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We describe a precise and accurate method for the direct determination of the 87Sr/86Sr isotope ratio of
bottled Sr-rich natural mineral drinking water using multiple collector inductively coupled plasma mass
spectrometry (MC-ICP-MS). The method is validated by the comparative analysis of the same water with and
without cation-exchange resin purification. The work indicates that isobarically interfering elements can be
corrected for when 87Rb/86Srb0.05 (Rb/Srb0.015), and that the matrix elements (Ca, Mg, K and Na) have no
significant effect on the accuracy of the Sr isotope data. The method is simple, rapid, eliminates sample
preparation time, and avoids potential contamination during complicated sample-preparation procedures.
Therefore, the high sample throughput inherent to the MC-ICP-MS can be fully exploited.
+86 10 62010846.
H. Yang).

ll rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Strontium has four naturally occurring stable isotopes, 84Sr, 86Sr, 87Sr,
and 88Sr,with abundances of 0.56, 9.87, approximately 7.04, and 82.53 at.
%, respectively. The 87Sr/86Sr isotope ratio is variable due to the addition
of radiogenic 87Sr produced by the beta decay of 87Rb with a half-life of
4.88±0.05 Ga. Thus, the isotopic composition of Sr, expressed as the
87Sr/86Sr isotopic ratio, is dependent on the Rb/Sr ratio and age of the
material analyzed. The Rb–Sr system has been extensively used for
geochronological studies as well as geochemical tracer [1]. In addition,
87Sr/86Sr data have been used to track the environmental provenance
studies and to trace pathways of animal and human migration [2–8].

Natural mineral water obtained from recycled deep sources of
ground water contains many trace elements e.g. Sr, which are
necessary for maintaining good health in humans as well as tracking
regional water-rock interaction and chemical weathering of ground
water flow and water mixing. Analysis for Sr is also required for
product quality control. This is important as concerns have been
raised about food quality as a consequence of the extent of global
environmental pollution [2–8].

Since the 1960s, thermal ionization mass spectrometry (TIMS)
has been the common method used for the precise determination
of strontium isotopic ratios. This technique requires the efficient
chemical separation of Sr from interfering Rb isotopes and other
matrix elements by ion exchange chromatography. Recently, multiple
collector inductively coupled plasmamass spectrometry (MC-ICP-MS)
has been developed as a routine technique for Sr isotope ratio
measurement, with a precision comparable to that of TIMS [3,9–12].
The ICP source eliminates time-dependent fractionation effects, and
has the resolution to permit isobaric correction of 87Rb on 87Sr [13–18].

The main objective of the present work is to establish a simple and
rapid analytical protocol for direct measurement of Sr isotopic
composition in natural mineral drinking water using MC-ICP-MS,
thus eliminating the Rb and matrix element (K, Na, Ca, Mg) removal,
without comprising the precision and accuracy of the measurements.
The method results in significant savings in sample-preparation time
and avoids any potential contamination. Therefore, the high sample
throughput inherent to the MC-ICP-MS can be fully exploited.

2. Experimental

2.1. Chemical reagents and standards

Milli-Q water (18.2 MΏ.cm) from Millipore (Elix-Millipore, USA)
and twice-distilled extra-pure grade reagents were used in this study.
Concentrated hydrochloric and nitric acids were purified by the
Savillex™DST-1000 sub-boiling distillation system (Minnetonka, USA).

The isotopic certified reference material SRM 987 strontium
carbonate (NIST, Gaithersburg, USA) was used to validate the
analytical procedure. This standard was available as a solution of
200 μg L−1 for monitoring conditions during actual analytical ses-
sions. The Rb, Mg, Ca, K, and Na standard solutions (1000 μg mL−1)
were obtained from the National Research Center for Certified
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Table 1
Typical instrumental settings and data acquisition parameters for Sr isotopic measurement using Neptune MC-ICP-MS.

Instrumental settings and data acquisition parameters

RF power 1300 W Nebulizer type Micromist PFA
Cooling gas flow rate 16.2 L/min Sample uptake rate 50 μL/min
Auxiliary gas flow rate 0.6 L/min Sampling cone Ni, aperture 1.0 mm
Nebulizer gas flow rate 1.1 L/min Skimmer cone Ni, aperture 0.8 mm
Extraction voltage −2000 V Integration time 4.1494 s
Focus voltage −654 V Number of cycles 5 per block
Acceleration voltage 10 kV Number of blocks 9
Spray chamber Glass cyclonic Measurement time ~240 s

Sr cup configuration

Cup L4 L3 L2 L1 C H1 H2
Mass 82 83 84 85 86 87 88
Sr 84Sr 86Sr 87Sr 88Sr
Kr 82Kr 83Kr 84Kr 86Kr
Rb 85Rb 87Rb

46Ca40Ar 48Ca40Ar
44Ca40Ar 48Ca38Ar 48Ca40Ca

Ca 42Ca40Ar 43Ca40Ar 44Ca40Ca 43Ca42Ca 46Ca40Ca 44Ca43Ca 46Ca42Ca
42Ca40Ca 43Ca40Ca 42Ca42Ca 44Ca42Ca 44Ca44Ca

43Ca43Ca
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Reference Material, Beijing, and diluted in 2% HNO3 as necessary.
Commercially available cation exchange resin (AG50W-X12, H+ form,
200–400 mesh size) was obtained from Bio-Rad (Richmond, USA). All
bottled Sr-rich natural mineral drinking water used in the study was
purchased commercially.

2.2. Sample preparation

All chemical preparations were conducted on special class 100
work benches inside a class 1000 clean laboratory. The seal on the
bottled Sr-rich natural mineral drinkingwater was broken in the clean
laboratory and the water acidified with concentrated nitric acid.
Considering different Sr concentration (e.g. about 100–5000 μg L−1)
of bottled Sr-rich natural mineral water, all actual samples were
diluted with 2% HNO3 to ca. 200 μg L−1 Sr concentrations for mass
spectrometric direct determination. In addition, to validate the MC-
ICP-MS direct analysis methods, all water samples were prepared for
Sr separation using a standard cation-exchange resin.

10 mL of each sample was put into a pre-cleaned 15 mL round-
bottom SavillexTM Teflon-PFA screw-top capsule and gently evapo-
rated to dryness. One milliliter of 2.5 M HCl was added to the residue
and dried down again. After cooling, the residue was dissolved in
1.5 mL of 2.5 M HCl. Prior to chemical separation the capsule was re-
sealed and placed on a hotplate at ~100 °C overnight.

The method for the separation of Sr using conventional cation
exchange resin is briefly summarized here; a detailed description can be
found elsewhere [19]. After centrifuging, the solution was loaded into a
quartz ion exchange column packed with AG50W-X12 resin, pre-
conditioned with 2 mL of 2.5 M HCl. The resin was then washed with a
further 2 mL of 2.5 M HCl, followed by 2.5 mL of 5 M HCl to remove
undesirable matrix elements. Rb was then eluted with 1.5 mL of 5 M
HCl. Tominimize the potential isobaric interference of 87Rb on 87Sr, the
resinwas rinsedwith 4 mLof 5 MHCl to remove any remaining residual
Rb. Finally, the Sr fraction was eluted using 3 mL of 5 M HCl and gently
evaporated to dryness prior to mass spectrometric measurement.

2.3. Mass spectrometric procedure

Sr isotope ratio analyses were undertaken using a Neptune MC-
ICP-MS [20,21]. A summary of the typical instrumental and data
acquisition parameters are presented in Table 1. The Sr isotopic data
were acquired in the static, multi-collector mode at low resolution
with the Faraday cups configuration array given in Table 1. During the
actual Sr isotope analytical session, an aliquot of the international
standard solution of 200 μg L−1 NIST SRM 987 was used regularly for
optimizing the operation parameters and evaluating the reproduc-
ibility and accuracy of the instrument. One international NIST SRM
987 standard was measured proceedingly every five samples
analyzed.

The actual water samples for direct determination, and the Sr
fractions after chemical purification were taken up with 2% HNO3, and
aspirated into the ICP source using a Micromist PFA nebulizer in a free
aspiration mode after maximizing the signal optimization.

Prior to analysis, the Neptune MC-ICP-MS was allowed to stabilize
for at least 1 h under normal operating conditions. Typically, the
signal intensities of 84Sr, 86Sr, 87Sr and 88Sr for the 200 μg L−1

standard solution were about 0.05, 0.93, 0.67 and 8.1 V. The actual
sample solution was aspired for 15 s to obtain a stable signal before
starting data acquisition. One run of the Sr isotopic ratio measurement
cycle consisted of a baselinemeasurement at On Peak Zeros (OPZ) and
45 cycles of sample signal collection. The 45 cycles of signals are
divided into 9 blocks to complete the 9 rotations of the amplifiers
connected to the Faraday cups in order to eliminate amplifier gain
errors between different amplifiers [22]. For Sr measurement, the
signal integration time for 1 cycle was 4 s. The total time of one
measurement lasted about 5 min and consumed about 50 ng of
sample for each measurement. During the period of data acquisition
analyses of the NIST SRM 987 standard solution yielded a 87Sr/86Sr
ratio of 0.710250±20 (2SD, N=20).

2.4. Data reducation protocol

For radiogenic isotope systems, like Rb–Sr, Sm–Nd and Lu–Hf, the
use of internal normalization for mass discrimination correction is a
commonly-used practice in TIMS and MC-ICP-MS. The exponential
law, which initially was developed for TIMS measurement and
remains the most widely accepted and utilized with MC-ICP-MS,
was also used to assess the instrumental mass discrimination in this
study [17].

For Sr standard materials isotope ratios, the remaining 87Rb+

signal was negligible so that further correction for spectral overlap
of 87Rb+ on 87Sr+ respectively, was unnecessary. Mass discrimination
correction was carried out via internal normalization to a 86Sr/88Sr
ratio of 0.1194, applying the mass dependent Russell equation [17].

For Sr actual sample isotope analysis, the raw data were also
exported and reduced offline in order to correct for instrumental mass
bias and isobaric interference correction. 87Sr/86Sr ratios were
calculated from the corrected 86Sr/88Sr ratio using exponential law,



Fig. 2. Measured 87Sr/86Sr isotope ratios of NIST SRM 987 (200 μg L−1) doped with
200 μg mL−1 Ca and 100 μg mL−1 Mg. Error bars for individual analyses are 2 S.E.
(2 standard in-run errors). Gray fields represent the 87Sr/86Sr mean value of NIST
SRM987 doped with Ca and Mg and 2SD (standard deviation). The MSWD means the
Mean Square of Weighted Deviates. The horizontal axes represent the sequence of
measurements, typically with elapsed times of about 5 min between data points.
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where isobaric interference correction of 84Kr and 86Kr on 84Sr
and 86Sr (83Kr/84Kr=0.20175, 83Kr/86Kr=0.66474) and 87Rb on 87Sr
was carried out by using 85Rb/87Rb=2.5926 ratio assuming identical
mass bias for Rb and Sr. The data reduction was also performed by a
computer using a self-written Excel VBA (Visual Basic for Applications)
macro program, within which interference corrections is made,
followed by a mass fractionation correction using the exponential law,
these calculations are performed cycle by cycle [14,15].

3. Results and discussion

3.1. Isobaric interferences

3.1.1. Monoatomic interferences
Krypton (Kr), is a common contaminant in ICP Ar carrier gas. The

interference of 84Kr and 86Kr on 84Sr and 86Sr, respectively, cannot be
eliminated but can be monitored by simultaneously collecting 82Kr
and 83Kr during the Sr isotopic measurement (Table 1). After
instrument optimization and prior to the analytical session, determi-
nationof potential Kr interferences in theAr carrier is alwaysmonitored.
It is particularly important to do this when a new liquid Ar tank is
installed. We observed that the signal of 84Kr is typically ca. 3–10 mV,
corresponding to ca. 0.6–2 mV of 83Kr. This decreases significantly to
0.1 mV after the aspiration of 2%HNO3 into the ICP source. Hence the
natural Kr isotopic ratios: (83Kr/84Kr=0.20175, 83Kr/86Kr=0.66474)
were directly used for overlap correction and no mass discrimination
corrections were needed because of the low intensity of the Kr beam
[3,9,10,23,24].

The interference of 87Rb on 87Sr is well-known (Table 1), but is
negligible for the NIST SRM 987 standard, and in most fractions of the
mineral water after chemical purification. However, Rb has a highly
significant effect on the direct determination the Sr isotope ratio of
natural mineral drinking water without chemical purification. To
assess the extent of potential isobaric interference, a series of NIST
SRM 987 solutions spiked with variable amounts of Rb were analyzed.
The natural isotopic composition of Rb (85Rb/87Rb=2.5926)was used
for isobaric correction by the exponential law, assuming that the
Fig. 1. Measured 87Sr/86Sr isotope ratios of NIST SRM 987 (200 μg L−1) doped with
increasing amounts of Rb. Error bars for individual analyses are 2 S.E. (2 standard in-run
errors). The isobaric interferences of 87Rb on 87Sr are corrected for mass discrimination
by the exponential law assuming the Rb mass discrimination is the same as that of Sr.
Gray triangles are used to calculate average values, while white triangles are excluded
data points. Gray fields represent the 87Sr/86Sr mean value of NIST SRM987 doped with
Rb and 2SD (standard deviation). The MSWD means the Mean Square of Weighted
Deviates. Results indicate that highly accurate and reproducible Sr isotopic ratios can be
obtained using the Neptune MC-ICP-MS, even when 87Rb/86Sr ratios range up to 0.05
(Rb/Sr ca. 0.015).
rubidium has the same mass discrimination as that of strontium
[3,9,10,23,24]. As shown in Fig. 1, our seven analyses of NIST SRM 987
gave a mean value of 0.710249±31 (2SD) for the 87Sr/86Sr ratio,
which agrees with the recommended value of 0.710248 [10,24]. From
these data it was determined that for 87Rb/86Sr ratios of up to 0.05
(Rb/Sr=0.015), the measured 87Sr/86Sr ratios can be effectively
corrected for Rb interference by our MC-ICP-MS method, demon-
strating that Rb and Sr separation is unnecessary for most Sr-rich
natural mineral drinking water.

3.1.2. Polyatomic interferences
Apart from Kr and Rb, the presence of some polyatomic ions such

as Ca argides and dimers result in interferences with Sr (Table 1) [23].
Inmineral waters Ca is usually amajor elementwith concentrations in
the range of 5–200 μg mL−1, and Ca/Sr ratio is approximately 100–
200. To evaluate instrument performance a series of tests were
undertaken to evaluate the Ca-related interference possibilities using
200 μg L−1 NIST SRM 987 solutions doped with 200 μg mL−1 Ca and
100 μg mL−1 Mg standard solutions (Fig. 2). Standard Ca and Mg
solutions directly introduced to the plasma were found to have a
negligible Sr signal, indicating the high purity of these solutions.
Following this analysis, NIST SRM 987 solutions dopedwith Ca andMg
were measured sequentially. As shown in Fig. 2, the ten analyses
yielded a value of 0.710247±37 (2SD) for the 87Sr/86Sr ratio, identical
to the recommended value of 0.710248 [10,24]. In contrast to Waight
et al. [10] and Woodhead et al. [11], the results demonstrate that Ca
argides and dimers have an insignificant influence on Sr isotope
analysis using our Neptune MC-ICP-MS. The specific reasons for these
differences are unknown, but are probably related to the instrumental
configurations of the Neptune, relative to those of the Nu ICP-MS used
by Waight et al. [10] and Woodhead et al. [11]. On the basis of these
data, corrections for Ca and Mg were not applied to our data [18,24].

3.2. Matrix effects

In addition to isobarically interfering elements (Kr, Rb and Ca
argides and dimers), other matrix elements, such as Mg, K, and Na,
could affect Sr isotope analysis. Fig. 2, shows that Mg and Ca, have
negligible effects on Sr isotope analysis. To evaluate the possible
interference effects of K and Na, a series of tests were undertaken
using 200 μg L−1 NIST SRM 987 solutions doped with 100 μg mL−1 K

image of Fig.�2


Fig. 3. Measured 87Sr/86Sr isotope ratios of NIST SRM 987 (200 μg L−1) doped with
100 μg mL−1 K and Na. Error bars for individual analyses are 2 S.E. (2 standard in-run
errors). Gray fields represent the 87Sr/86Sr mean value of NIST SRM987 doped with K
and Na and 2SD (standard deviation). The MSWDmeans the Mean Square of Weighted
Deviates. The horizontal axes represent the sequence of measurements, typically with
elapsed times about 5 min between data points.

Fig. 4. Comparison of 87Sr/86Sr isotope ratios of bottled Sr-rich natural mineral drinking
water between chemical purification and direct analysis using MC-ICP-MS. 2 S.E. error
bars are significantly smaller than the symbols and not shown on this scale.
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and Na standard solution. The standard K and Na solution directly
introduced to the plasma has a negligible Sr signal, indicating the
purity of the standard solution. The NIST SRM 987 solutions doped
with K and Na weremeasured sequentially, as shown in Fig. 3. The ten
analyses gave a value of 0.710249±36 (2SD) for the 87Sr/86Sr ratio, in
good agreement with the recommended value of 0.710248 [10,24].
These data demonstrate that Mg, K and Na, as matrix elements, have
an insignificant influence on the determination of Sr isotope ratios
analysis using the Neptune MC-ICP-MS. As a result, chemical
separation of these matrix elements from Sr is unnecessary, which
will greatly avoid complicated and lengthy sample-preparation
procedures with low cost [4–8].
Table 2
Comparison of 87Sr/86Sr isotope ratios of bottled Sr-rich natural mineral drinking water
using MC-ICP-MS between chemical purification and by direct analysis at different
analytical sessions.

Samples Purification Direct analysis

87Sr/86Sr (±2σ) 87Rb/86Sr 87Sr/86Sr (±2σ)

N01 0.707 565 (18)a 0.0047a 0.707 573 (22)a

0.0049b 0.707 569 (20)b

N02 0.710 465 (24)a 0.0344a 0.710 479 (24)a

0.0339b 0.710 452 (28)b

N03 0.709 008 (35)a 0.0222a 0.709 004 (36)a

N04 0.708 202 (31)a 0.0061a 0.708 214 (29)a

0.0061b 0.708 175 (24)b

N05 0.707 458 (26)a 0.0018a 0.707 474 (26)a

N06 0.714 203 (22)a 0.0130a 0.714 186 (22)a

N07 0.712 085 (25)a 0.0010a 0.712 084 (23)a

0.0010b 0.712 054 (20)b

N08 0.713 042 (27)a 0.0090a 0.713 040 (28)a

N09 0.708 859 (34)a 0.0010a 0.708 856 (21)a

0.0010b 0.708 835 (30)b

N10 0.709 240 (23)a 0.0143a 0.709 235 (16)a

N11 0.708 961 (19)a 0.0077a 0.708 956 (17)a

0.0076b 0.708 935 (24)b

N12 0.708 949 (19)a 0.0078a 0.708 962 (22)a

0.0077b 0.708 943 (24)b

N13 0.707 508 (19)a 0.0141a 0.707 540 (24)a

N14 0.714 112 (17)a 0.0786a 0.714 170 (29)a

a Measurement at June 19, 2010.
b Measurement at June 24, 2011.
3.3. Direct measurement of bottled Sr-rich natural mineral drinking
water

Fourteen bottled Sr-rich natural mineral drinking water were
collected and analyzed by direct aspiration into the Neptune MC-ICP-
MS (Table 2). In addition, for all samples Sr was also separated from
Rb and other matrix elements using standard cation exchange resin
methods and analyzed by the same MC-ICP-MS protocol. Table 2
summarizes the results obtained with and without chemical separa-
tion and clearly demonstrates agreement between the two analytical
methods at different analytical sessions. As shown in Fig. 4, an
excellent correlation was found between the results, without any
compromise in the precision of the direct determination data. We
conclude that separation of Sr from other elements is not always
necessary for the analysis of Sr-rich natural-mineral drinking water.

4. Conclusion

A simple and rapid method for the direct determination of
the 87Sr/86Sr isotope ratio of bottled Sr-rich natural mineral drinking
water using MC-ICP-MS has been established. The accuracy of the
method was assessed and evaluated by the comparative analysis of
identical samples with and without chemical purification. It was
demonstrated that without Rb Ca, Mg, K, and Na separation, for most
bottled Sr-rich natural mineral drinking waters, direct accurate
determination of their Sr isotopic ratio is possible. The method results
in significant savings in sample preparation time and avoidance of any
potential contamination. Therefore, the high sample throughput
inherent to the MC-ICP-MS can be fully exploited.
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