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ARTICLE INFO ABSTRACT

Editor: Balz Kamber Eleven monazite grains, two from a migmatitic gneiss and nine from two felsic granulites from the Géry Sowie
Block (SW Poland) were studied with transmission electron microscopy (TEM), electron probe microanalysis
(EPMA), Raman microspectroscopy and laser ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) U-Th-Pb analysis in order to assess processes affecting U-Th-Pb age record. Two monazite grains from the
migmatitic gneiss are patchy zoned in BSE imaging and overgrown by allanite, whereas Raman results indicate
moderate radiation damage. Monazite in the corresponding TEM foils shows twins and nanoinclusions of fluo-
rapatite, thorianite, goethite, titanite, chlorite and CaSO4. Furthermore, monazite is partially replaced by sec-
ondary monazite, forming ca. 100 nm-thick layers, and calcite along grain boundaries. The submicron alterations
had little or no effect on the Pb/U and Pb/Th dates, when compared to earlier age constraints on the meta-
morphism in the studied region. In contrast, monazite from both granulites is homogeneous in eight investigated
TEM foils, contains no solid or fluid nanoinclusions or any signs of fluid-induced alterations, with only one
exception of a ca. 140 nm-thick crack filled with monazite. The 2°Pb/238U and marginally older 2°°Pb/232Th
mean dates pulled for all data show good coherence. However, the 2°7Pb/2%U isotopic record is disturbed due
the presence of common Pb within the entire monazite grain in one granulite and in the cores of two monazite
grains in the second granulite, where the U—Pb data of the rims are not compromised and concordant. Due to
lack of TEM evidence for fluid-mediated alterations, the age discordance has to be related to addition of common
Pb in the monazite lattice or in the micro-cracks. To summarize, the 2°®Pb/232Th data reveal the most accurate
ages, which are consistent with previous geochronological studies in the region. Therefore, the Pb/Th chro-
nometer, which is less compromised by age disturbance compared to Pb/U ages, is recommended for monazite
geochronology. Application of the submicron scale investigations using TEM is recommended to evaluate po-
tential presence of the submicron inclusions of Pb-bearing phases or compositional alterations of monazite that
can remain unnoticed by using standard microanalytical instruments.
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1. Introduction

Monazite-(Ce) ((LREE, Th, U)PQO4, henceforth monazite) is one of the
main carriers of rare earth elements (REE) in the Earth's crust and a
common accessory phase in igneous and metamorphic rocks. Monazite
is among most frequently used geochronometers for dating meta-
morphic processes with LA-ICPMS or SIMS U-Th-Pb measurements

* Corresponding author.
E-mail address: ndbudzyn@cyf-kr.edu.pl (B. Budzyn).

https://doi.org/10.1016/j.chemgeo.2022.121015

(Kylander-Clark, 2017; Schmitt and Vazquez, 2017) or U-Th-total Pb
electron probe microanalysis (Williams et al., 2017). Despite high con-
tents of Th and U, monazite shows only low- to moderate degree of
metamictization due to high-radiation resistance related to a low
damage-annealing temperature (Seydoux-Guillaume et al., 2018b;
Nasdala et al., 2020). Monazite is characterized by a very slow solid state
diffusion of U, Th and Pb up to high temperatures, whereas interactions
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with fluids can disturb the U-Th-Pb age record (Cherniak et al., 2004;
Gardés et al., 2006). Fluid-induced coupled dissolution-reprecipitation
processes can result in partial to complete removal of Pb and resetting
the original age even at low temperature conditions of 250-550 °C
(Williams et al., 2011; Budzyn et al., 2015, 2021b; Grand'Homme et al.,
2016, 2018). A recent experimental study revealed that U-Th-Pb dates
can be disturbed via fluid-mediated alterations of monazite at 750 °C,
which occur extensively at the submicron scale with the formation of
high density of fluid and cheralite nanoinclusions that remain unnoticed
using standard SEM or EPMA imaging (Budzyn et al., 2021b).

In-situ isotope U-Th-Pb monazite geochronology is increasingly used
due to improvement and increasing availability of LA-ICPMS and SIMS
techniques, as well as availability of the reference materials (e.g.,
Goncalves et al., 2016, 2017; Budzyn et al., 2021a). Common high
contents of Th and U at the level of at least 1000 ppm allow us using
analytical spot size <10 pm to measure growth or altered domains of
monazite and constrain the age of the separate geological processes,
which has been earlier mostly obtained by EPMA with spot size <1 pm
(Williams et al., 2017). At least several factors may affect Pb/U and Pb/
Th isotope systematics in monazite and result in age disturbance. The
207pb/235Y ratio is sensitive to common Pb additions due to low 235U
abundance, and consequently low content of radiogenic 2°’Pb in
monazite, compared to 2°Pb and 2°°Pb isotopes. The 2°°Pb/238U ratio
can be affected by initial 2°°Pb excess related to 23°Th disequilibrium
due to very high contents of Th in monazite (Schoene, 2014). Trans-
mission electron microscopy (TEM) has particular importance in case of
the presence of nanoinclusions, such as Pb-rich nanoinclusions or
nanodomains accumulating unsupported Pb, that may interfere with the
U-Th-Pb isotopic record of monazite (Seydoux-Guillaume et al., 2012,
2018a). Submicron investigations can provide answers for our better
understanding of the mechanisms inducing the discordant ages or
concordant dates spread along the concordia curve, however, processes
affecting monazite in the nanoscale are still not sufficiently well
understood.

This study focuses on the submicron processes that may affect
monazite U-Th-Pb isotope characteristics in high-grade metamorphic
rocks. For this purpose, we selected monazite from a well characterized
region to control accuracy of Pb/U and Pb/Th age constraints and, more
specifically, previously investigated samples are studied to shed more
light on the submicron features of monazite and their effect on U-Th-Pb
isotope characteristics. Migmatitic gneisses and granulites of the Géry
Sowie Block (NE Bohemian Massif, SW Poland) have been studied for
decades with respect to their P-T-t records (Kryza, 1981; Zelazniewicz,
1990; O'Brien et al., 1997; Brocker et al., 1998; Marheine et al., 2002;
Gordon et al., 2005; Schneider et al., 2006; Kryza and Fanning, 2007;
Budzyn et al., 2018; Jastrzebski et al., 2021), making this area an
excellent natural laboratory for investigating monazite behavior during
prolonged metamorphic episodes. Here, we studied monazite in a mig-
matitic gneiss and two granulites to address, among others, the
following: (i) if monazite overgrown by allanite in migmatitic gneiss is
also affected by the internal submicron alterations that may compromise
U-Th-Pb ages, and (ii) if there is evidence of submicron processes that
resulted in discordance of the U-Th-Pb monazite ages in granulites that
underwent ultra-high temperature metamorphic overprint during
decompression. TEM investigations allowed us to constrain submicron
evidence of the processes, which potentially may affect a Th-U-Pb age
record (or lack of such), whereas the degree of radiation damage was
estimated with Raman microspectroscopy. Extensive LA-ICPMS U-Th-Pb
analyses allowed us to investigate distribution and preservation of iso-
topic records within individual monazite grains. To summarize, this
work focuses selection of advanced analytical techniques on the small
number of grains to expand our understanding of monazite behavior
during high-grade metamorphic processes and their implications into U-
Th-Pb geochronology.
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2. Samples and methods
2.1. Geological background and sample description

The Gory Sowie Block, located in the central part of the central
Sudetes (NE Bohemian Massif, SW Poland), consists of migmatitic para-
and orthogneisses, amphibolites, and minor granulites, pegmatites,
garnet metaperidotites and calc-silicate rocks (Kryza, 1981;
Zelazniewicz, 1990). The unit experienced several (up to five) tectonic
and metamorphic events (Zelazniewicz, 1990; see Jastrzebski et al.,
2021 for a review of previous studies), which can be briefly summarized
to:

- high pressure-high temperature (HP-HT) granulite facies meta-
morphic event ca. 400-395 Ma (O'Brien et al., 1997; Gordon et al.,
2005; Kryza and Fanning, 2007; Tabaud et al., 2020),

- amphibolite facies migmatization ca. 385-370 Ma (Gordon et al.,
2005; Kryza and Fanning, 2007; Budzyn et al., 2018; Tabaud et al.,
2020; Jastrzebski et al., 2021),

- rapid cooling ca. 370-360 Ma (Brocker et al., 1998; Marheine et al.,
2002; Schneider et al., 2006).

The current work presents a comprehensive study of eleven monazite
grains from the migmatitic gneiss and two felsic granulites, which were
recently studied in terms of thermodynamic modeling and monazite
geochronology (Jastrzebski et al., 2021). The migmatitic gneiss SUD1
from Pitawa Goérna (50°42'15.7"N 16°44'11.5"E) contains quartz,
plagioclase, K-feldspar and biotite, with rare muscovite and accessory
garnet, monazite, allanite, apatite, zircon, ilmenite and titanite. Ther-
modynamic modeling constrained P-T conditions of 5-6 kbar/
680-690 °C, followed by 3.5-4.5 kbar/ca. 700 °C; monazite yielded a
concordia age of 378.1 + 5.5 Ma (95% conf., MSWD = 0.12; Jastrz¢bski
et al., 2021). Two monazite grains, selected for the current study, show
patchy to sector zoning and are partially replaced by allanite (Fig. 1a, b);
previous U—Pb dates have —2.5 to —0.5% disc. (discordance). One of
the monazite grains (Mnz2) contains inclusions of ilmenite.

The felsic granulite GS290B from Bystrzyca Gorna (50°46/37"N
16°27'07"E) is composed of quartz, plagioclase, K-feldspar, garnet,
kyanite, biotite and rutile. Monazite yielded a concordia age of 385.9 +
8.0 Ma (95% conf., MSWD = 0.04), whereas P-T conditions in a similar
granulite from this locality were constrained to 17-18 kbar/740-750 °C
followed by decompression and heating to 11-12 kbar/830-840 °C
(Jastrzebski et al., 2021). For this work, two monazite grains reflecting
growth zoning (Fig. 1c, d) were selected, as representative for less (—2.5
and 0.5% disc.; Mnz1) and more discordant (9.4 and 9.7% disc.; Mnz2)
U—Pb dates in a previous investigation.

The felsic granulite SUD43 from the exposure near the Fregata Hostel
(the Bystrzyckie lake near Zagérze Slaskie, 50°45'08.1"N 16°26/07.4"E)
is composed of quartz, plagioclase, K-feldspar, garnet, kyanite, biotite
and rutile. The SUD43 sample was chosen due to a high abundance of
monazite grains, which demonstrate distinct core-rim relations and have
record of concordant to discordant dates due to incorporation of com-
mon Pb (Jastrzebski et al., 2021). Monazite yielded the lower intercept
age 369.6 + 1.6 Ma (26, MSWD = 0.36), which is consistent with a
U—Pb concordia age of 370.0 + 5.1 Ma (26, MSWD = 0.15) pulled by
most concordant data (Jastrzebski et al., 2021). Two monazite grains
(Mnz1 and Mnz2) that previously yielded dates with —2.1 to 15.1% disc.
have been selected for TEM and Raman microspectroscopy. These two
grains and additional five monazite grains, previously not investigated,
have been chosen for extensive LA-ICPMS U-Th-Pb measurements
(Fig. 1e-k).

2.2. Analytical methods

Backscattered electron (BSE) imaging and compositional analyses of
monazite in thin sections (SUD1, GS290B) and polished 1” grain mount
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Fig. 1. BSE images of the investigated monazite grains from the migmatitic gneiss (a, b) and two felsic granulites (c-k). Discrepancy between 2°’Pb/?*°U and
208pp /298Th dates (i.e., older 207ph /235y dates) is related to the presence of common Pb mostly affecting 207ph /235y ratio due to lower concentrations of 23°U.
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(SUD43) were performed using a JEOL SuperProbe JXA-8230 electron
microprobe at the Laboratory of Critical Elements AGH-KGHM at the
AGH University of Science and Technology (Krakéw, Poland). Analytical
conditions included an accelerating voltage of 15 kV, a probe current of
100 nA and a beam size of 3 pm. See Supplementary Table S1 for
counting times, standards used, spectral lines and WDS crystals. Data
were corrected using an in-house ZAF procedure.

Sample preparation for TEM was performed by focused ion beam
(FIB) milling at the German Research Centre for Geosciences (GFZ
Potsdam) using a HELIOS G4 UC FIB/SEM system. An area of 20 x 2 pm
on each sample was selected. The final size of the FIB-foils cut directly
from the grains in the carbon-coated thin sections was approximately 20
x 10 x 0.1 pm (see Wirth, 2004, 2009 for details of the sample prepa-
ration). Transmission electron microscopy observations were performed
using a FEI Tecnai G2 F20 X-Twin TEM with a Schottky field emitter as
an electron source. The TEM was equipped with a Fishione high-angle
annular dark field detector, an EDAX X-Ray analyzer and a Gatan elec-
tron energy-loss spectrometer. The TEM procedures applied follow those
used in our recent study (Budzyn et al., 2021b).

U-Th-Pb measurements in monazite were performed using a Thermo
Scientific Element 2 sector field ICP-MS coupled to a 193 nm ArF exci-
mer laser (Teledyne Cetac Analyte Excite laser) at the Institute of Ge-
ology of the Czech Academy of Sciences. The procedure follows closely
that described in Budzyn et al. (2021a). The laser was fired at a repe-
tition rate of 5 Hz with a fluence of 1.7 J/cm? and a spot size of 13 pm.
Detailed analytical conditions are presented in Supplementary Table S2.
The U-Th-Pb data are presented as concordia and mean plots generated
with ISOPLOT v. 4.16 (Ludwig, 2012).

Raman microspectroscopy measurements of monazite were con-
ducted using a Thermo Scientific DXR Raman Microscope at the Faculty
of Geology, Geophysics and Environmental Protection, AGH University
of Science and Technology (Krakéw, Poland). The analyses were per-
formed prior to EPMA and LA-ICPMS measurements. The spectra were
collected at room temperature using a green, 532 nm diode laser with a
power of 10 mW focused through an Olympus 100x objective resulting
is spot size of ca. 0.7 pm. Acquisitions were obtained with a 900
grooves/mm grating and a CCD detector. An exposure time of 3 s and
100 data accumulations were used. The spectra were fitted after back-
ground correction assuming Gaussian-Lorentzian band shape (Ruschel
et al., 2012). The measured FWHMs (full width at half maximum) values
of monazite v1(POy4) stretching band at ca. 971-973 cm ! were corrected
for instrumental broadening (Nasdala et al., 2001).

3. Results
3.1. TEM, EPMA and Raman microspectroscopy

Two investigated monazite grains from the migmatitic gneiss contain
4.14-4.44 wt% ThO, and 0.22-0.44 wt% UO, (Supplementary
Table S3). The FWHM (full width at half maximum) values 11.67-12.69
cm™! of the Raman v;(POy) stretching band, which are approximately
twice higher than FWHM values 5.99-6.23 cm ™' indicate moderate
radiation damage calculated on the basis of Th, U, Ca and Pb contents
(after Ruschel et al., 2012) (Fig. 2; Supplementary Table S4). Monazite
Mnz1 has irregular xenomorphic shape with no core-rim textural rela-
tion. Two TEM foils represent transitions between patchy zones (Fig. 1a)
and, to lesser extent, grain boundary partially overgrown by allanite.
Foil F1 represents homogeneous monazite with no inclusions, except
one fluid inclusion with little Fe enrichment (Fig. 3a, b). In contrary, foil
F2 includes monazite and secondary allanite, overgrowing monazite,
which are partially dissolved (Fig. 3c, d). Monazite contains submicron
inclusions of fluorapatite, thorianite and goethite (Fig. 3ej), and fluid
inclusions. Fluorapatite is well crystalline and forms inclusions sizing
from ca. 150 x 600 nm to ca. 1 pm (Fig. 3e-g, j). Thorianite inclusions
occur in low abundance and their size is below 0.5 pm (Fig. 3g).

Two TEM foils were cut from monazite Mnz2, also from the
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Fig. 2. Diagram presenting the FWHM (full width at half maximum) of
measured v;(PO4) symmetric stretching band (Raman) vs. calculated values
using compositional data (EPMA) that represent “chemical broadening” of the
v1(PO4) band (Ruschel et al., 2012). High measured FWHM values indicate
moderate degree of metamictization due to radiation damage.

migmatitic gneiss, across two sector zones (F3) and across a phase
boundary with an ilmenite inclusion (F4; Fig. 1b). Foil F3 presents
polycrystalline monazite forming twins with partially open grain
boundaries, along which ThO, nanoparticles crystallized (Fig. 4a-d).
Monazite displays high crystallinity with just minor mottled diffraction
contrast in HREM imaging (Fig. 4f), and undistorted, sharp diffraction
patterns (Fig. 4j). Inclusions of other phases are rare in the foil. These
include nanoinclusions of titanite, chlorite and CaSO4 (Fig. 4e-i).

The second foil of Mnz2 (F4) displays twins and a partially open
grain boundary between monazite and an inclusion of ilmenite
(Fig. 5a-c). Monazite is homogeneous and contains no inclusions except
those along grain boundaries, where calcite and probably goethite
formed (Fig. 5d, e, h, j, 1). Here, monazite is partially altered with Ca-
enrichment and Th-depletion (Fig. 5a-g). Altered monazite shows
mottled diffraction contrast in HREM imaging and slightly diffuse
diffraction patterns thus indicating irradiation damage (Fig. 5g, i, k).

Two monazite grains from the felsic granulite GS290B show growth
zoning, and contain 1.71-4.03 wt% ThO, and 0.38-1.17 wt% UO,
(Supplementary Table S3). FWHM values 8.47-11.27 cm ™' of the
Raman v;(POy4) stretching band indicate low to moderate radiation
damage (Fig. 2; Supplementary Table S4). Foils F5 and F6 cut across
three compositional domains from core to rim of grains Mnz1 and Mnz2,
respectively, display homogeneous monazite with no inclusions and no
grain boundaries (Fig. 6a—d). The same features demonstrate foil F7
from the Mnz2 core, except an approximately 120 nm-thick crack filled
with monazite (Fig. 6e-g).

Monazite from felsic granulite SUD43 shows distinct core-rim re-
lations (Fig. 1e-k) with ThO, and UO; varying from 4.39 to 10.08 wt%
and 0.18-0.98 wt%, respectively (Supplementary Table S3). FWHM
values of the Raman v;1(PO4) stretching band 10.76-14.87 em ! are
significantly higher than FWHM values 6.27-8.18 cm ™! thus indicating
moderate radiation damage calculated on the basis of monazite
composition (Fig. 2; Supplementary Table S4). Five foils (F9-F12) from
two grains demonstrate homogeneous monazite in cores and rims with
no inclusions or grain boundaries (Fig. 6h-1).

3.2. LA-ICPMS U-Th-Pb analysis

LA-ICPMS U-Th-Pb measurements were performed in 11 monazite
grains, 8-25 analyzes per grain depending on the grain size. Analytical
strategy of the measurements covered all distinguished domains to
investigate potential variations of dates and their discordance values. In
this work, a 2% discordance (disc.) criterion is used to distinguish be-
tween the most concordant and other data, in contrast to commonly
used 5 or 10% disc. criterion for U—Pb ages <1 Ga. This allowed us to
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Fig. 3. TEM images demonstrating homogeneous monazite (from the migmatitic gneiss SUD1) in foil F1 (a,b) and nanoinclusions of foreign phases and fluid in
monazite in foil F2 (c—j). See text for more details. (a-d) are HAADF images; (e, g) are bright-field images; (f, h) are high resolution lattice fringe images; (i, j) are
diffraction patterns. Aln - allanite, Ap - fluorapatite, Gth — goethite, Mnz — monazite, Tho — thorianite.

push the limits in using most concordant dates in the discussion. Con-
cordia plots present data highlighted for <2, 2-5 and > 10% disc. cri-
terions (Fig. 7), whereas mean dates are presented for all data and data
<2% disc. (Figs. 8-9). The complete U-Th-Pb dataset is available from
Supplementary Table S5.

Two monazite grains from the migmatitic gneiss yielded U-Th-Pb
data mostly from —1.0 to 1.4% disc. (n = 15), whereas five analyses
yielded dates with 2.2-13.6% disc. and minor addition of common Pb
(Fig. 7a-b). In general, analyses in both grains yielded a similar set of
uniform dates for each isotopic ratio. Only two 27Pb/?*°U discordant
dates 402 + 13 and 435 + 15 Ma are older than most of the 207Pb/?35U

data ranging from 368 + 12 to 395 + 13 Ma (Fig. 8a). All calculated
mean dates are within 2¢ error, and corresponding means pulled for all
data and data <2% disc. for each isotopic ratio are within <2 Ma dif-
ference (Fig. 8d-f). The 207pb/235U and 2°°Pb/?%%U mean dates (<2%
disc.) 376.9 + 6.9 Ma (MSWD = 0.14) and 374.8 + 8.3 Ma (MSWD =
0.076), respectively, are only slightly younger than 2°°Pb/232Th mean
date 383 &+ 11 Ma (MSWD = 0.039; Fig. 8d-f), and all are in agreement
with the lower intercept age 375.0 &+ 4.2 Ma (MSWD = 0.25) pulled for
all data (Fig. 7a). The important result is that corresponding 2°°Pb/238U
and 2°8Pb/232Th means pulled for all data and data <2% disc. are nearly
the same (Fig. 8b, c, e, f).
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Fig. 4. TEM images demonstrating homogeneous monazite (from the migmatitic gneiss SUD1) in foil F3. Monazite displays twins with nanoinclusions of thorianite
(Tho), CaS0Oy, chlorite (Chl) and titanite (Ttn) formed along the closed grain boundaries. See text for more details. (a, b, d) are HAADF images; (c, €, g) are bright-field
images; (f, h) are high-resolution lattice fringe images. (i, j) are diffraction patterns.

Monazite U-Th-Pb data from the granulite GS290B show a discrep-
ancy between two investigated grains. The first monazite Mnz1 yielded
9 nearly uniform 2%7Pb/2%5U dates from 367 + 13 to 376 + 13 Ma with
discordance from —0.5 to 0.5%, and one older 2°’Pb/?3°U date 406 +
15 Ma (5.4% disc.). Here, all 206p, /2381y and 2°8pb,/232Th dates are in
the similar ranges shifted towards older dates from 367 + 15 to 384 +
15 Ma and from 373 + 15 to 396 + 16 Ma, respectively. Monazite Mnz2
provided more discordant data with 27Pb/235U dates ranging from 392
+ 14 to 426 + 14 Ma (3.9-11.7% disc.). The younger ranges of
206ph,/238y and 2°®pb/232Th dates are from 369 + 14 to 383 = 15 Ma
and from 375 + 15 to 395 + 15 Ma, respectively, which is similar to data

from Mnzl. There are no discrepancies between U-Th-Pb data from
cores and rims. The 2°7Pb,/23°U and 2°°Pb/?38U means calculated using
dates <2% disc. are 370.6 £ 9.0 Ma (MSWD = 0.047) and 370 & 11 Ma
(MSWD = 0.025), which is approximately the same as a lower intercept
age 371.0 + 5.5 Ma (MSWD = 0.22), and overlap in the uncertainty
range with slightly older 2°®Pb/?*2Th mean 382 + 14 Ma (MSWD =
0.109; Figs. 7¢, 8j-1). The important observation is that 2°°Pb/?32Th
means 383.5 + 8.8 Ma (MSWD = 0.09) and 382 + 14 Ma (MSWD =
0.109) pulled for all and < 2% disc. data, respectively, are approxi-
mately the same (Fig. 8i, j).

Five large monazite grains from the felsic granulite SUD43 were
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Fig. 5. TEM images demonstrating homogeneous monazite close to the ilmenite (Ilm) inclusion (from the migmatitic gneiss SUD1) in foil F4. Monazite displays a
partially open grain boundary along the contact with ilmenite (a—c), and closed grain boundary along the internal crack (b, ¢) and along twins, which were infiltrated
by fluid. Monazite is partially replaced along the grain boundary due to fluid-induced coupled dissolution-reprecipitation, which formed submicron-thick layer of Ca-
enriched and Th-depleted secondary monazite, and also calcite (Cc). (a,b) are HAADF images; (c-e) are bright-field images; (i, j) are high-resolution lattice fringe
images. (f-h) show results of EDX analyses of monazite and calcite, and (k,1) are corresponding diffraction patterns of monazite and calcite.

measured. Due to distinct textural features and a broader dataset for this
sample, the data from cores and rims are discussed separately. Monazite
cores yielded 207pb /235y dates from 384 + 13 to 426 + 14 Ma (from
—1.1 to 12.4% disc.), whereas rims provided a record from 382 + 13 to
444 4 15 Ma (from —2.9 to 6.3% disc). The data with discordance above
2% are more abundant in the cores (33/64 analyses) than in the rims
(11/69 analyses). Considering all data, 2”Pb/?%°U record from 384 +
14 to 426 + 14 Ma in the cores is shifted towards older dates compared
to 20°pb/238U dates ranging from 366 + 14 to 397 + 14 Ma and

208ph,/232Th dates from 382 + 15 to 411 + 16 Ma (Fig. 9a-c). Less
discordant data (<2% disc.) are relatively consistent providing
207pp,/235y, 206pb /238 and 2°8Pb/>*2Th means 392.2 + 5.1 Ma (MSWD
=0.077), 389.1 £ 5.9 Ma (MSWD = 0.034) and 391.3 + 7.6 Ma (MSWD
=0.027), respectively (Fig. 9d—f). In the rims, due to less discordant data
compared to the cores, only two analyses provided older 207Pb/?*°U
dates 440 + 16 and 444 + 15 Ma, which are outside error range of the
population. Mean dates calculated for <2% disc. data are within un-
certainty range with slightly younger 207pb/235 and 2°6Pb,/?38U means
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Fig. 6. TEM images of monazite in foils F5-F12 from two felsic granulites GS290B (a-g) and SUD43 (h-1). The monazite is homogeneous and contains no inclusions
of fluid or foreign phases. The only exception is the foil F7, which displays crack filled with secondary monazite (e, g). (a, c, e, g-1) are HAADF images. (b, d, f) are
TEM bright-field images with diffraction contrast.
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Fig. 7. Wetherill and Terra-Wasserburg concordia diagrams presenting a summary of LA-ICP-MS U—Pb isotopic data. Grey ellipses represent data with >5% disc.
partially due to addition of common Pb. Discordance between 2°’Pb/?*°U and 2*°Pb,/?*®U dates in monazite from granulite SUD43 is due to proportion of common
Pb, which is more effective for 2”Pb/?*°U ratio, and partially due to limited Pb-loss compromising mostly 2°°Pb/?*U ratio. One blue ellipse in (h) possibly represents
youngest U—Pb date affected by Pb-loss, however, it is within uncertainty range with concordant dates population. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

389.8 + 3.7 Ma (MSWD = 0.13) and 388.9 + 4.4 Ma (MWSD = 0.047), 4. Discussion
respectively, compared to 2°®Pb/2*2Th mean 392.5 + 5.6 Ma (MSWD =

0.054) (Fig. 9j-1).

The main processes that may affect U-Th-Pb characteristic in
monazite include accumulation of common Pb in monazite (Seydoux-
Guillaume et al., 2012; Didier et al., 2013; Skrzypek et al., 2017;

10



B. Budzyn et al. Chemical Geology 607 (2022) 121015

207Pb /235U ZOGPb /238U 208Pb /232Th
SUD1, all data
460 data-point error symbols are 20 205 data-point error symbols are 20 415 data-point error symbols are 20
(a) (b) (c)
440 395 405
= 420 385 395
©
\2_, 400
) I 375 385
©
©
380 365 375
360 355 365
Mean = 378.916.2 [1.6%] 95% conf. ’\\/Av?:?) =§7t543f7-1 i -9;%]095;’/; gonf- Mean = 382.29.1 [2.4%] 95% conf.
Wtd by data-pt errs only, 2 of 20 rej. y data-pt errs only, 0 of 20 rej. Wtd by data-pt errs only, 0 of 20 rej.
340 MSWD = 0.26, probabilty = 0.999 345 MSWD = 0.061, probability = 1.000 | 355 MSWD = 0,040, probabiiiy = 1.000
SUD1, <2% disc.
data-point error symbols are 20 405 data-point error symbols are 20 415 data-point error symbols are 20
s00 | (d) (e) ()
395 405
390 I I
g 1 385 i ) 1 395
g |
= 380 1 I
% 375 385
g I LLELLLEH
i I 365 i i it 375
360 355 365
= Mean = 374.8+8.3 [2.2%)] 20 Mean = 38311 [2.8%)] 20
350 Wtd’vg)eyaga;asgfé?risﬁé?'ﬂ[; g"/gg 3‘5’ o _ Wtd by data-pt errs only, 0 oof 15 rej. 355 V&/tsdv% da(t)a(-);;}tgerrs %nlg,IO of 11 Sorg(j).
% ) 3 5 e =0.039, ility = 1.
MSWD = 0.14, probability = 1.000 MSWD = 0.076, probability = 1.000 probability
GS290B, all data
data-point error symbols are 20 data-point error symbols are 20 420 data-point error symbols are 20
a0 }(9) a05 | () (i)
i -
395
420 I I I I I I I 400
) 385
= 400 390
Q
£ I 375 380
T 380
| 365 370
360 355 360
Mean = 374.37.0 [1.9%] 95% conf. Mean = 383.5+8.8 [2.3%] 95% conf.
340 345 Wtd by data-pt errs only, 0 of 22 rej. 350 Wtd by data-pt errs only, 0 of 22 rej.
|_MSWD = 0.082, probability = 1.00 MSWD = 0.090, probability = 1.000
GS290B, <2% disc.
data-point error symbols are 20 data-point error symbols are 20 data-point error symbols are 20
2 4 395 P Y 420 P Y
el 410
385
400
© 375
\2/ 390
0]
< 370
L] 365 -
SO
360 355
Y 360
Mean = 370+11 [3.0%] 20
Mean = 370.6:9.0 [2.4%] 20 Wid by data-pt errs o[nly, Gero rej. Meam=Sp2e 14 3.1l 20,
350 Wtd by data-pt errs only, 0 of 9 rej. 345 MSWD = 0.025, probability = 1.000 350 Wtd by data-pt errs only, 0 of 9 rej.
MSWD = 0.047, probability = 1.000 | MSWD = 0.109, probability = 0.999
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Fig. 9. Results of LA-ICPMS isotopic analyses of monazite from the felsic granulite SUD43 on the diagrams presenting 2°7Pb/23%U, 20°pb/238U and 2°®pb,/232Th
mean dates.
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Jastrzebski et al., 2020, 2021; Barnes et al., 2021; Budzyn et al., 2021a),
low to moderate degree of metamictization related to radiation damage
(Seydoux-Guillaume et al., 2018b; Nasdala et al., 2020; Budzyn et al.,
2021b), fluid-mediated compositional alteration via coupled
dissolution-reprecipitation reactions resulting in removal of Pb in
altered monazite domains (Harlov et al., 2011; Williams et al., 2011;
Budzyn et al., 2015, 2021b; Grand'Homme et al., 2016, 2018) or the
presence of Pb-bearing nanoinclusions (Seydoux-Guillaume et al.,
2018a; Turuani et al., 2022). Below we discuss the influence of these on
the U-Th-Pb age record and the meaning of the Pb/U and Pb/Th dates in
monazite that experienced multiple metamorphic episodes.

4.1. Micro- to submicron-features of monazite

The main features observed in monazite in the migmatitic gneiss
SUD1 include (i) the formation of allanite overgrowths on the surface
and (ii) internal alterations of monazite observed on the submicron
scale. Regarding the first, the relative stabilities of monazite and allanite
were intensively studied in the past, and they are controlled primarily by
P-T conditions, whole rock composition and the composition of fluids
(Broska and Siman, 1998; Finger et al., 1998; Janots et al., 2007, 2008;
Spear, 2010; Budzyn et al., 2010, 2011, 2017). The migmatitic gneiss
recorded P-T conditions 5-6 kbar/680-690 °C at ca. 380 Ma, followed
by 3.5-4.5 kbar/ca. 700 °C, and rapid cooling 370-360 Ma (Jastrzebski
et al., 2021). The composition of the gneiss with 1.96 wt% CaO and a
bulk CaO/Na5O ratio of 0.64 (Jastrzebski et al., 2021), allows us to es-
timate the stability of allanite to temperature conditions below ca.
600 °C (Janots et al., 2008). These estimations together with a small
grain size (max. several micrometers) suggest that allanite formed dur-
ing a rapid cooling event. The retrogressive stage of metamorphism
resulted in partial dissolution of the monazite surface, but also of the
secondary allanite, and an open grain boundary with submicron-sized
cavities between these phases (Fig. 3d). Monazite in migmatitic gneiss
SUD1 shows also a partially open grain boundary, up to several hundred
nanometers thick, along the contact with ilmenite (Fig. 5a-b). Such open
space probably was used for fluid transport that induced monazite
alteration via coupled dissolution-reprecipitation process, which resul-
ted in a Ca-enriched and Th-depleted nanometer-scale rim (Fig. 5b-e).
Presence of calcite (Fig. Se, h, j, 1) on the monazite surface indicates that
the fluid was enriched in CO;, whereas Ca was supplied either by
monazite or fluid, or both. The exceptional case is a closed grain
boundary in monazite, which is filled with goethite enclosed in
nanometer-scale lamellae of secondary monazite (Fig. 5b). These
resulted from fluid penetration along the crack in monazite, which
formed due to anisotropic thermoelastic response of the crystal to
decompression and cooling at the retrogressive stage of metamorphism
(cf., Kruhl et al., 2013; Wirth et al., 2022). The nanometer-scale thick
grain boundaries were partially open for fluid also along the lamellas of
monazite twins, which resulted in the formation of nanoinclusions of
thorianite, titanite, chlorite and CaSOy4 (Fig. 4d-i). Monazite supplied Th
for secondary thorianite and possibly Ca and S for the formation of
CaSOg4. The presence of nanoclusters of CaSO4 has been earlier reported
in S-rich monazite from ultra-high temperature granulite (Laurent et al.,
2016). The SO3 content in monazite in the SUD1 sample is below EPMA
detection limit (i.e., <102 ppm), which suggests rather external source
of S supplied by the fluid. However, it cannot be excluded that unde-
tected with EPMA, small amounts of SO3 in monazite were supplied in
formation of CaSO4 nanoinclusions. Only nanoinclusions of fluorapatite
are not clearly related to any crack or closed grain boundaries (Fig. 3c,
e-g, j), indicating that monazite was the source of Ca and P. The
important role of nanoinclusions has been recently reported from
monazite in ultra-high temperature granulite from Norway. The
Ca-S-rich nanoclusters, 5-10 nm in size, homogeneously distributed in
monazite have been recognized as a sink for radiogenic Pb released from
monazite via Pb diffusion in the system closed at the microscale (Sey-
doux-Guillaume et al., 2019). In monazite in the migmatitic gneiss,
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CaS04 nanoinclusions can play such a role. Another sink for unsup-
ported Pb that may interfere with U-Th-Pb characteristics of monazite
are nanocrystals of fluorapatite or titanite, which can also accumulate
Pb, and thorianite with radiogenic 2°®Pb. This should be considered
when evaluating the isotopic data.

Monazite in granulites, in contrast to the migmatitic gneiss sample, is
homogeneous with no submicron inclusions in eight studied TEM foils
(Fig. 6). The only evidence of fluid-induced processes resulting in
compositional alterations in a submicron scale, which may affect U-Th-
Pb isotope characteristics, is a single ca. 120 nm-thick crack filled with
monazite (Fig. 6e-g). Such features are surprisingly positive for the use
of investigated monazites from granulites in geochronology. Submicron
characteristics of monazite from HP-HT metamorphic rocks were
investigated only in a few studies and are still poorly recognized. The
analytical volume of conventional in-situ techniques provided discor-
dant U-Th-Pb data compromised by the presence of galena, but also
affected by Pb-loss in monazite from an ultra-high temperature Archean
granulite containing homogeneously distributed large number of Pb-
bearing inclusions (Turuani et al., 2022). Recent experimental study
also revealed extensive fluid-induced alterations of monazite at 750 °C
resulting in high density of cheralite (CaTh(PO4)2) and fluid nano-
inclusions, which remain unnoticed by common electron microscopy
BSE imaging (Budzyn et al., 2021b). Here, monazite in the studied foils
shows no such features. At some point this can be disappointing
considering the lack of a simple explanation of the mechanisms
responsible for the age disturbance in monazite Mnz2 in granulite
GS290B or in the cores of monazites Mnz1 and Mnz2 in granulite SUD43
(Fig. 1d—-f). The implication could be that common Pb is incorporated in
the lattice of monazite. Possibly, the analytical volume sampled by the
laser ablation includes discontinuities and more micro-fractures than the
single micro-crack in foil F7 (Fig. 6e-g), that can contain common Pb.

4.2. Pb/U vs. Pb/Th monagzite ages

A relatively small amount of nanometer-sized inclusions and
compositional alterations of monazite limited to grain boundaries and
the formation of nanometer-sized lamellae suggest that fluid-induced
alteration may have had very limited influence on the monazite age
record in the migmatitic gneiss SUD1. This is partially reflected in U-Th-
Pb data, which are mostly <2% discordant (15 analyses), whereas 4
dates are with 2.2-5.9% disc. and there is only one highly discordant
date with 13.6% disc. (Fig. 1a, b). All individual 207pp /235dates (except
two discordant dates), 206pt /238(y and 2°8pb,/232Th dates stay within 2¢
uncertainty range of their means (Fig. 8a—c). Monazite can be affected
by excess of 206p, resulting in reverse discordance (Schoene, 2014),
therefore, theoretically the 2°’Pb/23°U age is expected to be younger and
considered as more reliable than the 2°°Pb/23%U age. The monazite
SUD1, however, shows no evidence of such relation in Pb/U dates,
except 2°7Pb/%°U dates with highest discordance (Fig. 7a, b). They are
probably affected by a moderate degree of radiation damage and/or
incorporation of common Pb. The 2°8Pb/232Th mean dates 382.2 + 9.1
Ma (all data) and 383 + 11 Ma (<2% disc.) are roughly the same and
only marginally older with respect to Pb/U means (Fig. 8a—f). The
marginal difference can be related to a number of factors, including the
choice of standard, heterogeneity of standard, uncertainty in calibration
of standards or details of LA-ICPMS analytical conditions. The monazite
TS-Mnz used as primary standard for calibration was characterized with
ID-TIMS for the U—PDb system, but was not measured for Th—Pb system
(Budzyn et al., 2021a). It has been shown that LA-ICPMS 207pp, /235y
mean dates (three sessions: 899.8 & 6.6 Ma, n = 28; 896.3 = 6.5 Ma, n =
22; 901.9 + 2.0, n = 360) are systematically slightly younger than ID-
TIMS 207Pb/235y age 910.42 + 0.34 Ma (20) of TS-Mnz, whereas LA-
ICPMS 2°8Pb/232Th mean dates are more accurate (909.2 + 5.8 Ma, n
= 28; 915.1 &+ 11 Ma, n = 21; 909.9 + 1.5 Ma, n = 366; Budzyn et al.,
2021a). Nevertheless, lower precision of LA-ICPMS compared to ID-
TIMS hides discrepancies between both techniques and also the
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reverse discordance. The isotope data of the reference material TS-Mnz
partially explain the marginal discrepancy between Pb/U and Pb/Th
dates in monazite from the migmatitic gneiss SUD1 (Fig. 8d—f), possibly
as an instrumental feature of the LA-ICPMS technique measurements of
monazite. Also, because the 2°®Pb isotope has higher abundance in
monazite than lighter isotopes 2°’Pb and 2°°Pb, the marginally older
208pp,/232Th mean more likely reflects the age of monazite crystalliza-
tion. It cannot be excluded that some unsupported 2°°Pb trapped in
thorianite nanoinclusions may interfere with Pb/Th systematics of
monazite. However, the size and low abundance of thorianite inclusions
(Figs. 3g, 4d) suggest their negligible importance in the studied case. All
these lead to the conclusion that 2°®Pb/?*2Th means, which are
approximately the same for all and < 2% disc. data (382.2 £+ 9.1 Ma and
383 + 11 Ma, respectively; Fig. 8c, f), reflect a true age of metamorphic
monazite in the migmatitic gneiss, which is in good agreement with
previous geochronological constraints on the age of metamorphism in
the Géry Sowie Block. The important conclusion is that partial alter-
ations of monazite resulting in allanite overgrowths, submicron
compositional alterations and formation of nanoinclusions do not affect
U-Th-Pb age record.

Monazite in both granulites shows no submicron scale evidence of
potential alterations (except one micro-crack filled with monazite),
therefore we focus on the significance of the U-Th-Pb data with respect
to earlier P-T constraints on the metamorphic records in granulites from
the Gory Sowie Block. A pressure peak was determined in the range of
15 kbar/795 °C to 18-20 kbar/900-1000 °C (Kryza et al., 1996; O'Brien
etal., 1997) at ca. 400-395 Ma (O'Brien et al., 1997; Gordon et al., 2005;
Kryza and Fanning, 2007; Tabaud et al., 2020) followed by decom-
pression to 6.5-8.5 kbar/775-910 °C (O'Brien et al., 1997). Recent
thermodynamic modeling constrained decompression from conditions
of ca. 17 kbar/840 °C to 11-12 kbar/850-860 °C (Jastrzebski et al.,
2021). The investigation of granulite GS290B focused on the comparison
of two monazite grains with concordant and discordant dates. The age
distribution across both grains is uniform in each Mnzl and Mnz2
(Fig. 1c, d), which yielded similar or nearly the same 2°°Pb/?3%U and
208ph,/232Th means pulled for their corresponding all data and < 2%
disc. data. The high discordance in Mnz2 reflects incorporation of
common Pb, which affected mostly the sensitive 2°’Pb/?*U ratio
(Fig. 7¢, d), and possibly accumulated in the monazite lattice along the

SUD1

GS290B
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microcracks (Fig. 6e-g). The relation between Pb/U and marginally
older Pb/Th concordant ages is similar to that discussed above in mig-
matitic gneiss. The 2°°Pb/232Th mean date 383.5 =+ 8.8 Ma pulled for all
data probably reflects age of monazite crystallization (Fig. 8i). The
207pb,/235y and 2°°Pb/?*8U means 370.6 + 9.0 Ma and 370 + 11 Ma
(<2% disc.), respectively (Fig. 8j, k), are the same as the lower intercept
age 371.0 & 5.5 Ma and also consistent with earlier 370.0 & 5.1 Ma age
constraint on the decompression stage at high temperatures (Jastrzebski
et al., 2021). It cannot be excluded that this suggests some ancient Pb-
loss due to volume diffusion during prolonged ultra-high temperature
metamorphic event in the granulite, despite that volume diffusion of Pb
in monazite is very slow (Cherniak et al., 2004; Gardés et al., 2006). On
the other hand, the relation between Pb/U and marginally older Pb/Th
concordant ages is similar to that discussed above in migmatitic gneiss,
and to LA-ICPMS characteristics of monazite standard TS-Mnz with
consistently younger Pb/U dates compared to ID-TIMS Pb/U age
(Budzyn et al., 2021a). In such case, Pb/U dates and U—Pb concordia
ages can be actually misleading and we recommend using Pb/Th data in
LA-ICPMS monazite dating.

The largest U-Th-Pb dataset was collected in granulite SUD43 and
provides consistent and uniform mean dates, equal within their
respective errors (Fig. 10). The exceptions are older 2°’Pb/?*°U mean
date of 399.4 + 3.7 Ma and younger 2°°Pb/238U mean date of 385.9 +
4.1 Ma for all data from the cores, which is related to various degrees of
high discordance in large number data. The latter is related to combi-
nation of partial Pb-loss, expressed as marginally younger 2°°Pb/238y
dates, and addition of common Pb, which is effective mostly in
207pp,/235( ratio (Fig. 7e, f). The interesting is the difference in the U-Th-
Pb records between Mnz1 and Mnz2 (previously studied in Jastrzebski
et al., 2021), and other five grains studied. Monazite Mnz3-Mnz7 yiel-
ded U—Pb dates <5% disc. with only one 5.2% disc. date (Fig. 1g-k). We
pushed the limits to consider <2% disc. analyses as concordant data,
however, all 207ph /235 dates (including those with 2-5.2% disc.) are
within 20 error. The isotopic data for the Mnz3-Mnz7 grains do not
deserve further criticism.

There is no simple explanation of the mechanism(s) that induced
high discordance of 2°’Pb/23>U dates in the cores of monazites Mnz1 and
Mnz2. Both grains are homogeneous in foils F8—F12 with no differences
between cores and rims (Fig. 6h-1). The only difference is compositional:
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Fig. 10. Summary of the LA-ICPMS isotopic data from this study compared with results obtained for these samples, but higher monazite population with lesser

number of analyses per grain in an earlier study of Jastrzebski et al. (2021).
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dark (in high-contrast EPMA-BSE imaging) cores contain lower Th and
higher U concentrations compared to bright rims (4.39-5.72 wt% ThO,
and 0.98-0.88 wt% UO3 vs. 9.21-10.08 wt% ThO, and 0.18-0.20 wt%
UOy). This is partially reflected in FWHM values of v;(PO4) symmetric
stretching Raman band 10.76-12.99 cm™! and 15.34-16.46 cm ™}, that
indicate lower efficiency of moderate degree of radiation damage in the
cores than the rims, respectively. Nevertheless, neither Raman, EPMA
nor TEM data provide evidence of processes, such as fluid-mediated
alterations that may result in compositional alterations, which could
explain the 6.8-12.4% disc. of U—Pb data in the cores. This suggests
incorporation of common Pb in the lattice of monazite resulting in the
discordance with shifting 2°”Pb/?*5U dates towards older ages, possibly
combined with loss of radiogenic Pb, slightly shifting 2°°Pb/238U dates
towards younger ages (Fig. 7e—f). Concerning all these, we recommend
using a 5% or, if data allow, 2% discordance criterion to distinguish
between the most concordant and other data to avoid misinterpretations
using U—Pb dates with higher discordance.

One of the aspects of the U-Th-Pb data that also requires a short
comment is a potential surface contamination by common Pb. This is
particularly problematic in sample preparation for SIMS trace analysis of
Pb (Schmitt and Vazquez, 2017). The common Pb contamination cannot
be avoided in rock thin sections, but is less problematic in grain mounts
with separated crystals. Laser ablation is sampling deeper into the
crystals and the surface contamination is much less problematic. In this
study, common Pb correction was not applied due to interference with
204Hg in the carrier gas. Nevertheless, the uncorrected 2°Pb/2%Pb data
demonstrate that 2°*Pb content in monazite separated from granulite
SUD43 (grain mount) is generally at the order of magnitude higher than
in monazite in thin sections of migmatitic gneiss SUD1 and granulite
GS290B (Fig. 11). These differences are rather related to individual
characteristics of monazite in each sample and neither confirm nor deny
a higher content of common Pb in monazite from the granulite SUD43.
However, the results suggest negligible or no contamination from the
surface in the thin sections during LA-ICPMS analysis.

Previous monazite dating of the granulite SUD43 reported highly
discordant U—Pb ages due to incorporation of common Pb and late
recrystallization at high temperature conditions. The intercept and
concordia ages 369.6 + 1.6 Ma and 370.0 + 5.1 Ma, respectively, were
interpreted as the age of decompression at high temperatures (Jastr-
zebski et al., 2021). In this work, 2°Pb/232Th mean dates pulled for all
data are 392.8 + 5.2 Ma and 392.9 + 5.0 Ma from cores and rims,
respectively, and are considered to be the age of monazite crystallization
during progressive metamorphism at the pressure peak. The
208p},/232Th means are in good agreement with 27Pb/2%°U and
206pt, /23815 mean ages, which are only marginally younger (Figs. 9, 10).
The high discrepancy between ca. 390 Ma (this study) and ca. 370 Ma
(Jastrzebski et al., 2021) monazite ages can be related to the choice of
primary reference material or analytical conditions during LA-ICPMS
sessions separated by several years difference, however, we found no
evidence of such. The new ca. 393 Ma 2%8Pb/232Th age is in good
agreement with earlier constraints on the HP-HT granulite facies
metamorphism at ca. 400-395 Ma (O'Brien et al., 1997; Gordon et al.,
2005; Kryza and Fanning, 2007; Tabaud et al., 2020).

Another aspect of this study is the importance of partially open grain
boundaries at a nanometer scale that might have been pathways for
fluids (Kruhl et al., 2013; Wirth et al., 2022). Compositional alterations
of monazite that result in age discordance are most commonly consid-
ered to be recognizable in BSE imaging as altered rims or patchy do-
mains (Budzyn et al., 2011, 2015, 2021b; Harlov et al., 2011; Williams
etal., 2011; Grand'Homme et al., 2016, 2018). Here, monazite is little or
not affected by fluid-induced alterations probably due to rapid cooling.
Nevertheless, TEM investigations demonstrated that alteration of
monazite is very well possible along partially open grain boundaries,
either between monazite and another phase or along twins or cracks in
monazite, which can be used for fluid migration. The presence of
nanoinclusions of fluorapatite and calcite in monazite confirms the
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Fig. 11. Diagrams presenting 2°°Pb/?*®U vs. 2°°Pb/2%pb isotope ratios for
monazite from migmatitic gneiss SUD1 and granulites GS290B and SUD43.
Logarithmic y-axis is used.

importance of the F and CO, component in the fluid during monazite
alteration. Excess of 2°®Pb resulting from the presence of thorianite
nanoinclusions may affect 2°°Pb/232Th monazite age record, and it re-
quires attention in evaluation of the material for geochronological an-
alyses. In this work, the low abundance of thorianite nanoinclusions and
the small size of submicron layers of altered monazite (via coupled
dissolution-reprecipitation) compared to the ablated volume suggest
that they cannot effectively affect the Pb/U and Pb/Th dates. However,
special care should be taken as the intensity of the alterations with
respect to the grain volume and mineral-fluid reaction rates can be
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higher, and may remain unnoticed in the microscale observations.
5. Conclusions

A compilation of TEM, EPMA, Raman microspectroscopy and
extensive LA-ICPMS U-Th-Pb measurements provided important data,
which allow us to better understand the submicron-scale processes that
can affect the monazite U-Th-Pb geochronometer of high-grade meta-
morphic rocks. Altered monazite with allanite overgrowths in migma-
titic gneiss that experienced temperature conditions of ca. 680-700 °C
contains nanoinclusions of fluorapatite, thorianite, titanite, chlorite,
goethite and CaSO4, which are dispersed or located close to partially
open or closed grain boundaries. These phases can be a source of un-
supported Pb in monazite LA-ICPMS measurements, however, in case of
the investigated sample, the submicron size, low abundance and high
dispersion of these nanoinclusions question their influence on the U-Th-
Pb characteristics of monazite. Fluid-induced alterations via coupled
dissolution-reprecipitation occurred on the submicron-scale and resul-
ted in compositional alteration of monazite. The limited textural effects
of these alterations, which occurred during retrogressive metamorphic
stage, are related to rapid cooling and had very limited or no effect on
the monazite age record. The important insight of this study is that
monazite from granulites is homogeneous in TEM foils with no solid or
fluid nanoinclusions that may indicate fluid-induced alterations.

The presented study scrutinizing few carefully selected monazite
grains demonstrates the importance of careful evaluation of the U-Th-Pb
data with respect to various processes potentially affecting the age re-
cord, which can remain unnoticed as alterations in standard BSE im-
aging. The age disturbance related to addition of common Pb
compromises particularly 2°’Pb/2*°U dates of monazite, shifting them
towards older ages. The concordant 2°7Pb/23%U and 2°6Pb/?%U mean
ages (limited to <2% or < 5% disc.) seem to be marginally younger than
expected true age of monazite crystallization, which can be explained by
some Pb-loss or LA-ICPMS analytical conditions (choice of the standard,
analytical conditions in each session, etc.). Because of higher Th content
in monazite, the 2°8Pb/232Th ratio is less sensitive to the incorporation
of initial Pb. The new 2°8Pb/232Th mean ages are consistent with earlier
geochronology, and are considered as reflecting the true ages in all
studied samples. This study demonstrates that LA-ICPMS 2°8Pb/232Th
dates can be the most effective in monazite geochronology and the
application of TEM is required for better understanding the age data and
to exclude potential influence of submicron inclusions of Pb-bearing
phases.
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