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Abstract

Uranium is the heaviest naturally occurring element and isotope fractionation between 235U and 238U is not normally considered
significant given the small ∼1% difference in mass. It is therefore usual to assume that 238U/235U is constant in the terrestrial
environment and equal to 137.88. We have developed experimental protocols for the precise measurement of 235U/238U by
multiple-collector ICPMS (MC-ICPMS) and have analyzed a suite of samples formed in a range of low-temperature environments.
Using a high-purity 233U–236U double spike to internally monitor the large (percent-level) but essentially constant instrumental
mass bias effects that are inherent to plasma source mass spectrometry, we are able to resolve variations in 235U/238U at the 0.4
epsilon level (2σ; 1 epsilon=1 part in 10,000) on sample sizes comprising 50 ng of uranium. Here we demonstrate sizeable (13
epsilon units) natural variability in 235U/238U, exceeding the analytical reproducibility by more than an order of magnitude.
Compositions that are both isotopically heavier and lighter than our terrestrial standard, by 4 and 9 epsilon units respectively, are
observed. The largest excursions are found in speleothem samples. Furthermore, 235U/238U appears broadly correlated with
234U/238U in samples showing the most extreme isotopic compositions. The present study investigates the role of abiotic processes
in fractionating 235U from 238U. Sequential leaching experiments of U-rich minerals indicate that mineral weathering is a possible
mechanism by which 235U can be fractionated from 238U in groundwaters and incorporated into speleothems. The observed
variability in 235U/238U indicates that uranium isotopes may offer the potential to monitor new reaction pathways, such as those
activated during the redox transition between the U(IV) and U(VI) oxidation states. Experiments involving the redox transition of
U(VI) to U(IV) in the presence of zero-valent zinc did not produce a resolvable shift in 235U/238U towards anomalous values,
although fractionation need not occur if the reaction is governed by a fast kinetic process. Our observations have a direct impact on
the U-series and U–Th–Pb chronometers, when applied to samples formed in low-temperature environments, as these
chronometers currently assume an invariant 238U/235U equal to 137.88.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Uranium is the heaviest naturally occurring element on
Earth and, together with the other actinides, was produced
over the lifetime of the galaxy by rapid neutron capture or
“r-process” stellar nucleosynthesis, then incorporated into

mailto:cstirling@chemistry.otago.ac.nz
http://dx.doi.org/10.1016/j.epsl.2007.09.019


209C.H. Stirling et al. / Earth and Planetary Science Letters 264 (2007) 208–225
the Earth and planets during the formation of the solar
system more than 4.5 billion years ago. Uranium is
dominated by three naturally occurring isotopes, 238U,
235U and 234U, and two primary oxidation stateswith very
different solubilities. Under oxidizing conditions in the
marine environment, U is typically present in the
hexavalent U(VI) form as the large, divalent uranyl ion
UO2

2+ and highly mobile, forming soluble complexes,
primarily with carbonate and phosphate (Ivanovich and
Harmon, 1992). In reducing environments, U occurs in
the tetravalent U(IV) state, forming relatively insoluble
complexes with hydroxides, hydrated fluorides, and
phosphates (Ivanovich and Harmon, 1992).

In terms of radioactive properties, 238U (t1/2=4.5 bil-
lion years) is the parent nuclide of the 238U-decay se-
ries, which ultimately decays to stable 206Pb via a
series of intermediate nuclides, of which 234U (t1/2=
245,000 years) and 230Th (t1/2=76,000 years) are the
two longest-lived species, while 235U is the parent
nuclide of the 235U-decay series, which decays to stable
207Pb with a characteristic half-life of 700 million years
via 231 Pa (t1/2=31,000 years) and a series of shorter
lived daughters. The extremely long billion year half-
lives characterizing 238U and 235U decay make the
238U–206Pb and 235U–207Pb parent–daughter systems
extremely useful for elucidating the earliest history of
the solar system (Amelin et al., 2002; Baker et al.,
2005), the formation of Earth's atmosphere and
hydrosphere (Nutman et al., 1997), and subsequent
terrestrial processing via ongoing tectonic, magmatic,
metamorphic and glacial events throughout geological
time and into the Quaternary (DeCelles et al., 2000).
The ten to one hundred thousand year half-lives
characterizing 238U–234U–230Th (or U-series) and
235U–231Pa decay have been widely utilized as
chronometers and tracers in the environmental, archae-
ological, and geochemical sciences, most notably with
respect to paleoclimate and magmatic time-scale
research spanning the last half million years of the late
Quaternary (Edwards et al., 1987; Esat et al., 1999;
Stirling et al., 2001; Gallup et al., 2002; Lundstrom,
2003; Turner et al., 2003; Robinson et al., 2004b).
Moreover, 247Cm (t1/2=15.6 million years), the short-
lived and presently extinct precursor nuclide of the 235U
decay series, has been used in cosmochemistry to
constrain the evolution of the early solar system (Chen
and Wasserburg, 1980, 1981; Stirling et al., 2005;
Stirling et al., 2006).

Permil- to percent-level variations in 234U/238U have
been widely documented in low-temperature terrestrial
environments reflecting disequilibrium in the decay
series. For example, seawater contains a 15% excess of
234U with respect to the abundances expected at
radioactive equilibrium (Chen et al., 1986), and more
extreme 234U excesses can be found in rivers and
groundwaters (Andersson et al., 1998; Reynolds et al.,
2003). Such large effects arise because the radioactive
decay of 238U to 234U (via 234Th and 234Pa) through the
emission of one α-particle and two β-particles results in
extensive damage to the crystal lattice; the 234U
daughter is often ejected from its original location by
α-recoil rendering it more susceptible to oxidation and
selective leaching than its lattice-bound 238U parent
(Kigoshi, 1971), and may even be directly released into
the surrounding medium provided the mineral grain size
is sufficiently small (DePaolo et al., 2006).

In contrast, significant permil-level mass-dependent
thermodynamic isotopic fractionations, resulting from
small differences in the zero-point vibrational frequen-
cies between isotopically light and heavy substances
(Bigeleisen and Mayer, 1947; Urey, 1947; Richet et al.,
1977), as has been observed in recent years in the heavy
stable isotope systems of, for example, iron (Anbar,
2004), zinc (Marechal and Albarede, 2002) and copper
(Marechal and Albarede, 2002), are not expected to be
detectable in U due to its heavy mass. As opposed to
loosely bound 234U, both 235U and 238U are strongly
bound to the crystal lattice. The small ∼1% difference
between the masses of these nuclides and the concom-
itant scaling of the vibrational fractionation shift with
δM/M2 (Bigeleisen and Mayer, 1947) limits mass-
dependent fractionation effects in uranium per a.m.u. to
only one twentieth of those found in iron. It is therefore
usual to link the 238U and 235U decay chains through the
inherent assumption that the isotopic ratio between the
238U and 235U parent nuclides is invariant throughout
the Earth, and moreover, across the entire solar system,
being equal everywhere to 137.88 at the present day
(Cowan and Adler, 1976; Steiger and Jaeger, 1977). A
rare exception to this has been documented at the site of
the Oklo fossil nuclear reactors in West Africa
(Proceedings of an International Symposium on the
Oklo Phenomenon, 1975). Cowan and Adler (1976)
proposed a natural variability of 0.03% in 235U/238U for
a range of uranium ores.

In recent years, thallium, a heavy element with stable
isotopes at masses 203 and 205, has been shown to
display large, permil-level 205Tl/203Tl variability
(Rehkämper et al., 2002; Rehkämper and Nielsen,
2004; Nielsen et al., 2005; Nielsen et al., 2006), despite
the small mass difference between 205Tl and 203Tl.
Similarly large isotopic fractionations have been ob-
served for mercury with respect to the 202Hg/198Hg ratio
(Smith et al., 2005; Xie et al., 2005). Thallium and
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mercury isotopic fractionations have recently been
investigated in the context of mass-independent isotopic
fractionation associated with the nuclear field shift
effect. This arises because of varying nuclear volumes
and electron density distributions between different
isotopes of the same element (Schauble, 2007), which
change as a function of oxidation state. In contrast to the
above-mentioned vibrational effects, the nuclear field
shift effect does not scale with δM/M2. Moreover, it is
predicted to have a particularly strong effect on the heavy
masses. Therefore, it is not unreasonable to propose that
235U/238U may show similar variability to 205Tl/203Tl
and 202Hg/198Hg in certain terrestrial environments. For
Table 1
Uranium isotopic data for natural samples formed in “low-temperature” terre

Sample type a Sample name b A

Seawater Makarov Basin (1
(2

H-6 North Sea (1
(2

Oeno Pacific
Henderson Pacific

Modern coral Oeno Pacific
Fossil coral AC4-7

U6-11.1 (1
(2

U6-11.3 (1
(2

NB-D-4
NB-D-7
NEB-1C

Fe–Mn deposit JMN-1 (1
(2

Chimney ETH (1
(2

Speleothem KOZ (A) (1
(2

KOZ (B)
SPA-43 (1

(2

Argentarola (1
(2
(3

FAB-LIG (1
(2

River Danube (1
(2
(3

Shale Sco (1
(2

Uraninite HU-1
CU-1
CZ-1
example, in the U(IV)–U(VI) exchange reaction, the
nuclear field effect is predicted to be three times as large
and of opposite sign to the vibrational energy term
(Bigeleisen, 1996), offering the potential to detect
variations in 235U/238U in natural environments.

We have developed experimental protocols for the
precise measurement of 235U/238U by multiple-collector
magnetic sector ICPMS (MC-ICPMS). Using a Nu
Instruments Nu Plasma MC-ICPMS, we are able to
resolve variations in 235U/238U at the 0.4 epsilon level
(2σM; 1 epsilon=1 part in 104) on sample sizes
comprising 50 ng of uranium. High quality U measure-
ments are possible because we have used a high-purity
strial environments

liquot c ɛ235U d δ234Umeas
e

) 4.4 ±0.7 147
) 4.5±1.5 147
) 5.7±0.9 147
) 5.0±0.7 147

4.1±0.4 147.5±0.9
5.0±0.7 147.1±0.3
5.0±1.2 146.8±0.3
4.6±0.9 103.9±0.9

) 3.7±0.6 119.3±0.7
) 4.0±0.7 119.3±0.7
) 3.8±0.5 99.4±0.5
) 4.2±0.7 99.4±0.5

5.1±0.9 63.7±0.3
6.4±1.3 64.0±0.3
3.9±1.0 72.6±0.3

) 6.8±0.7 –
) 5.7±0.9 –
) 8.2±0.7 239.4±0.8
) 8.4±0.7 239.4±0.8
) −4.4±0.9 −464.5±0.5
) −3.8±0.8 −464.5±0.5

−2.9±0.9 −464.5±0.5
) 6.3±0.8 15.0±0.5
) 6.5±0.9 15.0±0.5

7.0±1.1 15.0±0.5
5.9±2.8 15.0±0.5

) 4.2±0.7 467.5±0.8
) 5.2±0.7 467.5±0.8
) 4.9±0.7 467.5±0.8
) 2.5±0.8 83.3±1.2
) 2.0±0.9 83.3±1.2
) 2.3±0.6 –
) 2.0±0.5 –
) 2.4±0.5 –
) 2.6±0.6 –
) 2.9±0.7 –

5.6±0.9 0.0±0.3
2.0±0.7 0.1±0.3
1.0±0.7 1.4±0.3
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236U–233U double spike to internally monitor the large
(percent-level) but essentially constant instrumental mass
bias effects that are inherent to plasma source mass
spectrometry.

In the present study, we present new observations for a
suite of “low-temperature” samples, in order to investigate
potential 235U/238U fractionations in near-surface terrestrial
environments. These new data supplement observations
acquired previously for terrestrial and meteoritic samples
formed in high-temperature environments (Stirling et al.,
2005; Stirling et al., 2006). Sizeable, epsilon-level
235U/238U fractionations are observed, exceeding the
analytical reproducibility by more than an order of
magnitude.

Uranium isotopic fractionation in 235U/238U may thus
offer the potential tomonitor new reaction pathways, such
as those activated during biological cycling and redox
processing occurring, for example, during mineralization,
weathering, and the transition between the U(IV) and U
(VI) oxidation states, offering new insight into the
processes at work. Natural variability in 235U/238U will
also have a direct impact on the accuracy of the U-series
Notes to Table 1

a For the ferromanganese deposits, approximately 50–120 mg of sample p
dissolve the manganese oxide, which was then separated from any undissolved
samples were prepared as small chips, and surface contaminants, if any, were
were covered with H2O, dissolved by the stepwise addition of concentrated H
material. The river and seawater samples were acidified to a pH of 2 and filtere
250 ml aliquots were extracted and co-precipitated with iron by the stepwi
concentrated HNO3, following centrifugation and removal of the supernate. A
further pre-treatment. Makarov Basin seawater was collected during the A
Andersson et al. (1992, 1995). The Danube River sample is described in Niel
Cave, Austria (Spoetl et al., 2002).
b (A) and (B) refer to replicate analyses on independently processed piece
c Repeat analyses on the same solution aliquot are indicated by (1) throug
d

e235U ¼
235U=238U

� �
sample

235U=238U
� �

standard

2
64

3
75� 1

0
B@

1
CA� 104

where (235U/238U)standard denotes the mean value determined for CRM 145 U
measurements are based on normalization to the chondritic average of 4.6±0
were corrected for both the contributions of 235U and 238U present in the 236U
measured 236U/233U normalized to the true value. Uncertainties are 2σM and
e

d234U ¼
234U=238U

� �
sample

234U=238U
� �

equilibrium

2
64

3
75� 1

0
B@

1
CA� 103

where λ234 and λ238 denote the decay constants for 234U and 238U, respective
atomic ratio at radioactive secular equilibrium, determined as 5.4891×10−5 (C
(Chen et al., 1986; Delanghe et al., 2002; Robinson et al., 2004a; Andersen e
and 235U–231Pa short-lived Quaternary chronometers, the
U–Th–Pb chronometers, and the Cm–U “r-process”
cosmochronometer,which currently assume that 235U/238U
is invariant in all terrestrial and extraterrestrial environ-
ments. For example, models of solar system forma-
tion formulated on the basis of the 207Pb–206Pb and
247Cm–235U chronometers are often based on relative age
differences of only a fewmillion years (Amelin et al., 2002;
Amelin, 2005; Baker et al., 2005), and may need to be
reconsidered if 235U/238U fractionation is found. Similarly,
the chronologies of Quaternary paleoclimate records
(Winograd et al., 1992; Esat et al., 1999; Stirling et al.,
2001; Gallup et al., 2002; Robinson et al., 2002) need only
to be shifted by ∼1000 years towards incorrect values to
drastically alter our understanding of the dynamics and
mechanisms driving Quaternary climate change.

In the present study, viable mechanisms to account for
the natural 235U/238U variability shown by the analyzed
samples are investigated in the context of abiotic
processes. Potential isotopic fractionation of 235U/238U
linked to biological processing is explored in a separate
study.
ower was leached for ∼15 min on a warm hotplate with 6 N HCl to
detrital material by centrifugation. The coral, speleothem and chimney
removed by ultrasonic agitation with distilled ethanol. These samples
NO3, and if necessary, centrifuged to remove any undissolved detrital
d through a 0.45 mmMillipore filter directly after collection, then 100–
se addition of ammonia. The resulting Fe-flocculate was dissolved in
ll uraninites and U standards were received as solutions and require no
O-01 expedition. The North Sea seawater sample is characterized in
sen et al. (2005). The SPA 43 speleothem was sampled from Spannagel

s of the same sample.
h (9).

during the analysis session. Note that our previously published ɛ235U
.4ɛ (Stirling et al., 2005; Stirling et al., 2006). All ɛ235U measurements
–233U double spike and for instrumental mass fractionation, using the
include the contribution from the daily mean of the standard.

ly. The λ238/λ234 ratio of the decay constants represents the 234U/238U
heng et al., 2000). Unless measured, the nominal marine δ234U of 147‰
t al., 2007) is adopted for the seawater samples. Uncertainties are 2σM.
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2. Experimental protocols

2.1. Chemical preparation

Adouble-spiking procedure, using amixed 236U–233U
spike, is employed to allow instrumental mass fraction-
Fig. 1. (A) Uranium peak shapes and collector alignment (achieved using zo
high-purity 233U–236U to monitor instrumental mass fractionation. Mass re
inherent to ICPMS, referred to as “plasma flicker” can be seen. The peaks
monitored in the central axial Faraday collector, while 238U, 236U, 233U and 23

(B) Multiple-Faraday 235U/238U measurement of a meteorite sample, conducte
ICPMS. Initially, the electronic noise of the Faraday collectors is monitored a
are deflected off-axis. Thereafter, the sample or standard solution is introduc
over a ∼1 min period as a series of 0.2 s integrations giving ∼300 ratios.
(Background 2). The on-peak data are corrected for the electronic backgroun
isotope ratios are then calculated off-line and corrected for both the cont
instrumental mass fractionation (by normalization against 236U/233U) using
1.6×10−10 A for 238U, 2×10−12 A for 236U and 233U, 1.2×10−12 A for 235U
ation to be reliably corrected internally and at high
precision (Stirling et al., 2005; Stirling et al., 2006). For
powdered or fragmented samples, the 236U–233U tracer is
added prior to acid digestion, and for acid-leached
samples, the tracer is added to the leachate imme-
diately following separation from the precipitate by
om optics) for 235U/238U measurement using a double spike derived of
solution ΔM /M is 400. Short-term oscillations in ion beam intensity
represent 8 integrated scans over a mass range of 0.9 a.m.u. 235U is
2Th are monitored simultaneously on H3, H1, L2 and L3, respectively.
d using the “time-resolved” software supplied with the Nu PlasmaMC-
s a 60-second zero measurement (Background 1), while the ion beams
ed and the ion beams “grow in” and stabilize. Data are then acquired
The sample is then removed and a second zero is measured for 60 s
d by linear interpolation of the two zero measurements. The measured
ributions of natural U isotopes present in the 233U–236U spike and
a 2σ rejection criteria. In this example, measurement intensities are
andb1×10−13 A for 232Th.
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centrifugation. Dissolution protocols are described in
the notes to Table 1. Following spiking, all samples are
treated with highly oxidizing aqua regia, H2O2–HNO3
or HClO4, or a combination of the above, and refluxed,
in order to remove organic material and promote
sample-spike equilibration. After the final cycle of
evaporation to dryness, the samples are re-dissolved in
1.5 N HNO3 in preparation for ion-exchange chemical
separation procedures. Uranium is chemically extracted
from the sample matrix using TRU.Spec ion-exchange
resin (Eichrom) and separation protocols modified from
Luo et al. (1997). The uranium fraction is further
purified using UTEVA ion-exchange resin (Eichrom),
following protocols reported in Potter et al. (2005b).
This provides an effective separation of U from Th
which is required to minimize interferences on 233U
caused by hydrides of 232Th (232ThH+). Following
evaporation to dryness, the U fraction is re-dissolved in
0.25 N HCl+0.05 N HF in preparation for mass
spectrometric analysis. The total U chemistry blank is at
the fg–pg level and thus has a negligible effect on the
measured U isotopic composition.
Fig. 2. Repeat ɛ235U measurements for U standard material. Within-run analy
for 20 ng U sample loads analyzed for 8–10 min and, and (B) ±2ɛ for load siz
acquired over a protracted period spanning multiple measurement sessions
shaded band, is typically comparable to the 2σ internal precision on indiv
b1.2×10−12 A intensity of the 235U ion beam and its dependence on the da
2.2. Measurement protocols

Uranium 235U/238U and 234U/238U isotopic measure-
ments were performed on a Nu Instruments Nu Plasma
MC-ICPMS (Belshaw et al., 1998; Rehkämper et al., 2001;
Goldstein and Stirling, 2003; Halliday et al., in press)
coupled to an Aridus or MCN 6000 desolvating nebulizer
(CETAC Technologies) using protocols reported in (Stir-
ling et al., 2005; Stirling et al., 2006) and (Andersen et al.,
2004; Andersen et al., 2007), respectively.

Uranium 235U/238U isotopic data were collected as a
single static measurement by simultaneously monitoring
233U (1.5–2.0×10−12 A), 235U (0.8–1.1×10−12 A), 236U
(1.5–2.0×10−12 A) and 238U (1.2–1.6×10−10 A) on an
array of Faraday collectors operatingwith 1011Ω resistors
(Fig. 1B). 232Th was also measured to monitor 232ThH+

production, which interferes on 233U (232Th H+/
232Th∼15 ppm). In practice, UTEVA chemistry achieves
a very clean separation ofU fromTh (U/ThN1000) so that
Th hydride interferences, as well as other potential
interferences, such as platinum argides and mercury
chlorides on 235U, were negligible. Abundance sensitivity
tical precision is typically (A) ±0.4ɛ for 50 ng U load sizes and ±1–2ɛ
es corresponding to 3 ng of total U analyzed for 1 min. Repeat analyses
are shown. The long-term external reproducibility, represented by the
idual measurements but can be marginally larger due to the limited
ily stability of the MC-ICPMS instrument.



Fig. 3. ɛ235U for separated mineral phases (open circles) and acid-etched leachates (closed circles and squares) extracted from a suite of chondritic
meteorites, as well as bulk samples of high-temperature terrestrial rocks and chondritic meteorites (represented by the hatched band), reported in
(Stirling et al., 2005; Stirling et al., 2006). The 2σ external reproducibility of the CRM 145 U standard for a comparable U load size (represented by
the shaded band) is shown for reference. Note the extended 120ɛ range represented by the x-axis compared with the 10–20ɛ range displayed in most
other figures. Note that the ɛ235U results for meteorites reported in Stirling et al. (2005, 2006) were normalized instead to the bulk chondritic value,
which is offset by +4.6±0.4ɛ (2σM) with respect to the ɛ235U determined form CRM 145.
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(defined as the contribution at mass 237 from the large
238U ion beam) is b2 ppm and the contribution to each of
the minor 233U, 235U and 236U isotopes from 238U peak
tailing was negligible. Fig. 1A shows typical peak shapes
and collector alignment (achieved using zoom optics) for
our measurement routines. On-peak analyses were
conducted over a 1 min (Fig. 1B) to 10 min acquisition
period, using analysis protocols described in Stirling et al.
(2005, 2006), the duration of the measurement depending
on sample size availability. At the end of each cycle, all
235U/238U ratios were corrected for both the contributions
of 235U and 238U present in the 236U–233U mixed spike
and for instrumental mass fractionation, using the
measured 236U/233U normalized to the true value and
the exponential mass fractionation law (Hart and Zindler,
1989; Habfast, 1998). Details of the 236U/233U calibration
of the mixed spike have been discussed previously
(Stirling et al., 2005). Washout between sample/standard
measurements was achieved using sequential solutions
of 0.3 N HCl+0.1 N HF and 0.25 N HCl+0.05 N HF.
To maintain consistency with previously published
235U/238U data (Chen and Wasserburg, 1980; Stirling
et al., 2005), all 235U/238U measurements have been
reformulated into ɛ-notation, with respect to the isotopic
composition of the CRM 145 uranium metal standard
(Stirling et al., 2005), as defined in Eq. (1) below. Using
this nomenclature, isotopically “heavy” samples are
characterized by more negative ɛ235U values and
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conversely, isotopically “light” samples display more
positive ɛ235U values. It is important to note that our
previously published meteoritic data (Stirling et al., 2005;
Table 2
Experimental uranium isotopic data

Sample a Fraction b Aliquotc ɛ235Ud

Sequential acid leaching
Uraninite CZ 0.1 N HNO3 (1) 1.2±0.6

(2) 1.5±0.7
0.7 N HNO3 (1) 0.3±0.6

(2) 1.3±0.6
1.4 N HNO3 (1) 1.6±0.5

(2) 0.3±0.5
Bulk (A) (1) 0.6±0.4

(2) 0.8±0.5
(3) 1.2±0.6
(4) 1.2±0.6

Bulk (B) (1) 1.7±0.9
(2) 0.6±0.9
(3) 0.7±0.9

Euxenite 0.1 N HNO3 (1) 7.1±0.7
(2) 8.1±0.6
(3) 6.7±0.8
(4) 6.3±0.8

0.7 N HNO3 (1) 6.8±0.8
(2) 7.2±0.8
(3) 6.7±0.5

1.4 N HNO3 (1) 6.8±0.7
(2) 6.3±0.8
(3) 6.7±0.7
(4) 8.1±0.7

9 N HCl-A (1) 7.8±0.8
(2) 8.9±0.8

9 N HCl-B (1) 12.3±0.7
(2) 10.8±0.7

HNO3–HCl–HF (incomplete) (1) 11.0±0.7
(2) 10.4±0.7

Zircon 0.1 N HNO3 4.5±0.7
0.7 N HNO3 (1) 6.3±0.7

(2) 5.4±0.7
1.4 N HNO3 (1) 5.1±0.7

(2) 5.0±0.6

Oxidation–reduction
CRM 145 (O) 80 ppb U(VI) (1) 0.3±0.6

(2) 0.0±0.4
(3) −0.2±0.6
(4) −0.4±0.6
(5) 0.3±0.6
(6) −0.4±0.5
(7) 0.5±0.6
(8) 0.0±0.6
(9) −0.2±0.5

CRM 145 (A) 32 ppb U(VI) (1) 0.1±0.6
(2) 0.5±0.5

CRM 145 (B) 32 ppb U(VI) 0.7±0.8
CRM 145 (C) 32 ppb U(VI) (1) 0.2±0.6

(2) 0.3±0.6
Stirling et al., 2006) were normalized instead to the value
determined for bulk chondritic meteorites, which is offset
by +4.6±0.4ɛ (2σM)with respect to the ɛ

235U determined
for CRM 145. This offset should be kept in mind when
directly comparing the data presented here with that
reported previously. Similarly, all reported 234U/238U
measurements have been reformulated into δ-notation,
with respect to the 234U/238U value at isotopic secular
equilibrium, as defined in Eq. (2) below. All reported
uncertainties are quoted as 2σM.

e235U ¼
235U=238U

� �
sample

235U=238U
� �

standard

2
64

3
75� 1

0
B@

1
CA� 104 ð1Þ

d234U ¼
234U=238U

� �
sample

234U=238U
� �

equilibrium

2
64

3
75� 1

0
B@

1
CA� 103 ð2Þ

3. Standard and reference measurements

An in-house uranium standard, double spiked and
chemically processed in the same way as the samples,
was used to assess the performance of our analytical
protocols for 235U/238U measurement. The results for
repeat measurements of ɛ235U, acquired over several
independent measurement sessions, are shown in Fig. 2.
Fig. 2A shows that variations in 235U/238U can be
resolved at the 0.4ɛ (or 40 ppm; 2σ) level using sample
sizes equivalent to ∼50 ng of uranium and analysis
Notes to Table 2 (see notes to Table 1)

a For the oxidation–reduction experiments, CRM 145 (O) denotes
the initial 80 ppb starting solution of CRM 145, adjusted with MQ
H2O to a pH of 5.5, and contains oxidized U(VI) at a concentration of
80 ppb. Zero-valent zinc was added to three independent aliquots of
CRM 145(O) to reduce U(VI) to U(IV). After 3 h, the residual
solutions, referred to as CRM 145 (A), (B) and (C), were removed. In
each, the concentration of U(VI) was found to be ∼32 ppb, implying
a 60% reduction of U(VI) to U(IV).
b For the sequential leaching experiments, reagents of progressing

strength were used in an attempt to preferentially dissolve isotopically
light 235U from the mineral surface with respect to 238U, or to
sequentially dissolve different mineral zones with potentially varying
ɛ235U. The following sequential dissolution procedure was employed
for the euxenite: (1) 0.1 N HNO3; (2) 0.7 N HNO3; (3) 1.4 N HNO3;
(4) 9 N HCl-1; (5) 9 N HCl-2; and (6) HNO3–HCl–HF. The final
HNO3–HCl–HF acid digestion step did not result in complete
dissolution of the euxenite, as a residue remained. The uraninite and
zircon were subjected to the first three nitric acid leach steps only. The
uraninite underwent total dissolution with HNO3-trace HF.
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times of ∼10 min. Fig. 2B demonstrates that highly
reproducible data can also be acquired by analyzing a
concentrated solution for a short duration interval of
only 1 min when sample size is limited, routinely
achieving 2σ analytical uncertainties of ±1–2ɛ for 238U
load sizes corresponding to b3 ng (Stirling et al., 2006).

With the exception of only one or two outlying data
points, uranium isotopic data for a range of terrestrial
and meteoritic samples formed in high-temperature
environments (Fig. 3), normalized to CRM 145, show
no resolvable excursions away from the mean value of
+4.6±0.4ɛ (2σM) determined for chondritic meteorites
(Stirling et al., 2005; Stirling et al., 2006), but are
systematically offset from the ɛ235U value determined
for CRM 145 by +5.0±0.6ɛ (2σM). For this dataset,
derived predominantly from measurements for meteor-
ite samples with extremely low (ppt-ppb) level U
concentrations, our ability to resolve distinct 235U/238U
compositions is limited to the N2ɛ level when individual
data points are considered. Importantly, when the
analyzed meteorites are grouped by sample type, in
order to instead compare the higher precision mean
values associated with each group, the ɛ235U determina-
tions remain indistinguishable, giving rise to ɛ235U
values of 4.6±0.4, 5.5±1.3, and 5.8±1.0ɛ (2σM) for
bulk chondritic meteorites and high-temperature terres-
trial materials, chondritic meteorite leachates, and
individual mineral phases separated from a chondritic
meteorite, respectively. The implication is that no
fractionation of 235U from 238U has been resolved in
any of the analyzed samples, even at the 1ɛ level. Our
previous high-temperature observations for bulk chon-
dritic meteorites and terrestrial samples, centred about
+4.6ɛ, thus provide a suitable benchmark against which
the low-temperature sample suite can be referenced to.

4. Measurements of samples formed in
low-temperature environments

Our initial low-temperature sample suite comprises
aliquots of seawater and river water, corals, manganese
nodule and chimney deposits, anoxic sediment, spe-
leothems and uraninites. Uranium 235U/238U isotopic
data for these samples are displayed in Fig. 4 and Table 2.

Four samples of surface seawater, collected from
disparate ocean basins in the Arctic region (Makarov
Basin and the North Sea) and the Pacific region, display
no variability in ɛ235U at the 1ɛ-level and yield a mean
value of +4.8±0.5ɛ (2σM). This is identical, within
error, to the mean chondritic value of +4.6±0.4ɛ (2σM)
determined for the high-temperature dataset displayed in
Fig. 3. Uranium 235U/238U isotopic data for corals, a
dolomite chimney sample, and the Fe–Mn nodule, all of
which form by co-precipitation processes in the marine
environment, are discussed in turn below.

Corals forming in the marine environment have the
potential to preserve U isotopic fractionation effects with
respect to the above-mentioned seawater value that are
associated with (1) the biologically-mediated co-precip-
itation of U with other trace metals in the water column as
they build their Ca-aragonite skeletons, (2) secular
variations in the marine 235U/238U, and (3) the post-
depositional diagenetic alteration of the coral skeleton,
often accompanied by the open-system exchange of U
and Th. The latter point is important in the context of the
recent debate concerning the mechanisms controlling
carbonate diagenesis. Only minor diagenetic alteration
results in extreme shifts in the 234U/238U (and 230Th/238U)
composition, most likely through 234U (and 230Th)
addition, shifting the U-series age determinations to
very anomalous values (Bard et al., 1991; Gallup et al.,
1994; Stirling et al., 1995; Stirling et al., 1998). Recently,
open-systemmodels have been devised (Thompson et al.,
2003; Villemant and Feuillet, 2003) to “remove” these
diagenetic effects from published U-series observations,
in order to re-evaluate the Quaternary sea-level curve for
the last two glacial–interglacial cycles (Thompson and
Goldstein, 2005, 2006), however, the reliability of such
open-systemmodel ages remains uncertain. In the present
study, a modern coral, as well as fossil corals formed
125,000 and 330,000 years ago, were analyzed for ɛ235U.
In addition, pristine and altered portions of a
∼100,000 year-old fossil coral were analyzed, for the
purpose of testing if the extreme isotopic fractionation of
234U/238U could be accompanied by additional fraction-
ation of 235U/238U, the latter of which is presently not
accounted for by the open-system models. All samples
yielded identical ɛ235U, within their quoted 2σ error
limits, and a mean value of +4.5±0.6ɛ (2σM) that is
indistinguishable from the mean value determined for
open ocean seawater. Therefore, these results demonstrate
that no 235U/238U fractionation occurs during the
formation of Ca-aragonite during coral-building. They
also imply that 235U/238U has remained constant in the
oceans during the last 330,000 years of the Quaternary,
and furthermore, that no fractionation or addition of
235U/238U occurs during diagenetic alteration. Thus,
variability in 235U/238U need not be considered further
as a diagenetic parameter in open-system U-series age
modelling.

The Ca-dolomite chimney, which formed in a hyper-
saline lagoon in Brazil, has an ɛ235U of +8.3±0.2ɛ
(2σM), significantly higher than the values obtained for
both seawater and the other marine deposits. This may



Fig. 4. ɛ235U for a suite of samples formed in a range of low-temperature terrestrial environments. Results for uraninites (grey stars), modern seawater
(black squares), pristine and diagenetically altered fossil corals (black diamonds), manganese nodule (grey circles and grey diamonds) and dolomite
chimney deposits (grey squares), speleothems (black circles), river water (grey triangles) and shale, a proxy for anoxic sediment (black diamonds) are
shown. The 2σ external reproducibility of the CRM 145 U standard for a comparable U load size (represented by the shaded band) and the mean
ɛ235U value of +4.6±0.4 (2σM) determined for high-temperature bulk chondritic meteorites and terrestrial samples are shown for reference. Samples
with δ234UN0 plot in the hatched region. Note that previously published meteoritic data are reported with respect to the mean chondritic value as
opposed to CRM 145 (see the caption to Fig. 3).
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reflect 235U/238U offsets experienced during either Ca-
dolomite formation, or alternatively during the biologi-
cally-mediated reduction of U(VI) to U(IV) induced by
sulphate-reducing bacteria, whereby isotopically light
235U is preferentially incorporated into the crystal lattice
over heavy 238U.

An older marine sample of Fe–Mn nodule was also
analyzed for 235U/238U, motivated by the large, permil-
level isotopic fractionations that have been found in
thallium between seawater and Fe–Mn deposits, which
have ɛ205Tl values of averaging about −6ɛ and +13ɛ,
respectively (Rehkämper et al., 2002). These composi-
tional differences have been ascribed to the adsorption of
thallium onto the surfaces of Fe–Mn particles during
formation (Rehkämper et al., 2002). The manganese
nodule analyzed in the present study displays an ɛ205Tl
value of +6.2ɛ, and an ɛ235U value of +6.3±1.1ɛ (2σM),
which is marginally shifted by ∼1–2ɛ towards more
positive values with respect to the seawater value.

River waters also display wide-ranging Tl isotopic
compositions. Thus in the present study, the Danube
River sample, which displays an anomalously negative
thallium isotopic composition ɛ205Tl of −6.6ɛ (Nielsen
et al., 2005) (compared with the average riverine
composition of ɛ205Tl =−2.5ɛ) was analyzed for
uranium, yielding an ɛ235U of +2.2±0.2ɛ (2σM),
marginally shifted by ∼2ɛ towards more negative
values with respect to seawater, in agreement also with
measurements for the analyzed shale, a proxy for anoxic
sediment (ɛ235U=+2.7±0.3ɛ; 2σM). Although not
definitively resolved from the average terrestrial ɛ235U
composition defined by the high-temperature dataset,
the apparent positive correlation between ɛ235U and
ɛ205Tl in both the marine and riverine samples
tentatively suggests a coupled isotopic fractionation
between thallium and uranium, perhaps linked by a
commonality in the redox chemistries of these two
elements. Importantly, the isotopic shift in uranium
appears to be in the opposite direction to that shown by
thallium, as the preferential uptake of the heavy 205Tl
isotope is accompanied by the preferential uptake of the
light 235U isotope, and vice versa.

The analyzed uraninite samples show considerable
variability in their ɛ235U compositions, displaying values
ranging from +1.0 to +5.6ɛ with respect to CRM 145. In
particular, eight measurements of the widely utilized U-
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series standard HU-1 yield an ɛ235U value of +5.6±0.7ɛ
(2σM) with respect to CRM 145, which is identical within
error to the average terrestrial value of 5.0±0.6ɛ (2σM).
However, the greatest variability in 235U/238U is found in
Quaternary-aged speleothems precipitated from ground-
water (Fig. 4). Five independent samples of speleothems
display an ɛ235U variability of ∼13ɛ, which exceeds the
analytical reproducibility by up to a factor of ten.
Interestingly, these speleothems also show extreme
variability in δ234U, which directly reflects the α-recoil-
controlled 234U/238U compositions found in their ground-
water source, as discussed in Section 1. The 234U/238U
and 235U/238U values are plotted against each other in
Fig. 5. Despite the fact that ɛ235U and δ234U need not be
correlated due to the dominantmass-independent effect of
α-recoil combined with ongoing 234U-decay on the
234U/238U signature, a positive correlation is found
between 234U/238U and 235U/238U, dominated by samples
showing the most extreme isotopic compositions. The
only two samples displaying negative δ234U are also
characterized by the most negative ɛ235U. For example,
the KOZ speleothem has a negative ɛ235U centred about
−3.7ɛ and a negative δ234U of −465‰. Note that the
widely utilized CRM 145 U metal standard has, by
definition in this study, an ɛ235U of zero and a δ234U
centred about −37‰. These “negative” data points
contrast sharply with the observations for all other
samples, which are characterized by positive ɛ235U and
δ234U values. For example, the speleothem sampled from
Fig. 5. ɛ235U versus δ234U for the suite of low-temperature terrestrial
samples displayed in Fig. 4. Only samples of late-Quaternary age are
shown, whereby the observed radioactive disequilibrium between 234U
and 238U is likely to have been inherited during the same event that
could potentially fractionate 235U from 238U. Older samples formed
prior to ∼500 ka will either display non-unique δ234U signatures
approaching radioactive equilibrium or δ234U compositions that have
shifted to new, unrelated values during subsequent fractionation
events. Note the positive correlation between 234U/238U and 235U/238U.
Argentarola, Italy, is characterized by an ɛ235U of +4.2ɛ
and a δ234U of +468‰, and the chimney deposit also
displays positive ɛ235U and δ234U values of +8.3ɛ and
+239‰, respectively.

The question then arises: By which mechanism(s) can
234U/238U disequilibria and 235U/238U fractionation
plausibly be linked?Weathering by groundwater leaching
could be a mechanism by which both (a) recoil-produced
234U located outside the crystal lattice or in damaged
lattice sites and (b) isotopically light lattice-bound 235U
could be preferentially leached from the mineral surface
and released into the aquifer system over 238U. Clearly,α-
recoil is the dominant process controlling percent-level
234U/238U variability, but mass-dependent and nuclear
field shift fractionations of 234U/238U and 235U/238U may
act in addition, creating smaller epsilon- to permil-level
isotopic shifts as a second-order effect caused by
groundwater leaching.

5. Low-temperature abiotic experiments

5.1. Sequential leaching experiments

In an attempt to systematically investigate the
likelihood of mineral weathering via groundwater leach-
ing as a mechanism to fractionate 235U from 238U, a series
of experiments were conducted in which single crystals
were subjected to a series of sequential acid leaching steps
(Fig. 6). Importantly, these experiments targeted U-rich
minerals containing “metamict” zones that have been
damaged by radioactive decay and are susceptible to
weathering. Our expectation was that sequential acid
leaching of these damaged zones would provide a means
to preferentially release α-recoiled 234U (and potentially
235U) over 238U from the crystal lattice, thus mimicking
the mechanism by which 234U is preferentially released
into natural groundwaters, and giving rise to anomalously
high 234U/238U in these systems. More “common”
minerals hosting the majority of U in the Earth's crust
but at relatively low concentrations, such as pyroxene and
feldspar, were not targeted in the present study because
they are expected to release “bulk” unfractionated U
during sequential acid leaching. Single crystals of
euxenite ([Y, Ca, Ce, U, Th][Nb, Ta, Ti]2O6), uraninite
(UO2), and zircon (ZiSiO4) were selected for this purpose.
The euxenite and zircon were extracted from 900 mil-
lion year-old pegmatites sampled from the Evje–Iveland
pegmatite field in southern Norway (Larsen et al., 2004).
The uraninite was sampled from the uranium ore deposit
at St. Joachimsthal, Czech Republic. The following se-
quential dissolution procedure was employed for the
euxenite: (1) 0.1 NHNO3; (2) 0.7 NHNO3; (3) 1.4 HNO3;
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(4) 9 N HCl-1; (5) 9 N HCl-2; and (6) HNO3–HCl–HF.
The final HNO3–HCl–HF acid digestion step did not
result in complete dissolution of the euxenite, as a residue
remained. The uraninite and zircon were subjected to the
first three nitric acid leach steps only. The uraninite then
underwent total dissolution with HNO3-trace HF. The
results for each mineral are displayed in Fig. 6.

In the case of the uraninite, no variation in ɛ235U is
observed between any of the sequential acid leachates
with respect to the bulk sample, and all leachates display a
mean ɛ235U value centred about +1ɛ, with respect to
CRM 145. Similarly for the zircon, all three HNO3

leachates display ɛ235U values that are identical, within
error, to the mean value of the high-temperature samples,
but are systematically offset from CRM 145 by +5ɛ.

In contrast, the results for the euxenite show no
fractionation between 238U and 235U for any of the HNO3

leaches, yielding a mean ɛ235U of +6ɛ, but a systematic
shift towards more elevated ɛ235U is observed for the
subsequent leach steps. In particular, the second HCl (b)
leachate and the bulk sample have identical ɛ235U centred
about +11ɛ,∼4ɛ higher than corresponding values for the
initial nitric acid leachates. Given that total dissolution of
the euxenite did not occur, this systematic progression
Fig. 6. ɛ235U for a series of leaching experiments performed on (A) euxenite, (
to sequentially dissolve distinct zonations within the mineral with potentially
lattice. The following sequential dissolution procedure was employed for the
HCl-1; (5) 9 N HCl-2; and (6) HNO3–HCl–HF. The final HNO3–HCl–HF ac
as a residue remained. The uraninite and zircon were subjected to the first
dissolution with HNO3-trace HF. A and B denote independently dissolved frag
145 standard for a comparable U load size (represented by the shaded band)
towards higher ɛ235U values may reflect either the
preferential release of the lighter and, by inference,
more loosely bound 235U from the crystal lattice over
heavier 238U or, alternatively, the progressive dissolution
of different mineral zones, each characterized by a dis-
tinct ɛ235U composition. These experiments demon-
strate that the selective leaching of minerals during low-
temperature weathering is a possible mechanism by which
235U and 238U can be fractionated in near-surface terrestrial
environments.

5.2. Oxidation–reduction experiments

Mineral leaching aside, it has been proposed that
isotopic fractionation of 235U/238U could also occur at
equilibrium via the redox chemistry of U (Bigeleisen,
1996; Schauble, 2007). For example, isotopic fractiona-
tions of U during the U(IV)–U(VI) exchange reaction
have been artificially induced during laboratory anion
exchange chromatography. These isotopic shifts have
been attributed to nuclear field shift effects (Nomura et al.,
1996), whereby heavy isotope enrichment is predicted to
occur in the reducedU(IV)-bearing species with respect to
the oxidized U(VI)-bearing species (Schauble, 2007). In
B) uraninite and (C) zircon. Reagents of progressing strength were used
varying ɛ235U or to selectively release 235U (or 238U) from the crystal
euxenite: (1) 0.1 N HNO3; (2) 0.7 N HNO3; (3) 1.4 N HNO3; (4) 9 N
id digestion step did not result in complete dissolution of the euxenite,
three nitric acid leach steps only. The uraninite then underwent total
ments of the same sample. The 2σ external reproducibility of the CRM
is shown for reference.



Fig. 7. ɛ235U for repeat U redox experiments, in which zero-valent zinc
was used to reduce U(VI) to U(IV) in an aliquot of the CRM 145 U
standard with a U concentration of 80 ppb. Following reduction, the
concentration of U in the residual solution was found to be 32 ppb,
implying that approximately 60% of the soluble U(VI) was reduced to
insoluble U(IV) and removed from the solution. No fractionation of
ɛ235U was observed at the 0.6ɛ level. The 2σ external reproducibility
of the CRM 145 U standard for a comparable U load size (represented
by the shaded band) is shown for reference.

Fig. 8. ɛ235U for the U isotopic standards CRM 145 U metal and the
Harwell HU-1 uraninite that are commonly utilized in U-series isotopic
protocols. The light and dark grey bands represent the 2σ external
reproducibility and the error in the mean (2σM), respectively.
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several of the samples analyzed in the present study,
oxidation–reduction processes could have instigated
shifts in 235U/238U. In particular, groundwaters passing
a U(VI)–U(IV) redox front can precipitate U during
speleogenesis, offering the potential to fractionate 235U
from 238U.

In order to assess the readiness with which 235U can
be fractionated from 238U during the U(VI)–U(IV) redox
transition in the natural environment, zero-valent zinc, a
strong reductant, was used to reduce U(VI) to U(IV) in
an 80 ppb U aliquot of the CRM 145 U standard,
dissolved in milli-Q H2O to yield a pH of 5.5. Zinc metal
was then admixed to this standard and the redox reaction
between the two species, U and Zn, as indicated below in
(3), was allowed to proceed for 3 h, after which time the
U solution was removed for subsequent chemical
separation and isotopic analysis. The concentration of
U in the residual solution was found to be 32 ppb,
implying that approximately 60% of the soluble U(VI)
was reduced to insoluble U(IV) and removed from the
solution.

Zn0 þ U6þYU4þ þ Zn2þ ð3Þ

The experiment was repeated twice. In each case, no
fractionation of ɛ235U was observed at the 0.4-ɛ level
(Fig. 7).

The above-mentioned experiment may imply that
other processes are more important than oxidation–
reduction in fractionating U isotopes in the natural
terrestrial environment. This result is supported by an
independent experiment utilizing zero-valent iron to
reduce U(VI) to U(IV) in a solution of equal atom U-500
standard (235U/238U ∼1), which also failed to show any
resolvable isotopic fractionation of 235U from 238U
(Rademacher et al., 2006). Alternatively, the fast (b3 h)
reaction rates characterizing the reduction of U(VI) to U
(IV) may instead imply that both experiments were
controlled by a rapid kinetic process associated with the
preferential reduction of the lighter 235U isotope with
respect to heavy 238U, as opposed to a slow equilibrium
reaction during the exchange of aqueous U(VI) with
solid U(IV). Additional experiments should therefore be
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conducted at equilibrium to further investigate the
potential of ɛ235U fractionation during the redox
transition from U(VI) to U (IV).

6. Natural variability in 235U/238U and the accuracy
of the uranium decay series chronometers

Our results for low-temperature samples display
significant epsilon-level deviations in 235U/238U away
from the expected value constrained by measurements of
‘high-temperature’ samples (Stirling et al., 2005; Stirling et
al., 2006). The most extreme ɛ235U compositions to date
are evidently recorded in Quaternary-aged speleothems,
which show a ∼13ɛ variation in ɛ235U, exceeding the
analytical reproducibility by more than an order of
magnitude. Compositions that are both heavier and lighter
than the “normal” value, by 4ɛ and 9ɛ respectively, are
observed. Speleothems are commonly utilized in paleocli-
mate research and natural variability in their 235U/238U
composition will thus have a direct impact on their
assigned U-series (Richards et al., 1994; Bard et al., 2002;
Spoetl et al., 2002), 235U–231Pa (Edwards et al., 1997) and
U–Th–Pb (Richards et al., 1998) chronologies. The impact
of these new observations on the uranium decay series
chronometers, all of which currently assume an invariant
235U/238U composition, is discussed in turn below.

6.1. The U-series chronometers

The 238U–234U–230Th or U-series chronometer is
based on the radiogenic in-growth of 230Th with a
characteristic half-life of 76,000 years towards secular
equilibrium with its 238U parent nuclide. The re-
establishment of equilibrium between any excesses (or
depletions) of 234U (t1/2=245,000 years) with respect to
238U is also considered. The U-series age of a sample
can thus be determined if the 234U/238U and 230Th/238U
atomic ratios can be accurately measured. During
234U/238U and 230Th/238U measurement by mass
spectrometry, it is normal to correct all ratios for permil-
to percent-level instrumental mass fractionation effects
using the measured 238U/235U normalized to the
nominal “true” value of 137.88. There is scope to shift
the 234U/238U and 230Th/238U determinations away
from the correct values if the assumed 137.88 value for
238U/235U is incorrect and the systematics by which this
occurs is discussed in detail in the Supplementary
materials section. Taking the Quaternary speleothem
observations as an example, a +1‰ shift in 235U/238U
results in 234U/238U and 230Th/238U determinations that
depart from their true values by 1.5‰, and offsets in the
230Th-age of up to 40 years at 30 ka, 200 years at 100 ka,
2000 years at 300 ka, and 14,000 years at 500 ka. The
excursion in the 230Th-age can be amplified further
through additional sources of isotopically “anomalous”
235U/238U inherent to the choice of U-series standard(s)
adopted for calibration purposes (Fig. 8). For example,
the commonly utilized U-series standard CRM 145
(assigned by definition an ɛ235U of zero) has an
anomalous ɛ235U composition of −4.6ɛ with respect to
the average terrestrial composition, leading to potential
offsets in the U-series age of up to 20 years at 30 ka,
100 years at 100 ka, 1200 years at 300 ka, and 8000 years
at 500 ka when it is used to calibrate the Faraday-electron
multiplier relative gain. Importantly, if calibrations based
on an isotopically anomalous standard are applied to an
isotopically anomalous sample, and the ɛ235U values
characterizing both sample and standard are offset in
the same direction towards anomalous values, then the
net result will be to amplify the shift in the 230Th-age.
In contrast, if the offset in ɛ235U experienced by the
sample is of opposite sign to that exhibited by the standard,
then the result will be to reduce the shift in the 230Th-age.

In addition, both 234U/238U and 230Th/238U are
critical input parameters in the determination of the
sample's initial 234U/238U composition, a parameter that
is widely utilized for determining U-series age reliabil-
ity, particularly in fossil corals, for which the initial
234U/238U is well constrained. The results of this study
show that corals have “normal” ɛ235U values. However,
the 235U/238U composition of other marine samples
employing an initial 234U/238U criterion remains to be
characterized and potential offsets of 2‰ at 100 ka can
be incurred, assuming a 1‰ excursion in ɛ235U. The
initial 234U/238U can be offset from the correct value by
1‰ at 100 ka if the isotopically anomalous CRM 145
uranium standard is used for calibration purposes
without cross-reference to a standard with a normal
ɛ235U composition, and this latter point is also relevant
for fossil coral data (see the Supplementary material for
a detailed discussion).

These anomalous shifts in the U-series age (and initial
234U/238U) determinations are comparable in magnitude
to typical conventional U-series age uncertainties, and
may bias the inferences drawn from a specific dataset,
particularly when those constraints are based upon the
statistical mean of a cluster of data points. Natural
variability in 235U/238U will have a significant impact on
the increasing range of protocols that are being developed
to measure the U-series isotopes with progressively
higher levels of precision (Andersen et al., 2004; Potter
et al., 2005a; Stirling et al., 2005; Stirling et al., 2006).

Similar excursions in age can occur for the 231Pa
chronometer in the presence of isotopically anomalous
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ɛ235U, which is also derived assuming 238U/235U is
invariant and equal to 137.88.

6.2. The U–Th–Pb chronometer

The U–Th–Pb chronometers are based on the in-
growth of stable 206Pb and 207Pb from their respective
long-lived parent nuclides, 238U (t1/2=4.5 billion years)
and 235U (t1/2=700 million years). Natural variability in
ɛ235U will have a direct bearing on the accuracy of
207Pb/206Pb (or Pb–Pb) ages in particular, which assume
concordance between the 238U–206Pb and 235U–207Pb
decay series, linked by the critical assumption that
238U/235U is equal to 137.88 across the entire solar
system. The ɛ235U results presented here and in Stirling
et al. (2005, 2006) for high-temperaturemeteorite samples
showno variation at the 1ɛ level. The outlook also appears
promising for terrestrial samples formed in high-temper-
ature environments; none of the samples analyzed to date
displays well-resolvable deviations in ɛ235U away from
“normal” compositions, although this should be verified
with additional data to expand the existing dataset. The
apparent absence of isotopic fractionation effects in
meteoritic 235U/238U verifies that models of solar system
formation constrained by Pb–Pb relative age differences
of only a few million years (Amelin et al., 2002; Amelin,
2005; Baker et al., 2005) are likely to be robust and not
require revision. Furthermore, the calibration of other
radiometric chronometers, such as the lutetium–hafnium
(176Lu–176Hf) system, against the Pb–Pb system (Scherer
et al., 2001) appears justified for samples formed in high-
temperature environments.

In contrast to the high-temperature systems, Pb–Pb ages
derived for low-temperature samples may, in some
instances, need to be reconsidered. In the present study,
this is highlighted by the results for Quaternary spe-
leothems. Specifically, a 1‰ deviation in ɛ235U away from
the expected value of 137.88 translates to a deviation in the
Pb–Pb age away from the true age of∼2.3 million years in
100 million year-old samples, ignoring potential additional
sources of error introduced by calibration procedures. In
4.5 billion year-old samples, a 235U/238U shift of this
magnitudewould offset the Pb–Pb age from the true age by
∼1.4 million years.

6.3. The Cm–U cosmochronometer

TheCm–Ucosmochronometer is based on theα-decay
of presently extinct 247Cm to 235U with a half-life of
15.6 Myr. The presence of “live” 247Cm in the early solar
system should be manifested today as small varia-
tions in 235U/238U in primitive meteorite material. The
247Cm–235U system thus offers the potential to elucidate
the formation and evolution of the early solar system,
provided that no addition (or removal) of 235U occurs other
than via 247Cm decay. In terms of validating this
assumption, the outlook for this recently revisited
chronometer appears promising, as no resolvable fractio-
nations of 235U/238U have been observed in meteoritic
material to date (Stirling et al., 2005; Stirling et al., 2006).

7. Concluding remarks

Using a Nu Instruments Nu Plasma MC-ICPMS, we
have measured ɛ235U in a suite of low-temperature
samples formed in a wide range of marine and continental
near-surface terrestrial environments. A high-purity
233U–236U mixed spike was utilized to internally monitor
instrumental mass fractionation. ɛ235U was determined at
the 0.4ɛ level (2σM) on samples comprising 50 ng of
238U. The natural variability in ɛ235U shown by the
analyzed samples is ∼13ɛ, and exceeds the analytical
reproducibility by more than an order of magnitude.
Compositions that are both heavier and lighter than the
“normal” value by 4ɛ and 9ɛ respectively, are observed. In
the present dataset, the greatest variability in ɛ235U is
displayed by speleothems precipitated fromgroundwaters.
Possiblemechanisms to account for this fractionationwere
explored in the context of abiotic fractionation processes.
Specifically, sequential leaching experiments of U-rich
minerals indicate that mineral weathering is a possible
mechanism by which 235U can be fractionated from 238U
in groundwaters. In contrast, the role of redox processes in
fractionating 235U from 238U remains uncertain, as
experiments utilizing zero-valent zinc to promote the
redox transition of U(VI) to U(IV) yielded a ∼60%
reduction of U without shifting 235U/238U towards
anomalous values. The results of these redox experiments
may require confirmation, as they may be influenced by a
fast kinetic reaction rather than a slow equilibriumprocess.

Isotopic fractionation of 238U from 235U has broad
implications for low-temperature geochemistry. In
contrast to the lighter stable isotope systems, which
can be readily fractionated in a wide range of
environmental and geological environments, uranium's
heavy atomic mass may limit the range of processes by
which it can be fractionated. Thus, U may potentially
offer new insight into the processes at work during low-
temperature biotic, abiotic and redox processing, as has
been investigated in recent years for the heavy stable
isotope systematics of the element thallium (Rehkämper
et al., 2002; Rehkämper et al., 2004; Nielsen et al., 2005;
Nielsen et al., 2006). For example, U is linked with
elements such as Fe during redox processing (Gu et al.,
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1998; Duff et al., 2002), and coupled measurements of
235U/238U and Fe isotopic composition may provide
useful information on oxidation–reduction mechanisms.

With regard to geochronology, the U-series and
235U–231Pa chronometers, and more recently the U–
Th–Pb chronometer, have been widely applied to low-
temperature samples for paleoclimate research. One can
envisage that for a 300,000 year-old speleothem,
characterized by a 235U/238U that departs from the
expected value by 10ɛ, that anomalous shifts in the U-
series age in excess of 2,000 years towards younger or
older values could occur if 235U/238U has not been
correctly characterized during every calculation step.
Similar fractional deviations in the calculated age away
from the true sample age would be expected for other
time periods. Age biases of this magnitude could bias
our understanding of the mechanisms driving Quater-
nary climate change, particularly as U-series analysis
protocols move towards progressively higher levels of
precision. Chronology aside, low-temperature variabil-
ity in 235U/238U will have a direct bearing on the
utilization of the U decay series nuclides as tracers of
past and present environmental conditions.

These limitations can, in large part, be overcome by the
utilizing a 236U–233U double spike with a well-charac-
terized 236U/233U for the purpose of monitoring the
instrumental mass fractionation factor, in place of the
“natural” 238U/235U ratio, and by careful consideration of
the standards adopted for calibration procedures.
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