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ABSTRACT

We tested several sample pre-treatment protocols for the study of oxygen isotope ratios in the phos-
phate phase of mammalian enamel of ten different fossil samples. We investigated the effect of different
pre-treatment methods and the duration of the hydrogen fluoride treatment on enamel samples from
skeletal phosphate with known δ18O values. The samples had been measured previously, so we could
compare the ratios measured in our laboratory with the previous values to choose the best chemical
preparation procedure. Four pre-soaking methods and two different time intervals of 2 mol dm�3

hydrogen fluoride treatment were compared during our experiments. In our experimental conditions,
the distilled water wash and the 6 h of soaking in hydrogen fluoride gave the closest results to the
expected δ-values. The steps of the tested preparation processes were repeated at least three times on
each sample, so the reproducibility of the process could be also investigated.
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INTRODUCTION

Nowadays, it is increasingly important to obtain more information about past climate
conditions. Knowing more details about the climatic parameters results in a deeper under-
standing of the drivers and mechanisms of climate changes in the past; more precise
modelling of the ongoing and future processes can be performed. The oxygen isotope
composition in the water cycle is very well known and widely used in hydrologic as well in
paleoclimate studies. The oxygen isotope ratio of different compounds (such as ice,
groundwater, carbonate, bone, tree ring, or sphagnum) have a huge importance in under-
standing climate proxy data (White et al., 2004; Steiger et al., 2017; Kock et al., 2019;
Xu et al., 2021).

The relationship between the oxygen isotope composition of local precipitation and
ambient temperature is widely known and used for climate reconstruction (Dansgaard,
1964). The oxygen isotope composition in skeletal material of mammals is mainly affected by
their water intake from food and drinking water, both of which are determined by the local
oxygen isotope composition of the environmental water. The body temperature of mammals
is quite constant and regulated by their metabolism (Longinelli, 1984; Luz et al., 1984);

Central European
Geology

65 (2022) 2, 144–157

DOI:
10.1556/24.2023.00132
© 2023 The Author(s)

RESEARCH ARTICLE

pCorresponding author. Isotope
Climatology and Environmental
Research Centre, Institute for Nuclear
Research, Bem tér 18/C, H-4026
Debrecen, Hungary.
E-mail: kiss.gabriella@atomki.hu

Brought to you by MTA Könyvtár és Információs Központ olvasók | Unauthenticated | Downloaded 11/30/23 09:53 AM UTC

https://orcid.org/0000-0002-8585-9855
https://doi.org/10.1556/24.2023.00132
mailto:kiss.gabriella@atomki.hu


thus, isotope fractionation during other processes, such as
the oxygen composition of inhaled air, humidity, sweat, or
urine are independent of climate or negligible, and
contribute to the equilibrium oxygen-isotope composition in
the body to a lesser extent (Gehler et al., 2011). From all
these factors, the ingested environmental water plays the
most significant role in the water‒tissue oxygen-equilibrium
process in the body of the terrestrial mammal. Due to the
correlation between isotopic composition of the oxygen-
bearing materials (e.g., enamel from teeth) and isotopic
composition of the environmental water as well as local
temperature, the oxygen isotopic investigation of terrestrial
mammal fossils can contribute to an understanding of the
climatic conditions in the past.

Bones and teeth have a high percentage of inorganic
compounds. The chemical composition of the most
important inorganic compound, the so-called biogenic
hydroxylapatite or bioapatite (Pasero, et al., 2010), is
expressed with the following basic molecular formula:
Ca10(PO4, CO3)6(OH, CO3)2. Beside the phosphate, the
other oxygen-containing groups are the carbonate and hy-
droxide groups. As the phosphate ions have a higher
abundance compared to structural carbonates, the PO4

3�

groups can be considered as the main source of oxygen in
the hardest tissues, such as enamel from teeth (Chenery
et al., 2012). Secondary carbonate is another source of car-
bonate. This is another type of carbonate mineral (calcite,
dolomite) that may attached to fossil vertebrate remains.
The removal of secondary carbonate is a critical point dur-
ing the preparation, especially in the case of structural car-
bonate δ13C and δ18O measurements. Compared to the
carbonate isotope analysis from bioapatite, the isotope
analysis of the phosphate content seems easier, possibly due
to the robustness of the PO4

� group. There is a strong
chemical bond between oxygen and phosphorus atoms in
the phosphate group, where breaking a single covalent bond
has an activation energy of 350 kJ mol�1. This makes
chemical changes and/or isotope exchange processes at low
temperatures unlikely, but does not make the structure
resistant enough to microbiological activity or phosphatase
enzyme activity, except for enamel, which has a better-
crystallized structure and a moderate pore size distribution
(Blake et al., 1997; Sharp et al., 2000; Zazzo et al., 2004).
Compared to bones, tooth enamel is a much more robust
material, and these effects are less important in this case.
The crystallite size of bioapatite from enamel is larger and
they have lower carbonate (∼3.5%; Kohn and Cerling, 2002;
Wopenka and Pasteris, 2005), and only a small organic
content (under 1% by volume; Olszta et al., 2007). The
partial replacement of OH� by F� ions also results in a more
robust material compared to bones, from a thermo-
dynamical consideration (Keenan, 2016). However, after
burial during early diagenesis, the loss of organic material
from the structure allows fluids to infiltrate into the pores of
the biomineral and also facilitates the incorporation of F�,
Cl�, or CO3

2� in place of OH� or PO4
3� ions (Chenery

et al., 2012; Kohn and Cerling, 2002). In the case of bones,
the total phosphorus concentration and environmental pH

can affect the structure and stability of the biomineral
(Agnini et al., 2009). Also, the organic content (between 0.5
and 20%, depending on the section of the tooth) is lower in
teeth compared to bones, where organic content is ∼30% in
living animals, but its degradation rate after death depends
not only on time but also on the temperature and pH of the
environment (Collins et al., 2002; Keenan, 2016; Olszta et al.,
2007; Snoeck and Pellegrini, 2015).

Phosphate oxygen, especially in materials with relatively
high crystallinity such as lamellar hydroxyfluorapatite, is
also diagenetically more robust than the oxygen in the car-
bonate or hydroxyl group of bioapatite (Kohn et al., 1999;
Pucéat et al., 2010). As a result, for fossil mammal remains,
the tooth enamel is the best component to use for stable
isotope study for tracing in-vivo environmental conditions
(Iacumin et al., 1996). The crystallites in the teeth are larger
and well-ordered and contain less carbonate and more
fluoride than the crystallites in bones (Wopenka and Pas-
teris, 2005; Keenan, 2016; Kocsis, 2011).

Oxygen isotope ratio values are expressed in δ-values,
based on the 18O/16O isotope ratio of the sample (Rsample)
and the isotope ratio of a standard material (Rstandard), given
in equation (1) below. The result is quoted in permil (‰).

δ18O ¼ �
Rsample

�
Rstandard � 1

�
31000‰ (1)

This δ18O value is different in the environmental water
(δ18OW) than that of the biogenic phosphate (δ18OPO4) due
to fractionation during incorporation into the tissues, but
this relationship can be described as a linear function
(Longinelli, 1984; Luz et al., 1984; Kohn and Cerling, 2002;
Iacumin et al., 1996; Luz and Kolodny, 1985; Iacumin and
Venturelli, 2015). Thus, past temperature over the last few
hundred thousand or even millions of years can be recon-
structed from the oxygen isotopic composition of bioapatite
of mammal tissue fossils (Iacumin et al., 1996).

Since the relationship between the isotope composition
of environmental water and the ambient temperature is also
linear (Craig, 1961; Dansgaard, 1964; Rozanski, 1993; Vodila
et al., 2011), the oxygen isotope composition of the phos-
phate in bioapatite must reflect the temperature of the local
environment. This fractionation is well described not only
for a few species of animals, but also for humans (Longinelli,
1984; Luz et al., 1984).

For accurate determination of oxygen isotope composi-
tion, beside the precise measurement, applying of an
adequate preparation protocol is essential. Different labo-
ratories have their own different protocols, so in this study,
our goal was to develop our own procedure, based on
mammal teeth, which can be followed in the case of phos-
phate oxygen isotope determination, in accordance with the
other measurement protocols we apply on similar hard-tis-
sue samples. In the case of the carbonate content of bio-
apatite, a few sample preparation studies are available
(Snoeck and Pellegrini, 2015; Garvie-Lok et al., 2004; Pel-
legrini and Snoeck, 2016), where hydrogen peroxide in
different concentrations, sodium hypochlorite and hydra-
zine hydrate were investigated as pre-cleaning agents. The
researchers here found that sodium hypochlorite was the
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most effective against organic contaminants, but in using
this chemical, some altering effects on the carbon and oxy-
gen isotope ratios were observed, due to precipitation of
artificial carbonate. However, some protocols follow up the
sodium hypochlorite with a (Ca-buffered) acetic acid solu-
tion that may help mitigate the negative effects of the bleach.
Hydrogen peroxide seemed less effective in the case of
removal of organic materials. Hydrazine hydrate was
considered an applicable chemical agent, but because of its
physiological effects, in our laboratory, we did not prefer its
application.

The sensitivity of chemical procedures to the isotopic
composition of the phosphate content has also been studied
in recent years. There are many different procedures given in
the literature, not only in relation to pre-cleaning, but also
for the acidic treatment as well. Thus, we decided to
compare the most commonly used traditional methods on
samples with a well-known oxygen isotope ratio, to adopt an
efficient and precise protocol. These traditional methods
contain – after several cleaning steps in order to get rid of
the contamination – the precipitation step with silver nitrate
solution. Those studies use different cleaning agents: the
most frequently used chemicals are sodium hypochlorite,
hydrogen peroxide (in different concentrations) or both of
them combined with an acetate buffer solution or simply
acetic acid, in different concentrations and reaction time
(Chenery et al., 2012; Lécuyer et al., 1993; Vennemann et al.,
2002). However, during sediment phosphate isotope ana-
lyses, sodium hydrogen carbonate, sodium hydroxide and
hydrochloric acid were also investigated as pre-treating
chemicals (Liu et al., 2019). Other studies apply diluted ni-
tric acid (0.5 mol dm�3) to dissolve the phosphate content

from the samples, but in this case, the minimum time
requirement of the reaction may be quite long, up to several
days (LaPorte et al., 2009). Some references mention the
possibility of a very gentle pre-cleaning, or not carrying out
any pre-cleaning steps at all, but this approach is recom-
mended mostly in case of dental enamel powders (Zazzo
et al., 2004; Grimes and Pellegrini, 2013; Szabó et al., 2017).
Figure 1 shows what can be measured from bioapatite, what
are the key points in the case of preparation for oxygen
stable isotope measurements, and some references which are
also mentioned and cited elsewhere in the text and the
reference list.

Recent studies show that cation and anion exchange
chromatography is also a highly applicable tool for separa-
tion of the phosphate content, applied in conjunction with
the silver phosphate precipitation method (LaPorte et al.,
2009; Pederzani et al., 2020). However, in many cases, the
effect of these chemicals upon the measured isotope
composition of the phosphate is not negligible (Grimes and
Pellegrini, 2013). Based on those, we attempted to choose the
most effective method, in order to clean our samples not
only from the organic residues but also the inorganic oxy-
gen-containing groups, especially secondary carbonates. The
chosen samples for testing our preparation protocol were
tooth enamel from Stephanorhinus sp. (two-horned rhi-
noceros), Rhinocerotidae sp. (rhinoceros) and Mammuthus
sp. (mammoth), as is presented in Table 1 below. The
samples were retrieved from different geographical
locations, which are also indicated in Table 1. The sample
selection is based not only on the sufficient sample amount
but also on the widest possible range of the previously
known δ18O values.

Fig. 1. Summary of the measurement opportunities from bioapatite, including the main approaches of phosphate separation/precipitation
and the most important references (written red) (Crowson et al., 1991; Dettman et al., 2001; LaPorte et al., 2009; Mine et al., 2017;
O’Neil et al., 1994; Pederzani et al., 2020)
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As is listed in Table 1 below, the location of the samples
are Italy, France, Slovakia, and Hungary. From Italy, the
collected samples are derived from the Stephanorhinus
species. The age of the samples was between ∼5.2 Ma and
∼1Ma (Szabó et al., 2017), based on classification into
mammalian biozones. The samples collected in France are
members of different mammal species: Anancus arvernesis,
Stephanorhinus sp. and Mammuthus meridionalis (southern
mammoth). The determined ages of the samples are between
2.47 Ma and 1.8 Ma (Szabó et al., 2017; Boivin et al., 2010).
One sample was collected in Slovakia; this is a Stephano-
rhinus jeanvireti species, the age of which is between 2.6 Ma
and 1.9 Ma. Also, from the Carpathian Basin, in Hungary,
three samples were collected: a Stephanorhinus sp. from
Pécel and a Mammut borsoni from Százhalombatta; their
ages are between 3.5 Ma and 1.9 Ma. The third Hungarian
sample is a Rhinocerotidae indet., collected in Rudabánya,
and is determined as a sample from the Miocene (Szabó
et al., 2017).

MATERIALS AND METHODS

Pre-treatment and digestion methods were compared on
tooth samples with a known oxygen isotope composition to
improve our method for precise preparation, measurement,
and calibration. The preparation methods were tested on
enamel samples of teeth collected in North Italy, France,
Slovakia, and Hungary, with previously-published
δ18Ophosphate vs. V-SMOW values between þ11‰ and
þ20‰ (Szabó et al., 2017). The samples were previously
measured at the University of Lausanne, where a DeltaPlus
XL mass spectrometer connected with a TC/EA high-tem-
perature elemental analyzer and a Conflo interface was the
measuring instrument (Vennemann et al., 2002). The
measured values were calculated against two in-house
standards (LK-2L, δ18O 5 þ12.1‰ ± 0.3‰ and LK-3L,
δ18O 5 þ17.9‰ ± 0.3‰). In our experiments, the samples
for the preparation tests were chosen based on their previous
δ18O results: our goal was to cover as wide range as possible,
in terms of oxygen isotope values.

The preparation steps for the measurement series con-
sisted of a pre-cleaning step using different chemicals
(distilled water, calcium-acetate–acetic acid buffer solution,
and/or hydrogen peroxide or sodium hypochlorite solution).
For dissolving the phosphate content of the samples,
hydrogen fluoride solution was applied. During our experi-
ments, the effect of the different pre-cleaning methods and
the duration of the HF treatment (6 and 24 h) were exam-
ined in order to determine the effects of different chemical
agents and the duration of the acid treatment on the
dissolution of the bioapatite. Before the chemical prepara-
tion of bioapatite, the first step is sampling from the chosen
teeth. After mechanical cleaning – in order to get rid of the
impurities from the surrounding soil residues and other
visible contaminants – and slicing, a few mg powder (under
125 μm particle size) was collected from each tooth enamel
with a diamond-tipped Dremel® 3,000 drilling/grinding

machine. Where it was possible, the samples were collected
from the crown to the root, along the entire length of each
tooth.

After sample collection, the preparation consisted of two
more steps. In the second step, we attempted to remove all
possible organic residues (which can build up between the
apatite crystals and on their surface) and secondary car-
bonates from the sample. In the literature, distilled water,
calcium-acetate—acetic acid buffer, hydrogen peroxide, and
sodium hypochlorite are the most common chemical agents,
although – against its hazardous properties – some studies
suggest using hydrazine hydrate. Here we note that publi-
cations point to the avoidance of cleaning steps where
possible (Kocsis, 2011; Grimes and Pellegrini, 2013; Szabó
et al., 2017). The third part of the procedure was the
dissolution of the phosphate content of the samples, using
HF. Here, the concentration of the solution and the duration
of the treatment can also affect the isotopic composition
(Grimes and Pellegrini, 2013; Lécuyer, 2004). The final goal
was to eliminate any other oxygen-containing groups
e.g., CO3

2�, OH�, organics, and transfer PO4
3� into

Ag3PO4, which is a good alternative to the previously used
BiPO4 (Longinelli, 1984; Kohn and Cerling, 2002; Luz and
Kolodny, 1985; Lécuyer, 2004; Tudge, 1960). The oxygen
isotope composition of the bioapatite phosphate was
measured in the form of a silver phosphate precipitate.
During the preparation, single-use plastic tubes (volume: 2.0
ml) from Eppendorf®, single-use needles, and syringes were
used. All the chemicals used were analytical reagent grade.
Each sample was prepared in triplicate.

Pre-cleaning methods

In the first step of the preparation, 5 mg of each pulverized
sample was placed in a vessel and soaked in the chosen
solution based on the processes in Table 2. The first batch of
samples was only immersed in distilled water at room
temperature for 6 h. In the second attempt, after gently
rinsing with distilled water, the samples were stored in an
acetic acid–Ca-acetate buffer (1 mol dm�3) for another 6 h.
These samples were then rinsed with distilled water twice,
centrifuged (13,000 rpm, 3 min), and dried at 60 8C to con-
stant weight. Their mass was measured after drying. The 3rd

set of samples was soaked in 10 w% H2O2 solution for 24 h;
after this step, they were rinsed with distilled water three
times. Following this step, 1.5 ml 1 mol dm�3 calcium ace-
tate–acetic acid buffer solution was applied for another 6 h.
The 4th sample set was treated with sodium hypochlorite
solution (10–12 w%, 24 h), rinsed at least three times with
distilled water, and soaked in calcium acetate-acetic acid
buffer solution for another 6 h. After the pre-cleaning, the
samples were washed with distilled water and then dried at
60 8C till constant weight.

Phosphate extraction and measurement

The residues were then dissolved in 800 μl hydrofluoric acid
(2 mol dm�3). These samples were then centrifuged, the
supernatant fluid (above the calcium fluoride precipitate)
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was transferred to clean vials, and a few drops of NH4OH
(25 w%) was added to each sample to reach neutral pH,
which was determined using pH paper (interval: pH 1–12).

After that, AgNO3 solution (500 μl, 2 mol dm�3) was
added to each sample to precipitate silver phosphate. After
30 min, the russet precipitate was centrifuged and washed
with distilled water three times and centrifuged (13,000 rpm,
3 min). The samples were dried at 60 8C until constant
weight, and then 0.3 mg from each sample was placed in a
silver capsule for stable isotope analysis. The samples in the
silver capsules were kept in a desiccator to avoid the effect of
adsorption of the humidity from the ambient atmosphere.

The samples were measured in the Isotope Climatology
and Environmental Research Centre, Institute for Nuclear
Research (Debrecen, Hungary), on a Thermo Finnigan
DeltaPlus XP continuous flow isotope ratio mass spec-
trometer, connected with a TC/EA high-temperature
elemental analyzer using a zero-blank autosampler. The
oxygen isotopic analysis using TC/EA is based on the high-
temperature conversion of Ag3PO4 on glassy carbon to
carbon monoxide. The reduction temperature was 1,450 8C.
Before the mass spectrometric analysis, the resulting com-
ponents (CO and residual gases) are separated on a gas
chromatography column. During the continuous flow
measurement, the sample provides a transient signal, and
pulses of the reference gas are injected. Two different
reference materials were used for the calculations. The first
was an Elemental Microanalysis measurement standard
(B2207, δ18O vs. V-SMOV 5 þ21.7‰ ± 0.3‰), and the
second was an in-house silver phosphate powder with δ18O
value of þ12.26‰ ± 0.3‰, determined at the University of
Lausanne against USGS-80 (δ18O 5 þ12.5‰ ± 0.18‰) and
USGS-81 reference materials (δ18O 5 þ34.7‰ ± 0.19‰).
The preparation steps were carried out by all the samples at
least three times, and each prepared sub-sample was
measured three times. Our standard deviation in the case of
oxygen isotope ratio measurements is 0.3‰ (1σ).

RESULTS AND DISCUSSION

Pre-cleaning methods

We tested several pre-cleaning methods to remove organic
compounds and secondary carbonates. To evaluate the effect
of the chemical treatments the following statistical indicators
are applied for comparison of the results in the case of each
method:

� ΣD2: the sum of the squares of the absolute differences
between the measured and the nominal δ18O results;

� ƩðD23s2Þ: sum of the squares of the absolute differences
multiplied by the square of the standard deviation (s).

A chemical yield has been calculated as the ratio of the
final mass of the silver phosphate and the mass of the pre-
cleaned bioapatite sample, and then compared to the theo-
retical value. Figures 2C, F, 3C and F show the chemical
yields in percentages. Most of them are between 60 and 80%,

which can be acceptable. The presence of biocarbonate, as
well as the loss of phosphate precipitate (due to transferring
and rinsing the solutions), can lower the chemical yield. As
we described earlier, every sample was prepared three times,
and those sub-samples were measured by the mass spec-
trometer three times. Therefore, the given averages and
standard deviations were calculated using those nine values
in the case of each sample.

No extra pre-cleaning (NE). Some of the literature
(Bergmann et al., 2018) suggest no pre-cleaning or
washing procedure is necessary; the only cleaning is done
with water, so we built this step into the experiments.
After the water treatment, no significant mass decrease
could be observed as shown in Figs 2B and C. The average
remainder of 99.4% of the original sample amount could
indicate that during the cleaning step a relatively low
amount of surface contamination was removed. However,
in some cases, even an increase in mass was observed. As
the measured weights of the samples were constant, we
could exclude the possibility of an incomplete drying
procedure. We suggest that any increase in mass is caused
by the adsorption of moisture from the air, even though
the samples were stored in a desiccator. In this case of this
method, the measured oxygen isotope values were closer
to the known ratios than in our other experiments, within
a 1.5‰ difference compared to the known data (see
Tables 1 and 2 in Appendix and Fig. 2A). For the NE
methods, the ƩD2 and the Ʃ(D23 s2) are the lowest
among all methods, indicating the best agreement with
the standard data.

Acetate buffer only (A). Acetate buffering was used in the
next three pre-cleaning experiments. When using acetate
buffer only, the samples were soaked in 1.5 mL 1 mol dm�3

Ca-acetate–acetic acid buffer solution for 6 h at room
temperature. We found that mass reduction was observ-
able in the case of using acetic acid buffer only: after
pre-cleaning, 82.2 and 90.6% of the original material
remained in the vials (see Tables 3 and 4 in Appendix and
Fig. 2E), as was already observed in case of the structural
carbonate content of bioapatite samples (Snoeck and Pel-
legrini, 2015). The measured values were quite close to the
known ones compared to the nominal data. The values of
ΣD2 (8.27 and 8.71) and ƩD23 s2 (0.19 and 1.38) indicate
that our results agreed well with the nominal δ-values, with
a maximum difference of 1.52‰ (see Appendix Tables 3
and 4) and similar to the NE results. The CO chroma-
tography peak areas here were in agreement with those
from the applied standard materials (mentioned in Sec-
tion 2.2.).

Hydrogen peroxide and acetate buffer solution (PA). Some
references suggest using hydrogen peroxide in its concen-
trated form (∼30 w%), but in many cases, the diluted
solution was tested as a cleaning agent at this step of
the protocol, and in some cases, higher temperatures were
also applied for this solution. However, during some

148 Central European Geology 65 (2022) 2, 144–157

Brought to you by MTA Könyvtár és Információs Központ olvasók | Unauthenticated | Downloaded 11/30/23 09:53 AM UTC



experiments, the alteration of the original isotope signature
and organic residues was observed when using H2O2 solu-
tion in its higher concentrated forms (Grimes and Pellegrini,
2013). In the current study, we decided to use 10 w% H2O2

and room temperature incubation for 24 h.
The change in mass before and after preparation was

moderate using hydrogen peroxide and acetate buffer for
the preparation steps (see Fig. 3B). The average sample
residues were 81.9% and 86.0% of the original samples,
which are similar to the A method. In contrast, the
measured isotope showed a greater difference compared to
the previous data, with a maximum difference of 2.70‰ in
the case of the PA-6H batch and 2.36‰ in the case of the
PA-24H series (see Appendix Tables 5 and 6). This in-
dicates that some fractionation occurred during this
preparation process, in good agreement with earlier pub-
lications in this field (Grimes and Pellegrini, 2013). The

statistical indicators were higher than in previous cases: for
ƩD2 28.21 and 20.41 were given, and for Ʃ(D23 s2) 9.86
and 4.22 were calculated. Also, the peak areas were about
25% smaller than the results of the measured standard
materials, indicating some dissolution of the phosphate and
other compounds, as was already observed elsewhere
(Grimes and Pellegrini, 2013; Snoeck and Pellegrini, 2015;
Pellegrini and Snoeck, 2016).

Sodium HypoChlorite and Acetate buffer solution (HCA).
Here, we observed the largest mass loss during the prepa-
ration, the sodium hypochlorite solution digested more
than 30% of the samples on average over 24 h, causing the
largest differences in δ18O based on the calculated statistical
values (ƩD2: 29.97 and 11.01, Ʃ(D23 s2): 12.82 and 4.29),
especially for the HCA-6H series (2.55‰, see Appendix
Tables 7 and 8) which showed the greatest deviation from

Fig. 2. The measured δ18O values (A, D), mass changes after the pre-cleaning steps (the difference between the initial mass and the measured
mass after the pre-cleaning; hence, if the mass change is positive, there is some mass loss) (B, E), and the calculated yield of the preparation
processes (C, F) in case of the NE (A, B, C) and A (D, E, F) series
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the expected δ-values. Previous tests on bioapatite with
HCA confirmed that not only the organic materials but
also the inorganic parts including bioapatite were digested.
However, in the case of using lower concentrations, or
shorter dissolution time, the mass loss can be less significant;
nevertheless, we avoided using sodium hypochlorite in
further preparations.

Time dependence of the hydrogen fluoride treatment

Differences in the acidic treatment time intervals are
mentioned in the literature (Grimes and Pellegrini, 2013;
Kocsis, 2011). Here, we investigated two-time intervals: first,
the samples were soaked in 2 mol dm�3 HF for 6 h, and in
the second experiment series, the duration was 24 h. In the
case of chemical pre-cleaning experiments (A-, PA- and
HCA-experiments) not only the isotope ratio data (Figs 4A

and 4B) but also the measured peak areas showed differences
compared to standard silver phosphate salts. After 6 h of
acid treatment, the carbon monoxide peak areas released
from the samples were smaller than the peaks during the
measurement of the reference materials, especially in the
case of the last two methods (PA, HCA), while after the 24-h
treatment, the peak areas were similar to the peaks from the
reference materials. This was in good agreement with the
previous protocols established in many laboratories (Zazzo
et al., 2004; Grimes and Pellegrini, 2013; Lécuyer, 2004;
Lécuyer et al., 2019). Based on these results, we can conclude
that a longer acidic treatment is necessary to completely
dissolve the teeth, so 24 h is a preferred time interval.
However, in the case of the gentler NE experiment (no extra
pre-cleaning), the 6-h HF digestion gave slightly better re-
sults than the 24-h digestion, although the difference of
goodness is not significant.

Fig. 3. The measured δ18O values (A, D), the mass changes after the pre-cleaning steps (the difference between the initial mass and the
measured mass after the pre-cleaning; hence, if the mass change is positive, there is some mass loss) (B, E), and the calculated yield of the
preparation processes (C, F) in the case of the PA (A, B, C) and HCA (D, E, F) series
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CONCLUSIONS

We have investigated the isotopic changes in the phosphate
phase of several teeth samples, compared to the previously
measured isotopic composition of the same samples, and
assessed the effects of the pre-cleaning and the HF treat-
ment. During the experiments, four different pre-cleaning
processes were examined, from which distilled water as pre-
cleaning material was found to ensure the closest results to
the previously measured values. We also found that a 6-h
acid treatment to dissolve the phosphate gave the closest
values when soaking in distilled water was used as a pre-
cleaning procedure. For the calibration of the mass spec-
trometric analysis, one in-house standard and one com-
mercial reference material were used. Based on these
experiments and measured results, we have selected the
distilled water and 6-h long acidic treatment with 2 mol
dm�3 hydrogen fluoride solution (NE-6H) method as the
most suitable preparation in case of our sample series, under
our laboratory circumstances. For future analysis, we
recommend the final recipe as shown here:

1. The samples in powder form (drilled and pulverized in
agate mortar) are kept in distilled water for 6 h and then
dried to constant weight.

2. The preferred time of the acid treatment with 2 mol dm�3

hydrogen fluoride is 6 h. After the HF, the pH of the
samples is suggested to set pH ∼7 ±1 by using 25 w%
NH4OH added drop by drop, and the Ag3PO4 can be
precipitated with 2 mol dm�3 silver nitrate solution. After
washing and drying the precipitate, the samples can be
placed into silver capsules for measurement.

Although this study confirms previous observations and
the suggested recipe is suitable for mammal bioapatite
samples, when selecting the best preparation process, first
the sample material must be thoroughly examined in terms
of organic content, secondary carbonate, apatite-associated
carbonate, mineral structure, etc. Based on our experimental
work and measured results, with the properly chosen recipe,
isotope fractionation during the cleaning and preparation
can be avoided. Besides its simplicity, the other important

advantage of our method is that this is financially more
affordable than other protocols, using ion exchange resins.
This, together with the correct calibration of the measure-
ment (using in-house laboratory standards, if necessary), is a
very useful and applicable tool for the precise determination
of δ18O values from the phosphate phase of fossil teeth. Due
to the role of δ18OPO4 as a climate proxy, we have the op-
portunity to obtain more accurate information about the
climate conditions and mammal behaviors from the past.
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APPENDIX

Table 2. The average δ18O values of the NE-24H batch, including the standard deviations and the calculated differences from the previously-
measured data. The average mass changes after several pre-cleaning procedures, compared to the original masses; the yield and the

differences from the known values (Szabó et al., 2017) weighted with the standard deviation squared are also indicated

δ18OPO4 [‰, V-SMOW] values of NE-24H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

1 18.9 19.9 0.12 1.00 105.6 77.3
2 18.5 19.5 0.30 0.99 102.9 74.5
3 20.2 20.1 0.31 �0.05 101.5 77.0
4 14.7 16.1 0.21 1.44 99.2 72.9
5 14.5 15.6 0.06 1.12 91.9 65.1
6 15.1 16.0 0.24 0.86 98.2 59.0
7 13.2 14.7 0.36 1.55 99.3 76.9
8 11.9 12.9 0.21 0.96 98.3 71.3
9 14.2 15.6 0.05 1.39 101.9 71.7
10 16.7 17.8 0.09 1.10 98.3 69.1
ƩD2 12.48
ƩðD23s2Þ 0.60
average mass difference [%] 99.7
average yield [%] 71.5

Table 1. The average δ18O values of the NE-6H batch, including standard deviations and the calculated differences from the previously-
measured data. The average mass changes after several pre-cleaning procedures, compared to the original masses; the yield and the

differences from the known values (Szabó et al., 2017) weighted with the standard deviation squared are also indicated

δ18OPO4 [‰, V-SMOW] values of NE-6H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

1 18.9 18.9 0.08 0.06 95.4 65.1
2 18.5 18.4 0.01 �0.10 100.8 74.7
3 20.2 19.0 0.14 �1.12 101.7 78.1
4 14.7 15.5 0.05 0.85 99.2 72.5
5 14.5 14.9 0.47 0.41 98.7 73.9
6 15.1 15.3 0.19 0.13 99.5 63.0
7 13.2 13.9 0.17 0.75 99.8 73.4
8 11.9 12.7 0.11 0.76 101.3 70.1
9 14.2 14.5 0.09 0.29 100.6 72.2
10 16.7 16.8 0.34 0.14 96.6 69.0
ƩD2 3.41
ƩðD23s2Þ 0.09
average mass difference [%] 99.4
average yield [%] 71.2

Table 3. The average δ18O values of the A-6H batch, including the standard deviations and the calculated differences from the previously-
measured data. The average mass changes after several pre-cleaning procedures, compared to the original masses; the yield and the

differences from the known values (Szabó et al., 2017) weighted with the standard deviation squared are also indicated

δ18OPO4 [‰, V-SMOW] values of A-6H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

1 18.9 19.1 0.37 0.18 84.6 62.4
2 18.5 19.0 0.40 0.51 86.7 66.0
3 20.2 19.7 0.22 �0.50 86.4 69.6
4 14.7 15.8 0.04 1.14 88.4 66.4
5 14.5 15.6 0.05 1.08 78.7 57.8
6 15.1 16.1 0.06 1.02 76.9 51.3

(continued)
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Table 3. Continued

δ18OPO4 [‰, V-SMOW] values of A-6H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

7 13.2 14.5 0.17 1.36 82.1 60.6
8 11.9 13.0 0.15 1.09 84.9 81.5
9 14.2 15.1 0.16 0.91 83.4 62.9
10 16.7 17.3 0.22 0.61 69.9 48.0
ƩD2 8.27
ƩðD23s2Þ 0.19
average mass difference [%] 82.2
average yield [%] 62.6

Table 4. The average δ18O values of the A-24H batch, including the standard deviations and the calculated differences from the previously-
measured data. The average mass changes after several pre-cleaning procedures, compared to the original masses; the yield and the

differences from the known values (Szabó et al., 2017) weighted with the standard deviation squared are also indicated

δ18OPO4 [‰, V-SMOW] values of A-24H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

1 18.9 18.7 0.49 �0.14 93.6 66.2
2 18.5 18.3 0.30 �0.26 93.3 69.8
3 20.2 19.6 0.38 �0.60 95.4 73.3
4 14.7 15.2 0.43 0.57 90.1 67.1
5 14.5 16.0 0.50 1.50 90.1 63.9
6 15.1 16.0 0.23 0.88 90.5 48.4
7 13.2 14.7 0.22 1.52 87.7 65.4
8 11.9 13.0 0.39 1.07 88.8 66.6
9 14.2 15.2 0.61 0.98 91.8 67.2
10 16.7 17.4 0.13 0.69 84.7 57.8
ƩD2 8.71
ƩðD23s2Þ 1.38
average mass difference [%] 90.6
average yield [%] 64.6

Table 5. The average δ18O values of the PA-6H batch, including the standard deviations and the calculated differences from the previously-
measured data. The average mass changes after several pre-cleaning procedures, compared to the original masses; the yield and the

differences from the known values (Szabó et al., 2017) weighted with the standard deviation squared are also indicated

δ18OPO4 [‰, V-SMOW] values of PA-6H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

1 18.9 16.5 0.33 �2.35 90.5 67.2
2 18.5 17.0 0.21 �1.52 90.6 68.1
3 20.2 18.8 0.63 �1.36 92.2 67.2
4 14.7 15.6 0.69 0.97 82.1 60.1
5 14.5 16.0 0.71 1.47 77.4 53.2
6 15.1 16.0 1.09 0.91 70.7 45.5
7 13.2 15.0 0.80 1.83 79.3 60.0
8 11.9 14.6 0.42 2.70 83.8 61.6
9 14.2 15.9 0.91 1.68 83.2 61.6
10 16.7 17.7 0.34 1.06 69.4 49.7
ƩD2 28.21
ƩðD23s2Þ 9.86
average mass difference [%] 81.9
average yield [%] 59.4
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Table 6. The average δ18O values of the PA-24H batch, including the standard deviations and the calculated differences from the previously-
measured data. The average mass changes after several pre-cleaning procedures, compared to the original masses; the yield and the

differences from the known values (Szabó et al., 2017) weighted with the standard deviation squared are also indicated

δ18OPO4 [‰, V-SMOW] values of PA-24H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

1 18.9 19.6 0.20 0.68 93.8 67.4
2 18.5 19.5 0.30 1.00 93.6 72.5
3 20.2 20.1 0.28 �0.07 95.1 71.7
4 14.7 16.7 0.31 2.06 85.7 63.4
5 14.5 16.3 0.42 1.78 76.7 56.3
6 15.1 16.5 0.24 1.34 76.7 49.3
7 13.2 14.9 0.46 1.72 87.4 63.2
8 11.9 14.3 0.64 2.36 88.8 66.2
9 14.2 15.3 0.25 1.06 89.1 65.6
10 16.7 16.9 0.72 0.21 72.9 50.2
ƩD2 20.41
ƩðD23s2Þ 4.22
average mass difference [%] 86.0
average yield [%] 62.6

Table 7. The average δ18O values of the HCA-6H batch, including the standard deviations and the calculated differences from the
previously-measured data. The average mass changes after several pre-cleaning procedures, compared to the original masses; the yield and

the differences from the known values (Szabó et al., 2017) weighted with the standard deviation squared are also indicated

δ18OPO4 [‰, V-SMOW] values of HCA-6H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

1 18.9 16.9 0.61 �1.96 80.2 70.3
2 18.5 16.7 0.83 �1.80 67.9 56.3
3 20.2 19.3 0.48 �0.91 73.2 63.3
4 14.7 16.5 0.58 1.86 73.1 54.7
5 14.5 17.0 0.38 2.55 69.5 58.0
6 15.1 16.5 0.86 1.42 63.4 51.3
7 13.2 15.4 0.84 2.27 72.3 60.7
8 11.9 11.7 0.10 �0.24 72.3 60.0
9 14.2 12.9 0.33 �1.28 59.7 62.5
10 16.7 14.9 0.68 �1.80 59.0 50.7
ƩD2 29.97
ƩðD23s2Þ 12.82
average mass difference [%] 69.1
average yield [%] 58.8

Table 8. The average δ18O values of the HCA-24H batch, including the standard deviations and the calculated differences from the
previously-measured data. The average mass changes after several pre-cleaning procedures, compared to the original masses; the yield and

the differences from the known values (Szabó et al., 2017) weighted with the standard deviation squared are also indicated

δ18OPO4 [‰, V-SMOW] values of HCA-24H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

1 18.9 18.2 0.18 �0.70 73.0 67.5
2 18.5 18.9 0.80 0.36 69.8 71.4
3 20.2 19.8 0.36 �0.36 75.2 65.8
4 14.7 15.9 0.57 1.23 70.2 58.3
5 14.5 16.3 0.92 1.77 59.5 57.2
6 15.1 15.7 0.22 0.56 61.7 51.2

(continued)
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Table 8. Continued

δ18OPO4 [‰, V-SMOW] values of HCA-24H batch Average mass difference after
pre-cleaning [%] Yield [%]No. of sample Prev. measured Average s Difference (D)

7 13.2 14.6 0.46 1.47 68.9 57.6
8 11.9 13.3 0.46 1.36 72.4 60.4
9 14.2 14.9 0.08 0.68 63.1 64.5
10 16.7 17.6 0.49 0.91 52.9 45.3
ƩD2 11.01
ƩðD23s2Þ 4.29
average mass difference [%] 66.7
average yield [%] 59.9
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