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ouble-spike Sn isotope analysis of
geological materials by MC-ICP-MS†

Jia-Xin She, ab Weiqiang Li, *ab Shichao Anab and Yuanfeng Caia

Stable Sn isotopes have the potential to constrain the behavior of Sn in various natural and anthropogenetic

processes, however, studies on stable isotopes of Sn for terrestrial rock samples have been limited. Here, we

present a high-precision Sn isotope analytical method of geological samples by the double spike technique.

Samples were equilibrated with a 117Sn–122Sn double spike during dissolution, then Sn was purified from the

rock matrix using TRU spec resin. The purified Sn solutions were analyzed on a Nu 1700 Sapphire MC-ICP-

MS, and data reduction was performed using Newton–Raphson iteration. Effects of acid mismatch,

concentration mismatch, and matrix elements were systematically tested to evaluate their impact on the

accuracy and repeatability of the measurements. We show that the mismatch of acidity exerts negligible

influences on the Sn isotope analysis. By contrast, the accuracy of Sn isotopic measurements could be

compromised if the Sn concentration of the sample is below 40% of that of the standard. To ensure the

accuracy of Sn isotope analysis, the concentration match between the sample and standard should be

better than ±20%. When the measured solution has varying mass ratios of [X]/Sn (ng g−1/ng g−1) lower

than 0.5 for Mg, Ca, Fe, Ti, U, Ni, Ag, As, Ru, and Mo, the measured Sn isotope composition was not

affected. However, Cd in Sn samples could affect the accuracy of Sn isotope analysis by the 117Sn–122Sn

double spike through the generation of 116CdH+ in plasma that interferes with 117Sn+. The Cd/Sn ratio

needs to be below 0.01 to ensure analytical accuracy by the double spike method. The accuracy of this

method was further verified by measuring the pure solution with both double spike and sample standard

bracketing methods, as well as processing a synthetic solution through column chemistry. The Sn

isotope compositions of geological samples measured using our method are reproducible and

consistent with previous data from other laboratories. Additionally, Sn isotope data for geological

reference materials BIR-1, RGM-1, and GSR-1 are reported for the first time. Based on repeated analyses

of pure and geological reference materials, the long-term intermediate precision is better than ±0.069&

on d122/118Sn for a spiked solution of 100 mg g−1.
1. Introduction

Tin (Sn) plays an important role in various geological and
cosmochemical processes due to its lithophile, moderately
siderophile, chalcophile, and moderately incompatible
geochemical properties.1–4 Tin is a major component of bronze
and is important in archeological studies. Tin is a redox-
sensitive element with mainly two oxidation states, Sn2+ and
Sn4+, both of which play important roles in petrogenesis and
ore-forming processes.5–11 Tin could complex with various
ligands and exist in various geological materials2,12–18 and could
be enriched during chemical weathering and the Earth
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differentiation processes to form granite-related Sn
mineralization.19–22 Natural Sn abundance is 0.17 mg g−1 in the
mantle and 1.7 mg g−1 in the crust,23,24 while it reaches a weight-
percent level in Sn ores. Due to the “magic number” closed
proton shell in its nucleus,25 Sn has ten stable isotopes with the
largest mass variations in the periodic table.26–28

Stable Sn isotopes are a powerful tool for studying the
behavior of Sn in various processes,5,8,9,29–31 as well as tracking
the provenance of Sn in various natural samples and archaeo-
logical artifacts,32–35 thus there has been a long interest in the Sn
isotope variability of natural and articial Sn-bearing samples.
Early studies used thermal ionizationmass spectrometry (TIMS)
for Sn isotope measurements,36–38 however, the high ionization
potential (7.3 eV) of Sn prevents efficient and stable ionization
of Sn.1,25,36,37,39 As a result, the analytical precision was limited to
a level of 0.12–0.17&/amu for Sn isotopes by TIMS, hindering
the studies of Sn isotope fractionation induced by magmatic
and ore-forming processes.25,37,38 In the recent decade, the
applications of multi-collector inductively coupled plasmamass
This journal is © The Royal Society of Chemistry 2023
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spectrometry (MC-ICP-MS) made precise Sn isotope measure-
ment possible.32,39,40 Different chemical purication procedures
and mass spectrometric methods have been reported, and
a boom of Sn isotope studies is ongoing.41–44

Presently, the majority of reported Sn isotopic data in the
literature are from Sn-rich minerals such as cassiterite9,45–47 or
Sn-bearing materials such as bronze.35,48,49 Knowledge of Sn
isotope signatures of terrestrial rocks is still limited due to the
scarcity of high-quality isotope data for igneous rocks, and there
has been no community-recognized certied international Sn
isotopic reference material. In this study, we developed
a double-spike Sn isotope analytical method that can be applied
to various geological materials, and we reported high-precision
Sn concentrations and isotopic data for a wide range of
geological reference materials.
2. Double spike design

Sample standard bracketing method and element doping can
be used for mass bias correction during Sn isotope analysis by
MC-ICP-MS.50,51 However, Sn is volatile during sample dissolu-
tion, and vaporization loss of Sn could induce Sn isotope
fractionation,47,52–54 compromising the accuracy of the Sn
isotope analysis. Only the double spike method could rigorously
correct the mass-dependent isotope fractionation processes
that occur during sample processing, chromatographic puri-
cation, and mass spectrometry, given that the spike had been
Fig. 1 Schematic diagram showing the principle of the double-spike Sn is
isotope space have different compositions. A mixture of natural sample a
The measured composition of the mixture and natural sample is fraction
fractionation factors a and b. qU–V represents the intersection angle of cu
also shown for the optimal spike-to-sample ratio.

This journal is © The Royal Society of Chemistry 2023
equilibrated with the sample prior to these processes.51 This
method involves the measurement of isotope data for the
mixture of the sample of interest with a well-calibrated double
spike containing two enriched isotopes compared to natural
abundance.36 Tin has more than four stable isotopes and is
a suitable candidate for the application of the double spike
technique for mass bias correction.

The selection of the double spike combination is based on the
following criteria: (1) the spike isotopes are not susceptible to
potential interferences, (2) the spike combination ts the cup
conguration and mass dispersion of the mass spectrometer,
and (3) the spike combination is associated with minimum
systematic errors in double-spike inversion. The low abundance
isotopes of tin (112Sn, 114Sn, 115Sn) are susceptible to interfer-
ences of Cd and In, thus they are not considered.37,44 The
isotopes of 116Sn, 119Sn, and 124Sn could also suffer from
potential elemental and molecular interference from neigh-
boring elements (Cd, Te, Mo, Ag) if they are not well-sepa-
rated.41,43,44 Several spike assemblages, including 117Sn–122Sn
and 117Sn–119Sn double spikes, had been used in previous
studies.41,42,44 117Sn–122Sn is preferred for the tolerance of a range
of sample/spike ratios. Based on these considerations, we chose
to use 117Sn–122Sn double spike with 117Sn–118Sn–120Sn–122Sn
inversion and 118Sn as the denominator (Fig. 1), and simulations
from the “double spike toolbox”55 show that this combination
maintains minimal systematic errors over a spike/(spike +
sample) ratio range of 0.2 to 0.65 (Fig. 2).
otopemethod. The natural sample (N) and double spike (T) in the four-
nd spike lies on the T–M–Nmixing line with the mixing proportion of l.
ated along the instrumental fractionation line (curve U and V) with the
rve U and curve V. The relative abundances of the sample and spike are
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Fig. 2 Theoretical error in a as a function of spike proportions in
spike-sample mixtures with 117Sn–122Sn double spike using
117Sn–118Sn–120Sn–122Sn inversion.
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The Sn double spike was prepared as a mixture of two
concentrated spike solutions. Two Sn metal ingots enriched in
117Sn and 122Sn respectively were purchased from Isoex (https://
www.isoex.com). The spikes were carefully weighed and
transferred to Teon beakers for digestion with HCl. The double
spike solution was prepared by mixing the two individual spikes
properly to achieve a composition of approximately 53% 117Sn
and 47% 122Sn. The double spike solution was stored in 1 M
HCl at a concentration of 400 mg g−1 as a stock solution to be
diluted for further isotope measurements.

The accuracy and repeatability of double spike data rely on
the correct calibration of the spike compositions relative to the
Fig. 3 The plot shows the results of double-spike calibrations. The
dashed line and shaded box represent the theoretical value and
external reproducibility of the double spike method. All uncertainties
on individual data points reflect the 2SD of the samples.
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primary isotope standard. The double spike was calibrated by
measuring a series spike-NIST 3161a mixture, with the spike
proportion increasing gradually from pure standard to pure
spike. The double spike composition is determined relative to
the NIST 3161a standard following the approach of Klaver and
Coath.56 A series of spike-standard mixtures, with the propor-
tions of double spike varying from 0.2 to 0.8, were used to dene
the standard-spike mixing line and ensure the quality of the
calibration. If the calibration is correct, the result for mixtures
of different spike proportions should yield consistent close to
zero results, which is illustrated in Fig. 3. For spike/(spike +
sample) proportion within the range of 0.2 to 0.8, the accuracy
of the double spike method is insensitive to the effect of the
spike-to-sample ratio.
3. Experimental methods
3.1. Materials and reagents

All chemical treatments of samples were performed in an ISO
Class 6 clean room with ISO Class 5 fume hoods at the State Key
Laboratory for Mineral Deposits Research, Nanjing University.
The semiconductor-grade acids (HCl, HNO3, HF) were
purchased and used for all sample preparation and ion-
exchange chromatography. Teon beakers are soaked in 4.5 M
nitric acid and then reuxed with concentrated HNO3–HF
mixture and HCl at 130 °C for at least one day, then rinsed with
ultrapure water (resistivity of 18.2 MU cm−1) before usage.
Commercially available 100 mg g−1 multi-element stock solu-
tions for column calibrations were supplied by Aladdin® (Lot
#C2011). The single-element Sn standard solution used for
quantitative analysis was purchased from Macklin® (Lot
#C10053783, 1000 mg g−1). Since there have been no
community-recognized international Sn isotopic reference
materials, several 100 mg mL−1 pure Sn elemental standard
solutions, including NIST 3161a (Lot #140917), SPEX (Lot #22-
19SNY), and SnCl4 solutions, were used as in-house standards.
Eight USGS and one Chinese geological reference materials,
including basalts (BCR-2, BHVO-2, BIR-1), andesite (AGV-2),
granites (GSP-2, JG-2, GSR-1), rhyolite (RGM-1), and marine
sediment (NOD-A-1), were processed and analyzed to assess the
accuracy and intermediate precision of our chemical and mass
spectrometric procedures. These geological reference materials
were selected to represent a wide spectrum of sample matrices.
3.2. Sample preparation and digestion

Based on bulk rock concentration data, approximately 100 to
1000 mg of rock powders (containing 1–2 mg Sn) were digested
in a tightly capped Teon beaker with 8 mL 1 : 1 mixture of
HNO3–HF on a hotplate at 130 °C. Before digestion, the sample
was mixed with a 117Sn–122Sn double spike solution at an
optimal spike-to-sample ratio of 39 : 61. Initial digestion lasted
for two days, during which the Sn dissolved from the rock
powders was equilibrated with the double spike, then the
solution was evaporated to dryness at 80 °C and re-dissolved in
6 mL aqua regia and dried. Aer that, the sample was dissolved
in 8 mL concentrated HCl to reux at 130 °C for two days to
This journal is © The Royal Society of Chemistry 2023
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dissolve uorides before drying again at 80 °C. About 100 mL HF
was added to x Sn before each evaporation step to prevent Sn
loss by volatilization or hydrolysis. Aerwards, the sample was
re-dissolved in 0.5 M HCl as required to be loaded on the
column for Sn purication.
3.3. Column chemistry

The chemical separation of Sn used as the default method in
this study was performed with 1.5 mL bed volume Eichrom
TRU resin lled in Biorad plastic columns. The ion exchange
Table 1 Chromatographic procedure for the separation of Sn using
TRU and AG1-X8 resin

Step Eluant Volume/mL

1.5 mL TRU resin (100–150 mesh)
Cleaning H2O 5

0.5 M HCl 5
H2O 5
0.5 M HNO3 5
H2O 5
0.5 M HNO3 5
H2O 5

Conditioning 0.5 M HCl 4
Loading 0.5 M HCl 2
Matrix elution 0.5 M HCl 4

0.25 M HCl 7
Sn collection
(with 100 mL HF added rst)

0.5 M HNO3 12

2 mL AG1-X8 resin (100–200 mesh)
Cleaning H2O 5

1 M HNO3 10
Conditioning 1 M HCl 10
Loading 1 M HCl 10
Matrix elution 1 M HCl 20

6 M HCl 10
1 M HNO3 2

Sn collection (with 100 mL HF added rst) 1 M HNO3 10

Table 2 Instrumental operation parameters for Sn isotopic measureme

Parameter

RF power
Auxiliary gas ow rate
Sample gas ow rate
Plasma cooling gas ow rate
Measurement mode
Interface cones
Acceleration voltage
Detector
Amplier
Sample measurement time
Instrument resolution
Nebulizer
Sample introduction system
Aridus Ar sweep gas
Solution concentration
Cup conguration H7 H6 H5 H4 H3

125Te 124Sn 123Sb 122Sn 121Sb

This journal is © The Royal Society of Chemistry 2023
chromatography method used in this study was similar to
those reported by Creech et al.42 The resin was pre-cleaned
sequentially with H2O, 0.5 M HCl, and 0.5 M HNO3 aer
resin loading and then conditioned with 0.5 M HCl (for details,
see Table 1). Aer sample loading, the matrix elements were
eluted with 0.5 M and 0.25 MHCl. Then Sn was recovered using
an eluent of 12 mL 0.5 M HNO3. 100 mL of concentrated HF was
added to the collection beaker to prevent Sn hydrolysis before
the collection of Sn cut. Subsequently, the puried Sn fractions
were dried down at 80 °C and were taken up again in 0.3 M
HNO3 and 0.006 M HF.

A two-stage column procedure with a second (additional)
anionic chloride form AG1-X8 resin following Friebel et al.43 was
also evaluated in this study. The elution steps for the second
stage of chemistry are summarized in Table 1. Aer the rst
stage column treatment, the sample was loaded onto the second
stage column with 10 mL 1 M HCl. Then the column was eluted
with another 20 mL 1 M HCl, 10 mL 6 M HCl, and 2 mL 1 M
HNO3.

3.4. Mass spectrometry

All double spike Sn isotope analysis was performed on a Nu
1700 Sapphire MC-ICP-MS at the State Key Laboratory for
Mineral Deposits Research and Frontiers Science Center for
Critical Earth Material Cycling, Nanjing University. The detailed
instrument settings and operational parameters for data
acquisition are summarized in Table 2. During Sn isotope
analysis, Sb isotopes (123Sb, 123Sb) were measured for mass bias
correction when applicable. The signals of 125Te and 111Cd were
measured along with Sn isotopes to monitor the effects of
isobaric interferences from Te and Cd on Sn isotopes (i.e., 124Te,
122Te, 120Te on 124Sn, 122Sn, and 120Sn, respectively; 116Cd on
116Sn) (Table S1†).

For double spike Sn isotope analysis, the concentration of all
solutions was adjusted to 100 ng g−1 in a mixed acid of 0.3 M
HNO3 and 0.006 M HF, except for acidity tests. The sample was
introduced into the ICP via an Aridus III desolvator with a 100
nt using a Nu 1700 Sapphire MC-ICP-MS

Value

1300 W
1 L min−1

0.9 L min−1

13 L min−1

Static
Standard Ni cones
∼6000 V
Faraday cups
10^11 U

40 × 3 s integrations
5258
MicroFlow PFA-100 mL min−1

Aridus III
5.65 L min−1

100 ng mL−1

H2 H1 Ax L1 L2 L3 L4
120Sn 119Sn 118Sn 117Sn 116Sn 115Sn 111Cd

J. Anal. At. Spectrom., 2023, 38, 142–155 | 145



JAAS Paper
mLmin−1 PFA nebulizer. The data acquisition sequence consists
of 40 seconds of sample uptake time and forty cycles of three
seconds of signal integration on Faraday cups. The typical
signal intensity for 120Sn was ∼12 V per mg g−1. Measurement of
blanks was performed at the beginning of every session and
corrected for both standards and samples. Between each
isotope analysis, the sample introduction system was washed
through uptaking 0.3 M HNO3 and 0.006 M HF solutions
sequentially from three tubes, each for 40 seconds, to suppress
the memory effect and bring the background to the pre-analysis
level. The 120Sn background was measured to be lower than
9 mV aer the three-step rinsing, which was >1000 times lower
than the sample signal. Every sample was bracketed by a spiked
NIST 3161a standard at the same concentration in an analytical
session.

To validate the double spike method, several in-house
standard Sn solutions were measured using elemental doping
and sample-standard bracketing under wet plasma conditions.
For this analysis, the 1 mg g−1 Sn solution was doped with 300 ng
g−1 Sb and was introduced into ICP with a standard glass spray
chamber via a 100 mL min−1 PFA nebulizer. The Faraday cup
conguration was the same as the double spike method (Table
2). Data reduction of Sn isotope analysis for this method was
similar to a previous study.52 All isotopic results are expressed as
d122/118Sn notation relative to the primary Sn isotopic reference
solution NIST 3161a in this study, which is d122/118Sn =

[(122Sn/118Sn)sample/(
122Sn/118Sn)3161a − 1] × 1000.

4. Results and discussion
4.1. Separation and isotope fractionation of Sn during ion
exchange column chemistry

High-precision Sn isotope analysis, with or without a double
spike, could be compromised by the isobaric and molecular
interference of Te, Cd, In, and Mo41 (Table S1†), thus these
elements need to be effectively separated from Sn during the
column chemistry that is aimed at purifying Sn from the rock
matrix. In the literature, different resins, including TBP, AGMP-
1, and AG1-X8, had been used for the purication of
Sn;25,30,41,43,44,57,58 more recently, several studies have utilized
TRU resin for the Sn separation procedure.1,30,41–43,48,59

The elution curves of different elements for the two different
column procedures are shown in Fig. 4. For the TRU resin, the
majority of matrix elements were eluted off the column
completely with 0.5 M HCl, whereas In was released from the
column during the elution of 0.25 M HCl. Then Sn was recov-
ered by the elution of 0.5 M HNO3. Although a previous study
stated that Bi, In, and Mo could not be separated well from Sn
with TRU resin,44 our results show that the In/Sn ratio was lower
than 0.007 and the [X]/[Sn] ratio of Bi, and Mo was lower than
0.001 aer this stage of column chemistry for all igneous rocks.
The yield of Sn by the treatment of TRU resin in this study was
measured to be 99.8 ± 0.3% (2SD, N = 3). For comparison, AG1-
X8 is an anion exchange resin that can separate Sn from
a number of matrix elements, including Fe, Mg, Mo, In, and
Cd.30,43,44 Various elements, including In and Pb, could be eluted
off the column before the Sn cut, but the full separation of Sn,
146 | J. Anal. At. Spectrom., 2023, 38, 142–155
Cd, and Zn cannot be achieved. In this step, the recovery of Sn
was 99.1 ± 2.5% (2SD, N = 2). The procedural blank from the
dissolution and the two-stage column chemistry is lower than
5.6 ng, contributing to less than 0.3% of the analyzed samples.

Ion-exchange processes on chromatography columns are
known to fractionate stable isotopes of Fe, Ga, Cu, Zn, Mo, and
Ca.60–64 No Sn isotope fractionation was measured in previous
studies involving TRU resin when the Sn recovery was above
94%.32,48,65 However, a signicant Sn isotope offset aer column
chemistry was reported by Yamazaki et al.,66 which was thought
to originate from the incomplete recovery or matrix effects.
Therefore, it is important to assess the effect of incomplete
recovery during ion-exchange column chemistry on Sn isotopes.
This was done by double spike analysis of the different Sn
fractions of the elution curve, as shown in Fig. 5. Remarkable Sn
isotope fractionation occurred on the TRU ion-exchange
column. The Sn (original d122/118Sn3161a = −0.095 ± 0.030&)
that was rstly eluted off the TRU resin was isotopically heavier
than the bulk Sn solution, implying that the resin held lighter
Sn isotopes at the beginning. The light Sn isotopes were eluted
off the column immediately aer the peak of the elution curve
(Fig. 5). Specically, the majority of Sn (around 93%) cuts show
a decreasing trend with d122/118Sn3161a varying from 0.218 ±

0.073& to −0.570 ± 0.042&, similar to Ca and Fe isotopes.60,61

However, the Sn eluted off the column as the tail of the elution
curve became isotopically heavier again (Table S2†). The d122/

118Sn3161a for the remaining Sn (around 6%) cuts increased
from −0.570 ± 0.042& to 1.138 ± 0.053&. The origin of this
phenomenon (v-shaped d122/118Sn value for the Sn elution curve)
is unclear but could be due to the transition of Sn species
during the elution by HNO3. Based on the detailed elemental
data from the elution curve, it is estimated that a 3% Sn loss
(not collected) from the resin could cause an Sn isotope frac-
tionation by 0.025& in d122/118Sn, although we note that such an
isotopic effect is corrected by the double spike method.
4.2. Double spike data inversion

Cadmium and Te are the main issues of concern during Sn
isotope measurements as they form isobaric interferences on
116Sn, 122Sn, and 124Sn. Wemonitored 111Cd and 125Te to correct
the effect of these elemental interferences before conducting
double spike data inversion, following the convention of
previous studies.44,67 During Sn isotope analysis for geological
samples, however, we found that the measured 125Te intensities
stayed constant at a level below 1.5 mV for all samples, and the
signal for 111Cd was always lower than 0.7 mV. The results show
no obvious difference with and without correction for the
elemental interference of Te and Cd.

The reduction of double-spike data can be achieved with
a variety of methods, including Nest iteration,68,69 geometric
method,70,71 and Newton–Raphson iteration approaches.51,55 All
the data reduction of this study was performed using a double
spike toolbox55 with a MATLAB@ code following the Newton–
Raphson iteration approach. The inputs of the inversion
include the measured intensities of all the isotopes for samples
and the calibrated double-spike composition. To correct for
This journal is © The Royal Society of Chemistry 2023



Fig. 4 Elution curves of the Sn purification procedure using different reagents. (a) and (b) Represent the elution curves using TRU resin and AG1-
X8 resin, respectively.
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potential deviations from the exponential law and shi of the
gains for Faraday collectors during the measurements,42,44

a bracketing standard was used to normalize isotopic values
aer a double spike inversion of each sample.44,72–77 Therefore,
all the data are reported as the deviation of d122/118Sn of
a sample relative to the average d122/118Sn of two bracketing
spiked NIST 3161a, similar to Wang et al.44 The geometrical
method was also used for comparison using MATLAB@, and
This journal is © The Royal Society of Chemistry 2023
consistent results were found, for which the details are provided
in the ESI A.†

4.3. Effects of acidity and concentration mismatch

The effect of acid mismatch has been reported on K, Fe, and Ba
isotope measurements by MC-ICP-MS using sample standard
bracketing methods.78,79 The impact of the acid concentration
mismatch between the samples and standards on the accuracy
J. Anal. At. Spectrom., 2023, 38, 142–155 | 147



Fig. 5 d122/118Sn3161a values of Sn cuts of a laboratory elemental
solution eluted from the column with TRU resin. The circles represent
the fractions of Sn, and the squares indicate Sn isotope values of
corresponding fractions. The solid and dashed lines are just shown for
visual guidance. The star denotes the d122/118Sn3161a composition of
loading Sn solution. All uncertainties on individual data points reflect
the 2SD of the samples.
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of Sn isotope analysis was evaluated by analyzing the NIST
3161a in various acid matrices. Spiked NIST 3161a solutions
were diluted in HNO3–HF at various concentrations and
analyzed against the NIST 3161a solution in 0.3 M HNO3 and
0.006 M HF. The results show no Sn isotopic deviation for the
spiked NIST 3161a analyzed at different acid concentrations
(Fig. 6a), indicating that Sn isotope measurements are insen-
sitive to the different acid concentrations between bracketing
standards and samples using our double spike method.

Previous studies reported analytical inaccuracy when there
was a mismatch in the concentration of the sample and stan-
dard during the double spike analysis of Cd and Se isotopes and
sample-standard-bracketing analysis of K and Ba stable
isotopes.80–83 The effect of intensity mismatch on Sn isotope
Fig. 6 (a) d122/118Sn3161a variations with different acid concentrations. Th
The acid strength was changed by the dilution of an acid mixture wit
mismatches between the sample and standard on d122/118Sn3161a analys
external reproducibility. The error bars (2SD) are based on at least two r

148 | J. Anal. At. Spectrom., 2023, 38, 142–155
analysis was evaluated by analyzing spiked NIST 3161a solu-
tions of concentrations varying from 20 to 150 ng g−1 against
the spiked NIST 3161a bracketing standard with a constant
concentration of 100 ng g−1 Sn. Both the bracketing standards
and samples were prepared from a 1 mg g−1 spiked NIST 3161a
stock solution. The concentrations are calculated based on the
total Sn intensities of all measured Sn isotopes. The measured
d122/118Sn values are plotted in Fig. 6b as a function of the ratio
between the Sn concentration of the sample analyzed and the
NIST 3161a standard. The results show that the measured d122/

118Sn3161a values decrease with increasing Sn concentrations
following a curved relationship. When the Sn concentration of
the sample is 20% of the standard (i.e., Isample/Istandard = 0.2),
the inaccuracy in the measured d122/118Sn3161a is up to 0.45&.
For sample/standard Sn concentration ratios lower than 0.4, we
can observe an obvious offset of d122/118Sn3161a relative to the
bracketing standard (Fig. 6b). It is necessary to maintain
a sample concentration of 80 to 120 ng g−1 to ensure accurate
and precise results for the protocol in this study. We note that
the effect of concentration mismatch is likely relevant to
instrumental and double spike settings and may differ between
different laboratories.

4.4. Matrix effects

Elements other than the target element may affect the transport
of the analyte in the ICP and the ion extraction in the interface,
causing matrix effects.81,83 Abnormal isotopic results could also
arise due to molecular and isobaric interferences caused by
matrix elements.80 Although column chemistry was developed
to purify the target elements from matrix elements, elements
like Mg, Fe, and Ca are common and major elements in
geological matrices. As also pointed out by previous studies, the
existence of matrix elements such as U, Ag, Ru, Mo, and Cd in
the Sn solution could lead to various interferences on Sn
isotopes on MC-ICP-MS.41,84 The possible molecular, doubly
charged, and isobaric interferences on Sn isotopes are
summarized in Table S1.† To evaluate the matrix effects on Sn
e NIST 3161a standards used a 0.3 M HNO3 to 0.006 M HF acid matrix.
h 0.6 M HNO3 and 0.012 M HF. (b) The effect of Sn concentration
is. The dashed lines and shaded boxes represent the true value and
eplicate measurements.

This journal is © The Royal Society of Chemistry 2023
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isotope measurements, we doped a series of matrix elements
(Mg, Ca, Fe, Ti, Ni, As) to a spiked NIST 3161a Sn solution at the
mass ratios of [X]/[Sn] (ng g−1/ng g−1) varying from 0.01 to 0.5.
These matrix-doped Sn solutions were then measured against
spiked pure NIST 3161a Sn. The results are shown in Fig. 7. We
also doped U, Ag, Ru, Mo, and Cd into the spiked NIST 3161a Sn
solution to quantitatively evaluate the effects of elements that
might cause molecular and isobaric interferences. Our results
demonstrate that the presence of U, Ag, Ru, and Mo below 50%
of Sn causes a negligible effect on the accuracy of Sn isotope
analysis with the double spike method; these results show that
the double spike method is effective in correcting mass bias in
Fig. 7 Doping experiments for testing the effect of matrix elements with
line and shaded box represent the true theoretical value and external
individual data points reflect the 2SD of the samples.

This journal is © The Royal Society of Chemistry 2023
the instrument even if the mass bias may vary due to the exis-
tence of matrix elements.

However, we found that Cd/Sn > 0.01 (111Cd up to 68 mV for
our setting) in sample solutions would cause obvious offset on
the Sn isotope measurements (Fig. 8). Such a deviation did not
originate from the isobaric interference of 116Cd on 116Sn, as the
four isotopes for double spike inversion are 117Sn, 118Sn, 120Sn,
and 122Sn. We speculate that the observed analytical inaccuracy
was caused by the formation of cadmium hydride,85,86 speci-
cally, the interference of 116Cd1H+ on 117Sn+. We performed the
correction of 116Cd1H+ on 117Sn+ by assuming different
production rates of cadmium hydride. The results are
and without interferences on Sn isotope measurements. The dashed
error for the double spike method of this study. All uncertainties on

J. Anal. At. Spectrom., 2023, 38, 142–155 | 149



Fig. 8 Doping experiments for Cd to test the effect of its interferences
on Sn isotope measurements. The dots with dashed lines denote the
correction of 116Cd1H, with the numbers signifying the productivity
relative to 116Cd. The shaded box represents the true value for the
double spike method of this study. All uncertainties on individual data
points reflect the 2SD of the samples.

Fig. 9 d122/118Sn3161a values of pure laboratory solutions of NIST 3161a,
SPEX, and SnCl4 during the past half years. The data of Neptune SSB
are from She et al.52 The Sapphire SSB and DS indicate the data
measured with Nu Sapphire 1700 using both sample standard brack-
eting and double spike methods. All uncertainties on individual data
points reflect the 2SD of the samples.
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summarized in Fig. 8, which shows that when a production rate
of 0.9% is assumed for cadmium hydride from cadmium ion,
the inuence of Cd can be corrected. We note that such
a production rate of cadmium hydride could vary between
different analytical sessions or experimental settings, thus, the
safe protocol would be to ensure that Cd/Sn is lower than 0.01
for sample analysis.

4.5. Repeatability and intermediate precision

Different pure reference materials have been used in previous
Sn isotope studies, including Johnson-Matthey Puratronic Sn,39

SPEX Sn standard solution in HNO3 (Lot #CL5-45SN,66,87 Lot
#CL8-02SNY,88 Lot #CL6-83SNY43), SPEX Sn standard solution in
HCl (Lot #14-84SN,66,87 Lot #20-168SNY,88 Lot #22-19SNY52),
NIST 3161a (Lot #070330,41,43,44,47,66,87 Lot #140917 (ref. 52)),
Sn_IPGP,42 and NCS Sn.41 The isotopic homogeneity of these
reference solutions between different batch numbers has not
Table 3 The d122/118Sn3161a composition of pure reference materials ana

d122/118Sn (&) Neptun

Without column chemistry NIST 3161a (#140917) −0.003
SPEX (#22-19SNY) 0.254
SnCl4 0.117
NIST 3161a (#070330)

With column chemistry NIST 3161a (#140917)
NIST 3161a (#140917)
NIST 3161a (#140917) + matrix
Evaporated NIST 3161a (#140917)
SnCl4

a The data of Neptune SSB are from She et al.52
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been veried. In this study, three in-house standard solutions
were repeatedly measured. The d122/118Sn3161a compositions for
our NIST 3161a, SPEX, and SnCl4 using the sample standard
bracketing (SSB) method are consistent with our double spike
(DS) method (Table 3) (Fig. 9). These values, measured on the
Nu 1700 Sapphire MC-ICP-MS, are also consistent with those
that were measured on a Neptune plus MC-ICP-MS as reported
in our previous study,52 (Fig. 9). We obtained a long-term
intermediate precision of better than ±0.041& based on
these in-house reference solutions. We also measured the NIST
3161a from ETH with a different batch number (#070330) with
SSB and DS methods, which was indistinguishable from our
primary standard (Table 3).

To ensure that the chemical purication process does not
introduce inaccuracy for Sn isotope measurements, we pro-
cessed pure and synthetic spiked solutions with our column
chemistry, and analyzed them as unknowns using SSB and DS
methods. We processed two pure solutions of NIST 3161a and
SnCl4 with column chemistry, conrming that no resolvable Sn
isotope fractionation was induced by column chemistry (Table
lyzed by different methods

e SSBa 2SD Sapphire SSB 2SD N
Sapphire
DS 2SD N

0.037 0.003 0.049 21 0.003 0.041 25
0.048 0.231 0.064 51 0.222 0.040 31
0.058 0.086 0.048 18 0.082 0.034 17

0.017 0.056 6 −0.013 0.049 11
−0.011 0.059 3 0.001 0.006 3

0.005 0.027 3
0.012 0.023 3

0.224 0.044 3
0.141 0.085 3

This journal is © The Royal Society of Chemistry 2023
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3). In contrast, evaporation was found to induce Sn isotope
fractionation of up to 0.22& for the non-spiked NIST 3161a
solution (measured by the SSB method), which highlighted the
necessity of application of double spike for Sn isotope analysis
of geological samples. The pure spiked NIST 3161a solutions, as
well as synthetic solutions of the spiked NIST 3161a doped with
matrix elements equivalent to granite, were also processed. The
measured d122/118Sn3161a values of these solutions are identical
to the original NIST 3161a (Table 3), validating the accuracy of
chemical and mass spectrometry methods.

We also treated GSP-2 and BHVO-2 with the standard
(default) one-stage TRU column procedure and the extended
two-stage column (TRU + AG1-X8) procedure. The two-stage
Table 4 d122/118Sn3161a values for different geological reference materia

Sample GSP-2 BCR-2

Digestion
date

Measurement
date

Batch
number d122/118Sn 2sd

Batch
number d122

2022/5/27 2022/6/22 2507 0.213 0.033 1748 0.31
0.226 0.012 0.29

608 0.226 0.012 362 0.33

2507 0.242 0.036 1748 0.31
0.29
0.33

608 0.229 0.034 362 0.33
0.227 0.035

2022/6/1 2022/6/22 2507 0.217 0.069
2022/6/20 2022/7/4 608 0.209 0.011 362 0.28

608 0.199 0.023 362 0.31
2022/7/7 2022/7/17 608 0.237 0.032
2022/7/19 2022/8/17 608 0.209 0.053
2022/8/15 2022/9/7 2507 0.246 0.05
Average 0.223 0.31
2sd 0.029 0.03
N 12 9
(Wang et al., 2022)41 0.24 �

0.12
(Wang et al., 20217)44

(Creech et al., 20217)42 0.077 �
0.022

0.30
0.06

Sample GSR-1 JG-2 NOD-

Digestion
date

Measurement
date

d122/

118Sn 2sd
Batch
number

d122/

118Sn 2sd
Batch
numb

2022/6/20 2022/7/4 0.215 0.031 6-174 0.514 0.018 12
0.251 0.039 6-174 0.5 0.047 12

2022/7/7 2022/7/17 0.215 0.017 6-174 0.488 0.054
2022/7/19 2022/8/17 0.218 0.025
2022/8/15 2022/9/7
2022/9/10 2022/9/24 0.248 0.036
Average 0.229 0.501
2sd 0.037 0.026
N 5 3
(Wang et al., 2022)41 0.44 �

0.10

This journal is © The Royal Society of Chemistry 2023
column treatment for GSP-2 and BHVO-2 yielded the d122/

118Sn3161a of 0.209 ± 0.011& and 0.346 ± 0.035&, which are
indistinguishable from their respective average compositions
measured from the default one-stage TRU column procedure.
This indicates that one TRU column chemistry is sufficient for
processing the geological samples in our study. In addition,
multiple total procedural replicates with independent diges-
tion, column chemistry, and isotopic measurements were per-
formed for geological reference materials to assess the
intermediate precision of the analytical method. The Sn isotope
compositions of reference materials are displayed in Table 4.
The measured Sn isotope data of repeated measurements at
different times, independent digestions, and different column
ls

AGV-2 BHVO-2

/118Sn 2sd
Batch
number d122/118Sn 2sd

Batch
number d122/118Sn 2sd

5 0.035 531 0.291 0.016 1743 0.357 0.031
1 0.022
1 0.011 227 0.299 0.043 3191 0.339 0.035

0.336 0.104
6 0.042 531 0.28 0.01 1743 0.357 0.031
9 0.025

0.035
0.037 227 0.284 0.065 3191 0.349 0.064

1743 0.339 0.016
5 0.014 227 3191 0.346 0.035
2 0.039 227 0.305 0.038 3191 0.367 0.037

2 0.292 0.349
5 0.021 0.021

5 8
0.26 �
0.06

0.38 �
0.14
0.135 �
0.030

1 �
5

0.207 �
0.120

A-1 BIR-1 RGM-1

er
d122/

118Sn 2sd
Batch
number

d122/

118Sn 2sd
Batch
number

d122/

118Sn 2sd

0.343 0.008 859 0.351 0.036 53-13 0.206 0.04
0.315 0.02

859 0.334 0.056 53-13 0.191 0.051

0.329 0.343 0.199
0.04 0.024 0.021
2 2 2
0.28 �
0.04
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chemistry over four months were consistent, attesting to the
robustness of our double-spike Sn isotope analytical method.
The repeated measurements of NOD-A-1 yield the largest 2SD
error of ±0.040& among replicates of reference materials,
which is within the largest error (±0.069&) determined for the
individual GSP-2. Therefore, we conservatively estimate that the
intermediate precision in our method was better than ±0.069&
on d122/118Sn.
4.6. Sn content and isotopic composition of geological
reference materials

Previous studies have determined the Sn concentrations of
geological reference materials with various methods, including
isotope dilution (ID) ICP-MS, ID-TIMS, LA-ICP-MS, and stan-
dard addition ICP-QMS,41,89–92 however, the reported data are
quite variable. The isotope dilution method is a powerful
method to determine elemental concentration data precisely for
geological materials. In this study, the double spike method
could provide the most precise Sn concentration data because
the analytical error would mainly arise from sample weighing
and pipetting of spike solution. The Sn mass fractions of these
geological reference materials are reported in Table S3.† The
error for most of the Sn concentration data was within 0.05%,
except for AGV-2 that has an error of 9%, which could be due to
sample heterogeneity. The measured Sn contents are consistent
with previous determinations for the reference materials
analyzed in this study. Specically, the Sn content measured for
BHVO-2 (1.83 ± 0.05 mg g−1, N = 7) is in agreement with the
literature data of 1.70 to 2.3 mg g−1.41,42,89,93,94 The Sn contents of
other geological reference materials determined in this study
(Fig. 10) are also in good agreement with the data from the
literature.8,41,42,89–91,93

To date, only three other laboratories have established the
method for high-precision stable Sn isotope measurements on
geological reference materials.41,42,44 However, there had been
some inconsistency in the reported Sn isotope compositions for
Fig. 10 Sn contents of geological reference materials. The grey dots
are data from the literature. The diamonds are data from this study. All
uncertainties on individual data points reflect the 2SD of the samples.
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the geological reference materials, especially for BHVO-2.41 This
could be due to Sn isotopic heterogeneity between different
batches of referencematerials or insufficient replicates.41 In this
study, we used the different batches of BHVO-2 (#1743 and
#3191), GSP-2 (#0527 and #0608), AGV-2 (#531 and #227), and
BCR-2 (#1748 and #0362), performing independent digestion
and measurements to test if there is any signicant Sn isotope
Fig. 11 The d122/118Sn3161a compositions of reference materials with
various rock types and Sn mass fractions. The solid points are data
from this study, while the open symbols represent the literature data
(Creech et al., 2017;42 Wang et al., 2017;44 Wang et al., 2022).41 Errors in
data reflect two standard deviations (2SD).

This journal is © The Royal Society of Chemistry 2023
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difference between different batches (aliquots) of geological
reference materials (Table 4). The repeated digestions and
measurements of BHVO-2 yielded a d122/118Sn3161a of 0.349 ±

0.021& (N = 8), which is in agreement with the result of Wang
et al. (2022),41 (d122/118Sn3161a of 0.38 ± 0.14&) but slightly
higher than that of Wang et al. (2017),44 (Fig. 11). The d122/

118Sn3161a value for GSP-2, AGV-2, JG-2, and NOD-A-1 are 0.223±
0.029& (N = 12), 0.292 ± 0.021& (N = 5), 0.501 ± 0.026& (N =

3), and 0.329 ± 0.040& (N = 2), respectively, which are also
consistent with the data of Wang et al. (2022).41 The BCR-2 has
d122/118Sn3161a of 0.312± 0.035& (N= 12). We found that the Sn
isotope compositions of BCR-2 and AGV-2 from Creech et al.42

are in agreement with this study, whereas the d122/118Sn3161a of
GSP-2 is slightly lower in their result, assuming that BHVO-2
from both studies has an identical composition. The consis-
tency of our replicate digestions and measurements for
geological reference materials of different batches conrms the
representativeness and reliability of our data. Furthermore, our
results support the consistency of the Sn isotope composition of
NIST 3161a with different batch numbers (#140917 versus
#070330). We propose that future studies could report Sn
isotope data with reference to NIST 3161a and Sn isotope data
for the above USGS rock standards for data validation.

In addition to the geological reference materials reported for
Sn isotopes in previous studies, we also measured the Sn
isotope composition of three new geological reference materials
that had not been reported before. The rock standards of BIR-1,
RGM-1, and GSR-1 yield the d122/118Sn3161a values of 0.343 ±

0.024& (N = 2), 0.199 ± 0.021& (N = 2) and 0.229 ± 0.037& (N
= 5). Overall, the results reveal large Sn isotope variations for
the magmatic rocks, suggesting the potential of Sn isotopes for
tracing magmatic-hydrothermal processes. Granite is the most
abundant felsic intrusive rock on the upper continental crust.
The d122/118Sn3161a variation for the granitic reference materials
is up to 0.278&, which signies the Sn isotopic heterogeneity
for the upper continental crust.

5. Conclusion

This study reports a high-precision Sn isotope measurement
method with 117Sn–122Sn double spike MC-ICP-MS. The factors
affecting the accuracy and repeatability of Sn isotope
measurements are systematically evaluated. The results show
that matrix elements do not affect Sn isotope measurements
with the mass ratios of [X]/Sn (ng g−1/ng g−1) lower than 0.5,
except for Cd. Further tests demonstrate that the acid mismatch
induces no resolvable Sn isotopic offset. At the same time, d122/
118Sn can be affected by the Sn concentration difference
between the sample and bracketing standard, and a Sn
concentration matching of better than ±20% is needed to
ensure accurate and precise Sn isotopic measurements. Based
on repeated measurements, the long-term intermediate preci-
sion of our method is better than ±0.069&. We provide precise
Sn contents and isotopic compositions for nine geological
reference materials, reproducible and consistent with the
previous study. Furthermore, the overall variation of reference
materials is 0.30& in d122/118Sn, indicating that Sn isotopes are
This journal is © The Royal Society of Chemistry 2023
fractionated signicantly during various Earth's processes,
including high-temperature magmatic processes.
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57 B. Andris and J. Beňa, J. Radioanal. Nucl. Chem., 2016, 308,
781–788.

58 T. N. der Walt and P. P. Coetzee, Fresenius' J. Anal. Chem.,
1996, 356, 425–429.

59 E. P. Horwitz, R. Chiarizia, M. L. Dietz, H. Diamond and
D. M. Nelson, Anal. Chim. Acta, 1993, 281, 361–372.

60 H. L. Zhu, Z. F. Zhang, G. Q. Wang, Y. F. Liu, F. Liu, X. Li and
W. D. Sun, Geostand. Geoanal. Res., 2016, 40, 185–194.

61 A. D. Anbar, J. E. Roe, J. Barling and K. H. Nealson, Science,
2000, 288, 126–128.

62 L. A. Machlan and J. W. Gramlich, Anal. Chem., 1988, 60, 37–
39.
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