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Abstract
The accurate interpretation of uranium metal 230Th/234U and 231Pa/235U radiochronometry model ages requires an under-
standing of how uranium parent nuclides and decay progeny (230Th and 231Pa) behave during uranium metal casting. In order 
to directly measure the spatial distribution of 230Th and 231Pa in uranium metal before and after vacuum induction melting 
(VIM), Los Alamos National Laboratory identified uranium metal feedstock, characterized the metal feedstock, conducted 
a controlled casting experiment of an approximately 120 kg uranium metal rod, and characterized the cast metal. This study 
presents radiochronometry results and quantified 230Th and 231Pa VIM separation factors from bulk uranium.
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Introduction

Radiochronometry, or the science of measuring the time 
passed since the purification of a radionuclide from its prog-
eny, can be used to produce predictive or comparative model 
age signatures often used to support nuclear forensic inves-
tigations [1, 2, 3, 4]. Model ages are calculated through the 
precise measurement of progeny/parent nuclide atom ratios 
in uranium or plutonium sample matrices. Many paired 
progeny/parent chronometers can be used for radiochro-
nometry–e.g. 230Th/234U, 231Pa/235U, 234U/238Pu, 235U/239Pu, 
236U/240Pu, and 241Am/241Pu. Model ages calculated from 
these radiochronometers correspond to the time passed since 
the last chemical purification (or production) of a nuclear 
material assuming that: (1) decay products were completely 
purified from the parent at the time of production, and (2) 
the system has remained closed with no loss or addition 

of parent or daughter since the time of production. These 
model assumptions are carefully considered when evaluat-
ing nuclear forensic data, and although model ages may not 
correspond to actual purification or production dates if these 
assumptions are not met, model ages are nonetheless often 
used to constrain material process history timelines.

Recent studies support this approach, and have shown 
that the general radiochronometry model assumptions may 
not be applicable to nuclear materials in many real-world 
production scenarios [3, 5, 6, 7, 8, 9]. Uranium and pluto-
nium decay progeny may not be completely purified dur-
ing certain fuel cycle operations resulting in discordant 
radiochronometric signatures [3, 5, 6, 7, 8, 9]. Differen-
tial behavior or chemical fractionation of decay progeny 
from parent nuclides has been well documented for both 
uranium metal and uranium hexafluoride  (UF6) systems 
[6, 7, 8, 9]. In uranium metal systems, a unique repeat-
able pattern of discordance has been documented whereby 
231Pa/235U model ages of uranium metals are often sig-
nificantly older than 230Th/234U model ages of the same 
materials [6, 9, 10]. Higginson et al. 2022 documented this 
discordance pattern in five different uranium metals–three 
depleted uranium metals and two uranium-niobium alloys. 
The Higginson et  al. 2022 study was the first nuclear 
forensic study to investigate radiochronometry signatures 

 * Theresa M. Kayzar-Boggs 
 tkayzar-boggs@lanl.gov

1 Chemistry Division, Los Alamos National Laboratory, P.O. 
Box 1663, Los Alamos, NM 87545, USA

2 Sigma Division, Los Alamos National Laboratory, 
P.O. Box 1663, Los Alamos, NM 87545, USA

http://orcid.org/0000-0003-3650-6663
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-023-08881-w&domain=pdf


1696 Journal of Radioanalytical and Nuclear Chemistry (2023) 332:1695–1706

1 3

in paired uranium metal feedstock and cast product sam-
ples. Data from the paired samples suggested that 231Pa 
may not be separated during vacuum induction melting 
(VIM) casting of uranium metal, whereas 230Th is fairly 
efficiently separated from the bulk uranium product [9]. If 
231Pa is not separated during VIM casting, the 231Pa/235U 
model age of a uranium metal cast using VIM may be a 
useful nuclear forensic signature that preserves the age of 
the source uranium used to cast a metal object. While the 
Higginson et al. 2022 study focused primarily on VIM-cast 
metals, differential separation of 230Th and 231Pa from a 
bulk uranium matrix has also been observed during bomb 
reduction [10] and may occur during other casting opera-
tions such as vacuum arc remelt and microwave casting. 
Within the foundry of the Sigma Division at Los Alamos 
National Laboratory, there is a continuous stream of work 
control measurements which indicate that the dose rate 
from a casting is higher than that of the charge material, 
with the remnant skull (material remaining in the cruci-
ble) being the most radiologically active in the process 
and the hot top (riser) the most active of the cast material. 
The decay times, as monitored only for handling purposes 
(approximately 3 weeks), for particularly radiologically 
active castings suggest that thorium segregation and sub-
sequent decay is a controlling factor [11]. A summary of 
the Nuclear Forensics International Technical Working 
Group Round Robin 3 Exercise by Hanlen in 2011 noted 
that when  UF4 is reduced to uranium metal that reduction 
generally occurs around 1300 °C at which temperature ura-
nium is molten, while thorium atoms with a melting point 
of 1750 °C are refractory and flocculate together form-
ing less dense particles that float and become part of the 
casting slag [10]. In addition, Reilly et al. 2018 suggested 
that thorium behavior may be more complex during metal 
casting with thorium transfer to metal slugs and surfaces 
of cast uranium metal produced from bomb reduction [12].

Discordant radiochronometry ages of uranium metals pre-
sent challenges during nuclear forensic assessments of mate-
rial process history. More research is needed to understand 
the separation of 230Th and 231Pa from uranium during ura-
nium metal production and casting in order to increase confi-
dence during the assessment of radiochronometry signatures 
for uranium metal found out of regulatory control. There-
fore, in this study, we cast depleted uranium metal under 
controlled laboratory conditions and document the behavior 
of uranium decay progeny, 230Th and 231Pa, during metal 
casting. This study, to the best of our knowledge, is the first 
controlled uranium metal casting experiment designed to 
quantitatively investigate the spatial distribution of thorium 
and protactinium in a cast uranium metal. Controlled metal 
production experiments, such as the one described here, have 
the potential to provide quantitative thorium-uranium and 
protactinium-uranium separation factors resulting from VIM 

casting of uranium and improve the forensic assessment of 
radiochronometry model ages of unknown seized uranium 
metals.

Experimental

Identification and Characterization of Depleted 
Uranium Feedstock

The goal of this work was to cast a depleted uranium rod 
from a well-characterized uranium feedstock. The feedstock 
chosen for this study consisted of 402 kg of depleted ura-
nium metal plates (approximately 0.2 wt% 235U) stored at 
Los Alamos National Laboratory in the Sigma Facility. The 
feedstock history was not entirely known; however, based on 
process knowledge at Sigma, the feedstock was likely cast 
at the Y-12 National Security Complex in the 1970s as a 
large ingot (~ 2000 kg) using derby metal produced by bomb 
reduction of  UF4 as charge with subsequent warm rolling 
and shearing to produce manageable plate sizes.

A large rod casting geometry was chosen for this study 
in order to provide sufficient cooling time to allow for flota-
tion of impurities during casting. This geometry required 
14 metal feedstock plates for the desired charge mass of 
approximately 120 kg. The 14 depleted uranium plates 
identified for casting were cleaned to remove surface oxide 
buildup using water, scrubbing, and acetone prior to sam-
pling. Because the plates contained in the drum were likely 
from the same original casting (based upon markings), or 
at least from the same well-controlled material stream, the 
metal was expected to be homogeneous. To characterize the 
depleted uranium and confirm homogeneity of feedstock 
composition, samples consisting of 0.25-inch (0.64 cm) 
drilled chips (sometimes referred to as “pigtails” or turn-
ings) were taken from one location per plate (Fig. 1). With 
the expectation of homogenous feedstock, one location per 
plate was deemed sufficient for chemical characterization; 
however, during sampling documentation was kept record-
ing which plates were from the edge of the rolled ingot 
based on visual indications as shown by plate 012 (sam-
ple ID, S-12-A) in Fig. 1B. Two drill holes were made in 
approximately the middle of each plate and the collected 
drilled chips were combined. Two-gram subsamples from 
each plate were taken for radiochronometry. Exemplar opti-
cal microscopy images taken using an Olympus DSX1000 
digital microscope of the 2-g radiochronometry subsamples 
used for destructive analysis are shown in Fig. 1C–E.

Uranium Metal Casting

The depleted uranium feedstock plates were quartered on a 
bandsaw for use as charge material in the rod casting (Fig. 1A). 
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After the feedstock charge was prepared, a depleted uranium 
rod was cast using VIM at the Los Alamos National Labora-
tory Sigma Facility. The planned cast rod dimensions were 
as follows: 6-inch (15.2 cm) outer diameter (OD) × 1.5-inch 
(3.8 cm) inner diameter (ID) × 12-inch (30.5 cm) length (L). 
The casting design included a hot top to feed liquid to the solid-
ification front because liquid uranium shrinks upon freezing. 
Any shrinkage porosity that occurs is designed to be restrained 
to the hot top, resulting in a sound part without voids. The 
hot top on the casting had an OD of 7.5-inches (19.2 cm) and 
an ID of 1.5-inches (3.8 cm). The furnace configuration used 
for this project is shown in Fig. 2. The feedstock plates were 
loaded into a graphite crucible sitting on top of the graphite 
mold. The locations where graphite would contact metal were 
coated in yttria (yttrium oxide,  Y2O3) to limit carbon uptake in 
the metal during casting. The graphite was instrumented with 
thermocouples to record the thermal profile during casting. 
The crucible and mold were stacked atop a graphite pedestal, 
which was used to place the mold at the correct height within 
the furnace coils. The entire stack sits inside of the furnace 
base. The casting preparation also included the addition of 
insulation, which consisted of graphite felt and graphite foam. 
The mold was set at the Sigma Facility on November 2, 2021 
and casting was conducted on November 3, 2021.

The casting was processed in a single-coil VIM fur-
nace. The metal melted in the crucible while the mold was 
heated to a specified thermal profile under vacuum condi-
tions. When the metal reached the goal temperature, the 

Fig. 1  Panels A and B–Photo-
graphs of 2 of the 14 feedstock 
plates used in this study. The 
locations where samples were 
taken for destructive analysis 
are visible on each plate. The 
photo of plate 002 (left) was 
taken after sectioning on the 
bandsaw. The bottom edge of 
plate 012 (S-12-A, right) indi-
cates that this plate was taken 
from the edge of the rolled 
ingot. Panels C to E – Optical 
microscopy images at 25x (left), 
60x (middle) and 25x (right) 
magnification showing exam-
ples of feedstock turnings used 
for destructive analysis. The 
blue iridescence of the sample 
surfaces is consistent with sur-
face oxidation of the uranium 
metal and the samples display a 
range of shapes and sizes

Fig. 2  The large rod mold geometry used for this casting. The insula-
tion, crucible, mold, and pedestal sit in the furnace base, and thermo-
couples used to monitor the thermal profile are also shown



1698 Journal of Radioanalytical and Nuclear Chemistry (2023) 332:1695–1706

1 3

stopper rod was raised to allow the molten metal to flow 
into the mold. At the time of pour, the temperature at the 
top of the mold was approximately 850 °C, the temperature 
at the bottom of the mold was approximately 650 °C, and 
the temperature of the molten metal had reached 1300 °C. 
The casting remained in the furnace for approximately 
18 h to cool. After 18 h, the casting was dropped out of 
the furnace, moved to a breakout area, removed from 
the mold, and the outside surface was cleaned by scrub-
bing with water and acetone. The final cast part weighed 
119.40 kg including the central graphite rod. The final 
completed total casting was 14-inches (35.6 cm) tall with 
a 1.75-inch-tall (4.4 cm) hot top (Fig. 3).

Immediately following breakout and cleaning, autora-
diography was used to examine the spatial distribution of 
radioactivity within the cast depleted uranium metal. Two 
slim photophosphor imaging films (Fujifilm BAS-SR) were 
used to collect radiographs from the cast metal. One film 
was taped to the exterior of the cast uranium rod and the 
second film was placed into the central hole within the 
cylindrical rod. The films were exposed to the cast uranium 
rod for five minutes each. After exposure, the films were 
removed and enclosed in a light-tight cassette, transported 
to a radiochemistry laboratory, and scanned using an Amer-
sham™ Typhoon™ radiography imaging scanner (Fig. 3).

Sampling for Destructive Analysis

The casting was stored until June 2022 to allow 230Th and 
231Pa to ingrow in the freshly cast depleted uranium in suffi-
cient quantities for analysis. Two-gram drill chips, similar to 
those taken for feedstock characterization, were taken from 
the cast product for radiochronometry. Samples from the cast 
depleted uranium rod were taken from 7 spatially different 
locations representing a gradient from the hot top to the base 
of the casting (Fig. 4).

Radiochronometry – Radiochemical Purification 
and Mass Spectrometry

Radiochemistry was used to purify 230Th and 231Pa from 
the depleted uranium feedstock and cast product drilled 
chip samples. Approximately 1-g subaliquots of depleted 
uranium metal from each of 8 feedstock plate samples 
(S-1-A, S-3-A, S-6-A, S-8-A, S-10-A, S-12-A, S-13-A, 
and S-14-A) and from each of the 7 cast product samples 
(HT1a, HT2a, 1a, 2a, 3a, 4a, and 5a) were gravimetrically 
weighed into Savillex™ PFA jars. The metals were dissolved 
using 8 M  HNO3 in a chemical fume hood on a hotplate at 
140 °C. Once in solution, samples were diluted to create 
4 M  HNO3 + 0.005 M HF primary sample solutions–HF was 
added to keep 230Th in solution. Serial dilutions of each sam-
ple were made using 4 M  HNO3 + 0.005 M HF to produce 
sample solutions with ng uranium / g solution concentrations 
for uranium assay and isotope composition determination.

For 230Th assay determination, aliquots of each sample 
primary solution providing 20 to 75 pg of 230Th for analy-
sis were gravimetrically weighed into Savillex™ PFA vials. 
For all radiochemical purifications (thorium, protactinium, 
uranium) feedstock samples and cast product samples were 
processed separately. For each set of samples, a process 
blank was added. An aliquot of New Brunswick Labora-
tory certified reference material (CRM) 125-A, previously 
dissolved at Los Alamos National Laboratory, was also pro-
cessed through chemistry with the cast product sample set 
for radiochronometry quality control. All thorium aliquots 
were spiked with 40 to 75 pg of 229Th from 229Th NFRM 
Th-1 [13] for isotope dilution mass spectrometry. Thorium 
was purified from the bulk depleted uranium feedstock using 
a 3-column anion BioRad® AG 1-X8 anion exchange resin 
procedure. For the first two separations, samples were loaded 
in 8 M  HNO3, columns were washed with 8 M  HNO3 and 
thorium was eluted with 9 M HCl. For the final column, the 
thorium samples were reconstituted in 9 M HCl + 0.01 M 
HF, loaded onto the columns, and collected immediately. 
Due to the higher uranium matrix mass in the cast prod-
uct thorium fraction (approximately 250–300 mg of total 
uranium) the cast product samples were purified using a 
3-column procedure that utilized both BioRad® AG 1-X8 

Fig. 3  Left–photograph of the as-cast depleted uranium rod after break-
out and cleaning. Right – A: Radiograph collected on the exterior of 
the depleted uranium metal rod; B: Radiograph collected on the interior 
of the depleted uranium metal rod. Both radiographs were produced 
from a 5-min exposure of the metal to the imaging film. Radioactivity 
is shown by an increase in warm colors of each pixel (towards red). An 
increase in radioactivity near the upper portion (hot top) of the cast-
ing is visible primarily in the interior film radiograph. Background 
radiation/exposure is shown in blue. Radioactivity intensity scales from 
green (low) to (red) and is qualitative rather than quantitative
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and Eichrom® TEVA resins. The first column loaded the 
sample onto a 2 mL BioRad® AG 1-X8 column in 9 M HCl, 
whereby uranium was sorbed to the resin and thorium was 
directly eluted. Thorium fractions were dried and reconsti-
tuted in 2 M  HNO3 for the second column. The thorium 
fraction was loaded onto 2 mL Eichrom® TEVA resin beds 
in 2 M  HNO3. Uranium was washed from the columns using 
2 M  HNO3 and thorium was eluted with 9 M HCl. This col-
umn was repeated to remove additional uranium. All puri-
fied thorium fractions were dried and reconstituted in 2% 
 HNO3 + 0.005 M HF for analysis by multi-collector induc-
tively-coupled plasma mass spectrometry (MC-ICP-MS).

Separate uranium aliquots were taken for uranium assay 
and uranium isotope composition determination. Aliquots 
of each sample providing approximately 10 ng of total 
uranium for assay determination by isotope dilution were 
weighed gravimetrically into Savillex™ PFA vials. An ali-
quot of standard reference material (SRM) 960 (also known 
as CRM 112-A), a uranium metal standard previously dis-
solved at Los Alamos National Laboratory, was also taken 

for uranium assay quality control and processed through 
chemistry with the feedstock samples. Samples were spiked 
with 1 ng of 233U. For uranium isotope composition meas-
urements, aliquots of each sample providing approximately 
30 to 50 ng of total uranium were weighed gravimetrically 
into Savillex™ PFA vials. All uranium fractions were puri-
fied using Eichrom® UTEVA resin. Samples were loaded 
onto the columns in 3 M  HNO3, and sample impurities were 
rinsed from the resin with 3 M  HNO3 followed by 9 M HCl 
and 5 M HCl. Uranium was then eluted from the columns 
using 0.1 M HCl. The samples were dried on a hotplate and 
reconstituted in 2%  HNO3 for MC-ICP-MS.

For 231Pa assay determination, aliquots providing 
single-pg 231Pa quantities of each sample were weighed 
gravimetrically into Savillex™ PFA vials. An aliquot of 
New Brunswick Laboratory certified reference material 
(CRM) 125-A was also processed through chemistry with 
the cast product sample set for radiochronometry qual-
ity control. Samples were spiked with a 233Pa spike for 
isotope dilution mass spectrometry. The 233Pa spike was 

Fig. 4  Left–two photographs of the casting taken after sampling for 
destructive analysis. The locations where samples were taken can be 
seen as holes in the surface of the casting and each location is labeled 
with an associated sample identification number. The scale bar shown 
is in units of cm. Middle–a schematic of the casting with dimensions 
between sampling locations provided in both inches (’’) and cm. 

Right–three exemplar optical microscopy images of HT1a, 1a, and 3a 
drilled chips taken for U, Th, and Pa analysis. No notable visual dif-
ferences were observed between the hot top drilled chips and the bulk 
casting drilled chips. All samples had a metallic luster and demon-
strated a range of minor surface oxidation
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produced at Los Alamos National Laboratory by separat-
ing the 233Pa from a 237Np stock solution. The produced 
spike was calibrated twice with the 231Pa nuclear forensic 
reference material NFRM Pa-1 [14] as it decayed (233Pa 
half-life = 26.975 ± 0.026 days [15]). A 233Pa spike con-
centration determined from the average of the two spike 
calibrations was used for isotope dilution calculations. 
Protactinium was purified from the bulk depleted uranium 
matrix using a 3-column procedure. The first column con-
sisted of 2 mL of BioRad® AG 1-X8 anion resin. The 
samples were loaded onto columns in 9 M HCl with trace 
concentrated  HNO3 and trace saturated  H3BO3. Protac-
tinium was sorbed onto the anion resin and the matrix was 
washed from the resin with 9 M HCl. Protactinium was 
eluted in 9 M HCl + 0.05 M HF. The samples were dried 
and reconstituted in 2%  HNO3 + trace saturated  H3BO3 
and loaded onto 2 mL of silica gel resin. The matrix was 
washed from the resin with 2%  HNO3 and protactinium 
was eluted using 2%  HNO3 + 0.05 M HF. The silica gel 
column was repeated as a final purification to remove 
ingrown 233U. The purified protactinium fractions in 2% 
 HNO3 + 0.05 M HF were measured by mass spectrometry 
on the same day as the final purification column to prevent 
isobaric interference from ingrown 233U on mass 233 dur-
ing sample analysis.

Purified thorium, uranium, and protactinium sample 
fractions were analyzed using a Thermo Scientific Neptune 
Plus MC-ICP-MS. Samples were introduced into the mass 
spectrometer as solutions (2%  HNO3 + 0.005 M HF, 2% 
 HNO3, and 2%  HNO3 + 0.05 M HF, respectively) and acid 
blank solutions were analyzed prior to each sample. For 
thorium analysis, 229Th, 230Th, and 232Th were measured 
on Faraday detectors using a static measurement routine. 
Faraday gain calibrations were performed just prior to the 
start of the analytical session using an internally supplied 
voltage. Certified reference material IRMM 074/1 was 
used to calculate instrumental mass bias corrections.

For uranium isotope composition measurements, all 
mass bias and detector gain calculations were performed 
using bracketing standards of New Brunswick Labora-
tory CRM U010. Retarding Potential Quadrupole energy 
filters (RPQs) were used to decrease the contribution of 
low-mass tailing from 238U on 236U. Residual mass tailing 
effects were assessed by measuring 236U, 234U, and 233U 
counts at four off-peak masses (− 0.5, − 0.35, + 0.35, + 0.5 
amu away from peak center), fitting the points to an expo-
nential curve, and then subtracting the tail contribution 
from the measured signal. In addition to CRM 125-A that 
was processed through chemical purification with the 
samples, IRMM-183 and SRM 960 solutions were also 
measured during analysis for quality control. For uranium 
isotope dilution mass spectrometry, 233U and 238U were 

measured on Faraday detectors and IRMM 074/1 was used 
to calculate instrumental mass bias corrections.

Protactinium measurements were made using a static 
multi-ion counting routine. There are no certified isotopic 
protactinium reference materials available so uranium cer-
tified reference material CRM U010 was used to calcu-
late mass bias and detector gains. Low-mass tailing from 
238U and 235U on 236U and 234U was corrected as described 
above for uranium analyses. Certified reference material 
U005-A was measured for quality control of the mass bias 
and gain corrections applied to the protactinium sample frac-
tions. An internal LANL thorium standard, LATH-1, was 
used to monitor for potential hydride interference (232Th1H) 
on 233Pa. No hydride corrections at mass 233—potentially 
resulting from the natural 232Th chemistry blanks—were 
necessary for this analysis. Certified reference material CRM 
125-A that was processed through chemistry was measured 
with the samples for Pa quality control.

Results and Discussion

A photograph of the depleted uranium cast rod produced 
in this study and radiographs collected after casting on 
the exterior and interior of the uranium rod are provided 
in Fig. 3. Increased activity near the hot top of the casting 
was observed through autoradiography (Fig. 3B). Due to the 
limited range that radiation can traverse through solids to 
generate an autoradiography image (ranging from approxi-
mately tens of µm for alpha particles to several cm of sample 
volume for gamma radiation [16]), autoradiography results 
cannot be used to determine whether the observed excess 
activity near the hot top persists through the volume of the 
hot top or is constrained to the surface. Dimensions of the 
depleted uranium cast rod, sampling locations, and exem-
plar optical microscope images of the casting samples are 
provided in Fig. 4. Samples for destructive analysis were 
taken from 7 different sampling locations. Two samples were 
taken from the hot top of the casting: HT1a and HT2a. Five 
samples were taken from the cast rod from top to bottom: 
1a, 2a, 3a, 4a, and 5a (Fig. 4).

Uranium assay and isotope composition data as well 
as measured 230Th and 231Pa concentrations are provided 
in Tables 1, 2, and 3, respectively. Uranium isotope com-
positions measured in the feedstock and casting samples 
are highly consistent and, in general, agree between sam-
ples within analytical uncertainty (Table 1). The samples 
have 234U/238U between 0.000007390 ± 0.000000064 
and 0.000007464 ± 0.000000048 and 235U/238U between 
0.0020178 ± 0.0000029 and 0.0020241 ± 0.0000029. 
One sample of the feedstock uranium plates, S-12-A, has 
a slightly elevated 235U/238U relative to the other samples 
which may represent very minor laboratory contamination 



1701Journal of Radioanalytical and Nuclear Chemistry (2023) 332:1695–1706 

1 3

during sampling in the foundry or during radiochemistry. 
All samples have detectable 236U consistent with feedstock 
produced from enrichment tails resulting from enriching 
uranium that included a component of recycled reprocessed 
reactor fuel. The measured uranium isotope compositions of 
the feedstock are consistent with the known history of the 
depleted uranium and the uranium composition of the feed-
stock was not altered by VIM casting (Table 1). Uranium 
concentrations of the feedstock and casting samples ranged 
from 0.9919 ± 0.0010 to 0.99933 ± 0.00095 g of uranium 
per gram of metal; therefore, the feedstock and casting were 

comprised of very pure (> 99%) depleted uranium. Measured 
uranium isotope compositions for quality control standards 
CRM 125-A and SRM 960 agreed with the certified uranium 
compositions for these standards. The measured uranium 
concentration of SRM 960 also agreed with the certified 
uranium assay of this standard (also known as CRM 112-A). 
Process blanks handled with the samples during uranium 
purification and analysis contained between 5 and 9 pg of 
total U; therefore, laboratory blanks were insignificant rela-
tive to the 10 to 50 ng uranium aliquot sizes.

Table 1  Feedstock and casting uranium isotope compositions and concentrations

Sample ID Sample Source 234U/238U Unc. (k = 2) 235U/238U Unc. (k = 2) 236U/238U Unc. (k = 2) g U/g metal Unc. (k = 2)

S-1-A Feedstock 0.000007418 0.000000074 0.0020188 0.0000026 0.00002886 0.00000015 0.99788 0.00085
S-3-A Feedstock 0.000007395 0.000000068 0.0020180 0.0000028 0.00002888 0.00000014 0.99466 0.00094
S-6-A Feedstock 0.000007410 0.000000072 0.0020187 0.0000032 0.00002887 0.00000016 0.99933 0.00095
S-8-A Feedstock 0.000007422 0.000000078 0.0020185 0.0000027 0.00002886 0.00000014 0.9978 0.0010
S-10-A Feedstock 0.000007419 0.000000072 0.0020181 0.0000028 0.00002887 0.00000014 0.99359 0.00083
S-12-A Feedstock 0.000007464 0.000000048 0.0020241 0.0000029 0.00002883 0.00000015 0.9967 0.0010
S-13-A Feedstock 0.000007403 0.000000045 0.0020190 0.0000029 0.00002889 0.00000014 0.99800 0.00091
S-14-A Feedstock 0.000007410 0.000000069 0.0020182 0.0000027 0.00002885 0.00000019 0.9948 0.0010
HT1a Casting 0.000007405 0.000000092 0.0020182 0.0000030 0.00002887 0.00000015 0.9904 0.0010
HT2a Casting 0.000007395 0.000000082 0.0020179 0.0000029 0.00002886 0.00000019 0.9930 0.0010
1a Casting 0.000007413 0.000000058 0.0020181 0.0000035 0.00002886 0.00000014 0.9930 0.0010
2a Casting 0.000007402 0.000000080 0.0020180 0.0000031 0.00002883 0.00000016 0.9925 0.0010
3a Casting 0.000007390 0.000000064 0.0020178 0.0000029 0.00002886 0.00000015 0.9919 0.0010
4a Casting 0.000007399 0.000000062 0.0020178 0.0000032 0.00002888 0.00000016 0.9963 0.0010
5a Casting 0.000007396 0.000000067 0.0020178 0.0000031 0.00002890 0.00000017 0.9965 0.0010
CRM 125-A QC Standard 0.0003921 0.0000013 0.042308 0.000044 0.000004027 0.000000050 0.88218 0.00081
CRM 125-A QC Standard 0.0003919 0.0000013 0.042271 0.000044 0.000004037 0.000000039 0.88210 0.00081
SRM 960 QC Standard 0.00005292 0.00000024 0.0072513 0.0000078  <  LD  <  LD 1.0002 0.0010

Table 2  Feedstock and casting 230Th concentrations

a Uncertainty on the reported feedstock average is calculated as the standard deviation of the population at the 95% confidence level (2σ)
The sample identification names include ‘a’, which refers to a 2-g drilled turning sample from the surface to the interior of the cast metal

Feedstock Casting Difference

Sample ID ng 230Th/g metal Unc. (k = 2) Sample ID ng 230Th/g metal Unc. (k = 2) Percent (%) of 
Feedstock average 
230Th

S-1-A 0.7401 0.0012 HT1a 0.14780 0.00032 20.0
S-3-A 0.7386 0.0013 HT2a 0.14756 0.00031 20.0
S-6-A 0.7404 0.0013 1a 0.14919 0.00025 20.2
S-8-A 0.7383 0.0013 2a 0.13942 0.00025 18.9
S-10-A 0.7391 0.0013 3a 0.13637 0.00028 18.5
S-12-A 0.7350 0.0013 4a 0.14194 0.00026 19.2
S-13-A 0.7395 0.0012 5a 0.16565 0.00032 22.4
S-14-A 0.7369 0.0012
Average 0.7385 0.0036
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Measured 230Th concentrations are consistent to within 
less than 1% variation between the different feedstock 
plates used as the charge for VIM casting. The average 
concentration of 230Th in the 8 feedstock plates analyzed 
was 0.7369 ± 0.0012 ng 230Th per gram of depleted ura-
nium metal (Table 2). Thorium-230 concentrations in the 
casting ranged from 0.13942 ± 0.00025 (sample 2a) to 
0.16565 ± 0.00032 (sample 5a) ng 230Th per gram of cast 
metal (Table 2). Process blank 230Th concentrations were 
below the limit of detection on a Faraday detector. The con-
centrations of 230Th in the cast metal represent between 18.5 
and 22.4% of the original average 230Th present in the feed-
stock. Therefore, VIM casting removed between 77.6 and 
81.6% of the 230Th (Table 2). Assuming 1) a charge mass of 
120 kg, 2) an average 230Th concentration in the feedstock 
of 0.7369 ± 0.0012 ng 230Th per gram of depleted uranium 
metal, and 3) a range of VIM casting 230Th removal from 
77.6 to 81.6%, of the approximately 88 mg of 230Th present 
in the uranium metal feedstock, approximately 69 to 72 mg 
was removed during the casting process. Interestingly, very 
little spatial variation in 230Th concentration was observed 
with height in the casting. Slightly higher 230Th concentra-
tions are shown in the hot top (HT1a and HT2a) and base of 
the casting (5a) relative to the center height of the casting 
(3a); however, this variation is only on the order of ~ 2%.

One previous hypothesis for 230Th removal during ura-
nium metal casting was buoyancy of the less-dense 230Th 
relative to the bulk uranium metal during the molten stage 
of the casting [6, 10]. This would result in a vertical gradient 
or separation of 230Th to the hot top of the casting. The data 
presented here suggest that 230Th is partially removed during 
VIM casting, but if the 230Th is concentrated in the hot top 
through floatation, it is not homogenously distributed within 
the hot top because our 2 discrete hot top samples did not 
detect the presence of excess accumulated 230Th. Another 

possible explanation for the lowered 230Th concentration in 
the cast product compared to the feedstock could be 230Th 
accumulation in the crucible, dross, or skull during casting 
[12]. While buoyancy driven segregation is possible, this 
effect would tend to be small since the driving forces are 
low and the melt is far from quiesscent in either the crucible 
or the casting. Another likely mechanism is pre-wetting of 
the surface as is observed in Al-In [17] and related phenom-
ena observed in other monotectic systems. Total segregation 
would be highly dependent on fluid residence time, which 
would be highly exagerated in the crucible and result in a 
weak vertical gradient effect in the casting. Unfortunately, 
samples were not taken from the crucible, dross, or skull in 
this study, but should be targets of future research.

The measured 231Pa concentrations in the 8 feedstock 
plate samples ranged from 93.2 ± 1.0 to 94.2 ± 1.0 pg 231Pa 
per gram of metal demonstrating a homogenous 231Pa dis-
tribution in the feedstock used for VIM casting (Table 3). 
The chemical homogeneity observed in both 230Th and 231Pa 
concentrations in the feedstock plates is consistent with the 
expected history of the feedstock which included casting 
of a large ingot and subsequent warm rolling. In contrast to 
230Th, 231Pa concentrations in the depleted uranium metal 
were relatively unchanged by the VIM casting process 
(Table 3). Measured 231Pa concentrations in the casting 
samples ranged from 92.0 ± 0.6 to 93.5 ± 0.6 pg 231Pa per 
gram of metal, which represents retention of between 98.1 
and 99.8% of the 231Pa from the average feedstock after VIM 
casting (Table 3). Process blank 231Pa concentrations were 
below the instrument limit of detection.

The observation in this study that the 231Pa concentra-
tion of the feedstock uranium metal is relatively unchanged 
during VIM casting is consistent with data from another 
paired feedstock and VIM uranium metal casting sample 
published by Higginson et al. 2022 [9]. Therefore, repeated 

Table 3  Feedstock and casting 
231Pa concentrations

a Uncertainty on the reported feedstock average is calculated as the standard deviation of the population at 
the 95% confidence level (2σ)

Feedstock Casting Difference

Sample ID pg 231Pa / g metal Unc. (k = 2) Sample ID pg 231Pa 
/g metal

Unc. (k = 2) Percent (%) of 
Feedstock average 
231Pa

S-1-A 94.2 1.0 HT1a 92.2 0.6 98.3
S-3-A 94.1 1.1 HT2a 92.0 0.6 98.1
S-6-A 94.1 1.0 1a 92.2 0.6 98.4
S-8-A 93.8 1.0 2a 92.7 0.6 98.9
S-10-A 93.4 1.0 3a 93.3 0.6 99.6
S-12-A 93.5 1.0 4a 93.5 0.6 99.8
S-13-A 93.6 1.0 5a 92.8 0.6 99.0
S-14-A 93.2 1.0
Average 93.73 0.73



1703Journal of Radioanalytical and Nuclear Chemistry (2023) 332:1695–1706 

1 3

observations of 231Pa during uranium production by VIM 
suggest that the 231Pa decay product of 235U is essentially 
unpurified from uranium metal during VIM casting. Reten-
tion of the feedstock 231Pa signature through casting, there-
fore, may consitute a powerful nuclear forensic signature 
that can provide provenance assessment teams with a predic-
tive signature, and potential high-fidelity model age, of the 
source feedstock that was used to produce a uranium metal.

To further explore the effect of VIM casting on uranium 
model ages, all measured uranium, thorium, and protac-
tinium concentration data are provided in units of atoms 
per gram uranium metal in Table 4. The concentrations 
provided in Table 4 can be combined with the model age 
equation (Eq. 1) and reference dates to calculate model 
ages and model purification dates for each sample using the 
230Th/234U and 231Pa/235U radiochronometers.

In the equation above, t is equivalent to the model age or 
time since last chemical purification, λD and λP represent 
the decay constants of the daughter and parent nuclides, 
respectively, and ND/NP is the measured daughter/parent 
atom ratio. Model ages were calculated using half-lives 
from [18, 19, 20]. The calculated 230Th/234U and 231Pa/235U 
model ages and model purification dates for both feedstock 

(1)t =
1

�P − �D
ln

(

1 −
ND

NP
×
�D − �P

�P

)

and casting samples are provided in Table 5 and are shown 
graphically in Fig. 5.

Calculated 230Th/234U and 231Pa/235U model ages dem-
onstrate discordant uranium model ages for both the 
feedstock and casting. As discussed in the introduction 
to this work, discordant 230Th/234U and 231Pa/235U—with 
231Pa/235U model ages biased older than 230Th/234U model 
ages—are often observed during nuclear forensic investi-
gations of uranium metals [6, 9, 10]. Therefore, data pre-
sented from this controlled uranium metal casting experi-
ment are consistent with historically measured uranium 
metal radiochronometric data.

Calculated 230Th/234U model purification dates for 
the depleted uranium feedstock samples range from 
October 4, 1985 ± 127 days to May 9, 1986 ± 90 days, 
whereas 231Pa/235U model purification dates are older 
and range from December 1, 1972 ± 211 days to July 9, 
1973 ± 199 days (Table 5). Based on interpretation from 
previous studies [9], the 231Pa/235U model purification 
dates in 1973–1974 may more accurately reflect the 
timing of uranium metal production by bomb reduction 
(derby production). It is possible that the later 230Th/234U 
model purification dates are more closely related to the 
timing of the feedstock ingot casting and warm roll-
ing potentially in 1985–1986, though we note that this 
interpretation is somewhat speculative because the exact 

Table 4  Measured 234U, 235U, 230Th and 231Pa concentrations for radiochronometry

a Reference dates for 230Th atoms/g metal concentrations in the feedstock and casting samples are August 30, 2022 and September 20, 2022, 
respectively
b Reference dates for 231Pa atoms/g metal concentrations in the feedstock and casting samples are February 9, 2022 and September 8, 2022, 
respectively

Sample ID Sample 
Source

234U atoms/g 
metal

Unc. (k = 2) 235U atoms/g 
metal

Unc. (k = 2) 230Th atoms/g 
 metala

Unc. (k = 2) 231Pa atoms/g 
 metalb

Unc (k = 2)

S-1-A Feedstock 1.869 ×  1016 1.9 ×  1014 5.0860 ×  1018 7.8 ×  1015 1.9376 ×  1012 3.1 ×  109 2.455 ×  1011 2.7 ×  109

S-3-A Feedstock 1.857 ×  1016 1.7 ×  1014 5.0676 ×  1018 8.6 ×  1015 1.9336 ×  1012 3.3 ×  109 2.454 ×  1011 2.8 ×  109

S-6-A Feedstock 1.869 ×  1016 1.8 ×  1014 5.0931 ×  1018 9.4 ×  1015 1.9384 ×  1012 3.4 ×  109 2.452 ×  1011 2.7 ×  109

S-8-A Feedstock 1.870 ×  1016 2.0 ×  1014 5.0846 ×  1018 8.6 ×  1015 1.9327 ×  1012 3.4 ×  109 2.446 ×  1011 2.7 ×  109

S-10-A Feedstock 1.861 ×  1016 1.8 ×  1014 5.0623 ×  1018 8.1 ×  1015 1.9348 ×  1012 3.3 ×  109 2.435 ×  1011 2.7 ×  109

S-12-A Feedstock 1.878 ×  1016 1.2 ×  1014 5.0933 ×  1018 9.0 ×  1015 1.9241 ×  1012 3.4 ×  109 2.436 ×  1011 2.7 ×  109

S-13-A Feedstock 1.865 ×  1016 1.2 ×  1014 5.0870 ×  1018 8.7 ×  1015 1.9360 ×  1012 3.1 ×  109 2.438 ×  1011 2.7 ×  109

S-14-A Feedstock 1.861 ×  1016 1.7 ×  1014 5.0685 ×  1018 8.6 ×  1015 1.9292 ×  1012 3.2 ×  109 2.430 ×  1011 2.7 ×  109

HT1a Casting 1.851 ×  1016 2.3 ×  1014 5.0460 ×  1018 9.0 ×  1015 3.8692 ×  1011 8.3 ×  108 2.403 ×  1011 1.7 ×  109

HT2a Casting 1.854 ×  1016 2.1 ×  1014 5.0590 ×  1018 9.0 ×  1015 3.8630 ×  1011 8.2 ×  108 2.397 ×  1011 1.6 ×  109

1a Casting 1.859 ×  1016 1.5 ×  1014 5.059 ×  1018 1.0 ×  1016 3.9058 ×  1011 6.7 ×  108 2.404 ×  1011 1.6 ×  109

2a Casting 1.855 ×  1016 2.0 ×  1014 5.0567 ×  1018 9.2 ×  1015 3.6501 ×  1011 6.6 ×  108 2.417 ×  1011 1.6 ×  109

3a Casting 1.851 ×  1016 1.6 ×  1014 5.0530 ×  1018 9.0 ×  1015 3.5701 ×  1011 7.4 ×  108 2.433 ×  1011 1.6 ×  109

4a Casting 1.861 ×  1016 1.6 ×  1014 5.0754 ×  1018 9.7 ×  1015 3.7160 ×  1011 6.8 ×  108 2.438 ×  1011 1.6 ×  109

5a Casting 1.861 ×  1016 1.7 ×  1014 5.0763 ×  1018 9.4 ×  1015 4.3367 ×  1011 8.4 ×  108 2.419 ×  1011 1.6 ×  109

CRM 125-A QC Standard 8.397 ×  1017 2.9 ×  1015 9.060 ×  1019 1.3 ×  1017 6.697 ×  1013 1.3 ×  1011 2.514 ×  1012 1.7 ×  1010

CRM 125-A QC Standard 8.391 ×  1017 2.8 ×  1015 9.051 ×  1019 1.3 ×  1017 6.692 ×  1013 1.5 ×  1011 2.497 ×  1012 1.6 ×  1010
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history of the depleted uranium feedstock is unknown. 
Measured 230Th/234U and 231Pa/235U model ages of CRM 
125-A agree with the certified model purification date 

of CRM 125-A (August 19, 1994 ± 116 days) and pro-
vide quality control of reported radiochronometry data 
(Table 5).

Table 5  Calculated 230Th/234U and 231Pa/235U model ages and model purification dates

a Model purification dates are presented in MM/DD/YY format
b Reference dates for model ages and model purification dates are as follows:
Feedstock 230Th/234U = August 30, 2022, Casting 230Th/234U = September 20, 2022, Feedstock 231Pa/235U = February 9, 2022, Casting 
231Pa/235U = September 8, 2022

Sample ID Sample 
source

230Th/234U 
model age 
(years)

Unc. (k-2, 
years)

231 Pa/235U 
model age 
(years)

Unc. (k-2, 
years)

230Th/234U 
model  
purification 
date

Unc. (k-2, 
days)

231Pa/235U 
model 
purification 
date

Unc. (k-2, 
days)

S-1-A Feedstock 36.75 0.37 49.03 0.55 11/30/85 136 01/29/73 200
S-3-A Feedstock 36.90 0.35 49.19 0.58 10/04/85 127 12/01/72 211
S-6-A Feedstock 36.75 0.37 48.91 0.55 11/30/85 134 03/16/73 202
S-8-A Feedstock 36.64 0.40 48.87 0.54 01/10/86 145 03/29/73 199
S-10-A Feedstock 36.85 0.37 48.86 0.55 10/25/85 134 03/31/73 200
S-12-A Feedstock 36.31 0.25 48.59 0.55 05/09/86 90 07/09/73 199
S-13-A Feedstock 36.78 0.24 48.70 0.54 11/17/85 87 05/31/73 199
S-14-A Feedstock 36.74 0.35 48.71 0.55 12/03/85 128 05/26/73 200
HT1a Casting 7.405 0.094 48.38 0.35 04/25/15 34 04/24/74 129
HT2a Casting 7.384 0.084 48.13 0.33 05/03/15 31 07/23/74 120
1a Casting 7.447 0.061 48.27 0.34 04/10/15 22 06/01/74 123
2a Casting 6.973 0.077 48.55 0.33 09/30/15 28 02/20/74 121
3a Casting 6.836 0.062 48.92 0.34 11/19/15 22 10/09/73 126
4a Casting 7.075 0.062 48.79 0.34 08/23/15 23 11/24/73 125
5a Casting 8.259 0.078 48.41 0.33 06/17/14 28 04/10/74 122
CRM 125-A QC Standard 28.27 0.12 28.18 0.19 06/14/94 43 07/05/94 70
CRM 125-A QC Standard 28.27 0.12 28.02 0.19 06/15/94 43 09/02/94 69

Fig. 5  Calculated 230Th/234U (circles) and 231Pa/235U (squares) model 
purification dates for depleted uranium feedstock and casting sam-
ples. Model purification dates are presented in MM/DD/YY format. 
Uncertainties are smaller than symbols. The controlled VIM casting 
date is shown as a black dashed line. Preservation of the 231Pa/235U 

model purification age of the uranium through VIM casting is high-
lighted with a yellow shaded region for model purification dates from 
1973–1974. The calculated 230Th/234U model purification dates of the 
casting samples (light blue circles) are biased older than the experi-
mentally controlled VIM casting date of November 3, 2021
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Had the VIM casting at Sigma Facility completely puri-
fied the 230Th and 231Pa decay progeny of bulk uranium, 
an expected model purification date of November 3, 2021 
would have been measured for uranium casting samples. 
However, neither the 230Th/234U or 231Pa/235U model puri-
fication dates of the cast uranium metal correspond to this 
exact controlled VIM casting date (Table 5). Calculated 
230Th/234U model purification dates range from June 17, 
2014 ± 28 days to November 19, 2015 ± 22 days and are 
biased 6.0 to 7.4 years older than the known casting date 
of the uranium metal. This model purification date bias 
from the known casting date is the result of only 77.6 to 
81.6% purification of 230Th during VIM casting. Calcu-
lated 231Pa/235U model purification dates of the cast ura-
nium metal are similar to the model purification dates of 
the feedstock depleted uranium and range from October 9, 
1973 ± 126 days to July 23, 1974 ± 120 days. These meas-
ured post-VIM 231Pa/235U model purification dates dem-
onstrate signature preservation of the original feedstock 
231Pa/235U model ages to within an approximately 1-year 
timeline and are likely useful uranium metal nuclear foren-
sic signatures for source attribution (Fig. 5).

Conclusions

A single-coil VIM furnace was used to cast an approxi-
mately 120 kg uranium rod on a known date to investigate 
the separation of thorium and protactinium from uranium 
during uranium metal casting, and quantify the behavior 
of the 230Th/234U and 231Pa/235U radiochronometry sys-
tems. The goal of this controlled study was to increase the 
nuclear forensic community’s understanding of the behavior 
of nuclides used for radiochronometry to improve model 
age data interpretation to support nuclear forensic investi-
gations. Quantification of 230Th and 231Pa in the feedstock 
and cast rod produced in this study demonstrate that VIM 
casting purified 77.6 to 81.6% of the original 230Th present 
in the feedstock, whereas only 0.2 to 1.9% of the feedstock 
231Pa was purified from the uranium during casting. This 
differential  separation of 230Th and 231Pa during metal 
casting is consistent with the previously observed discord-
ance between 230Th/234U and 231Pa/235U radiochronomet-
ric model ages of uranium metals [6, 9, 10]. Measured 
230Th/234U model purification dates of the cast metal rod 
were biased approximately 6.0 to 7.4 years older than the 
controlled VIM casting date of November 3, 2021. Meas-
ured 231Pa/235U model purification dates of the casting sam-
ples were similar to the feedstock 231Pa/235U model purifi-
cation dates (1973 – 1974) demonstrating feedstock model 
age signature preservation through casting. More research 
is needed to investigate the reproducibility of thorium and 

protactinium separation from bulk uranium during VIM 
casting. In particular, investigation of thorium and protac-
tinium signatures of uranium metals cast at different scales 
and geometries for elucidation of separation mechanism 
is a natural extension of this work. Mass balance studies 
to confirm the location of the separated thorium are also 
needed. Results presented here quantify thorium and pro-
tactinium behavior during uranium metal production and 
help increase confidence assigned to provenance assessment 
during nuclear forensic investigations.
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