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a b s t r a c t

Strontium isotope ratios measured in fossil human teeth are a powerful tool to investigate past mobility
patterns. In order to apply this method, the sample needs to be investigated for possible diagenetic
alteration and a least destructive analytical technique needs to be employed for the isotopic analysis. We
tested the useability of U, Th, and Zn distribution maps to identify zones of diagenetic overprint in
human teeth. Areas with elevated U concentrations in enamel were directly associated with diagenetic
alterations in the Sr isotopic composition. Once suitable domains within the tooth are identified,
strontium isotope ratios can be determined either with micro-drilling followed by TIMS analysis or in situ
LA-MC-ICP-MS. Obtaining accurate 87Sr/86Sr isotope ratios from LA-MC-ICP-MS is complicated by the
potential occurrence of a significant direct interference on mass 87 from a polyatomic compound. We
found that this polyatomic compound is present in our analytical setup but is Ar rather than Ca based, as
was previously suggested. The effect of this interference can be significantly reduced by tuning the in-
strument for reduced oxide levels. We applied this improved analytical protocol to a range of human and
animal teeth and compared the results with micro-drilling strontium isotopic analysis using TIMS.
Tuning for reduced oxide levels allowed the measurement of accurate strontium isotope ratios from
human and animal tooth enamel and dentine, even at low Sr concentrations. The average offset between
laser ablation and solution analysis using the improved analytical protocol is 38 ± 394 ppm (n ¼ 21, 2s).
LA-MC-ICP-MS thus provides a powerful alternative to micro-drilling TIMS for the analysis of fossil
human teeth. This method can be used to untangle diagenetic overprint from the intra-tooth isotopic
variability, which results from genuine changes in 87Sr/86Sr isotope ratios related to changes in food
source, and by extension mobility.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Radiogenic strontium isotope compositions (87Sr/86Sr) of hu-
man and animal skeletal remains can be used to reconstruct their
habitat use and ranging patterns (Bentley, 2006; Price et al., 2002;
Slovak and Paytan, 2012). Radiogenic strontium isotope ratios vary
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between different regions, primarily depending on the age and
composition of the underlying geology, augmented by external
processes such as precipitation, seaspray, and dust (Bentley, 2006;
Capo et al., 1998; Evans et al., 2010; Maurer et al., 2012;
Montgomery et al., 2007; Sillen et al., 1998). Strontium enters the
body through diet, substitutes for calcium in biological apatite,
which is used in the formation of bones and teeth, and serves no
metabolic function. Therefore, the 87Sr/86Sr isotope ratio measured
in skeletal remains will reflect the concentration-weighted average
of dietary Sr, that was consumed while the skeletal tissue was
formed (Beard and Johnson, 2000; Bentley, 2006). Thus, 87Sr/86Sr
isotope ratios can be used to reconstruct change in food source and
by extension residence area. A common problem when working
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with fossils remains is that diagenetic processes can change the
original isotope compositions, rendering the sample unsuitable for
isotopic provenance studies. In addition, isotopic analyses are often
destructive, which prohibits their application to valuable fossil re-
mains. Laser ablation multi-collectorinductively coupled plasma
mass spectrometry (LA-MC-ICP-MS) is an analytical method that
has the potential to overcome both of these limitations, because
it allows for rapid in situ screening for diagenetic overprints, and
least-destructive strontium isotope analysis of the same sample
(Benson et al., 2013; Grün et al., 2014). In this paper, we outline a
method to investigate diagenetic overprinting in fossil teeth using
U, Th, and Zn concentration distribution maps. We then tested our
protocol for 87Sr/86Sr isotope analysis in teeth in regard to the
current limitations in terms of accuracy and precision, which have
been observed in a significant number of analytical facilities, and
are hypothesised to be mainly caused by a polyatomic interference
on mass 87 (Horstwood et al., 2008; Lewis et al., 2014).

1.1. Diagenetic alteration of fossil teeth

The formation of human tooth enamel and dentine of the per-
manent dentition is a complex process beginning in utero (Ash and
Nelson, 2003; Nanci, 2012). The mineral component of teeth is
bioapatite, which is similar to hydroxyapatite, but affected by
numerous substitutions of the Ca, PO4, and OH groups with sec-
ondary groups, such as Sr, Mg, and Ba. These secondary groups are
subject to biological selection and vary in concentration with
changes in trophic levels, between different species, and with the
element abundance in the underlying substrate (Burton and
Wright, 1995; Elliott, 2002). Intra-tooth measurements in mam-
mals may be used to connect the intra tooth isotopic variations to
mobility (Balasse et al., 2002; Britton et al., 2009). In human teeth,
enamel does not remodel after formation and is closed to chemical
exchange (Nanci, 2012). Thus, intra-tooth isotopic variations may
relate to the sequential mineralisation of the tooth enamel. How-
ever, while the timing of tooth development in humans is well
constrained, the complex pattern, timing and rates of mineralisa-
tion and maturation of tooth enamel are currently not completely
resolved (Balasse, 2002; Montgomery et al., 2012; Suga, 1989).

The preservation of skeletal remains depends on their envi-
ronmental surroundings. Diagenetic alterations are a common
problem for many archaeological samples. To ensure that the iso-
topic ratios measured in a tooth reflect the original isotopic
composition, it is important to identify the domains within the
tooth that are least affected by diagenetic alteration (Nelson et al.,
1986). For the investigation of diagenetic changes in tooth
enamel, a variety of methods have been used, including infra-red
(IR) spectroscopy (Sponheimer and Lee-Thorp, 1999) and cath-
odoluminescence (CL) imaging (Schoeninger et al., 2003). Nearly all
of these studies have employed bulk analysis with the aim of
testing cleaning techniques (Hoppe et al., 2003; Price et al., 1992;
Trickett et al., 2003) or coarse sub-sampling using mineralogical
information (e.g. by CL) as a guide. While these approaches provide
some information as to the mineralogical state of the hydroxyap-
atite or functional groups within this mineral (such as hydroxyl or
phosphate), any conclusions about sample integrity for isotopic
analysis are derived from conjecture. Mapping of element distri-
butions has been used to identify the degree of diagenesis in bones
(Fernandes et al., 2013; Koenig et al., 2009; Trueman et al., 2008). In
addition, a few studies have investigated the mechanisms of
diagenetic alteration using high resolution elemental or isotope
analysis (Jacques et al., 2008; Kohn et al., 1999; Martin et al., 2008;
McCormack et al., 2015).

Systematic mapping of U, Th, and Zn concentrations may help to
qualitatively identify domains of diagenetic alteration in skeletal
materials. The basic principle is that modern teeth and bones
contain only trace amounts of uranium and thorium and thus their
presence in archaeological skeletal remains can be used to identify
zones of diagenetic overprinting (Boel, 2011; Budd et al., 2000;
Eggins et al., 2003; Grün et al., 2008; Hinz and Kohn, 2010;
Koenig et al., 2009). Uranium is water soluble and highly mobile
in skeletal tissues and consequently its concentration and spatial
distribution are highly variable and can change on small scales on
the order of tens of mm (Duval et al., 2011; Grün et al., 2008, 2014).
Thorium, on the other hand, is water insoluble and represents
mechanical overprinting of the sample, for example by clay parti-
cles in pores and on the surface. However, there is no linear cor-
relation between uranium and thorium incorporation and the
uptake of other elements, such as Sr. This hinders the quantification
of possible Sr overprint based on the distributions of U and Th.
Nevertheless, zones within a tooth showing high U or Th concen-
trations can indicate diagenetic overprints, while zones with low U
and Th concentrations are more likely to preserve the original Sr
isotope ratio. In mammals, low U zones often occur close to the
surface of the tooth enamel, within 200e400 mm (Boel, 2011; Budd
et al., 2000; Eggins et al., 2003; Grün et al., 2008). The first aim of
this research paper is to further test this screening method and to
evaluate the usefulness of Zn as an additional tracer to identify
zones, which have retained the original strontium isotopic
compositions.

1.2. Strontium isotope analysis of fossil teeth

Strontium isotope ratios from fossil teeth can be analysed either
using sample dissolution followed by mass spectrometric mea-
surements (thermal ionisation mass spectrometry (TIMS) or multi-
collector inductively coupled plasma mass spectrometry (MC-ICP-
MS)), or in situ using laser ablation (LA)-MC-ICP-MS. For solution
analyses, a micro-drill can be used to extract a small amount of
sample, which is then digested in acid and Sr is separated from the
matrix elements using ion exchange chromatography. This tech-
nique is accurate and reliable, but also time intensive and poten-
tially more destructive to the sample than in situ LA-MC-ICP-MS.
The amount of material required varies between a few mg to several
tens of mg depending on the Sr concentration, drill setup, and in-
strument capacity. For samples requiring more than 0.5 mg, drilling
causes large destructive marks on the sample, making this tech-
nique unsuitable for valuable archaeological materials. Micro-
drilling smaller amounts of sample <0.1 mg is much less destruc-
tive, but it is also technically challenging and the equipment is not
widely available (e.g., Charlier et al., 2006). LA-MC-ICP-MS allows in
situ analysis of a sample and has shown great potential in analysing
skeletal remains because it is fast, requires minimal sample prep-
aration, and provides high spatial resolution (50e200 mm). Addi-
tionally, this method allows for large numbers of measurements on
the same skeletal fragment to test for compositional variability
within the same specimen. Traditionally, samples were cut to
create a flat sample surface for laser ablation analysis, which creates
significant damage. However, recent studies have shown that ac-
curate data can also be obtained from the outer uncut sample
surface (Benson et al., 2013; Copeland et al., 2011; Le Roux et al.,
2014).

Problems with laser ablation analysis of the 87Sr/86Sr isotope
ratios in fossil skeletal material result from molecular in-
terferences from Ca, Kr, Ar, and Rb, that can severely limit the
accuracy and precision (Copeland et al., 2008; Horstwood et al.,
2008; Paton et al., 2007; Simonetti et al., 2008; Vroon et al.,
2008; Woodhead et al., 2005). In particular, the occurrence of
a direct interference on mass 87 from a polyatomic compound,
possibly 40Ca31P16O, has been suggested to be the main cause for
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the consistent positive offsets, observed in a significant number
of analytical facilities, between the 87Sr/86Sr isotope ratios
measured with LA-MC-ICP-MS and with solution methods (DLA-

TIMS) on the order of 500e1500 ppm (Horstwood et al., 2008;
Lewis et al., 2014; Simonetti et al., 2008). The effect of this
polyatomic interference on the 87Sr/86Sr isotope ratio was found
to be highest in samples with low Sr concentration, relative to
Ca and P (Horstwood et al., 2008; Simonetti et al., 2008). The Sr/
Ca ratio in biogenic apatite is controlled by the Sr concentration
because calcium is a stoichiometric component and can thus be
treated as constant. It follows, that under constant laser
sampling ablation conditions, the effect of the polyatomic
interference on the 87Sr/86Sr ratio varies in proportion with
changes in Sr concentration (Horstwood et al., 2008). The effect
of this interference on samples with high Sr concentration (e.g.
>1500 ppm) is minimal (Simonetti et al., 2008), however, most
human tooth samples have much lower Sr concentrations, in the
range of 50 ppme500 ppm (Bentley, 2006). An isotopically
homogenous tooth that has varying Sr concentrations could then
show varying 87Sr/86Sr isotope ratios when this interference
is not corrected for adequately (Horstwood et al., 2008; Nowell
and Horstwood, 2009; Richards et al., 2009; Simonetti et al.,
2008).

Several methods have been tested to increase the accuracy of
LA-MC-ICP-MS analyses on human teeth. Horstwood et al. (2008)
used samples with known 87Sr/86Sr isotope ratios to calibrate the
LA-MC-ICP-MS analyses but found that this approach limited the
precision of the analysis. Tuning for reduced oxide levels has been
successful in reducing DLA-TIMS to 600e100 ± 100 ppm (de Jong
et al., 2007; Foster and Vance, 2006). A recent study by Lewis
et al. (2014) combined tuning for reduced oxide levels with a
customized plasma interface. Their setup is similar to a collision cell
and allowed for the addition of a variable He flow after the skimmer
cone, requiring minimal modification of the mass spectrometer.
Using tuning for reduced oxide levels they achieved an accuracy of
100e600 ppm in bone and tooth enamel, which improved to
30 ± 50 ppmwith the addition of the customized plasma interface.
Their analytical setup reduced the signal intensity by only 20e30%
and thus is highly applicable to samples with low strontium con-
centration, such as human teeth. However, modification of the
plasma interface is not always possible at an analytical facility with
a broad range of applications of different isotopic systems. The
second aim of this paper is to further investigate the causes of the
polyatomic interference on mass 87 and evaluate our analytical
protocol to reduce its effect on the measurement of 87Sr/86Sr ratios
in fossil human teeth.

2. Materials and methods

2.1. Sample materials

Diagenetic overprinting was investigated using a modern hu-
man tooth, a M3 extracted from R. Grün, and a prehistoric Nean-
derthal tooth (Payre 1), which is an unerupted molar of an
approximately three-year-old child. Detailed U and U-series maps
of the Neanderthal tooth were published by Grün et al. (2008).
87Sr/86Sr isotope ratios weremeasured both with solution TIMS and
in situ LA-MC-ICP-MS. TIMS results are taken here to represent the
true value against which the LA-MC-ICP-MS results are compared.
Samples were taken from the same locations within each tooth.
These samples include eight teeth from Le Tumulus des Sables
(Boel, 2011; Courtaud et al., 2010), four Neanderthal teeth from the
site of Payre in France, one bovid tooth from Holon, Israel (Benson
et al., 2013; Porat et al., 1999) and a diprotodon molar from Camel
Swamp, Australia (Benson et al., 2013). We also measured modern
marine teeth from a grey nurse shark (Carcharias taurus) and a
dugong (Dugong dugon). In addition, the strontium carbonate
standard SRM987 (National Institute of Standards and Technology)
was used to mix a series of standard solutions containing varying
concentrations of P using the 1000 ppm Phosphorus AccuTrace
Reference Standard. A solution of 2% nitric acid inMilliQ, wasmixed
with varying concentrations of P and Ca þ P (1:1 to 1:0.05) in order
to create an additional standard solution.

2.2. Thermal ionisation mass spectrometry (TIMS)

After cleaning the surface of the teeth, 0.2e0.5 mg of material
was drilled out using a 0.3 mm custom made drill bit at 500 rpm.
The samples were then leached in 0.5 ml 1 M ammonium nitrate
to remove any residual contamination and digested in 1 ml
concentrated nitric acid for 1 h. The samples were then evapo-
rated to dryness, redissolved in 2 ml 2 M nitric acid and sub-
jected to ion exchange chromatography using 50 ml columns with
Eichrom Sr specific resin (pre-filter and Sr spec resin) to isolate Sr
from other elements (Horwitz et al., 1992). A drop of diluted
phosphoric acid was added to each sample before loading onto
rhenium filaments with a TaF5 activator. Samples were measured
on a TRITON Plus thermal ionisation mass spectrometer (TIMS) at
the Research School of Earth Sciences, ANU. Data reduction
procedures include Rb correction (85Rb/87Rb ¼ 2.591), exponen-
tial mass bias correction (86Sr/88Sr ratio of 0.1194), and 2s outlier
rejection. Total procedural blanks were determined by isotope
dilution using a 84Sr enriched spike, measured on the TRITON
Plus TIMS and are below 100 pg Sr. This blank contribution is
insignificant compared to the amount of sample Sr measured
(>100 ng). Long term measurements of the Sr carbonate standard
SRM987 (National Institute of Standards and Technology) gave an
average 87Sr/86Sr value of 0.71023 ± 2 (n ¼ 99, 2s), which is in
agreement with the original certified 87Sr/86Sr isotope value of
0.71034 ± 26 (Moore et al., 1982) as well as the more commonly
quoted accepted value of 0.71025 ± 1 (Hans et al., 2013;
McArthur, 1994; Thirlwall, 1991).

2.3. Laser ablation analysis

Samples were prepared by cutting along the buccal-lingual
(cheek to tongue) axis using a fine diamond saw (100 mm) to
produce a flat surface exposing both the enamel and dentine.
Two of the Neanderthal teeth (Payre 2, 3) and the shark and
dugong teeth were analysed from the outside without cutting.
The in situ elemental and isotopic analyses were carried out us-
ing a custom-built laser ablation sampling system (ANU HelEx)
interfaced with an ArF Excimer laser (193 nm; Lambda Physik
Compex 110) and ICP-MS and MC-ICP-MS. Details of the ANU
system and its capabilities have been described in detail previ-
ously (Eggins et al., 1998, 2003). In brief, it employs a single long-
working distance lens to project and demagnify (by a factor of
20) the image of a laser-illuminated aperture onto the sample
surface, which enables a range of geometries to be ablated within
bounding dimensions of between about 5 mm and 400 mm.
Samples were mounted so that their surface is positioned in the
focal plane of the laser. In this study laser pulse rates of 5 and
10 Hz were employed with a fluence of 10 J/cm2 (power density
0.3 GW/cm2), the latter resulting in removal of a uniformly thick
layer (z200 nm) from the targeted sample site with each laser
pulse. The in-house developed laser ablation cell produces very
fast response times, which permits high spatial resolution anal-
ysis. Laser ablation was performed under a pure helium atmo-
sphere with a continuous flow of 500 cm3 min�1 through the cell.
After the cell, approximately 1 l min�1 argon is added to the gas
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stream and is adjusted to optimise ionisation conditions.

2.3.1. Element distributions
Element concentrations were measured with a Varian-820

quadrupole ICP-MS. The maps presented here are part of a larger
study that measured 58 elements in fossil and modern human
teeth (Grün et al., 2013). Pre-cleaning was performed using a
230 mm spot scanned at 100 mm/s across the sample surface, with
the laser operating at 10 pulses per second. For elemental analysis,
a trackwith a spot size of 100 mmwith laser pulse rates of 10 Hzwas
employed. The NIST reference glasses SRM610 and SRM612 were
used as calibration standards for element concentration de-
terminations. Data reduction for elemental analysis followed
Longerich et al. (1996) and involved the subtraction of interpolated
plasma background intensities, measured before and after analysis
of the sample. Signal intensities were normalised to 43Ca for each
time slice, drift corrected relative to the NIST standard measured
before and after the sample sequence, and then calibrated with
respect to the known element ratios of the NIST610 and NIST612
standards. Reference data for the NIST standards (Jochum et al.,
2011) were taken from the GeoRem database (http://georem.
mpch-mainz.gwdg.de).

2.3.2. Strontium isotope measurements
For in situ 87Sr/86Sr isotope analysis, the laser ablation-system

was connected to a Neptune MC-ICP-MS with Faraday cup de-
tectors set to measure three different sequences in dynamic mode
(Table 1), thus allowing for monitoring of all identified potential
interferences (Table 2). Spot sampling measurements were per-
formed for isotope analyses, with a sample ablation time of 60 s,
using a 180 mm diameter spot and the laser operating with a pulse
frequency of 5 Hz. Typical operating conditions are shown in
Table 3. To remove any surface contamination produced during the
sample preparation process, including settled dust and fine parti-
cles, the samples were first subjected to a cleaning run using a laser
spot of 265 mm for 10 s. Faraday detector integration times were 5 s.
An in-house Sr standard, consisting of a piece of modern Giant Clam
(Tridacna gigas) from the Great Barrier Reef, was measured 3 times
before and after each sample analytical sequence to monitor for
instrument drift during the analytical session. For the modern Gi-
ant Clam, we obtained an average Sr isotope composition of
0.70920 ± 6 (n ¼ 153, 2s), which is consistent with present-day
values of seawater (McArthur et al., 2001).

2.3.3. Interference correction protocol
A number of methods have been used to account and correct for

the different interferences present when analysing strontium iso-
topes using LA-MC-ICP-MS (Vroon et al., 2008). The relevant in-
terferences on LA-MC-ICP-MS analysis of Sr in skeletal tissue are
shown in Table 2. The potential isobaric interferences on the
87Sr/86Sr ratio are double charged rare earth elements (REEs), Kr,
Rb, Ca dimers, and polyatomic interferences (Horstwood et al.,
2008; Müller and Anczkiewicz, 2016; Paton et al., 2007;
Table 1
Cup configuration of the LA-MC-ICP-MS for strontium isotope measurements of skeletal

L4 L3 L2 L1 C

Seq. 1 e 82 83 84 85
Seq. 2 e 81.5 82.5 83.5 84.5
Seq. 3 71
Seq. 4 103.9
Simonetti et al., 2008; Vroon et al., 2008; Woodhead et al., 2005).
Since some of the corrections required use mass peaks that have
pre-existing interferences, the order in which the corrections are
applied is important and is discussed below. All isotope ratios used
were taken from Rosman and Taylor (1998). Table 4 lists average
elemental concentrations in tooth enamel for a variety of elements
for the assessment of possible interferences.

2.3.3.1. Background levels. Background levels were monitored
before and after each measurement using the same instrument
conditions as during analysis, except without ablating material.
Washout times of ~60 s are long enough to ensure that nowash-out
effects, e.g. from the previous sample, are present and typical blank
levels are shown in Table 5.

2.3.3.2. Rare earth elements. Significant interferences from REE
elements may occur due to the formation of doubly charged REE
species (Paton et al., 2007). REE concentrations in skeletal material
are generally low, however, post burial uptake can occur (Trueman
and Tuross, 2002; Trueman et al., 2011). Themeasured intensities at
half masses 81.5, 83.5, 85.5 and 86.5 are used to monitor 163Dyþþ,
167Erþþ, 171Ybþþ, 173Ybþþ, respectively. The signals could be used to
subtract the appropriate amounts of relevant double charged on-
peak interferences from all Sr peaks. As can be seen in Table 4,
these REE are close to background in both the modern and fossil
samples. Should significant REE signals occur, this would be a sign
of either diagenetic alteration or incomplete cleaning (some pol-
ishing pastes contain high REE and W concentrations). Such sam-
ples should be checked and rerun or removed from further analysis.
89Y was used as the primary indicator for the presence of REE in
teeth. 89Y is a sensitive indicator of potential REE interference
because it is chemically similar to the lanthanide REEs, and is
generally concentrated in minerals that contain REEs. In addition,
doubly charged REEs would be several orders of magnitude lower
than the single charged species.

2.3.3.3. Ca dimers and argides. Samples with high Ca concentra-
tions may produce calcium dimers and calcium argides in the
plasma. 40Ca44Ca, 40Ca46Ca and 40Ca48Ca dimers interfere with the
84Sr, 86Sr and 88Sr, respectively. To correct for these the Ca dimer
intensity on mass 82 was measured. However, on this mass there is
a 82Kr interference, which is monitored on mass 83 and calculated
using the known 83Kr/82Kr ratio. 82Kr was then subtracted from the
total intensity at mass 82, leaving the 40Ca42Ca or 40Ar42Ca in-
terferences. Using the known isotopic ratio for 42Ca/44Ca, 42Ca/46Ca,
and 42Ca/48Ca all dimer and argide interferences could be corrected.
In this experiment we did not observe any significant influence
from Ca dimers or argides.

2.3.3.4. Polyatomic interferences. Both 40Ca31P16O and 40Ar31P16O
may interfere on mass 87 when measuring calcium phosphate
matrices. This interference is investigated in this study and dis-
cussed in detail in the results and discussion section.
remains at RSES.

H1 H2 H3 H4 Integration time (s)

86 87 88 89 5
85.5 86.5 87.5 88.5 5

3
3
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Table 2
Summary of relevant isotopes of this study and their interferences (adapted from Horstwood et al., 2008).

89 88 87.5 87 86.5 86 85.5 85 84.5 84 83.5 83 82.5 82 81.5 81

Sr Sr Sr Sr
Rb Rb

Kr Kr Kr Kr
Y Lu2þ Lu2þ Yb2þ Yb2þ Yb2þ Yb2þ Yb2þ Er2þ Tm2þ Yb2þ Er2þ Er2þ Er2þ Ho2þ Er2þ Dy2þ Dy2þ Ar2H

40Ca 48Ca 40Ca 46Ca 40Ca 44Ca 40Ca 42Ca
40Ca31P16O
40Ar31P16O

Table 3
Instrument operating conditions for in situ Sr isotope measurements.

Neptune MC-ICP-MS

Forward power 1200 W
Extraction voltage �2000 V
Analyser pressure <5e-8 mbar
Cones Jet sampler þ standard skimmer (both Nickel)
Gas flows
Plasma gas 17 l/min
Auxiliary gas 1 l/min
Nebuliser gas ~1 l/min
HelEx laser ablation system
ArF Excimer laser, Lambda Physik Compex 110 193 nm
Laser fluence ~10 J/cm2

Repetition rate 5 Hz
He gas to cell 500 ml/min

Table 4
Average elemental concentrations measured in the enamel of a modern tooth (RG) and a Neanderthal tooth from Payre (from Grün et al., 2013). DL stands for detection limit.

Sr (ppm) Rb (ppb) Y (ppb) Dy (ppb) Ho (ppb) Er (ppb) Tm (ppb) Yb (ppb) Lu (ppb) U (ppb)

RG 100.0 ± 0.2 299 ± 1.0 15 ± 2 1.4 ± 0.2 0.20 ± 0.04 0.7 ± 0.1 0.11 ± 0.03 9.7 ± 0.1 0.15 ± 0.02 1.0 ± 0.1
Neanderthal 151.3 ± 3.6 232 ± 1.8 19 ± 1 2.2 ± 0.3 0.41 ± 0.08 <DL 0.22 ± 0.06 1.8 ± 0.3 0.20 ± 0.08 625 ± 7.8
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2.3.3.5. Mass bias. The isotopic fractionation induced from the
laser and the instrument mass discrimination are corrected during
Sr isotope analyses by using an exponential correction to the stable
86Sr/88Sr ratio of 0.1194.
2.3.3.6. Krypton. Kr occurs as an impurity in the Ar gas and in-
terferes with masses 84Sr and 86Sr. The amount of Kr varies
depending on the gas supplier, between different batches, and also
with time within a single vessel, as the Ar is used up (Woodhead
et al., 2005). A standard method to correct for Kr is using a gas
blank correction, measured before and after each sample to sub-
tract the intensities (Vroon et al., 2008; Woodhead et al., 2005). A
problem with this correction is the assumption that the measured
Kr intensity stays the samewhether or not sample material is being
Table 5
Typical blank levels after 60 s washout time.

Mass Isotopes/polyatomic compounds Average V (n ¼ 30) 2se

89 89Y 4.2E-06 9.2E-07
82 82Krþ40Ca42Ca 1.3E-04 1.2E-05
83 83Kr 8.1E-05 5.7E-06
84 84Sr þ 84Kr þ 40Ca44Ca 3.6E-04 2.8E-05
85 85Rb 2.0E-05 1.3E-06
86 86Sr þ 86Kr þ 40Ca46Ca 1.5E-04 1.1E-05
87 87Sr þ 87Rb þ 40Ca31P16O,40Ar31P16O 4.0E-05 4.1E-06
88 40Ca31P, 40Ar31P 1.7E-04 6.9E-06
71 88Sr þ 40Ca48Ca 3.2E-04 2.9E-05
104 88Sr þ 16O 4.6E-05 4.0E-06
ablated. This is not necessarily correct, as the presence of ablated
material changes the plasma loading and consequently the per-
centage of ionisation of atoms in the plasma. Correcting for the Kr
interference using peak stripping is further complicated by the
uncertainty surrounding the Kr mass bias (Jackson and Hart, 2006;
Vroon et al., 2008). We used a similar approach to Jackson and Hart
(2006) and corrected for the Kr interference by subtracting 84Kr
from mass 84 until the 84Sr/88Sr ratio reaches the known value of
0.00672, see also Konter and Storm (2014). Iterations are used for
the mass bias correction, substituting the Kr number in the
86Sr/88Sr ratio and repeating the calculations until no more change
in the calculated isotope ratios is observed. This removes the pos-
sibility of using the 84Sr/86Sr ratio as a data quality control. How-
ever, the 84Sr/86Sr isotope ratio, while useful as a general monitor of
the correction procedures, is problematic because of the very small
intensities at these masses. The precision of the 84Sr/86Sr does not
necessarily reflect that of the 87Sr/86Sr ratios (Copeland et al., 2010).

2.3.3.7. Rubidium. The direct interference of 87Rb on the 87Sr/86Sr
is corrected by monitoring 85Rb and subtracting the appropriate
amount from the signal at mass 87 assuming the natural
85Rb/87Rb ratio. The 85Rb/87Rb ratio is then reversely corrected
for mass bias, using the Sr mass bias. This correction method is
limited because it assumes that the mass bias for Rb and Sr are
the same, which is not necessarily correct. Generally, in teeth the
Rb/Sr ratio is low (see Table 4), thus this correction has a negli-
gible effect. However, in samples with higher Rb/Sr ratio the
possible difference between the Rb mass bias and Sr mass bias
would have to be considered and this correction method could



M. Willmes et al. / Journal of Archaeological Science 70 (2016) 102e116 107
have a significant effect. A recent study by Müller and
Anczkiewicz (2016) was able to accurately constrain the mass
Fig. 1. Elemental distribution maps of the Neanderthal tooth (Payre 1). A: Scanning electron
view) and selected tracks D, E: U concentration maps oblique and planar view and selected
circles, ellipses and rectangles are discussed in the text.
bias corrected 85Rb/87Rb ratio, allowing for accurate measure-
ments of tooth enamel with high Rb/Sr ratio.
microscope (SEM) image of the tooth, B, C: Sr concentration maps (oblique and planar
tracks. The arrow indicates a general concentration gradient. The sections indicated by



Fig. 2. Elemental distribution maps of a modern human tooth (RG), A: location of tracks, BeC: Sr, U and Zn element distribution maps (top maps: vertical tracks, below: horizontal
tracks; left maps: linear scale, right maps logarithmic scale). Right hand diagrams: selected tracks indicated with the white lines in the respective maps.
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3. Results and discussion

3.1. Identifying diagenetic alteration in fossil human teeth using
element distribution maps

The results of the systematic mapping of elemental distribution
in a Neanderthal tooth (Payre 1) and a modern human tooth (RG)
and are shown in Figs. 1 and 2, respectively. Since the resolution
along a laser ablation track is greater (500 data points) than in the
perpendicular direction (up to 35 data points from the parallel
tracks, see lowest profiles in B, C), we carried out twomaps focusing
on the enamel with horizontal and vertical track directions. In the
modern sample (RG), the Sr concentrations throughout the tooth
are relatively uniform with little contrast between enamel and
dentine, the dentine-enamel junction (DEJ) is barely identifiable in
the Sr maps. Towards the buccal enamel boundary (BEB) there is a
moderate decrease in the Sr concentrations. The U and Th con-
centrations are all close to the detection limit of 0.1 ppb for our
particular analytical setup. The Zn distribution shows a clear
contrast between enamel and dentine, but also an outer rim in the
enamel with high concentrations (D). Where the occlusal surface of
the tooth is worn this is also evident by the absence of the Zn rim
(vertical tracks 8 to 16, cycles 100 to 200). The Zn rim in the enamel
can be geochemically used to identify erosion of the enamel sur-
face, which would facilitate diagenetic alteration (Eggins et al.,
2003).

The U and Th distributions in the Neanderthal tooth (Payre 1)
have previously been mapped by Grün et al. (2008). Fig. 1 shows
maps of Sr (Fig. 1B, C) and U concentrations (Fig. 1D, E). In contrast
to the modern sample (Fig. 2), Sr concentrations in the Neanderthal
tooth vary significantly between dentine and enamel. In dentine
they are between 150 and 250 ppm, whereas in enamel, they are
around 60e110 ppm. The Sr concentrations also show a clear sep-
aration at the DEJ. There is a gradient in Sr concentration from the
dentine that is not covered with enamel towards the interior of the
Fig. 3. A: Zn distribution map (planar view) and selected tracks, B: Th distributio
tooth (see arrow in Fig. 1C). The enamel has somewhat elevated Sr
concentrations near the base (solid ellipse in Fig. 1C) and low
concentrations near the outer surface (e.g. area of the dotted ellipse
in Fig. 1C). The general concentration gradients of Sr and U are
similar, and even smaller features of concentration changes are
reproduced (compare circled sections in track 3, or details in track
6). Since virtually all measured U is the result of post depositional
U-uptake, we interpret the co-varying distribution of Sr in dentine
to reflect post depositional Sr uptake.

In contrast to dentine, there are both similarities as well as clear
differences between the U and Sr distributions in the enamel. Both
Sr and U are enriched at the base of the enamel (solid ellipses in
Fig. 1C and E), and depleted close to the outer surface (dotted el-
lipses in Fig. 1C and E). However, U is enriched along lineaments,
and in a central patch (see rectangle in Fig. 1D and track 13), while
Sr does not show any apparent concentration changes in these
areas (Fig. 1C and track 13). Furthermore, U concentrations drop by
a factor of 25e100 at the DEJ while the Sr concentrations drop by a
factor of 2e3. The Sr concentrations in the detrital material on the
outside of the enamel are less than twice the Sr inside the enamel
while the U contrast is in the range of 100. Fig. 3 shows the Zn and
Th maps for the Neanderthal tooth. The Zn rim is completely intact
for the tooth (Fig. 3A) showing that no abrasion or material removal
through weathering has taken place. Th only occurs within a very
small volume on the surface of the tooth and is an indicator of
remaining sediment and other surface contaminations (Fig. 3B).

Fig. 4 details the relationship between Sr and U concentra-
tions in the different enamel domains of the Neanderthal tooth
(Payre 1). While the U concentrations vary over 5 orders of
magnitude, Sr varies only by a factor of 2e4. The enamel was
subdivided into four different domains. The outside domain is
the volume of enamel immediately on the interior of the Th
peaks to a depth of about 50 mm (see Fig. 3B, track 4 and track
12). The BEB domain corresponds to the volume with increased
Zn concentrations (Fig. 3A, track 4 and track 12). The base
n map (planar view) and selected tracks, of the Neanderthal tooth (Payre 1).



Fig. 4. Relationship of Sr and U concentrations in different domains of the Neanderthal
tooth (Payre 1); Enamel, Dentine, Base, Dentine-enamel junction (DEJ), buccal enamel
boundary (BEB).

Fig. 5. U and Sr elemental concentration map and 87Sr/86Sr isotopic composition at 5
locations determined by TIMS analysis from the Neanderthal tooth Payre 1. There is a
direct relationship between diagenetic overprint as indicated by elevated U concen-
trations at location 2 and a shift in 87Sr/86Sr isotope ratio.
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domain relates to the area with increased Sr and U concentra-
tions (solid circles in Fig. 1C and E), and the DEJ domain contains
the remaining data points. It can be seen that all high U and Sr
concentrations occur in the surface veneer (Fig. 4B) and are the
result of diffusion from the outside. The base domain (Fig. 4C)
has the highest Sr concentrations in the enamel, followed by the
DEJ domain (Fig. 4D). The BEB domain has the lowest U and Sr
concentrations and is thus least influenced by diagenesis
(Fig. 4E). This means that on the one hand, U can be used to
identify domains that contain original Sr isotope signatures, on
the other hand, if no such low U domains can be identified, it will
be impossible to ascertain whether any Sr analysis provided non-
contaminated results. As soon as the outer surface of the enamel
is weathered, U-migration proceeds from the outside (Eggins
et al., 2003). Such teeth will be rendered unsuitable for Sr iso-
topic analysis.

The effect of diagenetic overprint is illustrated in Fig. 5. 87Sr/86Sr
isotope ratio analysis using micro-drilling TIMS yielded a value of
0.7087 for the dentine. Three of the enamel 87Sr/86Sr ratios are
closely similar, around 0.7108, while the forth is significantly lower
at 0.7097. The latter was drilled from the domain with highly
elevated U-concentrations (rectangle in Fig. 1E), and shows a
diagenetic overprint from the dentine, lowering the 87Sr/86Sr ratio
by around 0.0011.
3.2. Investigating the accuracy of strontium isotope measurements
by LA-MC-ICP-MS

In 2007, we created a distribution map of 87Sr/86Sr ratios for
the Neanderthal tooth (Payre 1) with the aim of resolving
changes in diet and mobility from the diagenetic overprint. We
found a large range of 87Sr/86Sr ratios of 0.707e0.710 for dentine
and 0.712e0.718 for enamel (Fig. 6). Initially, this was interpreted
as diagenetic overprint with the end members reflecting the
87Sr/86Sr composition of the Jurassic limestone, the bedrock
where the tooth was found, and a 87Sr/86Sr ratio of around 0.718,
thought to be the isotopic signature of the region of origin of this
individual (Fig. 6D). However, further investigations showed that
the 87Sr/86Sr isotope ratios obtained by LA-MC-ICP-MS, especially
in the enamel, are much higher than the 87Sr/86Sr isotope ratios
determined by micro-drilling TIMS. In conjunction with the
observed correlation between increasing 87Sr/86Sr ratios and
decreasing Sr concentrations (Fig. 6D) this points to a bias
stemming from analytical interferences, most likely the previ-
ously identified polyatomic interference on mass 87 (Horstwood
et al., 2008; Lewis et al., 2014; Simonetti et al., 2008). This
example illustrates that monitoring and, if necessary correcting
for this analytical bias, is critical for any interpretation of



Fig. 6. A, B: Distribution map of the 87Sr/86Sr ratios of the Neanderthal tooth (Payre 1)
in oblique and planar view, circles show the positions of the solution TIMS analyses. C:
Track 13 with a projection of the TIMS analysis spots and their corresponding 87Sr/86Sr
ratios. D: Differences between Sr concentrations and 87Sr/86Sr ratios in the enamel and
dentine.

Fig. 7. A: Signal intensity of Mass 71 (V) plotted against P concentration, B: Signal
intensity of Mass 87 (V) caused by the interference plotted against P concentration.
P þ Ca not shown because the Ca standard contains traces of Sr. C: SRM987 mixed with
various P concentrations. Blue square indicates the value of SRM987 without any
added P measured during this analytical session 0.71024 ± 2 (n ¼ 8, 2s). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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strontium isotope ratios from teeth in terms of diagenetic over-
print or mobility.
3.2.1. The polyatomic interference on mass 87
A polyatomic interference on mass 87 is suggested to be the

main cause of observed offsets between solution and in situ an-
alyses of 87Sr/86Sr isotope ratios in teeth, observed in many
analytical facilities. This interference has been described in the
literature as 40Ca31P16O (Horstwood et al., 2008; Simonetti et al.,
2008). However, a 40Ar31P16O interference is also possible as Ar is
always present in analysis on a MC-ICP-MS. In order to determine
whether this interference originates from Ca or Ar we used so-
lutions of ultra-clean nitric acid mixed with Ca and P in varying
concentrations and monitored masses 71 (40Ca or 40Ar, 31P) and
87 (40Ca or 40Ar, 31P16O). Fig. 7A, B shows that there is a positive
correlation between P concentration and the voltage produced
on mass 71 and 87. No difference was observed, whether the
solutions contained Ca or not (Fig. 7). This indicates that the
polyatomic interference is related to Ar rather than Ca and pro-
vides direct evidence of the 40Ar31P16O polyatomic compound.
Fig. 7C shows the effect on the measured Sr isotope ratio of the
standard solution SRM987, with increasing P concentrations. We
observe increasing deviations from the accepted value of this
standard, which in the absence of other interferences, are
directly attributable to the 40Ar31P16O polyatomic compound.
Furthermore, in solution analysis, there is a direct relationship
between increasing 71/88 (40Ar31P), as a measure of relative P to
Sr concentration, and the deviation from the accepted 87Sr/86Sr
isotope ratio of SRM987. This suggests that mass 71 could be
used to monitor and correct the polyatomic interference on 87. At
71/88 ratios of >0.05, significant offsets are observed and as the
71/88 voltage increases, the observed offset increases reaching
values of 0.03, dominating the 87Sr/86Sr ratio at high P concen-
trations (Fig. 7C). The effect of the interference on the 87Sr/86Sr
ratio is hypothesised to be essentially controlled by the Sr con-
centration and oxide production rate, which in turn depends on
the specific analytical facility used and the instrument conditions
during analysis. Both Ca and P are stoichiometric components in
bioapatite, and Ar is always present in the plasma, and thus can
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be assumed to be constant.

3.2.2. Correcting for the polyatomic interference
To mitigate the bias arising from the polyatomic interference it

is necessary to either reduce the oxide levels (Foster and Vance,
2006; Lewis et al., 2014), to apply a correction for the interfer-
ence by using a suitable proxy, or a calibration with known sample
materials (Horstwood et al., 2008).

The oxide production rate during laser ablation MC-ICP-MS
analysis depends on the instrument tuning conditions, and the
material and element being analysed (i.e. on the metal - oxide
bond strength). Changes in oxide levels caused by the different
tuning of the instrument can be monitored for example by
measuring UOþ/Uþ, in NIST 610 or in a U bearing solution.
Horstwood et al. (2008) found an UOþ/Uþ production rate of
0.25%e1% using a U-solution and oxide production rates of 2.8%
during laser ablation analysis. The oxide production rate is
different for solution and laser ablation MC-ICP-MS analyses and
is not directly transferable between different analytical setups. It
varies greatly between different instruments and analytical fa-
cilities. Assuming that the blank corrected voltage on mass 87 in
the ultra-clean nitric acid solution is solely caused by the oxide, it
is possible to calculate an average oxide production rate from
mass 71 (40Ar þ 31P) to mass 87 (40Ar þ 31P þ 16O) of 2.2 ± 0.56%
(n ¼ 10, 2s) for the solution analysis conducted at our facility. We
find no positive linear correlation (r ¼ �0.64) between the in-
crease in P concentration and changes in oxide production rate in
our solution analysis (Fig. 8).

LA-MC-ICP-MS analysis of NIST 610 and monitoring of UOþ/Uþ

shows that the oxide production rate is highly dependent on the
instrument conditions. Tuning for maximum signal intensity of
88Sr showed UOþ/Uþ production rates of ~1%, but depending on
the tuning, rates of up to 7.5% were possible. The oxide production
depends on the residence time of the particles in the plasma and
thus sample gas flow and position of the torch are hypothesised to
be the most sensitive tuning parameter. A low sample gas flow
allows the plasma to break down oxides more efficiently, but
comes at the expense of decreased signal intensity. This can be
countered by adding nitrogen to the plasma, which increases the
energy distribution into the central channel, resulting in a higher
signal intensity. Adding 8 cc/min nitrogen allows the reduction of
the sample gas flow by ~50%, significantly increasing the resi-
dence time of the particulates in the plasma. This reduces oxide
production rates by 2 orders of magnitude while decreasing the
88Sr intensity by only a factor of 2e3. Possible nitrogen based
interferences were checked by running mass scans across the full
Fig. 8. Relationship between P concentration and oxide production rate during solu-
tion analysis using 2% nitric acid (r ¼ �0.64).
Sr isotope mass range and none were found.
However, while the tuning of the LA-MC-ICP-MS can be kept

the same between a series of analyses, the conditions in the
plasma may change due to different loading conditions when
analysing different samples. This means that the residual oxide
production rate cannot assumed to be constant and may change
between samples and should ideally be monitored independently.
Since it is not possible to monitor 40Arþ 31Pþ 16O directly, a proxy
for the oxide production rate needs to be used, potentially mass 89
(40Ar þ 31P þ 18O), but this has also potential REE interference. In
addition, the error magnification from the 18O/16O ratio would
make this correction problematic. Mass 103.9 (88Sr16O) could be
used to determine the residual oxide production during each
analysis, but the production of this oxide is extremely low and
very close to the background level of 4.6 � 10�5 V, at Sr concen-
trations of ~300 ppm. Since a constant oxide production rate
cannot be assumed, and no adequate independent monitor was
found, it was not possible to correct for the potential residual
oxide production rate using our analytical setup.
3.2.3. Improvement in accuracy
Tuning the instrument for reduced oxide production resulted in

an average DLA-TIMS value of 38 ± 394 ppm (n ¼ 21, 2s) for the
human and animal teeth (Fig. 9 and Table 6). This is a significant
improvement over our previously obtained data, which had an
average DLA-TIMS value of ~3700 ppm. In absolute terms, we now
achieve an averageDLA-TIMS value of 0.00003 ± 0.00028 (n¼ 21, 2s).
Without tuning for reduced oxide production, the strontium
isotope ratios acquired by in situ LA-MC-ICP-MS in our laboratory
were dominated by the interference of the polyatomic compound.
The analyses of the shark and dugong teeth show only minor dif-
ferences between the different tuning protocols. This is because
shark and dugong teeth have much higher Sr concentrations
(>1000 ppm) than the human and terrestrial animal teeth (~100 s
of ppm) and were thus not significantly influenced by the poly-
atomic interference. Applying the improved analytical protocol to
the Neanderthal tooth (Payre 1) resulted in 87Sr/86Sr ratios of
0.70885 ± 10 (±2se) and 0.71084 ± 9 (±2se) for the dentine and
enamel (next to spot 3), respectively. These new values are in
agreement with the solution TIMS analysis with 87Sr/86Sr ratios of
0.70871 ± 8 (±2se) for the dentine, and 0.71094 ± 11 (±2se),
0.71080 ± 5 (±2se), 0.71081 ± 6 (±2se) for the enamel. In terms of
Fig. 9. Enamel and dentine samples analysed using LA-MC-ICP-MS with tuning for
maximum signal intensity (circles) compared to tuning for reduced oxide production
(diamonds). Spots for each analysis were directly bordering the TIMS drill spot of each
samples used to determine the correct 87Sr/86Sr isotope ratio. Analytical errors are
smaller than the size of the symbols.



Table 6
Summary of the TIMS and LA-MC-ICP-MS strontium isotope data for the human and animal tooth samples.

Sample details TIMS LA-MC-ICP-MS LA-MC-ICP-MS 8 cc N Absolute difference Relative difference
(ppm)

Sample Sample
type

87Sr/86Sr 2se Spot size
(mm)

87Sr/86Sr 2se 88
(V)

71 (V) 104 (V) 87Sr/86Sr 2se DLA-TIMS DLA-TIMS 8 cc
N

DLA-

TIMS

DLA-TIMS 8 cc
N

Tum SLMEM263 dentine 0.70967 0.00003 265 0.71248 0.00013 0.70 0.00440 0.00004 0.70945 0.00010 0.00281 �0.00022 3957 �313
Tum SLMEM466 dentine 0.71058 0.00004 265 0.71318 0.00020 0.45 0.00675 0.00005 0.71032 0.00021 0.00259 �0.00026 3650 �367
Tum SLMEM308 dentine 0.70918 0.00002 265 0.71249 0.00030 0.58 0.00534 0.00006 0.70947 0.00011 0.00332 0.00029 4676 407
Tum SLMEM308 enamel 0.70939 0.00001 265 0.71564 0.00029 0.72 0.00775 0.00003 0.70951 0.00010 0.00625 0.00012 8815 167
Tum SLMEM282 dentine 0.71014 0.00003 265 0.71249 0.00034 0.65 0.00799 0.00007 0.71012 0.00008 0.00236 �0.00002 3316 �23
Tum SLMEM282 enamel 0.71141 0.00001 265 0.71682 0.00059 0.44 0.00638 0.00007 0.71132 0.00017 0.00541 �0.00009 7609 �122
Tum SLMEM432 dentine 0.70936 0.00003 265 0.71083 0.00031 0.56 0.00464 0.00006 0.70932 0.00021 0.00147 �0.00004 2073 �58
Tum SLMEM432 enamel 0.70938 0.00008 265 0.71584 0.00054 0.42 0.00678 0.00003 0.70940 0.00009 0.00646 0.00002 9104 22
Tum SLMEM861 dentine 0.70988 0.00002 265 0.71170 0.00016 1.25 0.00791 0.00015 0.70986 0.00006 0.00182 �0.00002 2559 �31
Tum SLMEM1007 enamel 0.71331 0.00007 265 0.72437 0.00047 0.18 0.00524 0.00004 0.71326 0.00071 0.01106 �0.00005 15,505 �76
Tum SLMEM1251 dentine 0.70904 0.00016 265 0.71064 0.00031 0.90 0.00618 0.00005 0.70918 0.00008 0.00160 0.00013 2251 186
Bovid (1557) enamel 0.70828 0.00002 265 0.70904 0.00015 2.15 0.00682 0.00016 0.70834 0.00005 0.00076 0.00006 1073 80
Bovid (1557) dentine 0.70844 0.00002 265 0.70884 0.00008 5.21 0.00714 0.00016 0.70849 0.00002 0.00040 0.00005 566 68
Diprotodon (2104)

molar
dentine 0.71023 0.00001 265 0.71026 0.00005 13.99 0.00572 0.00026 0.71029 0.00001 0.00003 0.00005 41 77

Neanderthal Payre 1 dentine 0.70871 0.00008 265 0.70948 0.00019 1.53 0.00959 0.00010 0.70885 0.00010 0.00077 0.00014 1083 204
Neanderthal Payre 1 enamel 0.71080 0.00005 265 0.71356 0.00020 1.05 0.00763 0.00010 0.71084 0.00009 0.00276 0.00004 3880 52
Neanderthal Payre 2 dentine 0.70945 0.00006 265 0.71015 0.00104 0.96 0.00818 0.00009 0.70939 0.00012 0.00070 �0.00006 988 �82
Neanderthal Payre 2 enamel 0.70909 0.00003 265 0.71144 0.00083 1.79 0.00764 0.00011 0.70902 0.00005 0.00235 �0.00007 3307 �101
Neanderthal Payre 3 dentine 0.70975 0.00002 265 0.71125 0.00033 1.86 0.00979 0.00012 0.70978 0.00006 0.00150 0.00003 2107 47
Neanderthal Payre 5 dentine 0.70922 0.00043 265 0.70951 0.00013 0.96 0.00818 0.00009 0.70939 0.00012 0.00029 0.00017 413 242
Neanderthal Payre 5 enamel 0.71069 0.00028 265 0.71179 0.00015 0.82 0.00772 0.00010 0.71099 0.00011 0.00110 0.00030 1543 425
Modern human (RG) enamel 265 0.71280 0.00020 0.74 0.00826 0.00010 0.70987 0.00004
Modern human (RG) dentine 265 0.71091 0.00029 0.67 0.00760 0.00008 0.70995 0.00020

Mean 0.00266 0.00003 3739 38
Grey nurse shark 0.70918 0.00001 160 0.70927 0.00001 4.73 0.00258 0.00015 0.70918 0.00003 0.00009 0.00000 132 4

160 0.70929 0.00002 4.78 0.00243 0.00014 0.70920 0.00004 0.00011 0.00002 158 32
205 0.70926 0.00001 7.83 0.00485 0.00016 0.70922 0.00002 0.00008 0.00005 114 64
205 0.70925 0.00001 10.85 0.00848 0.00031 0.70926 0.00001 0.00007 0.00008 105 108

Dugong 0.70918 0.00004 265 0.70923 0.00001 32.38 0.03099 0.70921 0.00001 0.00006 0.00003 78 49
265 0.70922 0.00001 28.86 0.02882 0.70920 0.00001 0.00004 0.00002 57 30
265 0.70923 0.00002 26.91 0.02951 0.70921 0.00001 0.00005 0.00003 76 47

Dugong 0.70919 0.00004 160 0.70927 0.00001 13.87 0.01665 0.00256 0.70925 0.00001 0.00008 0.00006 113 84
160 0.70930 0.00002 12.14 0.01468 0.00211 0.70927 0.00002 0.00011 0.00008 157 112

Mean 0.00008 0.00004 110 59
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mobility, the original LA-MC-ICP-MS values of the enamel would
have indicated a vastly different geologic substrate than those ob-
tained by the new analytical protocol or with TIMS. With the new
protocol our laser ablation data show both positive and negative
offsets from the TIMS value. Fig. 10 shows increased DLA-TIMS values
at low 88 signal intensities, the result of less precise measurements
at low signal intensities. There is a residual positive offset to higher
87Sr/86Sr ratios at high 88 signal intensities, indicating a residual
production of the polyatomic interference of ~59 ppm, for samples
> 1 V 88Sr. The effect of the polyatomic compound does not
correlate with the 71/88 ratio, which could have been a useful
monitor as indicated by the solution analysis of SRM987 þ P
(comparison of Figs. 7C and 10). This is likely because P is a stoi-
chiometric component of the bioapatite in teeth, and thus like Ca,
and Ar from the gas, not limited during the analysis on a MC-ICP-
MS. Since the isotopic composition in teeth may vary spatially,
one expects to find both positive and negative DLA-TIMS values
because it was assumed that a single TIMS values was represen-
tative for that part of the tooth. This indicates that our improved
analytical technique now allows the investigation of changes in
87Sr/86Sr ratios within a tooth. Finally, the DLA-TIMS values now
achieved in our lab (38 ± 394 ppm) are comparable to the results of
Lewis et al. (2014), without the need of a customized plasma
interface, though at a greater loss of signal intensity.
3.3. Analytical sampling strategies for fossil human teeth

The recent advancements of in situ laser ablation micro-
analytical techniques made by a number of studies (Benson et al.,
2013; Le Roux et al., 2014; Lewis et al., 2014) and in this research
project significantly improve the application of this technique to
fossil human teeth.

Scanning for diagenetic overprint can be rapidly applied to a
large number of samples to identify teeth that have most likely
preserved the original isotopic signatures. In an earlier paper we
suggested to use laser ablation drilling for U-series micro-sampling
(Benson et al., 2013). Fig. 11 shows how the laser can be used to
probe the enamel BEB domain. The laser holes are 85 mm in
diameter and cannot be seen with the naked eye (Fig. 11A). The
uranium profiles can be used to identify the best locations for
isotope analysis. From our study, we can develop the following
sampling strategies for human teeth that keep any destruction to
an absolute minimum. Firstly, the enamel is probed with an 85 mm
laser spot for U, Th and Zn to estimate the depth of surface
contamination (Th), to locate the BEB domain (Zn) and to evaluate
diagenetic contamination (U). Once a suitable sample has been
selected, different analytical methods can be applied to analyse its
strontium isotopic composition.

In situ spot analysis for LA-MC-ICP-MS and micro-drilling for
TIMS cause comparable damage (Fig. 11B), on the same scale as
most surface impurities such as scratches, cracks and dirt. Micro-



Fig. 10. A: DLA-TIMS
87Sr/86Sr values for the complete dataset plotted against 88 (V), B:

DLA-TIMS values of the dataset tuned for reduced oxide production plotted against 88
(V), and C: plotted against 71/88.
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drilling and TIMS analysis provides themost accurate results for the
strontium isotope composition. However, for the study of intra-
tooth isotopic variations, and a large number of samples, TIMS
analysis can be prohibitively labour intensive and time consuming.
In addition, TIMS analysis may average intra-tooth isotopic varia-
tion depending on the amount of material required and the size of
the micro-drill. LA-MC-ICP-MS presents a valuable alternative
Fig. 11. Neanderthal tooth from Moula-Guercy (Benson et al., 2013) as an example of the
isotope analysis by LA-MC-ICP-MS and drilling for solution TIMS. The row of holes in the den
because it allows for a high sample throughput, requires minimal
sample preparation, and enables the investigation of intra-tooth
isotopic variability at high spatial resolution. Intra-tooth isotopic
variation can be investigated either along already broken surfaces,
or possibly by sequential laser drilling similar to the U-series
analysis (Benson et al., 2013).

The potential of the polyatomic interference on mass 87 during
LA-MC-ICP-MS analysis varies between different analytical facil-
ities. Changes in instrument conditions (laser cell design, gas
sources, cones and torch design) can have a significant effect, and
thus this interference should be monitored during each study. If
present, tuning to minimise the oxide levels, is currently the most
promising way for achieving accurate 87Sr/86Sr isotope ratio mea-
surements from teeth using LA-MC-ICP-MS (this study, de Jong
et al., 2007; Lewis et al., 2014). Monitoring and tuning to mini-
mise DLA-TIMS should be performed on a well characterised tooth
standard with low Sr concentration (~100e300 ppm), in the same
range as the unknown samples (e.g., Copeland et al., 2008, 2010; Le
Roux et al., 2014).

Finally, the level of precision required to relate human samples
to strontium isotope regions in the landscapewill vary considerably
between different geologic terrains. LA-MC-ICP-MS analysis with
the accuracy range obtained here is sufficient for human mobility
studies between most geologic terrains (e.g., Hodell et al., 2004;
Evans et al., 2010; Frei and Frei, 2011; Bataille and Bowen, 2012;
Willmes et al., 2014) and thus offers an alternative to solution
analysis. This allows the application of this method to a large range
of archaeological samples, which in turn will significantly improve
our understanding of human and animal mobility and ranging
patterns in the past.
4. Conclusions

The main conclusions from this project are:

(1) Using in situ LA-ICP-MS for U, Th, Sr and Zn concentrations in
fossil teeth allows for rapid screening to identify zones of
least diagenetic overprint. This method limits damage to the
sample and ensures that only suitable samples are further
processed for isotopic analysis.

(2) The polyatomic interference on mass 87 is the principal
cause for the offset between solution and LA-MC-ICP-MS
strontium isotope analysis observed in a significant number
of analytical facilities. We found direct evidence that this
interference originates from Ar, rather than Ca compounds.
The effect of the interference on the 87Sr/86Sr isotope ratio is
essential controlled by the Sr concentration and oxide pro-
duction rate, because both Ca and P are stoichiometric
overall damage caused to a tooth for isotopic analysis. A before and B after strontium
tine were used for U-series dating and are not related to the strontium isotope analysis.
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components in bioapatite, and Ar is always present in the
plasma.

(3) The oxide production rate in LA-MC-ICP-MS analysis varies
between different analytical facilities, analytical conditions
of the instrument, and the sample being analysed. No suit-
able proxy was found in this study to determine the oxide
production rate during the analysis of a tooth independently,
prohibiting online correction of potential oxide related
interferences.

(4) Monitoring for this interference, and if present, tuning for
reduced oxide levels is currently the most promising way to
obtain accurate 87Sr/86Sr isotope ratio measurements from
teeth using LA-MC-ICP-MS. We achieved DLA-TIMS values of
38 ± 394 ppm (n ¼ 21, 2s). This analytical offset is small,
particularly when considering the variability of 87Sr/86Sr
isotope ratios in the environment.

(5) LA-MC-ICP-MS analysis of fossil human teeth can be used to
investigate intra-tooth strontium isotopic variability and
relate it to diagenetic alteration or changes in food source,
thus providing a powerful technique to investigate diet and
mobility patterns in archaeology.
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