J Radioanal Nucl Chem (2017) 314:2469-2474
https://doi.org/10.1007/s10967-017-5593-3

CrossMark

@

US-DOE and CIAE international cooperation in age-dating

uranium standards

Kerri C. Treinen’

- William S. Kinman? - Yan Chen? - Liuchao Zhu® -

Annelise M. R. Cardon’ - Robert E. Steiner” - Theresa M. Kayzar-Boggs® «

Ross W. Williams' + Yong-Gang Zhao®

Received: 3 October 2017 /Published online: 11 November 2017
© Akadémiai Kiado, Budapest, Hungary 2017

Abstract In 2014 the United States Department of Energy
and the China Institute of Atomic Energy collaborated in a
study measuring the model ages of uranium certified ref-
erence materials. Lawrence Livermore National Laboratory
(LLNL) and Los Alamos National Laboratory (LANL),
and the Chinese Institute of Atomic Energy (CIAE)
determined ***Th—**U model ages for uranium certified
reference materials U010 and U850. The aim of this work
was to collaborate with CIAE and compare methods for
measuring the age of bulk uranium materials using the
Z0Th—%*U radiochronometer. Accurate results for age-
dating depend on the accurate calibration of the tracer
materials (e.g., **’Th and ***U) used for the isotope dilu-
tion mass spectrometry (IDMS) analyses. To facilitate
inter-comparison of results, samples of a 230Th standard
reference material were distributed to each laboratory for
*Th tracer inter-calibration. The resulting ***Th—***U
model ages from this collaboration for U010 ranged from
March 1956 to January 1959, which agree with the known
material production date of June 5th, 1958. The determined
model ages for U850 were from December 1955 to October
1957, which agree with the material production date of
December 31, 1957. All three laboratories used
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independent methods to determine model ages for uranium
standards that agree with known production ages and with
previously reported results.
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Introduction

Following any potential illicit nuclear material seizure, a
nuclear forensic investigation may include determining an
“age” for the material found out of regulatory control. The
age of an unknown material may provide information about
when the material was produced that can support investi-
gations. The most widely used method to determine the age
of uranium materials is the application of the ***Th—***U
radiochronometer. This chronometer utilizes the decay of
the parent isotope, 24U to daughter isotope, **°Th, and has
been applied to geologic materials, as well as nuclear
materials, for decades (see [1]). Calculating an age with the
#30Th—3*U radiochronometer requires model assumptions
that (1) there was complete separation of daughter isotope,
23°Th, from parent, 234U, at that time, and (2) the sample
has remained a closed-system (no loss or gain or either
parent or daughter, except by radioactive decay). If these
assumptions are valid, the model age determined with the
Z0Th—3*U radiochronometer will agree with the date of
nuclear material preparation.

Using the *°Th—>**U radiochronometer, the model age
or model production date can be determined, which for a
nuclear forensics investigation, may provide important
information about the material’s provenance. Many labo-
ratories have developed analytical methods to date nuclear
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materials using this chronometer, however, the repro-
ducibility of SR S §| age measurements are rarely tes-
ted. To examine the inter-laboratory reproducibility and
accuracy of determining *°Th and ***U concentrations in
uranium, three laboratories, Lawrence Livermore National
Laboratory (LLNL), Los Alamos National Laboratory
(LANL), and the Chinese Institute of Atomic Energy
(CIAE) participated in a round-robin exercise measuring
certified reference materials with known production dates.
All participating laboratories applied the *°Th—***U
radiochronometer to commercially available uranium cer-
tified reference materials produced by New Brunswick
National Laboratory in the United States, U010 and U850.
A record of the production of these certified reference
materials is available providing known purification dates
for each material [2]. These certified reference materials
with known production dates were chosen for age deter-
mination quality control and validation [3, 4].

The following equation, Eq. (1) is used to determine the
age of the material:

1 N230
f=——In[1-—x
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Aoy, — Ao U) (1)

1234 U

Using the above equation (Eq. 1), the model age, t, is
calculated. The term, Naopy,/Nouy, is the measured atom
ratio for each sample. The half-lives, 4, used for the cal-
culations here are from [5]. The 29Th  half-
life = 75,584 + 55 years and the Z*U half-life is
245,620 £ 150 years [5]. Model dates presented are cal-
culated relative to a reference date, or date of Th-U sep-
aration in the laboratory. The model date of complete
purification will agree with the date of the sample prepa-
ration when the model assumptions are met. If the daughter
isotope is not completely purified from the parent isotope,
then an older age than the production date will be calcu-
lated due to excess 2°°Th contaminant in the sample
(Fig. 1).

By using certified reference materials for this exercise,
the date of sample preparation (the sample age) in known
and the primary radiochronometry assumptions of com-
plete daughter isotope purification and closed system
behavior can be evaluated for validity.
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Fig. 1 Diagram showing the relationship between reference date,
model age and model date

@ Springer

Determining the age of uranium materials collabora-
tively establishes confidence in the analytical capabilities
of participating countries and laboratories, thus providing
assurance that each participating laboratory has the capa-
bility to provide accurate information for forensic investi-
gations. The certified reference materials chosen for this
study (U010 and U850) are considered to exhibit closed-
system behavior based on the studies that show measured
model ages closely match the production history of NBL U
materials [3, 4, 6-8]. Therefore, any differences in model
ages from the date of production may be due to initial
230, laboratory contamination, analytical uncertainty, or
uncertainty in decay constants used [4]. This study com-
pares LLNL, LANL, and CIAE laboratory methods for
uranium sample preparation, purification, tracer calibra-
tion, and measurement technique to validate whether sep-
arate laboratories are capable of producing consistent and
accurate ages (Fig. 2).

Experimental

Uranium oxide certified reference materials (CRMs) U010
and U850 were independently acquired and dissolved at
LLNL, LANL, and CIAE respectively. Each laboratory
made assay analyses of **Th and ***U by isotope dilution
mass spectrometry (IDMS) using 2*Th, ***Th (CIAE
only), and ?**U isotopic tracers.

U010 2°Th/234U model ages
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Fig. 2 Model dates calculated for CRM U010 and CRM U850
compared to the paper age (purification date, dashed line) of U010
June 5, 1958; U850 December 31, 1957. Error bars are expanded
uncertainties (k = 2)
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To make high precision #0Th and #*U IDMS mea-
surements, a tracer material, i.e., 233U, 229Th and 232Th,
with a well characterized isotopic composition and con-
centration is necessary. Calibration of **°U tracers was
done independently using U-oxide or U-metal materials
chosen by each laboratory (e.g., CRM 145A, CRM 112A).
Because each lab was using a different tracer to determine
230 concentration, an inter-laboratory validation of each
*2Th tracer calibration was made by distributing known
amounts of SRM 4342A **°Th radioactivity standard pre-
pared at LLNL to LANL and CIAE for **Th assay. Ali-
quots of the SRM 4342A **°Th standard solution were
individually weighed into 7 mL vials containing 0.5 mL
4 M HNOg;, and were heated on a low-temperature hotplate
until just dry. Four aliquots of the dried SRM 4342A **°Th
standard were shipped to LANL and CIAE for analysis and
comparison. The reproducibility of the concentration
measurements of the *°Th radioactivity standard using
separate tracer and calibration methods at LLNL, LANL,
and CIAE was < 1%. USDOE laboratories (LLNL and
LANL) used a **Th tracer for all »°Th assay measure-
ments in this study. CIAE used a combination of a ***Th
tracer and a >**Th tracer (SPEX Certiprep, PLTH2-2Y) for
IDMS measurement of >**Th. The ***Th tracer available to
CIAE has 0.4% *°Th relative to 229Th; therefore, signifi-
cant error is introduced to the »*°Th measurement from the
impurity of the **Th tracer. The ***Th CIAE tracer has a
higher purity making ***Th a more suitable tracer for Th
measurements at CIAE, see [9] for a more detailed dis-
cussion of CIAE Th tracer calibration methods).

LLNL methods

Two primary solutions of U010 and were prepared by
dissolving CRM U010 U-oxide (U010-1) and (U010-2) in
8 M HNOs (all acids are from Seastar Chemicals, Inc.).
Two primary solutions of U850 U-oxide (U850-1) and
(U850-2) were prepared similarly. Following dissolution,
the final primary solutions were diluted to approximately
2 M HNOj; and hydrofluoric acid was added to make the
solutions 0.05 M HF [4]. The primary solution U010-1 was
approximately 1000 pg-U/g solution and U010-2 was
approximately 700 pg-U/g solution. The primary solution
U850-1 was approximately 60 pg-U/g solution and U850-2
was approximately 16 pg-U/g solution.

Uranium concentration measurements were made for
each primary solution by IDMS. First, quantitative serial
dilutions were made of each primary solution, and the U
IDMS aliquots which contained approximately 2-160 ng-
U were spiked with approximately 2 ng ***U tracer (LLNL
legacy material). The sample to tracer (***U/***U) ratios
measured were between 1 and 60. The ***U tracer was
calibrated using the NBL CRM 145 a standard prepared

from CRM 112A (NBS SRM 960 U-metal), with additional
measurements of an in-house CRM 112-A U-metal stan-
dard, as confirmation. Uranium IDMS aliquots for tracer
calibration were not purified prior to mass spectrometry by
multi-collector inductively coupled plasma mass spec-
trometry (MC-ICP-MS).

Z30Th concentrations were determined for each primary
solution for UOI0 and US850. Aliquots containing
2.4-3.8 mg U (U010) and 37-64 pg U (U850) were spiked
with a 22°Th tracer. Sample to tracer (230Th/229Th) ratios of
0.2-0.6 were measured after spiking with approximately
100 pg of **Th. The ***Th tracer was calibrated using the
NIST 4342 **°Th radioactivity standard (see discussion
above).

Thorium IDMS aliquots were purified using a three-step
separation and purification procedure. All three column
chemistry steps were done using columns for the resin beds
from environmental express. Past experience showed that
poor recoveries were obtained using plastic columns from
other sources due to sorption of thorium on commercial
column frits. The first Th separation from bulk-U is done
using a 1 mL anion exchange resin bed (Bio-Rad AG 1X8
100-200 mesh). Uranium sorbs on the resin bed, while Th
elutes in 9 M HCI 4 0.05 M HF. This bulk separation is
followed by a Th purification step using 1 mL TEVA
(Eichrom) resin bed. Thorium is dissolved and loaded in
4 M HNOs;, and eluted in 0.1 M HCI + 0.005 HF. The
final step removes residual U separation from Th using a
1 mL anion exchange resin bed (AG 1X8) where Th is
dissolved, loaded, and rinsed from the column using 9 M
HCI + 0.01 M HF.

Both U and Th isotope dilution aliquots were analyzed
using a Nu plasma high resolution (HR) multi-collector
inductively coupled mass spectrometer (MC-ICP-MS).
Uranium samples were dissolved in 2% HNO; and Th
samples were dissolved in 2% HNO; + 0.005 HF. Ura-
nium IDMS samples are measured using a static multi-
collection routine where signals from 233U, 235U, and 28U
are measured on Faraday collectors and ***U is measured
on a secondary electron multiplier (ion counter). Instru-
mental mass bias corrections and ion counter gain cali-
brations for both U and Th measurements were made using
CRM UO010. Thorium IDMS samples were analyzed using
a pulse-counting routine, where all three Th isotopes,
229Th, 239Th, and ?*’Th were measured on ion counters.

The analyses for the **°Th intercalibration exercises
were performed by adding known amounts of **Th tracer
to the vials prepared by LLNL containing NIST 4342A
230Th standard, capping and heating to equilibrate, and then
drying. The **Th-**°Th mixtures were not purified, and
were analyzed by MC-ICP-MS.
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LANL methods

Primary dissolutions of U010 and U850 were made by
dissolving approximately 100 mg of U CRM material in
8 M HNOj; (Optima). Final primary solutions were stored
in 8 M HNOj; + 0.01 M HF. Serial dilutions of the pri-
mary solution are prepared to measure the ***U concen-
tration for each U standard. The first dilution, ‘A dilution’,
is made by quantitatively transferring 0.20-0.25 g of the
primary solution to a 30 mL Teflon bottle, adding
20-25 mL 8 M HNOj; and weighing the total solution
mass. Similarly, a ‘B dilution’ is made from quantitatively
transferring approximately 0.2-0.25 g of the ‘A dilution’ to
a tared 30 mL Teflon bottle and obtaining a final mass.
This is a dilution factor of 1:12,500. The ‘B dilutions’ have
concentrations of approximately 100 ng-U/g.

For 2**U IDMS measurements, aliquots of the ‘B dilu-
tion’ are spiked with a >**U tracer at appropriate sample to
tracer ratios depending on the amount of U material dis-
solved. Uranium IDMS aliquots are purified using UTEVA
resin, where the samples are loaded in 3 M HNOj and U is
eluted with 1 M HCIL. Uranium isotopic compositions are
measured on purified, untraced aliquots of ‘B dilution.’
Uranium isotopic composition samples are purified using
the same UTEVA purification chemistry as the U IDMS
samples. The **U tracer, A17 (LANL legacy material),
was calibrated using CRM-145 and NBS U960.

Thorium (Th) aliquots for radiochemistry are taken from
the ‘A dilution,” with an approximate *°Th concentration
of 30 pg/g, spiked with a ***Th tracer, and purified using a
three-step process, all using BioRad anion exchange resin,
AGI1-X8 (100-200 mesh). The first step is an initial bulk
U-Th separation, where Th samples are loaded in 8 M
HNO; and eluted in 0.1 M HCI and then 9 M HCI. The
second step repeats this U-Th purification column. The
final Th purification step removes residual U. Thorium is
loaded and eluted immediately in 9 M HCI.

Thorium and U IDMS samples were measured on a
ThermoScientific Neptune Plus MC-ICP-MS. Uranium
standards are used for detector gain calibration and mass
bias correction for both U and Th analyses. The ***U/**°U
ratio of NBL CRM U500 is used for the ion counter gain
calibration for Th IDMS samples. The ***U/**°U ratio of
IRMM 74/5 is used for Faraday-ion counter cross cali-
bration and mass bias correction for >**Th/***Th atom ratio
measurement. The standards, IRMM 74/1 and IRMM 74/2
are used for U mass bias corrections, measuring = 3U, 35y,
and **®U on Faraday collectors. Quality control standards
used for these analysis routines included U010, UOOSA,
U500, IRMM 74/1, IRMM 74/2, and IRMM 74/5.

For the >*°Th standard measurements, the 229Th tracer
was added directly to the standard vials provided by LLNL.

@ Springer

The ***Th—>*Th mixture was dried to equilibrate and was
not purified prior to analysis by MC-ICP-MS [10].

CIAE methods

CIAE conducted two dissolution campaigns for **Th—>**U
radiochronometry of U010 and U850. The first campaign
resulted in one model age for U010 and two model ages for
U850. The second campaign involved a second dissolution
of U010 and resulted in two additional model ages, and one
additional model age for the original dissolution of U850.
The first dissolution campaign is described below, followed
by the second dissolution campaign.

For the preparation of a U850 primary solution, 1.5 mg
U-oxide was dissolved in ultra-pure 6 M HNO; (Beijing
institute of chemical reagents, BV-III). Serial dilutions were
made to measure >*U by IDMS. The U850 primary solution
was diluted by a factor of 1:1000 and three aliquots of
approximately 5 pg-U of this dilution were spiked with 25,
37.5, and 50 ng ***U tracer, respectively. Uranium IDMS
aliquots were not purified prior to analysis by MC-ICP-MS.
Separate isotopic analyses were made on unspiked aliquots.

The first primary solution for U010 was made by dis-
solving 3.4 mg U-oxide ultra-pure 6 M HNO5. This primary
solution was diluted by a factor of 0.01. This solution was
used for the 2*U IDMS measurement aliquots. Three sepa-
rate aliquots of approximately 10 pg-U were spiked with
25 ng ***U tracer. For the second dissolution, a freshly pre-
pared primary solution was made by dissolving 2.8 mg U010
in ultra-pure 6 M HNOj;. Three aliquots were taken and
spiked with 125 ng ***U tracer. Uranium IDMS aliquots
were not purified prior to analysis by MC-ICP-MS. CIAE
calibrated their >**U tracer using CRM 112A and CRM 145.

The Th IDMS aliquots for U850 and U010 were taken
from the primary solutions. The U850 Th IDMS aliquots
were spiked with approximately 200 pg ***Th tracer (***Th
separated from ***U at CIAE) and analyzed in December.
Aliquots for U010 Th IDMS were spiked with 80 ng ***Th
tracer and analyzed in July 2014. Subsequent Th IDMS
aliquots were taken from a new dissolution of U010
resulting in two Th IDMS samples spiked with **Th tra-
cer. Another Th IDMS aliquot of the original dissolution of
U850 was spiked with 2**Th. All Th IDMS aliquots were
purified using Eichrom TEVA resin. The first column is a
bulk U-Th separation, where samples are dissolved and
loaded in 3 M HNO; and Th is eluted in 8 M HCI and 4 M
HCI. The Th is further purified using the same column.
Samples were taken to dryness and dissolved in 2% HNO5;
for mass spectrometry (Table 1).

Both U and Th IDMS measurements were made on a
Micromass-VG Instruments Isoprobe MC-ICP-MS. For the
first measurement campaign, U850 Th IDMS samples were
analyzed by a peak-jumping multi-collection routine, with
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Table 1 Summary of the
different methods used by

IDMS method comparison

LLNL, LANL, and CIAE, LLNL LANL CIAE
including tracer used,
chemistry, and method of 230
measurement Tracer 201 2291y, 2291y,
Chemistry 9 M HCI + HF anion 8 M HNO; anion 3 M HNO; TEVA

4 M HNO; TEVA

8 M HNO; anion 3 M HNO; TEVA

9 M HCI + HF anion 9 M HCI anion
Mass spectrometry MC-ICP-MS MC-ICP-MS MC-ICP-MS
2345
Tracer 2335 2334 2335
Dilution Serial dilutions Serial dilutions Serial dilutions
Chemistry 4 M HNO; UTEVA 4 M HNO; UTEVA

Mass spectrometry

MC-ICP-MS

MC-ICP-MS MC-ICP-MS

22Th and 2*°Th measured on the Daly detector, and 232Th
measured on Faraday detectors. Corrections for instru-
mental mass bias and relative detector gain factors were
made by measuring IRMM-199, CRM U030 and UTB900
(CIAE in-house U material calibrated using the CRM
series of standards). For U010 samples spiked with 22Th, a
static multi-collection routine was used, where 230Th was
measured on the Daly detector and ***Th on a Faraday
collector. CRM U030 and CRM U200 were used for gain
calibration correction and IRMM-199 was used for
instrumental mass bias correction. For the second mea-
surement campaign, U010 was spiked with *Th and all

three Th isotopes, 229Th, 230Th, and 2**Th were measured
on ion counters. CRM U030 and IRMM-199 were used to
correct for instrumental mass bias and the detector cross-
calibration factors.

Results and Discussion

The measured **°Th/***U and uncertainties (k = 1), cal-
culated model ages and model dates, and expanded
uncertainties (k = 2) are given in Table 2. LLNL, LANL,
and CIAE calculated model dates for U010 range from

Table 2 Calculated model dates for CRM U010 and U850 by CIAE, LANL, and LLNL

Lab Sample Reference date  2*°Th/?*U Uncertainty (k = 1) Model Age  Uncertainty Model date  Uncertainty
atom ratio (y) (k = 2), years (k = 2), days
2O9Th-23*U model dates(U010)
CIAE  U010-1°  12/24/2015 1.687E-04 4.4E-06 59.8 32 3/8/1956 1150
U010-1°  12/24/2015 1.653E-04 3.6E-06 58.6 2.6 5/20/1957 943
u010-2*  7/3/2017 1.565E-04 1.5E-06 55.5 1.1 1/16/1959 393
LANL  UO010-1 3/30/2015 1.618E-04 7.1E-07 57.34 0.51 11/25/1957 185
U010-2 3/30/2015 1.613E-04 7.3E-07 57.15 0.52 2/3/1958 190
LLNL  UO010-1 9/22/2014 1.589E-04 1.7E-06 56.3 1.2 5/31/1958 448
U010-2 9/22/2014 1.599E-04 1.7E-06 56.7 1.2 1/18/1958 450
2BO9Th-234U model dates (U850)
CIAE  US850-1°  12/12/2013 1.6340E-04  1.2E-06 57.90 0.84 1/17/1956 311
U850-1°  12/12/2013 1.6011E-04  9.4E-07 56.75 0.67 3/14/1957 244
U850-2*  7/15/2015 1.6810E-04  9.4E-07 59.59 0.72 12/11/1955 261
LANL  U850-1 3/30/2015 1.6257E-04  1.0E-06 57.62 0.72 8/15/1957 267
U850-2 3/30/2015 1.6366E-04  9.6E-07 58.00 0.68 3/28/1957 250
U850-3 3/30/2015 1.6346E-04  9.2E-07 57.93 0.66 4/22/1957 240
LLNL  U850-1 9/22/2014 1.6135E-04  6.1E-07 57.19 0.44 7/15/1957 158
U850-2 9/22/2014 1.6074E-04  5.4E-07 56.97 0.40 10/2/1957 143

Reference dates from each laboratory were used to calculate the corresponding model age

iCIAE samples using 232Th as tracer calibration material for IDMS measurement of >*°Th

°CIAE samples using 230Th as tracer calibration material for IDMS measurement of >*°Th
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March 1956 to January 1959. The known purification date
of U010 is June 5, 1958 [2]. These model dates agree
within uncertainty with previously published work and the
known purification date of the material [4, §].

For U850, the calculated model dates from all labora-
tories are between December 1955 and October 1957. The
known purification date of U850 is December 31, 1957.
The LLNL, LANL, and CIAE calculated dates agree with
previously published work and the known purification date
[3, 4]. Only one age, CIAE result U010-2 (model date of
January 1959) is younger than the production age.

While the model ages determined by all laboratories are
in good agreement, there is some variation in model age
determinations between laboratories. In addition, the range
of model ages differs somewhat from the known sample
production date. For both CRMs, the composite results
indicate slightly older model dates than the paper dates (ca.
7 months for U010, and 11 months for U850), and while
this “old-bias” is not outside of uncertainty, it suggests that
the purification of Th from U was not complete on the
production date, or the materials were subsequently con-
taminated with Th. This is consistent with these production
dates giving the maximum model-age, or a maximum age
for the U material that was used to produce these CRMs.
The model ages for U010 determined by all three labora-
tories agree within analytical uncertainty, but the CIAE
results for U850 show a bias to older model ages relative to
the other two laboratories. The variation in model age
between laboratories in likely explained by the calibration
materials and methods, as well as the instrumentation used
for analyses. While heterogeneity of CRM U850 is possi-
ble, the CIAE deviation from LLNL and LANL results is
more likely to be the result of environmentally sourced Th
contamination of the CIAE material at some point in its
history. Also, the CIAE results obtained using the **°Th
tracer were less precise than results using the ***Th tracer.
This may be due to two factors; the inherent 2307 present
in the CIAE %**Th tracer, and the inherent issues with
calibrating the *’Th tracer. Access to high purity and well
calibrated tracers for ***Th and ***U determination by
IDMS is paramount to attain accuracy and precision in
radiochronometry.

Conclusion

The **°Th-**U model dates measured by all three labo-
ratories for CRM U010 (between March 1956 and January
1959), and for U850 (between December 1955 and October
1957), are consistent between laboratories and with the
known purification dates of these materials. Except for one

@ Springer

result, all model ages calculated are slightly older than the
purification dates suggesting incomplete *°Th purification
from U at that time. The reproducibility of the analyses
illustrates that the different sample preparation methods,
unique Th tracers and tracer calibration techniques, and
different mass spectrometric techniques used by these
laboratories are equally valid for measurement of ***Th and
23U to age-date such uranium materials. Through inter-
national collaborations such as this, participants gain
mutual confidence in the validity of these measurements
that can be extended to future nuclear forensic
investigations.
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