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Abstract

The occurrence of uraninite nanoparticles in the alteration zones of uranium ore deposits
suggests potential mobilization of U(IV) under reducing conditions, which is important for
understanding the mobility of uranium in contaminated sites and potential repositories for
nuclear waste. This study investigates the occurrence of uraninite nanoparticles in the outer
alteration zone of the Matoush uranium ore deposit, Quebec, Canada. Selected samples with
finely disseminated uraninite from the outer alteration zone of the deposit are examined by X-
ray fluorescence spectroscopy, scanning electron microscopy, and high-resolution transmission
electron microscopy on specimens prepared using the focused ion beam milling technique.
Uraninite nanoparticles occur as single particles, in clusters, and in larger aggregates in close
association with the Cr-rich phases chromceladonite (Cr-rich mica), ideally KMgCr**(Si;O1c)
(OH),, eskolaite , ideally Cr**,05, bracewellite, Cr**OOH and an amorphous Cr-rich oxide matrix
as well as with fluorapatite and galena. Nanoparticles on the surface and in the outer rim of
single uraninite crystals indicate the growth of larger uraninite crystals via crystallization through
particle attachment and Oswald ripening. The flow texture of the uraninite nanoparticles in the
amorphous Cr-rich oxide matrix, their aggregation on the surface of nanocrystals of
bracewellite, the absence of products of a redox reaction involving U(VI) and Fe (ll) and the
occurrence of amorphous Fe-depleted alteration layers between uraninite and eskolaite, and
uraninite and Cr-rich mica indicate that the uraninite nanoparticles have been mobilized under
reducing conditions (leaching of Fe?* from the alteration layer) at low T (amorphous character of
the alteration layer) after the main mineralization event from the center of the mineralization to
the outer parts of the Matoush dyke complex. These results indicate that fluids can mobilize
U(IV) under reducing conditions in the form of uraninite nanopatrticles albeit over limited
distances. The potential mobilization of these nanoparticles may also explain the occurrence of
proximal mineralized zones in U-ore deposits that lack common products resulting from the
reduction of U(VI) by Fe(ll) (e.g. hematite and other Fe*"phases).
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INTRODUCTION

There is increasing interest in the occurrence of colloidal and crystalline nano-scale
materials in the environment, as nanoparticles can transport metal(loid)s over significant
distances and effectively sequester them in contaminated sites as well as ore deposits (Vilks et
al. 1993; Kretzschmar and Schafer 2005; Hochella et al. 2008; Weber et al. 2009). Colloids and
crystalline nanoparticles are, in this regard, environmentally relevant for remediation strategies
of U-contaminated sites and the design of nuclear waste repositories as they can transport and
sequester radionuclides (Bargar et al. 2008; Dreissig et al. 2011; Schmidt et al. 2012, 2013;
Bots et al. 2014; Suzuki et al. 2015). Uranium(lV) is typically thought to be immobile under
reducing conditions, and that sequestration and containment of U and other radionuclides
occurs under reducing conditions (Long and Ewing 2004). Uranium (IV)-bearing nanoparticles
such as uraninite, coffinite and U-bearing silicates have been, however, identified in numerous
studies (e.g., Bargar et al. 2008; Dreissig et al. 2011, Wang et al. 2013; Fuchs et al. 2015,
Riegler et al. 2015; Suzuki et al. 2015), suggesting that the mobility of U(IV) may be significantly
enhanced by the presence of colloidal material under reducing conditions.

Uranium-ore deposits have been examined as natural analogues of nuclear waste
repositories as their alteration halos provides valuable information on the mobilization and
retardation of U and other radionuclides over millions of years (Pearcy et al. 1994; Fayek et al.
2003; Schindler et al. 2010). Recent nano- to microscale studies of finely disseminated uraninite
in sandstone-hosted roll-front uranium deposits in northwest China (Min et al. 2005), organic
matter at the Carbon Leader Reef, Witwatersrand Supergroup, South Africa (Fuchs et al. 2015)
and in carbonaceous material in alteration halos around unconformity-related U deposits of the
Kiggavik Camp, Nunavut, Canada (Riegler et al. 2016) indicated either the presence of uraninite
nanoparticles or the occurrence of larger aggregates composed of uraninite nanoparticles.
Fuchs et al. (2015) showed that uraninite nanoparticles have been either transported or formed
under reducing conditions in hydrocarbon-bearing solutions and that larger aggregates of
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uraninite formed through the attachment of individual particles. The latter observation suggests
that crystallization through particle attachment (CPA, De Yoreo 2015) may be a possible
mechanism for the formation of uraninite. The possibility of colloidal transport of U(IV) in U-ore
deposits and the subsequent growth of uraninite through CPA may address a long unanswered
question how uraninite ore bodies formed in alteration halos of redox-based U-ore deposits
where neither products of redox-reactions (e.g. hematite) or potential reductants of U(VI) (e.g.
Fe?* minerals) have been observed in proximity to the ore (Hofmann 1999). For example,
mineralization of uraninite in roll front deposits may occur at a distance of 20 to 30 m from the
actual redox front and this has been interpreted to be the result of the common transport of
U(VI) with reducing species such as thiosulphates or microbes and the subsequent reduction of
U(VI) in areas of lower porosity (Hostetler and Garrels 1962; Granger and Warren 1969, 1974;
Reynolds and Goldhaber 1978, 1983; Goldhaber et al. 1978; Reynolds et al. 1982), rather than
being a product of the transportation, agglomeration and aggregation of uraninite nanopatrticles.
The term agglomeration is used in this study when particles dispersed in solution attach to each
other forming irregular or regular shaped clusters or larger particles. The term aggregation is
used when nanoparticles or clusters of nanoparticles attach to already existing nano- to
micrometer size grains.

This study provides further evidence for the transport of uraninite nanoparticles under
reducing conditions in the alteration halo of a U-ore deposit, their agglomeration and
aggregation into larger uraninite grains through CPA. We propose that mobilization,
agglomeration and aggregation of uraninite nanoparticles in alteration halos of U-ore deposits
should be considered as an alternative model for the formation of some mineralization at greater
distances to redox fronts. Potential mobilization, agglomeration and aggregation of uraninite
nanoparticles evident at the Matoush deposit have application for the surroundings of a nuclear

waste repository.
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The Matoush Uranium ore deposit

The Matoush uranium ore deposit lies within the Southwestern portion of the Otish
Basin, located in Central Quebec (Fig. 1). A geological description of the latter basin can be
found in Alexandre et al. (2015). The Matoush deposit is hosted in the Indicator Formation, a
geological unit approximately 800 m thick that consists of conglomeratic sandstones and sub-
arkose to arkosic sandstones (Alexandre et al. 2015). The ore deposit formed around the
bimodal Matoush dyke (Fig. 1), which averages 1.6 m in thickness and intruded into the
Indicator Formation along the Matoush Fracture (Gatzweiler 1987; Alexandre et al. 2015). The
Matoush dyke is predominantly mafic but is cross-cut by a smaller felsic pegmatite dyke (Fig. 1).
The mafic dyke contains mostly plagioclase, magnetite and biotite with minor pyrite,
chalcopyrite, and galena. In altered porous segments of the dyke, these minerals have been
partly replaced by biotite, chlorite, hematite and minor calcite (Gatzweiler 1987). The felsic
pegmatite dyke consists of grains of feldspar, quartz, and tourmaline, each averaging 1 mm in
thickness. A 50-m-wide alteration halo is observed to be nearly symmetric around the Matoush
dyke and consists of an inner tourmaline alteration zone, outer Mg—chlorite and Cr—V mica
zone, and an outermost halo of limonite and hematite (Fig. 1, Gatzweiler 1987). Uranium
mineralization is distributed on both sides of the Matoush Fracture, and ranges from1 to 20 m in
thickness. It always occurs in the core with altered segments of the dyke but never with the
unaltered counterparts. The U-mineralization consists of massive and semi-massive uraninite in
both the core and inner alteration zones, and of disseminated uraninite and uranophane within
the Cr-bearing minerals dravite, chromphyllite and eskolaite in the outer alteration zone
(Alexandre et al. 2015).

Uranium was most likely mobilized from refractory phases such as zircon, monazite, and
fluorapatite contained in the Indicator Formation sandstones by oxidizing basinal brines.
Additional sources for U were most likely U-bearing minerals in the pegmatite portion of the
Matoush dyke. Alexandre et al. (2015) argued that the massive and semi-massive pods and
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lenses of uraninite in the core and inner alteration zone formed through the oxidation of Fe?*
and sulfide minerals in the Matoush dyke such as magnetite, biotite, plagioclase, and minor
pyrite. The authors further suggested that the more disseminated uraninite mineralization in the

outer alteration zone formed through the oxidation of Fe** rather than Cr** in Cr-bearing

tourmalines and micas, as the redox potentials for the half-cell reactions U* + 2H,0 — (U6

0,)*" + 4H" +2e- (Eo = +0.27 eV) and 2Cr** (aq) + 7H,0O — (Cr,0;)*(aq) + 14H" (aq) + 6e- (E, -

=+1.33 eV) indicate thermodynamically unfavourable conditions for the reduction of (U%*0,)?* by

crt

Sample location and paragenetic sequence

The absence of Fe*"-oxide minerals in the disseminated uraninite mineralization (i.e. the
common end-products of the oxidation of Fe?*-minerals and reduction of U®*-aqueous species)
prompted us to further investigate the texture and chemical composition of uraninite and
associated minerals at the nano-scale. A representative sample from the U-mineralized portion
of drill core MT-34A drill was taken at approximately 300 m vertical depth. The mineralized
portion of this drill core is in close proximity (~20m) to the mineralized area of the drill core
MT0610-DDH10 for which a detailed paragenetic sequence has been described by Beyer and
Kyser (2015). In the latter core samples, fluorapatite is the oldest paragenetic phase followed by
various forms of a Fe-bearing eskolaite, which formed during the intrusion of Cr-rich magmatic
fluids after the dyke emplacement (Alexandre et al. 2015; Beyer and Kyser 2015). Eskolaite has
been partially replaced by tourmaline in these samples and both minerals have been
subsequently altered to chromphyllite. Uraninite mineralization (~1008 + 80 Ma, Pb-Pb age)
follows these Cr-rich metasomatisms, which in turn is followed by minor pyrite, clausthalite and
quartz and subsequent fluid events that variably altered the uraninite by adding Ca, Si and Fe

and removing radiogenic Pb (Beyer and Kyser 2015).
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155 EXPERIMENTAL

156 A sample from the U-mineralized portion of drill core MT-34A with finely disseminated
157  uraninite was prepared for optical microscopy, micro X-ray fluorescence (U-XRF), scanning
158  electron microscopy (SEM), and X-ray powder diffraction (XRD). Two Focused lon Beam milled
159  sections (20 x 8 um) were extracted from a thin section and subsequently examined with

160  transmission electron microscopy (TEM). Minerals were identified using a combination of the
161  analytical methods listed above.

162

163  Optical microscopy, scanning electron microscopy, X-ray powder diffraction and X-ray
164  fluorescence spectroscopy

165e Mineralogical, morphological, and textural relationships of both thin sections were

166  examined with a petrographic optical microscope and a JEOL JSM-6400 SEM operating at 20
167  kV with a probe current of 1 nA. X-ray powder diffraction patterns were recorded with a

168  Panalytical X’pert Pro Powder diffractometer using Co Ka radiation (A = 1.79 A) at 40 kV and 30
169  mA. Diffraction patterns were collected over a 20 range of 5-75° with a step size of 0.02° and
170  counting time of 2 s step™. Chemical maps were recorded using an EDAX Orbis micro- X-ray
171  fluorescence (XRF) spectrometer operating at 50 kV, 900 pA and with a dwell time of 0.1 s.
172

173  Focused ion beam (FIB) technology and transmission electron microscopy (TEM)

174 A FEI Helios Dual Beam 600 NanoLab instrument was used to prepare electron-

175 transparent sections. Prior to their introduction to the FIB vacuum chamber, the samples were
176  sputter-coated with iridium to prevent charging from the ion/electron beams. Sections 1 and 2
177  were extracted at approximately perpendicular orientations to contacts between uraninite / Cr-
178  rich mica / fluorapatite, and eskoaite / Cr-rich mica / uraninite, respectively. Both resulting

179  sections had dimensions of circa 20 um length by 8 um height. After preliminary excavation,
180  each section was temporarily fastened, using sputtered platinum, to an OmniProbe 200
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nanomanipulator for removal from the bulk sample and subsequent milling to electron
transparency; a Ga** ion beam was used for both excavation and milling. Each section was
mounted onto a copper holder. Further details on the extraction of FIB sections from geological
material can be found in review articles by e.g. Wirth (2009) and Lee (2010).

The sections were examined using a FEI Titan 800-300 transmission electron
microscope (TEM) at the University of Notre Dame Integrated Imaging Facility. Measurements
were taken using an acceleration voltage of 200 kV and a beam current of 107 pA. Selected
area electron diffraction (SAED) patterns were obtained using a Gatan 4x4k bottom-mount
charge coupled device camera. Electron dispersive spectroscopy (EDS) point analyses were
collected in scanning transmission electron microscope mode (STEM) with an Oxford INCA 30
mm? LN, detector. The sections were also examined using a JEOL 2100 TEM (a field
thermionic emission analytical electron microscope) at Virginia Polytechnic Institute.
Measurements were taken using an accelerated voltage of 200 kV and a beam current of 107
MA. EDS point analyses and maps were acquired in STEM mode using a JEOL BF detector.

SAED patterns were acquired using a Gatan Orius SC200D detector.

RESULTS
Petrographic examinations, u-XRF chemical distributions map (Fig. 2a-e) and powder
XRD (supplementary data) of the selected sample from the U-mineralized portion of drill core
MT-34A indicate the occurrence of the major phases eskolaite (blue in Fig. 2b, ¢), chromium
dravite, (Na(Mg, Fe?"5(Cr, Al)s(SigO15(BO3)s(OH)s(OH) with Mg > Fe*" and Cr** > Al) (dark green
in Fig. 2b, c), uraninite (green in Fig. 2d, e and white in Fig. 2g-i), fluorapatite (violet in Fig. 2e,
green in Fig. 2g) and quartz (yellow in Fig. 2b and d). Traces of chromceladonite (Cr-rich mica)

(K Ca)(Mg, Fe)(Cr, AI),0_67(AISi3O1())(OH)2 with K > Ca, Mg > Fe and Cr > Al (a phase similar in

composition to chromphyllite but with Mg > Cr) , bracewellite, (CrOOH) and galena, (PbS) were

only detected with SEM and TEM.
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Eskolaite occurs as massive to botryoidal (Fig. 2 b-c), whereas chromium dravite
displays euhedral elongated prismatic crystals 2.5 mm in length by 0.1 mm width, with less
abundant subhedral to euhedral cross-sections (Fig. 2 b-c, green in Fig. 2e). Fluorapatite
appears as colourless anhedral to euhedral crystals with blocky to hexagonal habit, 0.2 mm and
1 mm in size respectively (Fig. 2e). Alteration of fluorapatite is commonly associated with the
occurrences of uraninite and altered chromium dravite. Uraninite occurs finely disseminated as
intercrystalline fillings in either eskolaite or chromium dravite, or follows fluorapatite and
eskolaite boundaries and fractures (Fig. 2d-e, h). Chromium-rich mica is closely associated with
uraninite mineralization throughout the sample, often surrounding its boundaries at the
micrometer scale (Fig. 2g-i). Uraninite grains can contain significant amounts of impurities with

maximum concentrations for Si with 10 at%, Al and Pb with 5 at% and Ca and Fe with 3 at%.

Focused ion beam sections: locations and mineralogy

An inherent limitation of the FIB/TEM approach employed here is that the area to be
investigated is physically limited and thus represents only a very small fraction of the geological
area of interest. Hence, locations for their extraction must be carefully chosen such that the
section contains multiple interfaces or characteristic morphological features. In the current work,
locations for the FIB section extractions were selected on the basis of the number of interfaces
between uraninite and adjacent minerals on the micrometer scale. Section 1 includes common
interfaces between uraninite and the Cr-rich mica and uraninite and fluorapatite (Fig. 2g) and
Section 2 contains interfaces between uraninite and Cr-rich mica and Cr-rich mica and eskolaite
(Fig. 2h-i).

In the extracted FIB sections, uraninite, fluorapatite, Cr-rich mica and an amorphous Cr-
rich matrix are the major phases with minor galena (Section 1), coffinite and USiO, (Section 2)
and traces of bracewellite (Cr** OOH) (section 2). SAED pattern with d-spacings and EDS
chemical distribution maps for these identified phases can be found in the supplementary data.
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Section 1 contains interfaces between uraninite and fluorapatite, Cr-rich mica and
galena. The latter phase occurs as a single crystal recognizable as the altered (111) face of a
cuboctahedron (Fig. 3a). Section 2 contains interfaces between uraninite, Cr-rich mica and an
amorphous Cr-rich oxide matrix (Fig. 3b and c¢) with predominantly Cr (>30 at%), minor Ca, Al,
Si, Mg and U (<5 at%) and traces of Fe (<1 at%). In comparison, eskolaite adjacent to uraninite
at the micrometer scale (Fig. 2h and i) contains minor Fe (<5 wt%), traces of Ca, Al, Si and Mg
(<1 at%) and no detectable amounts of U (on the basis of EDS/SEM). Eskolaite itself could not
be identified in Section 2 as the eskolaite-dominated part of the section was mounted directly to

the Cu sample-holder and thus was not accessible for TEM examinations (Fig. 3b).

Features along the uraninite-fluorapatite and uraninite-galena interfaces in Section 1

Nanoparticles of uraninite are finely disseminated along the fluorapatite surface as well
as along fillings between fluorapatite and galena (Fig. 4a). The interfaces between uraninite and
fluorapatite, and between uraninite and galena, are both characterized by the absence of
alteration layers between the nano-size domains of uraninite and the surfaces of fluorapatite (or
galena). Lattice fringes of uraninite are in direct contact with those of fluorapatite and galena
(Fig. 4b-d). The nano-size domains of uraninite are intergrown, display irregular outlines and
have different orientations recognizable on the changing orientation of the dominant (111) lattice
fringes with d = 3.15 A (Fig. 4b-d). In contrast to uraninite, the near-surface structure of
fluorapatite is characterized by lattice fringes of uniform orientation with d = 5.25 (101) (Fig. 4b).
Lattice fringes in the near-surface structure of galena are difficult to recognize due to the
thickness of the crystal, but fringes parallel to (220) and (200) are visible at two locations (Fig.
4c and d). Larger particles of uraninite are composed of mainly single crystals recognizable from
their SAED pattern with sharp diffraction spots (i.e. they are not aggregates of nanoparticles)
whereas areas composed of nanoparticles of different orientations produce SAED patterns with
diffraction rings (Fig. 4a).
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Features along the uraninite-Cr-rich mica interface in Section 1

The structure and composition of the interface between uraninite and Cr-rich mica were
investigated with a sequence of SAED patterns and with chemical distributions maps for U, Si,
Al, Cr and Fe (Fig. 5). A circa 0.5 um thick alteration layer occurs between uraninite and Cr-rich
mica (Fig. 5a, b). This layer is either amorphous or poorly crystalline (no diffraction spots are
observed in the corresponding SAED pattern, Fig. 5c¢) and is highly depleted in both Fe and Mg,
slightly depleted in Cr, and enriched in Si, Al and U relative to the Cr-rich mica. The SAED
pattern indicates that the core of the uraninite is predominantly composed of a single crystal
(sharp diffraction spots and no rings, Fig. 5c) whereas areas in proximity to the uraninite surface
consist of a higher number of nanocrystals with different orientations (diffraction spots and rings;
Fig. 5¢). The occurrence of uraninite nanocrystals of different orientations is also observed at
the surface of the uraninite single crystal in proximity to the galena crystal where three

nanocrystals of uraninite are visible proximal to its surface (Fig. 5d).

Features along the uraninite-Cr-rich oxide matrix interface in Section 2

Figures 6 and 7 show detailed STEM-EDS and TEM data acquired on two regions of
Section 2 (as indicated in Figure 3c). Uraninite occurs in an amorphous Cr-rich oxide matrix in
the form of individual or aggregated nanoparticles. The interface between aggregated (Fig. 6a,
b) and individual (Fig. 6¢) nanoparticles and the Cr-rich oxide matrix is characterized by an
amorphous alteration layer depleted in Fe and Mg and enriched in Si and Al (Fig. 6a- ¢)
whereas Cr occurs in similar proportions in the alteration layer and in the Cr-rich oxide matrix
(see also Fig. 7e). In proximity to the uraninite nanoparticles, assemblages of single crystals of
bracewellite occur. These crystals can be up to 50 nm long and display well developed lattice

fringes with d = 4.9 A (020) (Fig. 6d-f).
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285  Texture and mineralogy of individual and aggregated nanoparticles in Section 2

286 Most of the nanoparticles in Section 2 are composed of uraninite. Individual

287  nanoparticles are slightly ellipsoidal with axial lengths ranging from 30 to 100 nm (Figs. 6¢c, 7b).
288  These nanoparticles are thus ~10 to 20 times larger than biogenic uraninite nanoparticles

289  (Bargar et al. 2008) and the aggregated nano-domains observed on the surfaces of galena and
290 fluorapatite (Fig. 4b-d). Nanoparticles of coffinite are less common (Fig. 7c) and are poorly

291  crystalline displaying SAED patterns with diffuse peaks or rings (supplementary data).

292 The arrangement of uraninite nanoparticles along the interface to the Cr-rich mica in
293  Section 2 resembles a flow texture of nanoparticles in a porous medium (Fig. 7a). Uraninite
294  nanoparticles located in, or adjacent to, this flow path occur as individual nanoparticles

295  (especially among the Cr-rich mica lathes, Fig. 7a), as clusters of two to five agglomerated

296  nanoparticles (Fig. 7b) or as highly condensed aggregates around fibrous inclusions (indicated
297  with arrows in Fig. 7a, d-e). Chemical distribution maps and SAED patterns indicate that these

298 inclusions are composed of bracewellite (Figs. 7d-e, supplementary data).

299
300 DISCUSSION
301 The distribution of disseminated uraninite from the outer mineralized zone of the

302 Matoush dyke coincides with grain boundaries between the earlier formed fluorapatite, Cr-

303 dravite, eskolaite and Cr-rich mica. Alteration features and products associated with the finely
304 disseminated mineralization include corroded surfaces of fluorapatite and galena, an

305 amorphous Cr-rich oxide matrix, Fe-Mg-depleted and Si-Al-enriched alteration layers, coffinite
306 nanoparticles and bracewellite needles in the Cr-rich matrix in Section 2. The Cr-rich oxide

307 matrix in Section 2 (Figs. 3c and 6a-e) and the Si-Al-enriched alteration layer located between
308 uraninite and Cr-rich mica in Section 1 (Fig. 5a and b) are most likely products of the alteration
309 of eskolaite and Cr-rich mica, respectively. The additional presence of a Fe-depleted nano-scale
310  alteration layer between uraninite and the Cr-rich oxide matrix in Section 2 indicates the
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involvement of at least two distinct fluids (Fig. 8); an earlier fluid that altered eskolaite to a Cr-
rich oxide matrix and that promoted the recrystallization of bracewellite needles within this
matrix and a later uraninite nanoparticle-bearing fluid that altered the Cr-rich oxide matrix
through the additional removal of Fe and addition of Si, and deposited the uraninite

nanoparticles in the pore spaces produced by the earlier alteration fluid (Fig. 8).

Formation of the Fe-depleted and Si-Al enriched alteration layers

The formation of a Fe-depleted and Al-Si enriched alteration layer on the surface of Cr-rich
mica (Section 1) and eskolaite (Section 2) indicate that the fluids had a near neutral pH value as
the alteration did not result in the removal of amphoteric Al and Cr** (Fig. 8) The fluids must also
have been reducing as their interaction with Cr-rich mica and eskolaite resulted in the removal
of Fe which is only mobile under near-neutral pH-conditions in its divalent state. This conclusion
is supported by the uraninite nanoparticles being stable under reducing conditions as they are
more susceptible to oxidation than their micrometer-size counterparts (Suzuki et al. 2002).
Alteration under reduced conditions is also in agreement with the presence of the trivalent Cr-
hydroxide mineral bracewellite and the preservation of most parts of the galena crystal. The
amorphous character of the Cr-rich oxide matrix and the interface between uraninite and Cr-rich
mica indicate alteration at low T as (a) the occurrence of bracewellite needles in the Cr-rich
matrix indicates only partial recrystallization of the Cr-rich matrix (Fig. 7d-f) and as (b) high-T,
processes would have most likely resulted in the complete recrystallization of these alteration

phases.

The presence of uraninite nanoparticles: products of transportation or an in situ
reduction process?

Fuchs et al. (2015) could not completely answer the question whether the observed
uraninite nanoparticles in bitumen at the Carbon Leader Reef, Witwatersrand Supergroup
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337  formed in situ through the reduction of U®* by hydrocarbon-bearing fluids or whether they were
338 transported by these fluids and subsequently deposited. Similarly, the uraninite nanoparticles
339  observed in Sections 1 and 2 could have been either transported and deposited by reducing
340 fluids (i.e. a physical process) or formed through the in situ reduction of U®* by reducing ions in
341  the fluids (i.e. a chemical process). In the latter case, possible reductants of U®* could have
342 been Fe?" and reduced S-bearing species, both released through the alteration of mafic

343  minerals and sulfides in the Matoush dyke. Hydrocarbon-bearing fluids and microbial activity
344  cannot be completely ruled out but evidence for them is lacking in previous studies of the basin
345  (e.g. Gatzweiler 1987, Alexandre et al. 2015). Reduced sulfur-bearing species may have been
346  present in the fluids but most likely at low concentrations as sulfides are only a minor

347  component in the mafic part of the Matoush dyke (Alexandre et al. 2015). Dissolved Fe?* may
348  have been also present in small concentrations as only 3 at% Fe occurs in uraninite and as
349  Fe*'minerals, products of the oxidation of Fe** and reduction of U%*, are not observed in

350  proximity to the disseminated ore. Furthermore, it seems unlikely that a Fe?*-rich solution with
351 Fe and U would have altered Cr-rich mica and eskolaite to secondary phases depleted in Fe.
352  Thus it is unlikely that large amounts of reducing S- and Fe-bearing'species could have reduced
353  U® species in situ in the outer mineralized zone of the Matoush dyke.

354 Hence, we propose here that the uraninite nanoparticles formed either after or during the
355  main mineralization event through the reduction of U®*-bearing brines by Fe?*'mafic minerals
356  within the Matoush dyke and were transported by reducing fluids at a later stage to the outer
357 alteration zones of the ore deposit (Fig. 8) in accordance with the observed flow texture of the
358 uraninite nanoparticles within the Cr-rich matrix (Fig. 7a).

359 Conditions that favour the formation of (abiotic) nanoparticles versus larger single crystals
360 are a high degree of supersaturation or a high number of surface sites that promote the

361 simultaneous homogenous and heterogeneous nucleation of a large number of crystals. If these
362 conditions indeed occurred in the center of the Matoush dyke, fluids could have easily
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transported the highly mobile uraninite nanoparticles from the inner to the outer parts of the
mineralized zone at a later stage.

The depletion of Fe?* in alteration layers around the Cr-rich mica can be simply explained by
the dissolution of the latter silicate, the subsequent reprecipitation of the amorphous Cr-Al-
silicate and the removal of the mobile Fe?". This process cannot, however, explain the removal
of Fe* present in eskolaite and the Cr-rich oxide matrix. The elimination of this cation would
have required its reduction to Fe?*, which may have been facilitated by U** -bearing aqueous
species or by the dissolution of uraninite nanoparticles and the subsequent removal of Fe**- and
uranyl-aqueous species (Fig. 8). The presence of U*"-bearing aqueous species or the
dissolution of uraninite nanoparticles may also explain higher U-concentrations in the Cr-rich
oxide matrix (1- 5 at% U) and the alteration layer between uraninite and the Cr-rich mica (1-2

at% U) relative to eskolaite and Cr-rich mica, respectively.

Agglomeration, aggregation and retardation of nanoparticles

In the two FIB sections examined here, uraninite occurs either in the form of individual
nanoparticles, aggregations of nanoparticles, strongly intergrown nano-domains and as larger
single crystals (Figs. 4-7). These distinct features indicate different stages of agglomeration and
aggregation of nanoparticles and suggest the formation of single crystals through crystallization
by particle attachment (CPA).

Agglomeration of nanopatrticles in fluids occurs when physical processes bring particle
surfaces in contact with each other and short-range thermodynamic interactions allow for
particle attachment to occur. For particles <100 nm in size, Brownian diffusion controls the long-
range forces between individual nanoparticles, causing collisions between particles (Hotze et al.
2010). When contact occurs, it can result in either attachment or repulsion. Short-range
thermodynamic interactions that control the collision of nanopatrticles can be understood in the
context of the Derjaguin-Landau-Verwey-Overbeak (DLVO) theory which describes the relative
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effects of both repulsive and attractive forces. According to this theory, the sum of attractive and
repulsive forces determines attachment (Derjaguin and Landau 1941; Verwey et al., 1948)
whereby van der Waals (vdW) forces and electrostatic double layer (EDL) forces are the
dominant attractive and repulsive forces, respectively.

The settling and agglomeration of nanoparticles depends on chemical and physical
properties of fluid and nanoparticles such as the density of nanoparticles, the geometry and
openness of the flow path and whether the flow is laminar or turbulent; i.e. the higher the
particle density and Dean number and the lower the permeability and Reynolds number, the
greater the degrees of settling and agglomeration (e.g. Choi et al. 2013; Liyanage et al. 2016).
Attractive and repulsive forces during the collision of nanoparticles are also controlled by the
surface charge, particle size and shape of the nanopatrticles, types of ionic species in solution,
alteration layers and adsorbed species on the surface. The surface charge itself is controlled by
the point of zero charge of the nanoparticle, which in turn is affected by the chemical
composition, particle size, adsorbed species and alteration features on the surface (see Hotze
et al. 2010 for details).

Uraninite has a point of zero charge of pH,,c. = 5.5 (Olsson et al. 2002; Singer et al.
2009); however, for either nanoparticles of uraninite or uraninite with a surface oxidation layer
containing U®* or adsorbed cationic and anionic aqueous species, the pHpc is typically observed
to be lesser or greater than this value (Hotze et al. 2010). Variable concentrations of aqueous
species in the fluids and on the surface of the nanoparticles also affect agglomeration and thus
mobilization of the particles, as smaller and larger concentrations of ions in fluids and on
surfaces result in an increase or decrease in the repulsive forces between the particles,
respectively (Hotze et al. 2010).

Another important factor to consider is the presence of clay and metal-oxide colloids in
the fluids, as these can promote retention and aggregation of nanoparticles due to differences
between the surface charges of the clay/oxide and the nanoparticles (Schmidt et al. 2012, 2013;
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Cai et al. 2014). For example, the clustering of uraninite nanoparticles around needles of
bracewellite (Fig. 7a and d-e) suggests the aggregation of the former particles on the latter
needles. This so-called heteroaggregation process was most likely dominant during
mineralization in the area examined in Section 2, as most of the larger uraninite aggregates are
clustered around the earlier-formed bracewellite needles (Fig. 7a, d-e, Fig. 8).

To conclude, the geometry and permeability of the flow path along the Cr-mica-eskolaite
grain boundary, the presence of bracewellite needles and aqueous species in the fluids and
adsorbed to the nanoparticles were most likely factors that controlled the agglomeration,
aggregation and thus the retention of the nanoparticles observed in the Sections 1 and 2.
Individual nanoparticles occurring among the Cr-rich mica lathes were presumably adsorbed by
the latter substrate, but the absence of larger aggregates in this area of Section 2 suggests that

the adsorption process did not promote the aggregation of a large number of nanoparticles.

Crystallization via particle attachment

An increasing amount of evidence indicates that crystallization through particle
attachment (CPA) is a significant mechanism by which crystals nucleate and grow (Colfen and
Antonietti 2008; De Yoreo et al. 2015). In contrast to the conventional model of crystal growth,
i.e., one in which individual ligands are added sequentially to a growing crystal face, CPA
results from the attachment of already-formed particles in the proximal, nascent fluid to the
growing crystal face. Where the particles are amorphous, their aggregation proceeds by an
amorphous-to-crystalline pathway that results in a final single crystal (a characteristic feature in
many biogenic systems). In the case of crystalline nanoparticles, aggregates attach to a surface
of a growing crystal either in a specific crystallographic orientation (i.e., orientated attachment),
or in a random orientation which requires subsequent structural re-organization for their full
integration into the bulk crystal. The latter processes require, however, the initial formation of a
larger crystal to which nanoparticles can subsequently attach. This crystal can form from
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nanoparticles of different orientations through a process called Oswald ripening, where a larger
crystal grows at the expenses of smaller crystals whose size decreases continuously during the
crystallization process (De Yoreo et al. 2015).

The occurrence of CPA has been proposed as a significant mechanism for the growth of
inorganic materials such as anatase (Penn and Banfield 1999; Schindler and Hochella 2016),
rutile (Li et al. 2013)], hematite (Park et al. 1996; Shindo et al. 1994), calcium phosphate
(Habraken et al. 2013), magnetite (Baumgartner et al. 2013) and goethite (Yuwono et al. 2010),
as well as many biologically-mediated systems (e.g. Killian et al. 2009; Mahamid et al. 2008;
Politi et al. 2004). Additionally, in complex energy environments, at lower degrees of
supersaturation, the formation of precursor metastable nanoparticles and growth by CPA may
be both thermodynamically and kinetically advantageous in comparison to monomer-by-
monomer growth (De Yoreo et al. 2015).

Despite CPA in U-O systems having not yet been specifically documented, the following
observations in this study suggest the formation of larger uraninite single crystals in the
examined samples of the Matoush deposit via Oswald ripening and CPA:

(1) The occurrence of a single crystal in the core of uraninite aggregates and of

nanoparticles in different orientations in their outer rims (Fig. 5¢c-d);

(2) Different stages of nanoparticle agglomeration and aggregation: singles, clusters

and larger aggregates (Figs. 4, 6 and 7).
(3) The occurrence of individual nanoparticles or nano-domains in larger aggregates

(Figs. 4,6 and 7).

IMPLICATIONS
An increasing number of detailed examinations of nano-scale textures associated with
mineralization processes in alteration halos of uranium ore deposits indicate the presence of
uraninite nanoparticles (Min et al. 2005; Fuchs et al. 2015; Riegler et al. 2016; this study).
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These findings suggest that mineralization of uraninite, especially at greater distances to a
redox-front, is partially controlled by the formation of these particles. The formation of uraninite
nanoparticles can either occur in situ or at greater distances from the redox front, but in both
cases formation is controlled by the degree of supersaturation and the number of surface sites
during heterogeneous nucleation. This study provides evidence for the agglomeration,
aggregation and Oswald ripening of uraninite nanoparticles prior, during and after the CPA
process which resulted subsequently in the formation of larger uraninite crystals. Further
examinations of other types of uranium ore deposits at the nanoscale must show whether
transport or in situ formation of uraninite nanoparticles is predominant at greater distance to
redox fronts and whether the formation of more massive uraninite ore bodies is actually a result
of CPA.

The limited extension of the disseminated mineralization in the alteration halo of the
Matoush dyke (on the meter scale) suggests a low mobility of uraninite nanoparticles in the
alteration zone of the Matoush ore deposit; most likely due to the high reactivity of the
nanoparticles (e.g. Cerrato et al. 2013) and amount of colloidal material in fluids of high ionic
strength. In a similar way, potential fluids in a nuclear waste repository containing spent nuclear
fuel (which is dominantly UO,) will be characterized by high ionic strength due to expected low
water-rock ratios in a multi-barrier repository system (e.g. Lichtner and Eikenberg 1994, Savage
et al. 2000). A high ionic strength would promote the agglomeration of released uraninite
nanoparticles and thus facilitate a slowdown of their migration through the multi-barrier system.
In contrast, hyperalkaline fluids formed through the interaction of water with concrete and
metallic canisters in a repository will have a much higher pH than the pH,,. for uraninite
(Lichtner and Eikenberg 1994; Savage et al. 2000; Smith et al. 2015), and would thus result in
large repulsive electrostatic double layer forces between colliding uraninite nanoparticles.

Experimental studies on agglomeration mechanisms of uraninite nanoparticles at high pH
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values and high ionic strength will be thus of great importance for our understanding of the

potential transport of nanoparticles in a spent nuclear waste repository.
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Figure Captions
Figure 1. Location of the Matoush deposit in the Otish Basin, Central Quebec, Canada,
schematic cross section of the Matoush dyke complex (modified from Alexandre et al.

2015) and proposed flow directions of the U®* solutions (indicated with arrows).

Figure 2. Optical micrograph image, y-XRF and SEM-EDS chemical distribution maps of the
sample from the outer alteration zone of the Matoush ore deposit; areas depicted in the
chemical distribution maps are indicated with rectangles and arrows in the optical image
as well as in the y-XRF and SEM-BSE maps and images, respectively; (a) y-XRF image

depicting the total counts of X-rays recorded during mapping of the chemical distribution
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of all selected elements; (b)-(e) u-XRF chemical distribution maps of the area depicted in
(a); elements and associated colours are given below each map; (f) optical micrograph
image; (g) SEM-EDS chemical maps for U in white, Si in red and P in green; the location
of the extraction of FIB Section 1 is indicated with a yellow rectangle; (h) SEM-BSE
image of finely distributed uraninite in eskolaite; the area shown in (i) is indicated with a
red-framed rectangle; (i) SEM-BSE image of the interface between uraninite and
eskolaite, which is composed primarily of Cr-rich mica; the location of the extraction of
Section 2 is shown with a yellow rectangle; areas dominantly composed of eskolaite, Cr-
dravite, fluorapatite, uraninite and Cr-rich mica are labelled Es, Dr, Ap, Ur and Cc,

respectively.

Figure 3. (a) STEM image of Section 1; areas shown in Figures 4, 5a-b and 5d are indicated

with white- and black-framed rectangles as labelled; (b) SEM image of Section 2 after
extraction and thinning of a selected area; the area shown in (c) is indicated with a white
rectangle; (c) STEM image of the thinned area in Section 2 as depicted in (b); a white-
framed rectangle indicates the location of the image shown in Figure 6; areas shown in
Figures 7a-c and 7d-e are labeled accordingly; areas predominantly composed of
eskolaite, fluorapatite, uraninite, Cr-rich mica and galena and an amorphous Cr-rich

oxide matrix are labelled Es, Ap, Ur, Cm, Gn and Am respectively.

Figure 4. Images and SAED pattern from Section 1: (a) TEM image of a distorted (111) face of

a galena cubooctahedron (111) and surroundings in Section 1 (as depicted in Figure
3a); SAED pattern on the right side indicate the presence of a uraninite single crystal (Ur
single crystal) and areas composed of nano-domains or nanoparticles of different
orientations (Ur NP; see text for details); (b)-(d) interfaces between (b) fluorapatite (Ap)
and uraninite (Ur) and (c)-(d) galena (Gn) and uraninite (Ur) (indicated with red lines);
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nano-domains of uraninite (framed with white dashed lines) can be recognized on the
lattice fringes with different orientations (white solid lines); lattice fringes in the surface
structures of fluorapatite and galena are also indicated with white solid lines;

characteristic d-spacings and (hkl) indices are given for the respective lattice fringes.

Figure 5. Images, chemical maps and SAED pattern taken from Section 1: (a)-(b) STEM image

and STEM-EDS chemical distribution map for U (blue), Si (red) and Fe (green) of the
interface between uraninite and Cr-rich mica (as depicted in Figure 3); numbers in (a)
indicate the locations from where the SAED pattern in (c) were taken; (c) SAED pattern
from a transect across the interface between uraninite and Cr-rich mica; numbers
indicate the respective locations depicted in (a); (d) the surface of the uraninite grain
depicted in Figure 3a; the locations of three nanoparticles of uraninite are indicated with

arrows.

Figure 6. Images and chemical maps from Section 2: (a)-(b) STEM image and STEM-EDS

chemical map for U (blue), Si (red) and Fe (green) of the interface between uraninite and
the Cr-rich oxide matrix in Section 2 (as depicted in Figure 4c); (c) STEM-EDS chemical
distribution map for U (blue), Si (red) and Fe (green) of a single nanoparticle of uraninite;
(d) STEM image of an amorphous Cr-rich oxide matrix surrounded by individual and
aggregated uraninite nanoparticles, the corresponding EDS-STEM distribution map for
Si (red) Cr (green), and U (blue) is shown in the lower left corner; the area shown in (e)
is indicated with white circles in the STEM and EDS-STEM image; (¢) TEM image of
needles of bracewellite (Cr** OOH) in an amorphous Cr-rich oxide matrix; (f) high
resolution TEM image of bracewellite single crystals with visible lattice fringes

(highlighted with solid white lines).
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Figure 7. Images and chemical maps from Section 2: (a) STEM image of individual and
agglomerated and aggregated nanocrystals of uraninite along the Cr-rich mica surface in
Section 2; the occurrence of small inclusions of bracewellite are indicated with white
arrows; (b) TEM image of single and clustered uraninite nanoparticles; (c) individual
nanoparticle of coffinite depicting an ellipsoid shape; (d)-(e) STEM image and STEM-
EDS chemical distribution map for U (blue) and Cr (orange) of uraninite nanoparticles

clustered around inclusions of bracewellite (indicated with arrows)

Figure 8. Flow chart showing a conceptual model for the occurrence of at least two late

stage fluid events in the outer rims of the Matoush basin
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Late-stage fluid events in the Matoush deposit after the main uranium mineralization event

Stage 1

Si-rich, low T reducing fluids
of near neutral pH

Alteration of Cr-rich mica and eskolaite,
removal of Fe2*and addition of silica

l

Re-precipitation of amorphous Cr-rich matrix
and partial re-crystallization of bracewellite

—>| of near neutral pH containing

Increase in porosity especially along grain boundaries
betweenthe Cr-rich minerals , apatite and galena

Stage 2

Si-rich low T reducing fluids

uraninite nanoparticles

l

Alteration ofthe amorphous Cr-rich matrix
and removal of Fe?* and addition of silica

l

Deposition, agglomeration and
aggregation of uraninite nanoparticles

Re-precipitation of an amerphous
Fe-depleted Cr-rich alteration layer

!

Decrease in porosity
through aggregation of uraninite nanoparticles
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