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Latest Maastrichtian middle- and high-latitude mosasaurs and fish
isotopic composition: carbon source, thermoregulation strategy, and
thermal latitudinal gradient
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Abstract—Here we report high-latitude stable isotope compositions of Maastrichtian fossil fish and
marine reptiles (mainly mosasaurs) from Antarctica (64°S paleolatitude) and compare them with mid-
paleolatitude samples from Argentine Patagonia (45°S). Disparities between the §'°C values of bony
fish and marine reptiles correspond to differences in the foraging ground (distance from the shore and
depth), while dramatically higher §'°C values (by 18%,) in shark enameloid cannot be explained through
ecology and are here imputed to biomineralization. Comparison with extant vertebrates suggests that the
diet alone can explain the offset observed between bony fish and mosasaurs; however, breath holding due
to a diving behavior in mosasaurs may have had some impact on their 3"*C values, as previously
suggested. The 5'80po4 values of the remains confirm a relatively stable, elevated body temperature for
marine reptiles, meaning that they were thermoregulators. We calculated a water temperature of ~8°C
for Antarctica from the fish 8'®*Opo, values, warmer than present-day temperatures and consistent with
the absence of polar ice sheets during the latest Maastrichtian. Our fish data greatly extend the latitudinal
range of Late Cretaceous fish 8'80poy4 values and result in a thermal gradient of 0.4°C/1° of latitude when
combined with literature data.
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Introduction the food source, their wide latitudinal distri-

Mosasaur (Lepidosauria, Squamata) fossils
have revealed several of their physiological
and behavioral traits in the last decades: evi-
dence concerning their endothermy (Bernard
et al. 2010; Motani 2010), diving (Schulp et al.
2013), and migration behavior (Lindgren and
Siverson 2005) has been presented based on
their stable isotope signature. These traits add
to environmental drivers that can influence
the carbon and oxygen isotope compositions
of mosasaur bioapatite, such as the climate,

bution (see Bernard et al. 2010), and the euryha-
linity of some of the taxa (Kocsis et al. 2009).
To better understand the relative importance
of each of these drivers, we compare the oxygen
and carbon stable isotope compositions
(8"®0pou4, 8'%0cos, and 8'°C) of fish (actinopter-
ygians and chondrichthyans) and plesiosaur
bioapatite with those of mosasaurs from two
latest Maastrichtian sites of different paleolati-
tudes, namely the Isla Marambio (Seymour
Island), Antarctic Peninsula (64°S), and Los
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Bajos de Trapalcé and Santa Rosa, Argentine
Patagonia (45°S).

The 3'°C composition mainly depends on the
food source, which links to dissolved organic
and inorganic carbon, both of which vary
with latitude, water depth, and distance from
the shore (e.g., Goericke and Fry 1994). Differ-
ences in the carbon fraction are thus expected
between the two sites due to different paleola-
titudes, and intertaxonomic differences relating
to different habitats might also appear. In add-
ition to diet, other factors may influence the car-
bon isotope composition of bioapatite: breath
holding is thought to lower the §'°C values of
pulmonate diving animals such as mosasaurs
(Robbins et al. 2008; Schulp et al. 2013, 2017;
van Baal et al. 2013), while sharks are known
to show particularly high 8'°C values in their
enameloid (Vennemann et al. 2001; van Baal
et al. 2013; Kocsis et al. 2014).

Because §'®Opo, values depend strongly on
the precipitation temperature of bioapatite
(Kolodny et al. 1983), we expect the latitudinal
thermal gradient to have a marked influence on
the 8'%0po4 values of thermoconforming taxa
(i.e., with a body temperature varying accord-
ing to the ambient temperature; e.g., Withers
1992), while the §'®*Opo4 values of thermoregu-
lating taxa such as mosasaurs and plesiosaurs
(Bernard et al. 2010; Harrell et al. 2016) should
be more stable across latitudes. A thorough lit-
erature search revealed that stable isotope data
of Late Cretaceous marine vertebrates from
sites beyond 52° paleolatitude are absent so
far, limiting the elaboration of a complete latitu-
dinal thermal gradient based on thermocon-
forming vertebrates (e.g., Pucéat et al. 2007).
Our fish values greatly extend the latitudinal
range of marine vertebrate 8% 0po4 data, and
we explore here their implication for global
latitudinal gradients elaborated so far.

Geographic, Geological, and Climatic
Background

The material studied comes from two geo-
graphic areas: Rio Negro Province, northern
Argentine Patagonia; and Marambio (i.e., Sey-
mour) Island, Antarctic Peninsula (Fig. 1).
Photographs of the material are available in
the Supplementary Material.
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Rio Negro Province, Argentine Patagonia

The Patagonian material was recovered from
the sites of Los Bajos de Trapalcé and Santa
Rosa, Rio Negro Province (Argentina), and
is assigned to the latest Cretaceous Jagtiel For-
mation, which is part of the Malargiie Group.
During the Campanian-Maastrichtian, northern
Patagonia was an archipelago largely flooded by
the Atlantic Ocean as a consequence of sediment
load and thermal subsidence of the lithosphere
(Uliana and Biddle 1988; Gasparini et al. 2001).
During that period, the volcanic arc related to
the Andean orogeny was developing to the
west. In the study area, the Jagiiel Formation
deposited under marine settings at the southern
margin of the Neuquén Basin (Gasparini et al.
2003; O’Gorman et al. 2014) and mostly consists
of olive-green mudstones, occasionally lami-
nated (Gasparini et al. 2003; Ferndndez et al.
2008). The Cretaceous/Paleogene boundary
(K/Pg) is contained within the Jagtiel Forma-
tion, as evidenced by the presence of late Maas-
trichtian nannofossils followed by Biantholithus
sparsus, an index nannofossil for the early
Danian (Ferndndez et al. 2008).

Isla Marambio, Antarctic Peninsula

The Antarctic material comes from a unit
of the Lépez de Bertodano Formation (LBF)
(Rinaldi et al. 1978), a homoclinal sequence dip-
ping 8° to 10° toward the east (Macellari 1988)
and extending SSW-NNE at the center of Isla
Marambio, itself located east of the Antarctic
Peninsula. The LBF constitutes the uppermost
part of the Santonian-Danian Marambio Group
(Olivero 2012), and it is Maastrichtian to Danian
in age (Gonzélez Ruiz et al. 2019). It was depos-
ited in the back-arc Larsen Basin (James Ross
subbasin), east of the active arc of the Antarctic
Peninsula generated by the subduction of the
proto-Pacific oceanic crust (Ditchfield et al.
1994). The LBF is divided into two sections, the
“lower Rotularia units” and the “upper molluscan
units,” and 10 informal units (LB1 to LB10)
defined by Macellari (1988), the first of which
has since been reassigned to an older formation
(see Gonzélez Ruiz et al. 2019). The study mater-
ial comes from the ninth unit (Unit 9), which
includes a glauconite-rich interval that contains
the K/Pg boundary, characterized by a reduc-
tion of the number of invertebrate fossils, a
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Geographic and stratigraphic setting of the study sites. A, Los Bajos de Trapalcé and Santa Rosa, Rio Negro Prov-

ince, Argentine Patagonia. B, Isla Marambio (Seymour Island), Antarctic Peninsula. Based on Montes et al. (2007), Ferndndez
et al. (2008), and Ferndndez and Gasparini (2012). Oligo, Oligocene; Paleog, Paleogene; Plioc, Pliocene.

sudden lack of ammonites, and an iridium
anomaly (Elliot et al. 1994). According to sedi-
mentological studies, the sandy siltstones of
Unit 9 were deposited in a shallow outer shelf
under low-energy settings and below the
wave base (Macellari 1988; Elliot et al. 1994).
An upward-increasing abundance of glauconite
across Unit 9 suggests an increase in water
depth with time. This unit reflects a marine
transgression and represents the deepest, most
offshore facies of the LBF (Macellari 1988;
O’Gorman et al. 2020), in the general context
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of a prograding shelf that characterizes the Mar-
ambio Group (Olivero 2012).

Climatic Context

The Cretaceous Period is considered one of
the warmest of Earth’s history, although
numerous studies point to a global cooling by
the Campanian based on different paleotherm-
ometers (8'°0 of foraminifera, TEXgs; Li and
Keller 1998; Linnert et al. 2014). The last 200
kyr of the Maastrichtian in particular appear
to have been a relatively cooler period within
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the Cretaceous, still with no evidence of per-
manent ice sheets near the poles. At a smaller
spatial and temporal scale, a multi-proxy ana-
lysis has suggested a gradual warming at the
end of the Maastrichtian in the South Atlantic
region (Woelders et al. 2017). The absence of
large ice masses resulted in seawater 5'°O esti-
mated to be equal to —1%o (Shackleton and Ken-
nett 1976), that is, lower than the present value
(0% on average). A seawater 8'%0 value of
—1.25%o is also reported for the Late Cretaceous
in particular (Pucéat et al. 2007). The thermal
latitudinal gradient, closely related to the
atmospheric pCO,, was shallower during the
Cretaceous than it is today (present gradient
=0.56°C/1° of latitude; Zhang et al. 2019);
however, it became steeper by the end of the
period due to a decrease of pCO, in the atmos-
phere (Linnert et al. 2014). For the last period of
the Maastrichtian, Zhang et al. (2019) pub-
lished a marine latitudinal gradient of 0.41°
C/1° of latitude, similar to the terrestrial air
temperature gradient of 0.4°C/1° of latitude
calculated by Amiot et al. (2004) based on
8'%0 values of continental vertebrate bioapa-
tite. Pucéat et al. (2007) also reported a marine
latitudinal gradient similar to the present-day
gradient for paleolatitudes between 1° and
50°, based on 8'¥0 values of Late Cretaceous
fish teeth. This shallower gradient implies that
the latitudinal limits of the climate zones were
shifted poleward in comparison with present-
day zones, and according to Zhang et al.
(2019), both of the sites analyzed in our study
were located in the temperate climate zone.
The paleolatitudes were approximately 45°S
for Patagonian study sites and 64°S for the Ant-
arctic locality based on the work of van Hins-
bergen et al. (2015).

Material and Methods

Material

The study material consists of 29 fossil speci-
mens, mainly teeth of mosasaurs, as well as ple-
siosaurs, bony fish, and sharks from Argentine
Patagonia (Los Bajos de Trapalcé and Santa
Rosa localities, Rio Negro Province) and Ant-
arctica (Unit 9, LBF, Isla Marambio). Among
these, 2 mosasaur and 4 shark teeth are from
Patagonia, while 15 mosasaur teeth (for one
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specimen, an associated bone fragment was
also studied), 5 plesiosaur teeth, and 3 bony
fish teeth come from Antarctica. The mosasaur
material is assigned to Mosasauridae, although
some specimens permit a higher degree of
taxonomic assignment, such as cf. Liodon, Glo-
bidensisni, ?Plioplatecarpinae and ?Mosasaurus
(Table 1). The plesiosaur specimens are referred
to the family Elasmosauridae or Aristonecti-
dae. The bony fish material is likely referable
to Ichthyodectiformes or Aulopiformes, show-
ing affinities to Enchodus. The shark teeth are
assigned to the order Lamniformes and prob-
ably to the family Odontaspididae.

When possible, we sampled both enamel(oid)
and dentine from the same tooth to determine
the degree of preservation. In one case (ARG-2,
mosasaur), we additionally sampled the bone
in which the tooth was still implanted. Every
sample was analyzed for the stable isotope com-
position of its bioapatite carbonate fraction
(8"°C, 8'®0c0s), and most were analyzed for
their phosphate (3'°0poy) fraction as well. A
selection of samples were also analyzed to deter-
mine their rare earth element (REE) concentra-
tion. The material from Antarctica was found
isolated and loose in the sediment, with the sin-
gle exception of ARG-1, which was found
embedded in a rock concretion. Most of the
material used in this study was either com-
pletely used up for the analyses, or a small
amount of sample powder and/or tiny frag-
ments kept in epoxy remained. However,
many fossils from the same sample lot related
to the field surveys are kept under the same col-
lection number at the Museo de La Plata in
Argentina. These “MLP” catalogue numbers
have been provided in Table 1 to allow scientists
to examine and resample these faunas for pos-
sible future studies.

Stable Isotope Analyses

We performed carbon and oxygen stable iso-
tope analyses on both the phosphate and struc-
tural carbonate fractions of bioapatite at the
Stable Isotope Lab of the Institute of Earth Sur-
face Dynamics, University of Lausanne (UNIL),
Switzerland. For the analysis of the phosphate
fraction (5'%Oppy), we pretreated at least 2 mg
of each sample according to the procedure
described in Koch et al. (1997), and we
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TaBLE 1.

VPDB, Vienna Pee Dee Belemnite; VSMOW, Vienna Standard Mean Ocean Water.

Oxygen and carbon stable isotope compositions of the study material, measured in phosphate and structural carbonate of bioapatite. bo, bone; td, tooth dentine; te, tooth enamel;

Paleolatitude 8Ccos 8"%0cos 3"®0cos 8"®0poy
Collection no. ID Taxon 1 Taxon 2 Site (°S) Tissue %o VPDB SD %o VPDB SD %, VSMOW %, VSMOW SD
MLP 15-1-24-41a ARG-1 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 te -82 00 40 02 26.8 189 0.1
ARG-1 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 td -78 0.1 42 02 26.6 18.1 0.0
MLP 15-1-24-41b ARG-2 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 bo -14.0 0.1 -0.6 0.1 30.3 - -
MLP 15-1-24-44 ARG-3 Mosasauria  Globidensini Isla Marambio, Antarctica 64 te -112 00 46 02 26.2 189 0.1
ARG-3 Mosasauria  Globidensini Isla Marambio, Antarctica 64 td -34 0.0 -29 0.1 27.9 - -
MLP 15-1-24-48 ARG-4 Mosasauria  indet. Isla Marambio, Antarctica 64 te -11.8 0.1 4.4 0.2 26.4 19.1 0.0
ARG-4 Mosasauria  indet. Isla Marambio, Antarctica 64 td -6.8 0.0 -3.1 0.1 27.7 - -
MLP 15-1-24-33a ARG-5 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 te -135 0.1 -39 0.2 26.9 19.3 0.0
ARG-5 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 td -11.2 0.0 24 0.1 28.4 21.8 0.1
ARG-5 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 te -11.4 0.1 -3.6 0.1 27.2 - -
MLP 15-1-24-29 ARG-8 Mosasauria  ?Plioplatecarpinae Isla Marambio, Antarctica 64 te -106 01 48 01 25.9 19.0 0.2
ARG-8 Mosasauria  ?Plioplatecarpinae Isla Marambio, Antarctica 64 td -93 01 28 02 28.1 - -
MLP 15-1-24-55a  ARG-10  Mosasauria  ?Plioplatecarpinae Isla Marambio, Antarctica 64 te -68 00 48 02 25.9 20.0 0.3
ARG-10  Mosasauria  ?Plioplatecarpinae Isla Marambio, Antarctica 64 td -1.9 00 40 02 26.8 - -
MLP 13-XI-29-1 ARG-12A  Mosasauria  indet. Isla Marambio, Antarctica 64 te -10.6 0.0 —49 0.2 25.9 18.5 0.0
ARG-12A  Mosasauria  indet. Isla Marambio, Antarctica 64 td -35 00 33 0.1 27.5 - -
ARG-12B  Mosasauria  indet. Isla Marambio, Antarctica 64 te -10.5 0.1 2.6 0.2 28.2 209 0.2
ARG-12B  Mosasauria  indet. Isla Marambio, Antarctica 64 td -79 0.1 -32 02 27.6 - -
MLP 15-1-24-25 ARG-13 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 te -11.8 0.1 -3.5 0.3 27.3 20.1 0.3
ARG-13 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 td -57 00 34 02 27.4 21.8 04
MLP 15-1-24-33b  ARG-14 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 te -125 01 26 02 28.2 214 0.3
ARG-14 Mosasauria  cf. Liodon Isla Marambio, Antarctica 64 td -6.6 0.1 -3.6 0.2 27.2 - -
MLP 15-1-24-30 ARG-15 Mosasauria  indet. Isla Marambio, Antarctica 64 te -154 0.1 -3.5 0.2 27.3 20.5 0.3
ARG-15 Mosasauria  indet. Isla Marambio, Antarctica 64 td -7.7 0.0 -35 0.2 27.3 - -
ARG-20 Mosasauria  indet. Isla Marambio, Antarctica 64 te - - - - - 21.0 0.1
ARG-20 Mosasauria  indet. Isla Marambio, Antarctica 64 td 42 0.0 -3.5 0.1 27.3 22.1 0.1
ARG-21 Mosasauria  indet. Isla Marambio, Antarctica 64 td 44 0.0 -2.8 0.1 28.0 21.2 0.1
ARG-22 Mosasauria  indet. Isla Marambio, Antarctica 64 te -119 00 29 0.1 27.9 19.6 0.8
ARG-22 Mosasauria  indet. Isla Marambio, Antarctica 64 td 4.1 0.0 -35 0.0 27.3 20.7 0.1
MLP 15-1-24-41¢ ARG-6 Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 te -11.8 0.1 -4.3 0.2 26.5 19.1 0.2
Aristonectidae
ARG-6 Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 td -55 0.0 -35 0.1 27.3 - -
Aristonectidae
MLP 15-1-24-56 ARG-7 Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 te -10.5 0.1 -59 0.1 249 17.0 0.3
Aristonectidae
ARG-7 Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 td -70 0.0 4.3 0.2 26.5 - -
Aristonectidae
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Table 1. Continued.

Paleolatitude 8"°Ccos 8"*0cos 8%0cos  8"Opoy
Collection no. ID Taxon 1 Taxon 2 Site (°S) Tissue %o VPDB SD %o VPDB SD %, VSMOW %, VSMOW SD
MLP 13-X1-29-24 ARG-9A  Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 te -11.6 0.1 47 02 26.1 16.9 0.2
Aristonectidae
ARG-9A  Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 td -75 0.1 22 02 28.6 - -
Aristonectidae
ARG-9B Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 te -125 00 -17 02 29.2 20.3 0.3
Aristonectidae
ARG-9B Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 td -5.6 0.1 -3.0 02 27.8 - -
Aristonectidae
ARG-9C Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 te -12.7 0.1 -3.0 0.2 27.8 19.6 0.1
Aristonectidae
ARG-9C Plesiosauria  Elasmosauridae or Isla Marambio, Antarctica 64 td -78 0.1 -1.5 0.2 29.4 19.7 0.1
Aristonectidae
MLP 13-XI-19-38 ARG-16A Actinopterygii Ichthyodectiformes or Isla Marambio, Antarctica 64 te 45 01 -14 02 29.5 232 0.5
Aulopiformes
ARG-16A  Actinopterygii Ichthyodectiformes or Isla Marambio, Antarctica 64 td 45 01 37 02 27.1 22.6 0.4
Aulopiformes
ARG-16B  Actinopterygii Ichthyodectiformes or Isla Marambio, Antarctica 64 te 54 01 -19 02 29.0 23.0 0.0
Aulopiformes
ARG-16B  Actinopterygii Ichthyodectiformes or Isla Marambio, Antarctica 64 td 29 01 32 02 27.6 - -
Aulopiformes
ARG-16C  Actinopterygii Ichthyodectiformes or Isla Marambio, Antarctica 64 te —44 01 -11 02 29.8 23.1 0.1
Aulopiformes
ARG-16C  Actinopterygii Ichthyodectiformes or Isla Marambio, Antarctica 64 td 31 01 -36 02 27.2 - -
Aulopiformes
ARG-17A Chondrichthyes Lamniformes Rio Negro Province, Argentina 45 te 66 01 46 02 26.2 22.1 0.2
ARG-17A Chondrichthyes Lamniformes Rio Negro Province, Argentina 45 td -16 00 51 03 25.6 19.4 0.1
ARG-17B Chondrichthyes Lamniformes Rio Negro Province, Argentina 45 te 64 01 50 01 25.7 21.6 0.1
ARG-17B Chondrichthyes Lamniformes Rio Negro Province, Argentina 45 td -07 01 -55 02 25.3 - -
ARG-17C Chondrichthyes Lamniformes Rio Negro Province, Argentina 45 te 60 00 54 02 25.3 224 0.2
ARG-17C Chondrichthyes Lamniformes Rio Negro Province, Argentina 45 td -09 01 51 02 25.7 22.0 0.2
ARG-17D Chondrichthyes Lamniformes Rio Negro Province, Argentina 45 te 98 01 50 01 25.7 - -
ARG-17D Chondrichthyes Lamniformes Rio Negro Province, Argentina 45 td -1.2 0.0 -5.0 0.1 25.7 - -
ARG-18  Mosasauria  ?Mosasaurus or ? Rio Negro Province, Argentina 45 te -1.1 01 51 02 25.6 19.8 0.0
Liodon
ARG-18 Mosasauria  ?Mosasaurus or ? Rio Negro Province, Argentina 45 td 28 01 44 02 26.4 21.0 0.2
Liodon
ARG-19 Mosasauria  indet. Rio Negro Province, Argentina 45 te -11.1 00 42 00 26.6 18.5 0.1
ARG-19 Mosasauria  indet. Rio Negro Province, Argentina 45 td -36 00 -38 01 27.0 20.3 0.0
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separated the PO3~ ion from the apatite to pre-
cipitate it as silver phosphate (Kocsis 2011;
O’Neil et al. 1994). We prepared in parallel the
internationally accepted and frequently ana-
lyzed NBS-120c phosphorite reference material.
A combination of two USGS standards (USGS
80: 12.50%0; and USGS 81: 34.71%0) and two
in-house phosphate standards (LK-2L: 12.1%o;
and LK-3L: 17.9%0) were used for data reduc-
tion. Note that the values were derived by
analyzing the standards with a fluorination
method (see Vennemann et al. 2002) and/or
through calibration with other silver-phosphate
standards with a high-temperature conversion
elemental analyzer (TC/EA). When possible,
we measured triplicates of each sample. The
measurement was achieved through a TC/EA
coupled to a Finningan MAT Delta Plus XL
mass spectrometer (see Vennemann et al.
2002). The results are expressed in per mille
and reported as 8'®0Opo4 on the Vienna Stand-
ard Mean Ocean Water (VSMOW) scale. The
overall analytical error is considered to be
0.3%o; however, most samples often reproduced
better, while some others present a higher
standard deviation. The NBS-120c yielded an
average value of 22.0+0.2%0 (n=6), slightly
higher than the value of 21.7%o generally con-
sidered (e.g., O’Neil et al. 1994), but within
the analytical error of the method.

The measurement of the carbon and oxygen
isotope compositions in the carbonate fraction
(8"C and 8'®Ocps3) was achieved using a
Gasbench II coupled to a Finnigan MAT Delta
Plus XL mass spectrometer at UNIL. The
equivalent of 10-15pg of carbonate powder
was weighed from each sample. For the nor-
malization of the results, we used an in-house
Carrara calcite marble standard calibrated
against NBS-19. The §"°C values are expressed
relative to the Vienna Pee Dee Belemnite
(VPDB), while the §'®*0¢ values are expressed
against the VSMOW scale. The analytical preci-
sion for this method was better than +0.07%o for
C isotopes and +0.09%o for O isotopes.

Expected differences in the isotopic composi-
tions between taxa and sites are used to evaluate
the preservation state of the original isotopic
composition of our material. Additionally, the
sampling is designed to allow the comparison
between tissues or ions of differential resistance
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to diagenesis (dentine vs. enamel/enameloid,
respective carbonate vs. phosphate) and to
help detect diagenetic trends.

REE Analyses

Selected samples were analyzed for trace
element concentrations by laser ablation
inductively coupled plasma mass spectrometry
(LA-ICP-MS) using a Perkin Elmer ELAN DRC
IT ICP-MS mass spectrometer at the Institute of
Earth Sciences at UNIL, according to the
method detailed in Giinther et al. (1997). Frag-
ments of fossil teeth and bone were embedded
in resin and polished before measurements
were made. Each sample was ablated at three
to seven spots (diameter = 50-80 um). Standard
reference material (NIST612) was used for
external standardization (Pearce et al. 1997),
while CaO was used as an internal standard
with values of 54 and 50 wt.%, respectively,
for enameloid and for dentine and bone (e.g.,
Kocsis et al. 2014). Though CaO content may
vary within the remains with small deviation
from these internal values, the data still allow
relative comparison between samples in their
normalized REE distributions and elemental
ratios. The analytical reproducibility was gen-
erally better than +5% SE.

We focused on elements that typically have
an early diagenetic origin, such as REE and
uranium (e.g., Trueman and Tuross 2002) in
order to test depositional/burial conditions.
However, concentration of other elements
such as Cu, Zn, Sr, and Ba are reported as
well (see Supplementary Table 1). The data
are separated based on the different histological
parts such as enamel/enameloid, dentine, and
in one case also bone. The REE data are
reported normalized to Post Archean Austra-
lian Shale (PAAS); and the REE series is subdi-
vided into light (LREE), middle (MREE), and
heavy (HREE) elements as follows: LREE (La,
Pr, Ce, Nd), MREE (Eu, Gd, Tb, Dy), and
HREE (Er, Tm, Yb, Lu). MREE* is defined by
the average of LREE and HREE.

Results

Oxygen Isotope in Phosphate (3'*Opoy)
The mosasaur tooth samples from Antarctica
have an average 8% 0po4 value of 19.8 +0.9%o


https://doi.org/10.1017/pab.2022.38

360 LEA LEUZINGER ET AL.

for their enamel (n=13) and 20.9 +1.5%. for
their dentine (n=6). The two mosasaur teeth
from Patagonia have an average &'°Opoy
value of 19.2 +0.9%0 and 20.6 + 0.4%o for their
enamel and dentine tissues, respectively. Ple-
siosaur tooth enamel from Antarctica (1n=>5)
have 8'®0po, values of 18.6 + 1.6%o, while a sin-
gle dentine sample resulted in a 5'80po4 value
of 19.7%o. The 8'®0pos value of the bony fish
tooth enameloid (n=3) from Antarctica is
23.1 £ 0.1%o, and that of a single dentine sample
is 22.6%o. Shark teeth from Patagonia have an
average 5% 0po4 value of 22.0 +0.4%o for their
enameloid (n = 3) and 20.7 + 1.8%o for their den-
tine (n =2).

Oxygen and Carbon Isotope Composition in
Structural Carbonate (8'°*Ocos and §'°C)

Mosasaur tooth enamel from Antarctica (1 = 13)
has an average §'°C value of —11.3+2.2%o
and a 8'®0¢o; value of 26.9 + 0.8%o, while den-
tine (1 = 14) has a 8'°C value of —6.0 + 2.6%o and
a 8'80¢0; value of 27.5 + 0.5%o. In one instance
(ARG-2), we analyzed associated bone, which
has 8°Ccos and 8%0co; values of —14.0%o
and 30.3%o, respectively. Two mosasaur tooth
enamel samples from Patagonia have respect-
ive mean °Ccos and 6°0cos; values of
—11.1 +0.0%0 and 26.1 + 0.7%o0, while the den-
tine values are —3.2 +0.5%0 and 26.7 +0.4%o,
respectively.

The plesiosaur tooth enamel (n=>5) from
Antarctica yielded an average 81%Ccos value of
—11.8 +0.9%0 and a §'®0cos value of 26.9 + 1.7%o.
The plesiosaur dentine (1 =5) produced a §°C
value of —6.7+1.1%0 and a 8®Ocps value of
27.9 + 1.1%o.

Bony fish tooth enameloid (7=3) from
Antarctica has an average 5'°C of —4.8 + 0.6%o
and 8'®*Ocos of 29.4 + 0.4%,, while their dentine
(n =3)yielded 813C and 8'%0¢3 values that aver-
aged 3.5 + 0.9%0 and 27.3 + 0.2%o, respectively.

Finally, shark tooth enameloid (n =4) has an
average 8°C value of +7.2+1.8% and a
88003 value of 25.7 + 0.3%o, while the isotopic
values of corresponding dentine (n=4) are
813C = —1.1 + 0.4%o and 8"®0co3 = 25.6 = 0.2%o.

Trace Elements Composition
Six tooth specimens from Antarctica (three
mosasaurs, two plesiosaurs, and one fish)
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and four from Patagonia (one mosasaur and
three sharks) were measured for trace element
concentrations (see Supplementary Table 1).
For Antarctica, the total REE and U content var-
ies between 1.3 and 3553 pg/g and 0.2 and
6.1 ng/g, respectively, except two remains that
had exceptionally high total REE (>4000 pg/g):
the enameloid of the bony fish (ARG-16) and
part of the enamel of a mosasaur tooth
(ARG-12A). All other Antarctic samples have
REE content lower than 200 pg/g, but it must
be mentioned that, in two cases (ARG-1 and
ARG-4), the REE content of enamel was too
low to obtain a consistent signal. The REE
values in the Patagonian samples range from
27 to 6899 ug/g, while the U varies between
0.4 and 15.3 pg/g. The dentine of the mosasaur
tooth (ARG-18) had the highest concentrations
in our entire dataset.

A concentration offset between enamel and
dentine is evident; however, it is not consistent,
and in many cases enamel yielded higher total
REE concentration than dentine, especially in
the Antarctic sample set. Despite the large vari-
ation in REE concentration, the REE distribu-
tions within the same specimen fluctuate less,
and the majority of the analyses yielded slight
MREE enrichment or flat patterns, while others
displayed slight HREE enrichment (Fig. 2). The
LREE/HREE versus MREE/MREE* graph
expresses variation among the samples. Most
of the Antarctic fossils cluster together with a
somewhat larger variation in their LREE/
HREE ratios than the Patagonian samples,
with the exception of the dentine and bone of
a single Antarctic specimen (ARG-1 and 2)
that plot away from the rest with relatively
higher HREE content. In the Patagonian assem-
blage, the shark teeth and the mosasaur tooth
show two discrete clusters, with more HREE
enrichment in the shark teeth.

Discussion

Preservation of the Isotopic Signature
Comparison of Isotopic Compositions between
Tissues and lons.—The pristine state of the ori-
ginal isotopic signature of fossil material can-
not be established with certainty (e.g.,
Kolodny et al. 1996; Fricke and Rogers 2000;
Pucéat et al. 2003; Zazzo et al. 2004). However,
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a good evaluation of the preservation can be
achieved in vertebrate remains by comparing
the isotopic composition of tissues that react
differently to alteration, due to differing micro-
structure and organic content. Fossils exposed
to similar diagenetic conditions should have
their densest, most mineralized hard parts
(i.e.,, enamel/enameloid) less altered than
more porous tissues such as dentine or bone. In
case of an extensive diagenetic alteration, the iso-
topic composition of all tissues may be homoge-
nized and almost entirely secondary, reflecting
the diagenetic fluids rather than the ambient
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water or ingested food of the studied organism.
A consistent offset between enamel(oid) and
dentine or bone in all samples of a single site sug-
gests that at least part of the original signal is pre-
served in the most resistant fraction (e.g., Zazzo
et al. 2004; Amiot et al. 2011; Leuzinger et al.
2015). Such an offset also reveals whether the
diagenetic alteration shifts the original isotopic
composition toward lower or higher values,
which helps to characterize the nature of the dia-
genetic fluids. For marine organisms, however,
early diagenesis is often driven by marine pore
fluids that might result in secondary isotopic
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values that differ only slightly—if at all—from
those of the pristine material.

The phosphate ion is especially resistant to
diagenetic alteration, and the 8®%0po4 values
measured in enamel(oid) are particularly sui-
ted for paleoenvironmental studies (lacumin
et al. 1996; Zazzo et al. 2004). Regarding the
structural carbonate of bioapatite and its iso-
topic values (8"0cos and 8"C) and related
ecological applications, the oxygen isotope
composition has a lower chance of being pre-
served compared with carbon. Isotopic
exchange is indeed more likely to occur
between the oxygen of the diagenetic fluids
and the biomineralized tissues, simply because
the fluids contain much more oxygen than car-
bon (Wang and Cerling 1994).

In our results, all enamel(oid)-dentine pairs of
single teeth show an offset in both their 5'%0pou
and 8'°C values (Table 1), as well as a clear dif-
ference between fish and marine reptiles,
which we take as a good sign of enamel preser-
vation. Overall, the enamel §'®Opp, values are
lower than their dentine counterparts in mosa-
saurs (by 1.6%0 on average, n=38). This 'O
enrichment of dentine was likely driven by alter-
ation through pore water colder than the rep-
tiles’ body temperature, resulting in higher
5'%0pos values than the original ones (e.g.,
Lécuyer et al. 2013). On the other hand, fish
teeth result in values higher in enameloid than
in dentine (by 1.2%o on average, n = 3); however,
in two of the three enameloid—dentine pairs ana-
lyzed (ARG-16A and ARG-17C), this difference
falls within the standard deviation. This could
reflect the fact that marine diagenesis only gen-
erates small changes for organisms that have
body temperature and body water §'°0 values
close to those of the ambient water.

As for the carbon isotope composition, there
is a clear pattern of the tooth enamel(oid) 31°C
values being lower than the dentine counter-
part (by 5.6%. on average in marine reptiles
and 8.3%o in bony fish) in all taxa but sharks,
for which the enameloid §'°C values are higher
than the dentine values by 8.3%. on average
(Fig. 3A). Especially high §°C values for
shark enameloid have already been observed
(e.g., Vennemann et al. 2001; van Baal et al.
2013; Kocsis et al. 2014), but have not yet been
entirely explained (see “5'°C Values of Shark
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Enameloid: Driven by Biomineralization
Rather Than Diet”). In the case of the other
taxa, the higher 8'°C values in dentine than in
enamel(oid) point to a participation of dis-
solved inorganic carbon (DIC) from the diagen-
etic fluids that altered the original isotopic
signature of the least-resistant tissues (i.e., den-
tine) and pushed their §'°C values toward more
positive values. In the Patagonian material
(again, except in sharks), dentine samples are
merging toward common §'°C values (~3.6 to
—0.7%o) that are likely close to the isotopic com-
position of the diagenetic fluids. We could not
recognize any trend between the 5%0cos
values of the different tissues, which suggest
a certain degree of alteration.

Finally, the §'°0 of extant homeothermic ver-
tebrate bioapatite has been shown to present a
systematic difference of 7%o to 9%o between its
carbonate (5'®0cps) and phosphate (8"®0pos)
fractions, resulting from a different fraction-
ation factor between water and each of these
ions (Bryant et al. 1996; lacumin et al. 1996) at
a constant body temperature. This offset has
been repetitively used as a proxy for the preser-
vation of the original isotopic signal (e.g.,
Zazzo et al. 2004; Lécuyer et al. 2010; Rey
etal. 2017). In several instances, our marine rep-
tile data show a smaller 8'®*O¢o3.pos Offset com-
prised between 6%o and 7%, further supporting
a partial alteration of one of the fractions, most
probably the carbonate. Unsurprisingly, all fish
show a lower 8'®0Ocos.pos offset (down to 3%o),
which is expected, given their poikilothermic—
ectothermic nature.

8'°C Values of Shark Enameloid: Driven by
Biomineralization Rather Than Diet

Although natural material usually has nega-
tive 3'°C values (Kelly 2000), positive values of
shark enameloid as reported here have readily
been observed in other datasets (van Baal
et al. 2013; Kocsis et al. 2014). Teeth of extant
chondrichthyans also have enameloid with
8'°C values typically 6% to 8%o higher than
dentine §"°C values (Vennemann et al. 2001);
the reason for this is so far unknown. A second-
ary, diffusional isotopic exchange with ambient
water DIC was suggested (Vennemann et al.
2001), which would be stronger in the part of
the tooth directly exposed to seawater (i.e.,
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mostly enameloid). However, some of our
shark values are too high (up to 9.8%o) to result
from this process alone; indeed, modern DIC in
seawater usually does not exceed 3%o (e.g.,
Bohm et al. 1996; Coplen et al. 2002; Mackensen
and Schmiedl 2019). The mode of enameloid
formation in sharks may also play a role via a
process of organic matter removal enhanced
by enzymes at a late stage of enamel mineral-
ization (Kocsis et al. 2015). A similar enzymatic
process has been observed in mammals, with
the involvement of the element zinc (e.g., Goet-
tig et al. 2010), and high Zn concentration was
also reported in modern shark enameloid
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(Kocsis et al. 2015). Such an enzymatic reaction
may result in carbon isotope fractionation
between the newly formed dental tissue and
the removed organic matter. Finally, it is note-
worthy that shark tooth dentine and enameloid
have different origins (odontoblastic vs. amelo-
blastic, respectively; Kemp 1985; Vennemann
et al. 2001).

Even though the mechanism behind high
8'°C shark enameloid values has not yet been
fully explained, such values are expected and
considered to be a further sign of the good pres-
ervation of shark enameloid. Furthermore,
alteration is hardly considered to be the trigger
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for high 8'°C values, because diagenetic fluids
and DIC would cause such high original §'°C
values to be lowered. Here, we calculated an
offset of 18.3%o between shark and mosasaur
enamel(oid) from Rio Negro, comparable in
magnitude to the value of around 17%.
reported by Schulp et al. (2013). These authors,
however, interpreted the shark enameloid §'°C
values as a diet indicator, whereas we refrain
from doing so. We argue that in the case of
sharks, dentine is probably a better diet indica-
tor, if unaltered, than enameloid. This also
means that the 8'°C offset between these tissues
does not strictly reflect the direction of the dia-
genetic alteration (see Fig. 3A).

REE: Complex Diagenetic History

Bioapatite of modern teeth and bones has
very low REE and U contents (<10 ng/g); how-
ever, fossils are often enriched severalfold
(Trueman and Tuross 2002). Therefore, these
elements unambiguously represent a diagen-
etic signal that links to early depositional condi-
tions (e.g., pore fluid chemistry). As these
conditions can vary with time and also spa-
tially, REE chemistry of fossil vertebrate
remains is often used to assess paleoenviron-
mental conditions, highlight taphonomic pro-
cesses, trace reworked specimens, or infer the
provenance of specimens of unknown strati-
graphic origin (e.g., Elderfield and Pagett
1986; Wright et al. 1987; Trueman and Benton
1997; Lécuyer et al. 2004; Shields and Webb
2004; Trueman et al. 2006; Tiitken et al. 2008;
Kocsis et al. 2009, 2016; Rogers et al. 2010;
Suarez et al. 2010). Ideally, when such applica-
tions are targeted, relatively thick bone samples
should be tested for fractionation, as a separ-
ation of REE due to different diffusion rate
related to different ion radii can occur (see
Trueman et al. 2011; Herwartz et al. 2013),
and a prolonged, late diagenetic overprint
might also occur for older remains, which can
alter early diagenetic signal (Kocsis et al.
2010; Herwartz et al. 2011; Kowal-Linka et al.
2014).

Generally, higher REE content is expected in
the more porous dentine and bone, which also
have smaller crystal sizes and originally higher
organic content than enamel/enameloid (True-
man and Tuross 2002). Surprisingly, many of
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the Antarctic samples show an opposite trend,
with some enamel samples being more than
700 or 1200 times more enriched than dentine.
In contrast, some samples hardly yielded any
REE in their enamel (ARG-1 and ARG-4). Con-
siderable variations in the REE concentrations
were also observed within a single sample, as in
the mosasaur tooth enamel ARG-12A, with more
than 2600 ug/g on one side (n=2) and only
51ug/g on the other (n=2) (Supplementary
Table 1). These observations indicate a complex
diagenetic history in the Antarctic assemblage.
Enamel with extremely high REE content com-
pared with dentine may have sheltered the
internal part of the teeth. Samples with low
REE content in their enamel might have been
embedded in rock that quickly cemented,
blocking migration of pore fluid. One specimen
(fragment with tooth and bone: ARG-1 and
ARG-2) was indeed found embedded in
strongly cemented sedimentary rock, and the
different tissues yielded very low REE content
(maximal total REE concentration=19 pug/g,
in dentine), supporting this interpretation.
Although we observed some variation in the
REE patterns of the Antarctic samples, most
of them cluster together, which supports a
common diagenetic history with similar REE
source in the burial environment (see Fig. 2).
The outliers correspond to the remains found
embedded in the sedimentary rock (ARG-1
and ARG-2). Interestingly, REE patterns similar
to those of these outliers (i.e., with HREE-
enrichment) were reported by Patrick et al.
(2004, 2007) for mosasaurs thought to have
suffered diagenesis in presence of oxic, open-
marine water. The generally low REE content
and the slight HREE enrichment of these sam-
ples may reflect fractionation along the REE
series when compared with other patterns
from Antarctica (Trueman et al. 2011). A
broader study with more samples is necessary
to get more insight into the REE chemistry of
these Antarctic remains.

Most of the Patagonian samples fit the
expected differences between enamel/enamel-
oid and dentine, except one shark tooth for
which the enameloid is five times more
enriched than the dentine. The REE compos-
ition of that tooth might also partially relate
to the sheltering effect of enameloid on the
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internal part of the tooth. Interestingly, the
shark teeth yielded somewhat different REE
patterns from the mosasaur tooth (see Fig. 2),
which indicates that these remains probably
originated from different beds with different
REE composition in the burial fluid. The
MREE-enriched mosasaur tooth might indicate
somewhat lower redox conditions than the
shark teeth in their respective depositional
beds (e.g., Ounis et al. 2008). Still, the observed
differences possibly link to a broader range of
variation in REE chemistry within the Jagtiel
Formation, but the few samples obtained do
not allow decipherment of spatial and temporal
details.

8'3C, Diet Source, and Feeding Ground

The stable carbon isotope composition of
vertebrate bioapatite mainly derives from
ingested food (except in chondrichthyan enam-
eloid as detailed in “56'°C Values of Shark
Enameloid: Driven by Biomineralization
Rather Than Diet”), and it is therefore com-
monly used to study diet (e.g., DeNiro and
Epstein 1978; Hobson and Welch 1992; Boche-
rens et al. 1994). In the case of marine vertebrate
macrofauna, however, the bioapatite carbon
isotope composition serves as a general indica-
tor of the source diet rather than giving clues on
high-resolution trophic relations as stable cal-
cium isotopes would (Rau et al. 1983; Wada
et al. 1987; Fry 1988; Hobson and Welch 1992;
Hobson 1993; Hobson et al. 1994; Kelly 2000;
Clementz et al. 2003). In marine organisms,
the 8"°C values ultimately reflect the compos-
ition of the DIC or the particulate organic mat-
ter (POM) assimilated by the organisms at the
very base of the trophic chain, with metabolic
effects superimposed.

Both the 8°Cpjc and the §°Cpoy decrease
with increasing latitude, distance from the
shore, and depth (Fry 1988; Hobson 1993; Goer-
icke and Fry 1994; Hobson et al. 1994; Marchal
et al. 1998; Clementz and Koch 2001; Hofmann
and Heesch 2018), meaning that the §'°C com-
position of marine organisms strongly depends
on their foraging ground. In our context, we
would thus expect a given taxon from the high-
paleolatitude site (Antarctica, 64°S) to have
lower 8'Ccos values than those from the
medium-paleolatitude site (Patagonia, 45°S).
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Furthermore, anatomic and isotopic evidence
suggests that some mosasaur taxa were divers
and had deeper foraging grounds (Sheldon
1997; Schulp et al. 2013, 2017; Harrell et al.
2016). A deeper and offshore food source
would cause their bioapatite to have lower
8'°C values than coexisting shallow-water,
nearshore organisms. Clementz and Koch
(2001) compared the carbon isotope compos-
ition of the tooth apatite of marine mammals
from California with different foraging
grounds and reported 8'°C values between
—14%0 and —12%o for pinnipeds feeding off-
shore, while nearshore cetaceans had values
between —11%o and —9%., showing that differ-
ences in the foraging ground can induce an off-
set of ~5%o. Our results show a very clear
difference between marine reptiles and bony
fish, the former having significantly lower
8'°C values (—11.2%0 and —11.8%o for mosa-
saurs and plesiosaurs, respectively, compared
with —4.8%o for bony fish), supporting more
offshore and/or deeper food sources for rep-
tiles. We obtained similar §'"°C values for all
mosasaurs and plesiosaurs (average —11.4%o.,
n=20), independent from their latitude of
provenance, with the mosasaurs showing a
wider scatter, possibly partly explained by a
larger and taxonomically more diverse sample
set (15 mosasaur samples vs. 5 plesiosaur sam-
ples). While the average 8'°C composition is
similar between mosasaurs from Patagonia
(—11.1%0, n=2) and Antarctica (—11.3%o, 1=
13), we observed more variation in the Antarc-
tic material (2.2% SD), with some samples
clearly standing out (ARG-15=-15.4%,
ARG-10=—6.8%0). Again, this is most likely
driven by the larger sample size and higher
taxonomic variety, and hence potentially dif-
ferent feeding habits and ecological niches.
However, a limited contribution of dentine in
the enamel samples during sampling may
also explain the few higher 8'°C values when
the dentine values are also especially high, as
in sample ARG-10 (Fig. 3). The bony fish
teeth have clearly higher §'°C compositions
(average —4.8%o), suggesting that these fish
had a foraging ground shallower and closer to
the shore than the marine reptiles. Literature
8'°C data are scarce when it comes to the inor-
ganic fraction of Late Cretaceous marine fish
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teeth, but a study on Maastrichtian fish otoliths
presented isotopic values several per mille
higher than those measured in our tooth mater-
ial (Carpenter et al. 2003; see Fig. 3A). Otoliths
are known to reflect the composition of sea-
water (i.e., DIC; Degens et al. 1969; Patterson
1999), which is isotopically heavier than the
dietary carbon source from which other biomi-
neralized tissues such as teeth and bones
derive. As a further comparison, shelled mol-
lusks from the same formation and site as our
Antarctic material (LBF, Isla Marambio) have
on average comparatively “C-enriched aver-
age values (—1.9%o for ammonites and +1.9%o
for benthic bivalves; Tobin and Ward 2015;
see Fig. 3A). Higher values are expected in
shells, because their 3'°C strongly correlates
with that of water DIC (McConnaughey and
McRoy 1979; Poulain et al. 2010).

Diving Behavior and Isotopic Signature

A deep diving behavior has been proposed
for some mosasaurs based on osteological
observations (Sheldon 1997; Yamashita et al.
2012) and their low §"C values compared
with non-diving taxa such as sharks (Schulp
et al. 2013). A study on extant sea turtles (lea-
therback and olive ridley turtles; Biasatti 2004)
suggests that breath holding during diving
could deplete "°C in body fluids. This depletion
would be reflected in low bioapatite §"°C
values—closer to the food source composition
—in sea turtles that spend a large part of their
life diving (dives up to 80 minutes long for
the leatherback turtle [Lépez-Mendilaharsu
et al. 2009] and up to 200 minutes long for the
olive ridley turtle [McMahon et al. 2007]).
Although we do not challenge the hypothesis
that some mosasaur species were deep divers
and hence held their breath for prolonged per-
iods of time, we are cautious regarding the
actual driver of their low 8'°C values and ques-
tion whether these are induced by breath hold-
ing itself.

Schulp et al. (2013) mainly base their conclu-
sions on a large offset (17%o) between the 31°C
values of mosasaur enamel and shark enamel-
oid, which they assume to result from contrast-
ing respiratory physiologies. However, we
have already mentioned that shark enameloid
is known to have especially high §'°C values
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compared with other taxa, a peculiarity likely
linked to biomineralization rather than ecology
(see discussion in “5'°C Values of Shark Enam-
eloid: Driven by Biomineralization Rather Than
Diet”). Because sharks apparently do not
record environmental parameters in their
tooth enameloid §'°C values, a comparison
with mosasaur enamel to draw ecological con-
clusions is misleading. We also observe a strik-
ing difference between mosasaur and shark
enamel(oid) (18.4%o) in our material, but inter-
estingly, this offset diminishes dramatically
when mosasaurs are compared with another
non-diving taxon, namely bony fish (6.4%o). In
that case, because enamel(oid) of both bony
fish and mosasaur is thought to reflect environ-
mental parameters, part of this offset can be
attributed to different respiratory physiologies:
dissolved CO, in the water respired by gill-
breathing vertebrates is '>C-enriched compared
with atmospheric CO, respired by pulmonate
vertebrates (Biasatti 2004), which is reflected in
their tissues. However, the largest part of the
offset is likely explained by different foraging
grounds, as revealed in the previous section;
that is, an offshore, deeper food source for
mosasaurs than for the bony fish investigated
here. Clementz and Koch (2001) indeed reported
similarly low §"°C values for two pulmonate
and diving taxa, both considered offshore dwell-
ers (northern elephant seal and northern fur
seal) but strongly differing in the duration of
their dives (up to 2 hours for the former, and
in the minute range for the latter; Costa 2007;
Kuhn et al. 2010). This suggests that breath hold-
ing is not the main driver of low §'°C values,
even if it might contribute to them.

To sum up, the food source of diving animals
(deeper water, hence isotopically lighter POM
and/or DIC reflected in the prey items) is a
major driver of their 3'°C values, more than
the process of breath holding itself, and might
well fully explain the low 8'°C values measured
in plesiosaurs and mosasaurs (Fig. 3B).

8% 0po4: Water Temperature,
Thermoregulation, and Latitudinal
Temperature Gradient

The §'®O values of vertebrate bioapatite
depend on the isotopic composition of the
body water from which it precipitated, as well
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as on the temperature during mineral formation
(i.e., body temperature). Two parameters that
have a combined effect on the ambient and/or
body temperature are (1) the latitude generally
representing the distribution of solar heat on
the Earth’s surface, which could somewhat be
modified by oceanic currents in the marine
realm; and (2) whether an animal is thermocon-
former (i.e., body temperature is linked to exter-
nal, ambient conditions) or thermoregulator
(i.e., using external or internal heat to increase
body temperature; Withers 1992). There is
strong evidence suggesting that mosasaurs
and plesiosaurs could produce metabolic heat
(endothermy) and maintain a constant body
temperature  (homeothermy) independent
from the ambient temperature, and thus from
the latitude at which they lived (Bernard et al.
2010; Harrell et al. 2016). For these taxa, varia-
tions in the 8'®0pos values between samples
from different paleolatitudes should thus be
limited to—and mainly driven by—the
8180b0dy water Values, which can vary with the
isotopic composition of the ambient water, as
well as with physiological processes that can
respond to body mass (e.g., Tejada-Lara et al.
2018; Villamarin et al. 2018). In contrast, both
the 8180b0dy water Values and the body tempera-
ture of aquatic, thermoconforming animals
(e.g., ectotherms) such as most fish are similar
to that of the surrounding water, meaning that
their 8'®Opoy values are closely related to latitu-
dinal thermal variations. Fish bioapatite miner-
alizes in isotopic equilibrium with the ambient
water, and according to water—phosphate
fractionation equations (Kolodny et al. 1983;
Lécuyer et al. 2013), 8'80pos values increase
with decreasing precipitation temperature. The
assumption of high-latitude Antarctic fish
8'®*Opoy values being higher than those of Pata-
gonian fish is supported by our data
(A"®Oan.pat = 1.1%o; Fig.4).

Meanwhile, the §°0Opos values of homeo-
thermic—endothermic marine reptiles are more
stable across latitudes, as expected. Addition-
ally, the ambient water temperature at our
study sites was most likely lower than mosa-
saur and plesiosaur body temperatures (e.g.,
Bernard et al. 2010), which is reflected in rep-
tiles’ 8'%0pos values being overall lower than
those of fish (Fig. 4).
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An estimation of the water temperature can
be derived from fish §'®Opo4 values using the
Lécuyer et al. (2013) fractionation equation
defined as:

T=117.4 — 45%(8"0Opos — 8®Opater) (1)

where T is the temperature in degrees Celsius
and & is expressed in %o against the VSMOW
scale.

Considering a global 88 04cawater Of —1.25%o0
(as in Pucéat et al. [2007], for the sake of com-
parison), that is, lower than today’s average
due to the absence of a permanent ice cap dur-
ing the Late Cretaceous (Shackleton and Ken-
nett 1976), our fish enameloid material results
in a water temperature of 12.7 +1.9°C for the
Patagonian site (45°S) and 7.9 £0.5°C for the
Antarctic (64°S) site. In Figure 4, we have plot-
ted published water temperatures derived from
fish 5'®0poy, with a latitudinal correction of the
80w ater following Zachos et al. (1994: Supple-
mentary Table 2). For our material, we obtain
slightly different temperatures after that correc-
tion: 13.7°C and 6.8°C for our Patagonian and
Antarctic sites, respectively (see Fig. 4).

When compared with published values,
higher temperatures have been reported by
some authors for 40°-50° paleolatitudes based
on fish bioapatite 5%0pou (e.g., Pucéat et al.
2007) and other proxies such as TEXgs
(Woelders et al. 2017). On the other hand, our
Patagonian data follow a latitudinal trend
when compared with other fish 5% 0po4 data
from slightly higher paleolatitudes (Fig. 4).
Regarding our Antarctic water temperatures,
they are fall within the ~5°C-14°C range calcu-
lated based on 8'°O values for Maastrichtian
cephalopods and shelled mollusks from the
same area as our material, adjusted to a
8"®0¢eawater Of —1.25%0 (Ditchfield et al. 1994;
Li and Keller 1999; Dutton et al. 2007; Tobin
et al. 2012; Woelders et al. 2017). To our knowl-
edge, no other water temperatures have been
reported for high latitudes based on fish
8"°Opou.

As for the body temperature of marine rep-
tiles, the water—phosphate fractionation equa-
tion (eq. 1) cannot be directly transferred to
endotherms, because it was defined for ther-
moconforming organisms, and unknown
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ored closed symbols) and from the literature (colored open symbols), and respective body temperature according to eq. 1,
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and/or unquantified vital effects might drive
the bioapatite mineralization out of equilib-
rium. Nevertheless, some authors (e.g., Séon
et al. 2020) have used it as an approximation
for marine reptile body temperature, consider-
ing an 8O enrichment of about 2%. of the
! Obody water Telative to ambient water, that
is, similar to that observed in extant aquatic
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pulmonate vertebrates (see Bernard et al
2010). Using the same criteria, we obtain ele-
vated body temperatures (roughly between
30°C and 40°C) for both our middle- and high-
latitude reptiles (Fig. 4). We do not aim here
to define the absolute body temperatures of
mosasaurs and plesiosaurs, but these estimates
illustrate well the order of magnitude in terms
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of body temperature differences between ther-
moconformers and thermoregulators (here
endotherms) with increasing latitude.

These new high-latitude 5'%0po4 values add
a missing piece to the latitudinal gradient of
fish bioapatite for the Cretaceous, which so
far did not exceed 52° paleolatitude (Pucéat
et al. 2007; Bernard et al. 2010). Zhang et al.
(2019) proposed a global gradient of 0.41°C/
1° of latitude for the latest Cretaceous based
on 8'®0pps values of fish remains (otoliths
and teeth) and foraminifera, as well as the
TEXge paleotemperature proxy, after correcting
for different biases such as latitude and season-
ality. These authors highlighted two points of
inflection on their latitudinal gradient (at 35°
and 52°, respectively), resulting in a steeper
middle-latitude gradient and comparatively
shallower low- and high-latitude gradients.
These changes in the gradient slope are inter-
preted as reflecting the formation of subtropical
and polar fronts and an evolution toward a
more stratified ocean. Based on §®Opo4 fish
data, Pucéat et al. (2007) described the latest
Cretaceous marine gradient as globally similar
to the present gradient (around 0.4°C/1° of lati-
tude) between 10° and 50° paleolatitude. These
authors apply a latitudinal adjustment of the
880 eawater following the correction of Zachos
et al. (1994) established for Cenozoic times
between 0° and 70° latitude. This nonlinear cor-
rection results in changes in the gradient slope
similar to the model of Zhang et al. (2019),
that is, a steeper slope at the middle portion.
Applying the same latitudinal correction to
our data, we obtain a similar latitudinal gradi-
ent of 0.36°C/1° of latitude (Fig. 4).

The combination of our new high-latitude
fish '8 0po4 values with the Campanian—Maas-
trichtian literature fish data supports the global
gradients established to date (around 0.4°C/1°
of latitude). This reiterates the potential of fish
bioapatite as a paleotemperature proxy as reli-
able as foraminifers and bivalves. This global
gradient possibly reflects the combination of
shallower low- and high-latitude gradients
with a steeper middle-latitude gradient as pro-
posed by Zhang et al. (2019) and already sug-
gested by Pucéat et al. (2007). The water
temperatures (around 8°C) calculated from
our fish 8'®0pp4 values for a 64° paleolatitude
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are slightly above modern sea-surface tempera-
tures for similar latitude (LEVITUS 1994), even
considering the entire range of seasonal varia-
tions, which aligns well with the model of a
world devoid of long-lasting ice caps on the
poles during the latest Maastrichtian. As for
marine reptiles, the highest paleolatitude
8'80po4 data published to date came from 52°
S (Australia; Bernard et al. 2010). These new
mosasaur and plesiosaur high-latitude values
further support endothermic and probably
also homeothermic thermoregulation and rela-
tively stable 8'80po4 values across latitudes and
allow us to considerably extend the current
database for marine reptiles by 12° to the south.

Conclusions

The fossil material analyzed here shows well-
preserved 812C and 8'®0po4 values that reflect
differences between taxa in their ecology
and/or latitudinal provenance. Marine reptile
(mosasaurs and plesiosaurs) §'°C values sug-
gest deeper, more-offshore foraging grounds
than associated fish. We suggest that an off-
shore, deep, ’C-depleted food source is the
main driver of their globally low 8'°C values
and that a major influence of breath holding
on isotopic fractionation related to diving, as
previously proposed, is secondary. We also
emphasize that §'°C values of shark enameloid
should not be compared with those of other
taxa in ecological studies, as they are most
likely unrelated to diet or behavior.

The §'"®0Opoy values of marine reptiles do
not correlate with paleolatitude, suggesting an
elevated body temperature (i.e., thermoregula-
tion), whereas coexisting bony fish and sharks
show expected latitudinal variations in their
8'80po4. Based on fish 8'®*0pg,, we could calcu-
late a seawater temperature around 7°C at 64°S
during the latest Maastrichtian, just before the
K/Pg extinction event; that is, slightly above
present-day values for similar latitudes world-
wide and consistent with a world devoid of per-
manent polar ice caps. These new high-latitude
8'®Opoy4 values add an important missing piece
to the global database of marine vertebrate bioa-
patite, so far limited to 52° paleolatitude. The
high-latitude fish 880pos values in particular
further support a latitudinal gradient around
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0.4°C/1° of latitude for the latest Cretaceous as
published elsewhere based on fish bioapatite,
bivalves, and foraminifera.
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