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Abstract: Since the discoveries of vertebrate bioapatite’s ability to record oxygen isotope 

composition of ambient seawater were made (Kolodny, 1983), oxygen isotopes have been 

widely used as a climatic and oceanographic proxy. The δ18OP aquatic vertebrate apatite is 

a function of the δ18Ow value of the ambient water, yet “vital effects” on the δ18OP composition 

have been reported previously (Venneman et al., 2013). I have analysed δ18O composition 

in the teeth of six extant shark and ray (chondrichthyan) species from the tropical ocean tank 

of the Blackpool Sea Life Center, UK. The teeth were naturally shed and collected from the 

tank substrate. 

Preparation of samples was performed in the Laboratory of Isotope Geology at the Natural 

History Museum of Stockholm (Sweden), and the δ18O was measured at the NordSIM facility, 

using secondary ionization mass spectrometry (SIMS) by a high precision and high spatial-

resolution CAMECA IMS 1280 ion microprobe. 

Data treatment was followed by statistical analysis. Results show significant δ18O differences 

at inter-tissue level. I could also illustrate the impact of organics-pretreatment on the final 

δ18O values, with the outcome of one more favourable pretreatment for SIMS analysis. Inter-

taxon variability was observed, without much statistical confidence, but I hypothesize that it 

may be due to the difference in tissue crystallization and organic quantity between species. 
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Exploring the variables of oxygen isotope composition of shark teeth 

1. Introduction 

Since the discoveries of the ability of biological mineralized structures to record ambient 

seawater isotopic composition (Longinelli & Nuti, 1973A, 1973B; Kolodny et al., 1983; 

Kolodny & Luz, 1988; Lécuyer et al., 1996A, 1996B), biological mineralization and 

biogeochemistry have emerged as exciting new tools in research of past climates, ecology 

and environment.One such method is the analysis of oxygen isotope fractionation (δ18O) 

captured in animal mineralizing tissues, which represents a ratio of the two more common 

oxygen isotopes, 18 and 16.Specifically, δ18O from a sample is known to be influenced by a 

number of factors, from ambient temperature, salinity to physiology and lifestyle (Kohn & 

Cerling, 2002; Eagle et al., 2010, 2011) defining a heavy influence of both environmental and 

“vital” effects.  

As established, the utility of this fraction to inform environmental circumstances leaves the 

impact of “vital”, more specifically physiological effects, as poorly understood, especially 

when utilizing taxa with no contemporary equivalent, such as the example of conodonts, 

which are a preferential target for palaeo-reconstruction isotopic studies. (Žigaitė et al., 2010; 

Trotter et al., 2008; Barham et al., 2012) Physiological discrepancies have been recognised 

in the scientific community as an issue of importance (Lécuyer et al., 2013), however little 

systematic research has been executed so far to answer these questions via extant taxa. 

Additionally, variation both within taxa and even in the same specimen has been documented 

(Vennemann et al., 2001; Kesmez et al., 2004). Trotter & Eggins (2006) pointed out δ18O 

variation within conodont biomineralized elements. Although a large part of these paleo-

reconstruction studies covers the effects of depositional alteration and chemical isotope 

fractionation in ambient sea water, the idea of a physiological effect is often discarded or, in 

cases of fully extinct groups, illusive to analyse. Vital effects appear however to command 

discrepancies in the field that continue to go unattended. 

Arguably the best proxy to understand fossil variation is to understand extant taxa variation. 

To this I would suggest cartilaginous fish as a prime target of evaluation, seeing as their 

dental elements are in high abundance and often well preserved in the fossil record. Due to 

polyphyodonty being common between condricthyans and the enamel-like structure of their 

dental elements, with the addition of chondricthyans originating in the early Devonian, this 
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group provides a chronologically extensive documentation of oceanic δ18O, which persists to 

this day with extant species (neoselachians).  

The aim of my research is therefore to investigate potential physiological “vital” effects on the 

oxygen isotope composition of modern shark teeth at inter- and intra-species level. To 

achieve this, in situ tissue-targeted microanalyses were performed using secondary ion 

mass-spectrometry (SIMS) on the teeth of six neoselachian species, aiming to discern any 

finer discrepancies between factors such as taxonomic influences and dental histologies, as 

well as to establish a reference point for values in neoselachians and, by extension, to 

chondricthyans. Three different cleaning treatments (Vennemann et al., 2001; Grimes & 

Pellegrini, 2013) were adapted and applied, in order to decipher the methodological 

component of the isotopic signal and in turn identify potential biotic trends, which are 

independent from analytical artefacts. These methodological and physiological factors are 

studied utilizing samples from live specimens grown in a controlled environment (i.e. stable 

temperature, salinity and diet), with the intention of excluding environmental conditions and 

diagenetic alteration from the recorded oxygen isotopic signal.  

1.1 Oxygen Isotope Fractionation 

The oxygen isotope fraction is acquired by measuring the fraction of 16O to 18O present in 

whatever oxygen bearing molecule is present in a sample. These isotopes are defined by a 

differing number of neutrons in the atomic nucleus, which implicates that 18O is elementally 

heavier than 16O.  The main quantities of these stable isotopes in water are governed by 

several factors, among which and more importantly for this paper, by ambient temperature, 

with water molecules containing the lighter 16O evaporating more readily than those 

containing its heavier counterpart (Craig, 1961A). Given this water temperature can be 

estimated by looking at the fraction of 18O present in a sample, represented in per mil, 

calculated as follows: 

  

with the standard representing a relative sample of water, with the sample widely used in 

geochemistry being the Vienna Standard Mean Ocean Water (VSMOW) (Baertschi, 1976) 

obtained from distilled seawater. This standard worked as a replacement for Craig (1961B) 

hypothetical SMOW calibrated to a sample of water from the Potomac river. 
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In a palaeontological setting oxygen isotope fractionation is often used to estimate an 

organisms environmental water conditions in life or to estimate an organism mean body 

temperature, as a window to its lifestyle (Iacumin et al., 1996, Lécuyer et al., 1996A, 1996B; 

Fischer et al., 2013; Trotter et al., 2015, 2016), through oxygen capturing tissues, with usually 

the best modes of preservation being biomineralizations. This fractionation method proves 

more problematic when looking into terrestrial lifeforms, as fresh bodies of water often have 

heavy variations of isotopic fractionation, despite water temperature, and that water intake in 

organisms is influenced by both diet and drinking water, especially in more arid environments 

(Clark & Fritz, 2013). This issue is lessened by looking at clumped isotopes C-O ratios, a 

method which gives a more precise scaling for body temperature (Eagle et al., 2010, 2011). 

However, when it comes to aquatic ectothermic life, especially in marine environments, it is 

generally credited that isotopic fractionation is directly representative of the ambient water, 

both in temperature and in other isotopic discrepancies (ie. Salinity, secondary water basin 

influence).   

1.2  Bioapatite 

Geologically, oxygen isotope fractionation is analysed through apatite crystals. Molecular 

composition of chondrichthyan bioapatite is largely composed of fluor-apatite (CaPO4F) with 

lesser quantities of hydroxyapatite (CaPO4OH) and carbonate-apatite (CaPO4CO3OHF) 

(Moeller et al., 1975). Generally, carbonates (CO3) and phosphates (PO4) are of particular 

focus for oxygen isotope fractionation, seeing that they are the most resistant groups in 

animal mineralized tissues to post-mortem alteration (Kolodny et al.,1983, Iacumin et al., 

1996).  

In biogenic mineralizations both carbonate and phosphate molecules reflect the isotopic 

fractions of the ambient water as well as other lifestyle details of the organism, such as dietary 

choices, drinking basins and quantity of water intake. Unlike conventional methods of 

extracting δ18O, SIMS analysis does not discriminate between δ18O of phosphates (δ18Op) 

and δ18O of carbonates (δ18Oc).  

Carbonate is less resistant to secondary alteration, with material showing heavy diagenetic 

alteration before the upper Paleogene but may preserve isotopic integrity in cases of 

exceptional preservation, most common in highly mineralized tissues such as enamel and 

enamel-like structures. Well preserved CO3 is of huge importance to body temperature paleo 

studies, as clumped-isotope analysis of C and O are informative to discern crystallization 

temperatures of biomineralizations. (Shemesh et al., 1983; Kohn & Cerling, 2002) 
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Phosphate has been conventionally hard to isolate, usually contributing to bulk sampling that 

difficulty discriminating phosphates from other oxygen bearing molecules, which for samples 

that have been exposed to long term diagenetic weathering may provide a less informative 

δ18O. The processes that do achieve it through dissolution and chemical processing (Tudge, 

1960; Longinelli, 1965; Kolodny et al., 1983; Lécuyer et al., 1996A, 1996A) tend to require a 

large amount of material for sampling, usually constituted by several singular elements from 

different specimens, along with any vestigial sediment or alteration, which is bound to 

introduce a lot of background noise to analysis. 

In vertebrates the biomineral containing these molecules is bioapatite, which is secreted and 

can crystalize in several forms resulting in different tissues. Specific to chondricthyans, 

mineralized structures are only present in tissues composing dental elements and scales. 

Tissue structure in chondrichthyan teeth varies between the extant members of the clade, 

however can be broken down to three parts common to all members (Fig.1); a dentine crown 

covered with an external layer of enameloid (the layers and organization of which vary 

between species) and a basal/root anchoring point into the cartilaginous jaw (Fig.1) 

(Lowenstam & Weiner, 1989; Enax et al., 2012). Enameloid and to a lesser degree dentine 

are highly mineralized while basal tissues present a more porous matrix richer in organic 

matter (Lowenstam & Weiner, 1989; Enax et al., 2012). 

 

Fig. 1. Schematic of a shark tooth (nurse shark) showing different zones targeted. SCE is single-crystalline 

enameloid, PBE is parallel bundled enameloid, TBE is tangle bundled enameloid, D is dentine. 

These physiological differences along with crystallite sizes being variable between tissues, 

with enameloid presenting large crystallites in a tightly packed matrix, while basal tissue 

possesses smaller, more loosely distributed crystallized matrix (Kohn et al., 1999). Matrix 

crystallization correlates directly with how well samples resist to secondary alteration in the 

sediment. This provides that the different types of biomineral present in chondricthyans is, 
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from order of least to most resistant to alteration, as follows: basal < dentine < enameloid.. 

(Shemesh et al., 1983; Kohn & Cerling, 2002) 

Therefore, enameloid presents as the best tissue for isotopic preservation, due to large 

crystallite size and tightly knit highly mineralized tissue composition (96 ~ 98% mineral) (Enax 

et al., 2012) composed of calcium fluorophosphate, closely resembling inorganic 

fluoroapatite. The lack of porosity of enameloid relates that it endures far beyond than others 

present when it comes to preserving the original isotopic composition, making it a preference 

for palaeontological research.  

Most chondricthyans are polyphyodonts, meaning they regularly discard old dentition and 

grow new rows. This provides us with extensive, often well-preserved fossil remains of 

discarded teeth, dating back to the Lower Devonian (Botella et al., 2009). Chondricthyans, 

and therefore neoselachians, are argued to not possess real enamel, as the dental elements 

of sharks are not regarded as homologous to sarcopterygian teeth, and by extension, other 

vertebrate clades (Gillis & Donoghue, 2007). Selachimorphs, which include all the specimens 

in this study except for the guitarfish, which is my established outgroup member of Batoidea 

(Fig. 2), have the same well-defined structure of dentition, an outer layer of single crystal 

enameloid, a double layer of enameloid, dentine, osteodentine or pulp and basal tissue (Fig. 

1). The bowmouth guitarfish has a similar single crystal enameloid thin outer layer, followed 

by a structure of enameloid that’s penetrated by dentine/osteodentine dendrites, with gradual 

transition to basal tissues with no clear delimitations (Enault et al., 2013). 

1.3 Water-phosphate and water-carbonate δ18O fractionation equations 

A phosphate-water scale for direct relation of oxygen isotopic fractionation in phosphates 

(δ18Op) to temperature was established by Longinelli & Nutti (1973A) based on shelly fossil 

phosphates, following and improving on previous methodologies of phosphate fluorination. 

Through mass sampling of different extant taxa from a range of temperatures combined with 

isotopic analysis of environment water and logging on the temperature they were able to 

linearize their results and extrapolate a function to directly relate mean-temperature during 

growth (t) to isotopic fractionation in the shelly phosphates 

T(oC)  = 111.4 – 4.3(δ18Op - δ18Ow) 

assuming that the isotopic composition of the ambient water (δ18Ow) is known, or in the case 

of most palaeo studies, estimated.  
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This was expanded in the same year by Longinelli & Nutti (1973 B) but utilizing bone and 

teeth phosphates from oceanic fish. They distributed along the same slope as predicted, with 

a temperature error of up to 4 oC. This same equation was revisited and appeared to align 

well with inorganic phosphorites (Shemesh et al., 1983) as well as with land dwelling 

mammals (Kolodny et al., 1983 ; Lécuyer et al., 1996 B.). Although Kolodny et al. (1983) 

(Kolodny & Luz, 1988) did calibrate it for bony fishes in particular with minor changes 

T(oC) = 111.3 – 4.38(δ18Op - δ18Ow) 

More recently this was brought into scrutiny by Pucéat et al. (2010), claiming there was an 

offset in the equation of about 2.2 %o providing the revised formula  

T(oC) = 118.7–4.22 [(δ18Op + (22.6−δ18ONBS120c)) −δ18Ow] 

with the addition of a correcting factor δ18ONBS120c as a floating variable dependant on apatitic 

sample utilized to calibrate analysis. 

The carbonate-water scale is very rarely used for bony structures, but is often utilized for 

calcitic biological mineralizations, such as shelly fossils, and Anderson & Arthur (1983) 

developed the following formula based on previous research (McCrea, 1950; Epstein et al., 

1953) 

T (oC) = 16.0 – 4.14(δ18Oc - δ18Ow ) + 0.13(δ18Oc - δ18Ow)2 

In regard to VSMOW standardization. 

Following this Lécuyer et al. (2013) performed an extensive fit analysis for the more accepted 

fractionation equations, covering both δ18Oc and δ18Op to discern consistency, arguing that 

both Kolodny et al. (1983) and Pucéat et al. (2010) formulas overestimated temperatures 

upwards of 5oC, and claiming a lingulid/shark combination standard (Lécuyer et al., 1996 A; 

Picard et al., 1998) as more precise for use in fish for carbonate and phosphate δ18O. This 

remains a discussed topic, as there is a certain degree of methodological variation in this 

type of analysis which results in an absence of a consensus for standardization. 

2. Material & Methods  

The methodology of my study is based particularly in recent studies on neoselachiian sharks. 

Vennemann (2001) looked at wild caught sharks teeth through conventional methods of 

powdered samples precipitated through specific agents for carbonates and phosphates from 

specific areas of the dental elements (crown, mid and basal) as well as testing for different 

treatment effects on sample isotope signal and bulk weight. These specimens were from an 
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array of taxa living in a variety of different conditions to exacerbate any taxa effect on δ18O 

recording. It was observed that cold water dwelling sharks possessed a higher isotopic value 

than their warm water dwelling sister taxa, with an average variation of 2‰ within groups from 

similar environments, in line with expected ocean water isotopic values. Of note is that in 

some samples of the warm water dwelling shark’s intra-individual isotopic variation was 

higher than the standard error expected, of upwards to 1.2‰ in the tiger shark. Additionally, 

results showed discernible difference in δ18Oc between each section in the teeth sampled, 

where crown, mid and basal parts of the teeth had different isotopic signatures, but that the 

same was not true for δ18Op, which appeared to conserve the same isotopic signature 

throughout the whole tooth. This is in line with the paleogeological bias for phosphatic 

enameloid structures (Shemesh et al., 1983) in which both phosphate molecules and highly 

mineralized structures present the best modes of preservations against weathering, however 

no natural weathering should be present in this sampling, as the teeth were taken directly 

from caught live specimens.  

More recently Grimes & Pellegrini (2013) testing of different chemical treatments to isolate 

δ18Op, also utilizing conventional methodology, but monitoring sample alteration during 

treatment development through several methods seems to show very little effects of 

treatment on isotopic signals between dental histologies. Observations also did not show 

relevant visible difference in precipitation of Ag3PO4, δ18Op results for dentine and enamel did 

not present any pattern of variation treatments, with this variation being below 1‰ for each 

set of results, which appear to oppose Vennemann et al. (2001) observations on sample total 

weight loss through similar pre-treatment methodology, showing high variation for H2O2 and 

distilled water compared to NaOCl treatments. 

Later, Žigaitė & Whitehouse (2014) applied part of this treatment, specifically hydrogen 

peroxide, to sandtiger shark teeth for use with SIMS. This particular treatment was chosen 

for its reaction and removal of organic elements from samples, and results were encouraging, 

revealing small discrepancies on the tissue level that were hard to previously grasp with 

conventional methodologies. Unlike conventional methodologies, which are dissolution and 

chemical selection for specific oxygen bearing molecules, SIMS analysis samples all oxygen 

in a specific sample area, which means it acquires an isotopic reading that reflects the 

combined δ18O in the structure, organic, phosphatic, carbonitic or otherwise. I aim to utilize 

SIMS for specific tissue targeting, and base myself in conventional treatment methods for 

sample cleaning to discern difference between treatments, tissues and taxa. 
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2.2 Origin of material and conditions 

Sample teeth were supplied by the Blackpool Sealife Center (UK), collected from the tank 

sediment after a total duration of 23 years. The tank is climate controlled, maintained at stable 

levels of salinity (33-34 PSU), oxygenation (seawater recharged every 2 days from the Irish 

Sea) and temperature of roughly 24.5 °C. 

This study is done on 6 species of extant chondrichthyans (neoselachiians), grown in captivity 

under identical conditions in a communal tank. Samples were selected and identified as 

belonging to the following taxa; Sandbar shark (Carcharhinus plumbeus), Nurse shark 

(Ginglymostoma cirratum), Blacktip reef shark (Carcharhinus melanopterus), Whitetip reef 

shark (Triaenodon obesus), Sand tiger shark (Carcharias taurus) and Bowmouth guitarfish 

(Rhina ancylostoma). 

All the species in my study belong to different clades in the superorder Selachimorpha with 

the exclusion of the bowmouth guitarfish, which belongs to the superorder Batoidea, 

representing my designated outgroup. Additionally the nurse shark is a member of the order 

Orectolobiformes with the remaining of the species all being located in the order 

Carcharhiniformes (Fig.2).  

.  

Fig.2. Cladogram depicting taxonomical relationships between taxa, acquired through ITOL, utilizing NCBI 

database 

Teeth morphology is variable between taxa with some presenting differing feeding 

adaptations, especially with the nurse shark, which is a bottom dweller suction feeder, and 

the bowmouth guitarfish, which has globular crushing dentition. Additionally, the sandbar 

shark presents very thin, needle-like dentition. No time of teeth discarding was documented, 

giving all of the samples a variable indeterminate duration of deposition, at the least 11 years 

for the sand tiger shark, as these specimens had not resided in the tank for more than 11 

years before collection. 
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2.1 SIMS 

SIMS is a novel technique for isotopic analysis, it functions by targeting an ion beam into a 

specific nanometric target area in situ of a mounted sample which substitutes and vaporizes 

targeted ions through substitution, which are analysed in a spectrometer detector chamber 

(hence secondary-ion mass spectrometry, SIMS, also known as ion microprobe). (Kita et al., 

2009) Samples are usually mounted in epoxy resin, cut and polished into an exposed surface, 

followed by a light superficial gold coating to neutralize ionic charge and prevent 

contamination. 

18O/16O isotope ratio analyses were performed in situ by SIMS by a high precision and high 

spatial-resolution CAMECA IMS 1280 ion microprobe following methods identical to those 

described by Whitehouse & Nemchin (2009), utilizing a critically focused Cs+ primary beam 

with a spot size of ca. 10 µm, a low energy, normal incidence electron flooding device for 

charge compensation and simultaneous detection of 16O and 18O in two Faraday detectors. 

Targeting was preferential to enameloid structures as suggested in Žigaitė & Whitehouse 

(2014) (Fig. 1; Fig. 3), but dentine and basal samples were also taken.  

 

Fig. 3. Horizontal cut of a blacktip reef shark depicting SIMS sampling sites (black square areas); en1 is parallel 

bundled enameloid, en2 is tangle bundled enameloid and d is dentine. 

Durango apatite mounted together with the teeth was used as the primary isotope standard, 

assuming a δ18OVSMOW value of 9.30‰ independently determined (9.30‰, ±0.12, 1σ) by gas 

source isotope ratio mass spectrometry at the Stable Isotope Laboratory of the University of 

Erlangen-Nuremberg, Germany. All the δ18O values are given in VSMOW.  

Two pairs of Durango analyses bracketed each batch of 6–8 unknowns, with an average of 

its replicate analyses over the analytical sessions of 9.40‰, and a mean standard deviation 

of ±0.2‰ (1σ), which was propagated together within run uncertainty. Minor linear drift 
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corrections of between 0.015‰ and 0.03‰ per run were applied over each session to 

minimize this external uncertainty. The SIMS analyses were performed at the NORDSIM ion 

microprobe laboratory at the Swedish Natural History Museum in Stockholm, Sweden. 

2.3 Treatment 

Sample preparation was performed at the Department of Geosciences of the Swedish Natural 

History Museum in Stockholm, and the Department of Organismal Biology, Uppsala 

University, Sweden. Individual teeth were cleaned using four different methods based on but 

modified from Grimes & Pellegrini (2013): (1) soaked for 12 hours in hydrogen peroxide 

(H2O2), which is known to act both as an organic matter and carbonate solvent; (2) soaked 

for 12h in 2.5% sodium hypochlorite (NaOCl) to remove soluble organic matter, washed 

several times in distilled water,  (3) double treatment, soaked for 12h in 2.5% sodium 

hypochlorite (NaOCl) to remove soluble organic matter, washed several times in distilled 

water and then soaked for 48h in sodium hydroxide (NaOH) to remove humic acids and (4) 

untreated samples which serve as the treatment control. 

Teeth were mounted in epoxy resin and sectioned to obtain best histological exposure, 

keeping the target areas within 10 mm from the centre of the mount and polished flat (relief 

≤1 µm), in order to minimize analytical artefacts related to sample geometry and topography 

(see Kita et al., 2009). The surface of the mounts were subsequently gold-coated. Statistical 

analysis and graphic generation were done using RStudio Version 1.1.463 (© 2009-2018 

RStudio, Inc.). 

3 Results 

The resulting oxygen isotope ratios showed a varying degree of constraint, from a good fit 

around my analytical error of 0.2‰ up to a standard deviation of 2.8‰ (Table 1). Nurse shark 

H2O2). Most of the samples, with the exception of basal tissues, fit well within an average 

1σ>1‰ with a general mean δ18OVSMOW of ~22.4‰. 

3.1 Tissue variation 

Regarding tissue, my sampling echoed Žigaitė & Whitehouse´s (2014) foray into SIMS 

methodology. Generally lower standard deviations and higher mean δ18O tend to be present 

for the more mineralized tissues; enamel and dentine. (Table 1) For NaOCl and 

NaOCl+NaOH treatments both tissues did not show reasonable difference in standard 

deviation, but dentine did present a slight trend of being lower in δ18OVSMOW when compared 

to enameloid values (Fig.5).  
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Table 1. Isotopic means for each cleaning in different targeted tissues 

Species/Treatment Basal δ18O 

(‰, VSMOW) 

+/- 

1σ 

Dentine δ18O 

(‰, VSMOW) 

+/- 

1σ 

Enameloid δ18O 

(‰, VSMOW) 

+/- 

1σ 

Carcharhinus plumbeus (sandbar shark) 

 untreated -- -- -- -- -- -- 

 H2O2 14.4 2.1 23.1 0.9 23.7 0.7 

 NaOCl -- -- 22.8 0.4 23.4 0.3 

 NaOCl+NaOH -- -- 23.2 0.6 24.1 0.9 

Carcharhinus melanopterus (blacktip reef shark) 

 untreated -- -- 21.3 0.8 21.8 0.8 

 H2O2 -- -- -- -- -- -- 

 NaOCl -- -- -- -- 23.6 0.3 

 NaOCl+NaOH -- -- 23.8 0.6 24.3 0.2 

Triaenodon obesus (whitetip reef shark) 

 untreated   17.4 1.7 22.6 0.5 

 H2O2 17.8 1.7 20.0 2.2 22.5 0.5 

 NaOCl   23.5 0.2 23.5 0.2 

 NaOCl+NaOH 20.6 0.3 22.7 0.5 23.1 0.2 

Carcharias taurus (sandtiger shark) 

 untreated -- -- 22.3 0.2 23.7 0.3 

 H2O2 -- -- 21.6 0.4 23.0 0.2 

 NaOCl -- -- 22.3 0.5 22.3 0.5 

 NaOCl+NaOH -- -- 23.9 0.3 24.1 0.4 

Ginglyostoma cirratum (nurse shark) 

 untreated -- -- 16.9 2.1 22.3 0.5 

 H2O2 19.0 2.8 17.1 1.5 22.7 0.7 

 NaOCl -- -- 22.6 0.1* 22.4 0.4 

 NaOCl+NaOH 16.8 2.5 22.5 0.5 23.3 0.4 

Rhina ancylostoma (bowmouth guitarfish) 

 untreated -- -- -- -- 20.0 3.4 

 H2O2 -- -- -- -- -- -- 

 NaOCl -- -- -- -- -- -- 

 NaOCl+NaOH 7.8 2.4 -- -- 22.2 0.2 

*only two data points for this entry 
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Regardless, basal tissues had by far the largest deviation and lowest mean δ18OVSMOW, with 

average 1σ = 2‰ and presenting δ18OVSMOW values from as low as 4.7‰ up to 22.3‰ 

between all six species, showing the lowest standards for the bowmouth guitarfish. 

3.2 Treatment variation 

Responses to treatment show a slight descending trend of higher δ18OVSMOW and lower 

standard deviations respectively for untreated, H2O2, NaOCl and NaOCl+NaOH, with 

NaOCl+NaOH presenting the higher δ18OVSMOW and lower deviations and untreated samples 

generally showing lower δ18OVSMOW and higher deviations (Fig. 4; Fig. 5).  This is shown with 

the general mean for treatments, again excluding basal tissues, as they were relatively 

undersampled against the others (Table.1 Basal column shows patchy sampling), with 25.5‰ 

for NaOCl+NaOH, 22.9‰ for NaOCl 21.7‰ for H2O2 and 21.2‰ for untreated samples. 

 

Fig.4. Violin and boxplots of only enamel structures exposed to different treatments. Species organized 

taxonomically from upper branches (left) to lower (right). 

Notable exceptions to this particular trend are the sandbar shark, with higher standard 

deviation for NaOCl+NaOH than the single NaOCl treatment and a particularly low standard 
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deviation for nurse shark NaOCl treatment of dentine, where we only two data points from 

the sampling.  

3.3 Species variation 

3.3.1 Inter-taxon  

Although very low interspecies variation is observed, with averages only fluctuating around 

+/- 1‰, there does appear to be a descending trend from the upper Selachimorpha branches 

towards Batoidea with the guitarfish (Table 1., Fig. 2, Fig. 9). This descending trend is most 

visible in the double wash pre-treatment (Fig. 4, NaOCl+NaOH treatment, bottom right), but 

is the frequent throughout all treatments and tissues (Table 1., Fig. 4). The whitetip reef shark 

is an exception to this trend, having a mean δ18OVSMOW in enameloid NaOCl+NaOH 

pretreated samples of 23.1‰, lower than the sandtigers value of 24.1‰, and a general 

tendency to be under 23‰ for all other sampling combinations.  

3.3.2 Intra-taxon 

As observed by Vennemann et al. (2001) there appears to be a generally higher amount of 

variation when different teeth of the same species are analysed in comparison to datasets, 

habitually presenting discrepancies in medians of over 1‰ (Fig. 7). This variation is the most 

visible in the peroxide treated enameloid (Fig. 7) particularly in the nurse shark (Fig. 7, H2O2 

G. cirratum), with an amplitude of values approaching 2‰. 

4. Discussion 

SIMS yields consistent δ18O values within enameloid, which do not exhibit standard deviation 

above 1‰ between all samples. Dentine δ18O ratios are also generally constricted to below 

1‰ standard deviation, with some exceptions in the peroxide and untreated samples of 

whitetip reef and nurse shark. δ18O in basal tissues has a considerably higher standard 

deviation, surpassing values above 1‰. (Table 1) 

Additionally, O observe a similar amplitude of values of roughly 2‰ between teeth medians 

of the same species, when several teeth are exposed to the same treatment than I observe 

between species (Table 1., Fig. 7). The presence of this amplitude of averages in teeth of a 

single species certainly appears to impact standard deviation, as exemplified with nurse shark 

H2O2 treatment and blacktip reef shark untreated (Fig. 7), both have higher deviation of 0.7‰ 

and 0.8‰ (Table 1) respectively and both of which had several teeth being analysed (Fig. 7 

Untreated C. plumbeus & H2O2 G. cirratum). However, it is of note that these two samples do 

not present the highest deviation in a species, that belonging to sandbar shark NaOCl+NaOH 
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pretreatment with 0.9‰ from a single tooth sample (Table 1). Despite this anomaly in the 

sandbar sharks’ results, I generally observe low variation within the same tooth sample for 

enameloid tissues, with a σ of around 0.4‰ (Table.1). 

  

Fig.5. Boxplots for each tissue, treatment and species displaying median, 1st and 3rd quartile and minimum and 

maximum whiskers. Golden is basal tissue, light gray is dentine, black is enameloid. Scales varied between 

species to show full span of values. 

It is important to underline that most of my sampling was targeted towards the more 

mineralized, less organic-rich tissues, following the conclusions of Žigaitė & Whitehouse 

(2014). This was done in order to obtain the most concise isotopic values, which may reflect 

statistical bias for under sampled combinations in smaller tissue areas, as is the case of the 
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nurse shark dentine NaOCl value, obtained from only two data entries or the low amount of 

basal data in my possession. 

The cleaning pre-treatments were intended to remove organic material from the samples, 

however it appears that the surface application of cleaning agents appears to leave some of 

the inherent organics within the more organics-rich tissues, such as dentine or basal tissues, 

indicated by lower δ18O values. Differences in each tissue’s reaction to pre-treatments is 

further supported by the fact that the more mineralized structures dentine and enameloid had, 

on average, similar standard deviations (Table 1) with dentine having consistently lower 

medians δ18O (Fig. 5).   

  

Fig. 6. Boxplots of δ18OVSMOW plotted against each different tissue analysed with no discretion to species, middle 

line represents value median, the box shows quartile value variation and whiskers show minimum and maximum 

values, dots represent outliers.  

Despite this difference being small dentine tends to have lower δ18O values than enameloid 

(Fig. 6). The difference in medians is negligent between sodium hypochlorite and sodium 

hypochlorite + sodium hydroxide treatments (Fig. 4, Fig. 5 NaOCl & NaOCl+NaOH). Such a 

decrease in difference of amplitude in δ18O average values for NaOCl and NaOCl+NaOH is 

probably due to a more effective removal of organic compounds.   
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Different species with differing mineralization show abnormal preferences for some 

treatments, as is the case of sandtiger shark teeth peroxide pre-treatment or sandbar and 

whitetip reef shark teeth pre-treated with only sodium hypochlorite having the lowest standard 

deviations in their respective species pre-treatment (Table. 1). This discrepancy might also 

be a statistical artefact of lower sample size, as my dataset has fewer observations for 

peroxide pre-treatment in general, however I do not observe the same tendency in the rest 

of my values for peroxide. 

 

 

Fig.7. Boxplots depicting enameloid results of different teeth present for a given treatment and a given species, 

middle line represents value median, the box shows quartile value variation and whiskers show minimum and 

maximum values.  

Although standard deviations appear to be analogous between peroxide, sodium 

hypochloride and combined sodium hypochloride and sodium hydroxide treatments, the 

generally lower δ18O values from the teeth with organics pre-treatments utilizing H2O2 could 



17 
 

be a result of dissolution of the carbonate part of mineralized tissue, as H2O2 is known to act 

as an acid and works well in removal of carbonates from bioapatitic structures (Grimes & 

Pellegrini, 2013) perhaps being an equally efficient cleaning agent of carbonates as it is of 

organic material. 

Relative to the other treatments, the decrease in δ18O values in response to H2O2 is the most 

visible in dentine structures which in chondricthyans are known to have higher content in 

carbonates (Kesmez et al., 2004). In my data this ranges from <2‰ (sandtiger shark) up to 

>5‰ (nurse shark).  

  

Fig. 8. Left, guitarfish globular tooth, a lot of organic matter and cracks in the tissues, right sand tiger needle-

like tooth tightly mineralized, no visible organic intrusions  

Intra-species and individual variations of oxygen isotope ratio are commonly interpreted as 

an effect of sedentarism and habitat choice (Vennemann et al., 2001), where some teeth in 

a shark jaw may form in one environment while another row may form in another, capturing 

two different isotopic signals. It was noted however that different tissues in fish can show a 

certain variability between them with conventional methods, from enameloid to basal samples 

to even growth series presenting variability above the analytical error (Longinelli & Nutti, 1973 

B). 

The individuals used in my study are not subject to sedentarism however, having been grown 

in a controlled climate fish tank. Most sharks have a few different tooth morphologies with 

diverging physical applications as well as disparate molecular structuring, both at an 

individual and interspecific level (Miake et al., 1991; Kesmez et al., 2004) (Fig. 8, Fig. 9). 

Therefore, the variability in my results may be explained as a tissue restricted factor which is 

arguably a result of differing microcrystalline structure in dental elements both within the same 

individuals’ jaw and between individuals of different species. 
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Fig.9. Schematic showing only NaOCl+NaOH treatment results through all different species with Selachimorpha 

taxonomic tree. Red lines represent Carcharhiniformes, pink represents Orectolobiformes and blue represents 

Batoidea. 

As for inter-species, my observations reveal variability at a taxonomic level. Although minimal, 

the trend points at discrepancies that fall below the analytical error when observing two 

closely related taxa, as is the case of sandbar and blacktip reef sharks, is exacerbated when 

looking at different orders, as is the case of Batoidea and Selachimorpha. Though my results 

do not show the statistical confidence to indicate that this relationship would follow the same 

trend presented here throughout other taxa. 

The outgroup example of Batoidea, the bowmouth guitarfish, has a very peculiar smashing 

and grinding type of dentition, globular in shape (Fig. 8, left), with differences in enameloid 

microstructure compared to my other species (Manzanares et al., 2016) On this note, the 

nurse shark also presents peculiar dental morphology, with a branching, serrated crown to 

the teeth (Fig. 9), resulting from their specialized suction feeding habit. Complex dental 

morphology and small size of nurse shark teeth might have created a sampling bias, which 

might explain why I observe such high variability between the teeth of this species. 

Again, the extreme examples of the impact morphological variability has are present between 

the guitarfish, with dendritic incursions of dentine into the enameloid layers and possessing 

a high degree of organics, even in enameloid structures, and the sand tiger shark, with highly 

mineralized, needle like teeth with very little visible organics and very clear tissue 
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delimitations (Fig. 8). This difference is present at the microcrystalline level as, unlike the 

Selachimorpha present in this study which have enameloid structures as detailed in Fig. 2, 

guitarfish present an almost inverted inner enameloid structural complex, with the outermost 

being single-crystalline enameloid like common sharks, but the structure right below 

possessing a randomized crystal orientation more resembling of TBE and the layer delimiting 

the dentine having parallel orientations more similar to PBE (Manzanares et al., 2016). This 

inherent mineralized tissue difference between the super-orders of Batoidea and 

Selachimorpha is likely to be the main culprit of an organics-related isotopic discrepancies, 

as regardless of organics removing methods applied residual organic material is likely to vary 

between groups. 

Arguably the different morphologies observed in elasmobranch teeth do not only signify 

different external structure but must also represent differences in internal microstructure of 

each tissue within the dental elements. Some species have dentition with more compact 

internal structure, differences in proportion of different tissues, crystallinity and possess fewer 

organics than others, and this may affect my analysis in several ways given that the same 

tissue structure differences can be argued as true to an extent within the superorder 

Selachimorpha as they are between superorders. 

This difference in morphology can therefore alter SIMS analysis in a number of ways. First 

the different microcrystalline structures in my samples may be responsible for some 

differences in topography during polishing, which would interfere with the Cs+ beam, which 

can sometimes skew isotopic results obtained by mass-spectrometer (Kita et al., 2009). 

Second, differences in teeth porosity may cause variable responses to organics pre-

treatment. And finally, tissue-level structural matrix and molecular composition may contain 

a variable signal of isotopic oxygen, seeing as SIMS analysis does not discriminate between 

which bound oxygens, either due to differing quantities in organic oxygen isotope or in 

carbonate/phosphate oxygen isotope ratios (Miake et al., 1991; Kesmez et al., 2004). 

5. Conclusions 

To conclude, the value of SIMS isotope scanning as a useful tool for high-precision in situ 

tissue specific analysis is apparent, which highlights nuances in variation not detectable by 

conventional methods. My results appear to align with the previous study of Žigaitė & 

Whitehouse (2014), enameloid appears to provide the best confidence interval in my analysis 

and basal tissues show significantly lower δ18O in comparison.  
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I posit that δ18O variation in chondrichthyan dental apatite utilizing SIMS methodology 

appears to be influenced by morphological structure of biogenic apatite, most probably due 

to tissue microstructure varying between species or dental morphologies and therefore 

introducing variation in organic matter present in equivalent tissues. This appears to influence 

either or both treatment and target analysing. A honing down of methodology, especially 

cleaning treatment pertaining to whole-mount SIMS analysis is essential to possibly eliminate 

this factor, as although the NaOCl+NaOH organics pre-treatment showed reasonable efficacy 

in enameloid, other more specialized treatments might improve results in other tissues, as 

well as in species with more organics-enriched dental matrices. 

Particular care for which growth series, which tooth type and which species the sample 

originates from should be exercised. Chondrichthyan teeth are already divided by 

nomenclature from other vertebrate teeth when It comes to their enamel-like structure (Gillis 

& Donoghue, 2007). These enameloid structures are also varied within the clade, to the point 

that contention should be exercised when drawing equivalence between structures. 

It should be underlined that, for maximum confidence in utilizing oxygen isotopes in palaeo-

environmental reconstruction, knowledge of the organism’s lifestyle, growth and 

microcrystalline composition is essential. Studies on extant proxys, such as neoselachians, 

are essential for comparison and full understanding of oxygen isotope compositions in 

bioapatite of all kinds, be it fossil or modern in origin. 
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