radiate to form shell units and superficial nodes
(Fig. 2). Between the shell units, the pores ensuring gas exchange be-
tween the embryo and the outer environment are easily identifiable,
even though most of them are filled with secondary calcite.

The CL images support the occurrence of different preservation states
between the eggshells from Sanagasta, Tama and QSD Sur on one hand,
and those from QSD Norte (Fig. 2) on the other hand. Bright yellow-
orange (600 nm) CL colours are observed to varying degrees in the
outer and inner rims and around spherulites and pores of the eggshells
from all nesting sites. This likely results from the incorporation of Mn?*
in the calcite crystals under reducing diagenetic conditions (Sommer,
1972; Baumgartner-Mora and Baumgartner, 1994). This CL is concen-
trated in the outer and inner surfaces, especially around the spherulites,
as well as along the pores. The concentric lines visible in thin section in
QSD Norte eggshells are highlighted by bright yellow luminescence
suggesting the metabolic or diagenetic incorporation of Mn?*, while the
zones in-between have a dark-blueish (410-430 nm) CL colour, typical
for high-purity calcite and denoting a mostly Mn?"-free shell volume.

In situ EDX chemical analyses further support calcite as being the
main component of well-preserved eggshells from QSD Norte, while
quartz is predominant in the eggshells from all the other sites (Fig. 3).
Barite, a common mineral in hydrothermal or highly evaporative set-
tings, has been identified in the eggshells from Sanagasta (and in the
nearby sedimentary rocks; see Fiorelli et al., 2012) and, to a lesser
extent, QSD Sur. Other allochthonous minerals trapped in the pore infill
or heavily altered zones of the eggshells, and originating from the sur-
rounding detritic sedimentary rocks, include Ti-rich Fe oxides in San-
agasta and Tama, plagioclase in Tama and QSD Sur, and unidentified V,
Nd and Ce-bearing phases in QSD Norte.

LA-ICP-MS analyses of the eggshells from the two subsites of Que-
brada de Santo Domingo have distinct REE patterns (Fig. 4A). In QSD
Sur, the REE patterns are flat, with values between 0.1 and 1 when
normalized against the North American Shale Composite (NASC) stan-
dard (a compilation of samples intended to represent an average
composition of continental detrital rocks; see Gromet et al., 1984),
indicating pervasive recrystallisation and alteration of the original
biogenic material. In contrast, the eggshells from QSD Norte have much
lower REE concentrations, between 0.001 and 0.1 when normalized
against NASC (30 ng/g in total), suggesting a limited diagenetic over-
print. The variations between neighbouring chemical elements are small
(e.g., Tm = 4 ng/g, Yb = 6 ng/g, Lu = 2 ng/g).

With average concentrations of 9.4 pg/g (Xmin = 1.6 pg/8, Xmax =
20.7 pg/g) and 26.1 pg/g Xmin = 7.1 pg/g, Xmax = 51.9 ng/g) for enamel
and dentine, respectively, the overall content of REE in the titanosaurian
tooth from QSD Sur is globally low, but one to two orders of magnitude
higher than that reported for the eggshells (Fig. 4A). The higher REE
concentrations measured in dentine compared to enamel is likely related
to the higher porosity of the former, which makes incorporation of REE
during recrystallisation easier (e.g., Kohn and Cerling, 2002; Kocsis
etal., 2007, 2010). The REE patterns are typically bell-shaped, i.e., with
substantial MREE-enrichment and low HREE and LREE values, a feature
classically considered to be an indicator of extensive recrystallisation
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Sanagasta

Fig. 2. Transmitted light thin section (left) and CL (right) images showing the
outstanding preservation state of titanosaurian eggshells from QSD Norte
compared to the heavily recrystallised specimens from Sanagasta, Tama, and
QSD Sur. The bright yellow-orange CL colours results from the incorporation of
Mn?* in the calcite crystals under reducing diagenetic conditions. Dark blue
(410-430 nm) CL colours are interpreted here as primary calcite lacking Mn**.
Violet-mauve colours arise from the combination of intrinsic CL and low Mn?*
activation. Note that the most commonly observed preservation state is shown
here and that less severely recrystallised eggshells have been used for taxo-
nomic identification (see Fig. 5 in Grellet-Tinner and Fiorelli, 2010, and Fig. 6
in Hechenleitner et al., 2016b). QSD = Quebrada de Santo Domingo; pc = pore
canal; sph = spherulite; su = shell unit. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

during late diagenesis (e.g., Reynard et al., 1999; Lécuyer et al., 2003;
Trueman et al., 2006). More recent studies, however, have shown that it
may also result from REE fractionation (Kocsis et al., 2010; Mackenzie
et al., 2011; Fadel et al., 2015). Here, the relatively low total REE con-
tent together with the dark blue CL colour (Fig. 4B) suggest that tooth
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enamel has preserved its primary biomineral composition and that the
bell shape of the REE patterns likely results from fractionation rather
than diagenetic processes.

4.2. Stable isotope compositions

Conventional carbon and oxygen isotope compositions (5'3C and
5'80) are listed in Table 1 and plotted in Fig. 5. Clumped (A47) isotope
compositions and calculated precipitation temperatures (T, °C) are lis-
ted in Table 2.

The eggshells from Sanagasta (n = 28) have §'3C values within the
narrow range of —9.6 to —7.6%o, with an average (613Cav) of —8.8 &+
0.5%o. The 880 values are between 25.5 and 27.3 (5'80,, = 26.6 =+
1.3%o), except for three “outliers” (LL-115b, LL-118b, LL-130b) with
values of 28.9%o, 29.8%0 and 30.6%o respectively. The A47,y value (n = 3)
is 0.642 + 0.007%o (T = 34.8 + 5.8 °C). The eggshells from Tama (n = 8)
have very similar 5!3C and 580 values to those from Sanagasta, ranging
from —9.0 to —8.3%o (8'3Cay = —8.7 £ 0.2%o0) and 25.1 to 26.4%o (5'%04y
= 25.8 + 0.4%o), respectively. No A4y was measured on the eggshells
from Tama. The eggshells from the two subsites of Quebrada de Santo
Domingo have different isotopic compositions, especially in their carbon
isotopic composition. With 5'3C values ranging between —6.5 and —
2.9%o0 (6‘313Cav = —5.1 £ 1.1%o), the eggshells from QSD Sur (n = 22) have
the highest 5'3C values measured in this study. Conversely, with a §'3C,,
value of —11.7 + 1.4%o (between —12.8 and — 8.7%o), the eggshells from
QSD Norte (n = 13) have a the lowest 613Cav value. The stable oxygen
isotope compositions are not markedly different between the two sub-
sites, with 5'80 values from 28.2 to 32.7%o (5'80,, = 30.0 % 1.1%0) and
from 30.1 to 32.5%0 (5804, = 31.5 = 1.2%0) for QSD Sur and QSD Norte,
respectively. Those results are, however, notably higher than those re-
ported for the eggshells from Tama and Sanagasta. The A47,y, value is
0.597 + 0.007%o (T = 50.7 £ 6.0 °C) for the eggshells from QSD Norte (n
=5, 16 to 20 replicates each), and 0.755 + 0.006%o (T = 3.3 + 3.8 °C)
for the single eggshell measured from QSD Sur (18 replicates). In all
sites, we observe obvious differences in the 580 and 5'3C values (up to
3%o and 4%o, respectively) for the eggshells belonging to the same egg
accumulation (i.e., same laboratory number but different letter, see
Table 1).

The bulk sedimentary rocks (n = 16) and hydrothermal calcite (n =
12) from Sanagasta have 8'3C and 5'30 values in the range of —10.0 to
—6.0%o (8"3Cay = —8.4 + 0.8%0) and 22.4 to 26.6%o (6'%0,, = 25.1 +
1.1%o), respectively. Some 8'80 values are marginally lower in hydro-
thermal calcite compared to sedimentary rocks, but no such trend is
observed in the 5!3C values. The A474y value of hydrothermal calcite (n
= 4) is 0.635 % 0.003%0 (T = 36.6 + 6.8 °C). The §'°0 values of the
silicate clasts (n = 5) and of hydrothermal quartz (n = 5) differ sub-
stantially from each other, with values of 10.7 to 13.3%o (680, = 11.9
+ 1.1%o) for the former and 30.5 to 33.9%o (580, = 32.0 =+ 1.7%) for
the latter. Isotopic compositions for the bulk sedimentary rocks in Tama
(n = 4) cluster even more tightly, with §!3C values in the range of —9.2
to —9.0%o (613CaV = —9.1 4+ 0.1%o) and 8'80 values between 24.7 and
25.3%o (5180, = 25.0 =+ 0.3%0). The sedimentary rocks from Quebrada
de Santo Domingo (n = 5) show a wide spread of isotopic compositions,
with §13C values between —7.3 and — 2.4%o (613Cav = —5.9 4+ 2.0%0) and
5180 values from 26.8 to 32.9%0 (680, = 28.7 + 2.5%), the lower
values for both §'3C and 5'80 being those from QSD Norte.

The pedogenic carbonate nodules from Sanagasta (n = 2) have 5'3C
values of —8.6 and — 7.7%o (£‘313Cﬁlv = —8.2 4+ 0.0%0) and 5'%0 values of
25.7 and 27.0%o (3'80,y = 26.4 + 0.0%0). In Tama (n = 1), 5'*C and !0
values are —9.7%o and 24.8%o, respectively. In QSD Sur (n = 9), 53¢
values of diagenetic nodules are surprisingly close to each other, be-
tween —6.9 and — 6.8%o (613Cav = —6.9 £ 0.0%o), while 5180 values are
the highest reported in this study, with values topping between 36.9 and
37.8%o0 (8'04y = 37.4 + 0.3%o). In QSD Norte (n = 6), 5'3C and §'%0
values are in the range of —9.4 to —8.8%o (813Cav = —9.0 £ 0.2%0), and
27.3 to 28.4%o (6180aV = 27.9 + 0.4%c) for diagenetic nodules,
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Fig. 3. SEM BSE images showing the typical mineral phases identified by EDX analyses in titanosaurian eggshells. Note the difference in the amount of quartz and
calcite between QSD Norte and the other sites. QSD = Quebrada de Santo Domingo; ba = barite; cal = calcite; fs = feldspar; qtz = quartz; Ti/Fe ox. = Ti-rich Fe oxide;

V/Nd/Ce un. = unidentified V, Nd and Ce-bearing phases.

respectively. The A47,y values of the nodules are 0.622 + 0.005%o (T =
40.5 + 6.7 °C) in QSD Sur (n = 2) and 0.626 + 0.008%. (T = 40.2 +
6.5 °C) in QSD Norte (n = 2).

Hydroxyapatite from the titanosaurian skeletal remains has 5'80po4
values of 18.9%o for enamel, 16.9%o. for dentine and 16.6%. for the bone.
The structural carbonate of the enamel has a 8'3Cqos value of —7.6%o
and a 6180(;03 value of 26.2%o, while that of dentine has corresponding
values of —8.6%o0 and 23.2%o.

5. Discussion
5.1. The isotopic composition of well-preserved eggshells and tooth

5.1.1. Associated abiogenic geological samples as comparative tools

A common way of identifying potential disturbances of the biogenic
isotopic composition is to compare the data provided by the best-
preserved fossils with the results obtained from the matrix and the
other associated abiogenic materials (carbonate rocks and nodules, hy-
drothermal calcite and quartz). Fractionation processes involved in the
formation of biogenic vs. abiogenic material may be different (physio-
logical vs. physicochemical). Also, the crystallisation temperature and
the source of carbon often differ between biogenic and abiogenic ma-
terials. Therefore, an overlap of the isotopic compositions measured in

the biogenic and abiogenic materials is commonly regarded as evidence
for pervasive diagenesis of the fossil sample and poor preservation of the
original biogenic isotopic composition (e.g., Riera et al., 2013).
Conversely, an offset in the isotopic compositions between fossils and
associated abiogenic samples is to be expected when diagenetic pro-
cesses are absent or limited in extent.

Most freshwater carbonates have 5!C values between —5 and + 5%o
(Clark and Fritz, 1997; Kelly, 2000). In contrast, the 53¢ values recor-
ded in the hard tissues of herbivorous vertebrates are lower, since car-
bon is sourced from the ingested plants, which preferentially fix '2C
from atmospheric CO, during photosynthesis (e.g., Farquhar et al.,
1989). Consequently, well-preserved eggshells are expected to have
lower §'3C values than the associated, inorganically precipitated mate-
rials. Regarding oxygen, the §'%0 values measured in minerals mainly
reflect the water source and the temperature of formation. Depending on
the mechanism at play, 5!80 values can have a very broad range, but
usually below the upper bound of ~29%o. in abiogenic freshwater car-
bonates (Nelson and Smith, 1996). In vertebrate biominerals (e.g.,
CaCOj3 or Ca;o(PO4)6(OH)3), however, physiological fractionation pro-
cesses such as water loss through evapotranspiration (Koch, 2007;
Lazzerini et al., 2016) may also come into play, making body water (and
tissues) typically enriched in 20 compared to meteoric (ingested) water
(Koch, 2007). In the case of vertebrates, the precipitation temperature of
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Fig. 4. (A) LA-ICP-MS REE concentrations of the titanosaurian eggshells and the tooth from Quebrada de Santo Domingo (QSD), normalized against NASC; (B)
polished section (top) and CL imaging (bottom) of a QSD Sur titanosaurian tooth enamel fragment (section perpendicular to the growth axis). The ablation crater
indicates the location of the LA-ICP-MS spot. Note the presence of growth lines in the polished section.

biomineralised tissues, recorded in their 5§'%0 values, corresponds to the
animal's body temperature, which can be higher than (common in
mammals and birds), or similar to (in most reptiles and fish) the ambient
air, respectively water, temperature. As a first approximation, we can
thus expect higher 5'%0 values for well-preserved eggshells than for the
associated abiogenic geological samples, assuming that both are related
to the same source of (meteoric) water and have formed at similar
temperatures. However, if body temperatures were higher than ambient
air temperatures, the 5180 values will be lower than the values expected
for the mineral-water equilibrium under ambient conditions.

Most of the eggshells from Sanagasta and Tama (Los Llanos Fm) show
evidence for extensive recrystallisation and poor preservation (if any) of
the original biogenic structures (see Section 4.1.). Not surprisingly, their
5'3C and 880 values reflect neither the environmental conditions, nor
the physiological processes occurring during the lifetime of the di-
nosaurs, but mainly the temperatures and oxygen isotopic composition
prevailing during diagenesis. This also applies to the A4y values of the
eggshells from Sanagasta, which do not reflect primary conditions
either. At most, the slightly higher 5'®0 values (Fig. 5) noted in the
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eggshells than in the associated pedogenic carbonate nodules and
sedimentary rocks (25.1 to 27.3%o for most eggshells and 22.4 to 26.6%o
for abiogenic material) might be interpreted as partial or even complete
preservation of primary values. The three supposedly better-preserved
eggshells from Sanagasta (see “outliers” in Fig. 5), with clearly higher
5180 values (28.9, 29.8 and 31.0%o) than all the other samples from the
Los Llanos Fm, support this hypothesis.

The eggshells from the two subsites of Quebrada de Santo Domingo
(Ciénaga del Rio Huaco Fm) have different results compared to the host
rock material. The isotopic compositions of the eggshells from QSD Sur —
considered to be poorly preserved (see Section 4.1.) — are widely scat-
tered, and are more similar to the sedimentary rock from QSD than the
eggshells of Sanagasta and Tama (Los Llanos Fm, Fig. 5). The diagenetic
carbonate nodules from QSD Sur clearly differ from the sedimentary
rock and eggshells in their §'0, which is surprisingly high. We suggest
that these nodules formed relatively recently under evaporative surface
conditions in arid settings resulting in high 580 values (e.g., Koch et al.,
2003). The presence of gypsum veins in the egg-bearing levels, as well as
barite in some eggshells (see Fig. 3) support the presence of warm
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Fig. 5. Carbon and oxygen stable isotope composition of (A) carbonate samples, showing the strong clustering of the well-preserved eggshells from QSD Norte
compared to their associated, abiogenic geological samples and to the eggshells from the other nesting sites of La Rioja, NW Argentina, and (B) silicate samples
indicating a hydrothermal/meteoric origin. Silicate clasts of magmatic origin (5'%0 = 10.7 to 13.3%o) are not shown. QSD = Quebrada de Santo Domingo.

diagenetic fluids, as do the A4; values measured in the nodules, which
indicate precipitation from warm (between 32.0 and 48.9 °C) and '%0-
enriched fluids (5'®0m20 = 12.3 =+ 1.9%o). In addition, all eggshells from
QSD Sur have higher §'3C values than those from other sites, indicating
that they have interacted with '®C-enriched diagenetic fluids. The
A47—derived temperature (3.3 °C) of the single eggshell analysed from
QSD Sur reflects contamination, possibly related to the presence of
sulfate, although the Asg offset and 49 Parameter (Davies and John,
2017) do not show anomalous values (Supplementary data). In contrast,
all samples from QSD Norte (eggshells, diagenetic carbonate nodules,
sedimentary rock) define separate, tight clusters in their isotopic com-
positions, with the eggshells having the lowest §'3C and highest 5'%0
values, well apart from those of the abiogenic materials. This difference
in isotopic compositions also supports a good preservation state, as
deduced from optical and chemical methods. Only two samples (LL-108c
and LL-108g, see Table 1) have comparatively higher 5'3C and lower
580 values, similar to the three eggshells from Sanagasta considered as
partially preserved (see “outliers” in Fig. 5). It must be noted that a
certain degree of spread in the §'%0 and 8'C values for the eggshells
collected from the same site is not surprising. In extant birds, some
variations are observed between clutches produced by the same colony,
and even between the eggs of the same clutch (e.g., barnacle goose
Brante leucopsis, Pokrovskaya et al., 2011). Such a spread of data is
interpreted to be the result of changes in the body fluid composition,
caused by water loss (:¥0-enrichment) during the egg formation, and a
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progressive shift (from the diet to the stored fat) of the carbon source
used for egg mineralisation (*3C-depletion).

In addition, even for the best-preserved eggshells, minor contami-
nation by secondary calcite filling the pores of the eggs (leading to small
but non-negligible disturbance in the biogenic 5!°C and 520 values)
cannot be completely avoided when using classical powder sampling
methods (i.e., stripping off of the superficial allochthonous material and
crushing the central part of the shell). As the pore volume of titano-
saurian eggshells can be up to 20% in the eggshells from Sanagasta (see
3D modelling in Hechenleitner et al., 2016a), measuring the stable
isotope composition in the matrix of the associated sedimentary rock
matrix is crucial to evaluate to which extent secondary carbonates in-
fluence the values of biogenic origin, and the direction of the isotope
shift. This statement on the sampling method is valid for most studies
dealing with titanosaurian eggshells (including the references listed in
the next section), with the consequence that even very well-preserved
eggshells may have an isotopic composition slightly shifted towards
the values of associated carbonate nodules and rocks (higher 5!3C and
lower 580 values). To avoid this issue, high-precision computer-
controlled microdrilling might be recommended in future studies.

5.1.2. Low 5'3C and high 5'%0 values, the hallmark of well-preserved
titanosaurian eggshells

Over the last five decades, several studies have reported stable
isotope carbon and oxygen isotope compositions of Late Cretaceous
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Table 2
Clumped (A47) isotope compositions and derived precipitation temperatures for the samples selected in Table 1.
Nesting Sample type Sample Replicates  8'3Cco3  SD 8%0cos  SD  6'%0cos Asy SE Ayr- SE  Confidence 8'%0p20'
site ID CDES T" Interval
%o %o %o %o °C 0.68% 0.95% %0
VPDB VPDB VSMOW VSMOW
Sanagasta Eggshell LL-119a 19 -8.3 # —4.2 # 26.5 0.652 ### 31.0 2.1 2.1 4.3 —0.67
LL-122b 15 —-8.6 # -5.3 # 25.5 0.634 ##H# 37.3 29 3.0 6.2 —0.48
LL-130b 15 -9.2 0.1 -0.3 # 30.6 0.639 ##H# 36.0 3.2 3.3 6.8 4.22
Carbonate LL-180 8 -7.8 0.1 -5.0 # 25.8 0.647 ##H# 32.8 2.6 2.8 6.1 -1.07
nodule
Hydrothermal LL-62 14 -9.1 # -7.4 0.1 23.3 0.641 ##H# 35.1 2.3 2.4 5.1 -3.01
calcite
LL-175b 9 -9.1 0.1 —6.0 # 24.8 0.645 ### 33.2 0.9 0.9 2.0 —-1.95
LL-100 4 -8.0 0.1 -6.1 # 24.7 0.628 ##H# 39.2 3.0 3.6 9.6 —0.94
LL-173c 2 -7.2 # -5.8 # 24.9 0.628 0.001 39.0 0.8 1.5 10.7 —-0.74
Tama Carbonate LL-97 14 —-9.5 0.1 -5.8 0.1 25.0 0.637 ### 36.4 3.1 3.2 6.8 -1.14
nodule
QSD Sur Eggshell LL-105a 15 -5.5 # -0.7 # 30.2 0.755 ##AH# 3.3 1.8 1.8 3.8 -3.05
Carbonate LL-85e 11 —6.7 0.1 7.1 # 38.3 0.643 ### 32.0 3.4 3.5 7.5 10.94
nodule
LL-85 h 4 —6.8 # 6.6 # 37.7 0.600 ##H# 48.9 1.9 2.2 5.9 13.59
QSD Eggshell LL-108b 17 -12.0 0.1 -1.1 # 29.8 0.593 ##AH# 52.4 3.8 3.9 8.0 6.44
Norte
LL-108c 19 —-8.6 # -0.9 0.1 30.0 0.601 ##H# 48.7 2.2 2.3 4.7 5.95
LL-108 g 20 -9.8 # -0.7 0.1 30.2 0.590 ##H# 52.7 1.9 2.0 4.0 6.92
LL-82d 19 —-12.7 # 1.5 # 325 0.622 ### 41.3 2.3 2.4 4.9 7.09
LL- 16 —-11.8 # 0.4 # 31.3 0.578 ##H# 58.3 3.9 4.0 8.3 8.93
82f bis
Carbonate LL-81a 10 -9.3 # —-2.6 # 28.2 0.635 0.012 37.4 4.2 4.4 9.5 2.21
nodule
LL-81g 18 —-8.7 # -2.3 0.1 28.5 0.617 ##H# 42.9 1.7 1.7 3.5 3.49

# Calculated using the ETH calibration (Bernasconi et al., 2018).

f Calculated using the calcite-water fractionation equation of Kim and O'Neil (1997).

titanosaurian eggshells in mid-palaeolatitude (23 to 45°, Folinsbee et al.,
1970; Erben et al., 1979; Cojan et al., 2003; Kim et al., 2009; Bojar et al.,
2010; Riera et al., 2013; Eagle et al., 2015; Dawson et al., 2020). Most
513C and 5'%0 values cluster into three distinct fields (Fig. 6), referred to
as Cluster 1, 2 and 3 hereafter.

Folinsbee et al. (1970) focused on titanosaurian (‘Hypselosaurus’)
eggshells of Maastrichtian age from Aix-en-Provence (Rousset site),
France. The preservation state was considered good with only rare
recrystallisation features, and the isotopic compositions they reported
(6'3C = —14.5 to —13.3%0 and 580 = 29.0 to 30.9%o) plott into Cluster
3. Erben et al. (1979), Cojan et al. (2003) and Eagle et al. (2015) also
analysed titanosaurian eggshells from the same region. Just as Folinsbee
et al. (1970), Erben et al. (1979) also rated the preservation state of the
eggshells as good and noted that almost no recrystallisation occurred,
while Cojan et al. (2003) and Eagle et al. (2015) were much more
cautious with defining a preservation state. Their isotopic compositions
plot either into Cluster 2 (33C = —10.2 to —8.4%o and 5'%0 = 25.2 to
27.3%o, Erben et al., 1979) or spread over Clusters 2 and 3 6%c=-15.0
to —8.0%o and 5180 = 25.0 to 33.0%., Cojan et al., 2003; §'13C = —13.2 to
—9.2%o and 880 = 26.0 to 32.2%o, Eagle et al., 2015). The disparate
isotopic results reported by the different studies are attributed to the
facts that the eggshells were collected in different sites and horizons, had
distinct diagenetic histories, and therefore unevenly preserved the
original isotopic compositions.

Kim et al. (2009) analysed eggshells with faveoloolithid and spher-
oolithid microstructures from the Gyeongsang Basin, South Korea.
Those eggshells were first attributed to herbivorous ornithopod and
sauropod dinosaurs, but some of them (i.e., faveoloolithid eggshells)
were later attributed to the clade Titanosauria (Fiorelli et al., 2012;
Hechenleitner et al., 2015). It is noteworthy that Kim et al. (2009) did
not correlate the isotopic compositions they measured with the type of
eggs they sampled. The eggshells were regarded originally as well-
preserved, although we argue from Fig. 3e in Kim et al. (2009) that
they look substantially recrystallised and altered. Most eggshell isotopic
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compositions fall within Cluster 2 in Fig. 6 (8*3C = —8.5 to —8.0%0 and
5180 = 25.0 to 27.5%0), and they are well apart from the associated
abiogenic carbonates that have extremely low 580 values (down to
8.5%0) compared to those of all the other sites. Some eggshells also have
very low 5180 values (down to 16%o), i.e., unlike any other titanosaurian
eggshells discussed here. We agree with Kim et al. (2009) who hy-
pothesized the contribution of hydrothermal fluids related to the
intrusion of the Seonso Fm by magmatic dykes to explain the very low
5'80 values of those eggshells (see also Choi et al., 2006).

Riera et al. (2013) worked on titanosaurian eggshells of Maas-
trichtian age from several sites of the southern Pyrenees, Spain. Egg-
shells showed a good preservation of original microstructures and no
evidence for recrystallisation, except in the site of Sallent. The isotopic
compositions of the well-preserved eggshells plot into Cluster 3 (5'3C =
~15.0 to —11.3%0 and 5'%0 = 28.0 to 32.7%o), while those from Sallent
plot into Cluster 2 (13C = —11.3 to —7.8%o and 5180 = 25.5 to 29.0%o).
Sellés et al. (2017) provided additional 5'3C and 5'%0 values for path-
ologic specimens from the same sites. They also noticed a very well-
preserved microstructure and reported 8'3C and 8'®0 values similar to
those reported by Riera et al. (2013), even though less tightly clustered.
Those values show obvious co-variation from Cluster 2 for the atypical —
and altered — eggshells from Sallent to Cluster 3 for the best-preserved
eggshells. Interestingly, the values of the well-preserved Maastrichtian
eggshells from northern Spain analysed by Erben et al. (1979) also plot
within Cluster 3 (6'°C = —14.2 to —11.3%o0 and §'%0 = 30.2 to 31.6%o).

When the preservation state of the titanosaurian eggshell micro-
structure was unambiguously evaluated as good or excellent, such as in
the Maastrichtian samples from the Hateg Basin, Romania (5'3C =
—15.0 to —12.6%0 and 5180 = 29.5 to 30.8%o, Bojar et al., 2010, Grellet-
Tinner et al., 2012, Dawson et al., 2020), and in one of the Campanian
samples from Auca Mahuevo, Neuquén Province, Argentina (5'3C =
—12.7%0 and 5'%0 = 31.5%o, Eagle et al., 2015), the isotopic composi-
tions invariably plot into Cluster 3. Our results also confirm this view,
with the well-preserved eggshells from QSD Norte plotting into Cluster
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Fig. 6. Carbon and oxygen stable isotope compositions from mid-palaeolatitude (23-45°) titanosaurian eggshells sampled in La Rioja, NW Argentina (star symbol),
and in other nesting sites worldwide (see map). Light gray squares represent the associated, abiogenic geological samples published by others. Cluster 1 and 2 contain
data from heavily altered eggshells (see text for discussion), while Cluster 3 combines the low 5'C and high §'®0 values characteristic of well-preserved titanosaurian

eggshells. QSD = Quebrada de Santo Domingo.

3, and the altered or diagenetic specimens from QSD Sur, respectively
from Sanagasta and Tama, into Clusters 1 and 2.

From the above discussion, we conclude that the combination of low
s13¢C (—15 to —11%o) and high 5% (27 to 33%o) values is an excellent
indicator of the well-preserved state of Late Cretaceous eggshells pro-
duced by mid-palaeolatitude (23° to 45°) titanosaurians. The definition
of such an isotopic hallmark for well-preserved eggshells can help to
identify cryptic alteration features, and to evaluate the preservation
state, e.g., for specimens stored in private collections or museums and
for which the associated geological materials are not available.
Conversely, the preservation state of the eggshells having isotopic
compositions markedly out of this field should be regarded with care, or,
in case the preservation state can be proven to be good, point to very
specific environmental conditions capable of substantially modifying
the isotopic composition of the local carbon and oxygen sources (Kim
et al., 2009).

5.1.3. Preservation of isotopic compositions in the titanosaurian tooth
Hard bioapatite tissues such as teeth and bones have different
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resistance to alteration, mainly because of differences in crystal size,
composition and porosity. Large crystal size, low organic matter content
and low porosity, favour the preservation of the biogenic stable isotopic
compositions in enamel mineralised tissues compared to the more
porous, organic matter rich, nanometre-scale crystallinity of tissues such
as dentine and bone (e.g., Zazzo et al., 2004). Similar isotopic compo-
sitions in different tissues of the same fossil specimen suggest either
preservation of original biogenic stable isotope compositions or com-
plete resetting of both tissue types to homogenous values corresponding
to the diagenetic conditions. The bioapatite material from a single
titanosaurian specimen of QSD Sur has a clear trend in the stable oxygen
isotope composition of phosphate, with tooth enamel 5'80pg4 of 18.9%0
being higher than the tooth dentine with §'%0po4 = 16.9%0 and the
associated bone dentine with 6180po4 = 16.6%0 (see Table 1). This
supports the interpretation that tooth enamel has, at least partially,
preserved its original isotopic composition.

The §'%0 of a given mineral reflects the precipitation temperature
and the 5'80 of the water from which it precipitated (e.g., Kim and
O'neil, 1997). Since phosphate-water and carbonate-water fractionation
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factors are different, an offset in the 5!%0 values between tooth hy-
droxyapatite (61801:04) and structural carbonate (6180CO3) is expected in
a tooth precipitated from the same body water and at constant body
temperature, according to several pieces of evidences supporting
sauropod dinosaur homeothermy (endothermy or gigantothermy)
(Amiot et al., 2011; Eagle et al., 2011, 2015). In extant homeothermic
vertebrates, the §'%0¢os is 7 to 9% higher than the 5'%0p04 (Bryant
et al., 1996; lacumin et al., 1996). In the titanosaurian tooth enamel
measured here, this offset is 7.3%o, supporting that both mineral phases
are likely to have preserved their original compositions established
under conditions of homeothermy.

Finally, the reliability of isotopic data recorded in tooth enamel can
also be evaluated based on the correlation proposed by Amiot et al.
(2004) between the palaeolatitudinal location L (in degrees) of Late
Cretaceous dinosaurs and the §'80pg,4 values obtained from the fossil
remains in %o (VSMOW):

(€Y

This equation reflects the close relation between the 520 of verte-
brate phosphate and that of ingested/meteoric water, which is closely
related to the latitude. Although other parameters influence the §'80pg4
(distance from the shore, altitude, etc.), this equation can be used as an
estimate of the bioapatite values expected at our study sites. Considering
an approximate palaeolatitude of 32°S for QSD (Hechenleitner et al.,
2020), we obtain a 6180p04 value of 19.5%o, i.e., very close to the value
of 18.9%0 measured in tooth enamel from QSD Sur, and only slightly
lower than the values of 20.6%o0 and 21.1%o reported for teeth of other
titanosaurians living at similar palaeolatitudes (Tremp Fm, Spain,
Domingo et al., 2015).

In summary, the difference in 580 values between enamel, dentine
and bone, as well as the offset in isotopic compositions between tooth
phosphate and structural carbonate, and the similarities between
calculated and estimated paleolatitudes (and with those published by
others), together with the dark blue CL colour and the low REE content
reported from analytical techniques (see Figs. 3 and 4), we conclude that
the data measured in tooth enamel from QSD Sur reliably reflect the
original biogenic compositions and are well-suited for further
interpretation.

8" Oposdinosaurs = — 0.22L +26.52

5.2. Thermoregulation, diet, and reproduction of titanosaurians

5.2.1. Constant, elevated body temperature

The body temperature of titanosaurians during the egg-laying period
can be calculated from the A4; values measured in well-preserved egg-
shells, since these record the body temperature of the mother. However,
well-preserved bulk isotopic compositions (3*3C and 8'®0) do not
guarantee the preservation of the original A4; values. In QSD Norte eggs
indeed, most A4y-derived temperatures are too high (up to 58 °C) and
physiologically unrealistic. Alteration of the A47 can occur in a closed
system through thermally induced solid-state C—O bonds reordering (e.
g., Stolper and Eiler, 2015). Such internal isotope-exchange reactions
are thought to take place when the carbonate is exposed to temperatures
greater than 80-100 °C during millions of years (Henkes et al., 2014;
Stolper and Eiler, 2015). Given that the Andean orogeny was already an
ongoing process during the Late Cretaceous (Martinez et al., 2017), and
considering the regional geology of Quebrada de Santo Domingo where
the Cenozoic cover does not exceed 1000 m in thickness (Limarino et al.,
2016), the maximal burial depth of the eggs was probably not sufficient
for such temperatures to be reached. However, if egg calcite is less
resistant to clumped isotope reordering than the calcites experimentally
tested by Henkes et al. (2014) and Stolper and Eiler (2015), they could
have experienced partial reordering at even lower temperatures. This
could also be responsible for the observed range in temperatures be-
tween 41.3 and 58.3 °C for QSD Norte eggs (Table 2). Unexpectedly low
A47 values could reflect a larger proportion of secondary carbonate (that
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would have formed at higher temperature) in some parts of the eggshell.
In that case however, we would also expect a difference in the bulk
isotopic composition of the replicates that yielded the lowest A47 values
(and highest derived temperatures), which again was not observed in
our data.

Interestingly, the eggshell specimen from QSD Norte with the lowest
513C and highest 5'%0 values (LL-82d; i.e, presumably the best-
preserved eggshell specimen of all according to the isotopic hallmark
we defined in Section 5.1.2.) also has the lowest body temperature, with
41.3 + 4.9 °C (calculated from 19 replicates). This sample also has the
most distinct bulk isotopic composition, which clearly stands out
compared to the abiogenic associated carbonate (see Fig. 6), and sug-
gests that the participation of secondary carbonate is the lowest of all
our egg samples. We consider this sample to be the closest to the real
titanosaurian body temperature, in reasonable agreement with the
average body temperature of 37.6 + 1.9 °C calculated by Eagle et al.
(2015) when the error is considered. It must be noted that those authors
have reported a wide spread of data, with temperatures higher than
41 °C for two-thirds of the eggshells cited as “apparently well-preserved”
(Auca Mahuevo, Level 4) and used to calculate the average body tem-
perature of 37.6 °C. According to Amiot et al. (2006), a body tempera-
ture over 39 °C is lethal for extant low latitude reptiles, but other
terrestrial vertebrates like extant birds can have a body temperature
over 40 °C (as high as 44.6 °C for the sombre hummingbird Aphanto-
chroa cirrochloris, Eagle et al., 2015, and up to 45 °C for the desert bird
Burchell's sandgrouse Pterocles burchelli under laboratory conditions,
McKechnie et al., 2016). Although a comparison between small birds
and titanosaurians of a radically different size is limited since the
metabolic rate responds to body mass (e.g., White and Seymour, 2003;
Ganse et al., 2011), it is worth opening the question as to whether
titanosaurian body temperature could have been close to or even slightly
above 40 °C.

The thermoregulation strategy adopted by titanosaurians and other
sauropods (i.e., whether they were homeo- or poikilothermic), has long
been debated. However, an increasing number of studies supports the
scenario of a constant body temperature (homeothermy) for several
dinosaur taxa. Clues about thermoregulation can be obtained from tooth
enamel and the different fractionation factors between carbonates,
respectively phosphates, and water. In extant homeothermic verte-
brates, the offset between dental 6180CO3 and 61801:04 values is on the
order of 7 to 9%o (Bryant et al., 1996; lacumin et al., 1996). In the tooth
enamel sample analysed here, this offset is within this range at 7.3%o,
suggesting that dental development in titanosaurians occurred under
constant temperature, well in line with the recent articles on sauropod
dinosaur homeothermy (Amiot et al., 2006; Eagle et al., 2011, 2015).
Finally, the isotopic hallmark defined in Section 5.1.2. for mid-
palaeolatitude titanosaurian eggshells reflects a relatively narrow §'%0
range (Cluster 3), further supporting their formation at a relatively
constant body temperature (homeothermy).

5.2.2. Plants with C3 metabolic pathway as staple food

The §'3C values of terrestrial herbivorous vertebrates is linked to
their diet and mainly reflects whether they were ingesting C3 plants, C4
plants, or a mix of both. The isotopic differences between these two
kinds of plants result from distinct photosynthetic pathways (Farquhar
et al., 1989). The §!3C values of extant C3 plants range between —37 and
—20%o (Farquhar et al., 1989) with an average value of —28%o (Kohn,
2010), while those of C4 plants are between —16 and —12%o (O'Leary,
1981). For the Late Cretaceous, the general consensus is that only C3
plants were available for terrestrial herbivores (Osborne and Beerling,
2006; Kohn, 2010), while the presence of Cretaceous C4 plants is limited
to a single isotopic record so far (Kuypers et al., 1999). The difference
between the §'3C value of plants and that of the source carbon (i.e.,
atmospheric CO3) depends on the carbon isotope discrimination
occurring during photosynthesis. This discrimination varies along with a
combination of environmental and species-specific physiological
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factors, e.g., the partial pressure of atmospheric CO», the water supply or
the stomatal conductance of the leaves (Cernusak et al., 2013). Other
environmental parameters such as the altitude and the latitude further
influence the carbon isotope composition of plants (Kohn, 2010) and the
initial 5'3C value of the past atmospheric COs is of course also crucial.
The best 8'3C estimates for the Campanian-Maastrichtian atmospheric
CO, are around —6%o, vs. -8 to —7%o for present values (Coplen et al.,
2002; Barral et al., 2017). This suggests that Late Cretaceous C3 plants
possibly had an isotopic range shifted towards higher values compared
to the present range.

Carbon assimilation by living organisms and its subsequent fixation
in biomineralised tissues, including eggshells and teeth, occur through
physiological reactions that induce isotopic fractionation. Several
13G_enrichment factors between diet and mineralised tissues (oological
calcite or tooth structural carbonate) are published for extant avian di-
nosaurs: 14 to 16%o for unspecified birds (Koch, 2007), 15 to 16%o for
ratites (Ségalen and Lee-Thorp, 2009), 13 to 16%o for herbivorous birds
(Hobson, 1995; Johnson et al., 1998; Cojan et al., 2003; Bojar et al.,
2010; Angst et al., 2014), 8%o for carnivorous birds (Angst et al., 2014),
and 16%o for large birds (Johnson et al., 1998). Among extinct di-
nosaurs, Fricke et al. (2008) reported 18%o of 13C—enrichment between
bioapatite structural carbonate of hadrosaurs and their diet, while
Tiitken (2011) estimated a 16%o enrichment for sauropods. Thus, 13¢c.
enrichment factors in the order of 13 to 18%o are widely accepted be-
tween oological calcite in most birds, respectively tooth structural car-
bonate in large herbivorous dinosaurs, and their diet. Subtracting those
factors from the average 5'>C values of —11.7%. measured in the well-
preserved eggshells from QSD Norte, we obtain §!3C values of —29.7
to —24.7%o for their plant diet. These strongly support the view that
plants with a C3 metabolic pathway were the staple diet of Late Creta-
ceous titanosaurians.

Plants under high water stress tend to show a weaker carbon isotope
discrimination from the atmospheric CO, and thus have higher §'3C
values (Kohn, 2010; Cernusak et al., 2013; Barral et al., 2017), and
models have been developed to calculate the mean annual precipitation
based on plant values (e.g., Kohn, 2010). However, the relatively wide
range estimated for QSD plant §!3C values — which reflects the un-
certainties regarding the '3C-enrichment factor between plants and
titanosaurian egg calcite — hinders reliable estimates of the amount of
precipitation. Nevertheless, according to Kohn's (2010) model (which
corrects for palaeolatitude, altitude, atmospheric 5!C and physiological
fractionation), a 13C-enrichment of 18%o. between plant and egg calcite
results in unrealistic precipitation rates (between 5300 and 6700 mm/
year, even when considering a wide range of palaeoaltitudes, i.e., 100 to
3000 m.a.s.l.). An enrichment factor of 16%o results in precipitation rates
that are excessively high (>2000 mm/year) in our palaeoenvironmental
context. This suggests that the '*C-enrichment factor between plants and
titanosaurian egg calcite was probably lower than 16%o.

5.2.3. Hydrothermalism and titanosaurian reproduction

The role of hydrothermalism in titanosaurian egg incubation at
Sanagasta can be evaluated from hydrothermal crystals provided that
both occurrences were contemporaneous, as previously suggested for
this site (Grellet-Tinner and Fiorelli, 2010). Water in continental hy-
drothermal systems has either a meteoric (resulting from atmospheric
precipitation) or a magmatic (released by a magmatic system) origin, or
a mix of both (common in geothermal systems). Meteoric water typically
represents surface runoff (creeks, rivers), infiltrated vadose zone or
finally groundwater that may become sufficiently heated at larger
depths of infiltration such as in geothermal systems, before upwelling to
the surface through thermal convection (Renner et al., 1975). In
contrast, magmatic water originates from the release of fluids by crys-
tallising magmatic bodies (e.g., Hedenquist and Lowenstern, 1994).
Because of their very specific origins and fractionation processes,
meteoric and magmatic water can be confidently discriminated via the
stable oxygen and/or hydrogen isotopic compositions of the minerals
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formed by hydrothermal activity.

The average 6!%0 values measured in hydrothermal calcite and
quartz from Sanagasta are 25.0 and 32.0%o, respectively (Fig. 5). In
contrast, the 5180 values of the silicate clasts eroded from the sur-
rounding Carboniferous Sanagasta granite average 11.9%o, which
clearly points to a magmatic origin (plutonic rocks usually have 580
values between 5 and 15%o; Sheppard, 1986; Hoefs, 2009), possibly with
some degree of crustal contamination (Macchioli Grande et al., 2020).
The average A4y-derived temperature for hydrothermal calcite precipi-
tation is 37 °C (33 to 39 °C) and the average 6180H20 value for the water
is —1.7%o (—3.0 to —0.7%o) using the equation of Kim and O'Neil (1997).
While this value is relatively high for purely surface-derived meteoric
water, it is not uncommon in arid continental environments. In addition,
the enrichment in '¥0 may be related to hydrothermal fluid-rock
interaction with the underlying basement, if the meteoric waters were
heated to close to 100 °C (McKibbin et al., 1986; Criss et al., 1991;
Rollinson, 1993). The validity of this result can be cross-checked using
the quartz-water oxygen isotope fractionation. Using the equation of
Sharp et al. (2016) with a 5'80p20 value of —1.7%o calculated for the
hydrothermal calcite and the §'%0giop of hydrothermal quartz (see
Table 1), we obtain an average precipitation temperature of 37.1 °C
(29.9 to 43.1 °C), consistent with the A4y-based temperature of the
hydrothermal calcite. The close cross-matching between those results
supports the idea that hydrothermal calcite and quartz precipitated at a
low temperature ranging between roughly 30 and 43 °C, and that the
6180H20 values likely represent exchanged meteoric water or, alterna-
tively, unexchanged meteoric waters typical for arid continental regions
and where the range of water values may well reflect the seasonal
variation typical for meteoric precipitation. In addition, the coexistence
of hydrothermal calcite and quartz indicates that the Sanagasta hydro-
thermal fluids had dynamic pH values, as both minerals require different
pH conditions to precipitate. This is commonly explained by alternate
precipitation, in which the formation of one mineral species is accom-
panied by a change in pH beneficial to the growth of the other (e.g.,
Bustillo, 2010). The low thermal water temperatures calculated here are
similar to incubation temperatures measured in extant ostriches (33 to
37 °C, Cooper, 2001) and megapodes (30 to 38 °C, Goth, 2007), or
calculated for extinct dinosaurs (35 to 40 °C in oviraptorids, Amiot et al.,
2017). This suggests that the hydrothermal activity in Sanagasta could
have been used as a heat source by titanosaurians for egg incubation, as
previously proposed by others (Grellet-Tinner and Fiorelli, 2010; Fiorelli
et al., 2012).

5.2.4. Ideal conditions for titanosaurian nesting

The level of aridity prevailing during the reproduction of titano-
saurians can be estimated based on the oxygen isotopic values of their
eggshells, as they reflect the meteoric (i.e., ingested) water at the time of
their formation. The oxygen isotopic composition of titanosaurian body
water (8180H02) can be calculated via the calcite-water fractionation
equation (Kim and O'neil, 1997), using the A47-derived body tempera-
ture. However, although the best-preserved eggshells of QSD Norte show
close to pristine bulk isotopic compositions, their A4 values probably do
not reflect the real body temperature. Using a hypothetic titanosaurian
body temperature of 37 °C, in agreement with previously published A4-
derived temperatures for this taxon (Eagle et al., 2015; Dawson et al.,
2020), we calculate a body water 580 of +5.3%o. As a comparison,
Eagle et al. (2015) obtained a similar 6180H02 value of 5.2%o for Auca
Mahuevo titanosaurian eggs using A47-derived temperatures. Since the
physiological reactions involved in the ingestion and assimilation of
meteoric water favour the heavy oxygen isotope, body water is typically
enriched in 20 with respect to meteoric water, between 4 and 8%o in
extant terrestrial birds (Lazzerini et al., 2016). Assuming that similar
enrichment processes occurred for titanosaurians, we obtain after sub-
traction a 618OH20 of —2.7 to 1.3%. for meteoric water at Quebrada de
Santo Domingo.

Using the titanosaurian tooth enamel 6180p04 (18.9%0) and the
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water-phosphate fractionation equation by Lécuyer et al. (2013) a much
lower 5'80p20 value of 1.0%o for the titanosaurian body water is ob-
tained, while the calculated meteoric water becomes —7.0 to —3.0%o
(see Table 1) after subtraction of the 180_enrichment factors of Lazzerini
et al. (2016) (Fig. 7). This suggests a difference in the evaporation
conditions between the period of tooth formation (average of several
weeks to months) and eggshell formation (days to week).

To reliably interpret the 4% difference between the 880y, values
of body (and meteoric water values) derived from the eggshells (5.3%o,
respectively —2.7 to 1.3%o) and from the tooth enamel (1.0%o, respec-
tively —7.0 to —3.0%o), the rate at which each of these tissues bio-
mineralises and records the ambient water 5'°0 values must be
evaluated. As eggshells form within days or weeks, their §'0¢q3 values
reflect the isotopic composition of body and meteoric water during the
reproduction period, and, in particular, during the eggshell formation. It
has been shown that the turnover of oxygen and carbon isotopes in the
body water of mammals and birds occurs within days, meaning that
changes in diet and ingested water quickly impact the stable isotope
composition of rapidly growing biomineralised tissues such as eggshells
(Hobson, 1995; Podlesak et al., 2008). In contrast, sauropod teeth form
over weeks to months (D'Emic et al., 2013), and their 5180 values reflect
a long-term average of the body and meteoric water. The 5'80 values
obtained in the samples from the Quebrada de Santo Domingo material
suggest that reproduction and oviposition in titanosaurians occurred
under conditions more arid than the long-term average. This observa-
tion is consistent with the floodplain facies in which the eggs are pre-
served, which would have made a very inhospitable nesting ground
during the wet season, considering the risk of flooding. The 5'80 values
derived from tooth enamel suggest either an alternation of wet and dry
climatic conditions, or migration of titanosaurians towards more arid
areas during the nesting period (or a combination of both).

Although we cannot definitively exclude at this stage that Quebrada
de Santo Domingo could have been used as a permanent living ground,
several indicators suggest that this site was preferred for nesting and that
titanosaurians periodically returned to lay their eggs (reproductive
philopatry). This site represented an ideal nesting site for titanosaurians,
since it has been repetitively used over several reproductive episodes, as
suggested by the massive amount of eggs preserved in several
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stratigraphic levels. The large quantity of eggs in close association also
points to a gregarious behaviour of titanosaurians, or at least among the
females during the nesting period. A herd behaviour linked to repro-
duction brings into perspective other aspects of titanosaurian physiology
and habitat. Several studies have explored the nutritional value of a
sauropod diet and the amount of plant matter that a large sauropod
dinosaur should ingest in order to get sufficient energy (e.g., Hummel
and Clauss, 2011; Sander et al., 2011; Gill et al., 2018), especially if they
maintained an elevated, constant body temperature. The large resource
requirement exerted on the vegetation by a herd of large titanosaurians
favours the hypothesis of a migratory behaviour over sedentariness, and
further supports the idea that titanosaurians were philopatric animals.
However, we cannot rule out the possibility that titanosaurians experi-
enced periods of fasting during reproduction, or, more specifically,
oviposition. Periodic fasting in extant animals is common and occurs
when feeding becomes of lesser importance compared to other needs,
such as moulting or, precisely, reproduction (Castellini and Rea, 1992;
Groscolas and Robin, 2001; McCue, 2013). By analogy to extant or-
ganisms, titanosaurians from Quebrada de Santo Domingo would have
been well set to endure fasting, starting with a good fasting endurance
due to their large size and the proportionally high amount of stored fat
(Lindstedt and Boyce, 1985; Groscolas and Robin, 2001). Furthermore,
since it is unlikely that titanosaurians provided parental care (consid-
ering the striking difference in size between adults and offspring, e.g.,
Sander et al., 2011), breeding activities were limited to mating, egg
production and laying, which would considerably narrow down the
duration of hypothetical fasting. Also, larger homeothermic animals
have a broader range of thermal neutrality (Lindstedt and Boyce, 1985;
Cherel et al., 1988), implying that the energy normally used for ther-
moregulation would become negligible if fasting occurred when
ambient temperatures were close to body temperature. Under this
perspective, reproduction-related fasting would have been energetically
more effective if titanosaurian egg production and oviposition occurred
under warm (seasonally and/or geographically driven) conditions.

6. Conclusion

Based on an extensive isotopic database compiled from this and other
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Fig. 7. Oxygen isotopic composition (8'®0) of body and ingested water calculated from that of the eggshells (upper half), and the tooth (lower half), using a body
temperature estimate based on literature data (Eagle et al., 2015; Dawson et al., 2020). Higher 5'80 values are observed for body water when calculations are made
from the eggshells than the tooth, suggesting more arid conditions during the reproduction period. QSD = Quebrada de Santo Domingo.
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studies, an isotopic hallmark (613CVPDB = —15to —11%o; Slsostow =
27 to 33%o) has been proposed to identify the well-preserved eggshells
produced by mid-palaeolatitude (23° to 45°) titanosaurians. This hall-
mark may serve as a geochemical reference to select eggshell samples
best suited for reconstructing the palaeoenvironment in which titano-
saurians used to reproduce, especially when the alteration is cryptic or
when associated abiogenic material such as rocks or nodules are not
available for comparative studies. Eggshells with compositions out of
this range should be interpreted with care regarding their preservation
state, but could potentially reflect peculiar environmental conditions (e.
g., volcanic influence).

Stable isotope compositions of biogenic and abiogenic samples from
the nesting sites of Sanagasta, Tama and Quebrada de Santo Domingo,
NW Argentina, support that titanosaurians were likely homeothermic
sauropods with elevated body temperature, at least for the females.
Given the high amount of energy required to maintain an elevated body
temperature, and therefore, the large demands exerted on food re-
sources (plants having C3 metabolic pathways), titanosaurians likely
had a nomadic lifestyle, with population movements driven by season-
ality, food availability, and reproductive cycles. These observations, in
addition to the high concentration of eggs in specific nesting localities
support the idea that titanosaurians were philopatric. The present data
also suggest that reproduction occurred under relatively arid environ-
mental conditions. This aridity may either reflect climatic seasonality or
migration, or a combination of both, interpretations that are also
compatible with our estimates of the oxygen isotope compositions of
meteoric waters. By analogy to extant vertebrates, titanosaurians could
have experienced reproduction-related fasting, in which case high
ambient temperatures would have been energetically more favourable,
limiting the costs of thermoregulation. Finally, our study supports that
titanosaurians could take advantage of hydrothermal heat for egg
incubation.
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