10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7355

Revision 2
Crystal-chemistry and microfeatures in gadolinite imprinted by pegmatite formation and

alteration evolution

Nenad Tomaéiél, Radek §k0daz, Vladimir Bermanecl, Marin Soufek®

'University of Zagreb, Faculty of Science, Department of Geology, Horvatovac 102a, HR-10000

Zagreb, Croatia, ntomasic@geol.pmf.hr, vberman@public.carnet.hr

*Masaryk University, Faculty of Science, Department of Geological Sciences, Kotlatska 2, CZ-
61137 Brno, Czech Republic, rskoda@sci.muni.cz
3Croatian Natural History Museum, Demetrova 1, HR-10000 Zagreb, Croatia

marin.soufek@gmail.com

Abstract

Gadolinite [REE;Fe® Be;SiyO10] is a common mineral in certain types of REL-REE pegmatites.
Changes in pegmatite environment during and after gadolinite formation could be devised by
studying its crystal-chemical properties and a thorough observation of microfeatures in the
mineral matrix. Post-crystallization processes in pegmatite might trigger alteration mechanisms in
gadolinite like in other REE-rich pegmatite minerals, whereby various late-magmatic or
metasomatic events may affect mineral chemistry. Three gadolinite samples originating from
various pegmatite occurrences in southern Norway offer an excellent insight in post-
crystallization evolution of the pegmatites; by studying their crystallographic, chemical and

micro-textural features, imprints of the related processes in the pegmatites were devised in this
1
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study. Relevant mineral information was collected in recrystallization experiments of fully or
slightly metamictized gadolinite samples and subsequent XRD analyses. Micro-Raman
spectroscopy, EMPA and SEM-BSE-EDS analyses were employed to retrieve micro-chemical
properties and related micro-textural features of the mineral matrix. With a reference to the
gadolinite supergroup, a general alteration path can be envisaged outlining the pegmatite
evolution and suggesting the occurrence of the secondary REE mineral phases: altered gadolinite
domains prove Ca enrichment with a tendency towards hingganite composition, while a slight
fluorine increase and sporadic secondary fluorite occurrence point out a significant role of
fluorine as a complexing agent in dissolution-reprecipitation mechanism of metasomatic
alteration in the mineral. Micro-Raman spectra show an improved vibration statistics for the
altered gadolinite domains, which could be well-related to Ca substituting REE and a possible
increase of structural ordering within the gadolinite structure, being at the same time an
indication of structural healing of metamictized domains by metasomatic processes. A study of
microfeatures in the complex silicates like gadolinite proves to be an excellent tool to trace post-
crystallization processes in a pegmatitic environment. With a slight redistribution of
radionuclides during alteration in gadolinite observed, a moderate precaution has to be taken in a

case of selecting gadolinite for dating within U-Th-Pb system.

Keywords: Gadolinite-(Y), crystal-chemical properties, metamictization, alteration domains,

metasomatism, pegmatites
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Introduction

Gadolinite is a REE silicate with a formula REE,Fe*'Be,»Si,010. Three mineral species
share the generic mineral name: gadolinite-(Y), gadolinite-(Ce) and gadolinite-(Nd). They are
mutually distinguished by dominant REE cation at the A position in the structure. A new
nomenclature was recently approved by IMA (Halenius et al. 2016; Bacik et al. 2017)
establishing the gadolinite supergroup that is defined by a general formula A,MQ,T,Oz¢,, where
A = Ca, REE, Pb, Mn*", Bi (C.N. 8), M =Fe*", 0, Mg, Mn, Zn, Cu, Al (C.N. 6), Q =Be, B, Li
(C.N.4), T=Si, P, As, B, Be, S (C.N. 4), and ¢ = O, OH, F. The gadolinite supergroup is divided
into the gadolinite and herderite group on a basis of T-site occupancy (Si versus As/P,
respectively). The gadolinite group is further subdivided into the gadolinite and datolite subgroup
with Be and B occupying Q site, respectively, or at the same time, divalent cations occupying A-
site in the datolite subgroup and trivalent ones in the gadolinite subgroup. Gadolinite frequently
occurs metamictized but when crystallized, it is monoclinic with S.G. P2;/a (Miyawaki et al.
1984).

Occurrences of the gadolinite subgroup minerals are traditionally reported in granitic
pegmatites of REL-REE subclass (Cerny and Ercit 2005) or syenite pegmatites associated with
larvikite magma (Segalstad and Larsen 1978). More recently, secondary gadolinite findings were
described as a product of late-magmatic, post-magmatic and alteration processes in granitoids and
metamorphic environments (Uher et al. 2009; Majka et al. 2011), whereby gadolinite could have
been evolved from primary REE minerals like allanite-(Ce), monazite-(Ce) or xenotime-(Y).
Gadolinite has been also reported from Bastnis-type Fe-REE deposits (Holtstam and Andersson

2007; Skoda et al. 2018).
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Early studies of gadolinite and other REE minerals were often related to their scarce
occurrence, complex crystal-chemical properties, which were especially characterized by
frequent metamictization (Malczewski 2010). Recent studies commonly address alteration in
REE-bearing minerals as a potential source of information for post-magmatic, metasomatic and
metamorphic processes in pegmatite and host rocks. The alteration of REE-bearing minerals in
the pegmatites has been especially well-documented in the case of common orthophosphates like
monazite and xenotime (Williams et al. 2011; Harlov 2011; Harlov et al. 2011; Seydoux-
Guillaume et al. 2012; Svecova et al. 2016).

In gadolinite samples from three different pegmatite areas of southern Norway chemical
and phase inhomogeneity was observed on micro-scale. Therefore, the samples were investigated
for their crystal-chemical properties and textural microfeatures like intergrowths and mineral
alterations within the specimens. The basic idea of the study was to relate structural and chemical
features of unaltered and altered/non-gadolinite domains in the samples and to establish a
connection to possible post-crystallization processes occurring in pegmatitic systems.
Additionally, some of the observed features might be related to the geological setup of particular

pegmatite hosting the investigated mineral sample.

Geological background

The investigated gadolinite samples originate from three different pegmatites, which are
situated in southern Norway and characterized by their own geological and mineralogical features
(Fig. 1).

The Hidra pegmatite is situated on the island of Hidra, and intrudes

anorthosite/leuconorite of the Rogaland Igneous Complex. The Rogaland complex is hosted by
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gneisses of the Sveconorwegian ages (Hetherton and Harlov 2008) to which the magmatic suite
does not show obvious connection. Pasteels et al. (1979) reported an age of 937 + 4 Ma that was
obtained by U-Pb dating on zircon, monazite, titanite and uraninite. The Hidra pegmatite veins
are 1-15 m thick comprising massive quartz, albite crystals, books of muscovite and biotite,
magnetite, xenotime, monazite in large plagioclase and K-feldspars, allanite-(Ce), aeschynite-
(YY), and kainosite-(Y). Graphic textures frequently occur.

The Kabuland pegmatite belongs to the famous Evje-Iveland pegmatite field. The field is
up 10 km wide and 30 km long with several hundred major pegmatite bodies emplaced into
amphibolite gneisses, metanorites and metadiorites (Pedersen et al. 2009). With an estimated
thickness of 15 m, the Kabuland pegmatite does not display a distinct zoning as observed at the
opened outcrop. A mineral assemblage is composed of quartz, K-feldspar, plagioclase, biotite,
magnetite, allanite-(Ce), aeschynite-(Y), polycrase-(Y), fergusonite-(Y) and xenotime-(Y). The
pegmatite can be classified to REL-REE allanite-monazite/euxenite sub-class (Snook 2013).
Various ages have been reported for the Evje-Iveland pegmatite field and accompanying rocks
(Pedersen and Konnerup-Madsen 1994, 2000): 1290 Ma for augen gneiss (Rb/Sr in whole rock),
1278 £+ 2Ma for norite (U/Pb in zircon), and 950 - 900 Ma for granite-monzonite. Interestingly, a
reported age of 910 + 1.6 Ma for an unknown pegmatite was obtained by using U/Pb dating in a
sample of gadolinite (Scherer et al. 2001).

The Hoydalen pegmatite is situated in the Tordal pegmatite field, from which the third
investigated gadolinite sample was recovered. The sample originates from the upper Hoydalen
pegmatite, which is described as amazonite-bearing and intrudes coarse-grained metamorphized
gabbroic rocks. The pegmatite dykes are up to 4-5 m broad, and contain K-feldspar partly
replaced by cleavelandite, mica (muscovite to lepidolite), beryl, topaz, cassiterite, molybdenite

etc. (Raade et al. 1993, Rosing-Schow et al. 2018). The locality is renowned for a great variety of
5
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REE minerals, and it is type locality of tveitite-(Y). The age is approximately 900 Ma (Segalstad

and Eggleston 1993).

Materials and methods

In this paper, definition of rare-earth elements group follows recommendation of [UPAC
(International Union for Pure and Applied Chemistry). The term rare-earth elements (REE)
includes lanthanides (Ln), yttrium (Y'), and scandium (Sc). Due to the substantially smaller ionic
radius of Sc with respect to the rest of the group, it frequently enters different crystal-structural
sites via different substitutions, and therefore, Sc is commonly not included as a REE in
geological sciences, and neither in this paper. Because of the lanthanide contraction phenomenon,
the REE are further divided into larger LREE (light Ln, La—Gd) and smaller HREE (heavy Ln,
Tb—Lu). Yttrium is grouped together with HREE due to chemical similarities.

All three samples were carefully inspected by stereo microscope and only pieces of
apparently pure gadolinite were selected for X-ray powder diffraction analysis. The samples were
ground in agate mortar and analyzed by a Philips X Pert PRO powder diffractometer using
sample spinner at revolution time of 1 rev/s. A silicon zero-background plate was used as a
sample holder, thus improving signal to noise ratio. The diffractometer was powered by 45 kV
and 40 mA generating CuKa radiation (A = 1.54178 A). Soller slits, divergence slit of '4°, anti-
scatter slit of '4°, receiving slit of 1° and proportional detector were inserted into the
diffractometer geometry setup. Initial X-ray scanning showed that gadolinite samples from
Kébuland and Heydalen were metamict but for the sake of consistency, all three samples were

heated at 400, 500, 650, 800 and 1000°C in air for 24 hours to gradually recover/heal gadolinite

6

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7355

structure. After each heating step the samples were X-rayed applying the same instrument
settings as described before. The obtained XRD patterns were analyzed using X Pert HighScore
ver. 2.0. The patterns presenting recovered gadolinite structure were indexed and unit-cell
parameters calculated. Intensity and full width at half maximum (FWHM) were measured for the
gadolinite 112 reflection (when observed) to monitor recrystallization progress. Pseudo-Voight
function was used to fit the diffraction maximum.

Raman spectra were obtained for the thermally untreated samples from polished sections
mounted on glass slide by means of a Horiba Labram HR Evolution spectrometer. This
dispersive, edge-filter-based system is equipped with an Olympus BX 41 optical microscope, a
diffraction grating with 600 grooves per millimeter, and a Peltier-cooled, Si-based charge-
coupled device (CCD) detector. After careful tests with different lasers (473, 532 and 633 nm),
the 633 nm He-Ne laser with the beam power of 10 mW at the sample surface was selected for
spectra acquisition to minimize analytical artefacts. Raman signal was collected in the range of
1004000 cm ' with a 100x objective and the system being operated in the confocal mode, beam
diameter was ~1 um and the lateral resolution ~2 um. No visual damage of the analyzed surface
was observed at these conditions after the excitation. Wavenumber calibration was done using the
Rayleigh line and low-pressure Ne-discharge lamp emissions. The wavenumber accuracy was
~0.5 cm', and the spectral resolution was ~2 cm . Afterwards, the sample chips were embedded
in epoxy resin, additionally fine-polished and used for electron microprobe analysis (EMPA).

Prior to the EMPA analysis the samples were carbon coated (Sputter Coater Bal-Tec SCD
050) and inspected by scanning electron microscope (SEM) Tescan Vega MM5136 as well as

with Tescan FE SEM MIRA 2 LMU equipped with Bruker EDS QUANTAX 200 employing 129
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eV XFlash Detector 5010. The samples were checked for homogeneity and microfeatures like
mineral inclusions or gadolinite alteration.

Cameca SX 100 microprobe was used for EMPA. The accelerating potential was 15 keV,
the current 20 nA and beam diameter 5 um. A whole range of WDS spectrometers was employed
(PET, LPET, LLIF, TAP, PC1). The following standards were used with selected lines for
measurement in parentheses: albite (NaKa), hematite (FeKa), spessartine (Mn Ka), NdPO, (Nd
LB), PrPO4 (Pr LB), LaPO4 (La La), CePO4 (Ce La), anatase (Ti Ka), sanidine (Si Ka, Al Ka),
YPO4 (Y La), SmPO4 (Sm LB), DyPO4 (Dy LB), GdPO4 (Gd L), ErPO4 (Er La), wollastonite
(Ca Ka), CaTh(POy); (Th Ma), U (U Mp), topaz (F Ka), Mg,Si04 (Mg Ka), zircon (Zr L),
ScVOs4 (Sc Ka), fluorapatite (P Ka..), StSO4 (Sr La), TbPO4 (Tb La), HoPO4 (Ho LB), YbPO4
(Yb La), vanadinite (Pb Ma)(*below detection limit), TmPO4 (Tm La), EuPO4 (Eu LB). The raw
data, including a theoretical content of Be, were processed using the X-PHI matrix correction
routine (Merlet 1994). Based on the counting statistics, the measurement error expressed as 26 is
approximately <1 rel% for concentrations around 20 wt% and ~8 rel% for concentrations around
1 wt%. To minimize spectral interferences, careful WDS angle scans of gadolinite were
performed prior to the analyses in order to set the proper analytical lines and background
positions for REE analysis. An empirically determined correction factor was applied to the
coincidence of Ce M, 2™ order of Dy MP and 3™ order Y Lp with the F Ka. line, Tb Lp,p4 with
the Er Lo line, Sm Ly with the Tm Lo, and Tb LB, with the Yb La line (see Skoda et al. 2015).
Gadolinite formulae were based on the fixed number of Si = 2, and a theoretical BeO content was

computed on stoichiometric basis of 2 Be per formula unit.
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Results and discussion

Structural properties — do they facilitate gadolinite alteration?

XRD patterns of the thermally untreated samples show that the samples from Hoydalen
and Kébuland are severely metamictized, though very weak major diffraction maxima could be
distinguished from characteristic amorphous broadening in the pattern. Both samples gradually
recrystallized with the gadolinite crystal structure upon heating experiments with annealing
temperature increased in each subsequent annealing step. Related XRD patterns for the two
samples are very similar, and those of the Hoydalen sample are presented in Figure 2 in order to
depict typically observed recrystallization path. The final heating product in cases of both
samples is gadolinite, and no other phases were observed in XRD patterns. The recrystallization
path of these two samples corresponds to a partially metamict gadolinite characterized by direct
recrystallization, as described by Janeczek and Eby (1993). Unlike some other complex silicate
minerals prone to metamictization like allanite (Cobi¢ et al. 2010), gadolinite structure shows
ability to recover from radiation damage even in the atmospheric conditions. The unheated
sample from Hidra yielded diffraction pattern of a non-metamict gadolinite. However, in order to
determine slight changes in the crystal structure due to possible short-range radiation damage, the
Hidra sample was also subjected to the heating experiments. Unit cell parameters were calculated
for the unheated (RT) and heated samples (Table 1), with a larger standard deviation for the
unheated samples from Hoydalen and Kébuland due to their generally metamict appearance in
the diffraction patterns and only a few diffraction lines available for the calculation. The
recrystallization process was monitored by measuring intensity of the gadolinite 112 line (one of
the strongest gadolinite diffraction maxima) and its FWHM value (Fig. 3). If unit cell volume is

assumed to be an average measure of unit cell changes during heating experiments, a slight
9
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increase of the values is observed for all the samples in the temperature range up to 500-650°C.
With further increase of temperature the unit cell volume starts to behave a bit differently for the
three samples: it drops in all three samples at 650°C and a further decrease is recorded for the
Hidra sample as recrystallization temperature rises. In two other samples, however, the volume
starts to increase again. The average change between initial (unheated) and final (1000°C) unit
cell volume varies less than 1%, which compares well with the similar observations for the
gadolinite samples of various crystallinity annealed in atmosphere and hydrothermally (Janeczek
and Eby 1993). The temperature of 650° as an approximate start of recrystallization seems to
correlate well with the observations from similar recrystallization studies. Lima de Faria (1964)
pointed out that early studies of many metamict minerals had shown recrystallization commenced
around 600°C. Indeed, he managed to recrystallize gadolinite at 700°C after 3 hours of heating
for most of his gadolinite samples, having achieved the same result after heating them for 1 hour
at 1000°C. However, at higher recrystallization temperatures the structure recovery was
successful for all the investigated samples. This suggests time could play a certain role in the
recrystallization of gadolinite, and a prolonged heating at lower temperatures can yield
recrystallized structure. However, initial degree of metamictization seems to influence the
success of the structure recovery at a lower heating temperature, which was also shown in the
study of Janeczek and Eby (1993). A newer study of a partially metamict gadolinite sample
(Paulmann et al. 2019) suggests local recrystallization at 670°C, a better ordered crystalline
structure at 711°C and structure recovery at 800°C.

The observed departure in trend of the unit cell change in the middle of the
recrystallization temperature range is also indicated by measuring FWHM values and intensities
of 112 diffraction line. This phenomenon can be related to slight adjustments of recrystallizing

domains in the mineral as well as to water removal, usually immanent for the mineral domains
10
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with damaged structure (Ewing 1994). Also, additional rearrangements are possible due to
dissolution-reprecipitation processes, which resulted in the chemically altered domains, a part of
which could have had different state of crystallinity in comparison with the metamictized
domains (see later discussion).

Micro-Raman spectra for the thermally untreated samples are presented in Figure 4. The
observed bands are assigned to bending and stretching modes as follows: v; — symmetric
stretching, v, — symmetric bending, v3 — asymmetric stretching, and v4 — asymmetric bending.
This assignment largely follows the band attribution for nesosilicates (Farmer 1974; Kloprogge
and Frost 2000; Zhang et al. 2000). The bands do not entirely coincide in all three samples;
nevertheless, two band ranges occur in all of them: 360-375 cm™ (symmetric bending modes) and
870-890 cm™' (symmetric stretching modes). As these bands could be also observed in two
severely metamictized samples (Kébuland and Heydalen), they could indicate local structure
preservation. These preserved domains in a metamict matrix might have induced straightforward
recovery of gadolinite original structure by playing a role of recrystallization centers for an
epitaxial growth (Wang et al. 2000; Tomasi¢ et al. 2010). An increase of band intensity and/or
resolution for these fundamental vibrations was recorded in the altered, Ca-rich domains (datolite
component) of the gadolinite samples. This is likely to be caused by the substitution of Ca for
REE, which can improve vibration statistics of some vibration bands. Namely, a higher content of
REE in unaltered areas can produce a spread of vibration frequencies in the observed vibration
modes owing to a wider range of interatomic distances caused by a range of ionic radii for REE.
Since the observed bands are related to Si-O internal vibrations of SiOy4 tetrahedra, this influence
of REE content in the crystal structure should be treated more as a lattice vibration net effect.

Lattice vibrations are affected by vibrations of neighboring atoms and translational symmetry of

11
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atoms in crystal structure (McMillan and Hofmeister 1988). External lattice vibrations (here, the
vibrations of atoms surrounding SiO4 group as well as the movements of entire SiO4 group within
crystal structure) can to a certain extent influence internal SiO4 vibration modes in nesosilicate
gadolinite (Nasdala et al. 2004). So, they should be sensitive to a range of substitutions in A-site.
On the other hand, the recorded response of Raman spectra to the replacement of REE by Ca in
the altered domains could compare well with Bacik et al. (2014), who found that an increase in
layer stacking-order could have been suggested for more datolitic composition, i.e. shifting of A-
site occupancy toward more Ca-enriched. This would also mean that hydrothermal alteration
increases internal structural order in altered domains, mainly due to the REE removal.
Additionally, formation of Ca-enriched gadolinite by dissolution-reprecipitation mechanism
could have locally annihilated the impact of radiation damage in gadolinite with reprecipitated
domains not suffering from metamictization effects significantly, and thus yielding more defined
vibration modes (Nasdala et al. 1995).

The results of chemical analysis and calculated cation assignment are presented in Table
2. All three samples turned out to be gadolinite-(Y). Overall content of U and Th is quite low
(roughly in the range 0.2-0.7% on oxide basis or 0.002-0.013 per formula unit). However, it
seems to be sufficient to trigger severe metamictization in two out of three samples.
Concentrations of Th and U in the Hidra sample, which is the only one proven non-metamict in
XRD experiments, are lower when compared to the sample from Kébuland with roughly double
the content. Yet the sample from Hoydalen has significantly less U, although generally exceeding
Th content of the Hidra sample. Thus, the sum of radionuclides is even lower than in the Hidra
sample. This could indicate another crystal-chemical constraint for the stability of the crystal
structure in the Hidra sample and/or an event which could have induced crystal structure recovery

in the sample. With generally low radionuclide content, gadolinite metamictization could have
12
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been triggered by crystal-chemical constraints mostly imparted by a complex crystal structure
outline. All cation positions in the gadolinite structure can accommodate a range of various
cations that are different in ionic radius and sometimes in charge. For instance, the largest A-site
is particularly interesting in this respect. Raman spectra of the altered domains suggest that
introduction of Ca could stabilize the structure. lonic radii of several LREE that are close to the
radius of Ca®" (La-Nd) (Shannon 1976) could probably play similar role. Refinement of the
gadolinite crystal structure (Miyawaki et al. 1984) shows a significant distortion of the
coordination polyhedron around A-site cations, with a dispersion of cation-oxygen interatomic
distances ranging from 2.329 to 2.691 A. Y is the dominant cation in this site (ionic radius 1.019
A), and calculation of the polyhedron stability for its 8-fold coordination, which is based on Y/O
ionic radius ratio, yields values that are below the standard stability threshold (< 0.732) if some
of the Y-O bond distances are taken into consideration. When Ca (ionic radius 1.120 A) enters A-
site, this ratio improves and the coordination polyhedron stabilizes. By observing metamictization
in complex Nb and Ta oxides, Graham and Thornber (1974) proposed that metamictization was a
result of segregation into domains of different structure and/or composition, and the presence of
radionuclides in the structure expectedly accelerated this disproportionation. The complexity of
gadolinite structure could cause an excessive strain in the structure making it less stable and more
susceptible to metamictization. Metamictization, on the other hand, triggers chemical changes
and hence mineral alterations due to an increased chance for elements to redistribute or leach out
of a mineral (Tomasi¢ et al. 2008; Geisler et al. 2002).

In summary, the metamictized gadolinite samples show a gradual recrystallization path
starting in temperature range 500-650°C, and no other phases emerge during the process. The
collected crystal-chemical evidences from the studied samples indicate a certain mineral

susceptibility to alteration. Micro-Raman spectra of the altered domains supplemented by
13
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microchemical data suggest an enhancement of crystallinity due to increase of Ca content.
Indirectly, Raman spectra appear to be sensitive to Ca incorporation in A-site (largely occupied
by REE in gadolinite), which seems to reduce effects of metamictization in locally altered

domains.

Inhomogeneity of the samples: tracing a post-crystallization evolution

A thorough inspection of the samples using SEM-BSE-EDS setup reveals inhomogeneity
in all three samples (Figs. 5a-5g). They are observed either as inclusions of other minerals in
gadolinite matrix or alteration domains of gadolinite itself.

By observing general appearance of the inclusions, these can be regarded either primary
or secondary. For instance, in the Hidra sample K-feldspar and fluorite display an anhedral
outline. K-feldspar generally fills up crevices (Fig. 5f), which could indicate its formation in a
later stage of pegmatite evolution after the crystallization of gadolinite. On the other hand,
inclusion of plagioclase in the Hoydalen sample (Fig. 5c¢) with a typical euhedral habit suggests it
co-crystallized with gadolinite. This could imply that gadolinite had crystallized in an earlier
stage of pegmatite formation and was later altered by remaining pegmatite melt or late magmatic
fluids evolving from solidifying pegmatite (Hetherington and Harlov 2008). Alteration of the
Heoydalen gadolinite is clearly visible in Figures 5c¢ and 5d as darker grey stripes that are
regularly separated by unaltered gadolinite. Observation at higher magnification (Fig. 5d) reveals
altered areas along tiny crevices. Chemical mapping of plagioclase, on the other hand, does not
show any alteration changes in plagioclase chemistry, with a very sharp chemical boundary
between plagioclase and gadolinite.

Respectable domains in all three samples seem to have been altered, and alteration zones

mainly follow fractures and crevices (Fig. 5b, 5d, 5g). Thus, an alteration path along these
14
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microtextures could have been established by percolating metasomatic fluids. The following
alteration patterns can be recognized on a basis of chemical variations among pristine and altered
domains in gadolinite:
1. Loss in U and Th accompanied with a gain in REE and Ca, with some of the altered domains
approaching hingganite composition (Kébuland sample; Fig. 5b). Some of the adjacent domains
indicate slightly different cation redistribution on an alteration path causing loss in REE, Fe and
U, and gain in Th, Ca, Na (Altered domains 2).
2. Loss in REE, Fe, U and Th, and concomitant gain in Ca and Na (Hidra and Heydalen; Figs. 5d,
5g). The alteration pattern is quite similar to the latter case depicted for the Kdbuland sample,
with exemption of Th behavior.
3. Loss in Y and Fe coupled by a gain in U, Th, REE-Y (REE excluding Y), and Ca. This is
observed in the case of Hidra sample (Fig. 5g, Alteration domains 1), and is characterized by a
gain in actinides within altered domains and no related loss in vicinal unaltered areas.
4. A slight increase of fluorine in all three samples, being the least prominent in Heydalen, and
most pronounced in Hidra with an occurrence of F-bearing phase (fluorite).

Considering the observed alteration-driven changes of gadolinite chemistry, following
substitution vectors could be assumed:
1. REE*" + Fe*" & Ca®" + Fe'",
for which a spatial-sensitive determination of Fe*"/Fe’” would be required to devise extent of this
substitution. The observed change of chemistry indicates depletion of Fe in pristine domains,
which are more likely to accommodate Fe*" since Fe’" is not readily incorporated in the
gadolinite structure prior to the recrystallization (Malczewski 2010) or even after annealing
(Paulmann et al. 2019).

2.Fe’" + REE™ +30” « Ca*" + 1+ 3(OH F),
15

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7355

354  The observation of chemistry in the alteration domains supports this exchange mechanism

355  resulting in Ca and F increase. In the case of Hidra sample a significant availability of fluorine in
356  the system is suggested by occurrence of fluorite. Previous findings by Hetherington & Harlov
357  (2008) assumed a small fluorine contribution as a complexing agent for REE removal in altered
358  domains of monazite and xenotime at the locality, however, fluorine might have played a more
359  significant role in gadolinite in this respect. It should be noted that gadolinite-datolite and

360  gadolinite-hingganite relations can be expressed as follows, respectively: Fe*™+ 2REE’" + 2Be?”
361  +20% & [1+2Ca*" +2B* + 20H, and Fe** + 20% < 1+ 20H".

362  3.REE’+U"« Ca® +Na'+ Th",

363  This alteration mechanism was observed in the case of Kibuland sample (Altered domains 2),
364  indicating a selective actinide behavior due to alkali/earth-alkali presence in alteration fluids.
365 4.REE’ +Be’ < Ca*' + B

366 To determine the extent of this substitution, a detailed structural refinement of the altered

367 domains is required. Alternatively, a microspatial chemical analysis of light elements, which is
368  usually difficult to achieve using standard laboratory equipment, would be appropriate. Bearing
369  in mind that in the gadolinite supergroup Ca-dominant members usually accommodate B rather
370  than Be, and the observed alteration domains indeed acquire Ca during alteration processes,

371  introduction of B in the structure could be assumed provided its availability in the system. Also,
372  formula calculations show a certain deficiency of Be and other cations in some altered areas
373  (Table 2), which could be surely attributed to the incorporation of boron.

374 Generally all alteration mechanism previously considered presume incorporation of Ca.
375  Similar processes have been observed in the case of complex Nb, Ta and Ti rare earth oxides

376  which are also prone to alteration during metamictization, frequently ending up with pyrochlore

16
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group minerals as a product (Ercit 2005). Thus, complex crystal structures incorporating REE
seem to be likely to replace REE with Ca during metasomatic reactions promoted by
hydrothermal fluids in late/post-magmatic pegmatitic systems. This could be a mechanism of
reducing structural strain by incorporating a single element with similar ionic radius but different
charge, and the crystal structure recovery as evidenced by micro-Raman spectra.

Occurrence of minute ThSiO4 domains is observed only in the case of Kébuland sample,
and only as a rare phenomenon. In contrast to monazite or xenotime (Hetherington and Harlov
2008; Harlov et al. 2011; Seydoux-Guillaume et al. 2012), in which ThSOy, inclusions are
plentiful in alteration domains, a low magnitude of the ThSi04 occurrence in gadolinite can be
easily related to much lower abundancy of Th in the gadolinite structure. Also, the only observed
inclusion in gadolinte (Fig 5a, inset) does not appear to be a part of an alteration domain, so one
can also assume a probability of its crystallization due to a local Th enrichment.

Almost all electron microprobe analyses yielded a gadolinite composition (Fig. 6).
However, a tendency towards a hingganite composition could be observed for altered domains.
This is indicated by introduction of more Ca in the A-site of the crystal structure and slight
impoverishment of REE. At the same time, the sum of M site cations decreases accounting
merely for a loss of Fe.

REE distribution in the gadolinite samples (Fig. 7) with chondrite normalized values indicates
an enrichment of HREE in both unaltered and altered domains, as could be expected from Y
prevalence among REE in the investigated samples. When REE distribution in unaltered and
altered domains is compared, the following observations could be made:

1. LREE do not change significantly in all three samples.

2. HREE change slightly more prominently featuring following trends:

17
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a) For Kabuland and Hidra samples a minute enrichment is observed in certain altered
relative to unaltered domains; this is especially the case for the domains with
composition shifted to the hingganite compositional field (Kabuland sample).

b) In Hidra sample fractionation of HREE seems to be the lowest among three samples;
this can be related to different geological setup of Hidra area hosting gadolinite-
bearing pegmatites, which is associated with anorthosite complex. Another two areas,
Kabuland and Heydalen, are related to more fractioned melts evolved from partial
melting within metamorphic complex of Evje Iveland area during Sweconorwegian
movements (Miiller et al. 2012).

c) Heydalen sample shows the most prominent difference among unaltered and altered
domains displaying impoverishment of HREE in altered domains, but their
distribution pattern follows the one of the unaltered domains.

Strong negative Eu anomaly in all three samples indicates advanced fractionation of

parent melts. Altered domains in the Kabuland sample gained some Eu, which could have

entered the crystal structure together with Ca during metasomatism. Since unaltered
domains show Eu abundances below detection limit, the recorded increase of Eu could be
related to accumulation of Eu at particular areas during several cycles of dissolution-
reprecipitation process, which pushed Eu content within detection limit. BSE-EDS
observation indicated that altered areas with strong REE depletion and those with some

REE enrichment are placed at very close distances within the sample (Fig. 5b, Alteration

domains 1 and 2). Microstructrual features, which could have caused “Eu anchoring” in

this case, could be related to distribution of metamictized vs. structurally preserved

domains in the mineral matrix.
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Altogether, investigation of microfeatures in the studied gadolinite samples revealed
evidences of post-crystallization processes in a form of mineral inclusions and domains of
altered gadolinite. The altered domains, occurring around fractures and crevices in the
samples, are characterized by several alteration patterns. A common feature of all the patterns
is enrichment of Ca in A-position of the gadolinite structure, which is usually coupled with
some actinide impoverishment in two metamictized samples and ambiguous REE behavior.
Thus, the altered domains show a tendency toward hingganite composition. Fluorine is found
to play a significant role during metasomatic alteration processes in gadolinite. Change of
REE distribution in altered relative to unaltered domains is slightly more pronounced for
HREE. Eu anomaly is strongly negative, but several altered domains seem to have gained
some Eu, possibly together with Ca enrichment due to crystal-chemical constraints and

repeated cycles of dissolution-reprecipitation.

Implications

Gadolinite unlike many metamict minerals can be easily recrystallized in simple heating
experiments run in uncontrolled atmosphere. Only a small amount of radionuclides in a very
complex structure seem to be sufficient enough to trigger metamictization, which compares
gadolinite well with zircon. A study of microfeatures in the gadolinite samples from the
pegmatites of southern Norway revealed alteration domains, which generally lost some of their
REE by replacement with Ca. Micro-Raman spectra indicated structural ordering and probably
healing in dissolution-reprecipitation mechanism of metasomatic alteration, thus attributing Ca as
a structure-stabilizer in the altered domains of the metamictized gadolinite. This process
resembles pyrochloritization in complex REE-Nb-Ta-Ti oxides, in which an increase of alkali

and earth-alkali elements occurs on expense of leaking REE. Slight increase of fluorine in altered
19
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domains and fluorite in gadolinite matrix point out a significant role of fluorine in metasomatic
alteration processes within gadolinite.

With gadolinite as a role model, REE minerals with complex composition and crystal
structure prove to be a useful indicator of post-crystallization processes, since their structures
seem to be very sensitive and responsive to alteration processes like metasomatism. Especially
studying mineral microfeatures promotes itself as an excellent tool to trace these processes in a
mineral.

During alteration of gadolinite, actinide mobility is hereby confirmed, and dating using U-
Th-Pb system requires precaution when selecting suitable gadolinite domains for the analysis.
Micro-Raman analysis along several profiles in individual sections of metamictized gadolinite
can distinguish the domains with increased band intensities and resolution implying their
improved crystallinity. In some cases, these spectral features could indicate preserved domains of
the original crystal structure, but also, as shown in this study, chemically altered regions in the
sample. The latter can be confirmed by an increased Ca content and usually concomitant U-Th-

Pb impoverishment.
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Figure captions

Figure 1. Location of hosting pegmatite bodies for the investigated gadolinite samples with

simplified geological outline after Bugge (1978).

Figure 2. XRD recrystallization pattern of the Hoydalen sample showing a typical

straightforward recrystallization pattern for a metamict gadolinite.

Figure 3. Impact of recrystallization on 112 diffraction line parameters: intensities vs. FWHM in

the investigated samples of gadolinite.

Figure 4. Micro-Raman spectra recorded on unaltered and altered domains in gadolinite (band
assignment labels: v; — symmetric stretching, v, — symmetric bending, v; — asymmetric

stretching, v4 — asymmetric bending; references in the text).

Figure 5. BSE images of the gadolinite samples depicting various inhomogeneity patterns
observed at microscopic scale: (a-b) Kébuland, (¢c-d) Hoydalen, (el-e4) plagioclase within

Hoydalen gadolinite — element map for Na, Al, Y and Fe, (f-g) Hidra.

Figure 6. A compositional diagram for the EMPA analyses of the gadolinite samples investigated
and indication of an alteration path shifting slightly a gadolinite to a hingganite composition

(classification diagram of the gadolinite group after Bacik et al. 2017).
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Figure 7. Chondrite-normalized REE distribution diagrams for unaltered (solid lines) and altered
(dashed lines) gadolinite-(Y) samples investigated (chondrite values after Wakita et al. 1971). Lu
abundances are always under detections limit and thus not presented in the diagram. Y values are
always the highest, but for atomic number consistency not shown. To emphasize delicate
differences among REE distribution of unaltered and altered domains logarithmic scale was not

applied in this case.
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713 Table 1. Unit cell parameters calculated for unheated (RT) and the gadolinite samples heated at

714 recrystallization temperatures (standard deviations in parentheses)

715
Sample t (°C) a(A) b (A) ¢ (A) B (°) V (A%
Kébuland RT 9.92(2) 7.57(2) 4.75(1) 90.8(1) 356.8(8)

400 9.92(1) 7.495(7) 4.744(4) 90.6(1) 352.6(3)

500 9.95(2) 7.67(1) 491(1) 91.07(9) 374.6(6)

650 9.966(8) 7.52(1) 4.721(6) 90.10(9) 353.9(4)

800  9.944(3) 7.514(2) 4.715(2) 89.96(3) 352.3(2)

1000 9.9637(9) 7.5155(7) 4.7404(7) 90.01(1) 354.97(6)

Hoydalen RT 9.81(5) 7.50(2) 4.80(2) 90.9(2) 353(1)
400 9.80(6) 7.63(4) 4.77(2) 90.6(5) 357(2)

500 10.00(2) 7.500(8) 4.81(1) 89.5(3) 361(1)

650  9.904(5) 7.521(5) 4.717(3) 90.20(4) 351.3(1)

800  9.943(4) 7.505(4) 4.735(4) 90.16(5) 353.3(2)

1000 9.964(1) 7.5177(6) 4.7397(8) 90.01(2) 355.04(6)

Hidra RT  9.939(8) 7.489(9) 4.742(4) 90.57(8) 352.9(5)
400 9.91(1) 7.52(1) 4.737(6) 90.7(1) 353.1(5)

500  9.974(5) 7.544(6) 4.762(3) 90.44(6) 358.3(3)

650  10.002(2) 7.539(1) 4.743(1) 90.47(1) 357.60(7)

800  9.970(1) 7.534(1) 4.734(2) 90.14(3) 355.6(1)

1000 9.9492)  7.5130(8) 4.734(1) 90.06(3) 353.8(1)

716
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717  Table 2. EMPA chemical composition of the gadolinite samples and cation assignment (bdl — below detection limit, 0.000 =< 0.001)

Kabuland Hidra Heydalen
unaltered altered unaltered altered unaltered altered
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Chemical composition (in wt%)

SiO, 24.69 24.68 24.65 2472 2474 2651 24.61 2449 2460 2459 24.64 2327 2455 24.60 3280 2459 2437 2433 2473 2423
Al,O4 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl  0.71 bdl bdl bdl bdl bdl
ThO, 043 042 044 024 044 025 055 013 o011 0.12 o011 009 020 0.10 030 019 020 0.13 030 0.26
Uuo, 021 022 021 bdl  0.21 bdl 0.19 020 020 0.18 027 020 031 025 bdl  0.08 bdl bdl bdl bdl
Y,03 35.50 35.64 3536 3579 3521 38.62 33.02 34.66 35.02 35.65 3533 32.19 32.02 33.13 20.66 3278 32.53 3297 30.07 29.35
La,O; 0.18 0.15 0.25 bdl  0.28 bdl 020 042 051 043 041 040 027 028 023 0.16 0.16 bdl  0.19 bdl
Ce,03 137 135 135 135 118 096 120 246 234 217 220 238 280 191 1.07 092 084 089 091 091
Pr,0; 035 029 034 032 032 030 032 055 047 061 051 053 078 046 026 024 031 0.19 034 031
Nd,03 1.87 185 223 203 190 166 18 249 247 217 241 257 348 212 128 1.67 165 158 167 1.70
Sm>0; 087 074 075 091 079 08 081 063 070 064 061 062 126 063 045 116 132 113 1.06 1.20
Eu,05 bdl bdl bdl bdl bdl  0.37 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Gd,0s 250 247 246 252 231 252 239 157 163 161 159 175 255 155 134 373 375 339 316 338
Tb,05 035 033 036 029 037 039 033 0.17 bdl 0.17 023 0.17 0.39 bdl 0.12 056 059 051 045 044
Dy,0; 28 291 264 293 305 316 273 206 211 212 206 198 320 194 175 408 4.02 401 3.63 3.68
Ho,03 047 052 059 062 060 048 052 038 039 040 046 043 066 051 026 077 081 081 075 0.64
Er,O5 195 197 198 202 201 230 18 1.73 172 1.82 176 173 248 1.67 145 275 264 270 251 241
Tm,O3 040 026 031 034 038 047 032 030 030 031 027 029 044 022 031 048 050 047 046 045
Yb,0; 221 214 225 220 223 258 207 236 231 246 239 219 270 226 212 286 279 3.05 277 273
CaO 0.08 006 009 014 o0.11 021 159 015 0.10 009 011 0.15 024 106 054 007 005 006 067 033
MgO bdl bdl bdl bdl  0.04 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.06 0.04 0.04 bdl
MnO 028 032 030 030 033 bdl 035 025 030 030 033 028 021 022 014 028 028 035 037 022
FeO 13.74 1354 13.77 13.65 1333 517 1092 13.83 1394 1392 1387 1229 846 1070 9.68 1295 1290 13.09 1143 12.13
Na,O bdl bdl bdl bdl bdl bdl  0.12 bdl bdl bdl bdl bdl bdl  0.40 bdl bdl bdl bdl  0.07 bdl
F bdl bdl bdl bdl bdl bdl  0.03 bdl bdl bdl 007 0.05 039 045 0.77 bdl bdl bdl <0.01 <0.01
BeO* 10.28 10.27 10.26 10.29 10.30 11.03 10.25 10.19 1024 10.23 10.26 9.69 10.22 10.24 13.66 10.24 10.14 10.13 10.29 10.08
Total 100.6 100.1 100.6 100.6 100.1 97.80 96.23 99.03 99.45 99.99 99.87 9325 97.59 9470 89.89 100.5 99.89 99.83 95.87 94.47
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Kaébuland Hidra Hoydalen
unaltered altered unaltered altered unaltered altered
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Number of atoms per formula unit based on 2Si
Si 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
Al 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.051 0.000 0.000 0.000 0.000 0.000
Th 0.008 0.008 0.008 0.004 0.008 0.004 0.010 0.002 0.002 0.002 0.002 0.002 0.004 0.002 0.004 0.003 0.004 0.002 0.005 0.005
U 0.004 0.004 0.004 0.000 0.004 0.000 0.003 0.004 0.004 0.003 0.005 0.004 0.006 0.005 0.000 0.002 0.000 0.000 0.000 0.000
Y 1.530 1.537 1.527 1.541 1.515 1.551 1.428 1.507 1.515 1.543 1.526 1.472 1.388 1.433 0.670 1419 1421 1.442 1.294 1.289
La 0.005 0.005 0.007 0.000 0.008 0.000 0.006 0.013 0.015 0.013 0.012 0.013 0.008 0.008 0.005 0.005 0.005 0.000 0.006 0.000
Ce 0.041 0.040 0.040 0.040 0.035 0.026 0.036 0.074 0.070 0.065 0.065 0.075 0.083 0.057 0.024 0.027 0.025 0.027 0.027 0.027
Pr 0.010 0.008 0.010 0.010 0.010 0.008 0.010 0.016 0.014 0.018 0.015 0.017 0.023 0.014 0.006 0.007 0.009 0.006 0.010 0.009
Nd 0.054 0.054 0.065 0.059 0.055 0.045 0.054 0.073 0.072 0.063 0.070 0.079 0.101 0.062 0.028 0.049 0.048 0.046 0.048 0.050
Sm 0.024 0.021 0.021 0.025 0.022 0.022 0.023 0.018 0.020 0.018 0.017 0.018 0.035 0.018 0.009 0.033 0.037 0.032 0.030 0.034
Eu 0.000 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gd 0.067 0.066 0.066 0.068 0.062 0.063 0.064 0.043 0.044 0.043 0.043 0.050 0.071 0.042 0.027 0.100 0.102 0.092 0.085 0.093
Tb 0.009 0.009 0.010 0.008 0.010 0.010 0.009 0.004 0.000 0.005 0.006 0.005 0.010 0.000 0.002 0.015 0.016 0.014 0.012 0.012
Dy 0.075 0.076 0.069 0.076 0.080 0.077 0.071 0.054 0.055 0.056 0.054 0.055 0.084 0.051 0.034 0.107 0.106 0.106 0.095 0.098
Ho 0.012 0.013 0.015 0.016 0.015 0.012 0.013 0.010 0.010 0.010 0.012 0.012 0.017 0.013 0.005 0.020 0.021 0.021 0.019 0.017
Er 0.050 0.050 0.050 0.051 0.051 0.055 0.047 0.044 0.044 0.046 0.045 0.047 0.063 0.043 0.028 0.070 0.068 0.070 0.064 0.065
Tm 0.010 0.006 0.008 0.008 0.010 0.011 0.008 0.008 0.007 0.008 0.007 0.008 0.011 0.006 0.006 0.012 0.013 0.012 0.012 0.012
Yb 0.055 0.053 0.056 0.054 0.055 0.059 0.053 0.059 0.057 0.061 0.059 0.057 0.067 0.056 0.039 0.071 0.070 0.076 0.068 0.069
Ca 0.007 0.005 0.007 0.012 0.009 0.017 0.139 0.013 0.008 0.008 0.009 0.013 0.021 0.092 0.035 0.006 0.004 0.006 0.061 0.029
Mg 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.007 0.005 0.005 0.000
Mn 0.019 0.022 0.021 0.020 0.023 0.000 0.024 0.018 0.021 0.021 0.022 0.021 0.015 0.016 0.007 0.019 0.020 0.024 0.025 0.016
Fe 0.931 0918 0934 0923 0901 0.326 0.742 0945 0948 0947 0.941 0.883 0.577 0.727 0494 0.881 0.885 0.900 0.773 0.837
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.019 0.000 0.000 0.000 0.000 0.000 0.000 0.063 0.000 0.000 0.000 0.000 0.011 0.000
F 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.001 0.011 0.012 0.023 0.000 0.000 0.000 0.001 0.001
Be* 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
A site 1.961 1.955 1963 1972 1.952 1969 1992 1941 1.938 1963 1947 1926 1991 1963 0924 1945 1957 1957 1.849 1.807
M site 0.950 0.940 0.955 0943 0924 0.326 0.766 0.962 0969 0968 0.964 0.904 0.591 0.743 0.552 0.900 0.905 0.924 0.798 0.853
718&BeO content calculated on basis of 2Be per formula unit
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