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Reference Material 

REFERENCE SHEET 

IAEA-604  

water, low level 2H enriched  

IAEA-605  

water, medium level 2H enriched  

IAEA-606  

water, high level 2H enriched  

 

Reference values for δ(2H)VSMOW-SLAP and δ(18O)VSMOW-SLAP expressed in per mille 
(‰)   

Reference 
Material 

δ(2H)VSMOW-SLAP
(a) Uncertainty(b) δ(18O)VSMOW-SLAP

(a) Uncertainty(b) 

IAEA-604 799.9 0.4 -5.86  0.04 

IAEA-605 5997.9 0.5 -3.02  0.04 

IAEA-606 15993.6 1.0 +2.43  0.04 

 

Information values expressed in per mille (‰) 

Reference Material δ(17O)VSMOW
(a) Estimated Uncertainty 

IAEA-604 -3.2 0.4 

IAEA-605 -2.1  0.4 

IAEA-606 -0.1  0.4 

a) In this work, 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 
δ(18O/16O)[1] and more commonly δ18O following published guidelines [2].  

(b) The uncertainty is expressed as a combined standard uncertainty (coverage factor k = 1).   
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Origin and preparation of the material  

IAEA-604, IAEA-605, IAEA-606 replace, together with IAEA-607, IAEA-608, IAEA-
609 the enriched water RMs IAEA-302, IAEA-303, IAEA-304, out of stock. The 
Centre for Isotope Research (CIO) at the University of Groningen, Netherlands, led 
the production of these 2 sets of water Reference Materials (RMs): IAEA-604, 
IAEA-605, IAEA-606 enriched in δ(2H) and IAEA-607, IAEA-608, IAEA-609 
enriched in both δ(2H) and δ(18O) [3]. 

The base matrix is deionized tap water, with an approximate isotopic composition of δ(²H) ≈ 
–42.7 ‰ and δ(¹⁸O) ≈ –6.3 ‰ (relative to VSMOW-SLAP scale). This matrix water was 
subsequently isotopically enriched through gravimetric mixture with a highly enriched ²H2O 
containing 99.993 atom % of ²H (Sigma-Aldrich, Zwijndrecht, The Netherlands). 

Preparation and storage of the RMs waters were conducted using 30-liter stainless steel 
containers designed for handling food-grade liquids (e.g., wine). These containers were 
retrofitted with custom-fabricated, hermetically sealable lids incorporating a water sampling 
system. This system was engineered to preclude isotopic fractionation via evaporation or 
isotopic exchange with ambient moisture. To further ensure sample integrity, containers 
were maintained under a positive pressure of argon gas during and after preparation [4].  

Each container was initially charged with ~20 kg of the matrix water, with mass determined 
to a precision better than ±1 g. The enriched 2H water was then introduced via open glass 
vials, allowing accurate addition of quantities ranging from ~1.5 g to >50 g with a precision 
between ±0.01 mg and ±0.1 mg (Table 1). Precautions were taken to minimize evaporative 
losses during handling by covering vials and expediting the transfer process. The filled vials 
were fully immersed within the matrix water for homogenous diffusion and mixing, after 
which the containers were closed using the modified lids. Over the following three weeks, 
each container was periodically manually rolled to promote complete homogenization. 

TABLE 1. MASSES OF THE PARENT WATERS USED FOR THE PREPARATION OF 

REFERENCE MATERIALS IAEA-604, IAEA-605 AND IAEA-606 

Name Mass of natural water 
(g) 

Mass of highly 2H 
enriched water (g) 

IAEA-604 22000.2 ± 0.7 3.21228 ± 0.00002 

IAEA-605 20041.4 ± 0.7 20.9764 ± 0.00010 

IAEA-606 20219.0 ± 0.7 56.1803 ± 0.00010 

 
500 flame-sealed 5 mL ampoules were prepared for each RM.  

Homogeneity of the material 

For each RM, six ampoules, out of 500, were randomly selected and subdivided into six 
aliquots of 0.8 mL each, yielding a total of 36 sub-samples per material. These sub-samples 
were analyzed at the IAEA using laser spectrometry (Picarro) under repeatability conditions 
in a single measurement sequence. 
Due to the high 2H enrichment of the materials, the 36 measurements were performed as a 
block, without calibration against normal-abundance isotopic reference materials, to avoid 
introducing significant memory effects. Despite this precaution, the within-run standard 
deviations were at least one order of magnitude greater than those obtained during 
gravimetric calibration. 
Statistical analysis of the mean values from each ampoule showed no significant differences 
among them for both δ(²H) and δ(¹⁸O) values. Thus, the ampoules can be considered 
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homogeneous within the analytical precision typically associated with stable isotope ratio 
analysis at these enrichment levels (see uncertainty values in Tables 3 and 4). 
Consequently, no heterogeneity component was included in the uncertainty budget of the 
reference values. 

Stability of the material  

Short term and long terms stability in flame sealed glass ampoules has been assessed on 

the basis of the stability of the same glass ampoules containing VSMOW and SLAP. In 2025 

2 units of each water (IAEA-604, IAEA-605, IAEA-606) have been analysed in IAEA for δ(2H) 

and δ(¹⁸O), using the cavity ringdown spectrometer following the method modified after 

Terzer-Wassmuth et al. (2023) [5]. The confirmation of the assigned values confirms the 

stability of these RMs. 

Characterization study  

The δ(²H) and δ(¹⁸O) values on the VSMOW-SLAP scale of the natural water used in 

reference material preparation was determined through an interlaboratory comparison 

exercise involving five expert laboratories.  

The individual laboratory results are presented in Table 2. A weighted mean was calculated 

from the dataset, excluding one δ(¹⁸O) outlier. The combined standard uncertainties of the 

laboratories average values were combined into a weighted mean value with an associated 

weighted mean uncertainty. As conservative estimate, that calculated weighted mean 

uncertainty was multiplied by a factor of two to cover any other unidentified effect and the 

resulting value is taken as the standard uncertainty of the mean (at k=1 level). 

TABLE 2. δ(²H) and δ(¹⁸O) VALUES OF NATURAL WATER AND ASSOCIATED 
COMBINED UNCERTAINTY (k = 1) 

Lab Method 
δ(¹⁸O) (‰) vs VSMOW-

SLAP 

δ(²H) (‰) vs VSMOW-

SLAP 

1 Laser spectrometry -6.22 ± 0.07 -42.1 ± 0.6 

2 Laser spectrometry -6.34 ± 0.05 -42.7 ± 0.3 

3 Mass spectrometry -6.30 ± 0.03 -42.5 ± 0.4 

4 Mass spectrometry -6.36 ± 0.03 -43.3 ± 0.5 

5 Mass spectrometry -6.70 ± 0.04 -42.9 ± 0.4 

Weighted mean  -6.32 ± 0.04 -42.7 ± 0.4 

 

To validate the mixing process and the values assigned by calculation based on the 

gravimetric data (see the section Assignment of values), independent measurements of 

δ(²H) and δ(¹⁸O) in the enriched water and the prepared RMs (IAEA-604, IAEA-605, IAEA-

606) were performed at CIO and at the IAEA.  

At CIO, δ(2H) was analyzed via pyrolysis - IRMS, and a self-developed SARA laser system, 

whereas δ(18O) was measured using CO2 - H2O equilibration system interfaced with IRMS 

and pyrolysis – IRMS [3].  

At the IAEA, δ(2H) and δ(¹⁸O) were measured using a Picarro cavity ring-down laser 

spectrometry system. For each material, 9 replicate measurements were performed, either 

directly on enriched samples or after dilution to natural abundance levels. Memory and drift 
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corrections were applied in accordance with the procedure described in [6] and included as a 

component of the total measurement uncertainty. 

The highly deuterium-enriched water used in the preparation of reference materials had a 

certified 2H purity of 99.993%, as provided by the supplier (Sigma-Aldrich), determined via 
1H-NMR spectroscopy. Independent test measurements, based on a dilution testing method 

performed in CIO, confirmed this value, albeit with lower precision. A conservative 

uncertainty of ±0.005% was applied to this value for subsequent calculations. Measurements 

of δ(18O) and δ(17O) indicated a significant co-enrichment: the 18O abundance was 

approximately 4.5 times, and 17O about 2.3 times higher than typical natural water values [3]. 

A correction factor for the oxygen isotopic abundances in the enriched water was derived 

from this relationship and incorporated into the isotope value calculation spreadsheets. 

Table 3 and Table 4 summarize the measurement biases (in ‰) for δ(2H) and δ(18O) 

respectively, as observed with different analytical techniques compared to the gravimetrically 

assigned reference values based on calculation (see the section Value Assignment). The 

standard uncertainties for each method (1 k) are also listed. 

TABLE 3. BIAS (IN ‰) BETWEEN MEASURED δ(2H) VALUES VS GRAVIMETRICALLY 

ASSIGNED VALUES AND UNCERTAINTY (IN ‰) OF THE METHODS (1 k) 

Method 
Bias 

IAEA-604 
Uncertainty 

Bias 

IAEA-605 
Uncertainty 

Bias 

IAEA-606 
Uncertainty 

Calculation / 0.4 / 0.5 / 1.0 

Pyrolysis 10 10 -13 50 270 120 

SARA-Laser / / 4 25 22 25 

Picarro-Laser 2.2 3.1 10 14 -14 60 

Low bias values indicate good agreement across methods, with the exception of one 

pyrolysis result. However, the uncertainties of measurements remain 7 to 120 times larger 

than those achievable by gravimetric mixing. 

TABLE 4. BIAS (IN ‰) BETWEEN MEASURED δ(18O) VALUES VS GRAVIMETRICALLY 

ASSIGNED VALUES AND UNCERTAINTY (IN ‰) OF THE METHODS (1 k) 

Method 
Bias IAEA-

604 
Uncertainty 

Bias 

IAEA-605 
Uncertainty 

Bias IAEA-

606 
Uncertainty 

Calculation / 0.04 / 0.04 / 0.04 

Equilibration -0.06 0.06 -0.06 0.06 -0.03 0.06 

Pyrolysis 0.4 0.5 -0.5 0.5 -0.3 0.5 

SARA-Laser  / / -0.02  0.15  -0.08  0.30  

Picarro-Laser  -0.08  0.24  -0.2  2.1  -0.5  5.1  

Bias values indicate general consistency between measurement techniques and reference 

values.  

δ(17O) values were calculated using the CO2-H2O equilibration technique, based on the 

mass 45/44 ion signal ratio [3].  
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Assignment of values  

The δ(²H) and δ(¹⁸O) values in the three water reference materials were determined from the 

isotopic compositions of the two parent waters by gravimetrical mixing, using a validated 

spreadsheet [7]. This calculation was based on the isotopic composition of the natural water, 

the isotopic abundances provided by the provider of the highly 2H enriched water, the 

oxygen isotopic abundances of the enriched water, and the weighing proportions of the 

mixing components. Both the isotopic abundances and delta values of hydrogen and oxygen 

isotopes were calculated, including their combined standard uncertainties. More details 

concerning the reported results as well as the value assignment can be found in [3]. 

The δ(¹⁷O) values are classified as information values. Indeed, the intended use of these 

RMs is for the enriched measurand (δ(²H)). Moreover, the calculated values from Mass 

45/44 strongly depend on the 17O and 13C absolute abundances in use.   

Statement on metrological traceability and uncertainty of assigned values  

The δ(²H) and δ(¹⁸O) values and associated uncertainty of IAEA-604, IAEA-605 and IAEA-

606 are traceable to the VSMOW-SLAP isotope delta scale defined as in [8]. 

The δ(¹⁷O) values are still on VSMOW scale, because when analysed in 2015, the δ(¹⁷O) 

scale relied only on its zero point as defined by VSMOW.  

The measurement uncertainty associated with the assigned values has been calculated by 

using the validated spreadsheet [7] and for δ(²H) and δ(¹⁸O)  is expressed as a combined 

standard uncertainty (coverage factor k = 1) estimated in accordance with JCGM 10:2008 [9] 

and ISO 33405 [10].   

The uncertainty for δ(¹⁷O) is based on the achievable precision of this value calculation, 

which is < ± 0.4 ‰.   

Absolute isotopic abundances  

The absolute isotope abundance values for these materials are provided in [3]. They can 
also be calculated by entering the delta values into the developed spreadsheet [7]. 

Intended use   

These reference materials serve as calibrants for isotopically enriched samples (above the 

natural isotopic abundance range) and for the validation of isotopic composition data 

provided by commercial suppliers for isotopically enriched products. 

Instructions for use, handling and storage 

The reference materials IAEA-604, IAEA-605, and IAEA-606 are supplied as 5 mL water 

aliquots sealed in flame-closed glass ampoules. Ampoules should be stored at ambient 

temperature and protected from light. Each material is intended for immediate use after 

opening. 

Due to the high level of 2H, opened ampoules present a risk of cross-contamination via 

evaporative transfer of water vapor to nearby samples. To minimize this risk, appropriate 

precautions should be taken. 

Storage of partially used ampoules is strongly discouraged, as diffusion and isotopic 

exchange with atmospheric moisture can lead to significant alteration of the hydrogen and 
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oxygen isotopic ratios. Any residual material should be disposed of by dilution with copious 

amounts of tap water and flushing to drain. 

Limit of distribution  

Each material is available for limited distribution to laboratories by allowing the purchase of 

up to four units of each material within one year (12 months). This limitation is set to keep 

these reference materials available to as many laboratories as possible for an extended time 

period, and is therefore a measure to maximize the reference material usability.  

Issue and expiry date 

The issue date of IAEA-604, IAEA-605 and IAEA-606 is 14 December 2015 and stability of 

the assigned values has been confirmed in IAEA in 2025. Based on experience with similar 

materials, the expiry date is 30 November 2035, provided the original ampoules are handled 

and stored in accordance with the instructions given in this reference sheet (see “Instructions 

for use”).  

The IAEA is monitoring the long term stability of the material and customers will be informed 

in case of any observed change. 

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.  

Compliance with ISO 33401:2024 

The content of this IAEA Reference Sheet is in compliance with ISO 33401:2024, Reference 

materials – Contents of certificates, labels and accompanying documentation. 

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, Reference Sheet, 

Reference Material IAEA-604, IAEA-605, IAEA-606 (The latest version published applies, see 

“Note” below). 

Note 

Assigned values as stated in this reference sheet may be updated if more information 

becomes available. Users of this material should ensure that the reference sheet in their 

possession is current. The current version is available on the IAEA’s Reference Products 

website:  

Reference Materials-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 

https://analytical-reference-materials.iaea.org/stable-isotopes
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P.O. Box 100 

1400 Vienna, Austria  

Tel.: 00431260028237 

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