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Abstract

A set of six samples, collected worldwide from various uranium ore mining facilities, was analysed for uranium isotopic
composition by high accuracy isotope mass spectrometry. The goal of this article was twofold: to measure isotopic variation
between samples of different geographical origin and to produce calibrated isotope ratios with the smallest achievabl
uncertainty (as defined according to the ISO Guide to the Expression of Uncertainty in Measurement). In the first step, thi
molar ratio of the isotope$**U and 28U, n(***U)/n(**®), was measured using a §as-inlet isotope mass spectrometer
(VARIAN MAT 511). This instrument was calibrated against gravimetrically prepared synthetic isotope mixtures thus
allowing Sl-traceable measurements to be made. The ratios of the “minor isotopeS®o[n(*3*U)/n(**8J) and
n(**%U)/n(**8)] were determined in a second step using a thermal ionisation mass spectrometer with high abundance
sensitivity (Finnigan MAT262-RPQ-PLUS). The mass-fractionation correction was done internally using the result of the
n(***U)/n(**8J) measurement. As a result, the complete measured uranium isotopic composition is traceable to the S| systen
For all ratiosn(*3?U)/n(**8U), n(***U)/n(**&), and n(***U)/n(**4) significant differences for samples of different origin
were found. Regarding the(>3®U)/n(>*8) results, only two samples, one of them from the Oklo reactor in Gabon, showed
significant presence Gf®U. For all other samples an upper limit fo¢z2%U)/n(*>3®) of about 6 10 °, mainly dependent
on the instrumentation, was found. As a result of this study we propose values for the isotope abundances of natural uraniu
for the “Best Measurement from a Single Terrestrial Source” and the “Range of Natural Variations” in the [IUPAC-table of the
“Isotopic Composition of the Elements.” (Int J Mass Spectrom 193 (1999) 9-14) © 1999 Elsevier Science B.V.
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1. Introduction be found in a higher concentration compared with
natural uranium £6 ug/g) and typically does not
Uranium, the heaviest naturally occurring element have the same isotopic composition. There are three
on earth, plays an important role in daily life because naturally occurring uranium isotopes with long half-
of its use in nuclear power plants. Release of nuclear lifes, 22U, 2°%U, and 2°%, the isotope abundance
waste into the environment is an important issue in ratios being approximately 0.000055:0.00725:1.
many parts of the world. Anthropogenic uranium can These ratios may have small variations depending on
the geographic origin of the sample, due to natural
isotope fractionation, nuclear reactions or anthropo-
» Corresponding author. : genic contamination. Variations of the rat¢®>U)/
Present address: New Brunswick Laboratory, 9800 South Cass ~ 54 . .
Avenue, Argonne, lllinois 60439. E-mail: stephan_richter@ n( 8U) may also arise from processes that disturb the
ch.doe.gov secular equilibrium between these isotopes.
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Anthropogenic uranium also contains small tainties for these samples. By doing this, values in the
amounts of*%U, formed by neutron capture 6f°U IUPAC Isotopic Table [4] could be based on data of
in nuclear industrial processes, the rati¢*>®U)/ the highest metrological quality. For this reason a
n(**¥) ranging between 10 and 102 [1]. Some  combination of two highly accurate mass spectromet-
239 has only been found in exceptional geological ric techniques was used. Th&?3*U)/n(**®) ratio
specimens (e.g. samples from the Oklo reactor). As was measured with an uncertainty of 0.05% (coverage
the naturaln(®**®U)/n(>*) abundance ratio is ex factork = 2, according to the ISO Guide [2]) using a
pected to be extremely low, arising from activation UFs-gas-inlet isotope mass spectrometer, which was
processes as cosmic ray activation, mass spectrometcalibrated using gravimetrically prepared synthetic
ric instrumentation that is able to measure isotope isotope mixtures.
abundance ratios within a dynamic range of 8—10  The isotope ratios of the “minor” isotopes relative
orders of magnitude is required. to 2%8U, n(3U)N() and n(>*U)/n(ZA), are

Because the lowest abundant isotép&J is close determined by thermal ionisation mass spectrometry
in mass tc?>8U, the most abundant one, the influence with a “high” abundance sensitivity of better than
of the 2% ion beam on that of*®U from the 22U 1.2x 10 1° at “>*®y — 2 u” (Finnigan MAT262-
peak tail can be observed to some extent in every RPQ-PLUS, [5]), using the result af(>>*U)/n(>8)
isotope ratio mass spectrometer. The property used toobtained by UE-gas-inlet isotope mass spectrometry
describe this influence is called the “abundance sen- for internal mass fractionation correction. Therefore,
sitivity.” The value of the abundance sensitivity at the results forn(>**U)/n(>*U) and n(**®U)/n(>>2V)
239 arising from the tail o8 (“2%% — 2 u") is obtained by thermal ionisation mass spectrometry can
defined by the ratid®3®1238 wherel23® is the ion also be considered as “calibrated” results and the
current of?*8 at mass 236 anf®® that at mass 238.  complete uranium isotopic composition measured in
Usually the abundance sensitivity of a mass spectrom- this way is traceable to the Sl system.
eter is given one mass unit below the tailing peak  The effort done to produce calibrated values for
(“2°8J — 1 u”), but in this context its value 2 mass uranium isotope ratios with reliable uncertainties
units below (af3®V) is the critical one. Commercial  serves also one other important goal: to improve
guadrupole or single-focusing magnetic sector mass reliability and comparability in environmental nuclear
spectrometers usually have an abundance sensitivity insafeguards, especially for the detection of possible
the range of 10°-10 " at “**%J — 1 u,” leading to  undeclared nuclear activities. A significant depletion
about 10°-10 8 at “>*8J — 2 u,” which is the limiting of the isotope amount ratia(*>*U)/n(>*®J) compared
factor for the detection and measurement3u. to the “normal terrestrial value” is an indication of

Most of the values published in literature do not nuclear fission processes having occurred in the sam-
have well-defined uncertainty statements. The ap- ple. Since the consequences of any possible (unde-
proach used here is based on the ISO Guide on theclared) nuclear activity are severe, conclusions of
Expression of Uncertainty in Measurement [2] and the such mass spectrometric analyses have to be based on
values given here are therefore not merely repeatabil- high quality data for uranium isotope ratios, having
ity or reproducibility values only. For the investiga- the best possible reliability and being traceable to a
tion of differences between samples, repeatability common system of units, i.e. the Sl system.
alone is sufficient. Values better than 0.01% repeat-  The ratio n(>*U)/n(>*®J) can also be used to
ability in the literature for uranium isotope ratios can detect nuclear activities as tié®U is formed by a
be found. On the other hand, full uncertainties accord- neutron capture process. As this ratio is very small,
ing to the 1ISO Guide which are better than 0.03% the dominant source of uncertainty arising from the
have rarely been published (e.g. by Rosman et al. [3]). reproducibility of the measurement, the calibration
In this work, the objective was also to produce will only be a minor contributor to the total uncer-
calibrated ratios with the smallest combined uncer- tainty.
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Table 1
Origin of uranium ore samples analysed in this study and in [1]

No. Country of origin Milling facility

1 Gabon Comuf Mounana

2 Czech Republic DIAMO, Straz pod Ralskem
3 Canada CAMECO Rabbit Lake Op.
4 Namibia Roessing Uranium Mine

5 France Cogema Lodeve

6 France CETAMA Amethyste

[1], 1 Finland Askola

[1], 2 Finland Paukkajanvaara

[1], 3 Australia Ranger Mine

[1], 4 Australia Dam Operations

[1], 5 Canada Cogema Resources

[1], 6 Canada CAMECO Key Lake Op.

This study constitutes a continuation of a previous
work on natural uranium samples by Ovaskainen et al.
[1]. Because of the improved abundance sensitivity
(factor = 8) and therefore improved detection limit
for 2°%U of the Finnigan MAT262 RPQ-PLUS com
pared with the RPQ-Prototype used in [1], some of the
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2.2. Mass spectrometric measurements

2.2.1. Determination of AtU)/n(**®U) by UFs-gas-
inlet isotope mass spectrometry

The measurements were performed using the dou-
ble standard set IRMM-EC-171 consisting of two
gravimetrically prepared isotope reference materials.
The measurements were calibrated against these two
isotopic reference materials, one of them having a
slightly higher and the other one having a slightly
lower n(*3U)/n(**) ratio compared to the sample.

2.2.2. Determination of ARE“U)/n(>*®) and
n(>*®U)/In(>*®) by thermal ionisation mass
spectrometry

A Finnigan MAT262-RPQ-PLUS thermal ionisa-
tion mass spectrometer was used to measure the minor
isotope ratios1(>3U)/n(?*8U) andn(**U)/n(>32V). In
order to avoid any problems concerning Faraday cup
intercalibration, the multicollector array was not used.
The so-called minor isotop€sU and?*®U can only

samples were reanalysed and some more uranium orebe detected using a secondary electron multiplier

samples were included. The origin for all samples is
shown in Table 1.

2. Experimental

2.1. Chemical preparation and purification of the
uranium ore samples

The mass spectrometric determination of uranium
with high precision and accuracy requires careful
chemical purification procedure prior to mass spec-
trometric measurements. In this work the samples
were split into two subsamples: subsample 1 for
conversion into UE for gas-inlet isotope mass spec
trometry and subsample 2 for conversion to
UO,(NO,), and further purification using ion ex
change columns [1]. The fihd M HNOj solution of
subsample 2 had a uranium concentration of 5 mg/ml.
A 2 plL (10 pg) uranium sample was deposited on the
centre of the rhenium filament of a double filament

(SEM), which is used in combination with a deceler-
ation lens system to improve the abundance sensitiv-
ity, the “RPQ-PLUS.” The working principle of the
RPQ-PLUS lens system is explained in detail in [5]
and [6].

With the aid of the RPQ-PLUS deceleration lens
system no significant tail contribution at mass 236
could be detected. The measurement of the tail con-
tribution was limited by the background rate 0.62
0.29 min %, which was determined by counting at
mass 236 for 30 min, using unloaded filaments at the
usual run temperatures. The background rate already
includes the dark noise 0.1 0.065 min * of the
SEM. The higher value of the background rate can be
explained by a possib@®U contamination in the ion
source or scattering of ions in the analyser tube, e.g.
Re", Na", or K™ ions, which are always emitted from
the filaments.

The instrumental detection limit for the ratio
n(**3)/n(***V) can be calculated in the convention
ally defined way as three times the standard uncer-

source for measurement by thermal ionisation mass tainty of the background rate, divided by the typical

spectrometry.

%8 intensity F*%U = 2 x 10 ' A). This yields a
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value for the detection limit of 1.% 10 ° If the Table2 e

SEM dark noise alone were considered, the detection 'S0tope ration(**U)in(**), n(**U)/n(**), and

. . 23 23 n(**%U)/n(**8), measured for six uranium ore samgles

limit for the ratio n(*>**U)/n(>*®J) would be 2.6x

1071t No. nU)nEU)  nEU)NE)  n(ZEU)nEU)
The relative yield of the RPQ-PLUS ion counter 1 5.434(42)x 105 0.007 2357(36)  9.32(69% 10°°

versus a Faraday cup=08%) is measured in a 2  8355(49)<10°° 0.0072560(36) 2540(92) 10°

N 3 5.444(48)x 1075  0.007 256 8(36)  2.8(1.7 107 *°
separate procedure before each run by switching the, 54501« 105 0007 2568(36)  2.0(1.8 10 2°

233y beam between the RPQ ion counter and the 5  5.154(28)x 10° 0.007 257 2(36)  1.9(1.7% 10°%°

Faraday cup. This procedure is usually done &d 6  5.340(33)x 10 ° 0.0072352(36)  2.0(1.4% 10 *°

ion beam intensity of about 300000 counts/s, corre- 2Uncertainties calculated according to the 1SO Guide to the

sponding to an ion current of abouts 10 ** A. The Expression of Uncertainty in Measurement [2], using a coverage
factork = 2.

relative yield of the RPQ-PLUS measured in this way
includes both the relative yield of the ion counter For n(34U)/n(*3&), the results of nos. 2, 5, and 6

(>98%) and the transmission of the RPQ lens system (jffer significantly from the “natural” isotope amount
(=100%, [5]), as these properties can not be measuredyatio of 5.499(18)x 10 5, calculated from the half-
separately. It has been shown that oae2 hperiod lifes of these isotopes [8]. The(***U)/n(238) ratio
the standard uncertainty of the RPQ-PLUS yield is of no. 2, coming from the Czech Republic (see Table
about+0.2%. This value can be explained from the 1 for origin of samples), is very exceptional because it
ion counting statistics and the uncertainties due to the j5 mych higher than the calculated equilibrium value.
Faraday cup baseline noise and the Faraday cup signalryis cannot be explained by geological processes; one
noise in the calibration procedure. As a consequence, possibility may be because of some anthropogenic
the two ratiosn(**U)/n(***V) and n(**U)/n(***V) contamination with Pu, especialf#®Pu.
cannot be measured with a standard uncertainty Tpe n(23%U)/n(23) ratio in sample no. 1 (from
better than +0.2% with the present experi- the natural reactor near Oklo, Gabon) as well as in no.
mental method. 6 are slightly depleted, compared to the well-known
For each of the six samples, six replicate filament «normal terrestrial” ratio of about 0.00725. The “orig-
loadings were prepared and measured. The repeatabiljn g n(?3U)/n(>*&V) ratio was established in the
ity was compared with the “combined uncertainty” of  process (rapid neutron capture) of nucleosynthesis in
a single measurement, which was calculated by prop- 5 stellar, presolar environment and has then decreased
agating the contributions of all uncertainty sources Jue toa decay since that time, leading to the present
involved. As explained in detail for sample no. 2 in  {grrestrial ratio.
[7], the maximum of the two can be considered as a  p significant presence % was only found for
realistic final value of the uncertainty. An expanded 05 1 and 2, indicating to the previous existence of

uncertain'Fy, calculated using acoverage fakter 2, neutron processes in these samples. Applying a cov-
was aPPHEd_ to ?” uncertainties of isotope amount grage factor of 3, for all other samples an upper limit
ratios given in this study. for n(>*%U)/n(>*3) of about 6x 10 ° was found.

Their n(**®U)/n(**®J) ratio—and consequently also
their 2% content—is therefore very close to the
3. Results background level.

For all the ratios, n(**U)n(*3&), n(**V)/
n(?*8), andn(**%)/n(>3*®U) some significant differ 4. Conclusions
ences for samples of different geographical origin
were found. The measured isotope ratios are given in  Except for the samples nos. 3 and 4 there is no pair
Table 2. of two samples in the set of six, which have the same
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isotopic composition. So, with some constraints, this

set of data for the six natural uranium ore samples can

be considered as isotopic “fingerprints” for their
geographic origin. When looking only at one isotope
ratio, it is impossible to distinguish between most of
the samples. Concerning thei?>?U)/n(**®) isotope

ratios, the possibility of distinguishing between dif-
ferent samples is still limited by the instrumental
detection limit. The natural abundance TfU can
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Table 3
“Best measurement from a single terrestrial source”, present
IUPAC values compared to suggestion for replacement

Present IUPAC value,
1s, N*2 (at. %)

Suggested value (no. 4),
k=2, C* (at. %)

234 0.005 48(2) 0.005 420(42)
235 0.720 0(1) 0.720 41(36)
23g 99.274 5(10) 99.274 17(36)

2*N: without use of calibrated mixtures for mass fractionation
correction: the abundance &t*U was not measured for the same

still be much lower than that detectable by the present sample as the abundances?U and23&U.

instrument. However, experiments using accelerator
mass spectrometry methods of measurement have

shown a similar detection limit [9].

5. Suggestions for the “Best Measurement from a
Single Terrestrial Source” and “Range of
Natural Variations” in the IUPAC table

In the latest IUPAC table of the “Isotopic Compo-
sition of the Elements 1997” [4] a set of noncalibrated

b*C: measurement using calibrated mixtures, Sl-traceable re
sults. The uncertainties were calculated according to the ISO Guide
to the Expression of Uncertainty in Measurement [2], using a
coverage factok = 2.

The isotopes®*®U and 2**U are considered as
unstable (half-life< 4 X 10%a) and are therefore not
mentioned in the IUPAC table [4].

Regarding the six individual samples analysed in
this study, no. 1 from the Oklo reactor is a “geolog-
ically exceptional specimen” (terminology used in

results for isotope abundances of natural uranium is [4]). No. 2 is exceptional in tha(***U)/n(**®V) ratio
considered as the Best Measurement from a Single most likely because of an anthropogenic contamina-

Terrestrial Source. This result far(*>*U)/n(**3),
published by Cowan and Adler in 1976 [10], was not
calibrated using gravimetrically prepared isotope mix-
tures. Furthermore for the(*3*U)/n(**®) tabulated
value, published by Smith and Jackson in 1969 [11],
the 2*"U abundance was measured relative "%
spike, but it was neither corrected for mass fraction-
ation nor related to the value fan(*>*U)/n(**3)
given by Cowan and Adler [10]. In contrast, within
this new study alln(***U)/n(>*®V) ratios have been
calibrated using synthetic isotope mixtures. The
n(**U)/n(***V) ratio was measured within the same
run and corrected for mass fractionation using the
n(***V)/n(>3?V) ratio as internal standard. We there

tion. Nos. 5 and 6 are depleted3#U, which can be
explained geologically by preferential leaching of
234 from the ore bodies [1].

From the pair of the remaining samples (nos. 3 and
4) the result of no. 4 is proposed as the Best
measurement from a Single Terrestrial Source, be-
cause then(>**U)/n(>*?V) ratio has a smaller uncer
tainty and also a lower limit was found for the
n(®*%)/n(>3*4V) ratio. In Table 3the abundances of
the naturally occurring isotop&s?U, 2°U, and**?U,
measured for sample no. 4, are compared with the
present values in the IUPAC table [4]. In this context,
it is vital to stress that true combined uncertainties are
given throughout in this article, in accordance with

fore propose that these new results, traceable to the Sithe ISO Guide on the Expression of Uncertainty in
system, should be considered to replace the presentMeasurement [2], and not repeatabilities nor repro-
data in the IUPAC table [4]. For the comparison from ducibilities as in the majority of published data.

the method point of view with previous results the In addition, a Range of Natural Variations is also
sample amount has also to be taken into account. given in the IUPAC table [4]. Samples nos. 3, 4, 5,
Calibration using synthetic isotope mixtures usually and 6 of this study together with six different samples
requires a larger amount of sample, which is not of natural uranium investigated in [1] are tabulated
always available for normal terrestrial material. together in Table 4. A suggestion for the Range of
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Isotope abundance ratiog?>*U)/n(>*8U), n(***U)/n(>*®), and
n(**%U)/n(**3) of natural uranium samples from this study
(nos. 3, 4, 5 and 6) and from [1]

No. nEU)nE)  nEU)NE™)  nEEU)NE)
3 5.444(48)< 1075  0.007 256 8(36)  2.8(1.7% 107°
4 5.460(41)< 105 0.007 256 8(36)  2.0(1.8% 10 *°
5 5.154(28)x 10°°  0.007 257 2(36)  1.9(1.7 10~ °
6 5.340(33)< 1075  0.007 2352(36)  2.0(1.4% 107°
[1],1 5.444(08)x 105  0.007 254 2(36) 216108
[1], 2 5.126(76)x 105  0.007 257 8(36) 1.4% 108
[1], 3 5.455(44)x 105 0.007 258 1(36) <1.45x 10°®
[1,4 5.341(62)< 105 0.007 258 4(36) <1.45x 10°®
[11,5 5.385(60)< 105 0.007 259 6(36) <1.45x 10°®
[1], 6 5.397(34)x 105 0.007 2603(36) <1.45x 10°®

2Uncertainties were calculated according to the ISO Guide to the
Expression of Uncertainty in Measurement [2], using a coverage
factork = 2.

Natural Variations, based on the values in Table 3, is
given in Table 5. Sample no. 6 of this study is
remarkable because of its strong depletior?ifJ,
more than three times the entire range of all the other
samples, its depletion is similar to sample no. 1 from
the Oklo natural reactor. We believe, however, that
this particular sample is not a natural sample in the

accepted sense, but contains anthropogenic material

or possibly material from the Oklo reactor and for this
reason we have notincluded it in the Range of Natural
Variations.

It seems that anthropogenic contamination has to
be taken into account increasingly in such analyses,

Table 5
Suggestion for the “Range of natural variations” in the IUPAC
tablé

Present IUPAC range of
natural variations
(at. %)

Suggested range of
natural variations
(at. %)

234y 0.0059-0.0050 0.0054-0.0051
3%y 0.7202-0.7198 0.7207-0.7201
238y 99.2752-99.2739 99.2748-99.2739

2The suggested natural range is derived from sample nos. 3, 4,5
of this study together with the data of six samples measured

which makes calibrated measurements and compara-
bility even more important. Since all results taken into
account are based on calibrated measurements the
proposed calibrated range for natural variations is
linked to the calibrated measurement suggested for
the Best Measurement from a Single Terrestrial
Source.
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