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Revised §**S reference values with associated expanded uncertainties (95% confidence interval (C.1.))
are presented for the sulfur isotope reference materials IAEA-S-2 (22.62 £ 0.16%0) and IAEA-S-3
(—32.49 £ 0.16%o0). These revised values are determined using two relative-difference measurement
techniques, gas source isotope ratio mass spectrometry (GIRMS) and double-spike multi-collector
thermal ionization mass spectrometry (MC-TIMS). Gas analyses have traditionally been considered
the most robust for relative isotopic difference measurements of sulfur. The double-spike MC-TIMS
technique provides an independent method for value-assignment validation and produces revised
values that are both unbiased and more precise than previous value assignments. Unbiased
8%*S values are required to anchor the positive and negative end members of the sulfur delta (8)
scale because they are the basis for reporting both §°*S values and the derived mass-independent
A3*S and A3°S values. Published in 2009 by John Wiley & Sons, Ltd.

Sulfur (S) has four stable isotopes: 832G 33g 345 and 3°S, with
approximate relative isotopic abundances of 95, 0.75, 4.2 and
0.15%, respectively. The abundances of these isotopes change
in response to atmospheric, geologic, biologic, and hydro-
logic processes and consequently they are powerful tracers of
the sources, transport mechanisms, and reactions involving S
in these environments. These changes are measured as
variations in sulfur isotope amount ratios. Because the mass-
dependent variations in sulfur isotope amount ratios are
small, the isotope-amount ratio variations are expressed as
differences between a sample and a standard. The differ-
ences in measured isotope-amount ratios [11(**S)/n(**S)] for a
given sample are reported, for example, as §%4S values

defined in Eqn. (1):
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where [1(3*S) /1n(3*S)Isamprr is the measured (3*S)/(3?S) ratio
in the sample and [1C*S) /n(®*S)lycpr is the measured (**S)/
(?S) ratio in the standard IAEA-S-1. The primary isotope
reference material for the &S isotopic scale is the
International Atomic Energy Agency’s IAEA-S-1, which
has a consensus value of —0.3%o to bring the scale in line with
older §**S measurements made on the Canyon Diablo Troilite
(CDT) scale. IAEA-S-1 defines the Vienna Canyon Diablo
Troilite (VCDT) scale.'
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Traditionally, geological or mineral samples have been
used as sulfur isotope standards, but many of these turned
out to be isotopically inhomogeneous. Laboratory inter-
comparison exercises on these materials commonly showed
variability that was larger than the typical analytical
precisions of isotope ratio mass spectrometers, thus raising
concerns regarding the calibration of sulfur isotope measure-
ments. Originally, 84S values were reported relative to the
CDT standard, which was given the value of 0%.. As
instrumental precision improved, it was suggested that CDT
was inhomogeneous at the 0.4%o level.? Thus, in the 1990s,
three new chemically pure and homogenous silver sulfide
calibration/reference materials were synthesized: IAEA-S-1,
IAEA-S-2, and TAEA-S-3 (formerly NZ1, NZ2, and NZz3).2
The starting materials for IAEA-S-1 and IAEA-S-3 were
sphalerites with 8%Scpr values close to 0 and —30%o,
respectively. IAEA-S-2 was produced from a gypsum
with a §8*Scpr value close to +21%.> These reference
materials are distributed by the IAEA and NIST as IJAEA-S-1
(NIST - RM 8554), IAEA-S-2 (NIST —RM 8555), and IAEA-S-3
(NIST — RM 8529). The §**Sycpr values reported for these
reference materials, given in Table 1, vary in some cases by
more than the stated analytical precisions, suggesting that
the corrections applied for biases in the sample preparation
and gas source mass spectrometry procedures are question-
able.>*” In 2000, the 8th IAEA Advisory Working Group on
sulfur isotopes presented a consensus calibration of the
VCDT scale using these new IAEA reference materials.*” The
measurements used for the value assignment of JAEA-S-2
(~22.66 % 0.13%» (15)) and IAEA-S-3 (~32.30 £ 0.12%o (16))>°
were based on absolute ratio measurements performed by
Ding et al.*®? at the Institute for Reference Materials and
Measurement (IRMM) Geel, Belgium, and isotope ratio
difference measurements performed at the Institute of
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Table 1. Published sulfur isotope-ratio data for the three IAEA sulfur reference materials used to set historical consensus values

8%S(i/VCDT) Value
8315 % 10° (%0) £ 16 or §*S(i/CDT) type Method Source of data
IAEA-S-1 (Ag,S) —0.30+0.03 (n=3) CDT Consensus value G-IRMS-SF¢ Robinson®
(defines VCDT) —0.26 £0.09 (n=15) CDT Consensus value G-IRMS-S0, Robinson®
IAEA-S-2 (Ag,S) 21.74+03 (n=4) VCDT Consensus value G-IRMS-50, Robinson®
21.5+0.07 (n=4) VCDT Consensus value G-IRMS-S0O, Robinson®
22.66 VCDT Consensus value G-IRMS-SF, Taylor et al.*
22.67+£0.15 VCDT Discrete value G-IRMS-SF, Taylor et al.* and Ding et al.®
22.64+0.11 VCDT Discrete value G-IRMS-SF, Taylor et al.* and Ding et al.®
22.66 +0.81 VCDT Discrete value G-IRMS-SF¢ Taylor et al.*
22.66+£0.13 VCDT Consensus value G-IRMS-SF, Taylor et al.”
22.74+0.2 VCDT Consensus value G-IRMS-SFq IAEA”
[AEA-S-3 (Ag,S) —32.30 VCDT Consensus value G-IRMS-SF, Taylor et al.*
—32.55+0.12 VCDT Discrete value G-IRMS-SF, Taylor et al.* and Ding et al.®
—32.06+£0.11 VCDT Discrete value G-IRMS-SF, Taylor et al.* and Ding et al.®
—32.24+0.38 VCDT Discrete value G-IRMS-SF, Taylor et al.*
—32.30£0.12 VCDT Consensus value G-IRMS-SF, Taylor et al.”
—-32.3+0.2 VCDT Consensus value G-IRMS-SFq IAEA”

Mineral Deposits (IMD) Beijing, China (now Institute of
Mineral Resources, CAGS) and the Geological Survey of
Canada (GSC) Ottawa, Canada (Table 2 and Figs. 1(a)
and 1(b)). Although the values reported for IAEA-S-2 appear
to be consistent among laboratories, those for IAEA-S-3
appear to be inconsistent showing a 0.5%. difference between
IRMM and IMD, which is well outside their stated precisions.

Recently, a multi-collector thermal ionization mass
spectrometry technique was used to measure §**Sycpr in
the same three international reference materials.'” The
technique is based on the production of arsenic sulfide
molecular ions (AsS™) by thermal ionization using silica gel/
phosphoric acid as an emitter and combines MC-TIMS with a
335365 double spike. This is an internal correction method
that is well understood and the only known potential bias is
in the fractionation law (linear, power, or exponential) used
to model and correct for instrumental (Rayleigh-like)
fractionation during thermal ionization. The MC-TIMS
technique can be used as a relative-difference method
thereby providing an independent way to assess the
differing values going into the § value-assignment for the
IAEA-S-2 and TAEA-S-3 standards. Using these new data
together with aforementioned data from IMD, we offer a re-
evaluation of the values put forward by the 8th IAEA

Table 2. §%*S data results for IAEA-S-2 and IAEA-S-3

Advisory Working Group and suggest new unbiased values
and associated uncertainties for IAEA-S-2 and S-3 relative to
VCDT.

MEASUREMENT TECHNIQUES EMPLOYED
FOR SULFUR ISOTOPE ANALYSIS

Numerous analytical methods have been developed for S
isotope composition analysis, each for a specific purpose.
Lists of these methods, including traditional and non-
traditional measurement techniques, are provided in
Tables 3(a) and 3(b), respectively. The type of procedure
and the instrument used for isotopic measurements are given
in columns 1 and 2, the species measured in column 3, the
purpose for which the techniques were developed in column
4, and the final two columns list the typical precisions
obtained using these techniques and the principal biases
associated with each.

Traditional measurement methods

Traditionally, §**S measurements are performed using
relative-difference dual-inlet!'™® or continuous-flow!?2!
gas source isotope ratio mass spectrometry (G-IRMS, CF-
IRMS), where sulfur is introduced as gaseous sulfur dioxide

IAEA standard Laboratory Sulfur isotope composition value §**S x 10% (%o) 1o
IAEA-S-2 GSC 22.66% 0.81
IRMM 22.64°P 0.11
IMD 22.67*P 0.15
Previous mean estimate 22.66™° 0.13¢
TAEA-S-3 GSC —32.24° 0.38
IRMM —32.06™" 0.11
IMD —32.55%P 0.12
Previous mean estimate —32.30*° 0.12¢

Taylor et al.;* Taylor et al.”
* Ding et al.®
“Excludes uncertainty from GSC.
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Figure 1. The individual laboratory results for IAEA refer-
ence materials IAEA-S-2 (a) and IAEA-S-3 (b) and the con-
sensus value identified by the 8th Working Group. The error
bars for the individual laboratory results are 16 as are those to
the right. The reported consensus values exclude the uncer-
tainty from GSC-Canada. See text for details.

(SO,) or sulfur hexafluoride (SFg). These external standard
techniques are commonly used with various on-line
hyphenated instruments including elemental analyzers
and gas chromatographs to automate the combustion and
purification processes. For SO, analysis, samples are
commonly converted into either barium sulfate or silver
sulfide and combusted to SO, gas for mass spectrometric
determination. Isotopic ratio determinations are made on
the SO; species with precisions generally in the 0.1 to 0.25%o
range.'!1#14151921 For GF,  analysis samples may be
converted into silver sulfide, or analyzed directly as natural
sulfide minerals, by fluorination to produce SF, gas for mass
spectrometric determination.'*'®™'® Sulfate samples require
additional chemical reduction steps to convert the sample
into the sulfide form for processing. The isotopic ratios
are measured using the SF: species. The SF4 technique is
the preferred technique for high-precision sulfur isotope
analysis (<0.1%o) because SF, gas is much less ‘sticky’
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than SO, gas, reducing the memory as well as scale
contraction/expansion effects associated with SO, gas, and
because interferences from the isotopomers of oxygen do not
exist. In cases where the amount of available sample is
limited, continuous-flow methods are preferred over dual-
inlet approaches because smaller sample sizes (1 pmol S or
33 g S) are required; however, measurement precisions are
typically degraded (~0.25%o).

Non-traditional measurement methods
During the last decade, many additional techniques have
become available for S isotope composition measurements.
For instance, on-line sulfur monoxide (SO) CF-IRMS and
laser-assisted SF; techniques have been developed that build
on existing IRMS methods. Sulfur samples analyzed using
the SO CF-IRMS technique are combusted to produce SO;
ions and SO™ ions are then generated via unimolecular
dissociation. The method was developed to accommodate
smaller sample sizes and the limited mass range of smaller
IRMS instruments, and to reduce the interferences from
oxygen isotopomers as well as decrease the sample
processing required for analysis.”>** This method is less
precise (<0.3%o) than the SO, and SF, techniques due to the
greater degree of scale contraction/expansion and linearity
difficulties associated with the SO' ion. Ono et al*
developed an in situ laser-assisted method for S isotope
analysis that is capable of measuring small sample sizes,
~5pngS, and providing data with high enough spatial
resolution to investigate biogeochemical processes that are
difficult to evaluate using conventional bulk analysis
methods. The technique takes advantage of the benefits
realized by the SFy technique; however, due to significant
instrumental mass bias from ion scattering and incomplete
transfer of sample in the vacuum line, and potentially
large blank effects, in addition to peak tailing, linearity and
scale contraction/expansion effects, the precisions (x0.2—-
0.3%0) obtained using this procedure are also degraded
relative to those from conventional SFs methods.?*?®
Several other independent techniques have also been
employed for S isotope measurements including multi-
collector inductively coupled plasma mass spectrometry
(MC-ICPMS),**3*  secondary ion mass spectrometry
(SIMS),>> tunable laser spectroscopy,®® the Avogadro
technique,®®” and double-spike MC-TIMS.'"® MC-ICPMS
has been increasingly used for precise isotope measurements
of the non-traditional stable isotopes as well as sulfur.*™*
The primary advantages of this method are the reduction in
required sample size (<10ugS) and the reduction in
preparation steps which reduce the potential blank. Com-
bining MC-ICPMS with laser ablation further allows for
in situ or high-resolution spatial analysis. The major draw-
backs of this technique are instrumental mass bias and the
matrix effects, which are particularly pronounced for laser
ablation measurements. As a consequence, the precisions are
typically not better than 0.2%o, and are more commonly
around 0.5%o. Similar to the laser ablation techniques,
SIMS has also been employed for in situ sulfur isotope
analysis.**®” A primary beam of cesium (Cs) is used to
sputter the sample to enhance negative secondary ion yields.
Ratio measurements are made on negatively charged
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Table 3a. Traditional measurement techniques for S isotope composition analysis
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Purpose

Typical
precisions (16)

Principal biases

Measure sulfur isotope
composition with high

precision (size required
> 1mgS)

~0.10-0.2%o"

Linearity, scale
contraction/ expansion,
mass interferences from
the isotopes of oxygen

Measure sulfur isotope
composition with high
precision on smaller
samples (=33 pgS)
compared with

off-line SO, procedures

~0.1-0.25%°

Linearity, scale
contraction/expansion,
mass interferences from
the isotopes of oxygen

Species

Procedure Instrument measured
Off-line Multi-collector gas isotope SO;
combustion SO, ratio mass spectrometry

(G-IRMS) or continuous

flow isotope ratio mass

spectrometry (CF-IRMS)
On-line SO5
combustion SO,
SFs Multi-collector gas isotope SFi Fis

ratio mass spectrometry mononuclidic

(G-IRMS)

No interference from
isotopomers of oxygen,
less ‘sticky” gas

<0.1%0¢

Linearity, scale
contraction/expansion,
peak tailing (although

minimal compared with
the SO, technique)

aThode et al.;'! Fritz et al.;'> Robinson and Kusakabe;'* Rees.'®
b Giesemann et al.;'° Grassineau et al.;?° Studley et al?

“Ding et al.;® Leskovsek et al.;'® Rees;'® Hoering and Prewitt;'” Gao and Thiemens.!

elemental sulfur (57). The method is quite complex and
large-scale fractionation effects occur associated with ion
emission and sample sputtering as well as fractionation
during transport from the sample surface to the detectors. In
addition, there can be quite significant matrix effects on the
instrumental mass bias.**72%" The precisions obtained by
this technique are ultimately similar to those obtained using
other in situ techniques, approximately 0.25%o. Another
technique, based on tunable laser spectroscopy, has been
developed as a potential field instrument for in situ S isotope
analysis.38 SO, is produced via on-line combustion tech-
niques and then expanded into the laser spectrometer. Once
enough gas is entrained, §°*S measurements are taken. The
precisions of this technique are ca. £4%o due to the extensive
fractionation from sequestration of SO, and other factors
such as measurement drift, memory effects, susceptibility to
temperature fluctuations, and optical fringe noise.

The majority of the non-traditional techniques mentioned
produce less precise measurements relative to the
traditional SO, and SF, techniques. However, two additional
non-traditional methods for S isotope analysis developed
within the last decade, the Avogadro and double-spike MC-
TIMS techniques, have achieved precisions that are com-
parable with those achieved by the best traditional
measurement methods (<0.15%0).°*'® The Avogadro
method, using synthetic isotope mixtures prepared grav-
imetrically from high-purity Ag,S enriched in %25 335 and
33, for calibration, has been used to determine absolute S
isotope ratios with reported precisions approaching 0.10%o.
All materials are converted into SF¢ gas and isotopic ratios
are measured as the SF! species on a modified single-
collector gas source instrument (IRMM’s Avogadro II
amount comparator, a modified MAT 271 mass spec-
trometer; FinniganMAT, Bremen, Germany) equipped with
a molecular flow inlet system.®®” The synthetic mixtures of
the enriched isotopes are used to correct the measured ratios
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to an absolute value. These mixtures are measured following
a rigidly defined protocol specifying the sample form,
amount, and loading parameters among other factors. From
these measurements, simple correction factors (c.f. =True/
Experimental) for the measured isotope ratios are obtained.

Sulfur isotope ratio measurements have also been
determined with very high precision (<0.10%0) using
double-spike MC-TIMS. This technique uses a high-purity
¥35.35 double spike calibrated relative to the internationally
accepted absolute value for VCDT reported by Ding et al.®
(6%*Sycpr = —0.3%0, 325 /3*S =22.6436) to calculate an instru-
mental fractionation factor (e) which corrects for the
instrumental fractionation inherent to the TIMS technique.'’
The major advantage of this technique is that its principal
known bias is the law used to correct for instrumental
fractionation. The accuracy of the three fractionation laws
(linear, power, and exponential) has been checked with
deterministic data as well by simulated data containing
random errors by Mann and Kelly.'” It was shown that sulfur
isotope fractionation during thermal ionization is similar to
the fractionation of calcium (Ca), selenium (Se), and
magnesium (Mg)'%*'™* and closely follows the exponential
law. This is a better choice for instrumental fractionation
correction as the drift in this value over the depletion of the
reservoir is smaller than for the other laws. For all MC-TIMS
data reported here, the exponential law was used for
fractionation correction. An additional benefit realized by
the double-spike internal standard technique is that it
introduces no new biases because only isotopic ratios need
to be measured; therefore, complete recovery of the sample is
not required for unbiased results, unlike techniques that use
external standards.'” By adding the double spike prior to
sample processing, any mass fractionation that may result
from sample loss during drying and/or chemical reduction
of the sample is accounted for by assuming that equilibration
is achieved between the sample and the spike. This is a major
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Table 3b. Non-traditional measurement techniques for S isotope composition analysis

Species Typical
Procedure Instrument measured Purpose precisions (16)  Principal biases
On-line Multi-collector SO* Reduced sample processing, <0.3%0" Linearity, scale contraction/
combustion SO CF-IRMS less interference from expansion, peak tailing
isotopomers of oxygen
Laser-assisted SFy, Multi-collector SF;, Fis In situ determination for 0.2-0.3%o° Linearity, scale contraction/
G-IRMS mononuclidic ~ spatial analysis, smaller expansion, peak tailing due to
sample sizes (=5 pg if fluorocarbons, incomplete transfer
combined with GCMS) of sample in vacuum line, blank
Solution/gas Multi-collector Reduce sample preparation 0.1-0.5%0° Correction procedure/law
ICPMS steps and time, smaller employed to model and correct for
samples (<10 pg), blank instrumental mass bias, matrix
reduction effects, extensive isobaric
interferences, blank
Laser ablation Multi-collector In situ determination for 0.2-0.5%0" Correction procedure/law
ICPMS spatial analysis employed to model and correct for
instrumental mass bias, matrix and
laser produced fractionation, blank,
background
Cs" beam SIMS Secondary In situ determination for ~0.25%0° Large-scale instrumental
ions of S~ spatial analysis fractionation during ion emission
and sputtering, fractionation during
transport from sample surface to
detectors, marked matrix effects on
instrumental mass bias, correction
law employed to model and correct
for instrumental mass bias, sample
voltage
SO, Tunable laser SO, Potential field ~4%" Measurement drift, memory effects,
spectroscopy instrumentation for in situ temperature fluctuations, optical
sulfur isotope analysis fringe noise
Avogadro Modified SF:, Fis Determine absolute values ~0.1-0.15%0% Linearity, assumptions regarding
single-collector mononuclidic  for three IAEA standards the kinetic gas law, effusion, and
gas source (IAEA-5-1, S-2, S-3) adsorption/desorption for mass
instrument fractionation correction, T/E
fractionation correction, ionization
probabilities
335.365 double MC-TIMS AsSt, As is Measure small (<1 pg S) <0.1%0" Correction law employed to model
spike mononuclidic  sample sizes, determine and correct for instrumental

concentration and
composition
simultaneously, evaluate
blank concentration and
composition

(Rayleigh-like) fractionation in
MC-TIMS

Baublys et al.;*> Kaufman et al.”
»Beaudoin and Taylor;2 Ono et al.;** Hu et al.?°
“Mason et al.;*® Prohaska et al ;> Krupp et al;*® You and Li;% Clough et al.;*° Sanamaria-Fernandez and Hearn;>! Craddock et al.>?
dCraddock et al.;*> Mason et al.;*>® Bendall et al.3*

®Riciputi;* Paterson et al.;*® Riciputi.’”
fChristensen et al.*®

8 Ding et al.;° Ding et al.’

"Mann and Kelly.10

advantage for small sample sizes (<1 umol S) where losses
could potentially produce changes in isotopic ratios which
would produce unknown biases in 84S, In addition, biases
due to interferences or scale contraction/expansion associ-
ated with G-IRMS do not exist because the technique is based
on solid source analysis on S as AsS™. Finally, the double-
spike method allows the isotopic composition and concen-

Published in 2009 by John Wiley & Sons, Ltd.

tration of the blank to be determined by direct measurement
by isotope dilution. Because of the significant advantages
realized by the MC-TIMS internal standard technique, it
provides an independent approach for the measurement of
87*S and it is thus an ideal method for the independent
validation of §**S measurements by traditional high-pre-
cision gas IRMS.

Rapid Commun. Mass Spectrom. 2009; 23: 1116-1124

DOI: 10.1002/rcm



IMPLICATIONS OF BIAS-FREE REFERENCE
MATERIALS

Most stable isotope applications employ the relative
differences in the isotope-amount ratios to assess changes
in the system of interest. This relative measurement scale, or
delta scale, is defined relative to the isotope-amount ratio in a
primary reference material where isotope-amount ratios are
reported as deviations from the isotope-amount ratio of the
chosen reference material (see Eqn. (1)). Determinations of
differences in **S/%’S between two samples are typically
more accurate than the independent determination of their
absolute isotope-amount ratio values** as biases are factored
out and instrumental biases are minimized. It has repeatedly
been observed, however, that laboratories measuring the
same sample often disagree outside their reported ‘uncer-
tainty’ of measurement,>*® and this situation has not
improved substantially in the last two decades, except in a
few cases.” The various techniques now employed for S
isotope analysis all have associated biases (Table 3) that, if
not corrected for properly, can cause potential offsets (e.g.
Fig. 1(b) — IAEA-S-3). To address these biases, end-member
reference materials that have accurate values are required
in order to appropriately correct the sample raw data. For
example, for isotope measurements performed with mass
spectrometric techniques, biases resulting from non-
linearities in the measurement system result in scale
contraction/expansion that can cause deviations of several
per mil. As noted by Gonfiantini*® and Coplen ef al.,*’ two-
point calibrations of the D, §'%0, and §'°C scales substan-
tially improve the agreement among laboratories; reducing
the variability by half in the case of §"°C. The zero of the
sulfur delta scale occurs at the middle of the range observed
for natural samples. By bounding the scale with two ‘bias-
free’ S isotope reference materials at each extreme that cover
the range of S isotope compositions observed in environ-
mental samples, an appropriate scaling factor can be
obtained for correction, thus improving consistency as well
as the potential accuracy of the measurements.

The determination of bias-free correction factors is
extremely important for mass-independent analyses. The
recent discovery of anomalous S isotope compositions that
significantly deviate from mass-dependent trends in rocks
older than 2.0Ga, in volcanic horizons in ice cores, and in
modern sulfate aerosols has increased the need for accurate
or bias-free sulfur reference materials.®®™ The determi-
nation of mass-independent isotope fractionation (MIF)
requires both S, §*S and S to be measured in the
sample in order to calculate A*S and A*S (A%S =55 —
k8315, A%°S = 8365 _ k §1S). Effects as small as |A33S\ =0.05%o
are now considered resolvable. Because these values are
calculated and not direct measurements, §°S, §**S and
8%°S determinations require, at a minimum, isotopically
homogeneous reference materials with accurate and precise
assigned values for calibration and correction. In the case of
A%®3S and A%°S anomalies, small errors in scale calibration can
have serious consequences. For example, if the assigned
8'S value for one of the IAEA end-member reference
materials used to anchor the VCDT scale deviates from its
true value by 0.5%o, a deviation of up to 0.25%o can occur in

Published in 2009 by John Wiley & Sons, Ltd.

Reference values for IAEA sulfur isotope reference materials 1121

A%S, thereby producing an apparent mass-independent
effect. This issue becomes even more critical in light of
the more recent discovery that material transfer within
biological and biogeochemical systems can produce small
magnitude mass-independent effects (<0.2%0) for both
ABS and A36G.56-59

CONSENSUS VALUES OF THE 8TH IAEA
ADVISORY WORKING GROUP

The ranges of the individual 8%4Sycpr values used in the
determinations of the consensus values for JAEA-S-2 and
IAEA-S-3 are 0.03%o0 and 0.50%o, respectively (Table 2 and
Figs. 1(a) and 1(b)). While the aforementioned ranges in
values suggest good agreement for IAEA-S-2 data the IAEA-
S-3 results are not in agreement. Note that the range in IAEA-
S-3 values is larger than the 0.4% range in isotopic
composition observed for CDT by Beaudoin et al.> which
was attributed to isotopic inhomogeneity and led to the
creation of JAEA-S-1 and the VCDT scale. Because each of
these laboratories used the same value for VCDT for
normalization, the results for IAEA-S-3 should show
variances similar to those observed for IAEA-S-2. Assessing
whether the IMD or IRMM methods differ was evaluated by
comparing the averages of the techniques assuming (1) the
variability in method A (IMD) and method B (IRMM) is
unknown but equal, and (2) variability in method A (IMD)
and method B (IRMM) is known from previous experience
and the standard deviations 64 and 65 are known.?® For the
first case, it was found that the mean value determined by
IMD differs from that determined by IRMM at not only the
95% level of significance but also at the 99% level. The second
case yielded the same results. A t-test, assuming equal
variances, similarly shows that the means differed at the 95%
and 99% levels. It is clear that these values differ and
therefore one or both must be in error. Note that the GSC data
cannot be used to resolve this issue as they are not
independent because the values were normalized to those
obtained by IMD to account for scale contraction. Detailed
examination of the data also suggests there may be some
arithmetical errors in the calculation of the mean for IAEA-
S-3 and the associated variances (T.-P. Ding, personal
communication, 2008). Thus, while the suggested value for
IAEA-S-2 appears to be robust and consistent, the same
cannot be said for the value for IAEA-S-3.

SULFUR ISOTOPE MEASUREMENT
METHODS USED FOR PREVIOUS
CONSENSUS VALUE DETERMINATIONS

Because of the real and variable biases of most S isotopic
methods only values measured using SFs chemistries were
used in the determinations of the consensus values for JAEA-
S-2 and TAEA-S-3. The SF, techniques used by IMD and GSC
are relative-difference techniques while the technique used
by IRMM is an absolute isotope ratio measurement. IMD and
IRMM used a conventional BrFs method for SF preparation
and GSC used a laser-assisted F, method.*®%? SF, tech-
niques are preferred over SO, methods for extracting and
introducing sulfur into the G-IRMS system for reasons
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mentioned earlier and are consequently less biased and have
higher precision (<0.1%o).

When the 8th IAEA Advisory Working Group met (2000)
the SFe techniques were the best methods available for S
isotope analysis and were the most suitable for value
assignment. However, the variations observed for IAEA-S-3
suggests either isotopic heterogeneity or that potential
difficulties exist in the application of correction for biases.
The Avogadro technique takes advantage of the benefits of
the SFs method and yields highly precise data, yet the
procedure is quite complex and involves a number of
important assumptions compared with the relative differ-
ence G-IRMS techniques for S isotope ratio measurements.
To obtain an absolute isotope amount ratio, the observed ion-
current ratio is converted into an isotopic amount ratio using
the “Avogadro procedure’ which requires mass fractionation
at the inlet system and different ionization probabilities of
the different isotopic species to be accounted for, in addition
to residual systematic effects stated to be of unknown origin.”
The correction factors are derived from the synthetically
prepared mixtures and account for mass fractionation at the
inlet system based on the kinetic gas theory, effusion, and
adsorption/desorption effects while the ionization probabil-
ities are assumed to be equal to unity with a 10~° relative
uncertainty. The correction factor for the residual effects is a
simple True/Experimental correction derived from compar-
ing the observed ion-current ratio with the prepared isotope
amount ratio values of the prepared mixtures. The relative-
difference technique eliminates the need for many of these
types of assumptions because the sample is being compared
with the standard.

REVISED §**S REFERENCE VALUES FOR
IAEA-S-2 AND IAEA-S-3

The relative-difference MC-TIMS technique provides an
independent method needed to evaluate the observed
deviations in IAEA-S-3. The data measured using this
technique (Table 4 and Fig. 2) suggest that the values reported
by IMD (Table 2 and Fig. 2) for both IAEA-5-2 and TAEA-S-3
are consistent with the MC-TIMS measurements. Although the
8th TAEA Advisory Working Group included the values
reported by both the GSC and the IRMM in their determination
of the recommended §*Sycpr values for IAEA-S-2 and IAEA-
S-3 (Table 2 and Figs. 1(a) and 1(b)), these values are excluded
here for the reasons mentioned earlier. The revised §*Sycpr
reference values for IAEA-S-2 and IAEA-S-3 and their
associated expanded uncertainties (95% C.I.) are summarized
in Table 5 and Fig. 3. The revised values are 22.62 3 0.16%o0 and
—32.49 £ 0.16%o for IAEA-S-2 and IAEA-S-3, respectively. The
corresponding 16 precisions are 0.088 and 0.087%., respect-
ively. Note that expanded uncertainties are being reported in
addition to the precision specific measures — standard
deviations (¢). All values were normalized to VCDT with
an assigned value of —0.3%o. The reported 16 precisions for the
previously recommended values in 2000 for IAEA-5-2 (0.13%o)
and TAEA-5-3 (0.12%o) are larger.

The 334SVCDT value determined for IAEA-S-2 is nearly
identical to the previous estimate (Fig. 3(a)) and provides
confirmation of the value (IAEA-5-2=22.66 +0.13%o (15))

Published in 2009 by John Wiley & Sons, Ltd.

Table 4. §3*S data results for IAEA-S-2 and IAEA-S-3 from
NIST

TAEA-S-2 TAEA-S-3
(6¥sx10°  (8*sx10°
Standard (%0)) (%0))
Individual measurement results 22.61 2256 —32.37
2254 2242 —32.45
2257  22.53 —32.56
2253 22.62 —32.55
22.66 22.65 —32.51
22,67 22.61 —32.47
2255 22.60 —32.47
22.63 22.73 —32.38
22.65 22.66
22.67
Mean 22.60 —32.47
16 0.071 0.070
SE 0.016 0.025
N 19 8
Combined uncertainty (u.) 0.072 0.077
Expanded uncertainty (U) k=2 0.144 0.153
Relative expanded uncertainty (%) 0.639 0.472
(a) 2o
IAEA-S-2
235
23.0
58 (tho e ::::::#:::::: g e
225
220
21.5
(b) ; ; N '
320
sy T —- * ———————————————————————
w28t ______ l ______________ + ______ L B
=33.0
& ®
& ﬁ e &
& & o A
=
Laboratory

Figure 2. 534S results reported by NIST for IAEA-S-2 (a) and
IAEA-S-3 (b) compared to the results from the labs included in
the previous consensus value assignments. The value for
IMD here has been changed from —32.55 to —32.53 due to
the error in the calculation of the mean. The solid line is the
mean of all the data and the dashed lines and error bars are 16
uncertainties.
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Table 5. 53*S values used to determine the revised recommended value along with the reported consensus value for comparison

Mean Relative expanded
Laboratory (8'S x 10° (%)) 16 n Uc U uncertainty (%)
IAEA-S-2 IMD 22.67 0.15 4
NIST 22.60 0.071 19
Revised reference value 22.62% 0.088 23 0.082 0.163 0.721
Reported consensus value 22.66 0.13"
IAEA-S-3 IMD —32.53 0.12 4
NIST —32.47 0.070 8
Revised reference value —32.49° 0.087 12 0.078 0.155 0.477
Reported consensus value —32.30 0.12°

“The revised recommended value only includes those measurements from IMD and NIST. See text for details.
P The uncertainty excludes that from GSC. Only a 16 is reported as that is all that was originally reported.

‘k=2.

229
(@) IAEA-S-2

22.8

27 I S I
5'S (%)
2

i

22.5

224

(d) IAEA-S-3
322

32.3
1S (%e)
-32.4

- > B
5#'9 Qﬁ*‘&,@ q_{- 4@? qs?d: g
o o
.@5" ?Q\é Gui‘ﬁﬁ
Laboratory

Figure 3. The individual laboratory results of IMD and NIST
included in the recommended revised value compared with
the previous consensus estimate of the ‘true value’ of the 8th
Working Group for IAEA-S-2 (a) and IAEA-S-3 (b). The solid
line is the mean of the individual laboratory data. The error
bars for the individual laboratory results to the left of the
vertical solid black line are 16. The inner error bars for
the recommended revised value are 16 as are those for
the reported consensus value. The outer error bar (without
a cap) for the recommended revised value is the expanded
uncertainty (capital U) with k=2. The revised recommended
value only includes the NIST and IMD values. The reported
consensus value excludes the uncertainty from GSC. Please
refer to text for explanation.
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previously suggested for use by the 8th IAEA Advisory
Working Group (Table 2 and Figs. 1(a), 3(a)).*> The new
estimate for IAEA-S-3 (—32.49+0.087% (16)) is more
negative but also falls within the 16 of the previously
determined consensus value (—32.30 £ 0.12%0 (16)) (Table 2
and Figs. 1(b), 3(b)); however, not only does the previous
consensus value include determinations from both GSC and
IRMM, both of which are possibly biased, but the values
were determined by mean of means analysis rather than
using the individual data taken together. As a result, the
previously reported consensus value for IAEA-S-3 is unlikely
to be representative of the best value. Thus the revised
reference value recommended for use here is a better
approximation of the true value and certainly a more
consistent value for the positive and negative sides of the
sulfur §-scale. In both cases, the revised value assignments
are confirmed by the double-spike MC-TIMS technique, and
ultimately provide more rigorous bounds for the sulfur scale.
Therefore, it is recommended that §**S values be measured
and expressed relative to VCDT on a scale normalized using
the revised reference values of +22.61%o for IAEA-S-2 and
—32.49%0 for IAEA-S-3. The use of the revised values will
allow for improved consistency in data reported by
laboratories using other techniques, including those which
use SO, methods of analysis.

CONCLUSIONS

Studies have shown that the comparability of interlaboratory
isotope measurements is considerably improved when
reference materials spanning a wide range of § values are
used and measurements are normalized according to simple
linear rules.*®**12 For appropriate normalization, consist-
ent and bias-free values for the reference materials are
required. The foregoing is especially true as new techniques
(e.g. CF-IRMS, ICPMS and SIMS) are brought into use, for
which the correction procedures may be both non-traditional
and more complex. The revised §**S values and uncertainties
recommended here for IAEA-5-2 and IAEA-S-3 have been
reassessed and include the new values determined using an
independent mass spectrometric technique. These more
rigorous reference values provide additional bounds on the
8%'S scale and create a basis from which independent
laboratories can measure and report not only §*S values, but
also A*S and A*S that are intercomparable and should agree
within reported measurement uncertainties.
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