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Abstract 

 

Modeling δ18O of Phosphate and Carbonate from Recent Shark Teeth and Marine 
Conditions from Fossilized Shark Teeth 

by 

Rachel Lauren Chan 

Master of Science in Environmental Systems 

University of California, Merced, 2022 

Research Advisor: Sora Kim 

 

The Neogene (~23.0 – 2.6 million years ago) is the current climate analogue used in 

predictive scenario modeling, as it is characterized as having similar biota, geography, 

and environments when compared to present-day. Parameters that cannot be directly 

measured from the past can be estimated by stable isotope analysis measurements 

from proxies. Unlike most marine proxies, shark teeth provide ‘snapshots’ of 

environmental conditions during formation. Shark teeth can be used to calculate sea 

temperatures the teeth formed in after measuring δ18O of phosphate (PO4) and 

carbonate (CO3) within the enameloid and using δ18O of seawater (δ18Osw) estimates. 

Here, we model δ18OPO4 and δ18OCO3 from published linear regression equations to 

assess the fidelity of local T and δ18Osw being recorded in modern shark teeth. We also 

developed a Bayesian regression model to estimate the probability of T and δ18Osw for 

basins using δ18OPO4 of fossilized Neogene shark teeth from our collection and published 

datasets. Modern empirical δ18O and predictive δ18O* values indicate that carbonate 

(mean = 27.4 ± 1.5‰) is not a reliable recorder and therefore should not be considered 

as a paleothermometer until further constrained, but phosphate (mean = 23.5 ± 0.7‰) 

δ18OPO4 values were similar between taxa at localities and suggest a latitudinal 

temperature gradient. Variation within and between taxa may be due to species specific 

migration and mesothermy. Neogene T and δ18Osw estimates reflect a warmer climate, 

and salinity and temperature differences between the Miocene and Pliocene epochs. 
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1. INTRODUCTION 
The Neogene (Miocene-Pliocene epochs) was a time of climate fluctuation with 
decreasing temperatures, pCO2, and sea levels as glaciation increased. The continents 
were nearly in their modern configurations and ocean currents shifted to modern 
circulations as oceanic gateways opened or closed. The Neogene (23.0 – 2.58 million 
years ago [Mya]) was relatively similar in terms of biota, environment, and geography, 
albeit cold trending due to orbital forcing (Holbourn et al., 2013; Miller et al., 2020; 
Zachos et al., 2001). The similarities between the Neogene and today make it a suitable 
analogue for modeling, as past climates present scenarios to model future climates. 
Since conditions in the Neogene were analogous to today, there have been a number of 
studies estimating global climate over geologic timelines but understanding smaller scale 
interactions between the environment and ecology distinguishes nuances at local or 
regional levels. Reconstructions of this scale require a proxy that captures these subtle 
signals. 

Paleoceanographic studies rely on climate indicators, often from calcareous 
foraminifera, which record global deep-sea and surface temperatures via oxygen isotope 
and Mg/Ca composition. However, foraminifera archives are a temporal ‘panorama’ of 
geologic time (Pearson, 2012) and often located in low- and mid-latitudes since these 
are optimal for International Ocean Drilling Program (IODP) and Deep Sea Drilling 
Project (DSDP) sites. Other invertebrate records with distributions spanning latitude and 
depth are also used as paleoceanographic proxies. Mollusks, coral, and nannoplankton 
serve as substrates in temperate and tropical environments while siliceous diatoms can 
track upwelling zones and cold, high latitude regions (Steinthorsdottir et al., 2021; 
Wierzbowski, 2021). Studies have also analyzed fossil vertebrates (i.e., fish, sharks, 
cetaceans, etc.) for stable isotope analysis to reconstruct environmental conditions, but 
these are often limited to localities or regions (Steinthorsdottir et al., 2021). When using 
biological organisms as paleoceanographic proxies, it is important to consider their 
ecology, which is intrinsically linked to how they record the environment.  

Shark teeth are complementary proxies to invertebrates in elucidating 
paleoceanography, as they provide a broader “snapshot” of environment and are 
spatiotemporally abundant. First, shark teeth record  marine conditions during their 
formation and mineralization (Vennemann et al., 2001; Vennemann & Hegner, 1998). It 
is thought that shark body water is in equilibrium with ambient water (Vennemann et al., 
2001) and incorporates on short time scales during mineralization with odontogenesis 
(Zeichner et al., 2017). Second, sharks (Chondrichthyes) are distributed globally and at 
depth, being rich at mid-latitudes in the epipelagic zone along the coast and continental 
shelves but also inhabiting northern high-latitude, brackish  or freshwater (Lucifora et al., 
2011). During past periods of greenhouse conditions (i.e., Eocene [56 – 33.9 Mya]), 
†Striatolamia macrota flourished from the Southern Ocean of Antarctica to the Arctic 
Ocean (Kim et al., 2020). Third, shark teeth are regularly shed and replaced throughout 
the lifespan of a shark, making them prolific throughout the fossil record. The oldest 
tooth specimen found has been dated to the Lower Devonian (~419.2 - 393.3Ma) 
(Botella et al., 2009), potentially capturing environmental proxy data beyond ocean 
sediment cores. 
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Many paleothermometers rely on oxygen isotope analysis from biogenic inorganic 
carbonate (CO3

2-) and phosphate (PO4
3-). Shark teeth contain two mineralized 

components, dentine and enameloid, that include both CO3 and PO4 groups. Dentine is 
primarily hydroxyapatite (Ca5(PO4, CO3)OH) and useful for contemporary isotope 
analyses, but it is prone to degradation due to its high organic (~20-30%) content 
(Carlson, 1991; Enax et al., 2012; LeGeros, 1981). In contrast, enameloid is composed 
of fluorapatite (Ca5(PO4, CO3)F), which is compact, low in solubility (both when 
increasing temperature and decreasing pH), and highly inorganic  (~99% by weight) 
(Enax et al., 2012, 2014; LeGeros, 1990; LeGeros, 1981; Leung et al., 2022; Miake et 
al., 1991; Posner et al., 1984). The characteristics of fluorapatite make enameloid highly 
resistant to diagenesis, the process which fossils become either chemically, physically, 
or biologically altered post-mortem (Keenan, 2016), making the outer layer an ideal 
proxy material for stable isotope analyses (SIA). 

More recently, shark teeth have been suspected of recording regional conditions rather 
than the locality teeth were found. Earlier studies by Vennemann et al. (1998, 2001, 
2002) using SIA of shark teeth drew environmental inferences based on where teeth are 
retrieved, rather than where they potentially mineralized. These studies do not 
necessarily account for species’ migration habits, which has been difficult to map until 
relatively recently. Telemetric tagging has improved our understanding of extant shark 
movement patterns (Hammerschlag et al., 2011) and environmental temperature during 
migration (Teo et al., 2004; Teter et al., 2015). Seasonal migrations for sharks are 
influenced by prey availability and/or thermal regime as most species are ectothermic. 
This migration-temperature coupling influences the oxygen isotopic composition of shark 
enameloid, which has been mentioned in reconstructive studies using shark teeth 
(Aguilera et al., 2017; Amiot et al., 2008; Barrick & Fischer, 1993; Fischer et al., 2013; S. 
L. Kim et al., 2020; Kocsis et al., 2007; Pellegrini & Longinelli, 2008; Roelofs et al., 
2017), but has not been investigated until this study. Further, this phenomenon has been 
demonstrated in δ18O values of modern and fossilized fish teeth (excluding sharks) 
(Sisma-Ventura et al., 2019). While not specifically δ18O, (Shipley et al., 2021) 
demonstrated that movement patterns influence δ13C and δ15N values in the dental 
collagen of modern shark teeth. Some migratory shark species are also mesothermic 
(such as Carcharodon carcharias), meaning the species can temporarily elevate body 
temperatures (Bernal et al., 2012); the impact of mesothermy on oxygen isotope 
composition of enameloid is largely unknown. We explore this coupling between 
migration and temperature with respect to stable isotope composition, as more 
consideration will improve temperature estimates for environmental reconstructions. 

While the literature considers both carbonate and phosphate oxygen in enameloid to be 
in equilibrium with body water, the carbonate oxygen isotope composition is probably 
more nuanced. Recent studies indicate that carbonate isotope composition likely reflects 
a combined diet, metabolic, and dissolved inorganic carbon (DIC) signal (Karnes, 2022; 
Sisma-Ventura et al., 2019). (Vennemann et al., 2001) found that carbonate δ18O values 
in enameloid have more variation than phosphate δ18O values and are likely not in 
isotopic equilibrium with seawater, which is thought to be in steady state with aquatic 
ectotherms. To date, there has been no controlled experiment determining vital effects 
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seen in δ18OCO3 and possibly δ18OPO4 values of shark teeth, potentially producing 
inaccurate temperature and salinity reconstructions. 

Here, we determine the fidelity of marine temperature and salinity estimates by 
examining paired analyses of δ18OCO3 and δ18OPO4 values from shark enameloid of 
extant and fossilize Neogene specimens. First, we analyze δ18OCO3 and δ18OPO4 values 
from extant sharks, then predict δ18OCO3 and δ18OPO4 values for these specimens based 
on environmental conditions where they were caught to evaluate the fidelity of shark 
teeth as environmental recorders using the (Kolodny et al., 1983) linear regression 
equation. Then, we explore the potential of fossil specimens to elucidate temperature 
gradients during the Neogene. In addition to analyzing specimens from California (USA), 
North Carolina (USA), and Peru, we also compiled published phosphate oxygen isotope 
data. Based on δ18OPO4 values binned by geological age, latitude, and ocean basin, we 
estimated water temperature and isotopic composition of Neogene localities using a 
Bayesian model based on measured δ18OPO4 values from fossilized teeth. This Bayesian 
model reconstructs probable regional condition changes in oceanography that occurred 
during the Miocene-Pliocene transition. The Bayesian regression model used the 
Neogene as a case study, but has the potential reconstruct sea temperatures and δ18Osw 
from other geologic time periods with possibly complementary proxies.  

2. METHODS  
Extant shark teeth are from multiple taxa and localities (Fig 1, Table 1). Fossilized teeth 
are from Neogene localities in California (USA), North Carolina (USA), and Peru (Fig 2, 
Table 2). All extant and fossil teeth sampled in this study are in the Calvert Marine 
Museum collections (CMM).  

 

Figure 1. Map of modern teeth collection sites. 
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2.1 Sampling Preparation 

We powdered the enameloid from several species of modern sharks and specimens 
from Miocene through the Pliocene. A slow speed Dremel dental drill equipped with a 
300µm diamond-tipped bit abraded the enameloid. Before isotopic preparation, 4.0 - 
5.0mg of enameloid powder weighed and residual organics removed with 1.0mL 3% 
NaOCl overnight. The solution was discarded, and remaining powder was rinsed five 
times with deionized water (DIW), then dried overnight in an oven set to 50°C.  

2.2 Isotope Analyses 

For this study, the enameloid of extant and fossil specimens was powdered and 
prepared for SIA of δ18O values from the phosphate- and carbonate-bound groups of 
fluorapatite. Stable isotope composition of oxygen was analyzed at the Stable Isotope 
Ecosystem Lab of UC Merced (SIELO) with a Delta V Plus continuous flow isotope ratio 
mass spectrometer (CF-IRMS).  

2.2.1 Carbonate Chemistry and Analysis 

We subsampled 3.0 - 4.0 mg of enameloid powder for carbonate isotope preparation. To 
remove secondary carbonates, samples reacted with a buffered solution of 0.91M 
calcium acetate and 1.0M acetic acid (pH ~5) at 4°C for 24hrs. Powders were rinsed five 
times with DIW and dried at 50°C overnight in an oven. 

Carbonate samples were weighed to 1.0mg for carbonate isotope analysis. Atmospheric 
air was removed by flushing samples with He gas in exetainers. Then, a 1.0mL of 104% 
H3PO4 was added and samples digested at 27°C for 1 hour. The headspace of the 
exetainers was sampled for CO2 using a GasBench coupled to a Delta V Plus CF-IRMS 
with a Conflo IV. We used calibrated reference materials for δ18OCO3 corrections that 
included drift and linearity (Carrara Marble [n = 38, δ13C = 2.1 ± 0.21‰, δ18O = -2.0 ± 
0.22‰]; NBS 18 [n = 38, δ13C = -4.9 ± 0.28‰, δ18O = -23.2 ± 0.15‰]; USGS 44 [n = 39, 
δ13C = -41.9 ± 0.37‰], δ18O = -15.6 ± 0.15‰]).  

2.2.2 Phosphate Chemistry and Analysis 

For phosphate analysis, powders were subsampled (1.0 – 1.5mg) to precipitate Ag3PO4 
using the UC rapid phosphate precipitation protocol by Mine et al. (2017). These 
subsamples were dissolved in 50µL of 2.0M HNO3 overnight. The following day, Ca2+

 

and PO4
3- were ionized by adding 30µL of 2.9M HF and 50µmL of 2.0M NaOH. The 

solution was agitated for 2hrs to pellet CaF2. The supernatant containing PO4
3- was 

transferred to a separate microtube and the remaining pellet was rinsed 50µL with 0.1M 
NaF for remaining PO4

3-. Supernatants were combined and Ag3PO4 was precipitated by 
adding 180µL of Ag-amine solution (1.09M NH4OH and 0.37M AgNO3. To completely 
precipitate Ag3PO4 and prevent isotopic fractionation of oxygen, the pH window 
(approximately 5.5 to 7.5) was adjusted with 2.0M HNO3 (approximately 10µL aliquots) 
and allowed to react for 10min. Crystals were centrifuged to pellet, rinsed five times with 
DIW, then dried in the oven overnight at 50°C. 
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For the stable isotope composition of phosphate-oxygen (δ18OPO4), we triplicated 
subsamples and weighed to 0.15-0.20mg in silver capsules. Instrumental analysis was 
performed on a TCEA coupled with a Delta V Plus CF-IRMS with a Conflo IV. We used 
calibrated reference materials (USGS 80 [n = 55, δ18O = 13.2 ± 0.37‰]; USGS 81a [n = 
52, δ18O = 35.4 ± 0.37‰]; IAEA 601 [n = 28, δ18O = 23.1 ± 0.63‰]) and standard 
preparation materials (NIST 120C, hydroxyapatite). 

2.3 Published δ18O metadata 

We conducted a literature review of published δ18O values of shark teeth across the 
Neogene to supplement our dataset (Table 3). Google Scholar was searched with terms 
“oxygen isotope”, “shark enameloid”, “Neogene”, “Miocene”, and “Pliocene”. The δ18O 
values included oxygen isotopes from both carbonate and phosphate groups within 
enameloid. We only included δ18O values of enameloid in our literature review since 
δ18O values of dentine or whole tooth may be influenced by organic material, which is 
more susceptible to alteration (Vennemann et al., 2001).  

2.4 Modeling δ18O from Modern Teeth and Marine Conditions from Fossil Teeth  

2.4.1 Modeling Modern δ18OPO4 and δ18OCO3 Values 

We compared empirical and predicated isotope composition using various models that 
consider temperature and source water δ18O values. First, we created a normal 
distribution loop iteration for sea surface temperature (SST) and assumed seawater 
(SW) to be in steady state with the enameloid-forming source water (δ18Osw; i.e., body 
water). Temperature data was collected from NOAA’s National Data Buoy Center 
(NOAA, 1971) and δ18Osw was determined from NASA’s Global Seawater Oxygen-18 
Database (Schmidt et al., 1999). For temperature, data was retrieved from the nearest 
buoy with months sharks reside for the locality. The δ18Osw data was retrieved based on 
locality coordinates. Temperature and δ18Osw is averaged based on time sharks inhabit 
the locality. If locality data could not be retrieved from these databases, we used 
affiliated databases or published values. For both the fractionation equations, we use the 
same modern SST and δ18O values for each locality. Second, the locality’s normal 
distribution of SST and δ18Osw value is averaged to calculate the mean mineral oxygen 
isotope composition of teeth. For phosphate, we used the Kolodny et al. (1983) apatite-
phosphate equation, recalibrated by Lécuyer et al. (2013), and rearranged to solve for 
δ18O*PO4.  

𝛿𝛿18𝑂𝑂𝑃𝑃𝑃𝑃4∗ =  𝛿𝛿18𝑂𝑂𝑠𝑠𝑠𝑠 −
(𝑇𝑇 − 119.3)

4.38
 

Where δ18O*PO4 is the mean predicted oxygen isotope composition of phosphate, δ18Osw 
is averaged oxygen isotope composition of water, and T is the average water 
temperature in Celsius. For carbonate, we used the calcite-water fractionation factor 
equation by O’Neil et al. (1969), rearranged to solve for α. 

1000 ln𝛼𝛼 = 2.78(106𝑇𝑇−2) − 3.39 Eqn 2 

Eqn 1 
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Where α is the fractionation factor between calcite and water, and T is the average water 
temperature in Kelvin. The α factor is used to solve for the oxygen isotope composition 
of carbonate. 

𝛿𝛿18𝑂𝑂𝐶𝐶𝐶𝐶3∗ =  𝛼𝛼(𝛿𝛿18𝑂𝑂𝑠𝑠𝑠𝑠 + 1000) − 1000 

Where δ18O*CO3 is the mean predicted oxygen isotope composition of carbonate. We 
then compare the proximity of predicted δ18O* to the average empirical mineral δ18O 
value (Table 1). This model was coded in R (code available in supplementary file). 

2.4.2 Estimating Neogene Sea Temperature and δ18Osw Values 

We developed a Bayesian regression model to estimate Miocene and Pliocene 
temperature and δ18Osw values from shark teeth δ18OPO4 values. We assumed a normal 
distribution of δ18OPO4 around mean μ, with standard deviation σ. 

𝛿𝛿18𝑂𝑂𝑃𝑃𝑃𝑃4 ~ 𝑁𝑁(𝜇𝜇, 𝜎𝜎) 

Where μ is determined by the relationship among T (°C), δ18Osw, and δ18OPO4 as 
proposed by (Longinelli & Nuti, 1973) and the dispersion term (σ) is estimated from the 
data. 

𝜇𝜇 =  𝛿𝛿18𝑂𝑂𝑠𝑠𝑠𝑠 − 
𝑇𝑇 − 119.3

4.38
 Eqn 5 

Eqn 4 

Eqn 3 

Table 1. Modern empirical δ18O values for localities from shark taxon compared to predicted (δ18O*) values. Blank 
δ18O boxes indicate that the PO4 and CO3 values are the same as the locality values. µPO4 values are reported in 
VSMOW, while µCO3 are VPDB. 
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Bayesian models attempt to estimate the probable values of unknown parameters (in our 
case, Neogene temperature and δ18Osw) based on data (δ18OPO4) and prior knowledge of 
these parameters. This relationship is formalized in Bayes’ theorem where: 

𝑃𝑃(𝑇𝑇,  𝛿𝛿18𝑂𝑂𝑠𝑠𝑠𝑠|𝛿𝛿18𝑂𝑂𝑃𝑃𝑂𝑂4) =  
𝑃𝑃(𝛿𝛿18𝑂𝑂𝑃𝑃𝑃𝑃4|𝑇𝑇,  𝛿𝛿18𝑂𝑂𝑠𝑠𝑠𝑠)

𝛿𝛿18𝑂𝑂𝑃𝑃𝑃𝑃4
 𝑥𝑥 𝑃𝑃(𝑇𝑇,  𝛿𝛿18𝑂𝑂𝑠𝑠𝑠𝑠) 

The first term on the right-hand side of equation 6 is known as the likelihood and is the 
conditional probability of our data, given a proposed temperature and δ18Osw value. The 
second term represents our prior beliefs about these parameters. Since sharks have 
clear habitat temperature preferences, we define the prior probability of temperature as 
𝑇𝑇 ∼ 𝒰𝒰(5, 30) which essentially covers the predilection temperature range of all modern 
sharks species (Grady et al., 2019). We also defined the prior probability of δ18Osw as 
𝛿𝛿18𝑂𝑂sw ∼ 𝒩𝒩(𝜇𝜇 = −0.5, 𝜎𝜎 = 0.5), which is the variability of a well-mixed ocean with a 
slightly more negative mean to reflect melting of polar ice volume in the Miocene and 
Pliocene (Billups, 2002; Lear et al., 2000). Combining these equations gives the final 
joint probability of: 

𝑃𝑃(𝑇𝑇,  𝛿𝛿18𝑂𝑂𝑠𝑠𝑠𝑠|𝛿𝛿18𝑂𝑂𝑃𝑃𝑃𝑃4) = N(μ, σ) x U(5, 30) x N(-0.5, 0.5) 
 

Eqn 6 

Figure 2. Map of Neogene basins. 

Eqn 7 
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To estimate each parameter, we used Markov Chain Monte Carlo with an adaptive 
Metropolis algorithm (Haario et al., 2001). We binned δ18OPO4 data by latitude, age, and 
ocean basin (Table 4, Figure 5). 
 
 

 
 

Table 2. Original collection sites of this study's Neogene specimens from CMM. 

Table 3. Compiled Neogene δ18OPO4 values from published studies.  

Basin Publication Epoch

North Central 
Atlantic

Aguilera et al. (2017)
Carrillo-Briceño et al. 
(2019)

Miocene 
to 

Pliocene

Paratethys
Kocsis et al. (2007)
Kocsis et al. (2009)
Vennemann et al. (1998)

Miocene

MioceneAmiot et al. (2008)South Pacific

Pliocene
Pelligrini and Longinelli 
(2008)

Central Pacific

MioceneAguilera et al. (2017)
South Central 
Atlantic
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3. RESULTS 
3.1 Phosphate and Carbonate Empirical Values 

Modern species from localities of similar latitude have similar δ18OPO4 values (Table 1, 
Fig 3). Teeth from lower mid-latitudes (Big Pine Keys, FL (δ18OPO4 mean = 23.0 ± 0.3‰) 
and KwaZulu-Natal, South Africa (δ18OPO4 mean = 23.0 ± 0.3‰)) had the lowest mean 
δ18OPO4 values, and teeth from middle mid-latitudes (Monterey Bay, CA (δ18OPO4 mean = 
23.7 ± 0.3‰)and Delaware Bay, USA (δ18OPO4 mean = 23.7 ± 0.7‰)) had higher mean 
δ18OPO4 values. Teeth from Hawaii had the highest δ18O phosphate values (δ18OPO4 

mean = 24.0 ± 0.4‰). We do not see similar results with measured mean δ18OCO3 teeth 
values at the local or taxa level. The range and variation of δ18OPO4 values were more 
distinct between modern and fossil teeth. Neogene-aged teeth had mean δ18OPO4 values 
of 20.9 ± 1.5‰ and had a range of 10.3‰ to 24.1‰, whereas modern samples had 
mean δ18OPO4 values of 23.5 ± 0.7‰ and range of 21.9‰ to 24.8‰. 

Fossilized teeth from the Neogene show similar range and variation of δ18OCO3 (Fig 4) 
values when compared to modern values. Fossil teeth (n = 401) have δ18OCO3 range 
from 20.9 to 28.2‰ and mean of 25.7 ± 1.4‰. The modern sampled teeth (n = 118) 
have higher δ18OCO3 values by 2.0‰, ranging from 22.6‰ to 30.9‰ and mean of 27.4 ± 
1.5‰.  

3.2 Phosphate and Carbonate Model Predictions 

We compared predicted phosphate and carbonate δ18O values (denoted as δ18O*PO4 and 
δ18O*CO3, respectively, in Table 1) to empirical enameloid values (denoted as δ18OPO4 

and δ18OCO3, respectively) in order to evaluate if conditions could be used to predict the 
oxygen isotope composition in shark teeth (Fig 3). The Kolodny et al. (1983) equation 
(Eqn 1) predicted values that were generally offset by approximately 2.0 – 2.5‰ from 
the empirical δ18OPO4 value, while the O’Neil et al. (1953) equation (Eqn 2) had 
prediction offsets that were inconsistent. The linear regression between empirical and 
predicted for phosphate δ18O values was y = 0.4713x + 12.6365, a r2 = 0.74, and a p-
value of 0.01, while carbonate had a regression of y = 0.5823x – 1.6687, a r2 = 0.21, and 
a p-value of 0.19. The phosphate equation has greater correlation (r2 ), less variation of 
δ18O than the carbonate equation, and greater significance.  

Hawaii and Delaware Bay had anomalous predictions based on conditions where the 
tooth was collected (extracted or found). For these two localities, the predicted averages 
of both phosphate and carbonate were outside our 95% confidence interval. We ran the 
model again using temperatures where we believed teeth formed, such as North 
Carolina for Delaware Bay and cooler temperature to reflect depth for Hawaii. 
Interestingly, this North Carolina δ18O*CO3 value was a better estimate than its δ18O*PO4 
counterpart (19.0 ± 0.7‰), which had an offset of approximately 6‰ when using 
temperature and δ18Osw from. Hawaii δ18O*CO3 estimations were outside the confidence 
interval, but the estimation (-0.7 ± 0.5‰) made for conditions likely during tooth 
development was nearly on the one-to-one line. 
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3.3 Latitudinal Gradient 

Spatially, our set of Neogene-aged teeth span the Pacific and Atlantic Oceans and 
Paratethys Sea from equatorial to mid-latitudes (Fig 2). Collected teeth from the 
Miocene are widely distributed. The Pacific is more disbursed, having localities at low- 
and mid- latitudes on the western coasts of the American continents, while localities in 
the Atlantic are found from central- to mid-latitudes. All Paratethys teeth localities were 
from the western area of the basin. The Pliocene is sparser, with equatorial teeth in the 
Pacific, and central and mid-latitude in the Atlantic. No phosphate teeth values from the 
Pliocene have been collected for the Paratethys to our knowledge. 

We estimated temperatures based on the Bayesian regression model (§2.4.2) based on 
measured δ18OPO4 values from teeth that were binned by latitude, ocean basin and age, 
δ18Osw estimations of the Neogene from the literature, and prior temperatures from 
extant sharks (Grady et al., 2019). The Atlantic averaged 24.1 ± 2.1°C at north-central 
locality, 25.0 ± 0.4°C at the south-central locality, and 13.7 ± 3.2°C at the north-western 
locality. The southern Pacific averaged 15.3 ± 2.3°C than modern average temperature 
at latitude, whereas the north-eastern Pacific averaged at 15.1 ± 3.3°C. The Paratethys 
is estimated to have been at 17.5 ± 2.4°C. 

Figure 3. Empirical versus predicted values of phosphate and carbonate oxygen. Larger points are the 
averaged empirical and predicted values of localities and taxa. Smaller points are the data to show the 
variation. Red arrows indicate predicted values that use locality parameters, but were likely teeth not formed 
in the locality. Dashed line is to indicate a one-to-one ratio of predicted to empirical value. Black solid line is 
the linear regression, and the gray area is the confidence interval. 
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Figure 4. Distribution of all δ18O values within phosphate and carbonate for modern and fossil teeth.  

Table 4. Neogene δ18Osw and temperature probable estimations 

Basin Epoch δ18Ow 

mean
(‰)

δ18Ow SD
(‰)

Temp
(°C)

Temp SD 𝜎𝜎 mean 𝜎𝜎 SD

South Pacific Miocene -0.5 0.51 15.27 2.33 1.07 0.12
Central Pacific Pliocene -0.51 0.51 22.82 2.37 0.59 0.16
S. Central Atlantic Miocene -0.52 0.47 25.29 2.08 0.39 0.05
N. Central Atlantic Pliocene -1 0.39 28.1 1.79 1.73 0.45
N. Central Atlantic Miocene -0.51 0.49 24.28 2.17 0.8 0.07
East Pacific Miocene -0.48 0.51 15.33 3.44 1.38 0.92
West Atlantic Pliocene -0.51 0.49 12.26 2.5 0.92 0.24
West Atlantic Miocene -0.48 0.5 13.82 3.24 1.29 0.66
Paratethys Miocene -0.53 0.53 17.74 2.35 1.42 0.07
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Fewer oxygen isotope studies have been conducted for the Pliocene using shark teeth, 
but our localities suggest that temperatures deviated from modern average 
temperatures. Central localities delineated after the Miocene, as the central Pacific 
averaged 22.6 ± 2.3°C and the central averaged 28.1 ± 1.5°C. Considering that extant 
sharks rarely swim above, much less survive, such temperatures (Grady et al., 2019), 
we exclude temperature estimations above 30°C. For the mid-latitude Atlantic locality, 
temperatures averaged 12.3 ± 2.5°C. We make no estimations for the Paratethys due to 
there being no δ18OPO4 values from the locality in the literature, but Villafaña et al. (2020) 
and references therein reports of fossilized teeth found in the locality during the 
Pliocene. 

4. DISCUSSION 
 
Our models, when compared to our empirical data, support that the oxygen isotope 
composition of phosphate from shark teeth is a reliable recorder of ambient sea 
temperature and δ18Osw. First, the modern linear regression model demonstrates that 
δ18OPO4 values from modern shark teeth are recording marine conditions where the teeth 
developed, not necessarily where teeth were collected. Localities with unusual variation 
of δ18OPO4 values and uncharacteristic values likely suggest teeth developed before 
and/or during migration. On the other hand, the oxygen isotope composition of 
carbonate from shark teeth is either out of equilibrium or recording an additional factor 
that has not been accounted for. Second, we noticed similar ‘patterns’ when comparing 

Figure 4. Average latitudinal temperature and δ18Osw gradient of basin localities during the Neogene. Solid 
gray line is contemporary average temperatures. Dashed black line for δ18Osw is the variability. Dashed 
black line for temperature is the range extant sharks can inhabit. 
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modern to fossilized δ18OPO4 and δ18OCO3 values. This would indicate that 1) post-
extraction and -burial alteration likely did not occur, 2) the range and distribution of 
values shows regional and local environment characteristics during teeth formation, 
whereas variation reflects the fidelity of δ18OPO4 and δ18OCO3 values, and 3) the 
difference in marine conditions during the Neogene and present-day. Third, the 
Bayesian regression model estimates probable Neogene sea temperatures and δ18Osw 
values using δ18OPO4 from fossilized teeth and prior knowledge of shark temperature 
habitat preferences, and a lower δ18Osw value likely reflects an influx of 16O from high 
latitude precipitation. Our Bayesian results reflect oceanographic changes that occurred 
during Miocene – Pliocene transition and are supported by other proxies from these 
basins. 
 
4.1 Modeling δ18OPO4 and δ18OCO3 Values 
 
We compared predicted δ18O* teeth values to empirical δ18O teeth values to assess how 
well modern shark teeth are recording marine conditions in their oxygen isotope 
composition. Addressing the fidelity δ18O in modern shark teeth is important, as the 
mineral component of δ18O from fossilized shark is the only measurable parameter for 
the Neogene.  

Our models, when compared to our empirical data, support that the oxygen isotope 
composition of phosphate from shark teeth is a reliable recorder of ambient sea 
temperature and δ18Osw values. First, the modern linear regression model demonstrates 
that δ18OPO4 values from modern shark teeth are recording marine conditions where the 
teeth developed, not necessarily where teeth were collected. Localities with unusual 
variation of δ18OPO4 values and uncharacteristic values likely suggest teeth developed 
before and/or during migration. On the other hand, the oxygen isotope composition of 
carbonate from shark teeth is either out of equilibrium or recording an additional factor 
that has not been accounted for. Second, we noticed similar ‘patterns’ when comparing 
modern to fossilized δ18OPO4 and δ18OCO3 values, which indicates that 1) post-extraction 
and -burial alteration likely did not occur; 2) the range and distribution of values shows 
regional and local environment characteristics during teeth formation, whereas variation 
reflects the fidelity of δ18OPO4 and δ18OCO3 values; and 3) the difference in marine 
conditions during the Neogene and present-day. Third, the Bayesian regression model 
estimates probable Neogene sea temperatures and δ18Osw values using δ18OPO4 from 
fossilized teeth and prior knowledge of shark temperature habitat preferences, and a 
lower δ18Osw value likely reflects an influx of 16O from high latitude precipitation. Our 
Bayesian results reflect oceanographic changes that occurred during Miocene – 
Pliocene transition and are supported by other proxies from these basins. 

4.1.1 Predicting Calcite δ18O*CO3 Values 

The calcite equation from O’Neil et al. (1969) is still widely used for paleothermometry 
although we did consider using the carbonate-hydroxyapatite (CO3-HAP) equation by 
Lécuyer et al. (2010). The authors note that 1) lab synthesized CO3-HAP contains less 
carbonate and collagen than biogenic apatite (Daculsi et al., 1997; LeGeros et al., 1967), 
2) concentrated [CO3

2-] solutions mineralize out of equilibrium, resulting in 2-3‰ 
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difference in fractionation (Kim & O’Neil, 1997), and 3) the inverse relation between 
oxygen isotope composition and temperature is not apparent for the equation. 
Hydroxyapatite is the also primary component of shark dentine and mammalian teeth, 
the latter which has a strong δ18OCO3-δ18OPO4 relationship that is not seen in marine 
ectotherms (Lécuyer et al., 2010 and references therein).  

The offset between predicted and empirical δ18O values was inconsistent and as high as 
2.9‰, underestimating water temperatures by ~13°C at maximum. As shown by our 
comparison of predicted (δ18O*CO3) and empirical δ18OCO3 values, the carbonate oxygen 
isotope composition from enameloid is not a reliable recorder of environmental 
conditions.  

One explanation is that δ18OCO3 is not formed in equilibrium, as δ18OCO3 averages of taxa 
from the same locality are different compared to δ18OPO4 means, which are nearly 
identical (Table 1). In Florida (USA), C. limbatus has an average of -4.1 ± 1.4‰ while 
the average for C. obscuras is -2.5 ± 1.1‰. In KwaZulu-Natal (South Africa), the δ18OCO3 
values differ by as much as 1.4‰ between taxa. Monterey Bay, CA (USA) had the 
lowest δ18OCO3 difference of between taxa (0.6‰). On the other hand, δ18OPO4 values are 
generally well constrained for taxa in these localities, which is expected since individuals 
share similar environmental conditions. It is possible that contamination of dentin may 
have occurred, but then there should be similar offsets in mean δ18OPO4 values and 
deviation. Post-shedding diagenesis is highly unlikely as teeth are from extant sharks 
and were extracted. Karnes (2022) proposed an influence of environmental, metabolic, 
and diet (DIC) in fluorapatite as a vital effect, resulting in δ18OCO3 variation in sharks, 
which has also been previously noted (Lécuyer et al., 2010; Vennemann et al., 2001). 
We do not go into the oxygen isotope dynamics of diet and metabolism, as this study is 
focused on environmental influences of δ18O values; however, Spero et al. (1997) 
discovered the inverse relationship between [CO3

2-] and δ18OCO3 (and δ13CCO3) from 
aquarium reared Orbulina universa. Zeebe (1999) proposed that oxygen isotope 
composition of the sum of DIC decreases with pH in foraminifera, which might explain 
the vital effect seen in other biogenic carbonates such as CO3 in apatite, as suggested 
by (Lécuyer et al., 2010). 

Modern empirical δ18OCO3 and offset δ18O*CO3 values also suggest an environmental 
influence of pH, based on taxa and their vertical and/or horizontal movement. Seawater 
pH decreases with increasing depth and latitude, therefore [CO3

2-] increases with 
increasing temperatures at the surface and lower latitudes (Feely et al., 2004, 2008, 
2009; Figuerola et al., 2021; Jiang et al., 2015; Wu et al., 2019). If fractionation of 
18O/16O within enameloid carbonate is similar to the tests of O. universa, then we expect 
sharks swimming in less alkaline waters to have greater δ18OCO3 values. Compared to 
pelagic ectothermic species, benthopelagic ectothermic species (O. ferox and G. cuvier) 
move vertically along the seafloor and had higher δ18OCO3 values with less variation and 
a δ18O*CO3 offset of 0.2‰ compared to ectothermic pelagic species. Specifically, O. ferox 
had the highest δ18OCO3 values with the least variation, possibly because it is relatively 
sedentary, eating demersal prey at depth and not swimming vertically through the water 
column (Fergusson et al., 2008). Similarly, G. cuvier had the second highest δ18OCO3 
value and is a more active species, swimming to the surface and to brackish waters to 
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hunt. Traversing through waters with different chemical species of DIC and alkalinities 
may explain the higher variation for G. cuvier. The remaining ectothermic species are 
pelagic, with lower δ18OCO3 values, which may be indicative of warmer surface 
temperatures, higher pH, and less acidic chemical species of DIC. This hypothesis is 
supported by the taxa from Florida and KwaZulu-Natal. In Florida, C. limbatus swims 
relatively close to the surface compared to C. obscuras, which resides at greater depths 
(Tinari & Hammerschlag, 2021). Therefore, C. limbatus has lower δ18OCO3 values, 
whereas C. obscuras had higher δ18OCO3 values for the same locality. Compared to G. 
cuvier, C. leucas and S. mokarran swim closer to the surface (Tinari & Hammerschlag, 
2021) and had similarly low δ18OCO3 values. Mesothermic species have interesting 
values of δ18OCO3, being consistently around ~1.5 – 2‰, regardless of latitude. This 
δ18OCO3 range may be due to mesotherms ability to generate heat, allowing them to swim 
into colder waters in higher latitudes, in the open ocean, and at depth (see §4.1.5 for 
more discussion about mesotherms). Future use of δ18OCO3 as a paleothermometer 
should probable be reserved until the mechanics of oxygen fractionation in carbonate in 
shark teeth is resolved. 

4.1.2 Predicting Fluorapatite δ18O*PO4 

We reviewed several generated linear regressions for the phosphate oxygen prediction 
model. Equations considered were Lécuyer et al. (2013), Pucéat et al. (2010), Longinelli 
& Nuti (1973), and Kolodny et al. (1983). Lécuyer et al. (2013) combined linglulids with 1 
extant shark tooth and 5 specimens from hybodontiformes, an extinct group of 
elasmobranchs. Pucéat et al. (2010), who reared seabreams in aquarium water that had 
inconsistent oxygen isotope composition.  Longinelli & Nuti (1973), who pioneered the 
use of fish teeth for thermometry, but mixed dentin, pulp, and bones in measurements 
Finally, Kolodny et al. (1983) used the whole tooth like Longinelli & Nuti (1973), but 
included both freshwater and marine fish, and was rescaled by Lécuyer et al. (2013) to 
reflect the new NBS120b δ18OPO4 value of 21.4‰ rather than 20.0‰. The Kolodny et al. 
(1983) equation was used as a comparison of fluorapatite oxygen-phosphate to calcite 
oxygen-carbonate fractionating at equilibrium. 

Predictions were linear within 1.0‰ of empirical values with some modest and 
anomalous exceptions. Some δ18O*PO4 predictions had a modest offset of 1.2‰. For 
example, this offset in C. obscuras could be due to either migrating to high latitudes in 
the winter or residing at greater depths in the water column (Hoffmayer et al., 2014; 
Tinari & Hammerschlag, 2021). Using the empirical δ18OPO4 value, a temperature 
estimate of ~24.5℃ provides a better δ18O*PO4 value, which is more aligned with 
temperatures recorded at depth from shark tagging studies (Kroetz et al., 2021) than the 
mean seasonal SST value used for the initial prediction. This discrepancy in δ18O*PO4 
values indicates that teeth reflect the preferred depth rather than near sea surface 
waters. Another possibility is that the teeth were extracted from a population of O. 
obscuras residing in Florida the same time as C. limbatus, given they had the same 
empirical δ18OPO4 mean. In contrast, C. carcharias also had an offset of 1.2‰; the 
empirical value of 23.1‰ estimates a temperature of ~19.1℃, which agrees with SST for 
sharks caught in Richard’s Bay and Michael’s-on-Sea of South Africa (Cliff et al., 1989). 
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It is possible that prediction parameters were not accurate for this locality, as direct buoy 
SST data were unavailable for South Africa.  

4.1.3 Migration, mayhaps 

The teeth of C. taurus and O. ferox (both sand tiger sharks) were likely recording water 
conditions different than their caught locality. The anomalous δ18O*PO4 values were well 
above empirical δ18OPO4 values by < 5‰. A migratory shark can form a tooth in one 
location and shed or use it elsewhere (i.e., have it in the function 1 or 2 position). Shark 
teeth are regularly shed and replaced, although the rate of development and loss is 
poorly known for most species. A migration signal has been hinted at in previous studies 
(Aguilera et al., 2017; Amiot et al., 2008; Barrick & Fischer, 1993; Fischer et al., 2013; 
Kim et al., 2020; Kocsis et al., 2007; Pellegrini & Longinelli, 2008; Roelofs et al., 2017) 
and is an explanation for these δ18OPO4 and δ18O*PO4 offset values in C. taurus and O. 
ferox.  

The modern model produced an approximate mean δ18O*PO4 value of 19.0 ± 0.7‰ using 
average SST and δ18Osw values during the months C. taurus remain in Delaware Bay. 
These parameters would suggest that teeth formed in brackish waters, as the alternative 
suggests warmer waters. While this prediction is agreeable for Delaware Bay, the 
average empirical value suggests teeth did not develop there. A study by Teter et al. 
(2015) reports that tagged C. taurus from Delaware Bay migrate to North Carolina and 
Florida in winter months. The region between Florida and North Carolina is likely 
represented by δ18OPO4 values between 21 – 23‰, as these lower values would indicate 
warmer temperatures. The average empirical δ18OPO4 value of 23.7‰ and general range 
between 23 - 25‰ (Fig 1) of C. taurus support those teeth likely formed somewhere 
within the region of Delaware Bay and North Carolina. We made a second prediction 
considering migration and used North Carolina marine conditions. Seawater conditions 
from North Carolina predict a value of 23.0 ± 0.5‰ δ18O*PO4, which suggest that the 
locality is more representative of the empirical value. 

While the migrations of C. taurus in the USA have been well studied, O. ferox remains 
more elusive. This species is benthopelagic and prefers deeper, colder waters. In the 
Pacific Ocean, O. ferox will swim at depths of ~185 – 310m in temperatures between 9-
18°C (Clarke, 1972; Fergusson et al., 2008). It is also suspected to migrate latitudinally 
at depth (Fergusson et al., 2008). Using surface water temperature conditions produced 
a predicted average value of 22.6‰, whereas the empirical average value was 24.0 ± 
0.4‰. We adjusted the model temperature value to a colder average at depth based on 
data from Fishbase (2022), which resulted in δ18O*PO4 = 23.5‰. Although this 
temperature average is below the minimum monthly mean SST of Oahu, HI, it better 
aligns with the empirical value that likely reflects temperatures at depth. 

4.1.4 Migration, Mesothermy, and Metabolism 

A handful of extant sharks within the Lamnidae family, and potentially a few of the 
Alopiidae family, are mesotherms, meaning that they temporarily elevate their body 
temperature. Mesothermic species are C. carcharias, Isurus oxyrinchus, Isurus paucus, 
Lamna nasus, and Lamna ditropis (Dickson & Graham, 2004 and references therein), 
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and possibly thresher sharks Alopias pelagius, Alopias superciliosus, and Alopias 
vulpinus (Bernal et al., 2012; Dickson & Graham, 2004).  The duration of elevated 
temperature and effects on body water is not completely understood so we include 
mesothermic sharks in our analysis. 

Mesothermic species (L. ditropis and C. carcharias in our dataset) may be recording 
elevated body temperatures within the phosphate oxygen isotopic composition of their 
teeth, but inference is inconclusive given our limited modern dataset. Mesotherms can 
migrate to the open ocean and high latitudes by temporarily elevating body temperature 
(Grady et al., 2019). Depending on the species, generation of heat can occur either 
through digestion or increase use of red muscle tissue for hunting (Bernal et al., 2012). 
In Kwazulu-Natal, C. leucas and C. carcharias δ18OPO4 values overlap and the mean 
δ18OPO4 value of C. carcharias indicates a colder body temperature. Further, L. ditropis 
has the same mean δ18OPO4 value as C. taurus from Delaware Bay, a similar latitude. 
We would expect lower δ18OPO4 value if teeth are recording elevated body temperatures, 
and greater variation since generation of body temperature is temporary. If there is a 
metabolic signal, the true δ18OPO4 value may be influenced by ambient water 
temperatures.  

4.1.5 Comparing δ18O*PO4 and δ18O*CO3 Prediction Models 

The Kolodny et al. (1983) equation (Eqn 1) generally predicts δ18O*PO4 greater than the 
empirical value, while the O’Neil et al. (1969) equation generally predicts δ18O*CO3 lower 
than the empirical value. Model δ18O*PO4 values have more coherence with empirical 
δ18OPO4 values when utilizing species and locality specific habitat temperature 
preferences. This temperature adjustment shifts δ18O*CO3 for Delaware Bay outside the 
confidence interval but puts Hawaii near the one-to-one line.  

Apart from Hawaii, our δ18O*PO4-δ18OPO4 shows a latitude gradient, with lower latitude 
(warmer) localities having lower oxygen isotope composition while higher latitude 
(colder) localities have a 18O-enriched composition. This gradient is not apparent with 
δ18O*CO3-δ18OCO3. This further supports that oxygen isotope composition from phosphate 
is a reliable recorder of ambient marine conditions when considering shark species 
ecology, whereas the oxygen isotope composition of carbonate is more complicated.  

Interestingly, localities that have large δ18O*PO4-δ18OPO4 offsets (Delaware Bay and 
Hawaii), prior to temperature adjustments, have δ18O*CO3 overpredictions offset by 
~1.0‰ to empirical δ18OCO3 values. This δ18O*CO3-δ18OCO3 offset may be reflective of the 
concentration of phosphate to alkalinity, as the concentration of phosphate as a proxy for 
DIC with correlation in phosphate and alkalinity (Wu et al., 2019).  

4.2 Climate Patterns in Fossil & Modern Teeth 
 
Fossil and modern teeth have similar range and variation of δ18OCO3 and δ18OPO4, albeit 
fossil teeth values are 18O-depleted. The δ18O offset for phosphate was ~2.0‰ and for 
carbonate was ~2.7‰. We interpret these δ18O average values offsets as difference 
between the Neogene and Modern climate. Modern seawater salinity is well-mixed, with 
an average δ18Osw value 0.0 ± 0.5‰ (Craig & Gordon, 1965). For the Neogene, the 
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average global oxygen isotope composition of seawater is approximated to be -0.5‰ 
(Billups, 2002; Lear et al., 2000) as a result from polar ice cap melt. This lower δ18O 
value contributes to lower δ18OPO4 values from fossil shark teeth, as there is small 
overlap between fossil and modern values. There is significant overlap of fossil and 
modern δ18OCO3 values, which perhaps supports the unknown factor causing relatively 
large variation in δ18OCO3. Modes of lower, but prominent density of carbonate and 
phosphate of modern and fossil teeth values may be due to the spatial distribution of 
data. Localities from fossil teeth were from Pacific and Atlantic coasts ranging the low 
latitudes (15° S) of South America to mid latitudes (~35° N) of North America and the 
isolated Paratethys Sea (~46 - 50° N), whereas modern teeth spanned off the Pacific 
and Atlantic Shorelines of North America (~21 – 39° N) and off the Indian shoreline in 
South Africa (28.5° S). 
 
The range of phosphate, and perhaps carbonate, δ18O values is a result of salinity 
tolerance in some shark species. Taxa with δ18OPO4 values considered to have an influx 
of freshwater were †C. cuspidata, C. leucas, †C. chubutensis and †N. eurybathrodon, all 
from the North Central Atlantic and Paratethys (Domingo Carrillo-Bricenõ et al., 2019; 
Kocsis et al., 2007). The only extant shark known to enter freshwater is C. leucas (Voigt 
and Weber 2011), whereas †C. cuspidata was likely capable of lower salinity waters like 
a possible extinct relative †S. macrota (Kim et al., 2020). In addition, †N. eurybathrodon 
teeth are often found with other specimens from euryhaline species (C. leucas, N. 
brevirostris) (Domingo Carrillo-Bricenõ et al., 2019). In contrast, †C. chubutensis is 
related and co-occuring with †C. megalodon, which have not been reported to swim in 
hyposaline waters. However,  Domingo Carrillo-Bricenõ et al. (2019) proposed that †C. 
chubutensis may have also been a euryhaline species. We expand on 
paleoenvironmental interpretations of δ18OPO4 values in the next section, as mineralized 
δ18O is largely affected by salinity and geography (Zachos et al., 2001). 
 
4.3 Estimating Probable Neogene Temperatures and δ18Osw 
4.3.1 Bayesian Regression Model Description 
 
We developed a Bayesian regression model to estimate probable sea temperatures and 
δ18O of seawater. We utilized measured δ18OPO4 values from Neogene shark teeth 
supplemented by δ18OPO4 values from previous studies and used the relationship from 
Kolodny et al. (1983; Eqn 1,Table 4). While there have been studies (a few of which we 
have included in the metadata) that measure δ18OCO3 from Neogene-aged shark teeth, 
we exclude the oxygen isotope composition of carbonate based on our results from 
§4.1.2.  
 
Shark teeth record low resolution trends of marine conditions in the nearshore; however, 
the spatiotemporal abundance of teeth metadata allows the model to produce a 
Neogene latitudinal temperature gradient. Understanding oceanography and ecology is 
important to elucidate latitudinal thermal gradients. Here, we use our knowledge of shark 
ecology and oceanographic events, corroborated with proxies by other studies, to 
interpret the generated latitude temperature gradient for the Neogene. 
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4.3.2 Miocene 
 
Our model suggests the Miocene thermohaline circulation was similar to modern, as 
temperatures follow a general latitudinal gradient much like today, and that global δ18Osw 
values were slightly lower than 0‰. Our model indicates the Central Atlantic (Brazil and 
Caribbean localities) temperature averages are essentially the same as 
contemporaneous temperatures from these latitudes. Why did our shark teeth produce 
Miocene temperature estimates similar to present-day? The Isthmus of Panama likely 
had not yet bridged Central and South America, providing access between the Pacific 
and Atlantic Oceans. However, the dating of the closure during the Neogene is still 
highly contested (see Bacon et al. [2015]; Montes et al. [2015]; O’Dea et al., [2016]  and 
related comments and replies). We do not attempt to establish the seaway closure (or 
other gateways) here because of the low resolution of temperature and absolute time 
provided by fossil shark teeth. It is possible that, given the global shift in currents during 
the Neogene as a result of gateway closures and openings (Steinthorsdottir et al., 2021), 
and consequential changes in marine chemistry differed between the oceans (O’Dea et 
al., 2016; Preiss-Daimler et al., 2021), shark species may simply have affinities for 
marine conditions (Tinari & Hammerschlag, 2021). This affinity might explain why the 
taxa became almost exclusively euryhaline  in the N. Central Atlantic basin during the 
Pliocene (§4.3.3; Domingo Carrillo-Bricenõ et al., 2019), as the basin became 
inhabitable for most shark species.  
 
The West Atlantic (North and South Carolina, USA) and East Pacific (California, USA) 
basins had similar temperature averages, with the East Pacific being slightly elevated 
compared to the West Atlantic. Deep-sea Pacific and Atlantic foraminifera δ18OCO3 
records agree that the Pacific Ocean was warmer during the Miocene (Westerhold et al., 
2020; Zachos et al., 2001). It’s also possible that these Pacific sharks, like their modern 
relatives, migrated from warm waters in Hawaii, Baja California (Mexico) (Weng et al., 
2007), or Australia (Jorgensen et al., 2010), all of which are situated between equatorial 
to upper low latitudes. It’s also possible that West Atlantic taxa migrated from colder 
water in higher latitudes. Since our West Atlantic and East Pacific dataset is a mixture of 
mesotherms and ectotherms with different migration patterns, the temperature 
estimations may be averages representing the overall conditions of these two oceans, 
which is still supported by the foraminifera record mentioned earlier. We would like to 
note that during the Miocene-Pliocene transition, †C. hastalis co-occurred and had a 
similar trophic level to C. carcharias (McCormack et al., 2022). The occurrence of these 
two shark teeth in the bone beds of the Temblor Fm. in our dataset is intriguing, as the 
formation is dated to Early Miocene and C. carcharias is considered to have emerged in 
the Late Miocene. Future studies should consider that 1) the dating of the Temblor Fm. 
needs to be further evaluated or 2) C. carcharias may have diverged earlier from †C. 
hastalis.  
 
The South Pacific (Peru) estimated mean temperature was substantially colder than 
modern temperatures at low latitude.  The range of estimated temperature from our 
model agrees with modern monthly SST averages (NOAA, 1971). While Amiot et al. 
(2008) compared δ18OPO4 values to benthic foraminifera δ18OCO3 records and found that 
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shark teeth followed Miocene temperature trends, we adjusted the age of teeth from 
Amiot et al. (2008) and (Kim, 2011) to be older based on strontium isotopes and zircon 
dating of shark teeth by Ehret et al. (2012). This recalibration shifts teeth to only the 
Miocene epoch and better fits the Pacific foraminifera record. As mentioned by Amiot et 
al. (2008), the Humboldt Current diverges from the Antarctic Circumpolar Current, which 
may have initiated after the opening of the Drake Passage and Tasmanian Gateway 
(Scher & Martin, 2006). The Humboldt Current pushes deep water along the Peruvian 
coasts, which explains the lower paleotemperature estimates from our Bayesian model 
and similarity to modern temperatures (Fig 5). 
 
Finally, Paratethys waters were estimated to be much warmer than modern SST 
averages at this latitude. Paratethys had gateway access to the Atlantic and Indian 
Oceans, and limited access to the Tethys Sea from orogenic formation (Vennemann & 
Hegner, 1998; Zachos et al., 2001). This deviation at latitude can be potentially 
explained by its influence from both freshwater and marine waters. Two teeth had 
oxygen and strontium isotopic compositions that highly suggest orogenic water 
origination (Kocsis et al., 2007), as teeth were found in what was once small, shallow 
seaway near alpine delta fans (Berger et al., 2005). Kocsis et al. (2007) concluded that it 
was unlikely diagenesis altered only oxygen and strontium isotope composition, because 
rare earth element (REE) patterns were similar across all teeth in the dataset of the 
original study. Additionally, Nd isotope measurements corroborate orogenic sea water 
(Kocsis et al., 2009), however Nd isotope values indicate that the Paratethys was largely 
sourced from the Indian Ocean in the early Miocene, then the Atlantic Ocean in the 
middle Miocene (Vennemann & Hegner, 1998). A hypersaline environment could also 
produce temperature estimations higher than averages found at the same latitude today, 
however the model δ18Osw value supports that water was of marine origin. The oxygen 
isotope composition from these two teeth may be skewing estimations towards warmer 
temperatures, considering their extremely low δ18OPO4 values (10.3 ‰ and 11.3‰). A 
combination of warm temperatures compounded by gateway closure, due to tectonic 
uplift, likely assisted in the eventual desiccation of the Paratethys (Palcu et al., 2021).  
 
4.3.3 Pliocene 
 
The number of Pliocene basins represented in the literature from fossil shark teeth 
oxygen isotope composition were reduced to half. Temperature and δ18Osw estimates 
deviate from modern averages, despite the Pliocene continental formations being in their 
modern positions and modern climate conditions best resembling the epoch (Burke et 
al., 2018), but follow general latitudinal temperature trends that occurred in the Atlantic 
and Pacific during the Piacenzian (Karas et al., 2017).  
 
A cooling in mid-latitude West Atlantic and tropical South Pacific as well as warming in 
North Central Atlantic is estimated based on our model results. West Atlantic shark teeth 
are from the Yorktown Formation, a horizon that experienced warming during the mid-
Pliocene Warm Period. The estimated temperature average from our Bayesian model 
indicates that teeth formed in much colder water compared to other Yorktown Fm. SST 
proxies (i.e., U37

k’ and δ18OCO3 from mollusks; (Dowsett et al., 2021; Winkelstern et al., 
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2013). It is possible that either these shark teeth developed at depth as temperature 
estimates corroborate benthic (20 to ≥ 100m) mollusk estimates (Johnson et al., 2016), 
or at higher mid latitudes based on planktic foraminifera SST (Karas et al., 2017) and 
migrated to the West Atlantic basin locality. We lean towards the latter, considering our 
West Atlantic fossilized assemblage has 1) present-day species and modern analogues 
that are highly migratory (for example, C. carcharias (Curtis et al., 2014; Skomal et al., 
2017), C. taurus (Kneebone et al., 2014; Teter et al., 2015), I. oxyrinchus (Casey & 
Kohler, 1992; Compagno, 2001)), and 2) has preserved remains of relatives that are 
globally distributed (Cione et al., 2012; Kim et al., 2020; Pimiento et al., 2016).  
 
Indeed, the temperature estimates show an increased interhemispheric temperature 
gradient, as the mid-latitude West Atlantic cooled while the North Central Atlantic basin 
supposedly experienced a ~4°C increase. Our model suggests decreasing δ18Osw values 
and supports the interpretation by (Domingo Carrillo-Bricenõ et al., 2019) of lower 
salinity waters, as overall taxa was reduced to euryhaline species with relatively low 
δ18OPO4 values indicating brackish waters. While our N. Central Atlantic basin had 
become a partially enclosed bay, the Caribbean generally experienced warming and 
increased salinity throughout the Pliocene, recording a relatively high δ18OCO3 signal 
(Groeneveld et al., 2008; Gussone et al., 2004). Despite this significant difference in 
salinity, our temperature estimates corroborate with Caribbean SST from Mg/Ca of 
planktonic foraminifera and algae alkenones (Groeneveld et al., 2008; Gussone et al., 
2004; Steph et al., 2010). Thus, the 18O-enriched Caribbean is a result of increased 
evaporation and increased salinity (Steph et al., 2006, 2010), rather than enrichment 
based on just warm temperatures, after the closure of the Panamanian Gateway and 
subsequent decrease of Pacific seawater flow through the gateway. There is evidence of 
salinity and δ18OCO3 decoupling in the central Pacific and Atlantic from deep sea 
multiproxies (O’Dea et al., 2016 and references therein), which is also supported by our 
model results.  
 
Our paleotemperature estimates were generally several degrees lower than previous 
results in (Pellegrini & Longinelli, 2008), whose δ18OPO4 values were part of the Central 
Pacific Basin dataset in this study. The original authors estimated paleotemperatures 
using a ‘modern’ δ18Osw value of 0.3‰ and a value of 1.2‰ to signify the ‘difference’ 
between interglacial and glacial ocean water, which substantially increased the 
estimates. The use of these δ18Osw values is interesting, as many recent studies on 
Miocene – Pliocene climate still use the modern well-mixed value of 0.0‰ because the 
unlikely scenario that it would be a completely ice-free climate. An ocean with relatively 
lower polar ice volume would have a lower δ18Osw value, similar to our model results and 
previous studies used here (e.g., Aguilera et al. 2017; Domingo Carrillo-Bricenõ et al. 
2019). Our temperature estimates for the Central Pacific basin agree with coupled 
Mg/Ca – δ18OCO3 temperature estimates from planktonic foraminifera and alkenone 
estimates (Steph et al., 2010). Additionally, (Pellegrini & Longinelli, 2008) used only 
shark teeth from Carcharhinus sp., making interpretation of marine conditions and the 
likelihood that teeth formed off the coast of Ecuador difficult.  
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5. CONCLUSION 

Present-day SST and δ18Osw values are used to model phosphate and carbonate δ18O* 
values within the enameloid of shark teeth for the epipelagic zone. The δ18O*PO4 
predictions are more correlated and less variable than δ18O*CO3 when compared to 
empirical values. Empirical δ18OPO4 average values appear to reflect a latitudinal 
gradient. However, knowledge of shark ecology should be thoroughly considered as 
demonstrated here.  

Shark ecology, especially migration, should be considered when using shark teeth for 
environmental reconstruction. The use of teeth from highly migratory sharks should be 
reserved unless migration patterns have been well studied. Physiology is another 
biological factor to study as some sharks within the Lamindae family are mesothermic. 
However, mesothermy appears to have a negligible effect on δ18OPO4 values, 
considering values are within ectothermic variation signifying that the ambient sea 
temperature influence is stronger. We look forward to the quantification of mesothermic 
shark body temperature, to not only improve models, but also as an additional 
temperature proxy for open oceans.  

We see similar summary statistics for temperature and δ18OSW values between our 
modern and fossilized samples. The variation seen in our large dataset of extant and 
extinct sharks reflects the different temperatures and salinities shark species can inhabit. 
The offset between modern and fossilized shark teeth δ18O values likely reflects the 
mixing conditions and polar ice volume difference between present-day and the 
Neogene.  

The Neogene climate and geography is most relevant when compared to contemporary 
conditions and is used as a case study to interpret the paleo-oceanography and 
paleoclimate. Our Bayesian regression model uses δ18OPO4 from fossilized teeth to 
estimate probability of temperature and δ18Osw; estimates generally agree with other 
proxy interpretations of marine conditions. Anomalies can usually be explained by shark 
species migration habits and hyper- or hypo-salinity. Bayesian regression allows us to 
interpret based on probability of δ18OPO4, temperature, and δ18Osw, rather than just 
δ18OPO4 values alone. As insights to shark paleoecology increase, environmental 
interpretations will provide important complementary context.  
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