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A B S T R A C T

Developments in multi-isotope applications now enable the production of direct and precise life history data of 
studied archeological and paleoanthropological specimens, with analysis of tooth enamel proving particularly 
powerful in deep-time preservation contexts. However, the increasing amount of sample material necessary too- 
often compromises the specimen’s structural integrity. Finding ways of minimizing semi-invasive sampling while 
maximizing produced data thus becomes increasingly crucial. In this study, we examine ways of optimizing 
sample use for state-of-the-art isotope measurements of enamel-bound zinc (δ66Zn), an increasingly used method 
in multi-isotope archeological research. We show that certain desolvating nebulizer introduction systems can be 
used to measure δ66Zn with high efficiency and accuracy using less than half the usual sample size. Moreover, we 
demonstrate that remaining samples subjected to typical pretreatments used for tooth enamel carbonate (δ13C 
and δ18O) studies can be safely used without alterations to δ66Zn values. Similarly, we highlight that the often- 
discarded matrix fraction from zinc chromatography can be utilized for further analyses, such as measurements 
of 87Sr/86Sr ratios. Our results underscore the possibility of extracting the maximum information from specimens 
while altogether avoiding or significantly reducing semi-invasive sampling.

1. Introduction

Archeology and human evolution studies are intrinsically tied to 
fragmentary glimpses into the past because of the rarity of finds. Pre- 
Holocene archeological sites are seldom found, and most of the arte
facts present during their occupation are generally not preserved over 
long periods of time, a situation that worsens the further back in our 
lineage we wish to study. This is particularly the case for human and 
other hominin remains (Stringer, 2016). Oftentimes, rare and precious 
specimens are “one-of-a-kind” (e.g., earliest or latest example in a given 
region, only or few examples of a given species, culture, or anatomical 
part, etc.), making their study somewhat of a dilemma between a desire 
to glean as much information as possible from those specimens and a 
desire to preserve them in perpetuity (Pálsdóttir et al., 2019; Squires 
et al., 2019). This also raises ethical concerns regarding the treatment, 
preservation, and cultural responsibility surrounding the post-mortem 
treatment of the dead. These concerns are particularly significant 
when working with ancestral remains, as they may hold cultural, spir
itual, or historical significance for descendant communities. This 

dilemma is perhaps most keenly felt with semi-invasive analyses (i.e., 
methods that require material from the specimen), such as aDNA (Pääbo 
et al., 2004), direct dating (radiocarbon (Tamers and Pearson, 1965), 
U-Th (Rae and Ivanovich, 1986), etc.), proteomics analyses (Buckley, 
2023; Welker, 2018), and stable isotope analyses (Lee-Thorp and Van 
der Merwe, 1987; van der Merwe and Vogel, 1978), as they represent 
state-of-the-art methods that enable us to obtain direct chronological, 
biological, and dietary information from the specimens.

Teeth are notably sought-after for isotope analyses due to their 
physical and chemical robustness. Specifically, tooth enamel, primarily 
made up of hydroxyapatite (bioapatite) crystallites (Racquel Zapanta, 
1991), is the hardest substance in the human body and the least sus
ceptible to postmortem diagenetic alteration due to its low porosity, low 
organic matter content, and large and compact crystallites (Kocsis et al., 
2010; Kohn et al., 1999; Kyle, 1986; McCormack et al., 2015; Schoe
ninger et al., 2003; Wang and Cerling, 1994). Moreover, tooth enamel 
forms incrementally over its period of formation and remains compo
sitionally and structurally stable during life, thus capturing and pre
serving environmental and dietary changes during enamel 
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mineralization (Bromage et al., 2012; Dean, 2006; Lacruz et al., 2008, 
2017). In archeology, this tissue’s most typically-studied systems are 
carbon (C), oxygen (O), and strontium (Sr). Stable carbon isotope 
analysis (δ13C values) is largely used to distinguish broad dietary sources 
and vegetation ecosystems (Bacon et al., 2021; Cerling et al., 1997, 
2015; Sponheimer et al., 2006). Oxygen isotope values (δ18O values) 
provide insights into ingested water sources and their geographical and 
climatic implications (Pederzani and Britton, 2019). Strontium 
(87Sr/86Sr) values in humans or terrestrial animals reflect 87Sr/86Sr 
variability in underlying lithology (and derived soil) (Bentley, 2006), 
thus representing a record of the local lithologies they ranged over and 
can be used to trace their movements and characterize their spatial 
ecology (Bentley, 2006; Ericson, 1985). More recently, other isotope 
systems have been increasingly analyzed from tooth enamel, including 
zinc (Zn (Bourgon et al., 2021, 2020; Jaouen et al., 2016a, 2016b, 2022; 
McCormack et al., 2021, 2022; Moubtahij et al., 2024);), calcium (Ca; 
(Reynard et al., 2010; Tacail et al., 2019), magnesium (Mg; (Martin 
et al., 2015), and nitrogen (N; (Leichliter et al., 2023, 2021). In partic
ular, δ66Zn analysis has gained recognition as a standalone trophic 
proxy, notably allowing researchers to distinguish omnivores from 
carnivores and herbivores (Bourgon et al., 2020, 2021).

Increasing studies undertake multi-isotope investigations since all 
the aforementioned systems offer different insights into an individual’s 
life, in addition to other kinds of analyses also requiring semi-invasive 
sampling (e.g., aDNA, ZooMS, etc.) (Buckley, 2023; Pääbo et al., 
2004; Welker, 2018). This, however, leads to an increasingly high 
amount of sample material being required, which can severely 
compromise the tooth’s physical integrity. Typically, 4–8 mg of tooth 
enamel are required for carbonate analyses of carbon and oxygen ana
lyses (Ventresca Miller et al., 2018), 5–10 mg for zinc (Bourgon et al., 
2020, 2021; Jaouen et al., 2022; Moubtahij et al., 2024), 5–20 mg for 
strontium (Copeland et al., 2008; Griffith et al., 2025), 5–10 mg for 
nitrogen (Leichliter et al., 2021, 2023; Lüdecke et al., 2022), and cal
cium and magnesium both require 1 mg or less (Martin et al., 2015; 
Tacail et al., 2019). As such, multi-isotope studies can easily require 
20–40 mg or more per specimen for a single bulk sample and, naturally, 
much more for sequentially sampled specimens. Furthermore, these 
analyses are semi-invasive and thus act to the detriment of other kinds of 
analyses that instead focus on the tooth’s crown surface, such as 
assessing dietary habits through residues (Henry et al., 2014; Power 
et al., 2018) or microwear texture (Grine, 1986; Walker, 1976) left on 
the enamel’s surface. While strides have already been made, for 
example, to use single aliquots for stable isotope analysis of Ca, Sr, and 
Zn (Guiserix et al., 2024), a more holistic and readily practical approach 
allowing for a full suite of different element systems to be analyzed 
(while still including those above) is still missing.

A typical concern when performing semi-invasive analyses is thus to 
reduce to a minimum the amount sampled from specimens. To achieve 
this, reducing the amount needed for the analyses themselves can be 
attempted, as successfully achieved for aDNA (Parker et al., 2021), 
radiocarbon direct dating (Fewlass et al., 2017), proteomics analyses 
(Mylopotamitaki et al., 2023), and carbon and oxygen carbonate ana
lyses (Vonhof et al., 2020). Another way is by preventing the need for 
additional sampling by using the leftovers of some methods for further 
analyses. Many pretreatments and separation protocols are not intrin
sically detrimental to each other and could thus likely be combined, but 
this is almost never systematically done. Instead, tooth enamel is 
commonly sampled in bulk and then aliquoted out for different analyses. 
Combined analysis would allow for maximizing the analysis performed 
on a single given bulk enamel sample, thus drastically limiting the 
amount of material needed while also increasing the relationship of the 
various studied isotope systems, as they would come from the same 
aliquot.

Here, we explore different avenues to reduce the amount of sample 
material used for multi-isotope analyses of tooth enamel, with δ66Zn as a 
center-focus, so that a single sample of 2–5 mg could potentially be 

sufficient to obtain δ13C, δ18O, δ66Zn, and 87Sr/86Sr values. A series of 
samples underwent zinc ion-exchange column chromatography using 
different material amounts (2, 3, and 5 mg) and measured for δ66Zn 
using different setups for increased signal intensity and reduced analyte 
concentration. To assess the compatibility between different isotope 
systems protocols, some aliquots were also pretreated with acetic acid 
(CH3COOH 0.1 M, n = 3) and bleach (NaOCl 2 %, n = 3), reagents which 
are commonly employed for pretreatment for carbonate carbon and 
oxygen analyses, and then underwent zinc ion-exchange column chro
matography alongside untreated samples (n = 3). Lastly, the often- 
discarded matrix from the zinc purification protocol of two samples 
was collected in multiple 1 ml fractions (n = 28) and measured for the 
concentration of various elements of interest in archeological studies 
(Na, Mg, Al, Ca, Mn, Fe, Zn, Sr, and Ba) in order to calculate elemental 
yields and assess if they could be used for further analyses. To further 
support this, the matrix fraction from the zinc ion-exchange column 
chromatography was collected (n = 3) and measured for 87Sr/86Sr ratios.

2. Materials and methods

2.1. Sample material

A total of 9 aliquots from horse tooth enamel in-house quality control 
material was used to assess the compatibility of pretreatment protocols 
for stable carbon and oxygen isotope analysis of tooth enamel bioapatite 
carbonate with zinc column chromatography. As this material is from an 
Iron Age archeological specimen, it is better suited to replicate the ef
fects of the pretreatment protocols on removing exogenous carbonate 
compared to international reference materials, which are typically 
pristine and lack the diagenetic alterations commonly found in 
archeological enamel. For all other experiments, aliquots from a stock 
bottle of NIST SRM 1400 bone ash reference material (herein referred to 
as SRM-1400) were used for a total of 14 samples.

2.2. Carbon and oxygen pretreatment protocol

In a first step, the effect of acetic acid (CH3COOH 0.1 M) and bleach 
(NaOCl 2 %) pretreatments (Ventresca Miller et al., 2018, but see Snoeck 
and Pellegrini (2015) and Pellegrini and Snoeck (2016), and references 
therein, for a thorough overview of bioapatite carbonate pre-treatments 
for isotopic measurements) were tested on a horse tooth enamel 
in-house quality control material to assess whether such protocols could 
interfere with subsequent Zn chemical purification or contaminate the 
samples.

To this end, acetic acid and bleach pretreatment protocols were used 
on three samples each, and three more were left un-pretreated. Roughly 
10 mg (9.74 ± 0.18 mg; n = 9) of powdered tooth enamel was used for 
each sample. This allows assessment and comparison of the potential 
effect of each pretreatment on Zn chemical purification, in case one 
would be detrimental but not the other. One mL of 0.1 M acetic acid or 
one mL of 2 % bleach was added to each sample, then mixed using an 
electronic agitator, and left for 10 and 60 min, respectively. The su
pernatant was then separated from the precipitate using a micro
centrifuge and replaced with 2 mL of ultrapure Milli-Q water. The water 
was subsequently changed two more times and tested for neutrality. 
When achieved, the remaining fluid was removed, and the samples were 
left to dry overnight at low temperature (40 ◦C). Sample loss from the 
acetic acid and bleach pretreatments (i.e., weight before and after pre
treatments) was roughly 35 % and 10 %, respectively. Five samples of 1 
mL of each pretreatment solution were also evaporated to assess their 
respective Zn content, as contamination of the samples from low-purity 
stock solutions is also possible.

2.3. Zinc chemical purification and measurement

Samples were then subjected to chemical purification in a clean 
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laboratory using acids and ion exchange resins, whereby zinc is 
collected, and all other elements composing bioapatite are retrieved 
(and kept) in separate vials for further chemical purification. This 
desired separation is achieved by combining specific acids, molarity, 
and resin, leading to different kinematics for each element traveling 
through the resin. Notably, a full yield (i.e., collecting close to 100 % of 
the element) is crucial, as incomplete collection usually causes isotope 
fractionation (Maréchal and Albarède, 2002).

The in-house enamel reference material mentioned above in “Carbon 
and oxygen pretreatment protocol” (n = 9; 8.35 ± 1.53 mg), dried-down 
solutions (1 mL of 0.1 M acetic acid, n = 3; one mL of 2 % bleach, n 
= 3), and SRM-1400 (n = 14) were digested in Savillex® beaker with 1 
mL of HCl 1.0 M, evaporated, and then re-dissolved in 1 mL HBr 1.5 M. 
Different material amounts (2 mg (2.14 ± 0.20 mg; n = 3), 3 mg (3.57 ±
0.54 mg; n = 3), and 5 mg (5.17 ± 0.47 mg; n = 3)) were used to assess 
the viability of using smaller sample sizes.

Following previous key publications describing the method 
(Maréchal et al., 1999; Jaouen et al., 2013, 2016a; Moynier et al., 2006), 
zinc chemical purification was achieved by ion-exchange column chro
matography, using pre-conditioned 10 mL hydrophobic interaction 
columns on 1 mL AG-1x8 resin (100–200 dry mesh size, 106–180 μm wet 
bead size). Two mL of HBr 1.5 M was used for matrix residue elution, 
followed by 5 mL of HNO3 0.3 M for the zinc elution into a new Savil
lex® beaker. Samples were then dried and re-dissolved in 1 mL HBr 1.5 
M to undergo the procedure again to fully remove the phosphate matrix. 
Finally, samples were dried and re-dissolved in 1 mL HNO3 0.3 M before 
measurements. A procedural blank was also included and prepared 
alongside every chemical purification.

Zinc isotopic ratios measurement was performed on a Thermo Sci
entific Neptune Plus Multi-collector ICP-MS at the Federal Institute for 
Materials Research and Testing (Bundesanstalt für Materialforschung und 
-prüfung, Berlin, Germany), using the Cu-doping protocol of Toutain 
et al. (2008). Zinc isotope values are presented as relative isotope ratios 
in the δ (delta) notation: 

δ {{JMC − Lyon}} ˆ
{{66 /64}}{(Zn)}

)
=
(

ˆ{66}Zn
/

ˆ{64}Zn {smp}
)

/(
ˆ{66}Zn

/
ˆ{64}Zn {JMC − Lyon}

)
− 1

)

Samples have been bracketed with the Alfa Aesar in house material 
and have been scale converted using equation (4) in Vogl and collabo
rators (Vogl et al., 2022) to the JMC-Lyon scale using an offset value of 
+0.27 ‰ for δ66Zn between JMC-Lyon and the in-house Alfa Aeser 
bracketing material (Jaouen et al., 2016a; McCoy-West et al., 2018). 
Each sample and reference material aliquot were measured two to three 
times, and the average standard deviation from each aliquot was 0.02 ±
0.01 ‰ (1σ, n = 9) and 0.02 ± 0.01 ‰ (1σ, n = 12), respectively (note 
that the sigma symbol “σ” is used throughout this study to designate the 
standard deviation). Two of the 14 SRM-1400 aliquots that underwent 
the zinc purification protocol were not measured but collected in mul
tiple 1 mL fractions instead (see 2.5. Multi-element concentration mea
surements), and three others only to collect their matrix fraction for 
86Sr/88Sr analyses.

Samples and standards were diluted to a concentration of 200 μg/g 
for the measurements, but three of the SRM-1400 samples were also 
prepared with little material (3.57 ± 0.54 mg) and measured at 100 μg/ 
g. An Apex-Q desolvating systems (Elemental Scientific) was used to 
deliver the aerosol to the plasma. Building on earlier methodological 
developments (van Kooten and Moynier, 2019), this protocol thus in
corporates a desolvating nebulizer and Cu doping to improve instru
mental mass bias correction in small sample Zn isotope analysis. These 
combined refinements allow for high-precision measurements while 
preserving flexibility for additional elemental analyses relevant to 
archeological materials. All samples and reference materials show a Zn 
mass-dependent isotopic fractionation (i.e., the absence of spectral in
terferences) as δ66Zn vs. δ67Zn and δ66Zn vs. δ68Zn values fall onto lines 
with slopes close to the theoretic mass fractionation values of 1.5 and 2, 

respectively. The average Zn content from the chemistry blanks ranged 
from 0.93 to 4.70 μg (average = 1.96 ± 1.83 μg (1σ), n = 4), which 
corresponds at most to an average blank contribution of 0.6 % for the 
SRM-1400 using ca. 2 mg material, and at best to an average blank 
contribution of 0.1 % for the horse tooth enamel in-house quality control 
material using ca. 10 mg material.

2.4. Strontium chemical purification and measurement

The fraction from the sample loading and matrix elution zinc 
chemical purification was collected into Savillex® beakers for three 
SRM-1400 samples. These, alongside three SRM-1400 and one bone 
meal NIST SRM 1486, were digested in Savillex® beakers with 1 mL of 
concentrated HNO3, evaporated, and then re-dissolved in 350 μL HNO3 
3 M. Sr chemical purification was then achieved by ion-exchange col
umn chromatography, using pre-conditioned poly-vinylchloride col
umns (6 mm inner diameter, 4 cm long) on 350 μL of Triksem Sr⋅Spec™ 
resin bed. The matrix residue elution was achieved with 350 μL of HNO3 
3 M six times, followed by six times 350 μL MilliQ water for Sr elution 
into a new Savillex® beaker.

Samples were then evaporated to dryness and then redissolved in 
HNO3 0.5 M to achieve a final strontium concentration of 100 ng⋅μL− 1. 
This solution was directly used to load 1 μL of the sample onto Re fila
ments, along with TaF5 activator to enhance ionization. Strontium 
isotope analyses were performed using MC-TIMS at BAM in Berlin with a 
Sector 54 instrument (Micromass Ltd., Manchester, UK) in dynamic 
multi-collection mode, following an automated measurement proced
ure. The raw data were corrected for Rb interference and mass frac
tionation (86Sr/88Sr = 0.1194), and normalized to the NIST SRM 987 
standard with an 87Sr/86Sr ratio of 0.71025 (Faure and Mensing, 2004), 
which showed ratios consistent (0.710245 ± 0.00001 (1σ), n = 3) with 
the long-term median in the GeoRem database (Jochum et al., 2005). 
The value from the reference material NIST SRM 1486 is in line with 
values reported elsewhere (Gerritzen et al., 2024; Jochum et al., 2005), 
with a k-factor corrected 87Sr/86Sr ratio of 0.709309 ± 0.000073 (1σ), 
with an in-run precision of 0.00001.

2.5. Multi-element concentration measurements

The matrix from the zinc purification protocol of two SRM-1400 
aliquots of roughly 10 mg (9.74 ± 0.18 mg) was collected in multiple 
1 ml fractions (n = 28) and measured for the concentration of various 
elements of interest in archeological studies (Na, Mg, Al, Ca, Mn, Fe, Zn, 
Sr, and Ba) in order to calculate elemental yields and assess if they could 
be used for further analyses. As the zinc ion-exchange column chroma
tography is performed twice to ensure the complete removal of the 
matrix, the 1 mL fractions were collected for the first chromatography 
for one SRM-1400 aliquot (n = 14), and the second chromatography for 
the other SRM-1400 aliquot (n = 14). After collection, samples were 
dried and re-dissolved in 1 mL HNO3 0.5 M. Prior to analyses, all sam
ples were weighed gravimetrically to ensure optimal and the most ac
curate results possible. Concentration measurements were performed 
using a Thermo Scientific iCAP quadrupole ICP-MS. A standard sample 
introduction system, comprising a concentric nebulizer and a cyclonic 
spray chamber, was employed for the analyses. External calibration was 
achieved using a freshly prepared multi-element standard solution based 
on Merck’s multi-element standard IV, and using a45Sc, 103Rh or 115In as 
internal standard.

3. Results & discussion

All measured δ66Zn values, 87Sr/86Sr ratio, and concentration data 
can be found in Supplementary Material Tables S1–S3.
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3.1. Effect of enhanced zinc signal intensity on δ66Zn values

By using an Apex Q desolvating nebulizer system, we obtained δ66Zn 
values for the SRM-1400 aliquots consistent with other reported values 
(ANOVA test: F(4,20) = 0.45, p = 0.96; Fig. 1). Moreover, and perhaps 
more importantly, measurements were performed using the high- 
resolution setting (8000 m/Δm), which notably allows for better sepa
ration of molecular interferences from elemental peaks. Higher signal 
intensity, if needed, can thus easily be achieved with our current setup 
since higher resolution also has a much lower transmission rate (10 %) 
than other resolution settings (e.g., 100 % with low). When measuring 
SRM-1400 aliquots at 100 μg/g, for which only 3 mg of material was 
used, the medium resolution was utilized and offered δ66Zn values 
consistent with other reported values (Fig. 1).

It is worth noting that different desolvating nebulizer systems are 
available but vary from one model to another. Specifically, systems with 
a fluoropolymer membrane, significantly reducing oxide formation, 
produce a “two-stage” desolvation, which could potentially lead to 
isotopic fractionation. Initial tests should thus systematically be con
ducted to ensure accurate measurements. While studies performing zinc 
isotope analyses of tooth enamel typically use 10 mg of sample material 
(Bourgon et al., 2020, 2021; Jaouen et al., 2022; Moubtahij et al., 2024), 
we show that this amount could be reduced to about 2–3 mg. This would 
significantly reduce the alteration caused on teeth surfaces by 
semi-invasive sampling and could also be combined with protocols to 
optimize sampling of ancient teeth (Esposito et al., 2024). Nevertheless, 
some relevant concerns must be considered.

The first consideration relates to sample heterogeneity, since using 
smaller amounts of sample material increases the likelihood of isotopic 
values being unrepresentative of the specimen as a whole (Pitard, 2019). 
As enamel is secreted sequentially throughout tooth formation, inherent 
heterogeneity is assumed and inevitable. Different sampling strategies 
are thus typically used to address this: 1) along the crown’s whole 
height, 2) at the crown’s base or 3) multiple sequential samples along 
the whole height of the crown to capture variability during the tooth 
formation. These different sampling strategies serve different purposes 
and deal with the heterogeneity of tooth enamel differently but with 
intrinsic disadvantages. For example, performing sequential sampling 
captures isotopic variability and can enable resolution of seasonal iso
topic signals (Balasse, 2002) but at the cost of significantly more sample 
material being required. With regards to sample heterogeneity, using 
2–3 mg instead of 10 mg for zinc isotope analyses of tooth enamel would 
thus marginally change (if at all) interpretations but would significantly 
limit alteration caused from semi-invasive sampling on teeth surfaces.

Another, and perhaps more relevant, consideration is the contribu
tion of blanks to δ66Zn values; as the sample material amount used is 

reduced, so too will the zinc content for each specimen. As a conse
quence, the blanks’ zinc contribution to the total sample zinc content 
will increase, as will its contribution to δ66Zn values, even if blank zinc 
contents remain low. For example, a Zn blank of 5 μg would represent a 
1.2 % contribution of total Zn for 2.5 mg of SRM-1400 (based on 
certified Zn concentration), as opposed to a 0.3 % contribution of total 
Zn for 10 mg. Given some reported average blank contributions 
(Bourgon et al., 2024; Guiserix et al., 2024; McCormack et al., 2024), 
this can be mostly kept at a nominal level if care and attention are taken 
within laboratory space, but it is important to emphasize that the risks of 
exogenous zinc contribution inherently increase when dealing with 
smaller sample amounts.

A last crucial consideration is the zinc concentration from the tooth 
enamel of the samples themselves. Specifically, the sampling procedure 
could considerably impact concentrations, and also sample amounts 
required, as concentrations in the outer-most enamel layer can be 10 
times higher or more than in deeper layers (Dean et al., 2023). Minimal 
abrasive cleaning of the outside surface of the crown and adequate 
sampling strategies are thus crucial to ensure sufficient zinc 
concentration.

3.2. Effect of pretreatments for carbonate carbon and oxygen analyses on 
δ66Zn values

The untreated, acetic acid, and bleach pretreated in-house enamel 
reference material samples all displayed similar δ66Zn values of about 
1.18 ‰ (ANOVA test: F(2,6) = 0.094, p = 0.91; Fig. 2), thus suggesting 
that the commonly-used pretreatments for carbon and oxygen of car
bonate samples do not alter δ66Zn values. Moreover, measured con
centrations from both 0.1 M acetic acid and 2 % bleach solutions are 
low, respectively [Zn] = 2.2 ± 1.3 μg/g (n = 3), and [Zn] = 2.1 ± 2.3 
μg/g (n = 3). The possible exogenous Zn contribution from contami
nation to samples is thus very low and comparable to those of procedural 
blanks, further supporting that such pretreatments are unlikely to affect 
the δ66Zn values of samples.

As stable carbon and oxygen isotope analyses of the carbonate 
fraction of tooth enamel have been performed for decades (Lee-Thorp 
et al., 1989; Lee-Thorp and van der Merwe, 1991; Lee-Thorp and Van der 
Merwe, 1987), the prospect of using both unpretreated or pretreated 
leftover samples could greatly reduce the need for further semi-invasive 
sampling by opening up legacy collections and samples for further 
analysis. This also has the benefit of offering de facto already-published 
δ13C and δ18O values to complement δ66Zn values, and thus enhance 
ecological and dietary interpretations of studied specimens. Alterna
tively, for studies performing semi-invasive sampling on specimens for 
the first time, this presents the advantage of using a single bulk enamel 

Fig. 1. The δ66Zn values (‰ JMC-Lyon) of NIST SRM 1400 bone ash reference material samples for different experimental groups: published data which typically use 
ca. 10 mg, 5 mg, 3 mg, 2 mg, and 3 mg measured at a concentration of 100 μg/g. Except for the last experimental group, all measurements were performed at a 
concentration of 200 μg/g. The standard deviation (1σ) of each sample is illustrated by a black dashed line and whiskers, while the mean and standard deviation (1σ) 
of each experimental group is in red. Note that some samples have a standard deviation of < 0.00, and thus do not have lines and whiskers. The shaded area 
represents the 95 % confidence interval from the published data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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sample without separating it into aliquots used for different analyses. 
While the chance is low of having a vastly heterogeneous aliquot taken 
for δ13C and δ18O analyses and for δ66Zn, the potential of working on a 
single aliquot for different analyses reduces this likelihood even further 
and thus enhances the association between isotopic values obtained.

3.3. Isotopic fractionation and yield for elements in the matrix elution 
from the zinc chemical purification protocol

The usually-discarded matrix elution from the zinc chemical purifi
cation protocol was also measured for the concentration of various el
ements of interest in archeological studies (Na, Mg, Al, Ca, Mn, Fe, Zn, 
Sr, and Ba) to assess if they were eluting in their entirety, and could thus 

be used for further analyses (see Supplementary Material Table 2). As 
opposed to zinc, most elements exhibit low or no affinity with AG1 X8 
resin (Jaouen, 2012), leading to a similar “on-off” chemistry as stron
tium, for which the timing of the collection stage is not critical since 
there are no similar anion peaks before or after the zinc elution. Our 
results suggest a full yield for all investigated elements (Fig. 3). This 
consequently lends credence to the zinc chromatography by-product 
being suitable for other analyses as no isotopic fractionation seem
ingly occurred.

To further confirm the viability of using the zinc chemical purifica
tion protocol matrix for further analyses, 87Sr/86Sr analyses were per
formed on SRM-1400 aliquots from this fraction. Our results show 
similar ratios (ANOVA test: F(3,4) = 1.042, p = 0.47; Fig. 4) between 

Fig. 2. The δ66Zn values (‰ JMC-Lyon) of in-house enamel reference material samples for different experimental groups: without any pretreatment, with 0.1 M 
acetic acid, and 2 % bleach pretreatment. The standard deviation (1σ) of each sample is illustrated by black dashed line and whiskers, while the mean and standard 
deviation (1σ) of each experimental group is in red. Note that one sample within the “no pretreatment” group has a standard deviation of < 0.00, and thus does not 
have lines and whiskers. The shaded area represents the 95 % confidence interval from the data with pretreatment. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Elution sequence (elution %) and yield (cumulative %) relative to target concentration of various elements from zinc ion-exchange column chromatography. 
The elution sequence (full lines) displays by increments of 1 mL when and how much of each element is being eluted. The yield (dashed lines) corresponds to the 
cumulative percentage of eluted fractions in relation to the target concentration. Each elution sequence amounts to 100 % of the total eluted concentration for each 
element, while the yields amount to roughly 100 % (99.22–101.76 %) because of inherent analytical uncertainty associated with concentration measurements. The 
zinc ion-exchange column chromatography is repeated twice to fully remove the sample matrix. However, fractions after the second matrix elution are left out, as all 
values are below limits of quantification. See Supplementary Material Table S2 for all data. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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SRM-1400 from the matrix elution (87Sr/86Sr = 0.713115 ± 0.000003 
(1σ); n = 3), prepared normally (87Sr/86Sr = 0.713105 ± 0.000016 (1σ); 
n = 3), GeoREM database (87Sr/86Sr = 0.7131585 ± 0.000087 (1σ); n =
12) (Jochum et al., 2005) and published data (87Sr/86Sr = 0.713117 ±
0.000031 (1σ); n = 345) (Gerritzen et al., 2024). Interestingly, 
SRM-1400 aliquots prepared from the zinc matrix elution exhibit better 
repeatability than the ones prepared normally, indicating that this 
approach does not negatively affect analytical accuracy.

Our analysis is especially relevant to archeological studies as 
87Sr/86Sr analyses are frequently used to study paleomobility (Balter 
et al., 2012; Copeland et al., 2011). By performing zinc chromatography 
first, it is possible to use the same aliquot for dietary and geographic 
origin information, thus greatly limiting the amount of sample material 
needed while optimizing the information we get. Similar analyses 
should be systematically performed to confirm that expected values are 
also obtained for other elements. Nevertheless, the 87Sr/86Sr ratio and 
concentration data strongly suggest that, if stored properly, the matrix 
from the zinc chemical purification protocol can be used for further 
analyses. While strontium isotope analyses are the most likely further 
analyses to be preferred for archeological studies, small aliquots could 
also be taken for analyses typically requiring little material (< 1 mg), 
such as calcium or magnesium as already suggested by Guiserix et al. 
(2024). Our approach differs from the method recently proposed by 
Guiserix et al. (2024), which involves an early-stage chemical separation 
of the sample into distinct fractions tailored for specific elemental pu
rification (e.g., Ca, Sr, or Zn). In contrast, we propose using the matrix 
fraction from the Zn purification protocol directly, as it retains a full 
recovery of multiple elements commonly analyzed in archeological 
studies (e.g., Na, Mg, Al, Ca, Mn, Fe, Sr, and Ba). This approach is 
compatible with that of Guiserix et al. but has the added advantage of 
requiring no prior decision-making about which elements to target, 
thereby offering greater flexibility for downstream analyses.”

4. Conclusions

Our study highlights how semi-invasive sampling can be consider
ably reduced for multi-isotope studies. While further testing with 
various desolvating nebulizer introduction systems will be needed, we 
show that it is possible to efficiently and accurately measure δ66Zn using 
less than half the typical sample amounts. The viability of samples 
already pretreated for carbonate carbon and oxygen analyses for zinc 
analyses also opens up the possibility of using small amounts of 
remaining materials from previous isotope studies. Similarly, we show 
that the by-product of zinc chromatography can be used for further 
analyses, such as 87Sr/86Sr isotope analysis, allowing us to glean as much 
information as possible from specimens without additional semi- 
invasive sampling. Our results thus showcase the basis for a multi- 
isotope workflow from single aliquots that could be used to 

considerably reduce semi-invasive sampling. With increasing numbers 
of different isotope analyses performed as part of archeological studies, 
particularly in deep time studies on limited fossil material, utilizing 
samples as effectively as possible is more relevant than ever.
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to exploring Homo sapiens’ arrival, environments and adaptations in Southeast Asia. 
Sci. Rep. 11, 21080.

Balasse, M., 2002. Reconstructing dietary and environmental history from enamel 
isotopic analysis: time resolution of intra-tooth sequential sampling. Int. J. 
Osteoarchaeol. 12, 155–165.

Fig. 4. The 87Sr/86Sr ratio of NIST SRM 1400 bone ash reference material samples for two experimental groups and from published data: GeoReM database data, 
published data from Gerritzen et al., prepared normally, and prepared from zinc chemical purification protocol matrix. The standard deviation (1σ) of each sample is 
illustrated by black dashed line and whiskers, while the mean and standard deviation (1σ) of each experimental group are in red. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.)

N. Bourgon et al.                                                                                                                                                                                                                                Journal of Archaeological Science 180 (2025) 106308 

6 

https://doi.org/10.1016/j.jas.2025.106308
https://doi.org/10.1016/j.jas.2025.106308
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref1
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref1
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref1
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref1
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref1
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref1
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref1
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref2
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref2
http://refhub.elsevier.com/S0305-4403(25)00157-8/sref2


Balter, V., Braga, J., Télouk, P., Thackeray, J.F., 2012. Evidence for dietary change but 
not landscape use in South African early hominins. Nature 489, 558–560.

Bentley, R.A., 2006. Strontium isotopes from the earth to the archaeological skeleton: a 
review. J. Archaeol. Method Theor 13, 135–187.

Bourgon, N., Jaouen, K., Bacon, A.-M., Dufour, E., McCormack, J., Tran, N.-H., Trost, M., 
Fiorillo, D., Dunn, T.E., Zanolli, C., Zachwieja, A., Duringer, P., Ponche, J.-L., 
Boesch, Q., Antoine, P.-O., Westaway, K.E., Joannes-Boyau, R., Suzzoni, E., 
Frangeul, S., Crozier, F., Aubaile, F., Patole-Edoumba, E., Luangkhoth, T., 
Souksavatdy, V., Boualaphane, S., Sayavonkhamdy, T., Sichanthongtip, P., 
Sihanam, D., Demeter, F., Shackelford, L.L., Hublin, J.-J., Tütken, T., 2021. Trophic 
ecology of a Late Pleistocene early modern human from tropical Southeast Asia 
inferred from zinc isotopes. J. Hum. Evol. 161, 103075.

Bourgon, N., Jaouen, K., Bacon, A.-M., Jochum, K.P., Dufour, E., Duringer, P., Ponche, J.- 
L., Joannes-Boyau, R., Boesch, Q., Antoine, P.-O., Hullot, M., Weis, U., Schulz- 
Kornas, E., Trost, M., Fiorillo, D., Demeter, F., Patole-Edoumba, E., Shackelford, L.L., 
Dunn, T.E., Zachwieja, A., Duangthongchit, S., Sayavonkhamdy, T., 
Sichanthongtip, P., Sihanam, D., Souksavatdy, V., Hublin, J.-J., Tütken, T., 2020. 
Zinc isotopes in late Pleistocene fossil teeth from a Southeast Asian cave setting 
preserve paleodietary information. Proc. Natl. Acad. Sci. USA. 117, 4675–4681.

Bourgon, N., Tacail, T., Jaouen, K., Leichliter, J.N., McCormack, J., Winkler, D.E., 
Clauss, M., Tütken, T., 2024. Dietary and homeostatic controls of Zn isotopes in rats: 
a controlled feeding experiment and modeling approach. Metallomics 16, mfae026.

Bromage, T.G., Hogg, R.T., Lacruz, R.S., Hou, C., 2012. Primate enamel evinces long 
period biological timing and regulation of life history. J. Theor. Biol. 305, 131–144.

Buckley, M., 2023. Zooarchaeology by mass spectrometry (ZooMS). In: Handbook of 
Archaeological Sciences. John Wiley & Sons, Ltd, pp. 483–499.

Cerling, T.E., Andanje, S.A., Blumenthal, S.A., Brown, F.H., Chritz, K.L., Harris, J.M., 
Hart, J.A., Kirera, F.M., Kaleme, P., Leakey, L.N., Leakey, M.G., Levin, N.E., 
Manthi, F.K., Passey, B.H., Uno, K.T., 2015. Dietary changes of large herbivores in 
the Turkana Basin, Kenya from 4 to 1 Ma. Proc. Natl. Acad. Sci. 112, 11467–11472.

Cerling, T.E., Harris, J.M., Ambrose, S.H., Leakey, M.G., Solounias, N., 1997. Dietary and 
environmental reconstruction with stable isotope analyses of herbivore tooth enamel 
from the Miocene locality of Fort Ternan, Kenya. J. Hum. Evol. 33, 635–650.

Copeland, S.R., Sponheimer, M., de Ruiter, D.J., Lee-Thorp, J.A., Codron, D., le Roux, P. 
J., Grimes, V., Richards, M.P., 2011. Strontium isotope evidence for landscape use by 
early hominins. Nature 474, 76–78.

Copeland, S.R., Sponheimer, M., Roux, P.J. Le, Grimes, V., Lee-Thorp, J.A., Ruiter, D.J. 
de, Richards, M.P., 2008. Strontium isotope ratios (87Sr/86Sr) of tooth enamel: A 
comparison of soluaion and laser ablation multicollector inductively coupled plasma 
mass spectrometry methods. Rapid Commun. Mass Spectrom. 22, 3187–3194.

Dean, C.M., 2006. Tooth microstructure tracks the pace of human life-history evolution. 
Proc. Royal Soc. B 273, 2799–2808.

Dean, M.C., Garrevoet, J., Van Malderen, S.J.M., Santos, F., Mirazón Lahr, M., Foley, R., 
Le Cabec, A., 2023. The distribution and biogenic origins of zinc in the mineralised 
tooth tissues of modern and fossil hominoids: implications for life history, diet and 
taphonomy. Biology 12, 1455.

Ericson, J.E., 1985. Strontium isotope characterization in the study of prehistoric human 
ecology. J. Hum. Evol. 14, 503–514.

Esposito, C., Higgins, O.A., Galbusera, A., Gigante, M., Lugli, F., Müller, W., 
Madgwick, R., Coppa, A., Benazzi, S., Bondioli, L., Nava, A., 2024. NOthing goes to 
WAste (NOWA): a protocol to optimise sampling of ancient teeth. J. Archaeol. Sci. 
171, 106087.

Faure, G., Mensing, T.M., 2004. The Rb-Sr method. In: Isotopes: Principles and 
Applications. Wiley & Sons Inc., Hoboken, pp. 75–112.

Fewlass, H., Talamo, S., Tuna, T., Fagault, Y., Kromer, B., Hoffmann, H., Pangrazzi, C., 
Hublin, J.-J., Bard, E., 2017. Size matters: radiocarbon dates of <200 μg ancient 
collagen samples with AixMICADAS and its gas ion source. Radiocarbon 60, 
425–439.

Gerritzen, C.T., Goderis, S., James, H.F., Snoeck, C., 2024. Optimizing Zr-doped MC-ICP- 
MS sample-standard bracketing to simultaneously determine 87Sr/86Sr and δ88Sr for 
high sample-throughput. Spectrochim. Acta B At. Spectrosc. 217, 106955.

Griffith, J.I., James, H.F., Ordoño, J., Fernández-Crespo, T., Gerritzen, C.T., Cheung, C., 
Spros, R., Claeys, P., Goderis, S., Veselka, B., Snoeck, C., 2025. Reconstructing 
prehistoric lifeways using multi-isotope analyses of human enamel, dentine, and 
bone from Legaire Sur, Spain. PLoS One 20, e0316387.

Grine, F.E., 1986. Dental evidence for dietary differences in Australopithecus and 
Paranthropus: a quantitative analysis of permanent molar microwear. J. Hum. Evol. 
15, 783–822.

Guiserix, D., Dodat, P.-J., Jaouen, K., Albalat, E., Mendes Cardoso, J., Maureille, B., 
Balter, V., 2024. Stable isotope composition and concentration systematics of Ca and 
trace elements (Zn, Sr) in single aliquots of fossil bone and enamel. Geochem. 
Cosmochim. Acta 367, 123–132.

Henry, A.G., Brooks, A.S., Piperno, D.R., 2014. Plant foods and the dietary ecology of 
Neanderthals and early modern humans. J. Hum. Evol. 69, 44–54.
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Méjean, P., Mandrou, S., Chmeleff, J., Guiserix, D., Bourgon, N., Blasco, F., Mendes 
Cardoso, J., Duquenoy, C., Moubtahij, Z., Salazar Garcia, D.C., Richards, M., 

Tütken, T., Hublin, J.-J., Utrilla, P., Montes, L., 2022. A Neandertal dietary 
conundrum: insights provided by tooth enamel Zn isotopes from Gabasa, Spain. 
Proc. Natl. Acad. Sci. USA. 119, e2109315119.

Jochum, K.P., Nohl, U., Herwig, K., Lammel, E., Stoll, B., Hofmann, A.W., 2005. GeoReM: 
a new geochemical database for reference materials and isotopic standards. 
Geostand. Geoanal. Res. 29, 333–338.

Kocsis, L., Trueman, C.N., Palmer, M.R., 2010. Protracted diagenetic alteration of REE 
contents in fossil bioapatites: direct evidence from Lu–Hf isotope systematics. 
Geochem. Cosmochim. Acta 74, 6077–6092.

Kohn, M.J., Schoeninger, M.J., Barker, W.W., 1999. Altered states: effects of diagenesis 
on fossil tooth chemistry. Geochem. Cosmochim. Acta 63, 2737–2747.

Kyle, J.H., 1986. Effect of post-burial contamination on the concentrations of major and 
minor elements in human bones and teeth—the implications for palaeodietary 
research. J. Archaeol. Sci. 13, 403–416.

Lacruz, R.S., Dean, M.C., Ramirez-Rozzi, F., Bromage, T.G., 2008. Megadontia, striae 
periodicity and patterns of enamel secretion in Plio-Pleistocene fossil hominins. 
J. Anat. 213, 148–158.

Lacruz, R.S., Habelitz, S., Wright, J.T., Paine, M.L., 2017. Dental enamel formation and 
implications for oral health and disease. Physiol. Rev. 97, 939–993.

Lee-Thorp, J.A., Sealy, J.C., van der Merwe, N.J., 1989. Stable carbon isotope ratio 
differences between bone collagen and bone apatite, and their relationship to diet. 
J. Archaeol. Sci. 16, 585–599.

Lee-Thorp, J.A., van der Merwe, N.J., 1991. Aspects of the chemistry of modern and 
fossil biological apatites. J. Archaeol. Sci. 18, 343–354.

Lee-Thorp, J.A., Van der Merwe, N.J., 1987. Carbon isotope analysis of fossil bone 
apatite. South Afr. J. Sci. 83, 712–715.

Leichliter, J.N., Lüdecke, T., Foreman, A.D., Bourgon, N., Duprey, N.N., Vonhof, H., 
Souksavatdy, V., Bacon, A.-M., Sigman, D.M., Tütken, T., Martínez-García, A., 2023. 
Tooth enamel nitrogen isotope composition records trophic position: a tool for 
reconstructing food webs. Commun. Biol. 6, 1–13.

Leichliter, J.N., Lüdecke, T., Foreman, A.D., Duprey, N.N., Winkler, D.E., Kast, E.R., 
Vonhof, H., Sigman, D.M., Haug, G.H., Clauss, M., Tütken, T., Martínez-García, A., 
2021. Nitrogen isotopes in tooth enamel record diet and trophic level enrichment: 
results from a controlled feeding experiment. Chem. Geol. 563, 120047.

Lüdecke, T., Leichliter, J.N., Aldeias, V., Bamford, M.K., Biro, D., Braun, D.R., Capelli, C., 
Cybulski, J.D., Duprey, N.N., Ferreira da Silva, M.J., Foreman, A.D., Habermann, J. 
M., Haug, G.H., Martínez, F.I., Mathe, J., Mulch, A., Sigman, D.M., Vonhof, H., 
Bobe, R., Carvalho, S., Martínez-García, A., 2022. Carbon, nitrogen, and oxygen 
stable isotopes in modern tooth enamel: a case study from Gorongosa National Park, 
central Mozambique. Front. Ecol. Evol. 10.
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