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atrix effect on NanoSIMS Li
isotopic analysis of glasses and its online
calibration

Rui-Ying Li, Jialong Hao, Wei Yang, * Heng-Ci Tian, Sen Hu and Yangting Lin

Accurate Li isotope analysis of silicate glasses using secondary ion mass spectrometry (SIMS) is challenging

due to the matrix effect, which causes instrumental mass fractionation (IMF). The characteristics of the

matrix effect vary for each element, necessitating empirical correction methods. Here, we present Li

isotopic measurements on a set of silicate glasses spanning a broad compositional range from ultramafic

to highly siliceous using a Cameca NanoSIMS 50L. A radio-frequency (RF)-O primary beam with an

intensity of 1 nA was rastered over a 5 × 5 mm2 area on the sample, and the secondary ions 6Li, 7Li and
30Si were simultaneously detected. We observed a significant matrix effect on d7Li in the silicate glasses,

which yielded an IMF of up to 19&, exceeding the analytical precision of <2.5& (1SD). The IMF is

strongly correlated with the chemical compositions of the silicate glasses. To correct the matrix effect,

we employed various correction schemes, including univariate and multivariable compositions. All results

consistently indicated that silica exerted a dominant influence on the IMF. We then propose

a straightforward “online” method to correct this silica-related matrix effect by utilizing simultaneously

measured 30Si signals. This strategy improves the accuracy of the Li isotope measurements to within 3&

and can be widely applied to anhydrous subalkaline magmatic glasses with compositions ranging from

ultramafic to highly siliceous.
1. Introduction

Lithium is the lightest metal element with two stable isotopes –
6Li (7.52%) and 7Li (92.48%). The large mass difference (16%)
between its isotopes results in considerable variations of Li
isotopes in geological processes, making Li isotopes
a geochemical tracer with broad applications. Due to the strong
uid mobility of Li, its isotopes are powerful tracers for the
processes of mantle convection and crust/mantle recycling,1–4 as
well as planetary weathering.5–9 Owing to the rapid diffusivity of
Li and associated isotopic fractionations on meter-to-
micrometer scales, Li isotopes have been employed as high-
resolution geo-speedometers to reveal the history of magmatic
exhalation10–14 and uid–rock interactions.15 In addition, Li has
also provided valuable information regarding Big Bang nucle-
osynthesis and the subsequent cosmic and stellar evolution.16–23

The secondary ion mass spectrometry (SIMS) technique is
widely used for Li isotope measurements and offers the
advantage of efficiently assessing spatial correlations between
concentration and isotopes at the micrometer
scale.4,10,12,16–18,24–32 However, SIMS analysis is signicantly
affected by the matrix effect, leading to instrumental mass
ics, Institute of Geology and Geophysics,

029, P. R. China. E-mail: yangw@mail.

8, 1962–1972
fractionation (IMF) that is critically dependent on the chemical
compositions and/or structure of the analyte.4,24–26,28–31,33–43

Moreover, the characteristics of the matrix effect generally differ
depending on the element, making the correction complex. In
the case of Li measurement, previous studies have observed
composition-dependent bias in minerals and silicate
glasses.24–26,29–31,39 For Li concentration analysis, a Si-related
matrix effect on silicates25,29 and an (Fe + Mn)-related matrix
effect on tourmaline30 have been noted. Regarding Li isotope
analysis, a Mg/(Mg + Fe)-related matrix effect on olivine24,31 and
an (Fe + Mn)-related matrix effect on garnet39 were reported.
Although SIMS energy ltering can be used to reduce the matrix
effect, it could result in a signal loss for the desired secondary
ions and unwanted effects for other simultaneously measured
elements.26,29 A commonly used method to correct the matrix
effect is to calibrate the unknown samples against matrix-
matched reference materials with known concentrations and
isotopic compositions.24,25,31,33,34,36–41,44–47 However, the reference
materials may not always match the unknowns in composition.
Therefore, it is necessary to develop a calibration strategy for the
matrix effect on Li isotope analysis that can be applied to a wide
range of samples.

This study aims to quantify the matrix effect on Li isotope
analysis of silicate glasses and establish correction schemes
applicable to glasses with a compositional range from komatiite
to rhyolite. A NanoSIMS was used due to its high spatial
This journal is © The Royal Society of Chemistry 2023
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resolution and multi-collection mode to measure Li isotopes
with other elements.32,35,36,40,41,43,47–58

2. Samples and analytical procedures
2.1 Sample preparation

Five MPI-DING glasses spanning a wide range from ultramac
to highly siliceous composition were chosen for analysis,
including GOR128-G (komatiite), ML3B-G (basalt), StHs6/80-G
(andesite), T1-G (diorite) and ATHO-G (rhyolite). These
samples were prepared by fusing natural rock powders.59

Detailed chemical compositions of these MPI-DING samples
have been published by Jochum (2006).60 Preferred values for Li
concentrations and Li isotopes are in range of 4.5–28.6 ppm and
2.1–17.1&, respectively.60 Their compositions are summarized
in Table 1. Fragments of the standard samples were cast in
a tin–bismuth alloy mount and well-polished to expose the
interior of the crystals. The sample mount was washed by
ultrasonic cleaning in ethanol and coated with high-purity gold
prior to analysis.

2.2 Analytical conditions

We performed Li analyses using the Cameca NanoSIMS 50L
instrument at the Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS) in Beijing. A radio-frequency
(RF)-plasma source was applied to generate an 16O− primary
beam with an impact energy of 16 keV and an intensity of 1 nA.
A mass resolution (M/DM measured at a 10% peak height) of
∼5000 was set to separate any possible interference (e.g., 6LiH+)
from the peaks of interest. Positive 6Li, 7Li and 30Si ions were
simultaneously detected using electron multipliers (EMs) with
Table 1 Summary of preferred compositions for glass standards used in

Compositions

GOR128-G ML3B-G

Komatiite Basalt

SiO2
a (wt%) 46.1 � 0.4 51.4 � 0.6

MgOa (wt%) 26.00 � 0.30 6.59 � 0.08
Al2O3

a (wt%) 9.9 � 0.2 13.6 � 0.2
FeOt

a (wt%) 9.81 � 0.12 10.90 � 0.10
CaOa (wt%) 6.2 � 0.1 10.5 � 0.1
TiO2

a (wt%) 0.29 � 0.01 2.13 � 0.09
K2O

a (wt%) 0.04 � 0.01 0.39 � 0.09
Na2O

a (wt%) 0.57 � 0.03 2.40 � 0.06
P2O5

a (wt%) 0.03 � 0.01 0.23 � 0.023
MnOa (wt%) 0.18 � 0.01 0.17 � 0.01
K2O + Na2O (wt%) 0.61 2.79
H2O

a (wt%) 0.026 0.015
CO2

a (ppm) 4.4 4.7
Lia (ppm) 10.4 � 1.7 4.5 � 0.4
7Li/6Litrue 12.0336 12.0236
d7Lia (&) 14.4 � 0.4 4.4 � 0.4
NBO/Tb 1.88 0.84
MAM c 22.0 22.9

a The chemical and Li isotopic compositions with uncertainties (1SD) of th
to the reference material L-SVEC. b NBO/T: the ratio of non-bridging oxyge
(XMgO + XCaO + XFeO + XMnO + XNa2O + XK2O − XAl2O3

)/(XSiO2
+ 2XAl2O3

) follo
elements. c MAM: the mean atomic mass.

This journal is © The Royal Society of Chemistry 2023
44 ns dead-time correction. Each analytical spot was pre-
sputtering by 10 × 10 mm2 for ∼60 s to remove the coating
and implant 16O− into the samples to stabilize the yield of the
secondary ions. Aerward, the secondary ions were acquired
from the central raster of 5 × 5 mm2. Each analysis consisted of
50 blocks of 20 cycles, with 64 × 64 pixels for a single cycle and
a default counting time of 132 ms for each pixel. Then, the
analytical sequences were set in the chained analysis mode of
the NanoSIMS for the standard samples. The secondary ion
beam centering at the entrance silt proceeded automatically
aer the pre-sputter. The total analysis time was approximately
10–11 min with a counting time of 9 min. The whole experiment
was conducted in 3 sessions over three days, with each standard
sample measured 25 times repeatedly. To eliminate the impact
of potential sensitivity degradation of EMs, each EM was
monitored and corrected using the pulse height distribution
(PHD) curve every 12 hours.

Then, the Li isotope and IMF values were expressed in per
mil deviations as follows:

d7Limeasured = [(7Li/6Limeasured)/(
7Li/6Li L-SVEC) − 1] × 1000 (1)

IMF = [(7Li/6Limeasured)/(
7Li/6Litrue) − 1)] × 1000 (2)

d7Licalibrated = d7Limeasured − IMF (3)

where L-SVEC is the international carbonate standard for Li
isotopes with a recommended 7Li/6Li ratio of 12.0192;36
7Li/6Litrue and

7Li/6Limeasured are the NanoSIMS reference value
(Table 1) and measured value (Table 2) of the glass standards,
respectively.
this study

T1-G StHs6/80-G ATHO-G

Diorite Andesite Rhyolite

58.6 � 0.4 63.7 � 0.5 75.6 � 0.7
3.75 � 0.04 1.97 � 0.04 0.103 � 0.01
17.1 � 0.2 17.8 � 0.2 12.2 � 0.2
6.44 � 0.06 4.37 � 0.07 3.27 � 0.10
7.1 � 0.09 5.3 � 0.1 1.7 � 0.03
0.76 � 0.02 0.70 � 0.02 0.26 � 0.02
1.96 � 0.02 1.29 � 0.02 2.64 � 0.02
3.13 � 0.09 4.44 � 0.14 3.75 � 0.31
0.17 � 0.03 0.16 � 0.02 0.03 � 0.004
0.13 � 0.01 0.08 � 0.004 0.11 � 0.01
5.09 5.73 6.39
0.026 0.025 0.014
6.3 4.4 3.7
19.9 � 0.9 20.7 � 2.3 28.6 � 1.8
12.0213 12.0228 12.0363
2.1 � 0.4 3.6 � 0.4 17.1 � 0.4
0.38 0.19 0.07
22.2 21.6 21.5

e glass standards are from Jochum (2006).60 Li isotopes are given relative
n atoms per tetrahedrally coordinated cations, calculated as NBO/T = 2
wing the reference,61 and X is the mole fraction of the corresponding

J. Anal. At. Spectrom., 2023, 38, 1962–1972 | 1963
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Table 2 Data summary of Li analysis for silicate glasses in sessions 1, 2 and 3

Analytical sessions Samples 7Li rate (cps) RSDa (%) 30Si rate (cps) RSDa (%) 7Li/6Limeasured d7Limeasured (&) SDb (&) IMF (&) n

Session 1 ATHO-G 2.96 × 104 1.03 4.36 × 105 0.89 12.5279 42.3 1.2 24.8 5
GOR128-G 1.14 × 104 1.61 1.72 × 105 0.83 12.7226 58.5 1.9 43.5 5
StHs6/80-G 2.38 × 104 0.80 2.93 × 105 0.35 12.4925 39.4 1.4 35.7 5
T1-G 2.48 × 104 0.40 2.49 × 105 1.09 12.5147 41.2 1.2 39.0 5
ML3B-G 5.76 × 103 0.41 2.03 × 105 0.47 12.5711 45.9 1.9 41.3 5

Session 2 ATHO-G 2.65 × 104 1.89 4.15 × 105 0.87 12.6163 49.7 2.3 32.0 10
GOR128-G 1.09 × 104 2.58 1.66 × 105 1.37 12.7577 61.4 1.7 46.4 10
StHs6/80-G 2.28 × 104 0.77 2.85 × 105 0.61 12.4675 37.3 2.3 33.3 10
T1-G 2.41 × 104 1.33 2.44 × 105 0.78 12.5149 41.2 1.9 39.1 10
ML3B-G 5.27 × 103 1.45 1.94 × 105 0.54 12.6098 49.1 2.5 44.5 10

Session 3 ATHO-G 2.98 × 104 1.40 4.35 × 105 0.63 12.4690 37.4 1.8 20.0 10
GOR128-G 1.06 × 104 4.26 1.64 × 105 1.58 12.6305 50.9 2.3 35.9 10
StHs6/80-G 2.46 × 104 1.06 2.92 × 105 0.69 12.3844 30.4 1.4 26.7 10
T1-G 2.51 × 104 2.35 2.45 × 105 0.89 12.4722 37.7 1.9 35.5 10
ML3B-G 5.66 × 103 1.82 1.96 × 105 0.74 12.5294 42.5 2.1 37.9 10

a RSD represents the relative standard deviation of 7Li and 30Si counting rates for repeated analysis of samples in a single session. b SD represents
the standard deviation of d7Limeasured values for repeated analysis of samples in a single session.
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3. Results
3.1 Li yields and IMF

ATHO-G, with the highest Li concentration of 28.6 ± 1.8 ppm
among these samples (Table 1), shows a 7Li counting rate
ranging from 2.65× 104 to 2.98× 104 counts per second (cps) in
three analytical sessions (Table 2). For each session, the relative
standard deviation (RSD) of its 7Li counting rate ranges between
1.03% and 1.89% (Table 2). The average 7Li+ yield of ATHO-G
can be calculated to be approximately 1001 ± 65 cps nA−1

ppm−1. The measured d7Li value of ATHO-G varies from 37.4&
to 49.7& in the three sessions (Table 2). Accordingly, the IMF of
ATHO-G ranges from 20.0& to 32.0& (Table 2).
Table 3 Summary of parameters in Li in situ analysis from previous stud

Instruments Analytical model
Primary bea
intensity (n

NanoSIMS Multi-collection 1
SIMS Multi-collection 15
SIMS Magnetic peak switching 30
SIMS Magnetic peak switching 40
SIMS Magnetic peak switching 50
SIMS Magnetic peak switching 10
SIMS Magnetic peak switching 15–30
SIMS Magnetic peak switching 20
SIMS Multi-collection 3–17
SIMS Magnetic peak switching 20
SIMS Magnetic peak switching 10–20
SIMS Magnetic peak switching 14–30
LA-MC-ICPMS Multi-collection n. d.
SIMS Magnetic peak switching 14–30
LA-MC-ICPMS Multi-collection n. d.
SIMS Magnetic peak switching 28
SIMS Magnetic peak switching 1–5
LA-MC-ICPMS Multi-collection n. d.

a The precision is reported as 1SD for d7Li. b The precision is reported as
raster size in other studies represents the size of analytical area.

1964 | J. Anal. At. Spectrom., 2023, 38, 1962–1972
StHs6/80-G has a Li abundance of 20.7± 2.3 ppm (Table 1). It
gains a 7Li counting rate of 2.28 × 104–2.46 × 104 cps with RSD
values of 0.77–1.06% (Table 2) and a 7Li+ yield of 1147 ± 43 cps
nA−1 ppm−1. The measured d7Li value is 30.4–39.4&, with the
IMF calculated to be 26.7–35.7& (Table 2).

The Li concentration of T1-G is 19.9 ± 0.9 ppm (Table 1). T1-
G yields 7Li counting rates of 2.41 × 104–2.51 × 104 with RSD
values of 0.40–2.35% (Table 2). The average yield of 7Li+ is 1239
± 24 cps nA−1 ppm−1 for T1-G. The measured d7Li value is 37.7–
41.2& (Table 2). As a result, the IMF is calculated to be 35.5–
39.1& (Table 2).

GOR128-G has 10.4± 1.7 ppm Li (Table 1), and a range of 7Li
counting rates of 1.06 × 104–1.14 × 104 (Table 2). The relative
ies

m
A)

Raster size
(mm) Precision (&) Ref.

5 1.2–2.5a This study
20 1a 4
30 1.5b 12
30 0.6a 13
25 0.5–2.8a 17
5c 1–2a 18
30–50 0.7–1a 24
25 0.2–1a 26
20 0.3–1.8b 39
12 0.5–1a 62
25 2a 63
5–20 2–5a 64
125–150 0.5a 65
20–30 1a 66
65–120 <1a 67
20–30 1a 68
10–20 0.5–2.5a 69
26 1a 70

1SE for d7Li. c The beam size of the corresponding primary beam. The

This journal is © The Royal Society of Chemistry 2023
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variation of 7Li counting rates for GOR128-G is 1.61–4.26%,
which is higher than that of other samples in each session
(Table 2). Its average yield of 7Li+ is calculated to be 1055 ± 41
cps nA−1 ppm−1. The measured d7Li value of GOR128-G is 50.9–
61.4& with an IMF of 35.9–46.4& (Table 2).

ML3B-G has the lowest Li abundance of 4.5± 0.4 ppm in this
study (Table 1). It gains 7Li counting rates of 5.27 × 103–5.76 ×

103 cps with RSD values of 0.41–1.82% (Table 2). The yield of
7Li+ for ML3B-G is 1236 ± 58 cpsn A−1 ppm−1. And the
measured d7Li value is 42.4–49.1&, with the IMF varying from
37.9& to 44.5& (Table 2).

In summary, the 7Li counting rate is correlated with the Li
abundance of the sample, while the RSD values of the counting
rate mirror the instrumental steady-state and the uncertainty of
the samples. The yield of Li ions and IMF values vary from
sample to sample. The difference in IMF among various types of
silicate glasses could reach 19& in a single session, resulting
from the matrix effect on Li isotope analysis of silicate glasses
(Table 2). A systematic 7Li/6Li ratio variation was observed for
the same samples in different analytical sessions (Table 2).
Comparisons of these sessions show variable IMF for a given
sample (up to 12&, Table 2), suggesting that the IMF is quite
sensitive to slight shis in the instrumental conditions.
Fig. 1 IMF values as a function of NBO/T of silicate glasses. The
vertical error bars are the external precision of the measurements.
3.2 Analytical precision

The analytical precision of the 7Li/6Li ratio determination is
evaluated in terms of internal (within-spot analysis, SE) and
external (spot-to-spot analysis, SD) precision. The internal
precision of the 7Li/6Li ratio for each analytical point ranges
from 0.9& to 2.1& (1SE), following the Poisson theoretical
error determined qualitatively from counting statistics of 7Li
and 6Li. Typically, it decreases with increasing Li concentration
in the analyzed phase. The external precision of 7Li/6Li ratios
over repeated analysis ranges from 1.2& to 2.5& (1SD) in
a single analytical session (Table 2).

Previous in situ Li isotope analytical methods established by
SIMS and laser ablation-multiple collector-inductively coupled
plasma-mass spectrometry (LA-MC-ICP-MS) have yielded
a general reproducibility within 1–3& (1SD) (Table 3). Given the
low abundance of Li in most of the samples, primary beam
intensities with tens of nA were applied in the raster sizes of
tens to hundreds of micrometers (Table 3). It is notable that the
spatial resolution of Li isotope measurements in this study is
∼5 mm, signicantly better than that in previous studies with
comparable analytical reproducibility.
Fig. 2 The correlations between IMF and MAM of silicate glasses. The
vertical error bars represent the external precision of the
measurements.
4. Discussion

The results from this study show that the relative IMF among
silicate glasses can differ by up to 19& in a single session, far
beyond the current analytical precision of <2.5& (1SD) (Table
2). These data presented by silicate glasses offer productive
examples to investigate the matrix effect caused by variable
chemical composition. Here, we evaluate several composition-
dependent correction schemes for calibrating the IMF of Li
isotope analysis in silicate glasses.
This journal is © The Royal Society of Chemistry 2023
4.1 Effects of non-bridging oxygen on IMF

Li ions in silicate glasses are coordinated with non-bridging
oxygen (NBO). Studies on alkali-silicate glasses proposed that
the insertion of Li and other alkali cations increases NBO sites
and inuences the glass properties (e.g., electrical
conductivity).71–74 Thus, it is necessary to explore the effect of
NBO on Li isotope-IMF variation. We estimated NBO/T
following the method of Seetharaman (2013),61 with Na, K, Ca,
Fe, Mg and Mn assumed to be network modiers (NBO) and Si
and Al to be network formers (T) (Table 1). The positive corre-
lations between NBO/T and IMF are observed (Fig. 1). A best-t
empirical equation in the logarithmic form of IMF = a ×

ln(NBO/T) + c could be gained, with regression coefficient (R2)
values ranging from 0.81 to 0.94 for different sessions (Fig. 1).
Using the logarithmic t as a correction scheme, 73% of the d7Li
values are reproduced within ±3& of their reference values.
Such observations suggest that the IMF correction scheme
based on NBO/T could be useful. However, the NBO/T values are
estimated using the chemical compositions of the silicate
J. Anal. At. Spectrom., 2023, 38, 1962–1972 | 1965
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glasses. In other words, different chemistry induces variation in
the properties of silicate glasses, which in turn have an impact
on the IMF of Li.

4.2 Effects of mean atomic mass on IMF

The effect of mean atomic mass (MAM) on IMF has been
previously proposed in the investigations of O isotopes of
samples.33,34,37,38,42 Eiler et al. (1997)34 and Hervig et al. (1992)38

revealed considerable correlations between the O-isotope IMF
and the MAM for both minerals and silicate glasses, while no
robust connection was observed in other studies.33,37,42 In this
study, positive correlations between the Li-isotope IMF and the
MAM of the investigated silicate glasses are observed, but they
Fig. 3 IMF as a function of single chemical compositions in silicate glas
and the horizontal bars represent the precisions of the reference values

1966 | J. Anal. At. Spectrom., 2023, 38, 1962–1972
are not sufficiently robust (Fig. 2). The MAM is an integrated
parameter that fundamentally depends on compositions. The
correlations between the MAM and IMF cannot isolate the
inuence caused by the changes in chemical compositions. In
this regard, using an IMF-correction scheme based on the MAM
does not offer a signicant advantage.
4.3 Effects of chemical compositions on IMF

The chemical compositions of the investigated silicate glasses
vary from ultramac to highly siliceous covering a broad range
of compositions. Both single and combined component effects
on IMF variations are considered below.
ses. The vertical bars are the external precisions of the measurements,
from Jochum et al. (2006).60

This journal is © The Royal Society of Chemistry 2023
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4.3.1 Univariate correction schemes. For the single chem-
ical compositions, we observed that the IMF values are nega-
tively correlated with the SiO2, K2O, and Na2O contents and Li
Fig. 4 d7Li values estimated by using different correction schemes. Th
dashed line circled the range of reproducibility within ±3 & of the prefe
square error for different correction schemes.

Table 4 The R2 values for the best-fit linear regression lines calculated fo
silicate glasses

R2 for sessions Li SiO2 Al2O3 MgO FeOt Ca

Session 1 0.74 0.95 0.01 0.45 0.72 0.
Session 2 0.82 0.91 0.23 0.63 0.95 0.
Session 3 0.74 0.87 0.01 0.32 0.80 0.

This journal is © The Royal Society of Chemistry 2023
concentration, and positively correlated with MgO, FeOt, CaO
and MnO contents (Fig. 3). There are no apparent correlations
between IMF and Al2O3, TiO2 and P2O5 contents (Fig. 3). If taken
total alkalis contents into account, the correlations performed
e grey bands represent reference values for different samples.60 The
rred values. The vertical bars represent the corresponding root-mean-

r various correlations between IMF with univariable composition of the

O TiO2 MnO K2O Na2O P2O5 K2O + Na2O

68 0.17 0.45 0.74 0.45 0.15 0.90
56 0.16 0.89 0.73 0.81 0.02 0.65
79 0.27 0.59 0.55 0.46 0.21 0.55
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Table 5 Parameters of the best-fit empirical equations for multivariate
correction schemes

Analytical
sessions Parameters

IMF =

dSiO2
XSiO2

+ dLiXLi + c dSiO2
dLi c R2

Session 1 −0.82 0.19 82.14 0.91
Session 2 −0.44 −0.14 67.52 0.87
Session 3 −0.56 −0.08 65.40 0.74

Analytical
sessions Parameters

IMF =
dSiO2

XSiO2
+ dFeOtXFeOt + c dSiO2

dFeOt c R2

Session 1 −0.93 −1.01 98.91 0.94
Session 2 −0.23 1.18 44.82 0.94
Session 3 −0.49 0.59 56.21 0.81

Analytical
sessions Parameters

IMF =

dSiO2
XSiO2

+ dFeOtXFeOt + dLiXLi + c dSiO2
dFeOt dLi c R2

Session 1 −0.90 −1.35 −0.15 102.50 0.89
Session 2 −0.24 2.47 0.49 27.93 0.99
Session 3 −0.53 1.15 0.24 50.55 0.65

Analytical
sessions Parameters

IMF =

dSiO2
XSiO2

+ dFeOtXFeOt + dMgOXMgO + c dSiO2
dFeOt dMgO c R2

Session 1 −1.06 −0.97 −0.24 108.06 0.99
Session 2 −0.07 1.36 0.13 32.92 0.94
Session 3 −0.82 0.10 −0.31 81.28 0.77

Analytical
sessions Parameters

IMF =
dSiO2

XSiO2
+ dNa2OXNa2O + dK2OXK2O + c dSiO2

dNa2O dK2O c R2

Session 1 −0.97 1.88 1.66 86.66 0.99
Session 2 −0.41 −1.50 0.61 66.70 0.87
Session 3 −1.19 0.96 5.05 92.61 0.86
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by IMF and (K2O + Na2O) are more robust than considering K2O
or Na2O alone (Fig. 3). However, the MPI-DING silicate glasses
are subalkaline, making it difficult to explore the inuence of
alkali on the matrix effect of Li isotope analysis. It is important
to keep in mind that MPI-DING silicate glasses do not cover the
chemical composition of all natural glasses.

Accordingly, we used the observed correlations between IMF
and a single component to establish a correction scheme. Using
Origin soware (2021), the IMF correction scheme could be
acquired through best-t linear regressions in the form of IMF
= diXi + c, where di is the empirical coefficient, Xi is the content
of major and trace element i, and c is a constant. It shows robust
correlations between IMF and Li, SiO2 and FeOt with relatively
high R2 values of >0.7 (Table 4). Under the SiO2 correction
scheme, 80% of the d7Licalibrated values of the sample are
reproduced within ±3& (Fig. 4) of their reference values. If
using the Li content to correct IMF, 60% of the d7Li values are
estimated to range within±3& (Fig. 4). When FeOt correction is
applied, 73% of the d7Li values in samples are reproduced
within ±3& (Fig. 4). It seems that, then, the SiO2 content is
most suitable to calibrate the Li isotope-IMF in silicate glasses.

4.3.2 Multivariate correction schemes. We estimated
several multivariate correction schemes using the best-t
empirical equation in the form of IMF =

P
diXi + c. Two bivar-

iate correction schemes of SiO2–Li and SiO2–FeOt, and three tri-
variate correction schemes of SiO2–FeOt–Li, SiO2–MgO–FeOt and
SiO2–Na2O–K2O are highly correlated with the variable IMF.
Using SiO2–Li, SiO2–FeOt and SiO2–FeOt–Li correction schemes,
93% of the estimated d7Li values are reproduced within ±3& of
their preferred values (Fig. 4). Nearly all the d7Li values of samples
are reproduced within ±3&, when using SiO2–MgO–FeOt and
SiO2–Na2O–K2O correction schemes (Fig. 4). The parameters for
these correction schemes are summarized in Table 5. Either way,
it shows highly variable empirical coefficients di and constants c
tting the IMF values in different analytical sessions (Table 5).
Although these correction schemes provide an improvement in
the accuracy of d7Li compared to univariate correction schemes,
there is a risk of over-dening the correction system by bringing
in multiple variables.

It should be emphasized that the aforementioned multivar-
iate correction methods cannot be implemented without taking
SiO2 into account. This indicates that the SiO2 content has the
greatest impact on the Li isotope matrix effect for silicate
glasses, at least for the investigated samples. The silica-related
matrix effect for silicate glasses has been previously observed
to affect Li, Be, B, Mg, Ca and Al abundance,25,29,75 and O isotope
analysis.33,37,46 The matrix effect on Li analysis has been previ-
ously noted as a function of voltage offset on low- and high-
silica samples.26,29 A mechanism for such a silica-related
matrix effect may be that signicant changes in Li-ion energy
distribution take place as a result of the silicon-induced
enhancement of ionization.75
4.4 Online matrix effect correction

4.4.1 Online correction scheme. The observed silica-related
correlations with IMF could be used as the basis of empirical
1968 | J. Anal. At. Spectrom., 2023, 38, 1962–1972
corrections of the matrix effect on Li isotope analysis. Here, we
develop a straightforward “online” method to correct IMF by
using simultaneous detection of 6Li+, 7Li+ and 30Si+ signals. The
30Si+ signals and the IMF obtained by NanoSIMS show a solid
relationship in analytical sessions. The best-t curves are esti-
mated by using the linear and logarithmic regressions as the
form of IMFcorrected = d × 30Si+rate + c and IMFcorrected = d ×

ln(30Si+rate) + c, respectively (Fig. 5). Since the IMF is very
sensitive to the instrumental conditions, the values of the
empirical coefficient d and the constant c are variable in
different analytical sessions (Fig. 5), suggesting that the best-t
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 IMF as a function of 30Si+ signals. The vertical error bars are the external precision of the measurements, and the horizontal bars represent
the standard deviation of the 30Si+ counting rate in the corresponding session.
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equation for Li isotopic IMF vs. the Si counting rate is empirical
and requires continuous monitoring during analysis.

To assess the efficacy of the online-calibration strategies,
four silicate glasses (e.g., ATHO-G, StHs6/80-G, ML3B-G and
GOR128-G) were employed to obtain the calibrated equations
and to correct the IMF of T1-G, which was treated as the
unknown target. The calibration proceeded using both linear
and logarithmic regression equations. Using Origin soware
(2021), the calibrated IMF values for T1-G in each session were
estimated based on the 30Si+ signals and displayed as averages
within the 95% condence intervals (CIs). The results showed
that the uncertainties of the predicted IMF range from 0.6&–

3.7& (1SD) for the linear regression calibration and 2.2&–2.8&
(1SD) for the logarithmic regression (Table 6). The accuracy of
the online calibration method is estimated using the absolute
difference between the IMF values measured from the analytical
data and corrected using the calibration equation, denoted as
DIMF= jIMFmeasured − IMFcorrectedj. The results show that DIMF
values vary from 0.7& to 3.5& in linear regression calibration
and 0.4& to 4.4& in logarithmic regression (Table 6). The
linear regression is slightly better than the logarithmic regres-
sion to calibrate Li isotope-IMF for silicate glasses.

4.4.2 Comparison of IMF-correction efficacy between
online and offline methods. “Offline” methods to calibrate the
matrix effect are commonly used, by which the quantitative
determination of SiO2 contents using EMPA in unknown
samples is required to estimate IMF subsequently based on
empirical correction curves.24,25,29,33,34,76,77 Here, we compare the
IMF-correction efficacy of the up-to-date “online” method with
that of the conventional “offline” method.

With the aim to directly compare the accuracy of the online
method with the offline method under the aforementioned
analytical procedure, the rst comparison is made based on the
data of sessions 1–3. The efficacy of the online method has been
Table 6 The IMF and DIMF values corrected using linear regression and

Analytical
sessions

IMFcorrected in
linear regression (&)

Uncertainty
(95% CI, &)

DIM
(&)

Session 1 38.3 �0.6 0.7
Session 2 40.6 �3.7 1.6
Session 3 32.0 �3.3 3.5

This journal is © The Royal Society of Chemistry 2023
discussed in the above section, with ATHO-G, StHs6/80-G,
ML3B-G and GOR128-G employed to obtain the calibrated
equations and to correct the IMF of T1-G. Using the online
method, the d7Li of T1-G could be reproduced within 0.8–3.5&
of its preferred value (Table 7). Then, we conduct the offline
correction procedure. The best-t curve in linear regression
between the SiO2 contents and IMF of the ATHO-G, StHs6/80-G,
ML3B-G and GOR128-G is estimated to predict the IMF of T1-G.
It shows that the d7Li of T1-G could be reproduced within 0.3–
4.7& of the reference value (Table 7), which is equivalent to the
online method.

Given that the accuracy of the online method is highly
dependent on the absolute 30Si+ intensities, it can vary consid-
erably when the instrumental settings change. To assess the
reliability of the online method, we applied different EMs for Si
secondary ion detection and primary beam current individually
in other independent analyses. In session 4, we used different
EMs to collect Si secondary ions while maintaining other
experimental conditions consistent with sessions 1–3 (Table 7).
The samples ATHO-G, GOR128-G and ML3B-G were measured
to calibrate the IMF of T1-G by using both online and offline
methods. The results show that the d7Li of T1-G could be
reproduced within ± 1.6& using the offline method (Table 7).
The online method could reproduce the d7Li of T1-G within ±

2.2& of its reference values, even with a 20% reduction in the
30Si+ intensities (Table 7).

Furthermore, we applied various primary beam intensities to
analyze Li isotopes. In consideration of the effective counting
rate of 6Li+ ions and optimum EM capacity for 30Li+ ions, we
decreased the beam current down to 100 pA in session 5 (Table
7). Samples ATHO-G, StHs6/80-G and KL2-G were used to cali-
brate the IMF of T1-G. KL2-G is a basaltic MPI-DING silicate
glass, which has a SiO2 content of 50.3 ± 0.3 wt% and Li
concentrations of 5.1 ± 0.5 ppm.60 Despite a considerable shi
logarithmic regression for T1-G

F IMFcorrected in
logarithmic regression (&)

Uncertainty
(95% CI, &)

DIMF
(&)

37.2 �2.2 1.8
39.5 �2.8 0.4
31.1 �2.8 4.4

J. Anal. At. Spectrom., 2023, 38, 1962–1972 | 1969
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in the primary beam, the yield of 7Li and 30Si ions remained
the same as those in sessions 1–3 (Table 7). In this scenario, the
d7Li of T1-G could be reproduced within ± 0.5& by using the
online method and within ± 2.6& by using the offline method
(Table 7).

In summary, the online-calibration strategy has equivalent
reproductivity to the offline method, even when there is
a signicant change in the Si secondary ion counts. Compared
with the offline method, the online method offers time-saving
advantages for analyzing Li isotopes of silicate glasses with
various compositions. It is also noteworthy that our method has
two drawbacks. Although MPI-DING glasses cover a wide range
of compositions, from ultramac to highly siliceous, they do not
encompass all natural glasses. As a result, our method is only
applicable to anhydrous subalkaline magmatic glasses that fall
within the range of MPI-DING glasses. Additionally, the cali-
bration method is entirely empirical. Therefore, further
research is necessary to explore the connection between
element-specic parameters and ionization models.
5. Conclusions

In this study, we conducted Li isotope analysis on MPI-DING
silicate glasses by using a NanoSIMS. The secondary ions,
including 6Li+, 7Li+ and 30Si+, were detected simultaneously. The
IMF exhibited variations up to 19& between mac and rhyolite
glasses, indicating a signicant matrix effect on Li isotopic
analysis in silicate glasses. Several correction models show that
the IMF is strongly dependent on the chemical compositions of
these silicate glasses, especially the SiO2 contents. We found
that empirical correlations between the 30Si+ counting rate and
IMF are useful as an IMF-correction scheme. A straightforward
“online” method for the IMF calibration was then proposed
taking advantage of simultaneously detected 6Li+, 7Li+ and 30Si+

signals. By applying this calibrated strategy, the IMF and d7Li of
samples can be reproduced within±3& of the reference values.
This method can be widely applied to anhydrous subalkaline
magmatic glasses from compositional ultramac to highly
siliceous.
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