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ABSTRACT

The participants of the 12" International Atomic Energy Agency (IAEA) meeting on stable isotope reference materials reached
a consensus, acknowledging the existence and use of two carbon isotope delta scales: the VPDB (Vienna Peedee belemnite) scale
and the VPDB-LSVEC (LSVEC - lithium carbonate prepared by H. J. Svec). Conversion models between the two scales can be es-
tablished and used but introduce uncertainty. A format for isotope delta scale definition was agreed upon and was used to define
the two carbon isotope delta scales and the two main oxygen isotope delta scales, VSMOW-SLAP (Vienna Standard Mean Ocean
Water-Standard Light Antarctic Precipitation) and VPDB. Confirmation or identification of a second-scale-defining point is still
necessary for the nitrogen and sulfur isotope delta scales.

Efforts are encouraged to improve consistency among laboratories in the isotopic analysis of “non-exchangeable hydrogen” in
bulk organic materials and oxygen in carbonates using the phosphoric acid reaction. Additional topics discussed include (1) need
for improvement in reference materials for accurate greenhouse gas isotopic analyses; (2) reference materials under production
by the IAEA, the US Geological Survey (USGS), and the US National Institute of Standards and Technology (NIST); (3) methods
for value and uncertainty assignment of reference materials; and (4) calculation of carbon-13 isotope delta and oxygen-18 isotope
delta of CO, measured by dual-inlet isotope ratio mass spectrometry.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | Introduction

The 12! International Atomic Energy Agency (IAEA) Meeting
on the Development of Stable Isotope Reference Products was
held in the Vienna International Centre from the 22nd to the
26th of January 2024. The first meeting (1967) was also held in
Vienna, Austria, with subsequent meetings held every few years
to address relevant developments in the field. A concurrent
meeting was held to discuss the formal definitions and realiza-
tion (i.e., how the scale definition is practically realized) of the
isotope delta scales for several light elements. The role of these
TIAEA meetings is to guide IAEA's reference material (RM) pro-
gram and the wider stable isotope community regarding using
RMs for defining and realizing isotope delta scales and assisting
analysts in normalizing their data properly. IAEA is also rec-
ognized as the custodian of stable isotope ratio measurement
scales for the light elements (H, C, N, O, and S) [1]. Decisions on
isotopic data normalization and on values (and uncertainties) of
stable isotope RMs, especially of those defining and realizing
isotope delta scales and other related topics, have been reached
at these meetings [1-6].

The meeting brought together participants from the organiza-
tions producing light element stable isotope RMs, including the
TAEA, the US National Institute of Standards and Technology
(NIST), the US Geological Survey (USGS), the National
Measurement Laboratory at LGC (NML at LGC), the National
Research Council of Canada (NRC), the International Bureau
of Weights and Measures (BIPM), the Executive Secretary for
the Consultative Committee for Metrology in Chemistry and
Biology (CCQM), chairs of Isotope Ratio and Gas Analysis work-
ing groups within CCQM, the past Chair and members of the
International Union of Pure and Applied Chemistry (IUPAC)
Commission on Isotopic Abundances and Atomic Weights
(CIAAW), representatives of metrology organizations, and other
internationally recognized experts in stable isotope analysis and
application.

The main objectives of the meeting were to discuss the state-of-
the-art on the following points and, when necessary, reach (or
re-establish) consensus and decide on:

« Definition and realization of isotope delta scales of light
elements, with focus on carbon and oxygen isotope delta
scales.

» Requirements and future focus on RMs for analyses of sta-
ble isotope ratios in greenhouse gases, inorganic matrices,
and organic matrices.

« Best practices for the characterization (value assignment
and uncertainty assessment) of stable isotope RMs accord-
ing to ISO 17034:2016 [7].

« Challenges in defining and realizing carbon and oxygen
stable isotope scales via carbonates reacted with phosphoric
acid to evolve carbon dioxide.

« Challenges in the stable isotope ratio analysis of
non-exchangeable hydrogen in organic materials.

+ Analysis of data obtained from dual-inlet isotope ratio mass
spectrometry (DI-IRMS).

This article provides consensus outcomes, namely, the agreed
template for isotope delta scale definition (Section 2), the con-
sensus about the carbon isotope delta scale and the definition of
VPDB and VPDB-LSVEC scales (Section 3), and the definitions of
the two main oxygen isotope delta scales (Section 4). The article
also highlights isotope scale definition and realization (Section 2)
and nitrogen and sulfur isotope delta scales (Section 5) and briefly
presents topics discussed at the meeting, including RMs under
production, the need for new RMs for greenhouse gases analysis,
approaches for the value assignment and uncertainty assessment
of RMs, isotopic analysis of non-exchangeable hydrogen in or-
ganic materials, the carbonate phosphoric acid reaction, and the
calculation of delta values using DI-IRMS (Section 6).

2 | Isotope Delta Scale Definition and Realization

The necessity of uniform nomenclature, definition, terminol-
ogy, and vocabulary related to isotope delta values and scales
was confirmed. In relation to these needs, there is an ongoing
IUPAC project (2023-014-2-200) that is aimed at providing
IUPAC recommendations for terminology and definitions of
quantities relating to isotopic analyses.

To express isotope delta value measurements against a given scale,
the participants agreed that it is necessary to have a commonly
agreed upon definition for the scale and develop methods to realize
that scale in practice through the assignment of consensus isotope
delta values to specific materials that are consistent with the scale
definition. An isotope delta scale is defined by taking a fixed nu-
merical consensus delta value (without uncertainty) of a material,
selected by international agreement. This definition determines
one point in the delta scale (often but not always the zero point).
Some isotope delta scales are defined by two distinct points. Often,
the scale-defining material/s gives/give the name to the scale.
Realizing the isotope delta scale means putting the scale definition
into practice by using as calibrants one or more RMs with assigned
values and associated uncertainty, which are consistent with the
definition of the scale. As indicated in the document traceability
exception for delta value isotope ratio measurement, approved by
the International Committee for Weights and Measures (CIPM) in
March 2015 [8], these materials are listed, published, and main-
tained by IUPAC (currently by Brand et al. [9]).

A format for isotope delta definitions was proposed and agreed
upon during the meeting. It follows the template for defining
the International System of Units (SI) in the SI Brochure [10].
The format proposed is based on a short text that defines the
scale and is accompanied by explanatory notes. The short text
includes the name of the scale, the specific isotope ratio, the
symbol for the isotope delta, the fixed numerical isotope delta
values for all RMs that define the scale and the identity of the
zero point. For instance, for a scale with a single defining point,
the text is as follows: The [name of the scale] scale for the [name
of isotope] isotope delta value, expressed as ([symbol of numer-
ator isotope]), is defined by taking the fixed numerical value of
[number] for the §([symbol of numerator isotope]) of the [name
of RM] RM, when expressed relative to [name of the scale].
Examples of isotope scale definitions following this agreed
format are reported in Sections 3 and 4. It is expected that all
internationally agreed isotope delta scales will have similar
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formal definitions which will be drafted and agreed upon by
participants in meetings, such as the IAEA meeting, and then
submitted as resolutions or publications to be endorsed by the
CIPM and IUPAC CIAAW and made freely available for refer-
ence. Changes to the definition text, in particular the adoption
or modification of fixed points, will establish a new scale that
will require a new name to differentiate it from previous scales.
Notes providing guidance related to a scale definition can be
modified without the need to establish a new scale definition.

In line with these efforts, a previous IAEA meeting resolved to
provide a document on the main concepts surrounding the iso-
tope delta values [6] and isotope delta scales. In this regard, a
second draft of the ITUPAC Technical Report titled “International
Isotope Delta Scales,” sponsored by the IUPAC Inorganic
Chemistry Division Committee and coauthored by many partic-
ipants of this meeting, was presented at this meeting.

The progress of the IUPAC project on absolute ratios of RM was
also presented, with a proposal of revision of the R(*3C/2C) of
VPDB, recently published [11].

3 | Carbon Isotope Delta Scale
3.1 | Carbon Isotope Delta Scale Background

The carbon VPDB scale was initially defined using NBS 19
calcite [12] with an assigned stable carbon-13 isotope delta
value, §(13C), of +1.95%0 [13]. In this work, the expression of
the quantity carbon isotope delta follows Skrzypek et al. [6].
Alternative expressions for the quantity include §(*3C/*2C) and
more commonly 613C, following guidelines published in Rapid
Communications in Mass Spectrometry as a protocol [6, 14, 15].

In 2006, the lithium carbonate RM, LSVEC, was introduced
and described as a second-scale-defining point by IUPAC, sup-
plementing NBS 19, to define the §(*3C) scale [16, 17]. To iden-
tify measurement results reported on this scale, the notation
8(**C)yppp.Lsvec Was commonly used [9].

In 2015, LSVEC was found to be unsuitable as a RM because its
8(*3C) value increased (became less negative) as it absorbed CO,
from the air [18]. Consequently, the CIAAW, after discussions
during its 2017 meeting in Groningen (NL), issued a press re-
lease stating that LSVEC is no longer recommended for carbon
isotope analysis [19]. As the lithium isotope ratio is not affected
by the absorption of CO,, LSVEC is still suitable for calibration
of lithium stable isotope measurements and still forms the zero
point of the lithium isotope delta scale [20].

Since then, IAEA-610, IAEA-611, TAEA-612, and USGS44
reagent calcium carbonates have been introduced to enable
measurements to be made traceable to the VPDB and/or VPDB-
LSVEC scales. Currently, there are internationally recognized
RMs traceable to NBS 19 alone (VPDB scale) and RMs traceable
to VPDB-LSVEC scale.

These changes over the last few years have led to ongoing
discussions on possible solutions to “the LSVEC problem”
[21] and whether the two carbon isotope scales (VPDB and

VPDB-LSVEC) are indeed two different measurement scales
or simply different realizations of the same scale. The fact that
using either one or both scale-defining RMs could result in dif-
ferent measurement values, led the participants to conclude that
two different scales for §(*3C) exist de facto.

The relationship between the two scales can be expressed by a
mathematical equation allowing simple conversion of the re-
sults from one scale to the other [22]. Meeting participants have
provided additional experimental results to supplement the
equation Hélie et al. [22] established. However, the simple con-
version proposed by Hélie et al. may need adjustments, because
the isotope delta values assigned to IAEA-610, IAEA-611, and
TIAEA 612 [23] and to USGS44 [24] on the VPDB scale are not
quite in agreement (see discussion below).

During the meeting, participants discussed three main pos-
sible solutions to “the LSVEC problem” mentioning possible
substitutes of the LSVEC material as scale-defining materials,
as described in details in Dunn and Camin [21]. Three possible
solutions were identified, and pros and cons were discussed: [21]
(1) to maintain only an unchanged VPDB-LSVEC scale, using
another RM instead of LSVEC for its realization; (2) to maintain
only the VPDB scale and remove LSVEC entirely; and (3) do not
favour one scale over the other but maintain and recognize the
existence of the two different scales, VPDB and VPDB-LSVEC.

The participants reached a consensus in acknowledging the ex-
istence and use of two carbon isotope delta scales with the fol-
lowing names:

- VPDB
« VPDB-LSVEC

The participants agreed on the definitions of the two scales
in Sections 3.2 and 3.3 according to the format described in
Section 2.

3.2 | VPDB Carbon Isotope Delta Scale Definition

The VPDB scale for the carbon-13 isotope delta value, expressed
as 8(13C), is defined by taking the fixed numerical value of
+0.00195 for the §(*3C) of the NBS 19 RM, when expressed rel-
ative to VPDB.

Notes

1. The quantity isotope delta is dimensionless and has the
unit one. It is common practice to express numerical values
of isotope delta, when multiplied by 1000, using the symbol
permille (%o): For example, the consensus §(*3C) value of
NBS 19 is +1.95%o.

2. VPDB stands for Vienna Peedee belemnite.

3. VPDB is a virtual material; it does not and has not existed
in material form. Its §(*3C) value is exactly 0 on the VPDB
scale.

4. The values of the 13C/12C isotope number ratio (commonly
shorted to isotope ratio) [14] for the VPDB virtual material
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and '70/'%0 and '#0/'%0 isotope ratios in the CO, gas that
would be liberated from VPDB in reaction with concen-
trated phosphoric acid at 25°C have been measured. Values
currently recommended by IUPAC for these quantities are
as follows:

R(13C/2C, VPDB)=0.011113 +0.000022 (95% confidence
level)

R(70/'%0, VPDB-CO,)=0.0003907 +0.0000012
R(*80/'°0, VPDB-CO,) = 0.00208839  0.00000092
A1=0.528 (assumed exact)

These values have been endorsed by the CTAAW in 2024
[25] and replace the recommendation of Brand, Assonov,
and Coplen [26].

Carbonate RMs, such as NBS 19 which is quarantined [9],
or TAEA-603 [27], that can be used instead of NBS 19, pro-
vide a means for analysts to realize the VPDB scale in prac-
tice. To achieve reliable measurements on the VPDB scale,
TUPAC recommends the use of at least two RMs whose val-
ues have been determined relative to VPDB to minimize
common sources of instrument measurement bias [28].
RM producers should demonstrate that their assigned val-
ues and the associated uncertainties on such RMs are con-
sistent with the VPDB scale definition and with values and
uncertainties of other RMs intended for the same purpose.

When reporting their measurement results, users should
follow the minimum requirements established by IUPAC

[6].

Carbon isotope delta values reported on the VPDB and
VPDB-LSVEC scales can differ. Differences between delta
values reported on the VPDB and VPDB-LSVEC scales
range from +0.14%o to +0.30%o. [22, 24] for materials with
carbon isotope delta values around —45%. and are negli-
gible (below current analytical combined uncertainty) at
carbon isotope delta values close to zero. Conversion mod-
els between the two scales can be established and used but
will introduce uncertainty [22].

| VPDB-LSVEC Carbon Isotope Delta Scale

Definition

The VPDB-LSVEC scale for the carbon-13 isotope delta value,
expressed as 8(13C), is defined by taking the fixed numerical
value of +0.00195 for §(*3C) of the NBS 19 RM and —0.0466 for
the §(*3C) of the LSVEC RM, when expressed relative to VPDB.

Notes

1.

2.

The quantity isotope delta is dimensionless and has the
unit one. It is common practice to express numerical values
of isotope delta, when multiplied by 1000, using the symbol
permille (%o).

VPDB stands for Vienna Peedee belemnite and LSVEC isa
lithium carbonate originally prepared by H.J. Svec [20, 29,
30] for use as a stable lithium isotope RM.

3. VPDB is a virtual material; it does not and has not ex-
isted in material form. Its §(*3C) is exactly 0 on the VPDB
scale.

4. The values of the 3C/!2C isotope number ratio (commonly
shorted to isotope ratio) [14] for the VPDB virtual material
and 70/'%0 and '80/'0 isotope ratios in the CO, gas that
would be liberated from VPDB in reaction with concen-
trated phosphoric acid at 25°C have been measured. Values
currently recommended by IUPAC for these quantities are
as follows:

R(3C/™2C, VPDB)=0.011113+0.000022 (95% confidence
level)

R(M0/°0, VPDB—COZ) =0.0003907 £0.0000012
R(80/%0, VPDB-COZ) =0.00208839+0.00000092
A1=0.528 (assumed exact)

These values have been endorsed by the CIAAW in 2024
[25] and replace the recommendation of Brand, Assonov,
and Coplen [26].

5. Carbonate RMs, such as NBS 19 which is quarantined [9],
or TAEA-603 [27], that can be used instead of NBS 19, pro-
vide a means for analysts to realize the VPDB-LSVEC scale
in practice. Due to reported material instability, the lith-
ium carbonate certified RM, LSVEC, is no longer recom-
mended for realizing the VPDB-LSVEC scale. Other RMs
whose values have been determined relative to the VPDB-
LSVEC scale continue to provide accurate representations
of the VPDB-LSVEC scale [9, 24, 31-34]. To achieve relia-
ble measurements on the VPDB-LSVEC scale, IUPAC rec-
ommends the use of at least two RMs whose values have
been determined relative to VPDB-LSVEC to minimize
common sources of instrument measurement bias [28].
RM producers should demonstrate that their assigned val-
ues and uncertainties on such RMs are consistent with the
scale definition and with values and uncertainties for other
RMs intended for the same purpose. The internal con-
sistency of secondary RM values assigned on the VPDB-
LSVEC scale has been demonstrated in the interlaboratory
comparison CCQM-P212 [35].

6. When reporting their measurement results, users should fol-
low the minimum requirements established by IUPAC [6].

7. Differences between delta values reported on the VPDB
and VPDB-LSVEC scales range from +0.14%o to +0.30%0
[22, 24] for materials with carbon isotope delta values
around —45%o and are negligible (below current analytical
combined uncertainty) at carbon isotope delta values close
to zero. Conversion models between the two scales can be
established and used but will introduce uncertainty [22].

3.4 | Recommendations for the Carbon Isotope
Delta Scales

A strategic plan needs to be implemented to guarantee that the
achieved consensus is communicated to the scientific commu-
nities. The existence of the two scales will be acknowledged by
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the new IUPAC Technical Report on stable isotope delta scale
RMs, listing values and uncertainties of the RMs suitable for
isotope delta scale realization. The current report [9] is under re-
vision by the CIAAW Subcommittee on Stable Isotope Reference
Material Assessment (IUPAC Project 2014-002-1-200).

Those measuring §(*3C) values should state the isotope delta
values of RMs used following the minimum requirements estab-
lished by IUPAC [6] and whether they are reporting §(*3C) val-
ues on the VPDB scale or the VPDB-LSVEC scale. Users should
ensure that in one calibration they only use values for RMs as-
signed on one scale.

As the maximum reported difference (VPDB minus VPDB-
LSVEC) is +0.3%o for materials with carbon isotope delta values
around —45%. and negligible (below current analytical com-
bined uncertainty) at carbon isotope delta values close to zero,
the differences between the VPDB and VPDB-LSVEC scales can
be insignificant for those making measurements with uncer-
tainties greater than the scale differences and analyzing values
less negative than —45%o.

Producers of RMs should clearly indicate on which scale they
have assigned their products a value based on the RMs used for
calibration. Isotope delta values can be assigned on both scales,
which should be unambiguously indicated.

When the VPDB-LSVEC scale was established, LSVEC lithium
carbonate was directly analyzed but the material’s heterogeneity
and instability were not accounted for. Instead, an exact carbon
isotope delta value was assigned to the LSVEC material; hence,
an additional component of uncertainty may be required for
every material traceable to the RMs characterized in that origi-
nal study [36].

For both scales, propagation of uncertainties assigned to isotope
delta values of RMs used for calibration should be assured by
adopting the principles of the GUM [37].

In addition to NBS 19 which is quarantined [9], or IAEA-603
[27] that can be used instead of NBS 19, the RMs IAEA-610,
TAEA-611, and IAEA-612 can be used to calibrate measurement
results to the VPDB carbon isotope delta scale. The RM USGS44
has assigned §(*3C) values on both scales and may also be used
for calibration to either VPDB or VPDB-LSVEC scale [24, 38]
Participants recommended confirming and consolidating the
published values of TAEA-610, IAEA-611, and IAEA-612 [23]
and USGS44 [24] by assessing these materials together and with
other carbonate RMs.

4 | Oxygen Isotope Delta Scales

4.1 | Oxygen Isotope Delta Scale Background

As described in a sequence of IAEA reports over the years [5, 13]
and by Coplen [39], two main oxygen isotope delta scales are

currently available:

« The VSMOW-SLAP (Vienna Standard Mean Ocean Water—
Standard Light Antarctic Precipitation) scale, defined by

water RMs and typically used for measurement of §(*80) and
S(*H) of water or hydrogen- or oxygen-bearing materials.

« The VPDB scale, defined by a carbonate RM and used for
measurement of §(13C) and §(*80) of carbonates and carbon
dioxide [39].

In addition, a third scale, defined by air-O, gas [9], is used by a
small number of groups in a specific application and due to its
limited use, it is not further described here.

Notably, for both main oxygen isotope delta scales, the sub-
stances defining them (water and carbonates) are not the sub-
stances on which measurements using IRMS are performed,
which in both cases are CO,. As a result, the two scales can
be coupled through the comparison of the §(**0) in CO, that is
equilibrated with VSMOW (VSMOW-CO,) and §(**0) in CO,
produced from a RM whose oxygen-18 isotope delta value has
been determined on the VPDB scale by reaction with concen-
trated phosphoric acid at 25°C (VPDB-CO,). The difference in
the numerical values of §(*®0) between these two carbon diox-
ide gases is small, with the 6(**0) of VSMOW-CO, being slightly
negative with respect to VPDB-CO,. Values are rarely reported
in the literature and vary between —0.25%o0 and —0.32%o [40-42].
The latest published value of —0.28%. is based on a critical over-
view of these results [43].

The original idea behind both scales is that, as long as the inter-
action with CO, is performed following strict guidelines, CO,
from samples of water and carbonate should be comparable to
the CO, from the RMs in precisely the same way as the samples
of water and carbonate would compare to the RMs themselves,
and the oxygen isotopic fractionation between the materials and
the CO, would have no effect on the results. However, suppose
other materials, such as atmospheric CO,, are analyzed, the
isotopic fractionation between sample and RMs is not equiva-
lent. In these cases, values need to be expressed with respect
to VSMOW-SLAP-CO, or VPDB-CO, or values of oxygen iso-
topic fractionation factors used in data evaluations need to be
specified.

For pure water, optical spectroscopy is commonly used for stable
oxygen isotope ratio measurements, directly on water. For those
measurements, the CO, equilibration with its isotopic fraction-
ation is no longer relevant. For carbonates, however, direct mea-
surements remain complicated.

The preparation of CO, from calcites using oversaturated
phosphoric acid is a potentially error-prone process: it involves
kinetic fractionation, and it is sensitive to the reaction tem-
perature, the presence of water in the system, the saturation
level of the phosphoric acid, and the §(*80) of the water in the
phosphoric acid. Furthermore, producing and keeping reliable
and stable calcium carbonate RMs for §(*80) are difficult due
to possible interaction with moisture and atmospheric CO,.
For example, the IAEA-610, IAEA-611, and TAEA-612 series
and USGS44 are not recommended for use for §(**0) measure-
ments. Therefore, it was agreed more than three decades ago
to define the VSMOW-SLAP scale as the primary oxygen iso-
tope delta scale (CIAAW meeting in Lisbon, Portugal, 1993)
[39] and subsequently define the VPDB-CO, scale in terms of
the VSMOW-SLAP scale [39].
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4.2 | VSMOW-SLAP Oxygen Isotope Delta Scale
Definition

The VSMOW-SLAP scale for oxygen-18 isotope delta value,
expressed as §(*80), is defined by taking the fixed numerical
value of 0 for §(130) value of the VSMOW RM and —0.0555
for the §(*80) value of the SLAP RM, when expressed relative
to VSMOW.

Notes

1. The quantity isotope delta is dimensionless and has the
unit one. It is common practice to express numerical values
of isotope delta using the symbol permille (%o).

2. VSMOW stands for Vienna Standard Mean Ocean
Water, and SLAP standards for Standard Light Antarctic
Precipitation.

3. While limited amounts of the original VSMOW and SLAP
reference waters may still be available in some laborato-
ries, to enable continuous wide distribution of RMs for the
VSMOW-SLAP scale realization, VSMOW and SLAP have
been replaced, by VSMOW?2 and SLAP2, respectively, and
have identical §(*®0) values, but with an uncertainty with
respect to VSMOW and SLAP.

4. The 30/1%0 and 70/'0 isotope ratios of VSMOW have
been based on measurements by Baertschi [44] and Li et al
[45], respectively. The IUPAC recommended values for
these quantities are as follows: [25]

R(*30/10, VSMOW) = 0.0020052 =+ 0.0000009 (95% confi-
dence level)

R(70/1%0, VSMOW) =0.0003824 % 0.0000012

5. By equilibrating VSMOW with CO, gas, at 25°C and for
a time sufficiently long to establish isotopic equilibrium,
VSMOW-CO, is created, taking into account the masses of
oxygen in the CO, gas and the water [46]. The R(*80/1°0)
and R(*70/*0) isotope ratios of this CO, are higher than
those in VSMOW due to equilibrium isotopic fraction-
ation. For 70 measurements, no consensus value has been
achieved. For 30 measurements, based on experiments by
various authors [13, 40, 43, 47|, the following value is now
taken for the isotopic fractionation:

R('0/'0, VSMOW-CO,)/R(*80/0, VSMOW)=1.0412
(commonly accepted value, assumed exact).

In practice, the oxygen atoms in the original CO,, with
their specific isotope ratio, contribute to the total initial ox-
ygen pool and thus will have a nonnegligible influence on
the isotopic composition of the equilibrated CO, gas. The
smaller the relative amount of CO, is with respect to the
water, the smaller the correction needed is for this effect
(e.g., [42, 48]).

6. If SLAP is treated in the same way as VSMOW, the §(*80)
value of the formed SLAP-CO, is —0.0555 with respect to
VSMOW-CO, (see also Figure 2 in Hillaire-Marcel et al.)
[43].

7. RMs, such as VSMOW?2 and SLAP2, provide a means to re-
alize the VSMOW-SLAP scale. To achieve reliable measure-
ments on the VSMOW-SLAP scale, [IUPAC recommends the
use of at least two RMs whose values have been determined
relative to VSMOW-SLAP to minimize common sources of
instrument measurement bias [28]. RM producers should
demonstrate that their assigned values and uncertainties
on such RMs are consistent with the scale definition and
with values and uncertainties for other RMs intended for
the same purpose.

8. When reporting their measurement results, users should
follow the minimum requirements established by IUPAC

[6].

9. The §(*80) value of SLAP with respect to VSMOW has been
based on consensus [49] and might well not be the true value
[50]. Therefore, oxygen isotope delta values reported on the
VSMOW-SLAP scale and those reported using VSMOW
only might differ.

4.3 | VPDB and VPDB-CO, Oxygen Isotope Delta
Scale Definitions

The VPDB scale for oxygen-18 isotope delta value, expressed as
8(*80), is defined by taking the fixed numerical value of —0.0022
for 5(*80) of the NBS 19 RM, when expressed relative to VPDB.
The VPDB-CO, scale for oxygen-18 isotope delta value, ex-
pressed as 6(*80), is defined by taking the fixed numerical value
of —0.0022 for §(**0) of the CO, gas liberated from the NBS 19
RM in reactions with oversaturated phosphoric acid at 25°C,
when expressed relative to VPDB-CO,.

Notes

1. The quantity isotope delta is dimensionless and has the
unit one. It is common practice to express numerical values
of isotope delta using the symbol permille (%o).

2. VPDB stands for Vienna Peedee belemnite.

3. VPDB is a virtual material; it does not and has not existed
in material form. The §(*80) value of VPDB is 0 on the
VPDB scale. The most recent 5(*30) value of VPDB is taken
to be 0.03092 on the VSMOW-SLAP scale (assumed exact)
[9, 51].

4. Based on experiments by various authors [13, 40, 43, 47,
51], the following value is most commonly accepted for the
oxygen-18 isotopic fractionation of calcite and is also rec-
ommended by IUPAC:

R(130/°0, VPDB-COZ)/R(180/1GO, VPDB)=1.01025 (com-
monly accepted value, assumed exact).

5. All §(**0) values on the VPDB and VPDB-CO, scales can
be converted to §(*80) values on the VSMOW-SLAP scale
or relative to VSMOW-SLAP-CO, scale using the oxygen
isotopic fractionation factors listed below and the estab-
lished difference between VSMOW-CO, and VPDB-CO,,.
These values are subject to remeasurement and follow
from the values mentioned above [51] (see also Figure 2 in
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Hillaire-Marcel et al. [43]). Current equations for scale con-
version for material X are as follows:

880, X)ygmow.siap=1:03092 8(B0, X),ppp+30.92%0
(commonly accepted value, assumed exact) [51].

830, X)ysyow.siap=1-04149 8(80, X)pps o +41.49%0
(commonly accepted value, assumed exact) [43].

8(80, X)yspow-sLap.cop = 1:00029 880, X pps cop +0-29%0
(commonly accepted value, assumed exact) [43].

When appropriate, users should state the conversion equa-
tion they use in their publications. Uncertainties of these
consensus values have not yet been evaluated.

6. Because the definition of the scale does not contain a sec-
ond RM with a stable, more negative value for §(**0), CO,
equilibrated with the SLAP RM shall be used, with a de-
fined 6(*®0) value of —0.05576, when expressed relative
to VPDB-CO,. The value of —0.05576 is a combination of
—0.0555 (SLAP vs. VSMOW) and —0.00028 (VSMOW-CO,
vs. VPDB-CO,).

7. To achieve reliable measurements on the VPDB scale,
IUPAC recommends the use of at least two RMs whose
values have been determined relative to VPDB to min-
imize common sources of instrument measurement
bias [28]. While there is no second scale-defining point,
there are several RMs with oxygen isotope delta values
more negative than NBS 19. The two RMs should have
the same chemical composition as the samples to avoid
bias due to the different chemical compositions of the
carbonates [52]. RM producers should demonstrate that
their assigned values and the associated uncertainties on
such RMs are consistent with the VPDB scale definition
(including the requirement for SLAP) and with values
and uncertainties of other RMs intended for the same
purpose.

8. When reporting their measurement results, users should
follow the minimum requirements established by IUPAC

[6].

5 | Nitrogen and Sulfur Isotope Delta Scales

The nitrogen isotope delta scale is based on Air-N, with
a 6('°N) value of 0 [53]. For practical reasons, IAEA-N-1
(6(*N) 5, ny=10.43%0£0.07%0) is commonly used as a solid
RM for realizing the Air-N, isotope delta scale, and USGS32
(6(**N) , ;p-na =+180%0) has been used as a second anchor for
scale realization to normalize §(*°N) data, based on results in
Bohlke and Coplen [54]. Reported §(*°)N values for many other
commonly used inorganic and organic isotopic RMs are consis-
tent with those data [31, 32, 54, 55].

The sulfur isotope delta scale is defined by assigning a fixed
5(>*S) numerical value of —0.3%. to IAEA-S-1 expressed relative
to VCDT [56]. During the 8th IAEA Advisory Group Meeting on
Future Trends in Stable Isotope Reference Materials, which took
place in 2000 [3], it was recommended that IAEA-S-2 or IAEA-
S-3 silver sulfide RMs be used with TAEA-S-1 for the VCDT
scale realization.

The participants concurred on the necessity to verify the defi-
nition and realization of the nitrogen and sulfur isotope delta
scales, including confirming or identifying the second anchors
where necessary. This will be a topic for the next IAEA meeting.

6 | Other Topics Discussed
6.1 | Greenhouse Gas RMs

The session focused on CO,, CH,, and N,O gas RMs for under-
pinning measurements of atmospheric source apportionment. It
presented a calibration scheme for methane isotope ratio ana-
lyzers and IRMS developed at National Institute of Water and
Atmospheric Research Ltd. (NIWA) [57-59].

Progress from the SIRS (16ENV06) and STELLAR (19ENVO05)
projects funded by the European Union's Horizon 2020 research
and innovation program was reported regarding developments
on isotopic CO, and CH, gas RMs for underpinning measure-
ments performed using commercial spectroscopy [60].

An update on the role of the central calibration laboratory at
MPI-BGC (Max Planck Institute for Biogeochemistry) focused
on the challenges in maintaining the World Meteorological
Organization (WMO) scale for the CO, isotope ratio. Discussions
led to considering parallels to the infrastructure and develop-
ments for the CO, amount fraction scale, and collaboration
with the community focused on amount fraction scale was
encouraged.

The BIPM reported on the comparison of capabilities to assign
8(*3C) and 6(*80) values in CO, in air standards (CCQM-P239),
which follows the study on pure CO, gases (CCQM-P204) [61].
The CCQM-P204 study provided invaluable insights into the
traceability chains and RMs currently employed to achieve these
measurement results. The results confirmed the previously re-
ported difference between the VPDB and VPDB-LSVEC scale.
Follow-on studies will be aimed at comparing the uncertainties
and levels of consistency of applying the phosphoric acid/car-
bonate reference system for value assigning §(*3C) and §(*20)
values in pure CO, gas.

Research on RMs of both pure and atmospheric CO,/CH, iso-
topes traceable to both SI and delta scales was presented by Korea
Research Institute of Standards and Science (KRISS). KRISS pre-
pared isotope ratio RMs gravimetrically using CO, gases that are
enriched in 3CO, (and depleted in >CO,) and enriched in *CO,
(and depleted in 13COZ). There materials were used for measuring
(absolute) isotope ratios of the VPDB scale, using IRMS with a
batch inlet, traceable to the SI. In this batch inlet, sample gas from
a temperature-controlled 2-L sample vessel is introduced into an
ion source by molecular flow through a gold foil for quantitative
analysis, ensuring reproducible sensitivity and reliable calibration
[62, 63]. Preliminary results of R(**C/*2C, VPDB) were consistent
with other previously reported values [11].

A report on the status of nitrous oxide RMs and calibrations de-
veloped within the SIRS (16ENV06) project was presented by
Swiss Federal Laboratories for Materials Science and Technology
(Empa): two secondary pure N,O RMs were introduced by the
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USGS in 2018: USGS51 and USGS52 [64, 65]. Additional second-
ary pure N,O RMs were produced within the EURAMET project
SIRS, value assigned by several laboratories [66], and subsampled
by USGS, to facilitate two-point calibration by end-users. The iso-
tope delta values of novel N,O RMs are currently under discussion.
Efforts have been made to produce N,O in air RMs in collabora-
tion with metrology institutes (National Physical Laboratory
(NPL)) and commercial producers.

Commonwealth Scientific and Industrial Research Organisation
(CSIRO) Environment presented a summary of over 40years of
atmospheric CO, stable isotope measurements with comprehen-
sive information on the use of RMs, reporting scales, international
comparisons, and measurement uncertainties.

The session was concluded with an overview of the recommen-
dations from the Workshop on Carbon Dioxide and Methane
Stable Isotope Ratio Measurements, organized by a new task
group under the aegis of CCQM gas analysis working group
(GAWG) and isotope ratio working group (IRWG) [67].

6.2 | Organic and Inorganic RMs

TAEA is producing and characterizing two wood RMs (one from
a C3 plant and one from a C4 plant, both characterized for §(*3C),
8(*0), and 6(*H)) and three gaseous CO, RMs (§(**C) and §(*80)).
Moreover, IAEA is releasing the second batch of IAEA-CH-6
(characterized for §(*3C)) and, in collaboration with USGS and
McMaster University, is reprocessing and reassessing IAEA-CO-8
carbonatite (characterized for §(**C) and 5(*30)).

Six organic RMs of different natural matrices (all characterized
for §(13C), 8(*>N), and 8(**S)) are under processing and charac-
terization, within the context of a collaboration among NIST,
TIAEA, and GNS Science (New Zealand).

USGS is finalizing the characterization of USGS19 and
USGS20 as new calcite reference materials for §(*3C) and 5(*20)
measurements.

6.3 | Value Assignment and Uncertainty
Assessment of RMs

According to ISO 17034:2016 [7], the characterization of RMs
can be based on interlaboratory comparison involving measure-
ments by expert laboratories. Most expert laboratories contribut-
ing to characterizing new isotope delta RMs are not accredited.
It was agreed that accreditation itself is desirable but not essen-
tial; rather, a reliable system through which expert laboratories
can demonstrate their expertise is required. Drafting guidelines
on how competency for expert laboratories can be demonstrated
was suggested.

Basic uncertainty propagation principles for stable isotope
values assignment to RMs and reassessment of RMs on the
VPDB-LSVEC scale were presented [34]. Online statistical
modelling tools to recognize the finer structure of data and
to assign value and uncertainty to RM have been provided by
NIST (consensus.nist.gov and decisiontree.nist.gov) and NRC

(metrology.shinyapps.io/consensus-calculator/). A paper,
“Interlaboratory comparisons of chemical measurements: Quo
Vadis?” on this topic, was recently published in Accreditation
and Quality Assurance [68].

It was recommended to centralize the storage of the data used
for RM characterization (raw data, RMs with reference values,
and other relevant information) to facilitate data evaluation
and re-evaluation. Moreover, the need to develop guidelines for
data processing to avoid underestimation of uncertainty was
recognized.

6.4 | S(*H) of Non-exchangeable Hydrogen in
Organic Materials

The non-exchangeable hydrogen, also known as intrinsic
hydrogen, is typically a C-H bonded material of interest that
retains the environmental signal upon formation (e.g., for pa-
leoclimate reconstruction). Exchangeable hydrogen in organic
matter refers to hydrogen ions that are loosely bound and can
be readily exchanged in the surrounding environment, typi-
cally ambient water vapor. In organic matter, hydrogen ions
are often associated with functional groups such as carboxyl
(-COOH), phenolic (-OH), and amino (-NH,) groups. The frac-
tion of exchangeable hydrogen varies by material and can be
low (<2%-3% for wood) to high (22% for glycine). The §(*H)
determination of the non-exchangeable hydrogen in bulk or-
ganic materials requires both operational methods to remove
or control the exchangeable fraction and the assumption of a
hydrogen isotope fractionation factor. Various operational ap-
proaches in the literature over the past decades do not give
consistent §(*H) results with acceptable uncertainty and can
vary by 10%0-80%. among laboratories. Accordingly, for all
available organic RMs with exchangeable hydrogen, the §(*H)
determination of the non-exchangeable hydrogen values must
remain provisional. Efforts are underway to standardize ap-
proaches for estimating the non-exchangeable hydrogen isoto-
pic compositions of current organic RMs [69].

6.5 | Carbonate Phosphoric Acid Reaction

MPI-BGC presented the state of the art in CO, evolution from
solid carbonates, but a standard operating procedure (SOP) has
not yet been developed. Work towards an agreed uncertainty
budget and demonstrated consistency between laboratories
using the phosphoric acid/carbonate reference system, espe-
cially for 5(*80) measurements, is encouraged.

6.6 | Calculation of §(**C) and 5(**0) of CO,
Measured by DI-IRMS

A guide on applying the corrections and other calculations to ob-
tain the 6(**C) and 6(*#0) values and uncertainties of CO, mea-
sured by DI-IRMS is under draft. A calculation spreadsheet with
a simple recipe and explanation has been developed, which once
validated and approved by experts, can be used by the users to
reach minimum requirements for quality data.
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7 | Conclusion

The panel of experts at the JAEA meeting (Vienna, 22-26
January, 2024) recommended consistent reporting of isotope
delta values for hydrogen, carbon, nitrogen, oxygen, and sulfur,
according to ITUPAC guidelines and commonly agreed defini-
tions and realizations of the delta scales. Two stable carbon iso-
tope delta scales were acknowledged and defined as VPDB and
VPDB-LSVEC. For oxygen, the VSMOW-SLAP scale was de-
fined and recognized as the primary oxygen isotope delta scale
and the VPDB or VPDB-CO, scale has been defined in terms of
the VSMOW-SLAP scale.

It is crucial for users to specify the RMs used to normalize data,
the values of these RMs, and which scale was used for normaliza-
tion. RM producers should be clear about the traceability of any
carbon isotope delta values assigned to materials they produce
or distribute so that users can make informed choices. When
the traceability is unclear or the specific scale is not mentioned,
users should consider the bias between results reported on the
different carbon isotope scales. Uncertainties of RMs must be
considered in the assessment of measurement uncertainty, and,
for RMs on VPDB-LSVEC scale, an additional component of un-
certainty may be required. Embracing these recommendations
will enhance transparency, reliability, and reproducibility in the
reporting of stable isotope results and will thereby minimize
hidden biases.

It was agreed to conduct additional research aimed at enhancing
the consistency across various laboratories of isotopic analysis
of “non-exchangeable hydrogen” in bulk organic materials and
of oxygen in carbonates through the phosphoric acid reaction.
The development of new RMs especially for greenhouse gases
and of harmonized protocols for data calculation and normal-
ization and for assigning value and uncertainty to RMs was also
recommended.

Any use of trade, firm, or product names is for descriptive
purposes only and does not imply endorsement by the US
government.
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