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VSMOW?2

Vienna Standard Mean Ocean Water 2 (water)

SLAP2
Standard Light Antarctic Precipitation 2 (water)

Certified values of VSMOW2

Combined standard

Parameter Certified value uncertainty (k=1)
5(80)vswow-suar® [%o] 0.00 0.02
O(*H)vsmow-sLap @ [%o] 0.0 0.3

Certified values of SLAP2

Combined standard

Parameter Certified value
uncertainty (k=1)
6(*80)vsmow-stap @ [%o] -55.50 0.02
O(*H)vsmow-stap @ [%o] -427.5 0.3

@ The expression of the quantity oxygen and hydrogen isotope delta follows
Skrzypek et al.[1] Alternative expressions for the quantity, e.g. for oxygen, include
5('80/'®Q) [1] and more commonly &80 following published guidelines [2].
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Information values of VSMOW2

Combined standard

Parameter Information value uncertainty (k=1)

O(""O)vsmow-sLap [%o] 0.00 0.02

Information values of SLAP2

Combined standard

Parameter Information value uncertainty (k=1)

O(""O)vsmow-stap [%o] -29.70 0.03

Origin and preparation of the material

VSMOW?2 and SLAP2 were prepared at the IAEA Isotope Hydrology Laboratory following
recommendations from a Consultants Group Meeting held by the IAEA in December 1996.

VSMOW?2 was produced in 1999 using three selected freshwater samples obtained from
Lake Bracciano near Rome, Italy (R. Gonfiantini, G.-M. Zuppi); Lake Galilee, Israel (E. Adar);
a well near Cairo, Egypt (F. Hussein).

These samples were chosen due to their isotopic compositions being close to that of the
original VSMOW. To precisely replicate the isotopic signature of VSMOW, the samples were
mixed in specific proportions. One of the waters required an isotopic adjustment of
approximately +6 %o in 5(*H), in order to produce around 300 L of VSMOW2. This
modification was achieved using a platinum-catalyzed hydrogen exchange process,
employing membrane-separated compartments filled with the raw water and deuterated
water. This method selectively altered the (°H) values while preserving 5('’0O) and 5('%0).

The isotopic compositions of the raw samples were measured by five expert laboratories:
IAEA Isotope Hydrology Laboratory, Vienna, Austria (M. Groning); USGS Reston Stable
Isotope Laboratory, Virginia, United States of America (T.B. Coplen); Center for Isotope
Research, Groningen, Kingdom of the Netherlands (H.A.J. Meijer); GFZ Isotope Hydrology
Laboratory, Neuherberg, Germany (W. Stichler); University of East Anglia, United Kingdom
(P. Dennis).

Based on these measurements, a final gravimetric mixing of the waters was carried out in a
300-litre container at the IAEA. After the filling, the water was internally circulated in the
container for several hours for complete mixing to ensure homogeneity. Initially 5,000 glass
ampoules, each containing 20 mL of VSMOW?2, were filled using slight argon overpressure
and a precision dispenser, and flame sealed. Approximately 200 litres of the mixture were
retained in the container for future use. In 2016, additional 5,000 ampoules, each containing
4 mL of VSMOW?2, were produced from the original batch to meet demands for smaller
quantities in calibration procedures.

SLAP2 was prepared in 2006 using four Antarctic snow and ice samples sourced from:
South Pole Station, coordinated by the U.S. National Science Foundation (T.B. Coplen);
Vostok ice core, Antarctica (J.M. Petit); Dome F drilling site, Antarctica (O. Abe); Dome C
drilling site, Antarctica (O. Abe)
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The &(?H) value of one sample required an adjustment of about +60 %o to allow the
production of about 280 L of SLAP2. This was done using a modified platinum catalytic
exchange reaction of deuterium enriched H; gas produced by a zinc reduction of deuterated
water. This process modified the 6(?H) values while preserving 6('70O) and &('20).

The isotopic compositions of the raw samples were measured by IAEA. The four water
samples were gravimetrically mixed in a 300 L container, and 280 L of SLAP2 were
obtained. As with VSMOW?2, 5,000 ampoules of 20 mL each were initially produced. The
remaining 180 litres were stored in the original container. In 2016, an additional 5,000
ampoules, each containing 4 mL of SLAP2, were produced to support smaller-scale
calibration needs.

Homogeneity of the material

The homogeneity of the 20 mL ampoules, as well as the consistency of the filling process,
was assessed through analysis of 11 ampoules for SLAP2 and 12 ampoules for VSMOW2
randomly selected per material.

The §('®0) measurements were performed via Dual Inlet - Isotope Ratio Mass Spectrometry
(DI-IRMS) following equilibration with CO,. The 6(*H) measurements were performed via DI-
IRMS following equilibration with gaseous H. over a Pt catalyst.

Multiple aliquots (in average 6) from each ampoule were measured in different runs and
within two consecutive days, to take into account the intermediate precision of the method.
The homogeneity and the relevant uncertainty due to between-unit heterogeneity (unet) were
evaluated using one-way ANOVA.

The homogeneity assessment of the 4 mL ampoule batch produced in 2016 was performed
using laser absorption spectroscopy (Picarro/CRDS technique). The results of 21 ampoules
of 4 mL were compared with the results of 5 ampoules of 20 mL, and they were found not
significantly different.

Characterization study

The certified values of 6(*H) and §(*®0) and relevant uncertainty for VSMOW2 and SLAP2
were assigned against the primary reference materials, VSMOW and SLAP, under
repeatability conditions.

Three laboratories participated in the characterization study using dual-inlet mass
spectrometry:

e USGS (Reston, United States of America): 3 ampoules,
o the University of Groningen (Kingdom of the Netherlands): 5 ampoules,
e |AEA (Vienna, Austria): 15 ampoules.

The 5('70) information values and relevant uncertainties were assigned based on literature
values, against the primary reference materials VSMOW and SLAP, using high-temperature
total oxygen conversion methods [3—7].
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Stability of the material

Short- and long-term stability of VSMOW2 and SLAP2 in flame-sealed glass ampoules was
inferred from the long-term stability of VSMOW and SLAP, which use the same type of
ampoules.

Assignment of values

Unprocessed instrumental (“raw”) data from the two external laboratories were recalibrated
at IAEA. Mean values and combined standard uncertainties for 6(*H) and 6(*®0) were
calculated from all obtained measurement results.

The values obtained by the three laboratories for VSMOW?2 and VSMOW, and for SLAP2
and SLAP respectively, were compared and statistically validated through a t-test, with the
following conclusions:

- The §(*®0) value and the 5(2H) value of VSMOW?2 were identical to those of VSMOW
within measurement uncertainty.

- The §(*®0) value of SLAP2 was identical to that of SLAP within measurement
uncertainty.

- The 6(*H) value of SLAP2 was significantly different from that of SLAP and is (-427.5
£ 0.3) %o.

Combined standard uncertainties account for measurement uncertainty of VSMOW?2 or
SLAP2 and calibrants (VSMOW and SLAP), inhomogeneity between ampoules (even if not
significant), off-set to VSMOW or SLAP and residual bias among laboratories.

The &('"0) value of VSMOW is defined as zero by consensus, just as its 5('80) value is
defined as zero. The §('’0O) value of VSMOW2 was measured relative to VSMOW and found
to be identical within measurement uncertainty [8]. Further measurements of 5('’O) were
carried out in 2007 by Ying Lin at the University of Chicago (Chicago, lllinois, USA),
comparing VSMOW?2 with VSMOW and SLAP2 with SLAP. These measurements confirmed
6('70) equivalence in both pairs (0 for VSMOW and VSMOW?2 and -29.7 %o for SLAP and
SLAP2) within measurement uncertainty [3].

The 5('"O) value of SLAP2 has been assigned using the NIST Consensus Builder calculator
(NIST Consensus Builder, accessed 20/01/2026, by applying a Hierarchical Bayes (Laplace)
procedure) based on the values from previous studies using high temperature conversion
methods ([3-7]. All these values were normalised to 6('®0) value of SLAP2 of -55.50 %,
using the normalization procedure of [9].

A'(""0) is a deviation from the slope of the relationship (indicated below as Reference Line,
RL) between &'('®0) and &('70), defined by Eq. 2 and Eq. 3.

Based on the assigned §('®0) and 5('"O) values of VSMOW?2 and SLAP2, the relevant
A'(""0) values have been calculated using Eq. 1:

A'(""0) = &' ("0) - Are.0'(*80) - yre Eq. 1
where

6'(*70) = 1000 - In[1+ &('"0)/1000], Eq. 2
&'(**0) = 1000 - In[1+ 5('80)/1000], Eq. 3
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https://consensus.nist.gov/app/nicob

ArL = slope of the reference line (RL) = 0.528,
yrL = intercept of the reference line (RL) = 0.

The A'(Y70) values of VSMOW?2 and SLAP2, calculated as described above, are reported in
the following table

A'('70) Combined standard
[%o] uncertainty (k=1)
[%eo]
VSMOW?2 0.000 0.013
SLAP2 0.00 0.02

The definition of A'("7O) was proposed by Miller & Pack (2021) [10] and is gaining
acceptance within the triple oxygen community. This terminology, and calculation of A’(""0),
is identical to the term ‘'"O-excess’ [11], also used in the literature.

The values of 5('’0) and A'('70O) here reported are consistent with a reference slope of
ArL=0.528, yr.=0, and a 5('®0) value of SLAP2 of -55.50 %.. Reassigning the 5('0) value of
SLAP2, as recently suggested [12, 13], could result either in non-zero A'('70) values, or a
reference line with a different Ar. from the above recommendation.

Combined standard uncertainties of 5('’0) and A’(""O) were calculated based on:

e the published values using high temperature conversion methods [3—7], using the
NIST Consensus Builder calculator (NIST Consensus Builder accessed 20/01/2026, by
applying a Hierarchical Bayes (Laplace) procedure),

¢ the bias found by comparing VSMOW with VSMOW?2, and SLAP with SLAP2 [3].

For A'('70), there are presently no published estimates of the potential bias between
VSMOW and VSMOW?2, or SLAP and SLAP2. These have been estimated using the
definition of A’(""O) (above), and the Lin et al. (2010) [3] offsets between VSMOW and
VSMOW2, and SLAP and SLAP2. For A’(""O), the bias contributions to uncertainty are
0.012 %o and 0.017 %o for VSMOW2 and SLAP2, respectively, and are therefore the largest
source of uncertainty.

Statement on metrological traceability and uncertainty of assigned values

The assigned &('80) values and associated uncertainties are traceable to the VSMOW-
SLAP delta scale, defined by taking the fixed numerical value of 0 for 5(*80) value of the
VSMOW reference material and —55.5 %o for the 5('80) values of the SLAP reference
material, when expressed relative to VSMOW.

The assigned 6(°H) values and associated uncertainties are traceable to the VSMOW-SLAP
delta scale, defined by taking the fixed numerical value of 0 for 5(*H) value of the VSMOW
reference material and -428 %o for 5(°H) value of the SLAP reference material, when
expressed relative to VSMOW.
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The &('"O) information values and associated uncertainties are traceable to the VSMOW-
SLAP delta scale.

The measurement uncertainty associated with the assigned values is expressed as a
combined standard uncertainty (coverage factor k = 1) estimated in accordance with JCGM
100:2008 [14] and ISO 33405 [15].

Absolute isotopic abundances

No isotope-amount ratios have been directly measured for VSMOW2 and SLAP2. However,
because their isotopic compositions are very similar to those of their predecessors, VSMOW
and SLAP, the published values for VSMOW and SLAP can be used as reliable estimates
for the isotope-amount ratios of VSMOW2 and SLAP2 [16-21].

Intended use

VSMOW?2 and SLAP2 are directly calibrated against the primary reference materials
VSMOW and SLAP, establishing the highest level of metrological traceability for the
realization of the VSMOW-SLAP stable isotope delta scales of oxygen and hydrogen.

They are intended for use as calibrants in the determination of ('®0) and 6(*H) in samples
analysed by Isotope Ratio Mass Spectrometry (IRMS) or laser absorption spectroscopy
(LAS), ensuring traceability to the VSMOW-SLAP scale at the highest level in the traceability
hierarchy.

Users are strongly encouraged to prepare their own internal working standards for daily use
and to calibrate these in-house materials against the certified reference materials.

Instructions for use, handling and storage

VSMOW?2 and SLAP2 are supplied either as single 20 mL sealed glass ampoules or as sets
of four 4 mL sealed ampoules.

The original unopened ampoules should be stored at ambient temperature in the dark.

It is recommended that these RMs are used immediately upon opening. It is not
recommended to store unused fractions of the materials after opening ampoules due to the
high risk of evaporative losses and significant isotope fractionation associated.

Limit of distribution

Only one unit of 20 mL or one set of 4 ampoules of 4 mL per material may be ordered by
one laboratory within a calendar year. This strategy helps ensure that the material remains
available for worldwide use for as long as possible.

Issue and expiry date

VSMOW?2 and SLAP2 were released in 2006 and the issue date of the original reference
sheet is 5 May 2009. Stability of the assigned values was confirmed in IAEA in 2017 and
2025. The validity of this certificate is set to expire 18 May 2036, provided the original
ampoules are handled and stored in accordance with the instructions given in this certificate
(see “Instructions for use, handling and storage”).

The IAEA is monitoring the long-term stability of the material and customers will be informed
in case of any observed change.
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Legal disclaimer

The IAEA shall under no circumstances be liable for any loss, damage, liability or expense
incurred or suffered that is claimed to have resulted from the use of information contained in
this Reference Material Certificate.

Citation of this certificate

It is suggested to cite this certificate according to the following example, as appropriate to the
citation format used: INTERNATIONAL ATOMIC ENERGY AGENCY, Certified Reference
Material Certificate VMSOW2 SLAP2, IAEA, Vienna. (The latest version published applies,
see “Note” below).

Note

Certified and information values as stated in this certificate may be updated if more
information becomes available. Users of this material should ensure that the certificate in
their possession is current. The current version is available on the IAEA’s Reference
Products website:

https://analytical-reference-materials.iaea.org/stable-isotopes

Further information

For further information regarding this material, please contact the producer:

Terrestrial Environmental Radiochemistry Laboratory

Division of Physical and Chemical Sciences

Department of Nuclear Sciences and Applications

International Atomic Energy Agency

P.O. Box 100

1400 Vienna, Austria

E-mail: Analytical-Reference-Materials.Contact-Point@iaea.org
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Revision information

Revision 1: upgrade to Certified Reference Materials, inclusion of set of 4 ampoules of 4 mL
and of the information values of 5('’O) for VSMOW?2 and SLAP2 thanks to the support
by TERZER-WASSMUTH, Stefan (IAEA) and HARE, Vincent (IAEA fellow, Cape
Town University, South Africa), update of the text to the current version of certificate

template
Ms. Federica Camin Ms. SOBIECH-MATURA,
Project Officer, Katarzyna
Terrestrial Environmental Radiochemistry Chair,
Laboratory RM Certification Committee

The project officer is responsible for the content of this certificate.
The Chair of the RM Certification Committee approves this certificate and authorizes its
release on behalf of the Committee.
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