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ABSTRACT
The mass spectrometric determination of minor abundant isotopes,

234

U and

236

U in naturally

occurring uranium materials requires instruments of high abundance sensitivity and the use of
highly sensitive detection systems.

In this study the thermal ionisation mass spectrometer

Finnigan MAT 262RPQ was used. It was equipped with 6 Faraday cups and a Secondary
Electron Multiplier (SEM), which was operated in pulse counting mode for the detection of
extremely low ion currents.

The dynamic measurement range was increased considerably

combining these two different detectors. The instrument calibration was performed carefully.
The linearity of each detector, the deadtime of the ion counting detector, the detector
normalisation factor, the baseline of each detector and the mass discrimination in the ion source
were checked and optimised.

A measurement technique based on the combination of a Gas Source Mass Spectrometry
(GSMS) and a Thermal Ionisation Mass Spectrometry (TIMS) was developed for the accurate
determination of isotopic composition in naturally occurring uranium materials. The absolute
n(235U)/rc(238U) amount ratio (precision 0.05 percent) determined by GSMS by Mr. Willy De
Bolle was used as an Internal Ratio Standard for TIMS measurements. Because the expected
ratio of «(234U)/ra(238U) exceeded the dynamic measurement range of the Faraday detectors of the
TIMS instrument, an experimental design using a combination of two detectors was developed.
The n(234U)/rc(235U) and «(236U)/«(235U) ratios were determined using ion counting in
combination with the decelerating device. The n(235U)/«(238U) ratio was determined by the
Faraday detector.

This experimental design allowed the detector cross calibration to be

circumvented. Precisions of less than 1 percent for the n(234U)/n(235U) ratios and 5-25 percent
for the n(236U)/ra(235U) ratios were achieved.

The purpose of the study was to establish a register of isotopic signatures for natural uranium
materials. The amount ratios and isotopic composition of 18 ore concentrates, collected by the
International Atomic Energy Agency (IAEA) from uranium milling and mining facilities
(Australia, Canada, Gabon, Namibia, Czech Republic, France), were determined.

These

signatures form the basic register. The isotopic signatures are feasible in identifying the sample
origin and in separating naturally occurring or background contributions from

local

anthropogenic sources. With the comparison of fingerprints of unknown samples to the isotopic

fingerprints of samples of known origin, it is possible to trace back unknown samples to their
origin or at least to exclude suspected origins in the case of non-identity of fingerprints. This
was successfully demonstrated with a number of samples of unknown origin, which were
measured during the study.
Generally, no significant variability was observed in the n(235U)/n(238U) ratios except in the well
known case of samples originating from Oklo (Gabon). Small variations in the n(234U)/n(238U)
amount ratios were understood from the radiochemical mother-daughter relationship of the two
isotopes involved. The detection limit for the n(236U)/n(235U) amount ratio (DL = 0.000001) was
derived from blank measurements. The limit of quantitation 0.000003 was calculated as LQ =
3DL.

When the measured ratio exceeded the quantitation limit, the presence of

explained.

236

U is
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1.1. INTRODUCTION
Uranium is relatively abundant in nature, as much as 3.5 u.g/g in most regions of the earth's crust,
and even higher in areas where uraniferous ores are present. For this reason, it is difficult to
detect anthropogenic U contamination. While a change of the major isotopes,

235

U and

238

U,

whose natural abundance is 1/137.8, provides the best chance of determining anthropogenic
activity, high concentration of these isotopes can mask the presence of other isotopic
compositions. The occurrence of uranium in nature is presented in Table 1 [1].

Table 1. The occurrence of uranium in nature.
Occurrence
Igneous rocks
- basalts
- granites (normal)
- ultrabasic rocks
sandstones, shales, limestones
Earth's crust
- oceanic
- continental
Earth's mantle
seawater
meteorites
- chondrites
uraniferous materials
- high-grade veins
- vein ore
- sandstone ores
- gold ores (South Africa)
- uraniferous phosphates
- Chattanooga shales (USA)
- uraniferous granites

U concentration (ug/g )
0.6

4.8
0.003
1.2-1.3
2.1
0.64
2.8
-0.01
0.002 - 0.003
0.05
0.011
(3 - 8.5) • 10s
(2 - 10) • 103
(0.5- 4) • 103

150 - 600
50 - 300
60
15 - 100

Uranium has two other long-lived isotopes, 234U and 236U. 236Uranium is generated by neutron
capture on 235U, and is present in almost all anthropogenic uranium associated with nuclear fuel
or weapons materials, in concentrations ranging from a few parts in 10"7 up to 10~2. In addition,
the natural 234U concentration also changes when either depleted or enriched material is added to
it. These two isotopes present two additional chances for detecting the presence of
anthropogenic insertions into the environment.
The abundances of naturally occurring uranium isotopes 238U, 235U and 234U are 99.2745, 0.7200
and 0.0055 atom percentage, respectively. Natural uranium samples have small variations in the
isotopic composition due to natural isotopic fractionation, nuclear reactions or contamination by
non-naturally occurring uranium.

The problem in measuring is found in the accurate

determination of the amount ratios, detection of small variations within these ratios and
quantification of these differences, all of which pose a challenge to a mass spectromist due to the
large dynamic measurement range required.
Determination of the relative content of 234U and 235U in natural uranium involves two essentially
different problems. The 234U isotope is a decay product of the principal isotope 238U, undergoes
radioactive recoil in nuclear transformations, becomes less strongly bonded within the crystal
structure, and is more easily separated in certain circumstances than the parent isotope.
majority of

234

U/

238

The

U ratio determinations are done by a-spectrometry. The accuracy of this

method is limited to (2-4) percent and only relatively large differences in ratios are identified
[2,3].
A number of studies have shown that the 23SU content in natural uranium may vary as much as
0.1 percent depending on the source of the sample. The 234U content shows wide variations from
the equilibrium value depending on the geological origin and the past history of the sample.
Uranium is of interest economically with respect to nuclear energy and also geochemically
because its radioactivity can be used to measure geological time by a variety of techniques, in
which ratios such as 206Pb/238U, 23OTh/238U and 234U/238U are of importance [4].
The purpose of the study was to develop a mass spectrometric measurement technique for
accurate determination of isotopic composition in natural uranium samples. The technique was
utilised on uranium ore concentrate samples from different mining and milling facilities for the
establishment of an isotopic signature register for natural uranium. The method was also put to
the test for a number of samples to identify the sample origin and separate naturally occurring or
background contributions from local anthropogenic sources.

1.1.1. Uranium mining and ore processing
The majority of uranium is mined by conventional ore mines and ore processing plants. In 1996
55 facilities were operating with the total capacity of 61107 tU/a. Uranium ores usually contain
(0.1-0.2) percent of uranium, although higher grades (up to several percent) have been found in
many places. Very often, one ore processing plant is used to process the ore from several mines
in the district. In general, acid leaching is applied. Uranium is recovered from the solution by
ion exchange or solvent extraction techniques. Commercial grade uranium concentrates are
dissolved in nitric acid, purified by solvent extraction and precipitated as a nuclear grade
material, usually as ammonium diuranate (yellow cake). This is calcified to uranium trioxide
(UO3) and then reduced to uranium dioxide (UO2) which can be used for fuel fabrication.

1.1.2. Isotope mass spectrometry
Mass spectrometric methods are mostly used to determine the isotope abundances for elements
with more than one stable nuclide. Ratios of ion currents resulting from all the isotopes are
measured.

After appropriate corrections, these are converted to isotope ratios, isotope

abundances and the atomic weight.

The uncertainties of the atomic weight and isotope

abundances are mainly due to the uncertainties in the ratio measurements since the atomic
masses of the isotopes are known to have far smaller uncertainties. The isotope abundances are
calculated from ratios of measured ion currents.

These ratios are normalised to the most

abundant ion current, which allows the best precision in the measurement to be obtained [5].
The major limitations in obtaining accuracy are twofold, first the dynamic range of the ion
detectors are no better than 105 to 106, and second the abundance sensitivity are limited to several
ppm for adjacent masses. Recent advances coupling pulse counting and Faraday cup detectors
(Figure 1) show a promise of calibrated dynamic ranges of 109; from 10'10A (6-1O8 ions-s"1)
down to 10"19A (1 ion-s"1) [6]. The precision of minor isotope measurements is determined
primarily by the noise level and drift of the amplifiers and the maximum intensity level that can
be tolerated on the major isotope [7].
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Figure I. The dynamic measurement range of the Finnigan MAT 262 RPQ.
detection ranges of Secondary Electron Multipliers (SEM) and Faraday cups.

Ion current

Thermal Ionisation Mass Spectrometry (TIMS) is a very accurate technique for the measurement
of the U and Pu isotopic composition. Typically, a spike isotope (233U or 244Pu) is added to the
sample before any chemical treatment to aid in the sample recovery and quantification of the
elemental and isotopic composition.

Detection limits for U and Pu are approximately

nanograms per litre or kilogram. Plutonium, which has a very low concentration in nature due to
fallout, remains a high-sensitivity, relatively low-precision measurement while uranium, because
of its abundant concentration in the earth's crust, has become a high-precision, high-accuracy
measurement requiring the accurate measurement of the low abundant isotopes

234

U and

236

U

[8].
Conventional TIMS techniques rely on the use of rigidly controlled experimental conditions, in
the areas of sample size, purity, chemical form, heating pattern and other parameters, for
reproducing mass discrimination behaviour and biases caused by the evaporation process.
Sample evaporation is generally believed to follow the Rayleigh distillation law in which the
lighter isotopes are preferentially evaporated. Unfortunately, unless a known isotope ratio is
present in the sample, either inherent or added, one has no way of knowing at a given point in
the analysis the corresponding position on the mass discrimination curve. The use of an internal
normalising ratio when available, an added double spike or total evaporation methods can
improve reproducibility dramatically. An internal standard technique may give a five-fold
improvement in the precision. For certain problems, this type of instrument can attain
precisions comparable to those attained by simultaneous collection in gas mass spectrometers
[9,10,11,12,13].

1.2. LITERATURE

1.2.1. Natural Uranium
There are three naturally occurring isotopes of uranium.

238

U is the primary source material

from which all the other members of the uranium-radium series are derived.

235

U and

238

U are

unstable, but long-lived isotopes formed in a primary stellar nuclear synthesis process. Due to
their different half-lives, their concentration in nature and their «(235U)/n(238U) ratio have been
decreasing exponentially through geologic time. Any sample of natural uranium, regardless of
its source, contains

235

U in a constant amount relative to 238U, namely 0.72 atom percent (the

only exceptions are the samples from the natural 235U fission reactor site at Oklo, Gabon) [14].
The third isotope, 234U is far too short-lived ( T ^ = 245500 a) to be a remnant of the earth's
beginning. This isotope is regenerated in nature by decay from its parent 238U by way of the
intermediate, short-lived nuclides, 234Th and 234Pa. Therefore, the world-wide abundance of 234U

10

is determined by the abundance of 238U. A small amount of 234U must be found in every uranium
sample in which radioactive equilibrium has been established. The atomic ratio of 234U to 238U is
simply the ratio of the half-lives or 55-10'6. The relative atomic masses and half-lives of uranium
isotopes are presented in Table 2 [15,16,17,18,19].

Table 2. Relative atomic masses and half-lives of Uranium isotopes.

Mass number

Relative Atomic Mass

Half-life (a)

233

233.0396270

1.59 • 105

234

234.0409447

2.455 • 10s

235

235.0439222

7.038 • 10s

236

236.0455610

2.34 • 107

238

238.0507835

4.468 • 109

The first mass spectrographic analysis of uranium was made by F.W. Aston in 1931. He
observed only

238

U and estimated the abundance of other isotopes to total not more than 2 or 3

percent [20]. A.J. Dempster was the first who detected
isotopic abundance less than 1 percent (1935).

235

U in natural uranium and reported an

He also predicted the existence of

234

U and

calculated that its abundance would be 0.008 atom percent, "and therefore too faint to be
observed by the mass spectrograph" [21]. The first accurate mass spectrographic analyses were
made by Alfred O. Nier who also detected
measurements of

238

U and

235

234

U (1939) [22]. Among the best abundance

U are those of M. Lounsbury (1956) [23].

Isotopic composition of natural uranium (determined by MS) and the evaluated limits of
published values are presented in Table 3. In the table the highest and lowest abundances for
each isotope are given from measurements which have been evaluated and accepted by the
International Union of Pure and Applied Chemistry (I.U.P.A.C.) Subcommittee [24].

Table 3. Isotopic composition of natural uranium and the range of published values.
Isotope

Atom-%

Range (atom %)

0.0055

0.0059 - 0.0050

234

U

235

U

0.72

0.7202-0.7198

238

U

99.2745

99.2752 - 99.2739
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1.2.2. Uranium geochemical cycle and geochemistry
The unique behaviour of uranium in its isotopic geochemistry may be ascribed to two primary
factors, one chemical and one radiochemical. The geochemical cycle of uranium is presented in
Figure 2 [14].

DISSOLVED IN
SURFACE WATERS

ESTUARINE ANO
SHELF SEOIMENTS
CLOSEO-SYSTEM PHASES
A R.zz (.0
F1ME GRAINED PHASES
A.R. USUALLY < 1.0
AQUEOUS PHASES
A.R
USUALLY =M.O

Figure 2. Geochemical cycle of uranium near the earth's surface. Disequilibrium is initiated by
water-mineral interactions in soils and weathered rock, and in aquifers where the surface-tovolume ratio is high. In general, a fine grained solid phase will exhibit 234U/238U activity ratios
less than 1.0 due to grain surface leaching and/or alpha recoil. Aqueous phases, including
groundwater, surface water, and ocean water generally exhibit ratios greater than 1.0. In some
parts of the cycle, e.g. soils, seawater, and sediments, the uranium residence time is long enough
so that the decay of U, with a half-life of 245500 years, can affect the activity ratio [14].

Uranium is highly concentrated in continental igneous rocks. In particular, the silicic igneous
rocks such as granites and rhyolites are considered to be important primary sources of uranium
mobilisation because of their high uranium content relative to other igneous rocks, their
consistent proximity to known uranium deposits, and because they can contain a significant
fraction of labile uranium (uranium available for leaching in a rock matrix). A small, but
economically, significant fraction of this mobilised uranium is subsequently fixed in sedimentary
ore deposits, but the major fraction enters the ocean transported by groundwater and river
systems. The mean residence time of uranium in ocean water is approximately 5-105 years.
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Constant uranium concentration observed in the oceans (3.3 ng U/g sea water) implies that the
removal and input rates of uranium must be equal. The oceanic crust is regarded as a major sink
of uranium and may account for about 50 percent of the estimated present day input of this
element. Other sinks like organic-rich sediments and coexisting phosphorites on continental
margins, high temperature alteration of oceanic basalt, metalliferous and carbonate sediments,
and sediments in anoxic basins are collectively thought to be responsible for the rest of the
uranium uptake from oceanic waters. These secondary sources of uranium may subsequently be
exposed to weathering, whereupon uranium is once again mobilised via ground water systems
[14,15,25].
The oceans contain over 4 billion tons of dissolved uranium. Surface waters typically contain
(0.01-5) ng U/g, whilst groundwater is somewhat more enriched: (0.1-50) ng U/g and up to 500
ng U/g in mineralised areas. Most sediments (sandstone, greywackes, and red/green/grey shales)
contain uranium in the range (0.5-4) \ig U/g, whilst organic-rich 'black' shales and marine
phosphates contain (3-1200) (ig U/g. Limestones contain about 2 fig U/g. Uranium is found to
be strongly enriched in certain organic sediments, particularly those formed from humic
substances such as peat, lignite, and coal [26,27,28,29],
Uranium exists in a number of oxidation states from +2 to +6. Chemically, uranium has two
natural oxidation states, +4 and +6. In the +4 state, its ionic radius is about 1.05 A, and its ionic
potential (charge/radius) is about 4. This is its normal ionic condition within the solid earth,
where it behaves as a large lithophile cation. In the +6 state, uranium's ionic radius is about 0.80,
and its ionic potential is about 7. This is its normal ionic state in surficial oxidising waters and in
many secondary minerals. The greater solubility of the +6 ion is due in part to its tendency to
form uranyl dicarbonate [UO2(CO3)2(H2O)2]2" and tricarbonate [UO2(CO3)3]4" anions. Thus, the
boundary between the two ionic states depends not only on redox conditions, but also on the pH
and the partial pressure of CO 2 in the system [14,30].
Although present in the +4 oxidation state in primary igneous minerals, uranium is readily
oxidised during weathering into the uranyl ion (UO22+), which forms several soluble complexes
with common anions (CO 3 2 \ SO42" and Cl") in natural waters.

Once dissolved, UO22+ is

susceptible to significant adsorption, notably by organic matter and iron oxyhydroxides. Humic
materials, for example, create an enrichment factor of about 10000 times the dissolved uranium
concentration, and higher values have been proposed. Moderate concentration of complexing
elements such as CO32" and possibly PO43" inhibit adsorption and may be responsible for much of
the observed uranium mobility in natural waters. In the absence of carbonate or sulphate species,
uranyl ions form minerals of the uranylhydroxide group under humid conditions [15].
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1.2.3. Fractionation of uranium isotopes
The decay series arising from

238

U and

235

U contain radioactive isotopes of many different

elements. The most important nuclides that are sufficiently long-lived and can separate by
chemical or physical means are

234

U,

230

U,

226

Ra and

222

Rn.

These uranium daughters are

separated from their parents and from each other in the course of normal geological processes
such as chemical weathering, precipitation of minerals from aqueous solutions by biological and
inorganic processes, adsorption on suspended clay minerals, and even during the formation of
magma at depths in the Earth and the crystallisation of lava flows on its surface. Such processes
break the radioactive-decay chains because of differences in the geochemical properties. As a
result, two kinds of situations arise that have been exploited by geochronologists: [31 ]
(1) a member of the series is separated from its parent and subsequently decays at a rate
determined by its half-life;
(2) a daughter nuclide is formed by decay of its parent (previously separated from its daughter)
until radioactive equilibrium is re-established.
Fractionation results from geochemical sorting or differentiation processes which may be
physical as well as chemical, and isotopic as well as elemental. Fractionation can be observed to
occur at liquid/solid, gas/solid, and solid/solid phase boundaries.

However, solution and

precipitation are by far the most important sorting processes and the locations of disequilibrium
production of geological interest are primarily at liquid/solid phase boundaries [32,33,34].
Fractionation of 234U from 238U in nature was first reported by Cherdyntsev and his associates in
1953 [35].

From this finding, vast new opportunities involving the use of

234

U/238U

disequilibrium ratios for studies in hydrology, age dating, marine chemistry and exploration of
uranium have developed [36,37].
The disequilibrium of the uranium isotopes is most distinct in minerals containing only small
amounts (less than about 1 percent) of uranium. In contrast, uranium-rich minerals such as
uraninite exhibit activity ratios close to 1.0. This effect has been explained in the framework of
a chemical model for the origin of the 234U/238U disequilibrium in minerals (with UO2 chosen as
a model substance to represent the minerals with high uranium content). The model is based on
the experimental results of the hot-atom chemistry of uranium and on computer simulations of
collision cascades. It assumes that both isotopes in uranium-rich minerals are in a reduced state
with an activity ratio close to 1.0. In minerals with low uranium content, 234U has a propensity
to end up in a leachable, oxidised form; thus favouring an activity ratio below 1.0. The
combined effects of replacement and recombination of Frenkel pairs in the uranium-rich
minerals may be responsible for a lower degree of oxidation by interstitials. These predictions
have been verified by the activity ratio determined in a variety of uranium-containing minerals
[38],
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Various physical and chemical models have been proposed in order to explain the mechanisms
by which the equilibrium is lost. The observed fractionation between
ascribed to selective leaching, alpha-recoil transfer of
the combination of the two processes [15,39].

234

234

U and 238U is generally

Th directly into the aqueous phase, and

The possible processes that might favour

preferential mobilisation of 234U are classified as follows:
(A) Direct transfer of the atom by alpha recoil across the solid/liquid phase boundary;
(B) Increased vulnerability to solution resulting from:
(1) Recoil displacement
(a) lattice destruction and bond breakage,
(b) unstable location, e.g. interstitial lattice resting sites;
(2) Oxidation from U 4 + to U6+
(a) related

to

oxidation

potential

difference

between

displaced

site

and

original site,
(b) related to the decay process itself;
(C) Chemical fractionation of 234Th.

Two recoil mechanisms have been suggested by Cherdyntsev implying that 234U is relocated by
recoil at crystal defects and micro-cracks, where it becomes more labile. This view has also been
supported by Starik et al., Chalov and Thurber. Rosholt et al., and Dooley et al. have pointed out
that the recoil energy during the radioactive transformation is sufficient to break the chemical
bonds, and that 234U is stripped of two of its electrons as a result of the recoil. Thus 234U ends up
preferentially as hexavalent uranium. 234U will then be in the soluble +6 oxidation state thereby
leading to preferential leaching of 234U over 238U from weathered minerals. This accounts for
higher activity ratios than 1.0 in coastal sediments, seawater, etc. Rosholt et al. appealed to a
combination of recoil-related factors: recoil caused radiation damage, formation of UO 2 2+ before
in situ reduction back to U4+, and chemical differences of intermediate daughters [40]. Dooley et
al. pointed out that the isotope fractionation effects are most pronounced in moderately acid
waters, or those containing carbonate ions, and where the dissolved concentration of uranium is
low [41,42]. Van et al. suggested that the presence of complexing ions in solution such as CO32"
and SO42" greatly favours selective leaching of the vulnerable 234U atoms [43].
In geochemical systems, recoil displacement may be a significant process in causing measurable
disequilibrium where phase domains are small in size, as, for example, in aphanitic
(microcrystalline) igneous rocks, clay soils, disseminated precipitates in aquifers, or where
concentration gradients are large between adjacent phases, as in the case of radioactive mineral
grains in contact with groundwater.
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1.2.3.1. n r b U ) / n ( " 8 U ) amount ratios
The uranium isotopes 238U and 235U are chemically equivalent and their amount ratio in naturally
occurring materials has not been found to deviate from n(238U)/n(235U) = 137.8 ± 0.2. In
extraterrestrial rocks, strong

235

U enrichment in insoluble residues of chondrite has been

reported. In terrestrial rocks, very low enrichments have been observed in volcanic rocks, and
significant

235

U depletion has been identified in the Precambrian uranium deposits at Oklo,

Gabon [44,45,46]. In Table 4, the comparison of measurement results of the n(238U)/n(235U)
ratio in terrestrial materials (including the present study), meteorites and seawater is presented
[47,48,49].
Table 4. The comparison of measured n(238U)/«(235U) ratios in nature.
Material
terrestrial

meteorites and acid leaches
seawater

n^Uyn^V)
138.9
137.8
137.8
137.88
137.795
137.2-138.3
137.89

uncertainty
14.1 %o
l%0
\%o

0.6 %o
6 %o

Nier 1939
Inghram 1946
Lounsbury 1956
Shields, 1960
Cowan and Adler 1976
W. De Bolle (this work) 1997
Chenet. al. 1980
Chen at al. 1986

The 235U and 238U isotopes are not noticeably separated in the earth's crust either by
physicochemical processes or during the migration of uranium. The practically identical isotopic
composition of terrestrial uranium and uranium of meteorites is one of the convincing proofs that
the matter in the solar system has a single source. The ratio of these isotopes may be changed
only in certain nuclear processes. In nature, neutron reactions transform
U into
Pu, the
235
235
235
parent substance of U, and induce fission in U, but the relative content of U cannot be
changed by this process by more than 0.01 percent. The change in the isotopic composition
would occur only if, in nature, there existed a transuranium element whose spontaneous decay
yielded one of the uranium isotopes. An excess of 235U has been found in uranium from a
Tertiary magnetite with high actinium content, and an ancient gadolinite [35].
The possibility that the «(235U)/n(238U) ratio may be slightly variable due to natural nuclear chain
reactions prompted a re-examination of very precise gas mass spectrometric isotopic ratio data
from a number of laboratories. The discovery of the Oklo phenomenon occurred as the result of
a very small decrease in the «(235U)/«(238U) ratio observed in a highly precise gas mass
spectrometric analysis at Pierrelatte, site of the French gaseous diffusion plant. At Pierrelatte and
elsewhere, UF6 gas mass spectrometry analyses are generally an order of magnitude, more
precise than those carried out with thermionic emission sources. A number of studies based only

16

on thermionic data have led to the conclusion that the n(235U)/n(238U) ratio is constant [49]. An
investigation of possible variability in the «(235U)/n(238U) ratio based on precise gas mass
spectrometry was published by Hamer and Robbins (1960), who came to the conclusion that the
«(235U)/n(238U) ratio was constant within limits of 5-10"4 [50]. The results, collected by Cowan
and Adler, of 90 measurements on 3 different rock types (sandstone, magmatic and phosphate,
biogenic apatite) from 5 different laboratories are presented in Figure 3. The average weight
percentage of 88 samples (two non-independent Belgian Congo samples omitted) was 0.7107 ±
0.0002. Two modal values, 0.7106 and 0.7108, were obtained. Their relative difference, 0.03
percent, is statistically significant [48].
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Figure 3. Distribution of 235U weight percentage data in uranium ores from precision gas mass
spectrometry. Two modal values, 0.7106 and 0.7108, were obtained. Their relative difference,
0.03 %, is statistically significant.

1.2.3.1.1. Oklo phenomenon
The fission reactors at Oklo have been of great interest to nuclear physicists because they are the
only natural examples of fission reactions that lasted for several thousand years and went to
completion. In natural fission reactors, almost all the short-lived fission products have decayed
to more stable daughter isotopes. The nuclear phenomenon at Oklo is unique because it
represents the only natural example of fission products stored in a geologic environment for a
geologically significant period of time. In some ore samples the «(235U)/«(238U) ratio has been as
low as 0.3 percent compared to a normal ratio of 0.72 percent. Although natural reactors may be
rare, there is little reason to believe that the Oklo occurrences were unique. If similar reactors
have occurred elsewhere, uranium ores from other parts of the world could show a variability in
isotope ratios, even in the likely event that many of the reactive zones were subsequently
disseminated [51, 52].
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At Oklo, 235U depletion occurred when pockets with high uranium content became fission
reactors about 2 Ga ago. These fission reactions consumed fissile 235U producing the depletion
of this isotope relative to the common uranium and, therefore, a depleted n(235U)/n(238U) amount
ratio in the uranium ores where fission reactions acted. However, part of the 235U consumed at
Oklo was regenerated by radioactive decay of the 239Pu produced through resonant capture of
epithermal neutrons by 238U. The regeneration of 235U is represented by the restitution factor (C),
which is defined as the ratio between the 235U produced by 238U capture and the 235U consumed
by nuclear reaction. Although C has never been greater than 1 at Oklo, calculations have shown
that it was quite important, however, since about 45 percent of the total 235U consumed was
produced by 239Pu decay. Therefore, this high production rate could have lead to local 239Pu and
consequently to 235U enrichment. Nevertheless, uranium isotope investigations of the Oklo
reactors suggest a present-day 235U-depletion of the bulk uranium oxides and, therefore, a
retention of 100 percent plutonium by the uranium ore [51,53]. Fission reactions were identified
not only because of the occurrence of strongly depleted n(235U)/n(23SU) amount ratios, but also
because of the presence of some stable fission end-products such as the REEs. The present day
isotopic composition of uranium and fission end member elements are therefore the result of
mixing between natural elements and reactor produced elements having experienced fission and
neutron capture [44].

1.2.3.2.

234

U/238U activity ratios in nature

Fractionation of the uranium isotopes in nature was first discovered by the Russians in 1953, who
found that the 234U/238U activity ratios varied between 1,5 and 8. Since then, the disequilibrium
between 238U and 234U in natural waters and sediments has been found to be a rule rather than an
exception. The activity ratios in waters have been observed to vary from 0.3 to 20. Various
studies of the activity ratios in natural waters, carbonates, sandstones, soils, and uranium ore
deposits in general have shown preferential leaching of 234U. Typical activity ratios for various
materials are presented in Table 5 [14,28,29].
For a given area, higher activity ratios are often associated with lower U concentrations. River
sediments are characteristically deficient in 23 U (activity ratio 0.94), as are unoxidized
sedimentary ore bodies. After oxidation, however, these ores may contain excess 234U due to
local groundwater movement causing 234U migration and reprecipitation as a secondary mineral.
Excess 234U in ocean water has been ascribed to input by river water (average activity ratio 1.3)
and diffusion of 234U from deep sea sediments. Most deep groundwaters exhibit high activity
ratios, but the highest values and most precipitous increases occur near fronts. All groundwater
samples are characterised by relatively high uranium concentration, and low, usually less than
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1.0, activity ratios. It has been reported that small mountain streams have activity ratios greater
than 1.0 [14,15,55].

Table 5. Typical ranges in the activity ratios for various natural materials.
Material
Open-ocean waters

Activity Ratio
1.10-1.18
0.80 - 2.5
0.60 - 12.00
1.2 - 8.80
0.90 - 3.00
1.00-2.50
0.90 - 2.00
0.60-2.10
0.50-1.60
0.80 - 2.00
0.80 - 8.00
0.70-1.20

Terrestrial surface waters
Underground waters
Waters of uranium mineralisation
Various surficial carbonates
Fossil shells and bones
Peat deposits
Igneous rocks
Volcanic tuffs
Sandstones
Minerals and extracts of minerals
Soils

(After Szabo 1969; Cherdyntsev 1971; Osmond and Cowart 1976a; Ku et. al. 1977; Rosholt 1980a.)

In general, the activity ratio of water and secondary U-bearing minerals on the continents is
greater than 1.0 due to a significant enrichment of

234

U relative to 238U. This enrichment may

result from the preferential leaching of 234U from primary U-bearing minerals, and the decay of
238

U dissolved in groundwater. The a-decay of

lattice which permits

234

238

U results in extensive damage to the crystal

U to migrate into microcapillary fractures in the minerals where it can be
234

oxidised to form the uranyl ion, which is soluble in water. Thus,
aqueous phase in preference to

238

U is removed into the

U, which occupies stable lattice positions. In addition,

may be ejected from grain surfaces due to recoil during a-decay of

238

234

Th

U. This isotope then

decays rapidly to 234U through short-lived 234Pa. For these reasons, the activity ratios of ground
and surface water and secondary U minerals on the continents are commonly greater than 1.0 and
may reach values up to 10. On the other hand, the activity ratios of primary U minerals in rocks
exposed to chemical weathering may be less than 1.0 because

234

U has been preferentially

removed from them.
Uranium in solution in groundwater may ultimately enter the oceans where it is isotopically
homogenised. It has been shown that the activity ratio in seawater varies within fairly narrow
limits and has an average value of about 1.15. Activity ratios in hydrosphere are collected in
Table 6 [2,14,15,29,54,55,56,57,58,59,60,61,62],
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Table 6. Activity ratios in equivalent units in hydrosphere.

Oceans
Atlantic, Pacific, Mediterranean Sea
Atlantic, Pacific, Indian
Atlantic, Pacific, Arctic, Antarctic
Atlantic, Pacific
Pacific
Rivers
Groundwater
Rainwater
(Ranger Uranium Mine, Australia)
Drilled wells
Finland

Activity Ratio
1.15
1.15
1.14 ±0.014
1.14 + 0.01
1.14 ±0.03
(range 1.12-1.16)
1.144 ±0.05
(range 1.12-1.16)
1.14 ±0.04
1.03 - 2.03
(average sample 1.3)
<1.0
1.2-1.6
1.07
0.76 - 4.67

Reference
Cherdyntsev
Thurber 1962
Miyakeet. al 1966
Koide and Goldberg 1965
Goldberg
Ku et. al 1977
Chen et al. 1986
Sugimura and Mayeda 1980
Osmond and Cowart 1976
Osmond et.al
Cuttellet. al.1986
Dickson and Meakins 1984
Asikainen 1981

The sediment samples from the East Coast of India were found to exhibit activity ratios in the
range of 1.07 to 1.14. On removal of surface organic matter, the activity ratio was close to 1.0,
indicating that the anomaly between 238U and 234U existed only on the labile surface layer. The
activity ratios on the West Coast were in the range of 1.12 to 1.14. Activity ratios in the range of
1.13 to 1.15 in deep sea sediments in different regions of the world have been obtained. The
half-life of 234U being short as compared to 238U, the age of formation of the sediment from the
processes of precipitation in seawater primarily determined the ratio, assuming the ratio in
ambient seawater was 1.15 at the time of sedimentation [30].
Sediment samples from the Esk estuary, bottom sediments from the Irish Sea adjacent to
Sellafield, and moss and lichen samples from the littoral zone near Sellafield were analysed by
Hamilton and Stevens [63]. Some samples showed a depletion in 235U and the presence of 236U
which unequivocally identified the presence of uranium derived from the British Nuclear Fuels
Ltd. (BNFL) nuclear fuel reprocessing plant. The 234U/238U activity ratio and total uranium
content of samples were not significantly different from those of natural uranium. The highest
concentration of uranium was found in anaerobic organic-rich silts, and the lowest in sandy silts
and coarse-grained sands. In some samples, the 235u/238TJ activity ratio of the electroplated
uranium indicated a depletion in 235U, and also contained an alpha particle emitter with an alpha
energy of 4.49 MeV which was identified as 236U. The highest activity ratios were found in the
moss samples which were collected near the coast in the region which was subjected to direct
aerial deposition of marine particulate debris as a result of the penetration of sea spray inland, as
described by Eakins & Lally (1984) [64]. For the samples which contained some 236U (n=12),
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the calculated
(0.045±0.001).

1.2.3.3.

234

235

U/238U activity ratio was (0.043 ± 0.001), and, for those which did not,

U/238U ratios of ore concentrates

The 234U/238U ratios were determined in many minerals and rock samples. The deviation of the
activity ratio in minerals from the equilibrium ratio was in most cases, if not always, related to
the removal of uranium from the minerals. The uranium in solution, and the minerals that
precipitated from the solutions, was enriched in
minerals was somewhat impoverished in

234

234

U.

U, and the uranium that remained in the

An excess of

234

U was detected in some

234
234U

endogenetic minerals and a deficiency of U was observed in ;some primary minerals, indicating
an intense migration of uranium in the zone of epigenesis [31].
The uranium fractionation was studied by Rosholt et. al. in the sandstone type deposit in the
Shirley Basin, Wyoming. The ore minerals were principally uranite and pyrite. The deposit was
unoxidised. The following results were obtained: (1) Uranium in ore sand showed a deficiency
of 234U ranging from 7 to 22 percent. The cause of the fractionation was believed to result from
leaching, by bicarbonate groundwater, of

U produced in situ in permeable ore sands; (2)

Calcite-cemented ore sand showed only a slight deficiency of 234U, probably due to the relatively
impermeable nature of the rock; (3) Altered sand contained as much as 70 percent of excess
234

U. This was attributed to

234

U created by disintegration of

particulate matter surrounded by pore water containing the parent

234

238

Th and

234

Pa adsorbed on

U isotope in solution [33].

Uranium ore concentrates from 16 sources were analysed by R.F. Smith and J.M. Jackson to
determine variations in the 234U content of natural uranium. A spread of approximately 7.5
percent of the 234U content was apparent among the sources. The lowest concentration, (0.00500
± 0.00002) weight percentage of 234U, was obtained from the ore concentrate from Mines
Development in Edgemont, South Dakota. The highest concentration, (0.00539 ± 0.00002)
weight percentage of 234U, was obtained from the Belgian Congo Pitchblende. The overall range
found for the concentrates was (0.00500 - 0.00539) weight percentage of 234U. The results are
presented in Table 7 [65,66].
28 different sandstone ores from 9 major uranium districts in western United States (black
uranium ores) were analysed by Rosholt et. al.
deviations in the
deficient of

234

235

U/

234

Relatively unoxidised black ores showed

U ratio throughout a range from 40 percent excess of 234U to 40 percent

U with respect to a reference

235

U/234U ratio. No significant variations for the

n(235U)/n(238U) ratio were found at the 0.5 percent level.
attributed to leaching of

234

U preferentially to

235

U and

238

Large deficiencies of
U.

234

U were

The ores investigated were
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relatively young geologically and, hence, radiation damage was slight. Production of 234U in the
hexavalent state probably resulted after stripping of the electrons from the decayed nucleus and,
except in highly reducing environments, the stable form of UO2 were attained before the

state predominant in most of the black ores investigated. Thus

238

U in oxidation state, location in interstitial spaces, and type of

atoms returned to the original U
234

U differed from much of the

chemical bonds.

U

+4

Differential chemical behaviour of

234

Th and U caused some isotopic

differences during formation of ores. The isotopic fractionation observed was probably the result
of a combination of these factors [40].

Table 7. The 234U content of the uranium ore concentrates determined by mass spectrometry
techniques.[65]
234

Sample

Source

Climax

Grand Junction Colorado

Homes take

Ambrosia Lake District
Grants, New Mexico
Ambrosia Lake District
Grants, New Mexico
Moab, Utah

Kermac
Uranium
Reduction
Mines
Development
Lucky Me
Dawn
Mining
Lakeview
Pitchblende
Calprods
Radium Hill
Rum Jungle
Algom
Faraday
Lorado
Rayrock

Edgemont,
South Dakota
Fremont County,
Wyoming
Ford,
Washington
Lakeview, Oregon
Belgian Congo
Africa
South Africa
Radium Hill,
Australia
Rum Jungle
Australia
Blind River Area,
Ontario, Canada
Bancroft Area,
Eastern Ontario, Canada
Lake Athabaska Area,
Saskatchewan, Canada
Marion River Area,
Northwest Territory, Canada

U Content in Weight percentage
Surface
GSMS
GSMS
lonisation
No.4
N0.6
53.2 + 0.6 53.4 ± 0.5
53.5 + 0.3
53.7+0.6
53.5 ± 0.5
53.4 + 0.3
53.7 ± 0.6 53.5 ±0.5
53.9 ± 0.3
53.9 + 0.6 53.8 ± 0.4
53.8 ± 0.3
53.2 ±0.9 53.3 ± 0.5
53.4 ± 0.2
53.5 ± 0.9 52.7 ± 0.5
52.7 + 0.2
51.9 + 0.4 52.2 + 0.5
52.1+0.3
52.9 ± 0.4
52.6 ± 0.7
52.9 ± 0.2
49.7 + 0.4 50.2 + 0.5
49.9 + 0.3
50.4 ± 0.7
50.6 + 0.5
50.0 + 0.3
50.9 + 0.6
51.0 + 0.4
51.1 ±0.3
51.6 + 0.8
51.7 + 0.4
51.8 + 0.3
53.1 ±0.6 53.2 ± 0.4
53.4 ±0.3
52.9 ± 0.6 52.9 ± 0.5
53.1 ±0.3
51.2 ±0.4
51.0 ±0.6 51.5 ±0.5
51.6 ±0.6
51.7 ±0.4
51.7 ±0.5
53.8 ±0.8
54.2 + 0.4
53.8 + 0.3
53.6 ±0.8 53.8 ±0.5
53.9 + 0.3
53.0 ± 0.6 53.0 ± 0.5
53.2 ± 0.3
52.4 ± 0.5 52.3 ± 0.5
52.5 + 0.3
52.7 ± 0.6 52.5 ± 0.5
52.4 ±0.4
52.0 ± 0.6 52.5 ± 0.5
52.3 ±0.3
53.5 + 0.6 53.3 ± 0.4
53.4 ±0.3
53.5 + 0.6 53.6 ± 0.7
53.5 ±0.3
52.1 ±0.8 52.6 ± 0.7
52.3 ± 0.3
52.1+0.7
52.4 ± 0.3
52.5 ±0.5
53.6 ±0.6
53.8 ± 0.5
53.5 ±0.3
53.2 ± 0.6 53.6 ±0.5
53.4 ±0.3
53.0 ± 0.5 52.8 ± 0.4
52.9 ± 0.3
53.1 ±0.5 53.3 ± 0.5
53.1 ±0.4
52.8 + 0.6 52.7 ± 0.4
53.1 ±0.3
52.8 ± 0.6 53.1 ±0.5
53.0+0.4

( 234 Uxl0" 4 )
Weighted
average
53.4 ±0.2
53.8 + 0.2
53.4 ±0.2
52.7 + 0.2
52.1 ±0.3
52.9 ± 0.2
50.0 + 0.2
51.0 ±0.3
51.7 ±0.3
53.2 ±0.2
51.3+0.3
51.7 ±0.3
53.9 ±0.2
53.1 ±0.3
52.4 ± 0.3
52.4 ± 0.2
53.4 ±0.2
52.4 ± 0.2
53.5 ±0.2
53.0 ±0.2
53.0 ±0.2
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In badly weathered granite samples from a core drilled into the Conway pluton of New
Hampshire, USA the average activity ratio of 0.85 was obtained by Richardson in 1964 [67].
Many other studies have since confirmed the tendency for the 234U to be removed preferentially
from weathered crystalline rocks into associated waters [68,69]. Syromyatnikov and Ivanova
reported that the entire Ortau granite massif in central Kazakhstan (about 350 km2 in area) had
substantial deficiencies of 234U. The activity ratios for 17 determinations ranged from 0.54 to
0.82 [70]. Doe and Newell reported the occurrence of 234U deficiencies of up to 9 percent in
zircon crystals separated from igneous rocks [71].

II. EXPERIMENTAL PART

11.1. Natural uranium samples
The natural uranium samples for establishing a register of isotopic signatures for uranium
represented different geographic origins and different chemical forms. 18 samples from different
mining and milling facilities were collected by the IAEA from its member states. The samples
covered most of the largest facilities. The country of origin, the facility, its annual capacity
(tU/a) and the chemical form for the samples are presented in Table 8. The sample origins are
presented in Figure 5. A yellow cake sample from Askola and a sodium diuranate sample from
Paukkajanvaara, were received from the Laboratory of Radiochemistry, University of Helsinki.
The locations of Finnish samples are presented in Figure 4.

There was a small uranium plant in Askola during the years 1957-1959, where small amounts of
uranium ores from 4 mines in the vicinity were processed. The total amount of processed ore
(uranium content 0.04 - 0.25 percent) was 1000 tons. Uranium was leached by sulfuric acid,
purified by ion exchange and precipitated as ammonium diuranate [72,73]. During the years
1958-1961 about 55 000 tons of uranium ore was mined in Paukkajanvaara, Eno. From this
some 30 tons were enriched. The U content of the ore was (0.1-0.2) percent. Uranium was
extracted by sulfuric acid leaching, purified and precipitated. A raw product of (20-30) percent of
enrichment was obtained [74].
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Table 8. The origin and the chemical form of the samples. (Environmental monitoring
programme 93+2 and Fmnish samples)
Sample ID country of origin
9054.00
Australia
Australia
9055.00
9056.00
Canada
9057.00
Canada
9058.00
Gabon
9060.00
Czech Republic
Canada
9063.00
9064.00
Namibia
France
9081.00
France
9067.00
9068.00
France
9069.00
France
France
9070.00
9071.00
France
9072.00
France
France
9073.00
France
9074.00
Finland
SMS 7212
SMS 7501
Finland

milling facility
capacity (tU/a) chemical form
Ranger Mine
2544
Dam Operations
1650
u,o,
Cogema Resources
Yellow cake
CAMECO Key Lake Op.
5700
Yellow cake
Comuf Mounana
1550
MgU2O7
1500
DIAMO, Straz pod Ralskem
(NH<)2U2O7
Yellow cake
CAMECO Rabbit Lake Op.
5400
Roessing Uranium Mine
4250
(NH4)2U2O7
Cogema Lodeve
UO4 • 2 H2O
CBTAMA Amethyste
Mg uranate
CETAMA Beryl
(NH4) uranate
CETAMA Calcedoine
Mg uranate
CETAMA Diamant
Mg uranate
CETAMA Emerande
Mg uranate
CETAMA Feldspath
(NH4) uranate
CETAMA Grenat
Na uranate
CETAMA Hyacinte
Mg uranate
Askola
Yellow cake
Paukkajanvaara
Na uranate

Helsinki
Figure 4. The locations of the Finnish samples (Askola and Paukkajanvaara)
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A number of samples from special inspections (provided by the IAEA) and some vagabonding
materials of unknown origin (obtained from Karlsruhe, Germany) were included in the study.
The sample, LOT634 originating from Belgian Congo (now the Republic of Congo, former
Zaire), was from ERMM storage. The reference material samples NBS950A and NBS950B
(National Bureau of Standards) and the commercially available natural uranium material U3O8
from Merck, (Darmstadt, Germany) were also measured. The origin and chemical form of these
samples are presented in Table 9.

6 isotope mixtures with isotopic composition close to the natural uranium were prepared for
environmental monitoring purposes. In order to obtain a product material that met the desired
specifications, calculations on the blending ratio had to be performed, i.e. the masses or amounts
of base materials to be blended had to be determined. These calculations were based on the
principles of isotope dilution. The target values for the mixtures are presented in Table 10 [75].

Table 9. The origin and the chemical form of reference materials and vagabonding materials.
Sample ID
8907-7-2
8907-8-2
8907-9-2
8907-10-2
8907-11-2

F2
F3
F4
F7
F9
Fll
Merck
LOT 634
NBS 950A
NBS 950B
3809-2-5
3811-2-5
3970-1-1
3970-6-1-1

origin
IAEA
IAEA
IAEA
IAEA
IAEA
Germany
Germany
Germany
Germany
Germany
Germany
Darmstadt/Germany

chem.form.
UOx-powder
UP x -powder
UP x -powder
UP x -powder
UOx-powder
U-metal
UP 2 pellet
Yellow cake
U-metal
UP 2 pellet
U 3 P 8 powder
UjOg-powder

Belgian Congo (Zaire)

UF6

USA
USA

U3OS
U3PS
Filter powder
Yellow cake
U-powder
U-powder

IAEA
IAEA
IAEA
IAEA
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Table 10. The characteristic of the isotopic reference mixtures prepared.

2078

n(23SU)M(23KU)
Target value
0.007050

2079

0.007150

2080

0.007300

2081

0.007350

2082

0.007450

2083

0.007400

LOT

n(235U)/n(238U)
Achieved
0.0070489
0.0000035
0.0071505
0.0000036
0.0073010
0.0000037
0.0073495
0.0000037
0.0074500
0.0000037
0.0073993
0.0000037

23f
'U
Target value
0

236
U
Achieved
0.38 ppm

10-20 ppm

12.46 ppm

10-20ppm

14.84 ppm

10-20 ppm

17.62 ppm

10-20 ppm

15.34 ppm

10-20 ppm

13.63 ppm

*

>.
1

"' « '

Figure 5. The origin of the samples. The uranium register samples (Australia, Canada, Gabon,
Namibia and Czech Republic) are indicated in red; France, Finland and Zaire (ex. Belgian
Congo) are indicated in yellow; U.S.A. in violet.
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The samples were split into 2 subsamples, one of which was used for GSMS and the other for
TIMS. The flow chart of sample treatment is presented in Figure 6.

SAMPLE

CALCINATION TO UO3
> 6 0 0 mg UO3

20 mg UO3

WEIGHING

WEIGHING

CONVERSION
TO UF6

DISSOLUTION

CHEMICAL
PURIFICATION

DISTILLATION
IRMM 1

GAS SOURCE
MASS SPECTROMETRY

I

MAT 511

THERMAL IONIZATION
MASS SPECTROMETRY
MAT 262 RPQ

I

INTERNAL STANDARD

ABSOLUTE
U)/fl(238U
amount ratio

235

I

(

234

ABSOLUTE
U ) / / ) ( 2 3 6 U ) and

fl(236U)/73(235U)

amount ratio

Figure 6. The flow chart of sample treatment. The sample was divided into 2 subsamples, one
of which was used for GSMS and the other for TIMS.
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II.2. Measurement technique using a combination of GSMS and TIMS
A measurement procedure using 2 different types of mass spectrometers was developed. A
combination of GSMS, Varian MAT511 and TIMS, Finnigan MAT 262RPQ was applied in
order to optimise the measurement accuracy on the rc('U)/n(238U) amount ratios. The samples
were measured by the GSMS for determination of the absolute «(235U)/«(238U) amount ratios and
by the TIMS for measuring the minor abundant isotopes, n(234U)/«(235U) and n(236U)/«(235U)
amount ratios.

II.2.1. Gas Source Mass Spectrometry
The Varian MAT 511 UF6 mass spectrometer was equipped with a permanent magnet, double
collector for direct n(235U)/«(238U) ratio measurements and HP 9830 computer for data collection
and reduction.

Valves of the inlet-system were pneumatically operated and allowed highly

reproducible gas inlet, pump down and measurement times. Two liquid nitrogen traps extending
into the ion source kept the source pressure below MO"6 mbar. One trapped the UF6 molecular
beam immediately after it passed through the ionising region of the source.

The (238UF4)+ ion beam of mass 314 was used to monitor the accelerating voltage such that the
ions (235UF5)+ at mass 330 and (238UF5)+ at mass 333 fell in the middle of their respective
Faraday collectors. The system was 'locked in' and the accelerating voltage was automatically
regulated so as to keep (23SUFs)+ and (238UFs)+ ion currents independent from mass spectrometer
parameters. The «(23SU)/n(238U) amount ratio measurements were calibrated against synthetic
isotope mixtures, which were selected such that one had the n(235U)/n(238U) amount ratio slightly
higher than the sample, while the second had a somewhat lower value. The IRMM EC171 series
was used in the measurements of natural uranium samples (see Appendix A) [76].

A minimum amount of 2 mmol uranium (500 mg) was required to get sufficient UF6 for the
actual measurement. The n(235U)/n(238U) amount ratio was determined after conversion of the
initial compound to UF6 and purification (distillation and degassing).
studies, this process did not introduce systematic errors.

According to earlier

The use of new or well cleaned

equipment prevented cross contamination and ensured the integrity of the samples. Conversion
efficiencies are presented in Table 11 [77,78,79].
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Table 11. Conversion efficiencies. The recovery of uranium in percentage after conversion of
the initial compound to UF6.
Sample ID

chemical form

9054-01-B
9055-01-B
9056-01-B
9057-01-B
9058-01-B
9058-02-B
9060-01-B
9063-01-B

U3O8
U3O8
Yellow cake
Yellow cake
MgU 2 O 7
MgU2O7
(NH4)2U2O7
Yellow cake
(NH4)2U2O7
UO 4 2H2O
MgU 2 O 7

9064-01-B
9O81-O1-B
9067-01-B
9O68-O1-B
9069-01-B
9070-01-B
9071-01-B
9072-01-B
9073-01-B
9074-01-B
Askola
Paukkaj an vaara
Merck
c

ADU
MgU2O7
MgU 2 O 7
MgU2O7

ADU
Na 2 U 2 O 7
MgU 2 O 7
Yellow cake
NaDU
U3O8

recovery in %
without precipitation
with ammonia
94.11
83.49
59.70
82.59
64.24
62.82
96.38
98.97

98.26
73.52
46.43
93.48
54.20
73.85
89.83
94.93
47.58
42.52
43.36
23.53
84.34

recovery in %
after precipitation
with ammonia

71.06
78.14

83.24
88.15
81.95
81.21
73.70
78.17
50.74
76.14 &71.62*

Uranium oxide was mixed together with NaNO3 and Mg(NO3)2 and precipitated with ammonia.

Impurities in the start materials such as sodium (Na) or magnesium (Mg) seemed to interfere
with the desired conversion to UFg. These ions were reacting with C0F3 so that the UFg yield
was below the desired 80-90 percent and in some cases, only 25-60 percent. The same problem
was not observed with NItrsalts. The most convenient way to eliminate Mg or Na was to
precipitate dissolved uranium salts with aqueous ammonia. Gravimetric determinations are most
frequently completed by ignition of the precipitate to the black or greenish-black oxide U3O8.
The mixed oxide is convenient because it is nonhygroscopic. Besides, when other uranium
oxides or salts, irrespective of the oxidation state of uranium, are ignited, the ultimate product is
always the mixed oxide, provided the ignition temperature is kept within (800-1050)°C under
good oxidising conditions. At lower temperatures a product richer in UO 3 is obtained [80,81].
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II.2.2. Thermal Ionisation Mass Spectrometry
A Finnigan MAT 262RPQ was used for minor isotope abundance measurements.

The

instrument was equipped with a Retarding Potential Quadrupole (RPQ) in order to improve the
abundance sensitivity, and with an Ion Counter for sensitive and precise measurement of the ion
current intensities of the minor abundant isotopes. The dynamic range of ion-counting and
Faraday cups was (10"19-10"n )A. The instrument design is presented in Figure 7.

RPQ comprised 2 retarding lenses and a static quadrupole lens system, mounted in-line behind
the central collector slit, together with the SEM. The undeflected beam passed through the RPQ
lens and into the SEM for ion counting measurement. The system provided an energy barrier for
ions with energies <10 kV. The filtered peak had an abundance sensitivity of 2-10"8 for

238

U at

mass 237. Transmission through the lens system was about 50 percent.

Center Retarding Polenlial
Faraday Quadrupolft System
Cup
(RPQ)

-S3V

Magnet

—! —

Aperture Slit

Variable
Faraday Cups

SEMrton Counting

j
i

0

Ion Source

Figure 7. The instrument design. Finnigan MAT 262 extended geometry optics gives mass
dispersion equivalent to that of a standard 64 cm radius instrument. The centre beam can be
deflected into either a Faraday cup, SEM or RPQ.

In multi-detector systems, the different detector types have different sensitivities and different
geometries. To avoid the introduction of additional (systematic) errors in combining Faraday
detectors with an Ion Counter, the determination of the relative efficiency was essential. Hence,
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the calibration of the instrument was carefully verified, the deadtime of the Ion Counter was
determined and both detectors were normalised (intercalibrated).

II.3. Parameters essential for high-accuracy and high-precision with the TIMS instrument

Small changes in isotope ratios can be measured accurately and with extremely high precision by
referring to a standard mass spectrum of similar composition. The accuracy of a measured
isotope ratio will depend upon [82]:
1. the Jinearity of the instrument, i.e. the extent to which the detector/amplifier response
corresponds to isotope ion currents. This is primarily a function of the ion collection and ion
current measurement systems, although other factors such as ion optics may contribute;
2. the ability of the analyst to correct the mass discrimination. In a TIMS instrument the most
common problem arises from the preferential evaporation of the lighter isotopes. In addition,
if the SEM is used the signal corresponding to the lighter isotope will be enhanced because
the ions are essentially monoenergetic and the detection process is velocity dependent;
3. the ability of the analyst to detect, correct for, or eliminate contamination of the mass
spectrum, i.e. ion currents arising from contaminant atoms or molecules, which could
superpose with those of the element being measured.

II.3.1. Mass discrimination in the ion source of the TIMS instrument
It is well known that the observed amount ratios measured by TIMS normally do not represent
the true isotopic composition of the sample. Since the lighter isotopic species are preferentially
evaporated, they are depleted in the solid phase. The amount ratio in the sample and, hence, the
observed amount ratio will decrease during the evaporation of the sample. The observed ratio
depends not only on the time when it was measured during the run, but also on the chemical form
of the sample, as well as the temperature and material of the ionisation and evaporation
filaments. Moreover, the specific procedure chosen to load the sample onto the filaments and
individual experimental strategy to measure the isotopic composition have a significant influence
on the observed amount ratio.

All these factors are summarised under the term mass

discrimination effects, because it can be assumed that they are generated by the individual
evaporation and ionisation behaviour of the sample, which depends on the mass of the isotopic
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species under investigation [83,84,85]. The need for identical measurement conditions can be
avoided if the mass discrimination can be monitored directly in the course of a measurement. In
this work, a variation of the Internal Ratio Standard Method (IRSM) was used.

Mass-discrimination correction factor (K-factor) was defined as follows:
R.5 / 8(GSMS)

K.5 / 8(TIMS) = —
K5/8(TIMS)

(Equation 1)

where K5/8 (TIMS) = mass discrimination K-factor for the TIMS
R5/8 (GSMS) = «(235U)/«(238U) measured by the GSMS
R5/8 (TIMS) = n(23SU)/n(238U) measured by the TIMS

Applying IRSM, an average K-factor of 0.99705 ± 0.00141 (2s) was obtained. K-factors are
presented in Figure 8 as a function of time. The point in the figure represents the entire magazine
(4-12 filament loading).

1.0050

Internal Ratio Standard
1.0025 •

1.0000-

0.9975

0.9950

0.9925

0.9900

0.9875
01-Jan-95

11-Apr-95

20-Jul-95

28-Oot-95

05-Feb-96

15-May-96

23-Aug-96

01-Dec-96

date

Figure 8. The mass discrimination K-factors using IRSM as a function of time.

11-Mar-97
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II.3.2. Instrumental calibration using IRMM 184
The isotope reference material IRMM-184 was used for instrument calibration in the course of
this work. The isotopic composition of this material is close to that of natural uranium samples.
Samples from this material were converted into UF6 and their isotopic composition was
characterised by high accuracy GSMS against synthetic mixtures of enriched

235

U and

238

U

isotopes prepared on a gravimetric basis, and with a n(235U)/n(238U) amount ratio known to 0.01
percent. The «(235U)/n(238U) amount ratio is directly linked to ratios of mol with an overall
uncertainty of 0.03 percent (2s) [86].

For each sample magazine, 1-2 filaments loaded with this reference material were included.
They were measured under same experimental conditions as the principal samples. The mass
discrimination factor calculated from these measurements was 0.99701 ± 0.00218 (2s). This
differs 0.04 %o from that obtained with the IRSM.
The n(234U)/rc(235U) and «(236U)/«(235U) amount ratios were calculated from the certified ratios of
IRMM-184 using the SPIRIT programme. The following values were obtained:
n(234U)/«(235U) = 0.00727 ± 0.00043
n(236U)/«(235U) = 0.000028 ± 0.000014

The average value of the rc(234U)/n(235U) amount ratio from all measurements was 0.007323 ±
0.000059 (2s). All measurement points were within the certified range. The average value of the
«(236U)/n(235U) ratio was 0.000021 ± 0.000003. The consistency of measurement results over
time proved that the measurement conditions were equal for all samples and that no instrumental
drifts in the measurement system existed.

II.3.3. The linearity of the Finnigan MAT 262RPQ
If a series of synthetic mixtures with ratios spanning the useful dynamic range of the instrument
are measured then, in principle, the linearity of the instrument can be fully characterised. The
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IRMM 072/1-15 is an excellent tool to verify and correct non-linearity of the mass spectrometer
detectors and measurement system once the mass discrimination has been corrected [87,88].

Each of the mixtures in the IRMM-072/1-15 is a triple isotope mixture (containing
and

238

233

U,

235

U

U), prepared by weighing and mixing 3 isotopically enriched and chemically pure

uranium samples. Each of the mixtures has the n(235U)/n(238U) ratio kept close to 1 and
n(233U)/»(238U) and «(233U)/n(235U) ratios varying over 6 orders of magnitude.
measurement yields 2 independent ratios.

235

Hence, any

238

The «( U)/n( U) ratio serves as an internal

standard to correct the mass discrimination in the ion source (front end of the spectrometer).
Because the ratio is 1, the effect of detector non-linearity is cancelled. The n(

U)/«( ' U) ratio

ranges from 1 to 2-10"6 and is used to verify the deviation from linearity of the
detector/measurement system (back end of the spectrometer) as a function of ratio.

The

corrected «(233U)//z(238U) ratio is then compared to its absolute value. Any significant difference
will allow one to assess the linearity of the instrument. In the absence of detector non-linearity,
agreement between both values should be optimal concerning the best correction model selected
[82,89].

IL3.3.1. Linearity of Faraday cups
The linearity of each Faraday cop was measured using mixtures with the »(233U)/«(238U) ratio
ranging from 1 to 0.001 in peak jumping mode. All 3 uranium peaks were peak centred and
measured with the same Faraday cup, in series of 3 different cup configurations; namely cups
6/5/4, cups 6/7/8 and cups 6/3/2. These measurements were done in automatic mode, heating
samples to the total intensity of 6V. The data is displayed in Figure 9. A number of Faraday
cups did not operate with optimal performance; there was a significant non-linearity in cups 2, 4
and 7, and all Faraday cups showed a deviation from linearity at ion currents below 10"12 A. The
linearity of the Faraday cup 6 used in the measurements is presented in Figure 10. A slight
deviation from linearity was of the same order of magnitude as the standard deviation of the
7i(235U)/«(238U) amount ratio in the measurement range (0.0070-0.0075).
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Linearity of Faraday cups on MAT262RPQ
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16
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20

intensity of 233 U [pA]

Figure 9. The linearity of Faraday cups, measured using IRMM 072/1-15 mixtures.
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Figure 10. The linearity of Faraday cup 6, measured using IRMM 072/1-15 mixtures.
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II.3.3.2. Linearity of the Ion Counter System
The Ion Counter appeared to show a negative deviation from linearity; the results are presented
in Figure 11. The average count rates measured were 200000, 300000 and 400000 cps. The
deviation increased with increasing count rate. This was quantified to be (1.5-1.6) percent on
the measurement range used (Figure 12).

This additional effect was due to the incorrect

deadtime settings in the instrument. The deadtime evaluation (Appendix B)showed a residual
deadtime of 60 HS. to the setting of 15 ns in the software (Figure 13).

In general, pulse counting techniques are characterised by low signal-to-noise ratios.
maximum count rate for any measurement is given by

C>N/NGT,

The

where CN is the required standard

deviation of N, the number of counts, and CT is the standard deviation of x, the deadtime.
Higher precisions require lower count rates; the maximum precision attainable from counting
measurements of reasonable duration is approximately 0.1 %. This follows from considerations
in trying to balance the requirements for low statistical counting errors (high count rates) and
low uncertainties on corrective terms such as the deadtime (moderate count rates) [90,91,92].
Linearity of Ion Counter

•
--••
A

200000 cps
300000 cps
400000 cps

-3.0
0.001

0.1

0.01
233

n(

23

U)/n( *U) Amount Ratio

Figure I I . Linearity of the Ion Counter, measured using IRMM 072/1-15 mixtures with the average count rates of
200000, 300000 and 400000 cps.
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To calibrate the Ion Counter against the Faraday channel, one and the same ion current must be
recorded in both detectors. Such a calibration ion current must be of suitable intensity so that it
can be measured precisely enough with both the Faraday detector and the Ion Counter. In other
words, the ion current should preferably be between 5-10"14 A and 1-10"13 A. The results from
measurements carried out to verify the normalisation factor (and its stability) using the
IRMM072/11 are presented in Figure 14. The 233U ion current was 2-10 14 A. The variability
was found to be 0.8 percent, which was unexceptionally high for our purposes. That is why the
experimental design of adjusting the

235

U+ ion current intensity to 8-10"14 A was used, which

enabled the application of both detection systems, the Ion Counter and the Faraday cup, thus
circumventing the detector gross calibration.

0.5

i—

• 200000 cps
• 250000 cps
A 300000 cps

0.001

0.01

0.1

n( a **U)/n( 2M U) amount ratio

Figure 12. Determination of bias correction factor.
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Dead Time Evaluation
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Figure 13. Experimental determination of the instrumental deadtime.
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Figure 14. Determination of the normalisation factor using IRMM072/11.
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IL3.3.3. Ion Counting parameters
The applied voltage for the SEM was determined using the test programme Countgain in the
instrument software. The programme normalised the voltage curve measured manually with a
suitable ion current of (4-5)-10"14 A and suggested an optimal value for the SEM. When the
multiplier was ageing, the proposed value showed to be too high, raising the dark noise and
increasing the interferences coming from measurement system and outside. The SEM voltage
was adjusted to one third of the existing plateau, and keeping the dark noise below 2 count/min.

The transmission of the RPQ system was better than 50 % at the abundance sensitivity of 2-10"6.
The peak flatness was within 0.5 % over a peak top of 3-10"4. In a thermal ionisation source, the
spot from where the ions are emitted can move along the filament. As a consequence, the angle
at which the beam enters the optical system might change slightly. The deceleration device was
sensitive to the direction of the ion beam.

Once turned for a given incident angle, its

transmission changed if the angle of incidence changed. Occasionally, slight changes were
observed, originating from the movements of the ion-emitting spot in the ion source.
Transmission was measured 6 times within 1 hour and it proved be stable within 0.2 percent of
its value. Short-term fluctuations were of the same order [93].

Abundance sensitivity, or peak tailing, is one of the most severe limitations for the accurate
measurement of high isotope ratios. Figure 15 shows an example in which the low mass tail of
an intense 238U beam is more than 4 mass units wide. The measurement of the intensity of each
peak that sits on such a tail will result in a wrong value unless the baseline is measured on both
sides of each small peak to make an appropriate correction.

Peak tails are explained by the assumption that the ions are elastically scattered by the atoms and
molecules of the residual gas in the analyser of the mass spectrometer. Hence, an ultrahigh
vacuum should remove the tails. At pressures down to ~10"9 Torr, the abundance sensitivity
decreases linearly with decreasing pressure, but as the pressure is decreased further, it does not
improve the abundance sensitivity, and eventually levels it off at ~ 0.5 ppm. At a high pressure,
the tail is nearly symmetric. At a low pressure, the low-mass tail is always 3-5 times higher than
the high-mass tail.
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These observations cannot be explained by elastic scattering alone. Some of the ions must have
lost energy in a process that is pressure-independent before they entered, or once within, the
magnetic sector. The energy losses might well reach 100 eV or 1 percent of their nominal energy
(10 keV). A possible explanation could be charge exchange processes in the ion source. Tailing
is produced by ions of a given mass but different energies.

In the Finnigan MAT 262 a

quadrupole mass filter (RPQ) is connected in tandem to the mass spectrometer. The centre beam
in the multicollector can be deflected into a Faraday cup or a counting SEM, or it can pass
undeflected to the RPQ. The ions must be retarded to ~ 20 eV before they enter the mass filter.
Otherwise, the mass filter would not have the appropriate mass resolution. Figure 16 shows how
the beam is shaped by the different lenses. The plate at the far left stands at the central exit slit of
the multicollector. On the long flight pass to the decelerating system, the beam becomes fairly
high and wide. A beam stop of 6 mm height must be placed at the entrance of the decelerating
system in order to adapt the profile to the dimensions of the quadrupole lens. It is here where
almost half of the beam intensity is lost. The lens system itself has nearly 100 % transmission.
A major modification of the multi-collector, i.e. get the deceleration system closer to the central
exit slit, would therefore allow it to achieve a higher transmission. The beam is slightly focused
while being decelerated. A static quadrupole lens always focuses in one direction and defocuses,
at the same time, in the other one. Hence, a rectangular beam profile is converted to a round one.
At the exit of the quadrupole, the ions are decelerated further to ~ 100 eV. The last deceleration
step to only ~ 10 eV is applied just at the exit of the conical lens. It is here where practically
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everything happens in a small region of ~ 3 mm length and 6 mm diameter. Figure 17 shows the
passage of a regular ion beam with nominal energy (97 eV) and flight direction. The ions having
less energy are rejected. Also ions with nominal energy but with abnormal flight direction are
rejected.

Beam Profile

1.7*8.5

T.5"S.O

1
4000V

aooov

aooav

MOO V

MMV

Figure 16. Quadrupole retardation system (RPQ) of the Finnigan MAT 262 showing the beam
shaping properties of the lens system.

Energy of ions: 97 eV

Regular ton path

,'

All ions disturbed on their way from the ion source to Ihe collector either by collisions
with molecules or by deflection on slits/walls will have less energy or different
directions than Ihe regular ion path.

Figure 17. Lens action with 97 eV energy. All ions disturbed on their way from the ion source
to the collector either by collisions with molecules or by deflection on slits and walls will have
less energy or different directions than the regular ion path. These ions are rejected.
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II.4. Sample preparation and conditioning for TIMS measurements
A minimum amount of 20 mg was required for this procedure, allowing 2 independent chemical
treatments on each sample, thus minimising the risk of falsified results by contamination. The
aliquots of 10 mg each were weighed and redissolved. After appropriate conditioning they were
passed through an ion exchange column for removal of chemical impurities. For a number of
samples a second aliquot was taken, thus resulting in 4 chemical treatments.

An anion exchange resin Bio-Rad 1x4 (100-200 mesh, hydrogen form) in nitric acid was used to
separate uranium from metallic impurities and transuranium elements. Nitrate complexes of
UO22" are weakly adsorbed by strong anion exchangers. The distribution coefficient value (Ka)
for this complex is < 1 in 1 M HNO3 and increases up to about 15 in 6-8 M HNO3. Metallic
impurities are not adsorbed on Bio-Rad 1 and transuranium elements are strongly retained
(K<i=1000 in 8 M HNO3) so that separation from uranium can be accomplished easily. This
separation procedure applies to samples containing about (1-50) mg uranium. The recovery of
uranium is more than 90 percent. The uranium containing fractions are evaporated to dryness
and redissolved in 1 M HNO3, such that a concentration of 5 mg U/ml is obtained.

The incomplete removal of Na- and Mg-ions from uranium containing solutions was proven to
be feasible by passing the sample dissolved in 6 M HC1 through an anion exchange resin BioRad 1x4 (100-200 mesh) in chloride form. Na- and Mg-ions were not retained on the column
while uranium was strongly adsorbed. The uranium fraction was then eluted by 0.3 M HC1 and
evaporated to dryness. The residue was dissolved in nitric acid and evaporated to dryness. This
step was repeated several times to assure that the chloride ions had been removed quantitatively.
Next the solution was subjected to the above described chemical purification procedure. A
comparison of the measurement results showed lower standard deviations in the n(234U)/n(235U)
and n(236U)/«(235U) ratios. This was due to the smoother sample evaporation and the more stable
ion current generated in the measurements.
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II.4.1. Sample loading for TIMS measurements
The double filament ion source was used in the TIMS instrument. The filaments were Re(rhenium) filaments LOT WT1006, obtained from the Wagner company (WATV).

The

evaporation and ionising filaments were set in parallel 1 mm apart. They were previously
degassed in sets of 3 assemblies at a pressure of 2-10'4 Pa by passing a current of 5 A through
them for 12 minutes in a separate vacuum system unit.

The samples were prepared in 1 M HNO3 solution having a uranium concentration of 5 mg U/ml.
A 1 ul sample (5\ig) was transferred to the centre of the sample filament and a carefully
established drying procedure using a programmable device which generated a heating pattern in
reproducible steps with standardised temperatures and heating times was applied in order to
obtain uranium in the chemical form of UO3, thus assuring a smooth evaporation process. The
droplets were dried by passing an electric current of 0.5 A for 7 minutes (40 °C), 1.0 A for 1
minute (112 °C), and 1.9 A for 10 seconds (345 °C) through the filaments. The temperatures
were approximate, but were derived from calibrating filament heating currents by means of the
melting points of stearic acid (68.7 °C), benzoic acid (112 °C), sodium nitrate (306.8 °C) and
sodium iodide (661 °C). The samples generally spread to cover one third of the filament length.
The ionising filament was then replaced, and the cover plate placed over the filament assembly.

U.S. TIMS measurements of uranium
In order to determine the amount ratios in natural uranium samples, one needs to measure the
strong
234

238

U+ ion current (some 10~n A),

235

U+ ion currents of 710"14 A, low intensities from

U+ (typically 10"16 A) and very faint ion currents close to the detection limit at 236 mass

position. Because the expected ratios of the «(234U)/«(23SU) measurements exceeded the dynamic
measurement range of the Faraday detector, an experimental design using a combination of two
detectors was used. The rc(234U)/«(235U) and n(236U)/n(235U) isotope ratios were determined
using ion counting in combination with the decelerating device. The n(235U)/n(238U) amount
ratio was measured by the Faraday detector.
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The generation of a stable ion current was achieved by a manual heating procedure. The peak
shapes of all isotopes were optimised for each measurement. The typical peak shapes of
and

236

U are presented in Figures 18-19. The ionisation filament was heated to the

intensity of 100 mV and the evaporation filament to the
uranium samples, the

235

238

187

234

U

Re signal

U intensity of 1000 mV. For natural

U signal was 7-8 mV. Measurements were performed automatically in

peak jumping mode. For each filament, 5 groups of 7 amount ratios were collected over a period
of about 75 minutes. At least 6 replicate measurements were done for each sample. The typical
measurement parameters are given in Table 12.

Table 12. Measurement parameters using the combination of the Faraday cup 6 and the Ion
Counting system.
Isotope
238
U
235u
23S
234

236

U
U

u

Intensity
1.0- 1.3 V
7-8mV
250 000 - 300 000 cps
1 500 - 2 000 cps
1 -10 cps

Collector
FAR6
FAR6
IC
IC
IC

Integration time (s)
4
8
4
32
16

MASS SCAN CHANNEL 11

Mass.

Cmu)

Figure 18. A typical peak shape of 234U on the Ion Counter.
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Figure 19. A typical peak area of the 236U isotope.

An experimental design contained 3 modules: a heating module FEL12, data collection module
C0L6, and data reduction module RED15. The individual parameters for each are given below.

FIL12 parameters:
Pilot channel
Monitor
-mass
- range (mV)
Ionisation
- pilot mass
- range (mV)
- maximum filament current (mA)
Evaporation
- pilot mass
- range (mV)
- maximum filament current (mA)
Waiting time before measurement (min)

FAR6
238
1000
187
100
6200
238
10000
2200
2
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COL6 parameters:
Number of scans per block
Number of blocks per run
HV-adjust to optimum point
Center cups before data
acquisition
Repeat peak center
Interblock action
- baseline
- baseline mass FAR
- baseline mass SEM
- delay time (sec)
- integration time (sec)
- gain calibration (FAR)
- gain calibration (SEM)
- Z focus
- lens focus
Pilot check
upper tolerance (%)
lower tolerance (%)
control filament
max. current (mA)
InterScan report
Is' ratio
2nd ratio
Peak

Mass

1
2
3
4
5

238
235
234
235
236

Channel
FAR6
FAR6

7
5
NO
NO

EACH BLOCK
- EACH BLOCK
- 233.5
- NO
- 10
- 16
- USE OLD VALUES
- NO
- NO
- NO
100
50
EVA
2200
235/238
234/235

T-integration (s)

ICD
ICD
ICD

4
8
32
4
16

T-idle (s)
6
6
6
6
6

RED15 parameters
1st interfering isotope
pilot
ratio
interfered mass
2nd interfering isotope
pilot
ratio
interfered mass
Dixon test
Print results
Element (for weight % calc)
Ratio
1
2
3

Peak/Peak
2/1
3/4
5/4

Mass/Mass
235/238
234/235
236/235

THERE IS NO
0
THERE IS NO
THERE IS NO
0
THERE IS NO
TABLE 1
YES

None
Correction
1.000000
1.000000
1.000000

RS
RS
RS
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The measurement data was stored on hard disk as raw data and as regression data.

The

OFFLINE programme was used. The ratios were normalised to the same mean time after
beginning the measurement (Figure 20). These time normalised data were used for further
calculations.
DATE: 12 i : eh 193B
OREGIiF.S

f.

MriT2b2 M 12 Feb 1996
REGRESSION CRLCULftTION

234/235

03 750

00740
I. 0874574
1

'"•""'"I^- -""^fr-^"•'•30
Ident:MERCK-T
F i l e f \HTB\Dl'-tTH\96-2RI
Inllected
12 I-'eta 199b

" " " ' 40
50"
66
Ro
: 0Q7506
+/: 165043 /RC36J
Slope
- I 35549E-h

235
Figure 20. Data evaluation of the measured rc(234U)/«((235
U) amount ratios of the Merck sample
using the OFFLINE programme.

II.S.l. Data evaluation. Internal Ratio Standard Method
An Internal Ratio Standard Method (IRSM) was applied for data treatment in this work. The
n(235U)/n(238U) amount ratio of each sample from GSMS was used as an individual internal ratio
standard to correct mass discrimination in the ion source of the TIMS instrument.
discrimination correction factors for the n(
calculated from the K-factor for the n(

235

U)/ra(

U)/n(

238

/236 T

U) and n{

U)/«(

Mass

U) amount ratios were

U) ratio.

K-factors for K4/5(TIMS) and K^TIMS) were calculated from KS/8 (see p.30).
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K.4/5CIIMS) = I (Ks/8 —1)- —j + 1

(Equation 2)

and

« (-1)'

+1

(Equation 3)

where KS/8(TIMS) = K-factor for the n(235U)/n(238U) ratio
K4/s(TIMS) = mass discrimination correction factor for n(234U)/«(23SU) ratio
K6/5(TIMS) = mass discrimination correction factor for n(236U)/n(235U) ratio

The individual measurement results were corrected applying these K-factors.

An additional

correction due to the insufficient correction for deadtime, which resulted the Ion Counter to
deviate from linearity, was applied to all measurement results. This correction was quantified to
be 1.5 percent in the measurement range used. The average value and the standard deviation of
the results were calculated. The corrected n(234U)/«(235U), n(236U)/w(235U) amount ratios and the
n(235U)/n(238U) amount ratio from GSMS were combined for the calculation of the isotopic
composition. This was done with the computer programme SPIRIT (Standard Procedures for
Isotope Ratio Information Treatment), Version 2.1, developed by the WATV (Wagner
Technology), Worpswede, Germany in 1995 in co-operation with the IRMM. The amount ratios
were inserted as two groups into the programme. The programme calculated the combined and
converted ratios, normalised to a selected reference isotope (238U isotope in our case). The
combined ratio data was then used for the Atomic Weight Calculation. An example of a SPIRIT
printout is given in Appendix C [5].

II.5.1.1. Example of data treatment
The calculations for the Askola sample are given Table 13. Some samples were measured
several times during the course of this study. The comparison of measurement results of the
Askola and Paukkajanvaara samples are given in Table 14.
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Table 13. Data evaluation of measurement results of the Askola sample.
235/238 ! 235/238
GSM S ( TJM S

234/235 j 236/235
TIMS
i TIMS

K-factor i K-factor
235/238 [ 234/235

K-factor
236/235

234/235
correct.

236/235
correc.

0.007254: 0.00728 0; 0.007511 j 0.0000034 I 0.996456 | 0.99 881 9 ' 1.001 1 81 0.007502: 0.0000034
6'007279 ! 0.00751 7! 0.0000032! 6^996593 | 6.998864 | 1.001 1 36 0.007508' 0.0000032
0.007278^ 0.007516' 0.00 00032 | 0.99 6730' 0.998910; 1.001090 0.007507! 0.0000032
0 . 0 0 7 2 8 7 0 . 0 0 7 5 2 4 : 0 . 0 0 0 0 0 3 1 i 0 . 9 9 5 4 9 9 ! 0 . 9 9 8 5 0 0 ' 1 . 0 0 1 5 0 0 0.007513: 0.0000031
0.007275: 0.007511!6.0000031f 0.997141 ; 0.99 0476; 1.000953 6.007504! 0.0000031
• 0.007278J 6.007513] 6.6666029 I 0.996730! 6.99891 0 .; 1.001 090 0.007505; 0.0000029
i 0.007281 j 0 . 0 0 7 5 0 6 j 6 . 0 0 0 0 0 3 6 | 6.996319; 6.998773; 1.001227 0.007496; 0.0000036
0.007505J 0.0000032
6.000005! 0.0000002
0.00001 i i 0.0000005
0.14! 14.11

average
st.dev.
2s
RSDJ2S)

Table 14. Comparison of measurement data of different measurement sets.
Sample
ASKOLA

No. of meas.
9

Setofmeas.
October 1994

PAUKKAJANVAARA

Febr.- Sept. 1995

9

December 1996

6

February 1996

9

December 1996

5

235

U/238U
0.0072542
0.0000036

0.0072578
0.0000036

234

U/235U
0.007502
0.000018
0.007509
0.000062
0.007508
0.000062
0.007171
0.000100
0.007196
0.000024

236

U/ 235 U
0.0000032
0.0000005
0.0000022
0.0000008
0.0000012
0.0000005
0.0000018
0.0000005
0.0000011
0.0000003

II.5.1.2. Statistical evaluation of results

The concept of a data set following a mathematically described distribution forms the basis of
most of the statistics. The evaluation is based on the premise that the data follow a normal or
Gaussian

distribution,

which

means

that

there

is a well-defined

mathematical distribution, the line of which is described by the equation:
exp[-(x-|x)2/2g2]
y=

(Equation 4)

and well-understood
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where p. is the true value, x is each measurement, andCTis the standard deviation. The standard
deviation is a measure of spread in the data and is described by the formula

S =

V X'( Xi ~ x ) 2 7 (n - ! )

(Equation 5)

where the x; are the values for the individual samples, x is the mean for the sample population, n
is the number of samples, and E is a summation term. It is recommended that a minimum of 6
replicate samples be used to obtain a reliable standard deviation. The term degrees of freedom
refers to the number of mutually independent deviations (x-x) that are used in calculating the
standard deviation. The square of S is known as the variance (S2).

The first step in evaluating the quality of data is to look at how well the determination for a given
sample can be repeated. The International Union of Pure and Applied Chemistry (IUPAC)
defines precision as relating to the variations between variates, i.e. scatter between variates. A
more common definition is "Precision refers to the reproducibility of measurements within a set,
that is, to the scatter or dispersion of a set about its central value". In this case the word set is
used to describe the number of replicate measurements. In reality, the sample mean is used to
estimate the true value, a factor that depends on precision, it is most unlikely that the sample
mean is exactly equal to the true value. For this reason it is better to express values as a range
within which the true value certainly lies. The width of this range depends on two factors: (1) the
precision of the individual measurements, and (2) the number of measurements made [94,95,96].

The statistical evaluation of measurement results was done applying the t test, F test and Analysis
of Variance (ANOVA) in order to find out if there was a significant difference between data sets.
An example of the statistical evaluation for significance testing is given in Appendix D. The
similar testing was applied for all samples. No significant difference existed between sample
sets, thus, all measurement results were combined in the final calculation of the average values.
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H.5.1.3. Uncertainty calculation
Each analytical measurement is associated with an uncertainty. This uncertainty arises from
different sources such as sampling, weighing, conditioning and measurement. Every step in the
analytical process contributes to the uncertainty budget of the final result. The uncertainties in
chemical measurements are traditionally treated as two categories: random (type A) and
systematic (type B). Random errors typically arise from unpredicted variations; they cannot be
compensated for, but can be reduced by increasing the number of observations.

Systematic

errors either remain constant or vary in a predictable way; hence, they can be compensated for
(calibration). It should also be noted that calibration measurements are associated with an
uncertainty. This uncertainty affects all samples in the same way [97].

In order to achieve traceability to Si-units, a full uncertainty budget of all components concerned
must be assessed.

The uncertainty budget was established according to the ISO/BIPM

guidelines. The standard uncertainties were propagated according to the uncertainty propagation
laws leading to a combined uncertainty uc. The uncertainty budget was combined from the
uncertainty of the n(235U)/n(238U) GSMS measurement, the repeatability of the TIMS
l T
measurement on the n{/235
"\3)ln{lx/238T
\3)

ratio and the repeatability of the n(234U)/«(235U) and

n(236U)/n(235U) measurements. The additional uncertainty component coming from the deadtime
correction was included to the budget. All uncertainties included a coverage factor k=2. The
uncertainty budgets for the n(234U)/n(235U) and for /2(236U)/«(235U) amount ratio measurements
are presented in Tables 15 and 16.

Table 15. The uncertainty budget for the «(234U)/n(235U) amount ratio measurement.
repeatability of TIMS measurement is 1 percent (2s).

Uncertainty component (Is)
GSMS measurement (235/238)
TIMS
Internal Standard (K-factor 235/238)
ion counter measurement
deadtime correction
combined standard uncertainty
(coverage factor k=2)

n(234U)/n(23sU)
0.00025
0.0007
0.005
0.0015
0.0053
0.0106

contribution to the total
uncertainty in %
0.22
1.76
89.92
8.10

The
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Table 16.

Uncertainty budget for the n(236U)/«(235) amount ratio measurements.

repeatability of TIMS measurement were 15 and 10 percent, respectively.

Uncertainty component (Is)
GSMS
measurement (235/238)
TIMS
Internal Standard (K-factor 235/238)
counter measurement
dead time correction
combined standard uncertainty
(coverage factor 2)

(1-2) cps

n(236U)/«(235U)
10 cps

contribution to the
total uncertainty %

0.00025

0.00025

0.0003

0.0007
0.1500
0.0015
0.150
0.300

0.0007
0.1000
0.0015
0.100
0.200

0.0022
99.98
0.01

The

52

III. RESULTS AND DISCUSSION
The summary of sample treatment is collected in Table 17.

Table 17. Summary of sample treatment.
Chemical
form
U3O8
U3O8
Yellow cake
Yellow cake
MgU 2 O 7
MgU 2 O 7
(NH4)2U2O7
Yellow cake
(NH4)2U2O7
UO4-2H2O
MgU 2 O 7
ADU
MgU 2 O 7
MgU 2 O 7
MgU 2 O 7
ADU
Na 2 U 2 O 7
MgU 2 O 7
Yellow cake
NaDU
U3O8
UF 6
U3O8
U3O8
U metal
UO 2 pellet
Yellow cake
U metal
UO 2 pellet
U 3 0 8 -powder
UO, powder
UOX powder
UOX powder
UOX powder
UOX powder
Filter powder
Yellow cake
U powder
U powder

sample ID

GSMS

9054-01-B
9O55-O1-B
9056-01-B
9057-01B
9058-01-B
9058-02-B
9060-01-B
9063-01-B
9064-01-B
9081-01-B
9067-01-B
9068-01-B
9069-01-B
9070-01-B
9071-01-B
9072-02-B
9073-01-B
9074-01-B
Askola
Paukkajanvaara
Merck
LOT 634
NBS 950 A
NBS 950 B
F2
F3
F4
F7
F9
Fll
8907-7-2
8907-8-2
8907-9-2
8907-10-2
8907-11-2
3809-2-5
3811-2-5
3970-1-1
3970-6-1-1

X

X

X

X

X

X

TIMS
ch.l

TIMS
ch.2

X

X

XX

X

X

XX

X

X

X

X

X

X

X

X

X

X

X
X

X

X

Precipitation
Yellow Cake .

Double ion
exchange

X

X

XX

Hydrolysis

X
X

X

XX

X

X

X

XX

X

X

X

X

XX

X

X

X

X

XX

X

XX

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

GSMS = Gas Source Mass Spectrometry
TIMS = Thermal Ionisation Mass Spectrometry
Hydr. = hydrolysis of UF 6 back to UO3
Double ion exchange = ion exchange (HC1, HNO3)

X

X

X
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III.1. GSMS measurement results of /i(2J5U)/nC"8U) amount ratios
The measurement results of the n{ U)/n(
in Tables 18-19. The n(
(2a).

235

U)/n(

238

U) amount ratios are presented in Figures 21-22 and

U) ratios were determined with an uncertainty of 0.05 percent

In the cadastral register samples, 3 amount ratios were unexceptionally low. The samples

9058-01-B and 9058-02-B originate from Comuf Mounana-facility in Gabon (Oklo). The sample
9067-01-B is the CETAMA Amethyste, France. The Merck sample (U3O8) has a somewhat
higher value of (0.0072654 ± 0.0000036) than the average.

The average amount ratio was calculated from the results of register samples, excluding 3
differing ratios.

The average value of the rc(235U)/n(238U) amount ratio was (0.0072572 ±

0.0000031). The value of 137.795 + 0.058 has been calculated for the n(238U)/«(235U) ratio,
which agrees with the value of 137.88 (with an uncertainty of 0.1 percent) for terrestrial uranium
samples found in literature. The comparison of measurement results is presented in Figure 23.
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Figure 21. The Gas Source Mass Spectrometrically determined n(235U)/rc(238U) amount ratios of
cadastral register samples.
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0.007275

0.007265

0.007255 • •

•5=

3"
0.007245 • •

0.007235 -

0.007225

Figure 22. The Gas Source Mass Spectrometrically determined n(235U)/n(238U) amount ratios of
reference materials and vagabonding materials.

terrestrial n(Z38U)/n235U) amount ratio
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Figure 23. A comparison of n(235U)/n(238U) amount ratios for terrestrial materials (this work and
literature values).
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III.2. n(ZJ4U)/rt("5U) amount ratios measured by TIMS
The rc(234U)/n(235U) amount ratios varied between 0.00700 and 0.0115.

The measurement

uncertainties were between 0.3-1.5 percent. The results are presented in Figures 24-25 and in
Tables 18-19. Deviations from the average value were found in the series of IAEA samples. The
yellow cake sample 9060-01-B from DIAMO-facility, (Straz pod Ralskem, Czech Republic) had
a high value of (0.01149 ± 0.000040). Another sample having a higher ratio of (0,08120 ±
0.000069) was a Na diuranate sample 9073-01-B, CETAMA Grenat, France. Lower values were
received for an ore concentrate, 9081-01-B from Cogema's Lodeve-facility, France (0.007136 ±
0.000027), for 9071-01-B, the CETAMA Emerande, France (0.007001 ± 0.000097) and for the
Paukkajanvaara sample from Finland (0.007063 ± 0.000100).

/ J ( 2 3 4 U ) / / » ( 2 3 5 U ) amount ratio

0.C0825

0.00800

0.00775

0.00750

0.00725

0.00700

0.00675

Figure 24. The graphical presentation of the n(234U)/«(235U) amount ratios determined by TIMS.
The Czech sample is excluded in the figure (0.01149 ± 0.000040).

In the series of reference materials and vagabonding samples, the samples F3, F9 and Fl 1 have a
lower n(234U)/rc(235U) amount ratio. F3 and F9 were UO 2 pellet samples, and Fl 1 was U3Og
powder. The origin of these samples is unknown.
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Other samples
0.00800

0.00650

Figure 25. The graphical presentation of the n(234U)/«(235U) amount ratios of reference materials
and vagabonding samples.

III.3.

I amount ratios measured by TIMS

The results are presented

in Figures 26-27 and in Tables 18-19.

Uncertainties in these

measurements varied from 2-50 percent depending on the count rates. The mean value of the
n(236U)/«(235U) in the IAEA samples was 0.0000018 ± 0.0000002. This corresponds to the
background level.
The Detection Limit(DL) for the n(236U)/n(235U) amount ratio measurement was calculated from
blank measurements. The standard deviation (a) of these measurements was 0.0000003. The
LD was defined as 3 a , leading to 0.000 001. The Limit of Quantitation (LQ) was derived as LQ
= 3DL = 0.000 003 for interpretation of results. When the measured ratio exceeded the LQ, the
presence of 236U was potential, and must be explained.
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Figure 26. The n(236U)/«(B5U) amount ratios of cadastral register samples.

There was hardJy any presence of

n?6|

U visible in trie series of the register samples.

measurement results of the sample 9060-01-B showed the potential presence of
The n(""4U)/;i("°) amount ratio was also high in this sample.

The

236

U isotope.

All the others were of a

background level. Higher count rates were measured in the series of reference materials. The
presence of 236U was obvious in the sample NBS950B. There was also some 236U present in the
commercially available U3O8 material from Merck and in LOT 634, originating from Belgian
Congo.

Probably some tailing materials from

235

U enrichment plants were used in the

preparation of the Merck product and also NBS950B. The presence of 236U indicates normally
that recycled uranium has been used in the process.

Most of the samples in the 8907 series included traces of 236U. In the 3970 series the sample
3970-1-1 was over the LQ. All these samples originated from special inspections carried out by
the IAEA safeguards inspectors.
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other samples
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Figure 27. An expanded plot of the n(236U)/«(23<iU) amount ratios of reference materials and
vagabonding samples, except NBS 950B (0.001525 ± 0.000011).
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Table 18. The «( 2 3 5 U)/«( 2 3 8 U)-, n( 234 U)/n( 235 U)-, «( 236 U)/n( 235 U)- and «( 234 U)/«( 238 U) amount
ratios.
Sample ID
9054-01-B
9055-01-B
9056-01-B
9057-01-B
9058-01-B
9058-02-B
9060-01-B
9063-01-B
9064-01-B
9081-01-B
9067-01-B
9068-01-B
9069-01-B
9070-01-B
9071-01-B
9072-01-B
9073-01-B
9074-01-B
Askola
Paukkajanvaara
Merck
N B S 950 A
N B S 950 B
3809-2-5
3811-2-5

n^Uyn^U) n( M4 U)/n( 235 U)
0.007 258 1
0.000 003 6
0.007 258 4
0.000 003 6
0.007 259 6
0.000 003 6
0.007 260 3
0.000 003 6
0.007 235 5
0.000 003 6
0.007 234 6
0.000 003 6
0.007 256 0
0.000 003 6
0.007 256 5
0.000 003 6
0.007 256 8
0.000 003 6
0.007 257 2
0.000 003 6
0.007 235 2
0.000 003 6
0.007 256 8
0.000 003 6
0.007 255 2
0.000 003 6
0.007 257 1
0.000 003 6
0.007 256 6
0.000 003 6
0.007 256 9
0.000 003 6
0.007 255 7
0.000 003 6
0.007 258 5
0.000 003 6
0.007 254 2
0.000 003 6
0.007 257 8
0.000 003 6
0.007 265 4
0.000 003 6
0.007 254 9
0.000 003 6
0.007 250 7
0.000 003 6
0.007 259 8
0.000 005 2
0.007 258 4
0.000 005 2

0.007 516
0.000 054
0.007 359
0.000 078
0.007 418
0.000 077
0.007 434
0.000 042
0.007 502
0.000 055
0.007 495
0.000 051
0.011490
0.000 040
0.007 541
0.000 067
0.007 541
0.000 089
0.007 136
0.000 027
0.007 457
0.000 047
0.007 512
0.000 076
0.007 563
0.000 082
0.007 534
0.000 108
0.007 001
0.000 097
0.007 400
0.000 048
0.008 120
0.000 069
0.007 532
0.000 066
0.007 502
0.000 018
0.007 063
0.000 100
0.007 357
0.000 044
0.007 442
0.000 094
0.007 426
0.000 069
0.007 453
0.000 068
0.007 604
0.000 090

n( M6 U)/n( 23S U)
0.000 002 2
0.000 000 5
0.000 002 1
0.000 000 7
0.000 002 1
0.000 000 6
0.000 001 9
0.000 000 8
0.000 001 5
0.000 000 3
0.000 0017
0.000 000 1
0.000 005 2
0.000 000 9
0.000 003 3
0.000 001 5
0.000 001 6
0.000 000 4
0.000 002 3
0.000 000 4
0.000 001 7
0.000 000 2
0.000 001 7
0.000 000 5
0.000 0017
0.000 000 3
0.000 001 6
0.000 000 3
0.000 0018
0.000 000 9
0.000 0018
0.000 000 4
0.000 002 0
0.000 000 8
0.000 0015
0.000 000 6
0.000 003 2
0.000 000 5
0.000 001 8
0.000 000 5
0.000 028 1
0.000 0023
0.000 008 8
0.000 000 3
0.001 525 3
0.000 010 8
0.000 024 4
0.000 000 3
0.000 001 8
0.000 000 3

n( 234 U)/n( 238 U)
0.000 054 55
0.000 000 44
0.000 053 41
0.000 000 60
0.000 053 85
0.000 000 60
0.000 053 97
0.000 000 34
0.000 054 28
0.000 000 46
0.000 054 22
0.000 000 44
0.000 083 37
0.000 000 36
0.000 054 72
0.000 000 50
0.000 054 72
0.000 000 50
0.000 05179
0.000 000 26
0.000 053 95
0.000 000 38
0.000 054 51
0.000 000 58
0.000 054 87
0.000 000 66
0.000 054 67
0.000 000 80
0.000 050 80
0.000 000 72
0.000 053 70
0.000 000 38
0.000 058 92
0.000 000 50
0.000 054 67
0.000 000 50
0.000 054 42
0.000 000 14
0.000 051 26
0.000 000 76
0.000 053 45
0.000 000 32
0.000 054 81
0.000 000 68
0.000 054 67
0.000 000 50
0.000 054 11
0.000 000 50
0.000 055 19
0.000 000 66
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3970-1-1
3970-6-1-1
L O T 634
(Belgian Congo)
8907-7-2
8907-8-2
8907-9-2
8907-10-2
8907-11-2

F2
F3
F4b
F7
F9c
Fll

0.007 256 2
0.000 003 6
0.007 256 9
0.000 003 6
0.007 259 0
0.000 003 6
0.007 255 0
0.000 003 6
0.007 254 0
0.000 003 6
0.007 256 0
0.000 003 6
0.007 255 0
0.000 003 6
0.007 256 0
0.000 003 6
0.007 250 2
0.000 003 6
0.007 255 4
0.000 003 6
0.007 257 1
0.000 003 6
0.007 251 3
0.000 003 6
0.007 253 6
0.000 003 6
0.007 253 7
0.000 003 6

0.007 553
0.000 046
0.007 584
0.000 078
0.007 702
0.000 045
0.007 746
0.000 026
0.007 727
0.000 020
0.007 661
0.000 016
0.007 703
0.000 007
0.007 671
0.000 016
0.007 537
0.000 077
0.007 292
0.000 020
0.007 682
0.000 066
0.007 674
0.000 051
0.007 375
0.000 029
0.006 771
0.000 031

0.000 005 7
0.000 000 6
0.000 003 3
0.000 000 2
0.000 062 3
0.000 002 8
0.000 0056
0.000 000 2
0.000 010 5
0.000 000 4
0.000 0318
0.000 001 0
0.000 024 0
0.000 001 6
0.000 025 0
0.000 000 9
0.000 012 6
0.000 001 0
0.000 003 3
0.000 000 5
0.000 004 8
0.000 000 8
0.000 004 4
0.000 000 9
0.000 004 0
0.000 000 9
0.000 003 1
0.000 000 7

0.000 054 81
0.000 000 36
0.000 055 04
0.000 000 58
0.000 055 91
0.000 000 32
0.000 056 25
0.000 000 34
0.000 056 10
0.000 000 26
0.000 055 59
0.000 000 24
0.000 055 89
0.000 000 26
0.000 055 66
0.000 000 24
0.000 054 65
0.000 000 56
0.000 052 91
0.000 000 15
0.000 055 75
0.000 000 06
0.000 055 65
0.000 000 38
0.000 053 50
0.000 000 21
0.000 049 11
0.000 000 22

Table 19. Isotopic composition of the samples.
235

Sample ID
9054-01-B
9055-01-B
9056-01-B
9057-01-B
9058-01-B
9058-02-B
9060-01-B
9063-01-B
9064-01-B
9081-01-B
9067-01-B

(amount % )
0.005 415
0.000 044
0.005 302
0.000 060
0.005 346
0.000 060
0.005 358
0.000 034
0.005 388
0.000 046
0.005 383
0.000 044
0.008 276
0.000 036
0.005 432
0.000 050
0.005 432
0.000 066
0.005 141
0.000 026
0.005 356
0.000 038

U
(amount % )
0.720 54
0.000 36
0.720 54
0.000 36
0.720 69
0.000 36
0.720 76
0.000 36
0.718 33
0.000 36
0.718 22
0.000 36
0.720 31
0.000 36
0.720 38
0.000 36
0.720 41
0.000 36
0.720 45
0.000 36
0.718 28
0.000 36

236

U
(amount % )
< 0.000 002

238

U
(amount % )
99.274 04
0.000 36
< 0.000 002
99.274 15
0.000 36
< 0.000 00
99.273 96
0.000 36
< 0.000 002
99.273 88
0.000 36
< 0.000 002
99.276 28
0.000 36
< 0.000 002
99.276 39
0.000 36 '
0.000 003 75 99.271 41
0.000 000 70
0.000 36
0.000 002 4
99.274 18
0.000 001 0
0.000 36
< 0.000 002
99.274 15
0.000 36
< 0.000 002
99.274 40
0.000 36
< 0.000 002
99.276 36
0.000 36
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9068-01-B
9069-01-B
9070-01-B
W71-01-B
9072-OI-B
90734)1-B
90744J1-B

Asfato
Paukkajanvaara
Merck
NBS 950 A
NBS 950 B
3809-2-5
3811-2-5
3970-1-1
3970-6-1-1
LOT634
(Belgian Congo)
.8.907-7-2
8907-8-2
8907-9-2
8907-10-2
8907-11-2
F2
F3
F4
F7
F9
Fll

0.005 411
0.000 058
0.005 448
0.000 066
0.005 427
0.000 GSO
0.005 043
0.000 072
0.005 331
0.000 038
•0.0S5 849
O.OMOSO
0X«5 428
0.000050
O.W5 400
O.O90 010
0.005 088
0.000 076
0.005 306
0.000 032
0.005 441
0.000 068
0.005 427
0.000 050
0.005 372
0.000 050
0.005 479
0.000 066
0.005 441
0.000034
0.0O5 464
0.000 058
0:005 550
O.O00O3O
0.005 580
O.OQO 040
0.005 570
0.000 030
0.005 520
0.000 030
0.005 450
0.000 030
0.005 530
0.000 020
0.005 425
0.000 055
0.005 252
0.000 014
0.005 534
0.000 005
0.005 524
0.000 038
0.005 311
0.000 021
0.004 876
0.000 022

0.720 41
0.000 36
0.720 25
0.000 36
0.720 44
0.000 36
0.720 39
0.000 36
0.720 42
0.000 36
0.720 3fi
0.090 36
0.720 5S
0.000 36
0.720 16
0.000 36
0.720 51
0.000 36
0.721 26
0.000 36
0.720 23
0.000 36
0.719 80
0.000 36
0.720 71
0.000 52
0.720 57
0.000 52
0.720 35
0.00036
0.720 42
0.000 36
0.720 67
0.000 36
0.720 25
0.000 36
0.720 16
0.000 36
0.720 29
0.000 36
0.720 25
0.000 36
0.720 32
0.000 36
0.719 792
0.000 355
0.720 276
0.000 355
0.720 441
0.000 355
0.719 870
0.000 355
0.720 098
0.000 355
0.720 111
0.000 355

< 0.000 002
< 0.000 002
< 0.000 002
< 0.000 002
< 0.000 002
< 0.000 002
< 0.000 002
< 0.000 002
0.000 001
< 0.000 002
0.000 020 3
0.000 002 0
0.000 006 3
0.000 000 3
0.001 097 9
0.000 007 9
0.000 017 6
0.000 000 3
0.000 001 3
0.000 000 3
0.000 004 1
0-000 000 5
0.000 002 4
0.000 000 2
0.000 045
O.0OO 002
0.000 004 0
0.000 000 4
0.000 008 0
0.000 000 8
0.000 023
0.000 002
0.000 018
0.000 002
0.000 018
0.000 002
0.000 009
0.000 001
0.000 002
0.000 001
0.000 003
0.000 001
0.000 003
0.000 001
0.000 003
0.000 001
0.000 002
0.000 001

99.274 18
0.000 36
99.274 30
0.000 36
99.274 13
0.000 36
99.274 56
0.000 36
99.274 24
0.000 36
99.273 85
0.000 36
99.273 99
0.000 36
99.274 44
0.000 36
99.274 40
0.000 36
99.273 41
0.000 36
99.274 32
0.000 36
99.273 68
0.000 36
99.273 90
0.000 52
99.273 95
0.000 52
99.274 20
0.000 36
99.274 11
0.000 36
99.273 74
0.000 36
99.274 17
0.000 36
99.274 27
0.000 36
99.274 17
0.000 36
99.274 18
0.000 36
99.274 14
0.000 36
99.274 774
0.000 362
99.274 469
0.000 358
99.274 021
0.000 358
99.274 603
0.000 359
99.274 588
0.000 358
99.275 011
0.000 358
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The activity ratios were calculated from K-factor corrected measurement results of the
n(235U)/«(238U) and n(234U)/n(235U) ratios for all samples using the half-lives in Table 3. The
results are presented in Figure 28. As an example, the calculation for the sample 9054-01-B is
as follows:

Activity Ratio =

;J( 2 3 4 U)/«( 2 3 5 U)

• «(235U)/«(238U) • T1/2 (238U) / T,/2 (234U)=

= 0.007516 • 0.0072581 • 4.468-109 / 2.455-105 = 0.993

equilibrium of uranium isotopes

- equilibrium slate

'_!_^T JJL

21 i.o

I
i

•

S ? S § 2 S S S f

sample identification

Figure 28. The activity ratios of the samples. For the sample 9060-01 -B the value is
1.517+0.006.
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III.4. Evaluation of results for establishing the Isotopic Identity Card
The measurement results of all samples are presented in Figure 29.

Figure 29, The measurement results of all samples in three-dimensional plot.

No significant difference in

«( 2 3 5 U)/H( 2 3 8 U)

amount ratio determinations by GSMS

observed except in the known case of samples originating from Oklo, Gabon.

was

The ratios

according to the origin of the sample are presented in Figure 30. Nevertheless, the accurate
knowledge of these ratios proved to be useful for internal calibration of the TIMS measurements
using the IRSM, thus enabling the individual control of mass discrimination for each sample in
the course of the measurement.
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0.00728

0.00722

Figure 30. The n(~ U)/n(238U) amount ratios of cadastral register samples according to the
origin of samples.

Small variations of the amount ratio ?2(234U)/n(23 U) in natural uranium due to natural isotopic
fractionation were understood from the radiochemical mother-daughter relationship of the two
isotopes involved. The 234U isotope is a decay product of the major abundant isotope 238U. As a
consequence of the alpha decay, the daughter nuclide is subjected to a recoil. This recoil may
lead to two effects: displacement of the daughter from its original position in the lattice to an
interstitial place, or loss of part of the electron shell and a change in oxidation state. Hence, the
'' 4 U atoms (or, at least, part of them) will be less strongly bonded than the

238

U nuclides.

2 4

Therefore, ' U is leached preferentially from ore bodies.

Most of the samples had a ratio between (0.00725 - 0.0076) (25 samples); 8 samples had ratios
between (0.0076 - 0.0078); 4 samples had lower value between (0.0067 - 0.0072); one sample
had a value of 0.008120 (9073-01-B), and another sample of 0.01150 (9060-01-B). Natural
uranium contains a 0.0055 amount percentage of the isotope 234U. The range given is 0.00590.0050. All our samples fell into that range, except 9060-01-B and vagabonding sample F l l .
The abundances for 39 samples are given below:
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Amount %
< 0.0050
0.0050-0.0052
0.0052-0.0054
0.0054-0.0056
0.0056-0.0059
> 0.0059

No. of samples
1
3
11
22
1
1

o

o

I
0.00725 •

I

: i

1 f'
-

I

i—i—i

I 0.00750 -

•

I
1— —i

0.00700 •

1

1— —i

(3

Figure 31. The n(234U)/«(235U) amount ratios according to the sample origin.

The only information concerning the samples was the chemical form and origin of the samples.
In Figure 31 the n(234U)/n(235U) amount ratios are presented according to the sample origin, with
the exception of the Czech Republic. Without further information on the deposit type, rock
materials, and the chemical environment, it is difficult to predict and discuss different
fractionation processes involved. To study further the possible differences in the w(234U)/n(235U)
amount ratios, a total evaporation method or a double spike (233U and
Moreover, by knowing the accurate n(

235

U)/n(

238

236

U) could be used.

U) ratio from the GSMS, the heating of the

samples to higher intensities could be done in order to use Faraday detectors, which would give a
better precision.
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IV. APPROACHES TO SOME SPECIFIC MEASUREMENT PROBLEMS
Production and manufacturing processes have always been known to lose small fractions of their
process materials into the immediate environment. The extent of that loss depends upon a wide
variety of factors including the nature of the process, the material that is being processed, the
control measures that are utilised to limit losses, and the migration of losses beyond the
immediate processing location. While process losses have traditionally been associated with
non-nuclear production or manufacturing processes, losses from processing of nuclear material is
no exception [98].

The accurate measurement of environmental samples poses a number of specific analytical
problems. The low concentration of an analyte in the sample forces the analyst to carefully check
the blank levels and to evaluate the detection limit achievable with the instrumentation,
laboratory equipment and procedure applied.

Samples of low concentration are particularly

sensitive to contamination and/or cross-contamination. A very clean laboratory environment is
required to perform the manipulations. Obtaining reliable results and conclusions from
environmental analyses can only be obtained under the strictest quality control, handling and
processing. If the integrity of analytical results cannot be maintained, proper interpretation of the
results is not possible [99].

The measurement results from reference materials prepared for the quality control of
environmental measurements, problems encountered in measurements of high

238

U content

samples and results from measurements of the enriched U materials are presented in this chapter.

IV.I. Certified reference materials for quality control of environmental measurements
The Stable Isotope Unit at the BRMM was requested to prepare reference materials with a
specified isotopic composition for environmental monitoring purposes. A set of 6 mixtures was
prepared, where the n(235U)/n(238U) amount ratio was close to natural uranium, in the range of
(0.7050-0.7450) and contained

236

U (0-15) ppm. The certified start materials used are given in

Table 20; they were remeasured to assure the proper uncertainty calculation.
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Certification of the isotope mixtures was done by GSMS and by TIMS. The calculated isotopic
composition of the blended materials agreed to the values measured by TIMS. In contrast, the
calculated values served as a check on the TIMS results. The results are presented in Table 21.

Table 20. The amount ratios of start materials used in preparation of reference materials for
environmental measurements.

Start material
UOBV 661
UOBV 950G
UOBV 1032
LOT 714
LOT 711
LOT 634
UOBV 1068
UOBV 1040

n(234U)/n(23SU)
0.000 725 8
0.000 001 4
0.000 453 0
0.000 002 0
0.000 308 00
0.000 000 40
0.000 134 0
0.000 0020
0.000 043 85
0.000 000 11
0.000055 91
0.000 000 32
0.000 025 964 .
0.000 000 098
0.000 019 101
0.000 000 091

n(235U)/n(2J8U)
0.039 218
0.000 020
0.029 658
0.000 015
0.024 599
0.000 012
0.015 555 1
0.000 007 8
0.006 246 5
0.000 003 1
0.007 259 4
0.000 003 6
0.003 382 9
0.000 003 4
0.002 769 1
0.000 003 3

n(236U)/n(238U)
0.007 377 9
0.000 0019
0.003 776 0
0.000 002 0
0.001 509 0
0.000 002 0
0.000 001 384
0.000 000 023
0.000 000 097 4
0.000 000 004 2
0.000 000 452
0.000 000 020
0.000 434 6
0.000 0014
0.000 396 1
0.000 001 7

Table 21. The amount ratios of the mixtures prepared.
Mixture

n(234U)/«(23SU)

n(2J5U)/n(2i8U)

n(236U)/n(238U)

LOT 2078

0.000 053 29
0.000 000 28
0.000 054 85
0.000 000 30
0.000 056 82
0.000 000 24
0.000 057 58
0.000 000 25
0.000 058 33
0.000 000 51
0.000 058 00
0.000 000 39

0.007 048 9
0.000 003 5
0.007 151 0
0.000 003 6
0.007 301 0
0.000 003 7
0.007 349 5
0.000 003 7
0.007 450 0
0.000 003 7
0.007 399 3
0.000 003 7

0.000 000 381
0.000 000 014
0.000 012 549
0.000 000 086
0.000 014 945
0.000 000 073
0.000 017 75
0.000 000 25
0.000 015 45
0.000 000 10
0.000 013 733
0.000 000 030

LOT 2079
LOT 2080
LOT 2081
LOT 2082
LOT 2083
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I V.2. Samples of high " S U content
3 samples of very high content of

238

U (99.99 %) were subjected to the Ion Counter

measurements for determination of minor isotopes
The maximum abundance of

235

235

U and 234U and the isotopic composition.

U was supposed to be 10-10"6.

The problems in these

determinations were the low count rates of minor isotopes and the lack of suitable reference
materials. To solve this difficulty, a combination of reference materials, NBS SRM U-0002 and
IRMM 183 was used to correct the mass discrimination. NBS SRM U-0002 has 235U content of
0.02 per cent and IRMM 183 has the n(235U)/«(238U) ratio of 0.3. The measurements were
performed by measuring 238U ion current with a Faraday detector and 235U and 234U currents with
an Ion Counter. The results from these measurements are presented in Tables 22-23.

Table 22. Amount ratios of depleted uranium materials.
Sample ID
2253 2
2253 1+2
2253 261

K(M5TJ)/rt(238U) amount ratio
0.000 006 50 (60)
0.000 003 00 (60)
0.000 007 30 (60)

n(2i4U)/n(238U) amount ratio
0.000 000 048 (5)
0.000 000 024 (5)
0.000 000 054 (8)

Table 23. Isotopic composition of depleted materials.
Sample ID
2253 2
2253 1+2
2253 261

234

U
0.000 005(1)
0.000 002(1)
0.000 005(1)

2J5

U
0.000 650 (60)
0.000 300 (60)
0.000 730 (60)

2i8

U
99.999 345 (60)
99.999 698 (60)
99.999 265 (60)

IV.3. Enriched vagabonding materials
6 enriched uranium materials were measured and their isotopic composition was evaluated.
These samples were received together with a set of natural uranium samples from Karlsruhe,
Germany.

All these materials were UO 2 pellets, originating from unknown sources. The

measurements were done using Faraday detectors in multicollector mode. The isotope reference
materials IRMM-185 and IRMM-186 were used to correct the mass discrimination (see
Appendix A). The measurement results are presented in Table 24.
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Table 24. Measurement results of enriched uranium materials.
Sample ID

nf(4U)/«("8U)

Fla
Fib
F4a
F9a
F9b
F10

0.000331 ±0.000007
0.000367 ± 0.000002
0.000230 ± 0.000001
0.000156 ±0.000004
0.000418 ±0.000004
0.000328 + 0.000002

«( 2M U)/«( 2;!li U)

n(235U)/n(238U)
0.025958 ± 0.000027
0.026192 ±0.000026
0.024989 ± 0.000023
0.020706 + 0.000019
0.046480 ± 0.000048
0.025908 ± 0.000033

0.004079 + 0.000008
0.004964 ± 0.000003
0.000664 ± 0.000001
0.000076 ± 0.000001
0.000387 ± 0.000007
0.003920 ± 0.000005

These samples were also analysed independently in Laboratory A. The comparison of the
results are presented in Figures 33-34. The agreement between values is highly satisfactory.
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Figure 32. A comparison of

U amount percentage of two laboratories.
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Figure 33. A comparison of"" U abundance of two laboratories.

CONCLUSIONS
The measurement of uranium concentration and uranium amount ratios in the environment has
been carried out for a wide range of purposes. Naturally occurring uranium is of interest in
geochemistry, and is used as a natural analogue in nuclear waste disposal studies. Uranium can
occur in the environment as a result of authorised or accidental releases from nuclear facilities.
Recently, several environmental monitoring field trials with the most sensitive analytical
techniques have been tested for their capability to detect altered U amount ratios and distinguish
them from the natural background. This capability is important for the International Safeguards.

Modern multidetector mass spectrometers offer measurement capabilities that allow large
dynamic ranges and high abundance sensitivities. However, the highly precise results can only
be turned into accurate results if all sources of systematic errors can be identified.

Careful

calibration is required to quantify and correct the known systematic errors.

In high precision isotopic procedures, the reproducibility of isotope mass discrimination is the
limiting source of measurement uncertainty.

The IRSM was applied to correct mass

discrimination in this study. All measurement results were individually corrected for known
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w(236U)/«(235U) amount ratios were calculated from the K-factor for the n(235U)/n(238U) amount
ratio. The corrected rc(234U)/«(235U) and «(236U)/«(235U) ratios (TIMS) and the n(235U)/«(238U)
ratio (GSMS) were combined for the calculation of the isotopic composition.

The precision of 0.05 percent (2s) was achieved in the n(

U)/n(

U) ratio determinations by

GSMS. The average value of the «(238U)/ra(235U) amount ratio was 137.795 ± 0.058, which
agreed with the literature values for terrestrial uranium samples. In the n(234U)/n(235U) ratio
determinations precisions varied between (0.25 - 1.5) percent. Most of the samples had a ratio
between 0.00725-0.00760.

In 39 measured materials, 11 samples had

(0.0052-0.0054), and 22 samples of (0.0054-0.0056). Traces of the

236

234

U abundance of

U isotope were detected

indicating non-natural origin in a number of samples.

The measurement technique developed has proved its potential for the accurate determination of
minor isotope abundances in natural uranium samples. Small differences in the n(234U)/n(235U)
amount ratios were correlated with the geographical origin of the samples. This was successfully
demonstrated for a number of samples, where unusual

234

U abundances were observed.

However, also the limitations of the technique became apparent: in uranium register samples though of different geographic origin - 234U abundances were not significantly different.
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Appendix B
D e a d T i m e Evaluation
In ion counting measurement some total number of observed counts, n, is accumulated from a
single ion beam by integration over some time interval t.
lobs.
lcorr.= •
(1 - Iobs.-x)
T

In a situation when both measured isotopes are affected by deadtime, the following equations can
be derived.
A is used for minor isotope
B is used for major isotope

Kcorr.=

Icorr.(A)

W(B)
„

Iobs.(A)(l-Iobs.(B)T)

ivcorr. =

lobs. ( B ) ( l - lobs. (A)x)

o

D

l-Iobs.(B)T

Kcorr. = Kobs.

l-Iobs.(A)x

1(1 - Iobs.(A)T) = 1 - Iobs.(B)x
Robs.

Rcorr.
Robs.

. Rcorr. T , . .
,_..
T
1=
lobs. ( A ) X - Iobs.(B)x
Robs.

Rcorr. -r , . N
Rcorr. T
,_,N ,
, .,
lobs. ( A ) =
lobs. (B) • lobs. ( A )
Robs.
lobs. ( A )

- 1 = [Rcorr,Iobs. (B) - Iobs.(B)]x
Robs.

Robs.

For measurements using one sample, different count rates:
Rcorr.
Robs.

= (Rcorr-I)-lobs. (B)-T

If only the count rate of the minor isotope is affected by deadtime, the equations get simpler.

lobs. ( A )

Rcorr. =

lobs. ( B ) - ( l - lobs. ( A ) T )

Rcorr. = Robs. -

(l-Iobs.(A)x)

f Robs. )
•

. _
, .N
=l-Iobs.(A)x

V Keorry

T

/ A N

(^

Iobs.(A) = N V Rcorr.y T

When the least square regression analysis is made applying this equation, 1/x is got as a slope.

Appendix C

SPIRIT calculation

Ratio Set Conversion - pagel
Element U
Sample data group 1:
Sample: ASKOLA
Reference isotope: 238
Reference signal: 1 ± 0
Isotopes
235/238

Ratio
0.0072542

Std. dev.
0.0000018

Sample data group 2:
Sample: ASKOLA
Reference isotope: 235
Reference signal: 1 ± 0
Isotopes
234/235
236/235

Ratio
0.0075050
0.00000320

Std. dev.
0.0000050
0.00000020

Combined ratio data:
Reference isotope: 238
Reference signal: 1 ± 0
Isotopes
233/238
234/238
235/238
236/238

Ratio
0
0.000054443
0.0072542
2.321344 E-8

Std. dev.
0
0.000000039
0.0000018
1.5 E-9

Figure 1. Ratio Set Conversion - printout ( SPIRIT program).

Atomic Weight Calculation
Element: U
Sample: ASKOLA
Reference isotope: 238
Ratio data file: askolal.rdt

Std. dev.

Ratio
0
0.000054443
0.0072542
2.321344 E-8

0
0.000000039
0.0000018
1.5 E-9

Isotope
233
234
235
236
238

Mole%
0.00000000
0.00540480
0.72015662
0.00000230
99.27443628

Std. dev.
0
0.0000039
0.00018
0.00000015
0.00018

Isotope
233
234
235
236
238

Mass%
0.00000000
0.00531425
0.71112553
0.00000229
99.28355794

Std. dev.
0
0.0000038
0.00018
0.00000015
0.00018

Isotopes
233/238
234/238
235/238
236/238
Results:

Std. dev.
Isotope At. mass
233
233.0396270 0.0000030
234.0409447 0.0000022
234
235
235.0439222 0.0000021
236
236.0455610 0.0000021
238
238.0507835 0.0000022
At. Weight
Std. dev.
0.0000058
238.0289126

Figure 2. Atomic Weight Calculation - printout (SPIRIT program).

Appendix D.

Significance testing
The example of significance testing
As an example the evaluation of n(234U)/«(235U) amount ratio results of the sample 9054-01-B are
given. Two sets of results are calculated, one set after normal purification procedure and the
other after hydrolysis, where the UF6 was converted back to oxide form. The fact that there is no
significant difference between the means is used as the null hypothesis. The corrected amount
ratios are given in Table.

9054-01-B

average
variance
n

«^ 4 D)/«( MS U)
setl
0.007634
0.007605
0.007612
0.007651
0.007634
0.007640
0.007665
0.007672
0.007627
0.007588
0.007643
0.007633
6.89511 E-10
11

n(234U)/«(23SU)
set 2
0.007670
0.007619
0.007649
0.007616
0.007579
0.007613

0.007624
9.95067 E-10
6

F test can be used for comparison of precisions:

S2 9.95067E-10
-1.443
Si "6.8951 IE -10
Two-tailed test F5?9 crit, 5 % level of significance = 4.484. There is no significant difference in the
precisions of the two samples at the 5 % level. The null hypothesis (no significant difference)
retains.

As the two samples have standard deviations that do not significantly vary, a pooled estimate of
their standard deviations can be calculated from the indivual standard deviations. The t test can
be used for estimation of accuracy.

10 • 6.8951 IE - 1 0 + 5 • 9.95067E - 1 0

11 + 6-2

-2
S^ = 7.9136 E-10
S = 2.8131 E-5

\l/2

l/n 2 )

0.00763373 - 0.007624333
= 0.6338
2.813 I E - 5- 0.52705

t crit. from the table is 2.13 at 95 % level. The t value from a test is lower than t critical. The
two means do not significantly differ from each other.

One way ANOVA is used for testing for differences between means. The results are in Table.

ANOVA
Source of variation
Between groups
Within groups

SS
2.6882 E-10
1.1181 E-08

1
14

Total

1.145 E-08

15

MS
2.69 E-10
7.99 E-10

F
0.336593

P-value
0.571022

Fcrit.
4.600111

SS = sum of squares
MS = mean square, an average of squared terms
df = degrees of freedom
A one-tailed F test can now be used to see if the between-sample estimate of the variance is
greater than the within-sample estimate of the variance.

7.99E-10
2.69E-10
Fcrit. from the table F)4;i is 244, so there is no significant difference.
The better the precision, the smaller the variance.

The same evaluation was done to all samples. There was no significant difference between sample
sets, so all measurement results were combined to final calculation of the average values.
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