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Multiple ion counting ICPMS double spike method for precise
U isotopic analysis at ultra-trace levels
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Abstract

Of the various methods for the measurement of the isotopic composition of U in solids and solutions, few offer both sensitivity and precision.
In recent years, the use of ICPMS technology for this determination has become increasingly prevalent. Here we describe a method for the
determination of the235U/238U ratio in very small quantities (≤350 pg) with an accuracy of better than 3‰. We measured several terrestrial
standard materials and repeated analyses of the U960 isotopic composition standard. We used a233U/236U double spike, with multiple ion
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ounting on an unmodified Nu Instruments multicollector ICPMS and a non-standard detector configuration that allows an app
0-fold sensitivity gain over the best conventional techniques. This technique shows promise for the detection of isotopic trac
nvironment (for example anthropogenic238U) at very extreme dilutions, or in cases where the total amount of analyte is necessarily
2004 Elsevier B.V. All rights reserved.
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. Introduction

The isotopic composition of the long-lived isotopes of U
s constant in nature. Since the ratios of the decay constants
f 235U and238U are fixed, the ratio of the two to one another

s fixed at any given point in time for terrestrial materials.
errestrial variations in235U/238U are primarily due to an-
hropogenic modification for the purpose of inducing nuclear
ssion. However, there are natural processes that can also
ffect this isotopic ratio including: (1) environmental mass
ependent fractionations (in principle); (2) regions of natural
uclear fission[1]; and (3) in principal, cosmochemically-
erived deviations due to the decay of247Cm during nucle-
synthesis[2,3].

The precise measurement of the235U/238U ratio has a long
istory, being a motivating force driving much of mass spec-

rometry in the early part of the preceding century. This was
f course due to the need to measure enrichment grades of
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fissile235U in concentrates derived from ores with a nat
235U/238U ratio of 0.007253. Currently, there are a var
of techniques for this determination, which vary remarka
in their sensitivity and accuracy. These include count
based nuclear spectroscopy, TIMS (thermal ionization m
spectrometry) and ICPMS (inductively coupled plasma m
spectrometry). Of the mass spectrometric techniques u
ing an ICP ion source, there is the further distinction betw
quadrupole, and magnetic/electrostatic types, of which
are commercially available models with single and mult
collectors (MC-ICPMS). Each of these ICPMS configu
tions delivers progressively more precise and sensitiv
sults.

While each of the above techniques has a particular a
cation, many methods developed for them rely upon th
sumption that there is a nearly unlimited amount of avail
sample. Although large sample amounts are often avail
this is not often the case when it comes to biological, e
ronmental and cosmochemical samples. Recognizing sa
limitations such as these, we wanted to develop a me
that consumes a limited amount of sample yet can yield
E-mail address:jesnow@mpch-mainz.mpg.de (J.E. Snow).
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isotopic precision. Here, we report a new method of determin-
ing the238U/235U ratio in solutions using dynamic multiple
ion counting.

2. Methods

2.1. Chemistry and sample preparation

Solutions of960U isotopically natural standard reference
uranium were prepared with a concentration of 100 pg U/g
in 1% HNO3. These solutions were spiked with an isotopic
tracer containing well-characterized equal-atom233U and
236U previously prepared for this purpose for TIMS mea-
surements[3]. We prepared the standard solutions such that
the238U/236U ratio was∼10.

To test the efficacy of our method on natural samples, we
selected three terrestrial Standard Reference Materials [GS-
N (ANRT granite), MA-N (CRPG granite), and MICA-Fe
(CRPG biotite mica)]. We dissolved each sample using ultra-
pure reagents (HF/HNO3) under clean-room conditions, and
removed a small aliquot (∼5%) for U quantification. We
spiked the remaining dissolved material so that the238U/236U
ratio was∼10. This provides adequate precision while con-
serving spike. After drying down and re-dissolving to ensure
s
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Table 1
Nu Instruments MC-ICPMS operating conditions

Plasma
RF power 1300 W
Reflected power ≤5 W
Ni sampling cone 1.1 mm diameter
Ni skimmer cone 0.6 mm diameter

Nebulizer setup
Ar sweep rate 3.8 l min−1

N2 0 l min−1

Uptake rate 0.05 ml min−1

Optics
ESA 230 V
Mass resolution 400 at208Pb

Zoom optics
Quad 1 −25 V
Quad 2 +140 V
Quad 15 As necessarya

Quad 16 As necessarya

Integration times
Magnet settle 2 s
Magnet setting 1 (235,238) 15 s
Magnet setting 2 (233,236) 10 s
Total integrations 3 blocks of 5 (∼10 min)

a See text.

counting systems, so that both the235U/238U ratio and the
233U/236U ratio can be statically ion counted. In the first cy-
cle of the multidynamic sequence we can therefore monitor
masses 235 and 238 then with the second cycle masses 235
and 236 (seeTable 1). Our configuration could be easily ac-
complished with other multiple ion counting systems where
the ion counters are appropriately spaced.

F n for
r en two
a le dis-
p

ample-spike equilibration, we used standard (e.g.[4] and
eferences therein) column purification procedures to is
ranium from the matrix of the SRMs for U for isotopic an
sis.

.2. Instrumentation and measurement

We measured the solutions on a Nu Instruments
CPMS using a CETAC Aridus desolvating nebulizer with
perating conditions shown inTable 1. The mass spectrom

er is equipped with an electrostatic zoom lens that crea
ariable dispersion at the collector end. In its default con
ration the machine utilizes unit mass dispersion (Fig. 1a),
esulting in a mass separation between the ion counte

for the mass range near uranium. This configuratio
ot optimal for the determination of our low-concentra
ouble-spiked isotope ratios because the masses of in

235U/238U and233U/236U) are three mass units apart rat
han two. Measuring the large238U beam in a Faraday cu
nd the small235U beam in an ion counter would make sen
nd is commonly done. However, for very small amoun
, the signal strength is low enough that the inherent
oise of the Faraday cup limits the precision of the anal
dditionally, the233U/236U ratio would not be well dete
ined, since both isotopes tend to be small for reason

ample/spike ratios. Using larger amounts of spike is no
irable, since the spike itself is costly.

For this study, we set the zoom optics of the mass s
rometer to a mass dispersion factor of 1.5 (Fig. 1b and
able 1). The three-mass difference between masses 23
35 then corresponds exactly to the spacing between th
ig. 1. Mass dispersion used for U isotopic analysis. The conventio
elative mass dispersion in this context is the mass separation betwe
djacent detectors. The Nu Instruments MC-ICPMS achieves variab
ersion via ion optics between the magnetic sector and detectors.
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2.3. Multidynamic U calculations

Writing the power-law expressions for a forward model
of the fractionation and gains operating on the two isotope
pairs involved is quite simple:

(238U
235U

)
M

=
(238U

235U

)
T

(1 + f )3
(

G0

G1

)
(1)

(
236U
233U

)
M

=
(

236U
233U

)
T

(1 + f )3
(

G0

G1

)
(2)

wheref is the power-law fractionation factor andG0 andG1
are the gains on collectors IC0 and IC1, respectively. The cu-
bic exponents refer to the three mass-unit difference between
the isotopes. Dividing Eq.(1) by Eq.(2) and solving for the
true238U/235U ratio gives:

(238U
235U

)
T

= (238U/235U)M(236U/233U)T
(236U/233U)M

(3)

Eq. (3) shows that both mass-dependant fractionation and
collector gain are cancelled out using this data reduction.
This is the same reasoning commonly used for multidynamic
S
b laws
i

3

our
n tan-
d
i .5‰
w total
o hip
b n re-
s xt
s

T
2

S

U
U
U
U

G
M
M

E
m

Fig. 2. Intraday reproducibility of960U isotopic measurements without
bracketing. Major grid lines are at 3‰ spacing.

3.1. Reproducibility

Over about 6 months of measurement, the mean intra-
day 2σ reproducibility was 1.5‰ for samples with less than
about 350 pg of U per analysis. This is illustrated inFig. 2,
showing a single measurement series and accompanying av-
erage. On other days, while the reproducibility remained the
same, the mean value of the analyses of960U varied by as
much as 3‰. This effect seems to be influenced by the set-
tings of the quadrupole zoom optics of the Nu Instruments
mass spectrometer. The deviations can be controlled to some
extent by carefully adjusting the Q15 and Q16 quadrupole
focus (Table 1) until the peak shape is optimized. The overall
2σ reproducibility determined without prior standardization
was 2.25‰ using individual sample sizes of under 350 pg
(8.8× 1011 U atoms). This figure improves to 1‰ or better
by bracketing of unknowns with960U and renormalizing.

3.2. Sensitivity

The term sensitivity generally refers to the ability to detect
an element at a given concentration. In this case, we refer to
the sensitivity of the method to refer to the ability to measure
an isotopic ratio with a given precision at a given concentra-
tion. So defined, the sensitivity of the method is very good
w -
a us
i ision
r and Nd isotopic data reduction (cf.[5]). The difference
etween the power law and other possible fractionation

s not significant at the level of precision used here.

. Results

Two sigma results of replicate measurements on
atural-ratio U960 standard and the three terrestrial S
ard Reference Materials are presented inTable 2. Typical

nternal precision for our standards ranges from 0.5 to 1
hile using between 200 and 350 pg per analysis for a
f ∼1 ng of U for four replicate analyses. The relations
etween typical individual measurements and the mea
ults inTable 2are shown inFig. 2and discussed in the ne
ection.

able 2
35U/238U isotopic results of standard materials

ample N δ235U
(‰)

2σmerror
(‰)

Total U
(ng)

960 standard 25-8-03 #1 1 −0.99 1.36 0.35
960 standard 26-8-03 #1 1 +0.61 1.34 0.35
960 standard 08-9-03 #1 1 −0.46 1.14 0.35
960 standard 25-7-03 #1 1 +0.63 1.09 0.35

S-N (ANRT granite SRM) 4 −1.04 1.98 ∼1
A-N (CRPG granite SRM) 4 −0.33 1.70 ∼1
ICA-Fe (CRPG mica SRM) 4 −0.97 1.42 ∼1

xternal reproducibility based on all960U standard measurements:N= 58,
ean = 137.87, 2σm= 0.045, 2σ reproducibility = 2.25‰.
hen compared to other methods. InFig. 3we show the an
lytical precision plotted as a function of total U for vario

sotopic analysis techniques. The tradeoff between prec
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Fig. 3. Sensitivity and precision compared with other methods. Circle is
the external reproducibility, stars are the internal precision in238U/235U is
plotted as a function of total U consumed during the analysis. Literature data
from [2,6,8–12].

and sensitivity is reflected in results sloping downward from
upper left to lower right in this diagram, due in large part
to simply to counting statistics. Shifting to better sensitivity
produces a parallel array with a lower precision for a given
amount of U. The single-spike analyses of[6] showing better
precision than previous double spike measurements (e.g.[2])
is likely due to improvements in instrumentation in the inter-
vening time. Our double spiked MC-ICPMS measurements
using the ion counters is substantially more sensitive for the
U isotopic analysis compared to conventional TIMS analysis
and about factor 5 compared to quadrupole analysis (Fig. 3).

The internal precision is better, even with bracketing, than
the external precision. This may be due to instabilities in
the peak shape. The peak shape on the Nu Instruments is
quite good, however, at this very extreme setting of the zoom
optics some care was required to get good results. Another
possibility is detector nonlinearity. This is a known problem
of ion counting detectors, which is why precision of better
than 1‰ are not to be expected using such detectors. Detector
saturation was not an issue, as count rates were kept well
below 1 MHz.

4. Discussion
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have a number of oxidation states, the normalized mass dif-
ference (	m/m) of 1.2% is small compared to other metals
currently under study for environmental fractionations. At
the same time, U is plentiful for this type of measurement, so
that mass spectrometric techniques yielding higher precision
(with more U) would be a more appropriate choice.

This technique is especially useful in the case where the
total amount of analyte is extremely restricted. For example,
in tracer studies of U transport in organisms or humans, it
may be valuable to use very small doses to avoid the metal
toxicity of U in the test subjects. At the same time, this tech-
nique should permit the detection of a U tracer (for example
anthropogenic depleted238U) in the environment at very high
dilution factors.

Recent events have resulted in releases of isotopically
anomalous U (nearly pure238U) into the environment in
several countries. Detecting and monitoring the spread of
munitions-derived U in the environment is a significant and
important task for which this method may find use. In the
immediate vicinity of a targeted detonation there is likely to
be sufficient U present for other methods to be used.

As a test for anthropogenic depleted U in regions proximal
to sources (i.e. war zones), this technique is hampered by
being labor intensive, expensive and time consuming. In the
immediate vicinity of a weapons impact, other less expensive
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This technique has been developed in order to try to
ect isotopically anomalous U that may be incorporated
ertain components of certain meteorite classes during n
synthetic processes. This reflects the type of applicatio

his technique should in principle be useful for small ana
uantities.

Another potential application would be in the detec
f mass-dependent fractionation of U isotopes by natura
ox processes in the near-surface environment. While U
echniques are preferable (e.g.[7]), as the amount of analy
s not restricted. However, as U spreads in the environ
nd in the food chain and is diluted, the application of pre
nd sensitive methods such as this one may become u

or example in biological samples, where the total qua
f analyte available may be very restricted. Especially in
ase of living human subjects, large quantities of tissu
ody fluids are not generally available for study. It is poss

o imagine situations where only a few pg of U are avail
or analysis (in biopsied tissue, or a child’s blood) where
ensitivity of this technique would outweigh other factor

Another example of this would be in post-conflict ass
ent studies, where samples that were negative for DU
ther methods could be re-screened using this method
aps also using a higher concentration factor) in order to

er quantify the spread of anomalous U in the environmen
tudies of reactor releases (such as Chernobyl), this m
ight be similarly useful. However, adjustments would
ecessary to account for the presence of236U and234U in

he nuclear fuel—these isotopes are present in small ne
ly small amounts in munitions with respect to the analy

hough their detection may be desirable for other reaso

. Conclusions

Our technique exploits an unusual configuration of
u Instruments mass spectrometer to increase the pre
f small sample (<350 pg) double spike measuremen
isotopic composition about 5× over conventional TIMS
easurements, and 20× over quadrupole mass spectrom
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ter methods at a given concentration. At the same time, our
method combines the ease of ICPMS sample preparation
(when compared to TIMS) and significantly decreases the
time required for a single isotopic analysis. The applications
of this method are clearly in detecting isotopically anoma-
lous U at great dilutions, and those where analyte quantities
are very limited, such as in human or other biological sam-
ples. The sensitivity of this technique may make possible new
types of studies of U metabolism not previously possible. For
example, most U in the bloodstream ends up in bones and
kidneys. This technique might make possible detailed stud-
ies of U uptake and metabolism in a variety of tissues in vivo
without incurring significant risks of heavy metal toxicity.

References

[1] Neuilly, M.G. Nief, G. Vendryes, J. Yvon, J. Bussac, C. Frejacqu, C.
R. Hebdomaires Sceances Acad. Sci. Ser. D 275 (17) (1972) 1847.

[2] J.H. Chen, G.J. Wasserburg, Earth Planet. Sci. Lett. 52 (1981)
1.

[3] T. Shimamura, G.W. Lugmair, Proceedings of the 12th Lunar and
Planetary Science Conference, 1981, p. 976.

[4] R.L. Edwards, J.H. Chen, G.J. Wasserburg, Earth Planet. Sci. Lett.
81 (2–3) (1987) 175.

[5] M.F. Thirlwall, Chem. Geol. (Isotope Geosci.) 94 (1991) 85.
[6] G. Lugmair, S. Galer, Geochim. Cosmochim. Acta 56 (4) (1992)

1673.
[7] S. Boulgya, S. Becker, Fresenius J. Anal. Chem. 370 (2001)

612.
[8] M.J.A. Armelin, M.B.A. Vasconcellos, J. Radioanal. Nucl. Chem.

Articles 100 (1) (1986) 37.
[9] O.P. Oliveira, J.E.S. Sarkis, J. Radioanal. Nucl. Chem. 253 (3) (2002)

345.
[10] P. Schramel, J. Chromatogr. B: Anal. Technol. Biomed. Life Sci.

778 (1–2) (2002) 275.
[11] R.N. Taylor, I.W. Croudace, P.E. Warwick, S.J. Dee, Chem. Geol.

144 (1–2) (1998) 73.
[12] J.H. Chen, G.J. Wasserburg, Geophys. Res. Lett. 7 (4) (1980)

275.


	Multiple ion counting ICPMS double spike method for precise U isotopic analysis at ultra-trace levels
	Introduction
	Methods
	Chemistry and sample preparation
	Instrumentation and measurement
	Multidynamic U calculations

	Results
	Reproducibility
	Sensitivity

	Discussion
	Conclusions
	References


