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Abstract

Trace impurity patterns are important nuclear forensic signatures in uranium ore concentrates (UOCs) and Certified Refer-
ence Materials (CRMs) are used to validate the analysis methods employed by end users. Herein, we discuss the certifica-
tion campaign for three new UOC CRMs from the National Research Council Canada: UCLO-1 (https://doi.org/10.4224/
crm.2020.uclo-1), UCHI-1 (https://doi.org/10.4224/crm.2020.uchi-1), and UPER-1 (https://doi.org/10.4224/crm.2020.
uper-1). This study involved 15 laboratories from 10 countries, using sector-field and (triple) quadrupole inductively-
coupled plasma mass spectrometry to analyze 64 trace element impurities. We discuss the importance of the acids used
for sample digestion, difficulties analyzing in a high uranium matrix, and data combination and uncertainty evaluation for
this large dataset.
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Introduction

The post-Cold War disintegration of the Soviet Union was
followed by an increase in illicit possession and transport of
unregulated nuclear and radioactive material[ 1, 2]. Attempts
to combat this concerning trend garnered increased interest
in nuclear forensic practices in the mid-1990s[1].

Initially, nuclear forensic methods focused on measure-
ments of the purity and isotopic composition of uranium and
plutonium, as well as on the physical morphology charac-
teristics of the bulk materials[2, 3]. While this can provide
a great deal of useful information, this type of data is often
insufficient to conclusively identify the origin and associ-
ated processing details of the nuclear material[3, 4]. More
recently, nuclear forensic investigations have included a
profile of the trace element impurities to aid provenance
determination, and these efforts have been largely success-
ful[3-8]. The trace element information gathered can be
compared to a database containing profiles of well-charac-
terized materials[2, 4, 5] and/or can be subjected to a prin-
cipal components analysis, which allows the large dataset to
be reduced to a more interpretable form[5]. These compari-
sons can comprise any number of components of the overall
dataset, and the specific analytes of interest which can be
used to best predict a material’s origin can differ depending
on the material origin, which is all the more reason why it
is essential to obtain as much information about a sample
as possible.

Trace element profiles have been found not be particu-
larly useful in the characterization of uranium ores and ore
concentrates, as certain trace elements can be indicative of
the ore type, manufacture process, or materials added to the
uranium ore concentrate (UOC) production flow. For exam-
ple, ores from northern Saskatchewan (Canada) display
high levels of As and Ni[7, 9]. Indeed, the importance of the
trace elements was also highlighted in the 4th Collaborative
Materials Exercise of the Nuclear Forensics International
Technical Working Group (ITWG)[10].

Although the utility of trace element measurements has
been proven, there are a number of challenges facing nuclear
forensic investigators. Databases of information relating to
the characterization of various nuclear materials are con-
tinuously growing, but perhaps the greatest challenge is
actually obtaining enough data of reasonable quality about
a sample to allow database comparisons. Methods for the
analysis of trace elements (defined as being less than 0.1%
of the matrix composition[1]) in uranium materials have
been developed, and generally involve acid digestion of the
solid materials followed by dilution and analysis by induc-
tively-coupled plasma mass spectrometry (ICP-MS). The
high uranium levels in these samples cause difficulties dur-
ing the analysis, including signal suppression and isobaric

@ Springer

spectral interferences, which makes it difficult to obtain
accurate results and achieve low limits of detection[11].

ASTM’s Standard Test Method for Determination of
Impurities in Nuclear Grade Uranium Compounds by Induc-
tively Coupled Plasma Mass Spectrometry (ASTM C1287-
18)[12] describes a method for analyzing 67 elements in
nuclear-grade uranium materials without matrix separation.
Part of a good quality assurance protocol involves the use
of Certified Reference Materials (CRMs) during the sample
analysis, but there is currently a limited supply of uranium
matrix CRMs available for this purpose. These include
CUP-2 (Canadian Certified Reference Materials Project /
the Analytical Subcommittee of the Canadian Uranium Pro-
ducers Metallurgical Committee)[13], a UOC with values
provided for 15 analytes, CRM-124 (New Brunswick Labo-
ratory, U.S. Department of Energy)[14], a series of U;0q
matrix materials with 24 impurities spiked at various lev-
els, as well as a series of uranium matrix materials from the
Commission d’Etablissement des Méthodes d’ Analyse[15],
including four U;Og materials (named Agaric, Bolet, Chan-
terelle, and Morille) with certified values for 23 to 29 ele-
mental impurities. In addition, there are a number of other
uranium salt materials, each with significantly fewer cer-
tified impurity values available. Unfortunately, the suite
of elements covered by these CRMs is limited, and some
currently-available UOC CRMs may suffer from a lack of
homogeneity[16]. Recently, there was a campaign by the
IAEA, in collaboration with Oak Ridge National Laboratory
and the Canadian Nuclear Safety Commission (CNSC), to
prepare UOC CRMs for a larger suite of analytes. There, 69
impurities were analyzed in an inter-laboratory comparison,
with consensus values obtained for 64 and 65 of those ana-
lytes in each material, respectively (29 and 14 of those val-
ues were assigned as upper limits), as described by Biirger
et al.[17]. Unfortunately, the availability of these materials
is limited.

To work towards fulfilling the requirement of a more
far-reaching uranium matrix CRM, the National Research
Council Canada (NRC) partnered with CNSC to prepare
three UOC CRMs, named UCLO-1 (U;04), UCHI-1 (U;0y),
and UPER-1 (UO,), which contain varying concentrations
of elemental impurities[18-20]. Through collaboration
between NRC and another 14 expert laboratories world-
wide, information on 64 trace elements in these materials
was obtained and is provided on the certificates of analysis
(53 for UCLO-1, 59 each for UCHI-1 and UPER-1). Apart
from the impurities, the three CRMs will also provide infor-
mation on uranium content and isotopic composition[21].
However, in this manuscript we focus exclusively on trace
metal impurities.
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Experimental

The scale of the inter-laboratory study resulted in a siz-
able experimental section. Here, we outline only the most
important details of each individual method, describe the
features and important considerations relevant to this type
of analysis, and discuss the data combination and evaluation
of measurement uncertainty. For a comprehensive descrip-
tion of each method of analysis, we refer the reader to the
supplementary information.

Methods of Analysis

Sample preparation in all laboratories involved an acid
digest of the UOC materials in HNO;, with some laborato-
ries adding HF, HCl, or H,SO,. Some samples were digested
on a hot plate (hot block), while others were subjected to a
microwave digestion protocol. Generally, this is consistent
with the ASTM Standard Method (ASTM C1287-18)[12],
which suggests the use of HNO; and HF, and either a hot
plate or microwave-assisted digestion. Samples were diluted
to varying degrees, depending on the detection limits of the
employed instrumentation and tolerance to high levels of
uranium. Overall, this ranged from about 1000-fold dilution
of the initial powdered sample to 10°-fold dilution. Follow-
ing the acid digestion, some laboratories used column sepa-
ration to remove uranium from the sample matrix, providing
a much cleaner sample for the analysis.

Quantification was performed using a variety of calibra-
tion techniques. External calibration was most common and
usually involved the use of an internal standard. Some labo-
ratories added uranium to their standards to achieve matrix-
matching whereas others employed the method of standard
additions. Table 1 provides a general outline of the sample
preparation and analysis approaches employed.

Overall, four different types of analytical instruments
were used for the trace element analysis of the UOC materi-
als. All but one laboratory used ICP-MS. Single quadrupole
(Q) ICP-MS instruments were operated in a normal mode
or with the use of collision/reaction cell (CRC) to reduce
molecular interferences either by means of collision-based
dissociation or charge transfer in a pressurized cell or by
means of ion energy control using electric potential barri-
ers. Triple quadrupole (QQQ) ICP-MS instruments were
similarly employed in either ‘no—gas’ (NG) mode, or using
anumber of different gases in the second quadrupole, reduc-
ing polyatomic interferences and arriving at highly selec-
tive determination of analytes. Sector-field (SF) ICP-MS
instruments were employed due to their ability to attain
high mass resolution and detect analytes without inter-
ference from various polyatomic ions. Depending on the
analyte, these instruments were operated in low, medium,

Table 1 Type of instrument, digestion matrix, and type of calibration
used for the analysis of UOC samples, by laboratory

Laboratory  Instrument Type Digest Medium Calibration
1D
ANSTO Q-ICP-MS HNO; +HF MM Ext+IS
CNEA-1 Q-ICP-MS HNO; +H,SO, (CS) Ext+IS
CNEA-2 TXRF HNO; +H,SO, Ext+IS
CNL Q-ICP-MS HNO;, Ext+IS
SF-ICP-MS
CNSC QQQ-ICP-MS  HNO,;+HCI Ext+IS
EK SF-ICP-MS HNO, (CS) Ext+IS
FOI SF-ICP-MS HNO; +HF MM Ext+IS
IFIN-HH Q-ICP-MS HNO;+HCI Ext+IS
JAEA Q-ICP-MS HNO;, (CS) Ext
JRC-KRU SF-ICP-MS HNO; +HF MM Ext+IS
LANL SF-ICP-MS HNO; +HF MM Ext+IS
LLNL SF-ICP-MS HNO; +HF MM Ext+1S
NRC-1 SF-ICP-MS HNO;+HCI+HF MM Ext
NRC-2 QQQ-ICP-MS  HNO;+HCI+HF MM Ext
NRC-3 SF-ICP-MS HNO;+HCI+HF Std Add
NRC-4 QQQ-ICP-MS  HNO;+HCI+HF  Std Add
QFIR SF-ICP-MS HNO; +HCI MM Ext+IS
RPB-HC SF-ICP-MS HNO, (CS) Ext
SRC Q-ICP-MS HNO; +HC, MM Ext+IS
HNO, + HF

MM: matrix matched, IS: internal standard, Ext: external calibration,
Std Add: standard addition, CS: column separation

or high resolution modes (m/Am =300, 4000, and 10,000
respectively). Finally, one laboratory used total reflection
x-ray fluorescence for the analysis of the UOC digests. A
breakdown of the instrument type used by each laboratory is
provided in Table 1. Additionally, Table S1 outlines the iso-
topes monitored by each laboratory and relevant polyatomic
interferences for each isotope, as well as the mass resolution
mode used for SF-ICP-MS or gas mode used for the single
or triple quadrupole ICP-MS methods.

Consensus Value Determination and Uncertainty
Evaluation

The statistical models underlying data reductions recog-
nize the possibility that the reported uncertainties inevita-
bly overlook some sources of uncertainty. This manifests
itself in the spread of the reported results beyond what the
reported uncertainties might suggest. For a variety of rea-
sons, most of the measurements in this study are challeng-
ing and the application of standard data reduction methods,
such as the DerSimonian-Laird mean, are inadequate due
to the presence of large laboratory-specific deviations. As
a result, we have sought a robust statistical model for data
reduction. Laplace random effects model for inter-labo-
ratory studies[22] meets this requirement as it provides a
consensus value that is an uncertainty-weighted median

@ Springer
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with allowance for laboratory-specific random effects. The
uncertainty associated with the certified values combined
the contributions from the consensus value which was
further augmented by the uncertainty due to between-unit
homogeneity which was obtained as described in the sec-
tions below.

Results and Discussion
CRM Preparation

The three UOC CRMs: UCLO-1 (U;0g), UCHI-1 (U;0y),
and UPER-1 (UO,) are derived from industrial-grad ura-
nium materials selected according to their chemical profiles.
These starting materials were blended at Saskatchewan
Research Council facility in Saskatoon, Saskatchewan,
Canada, to aid homogeneity. 25 g aliquots of the UOCs were
then packaged in clean amber glass bottles. Note that users
require a licence to handle these materials as their radiation
levels are 570-620 kBq per bottle.

CRM Certification

The three CRM candidate materials were processed and
shipped to collaborators for analysis. Homogeneity and
stability were both assessed at NRC. Homogeneity was
examined via the analysis of multiple bottles throughout
the CRM series, all processed and analyzed in repeatabil-
ity conditions. Long-term stability will be assessed by ana-
lyzing additional bottles of the material at regular intervals
(every few years) throughout the lifetime of the CRMs.

Characterization of the materials was conducted by all
participants. Once the initial round of analyses was com-
plete, data were collected and shared to all laboratories in a
machine-readable format for further data cleanup and outlier
removal. Along with the initial sharing of data, representa-
tives from each laboratory met in a data review meeting in
Ottawa, Canada (February 2020) where the integrity of the
results was discussed. Following this data review meeting,
some adjustments were made to the reported results by the
participating laboratories. This included, as an example,
revisions to the uncertainty evaluations, moisture correc-
tion, reprocessing some results based on overlooked spec-
tral interference, or removal of other data altogether. While
additional measurements were not immediately possible
due to the restrictions imposed by the COVID19 pandemic,
the re-evaluation of existing data provided a significant
improvement to the overall dataset.

Once the reported results from individual laboratories
were finalized, the data were scrutinized on an element-by-
element basis.

@ Springer

Uncertainty due to Sample Homogeneity

When preparing a new CRM, one of the main goals is to
provide a material which fulfills the needs of analysts, such
filling gaps left uncovered by previously released CRMs.
For example, replicate data provided by Lawrence Liver-
more National Laboratory[23] and a recent inter-laboratory
collaborative study[16] suggest that there may be consid-
erable inhomogeneity between units of the CUP-2 CRM.
This makes usability complicated as the certificate[13]
presents the values without associated uncertainties to
account for this inhomogeneity. Conversely, the Commis-
sion d’ETAblissement des Méthodes d’Analyse[15] and
New Brunswick Laboratories[ 14] include uncertainty due to
inhomogeneity as part of the combined uncertainty budget
for their UOC CRMs. Similar levels of relative uncertainty
between these materials suggest similar contributions from
(in)homogeneity; however, it should be noted that because
the uncertainty budget is not broken down, it is possible
that the distribution of sources of uncertainty differ between
materials. The uncertainty budgets for UCLO-1, UCHI-1,
and UPER-1 include the contributions from inhomogeneity.

A homogeneity study was conducted on the suite of
CRMs to assess potential variations of the analyte levels
between the CRM units and to assess potential trends asso-
ciated with the CRM production (i.e. unforeseen bias during
blending or contamination during bottling). Results of this
assay demonstrated good homogeneity in all three materi-
als. No trends were observed to indicate inhomogeneity (i.e.
decreasing/increasing mass fraction with increasing bottle
number, which would suggest moisture loss or progressive
contamination). In all cases, the relative uncertainty due to
homogeneity was less than 10%.

Following the evaluation of at least 20 units of each CRM,
which was evaluated using the DerSimonian-Laird imple-
mentation of the random effects model[24], the obtained
relative uncertainties due to homogeneity were regressed
against the associated mass fraction of each analyte using
Horwitz-type power law[25, 26]. The resulting trend was
used to assign the value for the expected uncertainty due to
between-unit homogeneity for each element (Fig. 1).

Outliers

It is not uncommon to observe an outlying data point during
the analysis of multiple replicates of a single sample. This
can result from a variety of factors such as the inadvertent
contamination during sample preparation, uncorrected iso-
baric interferences, or momentary signal instability of the
mass spectrometer during analysis. Considering the large
size of the dataset in this project, a number of such outli-
ers was observed: approximately 0.8% of reported values
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Fig. 1 Homogeneity uncertainty versus mass fraction for measure-
ments of trace elemental content of UCLO-1, UPER-1, and UCHI-1
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Fig.2 Mass fractions of Cr, Ni, Fe, and Cu measured in various bottles
of UCLO-1, displayed normalized to the consensus mass fraction for
the respective element

were noted to deviate from the associated consensus value
by more than 100%. Upon discussion of the results at the
data review meeting, it was noticed that the majority of the
outliers were Cr, Ni, and Fe. A scanning electron micros-
copy analysis of the UOC materials revealed the occasional
presence of small metal flakes in the otherwise fairly homo-
geneous powders suggesting that these flakes were likely
the result of corrosion of the stainless steel drums in which
the UOC materials had been stored following their process-
ing, before transport to the NRC for bottling.

The above conclusions are supported by an examination
of the data (Fig. 2) looking at the individual results from
NRC-1. A plot of the mass fractions of Cr, Ni, and Fe in
UCLO-1, sorted by sample number (where each sample
was an individual aliquot of UOC powder), indicated that
significantly higher values are observed for these elements
in some samples. Other elements analyzed in the sample,
such as Cu shown here in example, do not display the same
phenomenon, indicating that this is a case of contamination
— likely by a small metal flake as noted above — rather than
an overall bias for that sample aliquot.

Stability

An isochronous stability study was not performed for this
material as previous work on similar matrices has confirmed
the stability of trace elements[18—20]. In terms of long-
term stability, a re-analysis of the trace element profiles in
UCLO-1, UCHI-1, and UPER-1 will be conducted 5-10
years after the initial set of analyses to confirm that results
are not significantly different from the original findings.

Characterization

As previously noted, the characterization of the trace ele-
ment profiles of CRMs UCLO-1, UCHI-1, and UPER-1 was
performed by several laboratories. Prior to outlier removal,
5604 measurement results were present in the database for
trace elements (6348 when including the QC samples).
This entire dataset, after filtering, is available, open access,
through the DOI landing pages for each CRM[18-20].
There, plots are presented for every element with at least
one data point, showing values and associated uncertainties
measured by each laboratory, as are the consensus values
and combined standard uncertainties.

In this section, we discuss the technical details of the
analysis, including difficulties that were encountered,
unique observations, and sources of uncertainty. It is based
on these technical details that data was subsequently filtered
to arrive at consensus values and uncertainty estimates for
each element, as is discussed in more detail after these tech-
nical notes.

Analytical Considerations

Column Separation In order to remove the high concentra-
tions of U from the sample matrix following acid digestion,
some laboratories implemented a column separation pro-
tocol. Important to consider when performing this type of
sample preparation is the potential for analyte losses during
all steps of this procedure. In an ideal situation, this could be
accounted for through isotope dilution analysis (spiking the
sample with isotopically labelled standard prior to sample
preparation). Notwithstanding the fact that 18 ofthe elements
analysed here are monoisotopic, the large suite of analytes
being targeted here made this type of analysis unfeasible.
Therefore, in this type of scenario it is helpful to determine
the analyte recoveries following column separation, ideally
through spiking experiments. This is particularly important
when new analytes are being examined which a research
group has not previously analyzed using the procedure
being implemented. Here, it appears that the column separa-
tion protocols were successful. When comparing the data
obtained when following a column separation procedure,
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Fig. 3 Data for the three CRMs, plotted as the ratio of the laboratory
reported values to the consensus value for that analyte. Orange points
represent datasets where column separation was used during sample
preparation. (a) Presents data with outliers removed, while (b) shows
all outlaying points

results are not systematically biased higher or lower than
those obtained without column separation, once outliers
were removed (Fig. 3a). When instead examining only data
which were discarded as outliers (Fig. 3b), there appears to
be a slight bias towards higher reported values when column
separation was implemented. This could indicate increased
instances of contamination due to the more extensive sam-
ple handling required for column separation. It is unlikely
that this trend is indicative of an overall low bias of the
non-column separated data as it is consistent throughout the
range of atomic weights measured; if this were the case, it
is expected that the bias would be larger for elements which
experience greater interference from other components in
the sample — these types of interferences are discussed in
detail, below. Additionally, the use of column separation
did not appear to make a significant difference in limits of
detection obtained for this matrix. When comparing average
values, there were roughly the same numbers of analytes for
which detection limits were lower when employing column
separation (31 of 64) than without column separation.
Based on this, it can be concluded that, analytically, there
is no advantage in implementing a column separation proto-
col for the measurement of a large suite of trace elements in
a UOC matrix. This conclusion may seem counter-intuitive,
given that column separation is implemented specifically
to improve precision and accuracy in chemical analysis,
but it is important to note that it is based on the assump-
tion that the list of analytes being examined is extensive.
In scenarios where a much smaller number of contaminants
are to be measured in UOC materials, where more effort
can be expended optimizing the method to those specific
analytes, it is reasonable to expect that column separation
could provide improved results. Practically, an advantage
of column separation is that it prevents the contamination
of instrumental components with uranium from the matrix.
The disadvantage is the significant increase in the time and
effort required for sample preparation prior to instrumental
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analysis. Therefore, while our general recommendation is
to use direct analysis protocols such as that described by
ASTM Method C1287[12], column separation can be
implemented, without decreased in data quality, in specific
scenarios where the analysts feel it is beneficial.

Composite Samples Aliquots of 10 individual digests were
combined and diluted for analysis in an attempt to carry out
physical averaging of samples. Since the samples used to
prepare these composites were also analyzed individually
(albeit, using a different calibration method), bottle-to-bot-
tle variations could still be observed and there was no loss
of homogeneity data.

The use of a composite sample in such a manner is useful

because it allows for the coverage of several CRM units in
a single analysis. Additionally, it allows analysts to focus
more effort on the high quality measurements without the
time costs associated with the analysis of a large number of
samples. Here, good results were obtained and are displayed
by NRC-3 and NRC-4.
ICP-MS Drift As noted above, the high U matrix in these
UOC digests resulted in some significant signal suppression
and enhancement (from isobaric and polyatomic interfer-
ences) in ICP-MS, as well as instrumental drifts that were
larger than are typically observed for low-matrix, routine
analyses. Therefore, it was vital to monitor and correct for
these drifts by repeatedly measuring the signal for a standard
solution at intervals throughout the analysis. Similarly, the
use of internal standards can be an effective method to cor-
rect for changes in analyte signal intensity during analysis.

Most ICP-MS instruments equipped with a collision/reac-
tion cell, either prior to the single quadrupole or as the 2nd
quadrupole in QQQ instruments, have the ability to switch
between gas modes during analysis — so a single sample can
be analyzed in normal as well as CRC mode, or with sev-
eral different gasses (such as on the Agilent 8800 where four
cell gas lines are available). This does require some settling
time to allow the pressure in the cell (or 2nd quadrupole)
to stabilize, but in general this is fairly quick: 20-30 s is
deemed sufficient for the Agilent 8800, for example. While
this would not be considered a problem during typical low-
matrix analysis, the large instrumental drifts noted above
mean that adding even 30 s per sample to the overall run
time can make a fairly significant difference overall. There-
fore, each gas mode was performed as a separate analysis to
allow for a cleaning of cones and re-establishing of a base-
line between batches.

Blank Subtraction Due to the nature of the matrix-matched
external calibration, in some scenarios (particularly for lab-
oratories who employed lower dilution factors and therefore
had higher U matrices) it was necessary to take a somewhat
unconventional approach to blank subtraction. Commer-
cial-grade uranium single element standards, U metals,
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and other sources of U used for matrix-matching contain
impurities, which, in typical scenarios would be diluted to
the point of having negligible contributions to the overall
signals for these other analytes. Here, however, the matrix
contained 0.1 to 800 ppm uranium (depending on the labo-
ratory), meaning that for some analysts, the contributions
of these impurities were not insignificant. For the calibra-
tion solutions themselves, a simple (matrix) blank subtrac-
tion was sufficient, but the digested UOC samples required
a different approach, as the impurities in these samples were
specifically the target of this analysis and would likely be
underestimated following a conventional blank subtrac-
tion. Therefore, the blank used for subtraction was sim-
ply the acid solution (e.g. 1% HNO; / 3% HCI). The large
degree of signal suppression caused by the presence of (for
example) ~800 ppm uranium in the samples necessitated
the application of a correction factor prior to blank subtrac-
tion. This was determined by first measuring the signal for
all analytes in a matrix without uranium (1% HNO; / 3%
HCI), then measuring the signal for the same concentration
of these analytes in the sample matrix (800 ppm U in 1%
HNO; / 3% HCI), after the plasma had stabilized following
the addition of the uranium to the rinse solution. The ratio
between these signals was considered to be the suppression
factor and was used to correct the analyte signals observed
in the blank (1% HNO; / 3% HCI) prior to subtraction from
all UOC samples.

For laboratories where larger dilution factors resulted in
lower U concentrations required for matrix-matching, not
all steps of the protocol described above were necessary.
However, these differences highlight the need for thorough
pre-screening of samples and standards when developing
new methods of analysis or examining new sample matrices.
Standard Addition Calculations Calibration via standard
addition is a robust method that can be used to directly
account for matrix effects observed during sample analysis.
Here, it was used by NRC-3 and NRC-4 for the determina-
tion of trace elements in a composite sample (aliquots of
10 digested UOC samples were combined for analysis). To
allow for a straightforward determination of the uncertainty
associated with this calibration method, plots were gener-
ated using the coordinate swapping approach described by
Meija et al.[27], where the amount of analyte added was
displayed on the y-axis and the ICP-MS signal on the x-axis,
which allowed the concentration and its uncertainty to be
directly determined from the intercept of the plot and its
associated uncertainty, as calculated by the LINEST func-
tion in Excel.

HF and HCl Acids for Sample Digestion

As is noted in Table 1, the participating laboratories used
a variety of different acid blends for the digestion of the
UOC samples. While everyone used HNO;, some diges-
tion sequences involved the important addition of HF and/
or HCI. The use of HF during the digestion of UOC samples
is needed for complete recovery and stabilization of certain
elements, such as Zr and Hf[17]. Data from laboratories
which did not use HF were discarded for Zr and Hf.

Conversely, the presence of HF and HCIl can generate
precipitates of certain elements, such as thorium fluoride
and silver chloride[17, 28]. For this reason, ASTM C1287-
18 recommends the preparation of four separate mixed
standard calibration solutions, where the matrix solution is
selected to avoid analyte precipitation[12]. For this inves-
tigation, some laboratories used this method (freshly pre-
pared calibration by JRC-KRU), while others took a slightly
different approach to avoid unwanted precipitations of these
analytes. For example, NRC-1, NRC-2, NRC-3, and NRC-4
followed hotplate digestion, with an uncapping of the diges-
tion vessels to evaporate off the majority of the liquid, then
diluted samples in a mixture of HNO; and HCI. Addition-
ally, standard solutions were analyzed quickly after prepara-
tion in an attempt to avoid precipitation.

Matrix and Plasma Effects in ICP-MS

Where column separation was not employed prior to trace
element analysis (as was the case for most of the partici-
pating laboratories), and where dilution factors were low
(i.e. the 1000-fold dilution employed by NRC-1, NRC-2,
NRC-3, and NRC-4), significant suppression effects were
observed along with signal instability. For this reason, the
sample introduction system was flushed with the matrix
rinse solution before the start of sample analysis, as well as
between samples during analysis. Performing the analyses
with a “normal” rinse solution (acid without U) resulted in
significant sample-to-sample variation.

Where dilution factors were high enough that the U matrix
did not cause significant signal suppression and instability,
such as the 8000x dilution (to ~ 100 ppm U) employed by,
for example, JRC-KRU, LANL, and LLNL, a U-containing
rinse solution was not required. However, steps were still
taken to ensure adequate flushing between samples. For
example, LANL used a three-step wash sequence consist-
ing of one 10% HNO; / 0.01 M HF wash followed by two
2% HNO; washes, followed by a long sample uptake time
where the sample or standard was flushed for 3045 s to
thoroughly coat the spray-chamber prior to data collection.
Similarly, JRC-KRU used a long rinse time and preceded
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each sample/standard with a blank to ensure there were no
memory effects occurring during analysis.

One factor that played an important role in the ability to
achieve good results was the selection of a matrix-matched
calibration solution, containing U at a similar concentration
to what was present in the digested UOC samples — natu-
rally, the importance of this matrix-matching increased with
decreasing dilution factors for the samples. As this was the
first time samples of this matrix composition had been ana-
lyzed by the group at NRC, some preliminary tests were
conducted, comparing matrix matched and non-matched
calibration curves for a few elements. Ba, Mn, and Zr were
selected due to their relatively high concentrations in the
three candidate CRMs, as well as the fact that they were
analyzed in three different resolution modes by HR-ICP-
MS (low, medium, and high, respectively, which allowed
the role of resolution mode to be considered).

A comparison between matrix-matched and non-matrix
matched calibration (at 800 ppm U for the 1000x dilution)
did not yield any discernable differences when the samples
were analyzed by ICP optical emission spectrometry (ICP-
OES). Conversely, using SF-ICP-MS, slopes of calibration
curves prepared using matrix matched standards were up
to 50% lower than those prepared without the addition of
800 ppm U to the matrix, resulting in inaccurate calcula-
tions of analyte concentrations in samples when using the
non-matrix matched curves. Large element-to-element
variation was observed when comparing matrix-matched
and non-matrix-matched calibration due to the differences
in the degree of suppression occurring for various elements.
At higher dilution factors these discrepancies mostly disap-
peared; at 100 ppm U, for example, very little difference
was noted with and without matrix matching. Biirger et
al.[11] provide a detailed examination of the signal suppres-
sion caused by increasing concentrations of U in the sample
matrix.

One approach that has been taken to help improve detec-
tion limits during the analysis of uranium matrix samples is
the use of cold plasma mode (where lower forward power
is provided to the ICP). This results in a lower background
and lower detection limits for low-mass elements due to the
production of fewer argon-containing interferences. How-
ever, since the plasma has less energy for ionization in cold
plasma mode, there is a greater potential for matrix effects
from the samples themselves[29, 30].

Here, participating laboratories did not use cold plasma
mode during their analyses, but matrix effects were still
significant, as noted above. In the skimmer cone region,
heavy matrix elements cause greater signal suppression
than lighter elements, and lighter elements experience more
suppression than heavy elements[31]. Therefore, in a high-
uranium matrix signals for light elements and those with
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high ionization potentials are likely to be significantly sup-
pressed, making detection of low concentrations difficult.
With higher dilution factors, while the uranium-caused sup-
pression is reduced, the now lower “at instrument” concen-
trations can still create challenges in detection capabilities.

Interferences in ICP-MS

Table S1 provides a comprehensive outline of the potential
isobaric and polyatomic interferences that can affect the
measurements of each of the elements analyzed during this
investigation.

Several polyatomic interferences are particularly
important to consider when analyzing UOC samples. The
presence of large uranium levels can have significant contri-
butions to analyte signals. For example, the doubly-charged
2382 forms a major interference on ''Sn*, which is why
this tin isotope was not selected for measurements of tin. In
addition, >*U?* peak tailing interferes with the neighbor-
ing '"!Sn* and '?°Sn*. Similarly, 2**U*°Ar?* interferes with
the detection of '3°La*. These two signals can be separated
by mass in SF-ICP-MS when operated at the medium mass
resolution (m/Am=4000)[28, 32] or through the use of a
collision cell (with He to reduce the **U*’Ar?* interference
or with O, to change the mass of the analyte by forming
139La'%0"). Additionally, peak tailing from 2**U'®0?* can
interfere with ?°Te* and *%Te".

Aside from the uranium matrix, other elements in the
samples can interfere with each other. Elements such as Mo,
Ta, Sr, Ba, and Zr tend to be present at high levels in UOC
samples[17]. Hence, the spectral interferences from these
elements or their oxides have to be evaluated. As an exam-
ple, Zr levels are quite high in UCLO-1 and UPER-1 at over
0.1% (or 1000 mg kg™ ') and the doubly-charged *°Zr** can
interfere with 4°Sc* or **Zr?* with 4’Ti*. During this inves-
tigation, it was noted that the tailing from *°Zr'®0* had a
significant impact on Ag measurements. This interference
was noted by measuring the '“’Ag/'%Ag isotope ratios for
the three UOC materials: an abnormally high ratio of 8.5
was observed for UPER-1 (compare that to the natural value
of 1.0). As a result, subsequent analyses of silver were con-
ducted using '®Ag isotope rather than '"’Ag.

The analysis of lanthanides (rare earth elements) are
challenging in UOC samples. The levels of these elements
are rather low and it is often that case that column sepa-
ration is implemented to separate them from the uranium
matrix prior to analysis. Additionally, lanthanides are com-
monly separated into “light” and “heavy” aliquots, and sep-
arated from other interfering elements such as Mo and Ba,
to eliminate the potential for oxide interferences[28, 33]. In
the m/z=146—170 region, spectral interferences are usually
caused by BaO" and BaOH" ions[33]. In our UOC samples,
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Fig. 4 Reported mass fractions of Nd and Pr in UCHI-1. Circles indi-
cate SF-ICP-MS measurements, squares single quadrupole ICP-MS,
and triangles triple quadrupole ICP-MS. Consensus values and asso-
ciated combined uncertainties (k=2) are shown with solid black and
grey lines, respectively

Ba concentrations are less than 0.5 mg kg™! in UCLO-1 and
UCHI-1, but 4.9 mg kg~! in UPER-1 (significantly higher
than the REEs in all three samples). Given that oxide forma-
tion in ICP-MS occurs at an efficiency of 1-2%[33], BaO*
interferences are considered to be significant and, wherever
possible, were minimized by using either a collision gas
with Q(QQ)-ICP-MS or higher mass resolution mode in
SF-ICP-MS.

Other interferences, not unique to UOC analyses, were
also considered. For example, As, which is monoisotopic
and suffers from “°Ar*>Cl* interference on m/z=75, was
analyzed exclusively in medium (by only one laboratory) or
high resolution mode, which was necessary to ensure inter-
ference-free detection. Although the transition from low to
high resolution decreases ion transmission efficiency by at
least 50%,[29] this is often a necessary trade-off to make
more reliable measurements.

Correlated Reported Results for Nd and Prin UCHI-1

Results for Nd and Pr mass fractions in UCHI-1 display
apparent trends: there are three distinct groupings of mea-
surement results (we will denote these as “low”, “medium”,
and “high”) as shown in Fig. 4. Since we were not able to
provide a suitable explanation for this observation, these
elements were not listed on the certificate. Nevertheless, we
find it useful to discuss several plausible reasons for this
grouping.

Looking to sample preparation, the use of HF may have
played an important role here. All three laboratories in the
“high” group used HF in their digestion protocol, while all
three laboratories in the “low” group did not (though, inter-
estingly, the “middle” group is split with two of three using
HF; CNL did not). Compared to the other CRMs, the mea-
sured mass fractions of Nd and Pr in UCHI-1 are higher

than in UCLO-1 and lower than in UPER-1, but individual
laboratory results do not display the same pattern. Consid-
ering this observation, it is unlikely that the presence (or
absence) of HF in the digestion medium is cause for the
trends observed in UCHI-1.

In terms of the analysis itself, neither the type of ICP-MS
nor the resolving power used in SF-ICP-MS seem to play a
role in the observed groupings of these results. For Nd, all
labs used low resolution, except LANL which used medium
resolution (they also reported the highest value, though not
significantly higher than JRC-KRU). For Pr, both LANL
and EK used medium resolution modes, and reported the
highest and lowest values measured by SF-ICP-MS.

Looking to the isotopes monitored for explanation does
not provide much more clarity. Pr is monoisotopic, and the
only significant interference is '>>TeO" (see Table S1), which
is still fairly insignificant at an isotopic abundance of 7% for
125Te and low concentration of Te in UCHI-1 (although not
reported due to the limited dataset, a value of about 0.3 mg
kg~ ! could be determined after outliers were removed). For
Nd, the laboratories measured different isotopes:

Low Group: IFIN-HH (***Nd + "**Nd + 46Nd), CNSC
("*SNd), EK ("*Nd).

Medium Group: NRC-3 (***Nd), CNL ('*¢Nd), LLNL
(143Nd).

High Group: NRC-1 ('4*Nd), JRC-KRU ('**Nd),
LANL ("**Nd).

The TeO" interference also occurs on '**Nd and '*Nd (with
both '2Te and '**Te being the major isotopes of tellurium),
but is still unlikely to be an explanation for these observed
groupings.

Interestingly, IFIN-HH reported the lowest Nd and Pr
values, measured very high Te in UCHI-1 (their result being
about 100x higher than the next highest reported value and
therefore considered an outlier). One explanation for the
low reported values for Nd and Pr is the overcorrection of
the Te interference.

Lead in the UOC CRMs

An examination of the trace element data, along with some
isotope ratio data, determined that the Pb present in the three
UOC CRMs was radiogenic. Initial screening isotope ratio
data suggests certain values are far from those observed for
non-radiogenic sources of lead. For example, while the non-
radiogenic-derived 2°°Pb/2**Pb ratio is about 18, values for
UPER-1 and UCLO-1 were above 60 and 250, respectively,
indicating an enrichment of 2°°Pb from the decay of >**U.
Similarly, the 27Pb/2**Pb ratio is slightly elevated in UPER-
1, at approximately 18, rather than the non-radiogenic value
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of 16, with the elevated levels of 2°’Pb arising from the
decay of 2U.

Based on the radiogenic nature of the lead in these three
materials, mass spectrometry based quantitation required
allowance for the anomalous isotope profile. This was
achieved through the monitoring of all four stable isotopes
of Pb and using the sum of their ICP-MS signal intensities in
subsequent calculations. Interestingly, the ASTM standard
method for impurity analysis in uranium compounds[12]
only recommends monitoring 2°*Pb, rather than the sum of
isotopes as was used here. While sufficient for some geo-
logic samples, this will require revision if the method is to
recommend the use of CRMs such as these, where the Pb is
of radiogenic origin.

Data Evaluation and Combination
Traceability

NRC used Sl-traceable primary standards either prepared
in-house (purity assessed by glow-discharge mass spec-
trometry[34]) or acquired from another National Metrology
Institute (NMI) such as NIST or BAM. For select elements
where no NMI standards were available, commercial stan-
dards from several different sources were cross calibrated.
Typically, differences of less than 2% were observed for
the commercial standards; though a bias of up to 5% was
measured for some of these solutions. These differences
were carried as uncertainties associated with the primary
calibrants.

Similar approaches have been used by others for assess-
ing and using commercial calibration standards[35]. The
plurality of calibration standards used by participating labo-
ratories is effectively folding calibrant related uncertainties
and biases into the overall measurement uncertainty.

Data Combination and Evaluation

After completion of the measurement campaign, a joint
evaluation of the data was conducted where decisions were
made regarding removal of certain data, based on technical
issues such as improper selection of isotopes for measure-
ments or acids for sample digestion. Overall, after technical
and statistical filtering, there were 4178 data points remain-
ing (4849 when including QC samples). All of these can
be found via the DOIs for the CRMs[18-20], organized by
element, into plots showing the spread of the data.

The large size of this dataset presented unique challenges
that exceeded practical computational limits of common
software suites like Excel. This challenge was addressed
by the development of an in-house data handling platform,
written in R using and deployed via web browser using
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shinyapps, to carry out the data visualization, inspection,
and statistical evaluation.

Determination of Consensus Values and Uncertainties

The datasets obtained from the analysis of the UOC materi-
als by the participating laboratories were quite diverse and
required a robust statistical model for the determination of
consensus values; therefore, the Laplace random effects
model[22] was chosen. Modelled by a double exponential
distribution, the heavier tails associated with the Laplace
model (compared to a Gaussian distribution) reduce the
influence of outliers[36]. Another common approach taken
for the determination of consensus values in certification
campaigns (i.e. by Rivier et al.[35] and in other NRC CRMs,
including U isotope ratio values in UCLO-1, UCHI-1, and
UPER-1) is the use of the DerSimonian-Laird excess vari-
ance model[24]. While this model was tested for the trace
elements data, ultimately the Laplace model proved to be
the more robust approach.

As an example of our approach to the determination of a
consensus value, Fig. 5 shows the distribution of the mass
fraction of V measured by 12 of the participating laborato-
ries. Ideally, interlaboratory comparison data follows a sig-
moidal curve, but in this scenario, a few points fall on the
low end of the range of measured values, skewing the trend.
While the uncertainties cover a broad range, with some
much larger than others, there are no apparent biases with
the larger uncertainties falling at one end of the range of
data. Using a Gaussian approach via the DerSimonian-Laird
Random Effects model, as is typically used to determine
consensus values for NRC CRMs, arrives at a value that is
biased low (the gray line in Fig. 5) and is very close to the
mean of the input values. Conversely, the Laplace Random
Effects model provides a better estimate of the true value
(noted by the orange line in Fig. 5, which runs through the
laboratory value with the lowest uncertainty). The (relative)
standard uncertainty determined via the Laplace approach is
slightly higher at 3.7%, compared to 2.8% determined using
a Gaussian approach. For elements where data did fall in the
ideal sigmoidal pattern, results of these two models were
practically identical; therefore the Laplace Random Effects
model was used for all consensus value determinations.

When the dispersion in a set of data is greater than what
is represented by the individual uncertainties, an additional
component, known as the dark uncertainty, is added to the
uncertainty budget[37]. Here, dark uncertainty was consid-
ered in addition to the more easily-defined uncertainty com-
ponents arising from the characterization and homogeneity
(within- and between-bottle variation).

After the final dataset, including consensus values and
uncertainties, was established, the overall quality of each
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Fig. 5 Mass fractions of V in UPER-1, as measured by individual
laboratories (blue points). Solid and dashed orange lines indicate the
consensus mass fraction and associated combined uncertainty (k=1)
determined by the Laplace Random Effects Model and the gray line
is the consensus mass fraction determined by the DerSimonian-Laird
model (Gaussian)

final value needed to be determined for the certificates of
analysis. CRMs produced by NRC come with three catego-
ries of values: Certified, Reference, and Information. Addi-
tionally, for these UOC materials a fourth category was
established: a released data category, where no consensus
value is provided on the certificate, but individual labora-
tory values can be found in a supplementary file[18-20].
From NRC'’s certificates[18-20],

Certified values are considered to be those for which
the NRC has the highest confidence in accuracy and
that all known and suspected sources of bias have
been taken into account and are reflected in the stated
expanded uncertainties. Certified values are the best
estimate of the true value and uncertainty.

Reference values are those for which insufficient data
are available to provide a comprehensive estimate of
uncertainty.

Information values are those for which insuffi-
cient data are available to provide any estimate of
uncertainty.

The large size of the dataset for these three UOC materials
made it important that there was consistency in the categori-
zation of values for the certificates. Therefore, after the data
had been filtered, as described above, a set of guidelines
was established to determine an analyte’s place in the four
above-noted categories. These were as follows,

o To be a Certified Value
— there must be results from at least 4 laboratories,

— the ratio between the largest and smallest reported
laboratory results must be <4, and

— the relative combined standard uncertainty must be
below 20%.

e To be a Reference Value

— the criteria to obtain a Certified value are not met,

— there must be results from at least 3 laboratories, and

— the ratio between the largest and smallest reported
laboratory results must be <4.

e To be an Information Value

— the criteria to obtain a Certified and Reference value
are not met.

e When data is inadequate to provide a Certified, Refer-
ence, or Information value,

— the data is to be released as a supplement to the cer-
tificate if values from at least two laboratories are
available,

— otherwise the data is discarded.

Finally, with data combined and categorized, Certificates of
Analysis were prepared for each CRM. Table 2 and Fig. 6a
provide summaries of the combined data, as they are pre-
sented on these certificates[ 18—20].

In this iteration of the certificate of CRMs no “less than”
values derived from detection limits are provided. Based on
the use of the materials and interest in specific elements this
might change over time.

Overview of Trace Elemental Impurities in NRC's UOC CRMs

A suite of three materials were prepared with the goal of
covering a broad range of analyte concentrations. For many
elements this was achieved, with mass fractions spanning
at least an order of magnitude between UCLO-1, UCHI-
1, and UPER-1. Figure 6a gives a visual representation of
the range of data, with elements sorted based on their mass
fractions in UCHI-1. Figure 6b shows the ratio between the
largest and smallest values for elements where the largest
differences were observed, noting the 18 elements where
this ratio is greater than 50.
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Table 2 Mass fractions and expanded uncertainties (k=2) for trace elements in UCLO-1, UCHI-1, and UPER-1

UCLO-1 UCHI-1 UPER-1

Mass Fraction Type Mass Fraction Type Mass Fraction Type

mg kg_1 mg kg_1 mg kg_1
aluminium 2.7+0.8 certified 4.1+1.2 certified 12.3+1.6 certified
antimony 0.2+0.4 information 0.09+0.15 information 0.45+0.04 certified
arsenic 0.5£0.4 reference 161+9 certified 233+1.1 certified
barium 0.14+0.10 information 0.29+0.06 certified 49+0.2 certified
bismuth 48+2 certified 0.098 +0.009 certified - n/a
cadmium 43+0.3 certified 6+3 information 0.54+0.19 certified
caesium 0.07+0.23 information 0.03+0.32 information 0.012+£0.020 information
calcium 6+4 information 68+ 11 certified 1350+ 150 certified
cerium 0.13+0.06 reference 0.017+£0.007 reference 0.99+0.04 certified
chromium 0.45+0.18 reference 0.34+0.08 certified 0.8+0.3 reference
cobalt 0.029 £0.005 certified 0.199+0.010 certified 0.060+£0.008 certified
copper 39+2 certified 0.87+0.14 certified 24+0.2 certified
dysprosium - released 0.022+£0.006 certified 0.45+0.02 certified
erbium 0.006+0.008 information 0.0065+0.0022 certified 0.58+0.02 certified
europium 0.01+£0.03 information 0.0017+0.0016 reference 0.047£0.003 certified
gadolinium 0.011+0.014 information 0.011+0.004 certified 0.28+0.03 certified
gallium 0.09+0.10 information - n/a 0.23+0.21 information
germanium 0.2+0.3 information - n/a - n/a
hafnium - released 0.065+0.021 reference 12+3 certified
holmium 0.0025 +0.0030 information 0.0030+0.0010 certified 0.143£0.008 certified
indium 0.216+0.009 certified 0.006+0.017 information 0.020+0.011 reference
iridium 0.027+0.017 information - n/a 0.026£0.018 reference
iron 20.7+1.2 certified 27+3 certified 106+9 certified
lanthanum 0.07+£0.04 reference 0.0045+0.0027 reference 0.39+0.02 certified
lead - n/a - released - released
lithium 0.020+£0.010 reference 0.057+£0.016 certified 0.056+0.014 certified
lutetium - n/a 0.001+£0.004 information 0.129£0.006 certified
magnesium - released 102+1.2 certified 63+3 certified
manganese 0.31+0.07 certified 1.62+0.09 certified 0.58+0.05 certified
mercury - n/a 4+13 information - n/a
molybdenum 72+4 certified 5100400 certified 135+7 certified
neodymium 0.029+£0.011 reference - released 0.66+0.03 certified
nickel 0.34+0.28 reference 29+0.3 certified 0.32+0.23 reference
niobium 129+1.2 certified 0.54+0.02 certified 2.10+0.07 certified
palladium - n/a - released 0.19+0.15 information
phosphorus - n/a 5.8+2.8 reference 282+23 certified
platinum 0.09+0.06 information - n/a - released
potassium 13.3+1.8 certified 15.0+1.7 certified 177+14 certified
praseodymium 0.010+0.006 reference - released 0.127+0.006 certified
rhenium 0.0085 +0.0024 reference 0.0036+0.0021 reference 0.33+0.16 reference
rubidium 0.09+0.04 reference 0.051+£0.026 information 0.29+0.02 certified
ruthenium - released 0.021+£0.022 information - n/a
samarium 0.011+0.007 reference 0.019+£0.015 information 0.158+0.013 certified
scandium 0.74+0.21 reference - released 0.73+£0.28 information
selenium - n/a - n/a 1.3+£2.9 information
silicon - released - released - released
silver 7.4+22 certified - released - released
sodium 145+5 certified 297+8 certified 3290+120 certified
strontium 0.13+0.08 information 0.44+0.03 certified 11.6+£0.5 certified
sulphur 3000+230 certified 3700+300 certified 830+60 certified
tantalum 0.015+0.008 information 0.0034+0.0010 certified 0.0026 +0.0005 certified
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Table 2 (continued)
UCLO-1 UCHI-1 UPER-1
tellurium - released - released - released
terbium - released 0.0030+0.0010 reference 0.048 £0.003 certified
thallium - n/a - released 0.119+0.008 certified
thorium - n/a 0.0075+0.0021 reference 0.034+0.004 certified
thulium - n/a 0.0009 +0.0007 reference 0.097+£0.004 certified
tin 0.74+0.11 certified - released 73+1.2 certified
titanium 1.5£1.8 information 1.13+£0.26 reference 9.0+1.5 certified
tungsten 1.37+0.12 certified 220+13 certified 1.81+£0.14 certified
vanadium - n/a 0.151+£0.016 certified 2970+130 certified
ytterbium - n/a 0.0035+0.0007 certified 0.77+0.03 certified
yttrium 0.033+£0.016 reference 0.075+£0.012 certified 6.8+£0.3 certified
zinc 1140+ 60 certified 14+04 certified - n/a
zirconium 1120+ 60 certified 139+12 certified 1030+50 certified
Fig.6a The relative mass (a) ——vasr |®
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Conclusions

Through the collaborative efforts of researchers from 15
laboratories and 10 countries, we analyzed the mass frac-
tions of 64 trace elements in three new UOC CRMs, UCLO-
1, UCHI-1, and UPER-1, not only providing consensus data
through the Certificates of Analysis, but also sharing infor-
mation about the individual measurements for each analyte
through a database of supplementary information. These
materials will serve as SI-traceable quality control measures
during the analysis of uranium ore concentrates, specifically
during nuclear forensic investigations.
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