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Oxygen is the key component of crustal and mantle rocks and fluids. The oxygen isotopic composition is

a key tool to understand Earth's geological history and processes, such as continental formation,

magmatic-hydrothermal processes, and crust–mantle interactions. The oxygen isotopic analysis is

commonly implemented by Isotope Ratio Mass Spectrometry (IRMS) and Secondary Ion Mass

Spectrometry (SIMS); however, its wide application is limited by the high cost and serious matrix effect.

LA-MC-ICP-MS has been the method of choice for in situ isotopic analysis due to its relatively low cost,

high analysis speed, high spatial resolution, and the low matrix effect. The determination of oxygen

isotope using Ar-ICP has two limitations. Firstly, the exposure of Ar-ICP to the atmosphere may result in

atmospheric interference, leading to an increase in the blank of oxygen isotopes and a reduction in the

signal-to-blank (S/B) ratio. Secondly, the presence of doubly-charged Ar ions introduces interference

that affects the accuracy of oxygen isotopic analysis. In order to investigate whether MC-ICP-MS can be

used in the determination of oxygen isotopes, we attempt to use three approaches (18O16O/16O16O,
18O/16O and 18O1H2/

16O1H2) to determine oxygen isotopes in oxygen, and the applicability of three

approaches is assessed based on interference, peak width, sensitivity, and stability. With our built

methods, the obtained long-term productivity of d18O measured by 16O18O/16O16O was greater than

0.16& (2 SD), and the measured results for oxygen were consistent with those obtained by IRMS and

MC-MIP-MS within the uncertainty limit. This demonstrates the feasibility of our method and also lays

the foundation for the realization of in situ oxygen isotope analysis using LA-MC-ICP-MS.
1. Introduction

Oxygen is a major component of crustal and mantle rocks and
uids and is the most abundant element in the silicate Earth.
Oxygen isotopes are considered an effective means to study
geological processes1 and have been widely used in frontier
scientic research elds, such as continental formation and
evolution, early Earth history, magmatic-hydrothermal
processes and metallogeny, crust–mantle composition and
interactions, paleo-oceanic and paleoclimatic changes, and
planetary geology and cosmogony.2–14 Traditionally, two primary
methods are commonly applied to analyze the oxygen isotopes:
Isotope Ratio Mass Spectrometry (IRMS) and Secondary Ion
Mass Spectrometry (SIMS).15–22

The IRMS analysis method is a bulk analysis method for
oxygen isotopes and includes the conventional BrF5 method23–25

and laser microprobe BrF5 method.26–29 The conventional BrF5
s and Mineral Resources, School of Earth
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method is a reliable technique for accurate oxygen isotope
analysis of whole rocks and individual minerals, including
silicates, phosphates, and sulfates. It typically requires a sample
volume of 5–15 mg to react with excess BrF5 in nickel reaction
tubes at specied temperatures and durations. Although the
analytical accuracy of this method can reach ±0.05–0.1&,
certain refractory minerals demand higher temperatures and
a longer duration for sample melting. For instance, garnet and
olivine necessitate a high temperature of 690 °C maintained for
12 hours.23,25 In contrast, the laser microprobe BrF5 method
replaces external heating of nickel tubes with direct laser
heating, which reaches a high temperature of approximately
2000 K. This innovation enables oxygen isotopic analysis of
some refractory minerals, signicantly reduces sample volume
requirements to less than 100 mg and also maintains good
analytical precision (±0.05–0.1&).29–31 However, the thermal
effects occurring during the laser heating process can lead to
signicant isotopic fractionation, thereby inuencing the
precision and accuracy of the analysis.32–36 Furthermore, both
methods require the use of strong corrosive reagents, posing
potential safety hazards. Compared with the bulk analysis
method by IRMS, SIMS can be capable of performing in situ
microanalysis of oxygen isotopes, which can offer the high
This journal is © The Royal Society of Chemistry 2025
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spatial resolution of 5–20 mm beam spot and 1–2 mm depth with
high analytical precision (better than 0.4&).37 However, the
analytical results obtained by SIMS are susceptible to a severe
matrix effect, i.e., the difference in chemical compositions and
morphological characteristics of the standard and
sample.21,22,37–39 Additionally, the high maintenance and opera-
tion cost has also constrained the widespread use of SIMS for in
situ analysis of oxygen isotopes,15,18,20–22,40 and it has only been
applied to the in situ oxygen isotopic analysis of the simple
single mineral (e.g., pyroxene, zircon barite and olivine).22,40–43

In addition, the high sample preparation requirements for
SIMS, which necessitate that samples be compatible with high
vacuum conditions, can signicantly limit its applicability,
especially when dealing with loosely structured and volatile
samples.44 In particular, with the development of modern geo-
sciences, more and more studies have shown that in situ oxygen
isotope analysis plays a key role in revealing some major geo-
scientic issues. For example, in situ microanalysis of oxygen
isotopes from ancient zircons, targeting pristine domains
within individual crystals to avoid later alteration, indicated the
existence of a hydrosphere and water–rock interaction on Earth
before >4.1 Ga;45,46 oxygen isotopic composition in diamonds
and their inclusions, specically the pristine domains within
the crystals, illustrated the presence of cryogenically altered
oceanic crust in deep continental areas.5,6,47 High-resolution
paleoclimate records obtained through in situ microanalysis
of oxygen isotopes can elucidate the relationships between
paleoclimate changes, biological explosions, and mass extinc-
tions.3,7,48 Therefore, it is essential to develop new techniques
for in situ oxygen isotope analysis with high spatial resolution,
high precision, and high accuracy.

Multi-Collector Inductively Coupled Plasma Mass Spec-
trometry (MC-ICP-MS) has become the method of choice for
analyzing the isotopic composition by virtue of its advantages
such as high precision and accuracy, fast analysis speed, a weak
matrix effect and low operating cost.49–54 In particular, since the
ICP operates under atmospheric pressure conditions, it can be
exibly switched among multiple sample introduction methods
(traditional nebulizers and spray chambers, membrane des-
olvation,55,56 laser ablation system49,57–60 as well as the direct
introduction of gaseous samples.61,62). Among them, LA-MC-
ICP-MS, which combines the advantages of in situ sample
introduction by a laser ablation system and the high-precision
isotopic determination by MC-ICP-MS, has already accurately
analyzed more than 23 isotopes.51 In particular, the successful
determination of high-ionization-energy isotopes (e.g., C (10.4
eV),49 S (10.0 eV)63 and Cl (12.97 eV)50) using LA-MC-ICP-MS has
encouraged us to explore the in situ microanalysis of oxygen
isotopes. Compared with C, S and Cl, O has a higher ionization
energy of 13.6 eV, although it is lower than that of Ar (15.6 eV).
Oxygen can be ionized in argon inductively coupled plasma (Ar-
ICP), but its ionization efficiency is only about 0.1% based on
the Saha equation.64 Moreover, two additional challenges exist.
First of all, the Ar-ICP is exposed to the atmosphere, and the
determination of oxygen isotopes can be interfered with by the
oxygen components in the air. Second, as Ar is used as the
plasma gas, the precision and accuracy of oxygen isotopic
This journal is © The Royal Society of Chemistry 2025
analysis can be severely impacted by the interference from
36Ar2+. Consequently, in view of the inherent characteristics of
Ar-ICP, no attempts have been made to employ MC-ICP-MS for
oxygen isotopic analysis. Therefore, it is necessary to rst
explore whether the determination of the oxygen isotopic
composition can be achieved by MC-ICP-MS, which is the
prerequisite for discussing the applicability of LA-MC-ICP-MS in
analyzing the oxygen isotope.

In this study, with the application of the simplest oxygen gas
as the analyzing sample, we attempted to determine the oxygen
isotope composition of oxygen using MC-ICP-MS by employing
three methods, 18O/16O, 16O18O/16O16O, and 18O1H2/

16O1H2.
The ionization efficiency of oxygen in Ar-ICP was assessed by
evaluating the sensitivity of all three analytes. Meanwhile,
interference and the peak width were analyzed and quantied
to assess the impacts of atmospheric oxygen components and
argon. From the perspective of isotopic analysis, we evaluated
the isotopic analytical reproducibility, the stability of oxygen
isotope ratios, as well as the measurement accuracy. Through
systematic investigation, 18O/16O and 16O18O/16O16O were
selected for oxygen isotopic analysis. Furthermore, the accuracy
of the established method was evaluated by comparing the
obtained results with those acquired from MAT 253 and MC-
MIP-MS. This demonstrated the feasibility of our method and
laid the foundation for the realization of in situ oxygen isotope
analysis using LA-MC-ICP-MS.

2. Experimental design

A double-focusing Neptune Plus MC-ICP-MS system (Thermo
Fisher Scientic, Germany), equipped with seven ion counters
and nine Faraday cups, was used at the State Key Laboratory of
Geological Processes and Mineral Resources, China University
of Geosciences in Wuhan (GPMR). In our
experiment, 18O/16O, 18O16O/16O16O and 18O1H2/

16O1H2 were
used for oxygen isotopic analysis, in which the high-mass
particles (18O, 18O16O, and 18O1H2) were measured on an H4
cup and low-mass particles (16O, 16O16O, and 16O1H2) were
measured on an L4 cup, and “dummy” masses (m/z = 16.990,
33.030, 19.042) were measured on the center cup. The H4
Faraday cup was equipped with a 1011U resistor, whereas the L4
Faraday cup was equipped with a 3 × 109 U resistor due to the
high blank intensity of 16O+ and (16O16O)+. To eliminate the
interference of 36Ar2+ in the determination of 18O+ and because
two adjacent Faraday cups cannot receive both signals simul-
taneously (the mass difference between 18O+ and 36Ar2+ is 0.0154
amu), we built a sub-cup conguration for the determination of
36Ar2+, wherein a Faraday cup H4 was used, and a “dummy”
mass (m/z = 16.975) was measured in the center cup. In addi-
tion to 36Ar2+, there are also interferences from 40Ar2+,32S+ and
34S+ in oxygen isotope measurements, thus the high mass
resolution (m/Dm = 5500) was applied to eliminate related
polyatomic ion interference. Two tanks of oxygen (>99.999%)
were used as the bracketing standard and sample, respectively.
The O2 (0.1–2 mL min−1) and He sweeping gas ows were
controlled using a mass ow meter (MFC). High-purity He
(99.999%) was used as a sweeping gas to clean residual oxygen
J. Anal. At. Spectrom., 2025, 40, 1192–1202 | 1193
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Fig. 1 Schematic of the MC-ICP-MS inlet system in the oxygen isotopic analysis.
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from pipelines. The schematic of the MC-ICP-MS inlet system in
the oxygen isotopic analysis can be seen in Fig. 1.

The oxygen isotope composition of the oxygen was deter-
mined using the sample-standard bracketing method (SSB),
a technique designed to correct for mass bias and instrumental
dri during isotopic analysis. To minimize the inuence of
blank on the isotopic measurements,65 the on-peak blank was
analyzed prior to each sample and standard measurement,
utilizing a block of 15 cycles with an integration time of 4.194
seconds. Analysis of each sample and standard was conducted
by one block of 30 cycles, with the integration time of 4.194 s. A
repeated analytical sequence of “blank, O2-std, blank, O2-
sample, blank, O2-std, blank.” was conducted. And offline
calculations of the blank and analyte signals, time-dri
correction, and isotopic analysis calibration were performed
using Iso-Compass soware.66 To verify the accuracy of the
proposed method, an IRMS (Thermo Scientic™ MAT253
Plus™) at GPMR was used as a comparative method to analyze
oxygen isotopes, and the instrumental operating parameters for
MC-ICP-MS and IRMS are summarized in Table 1. The oxygen
isotopes of the sample are expressed as d18O, which can be
calculated using eqn (1)–(4).

r = (16O18O)+/(16O16O)+ (1)

r0 = 18O/16O = r/(2 + r) (2)

r0 = 18O/16O = (18O1H1H)+/(16O1H1H)+ (3)

d18O ¼
�
r0sample

�
r0std

�1
�
� 1000 (4)

where r is the measured 16O18O/16O16O ratio. r0 is the measured
18O/16O ratio (when 18O/16O was measured) or the 18O/16O ratio
when converted from 16O18O/16O16O (when 16O18O/16O16O was
measured) or the 18O/16O ratio when converted from
18O1H1H/16O1H1H (when 18O1H1H/16O1H1H was measured),
r0sample is the measured 18O/16O ratio of sample oxygen, and r0std
is the measured 18O/16O ratio of standard oxygen. d18O is the
oxygen composition of the analyzed sample.

In our experiment, we integrated the existing oxygen isotopic
analysis methods of SIMS, which determines negative ions such
as 18O−/16O−, as well as IRMS, which analyzes positive oxygen
molecules like 16O18O+/16O16O+, and combined the determina-
tion methods of other isotopes by MC-ICP-MS, including
1194 | J. Anal. At. Spectrom., 2025, 40, 1192–1202
positive ions like 13C+/12C+, 32S+/34S+, and 37Cl+/35Cl+. Based on
these, a comprehensive evaluation of three possible methods
(18O/16O, 18O16O/16O16O and 18O1H2/

16O1H2) was conducted to
explore the feasibility of using MC-ICP-MS for oxygen isotopic
analysis.
3. Results and discussion

Given that oxygen isotopic analysis via MC-ICP-MS has never
been explored before, we referred to the determinationmethods
of other isotopes using MC-ICP-MS (determination of positive
ions, e.g., 13C+/12C+,49 32S+/34S+,63,67 and 37Cl+/35Cl+)50 as well as
SIMS (determination of negative ions, 18O−/16O−)22 and IRMS
(determination of positive oxygen molecules,
16O18O+/16O16O+).68 Taking into account the high ionization
capacity of ICP as well as the lens parameter in our instrument
(with the extraction lens set at −2000 V), we opted to select
18O+–16O+ and 16O18O+–16O16O+ for oxygen isotopic analysis.
Additionally, during the process of scanning the blank, we also
detected H2O

+. Hence, currently, there are three analytes avail-
able for oxygen isotopic analysis. To explore the feasibility of
MC-ICP-MS to determine oxygen isotopes, a comprehensive
evaluation of three possible methods was conducted, including
the interference, sensitivity, dynamic linear range, stability of
oxygen isotope ratios, analytical precision and accuracy of
oxygen isotope ratios.
3.1 Interference on oxygen ions

The peak shapes of 18O–16O, 16O18O–16O16O and 18O1H2–
16O1H2

as well as the related interferences are scanned at an O2 ow
rate of 0 mL min−1 with a high mass resolution (m/Dm = 5000)
(Fig. 2). For the measurement of 18O/16O, 16O18O/16O16O, and
18O1H2/

16O1H2, the main interferences are listed in Table 2. It
can be seen that the determination of oxygen isotopes is
susceptible to the interference of the plasma gas (Ar2+) (Fig. 2b
and e), S blank (Fig. 2c) and the atmosphere (O–H related
interference) (Fig. 2a and f). Therefore, it is necessary to select
the appropriate peak center to avoid the interference and obtain
the true oxygen signal intensity for oxygen isotope
determination.

In terms of 18O–16O, 36Ar2+ and 16O1H2
+ are two main inter-

ferences. The doubly-charged interference of 36Ar2+ is located
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ja00025d


Table 1 Summary of the operating parameters for MC-ICP-MS

Instruments Analyzed method Operating conditions

Neptune Plus MC-MS system
Cup conguration 18O16O/16O16O L4 C H4

16O16O 33.03 16O18O
18O1H1H/16O1H1H 16O1H1H 19.042 18O1H1H
18O/16O 16O 16.990 18O

Sub-cup conguration 36Ar2+ 16.975 36Ar2+

Resistor of the Faraday cup 3 × 109 U 1011 U 1011 U
Cool gas ow rate 15 L min−1

Aux gas ow rate 0.95 L min−1

Sample gas ow rate 1.12–1.45 L min−1

RF power 1050 W
Guard electrode (GE) On
Extraction −2000 V
Focus −676 V
X-De 0.27 V
Y-De −3.48 V
Shape 248 V
Rot quad 1 0.01 V
Source offset −1.00 V
Foc quad 1 −19.89 V
Rot quad 2 0.00 V
Focus offset 50.00 V
Matsuda plate 0.01 V
Focus quad −8.00 V
Dispersion quad −1.00 V
Interface cones Jet sample cone + X skimmer cone
Mass resolution High (m/Dm = 5500)
Block × cycle 1 × 30 (sample); 1 × 15 (blank)
Integration time 4.194 s

MAT253 Plus IRMS
Cup conguration 18O16O/16O16O C1 C2 C3

16O16O 16O17O 16O18O
Resistor of the Faraday cup 3 × 108 U 3 × 1011 U 1 × 1011 U
High voltage 9.450 KV
Emission 1.2 mA
Electron energy 108.926 V
Trap 22.6 V
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on the low-mass side and the polyatomic ionic interference of
16O1H2

+ is located on the high-mass side. The interference of
16O1H2

+ on 18O+ could be isolated as the mass center of the peak
was chosen at the mass side of 16.990 with the high mass
resolution (Fig. 2a and b). And for 36Ar2+ (the mass difference
between 18O+ and 36Ar2+ is 0.0154 amu, and two nearby Faraday
cups cannot receive both signals at the same time), a sub-cup
conguration was built, and the 36Ar2+ signal can be directly
acquired through peak jumping and deducted accurately. As for
16O18O–16O16O, 32S+ and 34S+ are two main interferences, and
fortunately both interferences are located on the low-mass side;
thus, a mass center of 33.03 can be selected to avoid the inter-
ferences of 32S+ and 34S+ (Fig. 2c and d). For the determination
of 18O1H2–

16O1H2, the main interferences are 36Ar2+, 18O+ and
40Ar2+. Three interferences are all located on the low mass side,
and a mass center of 19.042 was selected to avoid the interfer-
ences. Notably, the applied peak width of 16O18O/16O16O was
approximately 0.015 amu (Fig. 2f), whereas those of 18O/16O and
18O1H2/

16O1H2 were 0.008 amu (Fig. 2b and d). Therefore,
This journal is © The Royal Society of Chemistry 2025
16O18O/16O16O was estimated to be the preferredmethod in view
of the peak width of the mass shoulder, which is crucial for
accurate isotope measurement as it allows for better resolution
and less interference from adjacent peaks.69,70
3.2 Sensitivity and dynamic linear range of oxygen ions

The Saha equation predicts a low ionization rate (approximately
0.1%) for oxygen in an Ar-ICP,64 making high sensitivity a crit-
ical factor for achieving precise and accurate oxygen isotopic
analysis. Besides, as the Ar-ICP is exposed to the atmosphere,
the oxygen components in air generate a signicantly high
oxygen blank during isotopic analysis, which affects the accu-
racy of oxygen isotope measurements. Consequently,
a comprehensive assessment of the sensitivity, blank levels, and
signal-to-blank (S/B) ratios of the two methods is essential to
ascertain their inuence on the reliability of isotopic analysis.

The blank and sensitivity (sensitivity was obtained by the
ratio of net signal intensity and oxygen gas ow rate) of 16O and
J. Anal. At. Spectrom., 2025, 40, 1192–1202 | 1195
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Fig. 2 Peak shapes of 16O+–18O+ (a), (16O16O)+–(16O18O)+ (c) and (16O1H1H)+–(18O1H1H)+ (e) with high mass resolution in MC-ICP-MS. In the
legend of “18Mass × 420”, “34Mass × 200’’ and “20Mass × 500”, 420-, 200- and 500-folds were used to obtain the signal intensities of 18Mass,
34Mass and 20Mass, consistent with those of 16Mass, 18Mass and 32Mass to check the simultaneous collection of the two peaks. Part figures (a, c
and e) in the dashed box are enlarged to locate more suitable peak centers (mass = 16.990, 33.030 and 19.042) (b, d and f).
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16O16O were examined as the O2 ow rate increased from 0 to 2
mL min−1 (Fig. 3). For the measurement of 18O/16O, the 16O
blank can be as high as 64 V, which may be due to the exposure
of the ICP in the atmosphere.71 At the sample gas ow rate of
1.29 L min−1 and RF power of 1050 W, the 16O intensity
increased as the O2 ow rate increased from 0 to 0.5 mL min−1,
as demonstrated by the linear function of intensity versus the O2
1196 | J. Anal. At. Spectrom., 2025, 40, 1192–1202
ow rate. The slope of the linear regression relationship was
2430, which can be demonstrated as sensitivity (i.e., ∼2430 V
mL−1 min−1). However, beyond this ow rate, the 16O signal
intensity will exceed the Faraday cup's threshold of 1666 V when
using a 3× 109 U resistor. Thus, the applied O2 ow rate was 0.5
mL min−1, and the S/B ratio of this method was 22.49. For the
analyzed method of 16O18O/16O16O, at the sample gas ow rate
This journal is © The Royal Society of Chemistry 2025
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Table 2 Data for analyzed isotopes, related interfering ions, and mass resolutions

Analyzed isotopes Mass
Interfering
ions Mass

Required mass
resolution

Peak width
(amu) Blank (V)

Signal-to-blank
ratio

Sensitivity
(V ml−1 min−1)

16O 15.9949 14N1H2
+ 16.0187 672 0.008 65.80 (16O) 22.49 2430

18O 17.9992 36Ar2+ 17.9838 1170
16O1H2

+ 18.0106 1578
14N1H4

+ 18.0344 511
16O16O 31.9898 32S+ 31.9721 1807 0.015 0.80 (16O16O) 1585 719

14N18O 32.0022 2579
14N16O1H2

+ 32.0136 1344
16O18O 33.9941 34S+ 33.9679 1297

16O16O1H2
+ 34.0055 2981

16O1H2 18.0107 36Ar2+ 17.9838 670 0.008 0.43 (16O1H2) 32.39 7
18O+ 17.9992 1566
14N1H4

+ 18.0344 760
18O1H2 20.0132 40Ar2+ 19.9812 625
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of 1.254 L min−1 and RF power of 1050 W, the 16O16O intensity
increased linearly with the O2 ow rate of up to 1.8 mL min−1,
beyond which a nonlinear relationship was observed. The
slopes of the linear regression relationship were 718, which can
be demonstrated as the sensitivity (i.e., ∼680 V mL−1 min−1).
This nonlinearity may stem from incomplete ionization of the
O2 sample under the current conditions.72,73 To reduce the
isotopic fractionation and obtain the best precision, the O2 ow
rate of 1.6 mL min−1 was selected for the measurement of
18O16O/16O16O with the S/B ratio of this method being 1585.25.

In order to select an appropriate analysis method, we pro-
ceeded with two perspectives: sensitivity and S/B ratio. Based on
our experiment, 18O/16O is the preferred option in terms of
sensitivity (2430 V ml−1 min−1). This observation is somewhat
surprising, the rst ionization energy of an O atom (13.62 eV) is
higher than that of 16O16O (12.07 eV), which suggests that the
sensitivity of 16O16O should be greater than that of 16O theo-
retically. The high sensitivity of 16O may be attributed to the
high gas temperature of the ICP ion source, which can lead to
the dissociation of most O2 into O atoms, leaving a small frac-
tion of undissociated O2 molecules. However, from the
Fig. 3 Relationship between the O2 flow rate and the signal intensity (a

This journal is © The Royal Society of Chemistry 2025
perspective of S/B ratio, the S/N ratio of 16O (22.49) was 750
times lower than that of 16O16O (1585.25). Therefore, when
considering the two aspects of sensitivity and S/N ratio, the
choices of optimal methods to be tested are contradictory. To
explore the interaction between the S/B ratio and signal inten-
sity in isotopic analysis, a simulation experiment was per-
formed. Two simulated datasets were created: one with low
signal intensity but high S/B ratios and the other with high
signal intensity but low S/B ratios, while keeping the isotope
composition of blank (−12&) and sample (0.5&) constant. For
each dataset, the blank intensity was xed (0.005 V vs. 0.2 V),
and the signal intensity (1–8 V vs. 21–28 V) was varied to achieve
different S/B ratios (200–1600 vs. 105–140). Isotopic composi-
tions were calculated without blank correction, and the relative
error (RE) between the calculated and true sample compositions
was assessed. Fig. 4a and b shows that for the group with a high
signal intensity but low S/B ratio, the blank intensity had amore
signicant impact on isotopic measurements. For example,
even at a signal intensity of 28 V with a low S/B ratio (140), the
effect of blank on isotopic composition was considerable, with
an RE as high as −29.94%. Conversely, for the high S/B ratio
) as well as the sensitivity (b) of 16O and (16O16O).

J. Anal. At. Spectrom., 2025, 40, 1192–1202 | 1197
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Fig. 4 (a) and (b) Relationship between the signal intensity, S/B ratio and relative error of the two simulated datasets; the relative error was
calculated between the calculated and true sample compositions. (c) and (d) Relationship between the signal intensity, S/B ratio and relative
deviation of the two simulated datasets; the relative deviation was assessed by the sample composition before and after 1% blank fluctuation.
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group, where the S/B ratio reached 1000 at a low signal intensity
of 5 V, the effect of blank on isotopic composition (RE) was less
than 2.5%. Here, despite an 82.1% reduction in signal intensity
(from 28 V to 5 V) compared to the high signal intensity group,
the effect of the blank can be reduced by 91.6%. Fig. 4c and
d further examines the effect of 1% uctuation in blank inten-
sity. The results indicated that such uctuations affected the
high signal intensity but a low S/B ratio groupmore than the low
signal intensity but a high S/B ratio group. At an S/B ratio of
1000, a 1% blank uctuation caused only a 0.03% change in the
calculated isotopic composition at a signal intensity of 5 V.
However, for the high signal intensity group, the same uctu-
ation led to a 1.01% change in isotopic composition at 28 V due
to the low S/B ratio (140).

These simulations highlight the crucial balance between the
signal intensity and S/B ratio in isotope analysis. The higher S/B
ratios enhance the accuracy of isotope ratio measurements by
reducing blank, which is especially vital in laser-based in situ
microanalysis of samples with low elemental concentrations
and low signal intensities. Achieving high S/B ratios is essential
1198 | J. Anal. At. Spectrom., 2025, 40, 1192–1202
for reliable measurements in such scenarios. In summary,
accurate determination of isotopic compositions necessitates
not only sufficient signal intensity but also optimized S/B ratios
to ensure high precision and accuracy across a variety of
analytical conditions. In this context, 18O16O/16O16O, which
exhibits a higher S/B ratio, is more suitable as the analyte of
analysis. Additionally, the peak width of 18O16O/16O16O (0.015
amu) is wider than that of 18O/16O (0.008 amu) and the blank
intensity of 16O16O (0.8 V) is lower than that of 16O (65.8 V).
Therefore, considering the S/B ratio, peak width and blank, the
use of 18O16O/16O16O is anticipated to be a more favorable
choice for isotopic analysis.
3.3 Effect of sample gas and sampling depth on oxygen
isotopic analysis

Accurate calibration of isotopic mass discrimination is essential
for achieving precise isotope ratios with MC-ICP-MS.53 For the
oxygen isotope, the lighter weight and lack of stable isotope
pairs as internal standards determine that the standard-sample
bracketing (SSB) method can only be used. This method is
This journal is © The Royal Society of Chemistry 2025
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simple and convenient to operate; however, a higher level of
stability for the instruments is required because the fraction-
ation factor of standard is assumed to be that of sample with
this method.74 The region of stable O isotopic composition can
be explored by studying the radial and axial distributions of O
ions in the ICP, which can be conrmed by determining the
variation of O signal intensity and 18O/16O ratio with respect to
the position of the torch tube (radial and axial directions) and
the sample gas ow rate. It has been established that the radial
position of the torch that provides the maximum analyte
intensity also results in the most stable isotopic ratios.75,76 In
contrast, the axial position of the torch and sample gas ow rate
may not be optimal for both the maximum signal intensity and
stable isotopic ratios.52 The axial distribution of ions in the ICP
can be achieved by changing the position of the Z-axis of the
torch tube (Fig. 5a and c) or the sample gas ow rate (Fig. 5b and
d). The Z-axis position is the distance from the outer end of the
torch tube to the hole of the sampling cone. A more negative Z-
axis value indicates the plasma is closer to the sample cone. The
sample gas ow rate was also manipulated to investigate the
effect on ion distribution at the axial position, as a higher ow
rate means that the plasma is closer to the sample cone.

For investigation of the Z-axis position, as the Z-axis position
varied from −1.7 mm to 2.0 mm, with the sample gas ow rate
remaining constant, the signal intensity of the two analytes
initially increased and then decreased, following a similar
trend. Comparing the stability of the obtained 18O/16O ratio
within ±10% of the highest signal intensity, the stability of the
18O/16O ratio obtained by measuring 18O16O/16O16O (0.002291 ±
0.000001, 2SD) is about 20 times higher than that of 18O/16O
(0.002222 ± 0.000023, 2SD). To further explore the effect of the
Fig. 5 Relationship between the Z position (a and c) and sample gas flow
ratio (18O/16O).

This journal is © The Royal Society of Chemistry 2025
sample gas ow rate, the Z-position was kept constant, and as
the sample gas ow rate increased from 1.0 L min−1 to 1.25
L min−1, more ions were extracted into the mass spectrometer,
leading to an increase in O intensity. However, the amount of
ions extracted is limited by the sample cone diameter77 and the
temperature of the ICP;78,79 thus, the O signal will not continue
to rise indenitely as the carrier gas ow rate increases. In terms
of isotope ratio, the obtained 18O/16O by measuring
18O16O/16O16O is more stable (0.002289 ± 0.000002, 2SD) than
that obtained bymeasuring 18O/16O (0.002251± 0.000019, 2SD).
Additionally, both the optimum sampling depth and sample
gas ow rate for the maximum signal intensity of 16O16O can be
aligned with the stable area of the isotope ratio, which is
superior for tuning and isotopic analysis. Therefore, in terms of
isotope ratio stability, compared with the 18O/16O ratio, the
measured 18O16O/16O16O ratio is the preferred choice. And, in
practical oxygen isotopic analysis, it is advisable to adjust the
sample gas ow rate and the Z-axis position to where the
maximum signal intensity is achieved.

3.4 Precision and accuracy of oxygen isotopes in oxygen

Analytical precision is dependent on the signal intensity,52,80 as
demonstrated by the exponential function of the precision for
the 18O/16O isotopic ratios (1 SE) vs. the 16O+ and (16O16O)+in-
tensities (Fig. 6a). The internal precision of 18O/16O was low
when the (16O16O)+ and 16O+ signal intensities were less than
100 V. As the signal intensity increases from 100 to 1000 V, there
is a rapid improvement in the within-run precision. Therefore,
using (16O16O)+ and 16O+ signal intensities of more than 1000 V,
where the internal precision of 18O/16O was better than 1 × 107,
a 3 × 109 U resistor was recommended. To obtain long-term
rate (b and d) of (16O)+, (16O16O)+ signal intensity and oxygen isotope

J. Anal. At. Spectrom., 2025, 40, 1192–1202 | 1199
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Fig. 6 (a) Relationship between the signal intensity of 16O, (16O16O) and the internal precision (1 SE) of 18O/16O for oxygen isotopic analysis. (b)
Long-term reproducibility of d18O by measuring 16O18O/16O16O and 18O/16O.
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reproducibility, the d18O value was repeatedly measured by
analyzing 16O18O/16O16O and 18O/16O with an optimum O2 ow
rate, respectively. The d18O value was repeatedly measured by
analyzing 16O18O/16O16O and 18O/16O with O2 ow rates of 1.6
and 0.5 mL min−1, sample gas ow rates of 1.254 and 1.285
L min−1, and Z-axis positions of 0.1 and −0.6 mm, respectively,
and an RF power of 1050 W. The obtained d18O values were 0.05
± 0.14& (2 SD, n = 50) and 0.07 ± 0.17& (2 SD, n = 50) for
16O18O/16O16O and 18O/16O, respectively (Fig. 6b), and
18O16O/16O16O was preferred.

For the assessment of measurement accuracy of d18O using
the proposed method, the oxygen isotopes of two different
oxygen tanks were analyzed. One oxygen tank was used as the
bracketing standard and the other one as the sample. The d18O
values measured by 18O and 16O were determined at a sample
gas ow rate of 1.285 L min−1, an oxygen ow rate of 0.5
ml min−1, and a Z-axis position of −0.6 mm. And the d18O
values measured by 18O16O and 16O16O were determined at
a sample gas ow rate of 1.254 L min−1, an oxygen ow rate of
Fig. 7 Measured d18O values of oxygen samples using MC-ICP-MS,
IR-MS and MC-MIP-MS.

1200 | J. Anal. At. Spectrom., 2025, 40, 1192–1202
1.6 ml min−1, and a Z-axis position of 0.1 mm. The d18O values
of sample-1 were −0.03 ± 0.22& (2 SD, n= 10, measured by 18O
and 16O) and 0.16 ± 0.16& (2 SD, n = 10, measured by 18O16O
and 16O16O). In terms of test accuracy, the accuracy of using
18O16O/18O16O to determine the d18O value in oxygen was
preferred. The obtained values were consistent with those
measured according to MAT 253 (0.13± 0.1&; 2 SD, n= 10) and
MC-MIP-MS (0.14 ± 0.22&; 2 SD, n = 6),81 as shown in Fig. 7,
which substantiated the validity of our method.
4. Conclusions

Due to the interference from Ar plasma gas, high blank intensity
of O from the atmosphere, and the high rst ionization energy,
no attempt has been made to determine oxygen isotopes by MC-
ICP-MS. However, high mass resolution and sub-cup congu-
ration can be used to eliminate the interference of 36Ar2+ on
18O+; the application of a 3 × 109 U amplier can be used to
obtain the true signal intensity of O blank. Additionally, the
applied 18O16O/16O16O method can be used to overcome the
interference of Ar2+ and the ultra-high blank intensity of 16O.
Based on the above improvement measures, the obtained long-
term reproducibility of d18O measured by 18O16O/16O16O was
better than 0.16& (2 SD). The results obtained by MC-ICP-MS
were consistent with those measured by IRMS and MC-MIP-
MS, which demonstrated that MC-ICP-MS can be used for the
accurate determination of oxygen isotopes. It is worth noting
that the obtained precision by MC-ICP-MS was worse than that
obtained by IRMS, which may be attributed to the high blank.
Fortunately, with the use of a shielding gas to maintain positive
pressure, preventing atmospheric air from entering the ICP area
has been proven to reduce interferences caused by gases such as
H, C, N, and O.82 Using the Atmospheric Interface for Reduced
Dust (AIRD) device, optimized through simulations, signi-
cantly enhances the analytical capabilities of ICP-MS and
effectively manages atmospheric interference. Another reason
may be the low ionization rate of O in the Ar-ICP, so the stable
He-ICP with high ionization ability may be promising.
This journal is © The Royal Society of Chemistry 2025
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Therefore, there is still a long way to go for in situmicroanalysis
of oxygen isotopes using LA-MC-ICP-MS. However, we have
already taken the rst step to evaluate the capability of MC-ICP-
MS to analyze oxygen. Further work will be continued to achieve
this goal.
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