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Abstract: Monazite is a valuable geochronometer but is highly prone to react after its formation. Its alteration reactions
must therefore be understood to assess its geochronological potential as well as the mobility of rare earth elements and
actinides. We study contrasting monazite alteration textures in two different lithologies from Mt. Papuk (Slavonian Mts.,
Croatia) in order to constrain the timing of thermal events in this eastern exposure of the European Variscan belt,
and explore the role of fluids and host-rock composition during monazite alteration. For a migmatite and peraluminous
granite sample, we document the texture and composition of monazite-(Ce) and associated phases (xenotime-(Y),
actinide-rich phases) and date them by EPMA and/or LA-ICP-MS. The texture observed in the quartz—feldspar+biotite
migmatite (TreSnjevica) shows a replacement of primary magmatic monazite by secondary (Th-poorer and LREE-richer)
monazite, xenotime and Th—Si-rich phases, and is locally rimmed by apatite. The re-integrated composition of this texture
is compatible with that of (Th- and Y-richer) primary monazite. Primary monazite domains yield a magmatic crystalliza-
tion age of 351+9 Ma while secondary domains are contaminated by initial Pb or give slightly younger Th—U—total Pb
and 2%Pb/*’Th dates (~340 Ma). The texture found in the two-mica granite (Zvegevo) involves replacement by apatite
and allanite, with some secondary (Th-poorer) monazite and minute uraninite or Th—Si-rich phases. Relicts of primary
monazite grains record magmatic crystallization at 352+9 Ma, like primary xenotime domains. Secondary monazite
contains initial Pb, secondary xenotime domains yield 2°Pb/>*U dates younger than 338 Ma and uraninite preserves
Th—U-total Pb dates averaging at 332 Ma. The first texture indicates a “dry” decomposition that lacks evidence for
the mediation of a fluid phase and efficiently trapped all elements (except Y) at the location of the monazite precursor.
It is attributed to monazite re-equilibration (Th and Y+HREE loss) at subsolidus conditions. The second texture points to
a “wet” replacement by hydrous minerals that needs the presence of fluid and led to REE mobility at least at the milli-
metre scale. The contrast between both reactions is ascribed to sample composition, one being an anhydrous migmatite
hardly affected by fluid infiltration and the other offering all necessary components for Ca and H,0 mobility. Both
alteration reactions are correlated with a late Variscan thermal event at ca. 335 Ma. The latter could also be dated using

actinide-rich phases, in which case tiny U-oxides appear more reliable than Th-silicates.
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Introduction

Monazite is an accessory, rare-earth-element- (REE) and com-
monly actinide-bearing phosphate that is widely used for
petrological (e.g., Heinrich et al. 1997; Stepanov et al. 2012)
and geochronological (e.g., Harrison et al. 2002; Montel et al.
2018) purposes. It originally grows from a crystallizing mag-
ma or at pressure—temperature (P—T7) conditions ranging from
diagenesis to anatexis (e.g., Evans et al. 2002; Goncalves et al.
2004), but an extensive body of natural and experimental stu-
dies rather emphasizes its propensity to react (e.g., Oelkers &
Poitrasson 2002; Berger et al. 2008; Harlov & Hetherington
2010; Williams et al. 2011). This high reactivity leads to an
alteration of its original shape, composition and isotopic record
(e.g., Seydoux-Guillaume et al. 2002), so that the central issue
is not whether primary monazite will eventually be altered or
not, but how and when.
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How does monazite alter? Several workers have proposed
chemical reactions responsible for monazite replacement or
recrystallization (e.g., Broska & Siman 1998; Broska et al.
2005; Krenn et al. 2012; Budzyn et al. 2020). They generally
involve REE- and actinide-bearing phases (allanite, thorite),
phosphates (apatite, xenotime) or carbonates (bastndsite,
synchisite) together with a fluid phase (e.g., Forster 2001;
Bosse et al. 2009; Harlov et al. 2020). The role of the latter
was investigated in numerous studies that identify alkali- or
fluorine-bearing fluids as the most efficient to alter monazite
(e.g., Harlov et al. 2011; Didier et al. 2013). It is, however,
not always clear where the fluids come from, how much is
needed, and if alteration reactions are isochemical. These
aspects have implications for the mobility of REE and actinides
(e.g., Jefferies 1985), which is crucial not only for the forma-
tion of potential ore deposits (e.g., Harlov et al. 2016) but also
regarding the robustness of monazite-like matrices for radio-
active waste storage (e.g., Poitrasson et al. 2000).

When does monazite alter? It apparently does not need long
to react, as shown by examples of monazite alteration already
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during magmatic crystallization (Dini et al. 2004) or shortly
after (e.g., Broska et al. 2024). It can of course react tens of
million years after its formation as a response to low- (e.g.,
Townsend et al. 2001) or high-grade metamorphic overprints
(e.g., Be Mezeme et al. 2006). In all cases the reactions reflect
a change in the local bulk composition and/or P—T conditions
(e.g., Janots et al. 2008), which highlights the potential to date
various tectono-thermal events (e.g., Mahan et al. 2006;
Mottram et al. 2015). For that purpose, isotopic dating methods
should be used in combination with a petrological characteri-
zation of alteration textures (e.g., Catlos 2013; Engi 2017).

Lithologies in which monazite formed from a crystallizing
melt are arguably best suited to study monazite alteration (e.g.,
Poitrasson et al. 1996). They commonly preserve primary
euhedral grains with rare inclusions and sharp internal zoning
patterns that can be easily distinguished from those affected by
subsequent alteration (e.g., Skrzypek et al. 2020). Appropriate
lithologies are medium- to coarse-grained granitoids or
migmatites, which readily allow constraints to be placed on
the role of major minerals in alteration processes. For these
reasons, we decided to investigate monazite alteration textures
in two lithologies — one migmatite and one S-type granite —
from Papuk igneous and metamorphic complex in the Slavo-
nian Mountains (Croatia). The main objective is to assess
the amount, and possibly the origin, of aqueous fluid involved
in monazite alteration. An additional goal is to make use of
this accessory mineral, so far rarely considered in crystalline
rocks from Mt. Papuk, to gain insights into the timing of tec-
tono-thermal events in this eastern exposure of the European
Variscan belt (Fig. 1).

Two localities located less than 10 km apart were selected
in crystalline rocks from Mt. Papuk (Fig. 1). The alteration of
magmatic monazite is explored in a virtually anhydrous,
quartz—feldspar migmatite (TreSnjevica) and a two-mica per-
aluminous granite (Zvecevo), for which whole-rock and
major-mineral compositions are documented. Alteration tex-
tures involving primary monazite and other accessory phases
are described, and the composition and chemical date of
monazite, xenotime and actinide-rich phases has been deter-
mined by electron probe micro-analyzer (EPMA). Separated
monazite and xenotime grains were additionally dated by
laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS). Two different alteration reactions are pro-
posed, and mass balance calculations are used to evaluate their
isochemical character, the amount of fluid involved and ele-
ment mobility. Dating results were finally used to constrain
the timing of magmatic monazite crystallization and subse-
quent alteration.

Geology of Mt. Papuk area (Croatia)

From western to central Europe the Variscan belt exposes
voluminous granitoids and related metamorphic rocks in areas
such as the Massif Central, Vosges, Black Forest or Bohemian
Massif (e.g., Franke 2000). This belt extends eastward to
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Romania, Bulgaria, Greece and up to Turkey as indicated by
small fragments that record pre-Variscan events (Balen et al.
2006, 2015). In northern Croatia, Variscan and pre-Variscan
igneous and/or metamorphic events are recognized in crystal-
line lithologies that crop out in the Slavonian Mountains (Fig. 1).
Mt. Papuk occupies the major part of the Slavonian Mountains
and lies in the southern part of the Pannonian Basin. There,
pre-Alpine lithologies represent surface exposures of the base-
ment of the Pannonian Basin and belong, according to large-
scale reconstructions, to the Tisia (Tisija, Tisza) Mega-Unit
(e.g., Schmid et al. 2008). The Tisia Mega-Unit comprises
southward dipping Alpine nappe systems (Mecsek, Bihor and
Codru) that all contain both basement and post-Variscan thrust
sequences. Mt. Papuk belongs to the Bihor nappe system and
is the largest continuous exposure of pre-Alpine crystalline
basement in southern Tisia (e.g., Pami¢ et al. 2002). This base-
ment is locally covered by Upper Permian to Mesozoic
sediments and by the Neogene to Quaternary infill of the
Pannonian Basin (Jamici¢ & Brki¢ 1987; Jamici¢ 1989).

The pre-Alpine basement of Mt. Papuk is divided into three
complexes (Jamici¢ 1983; Fig. 1): (1) the Psunj complex (also
known as the Kutjevo metamorphic series) is a low- to
medium-grade metamorphic complex consisting of chlorite
schist, micaschist, paragneiss, amphibolite, metagabbro and
marble intruded by granitoids; (2) the Papuk complex (also
referred to as the Jankovac metamorphic series) consists of
S-type granitic pluton(s) surrounded by medium- to high-
grade amphibolite, micaschist and locally migmatitic gneiss;
(3) the Radlovac complex consists of very low- to low-grade
slate, meta-graywacke, meta-conglomerate and phyllite locally
intruded by metabasic rocks. The latter is unconformably
covered by a clastic—carbonate sequence from the Upper
Permian and Triassic. The first two complexes were combined
by Pami¢ & Lanphere (1991) on the basis of extensive, but
mainly K—Ar age dating (Pami¢ et al. 1988) into a “Prog-
ressively metamorphosed complex™ (also called “Progressive
metamorphic succession” and/or “Prograde metamorphic
sequence”), which covers practically the whole of Mt. Papuk.

The Papuk complex (included in the unified “Progressively
metamorphosed complex” by Pami¢ & Lanphere 1991) is
interpreted to be the product of Variscan tectono-metamorphic
events (Pami¢ & Lanphere 1991). For metamorphic samples,
early studies report K—Ar hornblende dates that mostly lie in
the range 376353 Ma and a Rb—Sr whole-rock result of 317 Ma
for amphibolite samples (Pamic¢ et al. 1988). This is supported
by dating of monazite in gneissic rocks (374.1+5.8 Ma; Balen
& Massonne 2020), granitic pebbles (338+15 Ma; Bisevac et
al. 2011) and metasediments (330£10 Ma; Bisevac et al. 2013)
from the Papuk complex as well as in micaschist from the
Psunj complex (356+23 Ma; Horvath et al. 2010), while a U-Pb
apatite date of 326+23 is ascribed to medium-grade thermal
overprinting of a diorite from Mt. Papuk (Balen et al. 2018b).
Evidence for Variscan magmatic activity in the Papuk com-
plex comes from age dating of S-type granites and migmatites,
with most K—Ar amphibole, biotite and muscovite dates in the
range 336-324 Ma and a Rb—Sr whole-rock date of 314 Ma
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Fig. 1. Geology of Mt. Papuk area, Slavonian Mountains (Croatia). a — Position of the Tisia Mega-Unit with respect to Variscan and Alpine
systems (BM=Bohemian Massif, MC=Massif Central). b — Position of the Slavonian Mts. within the Alpine—Carpathian—Dinarides system.
¢ — Schematic geological map of the Slavonian Mts., with pre-Alpine crystalline igneous and metamorphic complexes (modified after Jamici¢
1983, 1988, 1989; Jamici¢ & Brki¢ 1987; Jamicic et al. 1987, 1989; Pamic¢ & Lanphere 1991). d — Geological map of the research area with
sample locations (modified geological map after Jamici¢ & Brki¢ 1987; Jamici¢ 1989).
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(Pamic¢ et al.1988), and from a U-Pb zircon date of 383+5 Ma
obtained for two monzogranite samples (Horvat et al. 2018).

Analytical methods
Sample preparation

Samples from two localities (Tresnjevica — TR2 and Zvecevo
—ZV1; Fig. 1d) were selected to prepare several petrographic
thin sections. Those were used to document textural relation-
ships and analyze the composition of major minerals and acti-
nide-rich phases. The age and composition of monazite and
xenotime were determined on separated grains extracted from
~20 cm3-sized blocks by crushing, sieving (<400 pm) and
panning. For each sample about 50 euhedral to rounded, yel-
lowish monazite grains and a few xenotime grains were hand-
picked under a binocular microscope and embedded in epoxy
resin. Picking, although done randomly, visibly introduced
a sampling bias towards less altered monazite grains com-
pared to the proportion observed in thin section.

Whole-rock and mineral compositions

Whole-rock compositions were obtained at the Department
of Earth Sciences (NAWI Graz Geocenter, University of Graz)
using a Bruker Tiger S8-II X-ray fluorescence spectrometer
on lithium tetraborate/metaborate-fluxed glass beads (major
elements and selected trace elements). The results are shown
in Table 1 together with a mesonorm calculation (after Mielke
& Winkler 1979) made using GCDKkit (Janousek et al. 2006).

A JXA-8530FPlus HyperProbe Electron Probe Micro-Ana-
lyzer (NAWI Graz Geocenter, University of Graz) equipped
with five wavelength-dispersive spectrometers (WDS) was
used to determine the composition of major and accessory
minerals with a 15 kV acceleration voltage. Beam current and
spot diameter conditions were: 10 nA and 3-5 um for major
minerals, 150 nA and 5 um for monazite and xenotime, and
50 nA with a focused beam for actinide-rich phases. The posi-
tion of spot analyses in monazite and xenotime was mainly
guided by BSE images, as these commonly show a clear dif-
ference between primary and altered domains. In order to
explore differences or similarities between BSE signal and
element distribution, X-ray maps of selected grains were
acquired at 100 nA with a focused beam (0.76 um pixel
size) and 45 ms dwell time. For accessory-mineral analyses,

Table 1: Whole-rock compositions and results of mesorm calculations.
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interference corrections for Y on PKo and PbMa, Th on
UMa and PbMa, U on PbMPB, Sm and Dy on TmLa, Dy
and Ho on LuLa, and Tb on ErLa were applied, and matrix
correction followed the method of Bence & Albee (1968)
with a-factors after Kato (2005). Background positions for the
analyzed X-ray lines were determined by WDS scans around
the peaks (15 mm) on an in-house collection of monazite
specimens and actinide-rich phases from the investigated
samples. All investigated monazite and xenotime grains are
monazite-(Ce) and xenotime-(Y). Elk Mountain (1404—1391
Ma; Peterman et al. 2012), 44069 (424.9+0.4 Ma; Aleinikoff
et al. 2006) and Gfohl (340+4 Ma; Friedl et al. 1993) mona-
zites were analyzed to assess the accuracy of Th—U—total
Pb dates calculated from EPMA analyses. All indicate less
than 3 % accuracy offset (see Supplementary Table S1).
The Th—U—total Pb dates obtained for xenotime are only
indicative; they have a poor precision due to the relatively
large uncertainty on Pb content (~ 25 % on average). The full
set of analytical conditions, interference corrections (for
accessory minerals) and EPMA analyses with Th—U—-Pb data
is given as Electronic Supplementary Material (Supplementary
Table S1).

U-Pb monazite and xenotime dating by LA-ICP-MS

Isotopic analyses of monazite and xenotime were conducted
at the Department of Earth Sciences (NAWI Graz Geocenter,
University of Graz) on separated grains. An ESI New Wave
193 Excimer Laser (193 nm wavelength) was used to ablate
material for 15 s with a 10 um spot diameter, 7 Hz frequency
and fluence of ~3 J/cm?. The ablated material was transported
to an Agilent 7900 series single-collector quadrupole ICP-MS
system, and 2?Hg, 2**(Hg+Pb), 2°Pb, 2°’Pb, 2%Pb, 232Th, and
28U were monitored. Monazite 44069 (Aleinikoff et al. 2006)
served as primary reference material while Kibe (99-98 Ma;
Skrzypek et al. 2016), Moacyr (~508 Ma; Gongalves et al.
2016), Madmon (523—496 Ma; Schulz et al. 2007), Weinsberg
(~323 Ma; Friedl et al. 1996) and TS-Mnz (~910 Ma; Budzyn
et al. 2021) monazites were employed as secondary reference
materials. Secondary standard analyses indicate less than 2 %
accuracy offset on both 2°°Pb/?*U and 2**Pb/*’Th dates (see
Supplementary Table S2). Data reduction was done with Iolite
v. 3.71 (Paton et al. 2010, 2011) using the U-Pb—Geochron4
data reduction scheme. Monazite U-Pb analyses with less
than 5 % discordance are referred to as concordant. Diagrams
and calculations were done with Isoplot 3.76 (Ludwig 2004).

Sio, TiO, AlLO, Fe,0, MnO MgO CaO K,O0 Na,O P,0, LOI Sum
TR2 77.13 0.08 12.06 0.57 <0.01 0.16 0.14 5.26 2.97 0.025 0.4 98.93
ZV1 70.84 0.29 14.99 1.93 0.032 0.67 1.49 3.54 4.09 0.176 0.68 98.91
Or Ab An Qtz Bt Am Crn Ap IIm Rest Sum
TR2 30.7 25.2 0.5 39.5 0.6 0.0 1.3 0.1 0.1 0.0 97.8
ZV1 19.2 34.6 6.2 30.8 2.6 0.0 2.1 0.4 0.3 —0.1 96.1

Note: All Fe treated as FeO for mesonorm calculation
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All reported uncertainties are given at the two standard devia-
tion level (2SD), and final age uncertainties include the contri-
bution of long-term excess variance (~2.5 % with the Agilent
7900 in Graz). The full set of analytical conditions and results
is available as Electronic Supplementary Material (Supple-
mentary Table S2).

Sample description
TreSnjevica migmatite — TR2

The abandoned quarry at the locality of Tresnjevica exposes
mainly leucocratic gneiss cross-cut by various subvolcanic
dykes. The dominant lithology is a medium-grained and
well-foliated migmatitic orthogneiss with continuous biotite-
rich layers (Fig.2a). It is cross-cut by subparallel layers
(several metres in thickness) and oblique to perpendicular iso-
tropic pockets (dm-sized) or veins (cm wide) of finer-grained,
quartz—feldspar leucosomes with minor biotite (Fig. 2a).
Sample TR2 [45°35°31”N, 17°30°3”E] is a nebulitic migma-
tite with an isotropic structure, locally cut by quartz—plagio-
clase veinlets (Fig. 2b). It shows an equigranular texture with
subhedral K-feldspar (with perthite or microcline twinning),

subhedral plagioclase and rounded quartz. Minor biotite is
strongly chloritized and locally hosts secondary muscovite
(Fig. 2¢). Accessory minerals consist of zircon, monazite,
apatite and xenotime.

Sample TR2 is relatively rich in Si and K (Aluminium
Saturation Index=1.1) and contains only little Fe-Mg, which
translates into a low amount of normative biotite (0.6 %;
Table 1). Alkali feldspar has an orthoclase composition
(ADb,sOr,s) with albite exsolution (Ab,An,,Or,,). Plagioclase
is zoned from an oligoclase core (Abg,An, Or,,) to an albite
outermost rim (AbysAn,Or,,). White mica contains almost no
phengite component (Si=3.07-3.10 apfu) and little Na (0.04—
0.06 apfu), while chlorite has a brunsvigite composition with
an average Si of 2.83 apfu and X,;, of 0.25.

Zvecevo granite — ZV'1

The ZveCevo granite is exposed in the central part of
Mt. Papuk and consists of a medium-grained, two-mica gra-
nite with biotite-rich refractory relicts and common aplite
veins (Fig. 2d). Sample ZV1 [45°32°20”N, 17°31°21”E; geo-
site PotoCan] is a granite with an isotropic structure and
blueish alkali feldspar typical for this lithology (Fig. 2¢). It con-
tains K-felsdpar phenocrysts (5 mm in length) with a perthitic

Fig. 2. Photographs of outcrops, hand specimens and thin sections from Tre$njevica gneiss (a—c) and Zvecevo granite (d—f). a— Gneiss block
from Tre$njevica quarry with a pervasive foliation (upper part) grading into a more isotropic, leucocratic domain (lower part) and cut by
melanocratic, partly weathered veins. b — Nebulitic migmatite cut by a quartz—plagioclase vein. ¢ — Granular texture with euhedral feldspar,
rounded quartz and rare biotite (crossed polarizers). d — Zvecevo granite with biotite-rich patches and cut by an aplite vein (~10 cm in thick-
ness). € — Polished slab of medium-grained granite. f — Granular texture with large K-feldspar, altered plagioclase, two micas and chlorite
(plane-polarized light). Mineral abbreviations follow IUGS recommendations after Kretz (1983).
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texture or microcline twinning and locally surrounded by
myrmekite, subhedral plagioclase showing sericitization in the
core, rounded quartz, muscovite laths and variably chloritized
biotite. Accessory phases are zircon, monazite, apatite, allanite
and titanite.

Sample ZV1 is a peraluminous granite (Aluminium Satu-
ration Index=1.2) with Na,0+K,0=7.63 wt% and Fe,O,+
MgO=2.6 wt%, in agreement with the common presence of
biotite in thin section (2.6 % normative biotite predicted,
Table 1). The composition of alkali feldspar is orthoclase
(Ab,,0Or,,) with albite exsolutions (Aby,Any;Or;). Plagioclase
is zoned from a andesine core (AbgAn,,Or,,) to an oligoclase
rim (Abg;An,Or,,). White mica contains negligible amounts
of Na (0.04-0.07 apfu) and phengite component (Si=3.00-3.10;
Xye>0.5), while biotite is iron-rich with an average X,,, of
0.39 and Ti up to 0.20 apfu. Secondary chlorite has a ripidolite
composition with Si=2.72 apfu and an average X,,, (0.40)
similar to that of precursor biotite.

Texture and composition of monazite and
associated phases

TR2

Monazite appears as relatively large (up to ~300 pum in
length) euhedral grains that are mainly included in feldspars
and locally occur next to altered mica (Fig. 3a,b). In thin sec-
tion, monazite occurs in polymineralic textures with a euhed-
ral to subhedral outline (Fig. 3a—c); they contain monazite and
minute (<10 pm in diameter) Th—Si-rich phases (hereafter
denoted ‘ThSi’) intergrown with variable amounts of xeno-
time and apatite. Some textures show slightly spherulitic
monazite with only ‘ThSi’ (Fig. 3a) while others contain
a fine-grained mixture of monazite, apatite, xenotime and
“ThSi’ (Fig. 3¢).

Euhedral monazite grains show BSE-bright, sector- or oscil-
latory-zoned domains without inclusions that are regarded as
primary (Fig. 3d). Those are locally cross-cut by secondary,
BSE-darker domains with an irregular outline and numerous
inclusions or voids. Some grains preserve a euhedral to sub-
hedral shape with small (<50 um in size) inclusion-poor
domains, but are dominantly BSE-dark and riddled with inclu-
sions and micro-cracks (Fig. 3d). Inclusions in the secondary
domains are mainly xenotime and Fe-(hydr)oxide, with minor
muscovite and ‘ThSi’, and rare K-feldspar, quartz, apatite and
chloritized biotite. In separated grains, both primary and
secondary domains are relatively Y-rich (Y,0,=2.53 wt% on
average), have comparable UO, contents (0.66 vs. 0.55 wt%
on average) and contain similar molar fractions of huttonite
and cheralite (X, ,=3—4 %, X_,.,=6—8 %). They are best distin-
guished based on Th and LREE contents (Fig. 4); primary
domains have high and variable Th (ThO,=6.99-19.17 wt%)
with Ce,O, averaging at 26.61 wt%, whereas secondary ones
contain less Th and Ce (ThO,=0.80-11.23 wt%, Ce,0,=
29.12 wt% on average; Table 2).
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Quantitative analyses of ‘ThSi’ phases yield low totals
(74-86 wt%, 81.71 wt% on average), which suggests the pre-
sence of ~20 wt% H,O (Table 3). They contain between 36
and 60 wt% ThO,, 8-14 wt% SiO,, an average of 7.30 wt%
P,0O5 and 7.05 wt% Y,0,, up to 6.38 wt% UO,, less than
2.5 wt% (La,0,+Ce,0,) and PbO commonly below detection
limit (<0.025 wt%). Mineral formulae normalized to four
oxygens are compatible with an ATO, structure, with Si and P
on the ‘T’ site (£=1.02 on average) and Ca, Th, U and REE on
the ‘A’ site (X=0.97 on average). Several grains were analyzed
by Raman spectroscopy but did not yield any distinct peak,
suggesting an amorphous structure.

Large xenotime (up to 150 um in diameter) was separated
together with monazite. It appears as subhedral to rounded
grains with relicts of a primary, BSE-bright oscillatory zoning
pattern cross-cut by BSE-dark domains that locally contain
trails of minute (~1 pm in diameter) uraninite inclusions
(Fig. 5a). Primary xenotime domains are generally richer in U,
Th and HREE (UO,=2.12 wt%; ThO,=0.77 wt%; X zp=
0.93 apfu on average) compared to the secondary ones
(UO,=1.17 wt%; ThO,=0.35 wt%; Z;z;z=0.84 apfu on ave-
rage; Table 2). Analyses of uraninite inclusions in xenotime
are systematically contaminated by the host; they show up to
70 wt% UO,, 16 wt% ThO, and 3 wt% PbO (Table 3).

VAZ|

Monazite (100 to 250 pm in length) is commonly found in
variably chloritized biotite or at grain boundaries, and locally
in quartz or feldspar (Fig. 6a, ¢). Monazite inside biotite occurs
together with apatite, allanite and minor Th—U-rich phases and
zircon; the original euhedral outline of the grain is preserved,
with an anhedral monazite relict in the core and an apatite
aggregate at the rim. This assemblage is surrounded by BSE-
bright allanite that grades outward into BSE-darker epidote
(Fig. 6a). In the vicinity of chlorite, a network of concentric or
cross-cutting allanite and epidote veins is observed (Fig. 6b).
Monazite located inside large (<300 um in diameter) quartz is
euhedral and rarely associated with any other phase (Fig. 6¢).

Separated monazite is subhedral, exhibits inclusion-poor
BSE-bright domains with straight to rounded boundaries
(Fig. 6d), and locally contains primary xenotime inclusions.
These primary domains are variably replaced by BSE-darker
and inclusion-rich secondary domains locally associated with
Th—U-rich phases (Fig. 6d). The most common inclusions
found in secondary domains are muscovite, apatite and zircon,
with minor Fe-(hydr)oxide and rare uraninite or “ThSi’. Both
primary and secondary monazite domains have comparable Y
(Y,0,=1.56 vs. 1.82 wt% on average) and U (UO,=1.05 wt%)
contents, and a negligible molar fraction of huttonite (X, =1 %
on average). Primary domains are slightly Th-richer than
secondary ones (ThO,=5.64 vs. 4.60 wt%; Fig. 4).

Actinide-rich phases included in the secondary domains
are mainly uraninite and locally ‘ThSi’. Uraninite contains
62-87 wt% UO,, 6-23 wt% ThO,, 3-4.4 wt% PbO, less than
2 wt% Y,0, and has oxide sums between 86 and 99 wt%
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TreSnjevica migmatite — TR2

primary
Mnz

seconda
| 256 Mnz

Fig. 3. BSE images of monazite and associated phases in sample TR2. a— Monazite with a slight dendritic habitus in and around altered mica,
and locally associated with “ThSi’ phases (inset). b — Polymineralic assemblages of apatite, xenotime, monazite and ‘ThSi’ phases (the latter
two not distinguishable here) inside K-feldspar. ¢ — Detailed view of a polymineralic assemblage (Ap, Xtm, Mnz, ‘ThSi’) with a euhedral
outline inside K-feldspar. d — Representative images of primary and secondary monazite domains in separated grains: left, euhedral grain with
sector and oscillatory zoning and minor micro-cracks; right, euhedral grain with numerous micro-cracks and inclusions (mainly Xtm) together
with scarce ‘ThSi’ phases. e, f — X-ray maps of the monazite grains shown in (d). Warmer colours denote higher intensities; circular holes are
pits from laser analyses.
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Fig. 4. Composition of primary and secondary monazite domains
(samples TR2 and ZV1, number of analyses in brackets) plotted in
a Th+U+Si vs. REE+P diagram (cations for 16 oxygens). The “hut-
tonite” and “cheralite” exchange vectors are shown for orientation.

(Table 3). The ‘ThSi’ phases show (average of two spot ana-
lyses) about 50 wt% ThO,, 10-15 wt% SiO,, 9 wt% UO,,
2 wt% Y,0,, 0.2 wt% PbO and an oxide sum of 85-90 wt%
(Table 3). Valid analyses of epidote-group minerals reveal
a composition ranging from REE-rich epidote (Z.; up to
0.40 apfu) down to epidote with virtually no LREE (X,
<0.02 apfu; Table 2). Separated xenotime grains (up to 120 um
in diameter) are euhedral to rounded and preserve inclusion-
free, BSE-bright domains with sector or oscillatory zoning.
These primary domains are cross-cut by BSE-darker ones with
holes and tiny (<2 um) uraninite or monazite inclusions
(Fig. 5b). Primary xenotime domains contain more U and Th
(UO,=2.78 wt%; ThO,=0.21 wt% on average) than secondary
ones (UO,=1.24 wt%; ThO,=0.12 wt% on average); they
notably show some Pb (PbO=0.04—-0.25 wt%) while Pb in the
secondary domains is mainly below detection limit (Table 2).

Geochronology
TR2

Microprobe analyses of both primary and secondary
monazite domains (33 spots on 22 grains) yield individual
Th—U-total Pb dates ranging from 345 to 155 Ma and clus-
tered at ~330 Ma. This main cluster statistically defines a sin-
gle population with a weighted mean Th—-U—total Pb date
of 331£3 Ma (n=30, Mean Square Weighted Deviation,
MSWD=1.4). One outlier (155 Ma) and two spots with Pb
below detection limit were obtained from secondary domains,
and the Th—U-total Pb dates of secondary domains tend to be
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slightly younger than those of primary domains (Fig. 7a).
The Th—U-total Pb dates obtained for xenotime are given for
orientation; they range from 347 to 271 Ma in primary domains
and 380 to 282 Ma (2 spots with Pb below detection limit) in
secondary ones. Uraninite inclusions in xenotime yield Th—U—
total Pb dates of 338=+5, 307+4 and 62+4 Ma (Table 3).

The same monazite spots measured by EPMA were ana-
lyzed by LA-ICP-MS (33 spots, 2 rejected). Most analyses are
concordant (23 spots) and some indicate initial Pb (Pb,)
contamination (8 spots) at ~350 Ma (Fig. 8a); altogether
they define a mixing line between a lower intercept date of
351.1+1.8 Ma and *’Pb/**Pb, of 0.736+0.11 (MSWD=0.95).
This result is similar to the weighted average 2°°Pb/?*U
(350.9+1.9 Ma, MSWD=0.84) and ***Pb/**?Th (353.6+2.6 Ma,
MSWD=0.91) dates calculated with all concordant spots
(n=23). Analyses with initial Pb mainly come from secondary
monazite domains (6 out of 8; Fig. 8a) and tend to show
younger 2%Pb/*?Th dates (337 Ma on average) than the con-
cordant spots. Ten xenotime analyses show no difference
between primary and secondary domains, and yield similar
weighted average 2*°Pb/>*U (352.8+4.6 Ma, MSWD=1.09)
and 2°Pb/>’Th dates (349.4+4.3 Ma, MSWD=1.17).

VA%

Individual Th-U-total Pb dates (34 spots on 16 grains)
range from 351 to 253 Ma and cluster at ~325 Ma. The main
cluster statistically defines a single population with a weigthed
mean Th—U—total Pb date of 329+4 Ma (n=31, MSWD=0.4).
The Th—U-total Pb dates of most secondary domains show no
difference with those of primary domains, except for three
markedly younger spots at ~ 270 Ma (Fig. 7b). The indicative
Th—U-total Pb dates of xenotime range from 363 to 281 Ma in
primary domains, while only one spot (314 Ma) from secon-
dary domains contains Pb above detection limit. For actinide-
rich inclusions in secondary monazite domains, Th—U—total
Pb dates range from 360 to 309 Ma (+4 Ma) in uraninite and
lie at 73—61£6 Ma in ‘ThSi’ phases (Table 3).

The same monazite spots measured by EPMA were ana-
lyzed by LA-ICP-MS (34 spots, 4 rejected). Most analyses
(23 spots) are concordant but show individual **Pb/?**U dates
scattered from 380 to 339 Ma. Some analyses (7 spots) indi-
cate initial Pb contamination and define, together with the
concordant spots, a mixing line between a lower intercept date
0f 352.8+5.8 Ma and *’Pb/**Pb, of 0.79+0.40 (MSWD=6.8),
a rather imprecise result due to the scatter of concordant
analyses (Fig. 8b). Concordant analyses yield less scattered
individual 2®Pb/**?Th dates that can be used to calculate
a statistically better weighted average date of 351.7+£2.7 Ma
(2 spots rejected, n=21, MSWD=1.19). As for sample TR2,
analyses with initial Pb tend to originate from secondary
monazite domains (5 out of 7; Fig. 8b). Xenotime analyses
show a clear difference between primary domains that are
mainly concordant (average **Pb/**®*U date=354 Ma, 3 spots)
and secondary ones with younger and variably discordant
results (°Pb/>**U dates=338, 215 and 191 Ma, 3 spots).
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Table 2: Representative analyses of monazite and xenotime.

Mineral Monazite Xenotime

Sample TR2 Zv1 TR2 ZV1

Spot 001 018 027 034 016 010 006 008
Domain primary secondary primary secondary primary secondary primary secondary
wt % oxides

SiO, 1.33 0.71 0.18 0.32 0.64 0.11 0.38 0.24
P,O; 28.36 29.43 29.98 29.82 33.06 34.03 33.58 3391
CaO 0.93 0.89 1.46 1.07 0.04 d.l 0.20 0.04
ThO, 9.06 5.41 5.03 4.56 0.63 0.13 0.14 0.10
uUo, 0.69 0.67 2.00 1.08 1.97 0.51 2.53 0.96
Y,0, 2.67 2.85 1.94 1.38 39.61 40.41 40.48 41.50
La,0, 12.02 12.79 13.68 14.26 n.a. n.a. n.a. n.a.
Ce,0O, 26.22 28.37 28.48 29.76 n.a. n.a. n.a. n.a.
Pr,0, 3.00 3.19 3.15 3.18 n.a. n.a. n.a. na.
Nd,O, 11.18 11.67 11.73 12.05 0.34 0.44 0.41 0.37
Sm,0, 222 2.55 1.95 1.83 0.55 0.71 0.59 0.59
Gd,0, 2.07 2.20 1.27 1.13 2.10 2.49 1.99 2.02
Tb,0, n.a. n.a. n.a. n.a. 0.63 0.69 0.56 0.54
Dy,0, 0.92 1.00 0.51 0.37 5.70 6.03 5.09 5.28
Ho,0, n.a. n.a. n.a. n.a. 3.39 3.63 3.30 3.21
Er,0, n.a. n.a. n.a. n.a. 4.16 4.17 3.98 4.09
Tm,O, n.a. n.a. n.a. n.a. 0.40 0.44 0.45 0.48
Yb,0, n.a. n.a. n.a. n.a. 4.26 3.86 3.69 3.93
Lu,0, n.a. n.a. n.a. n.a. 0.53 0.43 0.41 0.46
PbO 0.17 0.10 0.16 0.11 0.10 d.L 0.11 d.l
Total 100.83 101.82 101.51 100.91 98.10 98.08 97.90 97.71
Cations (normalized to 16 oxygens)

Si 0.210 0.110 0.027 0.049 0.089 0.015 0.053 0.034
P 3.782 3.860 3.933 3.933 3.907 3.983 3.943 3.963
Ca 0.157 0.147 0.243 0.179 0.006 0.000 0.030 0.006
Th 0.325 0.191 0.177 0.162 0.020 0.004 0.004 0.003
U 0.024 0.023 0.069 0.037 0.061 0.016 0.078 0.029
Y 0.223 0.235 0.160 0.114 2.942 2.973 2.987 3.049
La 0.698 0.731 0.782 0.820 - - - -
Ce 1.512 1.609 1.616 1.698 - - - -
Pr 0.172 0.180 0.178 0.180 - - - -
Nd 0.629 0.646 0.649 0.671 0.017 0.021 0.021 0.018
Sm 0.121 0.136 0.104 0.098 0.027 0.034 0.028 0.028
Gd 0.108 0.113 0.065 0.058 0.097 0.114 0.091 0.093
Tb - - - - 0.029 0.031 0.026 0.025
Dy 0.047 0.050 0.026 0.019 0.256 0.268 0.227 0.235
Ho - - - - 0.151 0.160 0.146 0.141
Er - - - - 0.182 0.181 0.173 0.177
Tm - - - - 0.017 0.019 0.020 0.021
Yb - - - - 0.181 0.163 0.156 0.165
Lu - - - - 0.023 0.018 0.017 0.019
Pb 0.007 0.004 0.007 0.004 0.004 0.000 0.004 0.000
Total 8.014 8.036 8.036 8.023 8.008 8.000 8.005 8.005
Mole fractions

XMnz 0.05 0.02 0.00 0.01

XCher 0.08 0.07 0.12 0.09

XHut 0.87 0.91 0.88 0.91

Th—U—total Pb dates

Date (Ma) 345 306 329 314 347 - 313 -
+28D (Ma) 17 23 18 25 82 - 69 -

Notes: n.a.=not analyzed; d.l.=below detection limit
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Table 3: Composition of actinide-rich phases found in monazite and xenotime alteration textures.

Spot  Phase Sio, P,0, CaO FeO ThO, vo, Y,0, La,0, Ce,0O, PbO Total Date +2SD
(Wt %) (Ma) (Ma)

TR2 (average composition of ‘ThSi’ phases)

‘ThSi’ 11.93 7.30 0.82 n.a. 50.82 2.52 7.05 0.27 1.21 d.l. 81.92 - -
TR2 (inclusions in secondary xenotime domains)
001 Urn 0.83 431 1.01 d.l 5.18 70.03 5.31 0.09 1.01 3.00 90.79 307 4
002 Urn 7.42 15.30 2.14 d.l 222 34.90 16.93 d.l. 0.11 d.l 79.03 - -
003 ‘ThSi’+Urn 12.41 4.18 0.15 d.l 15.96 58.43 3.79 d.l. 0.09 2.42 97.45 281 4
005 Urn 1.37 10.30 0.09 d.l 12.55 43.98 1522 d.l. 0.18 2.21 85.92 338 5
006 Urn 7.19 13.18 0.06 d.l 9.00 31.52 17.03 d.l. 0.07 0.28 78.32 62 4
ZV1 (inclusions in secondary monazite domains)
001 ‘ThSi’ 14.93 4.07 0.60 d.l. 51.86 9.07 2.56 2.31 5.34 0.21 90.93 61 6
002 “ThSi’ 10.18 5.95 0.85 0.08 49.03 9.39 1.75 2.58 5.36 0.24 85.41 73 6
003 Urn 0.63 d.l 0.12 0.09 18.31 61.64 1.70 0.22 0.54 2.96 86.29 322 4
004 Urn 0.08 d.l. 0.08 d.l. 7.26 81.08 1.74 0.12 0.35 3.52 94.23 309 4
005 Urn 0.21 3.45 0.31 d.l 9.02 71.68 1.13 1.61 2.81 3.36 93.58 330 4
006 Urn 0.23 d.l. 0.05 d.l 22.95 64.24 1.59 0.13 0.48 3.33 93.03 341 4
007 Urn 0.06 d.l 0.05 0.09 5.90 87.21 0.98 0.12 0.36 4.40 99.21 360 4

Notes: n.a. = not analyzed; d.1. = below detection limit. Date = Th—U-total Pb date.

(a) secondary Xtm

primary
Xt

secondary
Xtm =
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Discussion
Monazite and xenotime alteration reactions

The investigated samples were selected because they show
different mineralogies, whole-rock compositions and above
all contrasting monazite alteration textures. Sample TR2 con-
tains polymineralic pseudomorphs after monazite (Fig. 3),
whereas sample ZV1 shows monazite replacement by an apa-
tite—allanite assemblage with a coronitic texture (Fig. 6).
In addition, separated monazite and xenotime grains from
both samples contain secondary, porous and inclusion-rich
domains with little modification of the original grain shape
(Figs. 3d, 5 & 6d).

Monazite alteration textures in sample TR2 are characterized
by the presence of small (<10 pum) xenotime and Th-Si-
rich (£P-Y-U) phases together with secondary monazite
(Fig. 3a—c). This assemblage remarkably preserves the origi-
nal, euhedral shape of primary monazite and might be paral-
leled with exsolution textures. Following this interpretation,
the texture indicates that secondary monazite expelled Th-U
and Y during its recrystallization (Fig. 4); these elements
were not compatible any more because recrystallization likely
occurred at a temperature lower than that of primary monazite
formation, which is supported by the tendency for monazite to
incorporate more Th (Wiliams et al. 2022) and Y+HREE
with increasing temperature (Gratz & Heinrich 1997). This

<
<

Fig. 5. BSE images of xenotime grains separated from samples TR2
and ZV1, with primary and secondary domains. a — TR2: Euhedral
xenotime with BSE-bright domains cross-cut by lobate, BSE-darker
ones with tiny uraninite inclusions. b — ZV1: Subhedral xenotime
with relicts of BSE-bright domains replaced by dominant BSE-dark
ones containing uraninite inclusions.
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Zvecevo granite — ZV1

; primary . secondary
Fe-rich AR ni " Mnz
v e e e/

primary Mnz

Fig. 6. BSE images of monazite and associated phases in sample ZV1. a — Monazite (in slightly chloritized biotite) partially replaced by
apatite and surrounded by allanite grading into epidote. b — Network of allanite and epidote veinlets between K-feldspar, chlorite and musco-
vite. ¢ — Unaltered, euhedral monazite included in quartz, with tiny Fe-(hydr)oxide at the rim. d — Representative images of primary and
secondary monazite domains in separated grains: left: euhedral grain with a slightly darker (secondary) core. Right: subhedral grain with
numerous inclusions (mainly apatite) and one uraninite. e, f — X-ray maps of the monazite grains shown in (d). Warmer colours denote higher
intensities; circular holes are pits from laser analyses.
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Fig. 7. Results of monazite dating by EPMA for sample TR2 (a)
(1 outlier at 155 Ma not shown) and ZV1 (b). Individual Th—U-total
Pb dates are greyscale coded for primary (dark) and secondary (light)
monazite domains.

recrystallization reaction is less commonly found in separated
grains, with only a few showing secondary domains with
abundant xenotime inclusions. Other in situ textures show
variable amounts of apatite around monazite (Fig. 3b,c),
which is ascribed to a different reaction (see below).

Monazite alteration in sample ZV1 corresponds to a replace-
ment reaction where apatite and allanite grow at the expense
of a former euhedral grain (Fig. 6a). This reaction has already
been described, mainly in (meta-)granitoids (e.g., Broska &
Siman 1998; Finger et al. 1998; Broska et al. 2005) but also in
pegmatite (e.g., Hentschel et al. 2020) or metapelite (e.g.,
Schulz 2017). Regardless of the lithology, a source of Ca and
H,O (+8Si, Al, Fe-Mg) is needed to allow for the reaction (see
Gieré¢ & Sorensen 2004). The secondary monazite domains
observed in separated grains commonly include apatite
(Fig. 6e,1), suggesting that they recrystallized during partial
replacement by apatite—allanite. The actinide-rich phases
included in secondary monazite likely formed through the
same reaction (Fig. 9b).

The dominant alteration texture observed in separated
monazite and xenotime from both samples is characterized
by BSE-dark secondary domains that irregularly cut across
primary zoning patterns (Figs. 3d, 5 & 6d). These secondary
domains locally contain trails of holes and actinide-rich pha-
ses (Figs. 3f, 5 & 6f). Such features, and especially the curved
outline of secondary domains, have been described in pro-
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Fig. 8. Results of monazite dating by LA-ICP-MS for sample TR2 (a)
and ZV1 (b) plotted in Tera-Wasserburg diagrams (filled ellipses=
primary domains, open ellipses=secondary domains). Lower inter-
cept dates for regressed U—Pb data (full lines) and mixing trends with
initial Pb at 350 Ma (0.859 after Stacey & Kramers 1975, dashed
lines) are shown.

ducts of fluid-bearing alteration experiments (e.g., Williams
et al. 2011) as well as in magmatic monazite likely altered in
the presence of silicate melt (e.g., Skrzypek et al. 2020). They
are commonly ascribed to fluid-mediated recrystallization
via a dissolution-reprecipitation process (e.g., Hetherington
& Harlov 2008), and the same interpretation is adopted to
explain the alteration of most separated grains.

Bulk composition of monazite alteration textures in
sample TR2

Because monazite alteration textures observed in TR2 have
seldom been described in the literature, their composition was
quantified in order to assess element mobility and water con-
tent. Mass balance calculations were done with the average
compositions (normalized to 100 wt%) of secondary monazite
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and xenotime domains (Table 4) and ‘ThSi’ phases (Table 3;
18.08 wt% H,0O assumed from oxide sum), and the theoretical
composition of hydroxylapatite [Ca,(PO,),(OH)]. The volume
of individual phases was estimated through image analysis
(Fig. 10) with mineral densities of 3.16 g/cm? (hydroxylapatite),
4.27 g/em® (xenotime), 5.1 g/cm’® (monazite) and 7.2 g/em®
(‘ThSi’ phases, assumed to be former huttonite). Black pixels
on Fig. 10 correspond to holes derived from removal of mate-
rial (mainly apatite and monazite, see Figs. 3¢ & 10c) during

201

polishing or inclusions of the main host phase(s) (mainly
quartz and feldspar, Fig. 10b) that were not considered for cal-
culation. The composition (normalized to 100 wt%) of four
different textures with increasing apatite content is shown in
Table 4 together with the average and range of compositions
obtained for primary monazite domains in TR2.

One texture (bl; Fig. 10a) lacks apatite and its re-integrated
composition is, for almost all elements except Y, compatible
with that of the Th-richest primary domains analyzed in TR2

(a) TreSnjevica migmatite - TR2 secondary
Mnz
primary 350 Ma 338 Ma secondary Xtm
Mnz
primary Xtm

(b) Zvecevo granite - ZV1

primary 350 Ma
Mnz
primary
Xtm

v 0 X
ThSi'_»
Urn

secondary
Mnz

338 Ma

secondary

Fig. 9. Schematic sketches summarizing alteration reactions of magmatic monazite and xenotime in TreSnjevica migmatite (a) and Zvecevo

granite (b). Black patches=holes or undifferentiated inclusions.

Table 4: Calculated composition of alteration textures compared to measured compositions in primary monazite domains.

Texture# b1 a4 a5 al Primary monazite domains
Phases & Mnz/Xtm/‘ThSi’ Ap/Mnz/Xtm/‘ThSi’ Ap/Mnz/Xtm/‘ThSi”  Ap/Mnz/Xtm/‘ThSi’ (Wt %)

Volume % 80/05/15 02/90/02/06 09/87/01/03 21/35/36/08 Average Min Max
SiO, 3.10 1.79 1.35 2.08 1.24 0.68 3.35
P,O; 30.79 34.15 35.37 35.78 28.81 25.32 29.88
CaO 0.83 1.67 4.14 8.70 0.99 0.76 1.30
ThO, 15.14 9.94 8.12 9.25 8.87 6.67 19.17
uo, 1.08 0.83 0.72 1.09 0.66 0.44 1.00
Y,0, 5.85 4.02 2.90 20.20 2.70 2.25 3.25
La,0, 12.26 14.31 14.43 6.27 12.16 10.40 13.22
Ce,0, 27.27 31.73 31.99 13.96 26.61 21.17 28.56
PbO 0.11 0.12 0.12 0.09 0.15 0.11 0.32
H,0 3.56 1.44 0.86 2.58 - - -
H,0* 0 0.03 0.11 0.27 - - —

All alteration textures in wt% normalized to 100. H,O*=water content assuming that [‘ThSi’ phases were originally anhydrous.
Input compositions=average of secondary domain analyses (wt% normalized to 100):

Mnz. $i0,=0.95, P,0,=36.18, Ca0=0.88, ThO,=6.71, U0,=0.68, Y,0,=2.69, La,0,=16.11, Ce,0,=35.67, Pb0=0.13
Xtm. Si0,=0.55, P,0,=43.22, Ca0=0, ThO,=0.44, UO,=1.50, Y,0,=54.19, La20,=0, Ce,0,=0, PbO=0.10
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Fig. 10. BSE images (left) of monazite alteration textures in sample TR2 and composite images (right) illustrating the volume proportions
(in %) estimated by image analysis. Texture names refer to those in Table 4. The red dashed line in (b, d) outlines the area used for image

analysis. Scale bar is always 10 um.
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(Table 4). The relatively high Y content could be explained by
Y mobility, which is supported by elongate xenotime growing
outside the main texture (Fig. 10a). Two other textures (a4 &
a5; Fig. 10b, ¢) contain little apatite (2-9 vol%) and are, apart
from P and Ca, similar in composition to the average of
primary domains (Table 4). Again, high Y values may indicate
Y mobility or derive from xenotime initially present with
primary monazite. Another texture (al; Fig. 10d) contains
significantly more apatite (21 vol%) and its bulk composition
departs from that of primary monazite, especially for Ca, Y, and
LREE (Table 4). The high proportion of xenotime (36 vol %)
suggests that it might have been originally present before
alteration.

Element mobility during alteration

For most textures in sample TR2, the re-integrated com-
position is compatible with that of a Th—Y-rich monazite
precursor that decomposed to xenotime, ‘ThSi’ phases and
Th—Y-poorer secondary monazite (Fig. 9a). This demonstrates
the isochemical character of the reaction and the efficient trap-
ping of LREE and actinides at the location of the original
monazite grain. Only the results for Y suggest some mobility,
in agreement with the pervasive alteration of primary xeno-
time (Fig. 5a). In the case of low-concentration elements like
U and Pb, the results of mass balance calculations will strongly
depend on assumed compositions for monazite and ‘ThSi’
phases. We can nevertheless note that re-integrated UO,
concentrations lie in the range of those of primary monazite
(Table 4), whereas PbO is systematically lower and suggests
Pb loss during alteration or subsequent metamictization. Some
textures in TR2 contain a relatively high proportion of apatite
(up to 21 vol%) and point to Ca, P and H,O input. Because
such textures are found inside Ca-free minerals (Kfs, Ab,
Qtz, Bt), they likely indicate the mediation of a fluid phase
(Fig. 9a).

The chemical budget of monazite replacement by apatite—
allanite has already been discussed by Finger et al. (1998).
They remarked that, for major elements in monazite (exclu-
ding Si and Ca), the replacement reaction is mainly isoche-
mical, although the associated texture clearly contains two
distinct zones. The inner zone has exactly the shape of the
primary monazite grain and indicates a relative immobility of
P and Th-U stored in apatite and actinide-rich phases, respec-
tively (Fig. 6a). The outer zone consists of epidote with
variable REE content and clearly points to outward REE
migration, in some cases even farther from the original
monazite (Fig. 6b), which hints at the presence of a fluid
phase (Fig. 9b).

Role of fluid and whole-rock composition

The re-integrated compositions of alteration textures in TR2
yield H,O contents between 0.86 and 3.56 wt% (Table 4).
These values mainly derive from the relatively high H,O con-
tent (~18 wt%) assumed to be present in ‘“ThSi’ phases based
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on their low oxide sum. However, several workers describe
alteration textures of actinide-bearing minerals that contain
anyhdrous Th+U-rich phases (e.g., Harlov et al. 2007; Berger
et al. 2009; Budzyn et al. 2020), so that one could consider the
hydration of ‘ThSi’ phases as a later process (e.g., Stachowicz
et al. 2024), probably facilitated by metamictization (e.g.,
Lumpkin & Chakoumakos 1988). If ‘ThSi’ phases are assumed
to be originally anhydrous, the amount of H,O in the quanti-
fied textures drops to less than 0.3 wt% and is theoretically
null in apatite-free ones (Table 4). This is used to propose
a negligible role of fluids in the observed decomposition of
monazite, especially because the spatial distribution of secon-
dary products does not seem to indicate the presence of
a former fluid pathway (Fig. 10). Conversely, the formation of
apatite at the rim of the decomposition texture does indicate
(later?) addition of H,O together with Ca and P. We can further
speculate that micro-cracks and alteration haloes that are typi-
cal around actinide-bearing inclusions facilitated fluid flow
and element supply (e.g., Prochazka et al. 2011). The altera-
tion textures observed in most separated grains, inferred to
result from dissolution—reprecipitation, represent another
argument for the presence of a fluid phase.

In sample ZV1 the replacement of monazite by apatite—
allanite, i.e. two hydrous minerals, obviously requires H,O
input. To explain this texture Broska & Siman (1998) invoke
the mediation of a fluid associated with the breakdown of
biotite and Ca-bearing plagioclase, perhaps during post-
magmatic hydrothermal alteration (e.g., Ondrejka et al. 2012).
This is in agreement with the observation of apatite—allanite
around monazite included in variably chloritized biotite
(Fig. 6a), whereas monazite armoured inside quartz remained
intact (Fig. 6¢). We can mention for comparison that a texture
with 25 % allanite, 25 % hydroxylapatite and 50 % monazite
(volume proportions) would theoretically contain about 1.3 wt%
H,O while a complete replacement by ~50:50 % allanite—
hydroxylapatite would host 3.2 wt% H,O, i.e. nearly the
amount that is contained in biotite.

The difference in monazite alteration reactions chiefly
reflects the contrast in sample mineralogy and initial monazite
composition. On the one hand, a “dry” monazite decomposi-
tion is interpreted to have taken place in the migmatite sample
(TR2) because Th-rich (ThO,=6.99-19.17 wt%) primary
grains are commonly included in mm-sized, anhydrous major
minerals (Fig. 3b, ¢) and could hardly be reached by fluids.
The paucity of hydrous minerals and the low Ca whole-rock
content (Table 1) additionally explain the limited, post-mag-
matic production of in situ fluids and the relative stability of
monazite (e.g., Janots et al. 2008). On the other hand, a “wet”
replacement of Th-poorer (ThO,=3.29-7.20 wt%) monazite
by hydrous minerals occurred in the granite sample (ZV1),
which itself contains all ingredients for the inferred reaction.
It is relatively rich in Ca (CaO=1.49 wt%), which favours
allanite stability in granitoids (e.g., Broska et al. 2024), and
the alteration of Ca-rich plagioclase cores (andesine) could
have mobilized Ca while micas liberated H,O. Assuming that
the reaction was associated with biotite chloritization requires
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more H,O than what is available in magmatic micas, but
the observed monazite textures do not represent a particular
sink for such an additional fluid.

Aqueous fluid is clearly a reactant when anhydrous mona-
zite and xenotime are partly replaced by hydrous phases like
apatite or allanite (e.g., Broska & Siman 1998). Conversely,
it never appears to be a reaction product; recrystallization
textures ascribed to fluid-mediated dissolution—precipitation
lack free H,O (e.g., Hetherington & Harlov 2008; Budzyn et
al. 2023), unless the abundant pores are regarded as former
fluid inclusions. This suggests that fluid is mainly a catalyst
(Putnis & Putnis 2007), whose former presence is perhaps best
inferred from the irregular shape of altered domains or the
chemical budget of reactions. For example, apatite—epidote
coronas are not truly isochemical at the scale of the original
monazite grain; they need a fluid phase for (limited) element
(mainly REE) transport outward. In contrast, the nearly iso-
chemical polymineralic pseudomorphs observed in sample
TR2 lack evidence for fluid mediation.

Timing of alteration

Primary monazite in both samples has several features
indicating growth from a melt. It is euhedral, shows sector-
or oscillatory zoning and contains few, if any, inclusions
(Figs. 3 & 6), which is common in magmatic monazite (e.g.,
Skrzypek et al. 2020; Schulz 2021). Dating of primary domains
yields a single population of Th—U-total Pb and U-Th/Pb
dates indicating a single growth event. Th—U—total Pb dates
tend to be slightly younger than U-Th/Pb ones (Figs. 7 & 8),
which might be attributed to the relatively high detection limit
of the EPMA for Pb (~150 ppm), especially for samples
younger than ~500 Ma, but also to the presence of initial Pb
(Fig. 8) that can slightly affect 2°°Pb/?**U dates. Facing a simi-
lar issue, Santitharangkun et al. (2025) recommended regar-
ding the oldest Th—U-total Pb dates as the most accurate,
which in the present case fairly reconciles both EPMA and
LA-ICP-MS results. For sample TR2, the weighted average
206pp/238U date of 350.9+1.9 Ma (final uncertainty=9.0 Ma)
is regarded as the age of melt crystallization in migmatite.
For sample ZV1, the weighted average 2*Pb/*’Th date of
351.742.7 Ma (final uncertainty=9.2 Ma) is interpreted to
best approximate the age of granite crystallization (Fig. 11),
whereas individual **Pb/**U dates show a broader scatter
(380-339 Ma). The latter might reflect some inherited Pb
component, which is supported by the common occurrence of
xenocrystic cores in magmatic zircon from the same sample.
Both ages are similar and point to coeval partial melting and
granitoid intrusion in the middle crust during Variscan oro-
geny (Pami¢ & Lanphere 1991).

The formation of secondary monazite and xenotime domains
through recrystallization can be used to assess the timing of
alteration. In TR2 the average 2*Pb/*?Th date of secondary
monazite domains (340 Ma) agrees with the oldest Th—U—total
Pb date (33845 Ma) of uraninite inclusions in secondary
xenotime (Fig. 11). In ZV1 the oldest concordant spot from
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secondary xenotime domains (**Pb/>*U date=338+12 Ma)
matches the average Th—U—total Pb date (332 Ma) of uraninite
inclusions in secondary monazite (Fig. 11). This accumulation
of similar dates suggests monazite and xenotime alteration at
ca. 335 Ma during a late phase of Variscan orogeny. A thermal
event, probably at subsolidus temperature conditions, trigge-
red monazite recrystallization in both samples, as also sug-
gested by K—Ar ages reported for Papuk complex (Pamic¢ et al.
1988). Interestingly, a similar monazite record of magmatic
activity at ~350 Ma followed by an early Carboniferous ther-
mal event (~330 Ma) is reported in the Western Carpathians
(e.g., Broska et al. 2022), on the northern side of the exten-
sion-related Pannonian basin (Fig. 1).

An Alpine overprint is documented in crystalline rocks of
the Slavonian Mountains (e.g., Balen et al. 2013, 2018a) and
could also be responsible for a partial resetting of Carbonife-
rous monazite and xenotime (Fig. 11). However, this would
be expected to generate at least a few Cretaceous dates, espe-
cially if new domains recrystallized at that time, but none were
detected in secondary monazite or xenotime. Only actinide-
rich phases might indicate an Alpine event, with Th—U—total
Pb results of 62+4 Ma in one uraninite (in Xtm) from TR2
and 73—-61£6 Ma in two ‘ThSi’ phases (in Mnz) from ZV1
(Fig. 11). Berger et al. (2008) discussed the geochronological
potential of actinide-rich phases in alteration textures and
recognized that they might incorporate initial Pb or easily
loose radiogenic Pb. The latter process likely explains the neg-
ligible amount of Pb in ‘ThSi’ phases from sample TR2. It is
finally noteworthy that, although both uranium- and thorium-
rich phases occur in alteration textures, only uraninite confi-
dently preserves the timing of alteration (Fig. 11), suggesting
a better resistance of U-oxide than Th-silicate to Pb loss and,
presumably, to radiation damage.

Conclusions

Two contrasting alteration textures are identified in crystal-
line rocks from Mt. Papuk (Croatia). The first one is inter-
preted to be the result of a “dry” decomposition of primary
magmatic monazite into secondary monazite, Th—Si-rich
phases and xenotime. It is observed in a Ca-poor, nebulitic
migmatite with few hydrous minerals, and lacks evidence for
the mediation of a fluid phase. It is locally rimmed by apatite
ascribed to subsequent, but limited, fluid input. The second
one derives from a “wet” monazite replacement by apatite and
allanite together with the formation of some recrystallized
secondary monazite domains. It is found in a Ca-richer, two-
mica granite sample and fully matches corona textures pre-
viously described in granitoids affected by post-magmatic
overprints. The formation of secondary monazite and xeno-
time domains through dissolution-reprecipitation is also
recognized.

Dating of primary monazite domains yields, for both sam-
ples, a similar age of ca. 350 Ma ascribed to monazite crystal-
lization from melt in migmatite and granite, respectively.
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Fig. 11. Overview of igneous and metamorphic events in the Slavonian Mts. based on geochronological results selected for the period
400-0 Ma. Compiled data are after Horvath et al. (2010), Ustaszewksi et al. (2010), Bisevac et al. (2011, 2013), Balen et al. (2013, 2018a,b),

Horvat et al. (2018), Balen & Massone (2020), Schneider et al. (2022,

The secondary monazite and xenotime domains are slightly
younger (ca. 335 Ma), contain tiny uraninite inclusions with
similar dates, and suggest late Variscan alteration during
a medium-temperature thermal event rather than resetting
during an Alpine overprint.

The general implication is that primary Th—Y-rich monazite
will break down when subject to P-T conditions differing
from those of its formation, regardless of fluid availability.
If little or no fluid is present, it will expel actinides and
Y+HREE in its immediate vicinity. If fluid is present, its
replacement will efficiently retain P and actinides but might
lead to LREE mobility, at least on the millimetre scale.
The amount of H,O present in both alteration textures does not
exceed 4 wt%, indicating that these do not act as major sinks
for fluids. In order to date the alteration of actinide-bearing
minerals like monazite, tiny U-oxides are more reliable than
Th-silicates.
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