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A B S T R A C T   

Shark teeth are abundant in the fossil record and integrate physiological information, ecological interactions, and 
paleo-oceanographic conditions in their chemistry. Fossil shark teeth are well suited for stable isotope analysis 
because their enameloid is resistant to diagenetic alteration due to its high chemical stability. Although often 
used in paleoecological studies of mammals, carbonate carbon isotope compositions (δ13CCO3) in shark enam
eloid have remained enigmatic. Here, we investigate multiple stable isotope systems (δ13Corg, δ13CCO3, δ18OCO3, 
δ18OPO4) within modern shark teeth to determine relationships between the different systems and build an 
interpretative framework for future studies of both modern and fossil sharks. There is a weaker than expected 
correlation between δ18OPO4 and δ18OCO3 values in modern shark teeth (r2 = 0.44), which contrasts with 
mammalian studies to date and suggests this metric is not an appropriate test for diagenetic alteration in fossil 
shark teeth. Organic carbon isotope composition (δ13Corg) measured from modern dental collagen ranges from 
−16.0‰ to −10.8‰. The enameloid δ13CCO3 values we measured are much higher than collagen, ranging from 
−6.0‰ to 10.3‰, and there is no direct relationship between δ13Corg and δ13CCO3 values in shark teeth. Instead, 
we found the fractionation (ε) between δ13Corg and δ13CCO3 values to correspond with δ18OCO3 values but not 
δ18OPO4 values. This could be due to the carbon source in shark enameloid being partitioned between dietary 
carbon and dissolved inorganic carbon (DIC) or physiological differences in the tooth formation process changing 
the fractionation of carbonate isotopes. We applied the fractionation factor from modern teeth to carbonate 
isotope compositions of fossil shark teeth to predict δ13Corg values. Although the carbon sources to shark 
enameloid carbonate needs further investigation, our results suggest that fossil shark teeth could provide insights 
into carbon cycling of ancient marine ecosystems.   

1. Introduction 

Sharks have a rich and abundant fossil record, documenting their 

persistence through multiple mass extinctions and climate events since 
their origination (Maisey, 2012), but many aspects of their ecology 
remain elusive. Past studies on shark paleoecology gleaned insights 

* Corresponding author at: Department of Life and Environmental Sciences, University of California, Merced, 5200 Lake Rd, Merced, CA 95343, United States of 
America. 

E-mail address: mokarnes@iu.edu (M.E. Karnes).  

Contents lists available at ScienceDirect 

Palaeogeography, Palaeoclimatology, Palaeoecology 

journal homepage: www.elsevier.com/locate/palaeo 

https://doi.org/10.1016/j.palaeo.2023.111943 
Received 23 March 2023; Received in revised form 24 November 2023; Accepted 27 November 2023   

mailto:mokarnes@iu.edu
www.sciencedirect.com/science/journal/00310182
https://www.elsevier.com/locate/palaeo
https://doi.org/10.1016/j.palaeo.2023.111943
https://doi.org/10.1016/j.palaeo.2023.111943
https://doi.org/10.1016/j.palaeo.2023.111943
http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2023.111943&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Palaeogeography, Palaeoclimatology, Palaeoecology 635 (2024) 111943

2

based on sedimentology and stratigraphy, community assembly, and 
relative abundance. Recent paleobiological studies are increasingly 
using quantitative approaches (Whitenack et al., 2022), such as stable 
isotope analysis (SIA). The SIA of fossil shark teeth has been primarily 
used for Cenozoic paleo-oceanographic reconstructions with respect to 
salinity and temperature gradients associated with tectonics, upwelling, 
and currents (e.g., Amiot et al., 2008; Kiel et al., 2023; Kim et al., 2014, 
2020; Kocsis et al., 2007, 2008; Lécuyer et al., 1996; Vennemann et al., 
2001; Vennemann and Hegner, 1998). 

There is growing interest in using SIA to probe shark paleoecology 
(Kast et al., 2022; Kim et al., 2020; McCormack et al., 2022). Stable 
isotope analysis is a commonly used tool in both modern and paleo
ecological studies to answer questions about diet and food web struc
ture, including changes through ontogeny and migration (Shiffman 
et al., 2020). Most neontological (modern) studies of sharks focus on soft 
tissues or collagen extracted from dentin to discern facets of foraging 
ecology (Polo-Silva et al., 2012; Shipley et al., 2021; Zeichner et al., 
2017). However, the fossil record for sharks is primarily comprised of 
teeth, as their cartilaginous skeletons are rarely preserved. The miner
alized outer portion of shark teeth, known as enameloid, is composed of 
a biological fluorapatite making it ideal for SIA in fossils because it is 
highly resistant to chemical alteration (Vennemann et al., 2001; Enax 
et al., 2012). Investigating the enameloid of modern shark teeth with a 
suite of stable isotope systems will help bridge our knowledge of modern 
and paleo shark ecology. 

To investigate isotopic relationships and create a modern interpre
tive framework for shark teeth, we compiled an array of modern shark 

teeth and analyzed the stable isotope composition of the following sys
tems: phosphate oxygen (δ18OPO4), carbonate oxygen (δ18OCO3), car
bonate carbon (δ13CCO3), and organic carbon (δ13Corg). We find limited 
correlation between δ18OPO4 and δ18OCO3 values as well as δ13CCO3 and 
δ13Corg values, but propose an explanation based on the correlation of 
δ18OCO3 values to carbon enrichment values. Then, we use this rela
tionship to estimate δ13Corg values of fossil shark teeth. Future paleo
ecological studies will benefit from an interpretive framework for stable 
isotope geochemistry established in modern shark teeth. 

1.1. Tooth organization, structure, and composition 

Sharks have a polyphyodont dentition and a unique process of tooth 
replacement that resembles a conveyor belt (Fig. 1A,B; Smith et al., 
2012; Berkovitz and Shellis, 2017). Teeth are organized into rows ori
ented along the jaw (Fig. 1A) with files perpendicular to the jaw at 
different stages of development (Fig. 1B). Teeth at the buccal edge of the 
jaw are the oldest row of teeth and are referred to as “functional teeth” 
(Fig. 1B). Functional teeth are shed and replaced every few weeks 
depending on the species (Berkovitz and Shellis, 2017). This continuous 
tooth replacement occurs throughout an individual shark’s lifetime and 
produces the abundant and prolific fossil record for sharks. 

Shark teeth are composed of a central dentin region covered by a 
0.2–0.9 mm layer of enameloid that is thickest at the tip and thins to
wards the root (Fig. 1C; Vennemann et al., 2001). Mineralogically, 
enameloid is a fluoride-rich biogenic apatite primarily composed of 
fluorapatite (Ca5(PO4)3F) with occasional substitutions of hydroxide for 

Fig. 1. A: Sketch of a shark jaw and teeth (Sphyrna mokarran, great hammerhead shark) showing the arrangement of teeth within a jaw (rows are parallel and files 
are perpendicular to the jaw). B: A close-up view showing two series of teeth, where teeth are numbered from the buccal edge of the jaw with 1 being the oldest tooth 
in the file (sketches by Sarah Baird). C: SEM cross-section image of a modern shark tooth (Carcharias taurus, sand tiger shark), showing the regions of enameloid and 
dentin (image generated by James Schiffbauer at the University of Missouri X-ray microanalysis lab (MizzouμX); the tooth is embedded in resin, as the tip of the tooth 
is fractured). 
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fluoride (Ca5(PO4)3OH, hydroxyapatite) and carbonate for phosphate 
(Ca5(PO4,CO3)3F, carbonated apatite) (Miake et al., 1991; Moeller et al., 
1975; Suga et al., 1991) with ~2 wt% carbonate (Vennemann et al., 
2001). The high fluoride concentration (3.3 wt%, Glas, 1962) and low 
organic content (<5%, Sire et al., 2007) in enameloid make it more 
resistant to diagenetic alteration than dentin (Hättig et al., 2019) which 
has a much higher organic content (15–20%, Enax et al., 2012). 

Enameloid performs the same function as mammalian enamel but 
differs in the origin of formation. In mammalian teeth, dentine is pro
duced first by mesenchymal odontoblasts, followed by the production of 
enamel by ameloblasts in the inner dental epithelium (IDE). In sharks, 
this order is reversed and the enameloid production occurs in between 
the IDE and the ectomesenchymal cells of the dental papilla by both 
ameloblasts and odontoblasts (Berkovitz and Shellis, 2017; Fellah et al., 
2021; Francillon-Vieillot et al., 1990; Gillis and Donoghue, 2007). The 
shark “tooth conveyor belt” occurs within the dental lamina, a flat layer 
of epithelial tissue parallel to the jaw. Teeth move forward through the 
dental lamina as they mature until they erupt and eventually become 
functional teeth; depending on the species, there are varying number of 
erupted teeth in functional positions (Jambura et al., 2018, 2019; Ber
kovitz and Shellis, 2017). During the enamel maturation process in 
mammals the enzymes enamelysin (MMP-20) and kallikrein 4 (KLK4) 
aid in the degradation and removal of the organic matrix that scaffolds 
the development of the tooth (Lu et al., 2008) and aids in the growth of 
large, well mineralized crystals in the presence of zinc (Goettig et al., 
2010; Kocsis et al., 2015). Because of the high zinc concentrations re
ported in shark enameloid, especially near the highly mineralized cut
ting edges, it’s hypothesized that these enzymes also play a role in 
enameloid mineralization (Kocsis et al., 2015; Leuzinger et al., 2023). 
Most stable isotope studies examining tooth formation processes feature 
mammals (e.g., Blumenthal et al., 2014; Green et al., 2017; Passey and 
Cerling, 2002) but this discrepancy in enamel and enameloid formation 
may be the cause of differences in carbonate sources. 

1.2. Enigmas of oxygen and carbon stable isotope composition in shark 
teeth 

Oxygen isotope compositions of teeth vary based on the δ18O value of 
the organism’s body water and temperature at time of formation (Kohn 
and Cerling, 2002; Kolodny et al., 1983; Lécuyer et al., 2013; Pucéat 
et al., 2010). Most sharks are ectotherms; therefore, their body tem
perature reflects environmental temperature. Furthermore, as aquatic 
ectotherms, it is assumed their body water is in steady state with envi
ronmental water. With independent proxy data for seawater δ18O 
values, studies can use fossil shark teeth as regional or nearshore pale
othermometers (Chan, 2022; Zacke et al., 2009). Conversely, in systems 
where independent temperature estimates are available, δ18O values of 
bioapatite can help constrain water salinity or isotope composition (Kim 
et al., 2014; Waddell and Moore, 2008; Kocsis et al., 2007). In biogenic 
phosphates like enameloid, δ18O values can be measured in both phos
phate and carbonate. It is assumed that as the tooth forms, both phos
phate and carbonate use body water as a substrate and therefore the 
offset between their δ18O values should be constant (Kohn and Cerling, 
2002). Based on mammal studies, an expected carbonate-phosphate 
oxygen isotope offset of ~9‰ is often used to assess diagenetic alter
ation in fossil specimens (Bryant et al., 1996; Eagle et al., 2011; Iacumin 
et al., 1996; Kohn and Cerling, 2002; Martin et al., 2008; Zazzo et al., 
2004b). However, a large and inconsistent offset is reported in sharks 
(6.0–11.8‰; Vennemann et al., 2001), suggesting that earlier assump
tions about the relationship between carbonate and phosphate oxygen 
isotope composition may not hold true for sharks. 

Carbon isotopes can be measured in both organic and inorganic 
materials. Organic carbon isotope values (δ13Corg) are incorporated into 
consumer tissues via diet, tracing energy flow through a food web with 
an average fractionation of ~1‰ between trophic levels (DeNiro and 
Epstein, 1978). The ecosystem isotopic baseline is set by primary 

producers and in marine systems represents the availability of fresh CO2 
sources for photosynthesis and the organisms’ ability to fully express 
isotopic discrimination (Casey and Post, 2011). Inorganic carbon isotope 
values in most bioapatite (δ13CCO3) are related to δ13Corg through 
respiration. Respired metabolic CO2 in blood is in isotopic equilibrium 
with enamel at time of formation (Passey et al., 2005). The δ13CCO3 
values are thought to incorporate aspects of diet based on studies with 
mammals (Cerling and Harris, 1999; Passey et al., 2005) and have a 
close linear relationship with δ13Corg (Codron et al., 2018); however this 
framework is not valid for sharks. Previously reported results of enam
eloid δ13CCO3 and whole tooth (enameloid + dentine) δ13CCO3 found 
consistent 13C enrichment in enameloid (Vennemann et al., 2001). 
Preliminary data from modern shark teeth lack the linear relationship 
between δ13CCO3 and δ13Corg values seen in mammals (e.g., Cerling and 
Harris, 1999; Passey et al., 2005). Previous studies have also noted the 
enigmatic δ13CCO3 values in fossil shark teeth (Kocsis et al., 2014; Ounis 
et al., 2008; Van Baal et al., 2013). 

In some marine organisms, δ13CCO3 values in biomineralized sub
strate record a more complicated signal that confounds diet and envi
ronmental inputs. For example, δ13CCO3 values in fish otoliths are a 
combined signal from respiration and dissolved inorganic carbon (DIC) 
in seawater, with the relative proportions controlled by metabolism 
(Chung et al., 2019). We hypothesize that similar processes of DIC 
incorporation during enameloid maturation or after tooth eruption may 
affect both carbonate carbon and oxygen isotope compositions of shark 
enameloid. Alternatively, carbonate carbon isotopic compositions may 
be affected by isotopic fractionation during mineralization. The enzy
matic process (described in §1.1) paired with sharks’ faster rate of tooth 
growth and replacement may selectively remove 12C that would result in 
13C-enrichment of the remaining carbon pool during mineralization 
(Leuzinger et al., 2023). In addition to the relationship between organic 
and inorganic δ13C values, the differentiation between carbonate and 
phosphate oxygen isotope values (δ18OCO3 and δ18OPO4) warrants 
further investigation. Previous findings determined a large variation in 
δ18O offset and a wider range of δ18OCO3 values compared to δ18OPO4 
values, which suggests that there is an unknown factor in biominerali
zation affecting isotopic composition of carbonate but not phosphate 
(Vennemann et al., 2001). 

2. Materials and methods 

2.1. Sample collection 

Powdered enameloid samples were collected, then powdered dentin 
samples were separately collected from 153 modern shark teeth, 
including wild and aquarium kept individuals, some of which were part 
of a previously published captive feeding study (Kim et al., 2012a, 
2012b). Twenty-eight samples from the New York Aquarium have 
δ18OPO4 values previously published in Griffiths et al. (2023). The 
Sphyrna zygaena (smooth hammerhead shark) teeth were extracted from 
a formalin-preserved specimen from the University of Utah collections. 
This dataset includes individuals from nine families (Carcharhinidae, 
Carchariidae, Lamnidae, Megachasmidae, Odontaspididae, Somniosi
dae, Sphyrnidae, Squalidae, and Triakidae; species and localities in 
Table 1). For modern samples enameloid was analyzed for δ18OPO4, 
δ13CCO3, and δ18OCO3; and dentin was analyzed for δ13Corg and δ15Norg. 

Powdered enameloid samples were also collected from 54 fossil 
shark teeth that range from Cretaceous to Pliocene in age and include six 
families (Anacoracidae, Carcharhinidae, Lamnidae, Mitsukurinidae, 
Odontaspididae, and Otodontidae; two samples from an uncertain 
family (Parotodus benedinii); Table 2). Although not used in this study, it 
is worth noting that δ18OPO4 values for some of the Miocene and Plio
cene specimens are previously published in Griffiths et al. (2023) to 
investigate endothermy in Otodus megalodon (indicated in Table 2); this 
study publishes new carbonate isotope results from these specimens. In 
addition to the fossil specimens sampled in this study, we also included 
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previously published enameloid carbonate data (δ13CCO3 and δ18OCO3) 
compiled from six studies (Aguilera et al., 2017; Kim et al., 2014; Kocsis 
et al., 2014; Kolodny and Luz, 1992; Ounis et al., 2008; Van Baal et al., 
2013). All fossil carbonate data were included in our estimates of 
organic carbon values (δ13Corg*). Localities, age, species, and number of 
all fossils sampled for this study are included in Table 2. Modern and 
fossil specimens are catalogued at museums and specimen identification 
numbers are included in the supplemental data table. 

2.2. Enameloid – pre-treatment 

For the analysis of enameloid, 4-5 mg of sample were collected from 
all shark teeth using a Dremel on low speed with a 300-μm diamond 
tipped bit. These samples were then treated with 2.5% NaOCl overnight 
to remove organic contaminants, rinsed five times with deionized water 
and dried overnight in an oven at ~50 ◦C. Modern samples were then 
split into two portions for carbonate and phosphate preparation. 

Fossil samples need an additional treatment of acetic acid to remove 
potential secondary carbonates before subsequent chemistry was per
formed (Trueman et al., 2004). Once samples had been rinsed of NaOCl, 
0.5 mL 1 M acetic acid buffered to pH ~ 5 with 0.91 M calcium acetate 
was added. Samples were allowed to react in the refrigerator for 24 h. 
After reaction, samples were rinsed five times with deionized water and 
dried overnight in an oven at ~50 ◦C. 

2.3. Enameloid – carbonate δ13C and δ18O values 

For carbonate analysis, a subsample of enameloid powder as 
described in §2.2 was weighed to ~0.5 mg into glass exetainers (3.7 mL 
round bottom vial, Labco). The headspace of the vials was flushed with 
He gas. Samples were heated to 70 ◦C and ~ 0.1 μL of 104% phosphoric 
acid was added and allowed to digest fully (~2 h). This reaction pro
duces CO2, which was measured for δ13C and δ18O values using a Gas
Bench coupled to a Delta V Plus continuous flow isotope ratio mass 
spectrometer (cf-irms) with a Conflo IV at the Stable Isotope Ecosystem 
Lab of the University of California Merced (SIELO). We determined δ13C 
and δ18O relative to Vienna Pee Dee Belemnites (VPDB). Data were 
corrected for linearity and drift using a suite of calibrated reference 
materials (Carrara Marble [n = 28], NBS 18 [n = 31], USGS 44 [n =
30]). Long-term standard deviation for the instrument is ±0.2‰ for both 
δ13C and δ18O values. 

The S. zygaena samples from the University of Utah collections were 
weighed to ~0.25 mg into glass exetainers that were then flushed with 
He gas. Samples underwent acid digestion via phosphoric acid. The 
resulting CO2 was measured for δ13C and δ18O values on a Thermo 
Finnigan Gas Bench II connected to a cf-irms Thermo Finnigan MAT 253 
via Conflo IV at the Stable Isotope Ratio Facility for Environmental 
Research (SIRFER) at the University of Utah. All data were corrected 
using a suite of calibrated reference materials (LSVEC [n = 4] as well as 
Carrara [n = 4] and Marble [n = 3], both internal lab standards are 
calibrated against international reference materials). Long-term stan
dard deviation for the instrument is ±0.2‰ for both δ13C and δ18O 
values. 

2.4. Enameloid – phosphate δ18O values 

For phosphate oxygen isotope analysis, a subsample of enameloid 

Table 1 
The locality, species, and number of all modern teeth included in this study. 
Specimens with phosphate results published in Griffiths et al. (2023) are indi
cated with ̂ ; carbonate results for these specimens were generated as part of this 
study.  

Modern Teeth Localities and Species 

Location Species n 

California, USA 
Lamna ditropis 3 
Sphyrna zygaena 8 

Santa Cruz, California, USA (captive) Triakis semifasciata 7 
Delaware Bay, USA Carcharias taurus 39 

Florida, USA Carcharhinus limbatus 5 

Hawaii, USA Megachasma pelagios 1 
Odontaspis ferox 3 

New York Aquarium, USA (captive) Carcharias taurus^ 15 
Carcharhinus plumbeus^ 15 

Japan 

Sphyrna zygaena 5 
Carcharhinus brevipinna 1 
Mustelus manazo 1 
Centrophorus acus 6 
Centroscymnus owstonii 1 

South Africa 

Sphyrna mokarran 4 
Carcharodon carcharias 6 
Carcharhinus leucas 19 
Carcharhinus obscurus 5 
Galeocerdo cuvier 9  

Table 2 
The locality, geologic age, species, and number of all fossil teeth analyzed in this 
study. Although not reported here, specimens with phosphate results published 
in Griffiths et al. (2023) are indicated with ^; carbonate results for these speci
mens were generated as part of this study.  

Fossil Teeth Localities and Species 

Location Stratigraphy Period Species n 

Alabama, USA 

Lisbon-Tallahatta 
Formation Eocene 

Striatolamia 
macrota 1 

Eutaw Formation Cretaceous 
Scapanorhynchus 
texanus 1 

Arkansas, USA 
Arkadelphia 
Formation Cretaceous 

Carcharias 
holmdelensis 1 

California, USA 

Sharktooth Hill 
Bonebed Miocene 

Carcharodon 
hastalis^ 1 
Isurus planus^ 1 
Physogaleus sp.^ 1 
Carcharhinus sp.^ 1 

San Mateo 
Formation Pliocene 

Carcharodon 
carcharias^ 1 
Otodus megalodon^ 3 
Carcharhinus sp. 1 

Florida, USA Peace River 
Formation 

Miocene- 
Pliocene 

Otodus megalodon 1 

North Carolina, 
USA 

Pungo River 
Formation 

Miocene 

Carcharias sp.^ 2 
Carcharias taurus^ 1 
Carcharodon 
hastalis^ 

1 

Otodus chubutensis^ 2 

Yorktown 
Formation 

Pliocene 

Carcharias taurus^ 1 
Carcharodon 
carcharias^ 3 

Carcharodon 
hastalis^ 1 

Isurus oxyrinchus 3 
Otodus megalodon^ 6 
Parotodus benedinii^ 1 
Carcharhinus sp.^ 1 

New Jersey, 
USA 

Shark River 
Formation Eocene 

Striatolamia 
macrota 1 

South Carolina, 
USA 

Ten Mile Hill 
Formation Pliocene 

Carcharodon 
hastalis 2 

N. Banks Island, 
Canada 

Eureka Sound Eocene Striatolamia 
macrota 

20 

France 
Campanian 

deposit Cretaceous 
Scapanorhynchus 
sp. 

1 

Squalicorax kaupi 1 
Kuzubukuro, 

Japan 
Iwadono 

Formation Miocene 
Otodus megalodon 1 
Parotodus benedini 1 

Choshi City, 
Japan 

Na-arai 
Formation Pliocene 

Carcharodon 
carcharias^ 

1 

Otodus megalodon^ 9 

Kazakhstan 
Middle Eocene 

deposit Eocene Otodus sokolovi 1 

Morocco 
Early Eocene 

deposit Eocene 
Striatolamia 
macrota 1  
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powder as described in §2.2 was used to precipitate silver phosphate 
using the “rapid” precipitation method from Mine et al. (2017). First, 
1.5 mg of sample were dissolved in 50 μL 2 M HNO3 overnight. The next 
day, CaF2 was precipitated using 30 μL 2.9 M HF and 50 μL 2 M NaOH 
and the supernatant was transferred to a new microcentrifuge tube. The 
CaF2 pellet was rinsed with 50 μL 0.1 M NaF and this supernatant was 
also transferred to the new tube. Silver phosphate was precipitated from 
the supernatant by adding 180 μL of a silver ammine solution (0.37 M 
AgNO3, 1.09 M NH4OH). The pH was adjusted to 6–7 with <10uL dilute 
HNO3 or NH4OH for optimal precipitation (additional discussion of this 
pH adjustment detailed in Mine et al. (2017)). Silver phosphate crystals 
were rinsed five times with deionized water and dried overnight at 
50 ◦C. All phosphate samples were weighed in triplicate to 0.15–0.20 mg 
in silver capsules and measured for δ18O values using a TC/EA coupled 
to a Delta V Plus cf-irms with a Conflo IV at the SIELO. We determined 
δ18O relative to Vienna Standard Mean Ocean Water (VSMOW). All data 
were corrected for linearity and drift using a suite of calibrated reference 
materials (USGS 80 [n = 95], USGS 81a [n = 91], IAEA 601 [n = 52]). 
Long-term standard deviation for the instrument is ±0.4‰ for δ 18O. 

2.5. Dentin – organic δ13C values 

To determine the stable isotope composition of organic carbon 
(δ13Corg), collagen was isolated from tooth dentin. Powdered dentin 
samples were collected from all modern shark teeth using a Dremel on 
low speed with a 300-μm diamond tipped bit. These samples were then 
demineralized using chilled 0.1 M HCl following Trayler et al., 2023. 
After demineralization, samples were rinsed five times with deionized 
water and freeze dried overnight. Samples were weighed to 0.4–0.5 mg 
in tin capsules. Collagen samples were measured using a Costech 4010 
Elemental Analyzer coupled to a Delta V Plus cf-irms with a Conflo IV at 
the SIELO. All data were corrected for linearity and drift using a suite of 
calibrated reference materials (USGS 40 [n = 36], USGS 41a [n = 23], 
costech acetanilide [n = 35]). Long-term standard deviation for the in
strument is ±0.1‰ for δ13C and ±0.2‰ for δ15N values. 

For the S. zygaena specimens from the University of Utah collections, 
a whole tooth was demineralized in 0.6 N HCl at 4 ◦C. The supernatant 
was decanted and replaced daily until complete (supernatant free of 
Ca3(PO4)2), no visible density gradient, and sample “spongy” when 
probed). The sample was then rinsed to neutrality and soaked in 5% 
KOH. The KOH was poured off and replaced daily for removal of organic 
contaminants. After acid and base extraction, the sample was rinsed to 
neutrality again and gelatinized in 5 mL of water (pH 3) for 24 h at 
90 ◦C. Water-soluble and insoluble phases were then separated by 
filtration with a 0.45 μm, Luer-Lok syringe filter and the water-soluble 
phase was lyophilized and weighed to obtain a final collagen yield. 
Collagen samples were measured for δ13C values by flash combustion on 
a cf-irms coupled to elemental analyzer at SIRFER. All data were cor
rected for linearity and drift using a suite of calibrated reference mate
rials (UU-CN-1 [n = 3], UU-CN-2 [n = 3], both internal lab standards are 
glutamic acids calibrated against USGS 40 and USGS 41). Long-term 
standard deviation for the instrument is ±0.2‰ for δ13C values. 

2.6. Estimating organic carbon (δ13C) 

We compared the offset between the two δ13C values (δ13CCO3 and 
δ13Corg), based on the fractionation (ε) defined as: 

α =

(
(1000 + δ13CCO3)
(
1000 + δ13Corg

)

)

ε = 1000*ln(α).

This calculation of fractionation was chosen over the simpler ΔA-B =

δA- δB because ΔA-B is only a good approximation of fractionation when 
values are <10‰ (Sharp, 2017). Additionally, we refer to ε* given that 

this value is for a biological and non-reversible reaction (Cerling and 
Harris, 1999). We used only functional teeth (position 1, Fig. 1) for the 
regression as the carbon offset varies between teeth in different posi
tions, possibly due to changing CO3 concentration during enameloid 
maturation (Supplemental Fig. 1). 

In addition, we attempted to determine the proportional inputs of 
organic and inorganic carbon sources to enameloid (δ13CCO3) with a 
simple two-component mixing model. The two-component model was 
adapted from Chung et al. (2019) to incorporate two ε to account for 
offset from dietary carbon (org) and DIC sources: 

δ13CCO3 = (1 − x)
(
δ13Corg + εorg

)
+ x

(
δ13CDIC + εDIC

)

where x is the proportion input of DIC and δ13CDIC = 1.252, (Tagliabue 
and Bopp, 2008). We used results from all extant shark δ13CCO3 and 
δ13Corg values in this study, substituted εorg and εDIC from −30 to 30, and 
constrained x between 0 and 1 since it is a proportion input. All model 
code is available in supplemental material. 

2.7. Statistical analysis 

All statistical analyses were done in R (2023, v 4.3.1). Pearson’s 
correlation coefficient (r) was calculated using the function “cor.test” to 
measure the strength of correlation between continuous variables 
(δ18OPO4 vs. δ18OCO3, δ13Corg vs. δ13CCO3, and δ13CCO3 vs. δ18OCO3). For 
ε* vs. δ18OCO3 and ε vs. δ18OPO4 we applied linear regression models 
using the function “lm”. We report the test used, test statistic, and sig
nificance (where relevant) in the results text. 

3. Results 

3.1. Modern oxygen isotope compositions 

We used a single tooth from 117 modern specimens to generate 
carbonate and phosphate δ18O values. We generated only δ18OCO3 
values for an additional 31 modern specimens. All δ18OCO3 values were 
converted from VPDB to VSMOW for comparison with δ18OPO4 values. 
For our dataset, the δ18OCO3 ranged from 23.3‰ to 30.4‰, with an 
average of 26.9 ± 1.6‰ (n = 148; SMOW values). The range for δ18OPO4 
values was narrower than that for δ18OCO3 values, ranging from 20.1‰ 
to 24.8‰, with an average of 22.8 ± 1.2‰ (n = 117; SMOW values). The 
offset between δ18OCO3 and δ18OPO4 values ranges from 0.3 to 8.0‰ with 
an average of 4.3 ± 1.6‰. Pearson’s correlation shows a significant but 
low positive correlation between δ18O values from carbonate and 
phosphate across all specimens (Fig. 2, r = 0.44, p = 1.09 × 10−6). A 
comparison at the family level demonstrated a stronger positive corre
lation for Carcharhinidae (n = 49; r = 0.70, p = 7.49 × 10−9). However, 
other families had weaker correlations than the entire sample set. For 
example, Carchariidae had extensive variation, which spanned most of 
the range (δ18OCO3 ranged 4.6‰ and δ18OPO4 ranged 4.0‰), but there 
was very low correlation (r = 0.24, p = 0.09). Other notable families are 
Lamnidae and Odontaspididae, where all individuals had elevated δ18O 
values in CO3 and PO4 components (i.e., plotted together in the upper 
right quadrant; Fig. 2). 

3.2. Modern carbon isotope compositions 

We generated δ13C values of collagen (δ13Corg) and carbonate 
(δ13CCO3) from wild and captive sharks, totaling 151 modern specimens. 
The wild specimens have δ13Corg values that range from −20.7‰ to 
−11.1‰, with an average of −14.0 ± 1.5‰ (n = 151). There are five 
individuals with low δ13Corg values; four of these individuals were part 
of a captive controlled feeding experiment and were intentionally fed a 
13C depleted diet. The mean C:Nweight% of modern samples was 3.0 ± 0.7 
and there was no distinction by family. The δ13CCO3 values have a wider 
range, spanning from −5.4‰ to 10.3‰, with an average of 2.3 ± 3.2‰ 
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(n = 151). Pearson’s correlation shows low correlation between δ13Corg 
and δ13CCO3 (Fig. 3, r = 0.17, p = 0.04). Carbon offset (ε*) values have a 
large range, from 8.9‰ to 25.3‰, with an average of 16.4 ± 3. 4‰. 
Further, this offset has a significant linear correlation with δ18OCO3 
values (Fig. 5, R2 = 0.62, p ≤2.2 × 10−16), but only marginal coherence 
with δ18OPO4 values (R2 = 0.03, p = 0.05). The relationship between ε* 
and δ18OCO3 is described by a linear model in Fig. 5, ε* = ((1.54 ± 0.1) x 
δ18OCO3) + (22.64 ± 0.5). We did not find distinctions in relationship by 
family. Comparing the carbonate carbon and oxygen isotope values with 
Pearson’s correlation shows significant correlation (Fig. 4A: r = 0.71, p 
≤2.2 × 10−16). A mixing model to determine proportional inputs of 
dietary vs. DIC carbon into δ13CCO3 values (described in §2.6) deter
mined 56% of carbonate carbon was from DIC in seawater. The esti
mated εorg values varied across the entire range of −30 to 30 while εDIC 
were more likely positive values. Further, if εorg = 0, suggesting respired 
δ13C from diet incorporated into enameloid carbonate had a similar 
isotopic composition to that incorporated into dental collagen, then the 
proportion of DIC incorporated was less (~40%; Fig. 5). The accompa
nying εorg and εDIC values are available in the Supplemental Materials 
(Figs. S3 and S3). 

3.3. Fossil carbonate analysis 

We generated carbonate data (δ13CCO3 and δ18OCO3 values) from 54 
fossil specimens. The fossils include four geologic periods: Cretaceous 
(145 Ma – 66 Ma, n = 4), Eocene (56 Ma – 33.9 Ma, n = 24), Miocene 
(23.0 Ma – 5.3 Ma, n = 18), and Pliocene (5.3 Ma – 2.6 Ma, n = 28) 
(localities are listed in Table 1). For fossil specimens sampled in this 
study, the δ13CCO3 values range from −3.4‰ to 9.6‰, with an average of 
4.5 ± 3.1‰ (n = 54). The δ18OCO3 values range from −11.0‰ to −2.5‰, 
with an average of −4.6 ± 1.7‰ (n = 54; VPDB values). Pearson’s 
correlation shows low correlation between δ13CCO3 and δ18OCO3 

(Fig. 4B: r = 0.10, p = 0.18). 

3.4. Estimating fossil organic carbon values 

Given the strong relationship between ε* and δ18OCO3 values in 
modern teeth, we apply the linear model from Fig. 5 to fossil teeth and 
estimate organic δ13C values. We refer to these estimated organic carbon 
isotope compositions as δ13Corg* values. The mean and standard devi
ation of each time bin are as follows: Triassic = −14.8 ± 0.14‰ (n = 2); 
Cretaceous = −11.5 ± 3.0‰ (n = 81); Paleocene = −8.3 ± 1.9‰ (n =
16); Paleocene/Eocene boundary = −24.3 ± 2.2‰ (n = 12); Eocene =
−5.9 ± 5.8‰ (n = 39); Miocene = −10.0 ± 4.4‰ (n = 18); and Pliocene 
= −11.6 ± 2.3‰ (n = 33) (Fig. 6). In general, the δ13Corg* values from 
fossil shark teeth had a larger variation and were more 13C-depleted 
than modern shark teeth (measured δ13C = −14.1 ± 0.9‰ [n = 101], 
this study without captive sharks). One notable exception is the Paleo
cene/Eocene boundary, which had the lowest mean δ13Corg estimates 
recorded for shark teeth. 

4. Discussion 

We generated a suite of stable isotope values from modern shark 
teeth to investigate the interrelationships between organic and mineral 
isotope systems as well as determine paleoecological applications. We 
discuss patterns between oxygen isotopes in carbonate and phosphate as 
well as carbon in organic and carbonate substrates. We compare the 
patterns observed in the extant sharks to those from mammals, a well- 
studied system. Further, we apply a model based on coupled carbon
ate – collagen isotope measurements from modern shark teeth to fossil 
shark teeth to explore the possible implications for paleoecological 
studies. 

4.1. Oxygen isotopes in shark tooth enameloid 

4.1.1. Source water 
We expected δ18OCO3 and δ18OPO4 in enameloid to have a strong 

linear relationship because both components are thought to form in 
equilibrium with the same source (i.e., body water) during enameloid 
mineralization. However, we found only a weak correlation between 
δ18OCO3 and δ18OPO4 values in shark tooth enameloid (Fig. 2), which 
suggests these components are recording, to a degree, different signals. 
Experiments with synthetic apatite minerals show that δ18OCO3 values 
are controlled by a kinetic fractionation process that involves the δ18O of 
water and temperature at which the reaction occurs (Lecuyer et al., 
2010). Therefore, in living organisms it is expected that biomineralized 
materials are formed in equilibrium with body water. Previous studies 
with mammals confirmed that enamel δ18O values reflect δ18O values of 
ingested water (Iacumin et al., 1996; Longinelli, 1984; Luz and Kolodny, 
1985; Podlesak et al., 2008). Since mammals have a constant body 
temperature, the δ18OCO3 and δ18OPO4 values of bioapatite have a linear 
relationship with only slight variations in the reported equations and 
error (Bryant et al., 1996; Chenery et al., 2012; Göhring et al., 2019; 
Iacumin et al., 1996; Martin et al., 2008; Pellegrini et al., 2011; Zazzo 
et al., 2004b). Tooth growth patterns and oxygen isotope values in 
mammals have also been modeled to reconstruct seasonal environ
mental conditions (Green et al., 2018a, 2018b, 2022; Passey et al., 2005; 
Trayler and Kohn, 2017). 

In ectotherms, the oxygen isotope composition of bioapatite reflects 
both body water δ18O values and the temperature at time of minerali
zation. Empirical relationships for environmental water δ18O values, 
temperature, and δ18OPO4 values in biological apatite are established for 
fish (Kolodny et al., 1983; Longinelli and Nuti, 1973). This relationship 
was applied to sharks by Vennemann et al. (2001), which resulted in 
expected temperature estimates of multiple species and their habitats. 
The equation was later revised with a study of captive fish (Pucéat et al., 
2010) and revised again most recently by Lécuyer et al. (2013). Our 

Fig. 2. A comparison of enameloid phosphate oxygen (δ18OPO4) and carbonate 
oxygen (δ18OCO3) isotope composition colored by family. There is weak cor
relation between these variables (r = 0.44, p = 1.09 × 10−6). 
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results from shark enameloid also support the relationship between 
δ18OPO4 values and environmental conditions. 

If both phosphate and carbonate oxygen isotope compositions are 
forming in equilibrium with body water, similar to mammals, δ18OCO3 
and δ18OPO4 values would have a strong linear relationship. However, 
our values of δ18OCO3 and δ18OPO4 have low correlation (Fig. 2, r = 0.44, 
p = 1.09 × 10−6). This result is consistent with the larger variation in 
δ18OCO3 compared to δ18OPO4 values first reported in Vennemann et al. 
(2001). One explanation is the incorporation of oxygen from DIC into 
the carbonate ion, as DIC has multiple ions with associated oxygen 
atoms (CO2, CO3

2-, HCO3
−). Further, there is evidence from invertebrates 

that oxygen isotope fractionation decreases with pH (Zeebe, 2007). With 
multiple studies showing a strong relationship between source water, 
temperature, and δ18OPO4 in fish, it is most likely that the variation we 
see in sharks is caused by an additional factor affecting δ18OCO3 values. 

4.1.2. Taxonomic patterns 
Despite having low correlation across the sampled population, we 

found patterns in δ18OCO3 and δ18OPO4 values when examined by taxo
nomic family. Carcharhinid sharks (Carcharhinus brevipinna n = 1, 
C. leucas n = 19, C. limbatus n = 5, C. obscurus n = 5, C. plumbeus n = 15, 
Galeocerdo cuvier n = 9) have a strong and significant correlation be
tween δ18OCO3 and δ18OPO4 (r = 0.70, p = 7.49 × 10−9). In contrast, 
these values in lamnid sharks (Lamna ditropis n = 3, Carcharodon 
carcharias n = 6) do not correlate (r = −0.06, p = 0.88) and instead 
group together with elevated δ18OCO3 values (Fig. 2). This pattern is 
likely due to their partial endothermy, a form of thermoregulation that 
allows retention of some metabolic heat to elevate body temperature 
above their environment (Goldman, 1997; Griffiths et al., 2023). 

The odontaspidid sharks (Carcharias taurus n = 54, Odontaspis ferox n 
= 3) also show an interesting pattern, with differentiation by species and 
habitat. In C. taurus, wild-caught and aquarium-kept individuals 
differentiate in δ18OPO4 values, as expected given stable water temper
atures in captivity, but not in δ18OCO3 values (Fig. 2). This pattern could 
be due to water treatment or additives at the aquarium that affect DIC 
isotope composition or due to the migratory pattern of wild C. taurus. 
Individuals sampled are part of a population in Delaware Bay that 
spends time in the low salinity waters of the bay and migrates along the 
coastal shelf (Kneebone et al., 2012, 2014; McCormack et al., 2023; 
Teter et al., 2015). The O. ferox individuals have a similar range in 
δ18OPO4 values as the wild C. taurus, but differentiate in δ18OCO3 values, 
possibly due to their habitat preference for deeper water (Compagno, 
2001). 

4.1.3. Oxygen offset as a metric for diagenesis 
The carbonate-phosphate oxygen isotope spacing (δ18OCO3 - 

δ18OPO4) has been proposed as diagnostic tool for diagenesis in fossils (e. 
g., Kohn and Cerling, 2002). Previous studies on mammalian teeth 
suggest an expected offset of ~9‰ in unaltered samples and deviation 
from this range is interpreted as alteration (Bryant et al., 1996; Eagle 
et al., 2011; Iacumin et al., 1996; Martin et al., 2008). Modern mammal 
studies generally report standard deviations of <1‰ for this offset. 
Despite close correlation between the two variables in mammals, a few 
studies still caution against reliance on this metric. For example, one 
study found an average spacing of 8.4 ± 0.7‰, but a large intra-tooth 
variation of ~2‰ (Martin et al., 2008). A literature review of 
mammalian oxygen isotope spacing concluded that despite strong cor
relation, the amount of variability in spacing means this measurement 
should not be used a diagnostic tool for diagenesis until the water source 
of bioapatite mineralization is better understood (Pellegrini et al., 
2011). 

More recent studies suggest that this variability in oxygen isotope 
spacing may be related to species or diet-specific differences (Göhring 
et al., 2019) or impacted by seasonality (Fraser et al., 2021). Enameloid 
in bony fish has a reported offset of 8.1–11.0‰ in modern specimens and 
6.8–11.7‰ in Holocene specimens (Sisma-Ventura et al., 2019). 

Similarly, this offset has a much larger range in modern sharks (Ven
nemann et al., 2001 range: 6.0–11.8‰ with an average of 9.1 ± 1.5‰; 
our data range: 0.3–7.5‰). Given the lack of strong correlation between 
δ18O values from carbonate and phosphate in our dataset as well as the 
larger variation in offset for modern sharks, we do not recommend this 
metric as a diagnostic measure of diagenesis in shark teeth. 

4.2. Complexity of δ13CCO3 values from shark teeth 

The carbon isotope composition in aquatic and marine biominerals 
potentially reflects dissolved inorganic carbon (DIC) exchanged or 
adsorbed during mineralization. Our results demonstrate low corre
spondence between δ13CCO3 and δ13Corg values (Fig. 3) in modern shark 
teeth, which suggests that δ13CCO3 does not represent diet. However, 
there are other marine organisms where δ13CCO3 values record diet and 
environmental conditions. For example, δ13CCO3 values of corals form in 
equilibrium with environmental water and vary with DIC and photo
synthesis (McConnaughey et al., 1997); and the δ13CCO3 values of fish 
otoliths are a combined signal of diet, DIC, and metabolism that is best 
represented with a two-component mixing model (Chung et al., 2019).
We adapted the Chung et al. (2019) mixing model with two fraction
ation factors and estimated the contribution of environmental carbon 
(DIC) to the δ13CCO3 values in our extant shark teeth. Our model 
assumed that the dental collagen δ13C values were analogous to the 
respired carbon incorporated into enameloid carbonate, which is sup
ported by the offset in δ13C and δ15N values from diet and incorporation 
rates determined for carbon and nitrogen (Zeichner et al., 2017). 
Regardless, if there are two fractionation factors (i.e., εorg and εDIC) or no 
additional fractionation between organic carbon incorporated into 
dental collagen and enameloid carbonate, seawater DIC contribution 
estimates are substantial and likely 40%–70% based on our isotopic 
results and model assumptions (more results and discussion available in 
Supplemental Materials). 

Further, this study includes individuals from a captive feeding study 

Fig. 3. Dentine organic carbon (δ13Corg) compared to enameloid carbonate 
carbon (δ13CCO3) isotope values colored by family. There is no correlation be
tween these variables in contrast to results from mammals, which is shown by 
the lines. The dashed line is the best fit for herbivorous mammals and solid line 
is the best fit for carnivorous mammals (r2 > 0.89 and p-values <0.0001; 
Codron et al., 2018). 
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(Kim et al., 2012b), which supports the explanation that δ13CCO3 values 
do not solely represent diet in sharks. The leopard sharks (Triakidae) 
were kept in similar water conditions but fed two isotopically distinct 
diets (i.e., squid δ13C = −18.5 ± 0.5‰ and tilapia δ13C = −23.2 ±

0.9‰; Kim et al., 2012b). Although the sharks fed tilapia had distinct 
δ13Corg values (~6‰ lower), their δ13CCO3 values were more similar to 
the squid-fed leopard sharks (~2‰ lower) and within the range of wild 
sharks. Having isotopically distinct diets and δ13Corg values, yet similar 
δ13CCO3 values indicates the carbonate substrate is not tracking diet with 
high fidelity. However, all the captive leopard sharks shared the same 
water conditions, which suggests the incorporation of an environmental 
factor, such as DIC, similar to fish otoliths. Similar results were found by 
Leuzinger et al. (2023) who hypothesize that these elevated δ13CCO3 
values may be a product of fractionation during biomineralization 
processes. To further investigate enameloid δ13C values in carbonate, 
future studies could compare dentine δ13Corg and δ13CCO3 as well as 
enameloid δ13CCO3 and δ13Corg values, however the size of teeth in this 
study and analytical instrumentation limits of our facility precluded that 
possibility. 

We also observed that this phenomenon was limited to oxygen 
isotope composition of carbonate and did not affect phosphate. There 
was a strong positive relationship of ε* with δ18OCO3 values (Fig. 5: r2 =

0.62, p < 2.2 × 10−16), but not with δ18OPO4 values (r2 = 0.04, p = 0.03), 
which suggests that the unusual carbon isotope values in shark ename
loid could be associated with carbonate ion (CO3

−2) substitutions rather 
than isolated to 13C fractionation in biomineralization. If during the 
enameloid maturation process DIC (in the form of CO3

2−) is incorporated 
or exchanged in the mineral matrix, then it would affect both δ13CCO3 
and δ18OCO3 values. This process is likely temperature dependent; the 
water temperature would affect the surrounding water pCO2, differen
tial between blood and seawater pCO2, and fractionation factors as 
seawater DIC is incorporated into the mineral matrix. Despite the 
enigmatic nature of isotope compositions in shark enameloid, we used 
the linear relationship between ε* with δ18OCO3 values to develop a 
predictive model and estimate the δ13Corg values of fossil shark teeth. 
With carbonate isotope composition, the linear regression can estimate 
δ13Corg values, which has application for paleoecological studies of 
carbon cycling, diet, and food web dynamics of ancient marine 
ecosystems. 

4.3. Estimated fossil organic carbon values 

The carbon isotope composition of marine ecosystems varied 
through geologic time depending on carbon cycling processes, but in
ferences rely mostly on residual organic matter in sediments (Jenkyns, 
2010) and the inorganic carbonate record (Prokoph et al., 2008). 
Organic carbon in protein substrates, such as dental and bone collagen, 
decays quickly and typically cannot be analyzed beyond 100,000 years 
(Clementz, 2012), however recent studies successfully analyzed nitro
gen isotope composition from mineral-bound organics in enamel(oid) 
(Kast et al., 2022; Leichliter et al., 2021). We estimated δ13Corg values 
for fossil shark teeth using a linear model based on modern shark teeth 
(Fig. 5). 

The average δ13Corg* value decreases over time from the Eocene 
towards modern (Fig. 6) so that Pliocene sharks are most similar to 
modern sharks. A declining trend is also documented in inorganic car
bon isotope record measured in benthic foraminifera (Zachos et al., 
2001), although the magnitude of change (~1‰) is smaller than that of 
our δ13Corg* values. Records of organic carbon isotopes in sedimentary 
rocks show a larger magnitude of variation through time than the car
bonate record (Khozyem et al., 2021; Wang et al., 1997), although still 
not nearly as large as the change that we see in the samples from the 
Paleocene/Eocene boundary. Similar to what is seen in our data, the 
Cretaceous has been found to have a higher carbon isotopic baseline 
(Cullen et al., 2023). The Eocene and Paleocene-Eocene boundary (P/E) 
are both anomalies to the trend. The P/E has the lowest mean δ13Corg* 

value (−24.3 ± 2.2‰) while the Eocene has the most variability and 
highest mean δ13Corg* value (−3.3 ± 5.9‰). Over longer time spans, 
both the organic and inorganic carbon isotope records have been 
remarkably stable, with deviations over the last ~3.5 billion years 
averaging ~25‰ (Garcia et al., 2021). 

The carbonate isotope compositions of fossil shark teeth may have 
some alteration and this approach of δ13Corg* values must be further 
refined before applications to paleoceanography or paleoecology. While 
the bioapatite of enameloid may preserve the phosphate isotope 
composition, there are previous studies that suggest carbonate is more 
vulnerable to diagenesis (Zazzo et al., 2004a). The degradation of or
ganics within dentine can result in ion exchange and recrystallization of 
apatite (Keenan, 2016). Additionally, Feichtinger et al. (2020) revealed 
that fossilized teeth preserved microbes that bored into the organic and 
mineralized tissue through collagen fibers, potentially altering the 
organic collagen and inorganic carbonate carbon isotopic compositions. 
Even when using the mineral portion of dentine, the bonds between 
C–O are weaker compared to phosphate, as carbonate is readily dis
solved from apatite and is also prone to analytical bias (Demény et al., 
2019; Lee-Thorp, 2002). The contrasting patterns between δ13C and 
δ18O values from carbonate in modern vs. fossils specimens (Fig. 4A vs. 
B) suggest caution in interpretations from carbonate isotope 
composition. 

The intriguing Eocene δ13Corg* values may reflect distinct environ
mental conditions during this time. For example, the Eocene δ13Corg* 
values are widely variable and 13C-enriched compared to other epochs. 
One possible cause is variation in salinity; many of our samples are from 
the Eureka Sound Formation on Banks Island in the Arctic where 
δ18OCO3 values from shark enameloid indicate brackish water (Kim 
et al., 2014). Salinity affects both concentration and δ13C of DIC (Bakker 
et al., 1999; Gillikin et al., 2006). Differences in δ13CDIC values caused by 
low salinity would affect δ13Corg values of autotrophs at the base of the 
food web and cascade to predators like sharks. Secondly, the Eocene is 
known for greenhouse climate conditions with high mean global tem
peratures, high concentrations of atmospheric CO2, and punctuated 
climate events characterized by negative carbon isotope excursions 
(Zachos et al., 2008). These climate events include longer events such as 
the Early Eocene Climatic Optimum (EECO) and more rapid events 
known as hyperthermals such as the Paleocene-Eocene Thermal 
Maximum (PETM), the best studied and most extreme Eocene hyper
thermal. These relatively short but intense perturbations to inorganic 
carbon could cause the larger variation in δ13Corg* values estimated 
from the linear regression from modern teeth. 

The possibility to estimate δ13Corg values based on carbonate SIA in 
shark teeth presents opportunities to extend paleo SIA applications 
beyond environmental reconstruction to exploring ecological topics like 
food web dynamics. Inorganic carbon isotope values are rarely used or 
reported in the literature due to their abnormal values. Besides this 
study, there is only one published dataset of inorganic carbon isotope 
values for modern sharks (Vennemann et al., 2001). There are a few 
paleontological studies reporting δ13CCO3 values for fossil shark teeth; 
however, these values were not used to make paleoecological in
terpretations (Aguilera et al., 2017; Kocsis et al., 2014; Kolodny and Luz, 
1992; Ounis et al., 2008; Van Baal et al., 2013). Here, we propose a 
model to estimate dietary carbon based on carbonate isotope composi
tion of shark enameloid. These estimates would allow us to investigate 
questions about nearshore vs. offshore environments, nutrient-rich up
welling regions, and productivity regimes with comparisons between 
modern sharks and the fossil record. However, we want to reiterate our 
caution in using this model in its current form and encourage further 
investigation, especially given the discrepancy in the association be
tween δ13CCO3 and δ18OCO3 in modern and ancient shark teeth (Fig. 4 A 
& B). 
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5. Conclusions 

In conclusion, we compiled and analyzed the largest dataset to date 
of stable isotope values comparing multiple substrates in modern and 
fossil shark teeth. This study provides a foundation for the use of shark 
teeth beyond environmental reconstructions to examine shark paleo
ecology. Due to poor correlation between δ18OCO3 and δ18OPO4 values, 

we suggest only using δ18OPO4 values from shark enameloid as a proxy 
for temperature or water δ18O values. Additionally, the carbonate- 
phosphate oxygen isotope spacing (δ18OCO3 - δ18OPO4) should not be 
used as a diagnostic tool for diagenetic alteration in shark teeth because 
there is a significant amount of variation among modern teeth, which 
have no possibility for diagenetic alteration. In sharks, δ13CCO3 values do 
not correlate with δ13Corg values and therefore does not reflect diet. 

Fig. 4. Carbonate carbon (δ13CCO3) vs. carbonate oxygen (δ18OCO3) isotope values for A) modern teeth (r = 0.71, p ≤2.2 × 10–16) and B) fossil teeth (r = 0.10, p =
0.18). Data points in A colored by family and in B colored by geologic age, “P/E" are samples from the Paleocene/Eocene boundary. 

Fig. 5. A) The carbon fractionation (ε = 1000*ln(α)) compared to carbonate oxygen isotope composition (δ18OCO3). A linear regression of the data is in black (y =
1.54× + 22.64, R2 

= 0.62, p ≤2.2 × 10−16), with the 95% confidence interval shaded. The dashed lines represent the 95% prediction interval. Points are colored by 
family. B & C) Estimates of DIC contribution from adapted Chung et al. (2019) mixing model. Results for modern data in this study when B) two offsets are used for 
respired dietary carbon and seawater DIC incorporation or C) there is only one offset for seawater DIC (assuming respired dietary carbon has no additional offset from 
dental collagen) during enameloid mineralization. 
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Instead, δ13CCO3 values likely reflect a combined diet and DIC signal, 
similar to fish otoliths. This hypothesis is supported by the relationship 
between carbon fractionation (ε*) and δ18OCO3 values. The model from 
this relationship was tested on a fossil dataset that included specimens 
from the Triassic, Cretaceous, Paleocene, Eocene, Miocene, and Plio
cene. It allows estimation of δ13Corg* values from fossil tooth enameloid, 
which indicate13C enrichment through time. Although preliminary and 
likely affected by diagenesis, this trend provides a basis to investigate 
carbon cycling and food web dynamics in ancient marine environments 
using fossil shark teeth. 
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