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Abstract The IRMM-1000a and IRMM-1000b uranium

reference materials, of 20 and 50 mg uranium, respec-

tively, were produced by the European Commission Joint

Research Centre’s Institute for Reference Materials and

Measurements (EC-JRC-IRMM) in collaboration with the

Institute for Transuranium Elements (EC-JRC-ITU). They

are novel uranium reference materials certified for the

production date based on the 230Th/234U radiochronometer,

i.e. the date of the last chemical separation of these two

radionuclides. The certified reference value and its uncer-

tainty, homogeneity and stability of the material were

established in accordance with the ISO Guide 34:2009

and the ‘Guide to the Expression of Uncertainty in

Measurement’.

Keywords CRMs � Uranium age-dating � 230Th/234U

radiochronometer � Certified reference material � Nuclear

safeguards and forensics

Introduction

The Institute for Reference Materials and Measurements of

the Joint Research Centre of the European Commission

(EC-JRC-IRMM) is an accredited provider of certified

reference materials (CRMs) produced according to ISO

Guide 34 [1]. The EC-JRC-IRMM in collaboration with the

Institute for Transuranium Elements of the Joint Research

Centre of the European Commission (EC-JRC-ITU) pro-

duced novel uranium reference materials IRMM-1000a and

IRMM-1000b certified for the production date based on the
230Th/234U radiochronometer. The production date corre-

sponds to the date of the last chemical separation and

removal, to the maximum extent achievable, of 230Th from
234U in the reference material. From that date, the 230Th

present in the material is solely due to decay of 234U.

Therefore by measuring the n(230Th)/n(234U) amount ratio

or A(230Th)/A(234U) activity ratio, the age of the material

can be determined and compared to the certified production

date of the IRMM-1000a and IRMM-1000b. Such CRMs

together with advanced analytical methods [2], are required

to characterise intercepted nuclear materials and to identify

without ambiguity their origins.

This paper is complimentary to the paper describing the

preparation of the candidate uranium reference materials

by Varga et al. [3]. It describes the specific approach

compliant with ISO Guide 34:2009 that needed to be

developed for the certification of IRMM-1000a and

IRMM-1000b. The CRMs were prepared at EC-JRC-ITU

from a low-enriched uranium solution after complete sep-

aration of thorium impurities, i.e. removing the initial

daughter nuclide concentration at a well-known time. The

completeness of the separation was monitored by c-ray

spectrometry and by inductively coupled mass spectrome-

try (ICP–MS). The reference value (production date) of the

IRMM-1000a and IRMM-1000b corresponds to the date

and carefully recorded time of the last separation of 230Th

from 234U, which took place on 9 July, 2012. Aliquots of

the purified uranium mother solution were dispensed into

single units of two different sizes, 20 and 50 mg, as dried
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uranyl nitrate corresponding to IRMM-1000a and IRMM-

1000b respectively [3].

Part of the certification process is the assignment of a

reference value and its associated uncertainty [1–4]. The

certification process consists of the characterisation,

homogeneity and stability studies:

– The characterisation study, which consists of the

assessment of the selectivity, absence of interferences

and method correctness and results in the determination

of the reference value (in this case the recorded

production date) and the uncertainty from the charac-

terisation study, noted uchar.

– The homogeneity study to quantify the variations

between and within units resulting in the determination

of the uncertainty from homogeneity assessment ubb

using the standard deviation between units sbb.

– The stability study to check the stability of the material

with time and determine the uncertainty associated with

the reproducibility of the measurements ults (long-term

stability).

The full uncertainty budget is established in accordance

with the ‘Guide to the Expression of Uncertainty in Mea-

surement’ [5] and the assigned uncertainty of the reference

value uCRM (expanded uncertainty) comprising the contri-

butions from the three studies is expressed as follows:

uCRM ¼ k �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2
char þ u2

bb þ u2
lts

q

ð1Þ

where uchar, ubb and ults are the combined standard uncer-

tainties of the characterisation, homogeneity and long-term

stability assessments with the coverage factor k according

to the confidence level of the assigned uncertainty (in

general, CRMs uncertainties are reported with k = 2, i.e. a

95 % CI).

In this paper, the results of the characterisation, homo-

geneity and stability studies on the IRMM-1000a and

IRMM-1000b are presented and discussed.

Characterisation and confirmation

The characterisation of a material according to ISO Guide

35 [6] is the process of determining the property value of

the reference material. In the case of the IRMM-1000a and

IRMM-1000b, the reference value was assigned on the

basis of the reading of the clock at the time of the last

chemical separation, i.e. carefully recording the date and

time when 230Th was completely removed from its ‘‘par-

ent’’—234U—from the original uranium nitrate material.

The reference value is identical for both IRMM-1000a and

IRMM-1000b since the same purified mother solution was

used for aliquoting of the two different sizes [3].

The reference value for this CRM is 9 July, 2012 at

11:08 a.m. [3], expressed as 09/07/2012 ± uCRM in day.

The final uncertainty uCRM of the IRMM-1000a and

IRMM-1000b is traceable to the international system of

units (SI) via the universal coordinated time (UTC).

The combined standard uncertainty inherent to the

production of the reference material, i.e. to the character-

isation study, includes firstly the uncertainty on the exact

time of the last chemical separation of Th from the U

material. This time was estimated as the median of the

starting and finishing times of the thorium elution in order

to account for the whole thorium elution time and corre-

sponds to 1.5 h (90 min or 0.063 day, k = 1). Secondly, it

takes into account the uncertainty coming from the residual
230Th in the reference material during its production, which

was found to be less than 80 min or 0.056 day (k = 1) [3].

The combined standard uncertainty for the characterisation

is therefore 0.084 day (k = 1).

Confirmation measurements were carried out at EC-

JRC-ITU in compliance with ISO Guide 34 [1] to assess if

the measured age corresponded to the known production

date. Confirmation measurements were performed by iso-

tope dilution mass spectrometry (IDMS) analysis on ran-

domly selected units in order to determine the n(230Th)/

n(234U) amount ratio in the samples. The simplified IDMS

equation [7] used to calculate either the 230Th or the 234U

amount content (CX) in the sample is expressed as follows:

CX ¼ RY � RBð Þ
RB � RXð Þ � mY

mX

� RX � CY; ð2Þ

where RX, RY, RB represent the n(230Th)/n(232Th) or

n(234U)/n(233U) amount ratio in the unknown sample, spike

and blend, respectively, mX and mY are the masses (in g) of

unknown sample and spike, respectively and CY is the

amount content of the spike (in mol g-1) (either 232Th or
233U).

The suprapur HNO3 was sub-boiled and all the chemical

labware was cleaned prior to use [3].

Six 20 mg units were randomly selected from the whole

batch and dissolved in 2 mL concentrated nitric acid. The

total U concentration in these samples was 10 mg mL-1

and corresponded to an amount of about 1 pg of 230Th in

each measured aliquot, almost 8 months after the produc-

tion of the reference material.

Aliquots were prepared gravimetrically from the 2 mL

dissolved samples and measured by thermal ionisation

mass spectrometry (TIMS) on the MAT262 from Thermo

Fischer Scientific, Bremen, Germany and ICP–MS on the

Element 2 from Thermo Fischer Scientific, Bremen, Ger-

many. An in-house 233U spike (3.5 lg g-1) and two natural
232Th spikes (one from Inorganic Ventures with a total Th

concentration of [1001 ± 5] lg mL-1, k = 2, and one

from SPEX CertiPrep with a total Th concentration of
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[1000 ± 5] lg g-1, noted Th#2 and Th#3 respectively)

were used to determine the uranium and the thorium

amount contents [3]. Aliquots for Th separations from the

randomly selected units (referred as A, B, C, D, E and F)

were prepared gravimetrically using *0.1 g of solution

and *0.1 g of natural 232Th spike. In addition, a blank and

an unspiked sample were prepared for each of the six ali-

quots. The aliquots were chemically purified by a single

separation using TEVA� Resin following a similar mea-

surement procedure as that described in [3]. The purified

solutions were diluted in nitric acid and homogenised prior

to the measurements using the Element 2 ICP–MS [3, 8].

Procedural blanks, Th standards and unspiked samples

were measured before each measurement series.

From the measured n(230Th)/n(234U) amount ratio in the

samples, the ages were calculated using the following

simplified equation assuming complete Th separation [9]:

t ¼ 1

k234U � k230Th

� ln 1 � nð230ThÞ
nð234UÞ � k230Th � k234U

k234U

� �

ð3Þ

where t is the age of the uranium sample (in years), k234U

and k230Th are the decay constants of 234U and 230Th

respectively, based on their respective half-lives, T1/

2 = (245.5 ± 1.2)�103 a and T1/2 = (75.38 ± 0.6)�103 a,

k = 2 [10]. The efficiency and completeness of the

chemical separation was verified and is discussed in details

in [3].

The detailed uncertainty contributions for the measure-

ments of the n(230Th)/n(232Th) and n(234U)/n(233U) amount

ratios and calculated ages are summarised in Table 1.

The measured production dates (in dd/mm/yyyy) with

their expanded uncertainties (k = 2) are presented in Fig. 1

and are compared with the known production date of the

reference material, i.e. 9 July, 2012.

Figure 1 shows a good agreement of the calculated

production dates both with the average value and the

known production date (reference value). It confirms the

completeness of the separation of the thorium from the

uranium during the production of the uranium reference

material. Moreover; these results also show that there is no

difference or bias observed using the two Th spikes for the

IDMS analyses.

Homogeneity

A key requirement for any reference material is the

equivalence between the various units [6, 11]. In this

respect, it is relevant whether the variation between units

(heterogeneity) is significant compared to the uncertainty

of the certified value. In contrast to that, it is not relevant if

this variation between units is significant compared to the

analytical variation. Consequently, ISO Guide 34 requires

reference material producers to quantify the between unit

variation/homogeneity.

The between-unit homogeneity was evaluated to ensure

that the certified value of the uranium reference material is

valid for the whole batch of 161 units within the stated

uncertainty. Five units of 20 mg and five units of 50 mg

uranium (corresponding to the cubic root of the produced

unit number in each size) were selected using a random

stratified sampling scheme covering the whole batch.

The same chemical preparation of the samples was used as

for the characterisation and confirmation in Sect. ‘‘Charac-

terisation and confirmation’’. The ten selected units were

dissolved in 2 or 5 mL concentrated nitric acid to obtain a U

concentration of *10 mg mL-1 and an amount of *10 pg

of 230Th per measured aliquot. Aliquots from the 2 or 5 mL

were then prepared and measured by TIMS and ICP–MS.

Table 1 Summary of the different uncertainty contributions (in %) on the thorium, uranium amount contents and the final calculated age for the

three studies: confirmation, homogeneity and long-term stability

Confirmation Homogeneity Long-term stability

Th measurements RB C 75 %

CY (232Th) B 10 %

Mass bias factor

B 10 %

mY B 5 %

RB C 70 %

CY (232Th) and mass bias factor

B 10 %

mY B 10 %

RY\ 5 %

mX\ 5 %

RB B 80 %

Mass bias factor\ 30 %

CY (232Th)\ 20 %

mY B 10 %

U measurements RB C 80 %

Mass bias factor

B 20 %

Mass bias factor B 80 %

RB B 10 %

RB C 60 %

Mass bias factor B 40 %

Age calculation CX (230Th) C 50 %

CX (234U) B 50 %

CX (230Th) B 50 %

CX (234U) C 50 %

Half-life of 234U * 5 %

CX (230Th)[ 60 %

CX (234U) B 20 %

Half-life of 234U B 20 %
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For the uranium isotope abundance measurements, one

aliquot per sample (so 10 aliquots in total) was prepared

and measured by TIMS. For the determination of the 234U

amount content using the n(234U)/n(233U) amount ratio by

ID–ICP–MS (Element 2), one aliquot was prepared with an

addition of the 233U spike (3.5 lg g-1) together with an

unspiked aliquot. Procedural blanks were also measured by

ICP–MS together with the uranium samples.

For the determination of the 230Th amount content, three

aliquots per sample were prepared and spiked with the

same natural 232Th tracer (i.e. Th#3) resulting in ten

measurement series (hereafter referred with letters from A

to J). An unspiked sample, procedural blanks and the Th#3

spike were also measured by ICP–MS.

The separation of the ten series was carried out on a

single TEVA� Resin column on two consecutive days,

starting with series A on the 16 October, 2013 at 14:40 p.m.

(median time for complete Th elution), series B and series

C on 17 October, 2013 at 11:00 a.m. and 14:50 p.m.

respectively.

Although the thorium and uranium samples were not

measured on the same day, day-to-day effects due to

ingrowth of thorium are negligible due to the long half-

lives of 234U and 230Th [10]. The thorium measurements

were carried out under repeatability conditions and in a

randomised manner to be able to separate a potential

analytical drift from a trend in the filling sequence.

The ages for the 10 selected units reported in Fig. 2

were normalised to the date of the separation of the first

series (here 16 October, 2013 at 14:40 p.m. for series A),

by subtracting the time difference between the separation

date of the respective series and series A in order to

compare all the ages. The known elapsed time since the

production date of the material and the reference date of

the analysis is hereafter referred to as the ‘‘known age’’,

and is 464.2 days. The Fig. 2 shows a good agreement

within the uncertainties between the calculated (model)

ages, the mean and the known age.

Regression analyses were performed to evaluate poten-

tial trends in the analytical sequence as well as trends in the

filling sequence. No trends were observed either in the

filling sequence or in the analytical sequence on a 95 %

confidence interval (Fig. 2).

Quantification of between-unit inhomogeneity was

accomplished by analysis of variance (ANOVA) using

SoftCRM [12], which separates the between-unit variation

(sbb) from the within-unit variation (swb). The latter is

equivalent to the method repeatability if the individual

samples are representative for the whole unit [11]. There-

fore, the data were checked for any significant difference in

between-day means using one way- ANOVA on the sam-

ples in the analytical sequence order.

The dataset was tested for consistency using Grubbs

outlier tests on a confidence level of 99 % on the indi-

vidual results (replicate measurement) and the unit

means. Two outlying individual results (Fig. 2), corre-

sponding to two aliquots of the same unit (aliquots B1

and B3), were detected for the ages. The ages in these

two aliquots were higher than in the other samples due

to the higher 232Th measured in the procedural blank,

thereby leading to an overcorrection of the 232Th signal

and a higher 230Th/232Th isotope ratio. However all the

data were retained for the statistical analysis, since no

technical reason justified discarding these two individual

results.

As summarised in Table 2, an inhomogeneity (ubb,rel
* ) of

maximum 0.14 % was found whereas the between-unit

variation (sbb,rel) was found to be of 0.83 %, and therefore

above this limit to detect inhomogeneity. Therefore the

between-unit standard deviation sbb (0.83 %) can be used

as estimate of the final uncertainty coming from the

homogeneity study (ubb). The combined standard

Fig. 1 Production dates as

calculated from the measured

ages for the 24 samples

(diamond symbols are colour

coded according to six sample

sets, A through F) for the

confirmation study, the

reference value (horizontal line)

and their associated expanded

uncertainties (k = 2) and the

average and its uncertainty (as

2SD, standard deviation). The

thorium IDMS samples are

numbered as follows: 3–4

samples spiked with Th#2 and

5–6 spiked with Th#3
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uncertainty to account for potential inhomogeneity is

therefore ubb = 3.88 day (k = 1).

Stability

The IRMM-1000a and IRMM-1000b are certified for the

production date based on the 234U/230Th radiochronometer.

Therefore, the certified value is not subject to any insta-

bility by itself, and stability testing was only used to

establish the reproducibility of the measurement procedure

over time.

The long-term stability study [6, 11] was carried out

more than two years after the production of the IRMM-

1000a and IRMM-1000b units, following the same ana-

lytical procedures as the homogeneity and characterisation

studies. The chemical separation took place on 3 Novem-

ber, 2014 at 10:53 a.m.

Two 20 mg uranium samples (referred hereafter as A

and B) were selected and analysed by ICP–MS using three

aliquots for the thorium and two independent aliquots for

the uranium analysis; these latter being also analysed by

IDMS–TIMS. All the thorium aliquots were separated and

measured by ICP–MS within one day and all the uranium

aliquots the following day. Therefore, no normalisation to a

common reference date was needed and the ages could

directly be compared with the known age based on the

ICP–MS results. The production dates for the two samples

of the long-term stability study are presented along with the

production dates from the two other studies in Fig. 3. They

showed a good agreement within uncertainties with the

certified reference value.

Because the number of samples for stability measure-

ments was less than three, a conventional single and double

Grubbs test at 99 % confidence level could not be per-

formed to check for outliers. However, the results from the

long term stability measurements were evaluated using

Student test and F test (Table 3), which demonstrated that

there was no trend and no outliers for a 99 % level of

confidence and therefore, all data were retained for statis-

tical analysis.

Furthermore, the data were plotted against the elapsed

time between the confirmation and the long-term stability

studies (i.e. taking into account all the results from the

different certification studies) and linear regression lines of

production dates versus time were calculated (as shown in

Fig. 4). The slope of the regression line (a = -0.016 ±

0.007) was tested for statistical significance (loss/increase

due to storage conditions) and was found to be significantly

different from zero for a 95 % level of confidence, but not

significantly different for a 99 % level of confidence. It was

therefore concluded that there is no detectable degradation

of the material. Since no technically unexplained outliers

were observed and none of the trends were statistically

significant for a 99 % level of confidence at room tem-

perature, the material can be stored at room temperature.

The ults was calculated, in compliance with ISO Guide

35:2006 [6] based on the uncertainty of the slope of the

regression line for the production dates from the three

studies over time (Fig. 4) and a particular ‘shelf-life’, i.e.

Fig. 2 Calculated age obtained

for the homogeneity study per

unit in the analytical sequence

order, the mean (dashed line)

and the known age based on the

reference value (triangle) with

their expanded uncertainties

(k = 2). Note that the

uncertainty for the reference

value corresponds to the

uncertainties on the

characterisation as described in

Sect. ‘‘Characterisation and

confirmation’’ and on the

homogeneity as described in

Sect. ‘‘Homogeneity’’

Table 2 Relative standard uncertainties on the age results from the homogeneity study carried out on 16 October 2013

swb,rel (%) sbb,rel (%) ubb,rel
* (%) ubb,rel (%)

Based on n(230Th)/n(234U) 0.43 0.83 0.14 0.83
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the storage time in days was derived to be ults = 5.20 day

(k = 1) for a storage of 2 years (exactly 732 days) [6, 13].

The uncertainty from the long-term stability has therefore

to be taken into account in the final combined uncertainty

of the CRM (in Eq. 1).

As no significant degradation was found during this

study, the CRM can be shipped to customers and stored for

at least 2 years at ambient conditions without special pre-

cautions. However, this CRM will be subjected to EC-JRC-

IRMM’s regular stability monitoring programme to moni-

tor its stability beyond the 2 years.

Final combined uncertainty

The assigned uncertainty consists of uncertainties related to

characterisation, uchar, potential between-unit inhomo-

geneity, ubb and the uncertainty related to degradation

during long-term storage ults.

These contributions were combined to estimate the

expanded uncertainty of the certified value (uCRM) with a

coverage factor k as:

uCRM ¼ k �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2
char þ u2

bb þ u2
lts

q

ð4Þ

uchar was estimated as described in Sect. ‘‘Characterisation

and confirmation’’, ubb was estimated as described in

Sect. ‘‘Homogeneity’’, ults was estimated as described in

Sect. ‘‘Stability’’.

Due to the sufficient number of degrees of freedom in

the different uncertainty calculations, a coverage factor k of

2 was applied, to obtain the expanded uncertainties.

Finally, the IRMM-1000a and IRMM-1000b certified

value for the production date based on the 230Th/234U

radiochronometer is 09/07/2012 and its expanded uncer-

tainty uCRM = 13 day (k = 2).

ILC REIMEP-22

Prior to the release of IRMM-1000a and IRMM-1000b, the

EC-JRC-IRMM, in support to the Nuclear Forensics

International Technical Working Group (ITWG) and lab-

oratories in the field of nuclear forensics and safeguards,

Fig. 3 Calculated production

dates and expanded

uncertainties (k = 2) obtained

from the three studies:

characterisation (diamonds, on

six units), homogeneity

(squares, on ten units), stability

study (triangles, on two units)

and the certified reference value

(line) with its expanded

uncertainty (dashed lines)

Table 3 Results from the

Student test and F test on the six

samples measured for the long-

term stability study (two

randomly selected units with

three replicates per unit)

t value 4.47

t crit 4.60

F 5.67

F crit 7.71

df 4

P value 0.08

Fig. 4 Results for the production dates (N = 18) with their expanded

uncertainties (k = 2) at the respective dates of the confirmation,

homogeneity and long-term stability studies
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launched a new Regular European Inter-laboratory Mea-

surement Evaluation Programme (REIMEP-22) based on

this material, called ‘‘U age dating—determination of the

production date of a uranium certified test sample’’. In

total, 11 laboratories participated in REIMEP-22 and

reported production dates and uncertainties for the 20 and/

or 50 mg certified test samples based on mass- or alpha-

spectrometry measurements using the 230Th/234U

radiochronometer. Their results were assessed against the

independent reference value in compliance with ISO

13528:2005 and confirmed the abilities of the majority of

participating laboratories to determine the ‘age’ of a ura-

nium material containing low amounts of Th [14, 15]. One

of the participants in REIMEP-22 reported agreeing pro-

duction dates based on the 230Th/234U and the 231Pa/235U

radiochronometers. Although it is a single preliminary

result, the agreement within uncertainty of the certified

production dates based on both radiochronometers indi-

cates that the complete Pa separation may have also been

achieved, so that the production date based on the
231Pa/235U chronometer could also agree with the
230Th/234U certified production date. However, further

studies are needed to demonstrate the complete Pa sepa-

ration at the time of preparation of IRMM-1000a and

IRMM-1000b and that the material can also serve as a

reference for this radiochronometer.

This exercise, the first of this kind within the nuclear

forensic community, demonstrated the potential of this new

CRM as valuable tool for method validation and

calibration.

Conclusion

The IRMM-1000a and IRMM-1000b uranium reference

materials, available in two sizes 20 and 50 mg uranium

respectively, were certified according to ISO Guides

34:2009 and 35:2006 for the production date based on the
230Th/234U radiochronometer. The certified reference

value (production date expressed as dd/mm/yyyy) of the

IRMM-1000a and IRMM-1000b and its expanded uncer-

tainty was determined as: 09/07/2012 ± 13 day (k = 2).

The results obtained from the certification study of this

CRM and from the ILC REIMEP-22 organised in parallel,

demonstrated the successful and complete separation of

Th from the original U material to the maximum extent

achievable. This confirmed that the ‘‘clock’’ in the refer-

ence material was actually set to zero. This novel CRM

will contribute to more reliable measurements of the

‘‘age’’ and characterisation of intercepted uranium mate-

rials in nuclear forensic and will improve method vali-

dation in nuclear safeguards.
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