Earth and Planetary Science Letters 448 (2016) 133-139

Contents lists available at ScienceDirect

EART
SPLANETARY
SCIERCE LETTERS

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Trapping of helium in nano-bubbles in euxenite: @CmssMark
Positive identification and implications

Anne-Magali Seydoux-Guillaume **, Marie-Laure David P, Kevin Alix?, Lucien Datas¢,
Bernard Bingen ¢

2 Laboratoire Magmas et Volcans LMV, UMR 6524 CNRS-UBP-UJM-IRD, Faculté des Sciences et Techniques, 23 rue du Dr. Paul Michelon, 42023 Saint Etienne,
France

b Institut Pprime, UPR 3346, CNRS-Université de Poitiers, Futuroscope-Chasseneuil, France

€ UMS 3623 - Centre de Microcaractérisation Raimond Castaing, Espace Clément Ader, 3 rue Caroline Aigle, 31400 Toulouse, France

d Geological Survey of Norway, 7491 Trondheim, Norway

ARTICLE INFO ABSTRACT
Article history: The (Y,REE,U,Th)-(Nb,Ta,Ti) oxides, like euxenite, fergusonite, pyrochlore, zirconolite, are known to contain
Received 3 February 2016 nanometric spherical cavities or bubbles, interpreted to contain radiogenic helium. In-situ analyses by

Received in revised form 2 May 2016
Accepted 9 May 2016

Available online 24 May 2016

Editor: B. Marty

Scanning Transmission Electron Microscopy (STEM) coupled with Electron Energy Loss Spectroscopy
(EELS) inside nano-bubbles from an euxenite crystal, sampled in its host c. 920 Ma old pegmatite in
Norway, deliver, for the first time, a positive identification of helium and an estimation of helium pressure
in such bubbles. The chemically unaltered euxenite crystal proves amorphous and homogeneously

Keywords: speckled with bubbles ranging from 5 to 68 nm in diameter, around a log-normal distribution centered
helium at 19 nm. The euxenite contains 9.87 wt% UO, and 3.15 wt% ThO,. It accumulated a theoretical alpha-
nano-bubbles decay dose of 3.46 x 1020 «/g (i.e. 170 He/nm?), at a dose rate of 11926 «/g/s. This corresponds to
STEM-EELS production of 0.23 wt% He. The density of helium inside the bubbles, estimated from EELS data, ranges
radioaitive minerals from 2 to 45 He/nm?, leading to a pressure of 8 to 500 MPa. The proportion of produced helium trapped
euxenite

in bubbles is about 10%. Helium bubbles clearly influence helium diffusion. They may contribute to the
swelling of euxenite during amorphization and to the fracturing of the host rock. Our results suggest
that dose, dose rate and structural state seem to be important parameters for the nucleation, growth and
coalescence of helium bubbles but also demonstrate the crucial need of experimental studies to be able
to develop a predictive model of the long term behavior of materials in response to helium irradiation.
Furthermore, chemical alteration of euxenite, here materialized by fluid driven dissolution—precipitation
towards silica bearing euxenite, removes the bubbles and mobilizes helium into the rock via cracks and
grain boundaries. It is then suggested that helium-rich fluid released from such U-Th rich sources may
percolate into surrounding rock units, inducing perturbation of the (U-Th)/He systematics of apatite and
zircon in these units.

nuclear waste

© 2016 Elsevier B.V. All rights reserved.

1. Introduction ejection of recoil-nuclei and alpha particles, causing fundamen-
tal modifications in physical and chemical properties of minerals.

Radioactive uranium-thorium minerals like zircon, monazite, In particular, amorphization is essentially induced by recoil-nuclei
pyrochlore, zirconolite, have been extensively studied in the con-  and results from the accumulation of thousands of atomic dis-
text of immobilization of high-level nuclear waste and as sup-  placements within collision cascades (Weber et al., 1998; Ewing
port minerals for (U-Th)/He and U-Th-Pb geochronology (see re- et al., 2000). It principally contributes to macroscopic swelling
view in Weber et al, 1998; Ewing et al., 2000). Radiation dam- of the mineral, as high as 18% for zircon (Holland and Got-

age resulting from alpha-decay from U and Th chains critically

! . : tfried, 1955). Swelling in response to amorphization may also in-
affects the long term behavior of minerals. It is caused by both

duce cracks within metamict minerals; this is particularly well-
known for zircon crystals (e.g. Chakoumakos et al., 1987; Lee
* Corresponding author and Tromp, 1995). It may also induce cracking in surrounding

E-mail address: anne.magali.seydoux@univ-st-etienne.fr minerals or the host rock. This process has been less described
(A.-M. Seydoux-Guillaume). (Seydoux-Guillaume et al., 2009; Montel and Giot, 2013), although
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Fig. 1. Back Scattered Electron (BSE) images. (A) View of euxenite (eux) crystals included in plagioclase (plg). Note the presence of zircon (zrn) crystals and intense radial
fracturing (arrows) around these radioactive phases. (B) Detail from (A) showing location of two Focused lon Beam (FIB) foils prepared from one pristine domain (eux unalt)
in the center of the crystal (FIB7) characterized by bright BSE contrast and from an altered domain (eux-alt; darker BSE contrast) across the grain boundary of the crystal

(FIB5).

it has significant consequences on chemical transfer (e.g. U, Pb
mobility) mediated by fluid through cracks within rocks. Some
examples have been described for zircon within plagioclase and
xenotime (Seydoux-Guillaume et al., 2015), urano-thorianite within
diopside (Seydoux-Guillaume et al., 2009), thorite in monazite
(Seydoux-Guillaume et al., 2007, 2012), monazite in plagioclase,
cordierite and quartz (Prochazka et al., 2011) and euxenite within
plagioclase (this study; Seydoux-Guillaume et al., 2015; Duran et
al., 2016).

The role of helium resulting from alpha particle production, was
much less studied. Nasdala et al. (2001, 2006) demonstrated that
radiohalos commonly observed in biotite or cordierite around ra-
dioactive minerals are created by « particles and correspond only
to modification of optical properties of the host mineral. The width
and intensity of the radiohalos correlate positively with the energy
of the o particles. Seydoux-Guillaume et al. (2009) demonstrated
that radiohalos are a point of chemical and mechanical weakness
in a rock and probably a starting point for alteration. In the con-
text of immobilization of high-level nuclear waste, it is essential
to understand the behavior and fate of helium, especially its mi-
gration as a function of time. In U-Th-minerals, helium may (1)
accumulate within the lattice at interstitial position, (2) diffuse out
of the crystal or (3) be trapped within defects (e.g. vacancies, dis-
locations, voids or fluid inclusions). Accumulation of helium may
therefore contribute to swelling and affect physical properties of
the solid (Weber et al., 1998). Studying the localization of he-
lium in U-Th-minerals helps to evaluate its long-term behavior. In
particular some authors have described, by using a Transmission
Electron Microscope (TEM), the presence of spherical nano-cavities
inside highly radioactive minerals and have proposed they may
correspond to helium bubbles. They have nucleated and grown as a
result of accumulation of radiogenic helium. This interpretation has
been proposed for the first time by Headley et al. (1981) describ-
ing cavities in Nb-Ta-Ti-oxides (amorphous euxenite crystals) and
has been reiterated by others for zirconolite (Lumpkin et al., 1986;
Ewing and Headley, 1983), uraninite (Janeczek and Ewing, 1991;
Roudil et al., 2008) and fergusonite (Gieré et al., 2009; Ruschel
et al., 2010). Helium measurements by desorption experiments in
uraninite crystallized some 320 Ma ago in Pen Ar Ran (France),
have indirectly shown that such nano-cavities contain helium
(Roudil et al., 2008). However, up to now, no direct demonstra-

tion has been made that such nano-cavities correspond to helium
bubbles and that they are still filled with helium today.

In the present study, we fill this gap, focusing on some eu-
xenite crystals from Norway, formed ca. 920 Ma ago. Analyses
by spatially-resolved Electron Energy Loss Spectroscopy (EELS) of
these nano-cavities, provide a positive, in-situ measurement of he-
lium. Implications of this discovery are discussed.

2. Sample and analytical details

The sample comes from a pegmatite of the ca. 920 Ma Evje-
Iveland rare-metal-rich pegmatite field in South-Norway (UTM co-
ordinates: 32V 0436180-6484805) (Scherer et al.,, 2001; Larsen et
al., 2004; Miiller et al., 2015). In the present study, we exclu-
sively focus on euxenite, [(Ca,Fe,Y,REE,Th,U)(Ti,Nb),0Og¢], orthorhom-
bic with Pcan space group. In the sample, millimeter-scale eux-
enite crystals are included in plagioclase matrix and associated
with zircon, monazite, and xenotime (Seydoux-Guillaume et al.,
2015; Duran et al., 2016). Euxenite contains ca. 10 wt% UO, and
3 wt% ThO, but depending on its alteration degree (gray patches
in euxenite in Fig. 1A and B) its composition is in the range
of 8.0-14.4 wt.% UO,, 2.0-4.3 wt% ThO,, 19.1-24.9 wt.% TiO,,
18.6-28.3 wt.% Nby0s, 1.1-2.4 wt.% Tay0s, 6.7-14.7 wt.% Y203 and
7.6-13.0 wt.% REE. Many cracks are observed between euxenite
and zircon crystals through the feldspar matrix. These cracks are
filled with various microphases, containing elements like Nb, Ti,
Ca, Fe and U, presumably coming from the alteration of euxenite
(Fig. 1A; Seydoux-Guillaume et al., 2015; Duran et al., 2016). For-
mation of cracks is a direct consequence of swelling of euxenite
structure in response to amorphization (Chakoumakos et al., 1987;
Lee and Tromp, 1995; Seydoux-Guillaume et al., 2009; Montel and
Giot, 2013). Euxenite crystals are partially altered into a silica-
bearing euxenite (gray patches in euxenite in Fig. 1A and B) and
into pyrochlore (dark rims around euxenite in Fig. 1A). This pat-
tern is interpreted as evidence of alteration at low temperature
in the presence of a fluid phase (Seydoux-Guillaume et al., 2015;
Duran et al., 2016).

Two Focused Ion Beam (FIB) foils, less than 100 nm thick, were
prepared (method descriptions in Deschanels et al., 2014) from one
euxenite crystal exposed in a polished thin section (Fig. 1B). The
first one targets a pristine domain (not affected by silica enrich-
ment) in the center of the crystal, characterized by bright Back
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