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Limitations on the Precision of 238U/ 235U Measurements
and Implications for Environmental Monitoring

A b s t r a c t
The ability to determine the isotopic composition of uranium in

environmental samples is an important component of the International
Atomic Energy Agency’s (IAEA) safeguards program, and variations in the
isotopic ratio 238U/235U provide the most direct evidence of isotopic
enrichment activities.  The interpretation of observed variations in
238U/235U depends on the ability to distinguish enrichment from
instrumental biases and any variations occurring in the environment but
not related to enrichment activities. Instrumental biases that have
historically limited the accuracy of 238U/235U determinations can be
eliminated by the use of the 233U/236U double-spike technique.  With this
technique, it is possible to determine the 238U/235U in samples to an
accuracy equal to the precision of the measurement, ca. 0.1% for a few
10’s of nanograms of uranium.  Given an accurate determination of
238U/235U, positive identification of enrichment activities depends on the
observed value being outside the range of 238U/235U’s expected as a result
of natural or environmental variations. Analyses of a suite of soil samples
showed no variation beyond 0.2% in 238U/235U.

1. Introduction
Following the Gulf War, the International Atomic Energy Agency has

put considerable effort into improving its ability to detect undeclared
nuclear activities including the enrichment of 235U. One component of this
effort has been the collection and analysis of  “environmental” samples.
These samples vary from those collected inside known nuclear facilities
to ones collected at considerable distance. In the case of samples
collected inside a facility, the isotopic composition of uranium is likely
to be substantially different from that of natural uranium and the
accuracy and precision of the analyses are rarely issues in the
interpretation of the measurements. On the other hand, as one samples
farther from the source of enrichment, one expects the contribution of
altered uranium relative to natural uranium to be less, and the ability to
distinguish small shifts in isotopic composition becomes more important.
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The ability to recognize an observed variation in isotopic
composition as an indicator of enrichment depends on knowing the extent
to which the composition varies in the environment and whether the
reported uncertainties of the measurements are true estimates of the
accuracy of the determination.  By reducing the uncertainties of the
measurements and bounding the extent of variations occurring in the
environment that are unrelated to enrichment, one can improve the ability
to detect enrichment activities and reduce costs.

 In thermal ionization mass spectrometry, the most common way of
determining the isotopic composition of uranium samples, mass
fractionation in the ion source is a major limitation on the accuracy of
238U/235U determinations. (For near natural samples, fractionation is much
less important in determining the abundances of the minor isotopes 233U ,
234U, and 236U because the abundance of 234U varies widely in natural
samples while 233U and  236U are so rare that the precision of the
measurement is not controlled by fractionation.) Even though the apparent
precision of a 238U/235U determination may be on the order of 0.1%, the
result may be biased by several times that amount.  This variation from
sample to sample and among different laboratories has made it difficult
to say for certain that small variations in 238U/235U were “real”.

If an element has two isotopes whose abundance ratio varies only as
a result of chemical fractionation, including that which occurs in the ion
source, it is possible to determine the extent of fractionation by
comparing the measured ratio of those isotopes to an accepted value. The
measurements of the other isotopes can then be corrected for this
fractionation.  In favorable cases, such corrections can improve the
accuracy of an isotopic ratio determination by an order of magnitude or
more. Uranium has no such pair of naturally occurring isotopes that can be
used for the fractionation correction. To overcome this difficulty, one can
use the “double-spike” technique where one adds two isotopes, that have
been combined in a well-known ratio, to a portion of the sample and then
measures the isotopic ratios in both the “spiked” and unspiked portions.
The formalism used to extract the fractionation corrected 238U/235U from
the spiked and unspiked analyses is similar to that described by Hamelin
et al. for lead isotopes [1]. Natural uranium contains neither 233U nor 236U
so the measured 236U/233U, compared to the known ratio added to the
sample, gives the fractionation directly without the need for a separate
mass spectrometric analysis of the unspiked material.  For environmental
samples where only natural uranium is expected, the ability to skip the
second analysis gives one the advantage of the mass fractionation
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correction for only the cost of the double spike. If the assumption that
there were no 233U or 236U in the sample proves to be false, the effect will
be for the “corrected” 238U/235U to differ from the natural value. In such
cases one needs only to analyze an unspiked aliquot to determine the
correct isotopic composition. (It is highly unlikely that the sample’s
contribution to 233U and 236U would effect the 238U/235U in such a way as to
mask the evidence of enrichment activities.)

Even if one could determine 238U/235U to an arbitrary accuracy,
recognition of enrichment activity depends on the 238U/235U of a sample
being outside the variation of this ratio in the environment. Such
variations could exist because of natural variations or those introduced by
anthropogenic activities that are not related to enrichment per se. The
author knows of no reason to expect measurable variations due to natural
processes except in very specific situations such as ancient ore deposits.
All anthropogenic activities that alter the isotopic composition of
uranium are related to enrichment, but for safeguard purposes, one wants
to separate those indicating undeclared activities from others. It is
therefore important to understand how wide spread the effects of
declared activities have become so that one can decide how large an
observed effect needs to be before undeclared activities are suspected and
how far away the effects of undeclared activities can be detected.

This paper reports the accuracy obtainable for 238U/235U
determinations using the double-spike technique and the results for a
suite of soil samples from widely distributed locations.

2. Double-spike Technique
The accuracy of  238U/235U determinations by the double-spike

technique is limited by several factors including the isotopic purity of the
spike, interferences in the spectrum due to molecular ions, the spike to
sample ratio, and the ion beam intensity. If one knows the isotopic
composition of the double-spike solution accurately, there is no
requirement that it have low levels of other isotopes, but if there is a
significant contribution of the spike to the measured peaks for which one
is trying to determine the ratio, the uncertainty will be larger. For the
same reason, it is helpful that natural uranium is free of 233U and 236U. By
knowing the concentration of the isotopes in the double spike and the
amount added to a sample, one can also determine the concentration of
uranium in the sample by isotope dilution.

The LLNL double spike, prepared in 1985, was intended for both mass
fractionation and concentration determinations. The 233U was taken from a
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sample of SRM 995 (National Institutes of Standards and Technology, USA)
for which the 233U concentration was certified. High purity 236U was
prepared locally using an on-site isotope separator. The approximate
concentration of 236U was measured by isotope dilution and aliquots of the
separated isotopes were mixed to obtain 236U/233U ≈ 1. The isotopic
composition of the double-spike mixture was determined by mass-
spectrometrically analyzing mixtures of the double spike and SRM U500
(NIST), which has a well-characterized 238U/235U of near unity. This
approach was taken to avoid the uncertainties associated with accurately
determining the concentration of the 236U and because it allowed us to
calibrate the double spike against a recognized standard reference
material.  This calibration against a recognized and readily available
standard provides a basis for linking to results based on other double
spikes similarly calibrated. The isotopic composition of the double spike
is shown in Table I.

Table I
LLNL Double-spike Composition

236U/233U 234U/233U 235U/233U 238U/233U
  0.94967  0.000179  0.000090  0.000803
±0.00018a ±0.000001 ±0.000001 ±0.000002

a Estimated two standard deviation of the mean
uncertaint ies

Molecular interferences can usually be avoided by using careful
chemical separation procedures and preheating the mass spectrometer
filaments under vacuum before the samples are loaded. When interferences
are present they can often be recognized by variations of the isotope
ratios during the mass spectrometric analysis or by the presence of high
backgrounds between peaks. In cases where there is negligible 233U and
236U in the sample, an unusually large apparent fractionation may also
indicate interferences.

The ultimate limitation on the precision and hence accuracy of
isotopic ratio measurements is imposed by ion counting statistics; σ ≥
sqrt (n), where n is the number of ions detected.  For ratios far from unity,
the precision will be limited by the beam intensity of the less abundant
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isotope and the background count rate. In the case of 238U/235U
measurements, the accuracy of the determination after the fractionation
correction can never be better than the precision of the measured 238U/235U
which is limited by the precision of the measurements of 235U. On the
other hand, if the amount of double-spike isotopes added to the sample is
substantially less than the amount of 235U, the fractionation correction
can dominate the overall uncertainty and defeat the purpose of using the
double-spike technique. A practical concentration for each of the spike
isotopes is 2-3 times the 235U concentration. To assure proper spiking, we
typically analyze a small aliquot of each sample by ICP-MS to determine
the uranium concentration before the spike is added. Of course, it is the
total number of ions collected and the background not the ratio itself that
limits precision. For uranium isotopic measurements, we have found it
convenient to use a pulse counting detection system that permits us to
measure all the isotopes under the same conditions and with a low
background (< 1 count/s). Our typical sample size is 50-100 ng which will
give a beam of  > 1 MHz(238) for several hours.

As noted above, the spiked and unspiked data are deconvoluted by
solving simultaneous equations for the fractionation and true isotopic
ratios. Uncertainties have been estimated by a Monte Carlo approach where
the measured values of each ratio are allowed to vary randomly with
distributions determined by their measured uncertainties and the
equations solved many times to determine the distribution of results. For
all the samples discussed in this paper, it was assumed that no 233U and
236U were present in the sample, and only the spiked mass spectrometric
analysis was performed.

3. Double-spike Results
Figure 1 illustrates the uncertainty on the fractionation correction

observed for different spike to sample ratios. Because the plot includes
data from samples with a wide range of 238U/235U, 236U/238U (spike to major
isotope ratio) has been plotted on the abscissa. The uncertainty of the
fractionation is clearly higher for small additions of the spike and
reflects the uncertainty of measuring small ion beams. For 236U/238U ≥
0.01, the uncertainty on the fractionation does not decrease appreciably,
but experience has shown that for such cases it does not contribute
greatly to the overall uncertainty of the fractionation corrected
238U/235U’s of near natural samples, 235U/238U ≈ 0.07.
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Fig. 1. Variation in the uncertainty of the
fractionation correction as a function of the spike to
uranium ratio. 

Figure 2 illustrates the magnitude of the fractionation correction
for a wide variety of sample types and isotopic compositions. Regardless
of sample type, the fractionation is generally below ±0.001 per mass unit,
which corresponds to a correction of between 0.997 and 1.003 for
238U/235U determinations. Although not obvious from the plot, the average
fractionation factors for various sample types are not all the same and
probably reflect variations in material coincidentally loaded on the mass
spectrometer filament with the uranium. This range applies only to our
analyses. The magnitude and range of mass fractionation at other
facilities may be very different and difficult to access without the double
spike.
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Fig. 2. Magnitude of the mass fractionation for a
wide range of sample types and with a wide range of
isotopic composition.  Among the sample types there is a
small variation in the observed fractionation, but no
variation is observed as a function of enrichment. For
samples with a positive “Fractionation/amu”, the
fractionation corrected 238U/235U values will be higher
than the measured values.

One way to demonstrate the effectiveness of the double spike in
improving reproducibility is to analyze a sample several times and
compare the spread of the fractionation corrected values to the
uncorrected ones. For a realistic assessment, one would use multiple
aliquots treated as separate samples including separate chemical
processing. To save time and to exaggerate the effects of fractionation,
which are in fact quite low in our instrument, we chose to “run” the same
filament load several times. In each “run” the analysis was conducted as
if it were a new sample. The effect of fractionation should cause the
measured 238U/235U to increase from run to run as the more volatile 235U is
depleted from the filament. For samples with near normal isotopic
composition, 238U/235U ≈ 138, the standard deviations for the individual
measurements of the samples ranged from 0.02 to 0.4  (2 sigma mean)
with 0.2 being typical. Figures 3 and 4 show the results of multiple runs
of a slightly enriched and a slightly depleted sample.

123.5
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124.5

1 2 3 4 5 6 7 8 9
run number

238

Measured                                       
Ave. = 123.83 +/- 0.20 (1 s.d.)
Fract. Corr.                                     
Ave. = 123.87 +/- 0.05 (1 s.d.)

Fig. 3.  Nine mass spectrometric analyses of a single
sample showing the change in measured 238U/235U as a
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result of mass fractionation during the analyses and the
elimination of the variation by the double-spike
correction for the fractionation. Plotted uncertainties
are two standard deviations of the mean.

156.5
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157.5
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run number

238 Measured                                  
Ave. = 157.16 +/- 0.24 (1 s.d.)
Fract. Corr.                                
Ave. = 157.14 +/- 0.10 (1 s.d.)

Fig. 4. Similar to Fig. 3 except this sample is depleted in
235U.

In both cases the measured, uncorrected, data show a clear trend
with run number whereas the corrected values do not. This is reflected in
the smaller standard deviations of the corrected values. The fact that the
average corrected and uncorrected values are not significantly different
is an artifact. If only one analysis had been made for each sample, the
uncorrected value would have been low. Although not illustrated, we have
observed a few cases where both the corrected and uncorrected ratios
showed variations among the runs. In such cases molecular interferences
are likely. Backgrounds measured at “half mass” positions confirmed
interferences in some cases. Unfortunately, molecular species such as K6

+,
e/m = 233.78, may not be adequately accounted for by strategies using
half-mass background corrections because it is difficult to determine
correctly their contributions to the measured peaks. For environmental
samples such as those of interest to safeguards in which the sample
matrix may vary widely from sample to sample, it is difficult to establish
a quality control program that will avoid such complications. Although
rarely practical, for the most exacting work, it is desirable to process
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samples through more than one chemical separation procedure and to
perform multiple mass spectrometric analyses.

4 . Soil Analyses
 Even if one could determine the 238U/235U to infinite accuracy,
variations would not be significant for safeguards purposes unless one
knew the extent of variation of the ratio resulting from geological causes
or activities not directly associated with enrichment activities. To
assess this variation, if any, 238U/235U is being determined in a suite of
soils from areas where no uranium isotopic processing is believed to have
occurred. To date 17 soils from widely distributed locations have been
analyzed. In several cases, it was possible to make multiple “runs” on the
same mass spectrometer load. Unfortunately uranium concentrations were
not determined in most of these samples prior to spiking so some of these
samples were considerably underspiked. This resulted in a relatively large
uncertainty in the fractionation corrected values. If only the first “run” of
each sample is considered, all analyses fall in the range 137.4 < 238U/235U <
138.2; i.e., the total variation observed is ±0.3%, Fig. 5.
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Measured                                    
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 Fig. 5. Measured and mass fractionation corrected
238U/235U for a suite of soil samples. Samples 11-17 are
from the USA. The others are from sites scattered around
the world. The plotted uncertainties are two standard
deviations of the mean. In cases where more than one
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“run” was obtained from a sample, only the first is
plotted. Sample “5′” is a second aliquot of sample “5”
that was processed separately.
 

 The average of the fractionation corrected 238U/235U’s for the suite is
137.77 ± 0.20 (1 std. dev.) which is in good agreement with the recognized
value of 137.88 [2]. For the samples with multiple analyses, the range of
the sample averages is 137.7 - 138.0. Within the uncertainty on the
analyses, no variations have been observed in the 238U/235U of these soils.
 
5 . Conclusions

These data show that accuracy of uranium isotopic analyses is
improved by the use of the double-spike technique. One can not say a priori
how much improvement will result without knowledge of the extent of
mass fractionation occurring for a specific sample type and laboratory.
The importance of the double spike lies in the fact that this information
is otherwise difficult to obtain. With the double spike, it is possible to
obtain routinely accuracies of 0.2% (2 std. dev.) in 238U/235U for
environmental samples containing around 50 ng of uranium. This provides
a basis for deciding how large a variation must be before one concludes
that the sample contains non-natural uranium. On a fractional basis, a
0.2% variation corresponds to the fractional addition of 4x10-4 low-
enriched uranium (3% 235U) or 8x10-7 high-enriched uranium (95% 235U) to
natural uranium.

The uranium isotopic compositions in the soils reported here show
no clearly resolved differences in their 238U/235U’s. Although some of the
soil samples reported here were underspiked and the data are therefore
less accurate than desirable, there is no evidence for natural or
anthropogenically induced variations in the 238U/235U at the > 0.2% level.
Without resorting to detailed statistical arguments, it is clear that
variations in 238U/235U of > 0.5% can be detected easily and that variations
as small as 0.1% can be resolved if multiple analyses are performed on the
sample.

 This work was performed under the auspices of the U. S. Department
of Energy by Lawrence Livermore National Laboratory under contract No.
W-7405-ENG-48.
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