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Abstract

A batch of Sk gas prepared by Messer (Germany) was metrologically certified for absolute isotope abundance ratios anc
molar mass (atomic weight) of sulfur following the ISO/BIPM Guide to the expression of uncertainties in measurements. The
certification is based on the “Avogadro Il Measurement Procedure” using the “Avogadro [l amount comparator,” which was
developed in the framework of the redetermination of the Avogadro constant. For the correction of small remaining systematit
effects of unknown nature, synthetic isotope mixtures of&\gonverted to SFwere used in order to obtain “calibrated” or
“absolute” values with small combined uncertainty. The values for this sulfur primary isotopic gas standard (PIGS) are
traceable to the Systee International d’Unite (SI) in the shortest possible way and can therefore serve as a link to SI when
used in differential measurements. The PIGS is now commercially available. (Int J Mass Spectrom 193 (1999) 1-8) © 199¢
Elsevier Science B.V.
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1. Introduction relative differences in the isotope abundance ratio
compared to a reference, e.g. the average isotopic
Variations of the sulfur isotopic composition in composition. The (%0) notation is commonly used: it
nature are well known and are related to the biological is the relative difference between an isotope abun-
cycle, S-bearing gases of volcanoes, (present day anddance ratio in a sample material with respect to that in
ancient) oceans, (recent and ancient) sediments, fuela reference material. It is calculated Iy (%) =
mineral deposits, etc. [1]. For many applications in [(RsampidRred) — 1] X 1000, whereR stands for the
research or investigations of practical interest, the isotope abundance ratio concerned: ®g= f(**S)/
measurements of the absolute isotopic composition is f(*2S), wheref is the isotope abundance.
not necessary: it is often sufficient to measure the In order to establish international comparability the
measurement community agreed in 1962 on Canyon
Diablo Troilite (CDT) as international reference ma-
* Corresponding author. E-mail: staf.valkiers@ping.be terial for the sulfur isotopic composition. However,
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after more than 30 years the CDT material was proven reference material for delta measurements is required.
to be slightly inhomogeneous in the sulfur isotopic And finally without SI traceable absolute values the
composition [2,3] and its availability became limited. measurement community will be faced again with the
This caused two problems with the consequence thatsecond problem mentioned above when on one day
the comparability of sulfur isotopic data generated by IAEA-S-1 is exhausted.
different laboratories was in danger. (1) The inhomo-  With this in mind, IRMM decided not only to
geneity limits the internal comparability of delta measure Sl traceable values for the isotopic compo-
measurements of sulfur against CDT. (2) The compa- sition of IAEA-S-1, IAEA-S-2, IAEA-S-3 reference
rability of measurement results in time is in danger materials, two Chinese standards and to reassess the
because CDT serves as an artefact with limited absolute values of V-CDT [7], but also to develop and
availability and its absolute isotopic composition metrological certify a Primary Isotopic Gas Standard
(R34/32 is only based on a consensus—thus not a (PIGS) for sulfur in the form of SFwith very small
Systane International d'Unite (SI) traceable—value.  combined uncertainties on the absolute sulfur isotope
Whereas the first problem can not be solved anymore, abundance ratiosR;,,5, and for the very first time
it was proposed to overcome the second problem by Rs3,5,), and to make this widely available for sulfur
establishing the link between CDT and a new refer- isotopic measurements as supplement to the existing
ence material. The IAEA Advisory Group on Refer- solid (mainly AgS) standards. Bottling of the PIGS
ence Materials proposed in 1993 to introduce a new was done by and at Messer (Duisburg, Germany) who
V-CDT scale [4,5] fixed to a new reference material ensures the distribution. §FRvas chosen because
(IAEA-S-1) in form of Ag,S distributed by the IAEA already in 1978 by Rees as summarized in [1] pointed
(Vienna). The proposal was accepted by CAWIA in out that measurements on this gas are more precise
1995 [6]. Based on the mean of mass spectrometric and, more importantly, have the potential for smaller
measurements reported by 15 laboratories, the link combined uncertainties than those obtained using
between V-CDT and IAEA-S-1 was established by SO,, because its adsorption is much lower, its inter
348(|AEA_5_1) = — 0.3%0 versus CDT with an uncer  action with water is much smaller and fluorine is
tainty of zero. Only 3 laboratories used the;36ute monoisotopic. It is likely that the significant differ-
for their measurements [5], others measured oy, SO ences between results reported for IAEA-S-1 by
a method which suffers more from adsorption and different laboratories are due to the CDT inhomoge-
more critically where the variability of the oxygen neity and/or the use of different instruments and
isotopes needs to be taken into account. chemical procedures. As indicated previouslys &

not in widespread use in the measurement community

due to the potentially dangerous preparation methods.
2. Need for making a primary isotopic gas SO, is certainly an interesting PIGS candidate, bit
standard for sulfur starting with SQ would have meant to start with a

more complicated system due to the variability of the

As long as the agreed reference material is stable, oxygen isotopes. However, IRMM recently started the

homogeneous and available, there is no need for work on SQ.
absolute measurements in many applicatiodsw- The approach of delta measurements to directly
ever, values for the isotope abundance ratios of the measure differences versus a reference sample by
reference samples are not always stable in time andusing a double inlet system (viscous leak) and double
may be subject to new “consensus” agreements by theor multiple collectors is not applicable for absolute
measurement community. Moreover, to establish measurements as it relies on “reference samples”
comparability in time and space and independent of close to the isotopic composition under investiga-
the actual agreed reference samples, the knowledge oftion—a visious circle. A basically different measure-
the Sl traceable absolute isotopic composition of a ment procedure must be used. We chose the measure-
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Table 1 _ between gas and inner walls of the containers. In

Experimental and theoretical values for the "square-root-olmass 5 qar 1o avoid possible mass fractionation effects

ratio”; combined uncertainties, are given in parentheses and . . .

apply to the last digit(s) of the values during sampling gas from the can, the latter is
(M2 s equipped with a specially developed (to prevent mass
predicted by the (M/'M)® fractionation during sampling) valve (Messer article
kinetic gas theory experimentally observed no. 795.08312).

M(33SF,)/M(32SF,) 1.003 42 1.003 47(89)

M(3‘SF,)/M(®?SF,) 1.006 83 1.006 86(13)

4. Measurements of the sulfur isotope abundance

. . ratios: the instrument used
ment procedure and instrument used in the framework

of the redetermination of the Avogadro constant. It
implies a single collector magnetic scanning approach
and a molecular leak as described in [8—11]. Absolute
isotope amount ratios of different elements have been
measured at IRMM with small combined uncertainty
[12-15]. For the metrological certification of the
PIGS the measurement approach applying the Avo-
gadro measurement procedure was verified with dras-
tically reduced uncertainty by using two synthetic
isotope mixtures of AgS prepared and converted to
SFK; at IRMM [15]. The composition of the mixtures
was close to the average of the natural sulfur isotopic
composition.

The ISO/BIPM Guide on the expression of uncer-
tainty in measurements [16] was followed in the
metrological certification of the PIGS. The combined
uncertainty on the measurement results for PIGS
certification is very small, i.e. smaller or at least
comparable to the precision of “differential” measure-
ments.

The re-determination of the Avogadro constant
[8—10] required high accurate silicon isotope abun-
dance ratio measurements. The Si was converted into
SiF, as gas source isotope mass spectrometry is
highly developed. These measurements were per-
formed using a Finnigan MAT 271 mass spectrometer
modified at IRMM [8], and now customarily called
the IRMM/MAT 271 mass spectrometer or “Avo-
gadro Il amount comparator.” Its use has led to
significantly improved measurements of isotope abun-
dance ratios and molar masses of several elements
(e.g. Si, Pt, Kr, and Xe).

In this instrument, as in any other gas mass
spectrometer, adsorption is responsible for memory
effects, which is particularly important when samples
with very different isotopic composition are measured
sequentially. Adsorption models for this particular
instrument [17-19] have been recently developed.
They allow to monitor and to predict adsorption and
desorption coefficients as well as the associated iso-
tope fractionation effects for flow rates through the
molecular leak at the inlet of the spectrometer. These
models have also been applied successfully to reduce
the combined uncertainty of the “calibrated” measure-

) X ! X ment of the sulfur isotope abundance ratios of the
s a Sk gas with a chemical purity ok(SFg) = PIGS by decreasing the uncertainty of the isotopic

”(SFG)’”(QaS): 0.999 999# 0.000 001 from .one ., Measurements of the highly enriched starting materi-
homogenized patch supplled by Messer, Duisburg als for the synthetic isotope mixtures (Table 2). It is
(Germany). It is bottledn 1 L aluminum cans at a

pressure of 1.2 10° Pa. Messer developed techno
logical procedures to ensure minimum interaction

3. Description of the primary isotopic gas
standard for sulfur as SF;, IRMM-PIGS-2010

The material for the primary isotopic gas standard

important to note that sample cross contamination due
to memory effects is an often underestimated source
of uncertainty when measurements on highly enriched
materials are performed alternately. Memory effects

*Address: R. Schmidt, Withstrasse 170, D-47053 Duisburg.  can persist for a (very) long time in a mass spectrom-
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eter, especially if resulting from isotopically different As the molecules containing the lighter isotope
species of the same gas [19]. effuse at a higher rate through the molecular leak than
those containing the heavier isotope, the gas remain-
ing in the inlet system becomes progressively en-
5. Measurements of the sulfur isotope abundance iched in the heavier isotope. Thus, the desired initial
ratios: the measurement technique used isotope amount ratio in the gas sample is obtained by
extrapolation of the logarithm of the measured isoto-

The ion currents from the isotopically distinct i ion current ratio values (between 5 min and 2 h) to
molecules of SF; were measured by magnetic-field inet = 0, j.e. to the time when the gas starts to flow

scans directing the ion beam over a single Faradayinto the ion source. The gas effusion can be repre-
cup. Then the mean ratios of the recorded ion Currents ganted as a first order reaction whekg is the

2 6 !
atm/z127 (*SK) to 131 (“SFs) were calculated.  qf,6ion kinetic constant of the molecular species

~ During the measurement, the sample in the expan- ., naining the isotopethrough the inlet system leak:
sion vessel of the spectrometer changes in its isotopic

composition as a function of time because the effusion dn/dt = —k;n; (1)
rate from the expansion vessel through the leak in the hence

gold foil at the inlet of the spectrometer [17] is mass

dependent. The gas effusion through the gold foil dn/n, = —k dt

holes is very close to ideal molecular flow, as the
pressure in the inlet system is about 0.55 Pa at a
working temperature of 75 °Q. The corresponding In(n/n% = In (1/19) = —k,dt )
mean free path of molecules is about 0.01 m com-

pared to the hole dimensions of 20n. The Sk gas Eq. (2) can also be written for the most abundant
flowing into the ion source has isotope abundance isotope®?s:

ratios R;/3,(flow) which is related to those of the gas oy _ oy _

in the inlet systenR, 3,(inlet) through the well known In (Nz/Nzz) = 1N (12l ad) = ~kiaeflt 3)
relationship Rs(flow) = R inlet) X (M/2m)~2 By combining Egs. (2) and (3), the relationship of the
whereR, 3, = n('SF;)/n(*SKy) is the amount (abun  isotope amount ratio versus time is derived to be
dance) ratio of the isotopic molecules with mass o

M('SF) and the isotopic molecules with mass N Ris2= 1N Rz + (Kisz = kit (4)
M(*?SFy). The superscript 32 is used for the molecule Eq. (4) provides the basis for obtaining the initial
yielding the most abundant ion species in the mass jsotope amount ratio by linear extrapolation of In

thus

spectrum, i.e. the one carrying the isoto38 (M = Rs, to timet = 0.
32 33 34 . .

146 for>°SF;, 147 for="SF,, 148 for*"SFK;, and 150 Remembering Eq. (3), it can also be transformed

for 3°SK). into:

Table 2 [(In Ryz/In RY:0)/In (155/19,)]

Measured isotope abundance fractiéref the isotopically

enriched sulfur materials used for the preparation of synthetic = [(ky; — k.32 k 32]

isotope mixtures; combined uncertaintigsare given in

parentheses and apply to the last digit(s) of the values =al,,— 1=CMMY2-1 (5)
Enriched®?S Enriched®3s Enriched®'s

{S) 08991050(17) 0.046495 (18) 0,036 883 7(15) where alj,, = k. /K 3, is the isotope fractionation
f(S)  0.0004816(14) 0.9493600(22)  0.000 453 3(4) factor for effusion through the pinhole leak equal to

f(>*S)  0.0004095(14) 0.0041348(11) 0.9626456(23) (32M/'M)~®.

f("S) 00000089(7) ~ 00000101(3)  0.0000174(18) g 1165 the value 1/2 if the gas flow through the
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Fig. 1. By plotting InR,;;) vs.t [Eq. (4)] or In (15./13,) [Eq. (3)]
a linear relationship is obtained, the slope of which yields an

experimental value for the square root of the isotope mass ratio.

Theoretical and experimental values are given in Table 1.

leak behaves strictly according to kinetic gas theory
thus without any adsorption or other effects in the
inlet system. These ideal conditions are well ap-
proached in the IRMM Avogadro Il amount compar-
ator [18]: plotting InR;,5, versus [Eq. (4)]. Applying
Eqg. (5) permits the calculation d®,,5,, and a linear
relationship is obtained, the slope of which gives an
experimental value for the-. As displayed in Fig. 1
and Table 1, the investigated SBehaves as an ideal
gas within the experimental uncertainty. It is impor-
tant to note that this is monitored during the isotope
abundance ratio measurement.

6. Verification of the measurement procedure
with reduced uncertainty by measurements of
synthetic mixtures of enriched sulfur isotopes

The Avogadro procedure is a measurement proce-

dure, known to yield isotopic measurement results of
high metrological quality [8—14]. Nevertheless, small

Gravimetrically blended
isotope mixtures

Enriched isotope
starting materials

Weigh

Homogenization
HNO, B, o, |

BaCl, ey

H,PO,+HCI+HI
¢ t H,PO+SnCl, ¢ t N Caac, t
ABNO ANO,

Assay
¢ l Brf's i Trace analysis L BrF; l
i e B

Isotopic abundance ratio determination

Fig. 2. Flow scheme for the preparation of synthetic sulfur isotope
mixtures.

other gases. However, this would be associated with a
large uncertainty and is therefore not applicable for
the certification of primary standards. Instead it was
chosen to apply the Avogadro measurement proce-
dure to synthetic isotope mixtures of 4% which
were converted to §fin order to verify and quantify
the degree of understanding of the measurement
process against the known values of the mixtures
(based on gravimetric preparation), reaching a much
reduced uncertainty. Moreover, this approach enables
to investigate the dependencekofon the isotopes as
well as on the size of the amount ratio concerned.
The preparation of the synthetic isotope mixtures
and the conversion to $Fs described in detall
elsewhere [15] and summarised as follows: A set of
synthetic isotope mixtures for the calibration of mea-
surements of sulfur isotope amount ratios and molar
mass was gravimetrically prepared from high purity
Ag,S materials enriched if?S, 335, and®*S. The
mixtures had an isotopic composition such as to
closely resemble the (natural) isotopic compositions
of the materials to be measured. In order to meet both
metrological and cost boundary conditions, the isoto-

residual systematic effects of unknown nature must be pically highly enriched starting materials (Table 2)

quantified. The introduction of a residual correction
factor K,.{K,.s = prepared amount ratio/observed

have been chosen carefully. On the one hand, there is
the need to prepare more than one mixture, using the

amount ratio), needed to convert observed ratios into three materials enriched itfS, *3S, and®*S. On the
corrected ratios, enables to account for that. As a first other hand, only small amounts can be prepared

approximationK,. and its uncertainty can be esti
mated on the basis d&f factors measured earlier for

within the limitations of the availability of the mate-
rials. It was decided to prepare one mixture close to
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Table 3
Uncertainty contributions on the isotope abundance fractidos synthetic sulfur isotope mixture 1; combined uncertaintiggre given
in parentheses and apply to the last digit(s) of the values

Uncertainty contribution in the seventh decimal from

Abundances
Isotope abundances as calculated  of mixture
from mixing process components Chemical purity Stoichiometry Weighing Atomic masses
f(32S) 0.950 546 8(23) 15 9.7 <0.01 14 0.98
f(*3S) 0.007 474 0(14) 13 15 <0.01 3.2 0.95
f(®*s) 0.041949 1(16) 7.3 8.9 <0.01 11 0.90

natural sulfur isotopic composition where as in the uncertainties. Table 3 summarises for example the
second mixture the ratio af(*3*S)h(32S) was lower. individual uncertainty contributions for one synthetic
The scheme illustrated in Fig. 2 was followed. isotope mixtures, thus establishing a complete and
A careful study [15,21] had shown that 49 conservative uncertainty budget. The values from
perfectly fulfills all the necessary requirements of a Table 4 indicate, that the residual correction factor
precursor material for the preparation of the synthetic K,.sfor isotope amount ratio measurements of &F
sulfur isotope mixtures. It is stable, stoichiometric, very close to unity within uncertainties of(K,.d =
and nonhygroscopic and can be weighed to determine 0.000 049 fom(3*S)in(32S) andu(K,.) = 0.000 24
the S content with high accuracy. It can be well for n(*3S)hn(32S). This observation is consistent with
characterised for impurities and the conversion tg SF the fact that Skis a very inert gas having close to ideal
can be performed quantitatively. The mass ratios of gas behaviour. Moreover, the closeness of the values of
the precursor compounds (49) are an excellent K,to unity indicates not only, that the measurement
pathway to the isotope amount ratios, the quantity that procedure is well understood, but in fact can be seen as
is measured by gas isotope mass spectrometry.measure for the “degree of imperfection” of the mea-
Gravimetry is a primary method of measurement that surement. In addition, comparing values obtained using
can yield results reliable to 10 relative [11,23]. The  the Avogadro Il measurement procedure includitg,
isotope amount ratios of the synthetic mixtures and as explained above with earlier (independent) work of
their uncertainties were calculated using the IRMM one of the authors [21] show consistent results.
Isotope Mixture Program SPIRIT, an algorithm based
on the principle of calculating isotope amount ratios
for a mixture from 2 or 3 isotopically enriched starting 7. Primary isotopic gas standard IRMM-PIGS
materials [20]. The required input data in the case of 2010: Measurement of the individual bottles
sulfur were the isotopic composition of the starting
materials (AgS), the masses of the mixture and the For studying the homogeneity, the mean ratio
impurities of the starting materials and the associated observed for each bottlen(= 4) was normalised to

Table 4
(a) Isotope amount ratios for mixture 1 as calculated from gravimetric preparation, (b) observed on the Avogadro Il amount comparator, and (c)
calculated correction factoi§es = Rye/Robs COmbined uncertaintieg; are given in parentheses and apply to the last digit(s) of the values

(a) Isotope amount ratios as (b) Observed amount ratios as (c) Correction factor for

derived from the gravimetric measured by means of the residual systematic effects

preparationR,,e,, Avogadro Il amount comparatoR,,. Kres = RoredRobs
n(*3s)n(32s) 0.007 862 9(15) 0.007 862 5(12) 1.000 05(24)

n(*s)n(32s) 0.044 163 2(18) 0.044 172 6(10) 0.999 786(49)
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R (*?s/*s)/ mean R (*°S/**S) Table 6
Absolute sulfur isotope abundance ratios for IRMM-PIGS-2010
as obtained after applyin,.. (from Table 4) determined by
means of isotope sulfur synthetic mixture 1; uncertainties
1 i{{{{ {{{iI{IIEEEEI} indicated for the PIGS are expanded uncertaintles ku,,
whereu, is the combined uncertainty, with coverage fadtor
| 3 following the ISO/BIPM Guide to the expression of
0.9985 - - - - | uncertainties in measurements [16]; the PIGS values are
0 5 10 15 20 25 compared to the IUPAC selected “best measurement” of sulfur
[6], U = ku, with k = 2

1.0015

Can number

Absolute isotope Isotope abundance ratio of
abundance ratios of the IUPAC selected best
IRMM-PIGS-2010  measurement of sulfur [6]

Fig. 3. Mean observed isotope amount ratR§S£2S) for each
can ( = 4) normalised to the mean isotope amount ratios ob-
served for all cansr( = 76) with combined uncertaintiedJ(=

ku, with k = 2). The mean ratio for all cans was 1.000 0 U=3u) U=2u)

0.000 10. All cans and synthetic isotope mixtures were measured in n(33s)/n(2S) 0.007 945 7(63) 0.007 893(74)
the same series of tightly controlled measurements in a period of 11 n(3*S)In(*?S) 0.044 928(17) 0.044 360(42)
days. n(3es)n(33S) 0.000 15(2) 0.000 178(21)

the mean ratio for all bottles and displayed in Figs. 3 8. Conclusions
and 4 for the ratios(>3S)h(32S) andn(®**S)h(32S).
The uncertainty) = ku. (with k = 2) indicated by A primary isotopic gas standard (IRMM-2010) for
the uncertainty bars are overlapping for the different sulfur in the form of SE was developed and metro
bottles, thus no significant difference in the isotopic |ogical certified for absolute sulfur isotope abundance
composition of the bottles could be found. Can 6 was ratios with very small uncertainty. The measurement
found to be considerably contaminated with air. Since yncertainty was evaluated following the 1SO/BIPM
this affects the measurement precision can 6 was Guide on the expression of uncertainty in measure-
excluded. ments. The existing Avogadro || measurement proce-
From the observed ratios (Table 5) and the mea- dure was verified for SFby using two gravimetrically
sured K¢ factors (Table 4) the absolute isotope prepared isotope mixtures of A% (with an isotopic
abundance ratios of the PIGS can be calculated andcomposition close to the composition of the PIGS),
compared to the IUPAC selected best measurementwhich were converted to $FThis results in a drastically
[6] (Table 6). From the isotope abundance fractions, reduced uncertainty statement for the PIGS. The PIGS
and using the tabulated atomic masses [22] the abso-values are traceable to the Sl along the shortest possible

lute iSOtOpiC composition and molar mass of sulfur in way and can serve as “primary standard” [23] as a link
the PIGS was calculated (Table 7).

10010
Table 5
Observed isotope abundance ratios for IRMM-PIGS-2010; 10000 { { { } { } { { { { { { { {
combined uncertaintied = ku, (with k = 1) are given next to { { { { {
the digits where they apply; all bottles were measured four times,
bottle 6 excluded as described in the texts= 76 09990 ;
Observed sulfur isotope abundance 0 ’ v mﬂ_];i » 8
ratios for IRMM-PIGS-2010 using the
Avogadro measurement procedure Fig. 4. Mean observed isotope amount ratR(3*S£2S) for each
n(33s)h(32s) 0.007 945 31(90) ;::m f = 4) normalized to ihe mean isotope amount r;ﬁi()%“?/
n(3*s)h(32s) 0.044 928 6(44) S) ot_)servid for all cansi(= 76)_ with combined uncertainty =
n(s)n(2s) 0.000 157 0(50) ku, (with k = 2). The mean ratio for all bottles was 0.999 &9

0.000 20.
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Table 7

Absolute isotopic composition and molar magdgS)

(numerically equal to the atomic weight) of the sulfur in the
primary isotopic gas standard IRMM-PIGS-2010; all
uncertainties indicated are expanded uncertairtfies ku,,

whereu, is the combined uncertainty with a coverage fadtor

3; the sulfur atomic masses used in the calculation for the molar
mass are taken from [22]

Isotope Amount fraction Mass fraction Uncertainty
325 0.949 646 0.946 884 0.000 027
33s 0.007 546 0.007 759 0.000 010
313 0.042 666 0.045 197 0.000 015
363 0.000 142 0.000 160 0.000 014

molar mass of 32.065 333 80

to Sl for differential isotope abundance ratio measure-
ments of sulfur in e.g. geological, atmospheric and other
samples. It was decided to make this Primary Isotopic
Gas Standard commercially available as IRMM-PIGS-
2010 via Messer. It is availableil L cans under a
pressure of 1. 10° Pa. IRMM-PIGS-2010 continues
the existing PIGS series of Xe and Kr with a third
element: sulfur as SH24].
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