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Abstract

This study investigates alteration processes of xenotime, monazite and zircon in
microscale down taanoscale. The investigations include evaluation of the natural cases of
alteration of zircon, monazite and xenotime, and monazite and xenotime from products of
laboratory experiments conducted undeF Bonditions of 200 MPa / 350 °C, 400 MPa / 450 °C,
600 MPa / 550 °C, 800 MPa / 650 °C and 1000 MPa / 750 °C. The main goal of this study is
focused on evaluation of textural, structural and compositional characteristics using a variety of
analytical methods on unaltered and altered domains to improve censtardling of alteration
processes that affect zircon, monazite and xenotime.

The first part of this study focuses on an altered zis@motime intergrowth from
pegmat i t ea Gmao(@ry Bowi 8lock SW Poland). Investigations were conducted
at microscale and submicrestale with transmission electron microscopy (TEM) and laser
ablation inductively coupled plasma mass spectrometrylXRMS). The strongly altered zircon
and xenotime demonstrate distinct domains related to-ifididced coupled distution
reprecipitation processes that resulted in development of m@manoporosity in both zircon
and xenotime, and diffusiereaction processes in the metamict zircon core. Secondary inclusions
include fluorapatite, unknown layered-Eiticates, fiwous Feoxides, solidsolutionsof coffinite-
thorite and uraninit¢horianite, uraninite and secondaryrich zircon. The fluid supplied zircon
and xenotime with Ca and Fe, while mobilizing U, Th and Pb.

The second part of this study focusesRaman micospectroscopic study of monazite
and xenotime from the products of laboratory experiments using 488 nm, 532 nm, 633 nm and
780 nm excitation laseis combination with compositional measurements using electron probe
microanalysis (EPMA) and LACPMS. Additional Raman microspectroscopy was conducted on
altered monazite from Ankazobe (Madagascar), altered xenotime from pegmatite fr@mnPa
Goérna, and synthetic REfghosphates (LaPDLUPQ, and YPQ). Monazite spectra (532m)
display shifts of thesy(PQi) symmetric stretching band from 9@8B1cm* to 962 965cm?,
formation of a new band at ca. 8&b69 cm' and broad fluorescence peaksat2028cm* and
ca. 3287cm’. Raman spectra of xenotime from experimental products display characteristic
featuresn the form of fluorescence effects in the range ofi 200 cm' caused bHo*" (°S; Y
®lg) andErt* (*Ss2 Y “l1s19) electronic transitions. Raman spectra efich fluorcalciobritholite
display characteristic changes of fluorescence effects at the r&rigg0@ 3000 cm' with
a significant increase in the fluorescence peak at ca. 260@aunsed by SH(°Do Y 'Fs), and
is accompanied by a new band at 974" ¢488 nm) and 964 ci(633 nm). Fluorescence effects
remain a difficult artefact in Raman microspectroscopy of xenotime, whereas, at the same time

they enable differentiation of xenotime andith fluorcalciobritholite in hyperspectral mapping.



TEM investigation of microscalto submicrorscale alterations of xenotime and zircon
from pegmat i Gdbenaaferinogood &gregneemt avith its geochemical characteristics
and emphazise the importance to identify nanoinclusions and their abundances which otherwise
remain undeteed with microscopic methods. The spectral characteristics of unaltered and altered
monazite and xenotime enable identification of structural changes, presence of secondary phases
and expand the Raman database. Results of both analytical approaches, Té&&hlean
evaluation and application of Raman microspectroscopy provide complementary information
to petrochronological interpretation and timing of various processes that affected the rock during

its formation and when transformed or reworked during tech@t@morphic events.



Streszczenie

Niniejsza praca prezentuj e badani a proce
i cyrkonu zachodzNcych w skali od mikro do na
[ ksenotym przeobr aUone monaeytirksenckym @ tprodokédw ur al n
eksperymentow laboratoryjnych przeprowadzonych w warunkach 200 MPa / 350°C, 400 MPa /
450AC, 600 MPa / 550A C, 800 MPa / 650AC oraz
kompleksowa charakterystyka teksturalna, struktutaa i skgadu chemicznego

or az przeobraUonych domen minerag-w przy ulUy

poszerzenia naszej wiedzy w zakresie proces-w

Pierwsza czASlI niemikjgdarijapprazcygbrrmpale®@nz ale
cyrkon i ksenotym z pegmatytu z Pigawy G-rne
przeprowadzono w skald.i mi kr o [ submi kronowe
el ektronowej (TEM) omMNazehaserzewejpe&lI aamjeit r wN |
wzbudzonN piC®MSBN. (SAIlnie przeobraUone cyrkon
zwi Nzane z i ndukowany oouplep dissotutiomeprdcipitatiory czegor o c e s a |
rezultatem | est obecnoSi mi kropor - w i nanopo
diffusionreacton w z met ami kt yzowanym | Ndr ze cyrkonu.
obejmujN fluoroapatyt, niezidentyfiwdwamiest evz
tl enki Fe, roztwory stage coffinitu z thoryte
w U wt-rny cyrkon. Wap@ i Fe zostagy dostarcz
jednoczeSnie mobilizowagy U, Th i Pb.

Druga czp8izedgsmawi a wyni ki bada® monacytu
eksperyment - w |l aboratoryjnych przy uUOyciu [
wzbudzaj Ncy mi 488 nm, 532 nm, 633 nm i 780 nm
przy uUOyciu monkwejo $EMA) yoraze LACRMS: Ponadto badania
mi krospektroskopi. Ramana przeprowadzono na
(Madagaskar), przeobraUonym ksenotymie z pegi

fosforanach REE (LaPDLUPQ, i YPO,). Widmammacyt u (532 nm) prezent
symetrycznego p avg§PGdodRadasd cniN doa9paNdes e onowe pasmo

ok. 861869 cm' oraz szerokie pasma fluorescencji ok. 2028 énok. 3287 crit. Widma

Ramana ksenotymu z produktow eksperymlemtay ¢ h wykazuj N charakt el
w postaci efektow fluorescencji w zakresO0i 700 cnt, zwi Nzanych z pr .
elektronowymiHo* (°S; Y °lg) oraz Er* (*Szz Y “l1s2). Widma Ramana wzbogaconego

w Y fluorcal ci ocbaraktdrystgczne zmianywefekkow fuorgstencji w zakresie

1500 3000 cnt ze znacznym wzrostem piku fluorescencji ok. 2600,@spowodowanego przez

S (DoY Fs) , oraz obecnoSi @88 we) g964 cpié633mm). Hektyt ¢ m



fluorescencji mobyl stanowi i utrudni eni e w zastosowan
w badaniach ksenotymu, a jednocz edbogasonegomo Ul i w
w Y fluorcal ci o brazawana hipetspektrpimegoy u Uy ci u

Wy ni ki bada@ pr aiewkonu ariyedsosovsarinTiEM w skali mikro
do submi kronowej w pegmatycie z Pigawy G-rnej
[ podkreSlajN znaczenie identyfikacij. nanoi nk
mikroskopowe.Charak er yst yka spektralna nieprzeobraUon

[ ksenotymu umo Ul i wi a identyfikacjn Zmian

oraz rozszerza dosthipnN bazfi danych Ramana. W
przeprowadzonychwann os k a |l i oraz mikrospektroskopi . Ran
dla interpretacij.i petrochronol ogicznych i cza
na skagn podczas | ej powstawani a, p-¥Tne@&jszyc

tektonometamorficznych.
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1. Introduction

Zircon (ZrSiQy) is a common accessory mineg@esentin a wide range of
environments such agneous rocks, metamorphic rocks and sedisi@urfu et al. 2003;
Harley and Kelly 2007; Nemchin et al. 2013)ikewise, monazit§Ce) (CePQ,
henceforth monazijgorms as an accessory minerakimilar geologicaknvironments
(Overstree 1967; Williams et al. 2007, 2017; Kylandé&lark 2017) Xenotime(Y)
(YPQu, henceforth xenotimeforms in metamorphic and igneous rock$akins and
Bowring 1999;Spearand Pyle2002), as well ag diagenetic environments (Rasmess
2005 Vallini et al. 2005; Rasmussen et al. 2Q1@wever, it idess abundanit n Ear t hd s
crust than zircon and monazitehe presence ofiecon, monazite and xenotinme a wide
range of envrionmentshe capability to incorporathigh amounts of U inzircon and
xenotime Emits 1989Krogh 1993; Forster 1998006; McNaughtorand Rasmussen
2018 and Th(and U)in monazite Parrish 1990Williams et al. 200Y, andlow diffusion
ratesof Pb(Cherniak and Watson 200Cherniak et aR004 Cherniak 20062010)make

them suitable to carain theU-(Th-)Pbage of the processes they form in

Zircon, monazite and xenotinfied applications in thermomet(Kingsbury et al.
1993;Gratz and Heinrich 199Andrehs and Heinrich 1998; Pyle et al. 2001; Seydoux
Guillaume et al. 2002a; Watson and Harrison 2005; Watson et al. 2006; Ferry and Watson
2007; Siégel et al. 2018; Volante et al. 2020y bear potential to use their chemical
fingerprint to estimatetheir provenancgHoskin and Schaltegger 2003; Hoskin 2005;
Yang et al. 2006Dawood and Abd ENaby 2007 Grimes et al. 2007, 2015; Bouvier et
al. 2012;McNaughtonand RasmusseP018 Chen et al. 2019DrélIlner et al. 2028
Zircon, monaziteand xenotimeare also considedeas potential matermfor long term

disposal of nuclear wastdue to their high chemical stability in most geological

12



environmentgSales et al. 1983; Ewing and Lutze 1991; Ewli®99, 2001; Lumpkin

2006 Vance et al. 2001

The chemicalstability of zircon monaziteand xenotimecan besignificantly
affected byvarious alterabn processedecay of U and Tleads to seltirradiationand
consequentlydamagein the crystal structurewhich can result in amorphization (i.e.
metamictizatiohpthat iscommorty observedn zircon(Nasdaleet al. 1995, 2001; Ewing
etal.2 00 3; Geisler et al . 2007 ; .Manakiegn®E et
xenotimecan accumula¢ moderate degreed radiationdamage but do not beame
metamict (Meldrum and Boatner 199Meldrum et al. 1998Urusov et al. 2012;
SeydouxGuillaume et al. 2018Jasdaleaet al. 2020)Radiationdamage crystalstructure
enhances element transport, which can resuttadificationof theoriginal geochemical
signature disturbance of the geochronological recamt overprint of crystallization
temperaturesFurtherprocesses that catrongly affect zircon, monazite and xenotime
involve fluid-induced alteratiomechanismswvhichmay result in compositionahanges
The effects of alteratioiin micro- and nanoscaleere investigated extensively zircon
(Williams and Jercinovic2002; Corfu et al. 2003Geisler et al. 2007; Austrheim et al.
2008 Nasdala et al. 20)0 monazite Broska and Siman 1998; Finget al. 1998;
SeydouxGuillaume et al. 2002 2003,2012, 2015, 201,72018;Harlovet al.2007, 2011,
B u d ztyal2010,2011, 2015, 2017, 2022022 Hetherington et al. 201@illiams et
al. 2011 Grandd&éHo mme e)t andaxenotime yokka ,et a2 @00,
Hetherington and Harlov 200&jetherington et al. 200&801Q Majka et al. 2011,
Ondrejka et al. 20165v ecov § et Buad z g0E®PAlS, 2628, b). Common
resuls of such alterationinclude formation of micro- to nanoporosity secondary
inclusionsand partial to complete recrystallization of the primary phadecedby fluid-

mediatedcoupled dissolutiomeprecipitation process€Butnis 20022009; Putnis et al.
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2005 Putnis and Putnis 200Geisler et al2007; Putnis and Austrheim 2010, 201

Harlov et al2011;Ruiz-Agudo et al. 2014; Villa and Hehar2017Bu d zy E e)t al

The combination of different alteration mechanisms of zircon, monazite and
xenotime such asadiationdamage and fluiihduced coupled dissoluticneprecipitation
processes, can result in a distorted mineral structure creating a mosaicigifly
di srupted l attice a n dltered damnains.s Thes | structaral d Ar
discordance can yield important information to reung and evaluate different alteration
processeskaman microspectroscopgrves as a versatile tool to investigate the structural
properties of zirconmonaziteand xenotimesuch asstructural disordedue to radiation
damage effects of annealing or recrystallization due to alteration basdmaauening
and narrowingdf Raman bandéNasdalaet al. 1995 2001, 20022018 Ruschel et al.
2012;Gv e c ov § eGinsta ét al. 2219; ArGlerson et al. 20B0pzyE et al . 20

2023a, bEnde et al. 2021

This studyinvestigateshe alteration processescorded byircon, monazite and
xenotimeusing variousanalyticalmethods,from microscale to nanoscale, ¢onstrain
their textural, compositional and structuchlaracteristicsT he studyconsists of two main
parts.The first partfocuses on micrgcale and, particularlyyanoscale investigatigrof
altered zircon and xenotime from a pegmdtiven Pg a wa  @e Ganys&sowie Block,
NE Bohemian massif, SW Polandyhich undewent severabktages of lateto post
magmatic alterationTrace element compositiaf zircon and xenotimeere evaluated
using laser ablation inductively coupled plasma mass spectrométhylGPMS),
whereassubmicron scale investigatios were performed usinga scanning electron
microsco@ equipped withfocused ion beamSEM-FIB) and transmission electron
microscopy (TEM) This part of thestudyaimsto expand our understanding of fluid

induced alteration mechanisms, whiehhanceelement mobilization, breakdown of
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primary phases and formation of secondary phases at-nmmanoscaleNanoscale
observations of the zircoand xenotimewere expected to provide newsights and
review earlier interpretations of the alteration meckans which affect xenotimand
zircon. The combined observations in miel@nd nanoscale provide informationflfid

compositionjnward and outward element transport, potential fjpgdhways and micro
to nanopore developmeniThis part of the dissertation has beenulplished in

Tramm et al(2021)

The second part dhis studyfocuses orlRaman microspectroscopgnducted on
monazite and xenotimérom laboratory experiments(experimental products from
Budzy & aiddz K@z2015; | BRUSE 20/ Falteredd manazitdrom
Ankazobe(Madagascarand xenotimdrom pegmatite from Bawa Grna Major and
trace element composition ohaltered and potentially altered domasrfsnonazite and
xenotimewere investigatedsingelectron probenicroanalysisEPMA) and LAICPMS.
Structural characterizationf the monazite, xenotime and synthetic RERre earth
elemens) phosphates (LaPOLuPQ; and YPQOs) has been conductedsing Raman
microspectroscopwith 488 nm, 532 np633nmand 780 nnexcitation laserat a broad
range and hyperspectral mappimgs been performed selected domains using 532 nm
and 633 nm laser§he goas of thispart of thestudyarefocusedon evaluatiorof altered
domainsof monazite and xenotime based on combif&iman microspectroscopic
texturaland compositional evaluatienSructural changes from radiatiacdamageare
reflected in bantbroadeningandstructural recoveriy recrystallization or annealing are
reflected in bandharrowing Evaluation of unalterednd potentially altered domains in
monazite and xenotime from experiments and meshould therefore be reflected in
distinctive Raman data and may even bear the potentiaktognze and nterpret

individual alteration mechanisnglated to element mdisation. Collection of Raman

15



spectra with various excitation lasers will enable identification of primary Raman features
from fluorescence effects and other artefaetsd will provide anassessment of the
usability of differentexcitationlasers for Raman microspectroscopy of monazite and
xenotime Hyperspectral maps aPMA-WDS X-ray element mapsf selected domains

in monazite and xenotimembine texturalstructural and compositional informatiand
providean approach to brindataof various microanalytical methodsto contextwith
each other.Interpretation ofthe hyperspectral mapcan setan overview of the
applicability of Raman microspectroscopy as a tooimprove evaluation of monazite
and xenotimevith addition of structurahformationin futuregeological or petrological
studies Theanalytical datandinterpretationgrom this studycontribute taheexpansion

of the Raman databasé monazite and xenotime, which will serveragerence in future
petrochronological studies of monazite and xenotime involving Raman

microspectroscopy.
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2. A brief summary of previous works on zircon, monazite and xenotime

2.1.Zircon

Zircon is an accessory minetakt has versatile applications petrochronology
asit forms in a wide range of geological settingsder broad PT conditionswhile
recordingvariousgeochemical signaturehe geochemistry of zircon varies depending
on the environmenh which itisformed, whichallows toestimaetheorigin of the source
lithology andthe U-Pbagds) (Morton and Hallsworth 199%Belousova et al. 2002ay
and Dempster 2009; Rubatto 2010uring formatiorof zircon nonformula elementare
incorporatedvia various substitution mechanismsacorporation of U, Th and other
tetravalenelements such as Ti, Sn or Hf occur by simple substitutidthi£Mr**, Frondel
1953), whereas more complecoupled substitution mechanissnare required for
pentavalent or trivalent iormich as REE, i.e. LaPQi LuPQy, Y3 or SE¢* (Hoskin and
Schaltegge2003) These include the following substitutions
(i) at one structural site

M*+M*=2Z(Esdkova 1959)

(i) at two structural sites

M3 + PP+ = Zr** + S (Speer 196; Halden et al. 1993

M™ + n(OHY + (4-n)H20 = Z** + (SiQw)* (Caruba and lacconi 1983)
(i) at an interstitial site

in(Mg,Fef* + 3M3* + PP* = 3Zr** + Si** (Hoskin 2000)

int(Al,Fe)3" + 4 M3* + PP* = 47r* + Si* (Hoskin 2000)
with M representing metal ions.

Different processeby which zirconis formedresult in a widevarietyof textures

(Corfu et al. 203). Igneous zircorcommonly demonstrates oscillatory aagdue to
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heterogeneous distribution of REE in the ndeiting zircon formation (Corfu et al. 2003;
Hoskin and Schaltegger 2003), but can atsonfpatchy zoning caused by strain during
magmatic formation (Paquette et al. 1995; Corfu et al. 2003), or caused by
metamictization or fluiimediated alteration (Nasdala et al. 20GEisler et al. 2007;
BudzyE et al . 2018) . T ®thermalr zecencomrmonlyaset a mo r p
result of an overgrowth from exsolution of fluids (Hay and Dempster 2009; Rubatto
2017), whereas diagenetic zircon can develop an irregular (or sawstwaghked) texture
at low RT conditions (Rasmussen 2005; Hay and Dempsi@OR These examples
demonstrate the broad range of zircon textpresent itheE a r t h §tlus,detaileds t
texturalevaluationof zirconcombined withgeochemicatharacterisatioare requiredo
determine source provenante correctly interpret zircorage data and distinguish
formation processes

The ncorporation of Ti ito zircon during crystallization has been experimentally
shown to be temperature dependamti pressure independedemonstrating that it can
be used asg@eothermometer to constrain conditions of zircon crystallization or saturation
(Watson and Harrison 200%Vatson et al. 20Q6Ferry and Watson 200.7The Ti-in-
zircon thermometry foursdincreasingimportancein petrogenetic models, however,
Siégel et al.(2018) pointed out thatareful evaluation of zircon origin, as autocryst
(formed from melt), xenocryst (inherited from a different source) or antecryst (formed
from aprecedingmelt of similar compositio)y needto be done to correctly estimaiad
attributecalculated temperatures.

Many previous studieBave used/arious approaches estimatethe origin and
the igneous or hydrothermal nature of zircon formation using trace element composition
(Hoskin and Schaltegger 2003; Hoskin 2005; Grinted.2007; Bouvier et al. 2012;El

Bialy and Ali 2013) Discrimination ofzircon provenancdrom oceanic or continental
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crust is possible with theharacteristicfingerprint of Hf and Y in relation to U/Yb
(Grimes et al. 20072015 El-Bialy and Ali 2013, whereaszircon light rare earth
elements (LREE¢ompositioncanprovideinformation of igneous or hydrothermal origin

(Hoskin and Schaltegger 2003; Hoskin 2005; Bouvier et al. 2012).

Zircon containsrelatively high amounts o) (up to severalwt.%, Hoskin and
Schaltegger 2003pnd low concentrationsof common Pb incorporatedduring its
crystallization(Krogh 1993 Watson et al. 1997 which makes it a good miner&r
U-Pb geochronologyCrystalline zrconischemicaly stableanddiffusion of Phis limited
due toahigh closure temperatut®900 °C(Cherniak and Watson 2001; Cherniak 2010),
which enablesnaintaning theisotopicU and Pb signaturever a long period of timeA
consequence of thegh actinide content imircon, howeverjs accumulation o$tructural
damage due to seladiation This processcan leado completefi mea mi ct i at i o nc
the amorphization of zircon structusghich significantly enhances properties for fluid
induced alteratioriNasdala et al. 1995, 2001; Mealan et al. 1998; Ewinget al.2003;

Geisler et al. 20Q7Ende et al. 2021). Metamictization is dependent on the number of

recoil events occuing duringthe U-decay of radioactive elements distorting the mineral
structure, whichs in direct correlatiorwith the content of alpha emitters (U, Th or Pu),

their halflife and the timefor the damagéo accunulate In case of zircon, the damage
results in displaced at oms c auspartclesingo r ec o i
the zircon structure, kich results in local distortion and a decrease in density (Meldrum

et al. 1998; Trachenket al.2002). The damaged texture then may be characterized by a
matrix ofamorphougircon in which parts of crystalline zircon remain, but over time the

matrix ex@nds and gradually overlaps leadingctonpleteamorphzation (Meldrum et

al. 1998 Geisleret al.2003a, b,c, 2007). Mechanisms that oppose metamictization of

zircon and repaira radiationdamagedcrystal structure are temperatidependent
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annealingprocesseswhich occur at relatively low temperatusgartingfrom ca.200 °C
(Geisleret al. 2001, 2003a; Nasdakt al.2001, 2002) The reason why understanding
metamictization of zircon is importalesin its enhancing properties for fluitiediated
alteration which canmodify the zircon compositiorgisturbthe geological ageaffect
the Ti-in-zircon thermometryrecordsor changeREE contens hindering conclusive

estimation of provenance d&odorigin of zircon.

Processesf zircon alteration induced byfluids, such as diffusiomeaction
(Geisler et al. 2002003, c, 2007; Nasdala et al. 2018oman et al. 2010; Seydoux
Guillaume et al. 2015; Zamyatin et al. 2010%) coupled dissolutioneprecipitation
processesHutnis 20022009;Putnis et al. 2005Geisler et al. 2007Rutnis and Putnis
2007 Putnis and Austrheim 2010, Z81Ruiz-Agudo et al. 2014; Villa and Hahar
2017Budzy (E e)ttypiaally.result itéx8iraland compositioal changesThese
alteration mechanissnmaylead to recrystallization dhe mineral or replageentwith a
secondary phaég. The diffusionreaction process is induced by a hydrous fluid)(H
which penetrates structurally damaged zircon and supports its structural recovery, but
results idevelopment ofianoporosity and element transport that can lead to mobilization
of U, Th and Pb, among other elements such as Zr, Si, Hf andd&i@EEenrichment of
nonformula elementsuppliedby the fluid(Silver and Deutsch 196®idgeoret al. 1966,
19%; Sinha et al. 1992Geisler et al2003s, 2007 Schmidt et al. 2006 The coupled
dissolutionreprecipitation processesaffecting zircon result in pseudomorphic
recrystallization. The crystalline phase, however, possesses a lower wbhtmesults
in formation of nanoporosity, which convolute into micropdiresn poreripeningto
minimize surface energy(itnis 2002, 200 utnis et al. 20085eisler et al. 2007; Putnis
and Austrhein2010, 2013; RuizAgudo et al. 2014 These pores may be partially to

completely filled with inclusions of secondary phases or residual fluigpical
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consequences of coupled dissolutreprecipitation process@scludere-equilibration of

zircon and mobilisation of trace elements sucblagh, Pb or REE, but also introduction

of foreign elements from fluid mediumto the structuréTomaschek et al. 200&eisler

et al. 20@a, b, ¢2007 SeydouxGuillaume et al. 2015, 201BudzyE et aKely 201 8;

et al. 2020; Harlov et al. 2023

Alteration processes induced by aqueous fluids or melt result in various
compositional and texturathanges at microscale and submicrecale, therefore
investigation of the altered zircon atanoscaleis important to bring microscopic
observations into cdext with submicon processessuch as development of patchy
zoning in nanoscale caused by various degrees of metamictization, recrystallization of
altered zircon, development of nanoporosity and formation of secondary nanoinclusions
(Geisler et al2007; Schmidt et al. 2006; Seydowuillaume et al. 2015, 2017; Valley et
al. 2015. Alteration of metamict zircon in fluidxperiments at low to moderate
temperature condition®00 500 °C) demonstrated enhanced mobility of Zr, U, Th and
Pb and emphasised tlatcon alteration can occur already at low temperature range (ca.
260300 °C) in lowgrade metamorphic rocks (Schmidt et al. 20@con from a U
rich pegmatite assemblage (lvelaBdje, South Norway)demonstrateadiationdamage
which causedswelling of the zircorstructureand lead to radial cracking, providing
pathways for fluidinduced alteratiofSeydouxGuillaume et al. 201)51n this case, the
alteration resulteth nanoporesurrounded by a halo of low density zircon, whereas the
porewalls were coated with deas zircon enriched in U and Garovided by fluids
(SeydouxGuillaume et al. 2015Potentialinitial pathwaydor fluids arerelated tonanc
structural defectsf zircon which greatly enhance permeabilkif/zircontowards fluids

(SeydouxGuillaume et al. 2017).
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Investigations ofHadean and Archeamrystalline zircons by atomprobe
tomography (APTHemonsrated the potential of nanoscale geochronological evaluation
of zircon (Valley et al. 20142015. The APT invedigations revealedca. 10 nresizel
nanacclustersof radiogenic Pb, Y and REBcated in disrupted zircon structure caused
b y -retbil eventgValley et al. 2014)Mobilization of Pband REEwas interpreted to be
caused by temperature driven diffusion duriagre-heating event, in which Pb
accumulated into nardlusters positioned in preservedannealed damaged domains of
zircon(Valley et al.2014,2015).These observations demonstrateamtgnt implications
of a short range (few nanometres) Pb and REE diffusion in crystalline zwduoh is
considered to have low diffusion rates in microscale (Cherniak et al, Z0@&kniak

2010)

Metamictization and fluidnduced alteratiorcan affectthe structure of zircon
significantly Raman microspectroscopserves as a profound tool to investigate
distortion of the crystal structure, amas the focus afumerousstudies ofmetamict and
crystalline zircos (Nasdala et al. 1995, 20002 201Q Geisler et al2001,2007; Ende
et al. 2021)The widths of Raman bands correlate withdhestallinity of zircon, whereas
structural damages represented bycrease of FWHH (full width at half height) value
of thevs(SiOs) antisymmetricstretchingvibration bandand, thus, cabhe used to estimate
the degree of metamictizatiamzircon(Nasdala et al. 1999998,2001).Raman contour
mapsof the linewidth of the R(Sig) (Eg) mode of zircon near 356 dnshow a good
correlation withU contents depicted by EPMA M UX-raydistributionmaps(Geisler et
al. 2007), and annealing experiments of natural and synthetic zircon support the relation
of bandwidth with degree of structural damagtatedto the U content (Marsello and

Garver 2010)Raman microspectroscopy zircon emphasises timotential sability for
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other mineralssuch as monazite and xenotirtigat accumulateadiationdamage over

time, recrystallize during alteration or are importaaisin U-(Th-)Pb geochronology.

2.2. Monazite

Monaziteis a LREE phosphateandis an important accessory minerged in
investigation®f igneous and metamorphic petrogeneBidd et al. 2001Pyle and Spear
2003; Williams et al. 2007)The usability of monazite in geochronojog related tats
capacity to incorporate significant amounts of U and fdygligible concentrations of
common B (Parrish 1990Williams and Jercinovic 2002; Williams et al. 2007)
combination withlow diffusion rates of major and trace elememisd ahigh closure
temperaturef Pb diffusion(O 900 °C)that enablemonaziteto retain its geochemical
informationd ur i ng mo st of t he pr(@Ghersak ®teat 20§ n t he
Cherniak 2010)In monazite Th is favouredover Uwith atypical Th/U ratio exceeding
1 (Forster 1998Williams et al. 200Y. The ncorporation of Thiand U is related to
substitution ofthe huttonite[(Th,U)SiO4] and cheralite[Ca(Th,U)P0s)2] components
(Forster 1998Forster and Harlov 199%pear and Pyle 2002.inthout 2007. The
cheralite substitution also enables integration of Cthé@monazite structure-urther
substitution mechanisms in monaziteay include wakefieldite(Y) (YVO.) and
chernovite(Y) (YAsOs) with a close structural relation to xenotinidese enable minor
substitutiors of V and As in monaziteJercinovic and Williams 20Q80ndrejka et al.

2007).

Applicationof monazitegeadhermometryis relatedo thetemperaturelependent
element partitioning of HREE Y in monazite xenotimeandgarnet whichenabésthe
potential to combine geochronological data with growth temperatofemonazite
(Kingsbury et al. 1993; Gratz and Heinrich 1997; Heinrich et al. 1997; Andrehs and

Heinrich 1998; Pyle et al. 20P1Such estimations are possibtmly becaise of
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equilibrium reactions during formation of -@xisting monazite xenotime and garnet
which lead toa temperaturelependent distribution oHREE + Y in both phases
(Kingsbury et al. 1993; Gratz and Heinrich 198i&inrich et al. 1997/Pyle et al. 200).
An example for application of Yh-monazite thermometry wagresentedin a
petrochronological study of two ultrahigh temperatwetamorphic events in polycyclic
granulite faciesocks from Rogoland(South Norwayin which temperaturesf 900/ 950
°C were estimate@Laurent et al. 2018)Another example ia study of granitic magmas
from the Georgetown Inlier (North Queensland, Australid)ich estimatecca. 730 °C
temperatureconditions for the formationof S-type granite based on saturation

temperatiresof zircon and monazit@é/olante et al. 2020)

Monazite is stable d&roadrange of igneous amdetamorphiconditions whereas
exact P-T conditions of monazite growth and/orbreakdown depenan bulk rock
compositiorand composition of fluigBingen et al. 199@roska and Siman 199Binger
etal. 1998;Simpson et al. 200¢4arrison et al. 2002Spear and Pyle 2002Ying et al.
2003;Broskaetal. 2005; Janots et &006,2008;Williams et al. 2007Petrik et al. 2006;
Ondrejka et al. 2012016 2022 Skrzypek et al. 2020 he stability of monazite also
depends on the accompanying mineral assemblage, which can result in different reactions
proceeding on a micr os c aNoeovdr, nsnaziderpays an( Bu d z
important role m petrochronological studies of metasomatic evdotsto its records of
fluid-mediated alteration (Williams et al. 20@Q11; Villa and Williams 2013\vhich
may lead to partial resetting of thle(Th-)Pbage Black et al. 1984SeydouxGuillaume
et al. 200Z; Kelly et al. 2006;Harlov and Hetherington 2010; Harlov et al. 2011;
Williams et al. 2011BudzyE et a2017,20210 2082Gr a n d 6 HbahROE5,

2018. Alteration of monaze commonly results in Ploss but Thcanberetairedin the
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monazitestructure which emphasisdase potential of monazite ceramics for isolation of

nuclear waste material in contact with moderately saline fluids (Poitrasson et al. 2000).

Fluid-induced altemtion of monazite commonly ressltin a replacement of
monazite byapatite[Cas(PQy)s(F,Cl,OH)], allanite [(Ce,Ca,Y}(Al,Fe*")3(SiOs)3(OH)]
and epidotd Ca(Fe,Al)Alx(SiOs)(SkO7)O(OH)], which form corona textures (Broska
and Siman 1998; Finger et al. 19@&apes et al. 200Budzy®et al. 20100ndrejka et
al. 2012;Hentschel et al. 2020; Ji et al. 20&kchulz 202). This has been reporteth S
type and Krich I-type amphibolite facies metagranitoids from Alps, Carpathians and
eastern Bohemian Masswith reactions driven by fluid supplyingCa, Fe, Si and Al
(Finger et al. 1998Broska and Siman (1998) suggested a reaction of monazite + annite
+ anorthite + quartz + fluids apatite + allanite + muscovitduring breakown of
monazite in metagrani{&Vestern Carpathiah Prograde crystallizgon of monazite was
documented in higpressure metapelites at temperatures as low as 3&@t0with low
bulk Ca compositionand retrograde crystallization of monazite was documented below
450 °C (Janots et al. 2006)he metamorphic sequence of mobtazjrowth follows the
relation of monazite allanite- monazite in which allanit@enotime associations
formed in pelitic rocks above 450 °C together with rims of apaii&ever,the exact
stability is dependent on Ca conté@mthe systermwhich wassuppliedby fluids derived
from Carich marbles angblagioclase(Janots et al. 2008)n the pelitic rocks, allanite
breakdown and formation of monazite occur at minimum temperature 524 °C, but the
exact temperature range in which allanite may be presatgpdng@ on wholerock
composition, particularly the CaO/b@ ratig, i.e. allanite may be preserved up to 610 °C
when CaO/NzO ratio > 0.93Janots et al. 2008n graniticatho gnei sses ( Ve Ok T
Potok Valley, the Veporic Unit, Western Carpathiansentmal Slovakia), monazite

breakdown resulted IREE mobilization angbartial to complete replacement apatite
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+ ThSiQy, and corondexturesof allanite and clinozoisiteCaAl3(SiOs)3(OH)] through

reactiors with Ca, Fe, Al, Si and F bearimgpstmagmatic hydrothermal fluid®©ndrejka

et al. 2012 2019. Similar coronatextures were found inmetasedimentary rocks

granitoids Variscan metagranitic rocks and Paleoproterozoic gréMite] ka and Budz
2006;Bu d z y E e toPa é¢tal 2@2L65krdypek et al. 202 et al. 2021Ondrejka

et al. 2022)In some cases, monazite breakdown enables mobilisation of LREE involving
formation of secondary phases such asi¢h silicate, TlOH silicate, Thand Rbearing

crandallité goyazite [solid solution of (Ca,REE)A(PQu)2(OHs HO) and
(Sr,REE)AL(PQy)2(OHs H20) endmembeis(Hecht and Cuney 2000; Papoulis et al.

2004).

Reactivity of monazite with alkalbearing fluids was demonstrated in
experimental studieat a broad range ofP conditions(Harlov et al. 2007, 201Harlov
andHetherington 201(Hetheringtonetal. 2010 Budzy & et al . ;2011,
Tropper et al. 2011\Villiams et al. 2011Betkowski et al. 20.6Gr and 6 Ho mme et
2016, 2018 Experimental alteration of monazite resulted in a variety of textural changes,
which range frondissolution pitsat the rim andnicroporosity to partial replacement of
monaziteby secondary phaseFormation ofsecondary phasedepend on the starting
materialsand fluid compositiofinvolvedin experimers. Experiments of monazite using
various fluids (1M NaOH andN&SikOs + H20) resulted inpartial replacement of
monaziteby Th-enrichedmonaziteat the rim(Hetherington et al. 20)0Experiments
involving an apatitenonazite assemblage resulted in replacement of monazite by vitusite
[Nas(Ce,La,Nd)(P@)2], sazhinite {NaCe[SEO1( OH) .A}n (akd britholite
[(REE,Ca,Na)(SiOs,PQy)s(OH,F)] (Betkowski et al. 2016)Experiments involvinga
complex mixture ostarting materialgeplicating composition ajranitic to pelitic rock,

resulted in complex textures involving formatiorvoh r i ous secondary pha
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al. 2011, 2017Williams et al. 2011) An assemblagef monazite, albiteK-feldspar,
muscovite, biotite and CaRtogether with a variety aflkali-rich fluids created a reactive

Carich environment at f conditions of 450610 MPaand456 00 AC (Budzy GE
2011). The experiments resulted in flamtluced alteration of m@azite and formation of

allaniteor fluorapatite with a britholite component depending on the allcifluid used

in the experimen{ Bu d z y (E e Partial ko.complédedetting of the L{Th-)Pb
agesoccurredat RT conditions of 450MPa and 450 °@ue to fluidinduced removal of

Pbin altered domainef monazite(Williams et al. 2011)A complexmineral mixture of

monazite, labradorite, sanidine, biotite, muscovite,.Si@d Cak was usedn fluid-

alteration experiments involving high bulk CaOcontent at a wide range of-P
conditions (2001000 MPa and 45050 °C BudzyEet al. 2017) The experiments

resulted in complex textures of ake monazite and formation @tiorcalciobritholite
[(Ca,REE)o(SiOs,PQ)eF2], REEr i ch st eacyiTreU)SpGKand REENa, Ca)
rich apatite (BudzyE et 9.1 The allePafio experiments using alkali fluids
highlighted the reactivity of alkatfich fluids in combination with a high CaO/ka
environmen{ B u d z y ZBE11€®17)dHe dteration byalkali-bearing fluids represest

an important issue consideriagplication ofmonazite thermometrgndgeochronology

in petrological studiethat require undisturbed monazite geochemistbgcause element
transport is greatly enhanced vfauid-induced coupled dissolutiofreprecipitation
processefWilliams et al. 2011; Didier et al. 201B;u d z y ®014,20152D17,2021;

Grand6éHomme 2. al . 2016

Aside of fluidmediated alteratignmonazite also can be altered byadiation
damagalue to higlcontents of Th and LAccumulation ofradiationdamage would lead
to metamictizationhowever, structural recovery processes suchiraminent defect

r e ¢ o v e-heglingbapdhdimal anealingat temperaturess low as 180 °@nables
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partialpreservatiorof monazitestructureover a long period of timgSeydouxGuillaume
et al. 2018; Nasdala et al. 2020 h e p r o-bealiggsis related tthe energy loss of
e j e c {patidles by adecayingnucleus into the monazite structuwehich releases
enougherergy to activate reconnection of the damaged structuréspendent from

temperature (Seydot@uillaume et al. 2018).

Extensive investigation of monazite textures structural properties and
compositionalvariation related to alteratiorprocesseshas beendone at micre to
submicronscale(Black et al. 1984SeydouxGuillaume et al2002, 2003,2004 2012,
2017,2018Gr and 6 Ho mme e8tFougdrouseaD2DBBu @D ¢ E et al
2022; Turuani et al. 20222023. Transmission electrommicroscopy of monazite
nanotexturdrom a Braziian pegmatitehave shown nanpatches omottledradiation
damaged domains and wellystallized domains, which form a mosaic structuré
monazite (SeydouGuillaume et al. 2008. An experimental studghowed that the
degree and abundance of suubttled nanepatches correlatevi t h -dosageas &
result of metamictizatio(SeydouxGuillaume et al. 2004}urthermore, TEM evaluation
of experimentally altered monazite rewedileplacement of primary monazite with well
crystallizedsecondarynonazite and nanoporosityhich arewell described features for
fluid-inducedcoupled dissolutiomeprecipitation processesidrlov et al. 2011Ruiz-

Agudo et al. 2014Gr and 6 Ho mdks, 268, &Blud z ¥ &, 2029. Ruld-. 2021
mediated Werationcommonlyleadsto formation of secondary inclusiomsthe mineral,

poresor cracks In monazite,Ca, U-, Thrich phaes such asheralite, uraninite and
thoriteare common inclusiona/hich are related tthe release ofh and Ufrommonazite

and progressive mobilization by fluidéSeydouxGuillaume et al. 2012,2017%
GrandodéHomme BatzglE e 2@% Recrystalizatibn of monazite and

formation of U and Thrich inclusionscan stronglydisturb the geochronological record

28



and emphasize the need for nanoscale evaluation of monazite to correctly itd€Fpret
Pb ages. Furthermore,nanoscaleinvestigationsallow to differentiate geochemical
signatures from secondary inclusions formed during altera®ach differentiation was
done by SeydouxGuillaume et al. (2018)who reportednancclusters of CaSQ
embedded ithe monazite latticéndicatingCat* + * = REE" + PP* substitutionduring
formation of monazite frommaS-bearing melt(Rogoland, Norway) Fluid-induced
alteration of monaziteanresult inaformation ofsulphur inclusionsluring metasomatic
events(Rasmussen et al. 2011; Seyddenillaume et al2018) Experiments involving
alkali-rich environmentesulted inaltered monazitevith nanoinclusions of britholite as
a result of the idealized reaction of N&rOs + H.O + (LREE,C&Si)PO; =
(Na,LREE,Ca[(Si,P)Qi]s0OH; a low abundanceof these britholite inclusionsvas
attributedto limited Ca supply with substituted Ca in monazite as the sole source (Harlov

et al. 2011).

In monazite from granulitéacies rocks (Sandmata Complex, Rajasthan, India)
Carich nanoclusters (10 nrsized) with a composition consistent with apatite were
documented with TEM and Atom Probe Microscopy (APM) as a result of phase
exsolutionshortly after monazite crystallization (Fougerouse et al. 2018). Partition of
unsupported and radiogenic Pb from monazite the apatiteclusters demonstrate the

potential of age disturbance at nanoscale (Fougerouse et al. 2018)

2.3. Xenotime

Xenotime represents the fraction of the AP@ries with predominantly Y and
HREEoccupation (GiLu) on the A siteandforms in a wide range @bcksranging from
low P-T conditions indiagenetic environments (Rasmussen 2004lini et al. 2005;
Rasmussen et al. 201BlcNaughton and Rasmussen 2J)1d@uring igneousprocesses,

low- to highgrade metamorphisifHawkinsand Bowring 1999; Spearand Pyle2002;
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Broska et al2005;Hetherington et al. 2008; McNaughton and Rasmussen B048] z y E
et al. 20182023, b andin hydrothermal veing gold deposits (Vielreicher et al. 2003;
Sarma et al. 2011; Fielding et al. 2QJianet al. 2023. The properties making xenotime
a suitable mineral for ¥Pb geochronology argmilar to that of monazite, with a high
resistance to alterationand the capabilityto incorporate U via coffinite USiOs)
substitution (Smits 1989; Forster 2006) drdvia thorite(ThSiQs) substitution (Forster
2006).Xenotime commonlgontainsmore U than Th and the/Th ratio may be used to
differentiateits provenancewith U/Th > 10 inxenotime related to dtich oreformation
highly variable UTh ratiosin a diagenetic xenotimeand UTh < 4in hydrothermal
xenotime (McNaughtonand Rasmusse2018). Negligible content of commorPb
incorporated during xenotime crystallization leads to accumulation ofsolely
radiogenic P§McNaughton et al. 1999; Fletcher et al. 2000; Rasmussen.2Diffosion

of Pb in xenotimein generaljs slower than in monazitend zircorwith a high closure
temperatureexceeding900 °C, i.e. a grain of xenotime with an effective diameter of
10 um would losel % Pb due to diffusion in a time scale ad. 5000yrs atca.900°C
andwould lose the same amountda. 18 yrs at ca. 600 °GCherniak 20062010.
Furthermorea high resistancef xenotimeto radiationdamage has been evaluated by
computersimulations in which recovery of crystal distortion caused by radiation would
begin shortly afterat 0.89 ps (Urusov et al. 2012Aside of its application as a
geochronometerxenotimeis also usedn the monaze-xenotime or garnetenotime
thermometry(Heinrich et al. 1997Pyle andSpear 2000). Théemperature dependence
of Y content in garnetvas estimated empirically with a precision of £ 3Q b@t is only

applicable if garnegrowth occurred in equilibrium with xenotinjeyle and Spe&000.

Xenotime is chemically more stable than monaziteyerthelessit can be

extensively alteredduring reactionsinduced by alkali-bearing fluid Alteration of
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xenotime from granitic rocks from the Western Carpathians (Sl®egublig lead to
formation ofcoronatextures of apatite and-Mch epidoe in the presence of Gaearing
fluids, whereas Yich epidoe formed without apatite in rocks with a fluid composition
of lower CdAl ratio (Broska et al. 2005). d@@nplex alteration of magmaticxenotime
involve recrystalliation of secondary xenotime via coupled dissolutieprecipitation
with a meltderivedfluid bearing F, Ca and other alka&liementsduring hydrothermal
stage of the pegmatite evolutigine case from Bek, Czech RepublicGv ecov § et
2016) In pegmatites, xenotime breakdown may also result in cetexareswith
fluorapatite or hingganit€Y) [Y2(I )Be:SkOs(OH),] caused bwlterationin the presence
of Cabearing fluids(Majka et al. 2011 B u d z y (E )eQoupledl dissol@tionl 8
reprecipitation processex xenotimealterationcommonly result inthe formation of
uraninite and thoriténclusions(Hetherington and Harlov 2008; Ondrejka et al. 2016;

Budzy & e,R02a,b). 2018

The response of xenotime to prage metamorphism was investigatedilpine
metapelitesin terms of the allanitemonazitexenoime phase relatian and in
metasedimentary rockeom the Mount Barren Group, Western Austra(izanots et al.
2008; Rasmussen et al. 2011).netgelites, xenotime breaks down before the growth
of garnet, but forms again followinggarnetgrowth from breakdown ofallanite
(ca. 556580 °C) and from thebreakdown of clinozoisite(ca. 560610 °Q
(Janots et al. 2008 heseprocesss are controlled by thebulk CaO content and the
CaON&O ratio indicating a coupleddependencef Ca and Na contents in the flgid
(Janots et al. 2008)n metasedimentary rockisreakdown of dtrital xenotimereleass
Y, HREE and Pfor metamorphicgrowth of xenotime duringgreenschist and
amphibolitefacies via dissolutiomeprecipitation reactions (Rasmussen et al. 2011)

Xenotime breakdown during fliithduced alteration may also result in similar corona
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textures as in monazitstich as xenotime surroundedapatite + (Y HREE)}rich epidoe
in granitic rocks from Western Carpathians (Broska et al. 2@@&pnatexturesmay
also include hellandite(Y) [(Ca,REE)Y2A | 2{B4SiO22)(OH);] andor hingganite(Y)
formed duringxenotime breakdowdriven bya fluid containing Y, Band Be(Ondrejka

et al. 2022).

The reactivity of xenotime with alkaline and alkali-bearing fluids was
demonstrated imumerousexperimental studs at a broad range of H conditions
(Hetherington et al. 20104arlov and Wirth 2012Bu d z y ®ozabBd d zy & 201 5;
Budzy & et2028 Bud 29 GBlaman 2D1R In experiments with xenotime
involving a set otlifferentfluid compositiors (2N NaOH,2N KOH, Na&SikOs + H>O and
NaFR, + H20) along with the addition of Si§) Al>.Oz, ThO, and ThSiQs, xenotime was
reactive with all fluids, except for NaGbkaring fluid and resulted iformation of
curvilinear intergrowths of h- and Sirich xenotime (Harlov and Wirth 2012Jhe high
reactivity of xenotimavith suchfluids resuls in formation of ahigh variety of texturdly
complex secondary phaseshen a more complex starting matenghs involved in
experiments simulating granitic tBudmegl®&1tic
2015; B u d z y (Ethest expetimentgotime Wwadighly reactive with Na
bearing fluidat lowP-T conditions (200400 MPa250' 350 °Q andresulted in formation
of (Y,REE)rich silicateand (Y ,REE)}rich fluorapatite whereasxenotime did not react
in experimental rungith Ca-bearingfluids until reaching 350C and 400 MP4 Bu d z y (E
and KozubB u d z y (E AR HiglhebB-T. conditions(200/ 1000 MPa 450 750 °Q, a
dependencyf the xenotime reactivityith increasing temperatumassuggestddue to
increased abundance of altered xenotime grains at higher tempsgratdnereas
formation of Y-rich fluorcalciobritholite either as individual crystadr as overgrowth on

xenotime indicatelevated mobility of Y + HREE Budzy E et al . 2017) .
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Theimportant insights on thaiterationprocessewereprovided by the nanoscale
investigatonsof experimentally altered xenotinfeHar | ov and Wi rth 201c¢
2021). Xenotime in nanoscale generally displays a high degree of crystallinity compared
to monazite characterized by a higher Th and U contermich shows mottled textures
indicatingvarious degrees aghdiationdamagel Har | ov and Wirth 2012
20217). The formation of Thand Sirich xenotime in experiments conducted by Harlov
and Wirth (2012) revealed the exact position of thel freactionfront betweeraltered
and unaltered xenotimeand Th-enriched dislocationsn the altered domainsThe
reaction front measuresly few nanometres, but a band of several microns withaitl
Stenriched xenotime follows the reactifnont (Harbv and Wirth 2012)lnvestigations
of xenotimewith transmission electron microscofyEM) have showmucleation of ¥
rich fluorcalciobritholite in amg@hous layerbetweenxenotime and crystalline -Yich
fluorcalciobritholite, demonstrating alteration amited extent along the outermost

boundary of the xenotime or in cracks and

Recent nicro- to nanoscale investigatierof ca. 979988 Ma xenotime from
pegmatite from As Il feldspar quarry (Evje, S Norwagvided importaninsights into
understanding of tha |l t er at i on mechanisms (Budzy& et
displayed radiationdamaged structurén primary, unaltered domainsgnd altered
domains with microinclusions of (Th, jlicates, uraninite and minor galerfaub
micron evaluation usinEM demonstrate hownitial alteration processdsok place at
partially open grain boundariesd nanafractureswithin primary xenotimedomains
which resulted in Uand Thdepleted submicrodomains and precipitation of sulmron
inclusions of(Th, Uyrsi | i cat e, uraninite or TheTEMfinite
investigatios of unalteredkenotimedomains Bowed for the first time evidencd U and

Th segregation ito the dislocations, whichiesults in removal of fluidnobie U** at the
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nanoscale and further implications on the disturbance-Bbldgerecord Budzy E et a

2023a).

Nanoscale gochronologicalinvestigatiols of xenotime using atom probe
tomography (APT) demonstrate possibility to estimate agasayticalvolume of4 to
6 orders smaller than established methods and enables estimation of ages of secondary
nanoinclusionssuch as Pbich apatite in altered xenotime (Joseph et al. 2021, 2023).
The xenotime from a pegmatite (ca. 1000 Ma, Grenville Provincead2g, commonly
used asa reference materialcontairs spherical clusters of Phearing apatite
nanoinclusions and a dislocation filled with apatite, which formed after crystallization of
xenotime (Joseph et al. 2023). The apatite inclusions datadg nanogeochronology
were significantly younger (ca. 863 Mapdicaing fluid interaction with xenotime
(Joseph et al. 2023Thesenanoscalenvestigatios demonstrate that evdunaltered
material (in terms of microscale observationgptentially recoraed fluid-induced

alteration, which can be dated useiganalytical techniquat nanoscale

Alteration of zircon, monazite and xenotimenambiguously affect their
geochemical characteristics and impact interpretation of petrogdagdiavolving their
provenance, gedhermometry and petrochronoloy. The described natural and
experimental casesf zircon, monazite and xenotindemonstrate the imptance of
further investigations imicro- to nanoscale tocrease ouunderstanithg the alteration
processesA zirconxenotimeintergrowthfroma pegmat it e from t he P
Gory Sowie Block, SW Poland) serves as an excellent example to investigate major and
trace element mobilization, alteration processegaade stabilities irelation to textural

changes amicro- and nanoscale ithe first part othis study(Chapter 3)
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2.4. Raman microspectroscopyf monazite and xenotime

Monazite crystallizes with a monoclinic structure containing arPZ = 4)
symmetry(Beall et al. 1981; Ni et al. 199Mullica et al. 1996; Boatner 2002; Clavier et
al. 2011; Huminicki and Hawthorne 2019; Lalla et al. 20Zhg structurés arrangedy
polyhedra in a nindold oxygen coordinatiowith the larger trivalent cation in the centre
which are connected at the edgesftom a chain in kirection these chains are
interconnected by tetrahedran c-direction(Fig. 1 a, b;Huminicki and Hawthorne
2019. Based on crystal symmetryibvational features of the monazite structurere
definedbyaf act or group anal-wy=slB+ WA t BB t16R e qu at

(Begun et al. 1981).

Monazite

Fig. 1. Structural arrangement in monazite and xenotime (modified from Huminicki and
Hawthorne 2019). (a) monazite projected onto (010) and (b) projecied(100) plane. (c)
xenotime projected onto the (010) and (d) projected onto (100) plane.
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Thirty-six of these vibrational modes are Rargan t | VvV @w= 9Ag+ 98y, exl G
= 9 Ay + 9B, (Begun et al. 1981). Raman spectra of monazite typically reslattice
modes ranging from 100 to 350 €pinternal PQ bending modes ranging from 500 to
700 cmt, and the most dominant symmetric stretching ma¢eQy) in the range of 960
to 990 cmt (Geisler et al. 2016). These represent the primary Raman feafuties

monazite spectrum.

Xenotime[(Y,HREE)PQ] is a tetragonal mineral whicforms isostructurato
zirconin a space group @a4r*° (I141/amd), Z = 2 Fig. 1c, d Wyckoff 1965;Begun et al.
1981 Ni et al. 1995Mullica et al. 1996Boatner 20024uminicki and Hawthorne 20)9
The unit cell of xenotime structure contains two molecules, Y ions ang*XR0Ocupy
the D4n'® site, whereas the oxygen atoms are located at sites vagmnetry (Begun et
al. 1981). Theoxygen atomsre coordinated iright-fold dodecahedrons with the larger
trivalent cation in the centr@dhese dodecahedrons are linked at their edges to form chains
in b-direction These chains are interconnected by, B@ahedra in-airection to form a
layer parallel to (100) and finally stack ind@&rection (Fig. 1c, d;Ni et al. 1995
Huminickit and Hawthorne 20)9Factor group analysis tffexenotimestructureresuls
i n twelve Raman acted=2Ry+08H:deB2Ag€28:9+HBeh+ ng t o
2Ey (Begun et al. 1981). Raman spectra of xenotime can be diViklkedpecta of
monazitginto the primary Raman features, that are lattice mode$ 8D0cm?), internal
(PQy) bending modes (50000 cm') and internal (PQ) dretching modes
(900 1200 cm).

Monazite and xenotime are orthophosphatgth varying contentsof REE.
Because of the different ionic radii of the RHEdhs, different lattice parameterare
preferred in the respective endmember REEIFOr example, LaPgs reported to reach

a=6.8313 A; b=7.0705 A; c = 6.5034 A and b = 103.27° resulting in a unit cell volume
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of 305.73 A&, whereas CePQis characterized by = 6.777 A; b = 6.993 A
C = 6.445 A and b = 103.54° resulting in a unitl @elume of 296.98 A (Beall et al.
1981; Pepinand Vancel981; Ni et al. 1995; Clavier et al. 201These examples
demonstratelifferentunit cell parameterbased on two close REE iorBecause of this
fundamental characteristieach individual REE conbutes differently to the gross
structure of monazite ankkenotime and individual structural characteristics for each
REEPQ need to be taken into accouReamanspectraof REEPQ from LaPQ to LUPQ
demonstrate a direct correlation between posiibRaman bands with the decreasing
ionic radii from Lato Lu (Begunetal. 1981). Hedibasel i ne spectrao foc
orthophosphatesbtained by Begun et al. (1984ave beemised as referensentil now
(Silva et al. 2006Ruschekt al.2012;Heuse et al. 2014 Geisleret al.2016;Clavier et
al. 2018; Lalla et al. 2021)The influence of REE composition of synthetic
orthophosphated.a:.«xEu)PQs onspectral characteristiegas demonstrated by the direct
correlation of peak shift towards higher wavenumbers wwitlheasingmol.% of Eu
(Geisler et al. 2016).

Polarization Raman microspectroscopy apptiechonazitetype orthophosphates
(LaPOii GAPQ) demonstatehow crystal oriatation can result in significant changes of
the Raman spectrilva et al. 2006 These include changes in intensities of Raman
bands and appearance of fluorescence band
y ( x rat) tbe example of spectra of PrP(Bilva et al. 2006) Theseimportant
observations demonstrate the relation of crystal orientation with Raman spectra and need
to beconsideredvhen interpreting nevieaturesor vibrational changes in Raman spectra

of minerals.

The Raman spectrum ofonazite found versatile application in investigasioh

lattice distortion and distinction of the degreeadiationdamage in monazite structure
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(SeydouxGuillaume et al. 2002, Ruschel et al. 2012). The incorporation of the actinides
(i,e. Th and U, but also Ca and Pb into the monazite structure causes distortion to
neighbouring P@groups due to the significant differences in ion radii and mass towards
Ce This has been demonstrated &yood correlation of FWHH values ofi(PQy)
symmetric stretchingband of annealed monazite with the sum of U, Th, Ca and Pb
(Ruschel et al. 2012). The empirical linear regres§wWHH [cnT!] = 3.95 + 26.66 x

(Th + U + Ca + Pb) [apfy] resulted in a formula that enables calculation of band
broadening caused lstortion of the structure by incorporatikg Th, Ca and Pkand
enable estimation of potentially radiatidamaged monazite structure when significantly
higher FWHH valuegare measured compared to calculated valReschel et al. 2012).

As mentioned atve, orientation of crystal to the excitation laser can result in significant
changes of the Raman spectrum (Silva et al. 2006). However, it needs to be emphasised
that the conclusions drawn from Ruschel et al. (20e&e derived from a large sample
size of randanly oriented monazite grainsvhich demonstrate the use aimparing

measured FWHH values with FWHHlculated based on composition

Fluorescence is a common effect in Raman microspectroscopy and can be
recognized by comparison of spectra usingltiple laser wavelengths. If bands are
shifting positions, disappear or new bands appear using different lasers, they are most
likely caused by fluorescence. Fluorescence commonly appears as broad background
bands that may superimpose the Raman signdlare caused lBmission centresvhich
include activators such as lattice defects or minor elememd the intensjt of
fluorescence depesdnthe presence of such activators angstal orientationNlarfunin
1979 Belsky and Krupa 1999%Gaft et al.2015) Fluorescence caused by REBons
commonlyappeas as relatively sharp and characteristic bands. The reason for this lies

within their unique electronic configurationf shielded 4 electronic transitions
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(f-f andf**-d-configuration) of the REE ions (Marfunin 1979;Lenz et al. 2013, 2015;
Gaft et al. 2015).Because the fluorescence effects of REEearing phases are
characteristic for individual REE electronic transitiok&(funin 1979Lenz et al. 2015),
Raman microspectroscopyay be usedo identify spectral changes in unaltered and
altered domainswhich potentially underwent element transport, structural changes or

developed pores filled with secondary phases.

Raman spectroscopic studies of monazikenotime and synthetic REEPO
endmembrsaimed at specific regions of the Raman spectra, mostlye range of ca.
0i 1200cm™ where theprimary Raman featureme with extended workocused orthe
vi(PQw) symmetric stretching ban@.g. Begun et al. 198BeydouxGuillaume et al.
2002Db;Silva et al. 2006Ruschel et al. 201Z5eisler et al. 2016; Nasdala et al. 2018
BudzyE e 2018220212022 2023. The second part of thisudy(Chapter 4focuses
on Ramanmicrospectroscopy oéxperimentally altered monazitad xenotime altered
monazite from Ankazobe district (Madagascar) and altered xenotime from pegmatite
from Pg awa Gsing 488 nm, 532 nm, 633 nm and 780 nm lasEnss study
investigatesthe broad spectral changesf primary Raman features armtharacteristic
electronic tansitions responsible for narraamd broadluorescence effectis unaltered
and altered domains of monazite and xenotime, wtactribues to improvement ofthe

Ramandatdbaseand may serve as future reference
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3. Micro - to nanoscale investigation o& zircon-xenotimeintergrowth from the

pegmatite fromP i § a w aa (G8ry $owie Block, SW Poland)

3.1.Sample description

The sample of pegmatite with investigated zircon and xenotime cdresa
quarry nealP i g a w a in the @ Sowie Block Fig. 2). Several metres thick vesn
of pegmatite includéexturalzonesof (i) a fine-grainedouter borderfollowed by (i) a
coarsegrainedouterwall, (iii) an innerwall of intermediate zonefyraphic zone and
blocky microcline)and(iv) a quartzcore(Pieczkaet al.2012, 2014; Szuszkiewicz et al.
2013. The pegmatite consists of large crystals of microclnartz, plagioclase and
biotite, with accessorgpidot, fluorapatite,Y -rich allanite(Ce), xenotime, zircorand a
vast number of other phasdmt includeberyl, bismuth, cassiterite, chalcopyrite, galena,
hematite and monaz#ge), representing only a few exampl€Szuszkiewicz et al.
2013) Petrogenetic classification dfi¢ pegmatitanay beconsidered to belong to the
NYF + LCT[(Nb, Y, F)+ (Li, Cs, Ta) type (L erny and Ercit 2005Pieczka et al. 2012,
2014;Szuszkiewicz et al. 20).3

The investigated intergrowth includes a ca. 2-siped euhedral zircon and ca.
0.5 x 1 mmsized xenotime (Fig3). The zircon demonstrates three distidomains: (i)
a patchy zoned core with microinclusions and submiénotusions of uraninite and
(U, Th)}rich phases; (i) a patchy zoned rim with extensive microporosity and
microinclusions of (U, Thyich phasesand (iii) a thin (severatlozensof microns)
crystalline outermost rim (Fig). The entire xenotime is patchy zoned in high contrast
backscattered electron (BSE) imaging and has a domain of extensive microporosity in
close proximity to the intergrown zircon, which is divided by a network cfdires and

cracks from the xenotime domain with lesser microporosity.
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1998,

The xenotimes partialy replacedby two fluorapatite grainen both sidesvith

an irregulatboundarybetweernxenotimeand fluorapatitewhich is related tproceeding

replacementThe earlier study constrained that zireanotime intergrowth originally

formed in a Proterozoic pegmatite at ca. 2.09 Ga, followed by incorporation into the Late

Devonian pegmatite asrestite at ca. 370 Mavhen itunderwent alteratiomduced by

fluid or melt (BudzyE

pegmatite led toe-equilibration of the zircon core via diffusieeaction processes and

et

al

2018)

| ncorporati

on
inseti position of the Gory Sowie Block in the Bohemian Massif (modified from Brdcker et al.
BudzyT@mammetala2021 201 8

0]

alteration of the zircon rim via coupled dissoluti@precipitation processes (Budgy e t

al. 2018. The xenotime was alterated via coupled dissolutépnecipitation processes

that resulted in formation of secondary fluorapatite at the edges of the phase boundary

between xenotime and zircoand growth of theREE-rich allanite at the rim ofiecon
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(Budzy & et oW-T flud-thdudedl alteraflidremdedat ca. 280 Ma with
formation of microinclusions of uraninite andri¢gh phases in the structurally damaged

intermediate zone between zircon core and rim (Bdglzyet pl . 2018

""""""""" transition zircon core / rim -~ transition zircon rim / outermost rim
017 data-point error ellipses are 20 data-point error ellipses are 20
| (d) Xtm I (e)zm
015 2 o 03 2
L2 =
a y
013 o ‘f
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Fig. 3. Overview of the zircorxenotime intergrowttmo d i f i ed fr om Budzy & et
et al. 2021)(a) BSE image representing the mineral assemblage surrounding the intergrowth; (b)
high-contrast BSE image of the xenotime; (c) optical microscope (OM)dage) Concordia

plots presenting results ofLA-ICPMS U-Pb measurements ofxenotime and zircon.
Abbreviations: Abi albite, AlnT Y-rich allanite(Ce), Api fluorapatite, Hilg i hingganite(Y),

Kfs i K-feldspar, Q4 quartz, Tloi thorianite, Xtmi xendime, Zrni zircon.
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3.2. Analytical methods

Trace elementneasurementsf zircon and xenotime ere performedusing a
Thermo Scientific Element 2 higiesolution sector field IGRIS coupled to a 193 nm
ArF excimer laser (Teledyne Cetac Analyte Excite laser) at the Institute of Geology of
the Czech Academy of Scienog&ague, Czech Republidrequency othe used laser
was set td Hz and fluence of 3.5ch? with a spot size 016 pum. Theflow rate of the
carrier gas (He) was 0.9/main, thecarrier gas was flushed through the twalume
ablation cell Before introduction into the ICP, the carrier gas mased withAr- and N
gas flushed at a rate 6f7 L/min Ar and 0.009./min N2 using an irhouse glass signal
homogenizefdesign of Tunheng and Hirag®04) in order to produce smooth, spike
free signal.The oxide level was kept low (< 0.1 %), whereasdigmal was tuned for
maximum sensitivity.The typical acquisitiontime consisted of 15 secondsr a blank
measurementnd 25 seconds for trace element measurements containgigrtals from
the ablated material$n-between analysis, the ICP was wasl@d30 secondsData
collection was divided into two resolution modesfi(gt ablationand data collectioat
low-mass resolutiom/cpm = 8% F'r; °3Nb, 1*%La, *°Ce,*'Pr, 16Nd, 14'Sm, >3Eu,
157Gd, 15T, 153Dy, 1%°Ho, °%r, 1°Tm, 172Yb, 1Ly, 178Hf, ¥1Ta, 2*2Th and**®U; plus
208pp in xenotime and fluorapatite, affdPb, 2°Pb, 2°’Pb and?°®Pb in zircon) andjii)
secondablation at a spot close to first ablation for collection of datmediummass
resolution mode (hpm = 2Na?@; 3P, *Ca, **Sc, *°Fe, 8% and®Zr; plus*'Ti
in xenotime and fluorapatite, arféTi in zircon). Sequence of theneasuremestwas
arranged taepeated blocks of 2 analyses of NIST SRM612, one analysis of the2BCR
standard, one analysis of 91500cein reference materia\(iedenbeck et all995) and

10 unknowns.
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For calibration otrace elementlata,the NIST SRM612 glassvas used witlzZr
as an internal standard for zircon analyses and Y as an internal standard for xenotime
analysesThe calibration was supported bgncentratioa of Zr and Y from data of the
investigated zircon and xenotime obtained with ERMIAe background noise of each
element was multiplied by 3.25 to estimate the individual detection lifiits.time
resolved sigalk were processed using Glitter softwavar{ Achterbergh et aR001).
Precision of the analyses (1 RSD) randesm 5 to 15% for most elementsA
homogenized basalt reference material BERISGS) and zircon 91500iedenbeck et

al. 1995 were used tononitor the accuracy duringeasurements

Transmission electron microscopVEM) investigations wer@erformed at the
German Research Centre of Geoscience (GeoForschungsZentrum GFZ, Potsdam
Germany in 11 foils, which were cut using focused ion beam (FIB) millilpeareas to
cut FIB-foils were chosen at locatios characteristic domains aircon and xenotime
to evaluate the nariexture potentially related tovarious alteration processe$he
procesof cutting the FIBfoils followed several steps, (i) selection2ff x 2 ymareas,
which then (ii) were protected with a 1.5 um layer of & protection againgtiB
sputtering with the G@n beam, (iii) for the ravirIB-foils, an acceleration voltage oD3
kV and beam current of 45 nA were set for the lateral sputtehfigrwards, he raw
foils were placed on @u grid (half-moon)andthinnedoutto ca. 150 nm thickneskor
this purpose, acceleration voltage30fkV wassetand beam current from 0.7%ro 80
PA in order to secure no damage to fimal product For thelast polishing steps the
acceleration voltage was reducedst&V andbeam current set td1 pA suchthat the
final size and thickness of t@B-foilswas20T 10 | 0 .détdled informatiéno r

on the sample preparation procedure see Wirth (2004, 2009).
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TEM observations wereonductedusing a FEI Tecnai G2 XTwin TEM,
equipped with a Fishione higdngle annular darkeld (HAADF) detector,a Gatan
electron energyoss spectrmeter (EELS) andn EDAX X-ray analysert-or the electron
source, a Schottky field emitter was usedgh-tesolution electron microscopy images
(HREM) were used to calculadiffraction patternsas Fast Fourier Transforms (FFT)
with which crystallographicparameters, such as Miller indices (hkl), angles between
adjacent planes and the dhkl spaciwgreobtainedfor phase identificationln order to
identify phases unambiguouslgingles hee to beaccurate with an error ofO 1 Ahe
FFT measurementnablel identification of anglesvith an error 0k0.5°, thus suitable
for phase identificationThe HAADF images were acquireasZ-contrast imagewith a
camera length of 75 mnthe resulting images sholwight objectswith a higher density
or achemical compsition dominatedby high atomic numbers (e.g. UDin). Bright field
(BF) imageswere also obtained during TEM observatiolmsBF mode, thecontrast is
reversedcompared to HAADF imageswhich meansthat phaseswith chemical
composition dominated by higitomic numbersappear darkbecause the electrons are
strongly absorbed byphases withhigh atomic numbes; higher density or higher

crystallinity.
3.3. Geological background

The Gory Sowie Blockis located in the central part of the Sudety Mts.
(NE Bohemian Massif, SW Polahdnd isdivided by the Sudetic Marginal Faulnhto the
eastern ForSudetic Block andhe western mountanous parti the Géry Sowie Mts.
(Fig. 2). The Gory Sowie Blockonsists of a complex mosaic includimigmatitc para
and orthogneissgsamphibolites minor granulites garnet peridotitespegmatites and
calcsilicate rocksKryza 1981t e | a ¥ ni e)w3deachkrondla@i®alinvestigatigof

the basement complex constraimedord oftwo major events prior tthe maximunof
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Variscanorogenesis (i) ca. 500 Magranitic intrusionand (ii) Caledonian tectonics
(480440 Ma) which are related to closure of the lapetus/Tornquist oceaméKiand
Hegner 1998; Turniak et al. 2000; Schneider et al. 2006). This was then followed by
reworking of the material during closure of Rheic oceani(360 Ma) and Variscian

orogenesis (34@30 Ma) (Turniak et al. 2000; Gordon et al. 2005; Schneider et al. 2006).

The Gory Sowie Blockecordedseveral (up to fivejectoric and metamorphic
episoeesduring reworking of the crustal material e | a ¥ n1l9¥)whichancludea
HP-HT eventat ca. 400393 Ma O6 Br i en et al . 200®Kryzaandsor don
Fanning 2007; Tabaud etal. 202 B u d z 20&); arphibalitefacies migmatization
at ca. 385380 Ma (Gordon et al2005; Kiyza and Fannin@007;Budzy E et al
2022; Tabaud et a2021;J a st r z n P02 andraptd coalihgat ca. F0i 360 Ma
(Brocker et al.1998; Marheine et al2002; Schneider et al2006). Geochronological
investigatiors of the Gory Sowie Block, Variscan massifs and Or§caelhik Complex
emphasisedhe complex nature of the central Sudetamsisting of perGondwanan
crustal fragments and arc terranes, welded together by closed basins and seaways as a
resut of mutual collision and collision with Balticdy demonstrating high variability of
age constraints between adjoining terrariat{e et al. 1990Schneider et al. 2006).
The ages of hornblende and micas from the amphibfaliies gneisses amanphibolites
of the western mountainous part of the Géry Sowie Block are coresdtaime between
382+ 1 Ma and 37% 0.5 Ma by ArAr dating, whereas the eastern part of the Block bear
youngerAr-Ar cooling ages of 33% 0.8 Ma and 278 + 1.7 Ma(Schnedler et al. 2006)
The latter corresponds to the sampling location ofzttemnxenotimeintergrowth from
pegmatitein which termination of low temperature alteration were constrained to ca. 280

Ma( Budzy & et al . 2018)
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The injections of pgmatits occurred relatively latan tectonometamorphic
history of the Gory Sowie Bloglprobably during the fourth tectonic stfge e | a ¥ ni e wi ¢
1990).Xenotime frorp egmat i t e vei n (the westerZmangof thezGéry S | Ns k
Sowie BlocR vyielded TIMS 2°Pb?°°Ph agesfrom 383 + 5 Ma to 370 = 5 Ma
(Timmermann et al. 2000)n the eastern part of th86ry SowieBlock, monazite and
uraninite from pegmatite JI77T.60xh3 W{SHRIMPY G- r n;
and 380.7 £ 2.4 M&EPMA), respectivelyfTurniak & al. 2015).Later study constrained
LA-ICPMS UPb ageglower interceptsn Concordia diagramsof zircon and xenotime
from pegmatite fronP i § a w ato &3 ¥ 18 Maand368 + 6 Ma respectivelywhich
provide record of the requilibration during thpegmatite formation, followed by ca. 280
Ma (EPMA ThU-total Pb age) gstallization of the uraninite inclusions in zircon, which
records termination of the fluichediated, lowtemperature &ration of zirconBu d z y E

et al. 2018)

34. Results

3.4.1. Geochemical characteristics of xenotime

Chondritenormalizedxenotime datahow typicalLREE << HREE patterrs with
an increasingonvexslope from La to Sng negative Eu anomaiynd anearly flatplateau
from Gd to Lu(Fig. 4a). Thedata demonstrate homogene®lREE contentsbut highly
variableLREE concentrationsGeochemically closely related elements Ta vs.aNd Zr
vs. Hfdisplaya strong positive linear correlatidiig. 4b, c) Dataof Zr vs. LREEdisplay
a correlationfor La and Cewith Zr (Fig. 4d). Elementdistribution of (Th + U) vs.
(Ca + Si)shows a clusterof dataat ca. 8000 ppm Th + U and ca. 188000 ppm
Ca + Si Fig. 4e). Few data pointsalign with (Th + UY(Ca + Si) = 1which suggests

partial substitutiorof huttonite andcheralitecomponentgForster 1998Spear and Pyle
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2002).Data of Si vs. Zr scatter below 1500 ppm Zr and 3000 ppm Si, whereas some data
align with ZrSi = 1 (Fig. 4f), which may indicate partial substitution of the zircon
component (Spear and Pyle 2002). Plots of nonformula elements Fe vs. Al roughly

suggest exponential correlation, whereas data of Fe vs. Ti display no correlatidig)Fig.

3.4.2 Geochemical chartaristics of zircon

The chondritenormalized REE patterns generally display an increasing slope
from Gd to Lu in all zircon data, but differ in LREE distribution between the zircon core,
rim and outermost rim (Fig5). Zircon core data show elevated LRE#& negative
Eu anomaly and a slightly increasing slope from Gd to Lu @&ay. The elevated LREE
values are not typical for igneous zircon, which usually shows an increasing slope from
La to Sm with a strong positive Ce anomaly (Speer 1980; Hoskin 20@kirHand
Schaltegger 2003), and resemble closer LRBEched patterns of hydrothermal tytbe
zircon (Hoskin 2005; Cavosie et al. 2006). Zircon rim data display even higher LREE
values above 1060than the core data, whereas the outermost rim data displa
significantly lower concentrations of REE than in the core and rim 8Bigc). The REE
concentrations of the investigated zircon reflect overall exceptionally high contents
compared to wide range of compositions reported for zircon (eBjaB and Ai 2013;
Nardi et al. 2013; Bell et al. 2016, 2019), which emphasises its rare and exotic
characteristics.

Zircon core data cluster at exceptionally high U contents of ca. 1206000
ppm), whereas zircon rim data scatter at ca. 286600 ppm U, and theutermost rim
data display low U contents below 3500 ppm (Fig. 6a). The P vs. (HREE + Y) plots of
zircon core and rim data scatter at elevated contehtsa. 930034500ppm and
5800 48300 ppmHREE + Y)over a wide range of P concentration, whereas outermost

rim data concentrate at ca. 1000 ppm P and 20000 ppm (HREE + Y)
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(Fig. 6b). The relation of (Nb + Ta) vs. Y shows positive trends in zircon core and rim
data, which are nearly parallel to the YO(N- Ta) = 100 line in the core and
Y/(Nb + Ta) = 10 in the rim (Fig. 6¢). The outermost rim data display lower

concentrations, but follow the trend of Y/(Nb + Ta) = 10.
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McDonough and Sun (1995). Modified from Tramm et al. (2021).
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Chondrite normalized Laand Ca show elevated concentrations in moiston
core and rindata(Fig. 7a, b), which arenagnitudes higher thahe Hf vs. La and Ce
fields of typical igneous zircons (Hoskin and Schaltegger 2@i8ilarly, zircon core
data scatter magnitudes higher than ievs. U field from Hoskin and Schaltegger
(2003), whereasim and outermost ringlata partially plot in the igneous zircon field

(Fig. 7c). Most core dataof Hf vs. UTh scatterat U/Th ¥ 0.04 0.3, whereasim and

outermost rimdatascatter ata broadrangeof U/Th ¥ 0.02 2.0 in the rim and Oh ¥

0.02 1.0 in the outermost rin={g. 7d).
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3.4.3. TEM structural observations and analyses of Xenotime

Nanoscale investigation o&notime and zircon were conductedh TEM in a
total of 11 FIBfoils cut from distinct textural domain@-ig. 8). Patchy zoned micro
domains of xenotime display a networkdi$locations in nanoscale and microporosity
(Fig. 9a), whereas the smooth contrast in HAADF image of xenotime offdilB-02
demonstrates high crystallinity of xenotinfed. 9b). The dslocations are occasionally
pinned by nanoporesig. A, €). Several micropores and nanopores are filled with
secondary Feilicates, solid solution of coffinitéhorite or Thbearing uraninite

(Fig. 9c, ). The Urich phases contain C, which suggests partial substitution of blatonite
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[(UO2)COs x H20] (Fig. 9r, s). The material that surrounds the pore filled with coffinite
thorite solid solution and uraninite is composed of (i) an inner wall, which contains a
matrix of poorly crystalline Yphosphate (potentially radiatiatamaged xenotime) and
small nanocrystalgf xenotime, and (ii) an outer diffuse rim (ca. 50 nm thick) of radiation
damaged primary xenotime (Fi@gmi p). This demonstrates the potential of locally high
degree ofadiationdamage in xenotime duead i g h d o-mdiagion. Inordre cakes,
nanomres contain a hexagonal phosphatd Py(PQy)2] that was identified based on

crystallographic parameters (Fghi k, q).

3.4.4 TEM structural observations and analyses of the zircon core

The patchyzoned zircon core can be subdivided into threedsubains: (i) bright
patchy domains (FIBoil FO5), (ii) dark patchy domains (Fi®il FO6) and (iii) domains
thatcontain clusters of microinclusions (henceforth inclusich domain, FIBfoil FO7;
Fig. 8). The bright patchy domains show submicron patchy zoning of bright and dark
zircon patches at nanoscale in HAADF image (HiQr). A region of coarser patchy
zoning is divided by an array of micropores from a region of finer patchy zoning. The
micropores are patrtially filled with nanoinclusions of Bimd Urich oxides (most likely
thorianite and uraninite) and embedded in a &al Frich phosphate (most probably

fluorapatite) located at the wall of the pores.

A single grain of galena formecd ia matrix of fluorapatite in a nanopore
(Fig. 106 f). The HREM images of the fluorapatite show an amorphous structure close
to the galena inclusion, whereas its crystallinity increases with distance to the contact
zone (Fig. 10f, g). Despite the rare ablance of galena inclusions in the investigated
zircon, its presence displays significance for potential Pb mobilization and retention of

unsupported Pb in zircon.
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Fig. 8. Overview of FIBfoils cut from xenotime and zircon. Modified from Tramm et al. (2021).
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Fig. 9. TEM results for the xenotime (modified from Tramm et al. 2021). (a, b) Overview image
of FIB-foils FO1 and F02. (c¢) HAADF image demonstrating micropore filét Fesilicate. (d)
Dislocation veins occasionally pinned to nanopores. (e) A shifted crystal lattice along dislocations
(dotted line) resulting in a shift of diffraction contrast. (f, g) EDX spectra of xenotime and Fe
silicate. (h) Nanopore enclosing #®Qy).. (iik) BF, HREM and FFT images show
unicrystallinity of PR(PQu)2. (I) Inclusions of coffinitethorite solid solution and uraninite in a
nanopore. (m) The rim of the nanopore with nanocrystals of xenotime. (n) Xenotime nanocrystals
(dashed line) irthe poorly crystalline xenotime matrix. (o, p) HREM and FFT images of the
primary xenotime with a highly damaged crystal structure surrounding the posg. EBX
spectra of P#PQy). with crystallographic parameters, coffinitgorite solid solution and
uraninite. Abbreviations: Cefhr 7 coffinite-thorite solid solution, Urri uraninite, Xtmfi
xenotime.
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bright patchy domain of the zircon core
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Fig. 10. TEM results for the metamict core of the zircon, which consists of three domains
(modified from Tramm et al. 2021). The bright patchy domain: (a) overview of thdoHIB
revealing two areas of patchy zoning divided by a group of micropoies. Ificluson of galena
surrounded by secondary fluorapatite. (f) HREM image of the transition between galena and
amorphous fluorapatite. (g) HREM and (h) FFT image of the crystalline fluorapatite ca. 10 nm
from the transition with the galena inclusionijYiEDX spetra of fluorapatite and galena
inclusions

The dark patchy domains in the zircon core are dominated by coarser patchy
zoning compared to patchy zoning of the bright domains (Hi@s. 11a). In both
domains, the dark patches of zircon contain highent Th concentrations compared to
bright patches, which is indicated by better defined peaks of U and Th in EDX spectra of

the dark patches compared to bright patches (Hig, ). The brightness of HAADF
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Imagesis controlled by concatration of elementwith highatomic numberghe density
of materialand crystallinity thus,it may be expected that higher contentslbfind Th
create a brighter image in HAADF. Howevdue to their radioactivityhey also destroy
the crystal integrity of zircon byadiaion damage which resuls in lower density of
material. Therefore, the bright nanopatchégircon(in HAADF modg, which contain
lower U and Th contentsetain their crystal integrity mor@ndcontain a higher density
than darker patche§his conclusion is confirmed by Bifaging which displays a
reversed contrast compared to HAADF, becdusght cloudy areas indicate a lower
degree of crystallinity and a lower density of matenahereas darker contrast results
from more electron adsption due to a higher crystallinitgndbr density of material
(Fig. 11b). Furthermorethe bright and dark patches (in HAADF) shdiffuse diffraction

ringsindicatingdifferent degrees & metamict stateé~g. 11c, d).

Inclusions present in the dadomains of the zircon core are predominantly
composed of Thand Uoxides i.e. most probablihorianite and uraninite, however, their
small size and interfering signals from the surrounding material prevented unambiguous
identification. Aflarged uraninite inclusion (ca. 500 x 900 nm) is surrounded by a dark
rim of amorphous zirconHg. 1le, f). The BF image of the uraninite indicates a single
crystal Fig. 11f), however, broad diffuse scattering in the diffraction patterns indicates
presence o&n amorphous phas€ig. 11g). This contradiction may be caused by high
density of U atoms hindering electron transparefidye uraninite contains C, which

suggests substitution of blatonite (Fig. 11j).

The inclusiorrich domain contains a higher abundanéenicro- and nanopores
compared to other domains of the zircon cdig.(12). The micropores are filled with
U-rich zircon, which is interpreted as a secondary zircon (Zrn2) based on comparison

with EDX spectra of the primary zircon (Figslhl i, 12e). The inclusions of secondary
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zirconhavea crystalline structure and are cut by veins of lesser crystalline coffingte
12a, b).A dark rim of amorphous primary zircasurrounding the inclusiondanopores
are filled with clusters of small uraninifeakes or uraniniteeubes, which are embedded
in a coffinite matrix (Fig. 2c, d). Coffinite shows a minor C content in EDX spectrum,

which suggests substitution of a blatonite component (2i). 1

3.4.5 TEM structural observations and analyses ofzleon rim

The zircon rim displays extensive microporosity with a broad range of different
phases that form inclusions (FIBils FO8 F10; Fig.8). Compared to the core, the rim
has irregular patchy zoning with several miczed patches, which show spar
boundaries in HAADF imaging (Fig.3h). Secondary phasdaclude Fesilicates
accompanied by monazite to -Bbaring Feoxides (Fig. Bbid), and uraninite and
uraninitethorianite solid solution accompanied by xenotifR&y. 13i, 0). Inclusions of
Ferich phases either display a lamellar texture ofsHieates or folded plates of Fe
oxides embedded in a matrix of-B#icate (Fig. Bbi d). In one nanopore containing-Fe
silicate and monazite, a vein of mottled zircon is connected to the pore (dashed line in
Fig. 13b). In the nanoporahich contain Feoxides and Fsilicate, cloudy patches of
zircon are disconnected from the paovell (Fig. 13c).

Aside of Ferich phases, uraninite represents another dominant phase that formed
inclusions in micropores. An ew®le is shown in a micropore filled with polycrystalline
uraninite surrounded by an irregular rim of amorphous zircon (Fig. 13iThg.
crystallinity of zircon increases with distance to the uraninite inclusion as shown in
HREM images and sharper diffram patterns with lower diffuse scattering intensity in
the crystalline material (Fig. 1BR). The outermost rim of zircon is homogeneous in

nanoscale (FIBoil F11; Fig. 8).
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Fig. 11. The dark patchy domaifmodified from Tramm et al. 2021{a) Overview ofa coarse
patchy zoning displaying bright and dark domains. (b) BF image showing differences in
crystallinity and density of the patchy zones; here, the contrast is inverted compared with
HAADF. (c, d) Diffraction patterns of the patchy domairfszacon. (e) Nanoinclusion of
uraninite, which is common in the dark patchy domain. (f) BF image of the uraninite that indicates
unicrystallinity, yet (g) diffuse diffraction rings indicate a low degree of crystallinity) DX

specta of the bright ard dark zircon patches, and theaninite inclusion. Abbreviations: Uiin
uraninite; Zrni zircon.
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inclusion-rich domain of the zircon core
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Fig. 12. The inclusioarich domain(modified from Tramm et al. 2021(a) HAADF overview of
the inclusioarich domain. ) BF image Urich zirconinclusion(Zrn2) cut by veins of coffinite.
(c) Aggregate of flakes of Pbearing uraninite.d) Cubic inclusions of uraninite embedded in
coffinite. (e, f) EDX spectra of secondary zircon (Zrn2) and coffinkbbreviations: Cofi
coffinite, Gni galena, Urri urarinite, Zrni zircon.
3.4.6 TEM structural observations and analyses ofZlieon-xenotimenterface region

The contact between the crystalline xenotime and the metamict, patchy zoned
zircon is a sharp and distinct phase boundary (Figjsl5). Microporosity is present in
xenotime, but significantly more abundant in zircon. In the region of the contact between
xenotime and zircon, small spheres of uraninite form nanoinclusions in xenotime

(Fig. 14c), whereas cubic crystals embedded in a matrix o€l Caphosphate (possibly

Y-bearing fluorapatite) are present in the zircéig. 14d). The sharp boundary is
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reflected by HAADF Fig. 14e) and BF imagingHig. 14f), which also reveals a fine rim

(ca. 100 nm) of a matrix of radiatiafamaged xenotime. An EDM}he scan over 400 nm
across the phase boundary of xenotime and zircon reveals a distinct and sharp
compositional transition of only few nanometres directly tia¢ phase boundary

(Fig. 14e, g I). The transition from xenotime to zircon is represented by a sharp decrease
of Y and a significant increase of Si, Zr, Ca and Fig.(14qg, i I).

The FIBfoil FO4 (Fig. 8) cut from the zircorxenotime transition shows a
micropore in the primary xenotime, a few microns from the zic®motime phase
boundary (Fig. ). At the wall of the pore, a sphere of fibrousdsedes surrounded by
oscillatory zoned Ribearing Fesilicates embedded in secondary zircon. The fibrous co
of the inclusion bears nanocrystals of-lf#aring Feoxides embedded in a matrix of
Fesilicates (Fig. Bb, c). A linemeasurement from the xenotime into the aggregate
shows a distinct and sharp compositional transition at the phase boundaries adingspo
to typical composition of ¥ich xenotime, Z+, S+ and Thrich zircon and Fexides
(Fig. 15c, fi m).

To summarize, all investigated domains of xenotime and zircon display distinct
characteristics in regards to textures in micand nanoscale angresence of
nanoinclusions. A summary presenting textural features and secondary phases in zircon

ard xenotime is given in Table 1.
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Fig. 13. TEM resultsfrom the rim of the zircon (modified from Tramet al.2021). (a) HAADF
overviewshows patchy zoned zircon with high microporosity filled bysHieate or uraninite.

(b) Micropore enclosing Fsilicate and monazite attached to a channel of patchy zoned zircon
(dashed lines). (c) Fexides formed folded layers in a nanopore embedddekilicate. (d)
Nanocrystals of Fexides in the core of folded materiali (@ EDX spectra of secondary zircon
(Zrn2), monazite Feoxide and Fssilicate (i) An uraninite inclusion in a micropore. (j)
Amorphous zircon surrounding the nanopore withuteninite. (kn) HREM images of zircon
show increasing crystallinity subsequently with increasing distance from the uraninite inclusion.
(o) A rare case of a micropore containing inclusions of xenotime and urathioitanite solid
solution from FIBfoil F10 located at transition between core and rim of zircon in close proximity
to the intergrown xenotime. Galena also formed in a nanopore close to the xenotime inclusion.
(p) HREM image of the uraninihorite solid solution oxide reveals clouds of shiftegstal
orientation indicating polycrystallinity. Abbreviations: Gngalena, Mnzi monazite, Urni
uraninite, UrAThoi uraninitethorianite solid solutionXtmi xenotime, Zrri zircon.
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Fig. 14. TEM results for the zircomenotime interfacémodified from Tramm et al. 2021)a)

HAADF overviewof thesharp phaséoundary between xenotime amatchy zoned zircon (F03).

(b) A domain located at the phase boundaith alteration pits in the primamyenotime, partially

filled with secondary zircon (Zrn2). (c) Nanocrystals of uraninite in xenotime close phase
boundary and (d) nanocrystals of uraninite embedded in fluorapatitedm (e) The alteration

pit shows the reaction front with secamy zircon adjacent to primary xenotime. The white arrow
represents the EDX line measurement in)(f) BF image showing a ca. 100 nm thick rim of
altered xenotime containing fine nanocrystals (dark areas). The inclusions in the secondary zircon
(Zrn2) form a pathway penetrating into the primary xenotime (white dotted arrow).
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Fig. 15. TEM results for the zircomenotime interface (modified from Tramm et al. 2024).
Overview of the zircorxenotime phase boundary (FO04) with a micropore in xenotime close to
the phaseboundary. (b) HAADF image showing the micropore enclosing secondary zircon
(Zrn2) and an aggregate containing a fibrous core-afdtaes surrounded n oscillatory zoned

rim with varying contents of a Pirearing Fesilicate. (c) The aggregate is embedded in secondary
zircon (Zrn3) forming &a. 70 nm thick amorphous riffihe white arrow represents the EDX line
measurement presented iinrff). (d) HREM image of the fibrous Fexide revealing randomly
oriented islands of crystal patterns indicating polycrystallinity. (e) The diffraction pattern shows
multiple diffraction centres typical for a polycrystalline mineral surface.
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Table 1 Summary of micreand nanedextures observed with EPMA and TEM in the

investigated zircon and xenotime.

Phase / Domain Texture Porosity Secondary phases
micro texture nanotexture micro-  nano inclusions major  minor
pores  pores
xenotime
patchy zoning homogeneous + X Fe-silicates X
fine network of .
dislocations X uraninite X
X coffinite-thorite X
X PQ(POA‘)Z X
zircon core
bright patchy domain  patchy zoning patchy zoning X X fluorapatite X
dominated by
bright domains X galena X
X
X
dark patchy domain patchy zoning
dominated by o
dark domains X uraninite X
Inclusionrich domain patchy zoning + X secondary zircon X
high porosity
X coffinite (as veins)  x
X uraninite X
X coffinite (grains) X
zircon rim
patchy zoning patchy zoning + X Fe-silicates X
high porosity .
X secondary zircon X
X uraninite X
X Fe-oxides X
X xenotime X
X uraninitethorianite X
X galena X
zircon crystalline rim
homogeneous  homogeneous
crystalline crystalline
zircon-xenotime interface
on the xenotime side  patchy zoning homogeneous + x secondary zircon
dissolution pits
at phase X (Fe, Pb)silicates one inclusion
boundary )
X Fe-oxides
X uraninite X
on the zircon side patchy zoning patchy zoning X uraninite X
X fluorapatite X
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3.5. Discussion

3.5.1 LA-ICPMS trace element characteristiofxenotime and zircon

The snall variations in hondritenormalized HREE patternsndicate that
xenotime remained stable during alteratjomich occurred during formation of the Late
Devonian pegmatiteyith respetto the majorelementcomposition(Fig. 4a). Variatiors
of nonformulaand traceelementcanprovideinformationon mineralcompositiorduring
formation, fluid mediatedalterationand the fluid compositiarBubstitution mechanisms
in xenotimeinclude components ofircon due to the isostructural natafexenotime and
zircon(Spear and Pyl2002). Thisis partially reflected by a weak correlation of Zr and
Si (Fig. 4f). However the Si contentin xenotimeis also relatedto substitutions of
coffinite andthoritecomponentgForder 1998, 2006; Spear and Pyle 2Q@23dmay also
bereflectedin part bythe presence of Falicatesubmicra inclusions(Figs. 4e, 9b, ).
Correlation ofFevs. Al canberelated to (ixhe transport of Al into the xenotime structure
via fluid-supported diffusiofollowed byhomogenization or (iincorporation during the
formation of the xenotimeHg. 4g). A dominant group of inclusionsmcludesFerich
phases, thud;e may serve as a kagdicatorfor the presence of fluidbecause Fe is
generally not present in xenotimEurthermore,pegmatites formn an environment
which isstrongly influenced by hydrous mektentaining significant amounts of fluids
that enabé temperaturerelated diffusion $immons and Webber 2008; London and

Morgan2012 London 202

In case okircon, severakubstitution mechanisnigve to be taken into account
considering the exchange @f. Simple substitution of tetravalent elements (e.tf, U
Th*, Ti** and SA") can directlysubstituteZr** (Hoskinand Schaltegget003) Here the
exceptionally high content &f (up to ca. 10 wt.%) in thiavestigatedzirconreflects the

most dominant substituent forZrA common mechanisin zirconinvolves substitution
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of the xenotime compone(Y, REE}* + P* = Zr** + St (Speer1980). Howeverdue
to lack ofclearcorrelationof (HREE + Y) andP datathe xenotime substitutiohasbeen
obstructedby other P occupationd~ig. 6b). This is confirmed by thepresence of
fluorapatite  inclusions (Fig. 10b). Partial substitution via  coupled
Y3 + (Nb, Taf* = 2 Z** (E s 6 k1®59pamay be considered duegositive parallel
trends of Y/(Nb + Ta) = 100 in theircon coreand Y/(Nb + Ta) = 10n the zircon rim
(Fig. 6¢). In summary, pesence of secondary inclusiomsn interfere with the
interpretation of theérue geochemical signatures of zircon and xenotieemation of
micro- to nanoporosity and precipitation of secondary inclusions comnmesiyt from
fluid-mediated alteration processes, howevaraitnot be excluded that some inclusions
were incorporatedhto the xenotime or zircoprior to alteratiorduring growth of their

host mineral

3.5.2 Alteration processes at a submicron scale

There are two weltlescribed alteration mechanisthsit can result irformation
of complex textures in the primary mineral, its replacement by secondary minerals and
formation of porosity(i) diffusion-reaction and (ii) coupled disstion-reprecipitation
processeswhich proceed under a broad range of temperature cond{Bmisler et al.
2002 2003, 2007; Putnis 2002 2009; Putnis et al. 20Q5Putnis and Putnis 2007;
Hetherington et al. 2010jasdala et al. 201®utnis and Austrheim 2010, 201Spman
et al. 2010Harlov et al. 2011SeydouxGuillaume et al2012,2015;Ruiz-Agudo et al.
2014,Bu d z y R01¢,20182021,2022, 20234, iVilla and Hanchar 2017; Zamyatin
et al. 2017. The results of both alteratioprocessedisplay similar featuresand
characteristicsin regards to formation of porosity angrecipitation of secondary
inclusions however, their mechanisms differ significantlyhe dffusion-reaction

processis temperatur@riven and mediated by a hydrous medium (most likely)H
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resuting in nanoporositythat enhances fast exchangdetween the reactiefnont and
the fluid and supportsgradual structurabrdering inthe primary mineratowards the
reactionfront (Geisler et al. 2003a;, 2004, 2007)These characteristics are reflected in
a metamict zircon, which displays a gradual recovery of the damaged str(Grister
et al.2007).During diffusion-reaction process@scompatible elemenenter thesolution

andmayprecipitate as phase inclusiof@eisler et al2007).

Fluid-mediated coupled dissolutigeprecipitation reactionson the other hand,
result in a replacement of the pany material by secondary phagea solidstate Putnis
2002 2009; Putnis et al. 200%seisler et al. 2007Putris and Putnis 2007; Putnis and
Austrheim 2010, 20134arlov et al. 2011; SeydotQuillaume et al. 201ZRuiz-Agudo
et al. 2014; Villa and Hachar2017 Bud z y E e t 2024,12022, 2@3a§ bA
characteristic featuns asharpcompositionaboundarybetween primary and secondary
phass, which isthe result of the dissolution of bonds and coupled formation of new bonds
at the reactiofiront progressively moving through the mine(&utnis 2002, 2009;
Geisler et al. 2007; Putnis and Austrhed13). Typical resuls of coupled dissolution
reprecipitation processeasclude nano and microporositydue tothe loss of volumeof
the alteredmineral(Geisler etal. 2007; Putnis and Austrhei2®13). In the investigated
xenotime coupled dissolutiofprecipitationprocesses resulted in significant altena.
Thisis reflectedby developegatchy zoning antbrmation of naneand microporelled
with secondary inclusiongjhich includeFe-oxides,Fe-silicates, Piphosphate, uraninite
and coffinitethorite solid solution(Fig. 9). Xenotime remainedrystalline, everthough
it undewent high dosige of U-radiation This is related to imminenannealingof the
damaged structuréRafiuddin et al.2020. The effectpreventing amorphization of
xenotime due tb}radiation may be similaio annealingf monazite eydouxGuillaume

et al. 2002, 2018; Nasdala et 2020) Indeed,computer simulationsrpdictimminent
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reparation(0.82 ps)of damaged structurester occurrence of a decay evé€dtusov et

al. 2012) Because of its resistance towards structural damage Woadiation, the
strongly damaged crystal structusé xenotime close taraninite and coffinitehorite
inclusions was unexpecteéig. 9li 0). Local radiationdamageof xenotimestructure
revealed bHREM and FFT imageis probably related to the exceptional high dosage
Uradiation which caused more damage to the structure than could be repaired by

annealing(Fig. 90, p)

The metamict zircon cordias been affected bgiffusion-reactionprocesses
which supported partidnnealing of the crystal structuid.(B u d z y ®R018)tThisaid
confirmed byHAADF imaging thatshows afine matrix ofpatchy zoningvith bright and
dark nangatctes which may be the result gfartial annealingnducedby diffusion
reaction processefigs. 10, 11). The varying contrast of the nanopatchesflects
variations inU and Th contentthat are higher in dark patcheghich resuls in a more
damaged crystal structu@nd lower density of materiaZircon starts toanneal at
temperaturegaslow asca. 200 °C (Geisler et al. 2007; Nasdala et al. 20I)us, t is
possible that hot fluiddocally supported annealingvhich gradually reconnected
crystalline islands andepaired the primary zircomstructure During this process,
elementsnobilizedby the fluidaccumulated in the matrof the metamict zircoto form
secondary zircgrwhich ishighly enriched in UThe patchy zoning of the zircopresent
at micro and nanoscajes interpretedas the result oEombinedmetamictization and
annealing effectswvhich wergpredominantly supported by temperatdrézen diffusion

reaction processes.

TEM observations demonstrate that the resolution of commonly used
microanalytical techniquegre not sufficient taletemine the detailed characteristics of

small patches izircon,shown inBSE imag with respect to theicomplex texture and
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composition(Figs. 3a, 8). The formation of nanoinclusions afalena embedded in
fluorapatitesuggestelease oPb from zircon, wheeasF, S, Ca and RAnust have been
transportednto the system by a fluidFig. 10b). The presence of thes@clusionsis
probablyrelated tocoupled dissolutiomeprecipitation processeatherthan diffusion

reaction alone.

Amorphous zirconwhich issurrounding inclusionsef uraninitein nanopores of
the dark patchy domainemonstrass enhancedadiationdamageby the high dosage of
Uradiationfrom the uraninite inclusiongFig. 11e). The secondary aggregatesibfich
zircons formed asbright miaoinclusionsvisible in BSE imagg in the inclusioprich
domain of the zircon com@re accompanied lsubmicrorscalecoffinite or uraninite veins
(Fig. 12a, B. The close relation of the secondaryrich zircon and the coffinite and
uraninitemay reflectimited diffusion of theecomponentsvhen they wereeleased from

the altered zircoduringalteration

Thezirconrim containsa network ofmicroporeswhich aregpredominantlyfilled
by Fesilicate or uraninite(Fig. 13b, i). The high abundace of secondary Feearing
phasesndicatesignificantamounts ofe brought into the system by fluid3ccasionally,
microporesare adjacent to veins of cloudy textured zircdfig( 13b). The texture is
probably related tovariations indensity composition or crystallinityand potentially
represent areferredpathwayfor fluids. Thesefluid-pathwaysmay haveenable a rapid
chemical exchange between zircon and the fluigsical for coupled dissolution
reprecipitation processeBurthermorejn somenanopores containinge-oxides cloudy
zircon is dispatchedrom the wall of the porewhich may indicate the progressive

dissolution of zircorduring expansiorof the porg(Fig. 13c).
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Nanoscale observations dfet outermostim of zirconreveala homogeneous
crystalline structure(FIB-foil 11, Fig. 8). The outermost rims generally depleted in
nonformula elementsompared to the zircon core and porous that areenriched in
nonformula elementgFigs. 5i 7). Coupled dissolutiomeprecipitation pocessesnay
result in partiato complete replacement of primary phases by secondary phdseb
canremainthe samestructurebut possess different @mposition,particularlyin case of
nonformula and trace elemeniugnis 20022009; Putnis et al. 20QPutnis and Putnis
2007; Geisleret al. 2007; Putnis and Austrheim 2010, 2013; Ragudo et al. 2014;
Villa and Hanchar2017). Furthermore, lie zircon outermost rimfollows the euhedral
prismatic shape of theriginal zircon. These characteristicgiay suggest that the origin
of the outermost rim is the result of partial replacement due to coupled dissolution

reprecipitation processeather than overgrowth

The zirconxenotime phase boundary highlightselated alteration processes
Alteration at the phaseansitionis demonstrated by concave pitat the border of
xenotime, in which secondary zirchasformed(Figs. 14, 16). Thesecondary nature of
the zircon isindicated by a diffuse matrix accompanied by nanopatches of dark
contrasting crystal islands in BF imag and the presence aimall cubic flakes of
unknown materia(Fig. 14f). The secondary zircon displays a heterogeneous texture
comparedto the smooth patchy zoned texture of primary zircon in the @egs. 10a,
11a, 146. Furthermore, e concave pjtin which the secondary zircon @mbedded
shows anarrow pathway of zircomenetratinginto the xenotime (Figl4e, f). This
channel mayaveserved as a fluighathway into the xenotimevhichimply precipitation

of secondary zircon after dissolution of primary xenotime.

A micropore in xenotime contaira aggregate of Hach silicate and Fexides,

whichareembedded in anatrix ofsecondary zirconHig. 15b, ¢). The zircon shows two
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distinct textues, (i) amatrix of cloudy texture zircon(Zrn2) and (ii) a smooth rim of
zircon (Zrn3) with adark contrast around the aggregatt&e-rich silicates and Fexide
Material of the micropore was partially lost during preparation of thef&ilBThe Fe
rich materialconsists of wall ofalternating layers of Rbearing Fesilicateand a core
of Pb-bearingneedles oFe-oxides Fig. 15c). Thecore of theaggregate probably formed
due to precipitation oPb-bearingFe-oxide, which waslater enclosed byayered Pb
bearing Fesilicate The sharp transition frofee-oxides to layeredre-silicates indicate a

changen fluid composition.

3.5.3 Constraints o the magmatic or hydrothermaligin of zirconin pegmatite

Formation of pegmatites related to complex processes involving hydrous melts
for which several theorielsave beeriormulated buino unified consensu$iasyet been
reached (e.g. Jak and Bunhan1963; London and Morgan 201Phomas and Davidson
2013, 2015London2014,2015,2021). The recenimodels suggest granitic melts with
typical fluid contentas a source of pegmatites. These melts enrich during refining
processes with a flux layer enriched in fluids which (i) flbabyantly on the melt i)
in a networkof diffusion emphasizing elements, such as cations of rare alkalis, B, H, K
and REE, or F and P (Simmoaad Webbef008; London and MorgaR012 London
202]). Because of the high contents of fluids during pegmatite formation, distinct
geochemical charactetiiss between typical igneous or hydrothermal zircons may be not
present in zircons formed in pegmatites and rather reflect a unique geochemical

fingerprint.

Geochemical characteristics of zircaan provide information regardingts
igneous or hydrotherrharigin and geological settingnder whichit hasformed. The
elementdistributionof Y vs. U/Yb andHf vs. U/Yb are commonly used to differentiate

between continental and oceanic provena(Gesnes et al. 2007, 2015; Bialy and Ali
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2013) Data of the investigated zircdaul into the continental field, which is in agreement
with the formation of pegmatitefsom granitic melts(Fig. 16a, b). Differentiation of
magmatic and hydrothermal zircon, or its alteration, may provide useful information
decipher the complex history of the zirconthis study(Hoskin and Schaltegger 2003;
El-Bialy and Ali2013; Bell et al2019).In igneous systemsif is an important indicator

for magmatic evolutiomf zircons Hoskin and Schaltegger 2003; Claibogteal.2006)

This is due to formation of solid solutionst#fSiO4 and ZrSiQ related to thelose cation

radii of Hf** = 0.83 A and Zt* = 0.84 A Shannorl976).Theinvestigated zircon shows
overabundance of normalized La (Jaand Ce Cen) in relation to Hf contentsompared

to typicalmagmaticzircons(Fig. 7a, b). The exceptionallyhigh contents ofJ (up to ca.

10 wt.%) interfere withapplication of the Th/U ratiohowever, zircon rim datplot
partially into themagmaticfields (Fig. 7c, d). On the other hand, fields of zircon origin
suggest a geochemical fingerprint closer to hydrothermal origin based on element
relations La vs. (Sm/La)and (Sm/La) vs. Ce/Ce*, whereas the Ws. Ca plot implies
alteration of the investigated zircqRig. 16ci e). Furthermore, the relation of \.and

Prv indicate hydrothermal zircon, thus, the commonly used geochemical indices rather

imply a hydrothermal origin of the investigated zircon (Figf).1

In more recent studies a different approach was meghdo differentiate
between magmatic and hydrothermal zircons (Bell et al. 2016, 2019). The light rare earth
element index (LRE&E = Dy/Nd + Dy/Sm) was used to classify magmatic (LREEGO)
or hydrothermal altered (LREE < 10) zircons (Bell et al. Z). Using the LREH
shows that only a fraction of data from thiecon core falls into the field of magmatic
zircon (Fig. I). Indeed, combined BSE and TEM observations reveal alteration of the

zircon core in micre and nanoscale (Fig8a, 8, 10, 11). However, the geochemical
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distribution of the core data follows a consistent trend, which may suggest igneous origin

followed by alteration.
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Fig. 16. Geochemical data of the zircon distributed in (a, b) discrimination fields of provenance
(Grimes et al. 207). (c, d, f) Distinction into zircons of magmatic or hydrothermal origin
compared with zircons from the Boggy Plain Zoned Pluton (Hoskin 2005). (e) Discrimination of
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The Zrcon rim data scatter mostly below LREE- 10 and suggestextensive
alteration(Fig. 17). Overall, the gochemical dataf the zircon core and rinshowtwo
distincttrendsand indicate different alteratiggrocesseswvhich are consistent with TEM
observationsThus, the zircon corerasaltered prdominanty via thediffusion-reaction
processes, whereasoupled dissolutiomeprecipitation processesdominated in the
alteration otthe rim.The LREEI demonstragd not onlyits usability to recognize origin
of zircon, but also bears the potential to distinguish between different alteration
mechanismsif combined withtexturalobservation®f EPMA andTEM. The combined
conclusions further emphasikew different alteration processgsossess theapability
to partiallyor completely overwite the original geochemical fingerprint tife primary

zircon

3.5.4 Element transport and composition of the fluids in the zibcamotime intergrowth

The composition of the reactive fluid is the dominant factor that controls stability
of phases penetrated by fluids, including (i) formation of porosity when primary material
is dissolved, (ii) precipitation of secondary inclusions when element concentrasich
saturation in solution and (iii) formation of secondary phases with the same structure as
the original phase, but different composition (e.g. dissolution of U, ThicRkprimary

zircon coupled with precipitation of secondary U, Th;@@lor zircan).

The following conclusions about the fluidediated transport of elements between
the xenotime, the zircon and the environment can be drawn from the comprehensive
information provided by the discussed geochemistry of xenotime and ,z&ednTEM

obsenations of secondary phases and inclusions in the pores 8Fig. 1

(i) The metamict coref zirconunderwenbnly minor element transpomediated by
a hydrous fluid introducin@a and NaPorosity waggenerallylimited to nangcale(Figs.
10a, 114), which served as traps fét, Pb, U and Thas a result ofliffusion-reaction
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processesLocal interconnected microporosity in inclusiaoh domains of thezircon
core may indicateaupled dissolutiosreprecipitation processewhich sered as fluid
pathwas furtherpenetrating the zircon corelhe zircon core may have incorporated Fe
during formation, which is reflected in elevaté@ contents. Howeverdespite no
secondary Feich phasesaaredocumentedn the corea fluid-mediatedsupplyof Fe to

the coe cannot be excluded.

(i) The zircon rim wagenetrated by Caand Febearing fluids which resulted in
microporosityformed due taoupled dissolutiomeprecipitation reaction€oncentration
of Feis more than one magnitude higher in the zircon rim compared to the elevated
contents in the cor@rig. 17d). Thus, most of the Fe wasupplied by the fluidand

captured irpores ofthe rim.

(i)  Thezirconxenotimephase boundargnabledmajor element trasportvia fluids,
whichwas effectively supported by coupled dissolutieprecipitation processesghis is
reflected in formation of most exotimclusions (e.g. Fesilicate) and formation of
secondary zircoim dissolution pits oprimary xenotime direty at the phase boundary
(Figs. 14, 15). The fuid wasmost likelyalsoenriched in F. This is indicated by formation
of two fluorapatitegrains replacinghe xenotimeat the edges of theirconxenotime
interface The fluorapatite showa sharp boundarwith the xenotime whereas diffuse
textural zone is present between fluorapatite and zifegn3a). The fluorapatite served
as a sink for Ca and supplied by the fluid Penetration of a 4fch fluid is further
supported by the documentation of flupasite inclusions in zircomenotime interface
(Fig. 14d), and transport of F deeper into the zircon may be indicated by fluorapatite

inclusions in the zircon coréig. 10b).
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Fig. 18. Sketch of the investigated zircomenotime intergrowth with a summary of the element

transport during fluiemediated alteration processbtodified from Tramm et al. (2021).

3.5.5 Geochronological implications

Interpretatim  of isotopic U-Th-Pb data have to considersubstitution
mechanismdan the mineral structurewhich can result in compositionalariations
Accumulation of nanoinclusions containibdg Th and Pbmay interfere with the original
geochronological record of the host mineMicroinclusionscan be recognized during
measurements witlmicroanalytical methods, such &EM, EPMA or LA-ICPMS

During LA-ICPMS analysigmicroinclusions are recognized by chas in theisotopic
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signa] whereasnanoinclusions may be below the safjmesolutionand thus remain
undetectedFurthermore, lasters of nanoinclusions can influence the average signal of
the measurementhis can have significant impagh theinterprettion of isotopic data
whichmaynot reflect the true geochronological recdrdthis study, such nanoinclusions

that would significanthaffect UTh-Pb ages includgalena, uraninitandthorite.

Nanoscale observations of the patchy domains of therzacre Figs. 10a, 11a)
revealvarious degrees ofradiationdamageFigs. 10a,11ai d). This isdemonstratety
patchy zoningwith bright and dark nanopatches different degrees of crystallinity.
Moreover these patches are relatively scarceasfoinclusions, which concentean the
connected porsystemgFigs. 10a, 11a). Thereforenanoscale heterogenedyU and Th
contents and variations arystallinity are the predomantfactorsthat potentiallyresult
in discordantU-(Th-)Pb age datain these domainsThe inclusioarich domain is
dominated byaccumulation o$econdary inclusionacludingU-rich zircon, coffinite and
uraninite(Fig. 12). The high abundance o&nc to microinclusionsn this domain may
significantly disturb the geoclnological recorgdbecausainambiguoudlifferentiation

of inclusionsin zirconis challenging using microanalytical methods

The zirconrim displayswell-developedmicroporositycontaininginclusions of
Pb-bearing Fe-oxides, Pb-bearing Fe-silicates and wmninite The presence of these
inclusions indicates substantial element transport of U, Th and Hecause
nanoinclusionsthat accumulag¢ these elements are not detectable at the micrgscale
interpreting the ages recorded in highly heterogeneous domains with a high abundance of
nanoinclusions has to be treated with cauti®ased on the informatiopresentedn this
study, it is recommended to implement nanoscale observations into the peooé&du

geochronological evaluation to assess the potential interference from nanoinclusions,
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particularly in case of highly altered or complexly textured minerals used in

geochronology

The altered patchyzonedxenotimeshows a extensivemicroporosity clse to
the zircon(Fig. 3). Nanoscale observations revadtrystalline xenotime, which contains
a network of dislocations FIB-foils cut fromdomains ofower porosity(FIB-foils FO1,
FO2, Fig. 8). Microinclusionscan be easily detectedsing microanalyticalmethods,
whereasianoinclusions of Rphosphate, uraninite and thonitety not be recognized and
possess the potential tontribute to théJ, Th and Plaata obtained frordomainswith
high abundance afanoinclusionsSuchalterationprocessescanresultin disturbance of
the U(Th)-Pb age recorddf. Wi | | i a ms et al . 201512021 Budz\
Gr ando6Ho mme e }.Insuimmay, PeGohstryctioRoOtle istoryrecorded in
rocksshould start frormanoscaleparticularly consideringnanoscale alterationwvhich
allows usto understand the broader context of the environrftent whichthe studied

minerals originate
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4. Raman microspectroscopy otinaltered and alteredmonazite and xenotime

4.1. Materials

Alteration ofmonazite and xenotimean affect their structural and compositional
properties which may lead to recrystallizatipelement mobilizatioror disturbance of
recorded ageEvaluation of these effects with Raman microspectroscopy is the focus of
this chapterVariably altered monazite and xenotime with different concentrations of
REE, U, Th and different ageere investigated in (i) products @tperiments focused on
the stabilty of monazite and xenotimdji) altered monazitefrom Ankazobe
(MadagascarYiii) alteredxenotimefromP i § a w a(Gdey-Sowiedlock SW Poland)
Synthetic REEphosphates (LaPDLUPQs and YPOs) have been also selected for this
study High concentrations of Th and U potentially indugediationdamagein the
strudure whichmay potentiallyenhance alteration processes at nscateto submicron
scale €.9.Ruschel et al. 2012SeydouxGu i | | aume et al . 2012;
2018;BudzyE et @2022. 2021

The monazite and xenotimfeom experiments were selected froine products of
runs at PT conditionsof 200 MPa / 350C, 400 MPa / 450 °C, 600 MPa / 550 °C, 800
MPa/ 650 °C,and 1000 MPa / 750 °GTables2, 3). The experiments were performed

using coldseal autoclaves on a hydrothermal line and pistdimder apparatuat the

G

Deutsche GeoForschungszZentrum (GFZ), Potsdam, Gerfanyd z y & and Ko z

Budzy (EB2@ xd& @ 2015, 201y. Starting materialsfor experiments with

monazite included natural monazite of a pegmatite from Burnet County, , Té8#s

(LAl CPMS Concordia age 1100.5 N 11.6 Ma;

biotite, muscovite, Sie) Cak, NaSkOs and doubly distilled K. Starting materials in
the experiments with xenotime included xenotime from the N@f#ist Frontier Province
(NWFP) in Pakistan(LA CPMS Concordia age 38.4 N O0.
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albite, labradorite, sanidine, biotite, muscovite, garnety, Siak, NaSikOs, and doubly
distilled HO. Initial Burnet monazite and NWFP xenotime used in experimentsalgere
selected for analysid-or nore cetais onexperimental procedurseeBud zy E et
(2017).

An approximately 0.7 x 1.1 cisized chunk ofca. 278 g crystal ofaltered
monazite from Ankazobe, Madagascar (henceforth, Ankazobezitg)naasselected for
Raman microspectroscopnd EPMAIinvestigationsThe age of the Ankazobe monazite
has beewgonstrained to c&15.4+ 4.8 Ma (2s, MSWD = 0.90, LACPMS U-Pb analysis;
Budzy®Eand Slama personal communicatignThe Ankazobe monazite was supplied by
amineral dealer, but the exact location remains uncertain.

Raman microspectroscopgvestigations werelso performed onhe altered
xenotime fronthep e g mat i t e f raommchmas dpeenviavestiyatednn chapter
3 (Fig. 3). The xenotime displays pdtg zoningin high contrast BSE imagg andhasa
domainwith extensive microporosity in close proximity tiee zircon. The domains of
interest are the patchy zongdnotime core andioutelo rim (i.e. not intergrown with
zircon), and the patchy zoned domamnhsminated by microporosityocatedclose to the

zircon.
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Table 2. Summary okexperimentatonditions and notes on the productsno di f i ed f r o m B u dranywhichentonazté was 2 0 1 5,
selected for Raman microspectroscopy investigations irstindsy

Experiment T (°C) P (MPa) Duration (days) Notes

label

Expl 350 200 40 Monazite grains display dissolution pits and porosity at the rim.-REEEsteacyite formed at the surface of
monazite.

Exp2 450 400 18 Monazite graingrepartialy replacel by REErich steacyiteand showdissolution pits along the rinREE-rich
steacyite formed accumulations of crystals at the rim of monazite and fills cracks in monazite. Occasiol
small crystals of fluorcalciobritholite formetiose tasteacyite.

Exp3 550 600 8 Monazite grains display porosity. One grain displays patdmng. At the rim of altered monazite, REEEh
fluorcalciobritholite formed small crystals. Occasionally, fine crystals of cheralite formed between
fluorcalciobritholite and monazite.

Exp4 650 800 6 Monazite grains display porosity and dissolution pitthe rim, where fluorcalciobritholite formed.
Occasionally fine crystals of cheralite formed in between fluorcalciobritholite and monazite.

Exp5 750 1000 4 Monazite grains are surrounded by a fine rim of fluorcalciobritholitelu&er of monazitegrainsis embedded

in melt and partially replaced by fluorcalciobritholite
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Table 3. Summary oexperimentatonditions and notes on the produgt®dified fromB u d z y (ozebBuwizy& 2,0 1B u et al.20E)

from which xenotime was selected for Raman microspectroscopy investigationssiutlyis

Duration

Experiment T (°C) P (MPa) (days) Notes
Xenotime graingnvestigatedn this studyareunalteredand there are ngecondary phases on
Expl 350 200 40 their surface Minor amounts of tingrystals of ¥rich silicate, ¥rich apatite and amphibole
formed in this run
Xenotime grains appear unaltered without the presence of secondary phases on its surf
Exp2 450 400 18 Secondary phases formed delicate crystals composediofi 8ilicate, ¥rich apatite and
amphibole.
Xenotime grains appear unaltered without the presence of secondary phases on its surf
Exp3 550 600 8 Secondary phases formed delicate crystatsposed of Yich silicate, ¥rich apatite and
amphibole.
Expa 650 800 6 Xenotime grains display dissolution pits on the surfacacly fluorcalciobritholite partially
P replaced xenotimer formed on the surface of xenotime.
Xenotime grains display dissolution pits on the surfacacly fluorcalciobritholite partially
Exp5 750 1000 4 replaced xenotimer formed on the surface of xenotime. A clustéixenotimegrainsis

embedded in melt arghrtially replaced by -rich fluorcalciobritholite
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4.2. Analytical methods

The experimental productswhich includel monazite and Xxenotimewere
mounted in 1 rounded epoxy resimhe grainmounts wergolished withfine sandpaper
(1200 / 2000 / 5000pllowed by a inal polishng with a STRUERSLaboPoi 5 diamond
paste

Initial evaluation of the monazite and xenotifnem experimental producisas
performedon thepolishedl" grainmountswithout carbon coatingrheBSE imaging and
EDS analysesvereperformed using field emission scanning electron microscope FEI
Quanta 20@t a low-vacuum at the Facultyf Geology, Geophysics and Environmental
Protection, AGH University of Science and Technology (Krakow, Poland)

Raman microspectroscopymeasurementf monazite ad xenotime from
experimental productshe Ankazobe monazit¢in a polished 1" grain moungndthe
xenotimef r o m P i § @nvadhin &ctiomoéthe pegmatit@gre conductedsing a
Thermo Scientific DXR Raman Microscope (henceforth, instrument A) with anBB2
laser at theFaculty of Geology, Geophysics and Environmental Protection, AGH
University of Science and Technology (Krakéw, Polantiie nmeasurements were
performed ah room temperature using an apparatus ofj@@pinhole, a 900nes/ mm
grating, a CCD detector, and an air Olympus (10@B80NA) objective.Single spot
measurements were conducted using arBB8iode laser at a power of fV, an
exposure time of 8, and 100 accumulations. Spectra were processed using Thermo
Scientific OMNIC software. Pogtrocessing of the spectra was done using fluorescence
corrections and automatic baseline correction. Deconvolution was done using the
GaussiaflLorentzian band sipe after Ruschel et al. (2018)btained FWHH (full width
at half height) values of the(PQs) symmetric stretching band were corrected according

to the instrumental broadening (Nasdetlal.2001).
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Synthetic REE phosphate$LaPOii LUPOy and YPQ in a polished 1" grain
mount)were measuredsing532nm and780 nm lasers to compare their Raman features
with monazite and xenotimend to differentiate between Raman bands @oténtial
fluorescence effectgresent in the spectruhe 780 nm laser msurements were carried
out using instrument A withea 15 mW power and a grating of 4ld@es/ mm. All
displayedRaman spectra obtained with instrumentAgefrom 150to 3500cm* due to

artefacts below 150m?.

Monazite and xenotimegrains from two experiment&00MPa / 350°C and
1000MPa / 750°C represemng the lowest and highest-P conditions of chosen
experimentswere selected for Ramamicrospectroscopgneasurements conducted with
a WITec confocal CRM alpha 300 Raman micayse (WITec GMBH, Ulm, Germany;
henceforth instrument B). Measurements were performed at room temperature at the
Raman Imaging Group of Jagiellonian University (Krakéw, Poland). The spectrometer
was equipped withir-cooled solidstate lasersperatng at 88 nm, 532nm and 633 im,
and a CCD detector cooled 160 °C. The lasers were coupled to the microscope via
optical fibre with a diameter of 5qum (488nm and 5321m excitation wavelengths) or
100um (633nm excitation wavelength). An air Olympus MPLANO@Xx / 0.90NA)
objective was used. The spectral resolution was equatime*3The monochromator of
the spectrometer was calibrated using a radiation spectrum from a calibrated xenon lamp
(WITec UV light source). In addition, the standard alignment praee¢singlepoint
calibration) was performed before measurement with the use of the Raman scattering line
produced by a silicon plate (52@&67Y). Integration time for a single spectrum was, 1
and the number of accumulations per collected spectrum wed #9100 (acquisition

time per single spectrum 180). In case of Raman mapping, spectra were gathered with
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a 0.5s integration time and the measurementsfde m. The Raman measur

data analysis were performed using WITec software (WITee&rBlus 5.1).

After the Ramanmicrospectroscopyneasurements, the mounts were carbon
coated for compositional analysis and backscattered electrons (BSE) imaging using a
JEOL SuperProbe JX8230 electron microprobe equipped with fiveavelength
dispersie spectrometers (WDS) at the Laboratory of Critical Elements AGIGHM
at AGH University of Science and Technology (Krakéw, Poland). Elegirohe
microanalysis (EPMA) was conducted using ak¥5acceleration voltage, a 10@\
probe current, and a|Bn ot size. Each EPMA spot was close to the earlier Raman
microspectroscopygpot. Data were corrected using arhouse ZAF procedure. See

SupplementaryableB1 for moreanalytical details.

Additional major and trace element analyses of monamiid xenotimewere
conducted using a Thermo Scientific Element 2 frggolution sector field IGIMS
coupled to a 198m ArF excimer laser (Teledyne Cetac Analyte Excite laser) at the
Institute of Geology of the Czech Academy of Sciences (Prague, CzechliRgpthe
time-resolved signal data were processed using Glitter software (Van Achtedbexh
2001). The precision of the analyses (1 RSD) ranges between 5 and 15% for most
elements. The accuracy was monitored by using a homogenized basalt refextam@d m

BCR-2 (USGS). SeSupplementariyableB2 for more analytical details.
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4 3. Resultsof Raman microspectroscopy of monazite

4.3.1. Compositionabnd texturalcharacteristics of monazite

TheBurnet monazitgrains displayyrehomogenous in BSE imag Composition
of theBurnet monazitéencludes27.95 32.71 wt.% Cg03, 9.48 11.85 wt.% Th@, 0.28
0.34 wt.% UQ and 0.480.60 wt.% PbO(SupplementaryTable B3) Chondrite
normalizeddata ofthe Burnet monazitdemonstrateypical LREE >> HREE pattem
with a slight increase from La to Ca decreasinglope fromSmto Lu, andnegative

anomalieof Eu and Y(Fig. 20a).

Monazite from experiments &tw to moderatd>-T conditions(200 MPa / 350 °C,
400MPa/ 450 °C, 600 MPa / 550 °@reextensively altered, whicis demonstrated by
developed porosity and faint patehgning that are typicalesults offluid-mediated
coupled dissolutiomeprecipitation processed=ig. 19ai c). Unaltered domainsare
compositionally similar to the Burnet monazite, whereas altered domains are
characterized by depletion of Th, U and BlgplementariffableB3). One exception is
presented bynegrain of nonazite from Exp3which showspatchy zoning(Fig. 19I).
Chondritenormalized data of unalteredonazitedomainsfrom Expli Exp3 are similar
to the patterns of Burnet monazite, whereas altered domains demosgjratieant
depletionof the HREE Fig. 20bi d).

Alteration of monazite from experimental products at high énditions of 800 /
650 °C and 1000Pa / 750 °C (Exp4 and Exp5, respectively) include dissolution on the
surface and developed porosity. Composition of the monazite from Exp4 and Exp5 is

similar to that of the Burnet monazite (Supplementary Table B3).
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Exp1: 350 °C, 200 MPa, 40 days

® Raman spots
EPMA spots LA-ICP spots
[ unaltered unaltered
altered altered

Mnz grain 3
100 um

Exp2: 450 °C, 400 MPa, 18 days

;R
FRA

100 ym Mnz grain 4

100 ym Mnz grain 2

Fig. 19. Backscattered electron (B§Emagesof monazite grains from the experimental
products A low current used to avoid damaging of the sample surface prevented observing high
contrast patchy zoning in most monazite graimeral abbreviations: Chércheralite,Fcbrii
fluorcalciobritholite, Mnzi monazite and Scy REErich steacyite
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Exp3: 550 °C, 600 MPa, 8 days Exp3: 550 °C, 600 MPa, 8 days

~20HM_ \inz grain 3

130, pim Mnz grain 1

Exp2: 450 °C, 400 MPa, 18 days
36~
47

20Hm __ ninz grain 4 30 um Mnz grain 1

Fig. 19. (continued)
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Exp5: 750 °C, 1000 MPa, 4 days

69 g7

100 ym Mnz grain 1

Exp5: 750 °C, 1000 MPa, 4 days

106 79

100 pm 50 pm

Mnz grain 2

Exp5: 750 °C, 1000 MPa, 4 days
117

Bri
ios 151 90132

100 ym Mnz grain 5

Fig. 19. (continued
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Chondritenormalized data show similar patterns to thosgneBurnet monazite
(Fig. 2Ce, 1), except occasionally less pronounced negative anomaliesarfcEd. The
latter may suggest incorporation of Eu released from feldspars during partial melting in
the experiments via fluithduced coupled dissolutienreprecipitation processes at

submicron scale (cf. Budzy®& et al. 2021).

Fig. 20. ChondritenormalizedREE distribution patterns of Burnet monazite and monazite from
experimental products. Composition of C1 chondrite after McDonough and Sun (1995). Black
lineT unaltered monaziteed linei altered monazite.

The Ankazobe monazimontainsunaltered domais in the core, which are mostly
homogeneous in BSE images, amuextensively altered rim containing porosity and
numerous inclusions of thoritexenotime, andmica with a compositiorsimilar to
phengite Fig. 21). The @mposition of the unalteredomains inAnkazobe monazite is

typical for common monazite. This includes 25.88.41 wt.% Cg0s, 7.19 7.58 wt.%

94



