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Measuring 875r/%5Sr ratios with MC-ICP-MS is a straightforward technique due to its fast sample
introduction. However, excellent accuracy and precision cannot be easily achieved unless careful
optimization of plasma running conditions and evaluation of instrumental mass bias are conducted.
Here, we developed an optimized protocol for measuring 8/Sr/®6Sr ratios using a modified cone
arrangement (H skimmer cone + Jet sample cone) by carefully examining the effects of plasma working
conditions on the performance of Sr isotope analysis with a Neptune Plus™ MC-ICP-MS. The modified
cone arrangement significantly enhanced the Sr signal sensitivities by a factor of 2, compared to the
standard cone arrangement (H skimmer cone + standard sample cone). For both cone arrangements,
the mass bias of Sr isotopes fits the standard exponential law under optimal conditions. However, at
non-optimum sample gas flow rates, the corrected 875r/85Sr ratios deviated from the reference value,
and thus non-linear mass bias was observed. Such mass bias could not be corrected using the standard
exponential law. This observation cautioned researchers analyzing Sr ratios at optimized sample gas flow

rates when using MC-ICP-MS. With further evaluation of the sample concentration, integration time and
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Accepted 7th July 2020 interference element correction, &7Sr/86Sr ratio analysis with high accuracy and precision was achieved.

Excellent results of the reference materials were obtained using the optimized protocol. Compared to
the classical TIMS technique, our method is comparable in precision (~8 x 10~%, 2SE) but much faster in
rsc.li/methods operation (14 minutes per analysis), and therefore is a technical advance in Sr isotope geochemistry.

DOI: 10.1039/d0ay00845a

1. Introduction purified Sr solutions are directly introduced into plasma, and
thus its sample introduction is obviously faster. Although MC-
Strontium (Sr) has four naturally occurring isotopes, 3*Sr, 8°Sr, ICP-MS is time-saving, excellent accuracy and precision cannot
87Sr and ®®Sr. Its isotope ratios, such as ®’Sr/*°sr, have been be easily achieved unless careful optimization of plasma
widely used as a robust tracer to solve a variety of scientific running conditions and evaluation of instrumental mass bias
problems in earth and planetary sciences.! Precise measure- are carried out.’ The internal precision of *’Sr/**Sr is normally
ment of Sr isotope ratios is fundamental but challenging. >1 x 10 ° during MC-ICP-MS measurement using the manu-
Thermal ionization mass spectrometry (TIMS) and multi- facturer's recommended conditions (200 ppb Sr content, the
collector inductively coupled plasma mass spectrometry (MC- standard cone configuration).>*
ICP-MS) are the two available techniques for the precise deter- The precision of Sr/**Sr may be improved at higher Sr
mination of Sr isotope ratios.>* TIMS can yield excellent accu- ~ signal intensities. Measuring solutions with high Sr concen-
racy and precision (<1 x 107> for ¥’Sr/®*°Sr, 2SE), but it is trations could improve Sr signal intensity, but tends to increase
cumbersome. In addition to chemical separation of Sr, time- the time of washing between samples. Alternatively, high Sr
consuming filament preparation and a degassing process are signal sensitivity can be achieved by the use of the new gener-
needed prior to isotope analysis using TIMS.* For MC-ICP-MS, ation Neptune Plus™ MC-ICP-MS (Thermo Electron Corp,
Bremen, Germany). By combining modified skimmer and
sample cone geometries with an enhanced interface pumping
configuration, the Neptune Plus™ MC-ICP-MS has largely
enhanced the ion sampling efficiency and overall signal sensi-
tivity.*> While the modified cones result in high signal
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Table 1 Optimal instrumental operating conditions

H skimmer
cone + standard
sample cone

H skimmer
cone + Jet sample cone

RF power 1200 W 1200 W

Guard electrode On On

Cool gas 15 L min~" Ar 15 L min~" Ar
Auxiliary gas 0.80 L min~ " Ar 0.90 L min~" Ar
Sample gas 0.75-1.0 L min~* Ar 0.70-1.0 L min~ " Ar
Z-Position —1.25 mm —1.25 mm
Extraction voltage —2000 V —2000 V

Focus —680V —640V

Shape 220V 212V

Source offset 22V 22V

Zoom focus 6.5-7.5V 4.5-5.5V

Zoom dispersion —-15V —-15V

Nebulizer PFA microflow nebulizer (52 pL min™")
Uptake mode Self-aspiration

Sensitivity 60-70 V ppm ! 30-40 V ppm ™" 8sr

sensitivity, their additional effects on the instrumental mass
bias need to be evaluated.

The instrumental mass bias is element dependent. Trans-
mission of elements was found to increase linearly with the
atomic weight (especially for those above mass 40) and
increasing transmission could reduce instrumental mass bias.*
Instrumental transmission has kept improving in recent years
(e.g. new cone design); however, inaccuracy in isotope ratio
measurements also presents. For some elements (e.g. Nd, Hf,
W, and Hg),'***° the use of modified cones has been shown to
cause non-linear mass dependent fractionation (which cannot
be corrected using the standard exponential law), and former
studies ascribed this to a variety of reasons such as the cone
material, cone geometry, chemical properties of the element
and plasma running conditions.' To date, however, the use of
modified cones for Sr isotope measurement has remained very
rare, and their effects on the instrumental mass bias must be
evaluated before using modified cones for Sr isotope analysis.

Here, we developed an optimized protocol for measuring
87Sr/%%sr ratios using the modified cone arrangement (H
skimmer cone + Jet sample cone) with a Neptune Plus™ MC-
ICP-MS. We showed that the use of a modified cone arrange-
ment could improve the Sr signal sensitivities by a factor of 2,
compared to the commonly used standard cone arrangement
(H skimmer cone + standard sample cone). Non-linear instru-
mental mass bias was observed for both cone arrangements;
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Fig.1 8%8Sr/86Sr versus 887Sr/88Sr for NBS 987 standard solutions (200
ng mL~! Sr) for the (a) modified cone arrangement and (b) standard
cone arrangement.

however, it can be corrected at optimized sample gas flow rates.
Based on careful chromatographic separation, optimization of
instrumental working conditions and instrumental mass bias
correction, high precision measurement of 8Sr/®°Sr ratios (2SE
<1 x 10°) was achieved.

2. Experimental methods

2.1 Reagents

The acids (HNOj;, HCI and HF) used here were of ultra-pure
grade and purified twice by using a Savillex DST-1000 sub-
boiling distillation system. 18.2 MQ cm water (Milli-Q® Integral
system) was used to prepare the solutions. NBS 987 standard
solutions were purchased from the National Institute of Stan-
dards and Technology (NIST) and diluted to 200 ng mL ™" in 2%
nitric acid (v/v) for daily use. Plasma standard solution solu-
tions, 13872 Rb (1000 pg mL™"), 13877 Er (1000 pg mL™ ') and
13819 Yb (1000 pg mL™') were purchased from Alfa Aesar
company, and used in the interference correction tests.

Table 2 Cup configuration and interfering elements during Sr-isotope analysis

L4 L3 L2 L1 C Hi H2 H3
Mass 83 83.5 84 85 86 86.5 87 88
Isotope of interest BKr* 167gr>* 8agrt 85Rb* 86gr 173yph>* 87Rb* 88yt
84Kr+ SGKr+
Interfering isotopes 165" 168t 7op?*
168Yb2+ 170Yb2+ 172Yb2+ 174Yb2+ 175Yb2+
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International rock standards were purchased from the United
States Geological Survey.

2.2 Sample pretreatment

All the chemical procedures were performed in the class-1000
ultra-clean laboratory at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences (SKLODG-IGCAS). Five standard reference materials,
BCR-2 (basalt), BHVO-2 (basalt), GSP-2 (Andesite), AGV-2
(granodiorite) and RGM-2 (rhyolite), were digested using the
method reported previously.'”*® Briefly, about 100 mg of the
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sample was added into a PTFE beaker. Then, 0.3 mL HCIO, was
added to eliminate organic materials, and 1 mL HNO; and 2 mL
HF were added. The beakers were coated with stainless steel,
then the sealed bombs were heated to 190 °C in an oven for 3
days, until the solids were completely dissolved. Soon after, the
beakers were screwed open, and heated on a hot plate at 180 °C
for about 2 hours to evaporate residual HClO,. The samples
were then treated using 1 mL 6N HCI 2 to 3 times, and re-dis-
solved in 1.3 mL 2.5N HCI prior to chromatographic purifica-
tion. Chromatographic work was based on a study by Yang
et al.’® Briefly, a quartz column (ca. 100 mm x 5 mm) filled with
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Fig. 2 ®8Sr intensity for the SRM 987 standard solution (200 ng mL™! Sr) measured at different sample gas flow rates for the (a) modified cone
arrangement and (b) standard cone arrangement. 87Sr/86Sr ratios for the SRM 987 standard solution measured at different sample gas flow rates
for the (c) modified cone arrangement and (d) standard cone arrangement (errors represent 2SE). Relationship between 88Sr/86Sr and 887Sr/8sr
for the (e) modified cone arrangement and (f) standard cone arrangement. The vertical solid line represents the optimum sample gas flow rate.
Solid and dashed horizontal lines represent the certified value and uncertainty (2SD) of 8/Sr/86Sr (0.710258 + 0.000013), respectively.
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2 mL AG50W-X12 resin was applied in the chemical separation.
After being pre-conditioned with 25 mL of 6 M HCI and then 2
mL of 2.5 M HCI, the supernatant solution was loaded onto the
column. The resin was rinsed with 2 mL of 2.5 M HCl and 8 mL
of 5 M HC], and then the Sr fraction was eluted using 3 mL of 5
M HCI. After chemical separation, the Sr solutions were dried
on a hot plate and eventually re-dissolved with 2 mL 2% (v/v)
HNO; prior to isotope analysis.

2.3 Mass spectrometry

Sr isotope ratios were measured by using a Neptune Plus™ MC-
ICP-MS at SKLODG-IGCAS. Gain calibration of the Faraday cups
was daily performed. 200 ng mL ™" NBS987 was prepared in 2%
HNO; (v/v), and was used for instrumental tuning. The instru-
mental inlet system, ion sources and zoom optics were tuned
carefully to guarantee steady signals (e.g. 0.3-0.6% for RSD of
beam intensity), high intensities (e.g. ~12 V or higher for ®sr,
Jet/H cone combination) and good peak shape (it has a wide
platform and is symmetric). The major instrumental parame-
ters are summarized in Table 1. Sample solutions were intro-
duced through a PFA micro-flow nebulizer (50 pL min™")
connected to a double-Scott spray chamber (“wet” plasma
mode). Instrumental blank correction was performed before
each sample introduction. Sample solutions were self-aspirated
for 60 s to guarantee stable signal intensities before data
acquisition. The protocol involved the acquisition of 60 cycles (6
blocks x 10 cycles) with an 8 s or 4 s integration time per cycle.
The total volume of the sample used for each measurement was
about 450 pL. Between samples, the introduction system was
rinsed with 2% HNO; for about 5 minutes.

2.4 Interference and mass bias correction

Kr, Rb and doubly charged Er and Yb are the major interfering
elements during Sr isotope analysis. Kr usually exists in the Ar
gas supply and air in the sample introduction system. **Kr was
monitored to correct the interference of *'Kr and **Kr on ®'sr
and ®°Sr, using natural Kr isotope ratios. *>Rb was monitored to
correct the interference of *Rb on *’Sr. Residual Er and Yb were
usually found in solutions after column separation, due to their
similar elution curves to Sr. The doubly charged Er and Yb
partly interfere with Kr, Sr and Rb due to the close mass to
charge ratios. '*°Er** interferes with **Kr*, ""°Er** and "7°Yb**
interfere with ®°Rb"; '°*Er**, 7?yb>", 7*yb**, V7®yb*" overlap
with ®'sr*, 80sr*, #7sr*, 88s1* masses by about 0.05 amu (atomic
mass unit), respectively. Er and Yb were corrected by moni-
toring "*’Er*" and '7*Yb>" using Cup L3 (83.5 amu) and H1 (86.5
amu), respectively. All the isotopes of interest were aligned to
the related cups completely by setting the center cup at mass
8651 (85.909 amu). Cup configurations are shown in Table 2.
The data correction method was based on a study by Yang
et al.,’ and a brief description is given below. The interference
from doubly charged Er and Yb was primarily corrected due to
their influences on both elements of interest and other inter-
fering elements. Pure 13877 Er and 13819 Yb solutions of 10 pg
mL ™" were analyzed to obtain the measured Er and Yb ratios
(e.g."°Er**/*7Er**,*°®Yb>*/'7*°Yb*") at the beginning of an
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analytical session. These ratios and the intensities of '*’Er**and
173yb*" were used in the interference correction of Er and Yb.
The interference of ®'Kr and °Kr on ®'Sr and ®°Sr was then
corrected by monitoring **Kr" and using natural Kr isotope
ratios (¥Kr/*'Kr = 0.20175, ®Kr/*°Kr = 0.66474)." The
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Fig.3 2SE of 87Sr/885r for the NBS 987 standard solution with different
Sr concentrations using the modified cone arrangement and standard
cone arrangement. The gray area represents the typical precision of
the classical TIMS method.
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with different Rb/Sr ratios using both the modified cone arrangement
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the certified value of ®’Sr/%°Sr (0.710258).
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interference of *Rb on *’Sr was corrected using an empirical Rb
ratio (see more details in section 3.5),° assuming Rb and Sr
have the same instrumental mass bias. After all the interfering
elements were corrected, the ®’Sr/*®Sr ratio was internally
normalized to a ¥Sr/*°Sr of 8.375209"° using the exponential
law as shown in the following equations.**

6 = (Rref/Rmeas)/ln(MSS/MSG) (1)
(87sr/86sr)corr = (87sr/86sr)meas X (M87/M86)ﬁ (2)

where 3 is the mass bias factor; R..r and Ry,eqs are the reference
and measured %Sr/%°Sr ratios of the NBS 987 standard solution,
respectively; and Mgg and Mg are the atomic mass units of **Sr
and ®°Sr, respectively. Raw data were processed offline and
corrected using a self-written Microsoft Excel 2010 program.

3. Results and discussion
3.1 Signal sensitivities

The Sr signal sensitivities were tested using the standard cone
arrangement (H skimmer cone + standard sample cone) and
modified cone arrangement (H skimmer cone + Jet sample
cone), based on the NBS 987 standard solution (200 ng mL ™" Sr
in 2% HNO;). After careful tuning, the standard cone

Table 3 &7Sr/8°Sy ratios of standard reference materials
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arrangement resulted in maximum *°Sr sensitivities of 30-40 V
per ug mL™" Sr at 50 uL min~' uptake, which was comparable
with that of previous results.® The modified cone arrangement
resulted in maximum *%Sr sensitivities typically about 60-70 V
per pg mL~ " Sr at 50 uL min ™~ * uptake, twice higher than that for
the standard cone arrangement.

3.2 Instrumental mass bias

Based on running NBS 987 solutions (200 ng mL ™" Sr), the
instrument was tuned to optimize the Sr sensitivity and peak
shape, and the instrumental mass bias factors (8) were evalu-
ated for the two cone arrangements, using the exponential law
(eqn (1)). As shown in Fig. 1a, the standard cone arrangement
followed the exponential law, consistent with previous obser-
vations.**® The H skimmer cone + Jet sample cone also showed
no anomalous instrumental mass bias (Fig. 1b), i.e., the 8 for
885r/%°sr and *’Sr/*°Sr perfectly matched with each other. Thus,
under optimal instrumental conditions, the instrumental mass
bias for both cone arrangements could be corrected using the
standard exponential law.

Additionally, we evaluated the instrumental mass bias under
non-optimal instrumental conditions. The sample gas flow
rates were adjusted to higher or lower flow rates, which resulted
in lower Sr sensitivities, to test whether the standard

Sample name 5Rb* [mv]  'Er*[mv] ’yb* [mv]  ®srt[v]  *Sr/*®sr (2SE) corrected 87Sr/%°Sr (2SD) Reference value
BCR-2 0.407 0.204 0.042 12.3 0.705012 + 0.000008 0.705019 =+ 0.000016
BCR-2 0.412 0.221 0.041 13.0 0.705026 £ 0.000008 0.705003 =+ 0.000016”
BCR-2 0.402 0.215 0.045 12.7 0.705016 + 0.000009 0.705015°¢

BCR-2 0.419 0.219 0.037 12.5 0.705005 =+ 0.000008

Mean (2SD) 0.705015 £ 0.000018 (1 = 4)

BHVO-2 0.212 0.197 0.052 13.3 0.703488 £ 0.000008 0.703479 + 0.000020“
BHVO-2 0.203 0.203 0.056 13.5 0.703479 + 0.000009 0.703469 + 0.000014°
BHVO-2 0.217 0.201 0.051 12.9 0.703491 +£ 0.000008 0.703487¢

BHVO-2 0.208 0.207 0.046 13.1 0.703483 £ 0.000009

Mean (2SD) 0.703485 + 0.000011 (n = 4)

GSP-2 0.412 0.301 0.035 12.5 0.765179 + 0.000008 0.765144 =+ 0.000075¢
GSP-2 0.405 0.307 0.031 12.8 0.765161 + 0.000009 0.765175 £ 0.000013°
GSP-2 0.417 0.297 0.037 12.3 0.765168 + 0.000009 0.765177 + 0.000013"
GSP-2 0.411 0.300 0.032 11.8 0.765172 +£ 0.000008

Mean (2SD) 0.765170 % 0.000013 (n = 4)

AGV-2 0.066 0.055 0.012 13.1 0.703977 £ 0.000009 0.703981 =+ 0.000009“
AGV-2 0.053 0.059 0.011 13.5 0.703989 + 0.000009 0.703988 =+ 0.000012°
AGV-2 0.061 0.063 0.015 13.3 0.703992 + 0.00008

AGV-2 0.052 0.053 0.017 12.8 0.703985 + 0.00009

Mean (2SD) 0.703986 + 0.000011 (n = 4)

RGM-2 0.401 0.311 0.023 13.1 0.704225 + 0.000007 0.704210 =+ 0.000014
RGM-2 0.423 0.323 0.025 13.5 0.704221 +£ 0.000009 0.704227 + 0.000018°
RGM-2 0.421 0.305 0.019 13.2 0.704201 + 0.000008

RGM-2 0.412 0.313 0.022 12.8 0.704203 +£ 0.000009

Mean (2SD) 0.704215 £ 0.000011 (n = 4)

Mean NBS987 (2SD)

0.710258 + 0.000011 (n = 18)

0.710266°
0.710260"
0.710250"

“ Reference value from Weis et al. (2006).”” * Reference value from Elburg

et al. (2005).2* © Reference value from Balcaen et al. (2005).” ¢ Reference

value from Raczek et al. (2003).%* © Reference value from Yang et al. (2014).”/ Reference value from Li et al. (2012).2* ¢ Reference value from Muynck
et al. (2009).>° " Reference value from Ehrlich et al. (2001).>° ' Reference value from Monna et al. (1998).”
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exponential law could still be used for mass bias correction. For
both cone arrangements, decreases in Sr signal intensities and
large 2SE values of ®’Sr/*°Sr were observed at non-optimum
sample gas flow rates (Fig. 2a-d). Taking the 2SE values into
consideration, the %’Sr/*°Sr of NBS 987 solutions was still
deviated from the certified value at non-optimum sample gas
flow rates (Fig. 2c and d). More importantly, the deviations
could not be corrected using the standard exponential law,
suggesting that non-linear mass dependent fractionation
occurred. For both cone arrangements, the F%Sr/*°sr and
3%7Sr/%°sr separated from each other at lower or higher sample
gas flow rates (Fig. 2e and f). Non-linear mass dependent frac-
tionation has been previously observed during the measure-
ment of many elements using MC-ICP-MS.'>*** In this study,
we demonstrated that non-linear mass dependent fractionation
and erroneous determination of ¥’Sr/*°Sr ratios may occur at
non-optimum sample gas flow rates. This is consistent with
some previous studies,'®**** which also demonstrated that
instrumental mass bias could be affected by sample gas flow
rates. However, it should be noted that the non-linear mass
dependent fractionation during isotope analysis is quite
complicated, and needs further investigation.>® If we optimize
the plasma conditions that could minimize non-linear mass
bias to ~0, we could still obtain accurate *’Sr/*°Sr using the
standard exponential law. Note that plasma conditions change
with time, and we caution researchers monitoring mass bias by
measuring NIST987 solutions every 10 samples in an analytical
session.

3.3 Optimization of integration time

Based on the NBS 987 solution (200 ng mL ™" Sr), we tested the
effect of integration time on the analytical precision of ®”Sr/*®Sr
using the two cone arrangements. Two protocols of data inte-
gration were evaluated: 4 s per cycle x 60 cycles and 8 s per cycle
x 60 cycles. Compared with the standard cone arrangement, the
use of the modified cone arrangement resulted in 26% and 30%
decreases in 2SE for the “4 s per cycle x 60 cycles” and “8 s per
cycle x 60 cycles” protocols, respectively. Compared with the “4
s per cycle x 60 cycles” protocol, the “8 s per cycle x 60 cycles”
protocol resulted in 19% and 23% decreases in 2SE for the
standard cone arrangement and modified cone arrangement,
respectively. Longer integration time may result in a higher Sr
background. In this study, the “8 s per cycle x 60 cycles”
protocol did not significantly increase the Sr background level,
and therefore was chosen as the optimized integration time.

3.4 Optimization of Sr concentration

Based on the “8 s per cycle x 60 cycles” protocol, we further
tested the 2SE of ®7Sr/*®sr for the NBS 987 solution at varying
concentrations (100 to 240 ng mL~" Sr). As shown in Fig. 3, the
2SE of #’Sr/*°sr for both cone arrangements decreased as the Sr
concentrations increased, but the decrease tended to be limited
after the Sr concentrations were >200 ng mL ™. At the same Sr
concentrations, the modified arrangement showed much
smaller 2SE of ®’Sr/*°sr, compared to the standard cone
arrangement. Considering higher Sr concentrations (>200 ng

4094 | Anal. Methodss, 2020, 12, 4089-4096
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mL ") did not significantly improve the 2SE of *’Sr/*°Sr, but
resulted in increasing time of washing, we considered 150 to
200 ng mL~" as the optimized Sr concentrations. At optimized
integration time (8 s per cycle x 60 cycles) and Sr concentra-
tions (150 to 200 ng mL "), the 2SE of *'Sr/*sr for the H
skimmer cone + Jet sample cone arrangement was at the same
level as the TIMS technique.

3.5 Interfering elements

We evaluated the influence of interfering elements (Kr, Rb, Er,
and Yb) during ¥Sr/®°Sr measurement. The signal intensities of
8Kr for both cone arrangements were around 0.05 mV on
a daily basis. Based on ®’Kr intensities, the limited interference
of #*Kr and *°Kr on ®'Sr and *°Sr was corrected using natural Kr
ratios (**Kr/*'Kr = 0.20175, ¥*Kr/**Kr = 0.66474).

By adding different amounts of the 13872 Rb standard to
NBS 987 solutions (200 ng mL™" Sr), we evaluated the inter-
ference of Rb on Sr isotopes, using the correction method
mentioned in section 2.4. When a reference *’Rb/**Rb value
0f 0.385705 (ref. 19) was applied, our method was effective for
samples with Rb/Sr < 0.004 and 0.008 for the modified and
standard cone arrangement respectively. To improve the
effectiveness of Rb correction in our method, we applied an
empirical *’Rb/**Rb value of 0.3860 suggested in a previous
study.?® As shown in Fig. 4a and b, when this empirical value
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Fig. 5 87Sr/86Sr of NBS 987 standard solutions (200 ng mL™ Sr) with
different (Er + Yb)/Sr ratios measured using the modified cone
arrangement (a) and standard cone arrangement (b). Solid horizontal
lines represent the certified value of 87Sr/8%Sr (0.710258), respectively.

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0ay00845a

Published on 08 July 2020. Downloaded by China university of Petroleum (East China) on 9/6/2021 4:05:20 AM.

Technical Note

was used, our method accurately corrected the interference
of Rb for samples with Rb/Sr ratios up to 0.02, for both cone
arrangements. What should be noted is that the empirical
87Rb/**Rb ratio did not deviate beyond the 2¢ of the reference
value. Rb was effectively removed after purification, as sug-
gested by the low signal intensities of Rb in Table 3. All the
rock standards have Rb/Sr ratios much less than that
required by our method. Thus, the interference of Rb could
be easily corrected.

Different amounts of 13877 Er and 13819 Yb standards were
added to NBS 987 solutions (200 ng mL™" Sr), to address the
influence of doubly charged Er and Yb on Sr analysis, using the
correction method mentioned in section 2.4. For the modified
and standard cone arrangement, our correction was effective in
samples with (Er + Yb)/Sr up to 0.10, as illustrated in Fig. 5a and
b respectively. As shown in Table 3, significantly low (Er + Yb)/Sr
ratios of <0.006 were confirmed for rock standards after
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purification. These ratios were far below the requirement sug-
gested by our experiment. Thus the interference of Er and Yb
could be easily corrected for samples after purification.

3.6 ®’Sr/%®Sr of certified reference materials

Using our optimized protocol (integration time: 8 s per cycle x
60 cycles; Sr concentration: 200 ng mL '), standard reference
materials (BCR-2, BHVO-2, GSP-2, AGV-2 and RGM-2) were
measured based on the modified cone arrangement. As shown
in Table 3 and Fig. 6, the results of these reference materials
well agreed with those of previous studies.>”'7?*?*2% The
precision of our method (2SE: 8 x 10°° for ®’Sr/*®Sr) was
comparable with that of the classical TIMS technique but better
than that of previous methods based on MC-ICP-MS.>® With 8
min data acquisition (8 s integration x 60 cycles), 5 min wash
out and 1 min for solution uptake/stabilization, a typical
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Fig. 6 87Sr/®5Sr ratios of the standard reference materials measured by our modified method. Solid and dashed horizontal lines represent the
certified value and uncertainty (2SD) of &7Sr/8¢Sr, respectively. Black circles represent the measured &7Sr/®6Sr of an individual test (errors
represent 2SE). Red circles represent the average &7Sr/8Sr of all the tests in this study (errors represent 2SD).
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analysis using our method took about 14 minutes, which was
much faster than the TIMS technique (1 hour per analysis).

4. Conclusions

The optimized protocol for high precision measurement of
87Sr/%°Sr ratios using a Neptune Plus™ MC-ICP-MS with
a modified cone arrangement (H skimmer cone + Jet sample
cone) was established. We demonstrated that with complete
chromatographic separation to remove the interfering elements
(Rb, Er and Yb), careful instrumental optimization (especially
sample gas flow rates) and mass bias correction, the use of the
modified cone arrangement enabled the excellent accuracy and
precision of #Sr/*®Sr that were comparable with those of the
classical TIMS technique. However, we cautioned that failure to
do the above may lead to erroneous results. Considering the
straightforward and time-saving character of MC-ICP-MS, our
study is an advance in Sr isotope geochemistry.
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