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• Particle characteristics reflect nuclear
fuel designs and accidental release sce-
narios.
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2.2–4.0), tetravalent U in both particle
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• Beta emission derived dose rates for
Dounreay particles support existing
models.
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Radioactive particles originating from nuclear fuel reprocessing at the United Kingdom Atomic Energy
Authority's Dounreay Facility were inadvertently released to the environment in the late 1950s to 1970s and
have subsequently been found on site grounds and local beaches. Previous assessments of risk associated with
encountering a particle have been based on conservative assumptions related to particle composition and speci-
ation. To reduce uncertainties associated with environmental impact assessments from Dounreay particles, fur-
ther characterization is relevant.
Results of particles available for this study showed variation between Dounreay Fast Reactor (DFR) andMaterials
Test Reactor (MTR) particles, reflecting differences in fuel design, release scenarios, and subsequent environmen-
tal influence. Analyses of DFR particles showed they are small (100–300 μm) and contain spatially correlated U
and Nb. Molybdenum, part of the DFR fuel, was identified at atomic concentrations below 1%. Based on SR-
based micrometer-scale X-ray Absorption Near Edge Structure spectroscopy (μ-XANES), U may be present as U
(IV), and, based on a measured Nb/U atom ratio of ~2, stoichiometric considerations are commensurable with
the presence of UNb2O7. TheMTRparticleswere larger (740–2000 μm)and containedU and Al inhomogeneously
distributed. Neodymium (Nd) was identified in atomic concentrations of around 1–2%, suggesting it was part of
the fuel design. The presence of U(IV) in MTR particles, as indicated by μ-XANES analysis, may be related to ox-
idation of particle surfaces, as could be expected due to corrosion of UAlx fuel particles in air. High 235U/238U atom
ratios in individual DFR (3.2 ± 0.8) and MTR (2.6 ± 0.4) particles reflected the presence of highly enriched
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Fig. 1. The
uranium. The DFR particles featured lower 137Cs activity levels (2.00–9.58 kBq/particle) than the MTR
(43.2–641 kBq 137Cs/particle) particles. The activities of the dose contributing radionuclides 90Sr/90Y were pro-
portional to 137Cs (90Sr/137Cs activity ratio ≈ 0.8) and particle activities were roughly proportional to the size.
Based on direct betameasurements, gamma spectrometry, and theVARSKIN6model, contact dose rateswere cal-
culated to be approximately 74 mGy/h for the highest activity MTR particle, in agreement with previously pub-
lished estimates.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

In nuclear fuel reprocessing, uranium (U) and plutonium (Pu) from
spent nuclear fuel are recovered for civil or military uses. Essential to
reprocessing is the dissolution of the spent fuel, a procedure that in-
creases the potential for contaminant release in liquid waste discharges
(Choppin et al., 2013). Reports on radioactive particles found in the vi-
cinity of reprocessing sites indicate that the dissolution of fuel may be
incomplete and that residual fuel fragments and particles in the dis-
charges can give rise to radioactive particle contamination in the envi-
ronment such as in the case of Krasnoyarsk-26, Sellafield, and
Dounreay reprocessing facilities (Bolsunovsky et al., 2017; Dennis
et al., 2007; Geckeis et al., 2019; Lind, 2006). Failure to recognize the
presence of radioactive particles, defined by the International Atomic
Energy Agency (IAEA) as “a localized aggregation of radioactive atoms
that give rise to an inhomogeneous distribution of radionuclides signif-
icantly different from that of the matrix background”, may have a num-
ber of serious consequences (IAEA, 2011). The presence of insoluble
particles in bulk samples may cause incomplete dissolution, which
may give rise to analytical inconsistencies, irreproducible results, and
erratic conclusions (Cooper et al., 1994; Danesi et al., 2002; Oughton
et al., 1993; Simon et al., 1995). Furthermore, therewill be unacceptably
large uncertainties associatedwithmodel predictions for dispersion and
ecosystem transport as well as dose assessment (Bunzl, 1997; Darley
et al., 2003). To characterize particle properties of relevance for impact
assessments, however, a combination of advanced technologies are
needed (Salbu et al., 1994; Salbu and Lind, 2020).
location of Dounreay Site Restoratio
Particles have been identified as part of the radioactive contamina-
tion of many sites in addition to nuclear reprocessing facilities, such as
from nuclear weapon tests, conventional detonation of nuclear
weapons, fallout from nuclear reactor explosions or fires, and use of de-
pleted uranium (DU) for ammunitions (Salbu et al., 2011). Research has
demonstrated that the particle composition will depend on the source,
while the release scenario will influence particle properties of relevance
for environmental transfer. (Salbu and Lind, 2020). Particle structure
and morphology, elemental composition, and oxidation state of U or
Pu have been shown to be key parameters in determining potential sub-
sequent weathering and remobilization in the ecosystem (Salbu, 2016).

Radioactive particles were identified at the Dounreay facility fore-
shore in November 1983 and have since been recovered at a rate of ap-
proximately eight particles per month from foreshore sediments at the
United KingdomAtomic Energy Authority's (UKAEA) former reactor re-
search establishment atDounreay (Fig. 1), Caithness, Scotland, and from
the nearby Sandside (2.5 km west of site) and Dunnet (25 km east of
site) public beaches (Tyler et al., 2010). These highly radioactive
(MBq) particles and fragments are small pieces (typically 0.2–2 mm)
of fuel material, formed and accidentally released to the marine envi-
ronment during historical nuclear fuel reprocessing operations involv-
ing irradiated spent fuel, which took place during the late 1950s,
1960s, and 1970s (Henderson et al., 2007; Potter et al., 2003). Opened
in 1955, the UKAEA Dounreay facility included three nuclear reactors,
the Dounreay Fast Reactor (DFR), the Prototype Fast Reactor (PFR),
and the Material Testing Reactor (MTR) along with fuel fabrication
and reprocessing capabilities. A total activity of about 10 PBq was
n Ltd. with nearby public beaches shown.
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discharged to the marine environment from the facility until
decommissioning in 1994 (CEG, 1990). Studies of the extent of particle
contamination were commissioned by Scottish Environmental Protec-
tion Agency (SEPA) in 1997 and coincided with the implementation of
a fishing exclusion zone of 2 km around the facility as a result of fore-
shore particle finds (Dennis et al., 2007). Routine monitoring programs
of facility grounds and local public beaches (Sandside, Murkle, and
Dunnet) remain in place today (DSRL, 2019a; DSRL, 2019b; DSRL,
2019c).

As they are relatively small in size, these particles escaped the main
filtration systems of the facility and were released via the low activity
liquid effluent systems (the Low Activity Drain (LAD), Old Diffusion
Chamber (ODC), and the Sea Tanks) into the surrounding marine envi-
ronment (PRAG(D), 2012). This system,whichwaswithdrawn fromuse
in 1992, was connected to a discharge point on the seabed by sixteen
23 m long boreholes. The integrity of these boreholes failed some time
prior to identification in 1981, creating a release pathway to themarine
environment. This has been described in previous reports to be the pri-
mary pathway for particle releases, and efforts have been made to seal
and prevent future releases (Henderson et al., 2007; PRAG(D), 2012).
Other potential release pathways are minor, but include a fire in 1967
and an incident associated with a work shaft that was repurposed for
solid waste storage (Dennis et al., 2007). The work shaft was originally
built to support work on the active waste effluent system; it was mod-
ified and used for solid waste storage from 1958 to 1977. An explosion
due to hydrogen build up occurred on May 10, 1977 (Henderson et al.,
2007). Particle release via the shaft explosionmay have occurred; how-
ever, groundwater pumping from thework shaft to the low activity liq-
uid effluent system also occurred, as required for use as waste storage,
making the specific source difficult to identify.

Released particles can be assumed to have spent years to decades in
the marine environment. Modeling work has been performed to esti-
mate the transport and numbers of particles released. Initial modeling
predicted that the majority of particles would move northeast of the
old diffuser (Henderson et al., 2007; Soulsby et al., 2006). More recent
efforts compared themodelingworkwith seabedparticlefinds and con-
firmed that the discharge location around the ODC and LAD are the
point of exit and that the particles have, generally, formed a plume trav-
eling northeast and parallel to the shore (PRAG(D), 2012). Continued
work with the model has shown that wave action drives the particles
from the seabed to the Dounreay foreshore where the bulk of particles
are found. Reviews of potential new or ongoing sources of particles
have been conducted and do not find evidence of either case, leading
to the conclusion that all particles found are from past releases
(Dennis et al., 2007). Themajority of the particles fromDounreay are at-
tributed to the reprocessing of fuel from either the MTR or the DFR.
However, a fewparticleswith other characteristics have been identified,
including 60Co containing particles and 90Sr enriched particles with ac-
tivities of 90Sr significantly greater than for 137Cs (PRAG(D), 2012).

Estimates suggest there are several hundred thousand Dounreay
particles in the surrounding environment although the risk tomembers
of the public remains very low (Dale et al., 2008; Henderson et al., 2007;
Tyler et al., 2010). In conjunction with Dounreay Site Restoration Ltd.
(DSRL), routine monitoring of affected areas using vehicle mounted de-
tectors was established and the number of particle finds increased to an
average of eight permonth (PRAG(D), 2012). The detection limit and ef-
ficiency of doing so would depend not only on the detector, but also on
the speed of the vehicle. Complete inventories of particle finds are avail-
able to the public through DSRL (DSRL, 2019a; DSRL, 2019b; DSRL,
2019c). The radioactivity of particles largely depends on the size and
typically varies from 102 to 107 Bq, MTR particles having significantly
higher activities than the ones originating from DFR operations. To de-
velop a categorization of the particles based on activity, and thereby
health risk, SEPA organizes recovered particles by 137Cs activity, which
is easy for recovery teams to measure by gamma spectrometry (PRAG
(D), 2012). The 137Cs activity particles with the highest activities,
i.e., above 106 Bq, are termed significant. Relevant particles contain
N105 Bq 137Cs,while any particlewith 137Cs activity below105 Bq is clas-
sified as minor. The majority of particles identified fall into the minor
classification. As the size distribution of radioactive particles found at
other contaminated sites would, to a certain extent, follow a log-
normal distribution (Kashparov et al., 2000; Shevchenko, 2004), the po-
tential exists that a significant number of undetected, low activity parti-
cles would be situated in themarine ecosystem and the beaches around
theDounreay facility, and that theminor classification category could be
defined too broadly.

Radioactive particles, like Dounreay fuel fragments, can carry a sub-
stantial amount of radioactivity and act as point sources of potential
long-term significance for human health as well as for biota (Salbu
et al., 2018). There is a risk from inhalation, dermal absorption, skin ex-
posure, and ingestion. For filter-feeders (e.g., mollusks) and soil-
dwelling animals (e.g. gastropods), particles can be retained by the or-
ganism and eventually be ingested by humans (Jaeschke et al., 2015;
Salbu et al., 2018). Upon prolonged contact, radioactive particles can
give rise to skin ulceration (Charles, 1991; Darley et al., 2003; Gesell
et al., 1999) and damage epithelial tissues of biota (Jaeschke et al.,
2015). Furthermore, particle weathering can increase the mobility and
potential for the transfer of particle associated radionuclides into the
biosphere. As a result of particleweathering, radionuclides originally as-
sociated with large particles or fragments may also occur as submicron
and even nanoscale particles with biological uptake properties poten-
tially very different from those of ions (Salbu et al., 2018). Thus, uncer-
tainties in environmental impact assessments of particle contaminated
areas may be unacceptably large if heterogeneous distributions are
not taken into account. At Dounreay, uncertainties are magnified by
the potential existence of small, non-detected particles in the marine
environment. Previous risk assessments related to Dounreay particles
have primarily focused on human health. However, environmental
biota are not necessarily adequately protected from ionizing radiation
even if humans are sufficiently protected (Strand et al., 2009).

The purpose of the present work is to fill identified knowledge gaps
associated with Dounreay fuel fragment characteristics by linking data
on morphology, elemental and isotopic composition, as well as oxida-
tion state to the release scenario and potential health risks. To achieve
these goals, the present work presents (1) new information on
Dounreay fuel fragment characteristics based on analysis using labora-
tory based X-ray fluorescence (μ-XRF), scanning electron microscopy
(SEM-XRMA), and inductively coupled plasma mass spectroscopy
(ICP-MS), (2) results from synchrotron radiation basedmicro X-ray Ab-
sorption Near Edge Spectroscopy (μ-XANES), and (3) an estimation of
the potential contact dose from encountering a particle by direct beta
measurements using a Si semiconductor detector (Canberra PIPS) and
skin dose calculator software VARSKIN6.

2. Materials and methods

2.1. Particle handling and gamma spectrometry

Archived particles (3 of the DFR type and 3 of the MTR type) were
supplied from SEPA for analysis. The original particle details are
shown in Table S1. Some of the particles were utilized in connection
with previous blue mussel exposure experiments in which physical de-
terioration and loss of activity from particles were observed in some
cases (Jaeschke et al., 2015).

Individual particles were re-examined by gamma spectrometry
using a liquid nitrogen cooled Low Energy Germanium (LEGe) detector
(Canberra Instruments, relative efficiency 25%, resolution 1.8 keV) with
particles being counted at 10 cm distance from the surface of the detec-
tor. SEM-XRMA and μ-XANES measurements were completed prior to
exposure experiments with blue mussels (Jaeschke et al., 2015). All μ-
XRF and dosimetry measurements were completed after the blue mus-
sel studies.
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2.2. ICP-MS

Small fragments of DFR3 andMTR2 were sacrificed for ICP-MS anal-
ysis in order to determine the isotope ratio 235U/238U aswell as niobium
(Nb), molybdenum (Mo), neodymium (Nd), and zirconium (Zr) con-
centrations. The samples were isolated from the main particle and dis-
solved by microwave digestion (Milestone, Ultraclave III, Italy) at
260 °C for 40 min in a 1 mL mixture of HNO3, H2PO4, and HBF4 (1:2:1
ratio). An acidmixture selectionwasmade to ensure proper dissolution
of Nd along with other metals. The isotope ratios and element concen-
tration were determined by inductively coupled plasma mass spec-
trometry (Agilent 8800 ICP-MS QQQ, Japan). Isotopic ratio results
were mass bias corrected against a 6 μg/L solution of NBL CRM 129-A
isotopic standard.

2.3. SEM-XRMA

Individual radioactive particles or sub-samples from these
(~10–50 μm grains extracted with tweezers) were attached to carbon
double-faced sticky tape and mounted onto Al stubs for analysis of sur-
face structures and elemental composition of the particles by means of
scanning electron microscopy (SEM) using a JEOL JSM 840 instrument
interfaced with an ISIS 300 X-ray micro-analysis (XRMA) system, Ox-
ford Instruments. Surface structures were viewed using secondary elec-
tron imaging (SEI) mode, while backscatter electron imaging (BEI)
mode highlighted high density (high atomic number elements) areas
as bright structures on the image. XRMA provided semi-quantitative
identification of elements. The distribution of elements were shown
by x-ray mapping helping to identify locations containing U and other
elements of interest (Salbu and Lind, 2020).

2.4. Laboratory based μ-XRF

Each of the particles, or fragments of the original particle, were sub-
jected to laboratory based micro X-ray fluorescence (μ-XRF) to deter-
mine the elemental distribution on the particle surface and isotope
ratios using a M4 Tornado (Bruker, Germany) (Janssens et al., 2010).
Particles were remounted from the SEM stub to a mylar foil stretched
over an x-cell (31 mm Double Open-Ended X-CELL®). A rhodium (Rh)
target, running at 50 kV and 600 μA, and polycapillary optics provided
the beam with a spot size of 25 μm. Fluorescent x-rays were counted
by two XFlash® silicon drift detectors (50 keV, 600 μA, 25 μm spot
size). The detectors are at a 45° angle to the beam and each feature an
active area of 30 mm2. Two-dimensional elemental mapping was per-
formed under vacuum (20mbar) and repeated a number of times to en-
sure good statistics. Collected XRF spectra were analyzed by the ESPIRIT
software (Bruker).

2.5. Synchrotron based μ-XANES

After SEM-XRMA analysis, sub-samples from particles DFR2 and
MTR3, mounted on carbon double-faced sticky tape, were examined
by synchrotron based micro X-ray absorption near edge spectrometry
(μ-XANES) analysis using the x-ray microscopic facility at beamline L,
HASYLAB, Hamburg (Lind et al., 2007; Lind et al., 2009; Salbu et al.,
2003). By tuning the monochromatic, focused x-ray beam (20 μm
beam via polycarpellary lens) over the U LIII absorption edge
(17.163 keV), information related to the oxidation state of U present
in the particles can be found (Conradson et al., 2004; Salbu et al.,
2001; Schulze and Bertsch, 1995; Silva and Nitsche, 2001). The beam
flux at the sample spot was approximately 109 photons per second at
17.1 keV. The beam intensity was measured by ionization chambers
and the U LIII fluorescence intensity wasmeasured by a well collimated,
high purity germanium (HPGe) detector (area of 30mm2)mounted at a
90° angle to the primary beam and 30 mm from the sample. The μ-
XANES spectra were collected over 300 eV in 1 eV increments. Well
defined U oxidation standards (UO2, Institute of Energy Technology,
Kjeller; U3O8, Institute of Energy Technology, Kjeller; UO2Ac2 x 2H2O
p.a., Riedel-De Haën AG, Seelze-Hannover; UO2(NO3)2 x 6H2O p.a.,
Merck, Darmstadt) were used to collect standard μ-XANES spectra for
comparison with sample spectra.

2.6. Contact dosimetry

Beta ray emissions from individual radioactive particles were deter-
mined using a SPAB15 alpha/beta probe connected to a Radiagem 2000
Portable Dose Rate and Survey Meter (Canberra). The particles were
counted for 30 s at 1 cm increments to a minimum of 20 cm. The ob-
served count rates were corrected for detector efficiency: 37% for
90Sr/90Y (Menanteau, 2009). The beta activity for each particle was cal-
culated using the relationship between the corrected count rate and the
particle activity (Bq) in Eq. (1) (Choppin et al., 2013).

Corrected Count Rate cps ¼ ψsampleψabsψgeom � Particle Activity Bq ð1Þ

here, ψsample represents the self-absorption of beta rays within the par-
ticle. Because the particles are small (b2 mm), ψsample is taken to be 1.
Air attenuation is accounted for by ψabs and the geometric correction
is denoted by ψgeom.

VARSKIN6, a skin dosimetry calculator developed by the United
States Nuclear Regulatory Agency (USNRC), was used to compare skin
dose estimates provided by Harrison et al., 2005. (Gesell et al., 1999).
Combined β-γ skin dose estimates were made for contact doses of a
1 cm2 area to the epithelial layer of skin (70 μm below the surface)
with no mediating shield (Anspach and Hamby, 2018).

3. Results and discussion

The DFR particles examined in this study are classified asminor par-
ticles by SEPA, while the MTR particles belong to the relevant category.
DFR particles were below 300 μm in size and appear non-metallic, brit-
tle, and prone to mechanical breakdown, which is important with re-
spect to particle weathering as the surface area of the original particle
increases after breaking. Estimates of the specific gravity of DFR parti-
cles suggest a broad range of 4.7–7.4 g/cm3 (Dennis et al., 2007). The
MTR particles studied here were larger (b2 mm in size), mostly of me-
tallic appearance and sturdier (Table 1). According to SEPA, the MTR
particles in general range from 0.4 mm to 3 mm in size and have a den-
sity of 3.1 ± 0.4 g/cm3 (PRAG(D), 2012).

3.1. Characteristics of DFR particles

Scanning electron microscope imaging of the DFR type particles de-
tail surfaces that are pitted and cracked, giving credence to the assump-
tion that DFR particles lack structural stability (Fig. 2), in line with
previous descriptions (Henderson et al., 2007; Potter et al., 2003). Of
note, the surface morphology of DFR2 varies across the particle with
predominately pitted, porous material along with a few crystallized,
smoother regions, indicating a variation in the formation of the original
particle or its subsequentweathering. X-raymicroanalysis at various lo-
cations on the particle surface show the dominant elements to be U and
Nb with some inclusions of iron (Fe).

According to the PRAG(D) report (PRAG(D), 2012), DFR particles are
expected to contain approximately 40% Nb, 20% U, and 15% Fe. X-ray
point analysis on the pitted, porous regions also found titanium (Ti), so-
dium (Na), aluminum (Al) and Zr to be present. In a nuclear context, Zr
is typically related to the claddingmaterial of fuel elements, although Zr
can also occur naturally in soils and sediments. In addition, awide range
of elements indicative of soils or sediments adhering to the particle sur-
faces were identified, such as chlorine (Cl), sulfur (S), and phosphorus
(P).



Table 1
Characteristics of particles analyzed in this work (reference date: October 2018).

Particle Approximate particle dimensions
(μm)

235U/238U isotope
ratio

Major elements Elemental ratios
mean ± σ (range)

Number of point
measurements

137Cs activity
(Bq ± σ)

DFR1 100 × 90 N.A. U, Nb, Mo, Fe, Cr, Al, Ni, Si,
Zn

Nb/U = 2.4 ± 0.3 (2.1–2.9)
Mo/U = 0.02 ± 0.02 (0–0.1)

8 (2.0
± 0.1) × 103

DFR2 200 × 160 N.A. U, Nb, Mo, Fe, Cr, Al, Si, Zn Nb/U = 2.5 ± 0.3 (1.9–3.0)
Mo/U = 0.02 ± 0.01
(0–0.03)

10 (6.9
± 0.2) × 103

DFR3P1 300 × 160 3.2 ± 0.8 U, Nb, Mo, Fe, Ca, Cl Nb/U = 2.1 ± 0.1 (1.9–2.2)
Mo/U = 0.1 ± 0.02
(0.03–0.1)

4 (6.6
± 0.2) × 103

DFR3P2 300 × 160 3.2 ± 0.8 U, Nb, Fe, Zn Nb/U = 2.1 ± 0.1 (1.9–2.2)
Mo/U = 0.1 ± 0.02
(0.03–0.1)

4 (9.6
± 0.3) × 103

MTR1 2000 × 1000 N.A. U, Al, Nd, Fe, Zn, Si Al/U = 19.8 ± 5.7 (9.5–33.6)
Nd/U = 0.02 ± 0.003
(0.01–0.03)

100 (6.4
± 0.1) × 105

MTR2 1400 × 300 2.6 ± 0.4 U, Al, Nd, Zn, Mg, Fe Al/U = 14.6 ± 8.0 (4.2–56.6)
Nd/U = 0.1 ± 0.03
(0.03–0.3)

100 (4.3
± 0.1) × 104

MTR3 50 × 30 N.A: U, Al, Si, Fe, Ca, Ni, Cr Al/U = 378 ± 242
(35.5–551)
Nd/U = 0.5 ± 0.2 (0.3–0.7)

3 (3.7
± 0.3) × 102

N.A. = not analyzed.
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Both SEM-XRMA and μ-XRF analyses show a correlation between U
and Nb (Fig. 2, Fig. 3, Fig. 4) and the elemental ratio between Nb/U
was approximately 2 for all DFR particles (Table 1). Elemental mapping
by μ-XRF also shows a spatial correlation between Nb and U. To further
test the Nb-U correlation, a sub-sample of DFR3 was analyzed via ICP-
MS and found a Nb/U ratio of 1.7 ± 0.2, in good agreement with the
μ-XRF results.

The same ICP-MS results yielded a 235U/238U ratio of 3.2 ± 0.8 for
DFR3, showing that the U present in the particle was highly enriched
(HEU) according to the IAEA classification (IAEA, 2005). The fuel el-
ements used in the DFR were highly enriched U-Mo slugs, clad in a
Fig. 2.Elementalmapping by μ-XRF of DFR2 showing (A) theU and (B) theNb distributions (inte
the XRF elemental mapping. D) SEM BEI image with XRMA spot analysis at a flat smooth regio
Nb casing (Cartwright, 1997). Investigations by SEPA indicate that
the DFR particles were formed by high temperature (1668 °C) dis-
solver accidents during fuel element dissolution (Henderson et al.,
2007). Such high temperatures would exceed the temperature
threshold to form a U and Nb alloy such as UNb2O7 (Busch and
Gruehn, 1994). The formation of such an alloy was supported by x-
ray analysis of the DFR particles. The U-LIII edge μ-XANES spectra in
a subsample of particle DFR2 coincide with the spectrum for UO2

(Fig. 5) and strongly indicates that U is tetravalent, i.e., present as
UO2 or as an intermetallic compound. The latter interpretation is ar-
guably supported by SEM-XRMA analyses, which showed U and Nb
nsity scale on the right). C) Correlation plot of normalizedU Lα andNbKα intensities from
n at location (1) and at a porous, pitted region at location (2).



Fig. 3. (A) Nb map of DFR1 obtained bymicro-XRF. (B) Correlation plot between normalized U Lα and Nb Kα intensities obtained in (A). (C) XRF spectrum collected from DFR1, showing
the U, Nb, and Mo peaks.
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co-existing at the micron scale resolution throughout the particle
matrices and by Nb/U atom ratios of ~2 observed in μ-XRF analyses.
These stoichiometric considerations are commensurable with the
presence of UNb2O7 in the particles.
Fig. 4.Micro-XRF elemental maps of DFR3:(A) U, (B) Nb, (C) Mo, and (D) Fe distributions. (E) C
Leaching experiments have previously been conducted to investi-
gate the potential bioavailability of DFR particles using simulated
human stomach juices (2 h) and two types of intestinal fluids
(2 × 4 h), sequentially (Stewart et al., 2003). Results show that, on
orrelation plot of normalized intensity signals of U-Lα and Nb-Kα obtained in (A) and (B).



Fig. 5. Fluorescent U μ-XANES profiles obtained from fragments of Dounreay particles
DFR2 and MTR3 in comparison to UO2, UO2(Ac)2 and U3O8 reference compounds.
Vertical line indicates position of white line of UO2.

7I. Byrnes et al. / Science of the Total Environment 727 (2020) 138488
average, 47% of 137Cs and 85% of 241Am were removed from DFR parti-
cles. These results can provide insight into the general mobility and bio-
availability of radionuclides associated with these particles and suggest
a significant mobilization potential. However, a study of retention of
DFR particles in rats found only 1% retention in most cases for the
major radionuclides of interest, giving credence to the assumptions
that DFR particles do not readily dissolve in the body prior to excretion
(Harrison et al., 2005). This conclusion is supported by the fact that the
Fig. 6. SEM-XRMA of MTR3. High density regions appear as bright locations on the surface of t
locations (A) and (B) contain U, while darker location (C) appears to mostly contain Al.
DFRparticles have resided approximately 40–50 years in themarine en-
vironment, yet, have retained significant concentrations of U and fission
products. Given the range of results from these studies, leaching exper-
iments could provide a fertile ground for future work with these
particles.

In addition to U and Nb, trace amounts of Mo were detected in each
DFR particle (Table 1).Molybdenumwas correlatedwith U, commensu-
rate with the fact that the DFR nuclear fuel contained Mo, which was
used to improve thermal stability during irradiation of the fuel element
(Cartwright, 1997; Meyer et al., 2014; Rest et al., 2006). In DFR3, the el-
emental mapping of Mo was possible and showed spatial correlation
with U and Nb (Fig. 4). Although it is claimed that DFR fuel contained
an approximate atomic concentration of 15% Mo (Meyer et al., 2014),
our μ-XRF analyses suggest thatMo is only present in atomic concentra-
tions of ~1%. The Mo loss can possibly be attributed to oxidation and re-
moval of Mo from the fuel as MoO3 during the high temperature
formation of the particles. Material testing of U-Mo type fuels have
shown that the significant porosity in fuel elements was similar to the
porous, pitted surfaces observed in the present DFR particles, and this
could be attributed to the formation of so-called high burnup structures
(Jadernas et al., 2018; Leenaers et al., 2016).

3.2. Characteristics of MTR particles

The examination ofMTR type particles displayed the rigid crystalline
and metallic appearance described in previous reporting, as illustrated
in Fig. 6 for particle MTR3. Scanning electron microscopy in BEI mode
combined with spot XRMA analysis of the three studied MTR samples
show that the particle surfaces contain a matrix of Al and U distributed
inhomogeneously. Particle surface elements also includedNa, Ca, Si, P, S,
and, most significantly, Fe. These elements are common amongst
he particle. SEM-XRMA spectra from three MTR3 locations (A), (B), and (C). High density
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marine sediments and it is plausible that they fill cracks and pores on
the particle surfaces due to environmental processes (Potter et al.,
2003)

Notably, Nd is present throughout U containing phases of the parti-
cle reaching 1–2% by mass, suggesting Nd was included in the original
fuel design (Potter et al., 2003), rather than present due to decay of fis-
sion products as suggested elsewhere. The X-raymicroanalysis of MTR3
also yielded signals of Nd on the surface of the particle that generally
were spatially correlated with the U distribution (Fig. 6B). Using μ-XRF
elemental mapping, the MTR particles show an inhomogeneous distri-
bution of elements throughout, as seen in Figs. 7 and 8, making each
one somewhat unique.

The MTR was fueled by a U dispersion fuel that comprised of small
grains, a few microns in size, of uranium-aluminum (UAl4) embedded
in an Al substrate and housed in an Al casing (Gibson, 1997;
Tamborini, 2004). Together, the components formed a flat, panel
shaped fuel element approximately 2 mm in thickness that includes
both the UAl4 core and the Al casing (Henderson et al., 2007). The fuel
elements contained approximately 20%U byweight and had an average
enrichment of 70% 235U,with someassemblies containing as high as 90%
enrichment (Henderson et al., 2007; Potter et al., 2003). Grinding and
cutting operations on the MTR fuel plates were conducted as part of
the fuel reprocessing, designed to remove excess Al, but occasionally
cut too close to the U containing core and generated swarf that included
fuel fragments (DPAG, 2008). In the particles studied, Al was
inhomogeneously distributed across each particle with noted enriched
areas. Multiple spot μ-XRF analyses on the surface of particle MTR1 re-
vealed a wide variation in Al/U ratios (Fig. 7). Smooth, shiny locations
with a metallic luster on the surface exhibited an Al/U atomic ratio of
~16, while the corresponding ratiomeasured at a dark pit on the surface
was significantly lower (~10). The inhomogeneous distribution of Al is
likely representative of both the design of the MTR fuel matrix as well
as potential mechanical fragmentation from exposure to the environ-
ment, as evidenced by the dark pits on the surface of the particle. Anal-
yses made here would indicate that the local U concentration is, on
average, 25–45% by weight depending on the location within the
Fig. 7. Elemental maps obtained by μ-XRF: (A) U, (B) Al and (C) Nd distributions within pa
measurements (1) and (2), featuring a change in Al/U ratio: 9.6 at (1) and 15.8 at (2).
particle. Thus, assumptions about the average density of MTR type par-
ticles may be affected with large uncertainties.

Secondary ion mass spectrometry (SIMS) of a MTR particle has pre-
viously showed the distribution ofmicron scale inclusions of enriched U
within the Al matrix (Tamborini, 2004). An overall Al/U atomic ratio of
6.9was determined by SIMS and ICP-MS for the examined particles. The
resolution of the SIMS instrument (~1 μm) allowed formeasurement on
the UAl4 grains themselves while the μ-XRF in this study had a beam
size of 20 μmandwould collect signal from the surrounding Al material.
The isotopic composition (83% 235U, 8% 236U, 8% 238U by atomic concen-
tration, 235U/238U = 10, 239Pu/240Pu = 6.0) of the MTR particle in that
study was consistent with a calculated composition of HEU fuel with
an enrichment of N90% that had been irradiated in an MTR reactor to a
burnup of 25–30% (Tamborini, 2004). Results from the present ICP-MS
analysis of a fragment from MTR2 showed a slightly lower, but still
HEU, 235U/238U isotope ratio of 2.6 ± 0.4. However, this variation can
be attributed to the original fuel assembly the particle was derived
from, as not all fuel assemblies had the same enrichments or burn-ups.

Given that the original MTR fuel was an alloy of Al and the interme-
tallic compound UAl4, the U containing phases in MTR particles may re-
main UAl4, especially as the assumed formation and release pathway of
the particles involved grinding and cutting, but not high heat dissolu-
tion (Potter et al., 2001). Examinations of UAl4 have found that it is
well formed with few defects in the structure of the U sublattice, sug-
gesting that the compound is quite sturdy and that fission products
are well bound to the structure, important to the potential leaching
(Potter et al., 2001; Tougait and Noel, 2004). However, there remains
the potential for oxidation of the surface of the particle. Research into
the corrosion of uranium aluminide fuels, when placed in long term
storage under aqueous conditions, identified oxidation on the surface
of the fuel elements that included a UO2 phase (Kaminski, 2003;
Kaminski and Goldberg, 2002). The occurrence of UO2 in those fuel as-
semblies was part of a process that resulted in the formation of
schoepite on U containing surfaces. The μ-XANES analysis (Fig. 5) of a
subsample of MTR3 most closely related to those of the UO2 standard,
indicating the U could be present as U(IV). Although qualitative, U in
rticle MTR1. (D) Light micrographs of the surface of MTR1 show the locations of point



Fig. 8.Micro-XRF elementalmaps of (A) U, (B) Nd, (C) Al and (D) Fe inMTR2, showing the inhomogeneous distribution of elements. The intensity scale bar indicates atomic concentration
(in %) of the element shown.
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theU(IV) state suggest that the exposedU containing phases on the sur-
face of the MTR particle are oxidized. In addition, Kaminski et al. have
shown U colloid formations from the corrosion of the fuels to be signif-
icant (Kaminski et al., 2005). These studies show that UO2 is plausible as
an intermediate phase in the corrosion of UAlx type fuels that the MTR
particles are derived fromand that the potential exists for the formation
of U containing colloids during weathering of the particles. The
weathering of particles has been shown to decrease the overall particle
size distribution giving rise to a colloidal phase and similar responses
could be expected for MTR particles (Salbu et al., 2018). However, the
analysis via μ-XANES in this study is only qualitative and represents a
small subsample of only one particle and further investigation of U in
MTR particles is required to confirm these results, such as Extended X-
ray Absorption Fine Structure (EXAFS) analysis.

Stewart and coworkers conducted leaching experiments with MTR
particles in the same way as for DFR particles (Stewart et al., 2003).
The study showed similarly high leaching rates of particle associated ra-
dionuclides (60% 137Cs, 51% 241Am) as for DFR particles, suggesting a
rather high remobilization of these radionuclides from the fuel matrix.
This leaching behavior, along with the potential for colloid formation
such as reported by Kaminski et al. (2005), indicates that these particles
may be prone to rapid weathering. Thus, the use of the IAEA CRP/EU
COMET-RATE protocol for abiotic leaching, including size fractionation
of leachates (Salbu and Lind, 2020), should be scope for further studies
on Dounreay particles.
Table 2
Activity and dosimetry results for DFR and MTR particles examined in this paper.

137Cs activity via HPGe
(Bq)

Beta activity via SPAB 15 measurements
(Bq)

DFR1 (2.00 ± 0.09) × 103 (1.61 ± 0.08) × 103

DFR2 (6.94 ± 0.19) × 103 (5.75 ± 0.29) × 103

DFR3P1 (6.55 ± 0.20) × 103 (5.91 ± 0.30) × 103

DFR3P2 (9.58 ± 0.27) × 103 (7.95 ± 0.40) × 103

MTR1 (6.41 ± 0.10) × 105 (5.30 ± 0.27) × 105

MTR2 (4.32 ± 0.09) × 104 (3.53 ± 0.18) × 104

MTR3 (3.73 ± 0.30) × 102 (3.02 ± 0.15) × 102

a NCRP 130
3.3. Contact dosimetry from Dounreay particles

An assessment of the activity and contact dose rates of the six parti-
cles was made and compared with published, generalized estimates
(Harrison et al., 2005). Based on gamma spectrometry, 137Cs activities
ranged from 2.0 × 103–9.6 × 103 Bq/particle for DFR particles and
4.3 × 104–6.5 × 105 Bq/particle for MTR particles (Table 2). Due to the
high concentration of 90Sr in Dounreay fuel fragments, beta doses
from contact with a particle pose a significant risk. Based on the
SPAB15 probe measurements, beta activities ranged from 1.6 × 103–
7.3 × 103 Bq/particle for DFR particles and 3.5 × 104–5.3 × 105 Bq/parti-
cle for MTR samples (Table 2). As expected, beta activities were slightly
lower than 137Cs activities and the calculated beta/137Cs ratio was ap-
proximately 0.8 for all the studied particles except DFR3P1 which
showed a ratio of 0.9. Themeasured beta activities were lower on aver-
age than the estimates made by SEPA, which relies on a 90Sr/137Cs ratio
of 0.9, shown in Fig. 9 (Aydarous et al., 2008; Aydarous et al., 2001;
Harrison et al., 2005).

SEPA estimates the 90Sr activity in aMTR type particle to be 0.9 of the
137Cs activity, based on isotopic composition analyses (Darley et al.,
2003; Harrison et al., 2005; Wilkins et al., 1998). Because they are
found in higher abundance, have higher activity, and are of sturdier na-
ture than DFR particles, only MTR particles were assessed by SEPA. As a
result, the evaluation states that it will overestimate doses for DFR par-
ticles. The results shown here indicate that the 0.9 ratio only slightly
Beta activity/137Cs
activity

VARSKIN6 skin dose rate
(mGy/h)

Time to 500 mGy thresholda

(hrs)

0.81 0.22 2273
0.83 0.79 633
0.90 0.82 610
0.83 1.3 385
0.83 74 7
0.82 4.9 102
0.81 0.04 12,500



Fig. 9. Correlation between the beta activity (in Bq) determined by the SPAB 15 probe
measurements (vertical) and the beta activity estimated according to the method by
Harrison et al. (2005) (horizontal). The red diagonal indicates a 1:1 comparison of
estimated beta activity based on gamma spectrometry versus calculated beta activity
based on direct beta measurements. Particles above the red line have larger estimated
activity values, based on gamma activities; particles below the red line have larger
estimated activity values based on direct beta measurements.
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(i.e., maximum 10%) overestimates the beta activity for all studied par-
ticles except for the fragment of DFR3P1.

VARSKIN6, a computer code from the USNRC (Anspach and
Hamby, 2018), was used to perform contact dose rate calculations
based on the activity determined by gamma spectrometry and from
the SPAB15 measurements. VARSKIN6 estimates doses and dose
rates based on an assumed infinitely small point source on the sur-
face of the skin. In contrast, the estimate made in Aydarous et al.,
2008 was employing Monte Carlo calculations based on
radiochromic dye film exposures of MTR type particles. The Monte
Carlo estimations weremade assuming a homogeneousMTR particle
of 15% U composition, an average density of 3.1 g/cm3, and account-
ing for variation in particle shape and self-absorption. For particles
with a 137Cs activity of 104 or 105 Bq, the assessment by SEPA out-
lines expected contact skin dose rates of 30 or 300 mGy/h, respec-
tively. For direct comparison, the MTR1 and MTR2 particles would
fit to the same assessments, and the VARSKIN6 calculated dose
rates were 74 and 4.9 mGy/h, respectively (Table 2). Although
these estimates will suffer from uncertainties, the VARSKIN6 code
does not provide for uncertainties on the calculated results. The Na-
tional Council on Radiation Protection and Measurements (NCRP)
outlines an occupational health threshold for radioactive particle
skin dose of 0.5 Gy (Gesell et al., 1999). The particles assessed in
this study would require contact times of several hundred hours to
reach this threshold, with the exception of the large MTR particles,
particularly MTR1, which would deposit 0.5 Gy in 7 h (Table 2).

Risk assessments associated with Dounreay particles have been
based on assumed low probabilities of man and organisms encounter-
ing highly radioactive (significant) particles in the environment
(Jackson et al., 2007; Pellet, 2004; Smith and Bedwell, 2005). However,
bothfield observations (on gastropods) and laboratory experiments (on
filter feeders) have shown that ingestion and retention of particles does
occur and that retained particles may induce acute effects (Jaeschke
et al., 2015). The dose assessment in this report is lower than the TLD
based assessment made in Jaeschke et al. and the difference should be
attributed to the dose assessment method used. Given that the reten-
tion times for particles retained in blue mussels were high (70 h), the
threshold to skin ulceration, 2 Gy (NRPB, 1997) would be reached
using both assessment methodologies.

Radioactive particles, including those originating from Dounreay,
will be subject to weathering, transforming larger fragments to
small, bioavailable species, of relevance for biological uptake,
retention, and subsequent dose impact, as well as risk assessments
for particle contaminated sites (Shevchenko, 2004). The bioavail-
ability and uptake of particle-bound radionuclides compared with
those existing as ions or simple molecules has so far largely been ig-
nored when impact and risks are assessed (Salbu, 2016). As a result,
there is a high degree of scientific uncertainty about the long term
ecological consequences and risk to human health from radioactive
particles present in the environment (IAEA, 2011). Finally, these fac-
tors contribute to the overall challenge related to conceptual or
structural uncertainties in environmental impact and risk assess-
ments associated with radioactive particle contaminated areas
(Salbu, 2016). Important aspects of the contamination are often ig-
nored, such as source term and particle characteristics with implica-
tions for transport, deposition, and ecosystem transfer. In addition,
particle specific weathering and dynamics can change uptake path-
ways and retention in organisms resulting in particle specific dose
estimates that are unevenly distributed. These structural challenges
are present in dose assessments for Dounreay particles, but the re-
sults presented in this work should contribute to reduce the
uncertainties.

4. Conclusions

Two types of Dounreay U fuel particles, DFR and MTR, were charac-
terized with respect to particle structure and morphology, elemental
and U isotopic composition, as well as oxidation states of U via tech-
niques not previously employed (μ-XRF and μ-XANES). The results pro-
vide clues about the speciation of U in the particles and can be linked to
source term and release scenarios. The studied DFR particles appeared
to contain UNb2O7 formed during fuel dissolution, while the MTR parti-
cles appeared to contain UAl4 + Al, as stated in the fuel design. The μ-
XANES data suggest that particle weathering and oxidation of particles
surfaces have to a certain extent occurred.

Previously unreported elements, Mo (b1%) in DFR particles and
Nd (1–2%) in MTR particles, were identified. As previous characteri-
zation of Dounreay particles only considered an average MTR parti-
cle of uniform composition, the structural and elemental analysis
presented here should prove useful for developing a representative
DFR particle model as well as refining the MTR model. While early
conservative assessments are important for initial safety assess-
ments, they can lead to unrepresentative environmental assess-
ments and issues with public perceptions of radiation risk.
However, based on the present dose assessments, the elemental
composition of the two types of particles, which influences the parti-
cle density and self-absorption, does not seem to contribute signifi-
cantly to the dose estimates. Based on these results, further
environmental impact assessment may be relevant given that
1) there is a high probability of smaller, undetected particles remain-
ing in the marine environment and 2) risk to biota exists where long
term to permanent retention of particles is possible, particularly for
filter feeders such as blue mussels.
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