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a b s t r a c t

Reliable standard materials for the precise and accurate measurements of n(238U)/n(235U) isotope ratios
in natural sample materials have gained an increasingly important role in modern geochemistry. Recent
findings do not only show variability for the n(238U)/n(235U) isotope ratios in nature of up to 0.13% but
also emphasize that accurate n(238U)/n(235U) isotope ratios are needed for reliable and consistent Pb–Pb
dating of geological samples. The commonly used ‘consensus value’ of 137.88 for the n(238U)/n(235U)
isotope ratio of the NBS SRM 960 (NBL CRM 112a) standard has been re-measured in a collaborative
effort by several geochemistry laboratories and the Institute for Reference Materials and Measurements
(IRMM), who produced the isotopic reference materials used for these measurements. The new data
have been acquired using a variety of new isotopic reference materials, for example the new gravimet-
rically calibrated n(233U)/n(236U)-double spike IRMM-3636, combined with new measurement methods,
resulting in a new average value of 137.837(15) for the n(238U)/n(235U) isotope ratio of NBS SRM 960.

This new value is about 0.031% lower than the old consensus value. Moreover, it is traceable to the SI
and an uncertainty is provided according to the Guide to the Expression of Uncertainty in Measurements
(GUM). Additionally a summary of new measurements of the n(234U)/n(238U) isotope ratios of the NBS
SRM 960 is given, which are of interest for geochemical applications. As an alternative to NBS SRM 960,
the (close to) natural reference material IRMM-184 has been re-measured by several laboratories using
the n(233U)/n(236U)-double spike IRMM-3636, resulting in a n(238U)/n(235U) value of 137.683(20), which

certifi
is in agreement with the

. Introduction

The isotope composition of uranium, i.e. the ratio of the two pri-
ordial uranium isotopes n(238U)/n(235U), has been assumed to be

onstant on earth and in the solar system. The commonly excepted
alue for n(238U)/n(235U), which has been used for Pb–Pb dating
or the last ∼30 years was 137.88 [1–3]. Within the last few years
t turned out that (1) there are considerable uranium isotope vari-
tions within terrestrial material which were produced by isotope
ractionation during chemical reactions [4–8] and (2) there are even
arger isotope variations in meteorites, i.e. calcium–aluminum-rich
nclusions (CAIs) [9], which define the currently excepted age of

he solar system. The discovery of these natural uranium isotope
ariations was mainly the result of improved analytical precision,
n particular for small sample amounts, such as a few ng of U.
hese findings are dramatic for geochronology, as a constant and
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ed value of 137.697(41).
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known n(238U)/n(235U) is a prerequisite for Pb–Pb dating, the most
precise dating technique for absolute ages, as uranium isotope vari-
ations between samples may produce artificial shifts of Pb–Pb ages
and affect the interpretation of scenarios in geo- and cosmochem-
istry. However, the question also arises of “how accurate do we
know absolute values for n(238U)/n(235U) of individual samples”
and with that “how accurate can absolute Pb–Pb ages be?” Recent
results using a gravimetrically calibrated n(233U)/n(236U) double
spike IRMM 3636 reference material [10] indicate that the ura-
nium standard NBS SRM 950a, which was commonly used to define
the excepted “natural” n(238U)/n(235U) isotope ratio, has a slightly
lower n(238U)/n(235U) ratio of 137.84. This value is indistinguish-
able from the U isotope composition for NBS SRM 960 (NBL CRM
112A), which has now been re-determined by several laboratories,
using various old and new isotope reference materials. These find-

ings provide new implications about the average uranium isotope
composition of the earth and the solar system.

For accurate mass spectrometric measurements of geological
samples suitable isotope reference materials are needed to vali-
date measurement procedures and to calibrate multi-collector and
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Table 1
n(238U)/n(235U) ratios for NBS SRM 960 (NBL112a) and IRMM-184 measured by all contributing laboratories.

Laboratory Instrumentation Reference material NBS SRM 960 (NBL CRM 112a)
n(238U)/n(235U) (U with k = 2)

IRMM-184
n(238U)/n(235U)
(U with k = 2)

Institute for
Reference
Materials and
Measurements,
IRMM

Triton TIMS n(233U)/n(236U) double
spike IRMM-3636,
n(233U)/n(236U) = 1.01906(16)

137.836(23) 137.689(22)

NIGL Isotope
Geoscience
Laboratory

Triton TIMS n(233U)/n(236U) double
spike IRMM-3636,
n(233U)/n(236U) = 1.01906(16)

137.844(25) 137.685(22)

University of
Frankfurt

Neptune MC-ICPMS n(233U)/n(236U) double
spike IRMM-3636,
n(233U)/n(236U) = 1.01906(16)

137.833(28) 137.671(25)

Thermo Fisher
Scientific

Neptune-PLUS MC-ICPMS n(233U)/n(236U) double
spike IRMM-3636,
n(233U)/n(236U) = 1.01906(16)

137.836(23) 137.681(23)

National
Taiwan
University,
NTU

Neptune MC-ICPMS n(233U)/n(236U) double
spike made by UMN,
calibrated using
IRMM-074/10,
n(238U)/n(235U) = 0.99974(15)

137.834(21) Not measured

University of
Minnesota,
UMN

Neptune MC-ICPMS n(233U)/n(236U) double
spike made by UMN,
calibrated using
IRMM-074/10,
n(238U)/n(235U) = 0.99974(15)

137.830(25) Not measured

Lawrence
Livermore
National
Laboratory,
LLNL

Triton TIMS n(233U)/n(236U) double
spike made by LLNL,
calibrated using IRMM-184,
n(238U)/n(235U) = 137.697(41)

137.823(42) N/A, used to
calibrate own
double spike

Seibersdorf
Analytical

Triton TIMS Modified total evaporation
measurement, external

ing
,
) = 1.0

137.862(31) 137.693(31)
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Laboratory
(SAL/IAEA)

calibration us
IRMM-072/15
n(238U)/n(235U

on counting detector systems. The National Institute of Standards
nd Technology (NIST) and, since the late 1970s in particular for the
uclear elements uranium and plutonium, also the New Brunswick
aboratory (NBL, US-DOE) have provided various isotope refer-
nce materials for this purpose. From the European Union, the
nstitute for Reference Materials and Measurements (IRMM) is

recognized provider for nuclear isotope reference materials to
he nuclear industry and nuclear safeguards authorities, which
re also being utilized widely for geochemical applications. One
xample is the gravimetrically prepared double spike IRMM-3636
ith a n(233U)/n(236U) ratio of 1/1, which allows internal mass

ractionation correction for high precision n(238U)/n(235U) ratio
easurements [10]. At several other laboratories double spikes
ith n(233U)/n(236U) ratios of about 1/1 have also been prepared,

ome of which are calibrated against other reference materials,
.g. using NBL CRM U500 or IRMM-074/10 with n(238U)/n(235U)
atios close to 1/1 or even using close to natural materials such as
RMM-184, NBS SRM 950a or NBS SRM 960.

In this paper results from several geochemistry laboratories and
he Institute for Reference Materials and Measurements (IRMM)
re combined to provide new values for the mostly used natu-
al standards NBS SRM 960 (NBL CRM 112a) and IRMM-184. For
ach participating laboratory the instrumentation and the used ref-
rence materials will be described briefly. Besides the IRMM the
ollowing laboratories have contributed: NIGL Isotope Geoscience
aboratory (British Geological Survey, UK), University of Frankfurt

Germany), Thermo Fisher Scientific (Bremen, Germany), National
aiwan University (NTU, Taiwan), University of Minnesota (UMN,
SA), Lawrence Livermore National Laboratory (LLNL, US-DOE) and

he Seibersdorf Analytical Laboratory of the International Atomic
nergy Agency (SAL/IAEA).
0684(20)

2. Results

Table 1 shows all contributing laboratories, the instrumentation,
the reference materials used and the results for the n(238U)/n(235U)
ratios for NBS CRM 960 (NBL CRM 112a) and IRMM-184. All uncer-
tainties are calculated according to the Guide to the Expression
of Uncertainty in Measurements [11] using a coverage factor k = 2,
corresponding to a confidence interval of about 95%. Among the
8 laboratories, 4 have used thermal ionization mass spectrome-
ter (TIMS) instruments and 4 have used multi-collector inductively
coupled plasma mass spectrometer (MC-ICPMS) instruments (all
of type ‘Triton’ or ‘Neptune’, respectively, from Thermo Fisher Sci-
entific). All instruments are state of the art multi-collector mass
spectrometers. Thus the relative uncertainties from the Faraday
amplifier gains and Faraday detectors themselves are at the level
of 10−6 and can be considered insignificant. In some cases multi-
dynamic measurements were performed (IRMM, University of
Frankfurt) to cancel them out, e.g. by detecting the n(238U)/n(235U)
and n(233U)/n(236U) ratios using the same pair of Faraday cups and
amplifiers. At NIGL even additional cup efficiency measurements
were performed using high precision Nd isotope measurements in
various Faraday cup configurations.

At IRMM, NIGL, University of Frankfurt and Thermo Fisher
Scientific the IRMM-3636 double spike with a n(233U)/n(236U)
ratio of about 1/1 and a relative uncertainty of 0.016% was used.
At the University of Minnesota (UMN) a separate double spike

with a n(233U)/n(236U) ratio of about 1/1 has been prepared [12],
which was also used at the National Taiwan University (NTU).
This double spike was first calibrated at UMN using NBL-U500
with a n(238U)/n(235U) ratio of about 1/1 and an uncertainty of
0.10% [12], and then re-calibrated using IRMM-074/10 [13] with
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Fig. 1. n(238U)/n(235U) ratios for NBS SRM 960 (NBL112a) measured by al

n(238U)/n(235U) ratio of about 1/1 and an uncertainty of 0.015%.
RMM-074/10 also contains 233U with a relative abundance of
× 10−7 with an uncertainty of 0.03%, which can easily be corrected

or.
It is worth mentioning that both IRMM-3636 and IRMM-074/10

ere prepared recently at IRMM using similar procedures for the
hemical purification, oxidation towards U3O8 and gravimetrical
ixing of the highly enriched starting materials of 233U, 236U,

35U and 238U. Both reference materials were certified using the
alculated ratios from the gravimetrical mixing, which were ver-
fied by TIMS measurements using previously certified materials.
n case of IRMM-3636, the verification was performed using the
eference material IRMM-3050, which is the basic n(235U)/n(238U)
ixture of IRMM-074/10, prepared prior to adding the 233U (for

etails see [10,13]). This verification was done by internal correc-
ion of the n(233U)/n(236U) ratio of IRMM-3636 using the certified
(235U)/n(238U) ratio of IRMM-3050, mixed on the TIMS filament.
he result was a relative difference of 0.0029% [10], which is
nsignificant due to the combined uncertainty of 0.022%. This good
greement explains why the n(238U)/n(235U) results for NBS SRM
60 obtained from UMN and NTU agree very closely with those
btained by using the n(233U)/n(236U)-double spike IRMM-3636,
y IRMM, NIGL, etc. However, despite this good agreement, the
ravimetrical mixings of IRMM-3636 and IRMM-074/10 were made
ndependently from each other. Therefore the results from UMN
nd NTU, which used a different double spike, are independent
rom IRMM, NIGL, etc, which used IRMM 3636. Combining results
btained using various different reference materials provides a
roader basis for the proposed new average values.

In addition, at LLNL another reference material, the IRMM-184,
as used to calibrate the in house n(233U)/n(236U)-double spike. At

AL/IAEA the n(238U)/n(235U) ratios for NBS SRM 960 and IRMM-
84 were measured using the ‘modified total evaporation’ (MTE)
easurement technique [14], applying an external calibration

sing the IRMM-072/15 reference material with a n(238U)/n(235U)
atio of about 1/1 with an uncertainty of 0.020% [15].

In Fig. 1 the n(238U)/n(235U) results for NBS SRM 960, which
as measured by all contributing laboratories, are compared to the

ld consensus value of 137.88. An average was calculated which
s weighted by the individual uncertainties of the results of the
articipating laboratories. The uncertainties include the contribu-

ions from the reference materials used for their determination.
his weighted average for the n(238U)/n(235U) ratio of NBS SRM 960
NBL CRM 112a) is 137.837(15). The relative uncertainty of this new
alue is about 0.011%, which is lower than the 0.016% uncertainty
ributing laboratories are compared to the old consensus value of 137.88.

of the double spike IRMM-3636 used by 4 of the 8 laboratories.
This is due to the fact that the new average value is based on four
independently prepared reference materials such as IRMM-3636,
IRMM-074/10, IRMM-184 and IRMM-072/15.

According to Fig. 1 the n(238U)/n(235U) results from LLNL and
SAL/IAEA seem to be slightly different from all others, which is
due to the use of different calibration materials such as IRMM-184
and IRMM-072/15. Using measurements of these calibration mate-
rials against IRMM-3636 (performed at IRMM, for IRMM-184 given
below in this paper), the n(238U)/n(235U) results for NBS SRM 960
from LLNL and SAL/IAEA could be re-normalized to IRMM-3636,
which would in fact lead to a better overall agreement. But it was
decided to accept the measured data from all participating labo-
ratories without any change, in order to have as many as possible
independent standards contributing to the average.

The new value of 137.837(15) is about 0.031% lower than the old
consensus value of 137.88, which is outside the uncertainty range
of the new average value. In contrast to the previous consensus
value, the new value presented here is traceable to the SI and has
an uncertainty assigned to it, calculated according to the GUM.

Because NBL-145 is prepared by dissolving the NBS SRM 960
(NBL CRM 112a) uranium metal, the isotopic composition can be
expected to be identical. Some of the laboratories, NIGL and the
University of Frankfurt also provided n(238U)/n(235U) ratios for NBS
SRM 950a which are indistinguishable from those obtained for NBS
SRM 960. However, the materials NBS SRM 950a and NBS SRM 960
are not identical, because their n(234U)/n(238U) ratios differ signifi-
cantly (>2%). But for the n(238U)/n(235U) ratio the new, multi-lab
and multi-standard average value, can be assigned to NBS SRM
950a as well within the given uncertainties. It is worth mentioning
that the isotopic composition of the widely known NBS950b is also
different from both of them for both the n(238U)/n(235U), and the
n(234U)/n(238U) ratios, and in addition also due to an abundance of
236U at the level of 10−6.

For the n(234U)/n(238U) ratio of NBS SRM 960 (NBL112a) a widely
used value of 0.000052860(25) was published by Cheng et al. [12].
This has been confirmed at IRMM, by Cheng et al. [16], by Shen et
al. and by Bürger at SAL/IAEA, leading to a weighted average value
of 0.000052853(16).

For IRMM-184 the weighted average for the n(238U)/n(235U)
ratio is 137.683(20), which is in agreement with the certified value

of 137.697(41). However, for geochronological applications the
new value of 137.683(20) with the much smaller uncertainty of
0.015% is more useful, it is (insignificantly) lower by about 0.014,
corresponding to a relative difference of 0.01%.
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. Conclusions

For the widely used natural uranium isotopic reference
aterials NBS SRM 960 (NBL CRM 112a) and IRMM-184 new

verage values for their n(238U)/n(235U) ratios are presented.
hese are based on results from several geochemical laboratories
nd the IRMM, for which multiple independent gravimetrically
repared isotope reference materials are used. The consensus
alue of NBS SRM 960 (NBL CRM 112a) and NBS SRM 950a,
(238U)/n(235U) = 137.88, is generally used for geochronology to
resent the natural isotope composition of uranium. According
o our results, both standards have an identical n(238U)/n(235U)
atio of 137.837(15), which is, however, about 0.031% lower than
he old consensus value. Using this new ‘multi-lab and multi-
tandard average value’ for geochronology results in 207Pb/206Pb
ges which are 0.4–0.8 Ma younger (depending on the age of the
ample) than those calculated with the previously used value for
(238U)/n(235U). As a significant advantage, the new ‘multi-lab
nd multi-standard average value’ is traceable to the SI and has
n uncertainty associated which is calculated according to the
UM, and therefore includes the contributions from all sources
f uncertainties, including those from all used reference mate-
ials. The new value presented here should not be considered
s the officially certified value, the certification is ongoing at
BL.
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