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In this study, we developed two new SIMS (secondary ion mass spectrometry) analytical protocols to

simultaneously measure oxygen–hydrogen (O–H) isotopic compositions and water content for hydrous

geological samples. These two protocols involve the measurement of two sets of secondary ion contents:

(1) 1H, 2H, 16O, 18O; and (2) 16O, 16O1H, 18O, 17O1H, 16O2H. Both measurements utilize a hybrid dynamic

multi-collector system of CAMECA IMS 1280-HR, which benefits from both the static multi-collector

mode and peak-hopping mono-collector mode. These new methods can simultaneously measure (with

high-precision) the 18O/16O ratio in static multi-collector mode without trading off its analytical precision,

and 1H/16O (or 16O1H/16O) and 2H/1H (or 16O2H/16O1H) ratios in conventional peak-hopping mono-

collector mode. Three glass samples (LBS7H, LBS5H and LBS6H-) with known water contents and two

apatite samples (Kovdor, Durango) with known oxygen–hydrogen isotopes and water content were

measured to verify the protocols' reliability. The olivine crystal San Carlos with �1 ppmw water content

was used for background monitoring. For the apatite samples, the external precision (spot-to-spot

reproducibility) for d18O and dD is better than 0.56& (2SD) and 54& (2SD), respectively. After eliminating

the outlier (beyond 3SD error), the external precision of 16O1H/16O or 1H/16O ratio improves to 10.27%

(2SD). For the glass samples, the water content calibration curves, which were constructed by comparison

of the known water content with the SIMS measured 16O1H/16O or 1H/16O ratios, yielded good

correlations. It is noteworthy that the apatite and glass samples can have a uniform water content

calibration curve for protocol 1, but not for protocol 2, indicating differentmatrix effects for the two protocols.
1. Introduction

Water, even present in trace amounts, is critical for many
Earth's processes. It can alter the physicochemical properties of
rocks and minerals, such as their seismic velocity, rheology,
electrical conductivity, optical properties, melting temperature
and ion diffusion behavior.1–5 Therefore, understanding water
content distribution and its evolution in different reservoirs is
an essential part of geoscience research. Hydrogen is the most
abundant element in the solar system. Since hydrogen is the
lightest element, it has the largest mass-dependent fraction-
ation in physicochemical processes, leading to an extremely
wide D/H range depending on the origin of geological samples
and their evolution experience.6–8 Oxygen is the most abundant
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element on Earth and the main rock-forming component.
Oxygen isotopes oen bear the signature of geodynamic
processes experienced by rocks (or minerals), and have been
proven highly useful in the elds of paleo-environmental/-
climatic reconstruction, detrital provenance analysis and
igneous/metamorphic petrogenesis.9–11 Therefore, measure-
ments of water content and hydrogen–oxygen isotopes for
geological samples can yield both the amount and nature
(origin and evolution) of the contained water. For example, an
integrated study of water content and oxygen–hydrogen
isotopes of granitic rocks can provide information on the nature
of their magma source and possible volcanic degassing during
the magma evolution.12,13

Since the 1980s, the SIMS (Secondary Ion Mass Spectrom-
etry, also called the ion microprobe) technique has been
increasingly employed in earth science research, notably for in
situ hydrogen–oxygen isotope compositions and water content
micro-analysis.6,7,14–19 Hu et al.15 measured water content and
hydrogen isotopes in apatite and glass samples using a Nano-
SIMS. Métrich et al.7 measured water content and hydrogen
isotopes in mono-collection mode by high-resolution SIMS (HR-
SIMS). Neither of these methods can measure oxygen isotopes
This journal is © The Royal Society of Chemistry 2021
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at the same time. Recent studies showed that HR-SIMS can
simultaneously determine water content and oxygen
isotopes,17,20 but no hydrogen isotopes were simultaneously
measured. Therefore, establishing analytical protocols for
simultaneous measurement of hydrogen–oxygen isotopes and
water content is necessary to ensure these three sets of data to
be derived from the same part of the analyzed sample, which is
important for geological samples as they are oen composi-
tionally heterogeneous (e.g., with the inherited core or growth
rim).

In this work, we introduce two modied analytical protocols
to simultaneously determine water content, and oxygen–
hydrogen isotope compositions using a CAMECA IMS 1280-HR.
These protocols can yield d18O, dD and water content results
with external precision (spot-to-spot reproducibility) better than
0.56& (2SD), 54& (2SD) and 10.27% (2RSD), respectively, for
hydrous geological samples. This increases the HR-SIMS effi-
ciency and avoid decoupling of the three datasets. Previous
studies aimed at obtaining either the water content and
hydrogen isotopes7 or only hydrogen isotopes,8 with a casting
time of 16 or 20 minutes. Our modied analytical protocols can
shorten the analytical time (for all three datasets) to 12 minutes.
2. Samples and sample preparation

Three glass (LBS7H, LBS5H and LBS6H-),21 two apatite (Kovdor
and Durango)6,15,16,22,23 and one olivine (San Carlos)15,24–26

samples were chosen for this study (Table 1). The internal
structure and major element compositions of apatite minerals
were previously obtained by electron probe microanal-
ysis.15,16,21,23 Both apatites are homogeneous in major elements
(Table 1), although tiny inclusions and cracks are present. The
three glass samples have been described in detail by Lin et al.21

Both glasses LBS7H and LBS6H are synthesized at 1200 �C and
Table 1 Descriptions of the samples used in this study

Sample Kovdor Durango LBS5H
Description Kovdor apatite, Russia Durango apatite, Mexico Glass,
H2O (mg g�1) 9.8 0.478 3.2
dD&a �66 � 21 �120 � 5 —
d18O&b 6.55 � 0.38 9.80 � 0.25 —
SiO2 0.64 0.21 48.05
TiO2 0.00 0.00 1.67
Al2O3 0.00 0.00 14.80
FeO 0.01 0.05 12.81
MgO 0.01 0.02 10.59
CaO 53.46 53.59 10.60
P2O5 40.45 41.19 —
F 0.36 3.41 —
Cl 0.01 0.41 —
Na2O 0.07 0.26 —
MnO 0.01 0.01 —
SO3 0.01 0.10 —
Total mass 94.87 97.72 98.52
References 15, 16, and 23 6, 15, and 16 21

a Average� 2SD, dD¼ [(D/H) sample/(D/H) VSMOW� 1]� 1000, where VSM
� 10�4. b Average � 2SD, d18O ¼ [(18O/16O) sample/(18O/16O) VSMOW � 1
a 18O/16O ratio of 2.0052 � 10�3.

This journal is © The Royal Society of Chemistry 2021
0.4 GPa, with H2O (in the form of both hydroxyl and water
molecules, revealed by FTIR analysis) contents of 5.7 and 1.9 mg
g�1, respectively.21 Glass LBS5H is synthesized at 1200 �C and
0.8 GPa, and has 3.2 mg g�1 water.21 Apatite Kovdor is collected
from the Paleozoic Kovdor massif (Russia), with d18O ¼ 6.55 �
0.38& (2SD), water content ¼ 9.8 mg g�1, and dD ¼ �66 �
21&.15,16,23 Apatite Durango comes from the Cerro de Mercado
Fe deposit (Mexico). The same fragment of this Durango sample
has been used for SIMS d18O16 and NanoSIMS dD and water
content15 measurements. The apatite has recommended d18O ¼
9.80 � 0.25& (2SD), water content ¼ 0.478 mg g�1, and dD ¼
�120 � 5&.6,15,22 The olivine San Carlos (Arizona, USA) is
commonly used to calibrate SIMS d18O measurements, and has
a recommended d18O of 5.27� 0.04& (2SD) and a water content
of 0.001 mg g.15,24–26

All the samples were placed on a double adhesive tape and
enclosed in a Sn-based alloy (52% Sn + 48% Bi), according to the
method described by Zhang et al.27 The alloy has a melting point
of �90 �C and a Brinell hardness of 20. It is used to replace
epoxy resins in order to avoid continuous hydrocarbons and
water degassing under vacuum conditions and achieve low
water background. The Sn-based alloy mount was photo-
graphed under reected light microscopy, and then vacuum-
coated with high-purity gold to yield <20 U resistance across
the mount surface to prevent the charging effect during SIMS
analysis. Before the analysis, the prepared mount was placed
into the storage chamber of IMS 1280-HR overnight under high
vacuum conditions (�1 � 10�8 mbar), with the aim of further
reducing water background.
3. Analytical methods

For the analysis, the CAMECA IMS 1280-HR instrument was
used at the SIMS Laboratory of Guangzhou Institute of
LBS6H- LBS7H San Carlos
synthetic Glass, synthetic Glass, synthetic San Carlos olivine, USA

1.9 5.7 0.001
— — —
— — 5.27 � 0.04
48.72 49.14 41.32
2.33 2.13 —
16.62 15.82 —
12.68 11.61 8.8
7.26 7.59 49.89
11.44 11.9 0.06
— — —
— — —
— — —
— — —
— — 0.13
— — —
99.05 98.19 100.20
21 21 15 and 24–26

OW is the Vienna standardmean ocean water with a D/H ratio of 1.5576
] � 1000, where VSMOW is the Vienna standard mean ocean water with

J. Anal. At. Spectrom., 2021, 36, 706–715 | 707
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Geochemistry, Chinese Academy of Sciences (GIGCAS). The
instrument is a large-geometry, double-focusing mass spec-
trometer equipped with both mono- and multi-collector
systems (Fig. 1a). The multi-collector system consists of seven
motorized detectors, which are movable along the focal plane to
optimize the collection of different masses. The mass resolving
power (MRP) is xed at 2400, 4800, or 8000 (50% peak height
denition hereaer). The multi-collector system is commonly
used for high-precision measurement of multiple masses, with
the maximum mass dispersion and minimum mass gap being
approximately 17% and 0.4% of the axial mass, respectively.
The mono-collector system is installed independently outside
the focal plane, which allows a very high MRP of up to �40 000.
The mono-collector system is commonly used for simultaneous
determination of different masses, in the peak-hopping mode
by changing magnet settings. In this study, we developed two
hybrid “dynamic multi-collector” analytical protocols for high-
precision measurement of 18O/16O ratios (using the multi-
collector system) and 1H, 2H or 16O1H, 16O2H (using the
Fig. 1 (a) Schematic diagram of the CAMECA IMS 1280-HR collection
detectors L02, L1, H1, and H02 with FCs. The axial detector is equipped w
analysis object (modified after Liu et al.33). (b) The detector configuration

708 | J. Anal. At. Spectrom., 2021, 36, 706–715
mono-collector system), which have a large mass dispersion or
require very high MRP (�15 000), respectively.
3.1. Protocol 1

A primary Cs+ beam (3.9–4.3 nA) was accelerated at 10 kV and
focused in Gaussian mode to sputter the samples. A 15 mm
raster was applied to ensure a more uniform at-bottom sputter
crater. A normal-incidence electron gun was used to ensure
charge compensation and to maintain voltage stability. Nega-
tive secondary ions were extracted and accelerated through a 10
kV potential with a 400 mm contrast aperture. The energy slit
was closed to a bandwidth of 50 eV width and shied 5 eV below
the maximum transmission. A 120 mm entrance slit, 600 mm exit
slit, and 100� transfer optical magnication were used to guide
the secondary ions. To minimize the water background signal,
a 2000 mm eld aperture (FA) was used and <3 � 10�9 mbar
vacuum was obtained in the sample chamber.

1H, 2H, 16O and 18O signals were measured in a single acqui-
sition (Fig. 1b). In this protocol, the Faraday cup (FC) with
system. The detectors L2, C, and H2 are equipped with EMs, and the
ith an EM and two FCs, which is selected based on the content of the
of these two protocols.

This journal is © The Royal Society of Chemistry 2021
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a resistor of 1011 U of the mono-collector system was used to
detect 1H, and the electron-multiplier (EM) of the mono-collector
system was used to detect 2H ions. Two movable Faraday cups of
the multi-collector system (L02 and H1), with resistors of 1010 U

and 1011 U, respectively, were used to detect 16O and 18O ions. In
this protocol, 2000 and 2400 MRP was used for the mono- and
multi-collector system, respectively. The collector conguration is
shown in Fig. 1b, and the data acquisition comprises three
sequences. 1H and 2H were measured during the rst and
secondary sequence, whilst 16O and 18O were measured simulta-
neously on L02 and H1 during the third sequence. The counting
time for each sequence was 4, 4, and 4 s, and the waiting time was
6, 0.96, and 3.12 s, respectively. Before the data acquisition (for
both protocol 1 and 2), each spot was sputtered pre-analysis for
100 s using a 25 mm square raster to remove the gold coating and
to minimize the water background. The secondary ions were
centered in the eld aperture and the entrance slit by scanning
the peak of 16O in detector L02 to ensure similar conditions for
each analysis. Peak centering was performed before each analysis
by centering the peak of 16O in detector L02. Each measurement
consists of 16 cycles, and the total analytical time is about 12 min.
In this protocol, the water content was calibrated with the relative
signal intensity of 1H to 16O.
3.2. Protocol 2

Most instrument setting parameters for protocol 2 were iden-
tical to those for protocol 1. Only those different were described
here in detail. Negative secondary ions were extracted and
accelerated through a 10 kV potential with a 400 mm contrast
aperture, entrance slit of 20 mm, exit slit of 80 mm, 50 eV energy
width (with a 5 eV offset), and transfer optics magnication of
100�. Such aperture settings are different from those of
protocol 1 in order to achieve 15 000 MRP in the mono-collector
system to completely separate 17O1H from 16O2H with sufficient
at-topped peaks.7

The 16O, 16O1H, 18O, 17O1H, 16O2H signals were determined
in a single acquisition (Fig. 1b). In this protocol, 2400 and
15 000 MRP were used for the multi- and mono-collector
system, respectively. Acquisition was divided into 3 sequences.
The 16O, 16O1H and 18O were measured simultaneously on L02,
the mono-collector and H1 during the rst sequence, similar to
the static multi-collector conguration.17 The 17O1H and 16O2H
were measured using the mono-collector during the second and
third sequences, respectively. The EM of the mono-collector
system was used to detect the 16O1H, 17O1H and 16O2H ions.
The main purpose of measuring 17O1H was to check that 16O2H
was measured correctly and that 17O1H and 16O2H are
completely separated. The counting time and waiting time for
each step were 4, 4, 6 s and 2, 1.04, 1.04 s, respectively. As the
EM gain possibly descends with time (i.e., the EM attenuation
effect), the EM HV adjustment and EM dri correction were
routinely conducted during every measurement by using the
CAMECA analysis program with the 16O1H peak. Each
measurement consists of 16 cycles, and the total analysis time is
about 11 min. For protocol 2, the water content was calibrated
with the relative signal intensity of 16O1H to 16O.
This journal is © The Royal Society of Chemistry 2021
4. Results
4.1. Protocol 1

By using this protocol, a total of two SIMS measurement
sessions have been conducted. Detailed 18O/16O, 1H/16O and
2H/1H ratios obtained are listed in Table S1† and summarized
in Table 2. Eight spots have been analyzed for each sample in
each session. The standard deviations of d18O values (reference
to VSMOW 18O/16O ¼ 0.0020052)16 and dD values (reference to
VSMOW 2H/1H ¼ 1.5576 � 10�4)15 for the ve samples are 0.31–
0.79& (2SD) and 22–50& (2SD), respectively (Table 2). The
relative standard deviations of water contents for the ve
samples are 2.06–7.72% (2RSD) (Table 2).

The recommended values of d18O ¼ 9.80 � 0.25& (2SD)16,22

and dD ¼ �120 � 5& (2SD)15 for the Durango apatite, and d18O
¼ 6.55 � 0.38& (2SD)16 and dD ¼ �66 � 22& (2SD)15 for the
Kovdor apatite were used here to calculate the instrument mass
fractionation (IMF):

IMFO ¼ (d18O)M � (d18O)R and IMFH ¼ dDM � dDR

where the subscript “M” denotes the raw value measured by
SIMS, and “R” denotes the recommended value. The IMFO
values for Kovdor and Durango are 8.50� 0.48& (2SD) and 8.30
� 0.56& (2SD) in session 1, and 8.56 � 0.31& (2SD) and 8.10 �
0.34& (2SD) in session 2 (Table 2). The IMFH values for Kovdor
and Durango are 99 � 22& (2SD) and 119 � 50& (2SD) in
session 1, and 134� 20& (2SD) and 155� 37& (2SD) in session
2 (Table 2).

The average measured 1H/16O ratios (Fig. 2) for the samples
range from 7.15 � 10�5 (Durango) to 1.17 � 10�3 (Kovdor) in
session 1, and from 7.54 � 10�5 (Durango) to 1.20 � 10�3

(Kovdor) in session 2 (Table 2). Single spot internal precision of
1H/16O ranges mainly from 0.11% (LBS5H; 2RSE) to 1.04%
(Kovdor; 2RSE) in session 1, and from 0.26% (LBS5H; 2RSE) to
2.33% (LBS6H-; 2RSE) in session 2 (Table S1†).
4.2. Protocol 2

Detailed 18O/16O, 16O1H/16O and 16O2H/16O1H ratios obtained
are listed in Table S1† and summarized in Table 2. In total, two
sessions and seven spots in each session have been analyzed for
all the samples. Standard deviations of the d18O and dD values
for the all the hydrous samples in session 1 are 0.41–1.13&
(2SD) and 21–55& (2SD), respectively (Table 2). The relative
standard deviation of water contents is of 1.11–8.32% (2RSD)
(Table 2). The IMFO values for Kovdor and Durango are 5.08 �
0.52& (2SD) and 5.11 � 0.47& (2SD) in session 3, and are 4.05
� 0.41& (2SD) and 4.15 � 0.49& (2SD) in session 4 (Table 2).
The IMFH values for Kovdor and Durango are 523 � 21& (2SD)
and 530 � 54& (2SD) in session 3, and 508 � 22& (2SD) and
538 � 33& (2SD) in session 4 (Table 2). The average measured
16O1H/16O ratios for the samples range from 3.09 � 10�4

(Durango) to 6.00 � 10�3 (Kovdor) in session 3, and from 2.98�
10�4 (Durango) to 6.20 � 10�3 (Kovdor) in session 4 (Fig. 3;
Table 2). Single spot internal precision of 16O1H/16O ranges
mainly from 0.27% (LBS6H-; 2RSE) to 0.92% (Kovdor; 2RSE) in
J. Anal. At. Spectrom., 2021, 36, 706–715 | 709
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Fig. 2 SIMS analysis results of 1H/16O ratio in protocol 1.
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session 3, and from 0.24% (LBS6H-; 2RSE) to 1.55% (LBS7H;
2RSE) in session 4 (Table S1†).

The olivine San Carlos was measured in session 3, and its
average measured 16O1H/16O ratio (Fig. 3) and relative standard
deviation are 5.15 � 10�6 and 10.27% (2RSD), respectively
(Table 2).
5. Discussion

Two apatite samples (Kovdor and Durango) with known
hydrogen and oxygen isotope compositions are used to evaluate
This journal is © The Royal Society of Chemistry 2021
the accuracy and precision of isotope measurements, while all
the apatite and glass samples (LBS7H, LBS5H and LBS6H-) are
used to check the accuracy and uncertainty (of external cali-
bration) of water content for the two protocols. The olivine San
Carlos is used to monitor the analytical background. There are
always isolated outliers for all three datasets (hydrogen and
oxygen isotopes, and water content), possibly caused by water-
rich micro-inclusions or micro-cracks encountered during the
secondary ion sputtering. Previous hydrogen isotope8 and
oxygen isotope11 analyses have also reported such micro-
inclusions/-cracks even for gem-quality samples. Although
J. Anal. At. Spectrom., 2021, 36, 706–715 | 711
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Fig. 3 SIMS analysis results of 16O1H/16O ratio in protocol 2.
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SEM images were used to choose the analytical spots here, such
impurities cannot be completely avoided. Cycle-by-cycle check-
ing of the isolated data does little help to identify any abnormal
data, and the outliers are identied by statistical processing to
beyond 3SD error. Some of these outliers (e.g., LBS5H@1 and
LBS6H-@6 in session 3) have a clearly higher 16O yield, sug-
gesting a higher oxygen impurity. These datasets were discarded
from further calculation to improve the spot-to-spot external
precision (Table S1†).
712 | J. Anal. At. Spectrom., 2021, 36, 706–715
5.1. Analytical precision and accuracy

The analytical precision discussed here includes both internal
(within-spot analysis, 2SE) and external (reproducibility) preci-
sion of spot-to-spot analysis (2SD). For the apatite oxygen
isotopes, the external precision of the two protocols is <0.56&,
which is slightly higher than that achieved by previous studies
(0.38&, 2SD16 or 0.25&, 2SD22), but still acceptable in most
cases when considering that oxygen isotope variation in
This journal is © The Royal Society of Chemistry 2021
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magmas is mostly from below 5 to over 10.28,29 Possible reasons
for the larger uncertainty include (1) the hybrid “dynamic multi-
collector” mode used here cannot employ the nuclear magnetic
resonance (NMR) controller, which can lock the magnet setting
and enhance analytical precision in conventional SIMS oxygen
isotope measurements; (2) for protocol 2, narrow apertures and
slits were used to achieve high mass resolution, which signi-
cantly reduced ion transmission. The secondary ion yielded for
16O is only �9 � 107 cps nA�1, 10% of that yielded by conven-
tional methods;16 (3) in protocol 2, the 16O and 18O were
measured using different types of detectors (FC and EM,
respectively), which may degrade the analysis precision. It is
noteworthy that the external precision of the two protocols is
comparable, which implies that NMR is critical for high-
precision isotope measurements. To evaluate the analytical
accuracy for oxygen isotopes, IMFO values were calculated for
the two apatite samples, which varied from 8.10� 0.34 to 8.56�
0.31& in protocol 1 and 4.05� 0.41 to 5.11� 0.47& in protocol
2, consistent with each other within analytical uncertainties for
both protocols (Table 2). This indicates that the IMF for the
oxygen isotope analysis using both protocols can be accurately
corrected.

For hydrogen isotopes, the external precision of the two
protocols is below 54&, similar to that on apatite hydrogen
isotopes reported by Hu et al.15 using NanoSIMS. The analysis
for Durango (by protocol 2, session 3) yielded the largest
uncertainty of about 54&, possibly because (1) this sample has
low water content (0.478 mg g�1) and 1H signal intensity; (2) 1H
is collected by FC while 2H by EM. The IMFH values calculated
for the different analytical sessions and different apatite
samples vary from 99 � 22 to 155� 37& in protocol 1 and from
508� 22 to 538� 33& in protocol 2, consistent with each other
within analytical uncertainties for both protocols (Table 2). This
consistency demonstrates that the IMF for the hydrogen isotope
analyses using both protocols can also be accurately corrected.

For the water content measurements, the precision of 1H/16O
or 16O1H/16O ratios for all the apatite and glass samples is better
than 2.33% (internal; Table S1†). It is clear that LBS7H (session
1), LBS5H and LBS6H (session 3), and LBS6H and LBS7H
(session 4) have isolated data points beyond 3SD error (red
points; Fig. 2 and 3). Aer the removal of these isolated data
points, all the hydrous apatite and glass samples have a spot-to-
spot external precision better than 8.32% (external; Table 2),
similar to that on the zircon water content analysis reported by
Xia et al.17
5.2. Background

It is known that the water (16O1H or H) background measured
by SIMS is related to the residual H2O in the vacuum. Previous
studies showed that the measured background hydrogen
counting rates (Hcps)15 or 16O1H/16O ratios or 1H/16O ratios30

correlate closely with the analysis vacuum conditions. Since
epoxy mount degassing is the main contributor to poor vacuum
conditions, the Sn-based alloy was used here, which achieved
2.9� 10�9 mbar pressure in our SIMS analysis chamber (similar
to the vacuum we used before17). In protocol 1, since we targeted
This journal is © The Royal Society of Chemistry 2021
the more-hydrous (>0.478 mg g�1) apatite and glass for the
water background measurement and chose FC as the 1H�

detector, it cannot be used to measure the anhydrous olivine
San Carlos (about 0.001 mg g�1). In session 3, the average
16O1H� of San Carlos is 1.71 � 103, which is almost two orders
of magnitude lower than that of Durango (8.75 � 104). Durango
has the lowest water content in all of our samples, which means
that the background contribution to the sample measurement
is negligible. We also used the San Carlos data as the back-
ground for the background subtraction, and the results are very
similar to those from our current water content and hydrogen
isotope data. Therefore, the background water content has
a negligible impact on this study, yet background evaluation for
more-anhydrous (<0.478 mg g�1) samples is advisable.
5.3. Water content calibration

The water content calibration curves ([H2O]¼ a� [1H/16O] + b or
[H2O] ¼ a � [16O1H/16O] + b) were established by comparing the
known water content with the determined SIMS 1H/16O or
16O1H/16O ratios (Fig. 4). The calibration curves are regressed
using the York t method with error weighted. In both protocols
1 and 2, the blue and red solid curves are constructed based on
the glass and apatite samples, respectively, while the green
dotted curve incorporates both the glass and apatite samples. It
is seen that the blue solid curve is plotted with a¼ 6258.327 and
b¼ 0.306, the red solid curve with a¼ 8500.761 and b¼�0.129,
and the green dotted curve with a ¼ 6812.377 and b ¼ 0.004 in
session 1 (Fig. 4a). In session 2, the blue solid curve is plotted
with a ¼ 6558.984 and b ¼ 0.051, the red solid curve with a ¼
8308.522 and b ¼ �0.148, and the green dotted curve with a ¼
6811.890 and b ¼ �0.039 (Fig. 4b). In session 3, the blue solid
curve is plotted with a ¼ 3240.140 and b ¼ 0.150, and the red
solid curve with a ¼ 1638.329 and b ¼ �0.028 (Fig. 4c). In
session 4, the blue solid curve is plotted with a ¼ 3636.368 and
b ¼ 0.019, and the red solid curve is plotted with a ¼ 1580.046
and b ¼ 0.006 (Fig. 4d). The error bar represents 1SD. The
b values in all four sessions are very small, indicating negligible
water background. Regardless of the major chemical differences
between apatite and glass, they share a similar calibration curve
(green dotted curve) in protocol 1 (Fig. 4a and b). However, the
apatite samples behave very differently from the glass samples
in protocol 2, forming two different calibration curves (Fig. 4c
and d). The main reason for this difference is likely attributed to
the different forms of water in glass and apatite. Water occurs
mainly in hydroxyl form in apatite, whereas it occurs in both
hydroxyl and water molecule forms in glass.31,32 In protocol 1,
when measuring 1H/16O, all the water-bearing species (OH in
apatite, OH and H2O in glass) would be transformed into 1H.
The ionization energies required by different kinds of samples
are largely the same, and only small matrix effect is present. In
contrast, when using the Cs+ primary beam to sputter the 16O1H
secondary ions in protocol 2, 16O1H is more easily sputtered for
apatite than for glass, as water molecules need more energy to
break and ionize. These results are similar to the ndings by Hu
et al.15 To summarize, if the study focus is on determining the
water content and no standard sample matching the target
J. Anal. At. Spectrom., 2021, 36, 706–715 | 713
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Fig. 4 Water content calibration curves for the three glass and two apatite samples. In all figures, the blue and red solid curves are constructed
based on the glass and apatite samples, respectively, while the green dotted curve incorporates all the samples. (a) session 1 of protocol 1; (b)
session 2 of protocol 1; (c) session 1 of protocol 2; (d) session 2 of protocol 2.
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analyte matrix is available, then protocol 1 is preferred. The
mass resolution of protocol 1 is lower than protocol 2, and the
loss of signal is also lower. However, due to the limited range of
matrix compositions investigated here, we cannot preclude that
the different major element compositions in the same sample
species (e.g., apatite) may also have different calibration curves
and worth further study.
6. Conclusions

Two hybrid “dynamic multi-collector” analytical protocols were
developed with a CAMECA IMS 1280-HR to simultaneously
determine the hydrogen–oxygen isotopes and water content.
The external precision (spot-to-spot reproducibility) of d18O and
dD values is better than 0.56& and 54& (2SD), respectively.
Aer eliminating the outlier (beyond 3SD error), an external
precision of 10.27% (2SD) can be achieved for 16O1H/16O or
1H/16O ratios. Water content calibration curves were con-
structed by comparing the known values with the SIMS
measured 16O1H/16O or 1H/16O ratios. The three glass samples
used for the calibration curves indicate very good correlations.
714 | J. Anal. At. Spectrom., 2021, 36, 706–715
Despite the major chemical difference between apatite and
glass, they have similar calibration curves within the protocol 1
analytical error. For protocol 2, apatite behaves very differently
from glass, indicating a marked matrix effect. We suggest that if
the analysis focus is on water content and no matrix matched
standard sample is available, protocol 1 is recommended.
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