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Abstract
The radiochronometric model age is an important signature in nuclear forensic analysis. Recent studies have illustrated the 
need for controlled experiments on the behavior of decay products during uranium metal casting to provide a foundation for 
interpretation of discordant model ages. A variety of uranium metal and alloy samples cast under known conditions were 
analysed by three laboratories. This work is the first multi-laboratory study of its kind to explore how these progeny isotopes 
are chemically fractionated from uranium metal during casting. The intercomparison allowed for capability demonstration 
and method development on samples and provided data to increase our understanding of the behavior of decay progeny in 
these complex systems.
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Introduction

  Nuclear forensics is the analysis of measurable param-
eters in nuclear or other radioactive material to support 
law enforcement investigations and nuclear security appli-
cations [1, 2]. Radiochronometry is a useful technique for 
constraining production timelines for an unknown sample 
[3]. The measured model ages can be used to define model 
sample purification dates which can then be compared to any 
available records or other samples. To maximize the ben-
efit of radiochronometry, it is essential that the community 
understands the behavior of radionuclides throughout key 
processes within the nuclear fuel cycle. This understand-
ing is crucial for underpinning confidence in the use of 

radiochronometry as a tool to answer specific investigatory 
questions and to understand radiochronometry data when 
applied samples with a potentially complex production his-
tory. As uranium is the most common nuclear material found 
outside of regulatory control, work on understanding foren-
sic signatures in uranium-based material types is important 
[1].

In radioactive materials, measurements of decay progeny-
parent pairs are used to calculate a model age that can be 
used for nuclear forensics. In the case of uranium, 230Th/234U 
and 231 Pa/235U are the most commonly used progeny-parent 
ratios [4, 5]. These decay progeny pairs are useful as they 
have sufficiently high atomic ratios, concentrations, and half-
lives to allow for accurate measurements from a wide range 
of ages, material types, and enrichments we may encoun-
ter. Measurement of decay progeny-parent pairs in actinide 
sample matrices by a variety of analytical techniques can 
be used to produce model ages for interpretation within 
specific timescales, accuracy, and precision requirements 
[6–8]. These measurements of ultra-trace nuclides (e.g. 
231 Pa/235U <1 × 10-8) can require considerable effort [9]. 
The most precise and accurate results are currently obtained 
by isotope dilution mass spectrometry methods. All ages 
obtained through radiochronometry are model ages based 
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on several assumptions reported in previous studies [3]. If 
these assumptions are accurate, then the model age reflects 
a relevant purification date in the history of the material.

A variety of challenges remain to improve our ability to 
make rapid and robust radiochronometry measurements over 
the wide range of potential sample types required for nuclear 
forensics. Recent advances in certified reference standards 
underpin measurement traceability for radiochronometry 
and continue to improve accuracy and precision [10–12].

Laboratory intercomparisons on samples from the nuclear 
fuel cycle offer an excellent opportunity to test established 
analytical capabilities and to develop new and improved 
methodologies when needed. Analysis of certified refer-
ence standards does not always allow for true validation 
of methodologies. Such reference standards have typically 
been produced under highly controlled conditions for spe-
cific purposes and in some cases do not give a suitable test of 
laboratory method robustness for potential unknown sample 
matrix interferences. There are few of these materials avail-
able and they are also limited in terms of age and material 
composition relative to the wide range of material types that 
could be encountered.

The measurement of multiple chronometer pairs and 
agreement within measurement uncertainty (termed con-
cordance) adds confidence to our ability to interpret the 
likely significance of the model age in question [14]. Con-
cordant model ages are observed in many U and Pu refer-
ence materials that are commonly analysed for validation of 
analytical methods. Concordance is also observed in mate-
rials produced in specific production processes [15]. As an 
example, for U fuel pellets, the model age might reflect the 
date of UO2 production, but not the sintering or thermo-
mechanical processing of said material occurring later in 
production [16]. Experimental data to study these processes 
may be most pragmatically obtained by application of radi-
ochronometry to samples of known provenance (Fig. 1).

If any of the model age assumptions are not met, we may 
measure discordant chronometer pairs which are more chal-
lenging to interpret [17, 18]. Discordant chronometer pairs 
are typically caused by differential chemical fractionation of 
decay progeny during a material’s processing history. This 
can be important forensic information. For example, discord-
ant model ages may be used to bound the maximum age of 
the sample, allowing comparison with relevant knowledge 
on process history. However, data on materials that have 
been sourced from common uranium production processes 
is limited. Consequently, the complex effects of nuclear fuel 
cycle processes on radiochronometry data can be poorly 
understood. There are multiple published examples where 
progeny have not been completely purified during material 
processing [15, 19, 20]. Constraining the mechanisms that 
lead to discordance of chronometric pairs will enhance the 
diagnostic value of radiochronometric signatures.

In recent years, observations of discordant Th and Pa 
chronometer patterns have occurred in studies of cast U 
metal samples. As the final stage in U metal and alloy 
manufacturing that might separate decay progeny, casting 
is a key process that requires investigation. In addition, 
post-casting machining and thermomechanical process-
ing is known to impact grain structure and mechanical 
properties. We hypothesize that such impacts to mechani-
cal properties are unlikely to affect chronometer pairs at 
the spatial scale of a bulk analysis, however, experimental 
data are required to test this hypothesis. The production of 
U metal samples under controlled conditions for the sole 
purpose of investigating radiochronometry discordance 
can be prohibitively expensive and challenging to accom-
plish on a scale representative of commonly used produc-
tion processes. Thus, analysis of ‘samples of opportunity’, 
i.e., materials of known provenance that are produced for 
some other purpose and can be utilized for radiochronom-
etry studies offer a pragmatic approach for investigating 
radiochronometer behavior. In this study, we present radi-
ochronometry measurements of several such U metal and 
alloy samples.

Several studies demonstrate that current knowledge of 
Th and Pa fractionation from U during metal casting is 
insufficient for accurate interpretations of 230Th-234U and 
231 Pa-235U model ages [15] [21]. Metallic U and U alloys 
are important materials for many applications, especially 
in nuclear energy, which utilize low enriched U metallic 
fuel forms and new reactor fuel types, which require spe-
cific material properties or alloys [21, 22]. Alloy samples 
are typically produced by multi-stage casting processes 
and are therefore excellent candidates for study of chemi-
cal fractionation of trace actinides over multiple casting 

Fig. 1   Example of concordant chronometer pairs from the analysis of 
UO2 fuel pellets by multiple labs (orange and blue) in the Collabora-
tive Materials eXchange (CMX) 5 exercise [16]
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cycles in industrial scale casting processes such as Vac-
uum Induction Melting (VIM) and Vacuum Arc Remelting 
(VAR).

Hanlen et al. reported the first example of discordant 
chronometer pairs measured by one laboratory in cast U 
samples as part of the International Technical Working 
Group (ITWG) on nuclear forensics round robin exercise 
number three [22]. The samples analyzed for this exercise 
were subsamples of existing materials from Y-12 that had 
been produced by VIM processing of scrap metal. Following 
the completion of the exercise, Kayzar & Williams (2016) 
subsequently carried out a multiple U-series chronometer 
study on these materials [15]. They demonstrated that mul-
tiple decay progeny nuclides are fractionated from U to dif-
ferent extents during metal casting processes. The Th and 
Ac were almost entirely purified from U. They also showed 
that Ra and Pa are purified to a lesser extent in this example. 
The working hypothesis describing this behavior is based on 
the differing chemistry and physical properties of these ele-
ments upon melting and solidification in the casting media. 
As the casting media is key variable in a variety of casting 
processes, it is also a useful measurement for nuclear foren-
sic signature discovery. Other studies suggest that Th and 
Ac may migrate to the ‘hot top’ of material in directional 
castings or can be fractionated between the top, sides, or 
even grains of a cast part [23–26]. Depending on outgassing 
of the cast and chemical reactivity, Ra may also be purified 
to a similar or lesser extent. The fate and reactivity of Pa in 
such systems is also poorly understood in the literature, but 
can be investigated using the 231 Pa/235U chronometer in cast 
U samples. Protactinium behaves similarly to Mo or Nb in 
uranium materials, and may not be segregated from uranium 
during casting under certain conditions [25, 26].

Other studies have also demonstrated repeatable discord-
ance between Th and Pa chronometers in cast U samples 
[15] [18] [22]. Repeatable discordance is defined in this 
case such that the same relative bias in terms of discord-
ance is observed in multiple different samples produced in 
the same way and that laboratories observe the same model 
age results between measurement uncertainty from repeated 
measurements of a given sample. Notably, one of the sam-
ples used in the sixth ITWG Collaborative Materials eXer-
cise (CMX), was a VIM cast U metal sample that showed 
discordant 230Th/234U and 231 Pa/235U chronometers relative 
to the known casting date of less than a year [27]. This also 
adds weight that this impact must be considered and is meas-
ureable on recently produced samples. Both of these ITWG 
studies lack analytical data for the U feedstock material used 
to produce the cast items. However, these data are required 
in order to fully assess the fate of decay progeny during 
casting. It is therefore unclear if older discordant ages are 
representative of the most recent chemical purification step, 
or a composite age caused by minor spatial segregation of 

decay progeny in a material, or some other combination of 
processes (Fig. 2).

Many and varied factors contribute to potential complex-
ity in the forensic signatures of cast U metal including eco-
nomic constraints, U recycling, engineering or production 
specifications, geometry of a cast item, and material criti-
cality. Additional chemical complexity may occur if certain 
elements are added to confer specific material properties. 
Radiochronometry studies of early fuel cycle materials have 
shown specific progeny pairs are purified to different extents 
during production of the feedstock used for metal production 
[28]. Kovarik et al. aimed to understand the fractionation of 
Th in such processes: Th fractionated in a variety of loca-
tions in bomb reduction and was shown to be associated with 
Fe, Al and Si in the slag [28]. Additional research is needed 
to understand how discordant ages are generated from cast-
ing processes with the additional complexity of feedstock 
blending (Fig. 3).

As a result of feedstock blending, various sources of U 
material may be combined in a single cast. The composite 
feed material may be cast multiple times to ensure material 
properties conferred by casting are consistent and reliable. 
The feed material to any one cast may contain new material, 
machined swarf/pieces from previous casts, recovered cast-
ing headers, or recycled massive scrap. Feedstock blending, 
therefore, results in progeny-parent relationships that reflect 
a complex purification history of the separate feed materials. 
Studies on these types of samples will be needed to under-
stand the impact upon traditional nuclear forensic signatures.

Overviews of VIM and VAR are given in the literature 
[29–31]. In the case of the industry standard VIM method, 

Fig. 2   Example U metals analysis from the ITWG round robin 3 [22]
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molten U is transferred with release agents into a graphite 
crucible. Thermal transfer in the mould is efficient so the 
temperature profile is relatively uniform. The melt solidi-
fies slowly and the mould for a shaped cast is designed such 
that the final region to solidify is the header region above a 
relevant part. This results in large grain size ranges (micron 
to mm-scale) in a given sample and preferential segrega-
tion of lower melting point trace impurities in the header 
region. The header region in the cast is expected to contain 
solid impurities, the largest grains, shrinkage defects and 
dissolved gaseous species [28].

This paper presents the first study to assess radiochro-
nometry signatures in cast U metals with known production 
history and analysis of a feedstock to a casting. We explore 
the scenarios in which measured model ages reflect the time 
of sample casting for U metal and alloy samples with com-
plex processing histories. Measuring these samples on an 
interlaboratory basis increases confidence in the accuracy 
of the measurements performed given the lack of relevant 
certified reference materials and challenging sample types. 
This inter-comparison provides laboratories the opportunity 
to improve methodologies and add information to add to our 
understanding of the nuclear fuel cycle [16].

This work is motivated by three main questions: (1) Can 
we explain and interpret the apparent model ages of cast 
U metals and alloys based on a known feedstock history?; 
(2) Does casting by VIM/VAR and other hybrids result in 
predictable discordance between 230Th/234U and 231 Pa/235U 

model ages in cast products?; and (3) What is the lab to lab 
variability in ultra-trace measurements of decay progeny in 
small samples from a bulk casting? To address these ques-
tions, we used depleted U (DU) samples from large scale 
casts that were previously prepared using multiple process-
ing routes.

Experimental

Samples were size reduced for all labs from cut samples 
using end modified knipex snips, and 0.5-1 g subsamples 
were provided in Teflon bottles for all three laboratories.

Each laboratory used established and independent radio-
chemistry methods to prepare spikes for isotope dilution and 
to purify analytes for mass spectrometry. The methods for 
the U metals used currently published methods for the three 
laboratories [32–34]. New methodologies were developed 
for the DU-Nb alloy samples. All labs completed analy-
ses gravimetrically via isotope dilution mass spectrometry 
(IDMS) and analysed samples in duplicate. All experimen-
tal details for the inter-comparison are detailed below for 
completeness. All laboratories used high-purity reagents and 
relevant certified reference standards.

AWE

The samples were dissolved either in Ultra High Purity 
(UHP) nitric acid (3 mL, Fisher, UK) for metals or aqua 
regia for alloys, followed by conc. UHP Sulphuric acid 
(Fisher, UK) and heating on a hotplate below the boiling 
point for 2 h. The resulting solutions were adjusted to HCl 
(Fisher, UK). Sub samples (0.2 g) were then taken for IDMS. 
The sub samples in duplicate were spiked with approxi-
mately 0.2 g 233U, 50 mg of 229Th and 0.2 g of 233Pa tracer 
solutions outlined below. The U630 (NIST, USA, 1 g of 
a 14 ppm solution) radiochronometry Certified Reference 
Material (CRM) was measured as an internal quality control 
sample.

A 233U tracer (103.57 ± 0.31 Bq/g,) and a 229Th tracer 
(100.53 ± 1.20  Bq/g) certified radiometrically by the 
National Physical Laboratory (UK) was used for isotope 
dilution. A 233Pa tracer (1.07 × 1010 ± 5.5 × 107 atoms/g) was 
standardized using the CIEMAN-NIST method, produced 
internally from an activity certified 237Np [32]. The 233Pa 
prepared by chemical separation from 1 mg 237Np using 
TK400 (Triskem, France) followed by ZR extraction chro-
matography resin (Triskem, France). A separation factor of 
around 1 × 107 of neptunium from Pa is typically achieved 
[32]. The 233Pa solution was also measured by gamma spec-
trometry as an additional check on the CIEMAN-NIST 
assay.

Fig. 3   Example flow chart for U metal and alloy production, key = 
*feedstock preparation may include mining, recycle, dissolution, 
purification, enrichment and conversion. **Alloying stages will typi-
cally involve multi-stage castings and thermomechanical process-
ing. ***Casting to a part or shape may also involve multiple casting 
stages. All stages have some potential to impart radiochronometric 
signatures
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For alloy samples a modification of our previously pub-
lished method was used [32]. This allows for novel, no-dry 
down steps in chromatography, single methodology for 
Nb-U alloy samples for Th, Pa and U radiochronometry 
measurements on a vacuum box (Triskem, Fr). A sample 
was taken for purification in a Teflon beaker. The above 
233Pa, 229Th and 233U tracers were added and the sample 
was evaporated to near dryness. The samples were con-
ditioned with 3 × 1 mL c.HCl, evaporating to near dry-
ness between additions. The samples were re-dissolved 
in 1 mL c.HCl. A stacked resin setup was prepared. A 
1 mL resin column of TK400 and Zr Resin and a 2 mL 
column of AG1-X8 and UTEVA (Triskem, Fr) were pre-
pared in Rockbourne R1010 medium columns. These col-
umns ensure reduced adsorption to the frit of Np and Pa. 
The TK400 (top, Pa/Nb absorbed) AG1-X8 (middle, U 
absorbed) UTEVA (bottom, Th absorbed) triple stacked 
column. The sample is loaded with 1 mL of 11 M HCl, 
followed by 4 × 1 mL of 11 M HCl. The three columns 
are then separated. To the AG1-X8 column, the U can be 
rinsed with 5 mL of 18.2 MΩ cm (Elga) deionized water. 
The TK400 column should be washed with 4 × 5 mL of 
11 M HCl (to waste). The TK400 column should then be 
stacked on top of a Zr resin column (Pa). The double stack 
should then be washed with 3 × 5 mL of 1 M HCl. The Zr 
column should then be separated. To remove the ingrown 
233U, perform the next step as close to measurement time 
as possible. Wash the Zr resin column with 4 × 5 mL of 
5.5 M HCl. The Zr resin column can then be stacked onto 
a 2 mL AG1-X8 column previously conditioned with 5 mL 
of c.HCl. The Pa fraction can then be eluted using 2 × 5 
mL of 5.5 M HCl/0.1 M HF, with no dry down stages, into 
a pre-weighed LSC vial for HRGS to determine chemical 
recovery. For Th, the UTEVA column is washed with 5 
mL of 11 M HCl (waste). The column is then stacked on 
top of an AG1-X8 column conditioned with 5 mL c.HCl. 
The Th is eluted with 2 × 5 mL of 5.5 M HCl into a 20 mL 
Liquid Scintillation Vial (LSV).

A ThermoScientific Neptune Plus MC-ICP-MS was used 
for all ID-MS measurements. For U, approximately 0.1 ng 
of U was consumed for isotope ratio measurements. For U 
ID-MS, samples were diluted by a factor of approx. 200, 
then approx. 50 mg of diluted sample (8 × 1014 atoms 238U) 
was spiked with 0.2 g of 233U tracer (4.5 × 1014 atoms). This 
was diluted to approx. 10 ppt for measurement by mass spec. 
Measurements were corrected for mass bias and blank sub-
traction. An Ion Counter (IC)/Faraday gain correction was 
performed for 234U/238U. Static multi-collection where 233U, 
235U and 238U were measured using Faraday cups equipped 
with 1013 Ohm amplifiers. 234U was measured on the centre 
IC equipped with a Retarding Potential Quadrupole (RPQ). 
An integration time of 8 s run for 40 cycles was used. U010, 
U050 and U630 CRMs were used for mass bias correction.

In the case of the Th and Pa, 5 mL column elution vol-
umes, approx. 0.1–1 pg was taken for measurement. Th 
measurements were performed by peak-jumping on the 
center IC. Integration of 2 s for 100 cycles was completed. 
For Th, mass bias correction was quantified by U010 and 
U050. Three internal QC standards were produced from 
a mix of 229Th and 230Th certified concentration solutions 
combined in known quantities. For Pa, measurements were 
performed by peak-jumping on the center IC with integration 
of 2 s for 100 cycles. Mass bias correction was quantified 
by U010 and U050. Chemistry blanks were run in duplicate 
alongside samples and QC. They were quantified by IDMS. 
All chemistry blanks were < 0.01% of sample amounts and 
therefore considered negligible. Uncertainties have been 
propagated to provide a combined standard uncertainty in 
compliance with the recommendations made in the guide 
to the expression of uncertainty in measurement [34]. The 
relevant nuclear data and the Bateman equations were used 
for model age calculations [35–42].

LANL

The samples were received at LANL as fragments of cut 
metal per sample. Two fragments of each sample were used 
for analysis and in the case where three fragments were 
available, the third fragment was archived. Each metal sam-
ple fragment was individually pickled (acid leached) using 
8 M HNO3 to remove surface oxidation in order to determine 
accurate metal sample masses. The pure DU metals were 
digested in pre-cleaned 60 mL Savillex jars on a hotplate 
at 130 °C using 8 M HNO3. Two fragments of each sample 
were digested together. Sample solutions were transferred 
to pre-cleaned Teflon bottles and were diluted to create 60 
mL primary sample solutions in 4 M HNO3 + 0.005 M HF. 
The DU-Nb metal alloys were digested using a similar pro-
cess; however, a larger acid volume and HF were included 
in the digestion in order to dissolve Nb precipitates from 
the DU-Nb matrix that are not soluble in small volumes 
of 8 M HNO3. Alloy sample solutions were transferred to 
pre-cleaned Teflon bottles and were diluted to create 125 
mL primary sample solutions in 4 M HNO3 + 0.1 M HF. 
Process blanks were introduced during metal pickling and 
were treated identically to the samples. Secondary, tertiary, 
and quaternary serial dilutions of each subsample and asso-
ciated process blanks were made for U isotope composition 
and assay determination using 4 M HNO3 + 0.005 M HF for 
metal samples and 4 M HNO3 + 0.1 M HF for alloy samples 
to keep Nb in solution.

The following spikes were used for IDMS measurements: 
for U, a LANL internal U-233 spike (0.5 ng 233U/g) cali-
brated through reverse IDMS using a gravimetric prepara-
tion of U metal standard NBS SRM 960 (CRM 112-A) - the 
calibration of the 233U spike concentration cross-checked 
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against NBL CRM-145; for Th, the NFRM Th-1 229Th spike 
[11]; and for Pa, a 233Pa spike was prepared by separating 
233Pa from a LANL legacy 237Np stock solution and cali-
brated using the NFRM Pa-1 231Pa standard [12]. Three mix-
tures between the 233Pa spike and NFRM Pa-1 were made 
for reverse IDMS calibration when the spike was initially 
prepared. Later in the spike’s life, another three mixtures of 
the 233Pa and 231Pa were made and a second round of reverse 
IDMS calibration was conducted. The average of the two 
spike calibration campaigns (decay corrected to a common 
date) was used as the final calibration of the 233Pa spike.

For quality control of LANL radiochronometry measure-
ments, National Bureau of Standards (NBS) Standard Refer-
ence Material (SRM) 960 metal was used as a U assay stand-
ard, New Brunswick Laboratory (NBL) CRM 125-A was 
used as a 230Th/234U radiochronometry standard, and CRM 
U005-A was used as a U isotope composition QC material.

For U isotope composition analysis by MC-ICP-MS, 
duplicate volumetric aliquots from quaternary dilutions of 
the subsamples providing approximately 30 ng of U were 
transferred into pre-cleaned Savillex vials. At the time of 
aliquoting, aliquots of SRM 960, CRM U005-A, CRM 125-
A, and process blanks were also taken for quality control. 
U assay was determined by IDMS using separate duplicate 
aliquots of each quaternary dilution taken gravimetrically 
to provide approximately 10 ng of U for purification and 
analysis. The U assay aliquots were spiked with 1 ng 233U 
spike. Both traced and untraced sample aliquots were dried 
and dissolved in 3 M HNO3 for chemical purification. U was 
purified using a 1 mL Eichrom UTEVA resin bed cleaned 
with 0.1 M HCl and conditioned with 3 M HNO3. Sam-
ples were loaded onto the column in 3 M HNO3 and sample 
impurities were then rinsed from the resin with 3 M HNO3 
washes followed by 9 M HCl and 5 M HCl washes. U was 
eluted from the column using 0.1 M HCl. The samples were 
dried on a hotplate at 90 °C, dried with concentrated HNO3 
to treat organics and convert the matrix to a HNO3 form, and 
then re-dissolved in 2% HNO3 for analysis by MC-ICP-MS.

For Th and Pa ID-MS, duplicate aliquots of each primary 
dilution were taken gravimetrically with the goal to provide 
approximately 10 to 100 pg of Th for purification and analy-
sis. These aliquots provided between 1 and 2 pg of 231Pa for 
analysis. Aliquots were spiked with the 229Th NFRM Th-1 
and 231Pa NFRM Pa-1. At the time of aliquoting, a process 
blank aliquot and an aliquot of certified reference material 
CRM 125-A were also taken and spiked with 229Th NFRM 
Th-1 and 231 Pa NFRM Pa-1. After spiking, samples were 
equilibrated on a hotplate, dried at 150 °C, and then dis-
solved in 9 M HCl + trace HNO3 and H3BO3 for chemical 
purification from bulk U. Th was initially separated from 
U and Pa using a 2 mL BioRad® AG1-X8 anion exchange 
column where Th has no sorption on the resin, and the resin 
binds U and Pa. Th fractions were evaporated to dryness on 

a hotplate and re-dissolved in 8 M HNO3. The Th was then 
further separated from bulk U using a second 2 mL Bio-
Rad® AG1-X8 anion exchange column where the sample 
was loaded in 8 M HNO3. The column was washed with 8 M 
HNO3, and Th was eluted with 9 M HCl. This separation 
was then repeated with a smaller 1 mL resin volume. The 
final Th purification was done using a 1 mL BioRad® AG1-
X8 anion exchange column where the Th aliquot was loaded 
and eluted in 9 M HCl + 0.01 M HF. Purified Th fractions 
were evaporated to dryness on a hotplate and dissolved in 2% 
HNO3 + 0.005 M HF for analysis by MC-ICP-MS.

Pa was separated from the bulk DU matrices using a 
three-column ion-exchange procedure. The first column 
consisted of a 2 mL BioRad AG1-X8 resin bed. Samples 
were loaded in 9 M HCl + trace HNO3 + trace H3BO3 and 
sample impurities were rinsed from the resin with additional 
9 M HCl washes. Pa was eluted from the columns using 
9 M HCl + 0.05 M HF. The samples were dried again on 
a hotplate at 125 °C and re-dissolved in 2% HNO3 + trace 
H3BO3 prior to the second purification column. This col-
umn consisted of a 2 mL silica gel resin bed conditioned 
with 2% HNO3. The sample was loaded in 2% HNO3 + trace 
H3BO3 and sample impurities were rinsed from the resin 
with additional 2% HNO3 washes. Pa was then eluted using 
2% HNO3 + 0.05 M HF. The samples were dried again on 
a hotplate at 125 °C and re-dissolved in 2% HNO3 + trace 
H3BO3. The silica gel column method was repeated for 
a final purification on the day of analysis. Samples were 
immediately transferred to mass spectrometry for same-day 
analysis to prevent the ingrowth of isobaric, 233U, from the 
decay of the 233Pa tracer.

Additional radiochemical purification was used to 
separate Pa from Nb for the DU-Nb alloy samples. Pro-
ject research and development resulted in modifications 
to the procedure above, these modifications included: (1) 
an increase in anion resin column volume from 1 mL to 3 
mL; (2) a decrease in the HF concentration of the Pa elu-
tion reagent of column 1 from 9 M HCl + 0.05 M HF to 
9 M HCl + 0.02 M; and (3) the addition of concentrated HCl 
washes to column 2 to further remove Nb. The Pa recovery 
observed for the DU-Nb samples was approximately 50% 
lower relative to Pa recoveries observed for the pure DU 
metal samples.

Analytical Measurements were completed on a Thermo-
Scientific Neptune Plus MC-ICP-MS. All purified U frac-
tions were dissolved in 2% HNO3 and introduced into the 
mass spectrometry using a CETAC Aridus3 desolvating 
nebulizer system. Acid blank solutions with an identical 
matrix (2% HNO3) were analyzed before each sample. For 
U isotope composition measurements, NBL CRM U010 was 
used for mass bias and gain corrections. Reference stand-
ards IRMM 183 and IRMM 186 were measured throughout 
the analytical session as an unknown quality control (QC) 
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measurement. For U assay, CRM IRMM 074/1 was used to 
calculate instrumental mass bias corrections; IRMM 074/2 
and CRM U010 were measured throughout the analytical 
session for quality control. In addition, reference materi-
als NBL CRM U005-A, CRM 125-A and NBS SRM 960 
processed through the chemical separation procedure along-
side the samples were analyzed for further quality control. 
Retarding Potential Quadrupole energy filters (RPQs) were 
utilized to decrease the contribution of tailing on 234U, 236U 
by 235U and 238U. Tail corrections were calculated by meas-
uring four off-peak masses (−0.5, −0.35, + 0.35, and + 0.5 
amu away from the peak center), fitting the points to an 
exponential curve, and subtracting the calculated tail con-
tributions from the measured signal.

For Th, purified sample fractions were introduced into 
the mass spectrometer as 2% HNO3 + 0.005 M HF solu-
tions and acid blank solutions with an identical matrix (2% 
HNO3 + 0.005 M HF) were analyzed prior to each sample. 
Purified samples contained variable Th concentrations which 
required two analytical sessions using a combination of ion 
counter and Faraday detectors and a third analytical ses-
sion that used only Faraday detectors. For process blanks 
and subsamples of Metal-2, Alloy-4, and Alloy-5, isotope 
compositions were measured over two analytical sessions 
using a static multi-collection routine with 229Th and 230Th 
measured on ion counters and 232Th measured on a Fara-
day detector. Prior to the start of each analytical session, 
Faraday gain calibrations were performed using an inter-
nally supplied voltage. Certified reference material U010 
was used to calculate instrumental mass bias corrections, 
and an internal Th isotope composition standard was used 
to determine ion counter gain corrections. For quality con-
trol, an additional internal Th isotope composition standard 
was analyzed throughout each analytical session along with 
fractions of quality control material CRM 125-A that were 
purified through chemistry with the samples.

For Metal-1 and Metal-3, all Th isotopes (229Th, 230Th, 
and 232Th) were measured on Faraday detectors in a single 
analytical session. Faraday gain calibrations were performed 
just prior to the analysis using an internally supplied voltage. 
Certified reference material IRMM 074/1 was used to calcu-
late instrumental mass bias corrections. For quality control, 
an internal Th isotopic standard was measured throughout 
the analytical session, along with a fraction of quality con-
trol material CRM 125-A that was purified through chemis-
try with the samples.

For Pa, purified samples were introduced as 2% 
HNO3 + 0.05 M HF solutions. Pa measurements were made 
using a static technique with both 231 and 233Pa measured 
by ion counting. Blanks were measured before each sam-
ple using a 2% HNO3 + 0.05 M HF acid blank solution. 
CRM U010 was measured statically and used for mass bias 
and gain corrections, and CRM U005-A was measured for 

quality control of mass bias and gain corrections. SRM 960 
was used for hydride corrections on 236U, and an internal Th 
standard was used for hydride correction on 233Pa. Hydride 
corrections at mass 233 resulting from the natural 232Th 
chemistry blank were < 5 counts per second. Aliquots of 
CRM 125-A that were processed through chemistry were 
measured for quality control. Nuclear data was used in line 
with previous publications [34].

LLNL

The following spikes were used for IDMS measurements: for 
U, an in-house 233U spike calibrated by a gravimetric natural 
U metal standard solution of CRM 112-A (NBS 960); for 
Th, the NFRM Th-1 229Th spike (Essex et al., 2017); and for 
Pa, a 233Pa spike produced internally from 237Np, calibrated 
using the NFRM Pa-1 231Pa standard (Essex et al., 2019), 
following procedures by Treinen et al. (2018) [43]. The 233Pa 
spike was calibrated using the combined results of two cali-
bration analyses bracketing the beginning and end of the 
spike’s two-month lifespan. For quality control assessment, 
aliquots of a CRM 125-A solution were processed through 
separation and purification procedures alongside samples. 
Blanks were also prepared throughout chemistry procedures 
(“process blanks”) to trace potential cross contamination and 
complement information from dissolution blanks.

For U isotope ratio measurements, we processed sample 
aliquots of approximately 10–25 micrograms of U. For U 
assay measurements, aliquots were gravimetrically diluted 
and spiked with the in-house 233U spike. Both the pure DU 
and DU-Nb samples were purified for U assay measurement 
using Eichrom UTEVA resin in a BioRad Poly-Prep column. 
The column was conditioned with 4 M HNO3, and followed 
by the sample load dissolved in 4 M HNO3. Elemental impu-
rities were then rinsed from the resin with 4 M HNO3 fol-
lowed by 9 M HCl and 5 M HCl washes. U was eluted from 
the column using 0.1 M HCl. The samples were dried on 
a hotplate at 85°C and treated with concentrated HNO3 to 
remove any organics, and then re-dissolved in 2% HNO3 for 
analysis by MC-ICP-MS.

To determine the 231Pa and 230Th assay of the pure DU 
metal samples, we applied the procedure described in 
Treinen et al. (2018), wherein a single aliquot is processed 
for both Pa and Th assay. The procedure is briefly summa-
rized as follows: an aliquot of 20–60 mg of U from the pri-
mary sample solution was spiked, equilibrated, dried and 
dissolved in 9 M HCl solution for the first purified of bulk 
uranium using AG1-X8 anion exchange resin in an Envi-
ronmental Express column. Whereas U sorbs to this resin in 
9 M HCl, Th does not, thus Th was eluted from the column 
with rinses of 9 M HCl. Subsequently, Pa is collected from 
the column with rinses of 9 M HCl + 0.05 M HF. With the 
Th and Pa fractions now separated, these solutions undergo 
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two additional column purification steps to further remove 
U and any other matrix elements. The Th fraction is puri-
fied with Eichrom TEVA resin and a final AG1-X8 anion 
exchange resin, and the Pa fraction is purified with AG1-X8 
resin and a final silica gel resin. The Pa fractions are eluted 
from the final Si-gel column in 2% HNO3 + 0.05 M HF and 
are analyzed by MC-ICP-MS in this solution. The Th frac-
tions are then re-dissolved in 2% HNO3 + 0.005 M HF for 
analysis by MC-ICP-MS.

The determination of the Pa and Th assay of the DU-Nb 
samples posed a greater analytical challenge due to the pres-
ence of undissolved Nb precipitates in pure HCl solution. 
Therefore, the standard operating procedure for pure ura-
nium metals was modified to include steps specifically for 
removing Nb. The experiments behind this method devel-
opment are described in greater detail in Chen et al. (2022) 
[43]. In short, two additional and identical column purifi-
cation steps were added to the beginning of the procedure 
summarized previously: an aliquot of 20–60 mg of U from 
the primary sample solution was dissolved in a 1 M HF solu-
tion instead of 9 M HCl. This solution was then loaded onto 
a column with 3 mL of AG1-X8 resin. Chen et al. (2022) 
observed that, for the most part, all elements of interest-U, 
Th, Pa, and Nb-sorb to the AG1-X8 resin in 1 M HF solu-
tion. Pa and Th are then eluted from the resin together with 
rinses of 9 M HCl. This column step effectively purified 
the sample of U and Nb by several orders of magnitude. To 
further increase this purification, this column procedure was 
repeated a second time. By removing Nb, these additional 
column steps allowed for the subsequent application of the 
procedure by Treinen et al. (2018) to separate and purify Th 
and Pa into different fractions.

Analytical measurements for U, Th, and Pa were per-
formed on either a Nu Plasma 3 multi-collector ICP-MS 
or a Nu Plasma HR multi-collector ICP-MS, both outfit-
ted with 1011 Ohm resistors on all Faraday collectors. Sam-
ple solutions were introduced to both instruments with a 
CETAC Aridus II desolvating nebulizer system. All meas-
urements were corrected for spike contribution to non-spike 
masses, Faraday cup and ion counter baselines, instrument 
background, and instrumental mass bias and ion counter/
Faraday gain with CRM U010 with 233U. Quality control 
standards included in mass spectrometry analytical sessions 
to verify corrections were CRM U050, CRM 129-A, and 
CRM 112-A.

For U isotopic and IDMS analyses, the 238U tailing 
correction on 236U was applied as part of the instrument 
baseline correction. For U isotopic composition analyses, 
static multi-collection was configured with 238U and 235U 
on Faradays and 233U, 234U, and 236U on ion counters. For U 
assay analyses spiked with 233U, static multi-collection was 
configured with 238U, 235U, and 233U on Faraday collectors. 
For Th analyses, no tailing correction was applied, and static 

multi-collection was configured with 232Th, 230Th, and 229Th 
on ion counters. For Pa analyses, static multi-collection was 
configured with 233Pa and 231Pa on ion counters. All analyses 
consisted of integration times of 10 s per cycle for 30 cycles, 
except for Pa, for which 40 cycles were measured. All chem-
istry blanks were  <0.001% of sample amounts and consid-
ered negligible, and therefore no corrections for blanks were 
applied to samples.

Results and discussion

Sample selection, sub‑sampling and determination 
of sample production histories

Determination of sample production histories involved con-
sulting archival records of production as well as support-
ing casting operations in 2018-19 with samples archived to 
allow for in-growth of decay progeny. A set of five samples 
were chosen for this initial study of cast DU metal and DU 
alloy (Table 1). These were cast under known conditions 
and provided sampling location opportunities on the multi-
gram scale. The first two metal samples are a paired feed and 
cast product from a VIM cast. Figure 4 is a summary of the 
relevant fuel cycle processes involved.

Metal-1 is the feed to a VIM cast and has a sample history 
that is representative of common fuel cycle processes. The 
sample was cast into a metal plate produced from UF4 salt 
from a common feedstock. This metal plate was then cast 
by VIM as a billet on September-3-1987. The billet sample 
was then VIM cast to a plate on March-14-1995. Because the 
feedstock material is comprised of a single source, we can 
minimize possible confounding effects of feedstock recy-
cling in our investigation of radiochronometric signatures 
of VIM casting processes in chronometric data. The mate-
rial was assayed for specific reactive elements of interest 
for casting and material purity. The material was assayed 
using validated analytical methods as 99.9 ± 0.1 wt% U, 
(Davies-Gray potentiometric titration), with 60 ± 3 ppm of 
C (combustion IR), 32 ± 6 ppm of Fe (ICP-MS), 7 ± 2 ppm 
of Al (ICP-MS),7 ± 0.5 ppm Si (spectrophotometry) and 1.3 
+/−  0.1 ppm hydrogen (combustion IR). The sample was 
cut by Electrical Discharge Machining (EDM) from the edge 
of the plate and sampled by Knipex end modified snips to 
provide similar location bulk samples to the laboratories for 
future studies (Fig. 5).

Metal-2 derives from a cast part from a bulk (i.e., multi-
hundred kg) quantity of Metal-1 cast on June-05-2019 by 
VIM. The cast part was sub-sampled to produce samples 
from multiple locations on the multi-gram scale. This pro-
cess provided a set of samples for interlaboratory compari-
son from near identical locations. For this intercomparison, 
Metal-2 was taken from one of the locations, at the top of 
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the part (below the header) and sampled by hand tools to 
provide gram-scale samples to the laboratories for analysis. 
The trace progeny in this material can then be assayed and 
treated as the initial concentration in the feedstock prior to 
casting. Pieces of Metal-2 from all locations were analyzed 
by validated chemistry methods for a variety of relevant 

analytes. In the case of this sampling location, these were C 
(80 ± 8 ppm), Fe (31 ± 3 ppm), Al (10 ± 1 ppm), Si (14 ± 0.4 
ppm) and U assay (99.9 ± 0.1 wt%) at k = 1 (Fig. 6).

To complement the study of paired samples Metal-1 and 
Metal-2, another U metal sample, Metal-3, cast by VIM, 
was procured from archive materials. Metal-3 is a DU metal 
sample cast by VIM on March-22-1983. This material was 
produced from six different feedstocks. Most of these feed-
stock materials were prepared by wet chemical processing. 
The material was cast in the same VIM furnace as Metal-
2. Metal-3 material had previously been observed to have 
a discordant Pa age to the known processing history from 
AWE internal laboratory measurements. This material was 
cut into small pieces in batches from a location for analysis 
by EDM and hand tools to provide gram scale samples to the 
laboratories. Figure 7 summarises this process flow:

This sample is a useful comparator to Metal-1 and -2 as 
all three samples were cast using the same VIM furnace, 
with the main difference being the blending of feedstocks in 
Metal-3 and the re-use of the header material from a previ-
ous casting in Metal-2  (Fig. 8).

Alloy-1 was sampled from a known position on a cast-
ing of a DU-Nb alloy. The alloy was produced by the VIM-
VAR-VAR method on June-05-1983 [24]. This alloy was 
then subsequently cast to a part by VIM on March-21-1994 

Fig. 4   Summary flow diagram for relevant history of paired feed and product cast samples Metal-1 and Metal-2

Table 1   Sample ID and relevant casting history for inter-comparison

Sample ID Feedstock processing history Production information Age of feed and casting dates

Metal-1   See Fig. 4-VIM cast from a feedstock to 
a plate

VIM cast from prior plate casting in 1995 VIM cast on March-14-1995

Metal-2 See Fig. 4-VIM casting of Metal-1 Post-cast VIM of Metal-1, location one VIM cast on June-05-2019
Metal-3   See Fig. 7-blending of 1980s metal 

feedstocks
VIM cast from six feedstocks Feedstocks produced between 1980–1982, 

VIM cast on March-22-1983
Alloy-1 Produced by VIM-VAR-VAR from ura-

nium feedstocks in 1983
Alloy from VIM-VAR-VAR Feed: June-05-1983

VIM cast: March-21-1994
Alloy-2 Produced by VIM-VAR-VAR from ura-

nium feedstocks in 1980s
Alloy from VIM Feed: 1980s recycled scrap from VIM-

VAR-VAR
Cast: Febuary-28-2018

Fig. 5   Example of DU feed Metal-1 cut from plate for intercompari-
son study
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and archived. This sample has undergone four casting pro-
cesses prior to our analysis of the material. A summary of 
this material history is shown in Fig. 9.

Alloy-2, another DU-Nb alloy, was sampled from a cast-
ing with a known processing history, produced by VIM from 
scrap material on Feburary-28-2018 from feedstocks pro-
duced in 1982 by VIM-VAR-VAR and offers a comparator 
to Alloy-1 with an additional casting step. This process is 
described in Figs. 10, 11:

Analytical measurements of the intercomparison 
samples

The aim of this work was to determine 230Th/234U and 
231 Pa/235U model ages of the five-cast U metal and alloy 
samples as part of a laboratory inter-comparison. This 
study was conducted to obtain information on hypothe-
sized chemical fractionation of decay progeny during VIM 
and VAR casting methods. Additionally, this laboratory 
intercomparison allowed the three participating laborato-
ries to demonstrate current radiochronometry analytical 
capabilities.

Radiochronometry measurements of the DU-Nb alloy 
samples required analytical method development as all 
laboratories had variable prior experience with DU-Nb 
alloy digestion and separation. Thus, this exercise served 
as a realistic test of an unknown forensic sample, where 
additional method development, validation and verifica-
tion may be required to produce the required analysis for 
a customer. Niobium is a homologue of the 231Pa daughter 
nuclide with similar chemical behavior. The Nb is pre-
sent in weight% abundance, while 231Pa concentrations 
were on the order of femtograms. This allowed for the 

Fig. 6   Example VIM casting of Metal-2 through VIM furnace sight glass (left) and example cut Metal-2 for radio-chronometric studies (right)

Fig. 7   Example summary 
flowsheet for relevant history of 
DU metal sample with a mixed 
feedstock for inter-comparison

Fig. 8   Example size reduced batch of Metal-3 used in this study
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inter-comparison to be used for research and development 
for the highly selective separation of Pa from Nb.

As shown in Table 2; Figs. 12, 13, 14 and 15, the meas-
ured 230Th/234U and 231 Pa/235U model ages are generally 
reproducible among the three laboratories. The samples 
analyzed for the intercomparison had no true declared 
value within experimental design, with only QC samples 
and reference to the known date of casting to answer the 
relevant research hypotheses and to assess measurement 
quality.

In the case of Metal-1, all laboratories determined model 
ages that are consistent to within 1 to 2 years but not within 
measurement uncertainty (k = 2). There is a five year dis-
cordance (i.e. 13% relative bias) in the 230Th/234U model age 
relative to the known date of VIM casting in March 1995. 
The Pa model ages also show a discordant 231Pa/235U age of 
up to 13 years relative to to the known date of casting. The 
older Pa age may reflect the feedstock age prior to casting 
i.e. the date of bomb reduction in 1980–1981. The mate-
rial was last processed prior to the VIM in March-14-1995 

Fig. 9   Example flowsheet of 
casting history of Alloy-1

Fig. 10   Flow chart of casting 
history of recycled Alloy-2

Fig. 11   Example DU Alloy-1 (left) and Alloy-2 (right) provided to laboratories for radiochronometry analysis
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on September-03-1987 according to the records provided. 
The only prior stage to this was the date of bomb reduction 
from UF4 into metal in 1980-81 [24]. Further archive work 
is underway to confirm this date precisely but currently this 
is consistent with the material production history from U 
feedstocks. Measurement by three independent laboratories 

allows for the Th and Pa concentrations in this feedstock 
material to be well-characterised prior to VIM casting of 
Metal-1 to generate Metal-2.

Metal-2 is a sub sample of the part that was cast using 
Metal-1 as the feedstock. The results from three laboratories 
for both chronometers are again consistent within a 1–2-year 

Fig. 12   Comparison of model ages produced on Metal-1 and Metal-2 
by the three laboratories. (k = 2). Orange highlighted area demon-
strates that the 231Pa-235U bomb reduction model age is generally 

preserved through recasting within the approximate timescale (e.g., 
1980-81). In contrast, the 230Th/234U model age appears to be par-
tially reset by casting where a header is reused

Fig. 13   Comparison of model ages produced on Metal-3 by the three laboratories. Uncertainties at k = 2. The last date of processing of the wet 
chemically processed feedstocks was in 1980, aligning with the measured Pa ages
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time window. Analytical biases could result from different 
spike calibrations or the use of different certified reference 
materials for instrument bias and gain corrections during 
mass spectrometry. LANL and LLNL processed larger ali-
quots of U than AWE to separate the progeny isotopes but 

otherwise followed similar methodologies. The metal sam-
ples were taken from the cast part as close together spatially 
as possible. This difference can be investigated in a future 
inter-comparison by providing each laboratory an aliquot 
of a single dissolved sample solution for radiochronometry 

Fig. 14   Comparison of model ages produced on Alloy-1 by the three laboratories. Uncertainties at k = 2

Fig. 15   Comparison of model ages produced on Alloy-2 by the three laboratories. Uncertainties at k = 2
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analysis. Measurements of CRMs by all laboratories were 
reported within control with the certified value for the analy-
sis batches. Spatial variance can be investigated in future 
studies by analyzing samples from another location on this 
cast U product. The approach chosen here highlights the 
next set of logical sampling needs for inter-comparisons. If 
we do assume sample heterogeneity at sub-gram scale from 
the above results for a trace impurity, this informs future 
sampling for materials on the multi-gram scale to remove 
this variable.

As observed for Metal-1, the model ages for Metal-2 
reported by the three laboratories do not reflect the VIM 
cast date of June-05-2019. There is an offset to relatively 
older 230Th/234U model ages versus the known casting date. 

This could be due to incomplete separation of 230Th in the 
casting process or could result from additional 230Th from 
the header used in these casts being present in the product 
material when re-melted.

This data suggests that specific processing, such as the 
re-use of header material from a previous cast can bias Th/U 
model ages significantly relative to the age of the sample. 
This is up to five years in this case, which relative to a three 
old sample is a major source of bias that reduces as a rela-
tive bias the sample ages to percentage levels. Future stud-
ies aim to access the feed, product, and header from a cast 
to further investigate these contributions from casting. The 
231Pa/235U model ages for Metal-1 and Metal-2 agree within 
a 1–2 year window between the laboratories. This finding 
of similar 231Pa-235U model ages for both a feed and cast 
product is the first documented observation of the preser-
vation of a radiochronometric signature after subsequent 
metal casting. This key observation suggests that 231 Pa is 
not removed during metal casting and has many favorable 
implications for the use of 231Pa-235U radiochronometry as a 
fingerprint for metal production activities preceding the last 
applied casting process. These data suggest that 231Pa is not 
removed during metal casting. Therefore, 231Pa concentra-
tions in a VIM cast U metal may preserve the model age of 
the material prior to the casting production. In the case of 
the paired Metal-1 and Metal-2 materials in this study, we 
observe potential preservation of a historic 1980–1981 bomb 
reduction signature. This key observation may support future 
interpretation efforts for 231Pa-235U radiochronometry when 
applied to cast samples.

Metal-3 is a DU metal produced in the same VIM fur-
nace as Metal-2 from a variety of feedstocks. Records also 
show that this cast did not re-use the header material. Inter-
laboratory data show measured 230Th/234U model ages that 
are consistent with the known casting date of March-22-
1983. These data suggest that the cause of the 3–5 year bias 
towards 230Th/234U model ages older than the date of VIM 
casting may result from instances where header material was 
added from a previous casting. The 231Pa/235U model ages 
are again discordant with the measured 230Th/234U model 
ages and are older than the casting date. However, the dif-
ference in model age between chronometer pairs is smaller 
on a relative basis than observed in Metal-1 and 2. The older 
231 Pa/235U model ages may be an indication of an earlier 
wet chemical processing date of the feed material prior to 
VIM casting. This observation is in-line with the material’s 
provenance where feedstocks were last processed in 1980, 
using a mixed feedstock with some residual decay products 
which is preserved in the measured Pa model age by three 
laboratories in the 1978-80 timeframe.

Alloy-1 is a depleted U-Nb alloy sample, cast in 1994 by 
VIM using feed produced from multi-stage casting processes 
in 1983. The VIM-VAR-VAR process is reported elsewhere, 

Table 2   Summary of measurements of the five samples by the 
three laboratories in intercomparison uranium metals and alloys. 
U = Uncertainty and is given at a coverage factor of two (k = 2), Dates 
given in format: dd/mm/yyyy. Nuclear Data used is reported in the 
experimental

Lab ID Sample ID 230Th/234U U/days 231 Pa/235U U/days

AWE Metal-1 30/08/1990 327 10/05/1982 237
AWE Metal-1 18/08/1990 318 09/04/1983 249
LANL Metal-1 12/07/1989 170 20/03/1981 75
LANL Metal-1 22/06/1989 164 11/04/1981 81
LLNL Metal-1 21/01/1989 97 02/07/1981 171
LLNL Metal-1 02/04/1989 98 01/08/1981 163
AWE Metal-2 11/04/2016 56 23/08/1980 245
AWE Metal-2 20/05/2016 56 13/04/1981 249
LANL Metal-2 16/03/2017 19 21/07/1982 68
LANL Metal-2 15/03/2017 14 28/07/1982 67
LLNL Metal-2 30/03/2017 19 03/04/1982 157
LLNL Metal-2 16/04/2017 19 15/07/1982 157
AWE Metal-3 20/07/1982 278 09/07/1980 263
AWE Metal-3 04/06/1982 272 07/05/1980 271
AWE Metal-3 23/06/1982 268 27/05/1980 267
LANL Metal-3 24/01/1983 105 09/05/1979 75
LANL Metal-3 14/03/1983 91 05/05/1979 73
LLNL Metal-3 24/10/1982 121 18/07/1979 167
LLNL Metal-3 15/03/1983 121 17/11/1979 166
AWE Alloy-1 22/04/1988 333 10/07/1975 331
AWE Alloy-1 21/03/1988 342 03/08/1976 394
LANL Alloy-1 13/01/1986 147 12/09/1973 92
LANL Alloy-1 05/02/1986 148 18/12/1973 88
LLNL Alloy-1 14/02/1986 127 21/05/1973 205
LLNL Alloy-1 03/02/1986 136 22/09/1973 205
AWE Alloy-2 14/04/2004 180 24/11/1975 287
AWE Alloy-2 06/04/2004 184 06/11/1976 290
LANL Alloy-2 12/01/2004 75 30/05/1974 87
LANL Alloy-2 21/01/2004 64 01/06/1974 86
LLNL Alloy-2 04/11/2003 67 17/10/1973 200
LLNL Alloy-2 18/11/2003 61 25/04/1974 217
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but for completeness a U-Nb alloy is produced from prior 
VIM cast feedstocks [30]. The cast alloy product is subse-
quently processed by VAR at least twice to ensure the alloy 
is homogeneous. The important point here is that continued 
casting (five times) of the material retains a discordant Th 
and Pa radiochronometry signature in the model ages of the 
material relative to the last known casting date.

There is variability between laboratory results. More 
study will be needed to further probe the cause of this as 
stated above. The results are, however, within agreement 
within a 2-year window. The 230Th/234U model ages are up to 
a decade older than the known last date of casting. The larger 
relative discordance in the alloy samples could be an artefact 
from the multi-stage casting process and material recycling 
during alloy production processes relative to VIM casting. 
An alternative hypothesis could be that the alloy inhibits 
efficient segregation of Th from the bulk molten metal. The 
fact that Nb and Pa are homologs, and that Nb alloys with U, 
is consistent with the observation that Pa is not effectively 
segregated from the bulk metal.

The 231 Pa/235U model ages are again discordant relative 
to the known casting date in 1994 and the last date of the 
feedstock casting in 1983. This again may retain a prior pro-
cessing stage signature in the material from the late 1970s. 
This is evidence to suggest that even through complex cast-
ing processes, a U-Nb alloy may retain a 231 Pa/235U model 
age representing earlier production processes. This provides 
additional rationale to measure repeatability in different 
materials cast under the same conditions, as well as meas-
urement of U alloys to add to documented observations of 
discordance in a diversity of sample types.

Alloy-2 is the second depleted U-Nb alloy sample. This 
was again produced by more complex VIM and VAR pro-
cesses, but with a recycled, unprocessed feedstock. The 
sample was cast from 1980s scrap alloy feed in 2018 by 
VIM. The material therefore has seen one additional cast-
ing stage in comparison to Alloy-1. The 230Th/234U model 
ages are consistent between the laboratories within meas-
urement uncertainty and are again discordant by more than 
14–15 years relative to the casting date in 2018. Model 
ages for alloyed metals that use a recycled feed show larger 
230Th/234U discordance from the known casting date. The 
231 Pa/235U model age is up to three decades discordant rela-
tive to the known casting date. The larger discordance in 
this system again implies a prior processing stage in the 
1970s, relative to the known ages of the scrap material feed 
in 1980–1983. This adds further evidence to show the reten-
tion of earlier model ages in U materials relative to known 
casting operations. Overall, both alloy samples allowed for 
method development and a sample test for the laboratories 
on Nb/Pa separations. This is the first data on discordant 
model ages from complex alloy casting processes and gives 
a platform to plan future work.

Conclusions

A radiochronometry laboratory inter-comparison on five 
DU metal and alloy samples was completed within a set 
six-month timeline by three laboratories. The published lit-
erature indicates that there is limited understanding of how 
to interpret discordance between 230Th-234U and 231Pa-235U 
chronometers. This study of samples of known provenance 
and casting history provides some of the first data to assist 
interpretation of discordant model ages in U metals and 
alloys. This includes the analysis of the first paired feed and 
product to a VIM cast. This inter-comparison was aligned 
with research and development needs for the radiochronome-
try community and demonstrates the reproducibility of radi-
ochronometry model ages for samples from the nuclear fuel 
cycle and current measurement techniques. This work is the 
first multi-lab study of its kind and starts to identify a clear 
research path and ideal samples to use for laboratory inter-
comparisons to allow for an understanding of decay product 
fractionation in relevant nuclear fuel cycle processes. All 
laboratories generated reproducible 230Th/234U model ages 
for CRMs used and near identical ages within 1–2 years on 
cast samples on the sub-gram scale from real production pro-
cesses. More variability was observed in the interlaboratory 
231Pa/235U model age results; however, all 231Pa/235U model 
ages reported in this study agree within 3 years. This work 
provides information on the impact of processing on Th and 
Pa during VIM and VIM-VAR casting. For application to 
nuclear forensics, the 230Th/234U model ages of VIM cast 
metals studied here are at most 5 years older than the known 
casting date. Used in this way, the 230Th/234U chronometer 
could potentially discriminate samples with ages that differ 
by a similar relative bias. However, Th/U ages are less accu-
rate for determining alloy metal casting production dates and 
may significantly older (i.e., larger relative percentage bias) 
than the true date of production. Other analytical methods 
then might need to be employed to constrain questions relat-
ing to the history of the material. This is evident from the 
discordance observed for the samples with repeated cast-
ing stages. More data from further studies will improve our 
ability to interpret radio-chronometric ages for U materials 
produced through complex casting processes. The outcomes 
will aid the planning of future inter-comparisons on cast 
samples and inform controlled castings targeting feed, prod-
uct, and header samples in the future. Lessons learnt allow 
us to aim to look at spatial heterogeneity, analysis of master 
dissolutions and targeting specific locations and samples in 
future studies to identify the causes of radio-chronometric 
discordance. Overall this will aim to add confidence to our 
ability to apply these techniques to samples from within 
the nuclear fuel cycle to answer questions relevant to law 
enforcement.
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