Mineralogical Magazine, June 2016, Vol. 80(4), pp. 567-584

Reaction aureoles around uraninites within biotite and
plagioclase: evidence of low-temperature sequential fluid
alteration and LREE-mobilization from monazite
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ABSTRACT

Optical microscopy, Raman spectroscopy and electron probe microanalyses were conducted on a migmatitic
metapelite to investigate the effects of alpha radiation and subsequent alteration at the interface between
uraninite inclusions and the host minerals biotite, chlorite and albitic plagioclase. The study reveals (1)
anomalous colouration under the polarizing microscope; (2) pertinent changes in the characteristic Raman
spectra of host phases; (3) reaction aureoles, composed of secondary phases (viz. chlorite and K-feldspar) of
various sizes (~15-45 um) within biotite and plagioclase, respectively; (iv) K-feldspatization and
sericitization of plagioclase at the grain boundaries; (5) agreement between the observed a-penetration
depths and the Monte-Carlo simulation results; and (6) dissolution textures within the matrix monazites.
Analysis of the compositions of the reaction aureoles in albitic plagioclase reveals a systematic distribution
of K-feldspar-, LREE- and clay-rich zones; while the same in biotite is composed of secondary chlorite.

The growth sequence of the secondary phases indicates an influx of a K-rich fluid, following intense
radiation damage, efficiently superimposed by LREE-metasomatism and later acidic alteration. These
changes took place under low-temperature (<150°C) conditions, wherein radial cracks (within plagioclase)
and cleavages/fractures (within biotite) favoured fluid infiltration-circulation into the reaction aureoles.
Depletion of the LREEs from the dissolved matrix monazites and their enrichment as a discrete LREE phase
within the damaged aureoles in plagioclase demonstrate micrometre-scale LREE mobility.

KeywoRrbps: uraninite, radiation halo, K-metasomatism, LREE mobilization.

Introduction

original crystal structures of the host and the
neighbouring minerals, which eventually produces

THE effect of radiation on minerals in the vicinity of concentric rings of structural distortions in the

radioactive U-Th-bearing grains has been known
for more than a century (Joly, 1907), and
investigations into the factors responsible have
increased over the past two decades, mainly due to
our improved understanding of the crystal structure
and its distortion in the radioactive mineral and
adjacent phases (Ewing et al., 2003; Seydoux-
Guillaume ez al., 2009). The alpha (o) decay of
U-Th, stimulates structural adjustments in the
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surrounding mineral centring the radioactive grain
(Ewing, 1994). These rings are termed as
‘pleochroic halos’ or ‘radiohalos’, which are
easily identified under the petrological microscope
and thereby can be used as a tool to identify
radioactive minerals in thin sections.

With the use of Raman spectroscopy, electron
probe microanalyses (EPMA), and transmission
electron microscopy, the scope of radiation damage
studies in geosciences have gained momentum.
Such studies mainly include (1) irradiation effects
on the associated phases (Nasdala et al., 2001,
20006); (2) durability of ceramics that could be used
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in nuclear-waste forms (Weber ez al., 1998); and (3)
impact of irradiation on the U-Th-Pb systematics of
radioactive minerals used for dating (e.g. Ewing
et al., 2003).

The earliest documentation of radiohalos was by
Joly (1907). Later published works focused on the
reasons behind the formation of radiohalos, which is
a consequence of the a-decay series of 2*%U, 2°°U,
and 232Th, liberated by the associated radioactive
mineral inclusions (Gentry, 1973, 1974; Pal, 2004).
Raman studies have demonstrated o-particle-
induced metamictization in biotite (Nasdala et al.,
2001), chlorite and cordierite (Nasdala et al., 2006)
in the vicinity of radioactive grains. In addition, there
are also several studies on metamictization of
radioactive minerals (see Ewing et al., 2000), such
as zircon (Ewing et al., 2003), allanite (Janeczek and
Eby, 1993), and thorite (Farges and Calas, 1991).

Halos of secondary phases (calcite, pyrite,
goethite and various U-Th-REE-bearing minerals)
at the interface between uraninite/uranothorite
grains within host biotite and chlorite were reported
by Rimsaite (1982), from granites associated with
uranium deposits in the Grenville province,
Canada. Recent studies of secondary phases at the
radioactive host-inclusion interfaces include those
in diopside and calcite (Seydoux-Guillaume et al.,
2009), and in quartz, albite, K-feldspar, and
cordierite (Prochazka ef al., 2011). These studies
demonstrate that long-time o-radiation-induced
intense destruction of the host mineral structure
will create a potential site for alteration. Similarly,
radiation damage in monazites during a low-
temperature hydrothermal event can facilitate
alteration and thereby mobilize dissolved elements
(Seydoux-Guillaume et al., 2012).

This investigation integrates optical microscopy,
Raman spectroscopy, Monte-Carlo simulation, and
EPMA to address the irradiation effect in host
phases (biotite, chlorite, and plagioclase) surround-
ing uraninite inclusions. Another focus is on
post-irradiation fluid-assisted alteration of the
non-radioactive host phases surrounding uraninite
grains, and also the chemical evolution associated
with the LREE mobilization from monazite.

Sample description and petrography

The sample comes from the Potla Formation of the
Mangalwar Complex that forms the migmatitic
basement (Heron, 1953; Gupta et al., 1997,
Fig. la) within the Aravalli-Delhi Fold Belt in
north-western India. The sample was collected
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from a borehole (SMK-5, 127 m depth; 25°12’
38.2"N, 74°27'16.8"E) located on the eastern limb
of the Samarkiya antiform (Fig. 1b). Based on
EPMA radiometric age determination of mona-
zites, three ages of amphibolite-facies metamorph-
ism have been assigned at ~1.82 Ga, ~1.33 Ga,
and ~0.98 Ga for the metapelites in and around the
Samarkiya area (Ozha et al., 2016). In addition, the
oldest and the youngest ages were reported earlier
from the rocks of the Mangalwar Complex exposed
around Bhinai (~120 km north-west of the present
study area, Fig. la) (Buick et al., 2006, 2010;
Bhowmik et al., 2010).

The sample studied is a migmatitic metapelite
containing quartz, biotite, chlorite, albitic plagio-
clase, rare K-feldspar and muscovite/sericite.
Accessory phases include uraninite, apatite, mona-
zite, zircon, xenotime and pyrite. Numerous radio-
halos surrounding uraninite and zircon can be seen
in thin section (Figs 2a,b). The pervasive foliation
of'the rock is defined by biotite (Fig. 2a). Although,
albitic plagioclases in the sample are found to be
fresh, some altered reaction fronts develop at the
grain boundaries (e.g. Fig. 2¢). K-feldspars and
muscovite/sericite in the sample are very rare, and
are restricted to the proximity of the altered
domains. Euhedral-to-subhedral uraninite (UO,)
grains of various sizes (~2-25 um) occur within
and along the grain boundaries of biotite, chlorite,
and plagioclase (e.g. Fig. 2d). All mineral
abbreviations, used in the text are after Whitney
and Evans (2010).

Experimental techniques

In the present study, the biotite, chlorite and
plagioclase hosts containing uraninite (UO,) were
considered for characterization of the radiation
damage. Radio-centres with varying sizes
(~2-23 um) occurring on the surface of these
minerals were studied. Images of radiohalos were
captured and measurements of the halo and
inclusion diameters were performed using LEICA-
OWIN image analysing software, where a mean of
4-5 radii measurements were considered for each
individual ring. This was followed by micro-
Raman analysis of selected radiohalos and subse-
quent back-scattered electron (BSE) and X-ray
element imaging and EPMA. The rationale behind
this sequence is to avoid bias in Raman results,
which usually occurs if EPMA is performed prior
to Raman spectroscopy (cf. Nasdala et al., 2006).
All the micro-beam studies were carried out in the
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FiG. 1. (a) Regional geological map of the Aravalli Delhi Fold Belt, showing the distribution of different lithological

units (modified after Heron, 1953; Gupta et al., 1997). (b) Geological map of the Samarkiya area (modified after the

Atomic Minerals Directorate for Exploration and Research, AMDER), showing the location of the boreholes. The
samples for this study belong to borehole #SMK-5.

Department of Geology and Geophysics, at the
Indian Institute of Technology, Kharagpur.

Raman spectra were obtained using a
RENISHAW-RM1000B Laser Raman Micro-
spectrometer (LRM), attached to a Leica DMRL
microscope with a motorized X-Y stage. The
system is equipped with an edge filter to block
the Rayleigh lines. It has a confocal configuration
with a thermoelectrically cooled CCD detector, air-
cooled laser, and software to acquire and evaluate
the spectral data. A 50x microscope objective was
used. Irradiation was performed by using 1% of a
300 mW 785 nm NIR diode laser, for an acquisi-
tion time of 20s. Routine calibration of the
instrument is performed using a Si standard that
gives the first order Raman band at 520+ 1 ecm™".
Raman spectra were acquired with a lateral
resolution of <5 pm and estimated depth resolution
of <2 um.

Back-scatter electron and X-ray element imaging
and mineral analyses were performed with 4-WDS
CAMECA SX-100 EPMA. Major-element analyses
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were carried out with a beam current regulated at
20 nA and acceleration voltage of 15 kV, whereas
trace elements were analysed with a beam current of
40 nA (for uraninite and the LREE phase) and
200 nA (monazite) and acceleration voltage of
20 kV. The beam size was 1 um for all analyses. A
detailed protocol of major-element analysis for
silicates is given in Hazarika et al. (2015). For
trace-element analysis of uraninite, monazite, and
the LREE phase both natural and synthetic
standards were used. The specific standards used
for calibration were: pyromorphite for Pb; UO, for
U; ThO, for Th; synthetic glass containing REESs
for La, Ce, Nd, Pr, Sm, Ho, Dy, Gd; apatite for Ca
and P; yttrium aluminium garnet (YAG) for Y;
hematite for Fe; corundum for Al and Th-glass for
Si. For Pb analysis the Mo line was chosen with a
peak count time of 300 s and background count
time of 150 s on both sides. The U-MP line was
used for U to avoid interference of U-Mo with
Th-MB. Counting times for UMB and Th-Mp lines
were set at 200 s for peak and 100 s for background
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F1G. 2. Representative transmitted-light photomicrographs showing the textural relations and types of radiohalos in the

sample: biotite defines the fabric (a); anomalous colouration in biotite surrounding uraninites (b); crossed-polar view of

plagioclase showing alteration at the grain boundary (c); uraninite grains within and at the boundaries of host minerals
(d). Mineral abbreviations are after Whitney and Evans (2010). See text for details.

on both sides. Lines used for the REEs were: Lo
for La, Lo for Ce; Lo for Nd; LB for Pr; Lo for Sm;
LB for Ho; Lo for Dy and L for Gd. The spectral
interferences of the Y-Ly,, Y-Lys lines of yttrium
on Pb-Ma line of Pb and Th-My, Th-M3N, of Th
on U-MB of U were corrected during calibration
using the Peak Sight Software of CAMECA
SX-100. The raw EPMA data were matrix
corrected with the PAP correction program by
Pouchou and Pichoir (1984).

Results

Halo characterization

The sample contains numerous halos within biotite
and chlorite, which surround radio-centres like
zircon, monazite and uraninite. In contrast, radio-
halos within plagioclase are restricted to uraninite
grains. These halos are associated largely with more
than one concentric ring in biotite and chlorite (e.g.
Figs 2a, b), where the radiohalo size varies linearly
with that of the radio-centre, i.e. the uraninite grain
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(Fig. 3). A brief description of the changes within
these radiation damaged areas is provided below.
Under transmitted light, the interface of large
(>10 um) uraninite grains within the biotite and
chlorite host are characterized by an encircled zone
(~15 um) of intense anomalous colouration (Figs
4a, b). In contrast, the same feature within albitic
plagioclase has a ~45 pm circle of three distinct
coloured zones (I, II and III; Fig. 4c), where the
light cocoa-brown coloured region represents zone-
I, surrounded discontinuously by a nearly circular
reddish-brown region (zone-II). These two zones
are further rimmed by a darker, porous cryptocrys-
talline aggregate (zone-III). Thus, the observed
optical features indicate a higher degree of
metamictization in the above minerals at the
interface of uraninite grains. For assessing the
radiation damage, Raman studies were attempted in
and around the radiohalos. The Raman spectra of
biotite and chlorite, surrounding the uraninite
grains exhibit a continuous decrease in the
intensities of characteristic Raman bands and a
continuous increase in their peak widths at half
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F1G. 3. Plots showing the linear correlation between the size of the uraninite grains and their surrounding halo diameters

within biotite and chlorite.

height, towards the radio-centre (Figs 4d, e). Most
importantly, the obtained Raman spectrum at a
distance of ~5pum away from the uraninite
inclusion in biotite (Fig. 4d) appears similar to
that of damaged chlorite (Fig. 4e), implying
alteration of biotite to chlorite following structural
damage. Similarly, presumably sodic plagioclase at
the interface of uraninite yielded a Raman spectrum
of K-feldspar (Figs 4c, f). Back-scatter electron
images of the damaged area surrounding uraninites
in different minerals also show significant com-
positional changes (Fig. 5). The circular zone
(~15 um) close to the interface with uraninite in
biotite appears darker when compared to its pristine
counterpart (Fig. 5b). Similarly, the damaged
region in plagioclase is represented by a ~45 um
wide area with three discrete zones (I, II, and III;
Fig. 5¢). Zone-I appears light grey, while a patchy
brighter part with numerous fibrous phases repre-
sents zone-II. Zone-III corresponds to the darkest
region within the radiation-damaged area, which
roughly encircles the other two zones. On the
contrary, chlorite retains its homogeneity within
and outside the halo area (Fig. 5d). The form of the
aureoles invariably mimics the shape of the
radioactive mineral inclusion. Note that only
halos surrounding uraninite grains with sizes
>10 pm will be considered further in this study.

Textural properties of the reaction zones

Reaction zones/aureoles in the sample are present
both within and at the boundaries between the host
minerals and its radioactive inclusions (Fig. 5a).
The aureoles within biotite are found to be
connected with cleavages and fractures (e.g.
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Fig. 5b), and filled with chlorite-bearing micro-
veins (Fig. 5e). The aureoles within plagioclase are
associated with radial cracks, which further extend
to the grain boundaries of the host mineral (Fig. 5¢).
Uraninite grains occurring at the boundary of
mineral phases are enclosed by diverse sectors of
reaction zones, where an individual sector constitutes
different minerals (Fig. 5g). Occasionally,
plagioclases are found to be permeated by biotite
flakes (e.g. Fig. 5h) and connected by altered
K-feldspar (e.g. Fig. 5f). Pyrite and zircon grains
have also been observed to be associated with the
damaged aureoles in plagioclase (Figs 5g, ).

Mineral chemistry: primary and secondary
phases

Representative EPMA results of selected primary
and secondary minerals are given in Table 1. The
data show homogeneous compositions of matrix
biotite and chlorite. Considering all Fe to be
bivalent and based on 24 and 18 oxygen atoms
per formula unit (apfu), the representative calcu-
lated chemical formulae for biotite and chlorite
are  [(K;.76Nag.05)(Mg; goFe1 95 Al 53 Tig 13)(Aly 46
Sis.47020)(OH),] and [(Fe27Mg; s9Alplys)(Siza
Aly5010)(OH)g], respectively and can be cla-
ssified broadly as phlogopite and clinochlore.
Calculated average chemical formula of the
unaltered matrix plagioclase, based on 8 oxygen
apfu, is [(Naj:Cag28)(Al}.1551257)0sg],  with
Xan®0.15, whereas the altered parts show a
significant content of K (Xkg &~ 0.14; analysis 4:
Table 1). The phase in zone-I within the plagioclase
aureoles (Fig. 5¢) retains a composition close to
K-feldspar (analysis 11: Table 1), while at the grain
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F1G. 4. Photomicrographs of representative radiohalos with intense colouration at the interface between large (>10 pm)

uraninite grains within biotite (a), chlorite (b), and plagioclase (c¢) hosts, and their corresponding Raman spectra

(Ar*785-nm excitation) (d—f). Measurements were made within the radiohalo at an interval of ~10 um away from the

uraninite inclusions and one in the adjacent unaffected area of the host at a distance of ~60 pm. Note the spectra in biotite
(at ~5 um, d) and plagioclase (at ~15 um, ') resemble that of chlorite and microcline, respectively.

boundaries in the matrix it is found to be more Na-
rich (X,=0.30; analysis 5: Table 1). The
Muscovite/sericite composition in the sample
remains homogeneous. Uraninites in the sample
have inhomogeneous compositions, where the
compositional variations are: UO, (77.64—
81.23 wt.%), ThO, (4.27-5.28 wt.%), and PbO
(12.54-16.35 wt.%) (analyses 13—14: Table 1).
The secondary phase occurring at the interface
between large (>10 um) uraninite grains and host
biotite is chlorite with a composition similar to that
of matrix chlorite (analysis 8: Table 1). In contrast,
the secondary phases within plagioclase are rather
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intricately distributed within three zones. Zone-I
(Fig. 5¢) has a K-feldspar composition (analysis 11:
Table 1). The surrounding patchy and fibrous
mineral (zone-II, Fig. 5¢) represents a still uniden-
tified LREE phase (LREEs~55 wt.% oxide;
analyses 15-16: Table 1), which is subsequently
enclosed by a clay mineral (zone-IIl, Fig. 5¢). Due
to high porosity, it was difficult to analyse the clay
mineral. However, composition of the clay phase
probably resembles that of illite and one represen-
tative analysis is presented in Table 1 (analysis 12).
Chlorite preserves its chemical homogeneity at the
uraninite interface (analysis 9: Table 1).
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FIG. 5. Representative back-scattered electron (BSE) images with radiohalos surrounding uraninite grains in different
minerals. A typical area from the thin section showing the occurrence of radiohalos and monazite (a); a halo at the
interface between a large (>10 pm) uraninite grain and host biotite containing one reaction rim (dark grey shade) (b); and
three concentric rims (three zones) within plagioclase (c) were observed; while no such zones was observed within
chlorite (d); growth of chlorite into the reaction rims through cleavages/fractures within biotite (e); radial cracks (shown
by thick white arrows), K-feldspar connecting the reaction aureoles, and sericite within plagioclase ( f'); uraninite grain
enclosed by different reaction sectors within biotite and plagioclase at the grain boundary (g); folia of biotite and
K-feldspar veins connected to the halo (/); reaction rim associated with the LREE-bearing and the clay-mineral phase,
pyrite, and zircon within plagioclase (7). See text for details.

Elemental systematics in reaction aureoles (zone-1IT) (analysis 12: Table 1). Additional

For a better understanding of the element distribu-
tions within the reaction aureoles, X-ray element
mapping of a representative reaction aureole (the
domain in Fig. 5c¢) was carried out, as shown in
Fig. 6. The reaction zone within adjacent biotite,
displays a uniform increase of Al and Fe, whereas K
was completely leached out. Spot analysis of the
zone thus confirms post irradiation chloritization of
biotite (analysis 8: Table 1) (e.g. Prochazka et al.,
2011). On the other hand, aureoles within plagio-
clase are characterized by a systematic distribution
of elements. The interface between plagioclase and
uraninite (zone-I) is composed entirely of an Al-K-
rich phase, separated partly/entirely by a discon-
tinuous low-Al/K and high-Ce phase (zone-II).
Subsequently, the two zones are embayed by an
intermediate-Al and K-depleted clay-mineral phase
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insights into the element mobility through quanti-
tative mass-balance calculations could not be
performed for the alteration aureoles, because
radiation halos were observed only in very small
samples. However, the elemental distribution and
the chemical variations most probably imply open
system behaviour at thin-section scale.

SRIM/TRIM modelling

A full-quantum calculation based SRIM/TRIM
(Stopping/Transfer and Range of Ions in Matter)
software package (Ziegler et al., 2006) was used to
model the penetration depths of o particles into the
radiohalos. The program involves Monte-Carlo
simulation of the effect of the o decay penetration
in a target mineral of known composition. The
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TaBLE 1. Representative compositions from electron probe microanalyses.

Within Within plagioclase
Matrix Reaction domain at the grain boundary radiohalo reaction aureole

Textural domain
Anal. no. 1 2 3 4 5 6 7 8 9 10 11 12
Mineral Bio Chl Pl  PLAIt Kfs Ser Ms BtH ChlH Pl Kfs  Clay
Si0, 37.69 2646 6470 6292 6320 4694 5020 2620 26.60 6557 66.23 53.30
TiO, 120 005 bdl bdl 005 073 063 005 009 bdl bdl bdl
Al,O4 17.48 2228 2230 2339 2090 33.19 3480 22.60 2253 2231 1846 18.30
Cr,0; 0.05 001 bdl 001 bdl 001 004 003 0.03 005 002 bdl
FeO 16.31 20.70 0.02 045 067 135 130 21.60 21.79 ©bdl 006 0.51
MnO 0.14 0.13 0.01 0.02 0.01 bdl bdl 026 016 bdl 0.02 0.05
MgO 13.80 1838 b.dl 051 042 151 157 18.00 18.01 0.02 b.dl 4.58
CaO 006 0.05 351 235 072 004 001 0.02 002 332 bdl 1.68
Na,O 0.18 0.01 1020 876 405 057 050 bdl bdl 951 0.06 0.12
K,O0 9.55 0.09 0.03 1.56 923 1014 883 bdl 001 010 1633 293
Total 96.5  88.1 101 100 992 9465 979 887 8.2 1009 101.2 81.6
Oxygen 24 18 8 8 8 24 24 18 18 8 8
Si 547 347 257 252 253 629 697 343 343 286 2.6l
Ti 0.13  bdl 1.18 1.25 .11 0.07 0.07 bdl 0.01 .15 097
Al 299 344 bdl bdl bdl 524 570 348 342 bdl bdl
Cr 0.0l bdl bdl bdl bdl 000 000 bdl bdl bdl bdl
Fe?* 198 227 bdl 004 005 015 005 236 235 bdl bdl
Mn 002 001 bdl bdl bdl bdl bdl 003 002 bdl bdl
Mg 299 359 bdl 004 0.03 030 033 352 346 bdl bdl
Ca 001 001 028 019 0.06 001 bdl bdl bdl 016 bdl
Na 0.05 bdl 1.62 140 065 0.15 0.14 bdl bdl 080 0.01
K 1.77 0.0l bdl 025 148 173 156 bdl bdl 0.01 257
Xan 0.150  0.100 0.030 0.160  0.000
Xab 0.850 0.760 0.300 0.820 0.000
Xor 0.000 0.140 0.680 0.010 1.000

Mineral abbreviations are after Whitney and Evans (2010); Alt: Altered; H: halo; b.d.l: below detection limit, other
elements below detection limits are not shown.

energy involved in a single o decay produces
photons, comprising a fast o particle (*He nucleus),
and a slow, heavy daughter recoil nucleus
(Seydoux-Guillaume et al., 2009). In the present
study, the uraninites contain appreciable amounts of
Th (analyses 13—14: Table 1) and thereby, preserve
three major radio nuclides, i.e. *®U, *>U and ***Th
and consequently, it will produce 21 different o
energies (see Table 2, Seydoux-Guillaume ez al.,
2009). Monte-Carlo calculations were performed for
each o energy, which irradiates perpendicularly
onto the target minerals such as phlogopite [(K; 7¢
Nay 05)(Mg; 99 Fe1.05 Aly's3 Tio.13)(Alg 46 Sis 47 O20)
(OH),], clinochlore [(Fe,,7Mg; s9Alyye) (Siza7
AlY55010)(OH)g], and albitic plagioclase [(Nag g7
Cao‘OS)(AllA05Si297)08], with SRIM-derived res-
pective densities of p=3.1, 2.65 and 2.61 g/cm?,
respectively.  Calculated average depths of
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penetration within the three above minerals
corresponding to different o-particle energies
(4.2-8.8 MeV) of the *U decay series are listed
in Table 2. The simulated SRIM/TRIM results from
the altered zones exhibit average radii with size
ranges of 12—19 pm in biotite (4.20-5.49 MeV)
and 40-50 um in plagioclase (7.69-8.79 MeV).
These simulated results compare reasonably well
with the observed radii of irradiation in biotite (i.e.
~15 um; Fig. 5b) and plagioclase (i.e. ~45 um;
Fig. 5¢).

Matrix reaction domain

The grain boundaries of plagioclase occasionally
preserve some reaction fronts composed of altered
phases. These fronts can provide insights into the
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Unidentified
Radio-centre LREE phase Monazite reaction domain
13 14 15 16 17 18 19 20 21

Urn Urn Mnzl Mnzl Mnz2 Mnz3 Mnz3
Si0, 0.09 0.06 15.43 17.90 0.40 0.28 0.54 0.81 1.16
AL O3 b.d.l b.d.l 8.68 7.28 0.01 b.d.l 0.04 0.02 0.02
CaO 0.12 b.d.1 2.73 2.73 0.76 0.57 3.27 4.95 5.44
Y,0; 0.24 0.14 0.24 0.44 0.97 0.91 1.99 1.99 2.01
La,0, 0.02 b.d.l 13.35 12.30 13.71 13.48 10.38 8.38 6.86
Ce,03 b.d.l b.d.1 27.10 25.20 27.72 28.17 20.60 17.27 14.30
Pr,0; 0.42 0.31 2.33 2.40 2.95 3.13 2.26 1.91 1.61
Nd,03 0.04 b.d.1 9.43 10.20 11.56 12.53 8.59 7.43 6.35
SmO b.d.l b.d.l 1.72 2.21 2.13 2.66 1.56 1.50 1.43
Gd,04 0.11 b.d.l 0.70 1.20 1.70 223 1.53 1.48 1.39
Dy,0; 0.04 b.d.1 0.07 0.14 0.41 0.48 0.59 0.74 0.80
Ho,04 b.d.l b.d.l 0.11 0.17 0.06 b.d.l 0.01 0.30 0.21
U0, 81.25 77.64 0.11 0.37 0.18 0.10 1.08 1.06 1.03
ThO, 4.27 5.28 1.81 0.04 4.18 2.12 14.68 20.67 25.36
PbO 12.54 16.35 0.01 0.06 0.31 0.17 1.07 1.21 1.76
P,0s b.d.l b.d.l 0.10 0.34 29.80 30.40 30.08 27.38 29.08
Total 100.0 100.2 84.9 84.6 97.2 97.6 98.6 97.3 99.3
YLREE>O3 0.59 0.31 54.71 53.70 60.20 62.70 45.50 38.71 32.73
Oxygen 4 4 4 4 4
Si 0.016 0.011 0.021 0.033 0.046
Al 0.000 0.000 0.002 0.001 0.001
Ca 0.032 0.024 0.138 0.217 0.230
Y 0.021 0.019 0.042 0.043 0.042
La 0.202 0.197 0.150 0.127 0.100
Ce 0.406 0.408 0.296 0.259 0.206
Pr 0.043 0.045 0.032 0.029 0.023
Nd 0.165 0.177 0.120 0.109 0.089
Sm 0.031 0.038 0.022 0.022 0.020
Gd 0.023 0.029 0.020 0.020 0.018
Dy 0.005 0.006 0.007 0.010 0.010
Ho 0.001 0.000 0.000 0.004 0.003
U 0.002 0.001 0.009 0.010 0.009
Th 0.038 0.019 0.131 0.193 0.228
Pb 0.003 0.002 0.011 0.013 0.019
P 1.009 1.020 1.000 0.950 0.971
(P +Si) 1.025 1.031 1.021 0.983 1.016
(Th+U+Pb+Ca) 0.075 0.046 0.290 0.433 0.485
(M+HREE+Y) 0.027 0.025 0.049 0.057 0.055

Mineral abbreviations are after Whitney and Evans (2010); b.d.1: below detection limit, other elements below detection
limits are not shown.

replacement mechanism and fluid chemistry, and
thus, BSE and X-ray element images (Fig. 7) of a
representative reaction domain were obtained. The
BSE image reveals high porosity and roughness in
plagioclase within the reaction front, as shown by
the white dotted circle (Fig. 7a), indicating
dissolution of the mineral accompanied by mass/
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volume-loss during replacement. The replacement
interface seems to have moved inwards towards the
core of the mineral and consequently the domain
gained K and became depleted in Na during this
process, implying formation of K-feldspar from
plagioclase. Furthermore, EPMA within the porous
plagioclase (BSE: Fig. 7a) shows an increase in
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TABLE 2. Penetration depth of the o particle in biotite, chlorite, and plagioclase; comparison between Monte-Carlo
simulated and observed values.

o. decay o energy (Ey) Monte—Carlo Mean radius of
(38U series) in MeV values (um) damaged aureoles (present study; pm)
Biotite 28y - 24y 420 12.7
234y - 230Th 478 15.3
230Th — 226Ra 4.69 14.9 12-19 (altered halo)
226Ra — 222Rn 4.79 153
222Rn — 218po 5.49 18.8
218pg _, 214py, 6.00 21.4
zizpo - ;l)sz 7.69 314 $—
Po — “*"Pb 5.31 17.8 34-46 (radiohalo)
212p, _, 203py, 8.79% 388 o
Chlorite 28y - B4y 420 15.2
24y - B0Th 478 18.2
230Th — 22°Ra 4.69 18.0
226Ra — 2*’Rn 4.79 18.2
222Rn — 218pg 5.49 22.6
218pg 5 214pyp 6.00 25.4
214pg , 210py 7.69 37.6 ¥~
210pg _; 206py, 531 21.5 / 34-43 (radiohalo)
212pg _, 208py, 8.79% 46.3
Plagioclase 38y - 24y 4.20 16.8
234U - BOTh 4.78 20.2
230Th — 226Rqa 4.69 19.7
226Ra — 2?2Rn 4.79 20.3
222Rn — 218pg 5.49 24.8
218pg _, 214py 6.00 28.2
214pg 5 210pp 7.69 41.2
210p, _, 206py, 5.31 23.6 40-50 (altered halo)
212p, _, 208py, 8.79% 50.7

(*) >*>Th decay series.

Fi1G. 6. X-ray elemental maps of Al, K, Ce and Fe from a selected reaction aureole within plagioclase.

576



REACTION AUREOLES: LOW-TALTERATION AND LREE-MOBILIZATION

F1G. 7. BSE (a) and X-ray element (Na and K) images (b) of a selected reaction domain from the matrix, where the white

dotted circle represents the reaction front.

Xk (~0.14) towards the grain boundaries (analysis
4: Table 1), as complemented by the Na and K
elemental distribution maps (Fig. 7b). Thus, the
micro-textures and the compositional variations
(Fig. 7 and analyses 3-5: Table 1), exhibit
dissolution-replacement of the pristine phases that
advanced along the grain boundaries and the pre-
existing cracks inwards into the crystal, resulting in
precipitation of K-feldspar at the contact of
plagioclase and the subsequent formation of
sericite (Fig. 7a and analysis 6: Table 1).

Monazite: alteration and element mobility

The REE-bearing minerals in the sample studied are
monazite, zircon, xenotime, apatite and rarely
uraninite, while monazite is volumetrically the most
important and abundant LREE phase (Fig. Sa).
Regardless of its high resistance to alteration (Van
Emden et al, 1997, Roy, 1999), studies have
demonstrated that monazite can suffer partial to
complete alteration under moderate temperatures, by
reaction with aqueous fluids (Poitrasson ez al., 1996,
2000; Rasmussen and Muhling, 2007, 2009). Natural
monazites can potentially leach LREEs following
dissolution in the presence of low temperature, highly
saline and oxidizing brines (Mathieu et al., 2001).
Such dissolution, substantiated by low-temperature
solubility experiments on natural monazite (Oelkers
and Poitrasson, 2002) or synthetic end-members
(Poitrasson et al. 2004) determined in the H,O—
NaCl-HCI system, shows enhanced solubility of the
mineral in both highly acidic and alkaline solutions.
Furthermore, Harlov er al. (2011) experimentally
demonstrated monazite dissolution is enhanced by
alkali-rich fluids, but the solubility decreases with
addition of Al. Therefore, understanding the elemental
distribution in monazite and its participation during
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the alteration process is a critical aspect pertaining to
its fluid-assisted alteration. For this purpose, BSE and
X-ray element (of P, Ca, Th, Y, Ce and La; Fig. 8a)
images of a representative monazite grain were
obtained, coupled with spot EPMA. Monazite shows
three distinct zones within the selected domain (Mnz,
through Mnz;, Fig. 8a). Mnz; represents the relict
core surrounded by secondary Mnz,, where the two
zones exhibit broadly similar brightness in BSE.
These zones are then systematically encircled by a
corona of chemically heterogeneous Mnz; showing
dissolution textures involving an irregular, corroded
but sharp, interface with Mnz;/Mnz,. The altered
zone appears to be pitted and irregular at the interior
with a semi-concentric succession of tiny phases,
which subsequently got stranded with augmented
islands of micrometre-sized phases towards the
boundary. X-ray maps (Fig. 8a) reveal enrichment
in Ca, Th, and Y and depletion in Ce and La in Mnz,,
compared to its core (Mnz,), where the interface is
broadly sharp. Compared to the inner parts (Mnz;
and Mnz,), the felt-textured and altered rim (Mnz3) is
characterized by a depletion of major monazite
components (Ce and La; Fig. 8a), compensated by an
enrichment in P, Th, Y and Ca (Fig. 8a), similar to
that observed by Poitrasson et al. (2000). Accurate
EPMA could not be performed on Mnz; due to the
micrometre-scale intergrowth with Th-Y-U-bearing
phases. Nevertheless, representative data obtained for
Mnz; through Mnz; show a reverse correlation
between > LREE and Th+U+Ca+Si+Y from
core to rim (Fig. 85 and analyses 17-21: Table 1).
The stranded islands within Mnz; most probably
represent phases such as (Th,U)SiO, (thorite, a low-
temperature polymorph of huttonite) and USiO,4
(coffinite).

The incorporation of Th and U in Mnz,/Mnz;
indicates the brabantite-cheralite substitution
[(Th,U)** + Ca®>" =2(REE)**, Fig. 9a] to be the
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Th-phase

YL REE (apfu)

1 R LS
Thel+Ca+Si+Y (aplu)

Fic. 8. BSE and X-ray elemental images of P, Ca, Th, Y, Ce and La of a selected monazite grain (a), where the yellow
circles (in the BSE image) represent EPMA and the dotted lines mark the zone boundaries. Plot of ZLREE vs. Th+ U +

Ca+ Si+Y of the different zones in monazite (Mnz,_s) (b).

dominant replacement mechanism. A steady
enrichment in Th, U, Y, Ca, Pb, Si and depletion
in LREEs was observed while moving away from
the core (Fig. 9b), which is substantiated by the
typical LREE depletion in the dissolved monazite
(Mnz3), when compared to Mnz;. The REE pattern
of Mnz,_3 and the LREE-phase within the reaction
aureoles of plagioclase are comparable (Fig. 9¢).

Discussion

Alteration halo: inception to replacement

Due to the presence of U and Th in the structure of
uraninite (analyses 13—14: Table 1), the mineral
possesses radio-nuclei of 2*%U, 2*U and 2*?Th.
Alpha-decay of these radio-nuclei generates differ-
ent energies of a-particles, and subsequently creates
structural defects within the surrounding minerals
(e.g. Ewing, 1994). As mentioned before, the
outermost diameter of the radiohalo increases
linearly with the size of the corresponding uraninite
grain (Fig. 3). In addition, a systematic decrease in
intensity and broadening of the characteristic
Raman bands within the radiohalos of biotite and
chlorite were observed (Fig. 4). These features,
along with well-preserved aureoles containing
secondary phases within biotite and plagioclase
(Fig. 6) indicate prolonged irradiation of o particles,
which eventually weakened the structure of the host
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phases around large (>10 pm) uraninite grains and
consequently enhanced the vulnerability of these
aureoles to subsequent fluid alteration, resulting in
considerable replacement of these metamict areas
with secondary compatible phases. The preserva-
tion of halos indicates an extended period of time
(=100 Ma; Gentry, 1973, 1974) under near surface
‘cold conditions’, because thermal annealing can
potentially erase these halos at a higher temperature
(>150°C, Laney and Laughlin, 1981). Due to the
occurrence of secondary phases, the damaged areas
within biotite and plagioclase are not radiohalos
sensu stricto. Rather they represent entirely trans-
formed or replaced micrometre-scale aureoles, filled
with secondary phases that formed during low-
temperature alteration of the host minerals (e.g.
Seydoux-Guillaume et al., 2009; Prochazka et al.,
2011) and thus should be better termed here as
‘replacement halos’. In addition, chloritization of
biotite is restricted invariably to the replacement
halos surrounding uraninites (e.g. Fig. 5b). As
suggested previously by Seydoux-Guillaume et al.
(2009), these replacement halos represent the
starting points of fluid alteration; and accordingly
the alteration of biotite to chlorite within the halos in
the present study substantially validates the above
proposition. On the contrary, the preserved halos
within chlorite resemble the radiohalos well, similar
to those documented by Pal (2004) and Nasdala
et al. (2006).
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F1G. 9. Plots illustrating the composition of different zones
of monazite within the reaction domain, documenting the
cheralite-brabantite substitution (a); REE plots for Mnz,
and Mnz; normalized against Mnz; demonstrating the
chemical changes associated with alteration (b); REE
patterns (normalized after Taylor and McLennan 1985) of
the relict and dissolved monazite (within the monazite
reaction domain) and the newly-formed LREE phase
(within reaction aureoles of plagioclase) (¢). Shaded area

represents REE pattern of the LREE phase.

Fluid: interaction and pathways

As radiation damage is a post-crystallization
process it can potentially create areas which may
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act subsequently as possible sites for chemical
alteration (Seydoux-Guillaume ez al, 2009;
Prochazka et al., 2011). The systematic distribution
of K-feldspar encircling uraninite within the
damaged albitic zone (Fig. 6) indicates K-feldspar
formation following structural damage in plagio-
clase. The above inference is in agreement with the
replacement of Na-feldspar by K-feldspar in the
matrix (Fig. 7), by an influx of a K-rich fluid
(reaction 1) that is common during low- to middle-
temperature alkali metasomatism (Zhao, 2005).

NaAlSi;Og +Kj, = KAISi;Og +Naj, (1)
Ab Kfs

Later, the replacement of K-feldspar by a clay
mineral phase (Fig. 6) through argillic alteration
represents a superimposed event of acidic alteration
associated with K-removal and Fe + Mg addition
that is partly accomplished by the modelled
reactions 2 and 3.

1.5KAISi;Og +H' = 0.5KAl;Si30,0(OH),
Kfs Mus

+38i0, +K; )
Qtz

4KAl3Si3019(OH), 4 128i0, +6Mg; + 4H*
Qtz

Mus

= 3KMg, Al;SigO,0(OH)4 +K:q 3)
1t
Sericitization of K-feldspar in several reaction
domains within plagioclase (Fig. 7a) further
supports acidic alteration. Likewise, biotite
aureoles were replaced by chlorite (cf. Prochazka
et al., 2011), where the replacement was synchron-
ous with the acidic alteration, which can be
explained by the model reaction 4 (cf. Parry and
Downey, 1982).

2KMg3A1813010(OH)2 =+ 4-]‘]+
Phl

= MgsAlzsi30]0(OH)g + 2K:q (4)
Clin

+ Mgz, + 3Si0,
Qtz

The close spatial relationship of the LREE
phase together with K-feldspar within plagioclase
(Fig. 6) implies LREE precipitation to be associated
with alkali metasomatism. The precipitation of the
pyrite along with the LREE phase provides
evidence for local change in redox or fs, conditions
(Figs 5i, 6). Such LREE-enrichment, associated
with sulfide minerals was reported by various
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carlier workers (Rimsaite, 1982; Wood and
William-Jones, 1994). The uneven distribution of
sericite in the matrix and the rare occurrence of the
mineral within the damaged domain suggest
micrometre-scale variation in the fluid/rock ratio.
As a result, the rock studied witnessed sequential
infiltration of multi-component aqueous fluid (K-
LREEs-Fe-S), where the replacement took place at
low temperature (<150°C).

The occurrence of reaction aureoles was not only
restricted to grain boundaries, where easy access of
the fluid phase occurred; rather they are equally
abundant in the intra-granular domains surrounding
the uraninite grains (Fig. 5a). The secondary phases
within the altered aureoles in biotite and plagio-
clase could not have formed without the transport
of the elements (Fe, Al, Si and K) in a relatively
large volume. Therefore, these changes indicate
well-connected pathways prevailed at the time of
fluid infiltration, which subsequently affected
these halos. The association of reaction domains
along the grain boundaries (Figs 5a, 7) indicate
the primary pathways for fluid infiltration.
Furthermore, the ubiquitous association of
cleavages/fractures in/along the vicinity of the
secondary phases within biotite (Figs 5b, e), and
the presence of radial cracks (due to volume
expansion, Lee and Tromp, 1995; Seydoux-
Guillaume et al., 2007; Prochazka et al., 2011;
Montel and Giot, 2013; Seydoux-Guillaume et al.,
2015) around plagioclase (Figs Sa, f') provided the
possible secondary pathways for fluid migration
responsible for alteration of the halos within these
minerals.

Replacement mechanisms

Solid-state diffusion and fluid-induced replacement
are the two processes that mostly explain element
transport during metamorphic/metasomatic replace-
ment reactions (e.g. Fisher and Lasaga, 1981;
Ashworth and Sheplev, 1997). Diffused compos-
itional boundaries are expected in solid-state
diffusion due to inherent chemical potential
gradients. On the contrary, fluid-assisted reactions
occur due to coupled dissolution-reprecipitation
processes driven by a solubility difference between
the primary and the replacement phases (Harlov
et al., 2005, 2011; Upadhyay and Pruseth, 2012).
Catalysis due to the pervasive fluid, results in either
a new composition of the same phase or the
formation of entirely new phases (Putnis, 2002,
2009; Putnis and Austrheim, 2010). Therefore, the

580

process requires well-connected channels/pathways
between the fluid and the reaction front, to facilitate
rapid mass transfer between the solids.
Back-scatter electron and X-ray images (Figs 6, 7)
along with EPMA (Table 1) show a sharp
replacement interface, where the domains gained
K and lost Na during the process. Figure 7 exhibits
inwards movement of the replacement front, where
pore spaces in plagioclase indicate dissolution of
the mineral. These reaction textures indicate the
insignificant role of solid-state diffusion and
consequently, dissolution-reprecipitation is inferred
to be the possible process involved in alteration.
Numerous experimental studies have been under-
taken in the recent past (e.g. Labotka et al., 2004;
Niedermeier et al., 2009 and references therein),
which provide insights into these processes on a
laboratory scale and can be extrapolated to natural
conditions. Moreover, the observed textural fea-
tures in the matrix domain (Fig. 7) are consistent
with the results of the experimental work by
Niedermeier et al. (2009), which is essentially an
interface-coupled dissolution-reprecipitation process.

LREE mobilization

The ubiquitous occurrence of the LREE phase
within the reaction aureoles (Fig. 6) and absence of
the same in the vicinity of monazite in the sample
(Figs S5a, 8a) needs to be explained, as these
indicate micrometre-scale removal, transportation,
and precipitation of the LREESs in the sample. The
dissolution texture involving monazite (Fig. 8a)
shows partial replacement of the original monazite
by fluid-assisted alteration. Further, the observed
brabantite-cheralite ~ substitution ~ mechanism
(Fig. 9a); depletion of LREEs and addition of U,
Th, Y and Ca (Figs 8b, 9b); and the invariable
absence of other LREE-bearing phases in the
vicinity of the dissolved monazite implies extensive
leaching of the LREEs from the mineral by a
hydrothermal  fluid. Micro-porosity and a
well-connected network between the folia within
Mnz; (Fig. 8a), possibly represent the relict
pathways of fluid migration, which enhanced the
dissolution process. Similarity in the REE patterns
of the relict monazite (Mnz,) and the LREE phase
within the altered aureoles (Figs Sc, i) supports
chemical evidence for the latter to be the final
reaction product of monazite (Fig. 9¢). Although,
the composition of the fluid responsible for
dissolution of monazite is ambiguous, the presence
of an alkali-enriched, low-temperature fluid is
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most probable, which was responsible for the
mobilization of the LREEs from the mineral.
This inference is further supported by the close
spatial relationship between the virgin LREE
phase and K-feldspar within the reaction
aureoles in plagioclase (Fig. 6). Accordingly,
the sample exhibits micrometre-scale LREE
mobilization (see Fig. 5a), in which the matrix
monazite and plagioclase-hosted aureoles,
respectively, acted as the source and the site
for LREE migration.

Conclusions

Based on the observed geochemical character-
istics of the radiohalos and associated alteration-
replacement textures, the scenario for the initial
formation of the radiohalos and their chrono-
logical hydrothermal evolution can be shown
using the following proposed sequence as
depicted in Fig. 10. (1) Occurrence of intensely
damaged radiohalos at the interface between
large uraninite grains (>10 pm) and adjacent
biotite and plagioclase hosts indicates that
metamictization prevailed in the rock for an
extended time period under low temperature
(£150°C) conditions following the initial
crystallization of the host minerals (stage-I,
Fig. 10). (2) Simultaneous precipitation of K-
feldspar within the damaged aureole (Figs Sa,
6) and at the grain boundary (Figs 5a, 7) of
plagioclase points to an influx of a K-rich
hydrothermal fluid. The fluid infiltration was
facilitated by the grain boundaries and the intra-
granular radial cracks, leading to local K-
metasomatism, i.e. the first replacement event
(stage-1I, Fig. 10). (3) Stage-lll (Fig. 10)
accounts for the breakdown of monazite in the
matrix and as a consequence coeval formation
ofthe LREE-phase within the damaged aureoles
in plagioclase, aided and abetted by local
variation in the redox conditions or f;,, as
evidenced by the association of pyrite. (4) Late-
stage acidic alteration (stage-IV, Fig. 10) was
responsible for the formation of a clay mineral
(Fig. 6), sericitization of plagioclase (Fig. 7a)
and chloritization of biotite (Figs 5b, 6) around
the damaged aureoles, which involved K
removal and Fe + Mg addition.

This study clearly shows that micro-aureoles
of intense irradiation are suitable structural and
chemical traps, where mineral reactions take
place.
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