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ARTICLE INFO ABSTRACT
Editor: Dr. Oleg Pokrovsky. Stable isotope ratios and trace element concentrations of fossil bones and teeth are important geochemical
proxies for the reconstruction of diet and past environment in archaeology and palaeontology. However, since
Keywords: diagenesis can significantly alter primary diet-related isotope signatures and elemental compositions, it is
Bioapatite important to understand and quantify alteration processes. Here, we present the results of in-vitro alteration
E:s:rfsspectroscopy experiments of dental tissues from a modern African elephant molar reacted in aqueous solutions at 30 °C and
Diagenesis 90 °C for 4 to 63 days. Dental cubes with ~ 3 mm edge length, comprising both enamel and dentin, were placed
LA-(MCAICP-MS into 2 mL of acidic aqueous solution enriched in different isotopes (**Mg, **Ca, %7Zn, #Sr, initial pH 1). Element
EPMA and isotope distribution profiles across the reacted cubes were measured with LA-(MC-)ICP-MS and EMPA, while

potential effects on the bioapatite crystal structure were characterised by Raman spectroscopy. In all experiments
isotope ratios measured by LA-(MC-)ICP-MS revealed an alteration of the enamel in the outer ~ 200-300 pm. In
contrast, dentin was fully altered (~ 1.4 mm) after one week at 90 °C while the alteration did not exceed a depth
of 150-200 pm during the 30 °C experiments. Then, the tracer solution started also to penetrate through the
enamel-dentin junction into the innermost enamel, however, leaving the central part of the enamel unaltered,
even after three months. The Raman spectra suggest an initial demineralisation in the acidic environment while
organic matter (i.e. collagen) is still preserved. In the 90 °C experiment, Raman spectra of the v;(PO4) band of the
dentin shift over time towards synthetic hydroxylapatite patterns and the Ca (and Sr) concentrations in the
respective solutions decrease. This indicates precipitation of newly formed apatite. Isotope and element con-
centration profiles across the dental tissues reveal different exchange mechanisms for different isotope systems.
Magnesium is leached from enamel and dentin, while Zn is incorporated into the apatite crystal structure.
However, the distribution of both elements is not affected in the innermost enamel where their concentrations do
not change over the whole duration of the experiments. We found no correlation of reaction depth in the cubes
and experimental duration, which might be caused by natural variability of the dental material already at the
beginning of the experiment. Our alteration experiments in a closed system at high temperatures <90 °C and low
initial pH demonstrate that at least the central part of mm-thick mammalian enamel apatite seems to be resistant
against alteration preserving its pristine bioapatite mineral structure as well as its in-vivo elemental and isotopic
composition. The experiments assess diagenetic alteration in a novel multi-proxy approach using in-situ analyses
in high spatial resolution. It is demonstrated that the isotopes of Ca, Sr, Zn and Mg in the dentin are prone for
diagenetic alteration, while enamel is more resistant against alteration and could be used for dietary and
physiological reconstructions in fossil teeth.
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1. Introduction

Bones and teeth are important proxy archives for the reconstruction
of diet, ecology, habitat use, and environment of extant and extinct
vertebrates. Both traditional and non-traditional stable isotopes in bones
and teeth have become important proxies for the reconstruction of diet
(613C: e.g., DeNiro and Epstein, 1978; §'5N: DeNiro and Epstein, 1981),
trophic level (5*Ca: Skulan et al., 1997; Clementz et al., 2003; Heuser
et al., 2011; Melin et al., 2014; Tacail et al., 2020; 626Mg: Martin et al.,
2014, 2015; §%Zn: Jaouen et al., 2013, 2016a, 2016b, 2020; Bourgon
et al., 2020; 5%8/86gr: Knudson et al., 2010; Lewis et al., 2017) and
migration (87Sr/86Sr: Ericson, 1985; Price et al., 1994; Sillen et al., 1995;
Hoppe et al., 1999), respectively. Environment- and diet-related element
or isotope compositions are ingested from food and water and via
metabolic processes incorporated into bones and teeth. Bones and teeth
are hard tissues composed predominantly of bioapatite, a non-
stoichiometric, carbonate-bearing hydroxylapatite with the formula
Cay0—x[(PO4)6—x(CO3)x] (OH)2—x-nH20, where n ranges between 0.1
and 0.3 (Pasteris et al., 2014). The OH group in bioapatite is partly
replaced by F, whereas Ca is partly substituted by, e.g., Mg, Zn, Sr, Na,
and K due to their similar chemical behaviour and ion radii (e.g., Kohn
et al., 1999; Boanini et al., 2010). Bone and tooth apatite is a complex
solid solution that is further characterised by a small crystallite size on
the order of 20 to 150 nm. Dental enamel has on average, larger bio-
apatite crystallites than bone and dentin, a significantly lower organic
content (=1%) of phosphoproteins and amelogenins, and negligible
intrinsic porosity (Hillson, 2005). This makes tooth enamel much less
prone to diagenetic alteration than bone and dentin, the latter which has
similar properties as bone and is thus similarly susceptible to aqueous
alteration and diagenetic changes (see overview in: Tiitken and Ven-
nemann, 2011). Due to its crystal-chemical properties, bioapatite is a
highly reactive phase that, if its physical and chemical environment
changes (for instance, after death of the individual), it has a high ther-
modynamic driving force to dissolve (Berna et al., 2004). In teeth, the
organic and inorganic components vary significantly between different
hard tissues such as enamel, dentin, and cement. While enamel contains
about 960-990 mg/g hydroxylapatite, dentin and cement contain about
200 mg/g and ~ 300 mg/g of collagen, respectively (Hillson, 2005).
According to its different protein content, crystallite size, and porosity,
enamel apatite is less vulnerable to diagenetic alteration than dentin and
bone (Wang and Cerling, 1994; Hedges et al., 1995; Kohn et al., 1999;
Hedges, 2002; Pfretzschner, 2004). Enamel, especially its trace element
composition, can be altered during the fossilization process (e.g., Kohn
et al., 1999; Schoeninger et al., 2003), while stable light isotope
composition such as C and O (CO3™ or PO~ group) are not prone to
diagenetic alteration (Lee-Thorp et al., 1989, 2000; Ayliffe et al., 1994),
except if microbes are involved (Zazzo et al., 2004a, 2004b).

Diagenetic alteration of the isotopic composition in bioapatite de-
pends on several variables such as temperature, pH, chemical and iso-
topic compositions of the surrounding fluid and/or sediment as well as
of the biogenic apatite itself. Some elements are more prone to diage-
netic alteration than others, therefore every element or isotope system
has to be checked for alteration individually. In general, systematic
studies on the effect of diagenesis on trace element composition are rare.
A good overview about the current knowledge of various isotope sys-
tems, such as Ca, Mg, Cu, Zn and Fe, as well as their diagenetic
vulnerability in biological apatite and potential applications for verte-
brate palaeobiology are given by Martin et al. (2017). Heuser et al.
(2011) measured the calcium isotope composition of fossil dinosaur
enamel as well as dentin from the same teeth and could not detect any
diagenetic alteration of 5**“°Ca values in both dental tissues, which was
further supported by mass balance considerations. According to the
negligible concentration of Ca in diagenetic fluids compared to the
concentration of skeletal and dental tissue, Ca, unlike trace elements,
should have a long-term preservation potential (Martin et al., 2017)
However, especially trace elements, such as Sr, Mg and Zn, are more
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prone to diagenetic alteration compared to the major element Ca. A
trace element study performed on Plio-Pleistocene South African
australopithecine teeth displayed dramatically increased Zn levels in the
fossil enamel samples, compared to Sr/Ca, Ba/Ca and Pb/Ca ratios,
which were not significantly altered during fossilization (Sponheimer
and Lee-Thorp, 2006). Different trace elements seem to be affected
differently during diagenesis. Generally, the effect on Zn in fossil enamel
seem to vary from site to site (Bocherens et al., 1994; Sponheimer and
Lee-Thorp, 2006; Hinz and Kohn, 2010). Bourgon et al. (2020) measured
enamel Zn isotope ratios of a diverse fossil Late Pleistocene fauna from
the Tam Hay Marklot cave and found the 5%Zn values still reflecting
trophic level differences similar to modern mammals, supporting that
the ante-mortem Zn isotope composition and concentration was still
preserved. Both, in modern and fossil teeth they found the outermost
enamel layer of <200 pm displaying higher Zn concentration. This Zn
concentration increase towards the outermost enamel was also found in
teeth of other large mammals and seems to be caused by the process of
enamel maturation (Miiller et al., 2019). Based on mass balance con-
siderations a diagenetic Mg uptake seems to be unlikely, at least for
terrestrial settings, since the Mg concentration in fresh water fluids
(5-20 pg/mL, Shalev et al., 2017; Potasznik and Szymczyk, 2015) is
negligible in comparison to the typical at least 100-fold higher Mg
concentration in bioapatite (2000-10,000 pg/g, Martin et al., 2017). In
contrast, because of the higher Mg concentration in seawater (~1300
mg/mL, Shalev et al., 2017), a diagenetic alteration of Mg in bioapatite
deposited in marine settings is more likely. Overall, alteration of the
trace element composition and isotope ratios can vary from one setting
to another, according to the type of surrounding sediment, stratigraphic
age as well as taphonomical and environmental conditions (e.g., Wang
and Cerling, 1994; Kohn et al., 1999; Hedges, 2002). A study by Cope-
land et al. (2010) on Sr isotopes (87Sr/86Sr) in fossil rodent teeth from
South Africa suggest little contamination of tooth enamel with diage-
netic Sr, however, dentin was observed to have ~ 50% diagenetic Sr.
Another study by Budd et al. (2000) on archaeological human teeth also
found a common, but highly variable diagenetic alteration of Sr in the
dentin, potentially derived from the surrounding soil. Hoppe et al.
(2003) demonstrate, that pretreatment can eliminate around 20% of
diagenetic Sr from Holocene seal bones, and nearly 95% from fossil
tooth enamel.

The understanding of alteration processes is paramount for the
reconstruction of palaeoenvironmental or palaeodietary information
from fossil teeth. However, still little is known about these processes and
mechanisms driving those chemical and mineralogical alterations, such
as recrystallication or isotope exchange processes. Thus far, only few
diagenetic alteration experiments were made. Snoeck et al. (2015)
performed an alteration experiment, where they put fragments of tooth
enamel and calcined bones in 8 Sr-spiked solution for up to 1 year at
room temperature and afterwards cleaned the samples using acetic acid
washing and ultrasonic. 87Sr/%6Sr was measured before and after the
cleaning treatment, whereby all samples showed elevated ratios of
875r/8%r before cleaning. After cleaning, only enamel remained signif-
icantly elevated in Sr, indicating that porosity allows Sr to penetrate
into the dental material, however, higher crystallinity of calcined bones
in comparison to pristine bones and tooth enamel did not allow an
incorporation of Sr into the crystal lattice. This is showing that apatite
crystallinity plays a major role during diagenesis (Snoeck et al., 2015).
There is only a small number of alteration experiments, dealing with the
alteration of stable isotope compositions and apatite crystallinity
changes. In most cases, alteration experiments are performed on bone
material (e.g., Stiner and Kuhn, 1995; Berna et al., 2004; Pucéat et al.,
2004; Munro et al., 2007; Kohn and Moses, 2013; Keenan and Engel,
2017; Aufort et al., 2019; Suarez and Kohn, 2020, Table S1). Berna et al.
(2004) performed dissolution experiments in aqueous and buffered so-
lution with synthetic hydroxylapatite and bone samples at 25 °C with
the purpose of measuring the solubilities and therefore the stabilities of
fossii bone wunder quasi-natural conditions. The so-called
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recrystallisation window, the chemical conditions under which bone
apatite can recrystallise into authigenic apatite, is restricted to a narrow
pH range between 7.6 and 8.1. Preservation is best at a pH of above 8.1,
whereby minerals will undergo recrystallisation in alkaline to neutral
pH conditions. This, together with precipitation of additional apatite,
will generally increase the crystallinity of the bone material. Berna et al.
(2004) found, that under a pH of 7.5, the original bone mineral was
totally recrystallised. An experiment on alligator bones buried in
wetland soils and in experimental mesocosms with and without micro-
bial colonization performed by Keenan and Engel (2017) found that this
recrystallisation into a more stable apatite phase occurred already after
one month of burial when microbial colonization was inhibited. Pres-
ervation of stable isotope compositions in bone were experimentally
investigated by Munro et al. (2007) or Aufort et al. (2019). Munro et al.
(2007) tested the effects of heating bone in air on the isotopic compo-
sition of phosphate oxygen, whereby the original 5'0po4 values were
preserved at <300 °C and strongly shifts towards lower 5!%0pg, values
at higher temperatures, potentially due to 20 exchanges with an
external low-'80 reservoir in the phosphate oxygen. Whereas Aufort
et al. (2019) performed immersion experiments of modern bones in
aqueous NaF solution at pH 9-10 for up to three weeks at up to 70 °C and
measured F, Ca and P concentrations, C and O isotopes, as well as
vibrational (ATR-FTIR, Raman) and solid-state (H-1, C-13, F-19) NMR
spectroscopies. They found a transformation mechanism by partial
dissolution of biogenic apatite and precipitation of secondary apatite.
There are only a few experiments on enamel hydroxylapatite (e.g., Koch
et al., 1997; Zazzo et al., 2004a). Zazzo et al. (2004a) measured 5'3Cand
5180 of bone and tooth enamel powders after immersing the samples in
13¢. and '80-labelled water with the result of rapid and significant
isotopic changes in the bone material, while tooth enamel is more
resistant, however not exempt of alteration. Especially in the presence of
microbial activity, even 61801)04 values can alter in both, bone and tooth
enamel. From the Raman spectroscopy perspective, spectra reveal
modifications of the position and the full width at half maximum of the
vl(POE’) band caused by aqueous alteration (Thomas et al., 2007). In
general, Raman spectroscopy is used in palaeontology for identification
of mineralogical contents (Schweitzer et al., 1997), crystallinity changes
(Person et al.,, 1995) and diagenetically induces ion concentration
(MacFadden et al., 2010). Thomas et al. (2011) were able to detect io
exchanges in apatite chemistry in fossil enamel and dentin samples
indicating significant diagenetic alteration using Raman spectroscopy.
They found Raman spectroscopy to be very useful a non-destructive tool
for pre-screening fossil samples for diagenetic alteration (particularly
C0%~, F~ and Sr*).

To our knowledge, there are so far no experiments performed to
assess the stability of original element and isotope compositions of
enamel and dentin by exposing tooth pieces to aqueous solutions. The
aim this study is to assess potential changes in chemical composition and
crystal structure of the hydroxylapatite due to diagenetic alteration.
Therefore, we present an extensive in-vitro alteration experiment
assessing the stability of non-traditional stable isotopes against diage-
netic alteration in enamel and dentin by immersing tooth pieces in an
isotope tracer solution highly enriched in Mg, **Ca, 57Zn, and %%sr.
These isotopes were chosen according to their relevance and increasing
use as dietary and ecological proxies in palaeontology and archaeology
(e.g., Knudson et al., 2010; Martin et al., 2014, 2015; Bourgon et al.,
2020; Tacail et al., 2020). In theory, enamel should be highly resistant
against diagenetic alteration, with minor or no changes in the chemical
composition and crystal structure of the hydroxylapatite, while dentin
should show alteration rather quickly. For this purpose, cubes cut from a
modern elephant molar comprising both enamel and dentin were placed
into the acidic tracer solution at 30 °C and 90 °C and for different time
intervals (up to three months). The doped isotopes were highly
concentrated in the experimental solution to enable us to easily trace the
experimental post-mortem alteration of the original ante-mortem
isotope composition. This experimental approach allows to assess the
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diagenetic stability of these non-traditional isotope systems used for
dietary reconstruction and to characterise the physico-chemical mech-
anisms involved in tooth diagenesis. Changes of the chemical composi-
tion and isotopic composition in the reacted samples are measured in-
situ with high spatial resolution using LA-ICP-MS, LA-MC-ICP-MS,
electron microprobe and Raman spectroscopy on the dental cubes before
and after the alteration experiments.

2. Material and methods
2.1. Dental material

A molar of a wild modern African elephant (Loxodonta africana) from
Africa of unknown provenance (AG-Lox: Gehler et al., 2012) was cut into
mm-sized dental cubes with a mean edge length of about 3.3 mm + 0.3
mm (1SD) using a manual hand drilling device (Electer Emax NE129,
Nakanishi Inc.). Due to practical reasons a modern elephant tooth was
chosen, because of the thick layer of enamel compared to other mam-
mals. This enabled us to analyse in-vitro induced alteration gradients in
isotopic compositions along >1 mm long enamel profiles. Enamel
thickness is on average 1.8 mm + 0.2 mm (1SD), that of the dentin
portion from the enamel dentin junction (EDJ) is on average about 1.4
mm =+ 0.2 mm (1SD). The mean weight of the cubes was 63.8 mg + 3.5
mg (1SD) (Table 1). An overview of the sampling locations on the dental
cubes of the in-situ element and isotope analyses is provided in Fig. 1.

2.2. Isotope tracer solution

For all alteration experiments, an aqueous solution isotopically
enriched in 25Mg, 44Ca, %77n and 8°Sr was used (Table S2). The different
isotopes 25Mg, %77n and ®Sr (in HN O3 solution) were mixed and
evaporated at 80 °C down to a volume of ~ 500 pL. **Ca was added (as
carbonate powder, 34.8 mg CaCly, 97% **Ca) and evaporated at ~ 55 °C
to a volume of ~ 100 L. Afterwards 1 mL of H3*0 (Sigma-Aldrich, 97
atom-% '80) was added and the solution was filled up to 30 mL with D,O
(Sigma-Aldrich, 99.9 atom-% D). The final acidic tracer solution (pH of
~ 1) was shaken and equilibrated for 3 h before entering the experiment.
The element concentrations of the tracer solution after different time
intervals of the dental immersion experiments and an aliquot of the
starting solution were measured using a Thermo Element 2/XR ICP-MS
system (University Bonn). Results are presented in Fig. 2 and Table S2.

2.3. In-vitro alteration experiment

The alteration experiments were performed in custom-made 3 mL
Teflon beakers, self-sealed autoclaves with custom-made furnaces. The
dental cube samples were weighted before and after the experiment to
determine the weight loss. For each beaker, the temperature was
constantly monitored during the experiment using a Digital Multimeter
Voltcraft 840. Room temperature and relative humidity were monitored
during the whole experiment, using a Tinytag Ultra 2 data logger — TGU-
4500 (Gemini Data Loggers, Chichester, United Kingdom). The room
temperature over the whole duration of the experiment was always
below 26 °C (average 22.6 °C + 2.0 °C). Each 3 mL Teflon autoclave was
filled with 2 mL of aqueous tracer solution. One dental cube was added
to each Teflon autoclave (Fig. 1). The experiments were carried out at
30 °C and 90 °C (£ 1 °C) over a period of 4, 7, 14, 21 and 64 days
(Table 1). After the experiment, the samples were washed three times
with ultrapure water and dried in a desiccator for one day at room
temperature. After drying, the samples were cut in half, perpendicular to
the enamel-dentin junction (Fig. 1). On the first half, first LA-ICP-MS and
LA-ICP-MC-MS measurements were performed, afterwards, after
embedding and polishing, the same halves were used for Raman spec-
troscopy and electron microprobe measurement (Table S3). For further
description of the embedding see section “Electron microprobe analysis”
and “Raman spectroscopy”.
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Table 1
Sample list of dental cubes with size and weight (before and after experiment).

Sample Experiment Temperature Duration Length Length after Length Weight before Weight after Weight

ID [°C] [days] [mm] Experiment [mm] loss [%] Experiment [mg] Experiment [mg] loss [%]

G Isotopic tracer 30 4 3.52 3.42 2.8 59.5 49.1 17.5
solution

K Isotopic tracer 30 7 3.3 3.11 5.8 62 51.9 16.3
solution

N Isotopic tracer 30 14 3.25 2.91 10.5 64.8 54.6 15.7
solution

C Isotopic tracer 30 21 2.95 2.75 6.8 66.7 56.9 14.7
solution

E Isotopic tracer 30 64 3.14 2.91 7.3 66.8 56.5 15.4
solution

A Isotopic tracer 920 4 2.98 2.73 8.4 61.2 47.5 22.4
solution

H Isotopic tracer 90 7 3.17 2.81 11.4 62.9 48.2 23.4
solution

I Isotopic tracer 920 14 3.49 3.23 7.4 66.2 49.2 25.7
solution

J Isotopic tracer 90 21 3.01 2.86 5.0 67.8 52.9 22.0
solution

F Isotopic tracer 90 64 3.77 3.65 3.2 66.8 49.6 25.7
solution

D untreated - - 3.23 57.3 - -
reference sample

L untreated - - 3.75 116.3 - -
reference sample

M untreated - - 3.25 93.8 - -

reference sample

2.4. Laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS)

Trace element measurements were performed using an ArF Excimer
laser system (193 nm wavelength, NWR193 by ESI/NewWave) equipped
with a TwoVol? ablation cell and coupled to an Agilent 7500ce quad-
rupole ICP-MS (Agilent Technologies) at the Institute of Geoscience,
University of Mainz. Laser repetition rate was set to 10 Hz. Line scans
with a transition speed of 5 pm/s, using a fluence of 3.5 J/cm?were
carried out with a rectangular spot size of 130 pm x 30 pm. Pre-ablation
was performed prior to each analysis to clean the surface. Background
signals were acquired for 20 s during laser warm-up prior to each scan.
43Ca was used as internal standard and synthetic NIST SRM 612 was
used for calibration, using the preferred values from the GeoReM
Database (Jochum et al., 2005). Data reduction was performed using an
in-house Excel spreadsheet (Jochum et al., 2007). Details of the calcu-
lations are given in Mischel et al. (2017). For each day of measurement
basaltic USGS BCR-2G and Durango Apatite were used as quality control
materials to test accuracy and reproducibility of the measurements
(Table S4). All reference materials were measured prior and after each
sample block, three lines of 100 pm length respectively per reference
material. Measured isotopes of interest are 24Mg, 25Mg, 26Mg, 42Ca,
44ca, %47n, %07n, %77n, 87Zn, 8Sr and 88Sr. The dental cubes were ana-
lysed prior to the experiment at the outer surface with one long line scan
across the EDJ (start and end point beyond the cube). After the experi-
ment, the freshly sawn surface was analysed in the same way, to
determine the reaction depth of the solution into both dental tissues. The
scans before and after the experiment differs slightly in length, since we
measured on different plains of the same cube. The same untreated
dental cube (cube D) was measured each time together with the altered
cubes as reference cube to test the reproducibility and comparability
between different measuring days (Table S5). Each line on this cube D
was placed in close proximity to the previous one.

2.5. Laser ablation multi collector inductively coupled plasma mass
spectrometry (LA-MC-ICP-MS)

In-situ analyses of Sr isotopes have been performed for all dental

cubes after the experiment by LA-MC-ICP-MS. A first generation Nu
Plasma MC-ICP-MS (Nu Instruments™) was coupled to a 213 nm Nd:
YAG laser ablation system (New Wave Research™ UP-213) at the Max
Planck Institute for Chemistry, Mainz, following the methods described
by Weber et al. (2017, 2018). Data acquisition was performed in line
scan analysis, covering the whole transect and across the EDJ. A circular
spot size of 100 pm, a transition rate of 5 pm/s and a laser repetition rate
of 10 Hz have been applied. Energy output was set to 100%, resulting in
a fluence of 15-20 J/cm?. Prior to each analysis, a pre-ablation of the
sample surface was performed for cleaning purposes.

The following m/z ratios were monitored during analysis: 82, 83, 84,
85, 86, 87 and 88 and half masses 83.5, 85.5 and 86.5 (monitoring 167Er,
71yb and 173Yb, respectively) using time-resolved analysis (0.2 s inte-
gration time). To correct for Kr, we used the “on peak zero” method by
measuring a 45 s gas background prior to each analysis without the laser
firing (®%Kr < 0.2 mV). Calcium argide and dimer formation was found
to be negligible by monitoring m/z 82 (<0.2 mV). Potential signals of
doubly-charged REEs corrected by using constant isotope ratios for **’Er
and 71vb (Meija et al., 2016). To correct for the occurrence of 87Rb on
mass 87, we used the natural constant 8Rb/%°Rb ratio of 0.3857 (Meija
et al., 2016) and assume the same mass bias for Rb as for Sr. Mass bias
correction was performed using the exponential law (Ingle et al., 2003)
assuming a constant 865r/883r ratio of 0.1194. Strontium isotope ana-
lyses by LA-MC-ICP-MS can suffer from addition interferences on m/z 87
(ArPO and CaPO; e.g., Horstwood et al., 2008; Simonetti et al., 2008,
Lewis et al., 2014; Lugli et al., 2017, Weber et al., 2020a). However, this
effect is more pronounced for samples with low Sr concentration and did
not affect our dental cube measurements. This is also visible in supple-
mentary Fig. S1, where 87Sr/%%Sr is plotted against 1/8Sr [V] for the
untreated dental cubes. If the interference of “°Ca®'P'%0 would affect
the resulting 8 Sr/%0Sr, one would expect a strong linear correlation with
increasing 878r/80Sr with increasing 1/88sr [V] (Horstwood et al., 2008;
Lugli et al., 2017), which, however, is not the case.

Standard-bracketing was used as calibration protocol, applying the
same laser parameters for the reference material and the samples (Irr-
geher et al., 2016; Weber et al., 2017). An in-house marine shark tooth
was used as reference material, using a modern-day seawater Sr/%6Sr
ratio of 0.70918 4 0.00001 (McArthur et al., 2001) as reference value.
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Fig. 1. A. Illustration of the experimental setup. Dental cubes, containing enamel and dentin, were immersed in isotopic tracer solution enriched in 2*Mg, **Ca, ”Zn
and ®Sr in a Teflon beaker and heated in an oven. Afterwards the cubes were cut into half for in situ trace element and Sr isotope analysis. B. Illustration of the scans
and maps measured with different in situ analytical techniques on the freshly sawn surface of one of the two halves of the dental cube. Red: Laser ablation lines of
ICP-MS and MC-ICP-MS across the EDJ. Yellow: Raman maps, covering the outer 120 pm rim of both dental tissues, different number of rows for dentine (n = 10) and
enamel (n = 13). Yellow dots indicate one Raman measurement respectively. Green: EMPA spots across EDJ, parallel to the laser ablation lines. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

This is in the range of modern-day marine organisms (e.g., marine car-
bonate reference materials JCt-1 (giant clam, Tridacna gigas) and JCp-1
(coral, Porites sp.), yielding 87Sr/%6Sr ratios of 0.709169 + 0.000009
(2SE, n = 3) and 0.709170 + 0.000006 (2SE, n = 3, Weber et al., 2018),
respectively, and a modern Great white shark tooth having an average
875r/%%sr ratio of 0.709167 + 0.000009 (2SE, n = 10, Vennemann et al.,
2001).

Since the original tooth (AG-Lox) from which the dental cubes were
processed is used as in-house reference material, additional analyses of
the unaltered sample have been performed in the framework of further
analyses, using a Neptune Plus MC-ICP-MS system (ThermoFisher Sci-
entific) coupled with an ArF Excimer laser system (193 nm wavelength,
NWR193 by ESI/NewWave) at the Institute of Geosciences, University of

Mainz. All analyses using this system have been performed using a 500
pm long line scan, a transition speed of 5 pm/s and 0.262 s integration
time. Due to different applications, the other laser parameters varied
accordingly (spot size 70-110 pm, laser repetition rate 20-50 Hz and
fluence of 3.5-5 J/cm?). Data evaluation has been performed offline,
using an in-house R-script, following the methods described below.

2.6. Laser ablation data processing

For calculation of the isotope ratios of interest, the background
corrected raw data measurements obtained from the LA-(MC-)ICP-MS
analyses were used.

The calculation was performed in a similar way for all isotope ratios



K. Weber et al.

30 °C experiment

90 °C experiment

Chemical Geology 572 (2021) 120196

“jjl:‘

“Ca[mg/L]

400 A w35 4004 E
Lo o -
350 o R 1l @ A
| U O L25 ¥
] ~ "N
1 O
= 300 Foo =7 7 3004
B ] BB g
= ] L15 =
] .
8 2504 . 38 v
3 initial evolution of ? ¥
concentration tracer solution [ 1.0
200 200
doped isotope o ] 0.5
150_: @) undoped isotope O | F oo 1501 @)
4504 B 55 4504 F
4.25 F 50 4.251
4.5
4.00 4.0 4.004
375 0 L F35 3759
= Dfﬂ"'"ﬂz/ ] E3.0 00
> e Y DD E
23%7 o \ 05 £ B 3%
P 325 mfog 8(,“; & 3259
3.00 F15 3,00
O £1.0
275 £ 05 2.754
250 £0.0 2.504

Mg [mg/L]

7. D 08 7o H
°
6 F07 6
5 £ 06 5] o
L05
= 41 R g
2 s 2 P g
= 3] = = 3]
S toa 9 S
& 8 B
2 £0.2 2
1] o 1]
O T T T T T T T T 0'0 0 T
0 10 20 30 40 5 60 0

days

days
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and is therefore only described in detail once for the Sr isotope system as
an example. The %’Sr/%5sr was chosen since it is widely used in
geochemical studies of tooth enamel and dentin to determine habitat-
use and migration patterns in palaeontology and archaeology (e.g.,
Clarke et al., 2007; Vroon et al., 2008). The 87Sr/80Sr was only corrected
for mass bias and isobaric interference of Rb following the methods
described for LA-MC-ICP-MS measurements in the section above.

Calculation of **Ca/*?Ca, 2®Mg/?*Mg and %”Zn/%*Zn ratios were
performed similar to the 8Sr/®0Sr using the exponential law for mass
bias correction with the literature values for *?Ca/**Ca = 0.3102,
24Mg/%Mg = 7.1728 and ®4Zn/%°Zn = 1.7732 (Meija et al., 2016).
Isobaric interferences affecting Mg, Ca and Zn (e.g., Galy et al., 2001;
Wieser et al., 2004; Zhu et al., 2015) were not corrected for the LA-ICP-
MS data. Then a 100-point running mean was calculated for all isotope
ratios.

To evaluate if there are alteration effects on the element concen-
tration independent or dependent on the isotope of interest for the
respective element, i.e., doped vs. un-doped isotope, "element/Ca ratios
(e.g., 86gr/Ca vs. 88Sr/Ca) have been calculated, with n = mass number
of the specific isotope. For undoped samples, those ratios are expected to
be identical, while doped parts should yield diverging results.

2.7. Solution MC-ICP-MS analysis

To further evaluate the initial isotopic values of Sr (87Sr/865r) and Ca
(**ca/*ca expressed as 5*42Ca) of the original dental material (AG-
Lox) solution-based MC-ICP-MS analyses have been performed on
enamel bulk powder samples. Purification of Sr and Ca has been per-
formed using a prepFAST MC (ESI Elemental Scientific) using a 1 mL Sr-
Ca ion chromatographic column following the default Sr-Ca separation
protocol. Strontium isotopes were measured in 0.8 mol/L distilled HNO3
following the methods described by Weber et al. (2018), using a
Neptune Plus MC-ICP-MS coupled with an Aridus3 (CETAC Technology)
at the Institute of Geosciences, University of Mainz. NIST SRM 987
(Strontium carbonate isotopic standard) was used as reference material
for standard bracketing (long-term 7Sr/%°Sr = 0.710279 + 0.000027
(1SD, n = 506) and normalizing measured values to a commonly
accepted 875r/80Sr of 0.710248 (McArthur et al., 2001). Calcium isotope
analyses were performed in 0.5 mol/L distilled HNO3 following the
protocol of Tacail et al. (2014), using a Neptune Plus MC-ICP-MS
coupled with an Apex Omega HF (ESI Elemental Scientific) at the
Institute of Geosciences, University of Mainz. An Alfa Aesar plasma
standard solution (Lot.Nr. 8,142,996) was used as reference material for
standard bracketing of the Ca isotope ratio. The 5**/42Ca was calculated
relative to NIST SRM 915a using IAPSO and NIST SRM 1400 reference
materials. Sample solutions have been prepared to match the concen-
tration of the reference solution within 10% (10 pg/L for Sr, 2 mg/L for
Ca).

2.8. Raman spectroscopy

For Raman spectroscopic measurements, the same halves of the
dental cubes were embedded in the fast hardening resin Technovit 5071
and polished. The measurements were performed at the Institute of
Geoscience, University of Bonn, using a Horiba Scientific HR800
confocal Raman equipped with an Olympus BX41 microscope and an
electron-multiplier CCD detector. A 200 mW, 784 nm diode-pumped
solid-state laser was applied as excitation source. A 50 times objective
with a numerical aperture of 0.75 and a confocal hole of 1000 pm were
used for all measurements, resulting in a theoretical, diffraction limited
lateral and axial resolution on the order of about 1.3 and 5.5 pm,
respectively. The scattered light passed a 100 pm spectrometer entrance
slit and was dispersed by a grating with 600 grooves/mm. The 520.7
em™! line of a silicon standard was used for initial calibration of the
spectrometer, while the 985.43 cm ! line of a neon lamp (Saloman,
2006) was used as an internal standard to be able to correct for any
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spectrometer shift occurring during analysis by placing a Ne lamp
alongside the beam path of the scattered light. The 520.7 cm ™! line of a
silicon standard was used for initial calibration, while the 985.43 cm ™!
Ne line was then used as an internal standard to correct for any linear
shift occurring during analysis, e.g., due to small temperature fluctua-
tion in the laboratory (£0.5 °C). With these settings, the spectral reso-
lution was 2.478 + 0.006 cm ™! as estimated from the width of the Ne
line. Point-by-point measurements were performed with an acquisition
time of 60 s and three accumulations per point in the frequency range
between 360 and 1200 cm™! for enamel and between 750 and 1450
cm ™! for the dentin, due to the different structures of enamel and dentin.
With 10 spots parallel to the cubes edge and 10 (dentin) and 13 (enamel)
spots into the sample, an area of 120 x 120 pm? was covered for all
samples. To observe changes in crystallinity of the hydroxylapatite or
potential incorporation of isotopes from the tracer solution the v;(POg4)
symmetric stretching band near 960 cm ™! of apatite was fitted using the
LabSpec 6 program of Horiba Scientific. In case of isotope incorporation
shifts in v1(PO4) band position and width (e.g., Thomas et al., 2011). In
all samples a slight asymmetry of the v,(PO4) band was observed. To
quantify changes in the width I (given as full width at half maximum,
FWHM) and frequency of the v1(PO4) band, an asymmetric Gauss-
Lorentz function was used. All other bands were fitted with symmetric
Gauss-Lorentz function along with a linear background function be-
tween 900 and 1200 cm ™. Furthermore, finite slit width effects on the
width of the Raman bands were corrected using the following equation
(Tanabe and Hiraishi, 1980):

Io=Tn [1 - (S/I’m)z}

with I'y, and I’ representing measured and corrected bandwidth,
respectively, and S the spectra resolution (= 2.478 cm™1).

2.9. Electron microprobe analysis

For electron microprobe analysis (EMPA), the halves of the dental
cubes (already embedded in Technovit) were further embedded in epoxy
resin, polished, cleaned and sputtered with a ~ 20 nm layer of carbon.
Experimentally altered dental cubes were solely measured after the
experiment, together with untreated samples D, L and M (Table 1).
Analyses were carried out at the Institute of Geosciences, University of
Mainz, using a Jeol JXA 8200 electron microprobe in wavelength-
dispersive spectrometry (WDS) mode. A beam current of 12 nA and an
acceleration potential of 15 kV were chosen, with the electron beam
defocused to 10 pm. Peak counting times were 30 s for Ca, P and Mg,
120 s for Zn and 80 s for Sr. Raw element concentration data were
corrected using the routine by Armstrong (1995) and an in-house apatite
reference material was chosen for calibration. A profile of 10 pm spot
measurements with a distance of 40 pm between the spot centres was
analysed across the enamel thickness across the EDJ into to the dentin
(Fig. 1).

3. Results
3.1. Changes in physical properties of the dental cubes

All dental cubes become very brittle during the preparation after
immersion in the tracer solution at 90 °C, indicating higher porosity,
especially sample I (14 days, 90 °C) shows a clear dissolution of dentin,
especially at the boundary to the enamel (Fig. S2). All cubes have a few
pm-thick, pale whitish coating on the dental surface, which was too thin
to be detected in the different measurement methods used in this study.
All cubes have a weight loss of around 15.5 % + 1.5 % (30 °C) and 23.5
% =+ 2.3 % (90 °C), which is also reflected in an average size decrease of
the dental cubes leading to an average length loss (length across enamel
dentin junction) of 6.6 % + 2.5 % (30 °C) and 7.1 % + 2.8 % (90 °C),
respectively.
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3.2. Tracer solution composition

The pH value of the solution rose by the first week of experiment
from pH = 1 to pH ~ 6-7 and stayed relatively constant throughout the
remaining experiment. The evolution of the elemental and isotopic
composition of the tracer solution is shown in Fig. 2 and Table S2.

3.2.1. Calcium

The Ca of the raw tracer solution consisted almost purely of the
doped isotope **Ca (340 mg/L, Fig. 2A, E), while the **Ca content was
almost negligible (0.14 mg/L, Fig. 2 A, E). During the 30 °C experiment,
*4Ca increased up to 376 mg/L after four days and remained rather
constant and only increased up to 405 mg/L after 63 days. A contrasting
evolution is visible during the 90 °C experiment, where **Ca decreased
(nearly exponential, apart from cube I, 14 days, see Fig. S2) in the tracer
solution during the whole experiment down to a concentration of 166
mg/L after 63 days. The undoped **Ca shows a similar behaviour for
both experiments, with a strong initial increase towards 2.62 mg/L
(30 °C) and 2.47 mg/L (90 °C), with almost constant concentrations
afterwards (apart from cube I, 14 days, 90 °C, see above).

3.2.2. Strontium

In comparison to the other used element solutions enriched in a
specific isotope, the ®Sr-enriched solution was not as pure and also
contained a significant amount of 33Sr. Therefore, the tracer solution has
86Sr (3.44 mg/L, Fig. 2B, F) and %8Sr (1.05 mg/L, Fig. 2 B, F). Overall, the
Sr concentration in the solution displays a similar behaviour as Ca. For
the 30 °C experiment, a slight increase in the 8°Sr is visible after four
days (3.61 mg/L), which then remains almost constant, except for a
small decrease after 63 days (3.26 mg/L). During the 90 °C experiment,
the 86Sr concentration decreases over the experimental duration (except
for cube I, 14 days, 90 °C) down to 2.96 mg/L after 63 days (Fig. 2F).
This decrease is not as strong as for Ca, however, the general trend is
similar. The 88Sr increases already after four days of experiment up to
3.09 mg/L (30 °C) and 3.36 mg/L (90 °C) and increases slightly over
time (Fig. 2 B, F).

3.2.3. Magnesium

The evolution of the Mg concentrations is almost identical for both
analysed isotopes and at the two different temperatures (Fig. 2C, G).
Both, the doped Mg (24.8 mg/L 30 °C and 29.3 mg/L 90 °C), as well as
the undoped 2°Mg (6.6 mg/L 30 °C and 11.1 mg/L 90 °C), increase
significantly after four days in comparison to the starting solution (*>Mg
20.2 mg/L and 2°Mg 1.8 mg/L). Afterwards, the concentration for both
Mg isotopes increases slightly during the experimental period. In addi-
tion, the concentration increases strongly during the 90 °C experiment.

3.2.4. Zinc

The evolution of Zn in the tracer solution is similar for both isotopes
and temperatures (Fig. 2D, H). While the raw solution has the highest
concentration for the doped %77n (6.35 mg/L) and undoped 687n (0.59
mg/L), the concentration in the solution decreases during the whole
experimental duration (except cube I, 14 days, 90 °C and cube N, 14
days, 30 °C) down to 0.15 mg/L (30 °C) and 0.08 mg/L (90 °C) for Zn
and 1.14 mg/L (30 °C) and 0.13 mg/L (90 °C) for 77n (Fig. 2 D, H).

3.2.5. Phosphorus

Phosphorus concentrations were measured only qualitatively using a
Spectro Vision ICP-OES at the Institute of Geosciences, University of
Mainz (Fig. S3). The absolute concentration values could not be estab-
lished, because the analytical procedure was not validated for this high
concentration of phosphorous, but the trend can be used, as the matrix of
the samples did not change significantly and the reproducibility of the
measurements was ensured. Phosphorous was absent in the initial tracer
solution, but increased strongly after the first days of experiment.
However, the P concentration then decreased over the progression of the
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remaining experiment, especially for the 90 °C experiment.
3.3. Element concentration profiles across dental cubes

Concentration of Ca, P, Mg, Zn, and Sr were measured using electron
microprobe analysis. In both, enamel and dentin the concentrations do
not show significant changes within the EPMA uncertainties of
approximately 3 % (Weber et al., 2020b) during the 63 days of the 30 °C
experiment (Fig. 3). Dental cubes placed in the 90 °C solutions show for
the dentin slightly higher Ca (~ 10 %) and P (~14 %) concentrations
after 21 days (Fig. 3). The Mg and Zn concentration of the inner dentin
immersed for four days still shows an unreacted core area, while the
outer ~ 200 pm are clearly altered. After seven days of treatment, Mg
and Zn in the dentin are altered throughout. While Zn concentration in
dentin increases (up to 90 times above the range of natural variability),
Mg decreases down to about 80% less Mg than the unaltered dental cube
and the range of natural variability (Fig. 3). The enamel does not show
significant changes during the 90 °C experiment (Fig. 3).

3.4. Isotope ratios of Mg, Ca, Zn and Sr across dental cubes

Isotope ratios were measured using the count rates conducted by LA-
ICP-MS. Solutions bases Ca and Sr, as well as in-situ 8”Sr/%°sr profiles
were measured using (LA-)MC-ICP-MS. The untreated dental cube D was
analysed as a reference material together with the treated samples to test
the reproducibility of the measurements between different days of
analysis. For the isotopes of interest, the mean values of the concen-
tration of enamel and dentin lie within one standard deviation for all
days of analysis (Table S5). Therefore, the LA-ICP-MS data of the
different days of analysis are comparable among each other.

Solution based 8Sr/86sr analyses of the unaltered enamel (AG-Lox)
yielded an average value of 0.70999 + 0.00003 (1SD, n = 6, MC-ICP-
MS), in perfect agreement with LA-MC-ICP-MS results of 0.71003 +
0.00009 (1SD, n = 23). Stable Sr (5%8/0Sry;gr0g7) analysis of the unal-
tered enamel (AG-Lox) yield an average of —0.31 + 0.05 %o (1SD, n = 5)
and Ca isotope analyses yielded an average 5*CanisT-srm 9152
(**Ca/*Ca) of —0.56 + 0.12 %o (1SD, n = 18). Both Sr and Ca isotope
composition were measured using MC-ICP-MS.

The calculated isotope ratios of all four elements Mg, Ca, Zn and Sr in
the dental tissues indicate that the dentin generally shows more pro-
nounced alteration effects in comparison to the enamel during the
experimental duration of the experiments for both temperatures
(Figs. 4-6, Figs. $4-S13).

However, samples immersed at 30 °C in the tracer solution show only
slight alteration effects in both enamel and dentin. Generally, the
enamel shows only a narrow alteration rim of 25-50 pm for **Ca/*?Ca,
677n/%*Zn and 87Sr/%0Sr (Fig. 4, Fig. S4) in comparison to the dentin
with an alteration rim of up to 150-200 pm from the outer tissue surface
(Fig. 4). No correlation between the alteration depth and the duration of
the experiment was detected. For 2°Mg/2*Mg, no distinct alteration is
detectable in enamel (Fig. 4). However, a small decrease in all "Mg/Ca
during the 30 °C experiment is visible for the outer 50-75 pm in the
enamel (Fig. S5). Since all "Mg/Ca ratios decrease the same way, no
change in the isotopic ratio occur. In addition, an increase of all "Zn/Ca
ratios has been observed in the outer part of both enamel (up to 100 pm)
and dentin (up to 150 pm), with the ®’Zn/Ca being at least one order of
magnitude more enriched than the other "Zn/Ca ratios (Fig. S6 and S7).
This is in accordance with the increase in ®”Zn/%*Zn shown in Fig. 4 and
S8, as well as with the data of the tracer solution, which is reflecting a
loss of %”Zn from the solution. The enamel from the sample immersed for
seven days (sample K), however, shows a different alteration pattern in
the isotope ratio and the alteration depth, up to 100 pm in Ca, Sr and Zn
and only a very minor (= 20-25 pm) alteration depth in Mg. This pattern
is not visible in the dentin of sample K (Fig. 5). The dentin of samples
treated up to 63 days at 30 °C show alteration rims up to 200 pm for
44Ca/*2Ca, 7Zn/%*zn and ¥7Sr/%0Sr. The 2>Mg/**Mg shows an alteration
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Fig. 3. Results from EMPA for the in-vitro experiment. Major and trace element concentration profiles of enamel and dentin across the enamel dentin junction (EDJ)
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in the outer 150 pm, but not as pronounced as for the other three isotope
ratios (Fig. 5). This agrees with the "Mg/Ca ratios for the outer dentin,
which also show a decrease of "Mig/Ca for at least 150 pm. However, the
2Mg/Ca is slightly elevated in comparison to the other "Mg/Ca ratios
(Fig. $8), which is in line with the increase in 2°Mg/?*Mg. The innermost
part of all dental cubes treated with the solution at 30 °C does not show
any sign of alteration of the enamel and dentin in the area around the
EDJ.

The enamel of dental cubes immersed at 90 °C in tracer solution
shows alteration rims in the outer part of the samples. The highest de-
gree of alteration occurs in the experiment with the longest duration
(cube F) for all isotope ratios, with alteration depths of up to 350 pm for
873r/865r (LA-MC-ICP-MS) (Fig. 5) and of ~ 100 pm for 2°Mg/**Mg and
77n/%*2n, ~ 150 pm for **Ca/*?Ca (Fig. 6) and. All other experiments of
different, shorter durations show consistently an alteration rim of
around 50-100 pm for Ca, Zn and Sr isotopes and almost no alteration of
the 2Mg/?*Mg. In contrast, the "Mg/Ca is significantly lower than for
the untreated sample (Fig. S9), while the 2>Mg/Ca is again higher
compared to other "Mg/Ca ratios. No systematic increase of the alter-
ation depth is visible with prolonged experimental duration.

Samples kept at 90 °C in the tracer solution show strong alteration
effects, especially in the dentin. Only the sample with the shortest
experimental duration (cube A, 4 days) still has an unaltered zone in the
inner dentin and an alteration rim of ~ 150 pm visible in the **Ca/**Ca,
875r/%5r, and 2°Mg/2*Mg (Fig. 6). Samples treated for a longer duration
of a week or more do not have any unaltered dentin remaining (Fig. 5).
Solution based Sr isotope analyses dentin from the altered dental cube H
(7 days) yield a 8sr/36sr of 0.35680 + 0.00001 (2SE, n = 1) and a 5%/
865t of —720.62 + 0.03 %o (1SD, n = 1) showing the strong alteration of
the dentin. Also, the 5*/42Ca value of 2941.5 =+ 1.4 %o (1SD,n=1)is
strongly altered. However, ®”Zn/%*Zn shows only a narrow alteration
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rim of 50 pm even for the shortest experimental duration (cube A,
Fig. 6). For samples treated for seven and 14 days, a gradual increase of
the %7Zn/%*Zn towards the inner dentin until ~ 250-300 pm is observed.
Only the sample with the longest experimental duration (sample F, 63
days) shows fully altered dentin in ®’Zn/%*Zn. This is in agreement with
the "Zn/Ca ratios, which show an alteration rim for ”Zn/Ca of 300 pm
after 14 days (Fig. S10). Interestingly, the "Mg/Ca decreased in com-
parison to the initial ratio in all dentin cubes treated in the 90 °C
experiment, indicating a Mg loss (Fig. S11). Nevertheless, the 2Mg/Ca is
higher than the two other "Mg/Ca ratios, confirming the increase in
Mg/?**Mg (Fig. 6). The LA-MC-ICP-MS 875r/86sr clearly shows a fully
altered dentin after seven days. At this point, the alteration starts to
penetrate across the EDJ into the enamel, clearly visible in the longest
duration experiment (cube F, Fig. 5). An interesting feature is visible for
Sr in the "Sr/Ca ratios of the dentin (Fig. S12). While the 865r/Ca is
increasing in the treated samples, the ®Sr/Ca ratio is slightly
decreasing. This feature is especially pronounced in the dentin and only
slightly occurring in the enamel (Fig. S13).

3.5. Changes in bioapatite mineralogy assessed by Raman spectroscopy

Raman spectroscopy was used to investigate potential modifications
of the biogenic apatite in both dental tissues, enamel and dentin, of each
sample (Figs. 7 and 8). Fig. 7 shows Raman spectra in the frequency
range of 700-1450 cm ™! taken from the outer 120 pm of the dentin
(Fig. 7A). A frequency range of 360-1200 cm ™! was chosen for spectra
from the outer rim of the enamel (Fig. 7B). Reference spectra of un-
treated dentin and enamel as well as synthetic hydroxylapatite (HAp)
are also included.

A comparison made of the reference spectra of both tissue types and
the synthetic HAp (Fig. 7) reveal that the most intense feature is a band
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Fig. 7. Raman spectra of dentin A. and enamel B. for different experimental durations and temperatures. Spectra were normalized to the v;(PO,) intensity. Grey
arrow in A represents the narrowing of the v,(POy) band near 960 cm ™' by the appearance of a small shoulder near 948 cm™'. Location of respective Raman spectra
in the dentin are displayed as circle on the hyperspectral images shown in C. Each hyperspectral image represents an area of 120 x 120 pm. The colour coding shows

the integrated intensity of the v;(PO,4) band relative to the proline band near 853 cm™ .

at ~960 cm !, which is attributed to the fully symmetric stretching
mode of phosphate (v1(P0§’)). In HAp the shape of this band is sym-
metric, whereas in dentin and enamel spectra a slight asymmetry of the
vl(POﬁ’) band can be observed on the lower frequency side, which is
most likely caused by an underlying band at 950 cm™ that has also been
observed in other studies on bone apatite (Pasteris and Ding, 2009;
Asjadi et al., 2019). Broad and less intense Raman bands between 1040
and 1090 cm™! are attributed to the PO}~ antisymmetric stretching
modes. However, the vz band near 1070 em ! overlaps with v; band of
the carbonate unit near 1079 cm (v1(CO%’)). Dentin is further
distinguished by a number of broad bands that are related to collagen
vibrations: proline (853 and 917 cm’l), hydroxyproline (873 cm’l),
phenylalanine (~1001 cm ™) and amid 111, consisting of v(C—N) and
8(N—H) modes (1243-3120 cm™1).

The treatment in solutions at 30 °C and 90 °C affected the dental hard
tissues differently, enamel experienced distinctly less modifications than
dentin (Fig. 7). For dentin, representative spectra were selected from
different locations on the sawed surface of the treated cubes for different
reaction durations and at different temperatures (Fig. 7A). The exact
locations of the spectra are displayed as circle on the hyperspectral
images in Fig. 7C, where the colour of the respective circle corresponds
to the colour of the spectrum. Each hyperspectral image covers an area
of 120 x 120 pm with one collected spectrum each 10 pm. Spectra 1 and
2 were taken close to the rim of the dentin sample which was exposed for
4 days at 30 °C to the tracer solution. Here, the collagen bands are still
detectable in the peripheral areas, whereas the initially most intense

13

1

v1(PO4) band is not detectable (spectrum 1) or shows only weak in-
tensities (spectrum 2), in both spectra. The v1(CO3) band is also no
longer detectable . These spectral observations demonstrate that the
inorganic component (i.e. bioapatite) of dentin dissolved, whereas the
organic material was preserved.

Spectrum 3 was collected from the inner part of the 120 pm thick rim
of a sample reacted for 63 days at 30 °C. This spectrum is comparable to
those of the untreated sample, suggesting that no significant alteration
occurred. In the hyperspectral image shown in Fig. 6C, however, it is
clear that within the outermost 50 pym, the dentin has been strongly
altered, i.e., this area is characterised by a low intensity ratio between
the v; phosphate and the collagen bands. Spectra 4 and 5 were taken
from dentin samples reacted at 90 °C for 14 and 63 days, respectively,
and were taken from the inner part of the mapped area. The most
prominent feature is again the v;(PO4) band near 960 cm ™}, which,
however, became sharper and blue shifted with increasing reaction time.
The narrowing of this band is evident in spectrum 5 by the appearance of
a small shoulder near 948 cm™! (grey arrow in Fig. 7A). This band is also
present in spectra from synthetic HAp, but has not yet been convincingly
assigned. However, this could possibly reflect the splitting of the v1(PO4)
vibration of the free tetrahedron by the crystal field (Asjadi et al., 2019).
It is usually hidden below the v;(PO4) band (Pasteris and Ding, 2009),
which was accounted for in this study by using an asymmetric Gauss-
Lorenz function to fit the overall profile of this band. Moreover, both
spectra no longer exhibit the broad v;(CO3) band near 1070 em ™!,
suggesting the loss of carbonate from the dentine bioapatite phase and
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thus complete reorganisation of its apatite crystal lattice. It is also
noteworthy that the v(C—C) vibration of the aromatic phenylalanine
ring near 1001 cm ™! is clearly detectable but this is the only significant
remaining collagen-related Raman signal.

The only significant visible spectral changes in enamel were
observed on the rim of the enamel sample treated at 90 °C for the longest
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reaction duration (Fig. 7B). The spectra from the outer part of this
sample have a distinctly blue shifted v;(PO4) band compared to the
spectra of the inner part and the untreated enamel reference. Further-
more, two weak bands at 917 cm ™! (proline) and 1001 cm ™ (phenyl-
alanine) as well as weak amid III bands, all assigned to collagen
vibrations, are significantly more intense than in the spectra from the
inner part of the enamel and the untreated enamel reference.

In order to quantify potential modifications within the bioapatite
lattice, the position and width of the v;(PO4) band were determined by
least-squares fitting of an asymmetric Gauss-Lorentz function and
plotted against each other in Fig. 8. Raman data from fossil dentin and
enamel, modern and fluoridated fossil lizard bone, modern fluoridated
shark tooth, magmatic fluorapatite (FAp), as well as synthetic HAp are
plotted as references in Fig. 8C.

As already observed in the Raman spectra, enamel is distinctly less
reactive than dentin. Especially, the Raman spectra from the enamel
samples reacted at 30 °C for different durations (Fig. 8A, blue symbols)
do not reveal any significant changes, as the samples, irrespective of the
experimental duration, all plot in the same area. Any difference merely
reflects the natural variability of the starting material. Similarly, sam-
ples treated at 90 °C for up to 21 days do not show any significant
changes (Fig. 8B). However, after an experimental duration of 63 days,
the v1(PO4) band position increased significantly by about 1 em™!,
whereas the bandwidth did not change significantly. This frequency
shift is also directly visible in the Raman spectrum shown in Fig. 7B.

Under the microscope differently pronounced but clear reaction rims
are visible in the dentin part of all samples treated at 30 °C (Fig. S14).
However, there is no clear correlation between the width of the reaction
rim and the duration of the experiment, as also deducible from Fig. 7C.
In any case, all samples from the 30 °C experiments have preserved an
apparently unreacted zone within the measured areas (Fig. 7C). Data
points from this zone cluster in the diagram frequency versus width of
the v1(PO4) band between about 960.5 and 961.7 cm ™! and between
12.0 and 15.5 cm ™}, respectively (marked area in Fig. 8A and B). These
ranges essentially represent the natural, spectral variability of the
starting dentin material. In the measured outer part of the treated dentin
samples, substantial band parameter changes occurred with increasing
reaction time both at 30 °C and 90 °C (Fig. 8A and B). At 90 °C and
reaction times larger than 7 days, the measured area has completely
been altered, particularly recognisable by a significant reduction of the
bandwidth (Fig. 8B), whereas for samples treated at 90 °C for 4 days,
only the data pattern is still comparable to that observed for the 30 °C
experiments (Fig. 8A).

The overall pattern is complex and cannot be explained by a single
process. Whereas in a perfect crystalline solid the long-range order of the
lattice makes the correlation length of the normal-mode vibration
infinite, limiting Raman scattering to zone-centre (q = 0) optical phonon
modes, in defect-rich or nano-crystalline materials, such as dentin
apatite, the relaxation of the momentum selection rule allows a greater
range of vibrational modes to contribute to Raman scattering. This re-
sults in a redshift of the phonon frequency and a decrease in the phonon
lifetimes, i.e., a broadening of Raman bands. In the anharmonic
approximation, the phonon frequency (real part) and the phonon life-
time (imaginary part) should be linearly related to each other via
Kramers-Kronig relationship. Indeed, we observe different, nearly linear
data arrays in the data set of dentin treated at 30 °C that are charac-
terised by different slopes dv/drI", ranging from —0.206 + 0.004 to about
—0.85 (Fig. 8A and B). In particular, the dentin altered for 7 days at
30 °C shows an evolution of Raman spectral parameters towards syn-
thetic hydroxylapatite (crystallite sizes between 70 and 100 nm) with a
slope dv/dI” of —0.206 + 0.004, whereas all other experiments resulted
in steeper trends that point them towards fluoridated fossil tooth and
bone references as shown in Fig. 8C. We also note that after 7 days at
90 °C, the dentin band parameters plot at the trend towards synthetic
HAp, but for longer durations the slope dv/dI” again became steeper, i.e.,
dv/dl' = —0.57 + 0.01, indicating a change in the recrystallisation
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process towards FAp, due to higher wavenumbers.
4. Discussion
4.1. Weight loss and mass balance

The weight loss observed in samples immersed in acidic (= pH 1)
tracer solutions at 30 °C and 90 °C is the result of material loss by
dissolution of dental material (preferentially bioapatite), as indicated by
increasing Ca and P content in the remnant solution (Table S2, Figs. 2
and 3). This dissolution of bioapatite caused an increase of solution pH
from 1 to about 6-7. The degree of alteration observed at 30 °C and
90 °C seem to be different for the elements of interest. While both Ca and
Sr concentrations show a similar temporal evolution in the tracer solu-
tion, both at 30 °C and 90 °C, Mg and especially Zn seem to be controlled
by different reaction mechanisms. This becomes evident by the differ-
ences in material loss of the dental cubes between both experimental
temperatures and by comparing those data with the changes in solution
composition over time. Based on the observed concentrations of the
doped and undoped isotopes of interest in the solution, it is possible to
calculate the expected material loss of the dental cubes by calculating a
mass balance based on the solution concentrations (Table S6). However,
this approach is limited by some assumptions, i.e. (a) the natural vari-
ability in element concentrations across the dental cubes, resulting in
uncertainties of the average concentration of the dissolved material, (b)
the uneven surface of the dental cubes, which can cause an enhanced
dissolution of one cube in comparison to the other, due to differences in
surface area, (c) the concentration difference of the isotope/element of
interest in the initial solution and in the solutions from different time
intervals of the immersion experiment. The latter is especially crucial for
44Ca, which has already a high concentration in the raw solution and
does not increase as much as the “3Ca, i.e. resulting in a high background
concentration in the starting solution. These limitations might also
explain the non-linear behaviour of the material loss with increasing
time. Another explanation for the non-linear behaviour could also be the
decreasing driving force of the reaction caused by the increasing pH
value. However, there are as well several points affecting the accuracy in
weighing, i.e. varying water content in the dental cube. Based on the
results from the solution (Fig. 2), we calculated the absolute amount of
each isotope (25Mg, 26Mg, 43Ca, 44Ca, 67Zn, 68Zn, SGSr, SSSr), based on
their concentration, the known volume of each solution (2 mL, see
“Materials and Methods, Tracer solution™), the natural abundance of
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each isotope (Meija et al., 2016), the elemental concentrations of the
unaltered dental cube (Table S5) and the weight of each dental cube
(Table 1). Calculations for Zn have not been performed, since the Zn
concentration in the solution is decreasing with time, i.e., there is no Zn
dissolution from the dental cube. The same trend was observed for the
calculations using **Ca and 8Sr during the 90 °C experiment. Therefore,
these calculations have also been excluded from the Fig. 9. For the 30 °C
experiment, the calculations based on *3Ca, ®sr, Mg and 2Mg show
the best agreement with the measured weight loss, while **Ca and 86Sr
seem to underestimate the dissolved apatite material. During the 90 °C
experiment, both Mg concentration calculations, as well as the calcu-
lation based on *3Ca, overestimate the weight loss. The best agreement
was found between the measured weight loss and the mass balance
model based on the 88sr. This is especially interesting, since we observe
a decrease of the 8Sr/Ca in the dental cubes in the 90 °C experiment
(Fig. S12 and S13). This evolution indicates, that 885r seems to most
accurately reflect the bioapatite dissolution process of the dental cubes
during this experiment. In contrast, **Ca and ®°Sr show a decreasing
trend in the solution data and are most likely involved in an opposing
trend and increase due to mineral re-precipitation along the dental
surface (Fig. S15C).

4.2. Evolution of the tracer solution and dental cubes

The composition of the tracer solution evolves differently for the
elements enriched therein, but also for different isotopes of the element
of interest at 30 °C and 90 °C (Fig. 2), whereby slight positive shifts in
the mass fraction might be due to some evaporation loss of the tracer
solution during the experiment, especially during the 90 °C experiment.
For Mg, a clear increase for both isotopes 2°Mg (doped) and 2°Mg
(undoped) in the solution is observed at both temperatures. Interest-
ingly, the increase in 2°Mg (~4.6 mg/L for 30 °C and ~ 9.1 mg/L for
90 °C) and 26Mg (~4.8 mg/L for 30 °C and ~ 9.3 mg/L for 90 °C) reflects
the natural isotopic composition of Mg (*>Mg ~ 10 % and 2°Mg ~ 11 %),
suggesting that Mg is leached from the dental cubes. In general, during
the 90 °C experiment the Mg concentration in the solution increased
more than during the 30 °C experiment, indicating a higher dissolution
of the dental material (Fig. S2). This agrees with the weight loss data of
the dental cubes at 90 °C and 30 °C displaying a higher loss of 23.5 + 2.3
% compared to 15.5 + 1.5 %, respectively (Table 1). Magnesium is
further dissolved with increasing duration of the experiment, which is in
agreement with the decreasing "Mg/Ca in the dental cubes. All "Mg/Ca

—m— Measured —m— Measured
100-A —o—*Ca 100-B “®Ca
9. “Ca 9. &gr
—v—5gr —a—Mg
80+ ®Sr 804 ——*Mg
25
70 —— 26M9 70
- ——
SR Mg 60 % —
(2}
& 50+ 504
S 404 40
(]
= 30 30
- _/I\“ S—
204 ’4_‘4"74' a0 - "
107 vk.& "]
0 T T T T T T T 0 T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
days days

Fig. 9. Weight loss of the dental cubes based on the mass balance model for the A. 30 °C experiment and the B. 90 °C experiment. Note that in (B), the calculations
based on **Ca and %°Sr are not shown due to negative values (see text for details).
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ratios decrease in altered dental tissue compared to the starting values of
each dental cube before the experiment, especially in the dentin, which
is completely overprinted in the 90 °C experiment and lost about 80 % of
its Mg content (Fig. S8). However, the doped ?°Mg shows the highest
"Mg/Ca ratio, both in the dentin and enamel after the 90 °C experiment.
Since both, the lighter 2*Mg and the heavier 2°Mg are less concentrated
in comparison to the Mg with intermediate weight, no clear trend
towards a preferential dissolution of heavier/lighter isotopes is detect-
able. This implies that the dissolution process out of the dental cube for
the Mg is (mainly) controlled by the concentration gradient between
solid dental material and the tracer solution, the latter being highly
enriched in 2°Mg.

Zinc shows a completely different alteration behaviour, both in the
solution and in the dental tissues, from Ca, Sr and Mg. Apart from two
outliers for the 14 days experiment (Fig. 2), the Zn concentration in the
solution shows an exponential decrease for the whole experimental
duration under both temperatures (Fig. S.16). In addition, all "Zn/Ca
ratios increase in the outer parts of the dental cubes, both for enamel and
dentin (Fig. S6, S7 and S10). However, the 677n/Ca increases the most,
leading to an increased %”Zn/%*Zn (Fig. 4, S5, S7). This implies that Zn is
absorbed from the solution and incorporated into the apatite crystal
lattice. If any Zn dissolution from the dental material occurs, this
amount is several orders of magnitude lower than that of the Zn pre-
cipitation, i.e. there is a net accumulation of Zn in the outer rim of the
dental tissues, both dentin and enamel. However, it is impossible to
evaluate the amount of Zn dissolved in comparison to Zn incorporated. It
is assumed that Zn is taken up into the dental material, substituting for
the leached out divalent cations, such as Ca®*, Mg?" and Sr?" in the
crystal lattice of the apatite. Zinc distribution patterns comparable to
our experiment have also been postulated for fossil aurochs bone frag-
ments from the Neolithic (Reiche et al., 2003). The increase in "Zn/Ca
ratios in the outermost parts of the dentin and enamel could be caused
by incorporation of Zn from the tracer solution into the dental tissue or
the possibility of contamination of Zn from either laboratory gloves
during the handling of the samples (Garcon et al., 2017), or from the
resin Technovit 5071 in which the samples have been embedded. An
incorporation from the tracer solution, however, seems to be more
likely, since there is no increase in "Zn/Ca ratios in the untreated cube,
which were handled similar to the treated cubes. This is in good
agreement with a recent Zn isotope study on human teeth that found no
significant Zn contamination of enamel from gloves during tooth
handling (Jaouen et al., 2020).

The evolution of Sr and Ca isotopes is similar during the experi-
mental duration and the two temperatures, as expected from their
similar chemical properties. However, the concentration changes of Ca
in the tracer solution are even more pronounced during the 90 °C
experiment. The “3Ca and ®8Sr, which were not enriched in the tracer
solution, both increase rapidly after the experiment started and almost
stay constant during the full experimental duration (Fig. 2). Only for the
90 °C experiment, **Ca might show a slight decrease with increasing
experimental duration (Fig. 2B). This indicates that Sr and Ca are both
dissolved from the dental material into the solution. This dissolution is
mostly happening during the first four days of the experiment and is
significantly reduced afterwards. Due to buffering of the tracer solution
by bioapatite dissolution, the pH increases up to 6 to 7 and the solution is
no longer acidic. This prevents any significant further dissolution, since
hydroxylapatite dissolution is highly dependent on pH and almost not
soluble in neutral aqueous solutions (Fassbender et al., 1966; Berna
et al., 2004).

For the doped **Ca and #Sr in the 30 °C experiment, also the solu-
tion concentration varies only slightly after initial dissolution within the
first four days. However, for the 90 °C experiment, the doped isotopes of
44Ca and 8°Sr decrease significantly in the tracer solution. Since there is
no other sink (no precipitates that formed in the Teflon beaker) for the
Ca and Sr than the dental cubes, the only explanation is that both are
incorporated into the dental material, i.e. by re-precipitation as newly
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formed (synthetic) hydroxlyapatite (Fig. 8). The re-precipitation is only
visible during the 90 °C experiment and therefore seems to be controlled
mainly by temperature, i.e. a specific thermal activation energy is
needed to induce the re-precipitation. Especially for supersaturated so-
lutions, an equilibrium state can only be achieved when long experi-
mental durations and/or highly elevated temperatures are used
(Chander and Fuerstenau, 1984).

The differences in the concentration for the specific time intervals (i.
e., 14 days at the 90 °C experiment) are again most likely due to the
natural variance in the trace element composition of the dental material
between the different individual cubes. The imperfections of the crystal
structure of bioapatite can therefore favour the mineral dissolution
(Mayer and Featherstone, 2000). As soon as hydroxylapatite starts to re-
precipitate from the solution, the rate of precipitation is not only
controlled by the availability of Ca%* and PO3~ ions, but also by the
surface of the dental cubes (Inskeep and Silvertooth, 1988). The surface
area, as well as the inner enamel and dentin differs between the different
dental cubes (Fig. S15).

In the 90 °C experiment, the doped isotopes (**Ca, #Sr, 2°Mg) of the
respective elements show a different evolution. There is no clear trend
regarding the preferential precipitation of a lighter/heavier isotope. For
Ca, the heavier **Ca is preferentially removed from the solution into the
newly precipitated mineral, while for Sr, the lighter 8°Sr is preferentially
incorporated. For the 90 °C experiment, the 33Sr/Ca decreases over the
duration of the experiment, while the Sr/Ca increases. This trend is
especially visible in the dentin, but also slightly visible for the outer
enamel (Figs. S12, S13). This would imply a preferential incorporation
of the lighter 86Sr in comparison to the heavier 8Sr. While this trend is
known for fractionation along trophic food chains (Knudson et al.,
2010), i.e. due to biological processes, the experimental setup is entirely
inorganic and therefore should not favour the lighter isotope. Stable
isotope fractionation in biological processes is typically in the permil or
sub-permil range. In our in-vitro experiment probably no stable isotope
fractionation might be visible for the precipitation of Sr (for Ca and Mg
as well) from the tracer solution to the solid dental material, because the
difference in the 3°Sr/Ca ratio is dominated by the excess of %Sr in the
solution. We observe a preferred incorporation of isotopes with higher
concentrations in the enriched tracer solution, rather than dependent on
the isotopic weight. This is true for Ca (**Ca is preferentially incorpo-
rated versus 43Ca), Sr (®%sr is preferentially incorporated versus 88Sr),
but also for Mg, where the intermediate, but more concentrated 2°Mg in
preferentially incorporated in contrast to the lighter 2*Mg or the heavier
Mg (Figs. S9, S11). Since all three elements belong to the same group
of earth alkaline elements they should react in a similar way in natural
processes. Since there is no, or at least detectable isotope fractionation
observed in these alteration experiments, it seems more plausible, that
the re-precipitation process at higher temperatures is induced due to the
oversaturation in the solution of solved calcium phosphate and the
unproportionally higher abundance of the enriched Mg, **Ca and #sr
in the solution, compared to 24Mg, 26Mg, 43Ca and 88$r, respectively.

4.3. Implications for sampling of dental tissues for isotope or trace
element analysis

Based on the laser ablation profiles isotope ratios of all four different
isotope systems Ca, Sr, Mg and Zn display alteration rims of enriched
concentrations in the outer enamel of at least ~ 100 pm for both tem-
peratures. For the lower temperature experiment (30 °C) no systematic
extension of the alteration rim (i.e. penetration depth of the reaction
zone) with increasing experiment duration was observed. Since the
dental cubes are biological materials, natural variation in chemical
composition and structural properties is likely. Therefore, deeper
penetration depth of the alteration rim in single samples could be
explained with a crack (Fig. S15B) or more porous enamel, which might
function as a fluid pathway for the isotopic tracer solution deeper into
the dental material. In the higher temperature experiment (90 °C), the
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deepest reaction depth of around 150 pm was observed in the longest
lasting experiment (cube F, 63 days). For all other experimental dura-
tions, no systematic increase could be detected, implying that a signif-
icant difference in alteration depth of the enamel only occurs at higher
temperatures and long experimental durations. It could also be
concluded that the main alteration processes took place during the first
few days of experiment, while the pH value was only 1. As soon as the pH
increases, the dissolution process likely stopped. In-situ LA-MC-ICP-MS
875r/86Sr analysis allows for a more sensitive and higher spatially
resolved assessment of diagenetic alteration than LA-ICP-MS analysis.
Therefore, the higher spatially resolved LA-MC-ICP-MS ®7Sr/%%sr data
shows, independent of experiment duration, an enamel alteration rim of
300 pm at 30 °C (Fig. S4) and up to 500 pm at 90 °C. Therefore, for
sampling of fossil teeth for isotope analysis the removal of the outer few
100 pm of enamel is recommended to ensure the analysis of the least
altered central part of the enamel. This may be feasible for mammal
teeth with thick enamel, but may be problematic and not feasible for
reptilian teeth with thin enamel, as well as for small-sized teeth. How-
ever, as the innermost enamel, along the EDJ, is also altered due to a
penetration of the tracer fluid through the whole dentin and across the
EDJ into the innermost few 100 pm of enamel (Fig. 5), this zone should
ideally also be avoided for geochemical analysis assessing in-vivo
compositions. The innermost, pristine zone in the central part of the
enamel is shrinking from both sides with the duration of the alteration
experiments (Fig. 5). After 63 days at 90 °C, there remains only a zone of
~ 1 mm unaltered enamel, which is about ~ 56% of the original enamel
thickness of =~ 1.8 mm. In contrast, dentin is much more prone to
alteration than the enamel. Especially during the higher temperature
experiment, a complete alteration of the ~ 1.4 mm thick dentin is
observed for all doped isotopes (**Mg, **Ca, ©”Zn and 2°Sr) already after
7 days. This is probably caused by the lower apatite crystallinity, higher
porosity, lower degree of mineralisation and higher content of organic
matter (i.e. collagen) in the dentin compared to the enamel, making it
much more prone to post-mortem alteration.

~

4.4. Dissolution and precipitation processes

The Raman spectra of enamel and the extracted spectral parameters,
bandwidth and position, of the v;(PO4) band display a higher resistance
of enamel against alteration, matching with the expected higher apatite
crystallinity of enamel compared to dentin. Due to the high crystallinity,
the enamel is less vulnerable to changes during the lower temperature
experiment (30 °C), where no changes in the Raman spectral parameters
in the outer 120 pm were observed. Even at higher temperatures (90 °C
experiment), only the enamel in the sample with longest exposure to the
tracer solution show an increase of the v;(PO4) band position in the
outer 120 pm (Figs. 7 and S16). Note that band position is determined
from the average P—O bond length involved in the symmetric stretching
of phosphate (i.e. Popovi¢ et al., 2005). The higher band positions
indicate a shorter P—O bond length, which could be caused by the
incorporation of light ions from the doped isotope tracer solution on the
Ca crystal lattice position. Fluorine is known to substitute on the OH-
position in the apatite lattice and can cause also such a shift of the
v1(PO4) band to higher wavenumbers (Thomas et al., 2011). However,
the tracer solution initially did not contain any F, therefore, in this
special experimental setup, the only possible source of F are the reaction
beakers consisting of Teflon, which is a synthetic fluoropolymer of tet-
rafluoroethylene. Especially for experiments with long durations at sub-
boiling temperatures and initially low pH values, dissolution of F from
the Teflon beakers seems plausible. This is further supported by the fact
that a notable shift only occurred in the enamel experiment that ran for
63 days at 90 °C. The different dv/dI" trends are potentially a result of
different F concentrations dissolved from the Teflon beakers, expect for
the dv/dI” trends going towards synthetic HAp (Fig. 8C).

Modifications of the dentin Raman spectra and of the v;(PO4) band
confirm that dentin is much less resistant against alteration compared to
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enamel. Furthermore, the alteration processes of dentin samples prog-
ress continuously and are temperature-dependent. The reaction time
seems to have only little influence at low temperatures, however tem-
peraturehas a clear affect on dissolution of hydroxylapatite and a pres-
ervation of organic material. That the partial dissolution of the apatite
component in the outer part of the samples relatively increased the
proportion of collagen to bioapatite, as is also observed for the dentin
samples, even at lower temperatures. Raman spectra of the dental cubes
from the 30 °C experimental series display the dissolution of apatite in
the outer dentin area exposed to the solution already after 4 days, while
collagen is predominantly still preserved, indicating a preferred pres-
ervation of organic matter in this specific acidic environment at low
temperatures (Fig. 7). In the 90 °C experimental series, the outer 120 pm
of dentin were also completely altered already after 4 days. At higher
temperature, degradation of the organic matter can be observed, while
the bioapatite component remains preserved, even after long experi-
mental durations. This is reflected by a strong shift of the v;(PO4) band
towards higher wavenumbers in samples with longer reaction duration
at 90 °C (Fig. 8B), which hints towards a dissolution-recrystallisation
process. From unaltered dentin Raman shift and FWHM display two
different trends, one towards values of high bandwidth and slightly
increasing band position and the other displaying increasing band po-
sition accompanied by a strongly decreasing bandwidth, reaching min-
imum values close to synthetic HAp (Fig. 8C).

A dissolution-recrystallisation process of the bioapatite would lead to
higher apatite crystallinity, resulting in such an increasing v;(PO4) band
position and decreasing bandwidth. During the dissolution and recrys-
tallisation of the apatite F and Zn got incorporated. Zinc is known (in-
dependent of Zn concentration) to reduce the reactivity of the dental
material versus acids, causing less dissolution of the dental cubes after
the initial experimental phase, as well as the formation of new and larger
crystals (Featherstone and Nelson, 1980) with less structural defects
(Nelson et al., 1982; Mayer and Featherstone, 2000). This would lead to
the observed increased crystallinity and the decreased bandwidth in the
Raman spectra. Furthermore, the lower Mg/Ca in the newly precipitated
hydroxylapatite could also cause a higher crystallinity (LeGeros et al.,
1996). Since Mg is leached out of the dentin, Sr and/or Zn seems most
likely to substitute for Ca instead of Mg, causing the increase of the band
position, when comparing Raman spectra with the laser ablation results.

The dissolution behaviour of Ca-apatites in acids, such as hydroxyl-
apatite in HNOs, can be described by different models and is still a
matter of debate (see Dorozhkin, 2012 and references therein for a
literature review of different models). However, such models are only of
limited use to explain dissolution and precipitation of the bioapatite of
the dental cubes used in this study. Furthermore, these models are not
valid for experimental conditions with pH < 2 and temperatures above
70 °C (Dorozhkin, 2012). Since isotopic fractionation seems to be only of
minor importance for the processes observed in the experiment, we
mainly use concentration differences and diffusion effects on the solid/
liquid interface as explanation. As soon as the solid material (i.e. the
dental cube) gets in contact with the tracer solution, a small layer of
solid/liquid interface develops (DePaolo, 2011). This induces the
chemical interaction of the solution with the apatite (Pearce, 1988), and
the exchange of ions from both reservoirs within the solid/liquid
interface. The components of the solution will absorb onto the surface of
the dental cubes and induce a chemical exchange of the surface layer, i.
e. causing the crystal surface to lose some of its components, such as
Ca%*, Sr?*, Mg?" and PO3". Depending on the ionic diffusion gradient,
ions from the bulk solution or the dental material are exchanged within
this interface layer and ultimately either transported into the solution, or
incorporated into recrystallised dental material (Dorozhkin, 2012).
Therefore, the large concentration differences in the tracer solution
between the different isotopes, *4ca vs. 3Ca and %8Sr vs. 8Sr, will ul-
timately be responsible for the different isotope evolution, while the
element concentration stays consistent during the 90 °C experiment.

Our experiments demonstrate that non-traditional isotopes such as
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Ca, Sr, Zn and Mg increasingly used for dietary and physiological re-
constructions are prone for diagenetic alteration in fossil teeth. Partic-
ularly when exposed to low pH conditions, as for example during
digestions. Stomach acids of predators and scavenger have very low pH
values (Beasley et al., 2015) and might aggressively attack dental sur-
face already within short durations, as seen in the presented experiment.
Especially dentin is vulnerable for alteration and should be avoided. But
enamel, especially the outer and innermost few hundred micrometers,
can also be altered when exposed to diagenetic fluids, depending on the
time of burial and the physico-chemical conditions in the diagenetic
setting as well as the tooth geometry. The dental cubes analysed in this
study originate from a large mammal species, however, different species
have potentially different degree of enamel mineralisation and micro-
structure (Berkovitz and Shellis, 2016, 2018). Chemical alteration of
fossil dental material might differ among each other, the presented re-
sults might be most applicable on larger mammals with similar
hydroxylapatite microstructure than reptiles, with generally thinner
enamel layers and different microstructures. More experiments
including different species are necessary to address the vulnerability of
enamel from different species. The enamel along the EDJ can be affected
by alteration of solutions penetrating into the enamel from the dentin.
To obtain pristine, in-vivo isotope compositions it is thus important to
carefully assess the chemical and mineralogical preservation state of
enamel ideally by spatially resolved in-situ techniques such as Raman
and LA-(MC)-ICP-MS. By analysing profiles across the enamel, the least
altered zones can be identified and sampled from fossil tooth specimens.
This is especially important for the application of non-traditional stable
isotope systems such as §**Ca, 5%%sr, §2°Mg and §°*Zn values used as
trophic level indicators for the reconstruction of fossil food chains
(Knudson et al., 2010; Jaouen and Pons, 2017; Martin et al., 2015, 2017;
Bourgon et al., 2020). For these isotopes displaying trophic level dif-
ferences in the sub-permil range, even small degrees of diagenetic
alteration can strongly bias original compositions. Due to the experi-
mental setup of this study, it is not possible to evaluate differences in the
isotopic behaviour within a specific element, due to the high concen-
tration of different element systems in the tracer solution. To better
understand the differences between heavier and lighter isotopes during
90 °C, another experimental and analytical setup would be necessary, i.
e. by using single element solutions with reduced isotopic concentration
gradients (i.e. only near-natural isotopic enrichment). The experiment
as presented in this study lack of some limitations regarding the appli-
cation to natural post-mortem alteration processes, especially due to the
high concentration of the doped isotopes, the composition of the
aqueous solution in general and the lack of sediment. To overcome these
limitations independent experiments to evaluate isotopic fractionation
effects during dissolution and/or precipitation of hydroxylapatite
should be performed. Single element solutions with and without sedi-
ment should be used at different temperatures, using high-resolution
analytical techniques, such as MC-ICP-MS or TIMS, to further assess
changes in the isotopic composition in the per mil range, which is
relevant for palaeoecological and palaeoenvironmental applications
using isotope compositions of fossil teeth.

5. Conclusion

In general, low, near Earth-surface temperatures (30 °C) do not affect
the chemical alteration of dental tissues in acidic aqueous solution as
much as higher temperatures of 90 °C (representing about 3 km of burial
depth). Enamel isotope composition and apatite crystallinity are both
much less affected by the in-vitro alteration experiment in the isotopi-
cally enriched tracer solution than in dentin. The isotopic ratios of
dentin are fully altered at 90 °C after only few days. Calcium, Mg, Zn and
Sr concentrations and isotopic compositions indicate that only the
outermost ~ 100-200 pm of the enamel are affected by reaction pro-
cesses, probably diffusion and re-precipitation. High-resolution in-situ
LA-MG-ICP-MS ®7Sr/86Sr profiles across the dental cubes indicate that
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the central part of mm-thick enamel preserves original isotope compo-
sitions (even after 63 days at 90 °C), while dentin is fully altered after
one week. This finding has implications for only few 100 pm thick
enamel of certain fossil reptiles or small vertebrates. To measure pris-
tine, in-vivo isotope compositions, we recommend to either remove the
outermost ~ 100-200 pm of enamel, as well as not to sample too close to
the EDJ, or work with spatially resolving methods such as SIMS or laser
ablation (MC-)ICP-MS to identify and avoid diagenetically altered zones.
Magnesium and Zn show a different behaviour than Ca and Sr during the
experimental bioapatite alteration. Zinc is incorporated into the dentin,
while Mg is leached out of the dentin. The incorporation of Zn into the
hydroxylapatite could be the reason for a decreasing Raman shift,
causing the precipitation of crystals with less structural defects. Due to
the lack of correlation between the reaction depth of the apatite (i.e.
changes in isotope ratio and Raman spectra) and the duration of the
experiments, it is not possible to determine the kinetic mechanism
causing the alteration reaction. In contrast, it was possible to explain the
different evolutions for the doped isotopes of Sr and Ca during the 90 °C
experiment in the alteration zones of the bioapatite. A diffusion
gradient-controlled mechanism at the solid/liquid interface around the
dental cubes due to the highly elevated concentration of the doped
isotopes likely caused the altered isotope ratios in the outer few 100 pm
enamel and throughout the dentin.
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