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1. ABSTRACT 

The determination of accurate Sr isotope ratios in calcium phosphate matrices 

by laser ablation multi-collector ICP-MS is demonstrated as possible even with low Sr 

concentration archaeological material. Multiple on-line interference correction 

routines for doubly-charged REE, Ca dimers and Rb with additional calibration 

against TIMS-characterised materials are required to achieve this. The calibration 

strategy proposed uses both inorganic and biogenic apatite matrices to monitor and 

correct for a 40Ca-31P-16O polyatomic present at levels of 0.3-1% of the non-oxide 

peak, which interferes on 87Sr causing inaccuracies of 0.03-0.4% in the 87Sr/86Sr 

isotope ratio. The possibility also exists for synthetic materials to be used in this 

calibration. After correction for interferences total combined uncertainties of 0.04-

0.15% (2SD) are achieved for analyses of 13-24ug of archaeological tooth enamel 

with Sr concentrations of c.100-500ppm using MC-ICP-MS. In particular, for samples 

containing >300ppm Sr, total uncertainties of ~0.05% are possible utilising 7-12ng Sr. 

Data quality is monitored by determination of 84Sr/86Sr ratios.  

When applied to an archaeological cattle tooth this approach shows Sr-isotope 

variations along the length of the tooth in agreement with independent TIMS data. 

The 40Ca-31P-16O polyatomic interference is the root cause of the bias at mass 87 

during laser ablation ICP-MS analysis of inorganic and biogenic calcium phosphate 

(apatite) matrices. This results in inaccurate 87Sr/86Sr ratios even after correction of Ca 

dimers and doubly charged rare earth elements. This interference is essentially 

constant at specific ablation conditions and therefore the effect on 87Sr/86Sr data varies 

in proportion to changes in the Sr concentration of the ablated material. Complete 

elimination of this interference is unlikely through normal analytical mechanisms and 
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therefore represents a limitation on the achievable accuracy of LA-(MC-)ICP-MS 

87Sr/86Sr data without rigorous calibration to known reference materials. 

 

Keywords: laser ablation, ICP-MS, Sr isotopes, phosphate, apatite, archaeology, 
tooth, enamel 
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2. INTRODUCTION 

Strontium isotope analysis has traditionally used thermal ionisation mass 

spectrometry (TIMS) to discriminate between natural materials of different origin. 

The most recent of these studies has used TIMS analyses of c.4μg micro-milled 

samples (~3-10ng Sr) to demonstrate Sr isotope variations in magmatic crystals 

sampled in thick section (Charlier et al. (2006)). The advent of multi-collector 

inductively coupled plasma mass spectrometry (MC-ICP-MS), coupled with laser 

ablation (LA) sample introduction, provides the possibility to measure Sr isotope 

variations at higher spatial resolutions (c.50-100μm), with faster analysis times and 

less damage to the samples than is generally achieved with traditional TIMS 

methodologies. 

Studies to date have demonstrated, to varying degrees, the ability of LA-ICP-

MS techniques to measure Sr isotope variations in carbonate (Woodhead et al.(2005)), 

feldspar (Davidson et al.(2001)) and other materials (Waight et al. (2002), 

Schmidtberger et al.(2003), Ramos et al (2004),). However, despite an initial paper by 

Prohaska et al. (2002) documenting 87Sr/86Sr analysis of human bone using LA-

quadrupole-ICP-MS and a paper by Bizzarro et al. (2003) who used high-Sr apatites, 

laser ablation analysis of phosphate materials has not figured prominently in the 

scientific literature. The reason for this lies in the considerable analytical difficulties 

involved in generating accurate 87Sr/86Sr ratios for samples with Sr concentrations in 

the 100’s ppm range (e.g. Richards et al (2007)). These difficulties include known 

isobaric interferences (87Rb), doubly-charged REE ions (Paton et al (2007)) and 

polyatomic species such as Ca dimers (Woodhead et al (2005)) and other molecular 

species (Horstwood and Evans (2002), Horstwood and Nowell (2005), Simonetti et al. 

(2007), Simonetti et al. (2008)). 
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The 87Sr/86Sr isotope variation in tooth enamel is of particular interest to 

archaeological studies of human and animal migration as enamel is highly resistant to 

diagenetic processes and preserves isotopic and elemental ‘life signals’ in both fossil 

and archaeological teeth (Bocherens et al. (1994); Horn et al. (1994); Wang and 

Cerling (1994); Rink and Schwarcz (1995); Michel et al. (1996); Koch et al. (1997); 

Budd et al. (2000); Hoppe et al. (2003); Trickett et al. (2003); Dauphin and Williams 

(2004); Montgomery et al. (2007)). This allows the use of strontium as a tracer of 

human and animal migration in the past (see Beard and Johnson (2000); Bentley 

(2006) and references therein). Analysis of Sr isotope compositions of enamel has 

traditionally required thermal ionisation mass spectrometry (TIMS). The sampling 

technique for these relatively low concentration materials (c.50-300ppm Sr) has 

historically required the slicing or drilling of 10-50mg of tooth enamel to obtain 

enough dentine-free enamel for analysis. Such destructive sampling commonly raises 

concerns when analysing precious and rare material. A technique that leaves the 

specimen essentially intact, with as little damage as possible, would therefore be a 

great advantage. LA-ICP-MS provides just such a technique.  

 In this paper we demonstrate the presence of a Ca-P-O polyatomic 

interference during LA-ICP-MS analysis of phosphate matrices, in addition to 

previously recognised interferences, and describe a method for its correction. We 

illustrate the effectiveness of the correction routines and their significance for 

archaeological studies by application to a cattle tooth associated with an Iron Age 

chariot burial. 

 

3. ANALYTICAL METHODOLOGY 

3.1 Description of samples and sample preparation. 
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Nine tooth enamel samples, two igneous apatites and a modern mollusc shell 

with Sr isotope compositions previously determined by TIMS (Table 1), were used to 

define a calibration using LA-MC-ICP-MS. The enamel samples have Sr 

concentrations ranging from 75-381 ppm, the mollusc shell has a Sr concentration of 

over 1000 ppm and the highest Sr concentration is in one of the igneous apatites 

(c.35,000 ppm for apatite 326333 of Pearce and Leng (1996)). These high 

concentration end-members were deliberately chosen to demonstrate the level of 

accuracy achieved, for phosphate and non-phosphate matrices, by LA-MC-ICP-MS 

when abundant Sr is available for analysis relative to the interference corrections 

being applied.  

The cattle tooth enamel (representing approximately 1 year of growth) chosen 

for the case study was selected specifically because it showed a changing composition 

in Sr concentration and 87Sr/86Sr down the tooth crown, on the basis of 2 mm 

transverse slices by conventional TIMS analysis. A longitudinal section was removed 

from the entire length of the tooth crown, dentine and cementum were removed, and 

the enamel sample was bisected longitudinally. One half was sectioned transversely 

from cusp to cervix to produce 13 c.2mm sections that were analysed by TIMS (Table 

1). The remaining half was used for the LA study. The possibility for intra-sample 

heterogeneity is important when comparing conventional TIMS data, derived by the 

dissolution of c.30milligrams of material, with laser ablation analyses sampling 13-

24ug. However, little has been written on within-tooth strontium isotope 

heterogeneity.  Montgomery (2002) demonstrated variations of 0.003-0.005% (2σ) for 

multiple analyses of modern human deciduous and permanent teeth, suggesting minor 

variations within-tooth and a limiting level of uncertainty for human dental enamel 

studies. As such, and in light of the fact that TIMS values are used as target values by 
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which to assess the accuracy of LA-MC-ICP-MS data, all TIMS data are plotted with 

0.005% uncertainties. 

 
3.2 Thermal Ionization Mass Spectrometry 

Samples were prepared in a class-100 clean chemistry suite by sonicating in 

high purity water, rinsed twice, dried down in high purity acetone and then placed into 

pre-cleaned Teflon beakers. An 84Sr tracer was added to the samples before being 

dissolved in Teflon-distilled 16M HNO3. Strontium was separated from other 

components of the sample using conventional Dowex© resin ion-exchange methods. 

The purified Sr was loaded onto a single Re filament using TaF activator after the 

method of Birck (1986). 87Sr/86Sr isotope compositions and Sr concentrations were 

determined using a ThermoFinnigan Triton multi-collector mass spectrometer. 

87Sr/86Sr ratios are normalised to a value of 0.710250 for NBS 987, which averaged 

0.710263 ± 0.000008 (2SD, n=50) at the time of analysis using a static acquisition 

routine.   

3.3 LA-MC-ICP-MS 

The analytical methodology outlined here used a Nu Plasma HR MC-ICP-MS 

coupled to a DSN-100 desolvating nebuliser (both from Nu Instruments, UK) and a 

UP193SS Nd:YAG 193nm laser ablation system (New Wave Research, UK). The 

mass spectrometer was tuned for maximum sensitivity (~70-100V/ppm, based on 

solution introduction) and optimised to reduce oxides whilst using 0.8l/min He to 

flush a standard 30cm3 laser ablation chamber. All mass spectrometer and laser 

ablation system set-up parameters are shown in Table EA1. A 213nm laser would 

equally surfice for this application and hence laser equipments costs are significantly 

below other alternatives (e.g. femtosecond lasers). 
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An array of seven Faraday detectors was used with a three-sequence peak 

jumping routine to allow all the peaks of interest to be acquired. Each sequence 

acquired 20 ratios of 3 secs integration with a 1 second magnet jump settle time 

between each. This differs only in overall measurement efficiency when compared to 

the twelve Faraday, static acquisition procedure documented in Woodhead et al. 

(2005). Table 2a illustrates the collector configuration used.  

During static (or single spot) ablation, particle size distribution and signal 

intensity decrease as the ablation progresses (Guillong and Günther 2002). A dynamic 

ablation (or raster) protocol was therefore used in view of the low Sr concentration of 

the samples, to maintain the signal intensity throughout the analysis. A 425x370μm 

(X-Y including overlap of spot size) box-raster dynamic ablation pattern and a 100μm 

ablation spot were used for all phosphate analyses but smaller spot sizes were used for 

the mollusc shell and inorganic apatite (sample 326333) to reduce the amount of 

material ablated.  

Dynamic ablation produces larger particles (in contrast to static ablation) that 

ionise less efficiently in the plasma (Guillong and Günther 2002). However, in this 

instance the benefits of achieving more constant signals for such low concentration 

samples, outweigh this disadvantage. A single dynamic (raster) analysis ablated down 

30-45μm consuming 13-24μg of phosphate, equating to 7-12ng Sr for a sample with a 

concentration of c.500ppm Sr. Although this represents 2-4 times the minimum 

amount of material required for higher precision microdrill TIMS methodologies on 

similar concentration materials (see Charlier et al (2006)), laser ablation analysis has 

its place in terms of saving overall time per sample (in both sample preparation and 

analysis), the ability to rapidly survey a number of samples for significant variation, 

the potential to use time-resolved data analysis to resolve variation within the ablated 

 8



volume and the overall availability of the technique. It should however be noted that 

these advantages require a not insignificant investment of energies in processing the 

data and proving the methodology required (see below). 

 

3.4 Acquisition protocol and interference corrections 

All data were acquired using a standard acquisition mode without time-

resolved analysis of the signal. A background or on-peak zero (OPZ) was recorded 

externally for 60secs per sequence prior to every analysis or set of three analyses. In 

this way interferences from Kr were corrected from the analyses. Woodhead et al 

(2005) demonstrated this method of Kr correction to be robust and stable. A 30 

second instrument baseline, or zero reference point, was recorded during each sample 

and OPZ analysis by deflecting the voltage on the electro-static analyser.  

The 87Rb/85Rb ratio for correction of the isobaric interference of 87Rb on 87Sr 

was determined and/or checked at the start of each analytical session, in the manner 

described by Nowell et al (2008). Briefly, solutions of Sr reference material NBS 987 

were doped with varying levels of Rb, to cover the range of Rb/Sr expected in the 

samples, and the measured results for 87Total/86Sr and 85Rb/86Sr regressed (using an 

86Sr/88Sr = 0.1194 for mass bias correction) to find a value for 87Rb/85Rb, thereby 

incorporating any differences between the degree of mass bias for the two elements. 

The determined value was 0.386276 (R2 = 0.999999). This value was then used as the 

‘true’ 87Rb/85Rb ratio, inversely corrected for mass bias using the Sr mass bias 

determined during the ablation, and used to correct the data on-line for Rb 

interference through measurement of the 85Rb peak. Despite potential differences in 

mass bias determined via solutions versus during ablation, the size of the corrections 

described here are small enough as to make any such differences insignificant. For 
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example, for samples with a Rb/Sr ratio ~0.003, a 10% difference in the mass bias as 

determined by laser ablation versus that determined by solution and used to inversely 

correct the ‘true’ 87Rb/85Rb ratio, results in a difference in the 87Sr/86Sr ratio of 

<0.005%. 

All ratios required (Table EA2) for the correction of REE and Ca isotope 

interferences (see Table 2b) were taken from Rosman and Taylor (1998). These ratios 

were used without inverse correction for mass bias since the mass differences relative 

to Sr are clearly too large for the Sr mass bias to be appropriate. Equally, the size of 

the corrections made here are sufficiently small and the combined uncertainty 

estimate large enough as to make any such differences in the correcting ratios 

insignificant at present. During ablation, peak intensities at the half-mass positions 

81.5 and 83.5 in sequence 1, 85.5 in sequence 2 and 86.5 in sequence 3 were used as 

monitors of doubly-charged 163Dy, 167Er, 171Yb and 173Yb respectively. These signals 

were then used to subtract appropriate amounts of relevant doubly-charged on-peak 

interferences from all Sr peaks using the ratios in Table EA2.  To correct for Ca 

dimers, the remnant signal on the 82 peak, after subtraction of Kr and REE2+ (164Dy2+ 

& 164Er2+) interferences, was assumed to be 40Ca42Ca (or 40Ar42Ca, although the 

discrimination between species makes little difference due to similar isotopic 

abundances; see also Woodhead et al (2005)). This peak was then used to determine 

the amount of, and correct for, 40Ca44Ca and 40Ca46Ca dimers on peaks 84 and 86 

(using the 44Ca/42Ca and 46Ca/42Ca ratios) in order to correct the stable isotope ratios. 

Since REE2+ and Ca dimer interferences can occur on all masses in the Sr mass range, 

and the monitor peak for the Ca dimer correction has pre-existing interferences, the 

order in which the corrections are made is important; this order is REE, then Ca 
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dimer, then Rb. LA-MC-ICP-MS data are presented in Tables 3a&b and Electronic 

Annex EA3.  

Solution reference material NBS 987 was run before each analytical session 

with and without Rb doping (Rb/Sr ratios = 0.0003-0.03) to check instrument 

performance and the veracity of the Rb interference correction. All data are 

normalised according to the expected 84Sr/86Sr and 87Sr/86Sr ratios for NBS 987 of 

0.0565 and 0.71025 respectively with all uncertainties expressed as relative standard 

deviations in percent (%). A true 86Sr/88Sr ratio of 0.1194 was assumed throughout 

with all data corrected for instrumental mass bias using an exponential model. All 

analyses were conducted at a mass resolution ~400, with oxide levels at 0.25-1% 

quantified through measurement of UO+/U+ using a U solution. A desolvated 2% 

HNO3 solution was continuously aspirated into the plasma to help maintain plasma 

conditions and instrumental mass bias between and during different analyses and also 

provides the necessary Ar make-up gas in the plasma. 

 

4. RESULTS 

4.1 Comparison of carbonate and phosphate results and their 84Sr/86Sr ratios 

A carbonate mollusc shell was analysed in each analytical session to 

demonstrate the efficacy of the REE2+ and Ca dimer corrections. Figure 1a illustrates 

corrected 87Sr/86Sr data acquired on eight analytical sessions over a period of ten 

weeks. The data average 87Sr/86Sr = 0.709181 ± 0.0137% (2SD) which is comparable 

with the uncertainties reported by Woodhead et al (2005;  ± 0.0125% (2SD)) for their 

carbonate laser ablation data. Figure 1b illustrates the 84Sr/86Sr ratios for our analyses 

with and without correction for REE2+ and Ca dimer. Total dimer and REE2+ 

corrections constituted 0.83% and 0.0027% of the uncorrected 84Sr/86Sr and 87Sr/86Sr 
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ratios respectively. These analyses display slightly less dimer formation than the data 

of Woodhead et al (2005), but also illustrate the importance of correcting for such 

interferences to achieve more accurate stable isotope ratios to enable monitoring of 

data quality. The corrected 84Sr/86Sr data give an average of 0.0563 ± 0.9% (2SD), 

slightly below the expected ratio of 0.0565. This may reflect a slight overcorrection of 

the Ca dimer interference (e.g. due to the presence of Ar2H2
+) but does not simply 

reflect use of an incorrect Ca correction ratio since this would require a 42Ca/44Ca 

isotope ratio of c.2.3 (instead of c.3.2) to achieve an 84Sr/86Sr ratio of 0.0565. Inverse 

mass bias correction of the Ca ratio used for this correction would only lead to lower 

84Sr/86Sr ratios.  

 

LA-ICP-MS phosphate analyses do not yield accurate 87Sr/86Sr ratios even 

after the application of the REE2+, Ca dimer and Rb corrections. This inaccuracy is 

correlated with Sr signal during analysis of low Sr concentration phosphates and can 

be explained if an additional interferent is present, in consistent quantities, on the 87Sr 

peak. A Ca-P-O polyatomic has been suggested as a likely interferent (Horstwood and 

Evans (2002), Horstwood and Nowell (2005) and Simonetti et al (2007), Simonetti et 

al (2008)). Considering the occurrence and significance of a Ca-Ca (or Ar-Ca) dimer 

molecule during laser ablation analysis of carbonates as demonstrated by Woodhead 

et al (2005) and corrected for in this protocol, it is reasonable to also consider that a 

Ca-P dimer molecule is also formed since the 31P+ ion should be equally dominant in 

the plasma during ablation of calcium phosphate matrices. The ubiquitous potential 

for the generation of oxides in ICP-MS, coupled with the high affinity of phosphorous 

for oxygen, essentially guarantees the formation of a 40Ca-31P-16O polyatomic 

molecule which interferes on 87Sr causing high 87Sr/86Sr ratios.  

 12



The Sr/Ca ratio in biogenic and inorganic apatite is controlled by the strontium 

concentration as calcium is a stoichiometric component and is therefore essentially 

constant. Hence, the Ca/Sr (and therefore the Ca-P/Sr, Ca-P-O/Sr and consequently 

the 87Sr/86Sr) ratio varies with Sr concentration, between analyses under essentially 

constant ablation conditions. Therefore, using a set of samples with predetermined 

compositions, this relationship can be used as a calibration for calcium phosphate 

samples of unknown Sr isotope composition. We used a set of inorganic and biogenic 

apatite materials previously characterised by TIMS for this purpose. 

After all corrections the average 87Sr/86Sr ratio for the Durango apatite is 

0.7068 ± 0.03% (2SD). This value is c.0.07% higher than the TIMS determined value 

of 0.706327 (see Table 1). Figures 2a & b show 84Sr/86Sr and 87Sr/86Sr data 

respectively for the Durango apatite with and without correction for REE2+ and Ca 

dimer. The total REE2+ and Ca dimer contributions to the initial mass bias corrected 

ratios are more significant than for the carbonate analyses, constituting ~8.4% and 

~0.12% of the uncorrected 84Sr/86Sr and 87Sr/86Sr ratios respectively. After all 

corrections the average 84Sr/86Sr ratio is 0.0564 ± 0.73% (2SD) suggesting all 

corrections are appropriate. The Durango apatite has significant REE concentrations, 

the correction for which alone contributes a c.6% correction to the uncorrected 

84Sr/86Sr ratio. The REE2+ interference is also the most significant for the 87Sr/86Sr 

ratio with that for the Ca dimer being insignificant. Finally, the Rb correction is 

insignificant except for two analyses where up to a 0.1% correction of the ratio is 

required.  

  Figure 3a (data are presented in Table 3a) illustrates the inaccuracy of the 

87Sr/86Sr ratio relative to the TIMS determined value for the Durango apatite and tooth 

calibration materials. This inaccuracy is strongly correlated (R2 = c.0.94) with the 
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measured Sr signal. Total REE2+ and Ca dimer corrections for the tooth calibration 

materials constitute ~2-11% and ~0.02-0.06% of the uncorrected 84Sr/86Sr and 

87Sr/86Sr ratios respectively. Inaccuracies of up to 10% in the 84Sr/86Sr correction will 

therefore equivalently affect the corrected 87Sr/86Sr ratio by only a few 10’s ppm. 

However, equally the 84Sr/86Sr ratio is a monitor of the consistency (c.0.25-0.5%, 

2SD) and accuracy of the OPZ measurement across all the collectors and the 86Sr/88Sr 

mass bias correction (which also has Kr and REE2+ interferences on its peaks) and 

therefore represents an important (and the only) data quality monitor for all these 

corrections. The relationship of increasing inaccuracy of the 87Sr/86Sr ratio with 

decreasing Sr signal is consistent between different analytical sessions, only varying 

by the slope of the regression. Taking a high Sr apatite (sample 326333) where REE2+ 

and Ca dimer corrections are insignificant relative to the amount of Sr present, 

accurate laser ablation 87Sr/86Sr ratios can be demonstrated after correction for mass 

bias (Fig.3b).   

Having established the relationship between Sr concentration and interferent 

level and its potential use in calibrating a set of unknowns, we ran a series of tests to 

assess the robustness of this calibration and the level of uncertainty at various 

concentrations and count rates. 

 

4.2 Ca-P-O calibration robustness and Uncertainty Estimation 

The correlation between the accuracy of the 87Sr/86Sr ratios and the size of the 

88Sr peak is shown in Figure 4a for data gathered over 5 of 6 consecutive days. The 

slope and correlation of these data sets vary each day because of changes in 

instrument set-up, focus and oxide levels. When the data are normalised to themselves 

according to their respective regressions, the distribution of points can be used to 
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assess the uncertainty of the calibration with respect to the different count rates 

(Figure 4b) using the average and 2SD of triplicate analyses. Three uncertainty ranges 

can be distinguished with 1/88Sr <0.7, 0.7-2, and >2 and uncertainties of 0.042, 0.11 & 

0.15% (2SD) respectively. Figure 4c defines a well-correlated regression between the 

amount of Sr analysed (1/88Sr) and the daily uncertainty (2SD, R2 = 0.91, excluding 3 

of 25 data points which appear to have fortuitously reproduced too well for the 

amount of Sr analysed) which can then be used to propagate an appropriate 

uncertainty for an unknown according to the amount of Sr detected.  

 

4.3 Accuracy of the REE and Ca dimer corrections 

We can assess the accuracy of the doubly-charged REE and Ca dimer 

corrections relative to the average size of the 84 peak, by considering all the 84Sr/86Sr 

data for the apatite and tooth materials acquired over this multi-session period. 

Differences between the 84Sr/86Sr data before and after the two corrections are 

shown in Figure 5a. In most cases REE2+ contributions to the 84Sr/86Sr ratio are small 

(relative to the dimer correction) but not insignificant, e.g. for the Durango apatite. 

The Ca dimer correction is quite clearly very significant on the 84Sr/86Sr ratio, the 

significance of which increases with decreasing Sr intensity, the level of dimer 

formation remaining essentially constant with constant ablation conditions between 

samples. Looking in detail at the accuracy of both the Ca dimer and REE corrections, 

Figure 5b illustrates that the data are essentially accurate for all data with more than 

10mV total 84. For those data with total 84 signals less than this, which constitutes all 

the tooth data (both calibration materials and unknowns), there is a clear over-

correction of the data resulting in an average 84Sr/86Sr of c.0.0545, a c.3.5% 

inaccuracy after an initial correction of 14-28% of the original ratio. This inaccuracy 
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is most likely due to increasingly significant error in the 44Ca/42Ca and/or REE ratios 

used for the corrections, but could also be caused by cumulative inaccuracies in the 

baseline measurements across the multiple Faraday detectors used for the corrections. 

Additionally, small interferences as yet unrecognised, may also be affecting baseline 

and/or on-peak measurements. Taking detection limits as 3SD of the average baseline 

measurements for a day, Tables 3a&b and Figure 5a demonstrate that even where 

intensities on the Ca dimer and REE2+ interference monitor masses are only 

marginally above the limit of detection, the corrections for such are warranted. 

Whatever the cause of the overcorrection, this level of inaccuracy at these levels of 

signal after such large interference corrections is considered insignificant with regard 

to the 87Sr/86Sr data where the size of the corrections, especially that for Ca dimer, is 

markedly less relative to the greater ion beam sizes. 

 

4.4 Accuracy of the Ca-P-O calibration correction: a case study 

A cattle tooth (mandibular third molar-M3) recovered from a large pit of cattle 

bones that encircled an Iron Age chariot burial excavated from Magnesian Limestone 

at Ferry Fryston, UK, was selected as the subject for assessing the accuracy of the Ca-

P-O calibration correction. The tooth was sampled in detail and analysed by both 

TIMS and LA-MC-ICP-MS. A total of 25 laser analyses were made on the tooth over 

two analytical sessions. Seventeen analyses were made in the principal session where 

greater spatial resolution was determined. The length of the tooth was measured using 

a micrometer and used to calibrate the measurements taken from the laser software at 

the time of analysis. In this way good control on the spatial distribution of the results 

relative to the TIMS data was achieved for the 425μm x 370μm sample area ablated. 

The spatial distribution of eight analyses of an earlier session were not controlled in 
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such detail and a ± 2mm spatial uncertainty has been assigned to these data. These 

data are presented but focus is placed on the larger data set. 

Figure 6a illustrates the Ca-P-O calibration determined at the time of analysis 

using the Durango apatite and human tooth samples. Figure 6b illustrates the 84Sr/86Sr 

data for the cattle tooth analyses and the data are presented in Table 3b. Initial ratios 

of c.0.062 are corrected to c.0.056 after correction for REE2+ and Ca dimer 

interferences. Measurements towards the cusp of the tooth appear to be more 

overcorrected than towards the cervix despite equivalent 84peak signals (c.3.5mV), 

perhaps reflecting additional unidentified interferences or complicating factors (e.g. 

organic components within the sample). Again, this level of inaccuracy, considering 

the large corrections applied to such small signals, is insignificant when compared 

with the correction protocol applied to the 87Sr/86Sr data where the equivalent 

corrections are much smaller. 

 

Figure 6c plots the 87Sr/86Sr data for the Ferry Fryston cattle tooth including 

the data determined by TIMS. Initial measurements show small but consistent Rb 

concentrations along the tooth, increasing towards the cusp. After correction for 

REE2+, Ca dimer and Rb, resultant 87Sr/86Sr ratios are still inaccurate relative to TIMS 

by 0.1-0.2%. However, after calibration to the tooth standards run at the time, 

agreement between TIMS and laser ablation data is much improved, particularly for 

the cervical (lower) half of the crown. Figure 6d highlights the total corrected data 

relative to the TIMS data including the earlier determined smaller laser ablation data 

set for which spatial control was more limited. Propagating the uncertainties for these 

data as described, results in total uncertainties on the laser ablation data of 0.1-0.15% 

(2SD).  All data agree, within uncertainty, with the TIMS data.  
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5. DISCUSSION 

5.1 Further analytical considerations 

The robustness of the Ca/Sr ratio is demonstrated by the 87Sr/86Sr data for the 

Durango apatite (Figure 2b), which were acquired by varying the ablation conditions 

(fluence, spot size, etc.) between analyses. Using the TIMS determined 87Sr/86Sr ratio 

to calculate the contribution of the Ca-P-O interference for these Durango apatite 

analyses, an average interferent level on mass 87 of c.6500cps can be shown 

(Electronic Annex EA3), varying by a factor of two between c.4500-9500cps. Ca-P-O 

contributions for all the other tooth calibration materials analysed during this study 

can be shown to be of the same order (see Electronic Annex EA3). Oxide levels at the 

time of analysis were c.0.25-1% using UO+/U+ as a monitor for the oxide generating 

potential of the plasma (determined by aspirating a U solution at the time). Although 

absolute levels of oxide production differ between analytical sessions and between 

different elemental and ionic species, using U or indeed Ce as a relative proxy to 

quantify oxide levels is common practice in ICP-MS. For an appropriately tuned 

plasma typical UO+/U+ levels are on the order of ~1% prior to extra reduction 

measures (e.g. addition of N2).  

A peak of 231,000cps measured during these ablations at mass 71, 

corresponding to 40Ca-31P, indicates oxide generation for CaPO+/CaP+ on the order of 

2.8% when compared to the calculated 6500cps 40Ca31P16O+ interference. A 

40Ca31P16O+ polyatomic should be accompanied by a very small amount of the 

44Ca31P16O+ polyatomic at mass 91. Determination of both the 40Ca31P+ and 

44Ca31P16O+ molecular species during analysis of calcium phosphate matrices would 

allow direct determination and correction of the 40Ca31P16O+ interference on 87Sr and 
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possibly improve data quality. In a separate set of experiments a Nu Instruments 

AttoM single-collector (SC-)ICP-MS was used to directly measure both the 71 and 91 

mass peaks and their potential isobaric and doubly-charged interferences, during 

ablation of the Durango apatite. Peaks of 13million and 776 cps were measured for 

40Ca31P+ and 44Ca31P16O+ respectively, equating to a 40Ca31P16O+/40Ca31P+ oxide 

production rate of c.0.3%. These levels of oxide production are essentially identical to 

those measured by aspirating a U solution suggesting that monitoring of the UO+/U+ 

ratio by solution aspiration is a reasonable proxy during LA-MC-ICP-MS for the 

levels of Ca-P-O likely to be produced. Therefore, tuning the mass spectrometer and 

set-up to reduce the UO+/U+ levels (and therefore the oxide generation potential of the 

plasma) by an order of magnitude would be expected to result in a similar reduction in 

the amount of Ca-P-O produced. Compared to the levels of 87Sr/86Sr inaccuracy 

reported here before calibration (c.0.03-0.4%), this would still result in inaccuracies 

of up to 0.04% for low Sr concentration calcium phosphate samples such as those 

analysed here. Therefore, when analysing calcium phosphate samples with <~200ppm 

Sr by LA-ICP-MS, it is unlikely that oxide levels could be reduced to a level whereby 

all 87Sr/86Sr inaccuracy is eliminated. This strongly suggests that direct determination 

of the oxide interference using SC-ICP-MS, or a daily calibration of the 40Ca31P16O 

interference using a set of reference materials as shown in this study using MC-ICP-

MS, is required to achieve accurate 87Sr/86Sr ratios on unknowns. In light of this, and 

the number and level of corrections being applied, the use of secondary reference 

materials of known isotope ratio, run as unknowns, is considered essential so that 

accuracy can be demonstrated with each analytical session.  

Also of note is the analytical equivalence shown in this study between the 

human tooth enamel and Durango apatite. This suggests that a series of well 
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characterised inorganic (and perhaps therefore synthetic) apatites, could be used as 

calibration materials for biogenic phosphate unknowns. It should also be noted that 

during LA-ICP-MS analysis of low Ca concentration or Ca-absent phosphate 

materials, an 40Ar31P16O polyatomic may be as problematic as the 40Ca31P16O 

interference shown here. Due to the equivalent isotopic abundance of 40Ca and 40Ar, 

and the stoichiometric abundance of Ca in the materials used here, discrimination 

between these two species (if both are present) is not required.   

   

5.2 The 87Sr/86Sr isotope composition of the Ferry Fryston cattle tooth 

The methodology was applied to analyses of a cattle molar taken from a pit 

containing a large deposit of cattle bones (c. 250 animals), excavated in the parish of 

Ferry Fryston, Yorkshire, England NGR SE 4469 4255 (Brown et al. 2007). The site 

was located on the Magnesian Limestone ridge that runs roughly north-south and 

comprised an Iron Age square barrow with a male skeleton buried with a chariot and 

an encircling pit containing the cattle remains. Although radiocarbon dating indicates 

the centrally buried male died in the 4th to 2nd century BC, dates from the cattle bones 

suggest they were deposited in the 2nd to 4th centuries AD (Brown et al. 2007) and are, 

therefore, not contemporary with the chariot burial. 

The LA 87Sr/86Sr ratios from the cusp to the cervix of the cattle third molar 

show a progressive increase from 0.7158 to 0.7185 (Figure 6d). A very similar range 

of ratios from 0.7153 to 0.7183 were obtained from transverse enamel sections 

analysed by TIMS. All these values are very different to that of the Magnesian 

Limestone from which the tooth was excavated, i.e. ≤0.7086 (McArthur et al. 2001). 

The last LA and TIMS analyses suggest the 87Sr/86Sr ratio is falling in the final 

cervical enamel. This could be evidence for the animal being moved to a less 
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radiogenic biosphere, e.g. limestone pasture shortly before death. However, the 

cervical enamel at this sampling site was still mineralising at the time of death and 

diagenetic alteration by the limestone, as is the case for the tooth dentine which gave 

87Sr/86Sr = 0.7137, cannot be ruled out for this sample. Enamel 87Sr/86Sr values 

>0.715 are considerably more radiogenic than any values currently published for 

animals or humans excavated from the biospheres overlying the Cenozoic, Mesozoic 

and upper Palaeozoic sedimentary lithologies of England. They are also only rarely 

found in European studies, where they are attributed to a granitic source (e.g. Price et 

al. 2004; Price & Gestdottir 2006; Bentley & Knipper 2005; Bentley et al. 2004; 

Schweissing & Grupe 2003).  One reason for this is the greater influence of soluble 

non-radiogenic carbonate minerals, and in maritime islands such as Britain, rainwater, 

on dietary 87Sr/86Sr in biospheres overlying more radiogenic terrains (Montgomery et 

al. 2007). The cusp to cervix shift is large and highly significant, indicating a change, 

or changes, in the source of dietary strontium during the year the third molar crown 

was mineralizing. The direction of change is opposite to that which might be expected 

if the animal moved from a radiogenic biosphere to an area of lower values such as 

Yorkshire.   It is possible, therefore, that the animal was slaughtered soon after arrival 

in the Ferry Fryston area and did not have time to assimilate less radiogenic 87Sr/86Sr 

feed that would have caused a reduction on the 87Sr/86Sr values in its third molar 

enamel profile.    

 

6. CONCLUSIONS  

A 40Ca-31P dimer and 40Ca-31P-16O polyatomic ion are generated in the 

inductively coupled plasma during LA-ICP-MS analysis of calcium phosphate 

matrices. The amount of this polyatomic ion produced is proportional to the amount 
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of Ca and P being introduced during ablation and the amount of oxide being generated 

in the plasma. The polyatomic ion has a dominant mass of 87 and so directly 

interferes on 87Sr, preventing the accurate determination of 87Sr/86Sr ratios in samples 

with Sr concentrations <~1000ppm. Our data indicate that it is not possible to reduce 

the oxide generation potential of the plasma sufficiently to completely eliminate 

formation of this polyatomic ion. However, once corrections for doubly-charged 

REE’s, Ca dimers and Rb interferences have been made (in that order), the remaining 

inaccuracy in 87Sr/86Sr ratios can be calibrated, using a set of reference materials 

characterised for their Sr isotope ratios. Inorganic or even synthetically generated 

calcium phosphates (i.e igneous or laboratory grown apatites) could likely be used for 

this purpose. After correction for the Ca-P-O interference, the resulting data are more 

accurate, as validated using TIMS, although the uncertainties on the laser ablation 

data for samples with concentrations of ~100-200ppm Sr are still relatively large. 

Currently therefore, the limiting uncertainty for 87Sr/86Sr data generated using 

LA-MC-ICP-MS from archaeological phosphate samples with <~200ppm Sr, is ~0.1-

0.2% (2σ). For samples with Sr concentrations ~300ppm, uncertainties of c.0.05% 

can be achieved. The corrections required and signal levels described, are very small 

but are shown to be crucial to data quality. This is especially so for 84Sr/86Sr ratios 

where very small 84 beams (on the order of ~200,000 cps) include a large proportion 

of a Ca dimer which must be corrected to maintain this monitor of correction accuracy 

and data quality. For high Sr samples, uncertainties of c.0.02% 2SD can be achieved 

where the Ca-P-O correction proves largely insignificant.  

This new methodology was applied to a TIMS-characterised cattle tooth 

excavated from a site in the north of England. The enamel of this Ferry Fryston cattle 

tooth has a radiogenic signature (87Sr/86Sr = 0.715-0.718) that contrasts with the 
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87Sr/86Sr isotope signature of the area in which it was found, restricting its possible 

origins to areas of old and/or radiogenic rocks that are of only restricted occurrence in 

Britain. It is likely therefore, that this animal was slaughtered shortly after moving 

from its original location before the less radiogenic Sr signature representing its new 

location had time to become established in the enamel structure. 
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Table & Figure captions 

Table 1 – TIMS data for tooth calibration samples and Ferry Fryston cattle tooth 

Table EA1 – MC-ICP-MS and laser ablation system set-up parameters 

Table 2a – Collector configuration using the U-Pb block on the Nu Plasma HR. 

Figures in bold are the key half-mass peaks for correction of REE2+ 

Table 2b – Table of analyte isotopes and their interferences. Figures in bold are the 

key half-mass peaks for correction of REE2+ 

Table EA2 – REE and Ca isotope ratios used in the corrections. All ratios taken from 

Rosman and Taylor (1998) 

Table 3a – LA-MC-ICP-MS data for daily Ca-P-O calibration of Figure 3a 

Table 3b – LA-MC-ICP-MS data for Ferry Fryston cattle tooth 

Table EA3 – LA-MC-ICP-MS data for calibration materials collected over various 

sessions, to demonstrate size of peak intensities, size and correction of 

interferences and final corrected stable isotope ratios. 

 

 

Fig.1a – 87Sr/86Sr data for carbonate shell over the period of analysis; reproducibility 

of all data is ± 137ppm, 2SD. 

Fig 1b. – 84X/86Sr of mollusc shell before and after REE2+ and Ca2 corrections; 

uncertainties are 2SE; final corrected data = 0.05630 ± 0.30% 2SD (dashed 

line). For comparison, ranges A & B show approximate range of data of 

Woodhead et al (2005) for marine mollusc shell before and after correction for 

Ca2 respectively. Bold line = accepted 84Sr/86Sr = 0.0565. 
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Figure 2a - 84X/86Sr of Durango apatite before and after REE2+ and Ca2 corrections; 

uncertainties are 2SE; final corrected data = 0.05643 ± 0.73% 2SD (dashed 

line). 

Figure 2b - 87X/86Sr of Durango apatite before and after REE2+ and Ca2 corrections; 

uncertainties are 2SE; final corrected data = 0.70683 ± 0.032% 2SD (dashed 

line); TIMS value = 0.706327 (solid line). 

Figure 3a – 87Sr/86Sr inaccuracy with measured Sr signal 

Figure 3b – corrected 87Sr/86Sr for apatite 326333; final corrected data = 0.702953 ± 

0.0195% 2SD; TIMS value = 0.70296 

Figure 4a – Variation of Ca-P-O calibration regression over a number of analytical 

sessions 

Figure 4b – Self-normalised calibration plot to show uncertainty distribution 

Figure 4c – Daily reproducibility of tooth calibration materials defining uncertainty 

propagation function 

Figure 5a – 84X/86Sr data for carbonate shell, Durango apatite and tooth calibration 

materials before and after correction for REE2+ and Ca2 

Figure 5b –84Sr/86Sr for carbonate shell, Durango apatite and tooth calibration 

materials after correction for REE2+ and Ca2 

Figure 6a – Daily Ca-P-O calibration for Ferry Fryston data 

Figure 6b – 84X/86Sr for Ferry Fryston cattle tooth before and after correction for 

REE2+ and Ca2 

Figure 6c – All 87X/86Sr data for Ferry Fryston cattle tooth 

Figure 6d – 87Sr/86Sr TIMS data and corrected and propagated 87Sr/86Sr LA data for 

Ferry Fryston cattle tooth 
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Figure 3a  
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Figure 4a  
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Figure 4c  
 

y = 0.000807x - 0.000086
R2 = 0.907127

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0 0.5 1.0 1.5 2.0 2.5

1/88Sr

D
ai

ly
 2

SD
 o

f t
oo

th
 c

al
ib

ra
tio

n 
m

at
er

ia
ls

3.0

all data

regressed data

 
 

 39



Figure 5a  
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Figure 6a  
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	1. ABSTRACT
	The determination of accurate Sr isotope ratios in calcium phosphate matrices by laser ablation multi-collector ICP-MS is demonstrated as possible even with low Sr concentration archaeological material. Multiple on-line interference correction routines for doubly-charged REE, Ca dimers and Rb with additional calibration against TIMS-characterised materials are required to achieve this. The calibration strategy proposed uses both inorganic and biogenic apatite matrices to monitor and correct for a 40Ca-31P-16O polyatomic present at levels of 0.3-1% of the non-oxide peak, which interferes on 87Sr causing inaccuracies of 0.03-0.4% in the 87Sr/86Sr isotope ratio. The possibility also exists for synthetic materials to be used in this calibration. After correction for interferences total combined uncertainties of 0.04-0.15% (2SD) are achieved for analyses of 13-24ug of archaeological tooth enamel with Sr concentrations of c.100-500ppm using MC-ICP-MS. In particular, for samples containing >300ppm Sr, total uncertainties of ~0.05% are possible utilising 7-12ng Sr. Data quality is monitored by determination of 84Sr/86Sr ratios. 
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	2. INTRODUCTION
	3. ANALYTICAL METHODOLOGY
	3.2 Thermal Ionization Mass Spectrometry
	3.3 LA-MC-ICP-MS
	3.4 Acquisition protocol and interference corrections

	4. RESULTS
	4.2 Ca-P-O calibration robustness and Uncertainty Estimation
	4.3 Accuracy of the REE and Ca dimer corrections
	4.4 Accuracy of the Ca-P-O calibration correction: a case study
	5. DISCUSSION

