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bstract

The new double spike isotope reference material IRMM-3636 was prepared gravimetrically using highly enriched 233U and 236U isotopic material.
he n(233U)/n(236U) ratio was adjusted to about 1:1 and certified with an extended relative uncertainty of 0.016% (coverage factor k = 2). By mixing

he n(233U)/n(236U) double spike with a sample and applying internal mass fractionation correction, the n(235U)/n(238U) ratio of a given sample
an be determined with the highest possible precision and accuracy. Due to the low relative abundance of 234U for the IRMM-3636 double spike
<0.00037%) measurements for n(234U)/n(236U) of samples close to natural isotopic composition (n(234U)/n(236U) ∼= 5.4 × 10−5) are also possible
ith a rather small correction and without significant increase in the uncertainty.
The IRMM-3636 double spike was applied for measurements of natural uranium ore samples. The results for n(235U)/n(238U) ratios were
ompared to earlier data obtained using UF6 gas sources mass spectrometry and to the most recent IUPAC recommended value, published in 2003.
he results show that the historically used “consensus value” of 1/137.88 (earlier IUPAC value) cannot be considered representative for natural
ranium samples.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In nuclear safeguards as well as in several scientific dis-
iplines there is a well-recognized need for certified isotopic
eference materials of uranium. The measurement of uranium
y mass spectrometry is a special challenge because of the very
ide dynamic range of the isotope abundances typically found

n nature as well as in uranium from the nuclear fuel cycle.
he reference materials programme at IRMM was started in the
980s with the preparation of the IRMM-072 series, which has
een shown to be a set having the highest metrological qual-
ty for certified isotopic ratios [1,2]. IRMM-072 was prepared

rom purified, enriched uranium isotopic material of 233U, 235U
nd 238U. The IRMM-072 set was designed in particular for
he determination of mass-spectrometer linearity. After the sup-
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lies of the original IRMM-072 material became exhausted the
eplacement series IRMM-074 has been certified in 2005.

The new so-called double spike isotope reference material
RMM-3636 is a synthetic reference material produced by gravi-
etrically mixing a highly enriched (99.96%) spike of 233U with
highly enriched (99.97%) spike of 236U. The aim was to pro-
uce an isotope mixture with a certified n(233U)/n(236U) ratio
lose to 1:1 and smallest possible uncertainty.

Due to the gravimetrical preparation technique a value for
he n(233U)/n(236U) ratio of the double spike IRMM-3636 is
btained, which is traceable to the SI system of units. If applied
n combination with internal mass fractionation correction (nor-

alization) the double spike provides the most precise and
ccurate way of measuring n(235U)/n(238U) isotope ratios by
ass spectrometry. The double spike also allows the determi-
ation of smallest differences of the n(235U)/n(238U) isotopic
atios between samples of different origin [3].

Within this paper the preparation, certification and verifi-
ation of the double spike IRMM-3636 is briefly described.

mailto:stephan.richter@ec.europa.eu
dx.doi.org/10.1016/j.ijms.2007.09.012
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urthermore, isotopic measurements of some natural UOC
uranium ore concentrate) samples from various geographical
ources are presented, part of them performed by UF6 gas
ource mass spectrometry (GSMS) in 1999 [4] and part of them
erformed recently by thermal ionization mass spectrometry
TIMS) using the new n(233U)/n(236U) double spike IRMM-
636.

. Preparation and verification of the double spike
RMM-3636

In the past double spike reference materials similar to IRMM-
636 have been prepared at various laboratories. However, the
nique characteristics of IRMM-3636 are the high isotopic
nrichment of the starting materials and the specific prepara-
ion technique. The double spike mixture at IRMM was made
ravimetrically with the basic principle of dissolving weighable
mounts of highly enriched oxides into solutions and mixing
he solutions in the desired proportions gravimetrically. Prior
o mixing, the 233U and 236U starting materials were purified
sing the same reagents and procedures, which involved anion
xchange in nitric acid medium, cation exchange in HNO3/THF
nd precipitation as peroxide. The purified 233U and 236U start-
ng materials were calcined under almost identical conditions
f temperature and humidity in order to form U3O8 and to
nsure that both enriched materials have the same stoichiometry.
he purified and calcined 233U and 236U oxides were dissolved

nto HNO3 solution gravimetrically and the solutions were then
ixed gravimetrically to obtain the double spike. The isotopic

omposition was calculated based on the weights of the 233U and
36U starting materials and their isotopic compositions, which
ere measured by TIMS. Due to their high isotopic enrichments,

he uncertainties of the TIMS measurements did not contribute
ignificantly to the calculation of the n(233U)/n(236U) isotope
atio of the double spike.

A careful mass spectrometric verification measurement of
he n(233U)/n(236U) double spike was performed using a Tri-
on TIMS at IRMM. For this purpose the double spike “sample”
as mixed with an approximate amount ratio of 1:1 with the syn-

hetic isotope reference material IRMM-3050. IRMM-3050 is
he original synthetic mixture of highly enriched 235U and 238U
pikes, part of which was mixed with a 233U spike to obtain
he IRMM-074 series. For the verification measurement the
nown n(235U)/n(238U) ratio of 1.000259(81) in IRMM-3050
as used for internal mass fractionation correction to mea-

ure n(233U)/n(236U) of the “sample” IRMM-3636. The very
ow uncertainty of the n(235U)/n(238U) ratio for IRMM-074
rises because the purified oxides were mixed and dissolved
ogether to form a master solution; whereas for the double
pike, IRMM-3636, solutions of 233U and 236U were mixed,
eflected in a higher certified uncertainty for this mixture. For
he verification measurement of IRMM-3636 a multi-dynamic
rocedure was applied in order to minimize any influence and

ncertainty contributions arising from the Faraday amplifier
ains and cup efficiencies. This was achieved by measuring the
(235U)/n(238U) ratio of IRMM-3050 using the same pair of
araday cups as the n(233U)/n(236U) ratio of IRMM-3636.
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The result for the mass spectrometric verification measure-
ent of IRMM-3636 is given by a ratio of n(233U)/n(236U) =

.019090(86). The relative expanded uncertainty of 0.0086%
coverage factor k = 2) is only slightly higher than the relative
ncertainty of 0.0081% for the IRMM-3050 synthetic reference
aterial. This mass spectrometric result is in excellent agree-
ent with the calculated ratio from the gravimetric mixing,

(233U)/n(236U) = 1.01906(16).
Isotope reference materials like the double spike IRMM-

636 are prepared to be used as standards in isotope mass
pectrometry. In order to avoid circular reasoning the certi-
ed n(233U)/n(236U) ratio of this reference material should be
s independent as possible from mass spectrometric measure-
ents. Therefore the gravimetrically determined ratio and its

ncertainty are used for the certification of the double spike
RMM-3636. As a result from the mass spectrometric verifi-
ation measurement, the very small and insignificant relative
ifference of 0.0029% between the measured and certified ratios
rovides a strong confidence to the certified n(233U)/n(236U)
atio of IRMM-3636. This excellent agreement also confirms
he assumption of achieving similar impurity levels and stoi-
hiometry for all enriched starting materials of 233U, 235U, 236U
nd 238U prior to the preparation of the mixtures.

In contrast, if a n(233U)/n(236U) double spike would be pre-
ared by mixing 233U and 236U enriched materials without
areful control of the chemical purification and calcination pro-
esses, it would have to be calibrated against other readily
vailable uranium standards by mass spectrometry. In the past,
.g., reference materials such as NBL U500 or natural uranium
aterials, e.g., such as SRM950a/b/c, were used for this purpose.
or the natural n(235U)/n(238U) ratio sometimes the “consensus”
alue of 1/137.88 [5,6] has been used [3], which is not traceable
o the SI system and has no uncertainty associated to it. This
ype of double spike is rather suitable for differential than for
bsolute n(235U)/n(238U) ratio measurements.

. Measurements of UOC samples from various sources

In Fig. 1 various mass spectrometric measurements of the
(235U)/n(238U) ratio for UOC (uranium ore concentrate) sam-
les are presented. The measurements of samples 1–4 are taken
rom an earlier publication about isotopic fingerprinting of UOC
amples [4]. They originate from Namibia, Canada, France and
he Czech Republic, respectively. They were analyzed by a
F6 gas source mass spectrometer (GSMS), using the dou-
le standard method. The UF6 standards were calibrated based
n synthetic mixtures of highly enriched 235U and 238U start-
ng materials, and are therefore traceable to the SI-system. The
uoted relative uncertainties of the GSMS measurements are
t the level of 0.05%. These uncertainties are considered to be
onservative.

Fig. 1 also contains TIMS measurements of three UOC sam-
les from Australia, presented as samples #5–7. For each of these

hree samples TIMS measurements were carried out using the
RMM-3636 double spike in combination with internal normal-
zation. The samples were mixed on the TIMS filaments with the
RMM-3636 Double Spike, using sample/spike mixing ratios
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Fig. 1. Results for n(235U)/n(238U) for seven UOC (uranium ore concentrate)
samples, originating from Namibia (#1), Canada (#2), France (#3), the Czech
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this isotope ratio may well serve as a signature for attribution
of uranium ore concentrate for safeguards and non-proliferation
purposes.
epublic (#4) and Australia (#5–7). The results are compared to the most recent
UPAC recommended [7] value, which is originating from sample #1 [4], and
o the previous IUPAC value [5] (“consensus” value of 1/137.88 [6]).

f about 1:1 and 50:1 for the uranium amount, corresponding to
sotope ratios n(236U)/n(238U) = 0.5 and n(236U)/n(238U) = 0.01,
espectively. The certified n(233U)/n(236U) ratio was used
or internal mass fractionation correction to determine the
(235U)/n(238U) and n(234U)/n(238U) ratios of the Australian
OC samples. The sample/spike mixing ratio of about 50:1

urned out to be advantageous, because the corrections for the
34U and 235U contributions from the IRMM-3636 double spike
nd the peak tailing contribution from 236U are much less sig-
ificant.

The agreement among the n(235U)/n(238U) ratios for all seven
OC samples presented here is quite obvious, no matter if

hey were measured by UF6-GSMS or TIMS. However, the
mallest uncertainties for n(235U)/n(238U) ratio measurements
re obtained using the IRMM-3636 double spike with internal
ormalization. All results presented here are also in good agree-
ent with the IUPAC recommended data for the “representative

sotopic composition”, for uranium, published in 2003 [7] and
riginating from sample #1 [4]. All presented ratios, most signif-
cantly those measured with the IRMM-3636 double spike, are
bout 0.053% higher than the previous IUPAC recommended
alue [5]. This previous IUPAC value is also well-known by
he value of 0.72% for the molar 235U abundance. It further-

ore corresponds to the “consensus value” of 1/137.88 for the
(235U)/n(238U) ratio of natural uranium [6].

In particular the measurements obtained with the new dou-
le spike strongly support the 2003 IUPAC recommended value.
owever, it has been reported on several occasions (e.g., in Refs.

3,8]), that natural uranium samples from different sources may
iffer by up to 0.13% in their n(235U)/n(238U) ratios. Therefore
t is suggested that the “consensus value” of 1/137.88 has to
e considered with quite some care. From the results of inter-
aboratory comparisons, e.g., REIMEP 18, it appears that the

consensus value” is quite often used for mass fractionation cor-
ection or Faraday/ion counter inter-calibration performed using
atural like uranium samples [9]. Therefore a careful verification
easurement of any presumably natural uranium material used

F
p
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or calibration purposes is strongly recommended. The double
pike IRMM-3636 is the ideal tool to do this with high accu-
acy and with expanded relative uncertainties as low as 0.016%
coverage factor k = 2).

The new IRMM-3636 double spike also allows measure-
ents of n(234U)/n(238U) ratios for natural type samples

n(234U)/n(238U) ∼= 5 × 10−5) with good precision and accu-
acy. This is due to the quite low n(234U)/n(236U) ratio of
bout 0.00036606 in the double spike, with a relative expanded
ncertainty of 0.13% (coverage factor k = 2). For the TIMS
easurements of the UOC samples #5–7 using a sample/spike
ixing ratios of 50:1 (corresponding to n(236U)/n(238U) = 0.01),

he relative 234U contribution from the IRMM-3636 dou-
le spike to the total 234U beam intensity was below 7%.
his is resulting in an additional uncertainty contribution of
elow 0.01% for the corrected n(234U)/n(238U) ratio, which
s insignificant in most cases. As shown in Fig. 2, for the
OC samples #5–7 from Australia TIMS measurements for
atural type n(234U)/n(238U) ratios using the double spike
gree well with “direct” TIMS measurements. The direct TIMS
easurements were performed by internal normalization of

he n(234U)/n(238U) ratios using the corrected n(235U)/n(238U)
atios, which were in turn based on external normalization using

certified n(235U)/n(238U) standard. For all n(234U)/n(238U)
easurements reported here, the 234U isotope was detected

sing a Faraday cup in combination with a 1012 � ampli-
er resistor in order to improve the signal to noise ratio. The
ntire Faraday multi-collector system was checked for detec-
or linearity using the IRMM-074 series of synthetic reference

aterials.
The relationship between the n(234U)/n(238U) ratios and the

eological structure of the sample origin is complicated and
epends on genesis, age and also the water permeability of the
re body. Details about the UOC samples from Australia and
heir elemental and isotopic analysis will be discussed in another
aper [10]. As pointed out also in [4], the results suggest that
ig. 2. Results for n(234U)/n(238U) for three UOC (uranium ore samples) sam-
les, originating from Australia.
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. Conclusions

The new gravimetrically prepared IRMM-3636 double spike
sotope reference material is characterized by a certified
(233U)/n(236U) ratio close of to 1:1 and an expanded relative
ncertainty of 0.016% (coverage factor k = 2). Therefore IRMM-
636 is an ideal isotope reference material for n(235U)/n(238U)
atio measurements performed using internal mass fractiona-
ion correction, which can be done with improved precision
nd accuracy. Measurements of uranium ore samples using
he IRMM-3636 double spike strongly support the most recent
UPAC recommended value for natural uranium, published
n 2003, over the previous one, which was given by the
(235U)/n(238U) “consensus value” of 1/137.88.
Additionally, measurements of n(234U)/n(238U) ratios for
atural uranium can be done with small corrections and neg-
igible additional uncertainty contributions from the application
f IRMM-3636.
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