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ABSTRACT

The combination of laser ablation and tandem ICP — mass spectrometry (LA-ICP-MS/MS) allows for
successful Sr isotopic analysis of solid samples with high Rb/Sr ratio. Isobaric overlap at a mass-to-
charge ratio of 87 (*’Sr — *Rb) is overcome via chemical resolution. By using CH;F/He (10% CH;F in
He), in an octopole collision-reaction cell, Sr" ions are converted into the corresponding SrF" reaction
product ions, while Rb™ ions show no reactivity towards this gas mixture. Two sample introduction
setups, leading to "dry" and "wet" plasma conditions, respectively, were evaluated and the figures of
merit documented in detail. The *'Sr/**Sr isotope ratio results were corrected for instrumental mass
discrimination using a double correction approach — internal correction using the Russell law,
followed by external correction in a sample-standard bracketing (SSB) approach. NIST SRM 610 was
applied as external standard for mass bias correction; no closer matrix-matching was required for the
sample types investigated. Under "wet" plasma conditions, accurate and precise (0.02 — 0.05 % RSD)

¥7S1/**Sr isotope ratio results were obtained for 7 glass-type geological reference materials.
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1. INTRODUCTION

Strontium (Sr) isotopic analysis is a key tool for obtaining relevant information in many application
areas — e.g., geochronological dating (Rb/Sr dating), obtaining other types of geochemical
information, provenancing of, among other, agricultural products and archaeological objects, and
animal and human migration studies.'

Accurate and precise determination of the isotopic composition of Sr via ICP-mass spectrometry is not
self-evident, despite of the relatively more pronounced natural variation in its isotopic composition
(coming from the radiogenic character of *’Sr, i.e., B~ decay of *'Rb into *’Sr with a half-life T, of
4.88 . 10" years®),” in comparison to elements that only display natural variation as a result of isotope
fractionation.” In fact, Sr is one of the only elements for which thermal ionization mass spectrometry
(TIMS)’ is preferred over multi-collector ICP-MS, as a result of the occurrence of spectral interference
with the latter.’ Besides the isobaric overlap of *’Sr and *'Rb at a mass-to-charge (m/z) ratio of 87,” the
contamination of Ar with Kr will also induce isobaric overlap at m/z ratios 84 and 86. However, due to
the increased sample throughput of MC-ICP-MS, the latter technique is gaining ground, compared to
TIMS.® For the less demanding applications, also single-collector ICP-MS has been successfully used
in this context.”'' In ICP-MS, pneumatic nebulization (PN) is the standard sample introduction
system, although its use is limited to liquid or digested samples, while prior chemical separation of Sr
and Rb is a must, and remaining Rb and Kr contamination of the Ar plasma gas need to be corrected
for."” Laser ablation (LA) can be seen as an attractive alternative for this kind of analysis owing to the
absence of sample preparation, minimal sample damage, efficient sample introduction, high sample
throughput and the ability to perform spatially resolved analysis of selected sample regions.’™°
However, Sr isotopic analysis by means of LA-ICP-MS is far from evident given the spectral
interferences mentioned above.'” '*

Several approaches have been deployed to avoid or mitigate isobaric interference from *’Rb and other
spectral interferences (e.g., from Kr' and the polyatomic ions ArCa” and/or Ca,') affecting the

measurement of the Sr isotopes.'” Chemical isolation of Sr from the concomitant matrix elements can

be regarded as the standard approach to overcome the spectral interferences in the isotopic analysis of
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Sr via PN-ICP-MS and it is considered imperative for samples with high Rb/Sr ratio.**** However,
this approach is laborious and time-consuming, thus reducing sample throughput and increasing the
risk of contamination. Moreover, the analysis of solid samples requires digestion, involving the use of
concentrated mineral acids.

The use of high mass resolution (HR) in ICP-MS instrumentation equipped with a double-focusing
sector field mass spectrometer is a powerful way to cope with spectral overlap,” ** but, the maximum
resolution attained by present-day commercially available instrumentation is limited to 10,000, which
is by far insufficient to resolve the isobaric overlap of the signals of Sr and *'Rb (Rrequired ~300,000),25
thus limiting the applicability of LA-HR-ICP-MS to samples with a sufficiently low Rb/Sr ratio <
0.2.°*® Even in those cases where the Rb/Sr ratio is low, both for PN-HR-ICP-MS (even after
chemical Sr/Rb separation) and for LA-HR-ICP-MS, mathematical correction is required for the
(remaining) Rb and the other spectral interferences mentioned above.”*

Also the use of a collision-reaction cell in quadrupole-based ICP-MS (ICP-QMS) is an elegant
approach for overcoming spectral overlap and compared to HR-ICP-MS instrumentation, ICP-QMS
still offers higher robustness at a lower purchase and maintenance cost. Several works to date have
reported on the use of ICP-QMS for isotope ratio determination, mainly for the study of induced
changes in the isotopic composition in the context of tracer experiments or elemental assay via isotope
dilution mass spectrometry (IDMS),’' but also for elements displaying a relatively large natural
variation in their isotopic pattern (e.g., Li, B, Pb, Sr)."" **** In modern ICP-QMS, equipped with a
collison/reaction cell, isobaric overlap can be resolved via chemical resolution, by pressurizing the cell
with a selective reactive gas that reacts differently with the interfering ion and the analyte ion, forming
new reaction product ions and allowing interference-free determination.”* ** However, the number of
works reporting on the use of ICP-QMS and LA-ICP-QMS using chemical resolution for interference-
free isotopic analysis of elements suffering from strong spectral overlap is thus far very limited,’® and
no works to date have reported on their use for direct Sr isotopic analysis of solid samples with high
Rb/Sr ratio. This might be attributed to the occurrence of new spectral interferences due to
uncontrolled reactions in the cell, strong matrix effects, and the requirement of matrix-matching for

mass bias correction.’”’
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Recently (2012), a tandem ICP-MS device (ICP-MS/MS) has been introduced onto the market. This
novel set-up allows for a better control of the reactions in the cell by removing all concomitant
elements with a mass-to-charge (m/z) ratio that differs from that of the analyte ion by means of an
additional quadrupole located before an octopole collision-reaction cell. After chemical reaction in the
cell, the analyte ion can be measured interference-free at the original m/z ratio (conversion of the
interfering ion) or at a different m/z ratio as a new reaction product ion via the use of a second
quadrupole.*® ICP-MS/MS with methyl fluoride (CH;F) as reaction gas has been successfully applied
to the interference-free determination of ultra-trace concentrations of several elements (e.g., transition
metals, As, Se),*"** and more recently, for accurate and precise (0.05 % RSD) Sr isotopic analysis of
digested geological materials.* However, despite of the inherent benefits of tandem ICP-MS to avoid
spectral overlap and the fast increase in the number of publications for elemental *** and isotopic *"°
analysis, only a few works to date have reported on the use of LA-ICP-MS/MS,’' and according to the
best of the authors’ knowledge, no publications thus far have described the use of LA-ICP-MS/MS for
isotopic analysis.

This work explores the capabilities of LA-ICP-MS/MS for Sr isotopic analysis, with the aim of

obtaining direct isotopic information from solid samples with high (i.e., also > 0.2) Rb/Sr ratio.
2. EXPERIMENTAL
2.1. Instrumentation

An Analyte G2 (Teledyne CETAC Technologies, Omaha, USA) 193 nm ArF*excimer-based LA-unit,
equipped with a HELEX 2 ablation cell, coupled to an Agilent 8800 tandem ICP-MS instrument (ICP-
QQQ, Agilent Technologies, Japan) was used for all measurements. Two different sample introduction
configurations, aimed at obtaining "dry" and "wet" plasma conditions, respectively, were evaluated.
For "dry" plasma conditions, a standard LA-ICP-MS configuration was used. He was used as carrier
gas, and Ar was added as a make-up gas downstream via a glass mixing bulb between the ablation cell
and the ICP torch. For "wet" plasma conditions, a Peltier-cooled Scott-type spray chamber (2°C) was
inserted for the simultaneous introduction (via two different inlets) of the LA aerosol — previously

mixed with Ar make-up gas in the glass mixing bulb — and milli-Q water aerosol, produced using a
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MicroMist nebulizer (400 uL min™"). All connections were realized with 2 mm internal diameter PTFE
tubing. See Figure 1 for a detailed graphical representation of both approaches.
The octopole collision-reaction cell was pressurized with a mixture of CHs;F/He (1:9, Air Liquide,

Belgium), introduced in a flow rate range of 0 - 1 mL min™ (mass flow controller calibrated for O,).
2.2. Samples and standards
2.2.1. Standards and reagents

The following standard reference materials (SRMs), available from NIST (National Institute of
Standards and Technology, MD, USA), were selected for method development and mass bias
correction purposes: SRM 610 and SRM 612 (trace elements in a glass matrix).’* >

For “wet” plasma conditions, ultra-pure water (resistivity > 18.2 MQ cm) provided by a Milli Q

Element water purification system (Millipore, France) was used.
2.2.2. Samples

7 geological reference materials (RMs) — MPI-DING (Max-Planck-Institut fiir Chemie, Germany)
ATHO-G “rhyolite glass”, MPI-DING T1-G “diorite glass”, USGS (United States Geological Survey,
VA, USA) BCR-2G “basalt glass”, USGS BHVO-2G “basalt glass”, USGS GSD-1G “basalt glass”,
USGS NKT-1G “nephelinite glass” and USGS TB-1G “basalt glass” were analyzed for their Sr
isotopic composition. The selection was carried out in order to cover a wide range of *’Sr/**Sr isotope
ratios, Sr concentrations and Rb/Sr ratios (see Table 1). The Rb/Sr ratios in the (MPI-DING, NIST and
USGS) RMs used display a range from 0.02 to 0.82, the latter being considerably higher than the 0.2

maximum limit cited in earlier work. From the http:/earthref.ore/GERMRD>* website, which

summarizes data on the geochemistry of all reservoirs in the Earth, it can be seen that a Rb/Sr ratio > 1
is exceptional. The results were compared to preferred and/or compiled GeoReM reference values for

validation.”

2.3. Procedure for Sr isotopic analysis via LA-ICP-MS/MS
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The instrument settings and data acquisition parameters used for Sr isotopic analysis via LA-ICP-
MS/MS using both approaches i.e., under “dry” and “wet” plasma conditions, are summarized in
Table 2.

Prior to analysis, all RMs were embedded into epoxy resin (bisphenol A diglycidyl ether, Streurs,
Denmark) and subsequently polished mechanically with SiC paper (P1200 to P4000) and colloidal
silica suspension (40 nm grain size) to remove any surface feature.

NIST SRMs 610 and 612 were selected as the external standards for mass discrimination correction
purposes. Each sample was analyzed 5 consecutive times in a standard-sample-standard sequence,
corresponding to 6 and 5 analyses for standard and sample, respectively. 12 replicate measurements
(line scans) were performed during each analysis. The raw ratios thus obtained were corrected for
mass bias” using the double correction approach, consisting of internal correction assuming a constant
%S1/*°Sr isotope ratio (Russell law — equation 1), followed by sample-standard bracketing (SSB —

equation 2).

f 885y /86y

87 .. /86 87 .. /86 ms7 Mmes

R sr/%°sr =R Sr/%¢sr x ST f =1In Rirue In s (E uation 1)
sample,corrected sample,measured Mseg, ! 88sr/86sr Mseg,. q

measured

Hisr/%sr
R gsr/Bsr = std.true R %sr/%sr (Equation 2)
sample,corrected — 8%sr/%8sr 87sr/%sr X sample;measured !
std—1,measured std+1,measured
2

where m®***"®Sr are the atomic masses of the isotopes of interest and f is the mass bias correction
factor. It has to be stressed that the **Sr/**Sr isotope ratio is affected by natural isotope fractionation,
but the natural variation this gives rise to can be considered negligible within the precision attainable
in this work. Furthermore, it has to be pointed out that no additional corrections were performed in this
work (e.g., blank subtraction and/or mathematical equations for additional correction for spectral
overlap), which further confirms the potential of the newly developed methodology for

straightforward Sr isotopic analysis via LA-ICP-MS/MS.
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3. RESULTS AND DISCUSSION

3.1. Optimization of conditions for Sr isotopic analysis of solid samples with high Rb/Sr ratio via LA-

ICP-MS/MS
3.1.1. Use of chemical resolution to avoid spectral overlap

A mixture of CH;F/He (1:9) was selected as the best suited reaction gas due to the high efficiency of
the reaction with Sr — leading to the formation of SrF" ions — while Rb and Kr do not show reactivity
towards CHsF.*” By using the capabilities provided by the MS/MS mode, all concomitant matrix ions
with an m/z ratio different from that of the respective analyte ions, i.e., 868788Gr are removed by the
first quadrupole (Q1), while the second quadrupole (Q2) is fixed at the m/z ratio of the new reaction
product ions, i.e.,***"*SrF" (see Figure 2). The CH;F/He gas flow rate was optimized to obtain the
maximum SrF" signal intensity, which was attained at 0.90 mL min™. The capabilities of the selected
reaction gas mixture to overcome Sr/Rb isobaric overlap at m/z = 87 are documented in Figure 3,
which represents the *’Sr/**Sr and ®Sr/*Sr isotope ratio results (left y-axis and right y-axis,
respectively) as a function of the Rb/Sr ratio — for a set of 6 geological RMs in both, “vented” (no gas)
and CH;F/He mode. Within the precision attainable in this work, no significant differences were found
between the **Sr/*°Sr isotope ratio results in both gas modes, which indicates absence of additional
fractionation produced by collisions and/or reactions in the cell, in contrast with what was observed in
a previous work carried out with a quadrupole-based reaction cell.*® As expected, the *'Sr/**Sr isotope
ratios become increasingly biased high with rising Rb/Sr ratio in “vented” mode due *’Sr/*’Rb isobaric
overlap. However, the use of 0.90 mL min” of CH;F/He suffices to remove the isobaric interference of
¥’Rb, thus potentially allowing direct Sr isotopic analysis of solid samples with high Rb/Sr ratio via
LA-ICP-MS/MS. Additionally, the presence of He in the gas mixture might lead to an improvement of
the isotope ratio precision by the so-called collisional damping effect,’” while the slowdown of the ion
beam also has a positive effect on the reaction efficiency due to an increase of the residence time of

the ions in the cell.*"**

3.1.2. Optimization of operational conditions
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Isotopic analysis via LA-ICP-MS has been carried out in both “dry” and “wet” mode."' The use of
“wet” plasma conditions, derived by the simultaneous introduction of an aqueous solution into the
ICP, brings about several advantages. An internal standard can be admixed for mass bias correction,
standard solutions can be introduced for calibration purposes and overall, a higher robustness, thus
better signal stability, have been reported as a result of a lighter effect of the introduction of ablated
material on the plasma stability.”

In this work, the carrier gas transporting the aerosol produced in the ablation process was introduced
into the spray chamber, via the make-up gas inlet (see Figure 1b). No other changes to the introduction
system are required, thus facilitating transition to PN-ICP-MS/MS for other applications in routine
laboratories. Of course, it has to be stressed that the use of “wet” plasma conditions involves an
increase in the level of oxide species, which might aggravate the accuracy for elements suffering from
oxide-based polyatomic interferences.

For both introduction system approaches (see also Fig. 1), ablation conditions and data acquisition
parameters were optimized in order to obtain the best transient signal stability — leading to the best
internal precision — without compromising isotope ratio accuracy and/or sample throughput. NIST
SRM 610 was the standard selected for optimization purposes due to its relatively high homogeneity.
First, the influence of dwell time on the accuracy and precision of the Sr isotope ratios was assessed.
The results obtained are presented in Figure 4A, which shows the RSD (%, left y-axis) and *’Sr/**Sr
isotope ratio (right y-axis) as a function of dwell time (2 - 500 ms) for both "dry" (red) and "wet"
(blue) modes. As can be seen, the RSD (%) improves clearly with the increase in dwell time until a
constant value was reached at ~300 - 400 ms. The same trend was found for both plasma conditions,
although better signal stability was achieved in "wet" mode, which as indicated above, can be
attributed to the reduction of fluctuations in plasma load. To evaluate whether the improvement in
precision observed under "wet" conditions, was truly owing to the wet plasma conditions and not
merely to a change in sample aerosol trajectory, possibly affecting the particle size distribution, the
“wet” setup was also assessed without co-nebulized water. The results obtained under these conditions
show an RSD per replicate measurement of 2.50 + 0.30 %, which is not significantly different from

that obtained with the “dry” configuration, thus illustrating the added value of “wet” plasma
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conditions. On the other hand, variation in the *’Sr/*Sr ratio was established at low dwell times, and
only at values >300 ms, the ratio appears to have stabilized. This tendency was also observed in a
previous work,” in which it was demonstrated that a wait time offset (WTO) of 5 ms suffices to
stabilize the Sr isotope ratios at low dwell times. No such effect was observed for dwell times >300
ms. These observations can most probably be attributed to the additional time required for stable
interaction between the ions and a reactive gas such as CH;F in the cell. Based on these results, 300
ms was selected as dwell time and used throughout further work. It can also be seen from Figure 4A,
that the raw *’Sr/*°Sr isotope ratios (before mass bias correction) are clearly biased towards a higher
value with respect to the reference value (recommended value for NIST SRM 610 = 0.709699 +
0.000018%), even more in "dry" plasma conditions.”

Another important prerequisite for successful isotopic analysis is sufficient signal intensity (cf.
counting statistics). Maximum sensitivity was found when using the instrument settings summarized
in Table 2. The detector dead time was experimentally determined to be 32.6 + 0.3 ns. In both modes,
the signal intensity was varied by changing the laser beam diameter. Figure 4B shows how the RSD
(%) per replicate measurement (the experiment was repeated 3 times) varies as a function of the laser
beam diameter. The results further confirm a better precision in "wet" mode, and in general, it can be
seen that for a laser beam diameter <20 um (beam waist size, corresponding to ~5 x 10° counts/s for
NIST SRM 610), the precision is degraded due to poor counting statistics. Thus, in further
experiments, the laser beam diameter was adjusted such that for all standards and samples a **Sr signal
intensity of approximately 6 x 10° cps was obtained (the system response for NIST SRM 610 using a
laser beam diameter of 25 um) as to prevent the dual-mode discrete dynode detector from switching
between counting and analog mode.

Finally, the effect of different acquisition times on the signal stability (expressed as the RSD (%) per
replicate measurement) was evaluated. The results are shown in Figure 4C, from which once more, it
can be seen that the precision in "wet" mode is better than that in "dry" mode. The average RSD (%)
values seem to stabilize for acquisition times >60 s, but the variation in RSD values obtained for
different replicate measurements, is lower at higher acquisition times (Figure 4C). A compromise

between precision and acquisition time was found at 60 s, although longer acquisition times can be
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used to increase the final precision. It has to be taken into account that although 60 s of acquisition
time was selected, differences in stabilization and washout time in "dry" and "wet" mode were present,

leading to run times per replicate measurement of 65 and 75 s, respectively.
3.1.3. Figures of merit for Sr isotope ratio measurements via LA-ICP-MS/MS

Once the instrument settings and data acquisition parameters were optimized as indicated above, the
figures of merit for Sr isotopic analysis were evaluated. The accuracy and precision of the approach
developed was tested by means of the determination of the *’Sr/**Sr isotope ratio in NIST SRM 610.
As explained in section 2.3, 12 replicate measurements were performed for each analysis, which was
repeated 5 times in a standard-sample-standard sequence. NIST SRM 612 (laser beam diameter of 85
um) was selected as external standard for mass discrimination correction purposes — double correction
approach, after internal correction via the Russell law (see section 2.3 for a detailed explanation of the
mass bias correction). Figure 5 represents the average value (black lines), internal precision (error
bars) and external precision (black dashed lines) for the Sr isotope ratios in both “dry” and “wet”
plasma modes. The green line indicates the reference value. Accurate results were obtained in both
approaches, with *’Sr/**Sr isotope ratio values of 0.70945 + 0.00121 and 0.70968 + 0.00035 for “dry”
and “wet” plasma conditions, respectively (recommended value = 0.709699 + 0.000018,” green line
in Figure 5). However, as was already expected from the conclusions drawn during optimization, the
results obtained in “wet” plasma mode show a significant improvement in internal precision
(expressed as within-run precision and defined as the standard deviation for 12 replicate measurements
within a single analysis) and external precision (expressed as the standard deviation for 5 consecutive
analyses). An internal precision in the range of 0.30 — 0.43 % (RSD) was achievable for “dry” and of
0.09 — 0.16 % (RSD) for “wet” conditions (~2.5-fold improvement for “wet” plasma mode). These

]] . .
and similar to

values are in good agreement with those reported in the literature for LA-ICP-QMS,
the isotope ratio precision attained using ICP-MS/MS for liquid/digested samples.* Once again, it was
verified whether the “wet” plasma conditions rather than the different trajectory followed by the

sample aerosol were at the origin of the improvement in precision observed. The “wet” setup was also

assessed without co-nebulized water. Under these conditions, the RSD (0.31%) obtained is not

10
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significantly different from that obtained using the "dry" approach (0.30 — 0.43 %), demonstrating
that the improvement in precision can be attributed to "wet" plasma conditions.

External precision values of 0.17 and 0.05 % RSD were obtained for “dry” and “wet” plasma modes,
respectively (~3-fold improvement for “wet” plasma mode). It has to be pointed out that accurate and
precise results were obtained in spite of the high Rb/Sr ratio in NIST SRM 610 and 612 (~0.82 and
0.40, respectively), and the differences in Sr concentration between both materials (78.4 = 0.2 and
515.5+ 1 pg g, respectively). Based on those results, LA-ICP-MS/MS operated under “wet” plasma
conditions was selected as the more suitable approach and was used throughout the further work.

3.2. Proof-of-concept: Sr isotopic analysis of geological RMs

The same protocol for Sr isotopic analysis via LA-ICP-MS/MS under “wet” plasma conditions was
applied to 7 geological RMs. This selection of RMs has been made in order to be able to demonstrate
the capabilities of the approach developed for a wide range of (i) Rb/Sr ratio, (ii) matrix composition
and (iii) Sr concentration (see Table 1 and 3). NIST SRM 610 was used as the external standard for
mass bias correction purposes. The results are summarized in Table 3. No significant differences were
found between the *’Sr/**Sr ratios obtained in this work and the corresponding literature values, even
for those materials with high Rb/Sr ratio (total range in materials studied: 0.02 — 0.82). In addition,
from the comparison with the results obtained in section 3.1.3 for NIST SRM 610, the attainable
precision does not seem to be affected by the matrix, and external precision values in the range of
0.024 — 0.054 % RSD (n = 5) are reported in Table 3. It is very important to note that no further
sample/standard matrix-matching was required despite the differences in matrix composition (see
Table 1). Also, no additional correction for remaining spectral overlap was required. Therefore, these
results further illustrate the capabilities of the approach developed for accurate and precise Sr isotopic

analysis of solid samples with high Rb/Sr ratio via LA-ICP-MS/MS.
4. CONCLUSION

For the first time ever (to the best of the authors’ knowledge), this work reports on the direct Sr
isotopic analysis of solid samples with high Rb/Sr ratio by means of a combination of laser ablation

and tandem ICP — mass spectrometry. The use of chemical resolution — using 0.90 mL min™" of a
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CH;F/He mixture as reaction gas — in a LA-ICP-MS/MS system operated under “wet” plasma
conditions, suffices to overcome *’Sr/*’Rb isobaric overlap and to obtain accurate and precise (~0.05%
RSD, external precision) isotope ratio results, independent of the matrix composition, Sr concentration
and/or Rb/Sr ratio within the range of materials studied. Instrumental mass discrimination was
corrected for by a combination of internal correction relying on the Russell law, followed by external
correction in an SSB approach. One glass CRM (NIST SRM 610) was used as external standard for all
geological RMs investigated — no closer matrix-matching or additional correction for remaining
spectral overlap was required. The straightforward methodology developed in this work is a real
alternative for the more common approaches dealing with Sr isotopic analysis, and the results obtained
suggest its applicability in many real-life applications in routine laboratories, e.g., for pre-selecting

samples for subsequent higher-precision isotopic analysis via TIMS or MC-ICP-MS.
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Figure 1. Graphic representation of the sample introduction set-ups and their gas flows for "dry" (a)
37 and "wet" (b) plasma conditions
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Figure 2. Schematic representation of the operating principle of tandem ICP—MS for interference-free
Sr isotopic analysis via conversion of Sr into SrF". Q1 and Q2 represent the first and second
quadrupole, while ORS® and EM are the acronyms for the type of collision-reaction cell (octopole
reaction system 3™ generation), and detector (electron multiplier), respectively.
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Figure 4. (A) RSD (%) — left y-axis — and *’Sr/*Sr isotope ratio — right y-axis — as a function of the
dwell time in both "dry" (red) and "wet" (blue) conditions. (B) RSD (%) per replicate measurement as
a function of laser beam diameter (um) using NIST SRM 610 in both "dry" and "wet" conditions. (C)
RSD (%) per replicate measurement as a function of acquisition time (s) for NIST SRM 610 analyzed
in both "dry" and "wet" conditions. In all figures, each point corresponds with the average and
standard deviation of 3 replicate measurements.
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Figure 5. ¥Sr/*°Sr isotope ratio results obtained for NIST SRM 610 after double mass bias correction
(Russell law followed by SSB using NIST SRM 612 as external standard) upon 5 replicate analyses in
both "dry" and "wet" conditions. The error bars indicate the standard deviation of 12 replicate
measurements (within-run precision). The black and dashed lines correspond with, respectively, the
average and standard deviation (external precision) of 5 replicate analyses. The green line represents

Number of measurements

the recommended *’'Sr/*Sr isotope ratio for NIST SRM 610.”
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Table 1. Chemical composition of the reference materials (RMs) used in this work **

Page 22 of 24

Sr Rb AlLO; CaO FeO K,O MgO MnO Na,O Sio,
Reference Material Type
(ng g'l) (ng g'l) (% m/m) (% m/m) (% m/m) (% m/m) (% m/m) (% m/m) (% m/m) (% m/m)
NIST SRM 610 Silicate 5155+1 425.7+1 2.039+£0.157 11.45+£0.231 0.056+0.016 0.059+£0.002 0.065+0.004 0.054+0.005 13.352+0.681 69.975+0.391
NIST SRM 612 Silicate 784+£02 314=+04 2.11+£0.16 11.93 £0.22 0.02 £0.00 0.01 £0.00 0.00 0.01 £0.00 13.98 £0.56 71.90 £ 0.96
USGS BHVO-2G Basalt 396+ 1 9.2+0.04 13.6 £ 0.1 11.4+0.1 11.3+0.1 0.51 +£0.02 7.13+0.02 0.17+0.03 24+0.1 49.3£0.1
USGS NKT-1G Nephelinite 1195+57 30.7+£1.25 10.5 134 12.2 1.27 14.2 0.24 3.85 38.9
USGS TB-1G Basalt 1352+ 6 142 +£0.5 17.12 6.7 8.67 4.52 3.51 0.18 3.56 54.29
USGS BCR-2G Basalt 342+4 47+0.5 134104 7.06+£0.11 124+0.3 1.74+£0.04 3.56£0.09 0.19+0.01 3.23+£0.07 544+0.4
MPI-DING T1-G Diorite 284+ 6 79.7+3.5 17.1+£0.2 7.1+£0.09 6.44 +£0.06 1.96 £0.04 3.75+£0.04 0.127 £ 0.006 3.13+£0.09 58.6+0.4
USGS GSD-1G Basalt 694+07 37304 134+£0.3 7.2+0.1 13.3+0.1 3+0.1 3.6+£0.04 - 3.6£0.2 532+0.8
MPI-DING ATHO-G Rhyolite 94.1£2.7 65.3+3 12.2+£0.02 1.7 £0.03 327+0.1 2.64 +0.09 0.103+0.01  0.106 = 0.005 3.75+0.31 75.6 +£0.7
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1

2

3 Table 2. Instrument settings and data acquisition parameters for Sr isotopic analysis using LA-ICP-MS/MS in
4 both "dry" and "wet" conditions

5

6 “Dry” conditions “Wet” conditions
7 Analyte G2 laser ablation system

8 Energy density (J cm™) 3.54

9 Repetition rate (Hz) 40

10 -

11 Scan speed (um s™) 15

12 Beam waist diameter (um) 20 -85

13 He carrier gas (L min™) 0.42

14

15 Agilent 8800 ICP-MS/MS

16 Scan type MS/MS

17 RF power (W) 1550

ig Sample depth (mm) 45 3.5
20 Ar plasma gas flow rate (L min™") 15

21 Ar auxiliary gas flow rate (L min™) 0.90

22 Ar nebulizer gas flow rate (L min™) - 1
23 Ar make-up gas (L min™) 0.9 0.33
24 Water uptake rate (mL min™) - 0.30
25 Spray chamber temperature (°C) - 2
26 CH;F/He gas flow rate (mL min™") 0.90

27

o8 86 > 105

29 Q1 2Q2 masses 87 2> 106

30 88 2> 107

31 Energy discrimination (V) -8.4

32 Wait time offset (s) 0

33

34 Acquisition parameters

35 Dwell time per acquisition point (ms) 300

36 Acquisition time per replicate measurement (s) 60

37 . .

38 Run time per replicate measurement (s) 60 75
39 Number of replicate measurements 12

40 Total analysis time per sample (min) 13.55 15.55
41 Detector dead time (ns) 32.6+0.3

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60
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Table 3. Results obtained upon Sr isotopic analysis via LA-ICP-MS/MS

Laser beam

Reference Material Type diameter lt:/ﬁir E",%esrri/‘s‘;g':tal l;,i]; Reg;‘;}?g;:ged
(um)

USGS BHVO-2G Basalt 30 0.02 0.70351 £ 0.00034  0.048 0.703469 + 0.000007
USGS NKT-1G Nephelinite 25 0.03 0.70363 £ 0.00017  0.024 0.703509 + 0.000019
USGS TB-1G Basalt 20 0.11 0.70576 £ 0.00030  0.042 0.705580 + 0.000023
USGS BCR-2G Basalt 30 0.14 0.70486 + 0.00038  0.054 0.705003 + 0.000004
MPI-DING T1-G Diorite 40 0.28 0.70990 + 0.00035  0.049 0.710093 + 0.000017
USGS GSD-1G Basalt 85 0.55 0.70924 +£ 0.00029  0.040 0.709416 + 0.000050
MPI-DING ATHO-G  Rhyolite 65 0.67 0.70310 £ 0.00026  0.036 0.703271 + 0.000015
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