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Bernhard Schulz*
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Freiberg/Saxony, Germany

The phosphate mineral monazite (LREE,Y,Th,Ca,S)PO, occurs as an accessory
phase in peraluminous granites and Ca-poor meta-psammopelites. Due to negligible
common Pb and very low Pb diffusion rates at high temperatures, monazite has
received increasing attention in geochronology. As the monazite grain sizes are mostly
below 100 wm in upper greenschist to amphibolite facies meta-psammopelites, and
rarely exceed 250 wm in granulite facies gneisses and in migmatites, microstructural
observation and mineral chemical analysis need the investigation by scanning electron
microscope and electron probe microanalyzer, with related routines of automated
mineralogy. Not only the microstructural positions, sizes and contours of the
grains, but also their internal structures in backscattered electron imaging gray
tones, mainly controlled by the Th contents, can be assessed by this approach.
Monazite crystallizes mostly euhedral to anhedral with more or less rounded crystal
corners. There are transitions from elliptical over amoeboid to strongly emarginated
grain shapes. The internal structures of the grains range from single to complex
concentric over systematic oszillatory zonations to turbulent and cloudy, all with low
to high contrast in backscattered electron imaging gray tones. Fluid-mediated partial
alteration and coupled dissolution-reprecipitation can lead to Th-poor and Th-rich
rim zones with sharp concave boundaries extending to the interior. Of particular
interest is the corona structure with monazite surrounded by apatite and allanite,
which is interpreted to result from a replacement during retrogression. The satellite
structure with an atoll-like arrangement of small monazites may indicate re-heating
after retrogression. Cluster structures with numerous small monazite grains, various
aggregation structures and coating suggest nucleation and growth along heating
or/and enhanced fluid activity. Microstructures of monazite fluid-mediated alteration,
decomposition and replacement are strongly sutured grain boundaries and sponge-
like porosity and intergrowth with apatite. Garnet-bearing assemblages allow an
independent reconstruction of the pressure-temperature evolution in monazite-bearing
meta-psammopelites. This provides additional potential for evaluation of the monazite
microstructures, mineral chemistry and Th-U-Pb ages in terms of clockwise and
counterclockwise pressure-temperature-time-deformation paths of anatectic melting,
metamorphism and polymetamorphism. That way, monazite microstructures serve as
unique indicators of tectonic and geodynamic scenarios.

Keywords: monazite, meta-psammopelites, peraluminous granites, dissolution-reprecipitation, corona
microstructure, satellite microstructure, P-T-time-deformation paths
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INTRODUCTION

The phosphate mineral monazite (LREE,Th,Y,Si,Ca)POy - first
described by Breithaupt (1829) in Freiberg/Saxony - is an igneous
accessory phase in peraluminous granites, syenite, and granitic
pegmatites, quartz veins, and carbonatites. It is also common
as an accessory mineral in metapelitic rocks with Ca-poor and
Al-rich bulk compositions at all metamorphic grades above
the upper greenschist facies. Monazite occurs in low-pressure
contact metamorphic rocks, in high-grade garnet cordierite
K-feldspar gneisses, in granulites, migmatites, charnockites and
also in coesite-bearing ultra high pressure garnet gneisses (e.g.,
Overstreet, 1967; Spear and Pyle, 2002; Brandt et al., 2011;
Petrik et al., 2019). However, monazite is not an approved
high pressure phase and apparently crystallizes prior to and/or
after to the peak pressures. Monazite is also observed in
connection with hydrothermal and metasomatic ore deposits
(e.g., Poitrasson et al., 1996; Hecht and Cuney, 2000; Schandl
and Gorton, 2004; Kempe et al., 2008; Janots et al, 2012;
Seydoux-Guillaume et al., 2012). Such a genetic association with
crustal fluids encouraged petrologic experiments in order to
understand monazite formation, its behavior in nature and the
consequences for age dating, especially in terms of dissolution-
reprecipitation (e.g., Harlov and Forster, 2003; Harlov et al., 2005,
2011; Hetherington et al., 2010; Budzyn et al., 2011, 2017).

Monazite has variable mineral chemical compositions. Its
nominal composition is dominated by La, Ce, and Nd which
together comprise 2.8 - 3.2 cations per 4 oxygen (per formula
unit p.f.u) of the total cation proportions. The other REE such as
Pr, Sm, Eu and Gd, occur in minor proportions (0.3 - 0.4 cations
p-fu.). Most monazites contain additional Ca, Si and HREE at
concentrations less than 0.02 cations p.f.u., but Y concentrations
can reach up to 0.1 cations p.f.u. (e.g., Quarton et al., 1994; Franz
et al., 1996; Gratz and Heinrich, 1997; Heinrich et al., 1997;
Forster, 1998; Zhu and O’Nions, 1999; Spear and Pyle, 2002;
Linthout, 2007). The Th occurs in igneous and metamorphic
monazite with up to 0.25 cations p.f.u., but most metamorphic
monazite has less than 0.05 Th p.f.u. The U concentrations are
comparably low and range from 0.01 - 0.005 cations (p.f.u.).
Apart from the monazite - xenotime exchange Y = REE, the
Th + Si = REE + P (huttonite) exchange and the Th + Ca = 2REE
(cheralite) exchange can operate. As a consequence of the
mineral-chemical variability, there are numerous reports of
compositional zoning in igneous and metamorphic monazite
(Spear and Pyle, 2002 and references therein).

The mineral chemical and crystallographic characteristics of
monazite made it a perfect target for in situ geochronology
besides the classical U-Pb isotope measurements by TIMS, SIMS
and LA-MC-ICP-MS (e.g., Harrison et al., 2002). In situ monazite
Th-U-Pb dating by the electron probe microanalyser (EPMA)
is based on the observation that common Pb in monazite is
negligible when compared to radiogenic Pb resulting from the
decay of Th and U (e.g.,, Parrish, 1990; Montel et al., 1996;
Braun et al., 1998; Cocherie et al., 2005). Also, monazite shows
extremely low diffusion rates for the radiogenic Pb at high
temperatures. Cherniak et al. (2004) reported that a 10-pm-
sized monazite grain would have a Pb closure temperature in

excess of 900°C, given a cooling rate of 10°C/Ma. Apparently,
the Pb is fixed in the monazite structure, which explains the
low tendency of this element to escape from monazite. Also
it is generally agreed that radiation damage in monazite self-
anneals over geological periods of time even at relatively low
temperatures, thus preventing the accumulation of significant
amounts of damage (e.g., Meldrum et al., 1998; Nasdala et al.,
2018). Therefore, EPMA analysis of the bulk Th, U, and Pb
concentrations in monazite, at a constant 2*8U/2%U, allows for
the calculation of an isochron age (Suzuki and Adachi, 1991;
Suzuki and Kato, 2008) and/or for single domain ages with a
considerable error (e.g., Montel et al., 1996; Pyle et al., 2005;
Jercinovic et al., 2008; Spear et al., 2009; Williams et al., 2017;
Montel et al., 2018). The younger age limit of the EPMA Th-
U-Pb monazite dating method is at about 100 Ma, as given by
the detection limit for Pb (Montel et al., 1996). For the monazite
U-Pb dating methods by isotope ratio measurement with SIMS
and LA-ICP-MS the younger age limits are considerable lower.
However, these methods have also limitations, given by small
monazite grain sizes and the incomplete mineral compositional
data beside Th, U, and Pb.

As a consequence, monazite microstructures are not
stand-alone. They are accompanied by the variable monazite
mineral-chemical compositions and the in situ Th-U-Pb dating
perspective. In combination this provides a great potential
to understand the monazite genesis and gives irreplaceable
petrochronological constraints for the reconstruction of
ancient orogens. This contribution provides a review of
monazite microstructures and their implications for the igneous
and metamorphic evolution. Monazite microstructures in
different rock types and variable tectonic settings are presented,
together with specific microstructures that are relevant for the
understanding of petrogenetic processes. The sample locations
and provenance of monazite microphotos in the figures are listed
with related references as electronic supplement. The manifold
analytical details of compositions and age dating procedures of
the processes which lead to distinct monazite microstructures
are beyond the scope of this contribution. However, there is one
more interesting aspect of monazite microstructures: Monazite
often occurs in garnet-bearing meta-psammopelites which
allow an independent reconstruction of metamorphic P-T-time
deformation paths in reference to the monazite P-T stability
field. This approach is presented by reporting some case studies
which include the evaluation and interpretation of the monazite
microstructures in terms of the pressure-temperature evolution.

ANALYTICAL APPROACH TO MONAZITE
MICROSTRUCTURES

The details of the in situ analysis of monazite chemical
composition and the Th-U-Pb dating by EPMA, LA-ICP-MS and
SIMS have been outlined and updated in numerous publications
(e.g., Montel et al., 1996, 2018; Scherrer et al., 2000; Pyle et al.,
2005; Jercinovic et al., 2008; Suzuki and Kato, 2008; Spear et al.,
2009; Zhang et al., 2015; Ling et al., 2017; Williams et al., 2017;
Richter et al., 2019; Schulz et al., 2019b). Thus, this contribution
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is focussed on the evaluation of monazite microstructures, and
their detection and characterization. Although monazite grain
sizes of >1 mm have been reported (Spear and Pyle, 2002), the
grain size of most igneous and metamorphic monazite range
below 200 pwm, mostly at 100 - 10 wm. Thus, for search and
petrographic documentation of monazite in thin sections, the
scanning electron microscope (SEM) is essential. Automated
mineralogical methods (e.g., Schulz et al., 2020), based on an SEM
equipped with image analysis software, an automated steering of
the electron beam, and energy dispersive spectrometers for EDS
analyses, can be applied to thin sections of potentially monazite-
bearing rocks. Software packages for mineral liberation analysis
(MLA versions 2.9 or 3.1 and QEMSCAN by FEI Company) or
alternative software platforms by Zeiss Mineralogic Systems and
TESCAN TIMA can then be used for the automated steerage of
the electron beam for EDS identification of mineral grains and
the collection of EDS spectra. Of special interest for the search for
monazite are automated mineralogy routines actually designed
for the detection of rare phases as gold or platinum group
minerals. Such routines combine a backscattered electron (BSE)
gray color value trigger and single spot EDS spectral analysis. The
BSE gray color value at 25 kV acceleration voltage of the electron
beam is set at 250 for gold and at 25 for the epoxy raisin at the
margin of the petrographic thin section. In this gray color scale,
monazite is very bright and will have a value of >120. When
the BSE gray color value trigger for the search is set at >90,
then monazite, xenotime, zircon, most sulfides ores, Fe- and Fe-
Ti-oxides will be detected automatically. Apatite which may be
also of interest has a value of ~70 and will not be detected as
a rare phase, as its BSE gray color value overlaps with biotite
and garnet, and other Fe-bearing silicates (BSE gray color ~50
- 80). For the classification of the measured minerals, a list of
identified reference EDS spectra has to be collected and applied.
Usually the rare phase detection routines then deliver a catalogue
of false-colored images, which document grain counts and area,
grain sizes and shapes, and the microstructural relationships of
the monazite grains and their hosting and neighboring minerals
within a distance of ~100 pm from the margin of the target
mineral (Figure 1). This can be used to select specific monazite
grains for a direct SEM stage-drive access and for successive
detailed EPMA, LA-ICP-MS and SIMS analysis. A manual search
for monazite by scrolling a thin section sample under the BSE
detector can also be considered.

For the detailed documentation of the monazite
microstructures several steps are recommended. At normal
BSE contrast and brightness the monazite grains appear with
homogeneous bright and white color, whereas the neighboring
minerals like feldspars, quartz, mica or garnet appear with
dark to light BSE gray colors. For the resolution of the internal
structures of monazite, a considerably different modulation
of the BSE contrast and brightness is necessary. The contrast
should be increased while brightness is decreased until the
surrounding matrix minerals are completely dark and the
internal structures of monazite are visible. In general, the light
parts of the monazite coincide with high Th contents. After
semiquantitative controls of the Th contents within the monazite
grain by EDS, the contrast/brightness should be reset to verify the

matrix phases by EDS, especially in reaction microstructures. The
SEM automated mineralogy investigations show that monazite
grain counts (500 - 30) and the grain diameters (100 - 20 pm)
can vary considerably in thin sections (Schulz, 2017; Schulz
et al., 2019b). Usually, the grain size at the cumulative 50 wt%
of the cumulative grain size distribution curve (P50 or Md50) is
reported. Depending on the abundance and grain size, a further
detailed documentation of ~20 larger grains per sample and
also by additional wavelength dispersive spectroscopy element
mapping is recommended. One has to be aware that monazite
grain sizes and internal microstructures as observed in situ
in petrographic thin sections may considerably differ from
monazite in related heavy mineral concentrates, especially when
migmatites are studied (Oyhantcabal et al., 2012; Schulz and
Schiissler, 2013).

MICROSTRUCTURES OF MONAZITE

Microstructures in Igneous and
Metamorphic Rocks

Microstructures of Monazite in Granitoids

Monazite occurs as an accessory mineral in muscovite-bearing
peraluminous granitoids and in cordierite-bearing peraluminous
granitoids, following the plausible classification of Barbarin
(1998). In these “S-type” granitoids, generated by anatectic
melting of crustal rocks, the abundance of monazite is classified as
rare when compared to abundant apatite. In the other granitoid
types with increasing share of mantle melts, the igneous and
mantle granitoid types in the Barbarin (1998) classification,
the monazite is generally absent. Monazite may rarely occur
in metaluminous and peralkaline igneous rocks, and it is
apparently abundant in carbonatites, though these rock types are
not considered in this compilation. In peraluminous granites,
the monazite is accompanied by apatite, zircon, xenotime,
tourmaline, garnet and occasionally allanite. Monazite often
displays euhedral to anhedral shapes and usually exceeds grain
sizes of 100 pm, being commonly enclosed in biotite. In biotite,
the pleochroitic halos around monazite in combination with platy
grain shapes contrasting prismatic zircon grains with straight
extinction, makes them detectable also by optical microscopy
under polarized light.

The common occurrence of monazite with zircon in such
granitoids (e.g., Montel, 1993; Finger et al., 2003) has been used
to establish reference monazites for geochronology (EPMA-Th-
U-Pb; SIMS-U-Pb; LA-ICP-MS-U-Pb), as zircon in granitoids
allows an independent U-Pb dating of its crystallization age from
the granitic melt, if not inherited (e.g., Ling et al., 2017; Richter
et al, 2019). Monazite in granitoids can display homogeneous
interior parts (Figures 2a,b) or weak zonations of the gray color
appearance in BSE images (Figure 2e). In pegmatites, monazite
can occur in cm-sized crystals. Parts of such large monazites can
show variable Th contents and traces of alteration with tiny holes
along cracks, so that domains for reference measurements should
be carefully selected (Figures 2c,d). However, it is important
to emphasize that natural reference monazites involved in the
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FIGURE 1 | Search for monazite by scanning electron microscopy automated mineralogy methods (e.g., Schulz et al., 2020). (A) Merged frame view of a rare phase
search measurement routine applied to a polished thin section. (B) Examples of monazite and its surrounding minerals in a false-colored view as combined from
backscattered electron image analysis and energy dispersive spectroscopy spectrum classification by the rare phase search routine. See text for explanation.

calibration and adjustment of the monazite Th-U-Pb SIMS
and SHRIMP age dating protocols are not necessarily suitable
as reference material for Th-U-Pb EPMA monazite dating
(Schulz and Schiissler, 2013). Reference monazite with perfectly
homogeneous BSE gray tone as VK-1 (Figure 2b) has a large
variation in PbO at constant Th + U and is thus inadequate
as reference for the Th-U-Pb EPMA dating method. The MPN
monazite (Figure 2d) can be used under the restriction that
only the unaltered domains are taken into account. Judging
from its ThO,*-PbO characteristics, monazite like the Madmon
(Figure 2c) appears as suitable for the correlation of U-Pb
isotopic and Th-U-Pb bulk chemical age dating methods, when
homogeneous unaltered domains and the comparably high Th
contents are considered (Schulz and Schiissler, 2013).

Euhedral monazite in granitoids display either weak and/or
striking single and complex concentric (Figures 2e,f) or
oscillatory zonations along straight boundaries of BSE gray
colors (Figures 2g,h). Irregular cloudy and patchy BSE gray
color interior domains are observed (Figures 2h-l1), sometimes
in combination with oscillatory zonation (Figure 2h). A close
association of monazite with zircon and also with Fe-Ti minerals
(Figure 2m) occurs in peraluminous Pan-African granitoids
of Cameroon (Djouka-Fonkwe et al., 2008). Interesting are
also the possible indicators of a subsolidus and post-magmatic
alteration of the monazites, as small cavities and irregular
fissures (Figures 2d,f), and sutured instead of straight grain
boundaries (Figure 2d).

As known from zircon, needle-type monazite has been found
in evolved peraluminous “Greisen” granitoids of Zinnwald
(Erzgebirge). They display a patchy distribution of BSE gray
colors. In some cases the needles crystallized parallel to the

cleavage planes of mica and can also be enclosed by quartz
(Figures 2n,0). They are interpreted to have crystallized during
the greisenization when fluids entered during the later subsolidus
stages of granite cooling (Johan and Johan, 2005; Ondrejka et al.,
2007, 2009). In the same samples from the Zinnwald greisen
granite, small monazite (<10 pm) with irregular grain shapes
occur in fluorite. These examples demonstrate that monazite
potentially crystallizes also during the post-magmatic evolution
of granitoids, particularly when associated with late fluids.

Monazite in High-Grade Metamorphic Rocks

High-grade metamorphic aluminous garnet gneisses,
sometimes labelled also as kinzigites are of special interest
for metamorphic studies, as they allow P-T path reconstruction
by geothermobarometric methods in combination with EPMA,
LA-ICP-MS and SIMS Th-U-Pb monazite dating (e.g., Audren
and Triboulet, 1993; Schulz, 2013; Schulz and Krause, 2018).
Monazite in high-grade aluminous gneisses, mostly display
anhedral elliptical to amoeboid and well-rounded grain shapes.
Grain sizes can reach up to several 100 pm. As intragranular
features one observes mostly weak variations of patchy areas
of BSE gray colors which appear sometimes in combination
with zonations (e.g., Braun et al., 1998; Simmat and Raith, 2008;
Brandt et al., 2011). No significant differences in grain shapes
and internal structures between monazites from the intermediate
pressure cordierite-garnet gneisses (kinzigites) from the Saxonian
Granulite Massif and other metamorphic terrains (Figures 3a-
¢) and ultra high pressure garnet gneisses from the Central
Erzgebirge (Figures 3d,e) have been observed (Tichomirowa
et al., 2018; Schulz et al., 2019a). When monazite crystallizes in
domains with fibrolithic sillimanite as in the cordierite-garnet
gneisses, then numerous inclusions of sillimanite needles are

Frontiers in Earth Science | www.frontiersin.org

April 2021 | Volume 9 | Article 668566


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Schulz

Monazite Microstructures

FIGURE 2 | Monazite in peraluminous granite and pegmatite. (a) Euhedral monazite from a granite in a grain mount, distributed as a reference material for EPMA
Th-U-Pb age dating by BRGM Orléans. (b) Inclusion-free monazite with perfect homogeneous distribution of Th from a granite, used as reference material for U-Pb
SHRIMP monazite dating. (c) Reference monazite from a Madagascar pegmatite, with cracks separating homogeneous domains (Schulz and Schussler, 2013).

(d) Reference monazite with sutured grain boundary, numerous cracks and domains of alteration (arrow), used as reference material for SHRIMP U-Pb monazite
dating. (e,f) Euhedral large monazite with cracks and zoned distribution of Th in Erinpura granitoid (Just et al., 2010). (g) Euhedral zoned monazite from a
Pan-African two-mica granite (Djouka-Fonkwe et al., 2008). (h,i) Monazite with symmetric zonation of the margin and amoeboid distribution of Th in the core, from
Mittweida granite and Troischau granite dike, Saxonian Granulite Massif. (k) Monazite with cloudy or amoeboid internal distribution of Th from Mittweida granite.

(I) Paleoproterozoic monazite with embayment of a Th-rich marginal zone from a granite in the Ntem Unit (Cameroon). (m) Monazite with contact to several zircon
(Zrn) crystals in a Pan-African granite. (n,0) Needle-shaped euhedral monazite from the Zinnwald greisen granite (Erzgebirge).

obvious (Figure 3f). Such observations of inclusions may serve
for an interpretation of the monazite ages in the metamorphic
crystallization-deformation sequence.

Monazite in migmatites can display marked light Th-
rich (Figure 3g) as well as dark Th-poor marginal domains
(Figure 3h). Some large monazites in the grain mounts from
the Wilson Terrane (Antarctica) display structures of dark
embayments into light domains in BSE images (Figure 3h). The
dark domains have lower ThO; (<9 wt%) and lower SiO; and
UO;, but higher Ce;03 and P05 when compared to the light
domains (Schulz and Schiissler, 2013). Similar mineral-chemical
trends and structures have been described from monazites
which were experimentally metasomatised by alkali-bearing
fluids (e.g., Harlov et al, 2011; Williams et al., 2011). Th-rich

zones with light BSE gray tones and convex inward curved
boundaries were observed in grain mounts of large monazites
in Paleoproterozoic granulites from Uruguay (Oyhantcabal
et al, 2012). Other monazite grains of the same grain
mount show patchy domains with marked dark and light BSE
gray tone contrast (Figures 3i-1). There are also monazite
with colloidal zonations with partial internal and/or marginal
dissolution (Figures 3m,n). These features appear in rocks
which underwent a post-granulitic metamorphic overprint at
amphibolite-facies conditions. When zircon and monazite ages
from such overprinted high-grade Paleoproterozoic areas are
compared (Oyhantcabal et al, 2012), the monazite signals
an about 50 - 100 million years younger event. However,
zircon and monazite may display different age response
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alteration (arrows) in a grain mount from Isla Cristalina de Rivera, Uruguay.

FIGURE 3 | Monazite in high-grade garnet gneiss and migmatite. (a) Weakly zoned and partly euhedral monazite in cordierite garnet gneiss (“kinzigite”) from the
Saxonian Granulite Massif. (b) Euhedral monazite with cloudy internal domains and rounded corners from cordierite garnet gneiss (Schulz, 2013). (¢) Monazite with
rounded corners from a garnet gneiss in the Wilson Terrane, Antarctica (Schulz and Schussler, 2013). (d,e) Poorly zoned monazite in UHP garnet gneiss
(“saidenbachite”) from the Central Erzgebirge (Tichomirowa et al., 2018). (f) Monazite with numerous inclusions of decussate prismatic silimanite in cordierite garnet
gneiss (Saxonian Granulite Massif). (g) Monazite with bright margin and cloudy internal domains from Isla Cristalina de Rivera, Uruguay (Oyhantcabal et al., 2012).
(h) Monazite with dark Th-poor margin from a diatexite in the Wilson Terrane. (i-n) Monazites with lobate marginal zones, alteration zones and increasing grade of

at such high-grade metamorphic events (Zeh et al, 2003;
Kelsey et al., 2008).

The microstructures of monazites in contact to granitic melts
were studied in experiments by Varga et al. (2020). In nature,
such a case could be when granites are re-melted during overprint
by granulite facies metamorphism or when a regional high-grade
metamorphic event leads to partial anatexis and migmatization.
In the experiments (Varga et al., 2020), several distinct zones T1
to T4 are developed when monazite gets into contact to a melt:
Zone T1 is a relict precursor monazite preserved in core domains
of grain fragments that is brighter in BSE response and visually
lacking discernible reaction textures. Zone T2 is monazite with
fine melt-filled porosity (1-2 jum) that is spatially restricted to the
margins of T1 and shows similar BSE brightness. The zone T3 is
monazite with coarser melt-filled porosity of 1-4 pm that occurs

in darker BSE domains forming an annulus separating T2 and
T4. Minor patches with brighter BSE gray tones may represent
microinclusions of precursor monazite or new precipitates. The
zone T4 are homogenous rims with an uniformly dark BSE gray
tone. The rim thicknesses of the T4 rims are greatest where they
occur directly adjacent to quenched melt rather than neighboring
monazite grains.

Monazite in Upper Greenschist to Amphibolite Facies
Meta-Psammopelites

The crystal size of monazite tends to increase with increasing
metamorphic grade (e.g., Franz et al., 1996; Rubatto et al., 2001;
Wing et al., 2003). In amphibolite-facies meta-psammopelites,
monazite grains hardly exceed 150 pm in size and the grain sizes
of 30 - 50 wm are common (Schulz, 2017; Schulz et al., 2019b).
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Grain shapes display much more variations, contrasting the
quite uniform grain shapes of monazite in high-grade rocks
and in granites. Short and long prismatic grains with round
edges are prevalent (Figures 4a-c). Also, amoeboid, lobate and
highly irregular grain shapes are abundant (Figures 4d-g).
Monazite grains with highly irregular shapes may accumulate in
distinct layers (Figure 4h). Apart from the mostly small grain
sizes, monazite in contact metamorphic meta-psammopelites
apparently have no discriminant microstructural appearance
(Figures 4i-1).

There are several detailed reports on monazite mineral
chemical compositions from a low pressure terrain with a
regional metamorphic zonation in the transition between the
Saxothuringian Zone and the Moldanubian Zone in NE Bavaria
(Franz et al., 1996; Heinrich et al, 1997). In the adjacent
Waldsassen Schiefergebirge a similar geological situation and
lithology with staurolite, garnet, fibrolithic sillimanite and
cordierite bearing meta-psammopelites has been studied. The
Waldsassen Schiefergebirge monazites mostly have overall
rectangular shapes and bear many tiny holes and inclusions
which sometimes display helicitic planar alignment. The area
with oszillatory zonation of the BSE gray tones in the center
of the grains follows the general grain shape (Figures 4m,n).
Textural observations on grain size and shape indicate a
continuous growth of monazite from greenschist to granulite
facies temperatures in the garnet-poor metapsammopelites
(Franz et al., 1996). The minor HREE concentrations and
the Y contents in monazite increase strongly with increasing
metamorphic grade. Monazite crystals often show zonation with
cores low in HREE and Y, and rims high in HREE and Y,
that is interpreted as growth zonation attained during prograde
metamorphism (Franz et al., 1996; Heinrich et al., 1997).

Specific Microstructures and Their
Petrochronological Significance

Zoning in Monazite

In numerous references it is reported that monazite often displays
zonation of its chemical composition, however, in many cases
the term zonation encloses the patchy and intergrowth-like
distribution of areas with different BSE gray tones as described
above (e.g., Parrish, 1990; Watt and Harley, 1993; Ayers et al,,
1999; Bea and Montero, 1999; Crowley and Ghent, 1999; Hawkins
and Bowring, 1999; Williams et al., 1999; Townsend et al., 2000;
Pyle etal., 2001; Simmat and Raith, 2008; Brandt et al., 2011). Zhu
and O’Nions (1999) distinguished four major types of monazite
zoning: (a) Simple concentric zoning; (b) Complex concentric
zoning; (c) Intergrowth zoning and (d) Patchy zoning. Border
lines between the BSE gray colors of the zonations can be straight,
slightly curved, or lobate (Figures 5a-c). In granite clasts within
the suevite impact breccia from the Nordlinger Ries crater, a
Th-rich rim with bright BSE gray color is observed in monazite
(Figure 5d). This may be common for monazite in granite or
a specific impact-related feature. There are examples where the
marginal monazite zone encloses numerous needles (Figure 5e).
Rims are typically higher in Th, though the opposite (low-Th
rims) was also observed (Figure 5f). Most important are the

sharp boundaries between the chemical domains, which suggest
that possible post-crystallization diffusional modification of the
zoning is below the spatial resolution of the electron microprobe
(~2 pm). In general, Th and U zoning are correlated with
Ca, Si, and LREE zoning, consistent with the cation exchange
mechanisms. Th and U are often zoned, but their zoning is not
always correlated. Pb is correlated with Th and U concentrations
and with age. The Y zoning is believed to record a history
of monazite growth in many cases (e.g., Heinrich et al., 1997;
Pyle et al, 2001). A highly embayed monazite crystal that
experiences later growth that fills in the embayments, would
have the appearance of an internal core with a composition
similar to the rim in a thin section. Interpretations of the
growth history of monazite in complexly zoned grains must
take into consideration this possibility (e.g., Pyle et al., 2002).
It appears also possible that the growth of a monazite grain
stopped for any reason and continued later, resulting in a growth
hiatus. Such a process may have led to a conchoidal monazite
(Figure 5g). Age zonations are rare in monazite. In most cases,
even significant zonations in BSE gray tones do not correspond
to a significant age zonation. The monazite shown in Figure 5h
is an exception, as the darker part provided Permian and the
light rim Cretaceous EPMA Th-U-Pb ages (Schulz, 2017). The
growth of significantly younger (~50 Ma) rims in monazite
within garnet biotite sillimanite granulites can be attributed to
a fluid-enhanced recrystallization during back-reaction with melt
at sub-solidus conditions (Brandt et al., 2011). This interpretation
is based on the observation that monazites enclosed in garnet
have not such younger rims, as they were shielded against fluid
infiltration. Further exceptions (e.g., Pyle et al., 2002; Simmat
and Raith, 2008) have important implications with respect
to monazite geochronology. The available evidence from such
natural monazites with age zonations, including those from the
granulite facies, suggests that diffusion has not modified the
chemical zoning, including that of Pb, at a scale of > 2 pm. This
observation implies that the closure temperature of monazite
for Th-U-Pb geochronology exceeds 900°C, consistent with the
diffusion study of Cherniak et al. (2004).

Monazite Corona Microstructure

The replacement of monazite by single coronas of allanite
and by double coronas with apatite-allanite is often observed
(e.g., Broska and Siman, 1998; Finger et al., 1998; Grapes et al,,
2005; Upadhyay and Pruseth, 2012). This microstructure is
abundant in granites with magmatic monazite that became
metamorphosed under greenschist to amphibolite facies
conditions. In metapelites, this microstructure has been
described when monazite first formed during a metamorphic
event at higher temperature and then reacted to apatite plus
allanite during an overprint at lower temperatures (e.g., Finger
et al,, 1998; Wing et al., 2003; Gasser et al., 2012; Skrzypek
et al., 2020). The microstructure can also be preserved by static
recrystallization when the maximum temperature of a second
metamorphic event exceeds those of the first event (Schulz,
2017). The alteration of monazite to allanite and fluorapatite
has been experimentally studied by Budzyn et al. (2011). Their
work confirms the strong influence of fluid and whole-rock
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FIGURE 4 | Monazite in amphibolite facies micaschist. (a) Euhedral monazite with rounded corners and cloudy Th-rich core zone, Conlara, Argentina (Lopez de
Luchi et al., 2020). (b) Euhedral and nearly homogeneous monazite with rounded corners in a micaschist from the Cretaceous high-pressure Eclogite Unit of the
Saualpe (Schulz, 2017). (€) Long prismatic monazite from the Carboniferous amphibolite-facies Austroalpine Oetztal-Stubai Basement, Eastern Alps (Rode et al.,
2012). (d) Amoeboid grain shape of monazite (Saualpe). (e) Irregular grain shape of monazite (Saualpe). (f) Highly irregular grain shape of monazite in a micaschist
(Central Erzgebirge). (g) Highly irregular grain shape of monazite with rectangular and sutured grain boundaries, from “Schiefererz” micaschist, Péhla, Western
Erzgebirge. (h) Arrangement of numerous large monazite grains in a quartz-rich layer of garnet micaschist of Moldanubian diaphthorite zone (NE Bavaria). (i,j)
Contact metamorphic monazite in enclaves of garnet hornfels in the granite of Rostrenen, Central Brittany (Schulz, 2013). (I) Monazite in an andalusite micaschist
from Miltitz in the Nossen-Wilsdruff Schiefergebirge, Saxothuringian Zone. (m,n) Euhedral monazite with zonation and helicitic inclusions in cordierite micaschist from

the Waldsassen Schiefergebirge in the Saxothuringian Zone.

composition on the stability of monazite. Both monazite and
allanite can occasionally alter to rhabdophane and to REE
carbonate minerals like hydroxylbastnaesite-(Ce) or synchysite,
when CO,-rich fluids are present (Ondrejka et al., 2012).
Numerous variations of the corona microstructure are
documented in polymetamorphic meta-psammopelites, as in
the Carboniferous/Permian amphibolite facies Austroalpine
basement units (Rode et al., 2012; Schulz, 2017; Schulz et al,,
2019b). A single thin corona defined by decussate or radially

oriented prismatic allanite appears as the most elementary
structure (Figure 6a). A transition to double coronas is given
when a thin band of apatite appears between the monazite
and the allanite mantle (Figure 6b). In this stage, the apatite
corona grows by monazite consumption along convex inward
migrating grain boundaries (Figures 6c,d). There are double
coronas where apatite and allanite mantles appear with cloudy
BSE gray colors, without a separation into distinct grains
(Figures 6¢,g). This can be seen as the common reaction
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FIGURE 5 | Monazite with striking concentric zonations. (a,b) Th-rich broad rim domains in monazites from high-grade gneisses. (¢) Double concentric zonation of a
monazite in high-grade mica gneiss from the Saxonian Granulite Massif. (d) Th-rich small rim zone in a monazite from a granite clast in the suevite impact breccia of
Nordlinger Ries. (e) Monazite with an inclusion- and Th-rich rim zone in the Eibenstock granite, Western Erzgebirge. (f) Monazite with Th-poor dark broad rim zone.
(g9) Conchoidal monazite with separated core and mantle in a garnet micaschist from Central Brittany (Schulz, 2013). (h) Zoned monazite with dark Permian-age
core and bright Cretaceous-age rim in polymetamorphic garnet micaschist from the Saualpe (Schulz, 2017).

structure when monazite is consumed during retrogression.
This is in contrast with double coronas, where the apatite and
allanite mantles show blocky single grains and the outer mantle
contains radially oriented prismatic allanite (Figures 6h,i). Such
a microstructure may signal a static recovery, annealing, or
recrystallization subsequent to the decomposition reactions at
constant or increasing temperatures. Different behavior of the
Th which was released from decomposing monazite can be
observed. The Th can crystallize as tiny thorite within the
apatite mantle (Figures 6d,e). The tiny thorite grains also can
be concentrated at the outer margin of the apatite mantle and
inside the allanite corona (Figure 6f). The Th may be included
in the allanite corona, forming a light halo around the apatite
mantle (Figures 6k,1). The corona-producing reaction sequence
progresses until all monazite is consumed and an inner core by
apatite with thorite and a Th-rich inner allanite mantle, and a Th-
poor outer allanite mantle remains (Figures 6k,l). Also, corona
microstructures with apatite core and Th-rich allanite rim are
observed (Figure 6m). Special variations of the corona structures
with inward-directed allanite needles and holes from the removal
of water-soluble phosphate phases occur in the Micaschist Unit
of the Austroalpine Saualpe basement (Figure 6n). Most corona
microstructures display a symmetric or concentric configuration.

In specific microstructural situations, e.g., when monazite is
attached to a garnet, the development of asymmetric corona
microstructures can be observed.

Monazite Satellite and Cluster Microstructures

The origin and petrological significance of the monazite
satellite structure has been first described by Finger et al.
(2016). Their explanations are based on the observation of
small monazite grains which straddle around apatite-allanite
coronas. The phenomenon has been termed satellite monazites,
because the small monazite grains are arranged like satellites
concentrically around a core monazite. The combination of
satellite monazites and corona structure lead to the hypothesis
that the satellite monazites formed through a back-reaction
between apatite and allanite. This implicates an important
microstructural indicator for a polymetamorphic evolution in
meta-psammopelites, especially when the satellite monazites
are shown to be significantly younger than the core monazite
(Finger et al., 2016). In this case, the satellite grains give
evidence of new monazite nucleation and growth (Figures 7a-
d). Alternatively, when no ages are available, one could argue
that the satellites may perhaps just be the undigested remains
from the periphery of the primary monazite. In their detailed
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FIGURE 6 | Corona structures of monazite. (a) Rim with radial allanite (Aln) crystals mantling a monazite (Mnz), Austroalpine Oetztal-Stubai Basement (Rode et al.,
2012). (b) Allanite mantle and monazite core are separated by a tiny zone with apatite (Ap). () Monazite in a phyllite with double corona of inner apatite and outer
allanite. (d) Monazite core with sutured grain boundary is surrounded by a corona with apatite and tiny thorite (Thr), and a corona with prismatic allanite. () Monazite
cores are surrounded by apatite and thorite. (f) Partly consumed monazite with sutured grain boundary is surrounded by apatite and allanite coronas. The inner part
of the allanite corona is conspicious by Th-rich allanite. (g) Thin relict bands of monazite in apatite-allanite coronas. (h,i,k) Corona structures in a Saualpe micaschist.
Apatite and allanite grains underwent static recrystallization due to a thermal overprint (Schulz, 2017). (I) Corona structure with fully consumed monazite in the
apatite core with tiny thorite grains; see light Th-rich inner part of the allanite corona. (m) Apatite with corona by Th-rich allanite. (n) Allanite crystals with tiny thorite
inclusions rim relict monazite in a Saualpe micaschist. The holes may have been water-soluble phospate phases.

description, Finger etal. (2016) reported also about structural aggregates (Figure 7g) can be considered as variations of the
modifications of the satellite structure. These are girdles of small  satellite microstructure.

satellite monazites around single apatite cores (Figures 7e,f). Accumulations of small monazite grains without the distinct
Also, small monazite grains in a satellite arrangement without satellite arrangement could be labelled as cluster structures. Such
a distinct core grain (Figure 7g) or around fine-grained allanite  clusters can be encountered in various situations. Small monazite
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FIGURE 7 | Satellite microstrutures of monazite as defined by Finger et al. (2016). (a) Typical satellite microstructure with core monazite (Mnz1) and attached relicts
of the apatite (Ap) corona, surrounded by a ring of small monazites (Mnz2) which apparently crystallized from the former allanite corona (Finger et al., 2016). (b,c)
Elongated satellite structure with amoeboid core monazite in micaschist from the polymetamorphic Saualpe basement (Schulz, 2017). (d) Elongated satellite
microstructure with apatite and monazite in the core. (e,f) Small satellite monazites surrounding an apatite core in micaschists from the Aiguilles Rouges Massif
(Schulz and von Raumer, 2011) and from Saualpe. (g,h) Arrangements of small monazite grains resembling satellite microstructure.

grains with irregular shapes are observed in the interior of
complexly coarse-grained aggregates of allanite (Figures 8a,b).
Apparently, these small grains are no relics but newly crystallized
monazite. In another situation, each monazite grain of the cluster
is surrounded by belts of tiny allanite crystals (Figures 8c,d)
or, is situated in larger aggregates of allanite. When the cluster
monazites are markedly younger as the common larger monazite
grains in the matrix, this signals that they crystallized at a
separate metamorphic thermal or fluid-triggered event. Distinct
symplectite aggregates of monazite and allanite are rarely
observed in high pressure low temperature micaschists of the
Erzgebirge (Figures 8e-h). Such structures can be interpreted as a
preserved or “frozen” allanite-monazite univariant equilibrium.

Monazite Aggregation Microstructure

The monazite aggregation microstructures contrast the small and
isolated grains of the cluster structures. However, it seems that
monazite clusters may progressively develop toward aggregates
by further nucleation and grain growth. Monazite aggregates
were documented in the Saxonian Granulite Massif. In high-
grade garnet-free mica gneisses, numerous single monazites

with grain sizes of 10 - 15 pm form polygonal aggregates
of up to 200 pm length (Figures 9fb). Straight monazite
grain boundaries which meet at angles of 120° resemble static
recrystallization. Such aggregates could represent an initial stage
of the formation of large monazites in high-grade rocks. There is
yet no data on the crystallographic orientation of the single small
monazite grains and the crystallographic development during
their aggregation.

Another sort of monazite aggregation appears in granite and
micaschist which underwent an overprint at upper greenschist
facies conditions. In the sheared Erinpura granite (Figure 9c¢),
an initial stage is observed by the formation of small isolated
monazite grains with irregular shape in biotite-rich parts (Just
et al., 2010). In the next stage, observed in micaschist, numerous
large (~50 pm) and small (<10 pm) individual monazite
grains agglomerate to form grains with strongly sutured grain
boundaries and irregular shapes (Figures 9d,e). The progressive
coalescence of the individual grains with many tiny inclusions
and also small thorite leads to larger grains with a patchy sipped
internal distribution of BSE gray tones (Figures 9f,g). These
aggregated monazites have grain sizes of up to 50 pm. A special
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FIGURE 8 | Monazite cluster and symplectite structures. (a,b) Small Cretaceous monazite grains (Mnz) in a polycrystalline aggregate of allanite (Aln) in a micaschist
from the Austroalpine Schobergruppe (Krenn et al., 2012). (c,d) Clusters of small monazite grains with mantles of allanite in micaschist from the Oetztal-Stubai
Basement (Schulz et al., 2019b). (e-h) Symplectites of monazite and allanite in high pressure low temperature micaschist from the Western Erzgebirge.

sort of aggregate are coatings by monazite around other minerals.
Monazite coats around detrital zircon have been described from
migmatised paragneisses (Aleinikoff et al, 2012a). Monazite
coating of ore minerals may give age indications of hydrothermal
processes (Aleinikoff et al., 2012b). A coating aggregate was found
in garnet micaschists of the lower tectonic unit in the Miinchberg
Nappe in the Saxothuringian Zone of the Variscides (Schulz et al.,
2017). Narrow-spaced rounded small apatite grains of 10 - 20 pm
size which are all coated by monazite (Figure 9h). Together
with adjacent monazite grains, this results in net-like aggregates
of up to 200 pm length. Like the other types of aggregates,
this structure can be interpreted to have formed by monazite
nucleation and growth.

Sponge-Like Microstructures of Monazite
Decomposition

Observations at high BSE contrast in monazite in granites and
in meta-psammopelites revealed internal fine-meshed structures,
referred here as sponge-like microstructures (Figure 10). As
these microstructures are occasionally observed in rocks which
underwent hydrothermal overprint or retrogression (e.g., Read
et al., 2002), they are interpreted as a sort of reaction structure
with an intra-grain decomposition of monazite. Monazite can
be completely replaced by pseudomorphs of allanite. This is
supported by the appearance of small thorite in the center of

the grains (Figures 10a,b). Often the sponge-like structures
encompass only the marginal parts of the monazite grains
and the internal parts remain unaffected. In marginal parts
with darker BSE gray color where the monazite sponge-
like structure disappears, apatite is observed (Figure 10e).
As apatite can accommodate only small proportions of the
Th from the decomposing monazite, the remaining Th is
consumed by crystallization of small thorite grains within
the apatite. It is also observed that the sponge-like monazite
recrystallizes in situ as pseudomorphs, with thorite, fibrolithic
rhabdophane, bastnaesite, britholite, or other REE-bearing
minerals (Figures 10f-h).

Inclusions of Monazite

Inclusions of monazite in host minerals apart from apatite,
allanite and epidote provide interesting insight to the
crystallization-deformation sequence of a rock. Mostly,
monazite is enclosed in biotite, even when large grain
sizes are realized (Figure 1la). It appears that biotite is a
preferred microstructural domain for metamorphic monazite
crystallization (e.g., Schulz et al, 2019b). Monazite can be
enclosed by Fe-Ti minerals as ilmenite or as well in staurolite
(Figures 11b,c). When monazite is enclosed by quartz or
feldspar it appears as protected and less vulnerable for fluid-
induced dissolution-reprecipitation or decomposition, and may
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FIGURE 9 | Monazite crystallization and aggregation microstructures. (a,b) Large polycrystalline aggregates composed of numerous small monazite (Mnz) with static
grain boundaries in high-grade mica gneiss from the Saxonian Granulite Massif. (€) Nucleation of small monazite in a biotite-rich domain (Bt) in a sheared Erinpura
granitoid (Just et al., 2010). (d) Cluster-like assemblage of monazite grains with highly sutured and irregular grain boundaries, with quartz (Qtz) and biotite (Bt).

(e) Larger monazites with highly sutured and irregular grain boundaries aggregated with surrounding smaller grains. (f,g) Aggregated monazite grains. The
aggregated character can be recognized by irregular and sutured grain boundaries, the clumped small domains with different Th contents, and the numerous small
inclusions (Oriolo et al., 2019). (h) Monazite rimming apatite (Ap) grains and forming a net-like aggregation in a micaschist from the Lower Unit in the Minchberg

Nappe, Saxothuringian Zone.

thus better conserve its Th-U-Pb information (Figure 11d).
Of special interest for petrochronology are small monazite
inclusions in garnet, as claimed in numerous studies (e.g., Pyle
et al.,, 2001; Pyle et al.,, 2002; Berger et al., 2005). Potentially,
the monazite inclusions in garnet allow to link the P-T path
record by the garnet Ca-Mg-Mn-Fe zonations in limited
mineral assemblages with biotite, muscovite, plagioclase,
aluminosilicates, sometimes cordierite, and quartz to the age
of monazite. A general and preliminary assumption is, that
monazite should be older than the hosting garnet. However,
this is highly questionable, as a metamorphic garnet crystal
is usually pervaded by tension cracks which may have given
access to fluids for an intragranular post-garnet monazite
growth (Figures 1le-h). Garnet may postdate its monazite
inclusions when these are markedly older than the bulk of the
matrix monazites. Garnet can enclose monazite in the internal
structures of a syntectonic growth or a syncrystalline rotation
(Figure 11i), the helicitic or snowball structures as detailed in
Passchier and Trouw (2005). It has been demonstrated by the
analysis of Y in enclosed monazite and in garnet, that monazite
crystallized at the same time or after the hosting garnet (Schulz,
2014). In this case, the ages of monazite enclosed and in the
matrix are similar.

INTERPRETATION OF MONAZITE
MICROSTRUCTURES IN
PETROCHRONOLOGY

It has been recognized in very early accessory mineral studies
(e.g., Lee and Dodge, 1964; Lee and Bastron, 1967) that monazite
and allanite are not stable together. Monazite can react to
allanite plus apatite and vice versa (e.g., Finger et al., 1998;
Wing et al., 2003). Whether monazite or allanite occurs in a
metamorphic rock is determined by whole-rock composition
and the metamorphic grade (Janots et al., 2007, 2008; Spear,
2010). Accordingly, monazite is stable in metapelites under
amphibolite facies conditions. The monazite stability field is
shifted toward lower temperature with decreasing bulk rock Ca
(Figure 12). Also, the stability field of monazite is extended
to lower temperature with increasing Al. As a consequence,
monazite can be expected to crystallize at upper greenschist
facies conditions in high-Al and low-Ca metapelites (e.g., Spear,
2010; Spear and Pyle, 2010). A higher Ca whole-rock content
expands the allanite stability field to higher temperatures and
the monazite stability field then retreats to granulite facies
conditions (Bingen et al., 1996). The extend of the monazite
stability field at a pressure above ~14 kbar is poorly constrained
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FIGURE 10 | Sponge-like microstructures of monazite decomposition and decay. (a,b) Allanite (Aln) pseudomorph of former monazite with numerous thorite (Thr),
and anhedral monazite with numerous tiny holes and thorite inclusions in a zone of hydrothermal overprint, Bushmanland Terrane, Namaqgua Province, RSA.

(c) Internally corroded monazite with numerous elongated holes. (d) Relict monazite sponge microstructure with apatite (Ap) in micaschist from the Lower Unit in the
MUnchberg Nappe, Saxothuringian Zone. (e) Partial and graded decomposition of monazite to apatite in a micaschist from the Aiguilles Rouges Massif (Schulz and
von Raumer, 2011). (f,g) Sponge-like intergrowth of monazite relicts and apatite pseudomorphing a large monazite grain. (h) Complete transformation of a large
monazite grain to a pseudomorph of fibrolithic rhabdophane (Rha) in Zinnwald greisen granite.

by experiments and thermodynamic modelling (Spear, 2010).
However, the isopleths of the Ca bulk rock composition limiting
the monazite stability field are mainly temperature-dependent
but also inclined with increasing pressure (Figure 12).
Garnet-bearing  meta-psammopelites  allow at least
a partial reconstruction of the pressure-temperature
evolution by equilibrium thermodynamic methods, such as
geothermobarometry by cation exchange and net transfer
continuous reactions, or alternatively, by pseudosection
modelling (Powell and Holland, 1994, 2008; Holland and Powell,
1998, 2011). In numerous cases, the garnet-bearing assemblages
recorded a prograde metamorphism with increasing pressure
(P) and temperature (T), followed by decrease of P at further
increasing T. The maximum temperatures are reached during
the decompression. This represents the standard clockwise P-T
path in a continental collision scenario with tectonic crustal
thickening, as outlined in the numerical models by England and
Thompson (1984) and Thompson and England (1984). The rates
of the decompression-heating toward Tmax and the rates of the

subsequent decompression-cooling are controlled by a plurality
of tectonic and magmatic processes. Reports on counterclockwise
(or anticlockwise) P-T paths are comparably rare. Pyle and Spear
(2003) described counterclockwise P-T paths from migmatites
in SW New Hampshire which started at low pressure of around
4 kbar and reached a P-Tmax, which allowed partial anatexis
with generation of granitic melts. As outlined in numerous
detailed studies, correlation of mineral chemical compositions
and ages of monazite provides an unique way to understand the
development of the microstructures. Crystallization of monazite
in rocks which allow an independent reconstruction of their P-T
evolution opens one more option to relate the microstructures to
geodynamic processes.

As monazite is an accessory mineral in peraluminous
granites, the so-called S-type granites (Barbarin, 1998), the
decompressional melting along path A, as well the low-pressure
melting path B should be considered for interpretation of its
microstructures (Figure 12A). In the case of the clockwise path
A, the first melting could occur at around 650°C, when the XH,O
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FIGURE 11 | Monazite as inclusions in other minerals. (a) Huge anhedral monazite enclosed in biotite in a migmatite from Lilia, Léon Domain (Schulz et al., 2007).
(b) Inclusion in iimenite (llm) in a cordierite (Cd) garnet gneiss, Léon Domain. (c) Inclusion in staurolite in micaschist from Central Brittany (Schulz, 2013). (d) Inclusion
in plagioclase in garnet gneiss from the Lower Gneiss Unit, Haut Allier, French Massif Central (Schulz, 2014). (e) Garnet in a UHP gneiss from Central Erzgebirge
partly encloses monazite of Carboniferous age in its rim. (f) Monazite with biotite in garnet in a kyanite garnet gneiss from the Upper Gneiss Unit, French Massif
Central. (g,h) Cracks in the garnet connect monazite inclusions with the matrix. (i) Example of a syntectonic helicitic garnet with S-shaped internal foliation (S1i) and
double pressure shadow inclusion spiral (pss) enclosing numerous monazites (marked by rings). Detailed analysis of yttrium contents in monazite and garnet suggest
that the Carboniferous monazites crystallized at the same time or later as the garnet (Schulz, 2014).

isat 1.0, or at higher temperatures, for lower XH, O (Figure 12A).
As the pre-melting path A is mostly outside the monazite stability
field, no significant crystallization of pre-granitic monazite can be
expected. When the granitic melt crystallizes after an adiabatic
ascent, formation of monazite can be expected, preferably in
Ca-poor and Al-rich granitoid compositions (Figure 12A). The
expected microstructural evolution along the counterclockwise
melting path B considerably differs from path A. There, the
melting path B is almost entirely in the monazite stability
field and passes dehydration reactions (Figure 12A). The fluids
released from muscovite (and later biotite) decomposition may
enhance crystallization and precipitation of monazite until
melting conditions are achieved. It may appear that pre-melt
monazite or parts of it remain in the melt as an inherited
accessory phase (Yakymchuk, 2017). Also, when the granitic melt
crystallizes after adiabatic ascent, it will reach low pressures,
which are again favorable for monazite formation. As a
consequence, one could expect a considerably higher potential for
monazite formation and microstructure development in the case
of path B, as it has been outlined by Pyle and Spear (2003).
Clockwise P-T paths have been reported from aluminous
garnet-bearing gneisses (“kinzigites”) and granulite gneisses
(Figure 12B). In the case of aluminous and Ca-poor bulk rock

compositions, the entire prograde and retrograde evolution
occurs within the monazite stability field. However, for Ca-
richer compositions, it appears that the monazite stability
field is achieved at decreasing pressure when maximum
temperatures are approached. Then, monazite crystals
will nucleate and grow. Correspondingly, one can expect
monazite cluster and aggregation microstructures, and in the
case of polymetamorphism, satellite microstructures. When
temperatures further increase, as in the case of high temperature
metamorphism, these initial stages of monazite nucleation and
growth will be succeeded by formation of large monazite grains.
As a consequence, the Th-U-Pb system of the monazite will
indicate an age of a post-Pmax evolution. Also the post-Tmax
evolution along such a clockwise P-T path will continue within
the monazite stability field until the univariant line of an allanite-
producing reaction is passed. Dependent on the bulk rock Ca-Al
composition and the availability of reaction-enhancing fluids,
one can expect monazite decomposition with sponge-like or
corona microstructures. In such a scenario, the monazite ages
are expected to cover the time span of the P-T evolution within
the monazite stability field. In the histogram pattern of the
monazite Th-U-Pb ages, a maximum of data may give the time
of Tmax or even post-Tmax, depending on the cooling rates.
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FIGURE 12 | Pressure-temperature evolution of monazite-bearing granites and P-T path reconstructions from metamorphic rocks. Characteristic monazite
microstructures are indicated with abbreviations. Stability fields of monazite (Mnz) and allanite (Aln) at different bulk rock contents as a function of Ca wt%, and with
the xenotime (Xtm) stability field after Janots et al. (2007) and Spear (2010). Petrogenetic grid for metapelites in the KFMASH system with major reactions in black
lines are compiled from Spear (1993). Cross marks a general uncertainty of + 50°C/1.0 kbar on geothermobarometric estimates. Red lines are solidus curves in the
granitic system Qtz-Ab-Or-H, O at XH,>O of 1.0 (curve 1), at XH»0 of 0.5 and 0.1 after Johannes and Holtz (1996). Green lines display the reaction

Ms + Qtz + Pl = Ky + Kfs + melt (curve 2) and the muscovite-out reaction Ms + Qtz = Sill + Kfs + HoO at XH>O of 1.0 (curve 3) and at XHoO of 0.5 after Kerrick
(1972). (A) Partial anatexis of crustal rocks (colored dots) by decompressional melting (path A) and low pressure melting (path B). Granitic melts underwent adiabatic
ascent and crystallization. Melting path and post-solidus path A is mostly outside and at the margin of the monazite stability field. Major part of melting path and
post-solidus path B is in the monazite stability field. (B) P-T paths of high-grade metamorphic rocks. 1 - cordierite garnet gneisses, Saxonian Granulite Massif
(Schulz and Krause, 2018), with aggregation microstructure (A). 2 - kyanite garnet gneiss, Upper Gneiss Unit, French Massif Central (Schulz, 2014). 3 - cordierite
garnet gneiss, Herbon Farm, Golfe de Morbihan, Southern Brittany (Schulz, 2013). 4 - hercynite cordierite garnet gneiss, Moldanubian Zone (Schulz, 2010). 5 -
garnet gneisses, Léon Domain, Northern Brittany (Schulz et al., 2007). 6 - UHP garnet gneiss, Central Erzgebirge (Massonne, 2003). 7 - HP-UHT garnet biotite
sillimanite granulite from Palni Hills, South India (Brandt et al., 2011), with monazite age and compositional zonation (Zo). 8 - counterclockwise P-T evolution in
migmatites, SW New Hampshire (Pyle and Spear, 2003). (C) P-T paths of upper greenschist to amphibolite facies rocks with monazite and garnet. 1 - Oetztal-Stubai
Basement (Schulz et al., 2019b), with cluster (Cl) and corona structures (Co). 2 - Lower Unit, Mlnchberg Nappe, Saxothuringian Zone (Schulz et al., 2017). 3 - North
Patagonian Basement in Argentina (Oriolo et al., 2019). 4 - Phyllite and micaschist units of the Western Erzgebirge (Mingram and Rétzler, 1999; Willner et al., 2000),
with symplectite structure (Sy). (D) Case study of monazite crystallization and decomposition during polyphase metamorphism of Austroalpine Saualpe basement
(Schulz, 2017). 1, 2 - garnet 1 crystallization in the Eclogite and Preims nappe units. 3 - Permian monazite 1 (Mnz1) crystallized during intrusion of numerous
pegmatites. 4 - inferred retrogressive and compression path between garnet 1 and garnet 2 crystallization, with corona structures (Co) around Permian monazites. 5,
6 - garnet 2 crystallization in the Eclogite and Preims nappe units. 7 - Cretaceous monazite 2 (Mnz2) crystallization during decompression, partly in satellite
structures (Sa).
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This age distribution may provide also insights into the rates
of metamorphic processes taking place within the monazite
stability field. As already stated above, monazite crystallization is
favored along the low pressure prograde part of counterclockwise
P-T paths. Pyle and Spear (2003) reported such a scenario from
migmatites (Figure 12B). During a prograde evolution, several
fluid-producing reactions as well as melt-producing univariant
reaction lines are passed. A complex sequence of monazite
growth and consumption has been derived from the observation
of four monazite generations, where three of them are apparently
linked to specific whole-rock reactions (Pyle and Spear, 2003).

According to numerous case studies, the clockwise prograde
P-T evolution of upper greenschist to upper amphibolite facies
meta-psammopelites, occurs in large parts outside the monazite
stability field, even for high-Al and low-Ca bulk compositions
(Figure 12C). At best, the monazite stability field will be entered
at Tmax and during a later stage of decompression. Studies in
amphibolite facies metapelites have identified a major pulse of
monazite growth, which could be linked to the breakdown of
garnet at decreasing pressure (Pyle et al, 2001; Spear, 2010).
Due to the position of the monazite-allanite reaction isopleths,
monazite will crystallize along the decompression-cooling
path. The expected monazite microstructures are clusters and
aggregations. Such microstructures will be potentially preserved
and not overwhelmed by subsequent crystallization of large
monazite grains, as the maximum temperatures were already
achieved. In the special case of the monazite-allanite symplectite
microstructures (Figures 8e-h), the decompression-cooling path
may have reached and followed the P-T trace of the univariant
monazite-allanite reaction at the given bulk composition.

It is important to consider that meta-psammopelites may
undergo progressive shearing and deformation during their
burial and heating, but also during the cooling, uplift and
exhumation. This leads to the presence of high strain domains
or foliations surrounding low strain domains with a different
mineralogy, and, thus bulk composition. As a consequence, the
Al-Ca contents can vary considerably among the microstructural
domains, favoring or restraining the monazite crystallization.
In addition, localized deformation in high-strain domains may
catalize specific reactions that may not occur in low-strain
domains, which may in turn record a metastable mineral
assemblage. Dependent on rates and the regional tectonic
situation, the decompression-cooling stage is characterized by
entrance of fluids in combination to formation of shear zones.
Both can enhance the crystallization of monazite in cluster and
aggregation microstructures. This offers the opportunity for the
dating of such events also by Th-U-Pb analysis of the small
monazite grains (e.g., Tchato etal., 2009; Just et al., 2010; Williams
etal., 2017; Oriolo et al., 2018, 2019).

Zoned garnet in a meta-psammopelitic mineral assemblage
will allow P-T estimates and the reconstruction of distinct parts
of the P-T evolution. Even when homogenized or modified
by diffusion at high temperatures near to and above ~800°C,
the peak temperature and a part of the retrograde evolution
may be extracted (e.g., Spear, 1993; Brandt et al., 2011). The
question is then, to which stage of the garnet crystallization,
pre-, syn- or post-garnet, monazite ages do correspond. As

outlined in Pyle et al. (2001), the Y content of monazite
could provide an indication. Garnet and monazite are both
the main sinks of the bulk rock Y fractionation. Thus, a pre-
garnet grown matrix monazite should have elevated Y contents.
However, Y-poor monazites are often observed in garnet-rich
high-grade meta-psammopelites (Schulz et al., 2007; Schulz,
2014; Schulz and Krause, 2018). This does not indicate low
crystallization temperatures of monazite, as may be inferred
from Y-in-monazite thermometry (Heinrich et al., 1997; Pyle
et al, 2001). It seems likely that Y is bound in the abundant
garnet, so that monazite remains undersaturated in Y. This
implicates a post-garnet growth of monazite. It is also interesting
to compare the Y contents and ages of monazite from garnet-
bearing kinzigites and related gneisses with no garnet. Monazites
in gneisses without garnet display low- to high Y contents and
an age span of 358 to 355 Ma, whereas the Y-poor monazites
from cordierite garnet gneisses display an age span of 340
- 317 Ma (Schulz and Krause, 2018). This would allow the
interpretation that monazite crystallization may be prevented
during garnet growth, so that monazite in a garnet-free rock
grew comparably early and thus recorded an earlier stage of the
metamorphic evolution.

Monazite has proven its great potential to record the
chronology of polymetamorphism and also of successive events
along a single metamorphic circle in many case studies (e.g.,
Finger et al., 2002; Foster et al., 2004; Finger and Krenn,
2007; Simmat and Raith, 2008; Thony et al, 2008; Krenn
et al.,, 2009, 2012; Schulz and von Raumer, 2011; Wawrzenitz
et al., 2012; Imayama and Suzuki, 2013; Mottrama et al., 2014;
Williams et al., 2017). Finger et al. (2016) have claimed that
the monazite satellite microstructure gives evidence of a distinct
second crystallization event along increasing temperatures,
subsequent to a retrogression with the formation of the
corona microstructure. These monazite microstructures have
been evaluated in the Saualpe in Carinthia (Austria), which
is known for its polymetamorphic evolution (Frey et al,
1999; Thoni, 1999; Thoni et al, 2008). Two generations of
garnet and monazite are observed (Schulz, 2017; Schulz and
Krause, 2021). Geothermobarometry of garnet 1 assemblages
signals a crystallization along an M1 prograde metamorphism
(Figure 12D). Pervasive Permian high-Y and high-Gd monazite
1 formation coincided with the widespread intrusion of
Permian pegmatites (Figure 12D). Corona microstructures
around the large Permian monazites signal a retrogressive stage
(Figures 6h-1,n). Also, the garnet 1 porphyroblasts display deeply
embayed resorption zones. These microstructures suggest that
the prograde M1 event had a Permian minimum age and was
followed by a retrogression event. The M2 event with garnet
2 postdates the corona formation around Permian monazites,
as corona microstructures are enclosed in garnet 2. Garnet
2 records a second prograde P-T evolution, which passed
through high pressure conditions. A monazite 2 population with
ages from 94 - 86 Ma and with lower Y and Gd contents
crystallized at decreasing pressure when the P-T path entered
again the monazite stability field (Figure 12D). The monazite
2 crystallized in satellite microstructures (Figures 7a-d,f) but
also in large grains (Figures 4b,d,e). Accordingly, the garnet
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2 as well as the monazite 2 belong to the Cretaceous high
pressure metamorphism M2 (Schulz, 2017; Schulz and Krause,
2021). Apart from the garnet 1 resorption rims, a critical
indication that the garnet 1 and 2 generations with both
prograde zonations are related to separate P-T cycles and do
not record distinct P-T segments along a single P-T cycle comes
from the monazite corona microstructures. They give additional
evidence of a significant retrogressive stage in between the garnet
crystallization events.

CONCLUSION

Monazite is an accessory phase in peraluminous granites, syenite
and granitic pegmatites, quartz veins, and carbonatites. It is also
a common accessory mineral in metapelitic rocks with Ca-poor
and Al-rich bulk compositions at all metamorphic grades above
the upper greenschist facies. It has variable mineral chemical
compositions which are partly controlled by the monazite -
xenotime exchange Y = REE. Also, the huttonite exchange
Th + Si = REE + P, and the cheralite Th + Ca = 2REE
exchange can operate. Common Pb is negligible when compared
to radiogenic Pb resulting from the decay of Th and U, diffusion
rates for radiogenic Pb are extremely low at high temperatures,
and radiation damage is very limited by self-annealing. Therefore,
bulk Th, U, and Pb concentrations in monazite allow for the
calculation of ages even from small grains (>10 pm), in addition
to isotopic in situ dating methods. Grain sizes of most igneous
and metamorphic monazite in petrographic thin sections range
below 200 pwm, and are mostly 100 - 10 pm. Electron-beam
based analytical instruments as scanning electron microscope
and electron probe microanalyzer with detectors for imaging
and element mapping are essential for the documentation and
analysis of monazite.

An emanating number of detailed field and experimental
studies document microstructures of monazite from different
geodynamic and tectonic settings under variable physico-
chemical conditions. Monazite microstructures may be sorted in
terms dissolution-reprecipitation with primary and secondary
crystallization, enclosing nucleation, growth, aggregation
and annealing, and decomposition via apatite- and allanite-
producing reactions under retrogression and temperature
decrease. Monazite microstructures also vary depending on the
host rocks (peraluminous granitoids, high-grade metamorphic
to granulite facies gneisses, and upper greenschist to amphibolite
facies meta-psammopelites). Monazite grains in these host rocks
range from euhedral to anhedral, from elliptical over amoeboid
to strongly emarginated shapes. Internal structures of the grains
enclose oscillatory zonation in some igneous monazite. Single to
complex concentric zonations as well as turbulent and cloudy
internal structures at low to high BSE gray color contrasts
are observed. Comparison to results of experiments with
alkali-bearing fluids allow to identify internal microstructures
of fluid-mediated dissolution and reprecipitation as convex
inward curved Th poor and Th-rich zones and colloidal
zonations in monazite in migmatites and overprinted granulite
facies host rocks.

Specific monazite microstructures are particularly relevant
for petrochronological studies. The monazite corona structure
with the partial to complete replacement of monazite by apatite
and allanite is interpreted to signal a retrogression event. In
contrast, the satellite and cluster microstructures are interpreted
to indicate a new monazite nucleation and growth. When
the small satellite monazite grains which surround a core
monazite are significantly younger as the core and large matrix
monazite grains, this implicates a polymetamorphic evolution
with retrogression followed by re-heating. Monazite aggregation
microstructures are considered to document further grain growth
after initial nucleation, whereas polygonal aggregates appear as
the initial stage of the formation of large monazites in high-grade
rocks. Sponge-like microstructures are interpreted to indicate
monazite decomposition. It is also observed that the sponge-
like monazite recrystallizes in situ as pseudomorphs, with thorite,
fibrolithic rhabdophane, bastnaesite, britholite or other REE-
bearing minerals.

Garnet-bearing meta-psammopelites allow at least a partial
reconstruction of their pressure-temperature evolution by
equilibrium thermodynamic methods. An examination of the P-T
paths and their relation to the monazite P-T stability field is
critical for the understanding of monazite microstructures and
the dating of metamorphism. In addition, the garnet-bearing
rocks are particularly relevant for monazite petrochronology due
to Y fractionation in garnet and monazite, which also provides
some hints on their relative timing of crystallization. Igneous
monazite crystallization in peraluminous granitic melts may be
controlled by P-T paths leading to decompression melting or,
alternatively, to low-pressure melting. For some high-grade rocks
which underwent clockwise P-T paths, it can be shown that the
entire prograde and retrograde P-T evolution occurs within the
monazite stability field. Also, monazite crystallization is favored
along the low pressure prograde part of counterclockwise P-T
paths and may result in a complex sequence of monazite growth
and consumption. In contrast, for many upper greenschist to
amphibolite facies and also high pressure meta-psammopelites,
the monazite stability field is entered at decreasing pressure.
Monazite crystallization may then appear at the retrograde
stages of the evolution, which would be suitable for monazite
dating of late shear zone formation. The corona and satellite
microstructures support the potential of monazite dating of
complex and polyphase metamorphism.

Monazite microstructures provide an unique potential for
the understanding and reconstruction of tectonic scenarios
and geodynamics. This is given by monazite mineral
chemistry and age dating which allow deep insight to the
microstructure formation and development. The common
occurrence of monazite in garnet-bearing meta-psammopelites
then allows additional and independent constraints of the
P-T-time evolution.
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