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Abstract

An international group of laboratories participating in CMX-4 subjected three samples to comparative nuclear forensic
analysis using uranium assay and trace element analysis techniques to determine if the samples had similar or different
origins. Uranium assay indicated that two pellet samples (ES-2 and ES-3) were nearly pure UO, while the black powder
sample ES-1 was primarily UO, with UO5 and/or U3Og forms present as impurities. Trace element analysis by five of the
six participating laboratories reported molybdenum concentrations below 10 pg/g U in all of the exercise samples,
suggesting the same likely facility of origin for all three samples.

Keywords Nuclear forensics - Uranium assay - Trace element analysis - Impurities - ICP-MS - Davies-Gray

Introduction

Recently, an international group of nuclear laboratories
participated in the 4th Collaborative materials exercise
(CMX-4) during which they tested samples hypothetically
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confiscated by police, and designated ES-1 (black powder),
ES-2 (a deep gray pellet), and ES-3 (similar to ES-2 in
appearance). The samples were believed to have originated
from one of the following hypothetical enrichment facili-
ties—EA Fuel Products, LN Enrichment International, and
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ATOMic Power Services [1]. The participating laboratories
were requested to determine if a connection could be
established between ES-1 and/or ES-2 and ES-3 production
processes. Special interest was given to the measurement of
molybdenum because the laboratories were given the pro-
cess information that the EA Fuel Products pellets are
designed to contain approximately 10 pg/gU or less of
natural molybdenum, which is nearly 10 times less when
compared to the typical molybdenum content in fuel gen-
erated from the other two facilities [1]. These samples were
subjected to comparative nuclear forensic analyses using
Davies-Gray titration for uranium assay and inductively
coupled plasma mass spectrometry/optical emission spec-
troscopy ICP-MS/OES techniques to determine the ura-
nium oxidation phase and to establish if materials
correspond with the specifications given for the EA Fuel
Products or contain some other common impurities to
suggest similar or related origins.

Uranium titration can occur under a large variety of
conditions using many different reagents; however, the
most commonly used and accepted technique is based on a
method developed by Davies and Gray in 1964 [2]. This
method can determine precise uranium assay values with
minimum interferences and without requiring separations
prior to the assay of uranium materials. The uranium is
reduced to U(IV) by excess Fe(Il) in strong phosphoric-
sulfamic acid, and excess Fe(I) is selectively oxidized by
nitric acid in the presence of a Mo(VI) catalyst. Then the
U(IV) is titrated by a dichromate solution or by cerium
sulphate solution with a potentiometric titration using
vanadyl as electrochemical enhancer.

The Davies-Gray titration method used for uranium
assay has been reviewed and improved by many authors
since its first introduction [3—7]. Experience with titrations
indicates either automated or manual titrations can perform
equally well and the choice of either is based on the fre-
quency of the analysis, and available funding and space [8].
The special aim of this coverage, apart from giving the
contributing laboratories the opportunity to compare their
results and express the trace elements in units of pg/gU,
was the general assessment of the precision and accuracy
of this analytical method. The Davies-Gray titration is very
useful if the laboratory does not have the ability to measure
oxygen directly or perform X-ray diffraction analyses.

The impurity spectrum in the uranium material differs
from sample to sample among the stages of uranium pro-
duction and among production sites and can provide
decisive information for origin characterization. It is also
common for impurities to enter the sample during different
stages of the sample processing and analysis [9]. Induc-
tively coupled plasma mass spectrometry has excellent
sensitivity, precision, and good accuracy for trace elements
measurements [10-15]. Ultra-trace elements levels can
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generally be measured by ICP-MS techniques, such as
multi-collector (MC-ICP-MS), quadrupole (ICP-gMS) or
sector-field (ICP-SFMS). The principle of ICP-MS is that a
stream of sample is heated to 5000-8000 K during which
the sample is evaporated, atomized, and ionized. The ions
separate according to their mass-to-charge ratio. Quadru-
poles or sectors are used for mass separation.

This paper presents a comparative view of the approa-
ches and methodologies used for the trace element analysis
in the three samples, along with the laboratory data inter-
pretation against the set CMX-4 exercise objectives. The
authors also address aspects of the determination of the
uranium assay and oxidation state based on the use of the
Davies-Gray method. The laboratories that contributed to
this paper are South Africa Nuclear Energy Corporation
Nuclear Forensics Laboratory, Los Alamos National Lab-
oratory (United States of America), Swedish Defense
Research Agency, Defense Science Organization National
Laboratories (Singapore), Lawrence Livermore National
Laboratory (United States of America) and European
Commission’s Joint Research Centre (Germany).

Experimental
Instruments and equipment used

Mass spectrometric measurements of the metal impurities
and uranium assay analysis in ES-1, ES-2 and ES-3 sam-
ples were performed. The participating laboratories were
code-named Cezanne, Buonarroti, Gauguin, Monet, Van
Gogh, and Vermeer. The instruments these laboratories
used are listed in Table 1.

Mass spectrometry is among the analytical techniques
that are frequently used for nuclear forensic analysis
[1, 16]. Out of the six laboratories, four used quadrupole
ICP-MS for the impurities measurements, while two used a
sector-field ICP-MS. ICP-MS instruments’ operating
parameters such as the carrier gas flow, nebulizer pump
speed, and peak patterns were used for sensitivity opti-
mization and to suppress/eliminate interferences. Monet
made use of two other different types of ICP-OES instru-
ments. These are a Thermo Scientific IRIS ICP-OES and a
Horiba Jobin—Yvon Ultima 2 ICP-OES instruments.

Sample preparations

High-purity trace element analysis grade mineral acids
(nitric and hydrofluoric acids), high-purity water
(18.2 M cm resistivity at 25 °C) were used for all the
sample and standard preparations. Standards were pur-
chased as traceable single/multi-element, calibration stan-
dard solutions, or uranium based certified references.
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Table 1 The instruments used for uranium assay and trace elements analysis

Laboratory Analysis Instrument type Brand name
Van Gogh Trace elements ICP-gMS Agilent 7700x
Cezanne Trace elements ICP-gMS Agilent 7700x
U Assay Davies-Gray titration 888 Titrando (manual)
Vermeer Trace elements ICP-SFMS Thermo Scientific Element XR
Monet Trace elements IRIS ICP-OES Thermo Scientific IRIS
Trace elements Ultima 2 ICP-OES Horiba Jobin—Yvon Ultima 2
Trace elements ICP-gMS Thermo Scientific VG Elemental Plasma Quad PQ-S
U Assay Davies-Gray titration NA, Manual titrations
Gauguin Trace elements ICP-gMS Thermo Scientific iCAP Q
U Assay MC-ICP-MS Nu Instrument’s NuPlasma HR
Buonarroti Trace elements ICP-SFMS Thermo Scientific Element2
U Assay TIMS Thermo Fischer Triton

Prevention against contamination

Sample contamination prevention measures undertaken by
the respective laboratories are summarized in Table 2.

Analyte solutions and calibration standards

The ES-1 (black powder) samples were dissolved as
received by all participating laboratories, except for Gau-
guin, without drying prior to weighing and dissolving the
required amounts. Gauguin dried the sample at 140 °C for
17 h. The measured percent moisture in wt% was
0.022 £ 0.003. The dissolved masses varied between 100
and 600 mg in about 5-30 ml of nitric acid solution.
Nominal masses of the ES-2 and ES-3 samples were each
dissolved in concentrated (7-10 M) HNOj; and then diluted
to yield low uranium concentrations in the final analyte
solutions. Monet used 15.9 M HNOj; (plus trace HF) for
dissolution to give about 40 mgU/g solution for aliquoting.
ICP-MS aliquots were then reduced in volume and brought
up in 8 M HNO;. Gauguin’s ES-2 and ES-3 sample
digestion began with a sequential leach procedure to
remove any surface contamination from sampling. The
cleaning involved the steps of ultrasonification in high-
purity water for 5 min, rinsing in 1 M HNO; and then
high-purity water, rinsing in 2 M HNO; and high-purity
water, and then finally rinsing with 4 M HNOj; and high-
purity water. The masses of the “cleaned” samples were
approximately 600 mg. All three Gauguin samples were
digested in 8 M HNOj and subsequently diluted so that the
final solutions contained approximately 20 mg U/g solu-
tion in 3.2 M HNOj3; and 0.05 M HF. HF was used to sta-
bilize the high-field-strength elements. These primary
solutions were used to prepare subsequent dilutions for

both trace element and U assay analysis. Different labo-
ratory setups were used to dissolve the samples. These
included the use of an ANALAB Evapo-clean hot block
(Hoenheim, France) with screw-top Teflon Savillex (Eden
Prairie, MN, USA) used by Cezanne; Teflon beakers with
Teflon watch glasses on hotplate (used by Monet); quartz
vials on a hotplate (used by Gauguin) and heating on a
hotplate (used by Vermeer and Van Gogh). The tempera-
ture and time taken by the different laboratories to com-
pletely dissolve these solid samples was depended on the
setup used. Buonarroti etched the pellets with dilute HNO;,
and then crushed them with a iron tool covered with PE
plastic to avoid contamination. All laboratories easily dis-
solved the samples (pellets and black powder) in hot nitric
acid solution.

High-purity nitric acid, high-purity HF (Gauguin), and
high-purity water (of 18.2 MQ cm resistivity) were used for
sample and instrument calibration standard solution
preparations. Multi-element and single-elements calibra-
tion standards and check element solutions, including
internal standards were prepared from certified stock
solutions supplied by ISO/IEC 17025 accredited agents of
Spex CertiPrep, Inorganic Ventures, and the National
Institute of Standards and Technology (NIST). Dilutions
for ICP-MS using dilute HNOj3, and in the case of Gauguin
trace HF to stabilize the high-field-strength elements, were
commonly performed gravimetrically using high-precision
balances.

Molybdenum and a different number of other impurities
were targeted for analyses by the contributing laboratories.
Four laboratories—Monet, Cezanne, Gauguin, and
Buonarroti—included the analysis of rare-earth elements
(REE).
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Table 2 Summary of sample contamination prevention measures taken by the contributing laboratories

10 M HNO;

7 M HNO;

HNO; + trace high-
purity HF. ICP-MS
aliquot was reduced in
volume and brought up in
8 M HNOj after
dissolution, dilution and
aliquoting

A small amount of HF
was added after
heating. Final
solutions were 3.2 M
HNO; + 0.05 M HF

Conditions ~ Cezanne Vermeer Monet Gauguin Van Gogh Buonarroti
Work Cleanroom and Dedicated Dedicated uranium Radiochemical Dedicated Dedicated fume
spaces class 100 fume enclosure (hood) for laboratory and Class fume cupboards and
work station cupboards sampling. Freshly 1000 cleanroom cupboards glove box
decontaminated and glove
enclosures for remainder box
Samples Teflon, LDPE, PP labware Glass for solid sample Quartz, Teflon, and PP HDPE, PP and HDPE and Teflon
containers  and PP storage, LDPE and PP for ~ labware glass labware labware, glass is
labware solutions avoided
Cleaning Use of high- Use of high- High-purity nitric acid or Use of high-purity nitric Use of nitric Use of
purity nitric purity nitric ACS reagent grade acid and 182 MQ cm  acid and isopropanol,
acid and acid and sulfuric acid with water 18.2 MQ cm then nitric acid/
18.2 MQ cm 18.2 MQ cm NoChromix added (D&G water 18.2 MQ cm
water water only) and water
18.2 MQ cm water
Sampling Quartz mortar ~ Hammer and Ethanol cleaned diagonal Pellet: saw; hammer Mortar and Crushing with PE-
and pestle chisel in cutting pliers and and chisel in plastic pestle in covered bag to
and plastic durable tweezers in plastic bag in  bags. Powder: Teflon-  durable avoid surface
spatulas. double tent. Aluminum weighing  coated spatula double contamin-ation,
Polystyrene plastic bags dish for powder plastic bags then etching with
anti-static; and plastic dilute HNO;
dishes spatulas
Dissolution  Screw-capped  Heating in PP Teflon beakers with Teflon Heating in quartz vials  Heating in Heating in Teflon
Teflon vials vials at watch glasses heated ona  on a hot plate at glass beakers vials overnight at
heated in 100 °C for hot plate at 80 °C to 150 °C for 6 h on a hot plate 80 °C covered
ANALAB 3h complete dissolution at 80 °C for with PE
hot block at 24 h
120 °C
overnight
High-purity High-purity High-purity 15.9 M High-purity 8 M HNO5;. 8-10 M HNO;3;  Sub-boiled 8 M

HNO,

ACS American Chemical Society, D&G Davies-Gray, PE polyethylene, PP polypropylene, HDPE high-density polyethylene, LDPE low-density

polyethylene

Trace element/impurity analysis

Different approaches were used to deal with ICP-MS
interferences, such as the removal of uranium prior to
analysis and the suppression or corrections of known
problematic transition elements. The different methods
used by the contributing laboratories to eliminate or reduce
interferences are summarized in Table 3.

Vermeer used UTEVA resin (Triskem, France) to
remove the uranium from the trace elements. The method
is aimed at retaining the uranium on the resin while rinsing
out the trace elements using a modified method [17]. Nitric
acid was used to condition the cartridges. The solutions
were collected in Teflon beakers followed by heating to
dryness, and then dissolving in nitric acid.

@ Springer

Validation of methods and procedures used

The contributing laboratories used different approaches to
verify the accuracy of methods and to complete the trace
elements analysis. These included the use of spiking, cer-
tified reference materials, check solutions, and digested
blank solutions. The different means used are summarized
in Table 4.

Laboratories chose their own internal standards, certified
reference materials (CRM), and check elements for use in
methods verifications. Among the isotopes used as internal
standards were 6Li, 4SSC, 73Ge, 103Rh, 11SIn, and '"°Tm.
CANMET Cup-2 uranium oxide (certified for uranium
isotopes content), NBL CRM 124 uranium oxide (certified
for trace elements content), NIST SRM 950 uranium oxide
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Table 3 Methods used to supress or help to correct spectral interferences, or verify the handling of K,Cr,0; solutions in case of Davies-Gray

(D&G) titration (as indicated)

Short description of the approaches used

Usage by the respective contributing laboratories

Monet  Gauguin Cezanne Van  Vermeer Buonarroti
Gogh
Chemical separation of the impurities from the uranium matrix to supress Yes No No No Yes No
spectral interferences (ICP-
OES)
Reaction collision cell No No Yes Yes No No
Seeking isotope free of isobaric elemental interference Yes Yes Yes Yes  Yes Yes
(Uranium) matrix matching of the calibration and samples solutions with no  No Yes No No No Yes
chemical separation
Standard addition isotope dilution No No No Yes  No No
Addition of an internal standard to the calibration solutions and samples Yes Yes Yes Yes Yes Yes
Optimizing the analysis conditions to maximize the ratio of the analytical Yes Yes Yes Yes Yes Yes
signal to the interference signal (tuning)
Mathematical correction of interfering species Yes Yes Yes No No Yes
Bracketing the analyte sample with blank, and check samples, and rinsing with No No Yes Yes Yes No
low HNOj concentration and high-purity water in between each sample
measurements
Use of single-element concentration standards versus multi-element standards Yes No Yes No No No
(ICP- (ICP-
MS) MS)

standard (certified for U3;Og content), and CRM 112A
uranium metal standard (certified for U %wt) were used for
method validations. A list of the internal standards and
CRMs used by the different laboratories is provided in
Table 5.

Davies-Gray experimental approach used
by Cezanne

The method used by Cezanne is the modified Davies-Gray
method for uranium determination by iron(II) reduction in
phosphoric acid followed by chromium(VI) titration in the
presence of vanadium. This is essentially a three-step
procedure wherein [5].

e Uranium is reduced quantitatively from + 6 valence to
+ 4 valence by excess of iron(Il) in strong phosphoric
acid in the absence of nitrite. Prior to the uranium

reduction, nitrite is destroyed by addition of sulfamic
acid.

e TIron(Il) is selectively oxidized to iron(IIl) by nitric acid
in the presence of a molybdenum(VI) catalyst.

e After dilution to reduce phosphate concentration, the
uranium is titrated to uranium(VI) by standard
dichromate.

A potentiometric titration was performed on the 888
Titrando with a metal electrode (platinum). The addition of
vanadium(IV) just prior to titration sufficiently improved
the reaction rate and simplified the potentiometric endpoint
determination. To establish a relation between K,Cr,O,
concentration and the uranium in the sample, this con-
centration is expressed in titer, which is the ratio between
equivalent uranium mass content and the weight of
K,Cr,05 standard solution (i.e., mgU/g K,Cr,05 solution).
By using this solution, aliquots containing ES-1, ES-2, or

Table 4 Methods used to verify

accuracy of measurements Validation means Cezanne® Vermeer Van Gogh Monet® Gauguin Buonarroti
Internal standards Yes Yes Yes Yes Yes Yes
Spiking No Yes No Yes Yes No
Digested blank Yes (both) No No Yes (both) Yes Yes
CRM Yes (D&G) No No Yes (D&G) Yes No
Check solution Yes (both) Yes Yes Yes (D&G) Yes Yes

“Results refer to both ICP-MS/OES and/or Davies-Gray (D&G) only as indicated in the brackets
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Table 5 Internal standards and certified reference materials used for measurements verifications

Reference materials Laboratories Limitations comments
Element Mass Monet Gauguin Cezanne Vermeer Van Buonarroti
number Gogh
Lithium 6 No No Yes No Yes No Present in environmental samples
Rhodium 103 Yes No No No No Yes ArCu interferences
Indium 115 No Yes Yes Yes No No Isobaric interference by Sn
Scandium 45 Yes No No No No No Interferences with Si compounds
Germanium 73 No No Yes No No No Polyatomic ion interference with Ar
complexes
Thulium 169 Yes No No No No No May interfere with EuO
Certified reference = CRM Yes Yes (matrix  Yes NA NA NA Certified for uranium %wt and not
materials 112A (D&G) match) (D&G) for trace elements
SRM Yes No NA NA NA NA Not certified for trace elements
950b (D&G)
CUP-2 No No Yes No No No Not certified for trace elements
CRM No Yes No No No No Element uncertainty not specified
124

CRM certified reference material, D&G Davies-Gray, NA not applicable

ES-3 samples were titrated to determine the uranium con-
centrations. In addition, uranium standard reference mate-
rials (CRM 112A obtained from New Brunswick
Laboratory) were used for calibration of the system.

Cezanne made a single mass dissolution of approxi-
mately 800 mg uranium oxide for each of the as-received
ES-1, ES-2 and ES-3 samples. The aliquots were divided
into three fractions each for triplicate titrations. The ura-
nium levels titrated ranged between 30 and 50 mg as
detailed in [5]. Titration calibration for the uranium
determination was performed using certified reference
material CRM 112A to check on the material handling of
the K,Cr,O5 solution. All work was carried out in the
dedicated clean area using labware cleaned in accordance
with the specifications of References [, 6].

Davies-Gray experimental approach used
by Monet

Uranium assay at Monet was performed using a modified
Davies-Gray titration method with cerium sulfate as the
titrant in a manner similar to using the ISO 7097-2 [6].
Cezanne uranium assay was based on the use of potassium
dichromate as the titrant. The two approaches are expected
to yield equivalent accuracy and uncertainty [7, 8]. The
biggest difference between the potassium dichromate and
cerium sulfate titrations has been the sharpness of the end
point with the cerium sulfate having a sharper endpoint.
Care by the analyst must be taken not to over-titrate when
using cerium sulfate. Although one can automate this
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method, Monet has not done so because of low sample
load. This method is performed manually at Monet with a
weighing burette and balance instead of automatic volu-
metric titrators.

For each sample, two solid portions (cuts 1 and 2)
of ~ 500 mg were prepared, dissolved, and distributed for
analysis. Because uranium is ubiquitous in the local area
dust, samples were handled in gloved tents inside cleaned
enclosures. All new, clean glassware and labware were
used as well and all acids and reagents were analytical
grade or better. Sample dissolutions were performed in
Teflon beakers with Teflon watch glasses covering the
opening to prevent any environmental dust from settling
within the beaker. Solution bottles were capped at all times
with new dispenser tops used each time the storage cap was
removed. Pellet samples were snipped apart with new,
ethanol-cleaned diagonal cutting pliers to provide the
440-500 mg used for each dissolution. Multiple aliquots
were dispensed from each dissolution into glass beakers,
each containing nominally 25 mg of sample. Titrimetric
calibration for uranium assay sample measurements was
performed each day using SRM 960 (still available from
New Brunswick Laboratory as CRM 112A). An in-house
working reference uranium metal sample and a SRM ura-
nium oxide (SRM 950b, U;0g) were run as control samples
each day to effectively bracket the concentration range of
sample assays. Sample replicates were analyzed on two
separate days to provide additional confidence in the
reported numbers.
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Isotope-dilution thermal ionization mass
spectrometry approach used by Buonarroti

Uranium assay by Buonarroti was performed using isotope
dilution thermal ionization mass spectrometry (TIMS)
method with >*U spike. Buonarroti made a single mass
dissolution of approximately 500 mg uranium oxide for
each of the as-received ES-1, ES-2, and ES-3 samples with
and without spike. The unspiked aliquots were used after as
a base solution for all the forthcoming analysis. Sample
dissolutions were performed overnight in Teflon Erlen-
meyer covered with PE to avoid evaporation. All the
samplings were performed gravimetrically. The uranium
content of the samples was calculated by the isotopic
composition of the unspiked sample and the n(***U)/
n(***U) of the spiked sample with the isotope dilution rules
[18].

Isotope-dilution MC-ICP-MS approach used
by Gauguin

Uranium assay by Gauguin was performed using a standard
isotope dilution mass spectrometry technique. Gravimetric
dilutions of each of the primary sample dissolutions
described in section entitled “Analyte solutions and cali-
bration standards,” were made to adjust the uranium con-
centration to approximately 10 ng/g. Multiple aliquots of
these dilutions were taken and spiked with a well-cali-
brated 2**U spike in order to obtain a sample to spike ratio
(**U/*U) of approximately one. Unspiked aliquots for
each sample were analysed using MC-ICP-MS to deter-
mine the isotopic composition of each sample. Uranium
assay was determined using the isotopic ratios measured on
unspiked samples combined with the **®U/***U ratio
measured on the spiked samples using typical IDMS cal-
culations [19].

Results
Results of uranium assay analysis

The Davies-Gray uranium assay results presented in
Table 6. Cezanne results are from triplicate analysis of
three separate dissolutions of each sample. According to
the Monet Davies-Gray procedure, duplicate dissolutions
were assayed in triplicate over two separate days and
results were compared to assess agreement prior to
reporting. The Buonarroti and Gauguin’s uranium assay
results obtained using isotope dilution analysis on Thermo
Fischer Triton TIMS and Nu Instrument’s NuPlasma HR
MC-ICP-MS, respectively are included in Table 6.

Uncertainties are reported as total combined uncertainty at
the 95 percent confidence interval (corresponding to cov-
erage factor of k = 2) [20].

Results of ICP-MS/OES trace elements analysis

Trace elements abundances were independently deter-
mined by the participating laboratories using each labora-
tory dissolved samples. All six laboratories reported on the
amounts of Mo because only Mo was given as the signif-
icant signature. There is a great deal of variability in the
sets and number of other elements measured. Five out of
six laboratories included trace element analysis and four
included REE in their list of impurities.

Measurements verifications

Cezanne completed laboratory method validation studies
based on inter-laboratory results of Cup-2 certified refer-
ence materials (with recommended values for some ele-
ments). Samples were independently analysed by both
Cezanne and Gauguin, and the measured values from the
two laboratories corresponded well and with most of the
reference materials certified values [21]. Gauguin and
Buonarroti have together participated in international
round robins of trace element analysis of impurities in
uranium material, which demonstrated good agreement
between the two laboratories [22].

Vermeer measured the concentration of a spiked dilution
in the calibration solution at regular interval and used this

Table 6 Uranium assay results obtained using the Davies-Gray or
isotope dilution analysis method

Laboratory Sample Jowt uranium
Cezanne ES-1 black powder 87.02 £ 0.31
ES-2 pellet 88.32 £ 0.29
ES-3 pellet 87.95 &+ 0.37
Monet ES-1 black powder 87.27 + 0.07
ES-2 pellet 88.19 £+ 0.07
ES-3 pellet 88.16 &+ 0.07
Buonarroti® ES-1 black powder 87.30 £ 0.29
ES-2 pellet 88.11 £+ 0.29
ES-3 pellet 88.13 £ 0.29
Gauguin® ES-1 black powder 87.20 + 0.21
ES-2 pellet 87.94 £ 0.21
ES-3 pellet 88.01 £+ 0.21
Theoretical values U0, 88.15
U304 84.80
U0; 83.22

“Buonarotti and Gauguin used isotope dilution for uranium assay
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to check against the accuracy of the measurements. Van
Gogh used the isotopic ratio of “>Mo and **Mo to check if
these were consistent with its natural abundance and both
internal and external standardization means to ensure
accuracy of quantifications. Gauguin performed a matrix
spike on selected elements above detection to assess
accuracy of quantification. Buonarroti used matrix-mat-
ched standards prepared from hydrolysed high-purity UFg.
The accuracy was checked with a uranyl solution spiked
with multi-elemental standard, which was different from
the calibration. Monet, Cezanne, and Gauguin used the
addition of an internal standard to both the calibration
solutions and to the samples as additional means to com-
pensate for measurement signal drift.

Molybdenum concentrations measured by ICP-MS

All six contributing laboratories measured and reported
molybdenum concentrations in the three exercise samples.
The results are summarized in Table 7.

Other trace elements measured using ICP-MS

Some contributing laboratories measured several impurities
other than molybdenum, to fully compare the characteristic
concentrations of the ES-1, ES-2, and ES-3 samples. The
averaged elemental results for the three samples analysed
are given in Table 8.

Trace elements measured using ICP-OES

Monet conducted a simultaneous multi-element determi-
nation analysis of 10 elements using the ICP-OES after the
removal of uranium matrix. The results are presented in
Table 9. These were assessed for day-to-day variation as
well as homogeneity of the sample prior to reporting.
Elements such as B, Ca, Fe, Li, Mg, Si, and Zn were

Table 7 Results of the Mo measurements reported by the contributing
laboratories

Laboratory name = Mo measured concentration in pg/g U

ES-1 ES-2 ES-3
Vermeer 2.14 £ 0.17 1.09 £ 0.09 0.91 £ 0.08
Van Gogh 14.60 £ 940 2220+ 590 15.10 £ 2.70
Cezanne 2.54 £ 0.14 2.65 £ 0.29 0.98 + 0.22
Monet 347 £0.36 3.90 £+ 1.08 3.20 £ 0.90
Gauguin 2.54 £0.13 9.80 £ 0.20 1.87 £ 0.09
Buonarroti 2.39 £ 0.29 1.10 £ 0.13 3.97 £ 0438

The reported uncertainties are ISO/IEC Guide 98-3:2008 compliant at
a coverage factor of k = 2 [20]
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determined by the IRIS ICP-OES instrument, whereas K,
Na, and P were analysed by the Horiba Jobin—Yvon Ultima
2 ICP-OES for an improved sensitivity. The reported
uncertainties are ISO/IEC Guide 98-3:2008 compliant at a
coverage factor of k = 2 [20]. Only above method detec-
tion level (MDL) results are included in the calculations.

Rare-earth elements measured

Four contributing laboratories reported the measurements
of rare-earth elements to provide a full complementary
assessment of possible similarities in the origins of ES-1,
ES-2, and ES-3 samples. The results are given in Table 10.

Discussion

Interpretations and discussions of uranium assay
results

By comparing the reported values (Table 6) to these esti-
mations, one can expect the ES-2 and ES-3 materials to be
nearly pure UO, materials with fairly low enrichment. ES-
1 also appears to be predominately UO,, but the hetero-
geneity and the lower assay values indicate that the
material either has other forms of uranium oxide or larger
impurity concentrations.

Uncertainty of < 0.2 percent [23] would normally be
expected for titration of pure uranium oxide materials.
Cezanne’s high uncertainties values (in Table 6) are
attributable to the uncertainty of the titration itself. The
Davies-Gray method is not certified and the laboratory had
no reliable means for the uranium assay quality assurance.
Factors such as the aging electrode in that it was used more
often and not stored appropriately; no addition of potas-
sium dichromate solution to pre-oxidize phosphoric acid
delaying the reaction; uncertainty of burette of the titer;
uncertainty of weighed masses; and inhomogeneous sam-
ples (also confirmed for ES-1 by other workers using other
analytical techniques)—have all contributed to the uncer-
tainties. There is very little difference in the replicates for
ES-2 and ES-3 for Monet’s data, even though replicate
analyses of both dissolutions were completed on two sep-
arate days. All Monet uranium content measurements in the
two dissolutions averages plotted in Fig. 1 show a differ-
ence between the two dissolutions in ES-1 data where the
error bars (uncertainty) do not overlap. Combined, these
observations support the earlier suggestion that uranium
concentration may not be homogenous throughout the ES-1
powder at the level sampled. The Buonarroti and Gauguin
uranium assay measurements performed using isotope
dilution technique are in good agreement with the Davies-
Gray results.
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Table 9 Trace elements concentrations in uranium samples by ICP-
OES

Element Sample concentrations given in pg/g U

ES-1 ES-2 ES-3
B <3.0 <3.0 <30
Ca 20.7 £ 0.8 21.0 £ 09 13.0 £ 0.5
Fe 36.7 £ 1.7 <29.0 346 £ 1.4
K <9.0 <9.0 <9.0
Li 8.1+3.7 102 + 1.8 78 +£23
Mg 49407 6.4+ 09 3.6 £0.4
Na < 28.0 < 28.0 < 28.0
P 123 £ 1.1 <9.0 <9.0
Si < 13.0 < 14.0 < 14.0
Zn 11.0 £ 09 <7.0 <170

Interpretations and discussions of trace elements
analysis results

The mass spectrometer instruments were all calibrated for
use according to manufacturer recommendations prior to
sample analysis. Different laboratories used the instru-
ments listed in Table 1 with or without modifications.
Monet specifically indicated that their Thermo Scientific
instrument is modified so that the vacuum chamber and
quadrupole are interfaced with a glove box at the service
panel. Further details as to the adaptations and related
modifications are obtainable from the respective
laboratories.

The instruments listed in Table 1 are similar in a num-
ber of respects. However, the detection limits, precision,
and long-term stability are different and depend on the
mass spectrometer design features. All contributing labo-
ratories took measures to prevent common causes of
sample contamination. The precaution taken during the
dissolution of samples and the preparations of calibration
standards ranged from handling the materials in dedicated
clean areas, use of plastic labware as containers, use of
high-purity certified reference standards, use of high-purity
acids and high-purity water with 18.2 M cm resistivity.
Sample container materials can introduce errors in mea-
surement particularly at low or ultra-trace levels, by con-
tributing contaminants through leaching or surface
desorption, or by depleting concentrations through
adsorption [9]. Good attention was given to the selection
and cleaning of sample containers. The inclusion of the
blank and check samples, processed the same way as the
analyte samples, provided the data used to ascertain that
results were generally free from contamination, memory
effects, and common spectral interferences.

@ Springer

Clean laboratory practices were used by all the con-
tributing laboratories. Preference is shown for Teflon, low-
density polyethylene (LDPE) and polypropylene (PP) lab-
ware because these materials are inert to attack by corro-
sive acids. PP and Teflon vials used for dissolution were
first cleaned using high-purity HNO; acid followed by
18.2 M cm high-purity water and dried beforehand. The
approach generally involved soaking the labware in nitric
acid solution overnight followed by washing and rinsing
with high-purity water. Preparation of analyte standard and
blank solutions was performed following different proce-
dures based on the analysis approaches chosen [14, 15].
Quality control samples such as blanks, replicates, spiked
samples and certified reference material were included in
the analyses as tools for validation and/or means of con-
firming the measurements. All laboratories used both a
quality check (I ng/g) and digested blank solution run
(except Van Gogh and Gauguin) before and after each
sample to control the calibration curve and the contami-
nation of the instrument. Analyte measures were bracketed
by blank sample or calibration verification standard mea-
surements to monitor for memory effects.

Certified reference materials such as New Brunswick
Laboratory CRM 112A, New Brunswick Laboratory CRM
124 series and CANMET Cup-2 (reference values only)
were used for method validation and to check against
accuracy of the laboratories results. The certified reference
materials and detailed approaches differ. Cezanne used
CUP-2 for inter-laboratory based method validation.
Buonarroti used a spiked uranium sample with multi-ele-
mental standard, which is from a different manufacturer
than the calibration solutions. The measured values agree
well with each other and also with the reference values.
The CANMET Cup-2 analysis generally agreed with rec-
ommended values. Two other laboratories used spiking and
check solutions and these confirmed that the methods
employed are capable of delivering reliable results. Internal
standards were used by all the laboratories to monitor and
to help with the correction of instrument drift and physical
interferences.

Dominant problems in ICP-MS-based trace element
analysis are caused by matrix effect, instrument drift and
interferences [24-27]. Spectral and non-spectral interfer-
ences are recognized [28]. Spectral interferences are caused
by

e The combination of two or more atomic ions to give
same nominal mass—to-charge ratio as the isotope of
interest normally formed in the plasma or the interface
system from vector gases or constituents of the sample
(polyatomic or molecular interferences).
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Table 10 Results of the rare-earth analysis made by ICP-MS

Elements Sample concentrations given in pg/g U

Monet Gauguin

ES-1 ES-2 ES-3 ES-1 ES-2 ES-3
Ce 0.15 £ 0.45 0.14 £ 0.07 0.09 £ 0.07 0.013 £+ 0.0016 0.0075 £+ 0.0013 0.0077 £+ 0.0014
Dy 0.49 £ 0.45 0.76 £+ 0.39 0.53 £0.32 0.0009 £ 0.0009 0.0006 £ 0.0005 0.0006 % 0.0005
Er 0.50 £ 0.31 0.65 £+ 0.47 0.59 £0.33 0.0006 £ 0.0004 0.0005 £ 0.0004 0.0004 £ 0.0006
Eu 0.22 £ 0.21 0.19 £ 0.15 0.23 £0.12 0.0004 £ 0.0005 0.0003 £ 0.0003 0.0003 £ 0.0003
Gd 1.47 £ 0.60 1.46 £ 0.84 1.02 £ 0.40 0.129 £+ 0.012 0.022 £ 0.004 0.108 £+ 0.013
Ho 0.16 £ 0.14 0.23 £ 0.19 0.16 £ 0.10 0.00023 + 0.00016 0.00013 £ 0.00017 0.00018 + 0.00011
La 0.25 £ 0.10 0.20 £ 0.06 0.26 £ 0.09 0.032 £ 0.006 0.018 £ 0.005 0.022 £+ 0.007
Lu 0.27 £ 0.18 0.16 £ 0.07 0.11 £ 0.09 0.00023 + 0.00017 0.00013 £ 0.00011 0.00016 + 0.0001
Nd 0.21 £ 0.22 021 £0.14 0.14 £ 0.12 0.0017 £+ 0.0014 0.001 £ 0.001 0.002 £ 0.002
Pr 0.11 £ 0.05 0.15 £ 0.07 0.12 £ 0.05 0.0004 £ 0.0003 0.0002 £ 0.0002 0.0002 £ 0.0002
Sm 0.74 £ 0.57 0.48 £ 0.27 0.68 £ 0.31 0.0016 % 0.0015 0.0012 £ 0.001 0.0009 £ 0.0007
Tb 0.15 £ 0.10 0.15 £ 0.10 023 £0.14 0.00018 = 0.00019 0.00014 £ 0.00008 0.00017 % 0.00016
Yb 0.58 £0.25 < 0.20 0.38 £0.34 0.00019 % 0.00015 0.00016 £ 0.00015 0.00016 % 0.00016
Elements Sample concentrations given in pg/g U

Cezanne Buonarroti

ES-1 ES-2 ES-3 ES-1 ES-2 ES-3
Ce < 0.001 < 0.001 < 0.001 < 0.011 0.0099 £ 0.0012 0.0176 £ 0.0021
Dy < 0.00076 < 0.00056 < 0.0012
Er < 0.0014 0.00068 + 0.000082 < 0.0010
Eu < 0.0029 < 0.0024 < 0.0032
Gd 0.100 £ 0.012 0.020 £ 0.0024 0.100 £ 0.012
Ho < 0.00030 < 0.00027 < 0.00028
La 0.23 £ 0.03 0.22 £ 0.02 0.22 £ 0.04 < 0.014 < 0.012 < 0.015
Lu < 0.00055 < 0.00024 < 0.00073
Nd < 0.011 0.0082 £ 0.0010 < 0.013
Pr < 0.0020 < 0.0013 < 0.0028
Sm < 0.018 < 0.011 < 0.025
Tb < 0.00083 < 0.00061 < 0.00067
Yb < 0.0002 < 0.0002 < 0.0002 < 0.0013 0.0015 £ 0.00018 < 0.0013

e Isotopes of different elements that form singly or
doubly charged ions with the same normal mass-to-
charge ratio (isobaric interferences).

Non-spectral, often called matrix effects, originate from
three different processes or locations: the nebulization
process, the plasma, or the zone of the interface and the
lens. They also include clogging of the nebulizer, the
injector tube of the torch and the cones (sampler and
skimmer) due to high concentrations of dissolved salts.
Participating laboratories used various combinations of
methods to eliminate, suppress, or correct for known ICP-
MS interferences and other problems. Vermeer and Monet
used the chemical separation method based on the use of

commercially available UTEVA resin to remove uranium

matrix from trace elements prior to mass spectroscopic
measurements of uranium-free analyte solution [17].
Monet uranium matrix removal was for ICP-OES only, and
not for ICP-MS. Cezanne and Van Gogh used the avail-
ability of the reaction collision cell to suppress
interferences.

Mathematical correction for interfering ions was used by
Cezanne, Monet, and Gauguin to handle interferences from
known troublesome isotopes [28, 29]. Some other isotopes
that are free of interferences were also chosen for use in
case of multi-isotopic elements. It is logical to imagine that
the removal of the uranium matrix (allowing the analyst to
introduce more impurities from the sample into the mass

@ Springer
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Uranium Content by Dissolution
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Fig. 1 Monet uranium content measurements illustrating the uncer-
tainty values

spectrometer) and/or the use of the more sensitive ICP-
SFMS would produce lower detection limits and lower
uncertainties. However, the reported results indicate that
there are likely other contributing factors to the detection
limits and uncertainties in this report. At first look it
appeared as though the use of a reaction collision cell by
Cezanne might be the other contributing factor to the
reduced uncertainties in the impurity values that are gen-
erally lower than those reported by Monet for molybdenum
(Table 7) and the same trace elements (Table 8). The latter
suggestion is however unlikely because Gauguin and
Buonarroti did not use the uranium matrix removal nor a
reaction collision cell but the uncertainties are comparable
to those by Vermeer and Cezanne. This is with the
exception of Ba values where it has been confirmed that
purple vial caps used to close the ICP-MS centrifuge tubes
are well known sources of Ba [21]. Van Gogh reported
higher Mo values with the highest uncertainty values in
(Table 7) than the other laboratories, and it is apparent that
no suitable internal standard and means of quality checks
was used to aid the ICP-MS data manipulation to allow for
an appropriate calibration fit.

The CMX-4 main goal of the impurity analysis was to
evaluate the similarity of the three samples, ES-1, ES-2,
and ES-3; and to determine if they may have same possible
origin. The impurities of the three samples were analysed
to extract their signatures. Low Mo concentration is an
important characteristic of the materials used in one of the
three facilities of interest, EA Fuel Products. The measured
amounts of Mo in ES-1 and ES-3 compared favorably and
suggested that the three could be from same or related feed
material. Molybdenum in ES-2 is also not much different
from that found in the other two samples. All of the six
laboratories reported Mo concentrations below or slightly
above 10 pg/gU within all of the exercise samples, which
was consistent with manufacturer declarations, and sug-
gested that the most likely facility of positive origin for all
three samples was EA Fuel Products. The concentrations of

@ Springer

most [ICP-MS/OES-based impurities in ES-1, ES-2, and
ES-3 were different in all the three samples. The powder
sample had one or two elements at much higher concen-
tration levels in relation to their concentrations in the two
pellet samples. Two such elements were W and Co, where
laboratories found their concentrations to be significantly
higher in the powder (ES-1) sample. In this case, W and Co
were likely introduced to ES-1 as contaminants when
pulverizing the sample with a tungsten ball mill.

The concentrations of large, but different collections of
elements in Tables 8 and 10 were determined on each of
the three samples by the contributing laboratories. The
different elements measured make it problematic to com-
pare the results across all the different laboratory approa-
ches. It is however noteworthy that the concentrations of
Cd, Co, Cr, Ga, Mn, Th, V, and W measured by either four
contributing laboratories or just three of them were com-
parable. The rest of the concentration values were signifi-
cantly different for most elements and most laboratories.
An interesting observation made here is that the reported
data by Gauguin showed a much higher Mo in ES-2
compared to the other laboratories (in Table 7), but Mo/Cr
ratio of 0.34 compares well with the values estimated from
the Mo and Cr values reported by the other laboratories.
This discrepancy in the absolute concentrations of these
elements may represent sample inhomogeneity. With the
only exception of W, Cu, and Al in ES-1 samples, mea-
sured concentrations in Table 8 are all well below 10 pg/
gU. Tungsten concentrations in ES-1 samples are approx-
imately 10 times higher than in the other two samples.
Monet reported the results of impurities measured by the
ICP-OES technique in Table 9. All the reported data
averages in Table 9 are within 3 x of the method
detectable level for all ten elements. For Monet results in
Table 9 the ES-1 powder sample, sub-sample 1 and sub-
sample 2 measurements did not show agreement for Cu and
W. Cu and W appeared in the second sub-sample at much
higher concentration than that in the first sub-sample:
21.50 £+ 1.50 versus 2.20 £ 0.30 for Cu, and 21.10 £ 1.30
versus 5.70 = 1.00 for W. The same disagreement was
also verified by the ICP-OES measurement. This may be
taken to support the Davies-Gray suggestion that the ES-1
sample may not be homogenous.

The concentration of the rare earth elements in the three
samples are reported by four laboratories in Table 10.
Variations in these values are most likely attributed to the
detection limits of the different instrumentation. The PQ-2
is not as modern as the iCAP-Q, and the Element XR by
design has a greater signal/noise ratio than quadrupole ICP-
MS. Normalization and representing the values relative to a
standard reference material of known composition has been
suggested in the literature [30, 31], but is not considered an
option here because participating laboratories were given
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only Mo as the significant signature. Also, there is a lack of
certified reference materials for trace element analysis that
meet the current scope of demands in terms of elemental
composition and uncertainty. The overall very low levels of
impurities measured supports the assumption that the
variability from Davies-Gray is most likely due to form and
not trace elements present in the CMX-4 samples.

Conclusions

It is evident that analyzing laboratories should reduce the
uncertainties on their Davies-Gray method or risk missing
important information about the uranium oxidation phases.
Also, further analyses by other methods would be required
to ascertain the UO, phase for ES-2 and ES-3, and also
help distinguish which (of the UO,, UO3, U303, and U30;)
is the predominate compound for the ES-1 black powder.

Higher confidence can be obtained from the ICP-MS/
OES technique if few aspects of the technique were to be
standardized. This includes quality assurance using vali-
dated methods, certified reference materials, and uncer-
tainty calculations. Low uncertainty associated with
uranium removal prior to analysis, or the use of a reaction
collision cell suggests the two as better approaches for the
ICP-MS impurity analysis. Further studies are needed to
confirm this view, to look at the homogeneity of the CMX-
4 samples, and to look at the acceptability of existing
certified reference materials such as CRM 124 (with cer-
tified uncertainties and others for ICP-MS trace elements
analysis method verification in nuclear forensics [32, 33].
The CANMET Cup-2 standards may not be very useful
when used to represent materials with low impurities or to
test the lower detection limits of modern ICP-MS methods
[34, 35]. CUP-2 is not certified for trace elements, it is
reference values only with no reported uncertainties and it
is thus important to obtain consensus values. There is also a
need for new reference materials for trace element analysis
in nuclear forensics, that meet the current demands on
composition and uncertainty. Another possibility to ensure
measurement quality is to arrange and participate in inter-
comparison exercises for trace element analysis.

An obvious advantage was that data were available,
from Buonarroti and Gauguin to compare the results
obtained using the Davies-Gray uranium assay method
with the determination of uranium assay made using the
additional techniques of isotope dilution TIMS and isotope
dilution MC-ICP-MS. The uranium assay results obtained
using the two isotope dilution techniques were in good
agreement with the Davies-Gray results, except for the
noted discrepancies which were accounted for in terms of
the compromised experimental conditions. Both the Mo
analysis and the uranium assay results are indicative of

similar origin for the ES-2 and ES-3 pellets. The ES-1
black powder sample also shows much in common with the
two pellet samples. The values obtained for Mo were well
below 10 pg/gU for most laboratories, which suggested
that the ES-1, ES-2, and ES-3 samples may have originated
from the same EA Fuel Products facility. The trace ele-
ments concentrations reported were not entirely consistent
across all laboratories, however the results among a few
laboratories were in good agreement for analytes above
detection. Overall, these were challenging analyses with
the presence of analytes of interest at very low concen-
trations that were close to detection limits of the ICP-MS
instruments employed, potential inhomogeneity in the
exercise samples (confirmed for ES-1 powder using other
techniques), inconsistency in the measurement procedures,
and experimental errors/conditions. Methods validations
that include certified reference materials should improve
the accuracy of the measurements. Another possibility to
ensure measurement quality is to arrange and participate in
inter-comparison exercises for trace element analysis.
Efforts to standardize the analytical techniques, including a
closer look at detection limits, process blanks, replicates,
and uncertainty calculations should provide more confi-
dence in identifying signatures in uranium materials.
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