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We apply the carbonate clumped isotope thermometer (A4;) to macrofossils from the Baculites
compressus (~73.5 Ma) and the Hoploscaphites nebrascensis (~67 Ma) ammonite zones of the Western
Interior Seaway (WIS) of North America, and nearby coeval terrestrial and open marine environments.
The carbonate clumped isotope thermometer is based on a single-phase isotope exchange equilibrium
that promotes the ‘clumping’ of two heavy isotopes together within a single carbonate molecule as
temperature decreases. Due to the thermometer’s isotopic independence from water, coupled
measurements of A4; and the bulk oxygen isotopic composition of a carbonate (5'%0.) enable the
reconstruction of both paleotemperature and the isotopic composition of the water in which the
organisms grew. Before applying the technique to the aragonite shells of fossil marine organisms
(mostly ammonites, but also some gastropods, bivalves, and one belemnite), we measure the clumped
isotopic composition of modern nautilus and cuttlefish, two of the nearest living relatives to the
Cretaceous ammonites. Modern cephalopods exhibit disequilibrium isotope effects with respect to A47,
but not §'80,, therefore a simple correctional scheme is applied to the Late Cretaceous macrofossil data
before reconstructing paleotemperatures. Diagenesis is also assessed by visual preservation and
previously measured Sr concentrations (Cochran et al., 2003). Temperatures reconstructed for the Late
Cretaceous Western Interior Seaway range from 16.4 4+ 3.5 °C for an offshore Interior Seaway environ-
ment from the H. nebrascensis zone to 24.2 + 0.4 °C for the B. compressus ammonite zone. The seaway
itself has an isotopic composition of approximately — 1%, (relative to VSMOW), the expectation for an
ice-free global ocean average, while a nearby freshwater environment has an isotopic composition
approaching —20%.. We compare the attributes of the reconstructed climate to predictions based on
Late Cretaceous climate models and previous reconstructions of the seaway, and also assess the
sensitivity of our results to the modern cephalopods correction by comparisons to suitable modern
analogs. Finally, our clumped isotope data are consistent with cooling between the Late Campanian and
Maastrichtian, as also seen in benthic foraminfera 6'80.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

by higher temperatures, a reduced equator-to-pole temperature
gradient (Barron, 1983; Hay, 2008; Sloan and Barron, 1990) and

Geochemical proxies (e.g., Barrera and Savin, 1999; Barron,
1983; Douglas and Savin, 1975; Huber et al.,, 2002), the geo-
graphic extent of climatically sensitive terrestrial and marine
flora and fauna (Habicht, 1979; Markwick, 1998) and studies of
leaf physiognomy (Davies-Vollum, 1997; Herman and Spicer,
1997) suggest the Cretaceous was a ‘greenhouse’ world marked
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elevated CO, concentrations (Arthur et al.,, 1985; Barron, 1985;
Berner et al., 1983; Royer et al., 2001). A significant feature of the
warmer world was the presence of large epicontinental seaways
(Barron, 1983; Hancock and Kauffman, 1979), such as the
Western Interior Seaway (WIS) of North America. At its greatest
extent the WIS connected the boreal Arctic ocean with the Gulf of
Mexico and covered the foreland basin of the western Cordillera
(Miall et al., 2008) with seaway depths of about 200 m, with a
possible maximum of 300 m (Hancock and Kauffman, 1979;
McDonough and Cross, 1991). This sea level high coincided with
the peak in Cretaceous greenhouse temperatures between about
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100 to 85 Ma (Huber et al., 1995, 2002), after which global cooling
proceeded until the end of the Cretaceous (Barrera and Savin,
1999; Clarke and Jenkyns, 1999; Huber et al., 1995, 2002). By
the Late Campanian and Maastrichtian (from approximately
75-65 Ma), the WIS had receded significantly, was situated
between 40° and 50°N, and had a maximum depth of about
100 m (Kauffman, 1984; Kennedy et al., 1998; Miall et al., 2008).

Reconstructing temperatures and paleoceanography, e.g., the
circulation and connectivity to the open-ocean, of semi-enclosed
epicontinental seaways can be challenging using traditional oxy-
gen isotope paleothermometry. A primary reason for this is that
the hydrological conditions of a seaway, e.g., local salinity and the
oxygen isotopic composition of the water (6'80,,), are difficult to
constrain given their dependence on the balance of evaporation to
precipitation and sources of freshwater. Assuming there is no long
term change in the budget of oxygen isotopes in the hydrosphere,
and for an ice-free world such as the Late Cretaceous, the global
ocean average isotopic composition of seawater is expected to be
about —1%. on the VSMOW scale (Cramer et al., 2011; L'Homme,
Clarke, 2005; Shackleton and Kennett, 1975), or —1.27%. relative
to the VPDB scale (Bemis et al., 1998; Hut, 1987; Shackleton and
Kennett, 1975). Using this ice-free value, open-ocean paleotem-
perature reconstructions are possible given assumptions for
meridional gradients in surface water 6'20,, (e.g., Poulsen et al.,
1999; Zachos et al., 1994). In contrast, the complex, and often
unknown, hydrography and circulation of semi-enclosed basins
make differentiating between changes in temperature and
changes in 0'®0,, more difficult. This is especially important
when sea level fluctuations are globally synchronous and forced
by changes in ice volume, which will alter the isotopic composi-
tion of seawater temporally.

The carbonate clumped isotope thermometer is a valuable tool
for reconstructing temperatures in such settings due to its
independence from the isotopic composition of the water from
which a carbonate precipitates. The thermometer is based on a
single-phase, thermodynamically controlled, mass dependent
isotope exchange reaction that orders '>C and '®0 atoms into
bonds with each other within a carbonate mineral lattice. As the
formation temperature of the carbonate mineral decreases, the
‘clumping’ of these heavy isotopes into a single carbonate ion is
promoted (Guo et al., 2009; Schauble et al., 2006; Wang et al.,
2004). It is quantified using the parameter A47, which measures
the deviation in mass 47 CO, (mostly comprised of 3C'®0'60, a
‘clumped’ isotopologue) from that expected given the sample’s
abundance of O and C isotopes, and it has an inverse relationship
with temperature (Eiler, 2007; Eiler and Schauble, 2004; Wang
et al., 2004). In the case of carbonate thermometry, the CO, is
derived from acid digestion of a carbonate mineral, and Ag4;
should reflect the temperature at which isotope exchange last
occurred, likely in the carbonate or bicarbonate phase and at the
water temperature at the time of mineral formation. Empirical
calibrations using synthetic carbonates grown at controlled tem-
peratures and modern natural carbonates have been shown to
conform to the thermodynamic principle expected for clumped
isotopologues of carbonate (Eiler, 2007, 2011; Ghosh et al., 2006,
and the references therein), although some discrepancies
between calibrations remain (Dennis et al.,, 2011; Dennis and
Schrag, 2010), and some natural carbonates do not conform to
synthetic carbonate calibrations (Affek et al., 2008; Daéron et al.,
2011) suggesting disequilibrium isotope effects may be important
for some carbonates.

Although the WIS has been studied in the past (e.g., Coulson
et al,, 2011; Slingerland et al., 1996), details about the paleotem-
perature and paleosalinity are difficult to infer using only oxygen
and carbon isotopes in carbonates. For example, although assum-
ing 6'80,,= — 1%, leads to reasonable temperature estimates for

most cephalopods, other organisms, particularly inoceramid
bivalves record temperatures in excess of 35 °C (Tourtelot and
Rye, 1969). Explanations of these data have focused on either
‘vital’ effects! (Rye and Sommer, 1980; Tourtelot and Rye, 1969),
or temperature and salinity stratification coupled to regional
variability in the oxygen isotopic composition of the seaway (He
et al., 2005; Wright, 1987). Unfortunately, these hypotheses
cannot be tested without additional insight into the oxygen
isotopic composition of the Seaway.

Another study by Cochran et al. (2003), examined the mixing
of freshwater and seawater in the Maastrichtian WIS by measur-
ing Sr isotopes in a variety of paleoenvironments. They found that
the variation in 87Sr/®6Sr between the open ocean and a brackish
environment could not be explained by simple mixing between
the freshwater and seawater end-members. Instead they
hypothesized that submarine groundwater discharge could bal-
ance the Sr isotope budget, adding a further complexity to the
hydrography of the Seaway. The successful application of
clumped isotopes to the WIS would enhance our understanding
of the temperature and 6'80,, of the WIS, thereby improving our
knowledge of (i) spatial variability in water properties, (ii) water
column stratification, and (iii) the circulation of the Seaway.

By applying carbonate clumped isotope thermometry to a
suite of macrofossils (also studied by Cochran et al., 2003), we
seek to improve our understanding of paleosalinity and paleo-
temperature gradients in the Late Cretaceous WIS. Before doing
so, we measure several modern shelled cephalopods, relatives of
the Cretaceous ammonites, from known growth environments to
assess if their CaCOs3 shells align with previous calibrations of the
clumped isotope thermometer. Given evidence for disequilibrium
precipitation, a correction is applied to the Late Cretaceous
macrofossils before reconstructing temperatures and the isotopic
composition of the shallow seaway. The climatic significance of
our results is assessed by comparing them to (i) predictions based
on Late Cretaceous climate models, (ii) previous reconstructions
of the seaway and coeval terrestrial and open marine environ-
ments, and (iii) suitable analogs in the modern world. In addition,
we compare our reconstructions from the Maastrichtian to the
Late Campanian.

2. Materials and methods
2.1. Modern cephalopods

Modern cephalopods that grew at known temperatures were
used to assess if their carbonate shells precipitated with the same
dependence between temperature and A4; as synthetic carbo-
nates (Table 1). Samples were loaned from the American Museum
of Natural History (AMNH Loan number 512), the University of
Tokyo via the AMNH (Loan number 509), and the Alfred Wegener
Institute (AWI).

We selected to study modern nautilus because of their
morphological similarities to Cretaceous ammonites, with both
precipitating external, chambered shells. In addition, the cham-
bered shell, which is comprised of aragonite, precipitates in
oxygen isotopic equilibrium with water (Landman et al, 1994;
Oba et al,, 1992). Modern nautilus (Nautilus pompilius, N. belauensis
and N. macromphalus) were either captured in the wild and
moved to a temperature controlled aquarium (samples 1/8-6,
1/10-2, 1/10-3), raised in an aquarium (sample 89-39) or were wild
for their entire lives (samples MN-1, AX and AR). The growth

1 A vital effect is a generic term that reflects isotopic disequilibrium pre-
cipitation by an organism, possibly due to photosynthetic and/or metabolic
activity (Epstein et al., 1951; Erez, 1978; Urey et al., 1951).



Table 1

Bulk and clumped isotope data for analysis of modern cephalopod aragonite. Growth temperatures are based on water temperatures profiles over~150-400 m (New Caledonia and Bohol Strait Nautilus), prior studies (89-39,
Landman et al., 1994), or provided by the laboratory that supplied the specimens (Kasai Aquarium Nautilus and Alfred Wegener Institute, AWI, aquarium Sepia). 6'%0,, is reported relative to VSMOW, and is compiled from local
water column data (New Caledonia), aquarium measurements (Waikiki and AWI), or estimates of the local surface water 3'®0 (Bohol Strait). §'>C and 5'%0, are reported relative to VPDB, and the errors are + 0.04 and + 0.05%,
respectively. The errors reported for A4; are the external standard error of the mean, except for samples only replicated two times, in which case it is the external standard deviation of the mean. The expected A4, value is
calculated given the known growth temperature and the A4;-temperature calibration of Ghosh et al. (2006) (Eq. (3)). Also calculated is the difference between the expected A4; value and the measured A4 value, and the
associated population 1o standard deviation. If the oxygen isotopic composition of the water in which the organism grew is independently known, we assess if the shell precipitated in isotopic equilibrium. For the last column,
the number in parentheses represents how close the sample is to isotopic equilibrium with respect to 6'%0, i.e., within 1 or 2 °C. Sample names in bold text are those used to assess the average difference between expected A4
and measured A,7. Samples not included are either from a growth transect (samples 1/10-2-1 through 1/10-2-5), a cleaning test (samples followed by mc), or those that precipitated out of equilibrium with respect to 6'%0..

Sample Species Growth environment Growth T §'%0,, n 6"C 5180, Ay Expected A4, Difference Equilibrium
precipitation w.r.t. 6’80,
Qo] (%0) (%) (%0) (%) (%)

Nautilus
MN-1 Nautilus macromphalus ~ Wild—New Caledonia 164+17 087+02 2 -032 136 0.691+0.014 0.754 0.063 Yes (2)
89-39 Nautilus belauensis Waikiki Aquarium, Hawaii 222+11 -02 2 -231 -044 0.663+0.004 0.724 0.062 Yes (1)
1/8-6 Nautilus pompilius Kasai Aquarium, Tokyo 21+1 - 5 —-3.02 054 0.671+0.014 0.730 0.059 Unknown
1/10-2 Nautilus pompilius Kasai Aquarium, Tokyo 21+1 - 5 -284 043 0.662 +0.009 0.730 0.068 Unknown
1/10-2W Nautilus pompilius Wild—Bohol Strait 15+2 0 4 -029 085 0.674 +£0.003 0.761 0.087 Yes (1)
1/10-2S Nautilus pompilius Wild (final septa)—Bohol Strait 15+2 0 4 -235 088 0.673 £0.011 0.761 0.089 Yes (1)
1/10-2) Nautilus pompilius Wild (juvenile)—Bohol Strait 23 3 0.10 -0.10 0.664+0.009 0.720 0.056 Yes (2)
1/10-3 Nautilus pompilius Kasai Aquarium, Tokyo 21+1 - 5 -3.13 047 0.660 +0.009 0.730 0.071 Unknown
AX-juv Nautilus macromphalus ~ Wild (juvenile)—New Caledonia 23 087+02 4 0.35 038 0.670+£0.013  0.720 0.050 Yes (1)
AX-adu Nautilus macromphalus ~ Wild (adult)—New Caledonia 164+1.7 087+02 3 123 1.60 0.671+0.018 0.754 0.083 Yes (1)
AR-juv Nautilus macromphalus ~ Wild (juvenile)—New Caledonia 23 087+02 3 079 0.71 0.699 +0.018  0.720 0.022 Yes (2)
AR-adu Nautilus macromphalus ~ Wild (adult)—New Caledonia 164417 087+02 3 207 133 0.703 £0.014 0.754 0.051 Yes (2)

Average difference 0.063 + 0.019

1/10-2-1 Nautilus pompilius Wild—Bohol Strait 15+2 0 3 092 095 0.696 +£0.012  0.761 0.066 Yes (1)
1/10-2-2 Nautilus pompilius Wild—Bohol Strait 15+2 0 3 0.01 092 0.673 +£0.007 0.761 0.088 Yes (1)
1/10-2-3 Nautilus pompilius Wild—Bohol Strait 15+2 0 3 028 1.05 0.662 +0.011 0.761 0.099 Yes (1)
1/10-2-4 Nautilus pompilius Wild—Bohol Strait 15+2 0 3 -063 092 0.695 +0.007 0.761 0.066 Yes (1)
1/10-2-5 Nautilus pompilius Kasai Aquarium, Tokyo 2141 - 3 -271 077 0.676 +£0.007  0.730 0.055 Unknown
1/10-2mc Nautilus pompilius Kasai Aquarium, Tokyo 2141 - 3 -283 073 0.667 £0.013  0.730 0.063 Unknown
1/10-3mc Nautilus pompilius Kasai Aquarium, Tokyo 21+1 - 3 -291 060 0.660+0.019 0.730 0.071 Unknown

Sepia
K15Ch1 Sepia officinalis Alfred Wegener Institute Aquarium, Bremerhaven 15 0 3 -232 107 0.711£0.006 0.761 0.051 Yes (1)
K15Ch3 Sepia officinalis Alfred Wegener Institute Aquarium, Bremerhaven 15 0 3 -199 150 0.725+0.010 0.761 0.036 Yes (2)
K20Ch3 Sepia officinalis Alfred Wegener Institute Aquarium, Bremerhaven 0 3 -291 0.10 0.699 +£0.011 0.735 0.036 Yes (1)
K20Ch4 Sepia officinalis Alfred Wegener Institute Aquarium, Bremerhaven 20 0 3 -275 -014 0.706+0.012 0.735 0.030 Yes (2)
K15Ch2 Sepia officinalis Alfred Wegener Institute Aquarium, Bremerhaven 15 0 4 225 083 0.681+0.007 0.761 0.080 Yes (2)

Average difference 0.047 +0.020

K15Ch5 Sepia officinalis Alfred Wegener Institute Aquarium, Bremerhaven 15 0 4 -201 054 0.677 £0.010 0.761 0.085 No (3)

Nautilus and Sepia combined Average difference 0.059 +0.019

69-16 (£102) 9¢€ $421397 22ualdS AIpaup]] pup y1avg / v 32 swuaq Y
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temperatures of nautilus were based on water temperatures profiles
over~ 150-400 m (New Caledonia and Bohol Strait nautilus; sam-
ples MN-1, AX, AR, 1/10-2W, 1/10-2S, 1/10-2], and 1/10-2-1 to
1/10-2-4), prior studies (89-39, Landman et al., 1994), or provided
by the laboratory that supplied the specimens (Kasai Aquarium
nautilids; samples 1/8-6, 1/10-2, 1/10-3, 1/10-2-5, 1/10-2 mc, 1/10-
3 mc). The isotopic composition of the water in which the specimens
grew was also available for wild samples, based on local water
column data (New Caledonia) or estimates of the local surface water
580 (Bohol Strait), and for the Waikiki aquarium-reared nautilus
(Landman et al., 1994).

We also measured six specimens of Sepia officinalis, of the
subclass Coleoidea. Although these cuttlefish are nektonic and
precipitate aragonite, they have some important anatomical
differences to the Cretaceous ammonites: modern cuttlefish
precipitate internal skeletal carbonate (as did the ancient belem-
nites), while the ammonites and modern nautilus precipitate
external shells (Clarkson, 1998). The Sepia officinalis specimens
originate from the English Channel, but were reared under
temperature controlled conditions at either 15 or 20 °C using
North Sea water. Previous studies have reported that, as with
the modern nautilus, cuttlefish precipitate skeletal carbonate in
oxygen isotopic equilibrium with seawater (Rexfort and Mutterlose,
2006).

2.2. Cretaceous macrofossils

Late Cretaceous macrofossils from the WIS were loaned from
AMNH (Loan number 503), the Yale Peabody Museum (Loan number
908) and the US National Museum, via AMNH (Loan number 503).
The upper Cretaceous of the US Western Interior is subdivided into
biostratigraphic zones and tied to radiometrically dated ash layers
(Cobban et al., 2006) from the Lower Cenomanian (~100 Ma) to
nearly the end of the Cretaceous in the Interior Seaway. Samples are
from the Baculites compressus ammonite zone (~73.5 Ma) and the
Hoploscaphites nebrascensis ammonite zone (~67 Ma), and were
collected from the Pierre Shale, Fox Hills and Hell Creek Formations
in South Dakota, and the Severn Formation in Maryland. Macrofossils
from the H. nebrascensis zone are divided into paleoenvironmental
groups (see Fig. 1 of Cochran et al,, 2003) using the assessment of
Waage (1968): ‘Nearshore Interior’ corresponds to nearshore facies

within the seaway (Timber Lake Member of the Fox Hill Formation);
‘Offshore Interior’ corresponds to open-water facies of the Pierre
Shale; ‘brackish’ corresponds to a nearshore, estuarine environment
inhabited by lower salinity tolerant organisms (Iron Lightning
Member of the Fox Hills Formation and the Hell Creek Formation);
‘open ocean’ corresponds to specimens collected from the Severn
Formation and are considered to represent fully marine conditions;
and ‘freshwater’ corresponds to unionid bivalves from the Hell Creek
Formation. Specimens from the B. compressus zone are limited to the
seaway itself, and were all collected from the Pierre Shale of South
Dakota, representing a shallow environment several hundred kilo-
meters from the shoreline.

Table 2 lists the Late Cretaceous samples by ammonite zone,
paleoenvironment and species. Organisms are either nektonic
(e.g., the ammonites, nautiloids and belemnite) or epifaunal
(e.g., the bivalves and gastropods). All specimens have an arago-
nite shell, with the exception of the calcitic belemnite (sample
K23). We also analyzed the calcite infill of sample WI-K1 to assess
the diagenetic evolution of these samples.

2.3. Methods

Cretaceous and modern specimens were prepared for isotope
measurement by flaking off portions of the shell using a scalpel,
or were drilled using a rotary tool with a 1 mm carbide bur. For
the modern nautilus, the region of growth for which we had
temperature data was targeted, e.g., for nautilus captured in the
wild and transferred to an aquarium, we sampled the most recent
growth near the aperture of the shell, while for records of juvenile
growth, the first seven septa were sampled. All shell fragments
were cleaned with de-ionized water (DI) and a fine brush. Those
with particles adhered to the shell were also sonicated in DI for
1-2 min and then rinsed. After air-drying the material, cleaned
shell fragments were crushed to a fine powder using a small agate
mortar and pestle, and weighed out into 5-8 mg samples.

Isotope measurements were made in the Laboratory for Geo-
chemical Oceanography at Harvard University between September
2010 and November 2011. Using a common acid bath with 90 °C
concentrated phosphoric acid (H3PO,4), powdered carbonate samples
were digested in acid for approximately 6 min and the product
CO, was collected using liquid N,, after passing through a —80 °C
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Fig. 1. Cross-plot of the bulk isotopic composition of Late Cretaceous macrofossils and the calcite infill of one specimen. Both §'3C and 620 are reported relative to VPDB
and the average 10 standard error is 0.02%, and 0.03%o, respectively. The samples are grouped by ammonite zone: B. compressus (orange) and H. nebrascensis (blue), and by
genus (symbols in figure key). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2

Late Cretaceous sample identification and location, split by ammonite zone and paleoenvironment. The samples from the B. compressus Zone all represent the Interior
Seaway, and no further paleoenvironmental details are available. The younger samples cover a range of paleoenvironments, and have been correlated to the H. nebrascensis
ammonite zone. The first listing of the genus name is given in full, while further references to the genus are abbreviated. We also note that a recent change in nomenclature
has resulted in the genus Jelezkytes being replaced by Hoploscaphites. The Museum IDs refer to: AMNH=American Museum of Natural History, YPM=Yale Peabody

Museum, USNM=US National Museum.

Ammonite zone  Paleoenvironment  Sample Location Museum locality/specimen #  Species Organism
B. compressus WI-2 Pierre Shale, Meade County, SD AMNH loc 3274 Baculites compressus Ammonite
(~73.5Ma) WI-K1 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
WI-K2 (c)  Pierre Shale, Meade County, SD AMNH loc 3274 Calcite infill of WI-K1
WI-4 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
WI-13B Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
WI-17 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
WI-40b Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
WI-47 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
WI-12 Pierre Shale, Meade County, SD AMNH loc 3274 Placenticeras meeki Ammonite
WI-21 Pierre Shale, Meade County, SD AMNH loc 3274 Hoploscaphites brevis Ammonite
WI-23A Pierre Shale, Meade County, SD AMNH loc 3274 H. brevis Ammonite
WI-32 Pierre Shale, Meade County, SD AMNH loc 3274 Pteria linguiformis Bivalve
WI-37 Pierre Shale, Meade County, SD AMNH loc 3274 Unknown
1-36 Pierre Shale, Meade County, SD AMNH loc 3274 H. nodosus Ammonite
1-61 Pierre Shale, Meade County, SD AMNH loc 3274 Inoceramus Bivalve
1-63 Pierre Shale, Meade County, SD AMNH loc 3274 Eutrephoceras dekayi Nautiloid
1-62 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
1-73 Pierre Shale, Pennington County, SD  AMNH loc 3383 B. compressus Ammonite
I-75 Pierre Shale, Pennington County, SD  AMNH loc 3383 B. compressus Ammonite
1-76 Pierre Shale, Pennington County, SD  AMNH loc 3383 B. compressus Ammonite
1-77 Pierre Shale, Pennington County, SD  AMNH loc 3383 B. compressus Ammonite
1-98 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
1-101 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
1-104 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
1-106 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
1-110 Pierre Shale, Meade County, SD AMNH loc 3274 B. compressus Ammonite
H. nebrascensis Nearshore interior K1 Timber Lake Mbr, Fox Hills AMNH 45405 H. nebrascensis Ammonite
(~67 Ma) Nearshore interior K5 Timber Lake Mbr, Fox Hills AMNH 45463 Sphenodiscus lobatus Ammonite
Nearshore interior K8 Timber Lake Mbr, Fox Hills YPM 44980 S. lobatus Ammonite
Nearshore interior K13 Timber Lake Mbr, Fox Hills YPM 162433 H. nebrascensis Ammonite
Nearshore interior K21 Timber Lake Mbr, Fox Hills YPM 202291 Cymbophora warreni Bivalve
Nearshore interior K10 Timber Lake Mbr, Fox Hills YPM 162434 Serrifusus dakotensis Gastropod
Offshore interior K23 (c) Pierre Shale USNM 486528 Belemnitella cf. bulbosa  Belemnite
Offshore interior K34 Pierre Shale AMNH 47462 S. lobatus Ammonite
Offshore interior K37 Pierre Shale USNM 520477 H. nebrascensis Ammonite
Open ocean K3 Severn Formation AMNH 45406 E. dekayi Nautiloid
Open ocean K4-A Severn Formation AMNH 45404 S. lobatus Ammonite
Open ocean K35 Severn Formation USNM 520476 H. nebrascensis Ammonite
Open ocean K35-C Severn Formation USNM 520476-C bivalve Bivalve
Brackish K14 Iron Lightning Mbr, Fox Hills YPM 162374 H. nebrascensis Ammonite
Brackish K18 Iron Lightning Mbr, Fox Hills YPM 162437 H. nebrascensis Ammonite
Brackish K7 Timber Lake Mbr, Fox Hills YPM 46036 Tancredia americana Bivalve
Brackish K15 Iron Lightning Mbr, Fox Hills YPM 162397,8 Lunatia sp. Gastropod
Brackish K19 Hell Creek Formation YPM 200285 Lunatia sp. Gastropod
Brackish K9 Iron Lightning Mbr, Fox Hills YPM 162385 Corbicula sp. Bivalve
Freshwater K6 Hell Creek Formation YPM 38033 Unio sp. Bivalve
Freshwater K12 Hell Creek Formation YPM 38034 Unio sp. Bivalve
Freshwater K16 Hell Creek Formation YPM 38029 Unio sp. Bivalve
Freshwater K17 Hell Creek Formation YPM 38005 Unio sp. Bivalve
Freshwater K22 Hell Creek Formation YPM 38044 Unionoida Bivalve

ethyl-alcohol water trap. The evolved CO, was then purified using a
static PoraPak Q trap on a glass vacuum line (Dennis and Schrag,
2010), and analyzed on a Thermo Finnigan MAT 253 for §'3C, 5'%0
and A4;. We assessed the effectiveness of our purification procedure
by monitoring A4s, an analogous parameter to A7, during mass
spectrometry (Eiler and Schauble, 2004; Huntington et al., 2009). The
macrofossil and modern cephalopod A4 data aligned with our
expectations based on measured heated and equilibrated gases,
suggesting potential contaminant species such as chlorinated hydro-
carbon were removed.

The MAT 253, which has been modified (as described in Dennis
and Schrag, 2010), was operated in dual inlet mode and configured
to measure masses 44-48 CO, through the following resistors:
mjz 44=3x10"Q, mjz 45=3x10°Q, mjz 46=1x10"°Q, m/z
47=1x10"Q, m/z 48=1 x 10'® Q. Data was typically acquired by

balancing at 2V on mass 47, with masses 44, 45, 46 and 48
registering at approximately 1.2V, 1.3V, 1.6 V and 0.2 V, respectively.
The equivalent currents are 40 nA, 0.04 nA, 0.02 nA, 2 pA and 0.2 pA,
respectively. Each individual CO, sample was measured for one
acquisition comprised of between 18 and 20 counts with four
standard-sample-standard cycles per count. Ion integration time
was 26s per change over (1872-2080s of total sample current
integration time) and the bellows were pressure adjusted to balance
at 2V on mass 47 between each 4-cycle count. Individual samples
were run for approximately 3 h on the MAT 253, and for a typical
measurement protocol, approached the shot-noise limit to precision
is 0.009%, (Merritt and Hayes, 1994). Each carbonate sample was
replicated, on average, three times requiring at least 15-20 mg of
powdered carbonate per specimen. The data from each analysis was
averaged and errors are reported based on replicate measurements.
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Bulk measurements of 5'0, are corrected for acid fractiona-
tion at 90 °C (Swart et al., 1991), and along with 6'3C, are reported
relative to VPBD. Clumped isotope data (A47) are projected into
the absolute reference frame using heated and equilibrated CO,
gas measurements (Supplementary Data Table 1). This reference
frame empirically accounts for fragmentation and recombination
reactions that occur in electron impact ionization sources, along
with other mass spectrometric artifacts (Dennis et al., 2011).

We measured an in-house Carrara marble standard (CM2) 53
times during the measurement period, yielding an average
A47=0.388 +£0.005% (1¢ standard error, SE), 613C=2.28+
0.01%o and 6'80.= — 1.78 + 0.01%.. Three other carbonate standards
were also measured sporadically. Given the accuracy of carbonate
standard data during the measurement time period, no additional
corrections have been made (Supplementary Data Table 2).

We convert A4; to temperature based on our analysis of
modern cephalopods (Section 4.2). The calcification temperature
can then be used to calculate the oxygen isotopic composition
of the water (6'%0,) in which the shell grew. For aragonite
(all samples with the exception of WI-K2 and K23), the aragonite-
water calibration of Grossman and Ku (1986) was used, where
3"®02ragonite 1S V. VPDB and §'80,, is vs. VSMOW:

T(°C) = 21.8—4.69 (5180mgonite_5lsow) 1)

The VSMOW value for water in Eq. (1) is adjusted using —0.2
following the protocol of Grossman and Ku (1986). For calcite, the
calibration of Kim and O’Neil (1997) was used, where tempera-
ture is expressed in Kelvin and o represents the fractionation
factor between calcite and water:

10001N0% ¢y cie-water) = 18.03 (1 03 T‘1) 3242 )

Previously published Sr concentration data (Cochran et al., 2010;
Cochran et al., 2003) and preservation indices for many of the Late
Cretaceous samples are used to assess if the clumped isotope
signatures are primary. The Preservation Index (PI) is a qualitative
index which assesses the microstructure of nacreous shell material, as
imaged by scanning electron microscopy (SEM) at AMNH (Cochran
et al., 2010). Preservation is assigned an index from 5 (excellent
preservation, showing distinct nacreous tablets) to 1 (poor preserva-
tion, in which the nacreous tablets have fused together). Even at poor
preservation, the mineralogy remains aragonite (Cochran et al., 2010).

3. Results
3.1. Modern cephalopods

Table 1 shows the results for the modern cephalopods.? Included
are the estimated growth temperatures, 5'%0,, values, and the
measured bulk and clumped isotopic compositions. Values of §'3C
range from —3.13%, to 2.07%., and §'80, ranges from —0.44%. to
1.60%o. The A47 values range from 0.660%o to 0.725%. with an average
measurement error of 0.011%o (16 SE). Also shown are the expected
A4 values, as calculated from the known growth temperature and a
synthetic calcite calibration of the clumped isotope thermometer
(Ghosh et al., 2006) projected into the absolute reference frame
(Dennis et al., 2011):

_ (0.0636 + 0.0049) x 10°
= 2

Ag ~(0.0047 + 0.0520) 3)

2 Raw data for individual mass spectrometric analyses of both the modern
cephalopods and Late Cretaceous macrofossils are complied in Supplementary
Data Table 3.

The expected A7 values range from 0.720%o to 0.761%., and
the difference between the expected and measured A4; values
range from 0.022%o to 0.099%o.

3.2. Cretaceous macrofossils

Table 3 shows the results for both the B. compressus ammonite
zone and the H. nebrascensis ammonite zone. For the B. compressus
zone 6'3C values range from —14.82%o to 5.32% and 6'80, ranges
from —9.46%, to —0.37%.. The clumped isotope compositions range
from 0.632%. to 0.669%. with an average measurement error of
0.008%o (10 SE). Taking the population average of the entire suite of
B. compressus samples, the mean is 0.653 +0.002%. (16 SE). 6'3C
values for the H. nebrascensis zone range from — 9.48%o to 3.15%., and
from —20.41%. to 0.74%. for 6'80.. The clumped isotope composi-
tions range from 0.646%0 to 0.729%., with an average measurement
error of 0.009%. (1o SE). Also reported in Table 3 are the corrected
A47 values, clumped isotope temperature and calculated 5'80,,. These
data are discussed in Sections 4.2 and 4.3.

For both zones, the majority of samples cluster between
—5 and 1% in 0'3C and between —5 and 0%, in 680, (Fig. 1).
The exceptions are (i) the Unio and Corbicula bivalves which
record much more depleted §'80. (5'80.=—14.6 to —20.4%o),
attributed to a freshwater setting (Cochran et al., 2003), and (ii)
the depleted §'3C values of two Baculites (WI-13B and WI-47), a
Placenticeras (WI-12), a Pteria (bivalve; WI-32) and the calcite
infill of a Baculites (WI-K2) from the B. compressus zone and a
Sphenodiscus (K34) from the H. nebrascensis ammonite zone.

The specimens depleted in '>C can be separated into distinct
alteration groups. First, Cochran et al. (2010) documented decreases
in 680, 6'3C and 37Sr/®Sr of B. compressus zone samples as
preservation, as indexed by the PI value, declined and attributed
the trends to diagenetic alteration, likely with meteoric water. The
secondary calcite infill of the Baculites WI-K1 (WI-K2) aligns with this
alteration regime. We suggest samples WI-47 and WI-12 also fall into
this category of alteration, with WI-12 having additional support
from its low visual preservation (PI=1). Second, those samples only
depleted in 5'3C likely acquired their isotopic signature during early
diagenesis in the presence of marine porewater depleted in >C due to
the respiration of buried organic matter (Cochran et al., 2010). This
type of alteration likely explains samples WI-13B, WI-32 and K34,
which have light 6'3C signatures, but §'80. values that are inline with
other specimens and less visual evidence for alteration (the PI values
of WI-32 and K34 are 4 and 3.5, respectively). A third possibility, is
that isotopically depleted 6'>C and 580 signatures are the result of
alteration associated with high temperatures during burial, but
analyses of organic matter from well-preserved jaws of ammonites
in the WIS (Gupta et al., 2008) suggest this is unlikely for specimens
from South Dakota, such as those analyzed in the present study. This
conclusion is further supported by the clumped isotope data pre-
sented here. Finally, recent sedimentalogical and isotopic work has
documented the presence of methane seeps within the Pierre Shale of
the WIS (Landman et al., 2012; Metz, 2010). Such seeps could explain
carbonates isotopically depleted in '3C, but they have not been found
within the H. nebrascensis zone. Seeps are present within the
B. compressus zone, but all specimens labeled WI- are from a common
host rock concretion. As such, it seems unlikely that a relatively
immobile bivalve (e.g., WI-32) could have been in contact with a seep
while other specimens from the same concretion were not.

Regardless of the origin of depleted isotopic signatures, sam-
ples with depleted 5'3C values in the B. compressus zone record
clumped isotope signatures that are towards the low end of
the A4; range. Even so, removing samples WI-13B, WI-47,
WI-12, WI-32 and WI-K2 from the population only shifts the mean
A47 value by 0.003%. (equivalent to <1 °C) to 0.656 + 0.002%o.
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Table 3

Results of bulk and clumped isotope analysis of Cretaceous macrofossils from the B. compressus and H. nebrascensis ammonite zones of the Western Interior Seaway. See Table 2 for
additional details on the samples. All samples are from aragonite shells with the exception of WI-K2 (calcite infill) and K23 (calcitic belemnite). SEM PI refers to the preservation
index, as defined in Cochran et al. (2010), and Sr concentrations are from Cochran et al. (2003) and Cochran et al. (2010). Bulk carbonate isotopic compositions (6'>C and 5'%0,) are
reported relative to VPDB. A4; errors are reported as the external standard error of the mean for samples replicated three or more times (n > 3), as the external standard deviation of
the mean for samples replicated two times (n=2), or as the standard deviation of internal counting statistics for samples measured only one time (n=1). Corrected A4; accounts for
the difference between the measured modern cephalopod A4; and the expected A4, (Table 1). Temperatures and 5'80,, (reported relative to VSMOW) are calculated from the
corrected A4 values using the synthetic calcite calibration of Ghosh et al. (2006) projected into the absolute reference frame (Eq. (3)). The statistics for populations of samples are
reported as the mean and 1¢ standard error. The error calculated for temperature and §'30,, does not account for uncertainty related to the offset between the measured A4; value
of modern cephalopods and the expected A4, value, nor for other approaches to reconstructing temperature (Section 4.4).

Paleoenvironment Sample n SEMPI [Sr] s13¢ 5180, Ay7 Corrected A4;  Ghosh et al. (2006) calibration
(ppm) (%) (%o) (%o) (%0)
T (°C) 5180y (%)
B. compressus (~73.5Ma) WI-2 5 5 -1.59 -1.84 0.654+0.010 0.713 247422 -1.0+05
WI-K1 3 —4.14 —2.52 0.643+0.016 0.702 27.0+3.6 -1.2+0.8
WI-K2 (c) 4 -12.72 —857 0.646 +0.007 0.705 262+14 -6.0+04
WI-4 3 5 -1.76 —1.51 0.649+0.002 0.708 25.6+0.5 -0.5+0.1
WI-13B 1 —14.82 —2.64 0.644+0.010 0.703 26.7 +2.1 -14+04
WI-17 3 4 0.20 -1.77 0.652+0.010 0.711 25.0+2.2 -09+05
WI-40b 1 4 1300 -1.36 —-1.40 0.665+0.011 0.724 222422 -1.1+05
WI-47 1 —12.05 —-9.46 0.632+0.009 0.691 293419 —-7.7+04
WI-12 4 1 4530 -10.35 —-7.93 0.651+0.007 0.710 253+1.5 -7.0+03
WI-21 3 5 -0.57 —3.94 0.644+0.005 0.703 26.7+1.0 —-2.7+0.2
WI-23A 4 4 —5.44 —2.57 0.656+0.008 0.715 242417 -18+04
WI-32 4 4 -9.56 —-1.73 0.645+0.007 0.704 264415 -05+03
WI-37 1 —242 —2.03 0.648+0.009 0.707 259+2.0 -1.0+04
1-36 1 35 3160 -2.72 —2.02 0664+0.011 0.723 225423 —-1.7+05
1-61 3 45 1860 1.83 —2.97 0.669+0.016 0.728 21.5+3.2 —2.8+0.7
1-63 3 2 2850 0.07 —-043 0.662+0.002 0.721 23.0+04 0.0+0.1
1-62 3 5 —1.54 —1.23 0.644+0.004 0.703 26.6 +£0.9 00+0.2
I-73 3 25 —1.56 —-0.37 0.656+0.011 0.715 242422 03 +0.5
1-75 3 5 —0.86 —0.53 0.664+0.004 0.723 225408 -02+0.2
1-76 3 4 -1.58 —2.02 0.662+0.005 0.721 23.0+1.1 -1.6+03
1-77 3 35 5.32 —3.87 0.664 +0.003 0.723 22.6+0.6 —-3.5+0.1
1-98 3 5 -1.35 —1.63 0.660+0.009 0.719 234418 -1.1+04
1-101 3 1 —4.50 —3.44 0.663+0.006 0.722 227+1.2 -3.0+03
1-104 3 5 -1.34 —1.20 0.651+0.013 0.710 253427 -03+0.6
1-106 3 5 -1.09 —-1.21 0.663+0.007 0.721 228+15 -0.8+03
I-110 2 35 -2.89 —1.49 0.640+0.007 0.699 276+1.6 -0.1+05
B. compressus (all) 0.653+0.002 0.712 24.7+04 -1.8+04
B. compressus (excluding altered samples on the basis of 5'3C) 0.656 + 0.001 0.715 242+04 -1.2+0.2
H. nebrascensis (~67 Ma)
Nearshore interior K1 3 45 3963 -1.31 —0.77 0.691+0.009 0.750 172+1.7 -1.6+04
Nearshore interior K5 3 45 4705 —4.80 —-0.98 0.654+0.003 0.713 245+ 0.7 -0.2+0.2
Nearshore interior K8 3 35 4329 -2.92 —-1.59 0.663+0.001 0.722 228+03 —-1.2+0.1
Nearshore interior K13 1 5 4247 —2.52 —0.78 0.659+0.008 0.718 235+1.7 -02+04
Nearshore interior K21 4 1898 1.72 —-0.43 0.683+0.012 0.744 183+24 -1.0+0.5
Nearshore interior K10 3 5 2297 0.52 —1.06 0.646 +0.006 0.705 262+13 0.1+0.3
H. nebrascensis—Nearshore Interior 0.667 +0.007 0.725 221+14 -0.7+0.3
Offshore interior K23 (c) 3 1319 0.73 032 0.665+0.009 0.723 224419 22+04
Offshore interior K34 6 35 3859 -9.48 —-0.41 0.696 +0.020 0.755 16.5+3.7 -13+0.8
Offshore interior K37 7 5 2520 -1.96 026 0.729+0.013 0.788 103 +23 —-2.0+05
H. nebrascensis—Offshore Interior 0.695 +0.018 0.756 164+ 3.5 -04+13
Open Ocean K3 3 5 3261 -0.71 —0.62 0.669 +0.008 0.728 216+1.7 -05+04
Open Ocean K4-A 3 45 3018 -2.85 0.02 0.675+0.003 0.734 203+ 0.6 -0.1+03
Open Ocean K35 3 3 1890 -5.99 —-0.11 0.670+0.007 0.729 214+14 00+0.3
Open Ocean K35-C 3 0.07 —-0.39 0.678+0.005 0.737 19.6 +1.0 -0.7+0.2
H. nebrascensis—Open Ocean 0.673 +0.002 0.732 20.7 + 0.5 -0.3+0.2
Brackish K14 4 4 2545 0.86 -0.17 0.674+0.007 0.733 205+ 1.4 -02+04
Brackish K18 2 3 2680 3.15 —2.68 0.667+0.030 0.726 22.0+6.0 —-24+09
Brackish K7 3 2412 0.28 —2.12 0.666 +0.007 0.725 22.0+15 -19+04
Brackish K15 3 1589 0.65 —-131 0.668 +0.008 0.727 21.8+1.6 -1.1+04
Brackish K19 3 2043 0.62 —2.01 0.670+0.003 0.729 21.3+0.7 -19+0.2
Brackish K9 3 667 —-295 -18.05 0.691+0.005 0.750 171+1.0 —18.8+0.2
H. nebrascensis—Brackish (all) 0.673+0.004 0.732 20.8 +0.8 —44+29
H. nebrascensis—Brackish (excludes K9) 0.669 + 0.001 0.728 21.5+0.3 -1.5+04
Freshwater K6 4 405 -545 —20.34 0.680+0.008 0.739 193+1.6 —-20.7+04
Freshwater K12 4 504 —-4.69 —20.41 0.687+0.008 0.746 179+ 1.5 -21.0+03
Freshwater K16 4 561 —-2.04 -18.67 0.680+0.011 0.739 19.4+22 —19.0+0.6
Freshwater K17 3 355 —-3.80 -14.60 0.681+0.008 0.740 19.1+1.6 —-15.0+04
Freshwater K22 3 2.62 0.74 0.678 £0.010 0.736 19.8+2.0 0.5+0.5
H. nebrascensis—Freshwater (all) 0.681 +0.002 0.740 19.1+03 —15.0+4.0

H. nebrascensis—Freshwater (excludes K22) 0.683 +0.002 0.741 189+0.4 -189+1.4
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4. Discussion
4.1. Burial alteration

Before reconstructing temperatures from the geologic record it
is important to assess if the macrofossils are recording primary,
environmental signatures. We discussed early diagenesis with
respect to oxygen and carbon isotopes in Section 3.2. In addition,
for carbonate clumped isotope thermometry the isotopic ordering
of shell material must have remained intact since deposition if we
are to determine past temperatures (Came et al., 2007; Finnegan
et al, 2011; Huntington et al., 2011). Although macrofossils
from the WIS are among some of the best preserved in the
geologic record - many still retain the iridescent luster common
to molluscs today - overburden and burial diagenesis could
alter a macrofossil’s state of isotopic ordering without signifi-
cantly altering its bulk isotopic composition (Dennis and
Schrag, 2010).
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For those samples imaged by SEM, we plot the clumped
isotope value recorded by a specimen against the PI (Fig. 2a). If
burial diagenesis at elevated temperatures had occurred, the
expected trend would be a positive correlation between SEM PI
and A4, i.e., a decrease in preservation associated with a decrease
in A4, or an increase in temperature. There is no trend in Ay
with preservation suggesting alteration has not changed the
clumped isotope signature of these samples. In general, the
specimens from the H. nebrascensis zone (blue) cluster at
higher A4; values, or lower temperatures. Specimens from the
B. compressus zone (orange) span the entire range in preservation
and there is no trend with clumped isotope composition.
Although not all specimens were imaged, the A4; range recorded
by the sub-set with PI values encompasses almost the entire
range in Ag7.

We also assess preservation by comparing A4; to Sr concen-
tration. Cochran et al. (2010) showed that Sr/Ca ratios increase
as preservation declines from excellent to poor, likely due to
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Fig. 2. (a) The qualitative Preservation Index (PI) plotted again the clumped isotopic composition of samples assessed by SEM. The samples are split by color: B. compressus
Zone (orange) and H. nebrascensis Zone (blue). The average 1o standard error in A4, is shown for one sample. (b) Sr concentration of ammonite samples from the
B. compressus (orange) and H. nebrascensis (blue) Zones plotted against clumped isotopic composition (A47). The Sr concentration data are from Cochran et al. (2003) and
Cochran et al. (2010). Only ammonites are plotted to avoid taxonomic class effects of Sr incorporation, and variability in Sr across paleoenvironments. The average 1o
standard error in A47 is shown for one sample. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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strontianite precipitating between the nacreous tablets and
fusing them together. In contrast, wholesale recrystallization to
calcite (not observed in our specimens) results in loss of Sr from
the mineral structure (Brand, 2004; Shields et al., 2003; Turekian
and Armstrong, 1961). Given that our samples have not been
recrystallized to calcite, if alteration had affected the A4; values,
there should be an inverse relationship with Sr concentration. We
find no such correlation between Sr and A4; in ammonites from
the B. compressus and H. nebrascensis Zones (Fig. 2b), there-
by providing additional evidence that the Late Cretaceous macro-
fossils are recording environmental conditions in their Ay
signatures.

4.2. Disequilibrium precipitation in modern cephalopods

Modern nautilus and cuttlefish record clumped isotope signa-
tures that are up to 0.1%. lower than their expected A4 value, as
calculated from the known growth temperature and Eq. (3)
(Table 1). This suggests cephalopods are exhibiting a vital effect
resulting in disequilibrium precipitation with respect to clumped
isotopes. In contrast, most specimens precipitate shells within
1 °C of our expectation for bulk oxygen isotopes, equivalent to
about +0.2% in 6'®0. Whereas these small deviations from
oxygen isotope equilibrium are reasonable given the errors
associated with growth temperature and 6'80,,, imperfect knowl-
edge of the growth environment cannot explain the apparent
disequilibrium in clumped isotope measurements, which equates
to an overestimate in temperature by up to 20 °C.

Clumped isotopic disequilibrium has also been recognized in
other carbonates, most notably speleothems. These inorganic
calcite cave deposits typically record apparent clumped isotope
temperatures that are higher than the environmental growth
temperature (Affek et al.,, 2008; Daéron et al.,, 2011; Meckler
et al., 2009). Recent work has shown that the size of the clumped
isotope kinetic isotope effect (KIE) can vary temporally, likely due
to the degree of supersaturation and the strength of prior calcite
precipitation (Kluge and Affek, 2012). Due to the large size of
these clumped isotope KIEs, they can also be used as an indicator
of disequilibrium in oxygen isotopes, even if other tests of
disequilibrium precipitation are passed, e.g., the ‘Hendy’ test
(Hendy, 1971; Kluge and Affek, 2012). Speleothems precipitate
rapidly in response to CO, degassing, and it is hypothesized that
incomplete oxygen isotope exchange in the remaining DIC pool is
the cause of KIEs, resulting in clumped and oxygen isotope
signatures that are disconnected from their local environment
(Affek et al., 2008; Guo, 2008). While CO, degassing is not the
relevant mechanism for cephalopods, biological control of CO,
and DIC transport across cell membranes could yield similar
effects (Thiagarajan et al., 2011).

Within the phylum Mollusca, bivalve shell formation is well
understood (e.g., McConnaughey, 2003), and although the details
are less constrained for the chambered nautilus, similarities exist
(Crick and Mann, 2010). Both precipitate carbonate from the
extrapallial fluid (EPF), which is isolated from the external
environment and located between the mantle tissue and the
existing shell (McConnaughey and Gillikin, 2008). The fluid is
supplied with Ca?* via ion pumping and exchange with H™,
resulting in an alkalinity gradient (McConnaughey, 2003;
Shanahan et al., 2005). This gradient drives the diffusion of CO,
into the EPF, where it is converted to HCO3; and CO3~ in the
presence of carbonic anhydrase. The EPF can be greatly super-
saturated with respect to CaCOs resulting in rapid calcification
(McConnaughey and Gillikin, 2008). Possible isotopic evolutions
of oxygen and clumped isotopes following diffusion, mixing or
changes in pH were modeled by Thiagarajan et al. (2011), and
although they found no evidence for disequilibrium precipitation

of clumped isotopes in deep-sea corals, nor a process that altered
A47 but not §'80,, biologically selective movement of ions could
be the driving force behind clumped isotopic disequilibrium
precipitation in modern cephalopods. Other calcifying organisms,
e.g., foraminifera and corals, have a lower degree of control on
biomineralization, perhaps explaining why foram tests appear to
precipitate in clumped isotopic equilibrium (Thiagarajan et al.,
2011; Tripati et al., 2010).

If the exchange of oxygen between water and DIC is what sets
the isotopic composition of a precipitating carbonate, the expec-
tation is that disequilibrium seen in clumped isotopes should also
be apparent in oxygen isotopes. This is not the case for the
modern cephalopod data presented here. As far as we are aware,
this is the first example of disequilibrium clumped isotopes in the
presence of equilibrium oxygen isotopes, although the reverse has
been reported for deep-sea corals (Thiagarajan et al., 2011).
Although we cannot currently confirm or refute any of the
following explanations, we hypothesize that the apparent dis-
crepancy between A4; and §'%0. seen in modern cephalopods
could also be explained by: (i) inadequate knowledge of growth
temperatures and/or 580, (ii) problems with the calibration of
the carbonate clumped isotope thermometer, and/or (iii) metho-
dological artifacts. In the case of (i), unidentified errors in the
growth temperature and/or 6'80,, could mean that the reported
5180, values do not reflect equilibrium precipitation. For (ii),
although many published biogenic and synthetic carbonates align
with the original calibration of the clumped isotope thermometer,
it is possible that this relationship does not represent isotopic
equilibrium. Although unlikely, additional analyses of biogenic
carbonates and synthetically precipitated aragonite and calcite
could confirm or refute this. Likewise, testing how A4; responds
to variable calcification rates, pH and saturation states could help
further our understanding of isotopic equilibrium in the clumped
isotope system. Finally for (iii), it is possible that the apparent
disequilibrium in clumped isotopes for modern cephalopods is
due to an analytical artifact, rather than being associated with a
phenomenon in the carbonate system. For example, during acid
digestion one third of the oxygen bound in carbonate is lost in the
conversion to CO,, thereby potentially breaking the '>C-'80 bond
we are interested in measuring. Earlier work (e.g., Ghosh et al.,
2006; Passey et al., 2010) concluded this could be accounted for
by using a simple correction, analogous to the acid fractionation
factor utilized in traditional carbonate oxygen isotope measure-
ments (Kim et al., 2007; Swart et al.,, 1991). It is possible that
further, more detailed studies, may conclude that the fractiona-
tion factor varies with mineralogy and type of carbonate, possibly
explaining the apparent disequilibrium clumped isotope signa-
tures of cephalopods.

Fig. 3 plots the modern cephalopod data in the context of two
synthetic calibrations of the clumped isotope thermometer
(Dennis and Schrag, 2010; Ghosh et al., 2006), and a theoretical
prediction (Guo et al., 2009). The limited temperature range of
our data preclude us from developing a cephalopod-specific
calibration, therefore we account for disequilibrium precipitation
by calculating the offset between cephalopod A,4; values and their
expected A4; values (Ghosh et al., 2006; Eq. (3)). This calibration
is selected because many other biogenic carbonates - corals,
foraminifera, brachiopods, coccolithophorids, and some molluscs
- have fallen on, or within error, of this calibration (for a review
see Eiler, 2007, 2011). The average difference is 0.059 + 0.019%o
(Table 1), and we apply this to the macrofossils prior to recon-
structing temperature (compare the medium grey shaded region
to the light grey shaded region in Fig. 3).

In so doing, we inherently assume that the cephalopods are
recording environmental attributes but are offset from isotopic
equilibrium due to vital effects (analogous to oxygen isotope
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the error is less than the size of the symbol). The blue arrow represents the average offset of the cephalopod data to the Ghosh et al. (2006) calibration. The shaded grey
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studies of some foraminfera, e.g., Duplessy et al., 1970; Graham
et al., 1981; Katz et al., 2003; Shackleton et al., 1984), or an
unknown analytical artifact. We also assume that this vital
effect is constant with temperature and other environmental
parameters, such as local salinity and pH, and that the biominer-
alization mechanisms in modern cephalopods are comparable to
those in fossil molluscs. This is most applicable for the ammo-
nites, which are morphologically similar to the modern nautilus.
Likewise, consistent clumped isotope values for ammonites,
bivalves and gastropods from the same biostratigraphic zone
and location suggest that universal use of the modern cephalopod
disequilibrium offset is valid. If different offsets, or calibrations,
were used for bivalves, gastropods, and ammonites the resultant
disparate temperatures and calculated 5'®0,, values from a
common environment would be difficult to reconcile, although
it is possible that the organisms lived at a different depths and
calcified at different times of year.

4.3. Reconstructing paleotemperatures and 5’80, in the Late
Cretaceous

By applying the modern cephaolopod correction to macrofossils,
we reconstruct temperatures of between 16 and 22 °C for the
Maastrichtian, and temperatures of about 24 °C for the Late Campa-
nian (Table 3). For both the Late Campanian and the Maastrichtian,
the calculated oxygen isotopic composition of the seaway and open-
ocean approximately aligns with the expectation for an ice-free
global ocean average of — 1%, relative to VSMOW (Shackleton and
Kennett, 1975).

The average temperature recorded by B. compressus Zone
macrofossils is 24.2 + 0.4 °C, and the isotopic composition of the
seaway is —1.2 +0.2%. (all population average errors represent

10 SE). For the H. nebrascensis Zone, the average temperature for
the Nearshore Interior environment is 22.1 + 1.4 °C with a calcu-
lated 6'80,, of —0.7 4 0.3%.. The Offshore Interior records cooler
temperatures, at 16.4 + 3.5 °C, with a corresponding §'20,, of
—0.4 4+ 1.3%o. For the open ocean setting, the population average
temperature is 20.7 + 0.5 °C, and the oxygen isotopic composition
of seawater is calculated to be —0.3 + 0.2%.. The brackish envir-
onment has an average temperature of 21.5 + 0.3 °C, and a §'80,,
of —1.540.4%.. Lower temperatures are recorded for the fresh-
water environment, with a population average of 18.9 + 0.4 °C,
and a calculated freshwater 6'80,, of —18.9 + 1.4%o.

The Offshore Interior paleoenvironment records a much larger
range in temperatures than the other settings. Sample K37
records a lower temperature than all other specimens, irrespec-
tive of paleoenvironment, and has poor reproducibility. Similarly,
sample K34 reproduced poorly, and records a depleted §!'3C
signature, suggestive of early diagenesis in the presence of
isotopically depleted marine porewater. For both Offshore Interior
ammonites, replicates were analyzed from the same bulk material
therefore sampling different growth periods is unlikely to be the
cause. We also have no reason to suspect analytical problems, as
these specimens were measured during the same analytical
sessions as other specimens. Even so, the presence of an identified
contaminant or small-scale heterogeneity cannot be ruled out.
The third specimen analyzed from the Offshore Interior was K23,
a belemnite. This was the only calcite shell material we analyzed,
and it yielded a higher temperature than the other two Offshore
Interior ammonites. This could imply the disequilibrium offset is
a function of mineralogy or biomineralization mechanism. But,
given the temperature recorded by the belemnite aligns with
the Nearshore Interior average, this also lends further support
to previous work suggesting the temperature dependence of



K.J. Dennis et al. / Earth and Planetary Science Letters 362 (2013) 51-65 61

clumping is not a function of carbonate mineralogy (Came et al.,
2007; Eagle et al., 2010; Ghosh et al., 2006; Ghosh et al., 2007).
Regardless, due to the large error in average Offshore Interior
temperature relative to the other paleoenvironmental settings,
we exclude it from our climatic interpretation.

4.3.1. Comparisons to other paleoclimatic evidence

Climate models of varying complexity have been used to probe
our understanding of the Cretaceous greenhouse (Barron et al.,
1995; Barron et al., 1993; Bush and Philander, 1997; Otto-Bliesner
et al., 2002; Poulsen et al., 1999). Most are forced with elevated CO,
concentrations and include a broad-scale representation of the
paleogeography in the Cretaceous. Modeling studies of the Late
Cretaceous find that, compared to the modern, the largest amount of
surface heating is at the high latitudes, i.e., there is a decreased
equator-to-pole temperature gradient, and that the globally-
averaged atmospheric temperature is warmer than today (Bush
and Philander, 1997; Otto-Bliesner et al., 2002). For the interior of
North America, Bush and Philander (1997) predict an annual mean
near-surface temperature of 15-20 °C, and a + 15 °C seasonal cycle.
Otto-Bliesner et al. (2002) predict a mean annual atmospheric
temperature of between 20 and 25 °C, and an annual mean sea
surface temperature (SST) of 18-24 °C. The temperatures estimated
from these models align well with our reconstructions, suggesting
the macrofossils are recording mean annual temperatures.

Results from this study can also be compared to temperatures
estimated from leaf physiognomy and the distribution of warm-
climate species. On the basis of fossil crocodilians in the Late
Cretaceous, Markwick (1998) finds mean annual temperatures in
excess of 14 °C were present through out the mid-latitudes, and also
in coastal regions of the high latitudes. Using a climate-leaf analysis
multivariate program and leaf margin analysis for fossil leaves from
the interior of North America, Davies-Vollum (1997) suggests the
20 °C mean annual temperature isotherm was located at about 45°N
during the earliest Palaeocene. During the Late Cretaceous, this
isotherm was also predicted to be located between 40° and 50°N
(Upchurch and Wolfe, 1993). Both the leaf physiognomy data and
the extent of fossil crocodilians suggest mean annual temperatures
of about 20 °C, as we find for the WIS, are reasonable.

4.3.2. Oxygen isotopic composition of the WIS

The Nearshore Interior and open ocean 5180, values deter-
mined in this study are close to our expectation for an ice-free
global ocean average. Therefore, either the precipitation to eva-
poration (P:E) ratio over mid-latitude North America was
approximately one, or for the shallow seaway itself, enhanced
evaporation was balanced by freshwater input from the Sevier
and Laramide highlands to the west. The freshwater end-member
is significantly more depleted at~ —19%.. A comparison to the
modern informs us that precipitation over the western US can be
very depleted - less than —20%. during the cold season months
and at high altitude - and that the majority of this very depleted
precipitation falls as snow (Dutton et al., 2005; Henderson and
Shuman, 2009). Following the principles of Rayleigh distillation,
precipitation becomes progressively more depleted with decreas-
ing temperature, fraction of water vapor remaining in the cloud,
and increasing altitude (Faure and Mensing, 2005; Rowley and
Garzione, 2007). Simple calculations based on the fractionation
between liquid and vapor, temperature change and degree of
rain-out, confirm rainfall approaching -19%. is plausible for an air
mass temperature of 10 °C and 80% rain-out. Fig. 4 is a simple
representation of this process as envisioned for the WIS, and
illustrates that if the freshwater bivalves measured in this study
are from large rivers re-charged by high-elevation runoff from the
Sevier and Laramide highlands, they should record '80-depleted

-27%o

cooling &

7% rain-out

-17%o < -10.2%0

-7%0

Fig. 4. An idealized schematic of oxygen isotopes in water vapor and precipitation
to the west of the Interior Seaway.

waters. Temperatures for the freshwater environment are also
approximately 3 °C cooler than the Interior Seaway, brackish and
open ocean environments—a reasonable decrease if run-off is
sourced from the highlands.

Depleted freshwater is also seen in other data sets from the
region (e.g., Dettman and Lohmann, 2000; Fricke et al., 2010). These
studies measured the carbonate isotopic composition of freshwater
bivalves, and by making assumptions about the growth temperature
of the bivalves, determined the average isotopic compositions of
river water was — 17%o.. Both studies included samples from within
tens of kilometers of the WIS shoreline, similar to the proximity of
the Hell Creek Formation freshwater environment studied here
(Johnson et al., 2002). Two mechanism for delivering such isotopi-
cally depleted waters have been proposed: (i) snowmelt (Dettman
and Lohmann, 2000), and (ii) east to west monsoonal circulation
driven by temperature contrasts between the warm seaway and the
cold Sevier highlands (Fricke et al, 2010). Seasonal sampling of
freshwater bivalves could differentiate between these scenarios. In
the case of (i), we would expect the reconstructed §'20,, pattern to
record the most depleted signatures during the spring when
snowmelt is greatest. For (ii), we would expect the most depleted
5180,, values to coincide with the peak of convective precipitation
during the summer months (Fricke et al., 2010). Fig. 4 also shows
that a second population of freshwater bivalves should record an
intermediate 6'80,, signature closer to — 7%.. This population would
represent freshwater recharged locally on the low-lands (Fricke
et al., 2010). Future work could target bivalves living in environ-
ments recharged by low-elevation rainfall, or land snails whose
water is sourced directly from local precipitation, thereby refining
our understanding of the precipitation regime west of the Late
Cretaceous Interior Seaway.

For the paleoecologic groupings sampled within the H. nebras-
censis Zone, it is possible to use our calculated 5'®0,, values to
estimate the range of salinities in the WIS. Taking the freshwater
input to be —18.9%. and the open ocean to be —0.3%, (with a
salinity of 35), simple mixing predicts the brackish environment had
a salinity of about 33. Although open ocean salinity may have
differed from 35, our results suggest there was only a small gradient
in salinity between the open ocean and brackish environments. This
aligns with previous work based on &7Sr/%Sr (Cochran et al., 2003),
which suggested that Sr isotope variations within the H. nebrascensis
Zone (~67 Ma) of the WIS were not caused by salinity variations.

4.4. Sensitivity to vital effect corrections

If we apply the synthetic calibration of Dennis and Schrag
(2010) directly to measured macrofossil A4; values reconstructed
temperatures increase by, on average, 17 °C, and the oxygen
isotopic composition of water is approximately 3-4%. enriched
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Fig. 5. Cooling over approximately 6 My between the B. compressus (~73.5 Ma) and H. nebrascensis (~67 Ma) ammonite zones. Macrofossils from the B. compressus Zone
do not have further paleoenvironmental constraints above being associated with the WIS, therefore (a, top) compares all samples from the two ammonite zones, while
(b, bottom) compares only those samples from the Interior Seaway. The A4; values are corrected using the difference between the measured A,47 values of modern nautilus
and the expected A4; given their growth environment (Table 1). The temperatures are calculated by applying the Ghosh et al. (2006) synthetic calcite calibration to the

corrected A4; values.

compared to that calculated in the previous section®. Under this
scenario, the average temperature of the B. compressus ammonite
zone is 42.5 + 0.8 °C, and the oxygen isotopic composition of the
seaway is 2.7 + 0.3%o, relative to VSMOW. The paleoenvironments
of the H. nebrascensis ammonite zone record cooler temperatures
than the B. compressus Zone—between 31 and 38 °C, excluding
the Offshore Interior paleoenvironment. The seaway and open-
ocean are enriched in '80, as compared to the ice-free global
ocean average, and yield approximately the same '80,, as the B.
compressus Zone.

Similarly, if we use the synthetic calcite calibration of Ghosh
et al. (2006) directly, without correcting for disequilibrium pre-
cipitation in modern cephalopods, seaway temperatures are also
very warm, and the water is isotopically enriched compared to
the expected global ocean average for the B. compressus Zone
(~37°C and 6'%0,,=1.6%.). For the H. nebrascensis ammonite
zone temperatures decrease to between 29 and 35 °C.

We evaluate the likelihood of these significantly warmer
climates, which are reconstructed when disequilibrium precipita-
tion in modern cephalopods is ignored, in the context of other
factors. First, although our assessment of burial alteration, based
on SEM preservation and Sr concentrations, suggests the Ay
values recorded by marine and freshwater macrofossils are
primary, it is possible that micro-scale recrystallization or solid
state diffusion has altered the clumped isotopic composition of

3 Alternative calculations of temperature and 6'80,, are included in Supple-
mentary Data Table 3.

these samples, even without altering the bulk oxygen isotopic
composition (Eiler, 2011). Additional high resolution petrographic
and trace metal analyses, for example electron backscatter dif-
fraction and secondary ionization mass spectrometry, could
provide additional evidence to confirm or refute the primary
nature of the macrofossils studied here.

Second, the high temperatures inferred by direct use of either
synthetic calibration could be artifacts of discontinuous growth
through out the year. Many studies of modern molluscs (e.g.,
Schone et al., 2003; Ullmann et al., 2010; Weidman, Jones, 1994)
show that during cold-season months the growth of skeletal
carbonate slows or ceases entirely. Likewise, some molluscs slow
their growth rate at very high temperatures (Schone et al., 2003).
If carbonate precipitation is skewed to the warm season months,
reconstructed temperatures between 25 and 35 °C would align with
modeled peak summertime temperatures (Bush and Philander,
1997). But, temperatures higher than 35 °C, even for the summer-
time peak, seem unrealistically high. Tropical SSTs, from climate
models and paleotemperature reconstructions from DSDP/ODP
cores, predict temperatures to be no higher than 32 °C in the Late
Cretaceous (Barrera and Savin, 1999; Bush and Philander, 1997;
Otto-Bliesner et al., 2002; Poulsen et al., 1999). Similarly, paleonto-
logical comparisons of ammonites to their close living relative, the
modern Nautilus, suggest temperatures in excess of 30°C are
unlikely. Indeed, Fatherree et al. (1998) performed a detailed
sclerochronologic analysis of a baculite from the B. compressus Zone
and found that temperatures (based on 6'20,) ranged from 19.7 to
29.7 °C. Additional high-resolution sampling of Late Cretaceous
macrofossils would help test whether a temporal record of
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seasonality in both 180, and A4 is present, assuming that Late
Cretaceous ammonites and bivalves biomineralize throughout the
year and in isotopic equilibrium with water.

Third, we can use the calculated oxygen isotopic composition of
water to assess if direct use of the synthetic carbonate calibrations is
valid. Using these calibrations, 6'80,, values range from approxi-
mately —17%. for the freshwater environment to about +2%. for
the open ocean and Nearshore Interior seaway. The +3%o enrich-
ment of the open ocean and the Interior Seaway, as compared to the
ice-free global ocean average, requires a P:E ratio of significantly less
than one. In the surface ocean today, there are a few regions
enriched by more than +1.5%., as compared to the global ocean
average (LeGrande and Schmidt, 2006). The exceptions are the
eastern edge of the Mediterranean Sea and the northwest corner
of the Red Sea, both of which have restricted circulation and are not
appropriate modern analogs to the Late Cretaceous WIS based on
their depth and meridional position. A more suitable analog would
be the subtropical North Atlantic, which is enriched in 80 by about
1.5%0—still only half of what is required in the Late Cretaceous if the
synthetic calibrations are used directly.

In summary, the Late Cretaceous climate reconstructed by
applying our A,4; data directly to published synthetic carbonate
calibrations is too warm. Similarly, the isotopic enrichment
calculated for mid-latitude seas using these reconstructed tem-
peratures is greater than that seen today. This provides further
support for a cephalopod clumped isotope vital effect and
validates our application of the modern cephalopod offset to
fossil specimens. We conclude that without this correction the
reconstructed temperatures and 6'%0,, values are incompatible
with other climatic indicators.

4.5. Evidence for Late Cretaceous cooling

Irrespective of the calibration used, reconstructed tempera-
tures from the Late Campanian and the Maastrichtian are con-
sistent with a cooling trend over 6 My. Based on a comparison of
the B. compressus Interior Seaway macrofossils to the entire
population of macrofossils from the H. nebrascensis ammonite
zone, temperatures decrease by about 4 °C from 24.2 + 0.4 °C to
19.9 + 2.3 °C (Fig. 5a). Temperature change in the seaway itself is
not statistically significant (Fig. 5b), but it is consistent with
cooling. These results align well with other reconstructions of
temperature change over the Late Campanian and Maastrichtian,
providing further evidence that the WIS macrofossils are record-
ing primary clumped isotope compositions.

Reconstructions of deep-sea temperatures based on the 6'0 of
benthic and planktonic foraminfera also record a cooling trend over
the 10 My leading up to the Cretaceous-Tertiary boundary (Barrera
and Savin, 1999). Most ocean basins record a benthic 5'80 increase
of about 1%, (Cramer et al., 2009; Friedrich et al., 2009; Li and Keller,
1999), which translates to a cooling of between 4 and 5 °C, if there is
no contribution from a change in continental ice. The growth of
small ephemeral ice sheets is unlikely because the North Atlantic
basin shows little change in benthic 580 across the same time
period (Huber et al., 2002; MacLeod et al., 2005). If changes in
continental ice volume were responsible for the increase in 620, it
should be recorded as an ocean-wide increase in §'0. Our results,
which record cooling rather than a shift in 520, also support the
conclusion that the increase in benthic §'0 is driven by tempera-
ture change, and not ice volume effects.

5. Conclusions

We have reconstructed the temperature and oxygen isotopic
composition of the Late Creataceous WIS using a vital effect

correction based on measuring modern cephalopods, close living
relatives of the Cretaceous ammonites. Temperatures recorded in
the WIS and surrounding environments are between 16 and 22 °C
for the Maastrichtian, and are about 24 °C for the Late Campanian.
These temperatures align with climate models (Bush and
Philander, 1997; Otto-Bliesner et al., 2002) and paleoclimate
reconstructions based on leaf physiognomy and the distribution
of warm-climate flora and fauna (Davies-Vollum, 1997;
Markwick, 1998). The seaway and open ocean environments have
an oxygen isotopic composition approximately equal to the ice-
free global ocean average of —1%. The isotopically depleted
freshwater end-member (5'80,,~ —19%.) is reasonable given
run-off from the highlands to the west of the basin.

Unless micro-scale recrystallization has altered the clumped
isotopic composition of the macrofossils, reconstructed tempera-
tures using synthetic carbonate calibrations of the clumped
isotope thermometer directly, i.e., without applying a correction
based on our analysis of modern cephalopods, are unrealistically
high. Likewise, the calculated §'80,, values are significantly more
enriched than today’s most isolated and saline oceanic basins
(LeGrande and Schmidt, 2006).

The results for the WIS align with open-ocean benthic 580
reconstructions (Barrera and Savin, 1999; Cramer et al., 2009;
Friedrich et al.,, 2009; Li and Keller, 1999) providing further
evidence for global cooling during the latest Cretaceous.

Future work should focus on understanding why modern
cephalopods record clumped isotope compositions that are in
disequilibrium with the surrounding environment, and how
biomineralization differences lead to an offset between the
modern nautilus, cuttlefish and bivalves, and other skeletal
carbonates, e.g., foraminifera and corals. In addition, expanding
this study by reconstructing seasonal cycles in temperature and
5180 for Late Cretaceous ammonites and bivalves will provide
further constraints on the climate system.
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