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Handling Editor: Dr. L. Liang High-precision measurements of 18405,/1880s, 18505/1880s, and 1870s/!%80s ratios are significant in the fields of

geochemistry and cosmochemistry. However, no high-precision measurement technique exists for simulta-
neously obtaining all three ratios using a static method for samples with an Os content of <1 ng or 1850503 and
1870503 ion-beam intensities of <150 mV. This greatly limits research on rare samples with small sample sizes or
Small-size sample low Os contents, such as Lunar, Martian, or old Earth samples. This paper reports a static metho;iz, which could
NTIMS achieve the simultaneous measurement of 9 Faraday cups (FCs) with high-signal/noise ratio 10°“ Q amplifiers
10'® Q amplifier and 10'® Q amplifiers and two compact discrete dynodes (CDDs). By analyzing two calibration solutions, a
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CDD precision value of less than 3%. (2RSD) could be achieved for 18405/1880g ratios, even if the 184OsO‘; intensity

Static measurement

was as low as 1000 cps. The precision values for the 1%60s/ 187805 and 187Oﬁs/ 1880s ratios were similar and could

be better than 0.066%. (2RSD) when the intensities of 186OsO3 and 1870503 were greater than 30 mV, which can
be obtained with conventional 10'! Q amplifiers only at signals larger than 150 mV. Three geological reference
materials were used in this study. The precision values of 184Os/ISBOs, 18605/18805, and '®70s/'880s ratios
reached 2, 0.061, and 0.050%. (2RSD), respectively, when the maximum Os amount was approximately 12 ng,
and 87, 15, and 10%o (2RSD), respectively, when the maximum Os amount was as low as approximately 66 pg.
Additionally, our results show that changes in the volume of oxygen added during measurement can cause
significant variations in the oxygen isotope composition. This static measurement method not only avoids the
nonlinear signal change of the instrument during the analysis process but also realizes the accurate removal of
the oxygen isobaric interference in the run, which could improve the precision of 1840s/1%80s, 1860s/1880s, and
187051880 ratios for small-size/low-signal samples.

1. Introduction

Accurate 184Os/msOs, 186Os/18803, and '870s/1880s ratios are vital
for cosmochemical and geochemical research. Although several
methods for regular sample sizes have successfully been applied in these
fields, high-precision measurement of these Os isotopic ratios is still a
challenge for samples with Os mass fractions of <1 ppb and/or sample
weights of <2 g. To date, no high-precision analytical technique exists
for simultaneously obtaining all three aforementioned ratios for samples
with low Os contents and small sizes. Among the seven Os isotopes,
1840, 18605 and '870s are involved in the isotope systems 1840 180wy
190p¢_18605, and 187Re1870s. The 87Re-1%70s system is an irreplace-
able chronological tool for the direct determination of the absolute ages
of iron meteorites, metal deposits, petroleum systems, and sedimentary
strata [1-6]. The °°Pt-1860s system is an important means of tracing
core-mantle interactions in planetary systems and has received partic-
ular attention in the last two decades [7—13]. The 840s-18%w system
could be used as a tracer and chronometer for important geological
processes, such as core formation, silicate differentiation, or late ac-
cretion processes [14-17]. 18405 is a p-process isotope [18,19] that
provides a potential method for studying the distribution of p-process
carriers in the early solar system. The precise determination of
18405/18805, 186Os/18805, and '%70s/'880s ratios is a difficult task in
these fields because their natural abundance is considerably low, espe-
cially for Lunar and Martian materials, not only because the available
sample size is small but also because the abundances of Re, Pt, Os, and W
are extremely low [20-24]. For all of the above reasons, research on
Re-Os, Pt-Os, and Os-W isotope systems requires the development of an
analytical technique for these samples. In previous studies, most mea-
surements were conducted using Faraday cups (FCs) with conventional
10! Q amplifiers to analyze the ratios of '870s/'®0s and/or
18505,/1880s by negative thermal ionization mass spectrometry (NTIMS).
However, the analysis of 18405,/1880g has rarely been reported [25-27]
as the natural abundance of '40s is as low as 0.0002% [28] and accu-
rate values cannot be obtained using FCs. In particular, the signals of
1840504 cannot be identified by an FC with a 10'! Q amplifier when they
are lower than 0.1 mV which corresponding the ion beam signals of
1860503 and 1870s03 are approximately 10 mV. In recent years, with the
advent of 10'2 Q and 10'® Q amplifiers, achieving high-precision
determination for low-signal/small-size samples are theoretically
possible. Several measurement methods have been reported using FCs
with 102 Q or 10'® Q amplifiers to collect Os isotopes by
multi-collector-inductively coupled plasma mass spectrometry
(MC-ICP-MS) or NTIMS [29-34]. Nevertheless, these methods only
individually determine the ratios of 1870s/'880s and/or 160s/1%80s and
not all three ratios of '%0s/!'®0s, %70s/!%80s, and '%40s/'%80s
simultaneously.

This paper presents a novel static measurement method to simulta-
neously determine 11 mass numbers, ranging from 230 to 243, using
nine FCs connected to four 102 Q amplifiers and five 10'® Q amplifiers
and with the addition of two ion-counting detectors with a compact
discrete dynode (CDD) by NTIMS. This static method can determine all

seven Os isotopes in trioxides, 198Pt02 and lgsPt03 as monitors for Pt
oxide interference, and 1°20s'°0370 and 1°20s'°0480 for calculating
isotopic compositions of O. Moreover, the isobaric interferences of W
and Re were measured before and after the analysis through a separate
routine using a secondary electron multiplier (SEM; ion counter (IC) 1C).
The new static measurement routine comprises a cup configuration
combining 10'% Q amplifiers, 10'? Q amplifiers, and CDDs, making it
suitable for the determination of small-size/low-Os content samples.
Two single-element solution reference materials (SRMs) and three
geological reference materials (GRMs) were analyzed using the pro-
posed method. For all data in this study, the ion beam intensity of
185Re03 was less than 100 cps (~1.6 pV), and that of 183W03 was less
than 20 cps (~0.4 pV). The 187Re05/1870505 and '#°W03/'800s0; ra-
tios were always less than 0.2%.. This new method enables the acqui-
sition of high-precision Os isotope ratios for small-size and/or low-
content samples.

2. Experimental section

All the measurements were conducted using a Thermo Fisher Triton
Plus thermal ionization mass spectrometer (TIMS) instrument at the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Science (GIG, CAS, Guangzhou,
China).

2.1. Solution and geological reference materials

Two SRMs were used in this study: the Durham Romil Osmium
Standard (DROsS, purchased from IAGeo Limited) and Leoben Osmium
Standard (LOsT, provided by Dr. Meisel, T. C., Montanuniversitat
Leoben).

Additionally, three GRMs were chosen for their various lithologies
and Os mass fractions: the United States Geological Survey (USGS) ba-
salts BIR-1a and BHVO-2, and the Canadian Certified Reference Mate-
rials (CCRM; Ottawa, ON, Canada) altered peridotite WPR-1. These
three GRMs are widely used for method validation and quality control in
geochemistry and cosmochemistry. All GRM samples were purchased in
the form of 200-mesh grain size. The Os mass fractions of the three
GRMs ranged from approximately 76 pg g~ to 13 ng g~ *. Each test
portion of the rock sample weighed 0.87-0.91 g (Table 1). The GRMs

Table 1
Detailed information of geological reference materials in this study.

Name Lithology Mass fraction Os (pgg™')  Weight (g)  Os amount (pg)
WPR-1 Peridotite 13,300 0.91 12,115
BIR-1a Basalt 350 0.87 306
BHVO- Basalt 76 0.87 66
2

The Os mass fraction of WPR-1 was recommended by the supplier (CANMET-
MMSL), and those of BIR-1a and BHVO-2 were obtained from a previous study
conducted in our laboratory [34].
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were dissolved in Carius tubes with inverse aqua regia (2.5 ml of
concentrated HCI and 7.5 ml of concentrated HNOg). The Carius tube
opening was carefully sealed with high-temperature flame melting, and
the tube was then heated in an oven at 230 °C for 48 h. Subsequently, Os
was extracted using CCly, back-extracted into HBr, and finally refined
using a microdistillation method [34,35]. The total procedural blanks
were <0.4 pg and <2.1 pg for Os and Re, respectively.

2.2. Sample loading

Twenty and ten Pt filaments were loaded with approximately 20 ng
of DROsS and LOsT, respectively. The purification Os of three rock
samples (GRMs) was concentrated to approximately 1 pl at low tem-
perature (80 °C) in HBr, and then separately loaded on a Pt filament.

High-purity Pt ribbons (99.995%, 0.025 mm x 1 mm) were pur-
chased from the H. Cross Company (Moonachie, New Jersey, USA). The
high-purity reagent Ba(OH)»-8H0 used for preparing the activators was
purchased from Alfa Aesar China Co., Ltd. (Shanghai, China). The
emitter Ba(OH), was diluted to 3% Ba(OH)»-8H50 by weight in water.
The high-purity Pt filaments were degassed at 3 A for 5 min in air before
loading the samples. The Os isotopes were analyzed using a single-
filament configuration.

2.3. Mass spectrometry

The TIMS is equipped with nine FCs with one 10! @, four 102 Q,
and five 10'® Q amplifiers, and six ICs. Every cup could be flexibly
connected to any amplifier to suit the measurements. The ICs include
three classical SEMs with their deflection mechanisms (including IC 1C/
B, IC2, and IC3A) and three SEMs with CDDs (including IC4, IC5, and
IC6). The cryotrap, sample wheel, filament holder, extraction plate, and
ion source used for the Os measurements in this study were systems
dedicated to negative-ion Os isotope analyses. The instrument is
equipped with an adjustable oxygen introduction device. To ensure a
consistent frame of reference, we reported the ion beam intensities (V)
relative to the 10'! Q amplifiers. Therefore, we report a beam current of
3 x 107'* A as an intensity of 3 mV independent of the amplifier type.

2.4. Measurement method

The cup configuration was set up for a static measurement routine
involving nine FCs with 10'2 Q or 10'® Q amplifiers and two CDDs
(Table 2). Considering the different abundance of seven Os isotopes, four
higher ion beams of 1880504, 1890503, 1°°0s03, and '°20s'°05 were
collected by L2, L1, C, and H1 connected with four 102 0 amplifiers,
respectively; 18%0s05 and '870sO3 were collected by L4 and L3 con-
nected with two 10'% Q amplifiers, respectively; and #40sO was
collected by a CDD of IC6. In addition to all seven Os isotopes, '*°PtO3
and ?®PtO, were collected using H4 with a 10'% Q amplifier and IC5 to
monitor the platinum trioxide and dioxide interferences, respectively.
Moreover, the oxygen isotopic composition was monitored by
measuring 0 - and _180 -bearing molecular species for 19205 at masses
of 241 (*°205'%0470 ) and 242 (**20s'%0%%0 ) using H2 and H3 with
10'® Q amplifiers. The largest beam size collected by FCs with 102 Q
amplifiers should be lower than 1.2 V in the negative mode. Here, it
corresponds to the ion beam of 1°20s'°03 as no spike was used in this
study. According to the natural abundance of Os isotopes, the ion beam
sizes of 1800503 and '870s05 were less than 60 mV, and that of 1840s05
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was lower than 0.6 mV. Owing to the limits on the current intensity
involving both the 10'® and 10'? Q amplifiers and CDDs, neither
amplifier rotation nor multi-dynamic measurements were possible. To
validate the accuracy and precision of ¥*0s03 by IC6, a subsequence
cup configuration was set to use SEM (IC 1C) to analyze 184OsO3 (mass of
232) for comparison. The subsequence cup configuration was only used
to verify the accuracy of IC6 and the yield of the manual IC method but
was not used when measuring samples. B

In general, 1_85Re03 and 183W03 (or 182WO3) were measured to
monitor ®’ReOs, 8*W03, and W05, which could cause isobaric
interference in 187_0503, 1840503, and 1860503 measurements. As
185Re05 and 183WO0j3 could not be aligned into the static main sequence,
additional short interference runs were conducted before and after each
data collection run. A peak-hopping method for SEM (IC 1C) runs was
used to analyze '®>ReO5 and 83WO03. This requires a clean instrument
system, a chemical separation process with high Os recovery, and an
extremely low background of Os and Re.

Additionally, as the instrument supplier does not provide an auto-
matic calibration procedure for the yield of IC5 and IC6, we devised a
new method for calibrating the yields of IC5 and IC6 by referring to the
automatic procedure and the manual correction of the 10'% Q amplifier’s
gain “cross calibration” procedure proposed by Wang et al. (2018) [36]
(See Appendix A for details).

2.5. Measurement parameters

The Os isotope ratios were measured using a TIMS instrument in the
negative ion mode. The baseline was conducted at the start of each day
with a pre-wait time of 60 s, 1200 cycles, and an integration time per
cycle of 1.05 s. Automatic gain calibration of the 10'!, 102 and 10! @
amplifiers was conducted once a week using a given virtual current of
0.12 V. The gains of the three types of amplifiers were calibrated by an
automatic procedure, whose repeatability was similar and within
0.20-0.30%o (2 RSD, t = 12 months). This long-term repeatability is
consistent with those of <0.30%o (2 RSD, t = 6 months), calibrated using
the manual gain calibration method [36]. A software procedure (pro-
vided by the supplier) was used to correct the t value for the different
responses of signals measured simultaneously on the 101, 10'2, and
10'3 Q amplifiers. Each measurement comprised 200 ratios in 10 blocks
over 20 cycles (Table 3). The integration time was 8 s for the main
sequence (Seq. 1) and 4 s for the subsequence (Table 3: Seq. 2), wherein
1840503 measured by the SEM (IC 1C) was to be compared with that by
IC6. The idle time was set to 12 s to account for the slower response time
of the 10'® Q@ amplifiers for Seq. 1, and to 3 s for Seq. 2. During mea-
surement, the oxygen pressure was maintained at 1.0-2.0 x 10~7 mbar
and adjusted by a needle valve. Each measurement lasted approximately
1.1 h excluding Seq. 2. To achieve the optimum peak overlap for the cup
configuration, the focus and dispersion voltages were set to —8.0 and
33.0 V, respectively. The evaporation filament temperature for collect-
ing the ion beam of SRMs ranged from 700 to 830 °C, and that of GRMs
ranged from 830 to 890 °C. An additional short interference measure-
ment run was conducted using the peak-hopping method on the SEM (IC
1C) to measure the masses of 233 and 231 (i.e., 185ReOg and 183WO3) for
each filament measurement. Each run included one block of 10 cycles
with integration and idle times of 4 and 3 s, respectively, for a total
analysis time of approximately 1.2 min (Table 3: Interf.).

Table 2

The cup configuration for Os isotope static analysis using FCs and CDDs by NTIMS.
Collector IC5 1C6 L4 L3 L2 L1 [¢ H1 H2 H3 H4
Type CDD CDD 101% Q 102 Q 10'2Q 102 Q 1020 102 Q 1012 Q 102 Q 102 Q
Mass 230 232 234 235 236 237 238 240 241 242 243
Ton beam 198pt0, 1840505 1860505 1870505 1880505 1890505 19005054 19205160, 192051604570 1920510480 195pt0,
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Table 3
Measurement parameters.
Configuration Method Blocks Cycles In. (s) N.I Id. (s) E.T. (°C)
S.S. Seq.1 FC (10" 4 10" Q Amp.) + CDDs Static FCs + CDDs 10 20 8 1 12 700-830
Seq.2 SEM (IC 1C) Multi-step 4 3
R.S. Same as Seq.1 830-890
S.S./R.S. Interf. SEM (IC 1C) Peak hopping 1 10 4 1 3 Same as Sample

S.S.: Solution standard (single-element RMs); R.S.: Rock standard (geological RMs); Seq. 1: Main sequence for Os analysis; Seq. 2: Subsequence for 18405054 analysis
using SEM; Interf.: Interference measurement for W and Re; In.: integration time; N.I.: number of integrations; Id.: idle time; F.T.: filament temperature.

2.6. Data processing

Following the measurements, the data were exported and reproc-
essed offline. In the first step, the cycle-by-cycle correction of isobaric
interferences of PtO, and PtO3 on OsO3 was conducted (the in-
terferences corresponding to each target mass number are listed in
Table 4). The ion beams of ¥*WO3 and ®°ReOs3 were analyzed using
pre- and post-run SEM (IC IC) peak-hopping measurement routines.
Subsequently, the isobaric interferences of lstOg, 186W03, and
187Re03 were calculated from 18303 and '8°Re05 and then subtracted
from 1840503, 1890505 and '870s03. However, '®3WO0s is itself subject
to significant isobaric interference from the heavy oxides of PtO»
(Table 4: Mass 231), which can be corrected by measuring the mean
interference value of °®PtO, using IC5 for each measurement. The
calculation of isobaric interference signals of Re, Pt, and W to Os depend
on the natural abundance ratios [28], namely, 187Re/185Re = 1.6738;
182y /183y — 1.8519; '8*w/18%W = 2.1412; '8w/18w = 1.9867;
190pt/198pt — 0.0016; '°2Pt/'%®pt = 0.1063; 19Pt/1%Pt = 4.4676;
195pt/198pt — 4.5015; and '*°pt/1*®pt = 3.4273.

Second, the oxygen isotope composition was calculated. The oxygen
isotope composition was determined in-run using measurements of
masses of 240, 241, and 242, corresponding to 192051603, 19205160170 ,
and 1°205'0380 , respectively (Table 2). To obtain the signal intensities
at masses of 240, 241, and 242 corresponding to the net signals of
192051603, 19205160370 , and 1°%0s'%03%0 , respectively, we stripped
the mass peaks of masses of 240, 241, and 242 of the various OsOs in-
terferences using the O isotopic composition of Nier [37]. The calcula-
tion method for 170/1%0 and 180,/%0 followed that of Chu et al. (2015)
[311.

In the third step, the oxygen isotopic interference was corrected
using the mean values of the oxygen isotope composition analyzed in-
run.

In the fourth step, the instrumental mass fractionation was corrected
using 1°20s/'880s = 3.083 with an exponential law, which was consis-
tent with the most recent 1°20s/'80s measurements conducted by
NTIMS [10,25,26,38]. Mass fractionation corrections of the oxygen
isotopes were not applied to the data processing as the mass fraction-
ation of oxygen isotopes can occur during oxygen preparation, activator
(Ba(OH)2/Ba(NO3),) preparation, and filament heating, and cannot be
quantified. However, the oxygen isotope composition was consistent in
one measurement, which was confirmed in our experiments (Section
3.4). Therefore, the oxygen isotope compositions obtained in-run were

used for calculations in one measurement, whereas the correction of
mass fractionation was conducted on the oxide Os isotopes.

The final step in data processing for each analysis was the rejection of
individual integrations outside two standard deviations (SDs) of the
mean value for the analysis.

3. Results and discussion

The long-term repeatability of the SRMs was based on the results
obtained over a period of 24 months from May 2019 to May 2021 at
different intensities by individually adjusting the evaporation filament
current. The repeatability of the three GRMs was calculated using three
measurements for each sample. The repeatability values (2RSD) are
expressed in %o.

3.1. Analytical results for the Os of SRMs

We present the data obtained from two isotopically distinct Os SRMs
that were used to assess the quality of %40s, 18%0s, and '870s mea-
surements using NTIMS or MC-ICP-MS in previous studies. The ion beam
of 192051605 was measured from 0.04 to 1.0 V for DROsS and from 0.04
to 0.5 V for LOsT in our study. The ion beams of }°20s'°03 were divided
into several data sections to assess their corresponding accuracy and
precision values: 0.8-1.0, 0.4-0.5, 0.2-0.3, 0.1-0.16, and 0.04-0.06 V.

3.1.1. The accuracy and precision of 18%0s/1880s

Among the seven Os isotopes, '3*Os has the lowest natural abun-
dance (0.02%). Although the signal/noise ratio of the 102 Q amplifier is
theoretically 10 times of that of the 10'! Q amplifier, and the use of the
10'3 Q amplifier could significantly improve the measurement precision
at low signals, our previous study showed that the precision by SEM is
better than that by FCs with 10'® Q amplifiers when the signal is less
than 0.4 mV (~20 kcps) [32]. In this study, the ion beam intensity of
184051°03 was determined between 1100 and 27,000 cps (approxi-
mately 21 and 520 pV), implying that the use of SEM to analyze
18405103 is the best choice for obtaining optimal precision.

The results show that the 1840s/1880s ratios and repeatabilities of the
solutions of DROsS and LOsT are almost the same at the 0.04-0.5-V
signal of 1°20s'%03, namely, 0.0013010 (28) (2 SD, n = 58, t = 12
months) and 0.0013014 (27) (2 SD, n = 55, t = 12 months), respectively.
Our data are consistent with the published data [25,27] in the error
range and had better precision, and the ion beam intensity for the

Table 4
The main known or potential polyatomic interferences in the mass spectrum of OsO3 ions during NTIMS analysis (O isotope interferences of Os are not included).
Mass 231 232 234 235 238 240 242
Ion beam 183W160; 18405160; 18605160; 18705160; 19005160; 19208160; 192081605807
Polyatomic interferences 195pl80, 184160, 18w, 187Rel®0, 190p(160), 19216, 194p(160,
196Ptl70180 196Pt1802 182W1601802
198Pt160170 198Pt1702 182W17Oé80
198Pt160180 183‘/\]17(:)3
183W160170180
184W16()17O2
184W160580
198Pt1802

1 85Rel 60;707
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analysis was only 1/100 to 1/10 of the latter (Table 5). Simultaneously,
when the ion beam intensities of 192051603 are between 0.8 and 1.0 V,
the 1840s/'880s ratio was 0.0013056 (28) (2 SD, n = 10). Although this
value is the same as those measured by FCs with 10'! Q amplifiers on
NTIMS [25,27], it is slightly higher than those measured on the
0.04-0.5-V signal of °20s'°05 (Fig. 1a). Additionally, the 18‘iOs/lSBOs
ratios of LOsT slightly increased with the ion beam of }°20s'°03 from the
0.04-0.5-V solution, whereas this trend was not observed for the load-
ings of DROsS (Fig. 1a and b). As the analyzed signals of 18405103 were
as low as 17-430 pV, PtO; and WO3 ions might have a significant
interfering effect on 184051605. The ion beam of PtO; and WO3 are
monitored using an analytical procedure. The results show that the in-
tensity of 1°®PtO; was approximately 1/2 to 1/10 that of 184051603
(Fig. 1c). Nevertheless, the intensity of PtO, at the mass peak of 232 is
only 1-3%o for 840s'°03 ions owing to the low abundance of 70 and
180 relative to °0 (Table 4). Moreover, the signals of 183WO§ are al-
ways less than 1%o of '840s'°03 ions. Accordingly, the interference from
PtO5 and 183WO§ was less than 4.3%o of the total signal at a mass of 232.
The intensities of both are the lowest at 0.05 V for 192051605 ions, which
is less than 1%o of the total signal at a mass of 232. We did a 600-step
mass scan from mass of 216-231 on 1 V signal of 1°20s'°03. The re-
sults showed that no interference signals existed at mass of 230 and 231
for 1°8Pt0, and '83WOs, respectively. Therefore, the difference in the
18405/18805 ratios of DROsS and LOsT should not be due to over-
correction of PtO, and WOs. It is possible that one or more unknown
184051605 (mass of 232) interfering molecules appeared with increasing
temperature during the measurement.

The signals of both 1°®PtO7 and !83WO3 were positively but not
linearly correlated with that of 184OSO§ (i.e., temperature) (Fig. 1c and
d). This means that both °®PtO3 and '®*WO3 ion beam might come
from the Pt filament. In previous study, Nowell et al. (2008) [26]
measured the '8%0s/'%80s ratios at 20-30- and 4-8-V signals of
192051603using MC-ICP-MS and TIMS, respectively, for the same LOsT
solution. The results indicated that the ratios of #*0s/!880s by NTIMS
were systematically higher than those obtained by MC-ICP-MS. We
agree with Luguet [25], who stated that 0.001300 is the best estimate of
the true 1840s/'%80s ratio, and the difference in 1840s/'®80s between
the results of MC-ICP-MS and NTIMS might be ascribed to the isobaric
interference of oxide molecules or the error of the deoxidation calcula-
tion. The value is likely to be more accurate when the analysis is con-
ducted using MC-ICP-MS in the positive mode. The results from our
static measurements using FCs with 10'® Q amplifiers and SEMs imply
that the accuracy of the '%0s/!%0s ratio is more reliable when
192051603 is measured at <0.5 V.

3.1.2. The accuracy and precision of 18°0s/'%80s and '870s/'%80s

LOsT and DROsS were measured at approximately 0.5, 0.25, 0.1, and

Table 5
The accuracy and precision of'#40s/1880s ratios of LOsT and DROsS.
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0.05 V for the ion beam of 19205160;. Additionally, a set of 19205160;
signals ranging from 0.8 to 1.0 V was measured for the DROsS solution.
The results are summarized in Table 6. The results indicate that the
ratios of '8°0s/1880s and '70s/®80s are consistent with the published
data within the error range, even though the ion beam intensities esti-
mated by our method are only 1/10 to 1/100 of those by conventional
methods. The precisions of the 1870s/!%80s and 1860s/1880s ratios from
DROsS and LosT were similar at the same ion beam intensities (Table 6
and Fig. 2). The repeatability of 18505,/1880s and 1870s/!%80s ratios
could be 0.50-0.60%0 when the ion beam intensities of *¢0s'®0; and
18705160 are as low as 2 mV. The precisions of the 1870s/'880s ratio
obtained in this work is in agreement with those obtained in our earlier
work for calibration solutions of DROsS, Merk-Os and JMC-Os at the
same ion beam intensity [32,34].

In a previous study, Luguet (2008) [25] measured a DROsS solution
using FCs with a 10! Q amplifier at a signal of 4-8 V for °20s'°0s,
obtaining a repeatability values of 0.048 and 0.025%. for #60s/!®80s
and 18705/18805, respectively. Liu (2014) [30] measured the DROsS
solution using FCs with a 10'2 Q amplifier at 0.04-0.95 V for 1°205'°0s,
obtaining repeatability values of 3.12-0.24 and 3.02-0.49%o for
18605/188_05 and 870s/1880s, respectively. In this study, when the
19205160, signal was 0.9-1.0 V, the repeatability values of the
18605,/18805 and 1870s,/'880s ratios of DROsS were 0.066 and 0.065%o,
respectively. These values are similar to those measured by Chu et al.
(2015) [31] at signals of 6-8 V for 192051603 using FCs connected with
conventional 10'! Q amplifiers and are considerably better than those
measured by Liu et al. (2014) [30] with a factor of 3-7 at signals of
0.47-0.95 V for 192(251603 using FCs connected with 10'2 Q amplifiers.
When the '°20s'°03 signal is approximately 0.5 V, the repeatability
values of both DROsS and LOsT for the 860s/!880s and 870s/!%80s
ratios measured by FCs connected with a 102 Q amplifier are between
0.072 and 0.14%., which are as good as those measured by Nowell et al.
(2008) [26] at 30 V by MC-ICP-MS and at 4-8 V by NTIMS (both for
19205104 signals) using FCs connected with 10! Q@ amplifiers. The
precision obtained by our analysis for 186057/18805 (0.066%0) and
18705/18805s (0.065%o0) at 0.9-1.0 V of 192051603 is slightly larger than
those obtained at 4-8 V of 192051603 by Luguet et al. (0.025-0.048%o)
[25] and Chatterjee et al. (0.016-0.024%0) [27] using NTIMS by FC
connected with 10! Q amplifiers. Considering that the analysis data is
only 200 for one measurement and the integration time for each cycle is
8 s in this work, and that both the counting statistics and baseline noise
are inversely proportional to the integration time and the analysis data,
it is theoretically possible to further improve the precision by increasing
the integration time and analysis data. In the results of Reisberg et al.
(2021) [33], the precision of 1#0s/'%80s is 0.119936 (12) at signals of
0.1-0.18 V for 192051603, which is as good as our value of 0.119944 (13)
at 0.4-0.5 V for 192051603, whereas we simultaneously obtained a

1920503 w) 1840503 (mV) 18405/1880s n Collector configuration Instrument
LOsT* 0.04-0.5 0.02-0.2 0.001301 (3) 55 CDDs + FCs (10'% +10'2 Q) NTIMS
LOsT” 30 14 0.001302 (10) 11 FCs (10" Q) MC-ICPMS
20 10 0.001303 (24) 12
4-8 2.0-3.9 0.001310 (16) 7 NTIMS
DROsS" 0.9-1.0 0.4 0.001306 (3) 10 CDDs + FCs (10'% +10'2 Q) NTIMS
0.04-0.5 0.02-0.2 0.001301 (3) 58
DROsS* 4-8 2.0-3.9 0.001305 (5) 8 FCs (10! Q) NTIMS
DROsS! 7 3.4 0.001305 (2) 8

@ This study.
" Nowell (2008) [26].
¢ Luguet (2008) [25].

4 Chatterjee (2015) [27]; the last two digits of uncertainty (2SD) are in parentheses after the'®40s/'880s ratio; “FCs (10> +10'2 Q)” denotes the FCs connected with
10'3/10'2 Q amplifiers. These expressions are the same as those listed in the following tables.



G. Wang et al. Analytica Chimica Acta 1278 (2023) 341721
1920303 ) 1920303 ) Fig.. 1. Accuracy and precision of '840s/'880s eTnd
00 03 06 09 72 76 015 030 045 20 the interference of PtO, and WOs. (a), (b) Correlation
0601835 L L L /L 1 1 1 At between ““0s'°03 and "“"Os “Os signals of DROsS
’ 12 DROsS b LOsT and LOsT. The 1920s'°0j signals is the upper abscissa.
The hollow symbols are data from the literature
8 0.0013204 "™0s/"*°0s =0.001301¢3, 25D, n = 58 which is same as that in Table 5; (c) Correlation be-
184, 188, - - - . . .
3 / B 08/ 0s/=0.0013013;28D;n =55 tween 1°8ptO, and '®*0s0; signals. The intensity of
~ 20 e 198 : : : ;
% 0.001305 J: PtO, ions is marked in the left ordinate; (d) Cor-
e} [T PY N g-. oe w & i‘ Aa o AA o a A_“__ﬁ Y : 183 184 ,
g Py o0 - an- J- l relation between "°°WO3 and "°"0sOj signals. The
- . . 183 _ . . .
0.001290] @ This stuay Os=0.00130623, 25D, n= 10 | A This study 1nte'n51ty of "**WO; ions is marked in the right
< Luguet (2008) K Nowell (2008) MC-ICPMS ordinate.
A Chatterjee (2015) O Nowell (2008) NTIMS
c d
%20s0,; ~ 0.9V [ 20
o~ 6000 ™
o) %20s0,: ~ 0.25V L15 &
~ 4000 ® o
Q F10 ©
a =
@ (]
2 2000 L5 =
—8—DROsS
—A—LOsT
04 FO
0 8000 16000 24000 0 8000 16000 24000
184 184
OsO; (cps) OsO; (cps)
Table 6
The accuracy and precision of *20s/*#80s and '870s/'80s ratios of LOsT and DROsS.
1920504 (V) 1860504 1870504 18605,/18805 18705/1880s n Collector configuration
(mV) (mV)
LosT® 0.4-0.5 18 16 0.119852 (12) 0.106919 (15) 12 CDDs + FCs (10"% +10'? )
0.2-0.3 10 9 0.119851 (22) 0.106924 (23) 20
0.1-0.2 4 4 0.119848 (47) 0.106924 (34) 16
0.04-0.06 2 2 0.119865 (74) 0.106913 (56) 7
LosT® 30 0.119816 (15) 0.106921 (12) 11 FCs (10 Q)
20 0.119815 (19) 0.106859 (36) 12
4-8 0.119828 (16) 0.106917 (15) 7
DROsS? 0.9-1.0 38 51 0.119946 (8) 0.160928 (10) 10 CDDs + FCs (10"% +10'? )
0.4-0.5 18 24 0.119944 (13) 0.160926 (11) 9
0.2-0.3 10 14 0.119951 (18) 0.160925 (14) 20
0.1-0.2 5 7 0.119953 (34) 0.160928 (25) 23
0.04-0.06 2 3 0.119937 (79) 0.160942 (27) 6
DROsS¢ 4-8 0.119929 (6) 0.160924 (4) 8 FCs (10! Q)
DROsS¢ 7 0.119930 (3) 0.160922 (3) 8
DROsS® 6-8 0.119933 (6) 0.160920 (12) 15
DROsS’ 0.47-0.95 0.119947 (29) 0.160938 (79) 13 FCs (10" + 10" Q)
0.04-0.05 0.119860 (374) 0.160890 (486) 14
0.005-0.019 0.11994 (157) 0.16104 (131) 18
DROsS# 0.01 0.119949 (197 0.160922 (1187) 1 FCs (1013 + 10! Q)
0.03-0.09 0.119951 (42) 0.160975 (364) 17
0.1-0.18 0.119936 (12) 0.160959 (56) 11

All data in this table were measured by NTIMS, except for the two ion beams of 120505 at 30 and 20 V by MC-ICP-MS in the positive ion mode. * 4 are the same as those
in Table 5; € Chu (2015a) [31]; fLiu (2014) [301; & Reisberg (2021) [33]. The signals of 186OsO_c, and 1870503 are the average values corresponding to the data sections

of the 120505 signal.

similar precision of 18705,/18805 0f 0.160926 (11) and a high precision of
18405/18805 of 0.001301(3).

3.2. Analytical results for the GRMs

Three GRMs samples, namely, WPR-1, BIR-1a, and BHVO-2, were
analyzed in our study. The 1870s/!880s ratios of these three rock samples
analyzed by FCs or SEM have been widely reported as they represent
typical mantle lithology and cover the Os mass fraction of most mantle
rocks. However, the 18405/18805 and 1860s/'%80s ratios of the GRMs
have rarely been reported. Among three GRM samples, the amount of Os
analyzed in altered peridotite WPR-1 was the largest, at approximately

12 ng, and was measured at signals of 0.23-0.36 V for1920503; the
maximum Os analyzed in basalt BIR-1a was 306 pg, measured at signals
of 12-25 mV for 1920503; and the amount of Os analyzed in basalt
BHVO-2 was the lowest, at approximately 66 pg, and was measured at
signals of 5-7 mV for 1920s03. All 1840s/!880s ratios of the three GRMs
were in accordance with those of the SRMs in the error range (Tables 5
and 7). The '8%0s/'880s ratio of WPR-1, BIR-1a, and BHVO-2 were
0.001300 (3), 0.001275 (46), and 0.001324 (116) (n = 3), respectively.
The poor precision of the 340s/ 1880@ ratio of BIR-1a and BHVO-2 was
ascribed to the extremely low '340s0j signals (<700 cps/13 pv).

The '860s/1880s and 1870s/!880s ratios of WPR-1 coincide with
those of Chu (2015a) [31], which were measured by FCs with 10l Q
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Fig. 2. Accuracy and precision of '#60s/*®80s and '8”0s/*#80s of DROsS and LOsT.
Table 7

The ratios of 840s/'80s, 1%0s/!880s, and 870s/1880s for three GRMs.

1920503 w) 1840503 (Cps) 1860503 1870503 18405,/1880g 18605/1880s 18705,/1880g n Collector configuration
(mV) (mV)

WPR-1" 0.23-0.36 8200 12 15 0.001300(3) 0.119869(7) 0.144558(7) 3 CDDs + FCs (10" +10'2 Q)
WPR-1¢ 3.8 - 0.119845(10) 0.144558(81) 4 FCs (10" Q)
WPR-1" 0.23 - - 0.144267(22) 3 FCs (1034+102 Q)

0.24 - - 0.144337(48) 3
BIR-1a" 0.01-0.03 550 0.7 0.8 0.001275(46) 0.120428(42) 0.133107(499) 3 CDDs + FCs (10'® +10'2 Q)
BIR-1a" 0.03 - - 0.133184(336) 3 FCs (10'°+10'2 )
BIR-1a' 0.05 - - 0.13347 (16) 4 FCs (10! Q)FCs (10! Q)
BIR-1a' - - 0.13372 (80) 8
BHVO-2° 0.005-0.007 280 0.3 0.3 0.00132(12) 0.12131(186) 0.14677(139) 3 CDDs + FCs (10" +10'2 Q)
BHVO-2" 0.008 - - 0.135100(762) 3 FCs (1034+10'2 Q)

0.007 - - 0.151570(415) 3
BHVO-2! - - 0.14653 (786) 6 FCs (10 Q)

@ This study.

¢ Chu (2015a) [31].

" Wang (2019) [34].
! Chu (2015b) [39].

J Ishikawa (2014) [40]. The signals 0f'840505,1%0s03, and'®’0s0; are the average values corresponding to the data sections of the'%20s05 signal.

amplifiers at intensities of 3.8 V for 1920503 (Table 5). Although the
192OsO;,» intensities are less than 1/10 of those of Chu (2015a) [31] and
the sample size is 1/2 of that in their study, our data show better pre-
cision. The 870s/1880s ratios of BIR-1a and BHVO-2 are also in agree-
ment with published data measured using FCs with 10'! Q amplifiers
[39,40]. Each of the three GRM samples had less than half the sample
size used in the literature. Additionally, the 1870s/180s ratios of BIR-1a
and BHVO-2 are consistent with our previous results measured using FCs
with 103 Q amplifiers [34]. Overall, the new method is suitable for the
Os isotope analysis of rock samples.

4 This study; ¢ Chu (2015a) [31]; h Wang (2019) [34]; ! Chu (2015b)
[39]; J Ishikawa (2014) [40]. The signals of 1840503, 1860503, and
1870503 are the average values corresponding to the data sections of the
1920504 signal.

3.3. Factors influencing the precision and accuracy of *8%0s

To date, no studies have determined '%%Os in samples with low
amounts of Os (<20 ng) because of its extremely low abundance
(~0.02% in nature). Only a few 18405,/18805 datasets exist for samples
with large amounts of Os (>40 ng) [25,27]. The main difficulty is
obtaining high accuracy and precision of 18405/18805 ratios at a low ion
beam intensity of 1840503 (e.g., <0.5 mV). In this study, an ion beam of
1840503 was collected by a CDD (IC6) to minimize the impact of noise
interference. Theoretically, this ensures high-precision data for a smaller
sample size. The extremely low abundance of '3Os makes it sensitive to
interfering ions and measurement parameters. Thus, it is necessary to
discuss the factors that could influence the accuracy and precision of
18405 determination.

3.3.1. Zoom Optics parameters and the operating voltage of IC6
Appropriate cup configuration and optical parameters are necessary
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to ensure analytical accuracy and precision. IC6 is mounted and fixed on
the detector of an L4 cup. Dispersion and focus of 33.0 and —8.0 V,
respectively, were used to optimize the peak overlap. After adjusting the
zoom optics, the peak overlap in all cup and IC configurations realized
ion collection at the same spot within the cup. Although the peak shape
of IC6 is slightly narrower, the data acquisition interval is consistent
with the flat-top peaks of other oxide molecules and does not affect the
accuracy of 1840503 determination (Fig. 3).

Notably, the detection results show that the peak shape of IC6 is
more sensitive to the operating voltage than those of IC5 and SEM (IC
1C)). IC5 and SEM (IC 1C) always exhibited a flat peak shape when the
operating voltage was adjusted to yield values from 90 to 100%.
Nevertheless, the ion beam peak shape of IC6 was flat only when the
yield was greater than 98% (Fig. 4a). Our results show that the ratios of
18405,/1880s are stable and the same as those in the literature only when
the yield of IC6 is greater than 98%; otherwise, the ratios are distinctly
lower (Fig. 4b).

3.3.2. Measurement model (static/peak-hopping)

The internal precisions of '30s/!%80s are similar and less than 1 x
10°%(2 SE, n = 200) in one measurement, regardless of whether 1840503
was analyzed by IC6 or SEM (IC 1C)) (Fig. 5a). The long-term repeat-
ability of the '840s/'%0s ratio is 0.001301 (2) (2 SD, n = 38) when the
ion beam intensity of #40s0s ranged from approximately 1100 cps (21
pV) to 13,000 cps (250 pV) by IC6 (Fig. 5b). Under the same conditions,
the long-term repeatability of the 1840s/'880s ratio was 0.001312 (13)
(2 SD, n = 47), as determined using SEM SEMs (IC 1C) (Fig. 5b). The
results show the long-term repeatability of 18405/1880s, of which the
1840503 ion beam analyzed by IC6 is approximately six times better than
that analyzed by SEM (IC 1C) (Fig. 5b). The improved precision of
1840503 by IC6 can be ascribed to the static measurement of IC6 and
other FCs relative to the jump-hopping of SEM (IC 1C).

3.4. Heavy oxide corrections

The accuracy and precision of Os isotope ratios could be affected by
variations in oxygen isotope ratios as Os isotopes are measured as OsO3
ions by NTIMS. In previous studies, O isotopes were either determined
using multistep dynamic analysis or static measurement with the
simultaneous determination of major Os isotopes and oxygen isotope
compositions; however, several Os isotopes had to be omitted. This is
due to the difficulty in aligning the FCs to collect the main Os'®03
isotopes and two heavy oxygen atoms from masses of 241 and 242,
which essentially comprise 19205190470~ and 1°?0s'°03%0~ in one
static collection. In this study, a new static method was used to simul-
taneously measure all Os isotopes and O isotopes. The results showed
that the mass fractionation of oxygen isotopes was very small in one
measurement but could be large in different measurements, which might
be attributed to the different volumes of added O3 and the filament
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temperatures in different measurements. The internal precision of the
1801605 ratio is commonly approximately 0.20%. (2RSE, n = 200)
during a single run, and the long-term repeatability of the 180,/!%0s ratio
is approximately 20%o (2RSD, n = 140) during two years (Fig. 6a and b).
The O isotope compositions of DROsS and LOsT approximately showed
the same range of variation; however, the data were not correlated well
(Fig. 6b). We measured a filament-loaded DROsS with 20 ng of Os at the
same filament current (1608 mA), same ion beam intensity of 192OsO§
(0.25 V), and same volume of added oxygen (the high vacuum (HV)
source pressure was 2.47 x 10~ mbar). The }70/'°0 and 180,/!0 ratios
from the three measurements defined a mass fractionation line with a
slope of 0.157 and R% =0.999. The same heating current (1608 mA) was
maintained in the fourth measurement of this filament as in the previous
three analyses, and the volume of added oxygen was halved (HV was at
2.05 x 1077 mbar, based on a HV of 1.60 x 10”7 without added O,). As a
result of the reduction in added oxygen, the '°20sO3 ion intensity
decreased to 0.15 V. The 170/1°0 and ®0/1°0 ratios obtained in the
fourth measurement significantly deviated from the mass fractionation
line defined in the previous three analyses (Fig. 6¢). Although many
reasons exist for the variation in O isotope mass fractionation, our re-
sults show that different volumes of added oxygen significantly affect
the variation in the O isotope mass fractionation during the determi-
nation of Os isotopes.

Considering that the ratios of 170/1%0 and 180/!%0 can vary greatly
between different measurements, high-precision data should be ob-
tained using in-run measurements rather than fixed values of O isotopic
composition. Using our new method, it is simple to determine the in-run
oxygen composition.

4. Conclusions

We present a novel static method for the high-precision measure-
ment of 1840s/1880s, 18605/1880s, and 1870s/1%%0s ratios using a cup
configuration combination of CDDs and FCs with 10'® Q and 102 @
amplifiers. This cup configuration enabled the simultaneous collection
of all Os isotopes, monitoring of the isobaric oxide interference of PtO,
and PtOs, and measurement of the oxygen isotopic composition in the
run.

By choosing the SEM (CDD) with the highest signal/noise ratio to
collect the 184OSO§ ion beam, our new method can analyze the 184OsO§
ions with signals as low as 1100 to 27,000 cps (~21-520 pV). An
18405,/1880s precision of 2-3%o was obtained, which was consistent with
or better than that analyzed by FCs with a conventional 10'! Q amplifier
for 1840503 signals greater than 2 mV. Extrapolating from the measur-
able 1840503 signal, our newly proposed method only used 1/5 to 1/100
of the sample size of the conventional method to obtain the 840s/!®80s
ratio with the same precision.

All Os isotopes, except 1840s, were analyzed using a combination of
FCs with 10! Q and 10'2 Q amplifiers. The results suggest that the
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precision of the '%0s/'%80s and '870s/'%80s ratios is 0.066%0 when
1860503 and 1870503 signals are at 30-50 mV. This is consistent with the
precision of the '#0s/'880s and 1870s/!%80s ratios measured by FCs
with conventional 10! Q amplifiers when #0505 and 18”0503 signals
were greater than 150 mV.

The Os isotope measurements of the three GRM samples show that
the new method can be applied to real geological samples with sample
sizes of <1 g and Os mass fractions ranging from 13 ng g~ ' to 76 pg g 1.

Additionally, our results show that oxygen isotopic compositions
vary between different filaments and different analyses but are stable in
one measurement. This variation can be significant because of the
changes in the volume of added oxygen during the measurement.
Therefore, the isobaric oxide interference should be corrected based on
the oxygen isotopes in each measurement. In this study, we provide a
new method for simultaneously obtaining high-precision 840s/1880s,
18605,/1880s, and 1870s/1880s ratios when the 2*0s03 signal is larger
than 21 pV and the signals of #0503 or 1870503 are less than 50 mV.
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