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1. Supplementary Results

1.1 6!30, data compared to published analyses

Following previous 8'%0, studies focused on sharks and Mesozoic marine reptiles (1, 2), we

adopted the approach of calculating the difference in 5'*0, values between coexisting Otodus taxa

and ectothermic taxa across all sites, and then plotted this difference as a function of 3'30, values

of ectothermic taxa (Fig. S1). Using the methodology of Bernard et al. (2), calculated regression

lines that have a more negative slope (i.e., those closer to -1) imply that body temperatures for the

species in question are to some extent independent of ambient seawater temperatures, thereby

ruling out ectothermic physiology. In addition, we plotted this relationship alongside previously
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Fig S1. (A) Data generated in this study added to that
of Ferron et al.(1). (B) Compared to the marine reptile
data of Bernard et al. (2).

published 6'%0,, values from teeth of
Cretaceous-Miocene  megatooth
sharks (ref. 1 and references therein;
Fig. S1A). Calculated regression
lines with and without our data
show no significant difference in
slopes  (Psiope = 0.8197), and
collectively exhibit a significant
deviation from a slope of 0 (Psiope =
0.001) that would imply the taxa
were ectothermic. Furthermore, the
slope of a regression through all the
marine reptile data from Bernard et
al. (2) and all Otodus sp. data were
not significantly different from each

other (P = 0.4544) (Fig. S1B).



1.2 Modern elasmobranch bioapatite A47-temperature calibration compared to published
calibrations
To compare the results of our apatite calibration with recently published calibration datasets in
addition to the Anderson et al. (3) calibration included in the main text, we conducted ANCOVA
tests on our bioapatite dataset and the datasets of Loffler et al. (4), Petersen et al. (5), and Defliese
and Tripati (6) (Fig. S2). These comparisons were calculated using the Prism software package.
The calibration dataset of Loffler et al. (4) consists of both synthetic carbonate-substituted
apatite and natural bioapatite samples including teeth from terrestrial vertebrates and sharks. The
calibration covers a formation temperature range of ~1 °C to 80 °C and is represented by eight
samples and 122 A47 measurements. This study was carried out with a 110 °C acid digestion
temperature for the purpose of expediting reaction times to ensure complete sample digestion and
was not reported with an acid fraction factor to correct back to 25 °C. To compare this dataset to
ours, we first corrected the reported A47 values presented in Table S1 to 25 °C using the acid
fractionation factor for calcite at 110 °C from Defliese ef al. (6). We then projected the resulting
values into the [-CDES reference frame following the transfer function method outlined in
Bernasconi et al. (7) for translating A47 values reported in CDES to I-CDES. The ANCOVA test
between our dataset and these recalculated data yielded P values of 0.3763 and 0.1251 for the
slopes and intercepts of the regression lines, respectively. The absence of a statistically significant
difference in slope and intercept between the calibration produced in this study and that of Loffler
et al. (4) demonstrates that, while 110°C acid digestion temperatures for bioapatite may be of
benefit for achieving complete digestion of the sample, the data presented here confirms previous
observations that 90 °C acid digestion temperatures and the use of a “Passey Style” semi-automatic
sample reaction and CO» gas purification system can produce robust A47 data from apatite bound
carbonates (8-10) which show A47-temperature relationships indistinguishable from calcite (3, 11).
The Petersen et al. (5) calibration combined data from 14 studies including eight synthetic
datasets and six organic or natural datasets comprising a total of 262 A47 measurements, all of
which were recalculated using the parameters defined by Brand et al. (12). When compared to the
calibration dataset of this study, an ANCOVA test yields a P value of 0.7710 for the slopes and
0.6207 for the intercepts. Once again, these results indicate that there is no statistical difference in
the A47 temperature relationship between our bioapatite-based dataset and a large dataset derived

from a variety of carbonate material types.
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Fig. S2. Comparison of various published A47-temperature calibration lines.
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Shaded regions

surrounding regression lines indicate 95% confidence intervals. The linear regression of data from
this study (orange line) is compared with published calibration lines from (A) Anderson et al. (3)
(blue line), (B) Petersen et al. (5) (pink line), (C) Loffler et al. (4) converted onto the I-CDES
reference frame with an acid digestion correction determined on calcite (turquoise line), and (D)
Defliese and Tripati (6) (green line). The comparison between this study and Anderson et al. (3)
is displayed in the main text but shown here to present the calibration line over the full temperature
range of samples comprising the calibration. ANCOVA tests reveal no statistical difference in
slopes or intercepts of our apatite calibration to these carbonate calibrations.



The Defliese and Tripati (6) dataset consists of 22 A47 measurements performed on five
laboratory precipitated calcite samples analyzed in the Tripati laboratory at the University of
California, Los Angeles. This study reported A47 values in a variety of standardization schemes,
but for the purposes of comparison to the data in our study, we selected those A4; values from
Defliese and Tripati (6) that were corrected using a combination of gas and carbonate standards in
the non-linearity correction and carbonate standards used only in the empirical transfer function
were obtained from supplemental information Table S1. These values were projected into the I-
CDES reference frame using the ETH-1, 2, and 3 values of Bernasconi et al. (7) calculated in the
Easotope software package (13). The results of an ANCOVA test between this dataset and our
bioapatite dataset yield a P value of 0.9191 for the slope and 0.8480 for the intercept. This result
confirms consistency between analyses performed in the same laboratory over different time

periods following the same analytical procedure.

2. Supplementary Methods

2.1 Description of specimens

Specimens from Onslow Bay, North Carolina, and Summerville, South Carolina, USA

The continental shelf of Onslow Bay contains Cenozoic marine sediments that overlie high-relief
crystalline basement rocks of the Carolina Platform and the mid-Carolina Platform High also
known as the Cape Fear Arch (14-17). The structural features of this underlying basement rock
influenced the extent of deposition and erosion of Cenozoic marine sediments that has occurred in
response to numerous transgressive—regressive glacioeustactic sea-level cyclicity events over the
course of approximately the last 18 million years (16-18). In particular, extensive deposition
occurred in Onslow Bay during sea-level highstands associated with the Mid-Miocene Climatic
Optimum, whereas extensive seafloor erosion and modification occurred in response to the
Pleistocene Last Glacial Maximum and Holocene transgression (16, 19-24). As a result, sediments
of the Miocene Pungo River and Pliocene Yorktown formations occur at or just below the seafloor
across much of Onslow Bay and adjacent to the submerged ancestral Cape Fear River Valley.
The submerged Onslow Bay study localities previously described by Maisch et al. (23, 24)
are the source of the Miocene and Pliocene megatoothed shark teeth and marine vertebrate fossils
analyzed in this study. These localities occur on the gently sloping continental shelf of

southwestern Onslow Bay at distances of approximately 30, 40, and 60 km from the present



shoreline, and at depths of approximately 25, 30, and 35 m, respectively. All submerged shelf
localities consist of low-relief hardbottom scarps (<1,000 m?) with adjacent lag deposits composed
of well-rounded and poorly sorted, cobble, pebble, and sand-sized clasts that contain an abundance
of megatoothed shark teeth. Larger clasts occurring in these lag deposits consist of sandstone,
limestone, and quartz pebbles along with bioclasts including megatoothed shark teeth belonging
to Otodus megalodon and O. chubutensis in addition to other Miocene and Pliocene shark teeth,
marine mammal bones and teeth, and infrequent Pleistocene terrestrial mammal teeth (23, 24).
Comparison of substrate and fossil samples to prior research on land-based and submerged
Miocene-Pliocene exposures in North Carolina, identifies the limestone scarp and underlying
brown-gray clay at the shallower shelf locality as the Pungo River Formation and the limestone
scarp and underlying gray-blue clay present at the intermediate and deeper shelf localities as the
Yorktown Formation (22-26). These identifications are also consistent with the stratigraphic and
formation boundaries of substrate sediments in Onslow Bay constructed by Snyder ef al. (14) and
Snyder et al. (27, 28). For additional descriptions of the Pungo River and Yorktown formations
from Onslow Bay can be found in Maisch et al. (23, 24).

At the shallower shelf locality, both O. megalodon and O. chubutensis teeth can be
collected. In this regard, the O. megalodon teeth occurring along the surface of the Pungo River
Formation represent bioclasts eroded from the overlying Yorktown Formation that was originally
deposited at this locality. Only teeth belonging to O. megalodon and other distinctly Pliocene taxa
from the Yorktown Formation are found at the intermediate and deeper shelf localities. At east of
the submerged shelf localities, many of the vertebrate fossils exhibit variable degrees of
taphonomic wear, carbonaceous encrustation, and bioerosion that attest to a complex taphonomic
history associated with both glacioeustactically driven sea-level fluctuation and the effects of
modern coastal storm events (23, 29, 30).

In reference to the present study, an abundance of elasmobranch teeth including those
belonging to megatoothed sharks (Otodus chubutensis, O. megalodon, Carcharodon hastalis, C.
carcharias, and Parotodus benedini), lamniforms (Isurus oxyrinchus), carcharhiniforms
(Carcharhinus sp.), and marine mammal remains (i.e., inner ear bones of cetaceans) were
recovered from the submerged Onslow Bay shelf localities. Taxa in the Onslow Bay assemblage
are also known from land-based exposures along the Atlantic Coastal Plain of the United States
(26, 31-33) and from contemporaneous shallow marine strata elsewhere around the world (34-44).
The widespread geographic distribution of the Onslow Bay taxa attests to the uniformity of

Miocene and Pliocene ocean conditions and migratory abilities of Late Cenozoic lamniform and



carcharhiniform sharks. The abundance and global distribution of many of the lamniform and
carcharhiniform taxa found in Onslow Bay demonstrates the utility of these fossil teeth in regional
and global biostratigraphic correlations. Moreover, these chondrichthyan teeth can also serve as
geochemical proxies for interpreting ancestral ocean conditions and the thermophysiology of
extinct taxa as is the focus of this study.

Additional samples of C. hastalis were analyzed from the Pliocene Duplin Formation of
South Carolina. The Duplin Formation also contains marine invertebrates and vertebrates and has

been regarded as a lateral equivalent to the Yorktown Formation (45, 46).

Specimens from Kuzubukuro, Higashi-matsuyama City, Saitama Prefecture, Japan

The fossil samples in this study representing the middle Miocene of Japan consist of a tooth of
Otodus megalodon and an inner ear bone of a dolphin (Odontoceti) from the Godo Formation [(or
the Godo Conglomerate Member of the Iwadono Formation (47)] at Kuzubukuro, Higashi-
matsuyama City, Saitama Prefecture. The Godo Formation is composed of conglomerate and
cross-bedded sandstone, and while its base is not observable, it is assumed to be at least 15 m thick
and overlies the Ichinokawa Formation unconformably (48). Besides O. megalodon and cetacean
fossils, known marine vertebrate from the Godo Formation include diverse sharks (e.g., Dalatias
licha, Pristiophorus sp., Carcharias cuspidate, Carcharodon hastalis, Isurus planus, I. desori,
Parotodus benedini, and Carcharhinus spp.) as well as desmostylians (Mammalia) (47, 49). The

Godo Formation is considered to be Middle Miocene (Langhian) in age, about 15.1 Ma (48).

Specimens from Nagasaki-hana, Choshi City, Chiba Prefecture, Japan

The fossil samples in this study representing the early Pliocene of Japan include teeth of Oftodus
megalodon, Carcharodon carcharias, and Carcharias sp., that were collected from the Na-arai
Formation at Nagasaki-hana in Choshi City, Chiba Prefecture. Besides the examined taxa, the Na-
arai Formation is also known to yield other shark taxa, such as Dalatias licha, Pristiophorus sp.,
Isurus oxyrinchus, Parotodus benedini, Hemipristis serra, Carcharhinus spp., Negaprion sp., and
Sphyrna sp. (50). The Na-arai Formation is represented by a marine conglomerate deposit, and
microfossils suggest a minimum age of 4.36 Ma (51). Boessenecker et al. (52) considered the age

of the Na-arai Formation to be 5.33-4.36 Ma.



Specimens from San Mateo Formation and Sharktooth Hill Bonebed, California, USA

Fossil specimens of Otodus megalodon, Carcharodon carcharias, and Odontoceti analyzed here
from the US West Coast were collected from the upper gravel units of the San Mateo Formation
which consists of a thin unit of unconsolidated sandstones and conglomerates that outcrop near
Oceanside, San Diego County, California (53). Faunal remains from this upper unit, interpreted to
represent the distal margin of a submarine fluvial delta system (54), have been dated as early
Pliocene (Zanclean) in age based on vertebrate biochronology (54).

Fossil teeth of Carcharhinus sp., Physogaleus sp., Isurus planus, and Carcharodon hastalis
measured here were collected in the middle Miocene aged (Langhian) units of the Sharktooth Hill
Bonehead sequence within the middle Round Mountain Silt in Kern County, California (55).
Magnetic stratigraphy of middle section of the Sharktooth Hill Bonebed (56) shows that the section
correlates with Chron C5Br (16.0-15.2 Ma), and terrestrial mammals from the section indicate it
is of Hemingfordian to middle Barstovian in age, consistent with the magnetic stratigraphy (57,
58). Further stratigraphic details of the fossil assemblage associated with the Sharktooth Hill
Bonehead can be found in refs 55 and 59.

Specimens from Baden-Wiirttemberg, Germany

The fossil specimens analyzed here, recently reported in McCormack et al. (60), were recovered
from two neighboring sandpits, Walbertsweiler and Rengetsweiler, located within the Ottnangian
of middle Burdigalian age between the cities Messkirch and Pfullendorf (Sigmaringen County).
Marine fossil assemblages were deposited in this section of the Ottnangian following a marine
transgression of the western Paratethys in a southwest direction. The transgression is characterized
by a ~50 m thick layer of glauconitic sands of the Heidenldcher Schichten (61). Above this layer
resides the Kalkofen Formation, a 20-70 m thick unit consisting of glauconitic sands and marls in
the lowermost part, and a sequence of marls showing only minor glauconitic sand fractions (lenses)
in the uppermost part (62). Above the Kalkofen Formation resides the Baltringen Formation (63),
which is composed of a conglomeratic sandstone with a coarse to medium granular texture,
followed by a unit of fine to medium granular sands called the ‘Baltringer Horizon’, a shallow
marine deposit (62-64) containing multiple macrofossils including both invertebrate (e.g., clam
shells) and vertebrate (e.g., sharks and rays) fossils (65-67).

Presently, the Walbertsweiler site is a recultivated sandpit comprising a 1.6 m thick

segment of the Kalkofen Formation that is accessible. The geological profile of the site shows an



interchanging sequence of little compacted marl and coarsely granular sands (65). Organic debris
and bedding planes with ripple marks point to a coastal, inner neritic to shallow marine
environment. The water depth is estimated to have been less than 50 m based on the frequency of
shallow water foraminifers (62, 64). A small number of analyses (n=2) were also conducted on
fossil elasmobranch teeth recovered from the neighboring Rengetsweiler site in the Baltringer

Formation.

Specimens from Gozo, Republic of Malta

The samples used here were collected in 1988 from the surface of an upper Burdigalian age
phosphorite layer (C2) located within the Globigerina Limestone Formation. A full list of fossils
collected at this site and details of the geological formation can be found in Menesini (68) and
Ward & Bonavia (69). To summarize, Malta and Gozo are part of the carbonate platform that
extends from southeastern Sicily (Italy) to Tunisia and West-Lybia. This carbonate platform

represents the foreland of the Apennine-Sicilian-Maghrebian belt (70).

2.2 Bioapatite phosphate oxygen isotope analysis

Enameloid samples were powdered with a slow speed Dremel dental drill equipped with a 300 um
diamond-tipped bit, then silver phosphate was precipitated following Mine et al. (71). Briefly,
samples were weighed to ~1.0 mg and dissolved in 2.0M HNOs3 overnight. The following day,
CaF; was precipitated with 2.9M HF and 2.0M NaOH and the resulting pellet was rinsed with an
additional 0.1M NaF. The phosphate-containing supernatant was transferred to a new
microcentrifuge tube for silver phosphate precipitation with an Ag-amine solution (1.09M NH4OH
and 0.37M AgNO:s). To optimize AgPO4 precipitation and prevent isotopic fractionation, the pH
window was adjusted with 2.0M HNO:s to a target range of 5.5 to 7.5 and allowed to react for
10min. Silver phosphate crystals were centrifuged to pellet, rinsed five times with distilled water,
then oven dried overnight at 50°C. In addition to samples, NIST 120C and a synthetic
hydroxyapatite were prepared alongside as an additional prep standard.

The phosphate-oxygen stable isotopes (5'%0,) were measured on a TCEA coupled with a
Delta V Plus continuous flow IRMS with a Conflo IV at the Stable Isotope Ecosystem Laboratory
of UC Merced (SIELO). All samples were weighed and analyzed in triplicate with individual

subsample weighed to 0.15-0.20 mg in silver capsules. In some select cases, only duplicates



comprise the replicate if one run was >1.0%o different from the other two runs; these samples are
noted in the complete, archived data file on EarthChem.

The calibrated reference materials used were: USGS 80 (n=33, 880 = 13.3 £0.4%o); USGS
8la (n = 32, 8'%0 = 35.5 £ 0.4%0); IAEA 601 (n =20, §'80 = 23.0 + 0.7%o). These reference

materials allowed for linearity and drift corrections as well as normalization.

2.3 Bayesian Modeling

Bayesian models attempt to estimate the probable values of unknown parameters [in our
case temperature and seawater 8'%0 (8'®Osw)] based on data (6'®0p) and prior information about
these parameters. This relationship is formalized in Bayes’ theorem where:

P(58780,|T,67%0,)

P(T,6"%0,,|67%0,) = P70, x P(T,5"80,)
p

The first term on the right-hand side of this equation is known as the likelihood and is the
conditional probability of our data, given a proposed temperature and value of §'®Osy. The second
term represents our prior assumptions about these parameters. We defined the prior probabilities

for the oxygen isotope composition and temperature of seawater as vague uniform distributions:
P(867%0y,) = U(mingsgo, maxsigo)

P(T) = U(miny, maxr)

Where the maximum and minimum values of $'*Osy span a plausible range of values considering:
(1) modern gridded seawater values (72); and previous estimates from prior publications [e.g.,
Williams et al. (73) for the North Carolina specimens; Dataset S1]. The maximum and minimum
seawater temperatures for each locality and time period were inferred from a recent 109-member
ensemble of climate model simulations (HadCM3), which show strong model-proxy agreement

for the global ocean for the Phanerozoic (74).
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We defined the likelihood of our measured 3'30, values as:
5§80, ~ N(u,0)
where p is the equation of Kolodny et al. (75):
u = 680, — (temperature — 113.3) + 4.38

and o is a dispersion term estimated from the data. Combining these equations gives the final joint

probability of:

P(T,8'804,16'0,) = N(u,0) x U(miny, maxr) x U(mingigp, MaxXs1g0)

Table S1. Sea surface temperature and 'Oy, ranges used as prior information.
See Dataset S1 (as separate xIsx file) for locality specific temperature ranges.

Group Temperature (°C) 8" 0sw
Ectothermic varied by locality 1-2
Regionally endothermic 10 - 40 1-2
Endothermic 10 - 45 1-2
Otodus megalodon/chubutensis 10 - 40 1-2
Carcharodon carcharias 10 - 40 1-2

We implemented our model in R (R Core Team, 2022) using an adaptive Markov Chain
Monte Carlo Metropolis algorithm (76) with 50,000 iterations with 5,000 burn in to generate a
representative posterior sample of 8'Os, and temperature for each fossil locality. We validated
our approach using 3'%0, values of teeth from two species of aquarium-reared (New York City
Aquarium) shark species, Carcharhinus plumbeus and Carcharias taurus, where the water
temperature is known (Dataset S1). We use a uniform prior of 10 — 40 °C for temperature and a
gaussian prior of 0.0£1.0%o (mean+2c) for 880, reflecting the range of oxygen isotope
composition in a well-mixed modern ocean. Our model predicts a growth temperature of 20.7+6.2
°C (mean+2c) which encompasses the true growth temperature of ~23 °C for these sharks. Our
modeling code and full posterior sample for each group is available at

github.com/robintrayler/bayesian phosphate.
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Table S2. Bayesian modeling posteriors for each locality. Ofodus minus ectothermic-inferred ambient
seawater temperatures (AT) were calculated separately for each location and time period.

Otodus
Temperature minus
Region Thermoregulation or 8'%0p 8" O (°C) ectotherm
g specific taxa temp. (AT)
Mean 1s n Mean | 1s Mean 1s
ectotherm 22.1 0.7 | 28 1.5 0.3 21.3 14
endotherm 20.0 0.8 8 1.5 0.3 32.2 2.0
Global
Regional endotherm 22.0 09 | 23 1.5 0.3 24.7 1.5
Otodus 21.3 0.6 | 16 1.5 0.3 27.0 2.0
ectotherm 22.5 1.1 3 1.4 0.3 17.1 14
endotherm 19.8 0.3 3 1.5 0.3 32.9 3.2
Miocene Regional endotherm 217 [ 06 | 2 15 |03 | 255 4.6
California
Otodus megalodon 21.4 0.5 2 1.5 0.3 25.8 4.0 8.7
Carcharodon carcharias 22.3 0.2 1 1.5 0.3 23.5 6.4
ectotherm 22.5 1.1 | 12 1.5 0.3 21.2 1.6
Miocene Regional endotherm 218 [ 04 | 2 15 [o03 | 239 45
Germany
Otodus chubutensis 20.5 0.4 2 1.5 0.3 29.7 3.6 8.5
ectotherm 21.9 0.7 5 1.5 0.3 22.9 2.1
Miocene Regional endotherm 215 [ 05 | 1 15 [o03 ]| 252 6.0
Malta
Otodus chubutensis 21.1 0.6 2 1.5 0.3 27.0 3.9 4.1
Miocene endotherm 18.5 0.1 1 1.5 0.3 35.6 6.6
Japan Otodus megalodon 216 [ 02 | 1 1.5 0.3 25.1 5.7
ectotherm 22.9 0.3 2 1.5 0.3 19.7 4.1
Pliocene Otodus megalodon 210 [ 06 | 7 15 (03| 271 34 7.4
Japan
Carcharodon carcharias 21.6 1.2 5 1.5 0.3 254 2.9
Ectotherm 22.8 0.3 3 1.5 0.3 20.2 3.4
Miocene Endotherm 22.3 0.3 1 1.5 0.3 30.1 6.3
North Carolina -
Regional endotherm 22.0 0.1 1 1.5 0.3 24.2 5.7
Oftodus chubutensis 21.5 0.3 2 1.5 0.3 27.3 5.6 7.1
Ectotherm 22.9 0.5 6 1.5 0.3 19.4 2.3
Endotherm 20.5 0.5 4 1.5 0.3 29.7 3.1
Pliocene -
North Carolina Regional endotherm 21.8 0.4 5 1.5 0.3 242 33
Otodus megalodon 21.5 0.6 6 1.5 0.3 26.1 3.1 6.7
Carcharodon carcharias 23.0 1.0 7 1.5 0.3 19.1 2.6
Average (1s) 6.9 (1.6)
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3. Supplementary Discussion

3.1 Preservation of fossil bioapatite

The success of geochemical techniques requires that fossil bioapatite was not exposed to post
burial diagenetic alteration via exchange with pore fluids and/or isotopic resetting due to bioapatite
recrystallization, compaction and lithification. Hence, prior to making any inferences on the body
temperatures of ancestral sharks from A47 and 8'30, in fossil shark teeth, we must rule out any
potential for diagenetic alteration corrupting the geochemical compositions. In the case of fossil
shark teeth, enameloid bioapatite is more likely to preserve the original isotopic composition
compared with the inner dentine given the greater resistance to post depositional alteration from
its dense microcrystalline structure (77, 78). While our conclusions are drawn from analyses
conducted only on the enameloid phase of each tooth where diagenetic alteration has previously
been ruled out from various other isotope work on these same samples (60, 79, 80), we nonetheless

provide a suite of tests to establish the preservation potential of each specimen.

First, we conducted tandem A47 measurements on the dentine phase of each tooth using
dentine as a benchmark against the enameloid for complete diagenetic alteration (Dataset S2).
Results show significant (i.e., beyond analytical uncertainties) dentine-enameloid differences in
Ag47-derived temperatures between most tooth samples (Fig. S3). Average A47-derived temperatures
of North Carolina Otodus megalodon dentine are warmer than enameloid A47-derived temperatures
by 9 °C while Carcharias carcharias dentine from the same formation are warmer than enameloid
derived temperatures by 3 °C. The South Carolina C. hastalis specimens, however, exhibit an
opposite trend, wherein the dentine phase is 6 °C colder than the enameloid phase. Our C.
carcharias specimens from Japan show a similar trend with the dentine phase yielding a A47-
derived temperature 10 °C colder than the enameloid phase. This apparent disparity in the
temperature relationship between proposed diagenetic end-member materials could be explained
by the presence of two different modes of diagenetic processes operating on the collected
specimens. The warmer temperatures of the dentine phase relative to enameloid in North Carolina
specimens could have resulted from late post-depositional recrystallization at elevated
temperatures associated with burial. Conversely, colder temperatures exhibited by the dentine
phase in specimens from Japan could be explained by early post depositional diagenetic alteration
resulting from recrystallization under seafloor environmental conditions. Offsets suggesting a

variable diagenetic influence on dentine and enameloid were also observed with §!°C between the
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two phases. Across all taxa and localities, dentine material yielded lower 8'°C values than
enameloid from the same tooth.

Second, the A47 and 8'%0,, derived temperatures for fossil taxa are homogenous across five
locations with distinct depositional environments and are within the range of what we would
expect based on modern equivalent taxa (Table S2 and Dataset S1-S2). The Bayesian §'%0, body
temperature estimates of teeth from ectothermic shark taxa collected from the Pliocene strata of
North Carolina (Dataset SI), which yield an average temperature of 19.2 + 2 °C, also show
excellent agreement with sea surface temperature estimates derived from A47 in scallops (21 + 4
°C, n=13; Chesapecten jeffersonius, Carolinapecten eboreus, and Placopecten clintonius) from
the same locality and time period. Moreover, prior oxygen isotope work on shells from the North
Carolina site show sea surface temperatures that are consistent with the §'®0, body temperatures
of our ectothermic sharks and A47 temperatures of the scallop shells (73). On the other hand, it is
possible that at least partial alteration of the shells could have shifted the A47 temperatures in the
scallops towards the higher diagenetic end-member indicated by the tooth dentine, which would
preclude such a comparison between the enameloid and shells in the context of alteration.
Nevertheless, the general agreement between the application of these two distinct proxies on two
different substrate types (i.e., carbonate vs. phosphate) provides supporting evidence that the
samples analyzed are likely free of diagenetic alteration and can be utilized to estimate
environmental temperature conditions at these locations. What is more, it could be argued that the
consistent differences amongst species across each locality (Fig. 1) would also suggest little or no
alteration of the enameloid as complete alteration of all phosphate during diagenesis would tend
to homogenize the values measured.

Previous work by our group utilizing enameloid-bound §'°N (80) and 8°¢Zn (60) isotopes
to infer Cenozoic shifts in elasmobranch trophic levels from the same subset of specimens reported
here showed remarkable homogeneity in both proxies through space and time (i.e., the Cenozoic).
In both studies, extant elasmobranch species were also consistent with equivalent taxa in the fossil
record, again arguing against alteration of the fossil specimens. Similar to our approach adopted
here, where we find significant differences in A47 temperatures between the enameloid and dentine
phases of the fossil teeth, McCormack et al. (60) also found significant differences in Zn isotopes
between the two phases, interpreted to reflect alteration of the dentine while preservation of the

enameloid.
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In summary, while diagenetic alteration cannot be completely ruled out, these lines of

evidence combined with our previous work suggests robust preservation of the fossil enameloid

samples with minimal diagenetic alteration.
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Fig. S3. (A, B) Comparison of enameloid and dentine materials. (A) comparison of water 3'30
and A47-temperature estimates (B) between enameloid (circles) and dentine (triangles) shows that
the coldest and warmest temperature estimates are represented by dentine material while
enameloid plots in a comparably narrow region of temperature and water 530 which suggests that
dentine samples, known to be more prone to diagenetic alteration than enameloid, may have

undergone varying modes of post-depositional recrystallization.
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