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Abstract

Metamorphism and partial melting of the lower crust is commonly assumed to

cause depletion in heat producing elements (HPEs; K, U, Th). In the deep

crust, volumetrically subordinate metasedimentary layers, which are source to

crustal granites (sensu lato), host the majority of Th ! U, primarily within the

REE + Th + U + Y phosphate mineral monazite. We examine the spatial and

temporal distribution of Th within monazite grains in metasedimentary rocks

from the lower crustal section of the Ivrea–Verbano Zone (Italy), using tex-

tural, compositional and geochronological data. We link this to outcrop and

regional scale trends described by in-field gamma-ray spectrometry data (in-

field GRS) for the purpose of understanding how Th distribution is controlled

by progressive metamorphism and partial melting. In-field GRS data shows

that the whole rock budget of Th does not change between granulite facies

rocks and their unmelted equivalents but is significantly lower in rocks that

have undergone more significant melt loss at ultra-high temperature (UHT)

conditions. Concurrently, the bulk Th budget of monazite increases with meta-

morphic grade to granulite facies conditions and is greatly reduced in UHT

samples. Monazite geochronology returns dates mostly in the range 240–
320 Ma with two main peaks at circa 290 and 270 Ma. Textural and chemical

constraints indicate that these dates record the timing of pre-peak to peak

metamorphic conditions. Amphibolite facies monazite compositional zones

are absent from granulite facies monazite, in contrast to examples from lower-

pressure terranes. This is consistent with the expanded stability of allanite rela-

tive to monazite with increasing pressure having an important role in deter-

mining the internal structure, composition and extent of inheritance of

monazite in going from amphibolite facies to granulite facies rocks. We pro-

pose high-pressure granulites should preserve less monazite inherited from

amphibolite facies conditions than low-pressure granulites. Monazite is pre-

served at all metamorphic grades and presents a mineralogical mechanism for

retaining Th in residual deep crust during partial melting and after melt loss.

Received: 9 August 2021 Revised: 18 November 2021 Accepted: 24 January 2022

DOI: 10.1111/jmg.12656

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Journal of Metamorphic Geology published by John Wiley & Sons Ltd.

J Metamorph Geol. 2022;1–28. wileyonlinelibrary.com/journal/jmg 1

https://orcid.org/0000-0002-4926-2365
https://orcid.org/0000-0002-7425-7904
mailto:megan.williams5@sa.gov.au
https://doi.org/10.1111/jmg.12656
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/jmg
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjmg.12656&domain=pdf&date_stamp=2022-03-09


KEYWORD S
electron probe microanalysis, monazite chemistry, radiogenic heat production, U–Pb
monazite geochronology

1 | INTRODUCTION

Monazite is a common accessory mineral in clastic
metasediments across a wide range of pressure and
temperature conditions and tectonic settings in the
crust (e.g., Engi, 2017; Parrish, 1990). Its utility and sig-
nificance far outweighs its low modal abundance: mon-
azite is an important geochronometer for high
temperature crustal processes and the major host of
Th—a major heat producing element—in the crust.
Despite extensive study of the chemical behaviour of
the rare earth elements (REEs) and Y in monazite (e.g.,
Bea & Montero, 1999; Kelly et al., 2012; Pyle &
Spear, 2003; Taylor et al., 2016; Yang & Pattison, 2006)
and experimental studies including Th in the monazite–
melt system (e.g., Rapp et al., 1987; Rapp & Wat-
son, 1986; Stepanov et al., 2012), the behaviour of Th-
in-monazite with progressive metamorphism is under-
explored. Thus, the changing chemical concentration
and zoning of Th and bulk Th content of monazite
grains as a function of pressure, temperature and bulk
rock composition remains unclear.

Previous studies have successfully linked chemical
zoning of Ce or Y in metamorphic monazite to mineral
reactions involving garnet, apatite, xenotime and melt
(Corrie & Kohn, 2008; Dumond et al., 2015; Kohn &
Malloy, 2004; Pyle & Spear, 1999, 2003; Rubatto
et al., 2006; Smith & Barreiro, 1990; Wing et al., 2003).
However, to date, studies that have focused on Th behav-
iour in particular are few (Bea & Montero, 1999; Bingen
et al., 1996; Skrzypek et al., 2018; Watt, 1995; Williams
et al., 2018) and studies reporting Th zoning in
monazite have produced seemingly contradictory results
(e.g., decreasing Th from core to rim; Kohn & Mal-
loy, 2004; Th-in-monazite is constant or increases with
metamorphic grade; Skrzypek et al., 2018; Williams
et al., 2018). Recent work by Williams et al. (2018) and
Skrzypek et al. (2018), both on low pressure terranes,
identified monazite chemical zones in prograde metamor-
phic sequences. These monazite zones showed a system-
atic progression of increasing Th from the lowest to
highest grade rocks. At Mt Stafford this retention of Th in
monazite resulted in the retention of Th in granulite
facies rocks despite significant partial melting and inter-
preted melt loss (Bartoli, 2017; Palya et al., 2011; Williams
et al., 2018). In this study, we explore bulk Th and mona-
zite chemistry in the higher-pressure Ivrea–Verbano Zone

to explore similarities and differences in the record of
monazite formation in these terranes.

Sections of metasedimentary sequences that expose a
continuous and well constrained metamorphic gradient
are the best targets to investigate monazite composition
over a P–T range. The Ivrea–Verbano Zone (IVZ) in north-
ern Italy exposes such a sequence along the Val Strona di
Omegna. This is an ideal natural laboratory as it
(a) provides a continuous metamorphic field gradient from
the mid-amphibolite through to granulite facies, with and
apparent P–T gradient of "70#C/kbar (Kunz &
White, 2019; Redler et al., 2012); (b) contains an abun-
dance of metapelite layers throughout the transect that
have arguably consistent chemistry across the solidus (Bea
& Montero, 1999; Redler et al., 2012) and thus presents the
opportunity to study monazite behaviour without the com-
plexity of significant changes to bulk rock chemistry; and
(c) has a well-constrained regional P–T framework (Ewing
et al., 2013; Kunz et al., 2014; Redler et al., 2012, 2013).

The behaviour of accessory minerals and their trace
element compositions in the IVZ was previously studied
in the landmark paper by Bea and Montero (1999), details
of which are outlined below. However, as informative and
revolutionary as the Bea and Montero (1999) study was, it
was limited by the resolution of analytical techniques
(i.e., whole rock geochemistry and electron probe micro-
analysis [EPMA]) available at the time. To this end, we
revisit the same section of Val Strona di Omegna to add
several hundred more data points to the regional bulk
rock Th trends reported in Bea and Montero (1999) and
examine the micro-scale compositional variations within
monazite grains, interpreted within a P–T–time frame-
work. The extended data set and greater breadth of inter-
pretation gives greater insight into (a) the preservation
(or not) of pre-peak and peak monazite; (b) the relative
and changing importance of the two Th substitution
mechanisms within natural monazite; and (c) the mineral
reactions to which monazite geochronology relates.

2 | GEOLOGICAL SETTING

The Ivrea–Verbano Zone (also known as the Ivrea Zone,
IVZ) in the southern Alps, north-west Italy, represents a
tilted mid to lower crustal section of the pre-alpine base-
ment (e.g., Bea & Montero, 1999; Brodie & Rutter, 1987;
Fountain, 1976; Peressini et al., 2007; Redler et al., 2012,
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2013; Rivalenti et al., 1981; Zingg et al., 1990). The
sequence consists of interlayered metabasites and
metapelites with subordinate meta-carbonate and calc-
silicate layers which together form the Kinzigite Forma-
tion (Figure 1). The sequence has a metamorphic field
gradient from mid-amphibolite facies rocks (locally
known as Kinzigites) in the SE, adjacent to the Cossato–
Mergozzo–Brissago (CMB) tectonic line, to granulite
facies rocks (locally known as Stronalites) at the base of
the section, adjacent to the Insubric line in the west
(Figure 1; e.g., Henk et al., 1997; Quick et al., 2003;
Redler et al., 2013; Schmid & Wood, 1976; Sills &
Tarney, 1984). The sequence is intruded to the SW by a
large mafic body (‘Mafic Complex’, Figure 1), the upper
part of which has a narrow contact aureole ("1 km wide)
that overprints the regional metamorphic field gradient
(Barboza et al., 1999; Barboza & Bergantz, 2000). The
minimum P–T conditions adjacent to the CMB line, as
constrained by thermodynamic forward modelling, are
<3.5–7.9 kbar and <640–710#C (Redler et al., 2012). The
maximum P–T conditions in the continuous
metasedimentary sequence, as determined by thermody-
namic forward modelling, are >9.5 kbar and >870#C
(Kunz & White, 2019; Redler et al., 2012), but higher
temperatures up to 1100#C are recorded by Zr-in-rutile
thermometry in the slivers of metapelites (‘septa’) within
the Mafic Complex (Ewing et al., 2014; Pape et al., 2016).
The metamorphic field (thermal) gradient in Val Strona
di Omegna is approximately 70#C/kbar based on the pub-
lished P–T results (Kunz & White, 2019; Redler
et al., 2012). Forward thermodynamic modelling of gran-
ulite facies samples from the IVZ indicates that

metapelites produced up to 25–30% melt which was pro-
gressively extracted (Redler et al., 2013).

Remnants of regional metamorphism related to the
Variscan Orogeny in the IVZ have been dated to circa
320–300 Ma (Ewing et al., 2013; Kunz et al., 2018; Vavra
et al., 1999). The Mafic Complex intruded the sequence
shortly afterwards. The main pulse of the Mafic Complex
was dated at 288 ! 4 Ma by Peressini et al. (2007), and a
recent ID–TIMS study constrains the main felsic and
mafic magmatism to a short period between 286 and
282 Ma (Karakas et al., 2019). Minor magmatic activity
occurred from circa 300 to 270 Ma (Klötzli et al., 2014;
Peressini et al., 2007). The majority of U–Pb ages (zircon
and monazite) in the pelitic rocks constrain regional
heating to amphibolite and granulite facies conditions to
the Permian, that is, 290–270 Ma (Ewing et al., 2013;
Guergouz et al., 2018; Henk et al., 1997; Kunz
et al., 2018; Vavra et al., 1999). Geochronology from the
IVZ suggests that the Mafic Complex formed during a
sequential emplacement, providing significant thermal
energy required for the granulite facies metamorphism of
the Kinzigite Formation (Ahrendt et al., 1989;
Baker, 1990; Barboza et al., 1999; Peressini et al., 2007).
Relatively high temperatures may have been maintained
until cooling below " 550#C in the Jurassic (175–
160 Ma), as constrained by rutile geochronology (Ewing
et al., 2015). Rifting to the west of the IVZ during the late
Permian to Jurassic may have resulted in some fluid
influx within the Mafic Complex (Vavra et al., 1999;
Vavra & Schaltegger, 1999). Tilting of the IVZ into its
current steeply inclined orientation is suggested to have
begun during the Jurassic (Wolff et al., 2012) and

F I GURE 1 Simplified map of the Ivrea–Verbano Zone showing major stratigraphic units (after Bea & Montero, 1999; Redler
et al., 2012; Ewing et al., 2013) and locations of samples in this study (see Table 1). Inset: Location of the Ivrea–Verbano Zone. Mineral
abbreviations after Kretz (1983) [Colour figure can be viewed at wileyonlinelibrary.com]
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continued during the Oligocene as part of the Alpine
Orogeny (e.g., Handy et al., 1999).

The behaviour of accessory minerals in the IVZ was
previously studied by Bea and Montero (1999), who docu-
mented the chemistry of metapelites, metabasites and
leucosomes in Val Strona di Omegna, as well as the
abundance, habit, microstructural location and chemistry
of the four common accessory minerals in these rocks:
monazite, xenotime, apatite and zircon. Progressive
changes to accessory mineral composition documented
in that study demonstrate that reactions between acces-
sory, major minerals and, where present, melt were con-
tinuous throughout the metamorphic sequence (see also
Corrie & Kohn, 2008; Kohn & Malloy, 2004). Monazite in
the sequence was not consumed by major mineral-
forming reactions, retaining a similar modal abundance
with increasing metamorphic grade, and did not
completely dissolve into melt even at high temperatures,
as evidenced by its presence in the residual granulites at
the highest metamorphic grade. Bea and Montero (1999)
reported that the proportion of high-Th/U monazite
increases with metamorphic grade, and its predominant
location at grain boundaries suggested growth in the
presence of melt. Bea and Montero (1999) observed that
metapelitic rocks throughout the sequence have approxi-
mately the same average concentration of LREE and Th
regardless of metamorphic grade. Similarly, the

metabasites do not show any perceptible change in Th
concentration with increasing metamorphic grade. The
study concluded that chemical changes associated with
metamorphism and partial melting did not significantly
change heat production in the lower crust. The heat pro-
duction of the Val Strona metapelites was recently inves-
tigated by Alessio et al. (2018), who showed empirically
that the heat production in the Ivrea–Verbano Zone was
equivalent in sub- and supra-solidus rocks.

3 | MINERAL ASSEMBLAGES AND
TEXTURES IN METAPELITES

The IVZ is split into three zones based on metamorphic
assemblages: the Kinzigite zone, a transition zone and the
Stronalite zone, which broadly correspond to mid- and
upper-amphibolite and granulite facies, respectively (Bea
& Montero, 1999; Redler et al., 2012; Schnetger, 1994).
Amphibolite facies metapelites in the Kinzigite zone are
folded micaschists with variable proportions of biotite,
muscovite, fibrolitic sillimanite, garnet, plagioclase and
quartz (Figure 2 a,b). At the lowest grade, micaschists con-
tain leucocratic patches with a high proportion of musco-
vite and plagioclase that are almost completely devoid of
biotite (Figure 2a; e.g., Bea & Montero, 1999). These
leucocratic patches were described by Bea and

F I GURE 2 Field relations from Val Strona di Omegna (a)–(e) and Val Sesia (f), in order of increasing metamorphic grade. Scale bar
graduations 10 mm. (a) Micaschist with garnet porphyroblasts and muscovite rich leucocratic patches (lower amphibolite; IV16-03A).
Arrows indicate garnet porphyroblasts; (b) Micaschist with abundant garnet (lower amphibolite; IV16-07); (c) folded micaschist with
muscovite-poor leucocratic patches (upper amphibolite; IV16-08); (d) garnet–sillimanite–biotite gneiss. Arrows indicate peritectic garnet
(granulite; IV16-12); (e) garnet–sillimanite gneiss (biotite absent, granulite; IV16–16); (f) layered residual metapelite in UHT septa. Light
bands are mainly plagioclase–garnet, dark bands are rich in garnet and sillimanite (UHT granulite; IV16-22A/B) [Colour figure can be
viewed at wileyonlinelibrary.com]
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Montero (1999) as hydrothermal mobilizates. Garnet at
the lowest metamorphic grade occurs as rare isolated
porphyroblasts, wrapped in a fabric of biotite and musco-
vite (Figure 2a). With increasing metamorphic grade, gar-
net becomes more abundant and generally smaller in size
(Figure 2b). The transition zone represents the change
from amphibolite to granulite facies assemblages and
extends from the K-feldspar-in isograd in the metapelites
to the orthopyroxene-in isograd in the metabasites (Bea &
Montero, 1999; Redler et al., 2012). In this zone, the meta-
pelitic rocks change from micaschists to gneisses, accom-
panied by an overall decrease in the modal proportion of
biotite and increase in the modal proportion of garnet, sil-
limanite and leucosome (Figure 2c). In the granulite facies
zone (Stronalite) the metapelites consist primarily of gar-
net, plagioclase, K-feldspar, prismatic sillimanite, biotite
and quartz, with accessory rutile, ilmenite and graphite.
The modal proportion of biotite decreases with metamor-
phic grade, in an inverse relationship with the increase in
the number and volume of leucosomes preserved in the
rocks and modal abundance of peritectic garnet
(Figure 2d). Whole rock geochemistry and phase equilibria
modelling by Redler et al. (2013) shows that the unmelted
mid-amphibolite facies rocks in the IVZ can be considered
as protolith compositions for the rocks at higher metamor-
phic grades and that melt production in the granulite
facies rocks reached a maximum of approximately 25–
30 mol. %. Within the Mafic Complex exist several septa of
metapelitic rocks that were metamorphosed to ultra-high
temperature granulite (UHT; >900#C) conditions and
have mineral assemblages containing abundant garnet, sil-
limanite, plagioclase (sometimes perthitic), rutile and vir-
tually no biotite (Figures 1 and 2f; e.g., Ewing et al., 2013).

4 | SAMPLE SELECTION

Representative metapelite samples of the IVZ were col-
lected along the well exposed traverse in Val Strona Di
Omegna (Val Strona; Figures 1 and 2). This part of the
sequence is the best exposed, most continuous, easily
accessible and the furthest removed from the overprinting
effects of the Mafic Complex in the SW, thus is the best
place to study the regional metamorphic trend. The Val
Strona sequence has been extensively investigated in terms
of petrology and geochronology (e.g., Bea &Montero, 1999;
Ewing et al., 2013, 2014; Kunz et al., 2018; Kunz &
White, 2019; Peressini et al., 2007; Redler et al., 2012;
Redler et al., 2013, and references therein), allowing direct
comparison of the new results with previous studies. Of
the 31 samples collected and investigated for bulk rock
composition in this study, seven were selected for detailed
textural and mineral analysis (Table 1). Three amphibolite
facies and two granulite facies metapelites are from Val
Strona; two samples are UHT metapelite from septa
within the Mafic Complex from the locality of Isola in Val
Sesia (Figures 1 and 2f). One UHT sample represents the
restite with abundant garnet (IV16-22A) whereas the other
is more leucocratic (IV16-22B). Thin sections were cut in
the same orientation for all samples, perpendicular to foli-
ation and parallel to lineation.

5 | METHODS

5.1 | Whole-rock geochemistry

Whole-rock geochemical analyses of all collected samples
were undertaken to determine similarity of chemical

TAB L E 1 Samples and locations. Samples listed in increasing grade order, refer to Figure 1

Sample Metm. Grade Rock type Mineralogy Location

IV16–03A Amphibolite Pelite with vein Bt–ms–pl–grt–qtz
Mnz–apt–xtm–zrn

0450804 mE 5083388mN

IV16–07 Amphibolite Pelite Bt–sil–pl–grt–ms–qtz
Mnz–apt–xtm–zrn–gr

0448640 mE 5083912mN

IV16–08 Amphibolite Pelite Bt–ms–pl–grt–qz–sil
Mnz–apt–xtm–zrn–gr

0446706 mE 5084125mN

IV16–12 Granulite Pelite Bt–ms–pl–grt–sil–ru–qz
Mnz–apt–xtm–zrn–gr

0445135 mE 5086576mN

IV16–16 Granulite Pelite
Restite

Bt–pl–kfs–grt–sil–ru–qz–gr
Mnz–apt–xtm–zrn

0442972 mE 5087044mN

IV16-22A UHT Pelite
Leucosome

Sil–pl–grt–qtz–rt–ilm
Mnz–apt–xtm–zrn–aln–chl

0435591 mE 5074755mN

IV16-22B UHT Pelite
Restite

Grt–sil–pl–qtz–rt–ilm
Mnz–apt–xtm–zrn–aln–chl

0435591 mE 5074755mN

Note: Metamorphic grade after Redler et al. (2012). Locations are in UTM coordinates, zone 32 T, using the WGS84 datum. Mineral abbreviations after
Kretz (1983). Metm., metamorphic; UHT, ultra-high temperature granulite. Vein in IV16-03A comprises 10% of thin section.
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composition between samples as well as to quantify bulk
rock concentrations of heat producing elements. Whole-
rock geochemical analyses were undertaken by Wave-
length Dispersive X-ray Fluorescence spectrometry at the
Department of Earth and Environment, Franklin and
Marshall College, Lancaster PA, USA. Major elements
were analysed on fused disks prepared using a lithium
tetraborate flux. Whole rock geochemistry for all col-
lected samples is provided in Table S1. Element
(ppm) and oxide (wt%) concentrations from whole-
rock geochemistry are herein denoted in the form
Th_WR and CaO_WR, respectively (e.g., trace and major
elements).

5.2 | In-field gamma-ray spectrometry

Handheld gamma ray spectrometry (GRS) data for the
Ivrea–Verbano Zone were published in Alessio
et al. (2018), which contains the full data set and
methods for this technique. Analyses were collected
from transects of the IVZ, predominantly in Val Strona
Di Omegna, from lowest to highest metamorphic grade,
with multiple analyses collected at each location to
account for the natural heterogeneity of sequences in
outcrop (Figure 3). Thorium concentrations obtained
from in-field GRS data are denoted Th_GRS and are
cast as ppm.

5.3 | Mineral liberation analysis (MLA)

Entire thin sections were mapped for monazite,
xenotime, zircon, allanite and apatite at Adelaide Micros-
copy, the University of Adelaide, using a FEI Quanta600
Scanning Electron Microscope (SEM) with automated
MLA software (Gu, 2003). Full detail of the MLA proce-
dure is detailed in Williams et al. (2018).

5.4 | EPMA

Qualitative mapping and quantitative analyses of mona-
zite chemistry were performed at Adelaide Microscopy,
the University of Adelaide, using a Cameca SXFive elec-
tron microprobe following the method described in Wil-
liams et al. (2018). Pb was not analysed for any samples
herein to reduce individual spot analysis time. Average
detection limits for each element (Table 4) were calcu-
lated from the individual detection limits on all point
analyses in the study. Monazite wt% oxide and cation
data for 4-oxygen monazite from EPMA will be denoted
in the form ThO2_mnz and Th4+_mnz, respectively.

5.5 | Laser ablation–inductively coupled
plasma–mass spectrometry (LA–ICP–MS)

In situ U–Pb dating and trace element concentrations
of monazite were quantified by Laser Ablation ICP–MS

F I GURE 3 Th_GRS (open circles) and Th_WR (filled circles) concentrations in the Ivrea–Verbano Zone as a function of metamorphic
grade. Th_GRS concentrations are from Alessio et al. (2018). Th_WR concentrations are presented in Table S1. Solid red line indicates the
in-field location of the solidus, black dotted lines indicate facies transitions, as defined by Bea and Montero (1999) on the basis of modal
biotite/garnet (bt/grt). Error bars are 2 sigma: Th_GRS errors calculated from machine errors, Th_WR errors calculated from standard data.
Pressure–temperature estimates from Redler et al. (2013) and Ewing et al. (2013). Whole rock Th concentrations from Bea and
Montero (1999) and Guergouz et al. (2018) indicated by black triangles and squares respectively. Location of samples shown in Figure 1.
Trans, transition zone; UHT, ultra high temperature granulite (septa) [Colour figure can be viewed at wileyonlinelibrary.com]
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at Adelaide Microscopy, the University of Adelaide.
Analysis spot locations were selected based on zoning
identified in EPMA maps of grains, with spots located
within specific chemical zones where possible adjacent
to EPMA point analyses. Ablation of monazites was
performed in situ with a beam diameter of 13 μm. A
common Pb correction was applied using the
‘VizualAge_UcomPbine’ Data Reduction Scheme (Chew
et al., 2014) in the programme Iolite (Paton et al., 2011)
which applies a common Pb correction following the
207Pb method. Detailed LA–ICP–MS methods are
described in Appendix S2 and uncorrected data are pro-
vided in Table S3.

6 | RESULTS

6.1 | Bulk rock composition

Whole rock Th concentrations measured by X-ray
Florescence (Th_WR) for all samples are in the range
5–43 ppm, within the range of whole rock Th mea-
sured by in-field GRS and other published analyses
from Val Strona (Figure 3, Table S1). The chemistry of
the amphibolite and granulite facies samples (Table 2)
is equally spread in the AFM and Al2O3–(CaO
+ Na2O)–K2O diagrams (Figure 4a,b) regardless of
metamorphic grade. Amphibolite and granulite facies
samples with similar (high Al, low Ca) compositions
were selected for further analysis. This composition
was chosen due to its propensity to form and retain
monazite, enabling the largest P–T range over which
to study monazite chemistry (e.g., Spear, 2010; Spear &
Pyle, 2010). In particular, monazite in these rock com-
positions exists well above the solidus, enabling study
of monazite–melt interactions. The UHT samples have
distinctly lower K2O (Figure 4b) than amphibolite and
granulite facies samples. Samples IV16-22A and
IV16-22B were selected for further analysis as they are
the least weathered of the UHT samples. In addition
to having lower K2O than other samples selected for
analysis, these samples also have significantly higher
CaO and Na2O (Figure 4b). Whether the UHT rock
chemistry reflects the primary chemistry of the meta-
sediments is unclear. However, CaO- and Na2O-rich
metasediments are reported from within the Ivrea
section (Figure 4b; Bea & Montero, 1999; Guergouz
et al., 2018; Schnetger, 1994).

In-field GRS data (Th_GRS) from IVZ metapelites
(Figure 3, data from Alessio et al., 2018) shows no
change in the range of Th ppm concentrations
between amphibolite and granulite facies rocks with
peak temperatures up to approximately 900#C.

Analyses from the UHT septa at Isola (peak tempera-
tures >950#C) have significantly lower Th_GRS than
lower-temperature granulite facies metapelites
(Figure 3). The average Th_GRS ppm for the amphibo-
lite, granulite and UHT samples are 21 ! 5 (n = 306),
20 ! 6 (n = 249) and 3 ! 1 (n = 54), respectively
(errors are 1 s.d.). Analyses for each facies fall in the
ranges 3–34, 3–31 and 1–5 ppm, respectively (see
Alessio et al., 2018).

6.2 | Monazite petrography and volume
proportions

Monazite occurs in all seven samples investigated,
encompassing amphibolite facies to UHT conditions.
Accessory mineral textural locations are shown in
Figure 5, volume proportions and grain characteristics
are shown in Figure 6 and EPMA monazite grain
images are shown in Figure 7. Further detailed acces-
sory mineral petrography is available in Appendix S4.
In the amphibolite facies samples, monazite occurs
predominantly within the matrix, included within or
at the grain boundaries of biotite (Figure 5a) and
K-feldspar (Figure 5a,b), and aligned with the fabric.
Monazite rarely occurs as very small grains included
in garnet poikiloblasts in sample IV16-07
(e.g., Figure 5b).

In granulite facies sample IV16-12, monazite occurs
within the matrix adjacent to sillimanite (Figure 5c),
plagioclase (Figure 5d) and biotite (Figure 5d), and
rarely at sillimanite–ilmenite/rutile and garnet-
sillimanite grain boundaries (Figure 5c,d). In granulite
facies sample IV16-16, monazite most commonly
occurs within leucosomes (Figure 5e,f) or as inclusions
in garnet (Figure 5f). Allanite in the granulite facies
samples occurs as patchy aggregates, commonly with
Th-orthosilicate, at grain boundaries and as discontinu-
ous rims on large monazite grains (Figure S4). In the
UHT samples, monazite occurs adjacent to quartz,
K-feldspar, plagioclase and sillimanite (Figure 5g,h),
and rarely as inclusions in or adjacent to garnet
(Figure 5g).

Monazite maximum grain size increases from
amphibolite facies to granulite facies, then decreases
sharply in the UHT samples (Table 3). Monazite volume
proportions (‘modes’) are in the range 0.001–0.047 vol.%
(Table 3, Figure 6). Monazite modes increase slightly
through the amphibolite facies (0.037, 0.045 and
0.047 vol.%, Table 3) then decrease through the granulite
facies (0.039 and 0.027 vol.%). Granulite facies monazite
is affected by two retrograde reactions, producing
aggregates of (1) allanite and Th-orthosilicate and
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(2) LREE-rich apatite and cheralite (Appendix S4; Bea &
Montero, 1999). These aggregates are too fine grained to
estimate mineral proportions using the MLA method but
indicate that the proportion of monazite in the granulite
facies samples was somewhat higher than that preserved.

The UHT samples (IV16-22A, IV16-22B) have the lowest
mode of monazite of all samples (0.004 and 0.001 vol.%
respectively).

Based on our estimates from the Val Strona di
Omegna section, the zircon mode is variable but may

TAB L E 2 Whole rock geochemistry for studied samples from the Ivrea–Verbano zone

Amphibolite Granulite UHT

IV16-03A IV16–07 IV16–08 IV16–12 IV16–16 IV16-22A IV16-22B

Major elements (wt%)

SiO2 49.18 51.88 56.96 57.00 54.75 57.75 46.53

TiO2 1.34 1.16 1.16 1.19 1.56 1.31 1.83

Al2O3 28.66 28.54 22.88 22.86 24.58 18.16 23.18

Fe2O3T 12.18 12.57 9.79 10.57 12.71 11.33 16.16

MnO 0.14 0.13 0.19 0.26 0.13 0.17 0.26

MgO 3.48 1.69 2.91 2.69 3.87 4.64 5.47

CaO 0.15 0.56 0.47 1.22 0.46 2.66 2.82

Na2O 0.46 0.74 1.21 0.73 0.57 2.27 2.22

K2O 4.29 2.87 3.93 3.19 1.39 1.51 1.23

P2O5 0.05 0.06 0.17 0.15 0.05 0.09 0.06

Total 99.93 100.20 99.67 99.86 100.07 99.89 99.76

LOI 1.62 1.88 2.41 2.80 2.00 1.38 1.85

Fe2O3 10.37 8.53 7.96 6.68 10.13 6.32 10.74

FeO 0.66 3.09 0.94 3.15 1.45 4.31 4.22

Trace elements (ppm)

Rb 283 228 233 147 48 13 14

Sr 62 205 125 133 132 365 333

Y 16 45 28 39 58 89 127

Zr 161 203 189 185 195 242 311

V 203 173 179 238 226 187 281

Ni 72 69 76 104 65 72 51

Cr 160 165 166 209 178 192 199

Nb 26 37 25 18 24 20 41

Ga 40 45 32 32 38 20 27

Cu 96 26 36 60 41 65 59

Zn 191 205 143 165 149 189 171

Co 42 37 31 38 45 38 55

Ba 610 399 475 706 558 863 642

La 30 43 26 40 36 40 26

Ce 62 76 56 83 72 73 55

U n/d n/d n/d n/d n/d n/d n/d

Th 31 37 25 28 29 7 5

Sc 22 18 17 14 19 18 34

Pb 1 9 7 13 1 6 11

Note: FeO and Fe2O3 determined by titration.
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increase slightly with metamorphic grade (Figure 6 and
Table 3). Xenotime mode is variable within the
amphibolite facies samples and decreases sharply in
the granulite facies and UHT samples. Apatite propor-
tion is the most variable and has maximum volume
proportion in the upper amphibolite facies (Figure 6a).
Allanite occurs in cracks in garnet in sample IV16-03A
and is virtually absent in the other amphibolite facies
samples (Figure 6a). Allanite occurs as fine-grained
aggregates on monazite grain boundaries in leucocratic
parts of all granulite and UHT samples, with
greatest volume proportion in IV16-16. Volume esti-
mates based on MLA maps confirm that garnet volume
proportion broadly increases with metamorphic grade
(Figure 6b).

6.3 | Monazite composition

Monazite has been separated into nine distinct chemi-
cal zones based on EPMA map and point analysis
data, summarized in Tables 4 and 5. Zones were

correlated between grains in the same sample, and
also between samples, according to texture and chemi-
cal composition and in particular: (a) the regular and
recurring spatial organization of distinct zones in
EPMA maps (Figure 7); and (b) the identification of
distinct populations in divariant scatter (Harker) plots
of EPMA point data (Th, Ce, Y, Ca Figure 8a).
Monazite zones 1–4 (Z1–Z4) occur in the amphibolite
facies samples, zones 5–7 (Z5–Z7) occur in the
granulite facies samples and zones 8 and 9 (Z8, Z9)
occur in the UHT samples. Three of the nine zones
(Z4, Z5, Z7) occur solely within single samples, with
the remaining six zones occurring in two or more
samples.

Monazite Z1 is a Th-poor and REE-rich zone with
moderate Y (Figure 8). Monazite Z1 occurs within the
cores of monazite grains in samples IV16-03A and
IV16-08 and is surrounded by Z2 and Z3 monazite
(Figure 7). Monazite Z2 is a moderate Th, Y-poor zone
and Z3 is a moderate Th, Y-rich zone (Figure 8). Zones
2 and 3, found in samples IV16-03A, IV16-07 and
IV16-08, consistently show a core–mantle relationship,

F I GURE 4 Whole-rock geochemistry from the Ivrea–Verbano zone metapelites of this study. (a) Al2O3–FeO (total)–MgO (AFM)
diagram. (b) Al2O3–CaO + Na2O–K2O diagram after Janots et al. (2006). Shaw’s average pelite shown with grey cross (Shaw, 1956). Ill, Illite,
Kln, Kaolinite, Kfs, K-feldspar, Pl, plagioclase. (c) Al2O3_WR versus Ce_WR + La_WR. (d) Al2O3_WR versus SiO2_WR. See Table S1 for
whole rock geochemical analyses [Colour figure can be viewed at wileyonlinelibrary.com]
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with Z2 internal to Z3. The width of Z3 rims increases
with metamorphic grade (Figure 7). Zone 4 is a very Y-
rich zone with moderate Th and low LREE (Figure 8).
Zone 4 occurs only in sample IV16-03A as isolate grains
with embayed edges within a leucocratic vein (see also
Bea & Montero, 1999). Zone 5 is a moderate Th,
moderate Y, and moderate REE zone (Figure 8). Zone
5 occurs as cores of grains and rarely as isolate grains in
granulite facies sample IV16–12. Zone 5 has Y between
that of Z2 and Z3 (Figure 8a) and is therefore defined as
a distinct monazite zone. Zone 6 is a moderate Th, low–
moderate Y, and moderate REE zone (Figure 8). Zone
6 occurs in samples IV16–12 and IV16–16, in the former

as rims around Z5 and in the latter as cores of grains.
Zone 7 is a moderate Th, Y- and HREE-poor and LREE-
rich zone (Figure 8). Zone 7 occurs in sample IV16–16 as
narrow, discontinuous rims around Z6. Monazite Z8 is a
very Th-rich, Y- and REE-poor zone and Z9 is a very
LREE-rich, Th- and Y-poor zone (Figure 8). Monazite Z8
occurs within and adjacent to garnet grains in both UHT
samples and Z9 occurs in the matrix of the UHT samples.
Monazite zone 9 also occurs within garnet grains along
fractures connected to the matrix. There are no addi-
tional microstructural controls on the appearance of
other monazite zones (Z1–Z3, Z5–Z8) other than
described above.

F I GURE 5 Representative backscattered electron photomicrographs indicating microstructural setting of monazite and other accessory
minerals. (a) IV16-08; monazite preferentially distributed along the biotite fabric. (b) IV16-07; monazite within matrix and included in
garnet. (c) IV16-12; mnz at sillimanite–garnet grain boundary and aligned with sillimanite–biotite fabric. (d) IV16-12; monazite included in
garnet and plagioclase, and at garnet-plagioclase and garnet-biotite grain boundaries. (e) IV16-16; monazite with allanite rims in leucosome.
(f) IV16-16; monazite included in quartz and garnet. (g) IV16-22A; monazite included in K-feldspar and garnet. (h) IV16-22B; monazite in K-
feldspar and quartz in leucosome. (a–h) Mineral abbreviations after Kretz (1983)
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F I GURE 6 Mineralogical and chemical variation across metamorphic grade. Distance scale (x axis) shows distance between projected
location of samples onto a linear transect of Val Strona di Omegna, increasing in metamorphic grade from left to right. Dashed line indicates
break in section. IV16-22A and IV16-22B were collected approximately 1 m apart in the outcrop of Val Sesia. Note logarithmic scale for
(c) and (d). Uncertainty in measurements represented by the size of markers. (a) Volume proportions of accessory minerals (as vol.%),
calculated from point counting of MLA maps. bdl, below detection limit (10$6 vol.%). Note that peak monazite proportions for IV16-12 and
IV16-16 was higher than that preserved in the samples (see Section 6.2). (b) Volume proportions of garnet and apatite (as vol.%) calculated
from point counting of MLA maps. Garnet scale on left of diagram, apatite scale on right. (c) Whole rock concentrations of P and selected
trace elements, as element ppm. (d) Boxplots of monazite grain size determined from MLA mapping. Boxplots show dispersion of data, the
interquartile range and median values for each element. Q1, quartile 1; Q3, quartile 3. (e) Number of monazite grains in each sample (thin
section) determined from MLA maps. (a–e) aln, allanite; apt, apatite; gt, garnet; mnz, monazite; xtm, xenotime; zrn, zircon [Colour figure
can be viewed at wileyonlinelibrary.com]
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Th varies from <0.0003 to 0.19 atoms per formula
unit (APFU; Table 5 and Figure 8a,b). It increases from
monazite Z1 to Z2, then it is effectively constant in the
remaining amphibolite facies zones and in granulite
facies samples (Z5–Z7). Monazite Z8 in UHT samples has
the highest Th concentration of all zones and Z9 the low-
est. Y data show a peak in the amphibolite facies samples
(maximum of 0.07 APFU Y in Z4), intermediate Y

concentration in the core of the granulite facies monazite
Z5 (0.01–0.03 APFU), and low Y concentrations
(<0.0008–0.02 APFU) through the granulite facies and
UHT samples (Figures 7 and 8). There is a similar,
although more subtle, trend in Gd and U concentrations:
higher contents are found in the rims of monazite grains
of amphibolite facies samples or cores of monazite grains
of granulite facies samples (Z1–Z5). ΣLREE and Ca have

F I GURE 7 Representative composite EPMA maps of element concentrations in monazite from the Ivrea–Verbano Zone metapelites.
Images are composite qualitative maps of thorium, cerium and yttrium with the three element maps overlain. Green channel represents
ThO2 in the range 0–20.3 wt%, blue represents Ce2O3 in the range 0–33.9 wt% and red represents Y2O3 in the range 0–3.4 wt%. Colour scale
shows the relative proportions of the elements Th, Ce and Y in each grain, scaled to highlight differences in chemistry between monazite
zones. Z1–Z9 refer to monazite zones described in text. Bright green areas in IV16-16 represent intergrowths of allanite and Th-orthosilicate
[Colour figure can be viewed at wileyonlinelibrary.com]

TAB L E 3 Modal proportions of accessory minerals (vol.%) and grain characteristics in IVZ samples determined from point counting of
MLA maps

Volume proportion (vol.%) Grain size (μm)

Sample Mnz Ap Zrn Xtm Grt Aln n Ave SD Max

IV16-03A 0.0367 0.0238 0.0128 0.0078 3.00 0.0022 114 308 497 2613

IV16–07 0.0449 0.0184 0.0182 0.0016 8.21 n.d. 137 362 564 3184

IV16–08 0.0472 0.2413 0.0195 0.0034 1.00 2.10 % 10$6 129 426 595 3890

IV16–12 0.0389 0.1097 0.0375 3.87 % 10–5 17.37 0.0147 174 264 431 2646

IV16–16 0.0266 0.0149 0.0300 n.d. 17.26 0.0489 113 595 1520 12504

IV16-22A 0.0045 0.0005 0.0217 n.d. 22.62 0.0265 133 18 42 438

IV16-22B 0.0010 0.0041 0.0297 3.86 % 10$5 24.64 0.0159 71 21 32 197

Note: Volume proportion detection limit is 10$6 vol.%. n.d. not detected; mnz, monazite; ap, apatite; zrn, zircon; xtm, xenotime; grt, garnet; aln, allanite; n,
number of monazite grains.

12 WILLIAMS ET AL.

http://wileyonlinelibrary.com


anti-correlated trends (ΣLREE = La + Ce + Pr + Nd
+ Sm). The lowest ΣLREE concentrations (0.7–0.8
APFU) occur in Z8, corresponding to proportional
increases in Th, Ca and to a lesser extent Si.

In all compositional plots (Figure 8b), Z8 is signifi-
cantly distinct from other zones; this monazite zone has
high Th and Ca and low ΣLREE (Table 5, Figure 9a),

indicating that grains from this zone have significantly
higher fractions of huttonite [ThSiO4] and cheralite
[Ca1/2Th1/2PO4] end-members than all other monazite
zones. Zones 8 and 9 have been defined such that ana-
lyses with Th4+_mnz > 0.02 APFU are Z8, and <0.02
APFU are Z9. In actuality, Z8 and Z9 analyses are fairly
evenly spread from the highest Th4+_mnz (" 0.19

TAB L E 4 Representative EPMA analyses of monazite

Mnz zone Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9

Sample 03A 07 08 03A 12 12 16 22B 22A

Grain Mnz 6 Mnz 2 Mnz 9 Mnz 4 Mnz 5 Mnz 9 Mnz 1 Mnz 5 Mnz 8

Analysis d.l. 23–6 40–6 31–3 22–4 54–2 58–2 104–6 66–3 120–1
SiO2 0.02 0.21 0.38 0.12 0.14 0.33 0.22 0.82 1.98 0.26

CaO 0.01 0.25 0.97 1.09 0.71 0.90 1.02 0.37 2.56 0.13

Y2O3 0.04 0.60 b.d.l. 1.89 3.32 0.62 0.12 b.d.l. 0.12 0.06

La2O3 0.04 13.42 15.55 14.64 14.64 14.87 14.72 12.85 11.64 16.23

Ce2O3 0.04 32.18 29.22 28.63 28.19 29.56 30.09 32.79 23.23 33.30

Pr2O3 0.15 3.81 3.23 3.07 3.15 3.22 3.25 4.00 2.62 3.65

Nd2O3 0.15 13.87 11.67 10.65 11.06 11.40 12.32 13.61 9.63 13.42

Sm2O3 0.16 2.18 2.05 1.68 1.84 1.76 1.67 0.92 1.09 1.12

Gd2O3 0.17 1.62 1.16 1.23 1.71 0.92 0.65 0.23 0.38 0.33

ThO2 0.03 0.75 4.35 4.50 2.12 4.28 4.53 4.37 17.63 b.d.l.

UO2 0.01 0.07 0.48 0.56 0.68 0.27 0.23 0.05 0.04 0.06

P2O5 0.05 31.38 30.59 31.85 31.51 31.21 31.10 29.59 28.40 31.00

Total 100.35 99.67 99.93 99.07 99.35 99.94 99.60 99.33 99.55

Si4+ 0.008 0.015 0.005 0.005 0.013 0.009 0.032 0.078 0.010

Ca2+ 0.010 0.040 0.045 0.029 0.037 0.042 0.016 0.108 0.005

Y3+ 0.012 b.d.l. 0.038 0.068 0.013 0.002 b.d.l. 0.003 0.001

La3+ 0.189 0.223 0.205 0.206 0.211 0.209 0.186 0.169 0.231

Ce3+ 0.451 0.415 0.398 0.394 0.416 0.424 0.471 0.335 0.471

Pr3+ 0.053 0.046 0.043 0.044 0.045 0.046 0.057 0.038 0.051

Nd3+ 0.190 0.162 0.144 0.151 0.157 0.169 0.191 0.136 0.185

Sm3+ 0.029 0.027 0.022 0.024 0.023 0.022 0.012 0.015 0.015

Gd3+ 0.021 0.015 0.015 0.022 0.012 0.008 0.003 0.005 0.004

Th4+ 0.007 0.038 0.039 0.018 0.038 0.040 0.039 0.158 b.d.l.

U4+ 0.001 0.004 0.005 0.006 0.002 0.002 0.000 0.000 0.000

P5+ 1.017 1.005 1.024 1.019 1.017 1.014 0.984 0.947 1.014

Total cations (S) 1.987 1.991 1.983 1.987 1.984 1.988 1.992 1.992 1.989

p (REEmnz) 0.976 0.927 0.867 0.874 0.906 0.911 0.943 0.721 0.994

p (cher) 0.010 0.071 0.088 0.050 0.067 0.079 0.023 0.195 0.000

p (hut) 0.001 0.002 0.005 0.006 0.013 0.009 0.033 0.081 0.005

p (xtm) 0.013 <0.001 0.040 0.070 0.013 0.003 <0.001 0.003 0.001

Note: Z1–Z9 refer to monazite zones described in text. Prefix for all samples is IV16-XX. Oxide values are wt%. Detection limit (d.l.) quoted at 99% confidence
level. Cations calculated for 4 oxygens. p (REEmnz) = proportion of monazite end-member (

P
REE), p (cher) = proportion of cheralite end-member

(1-([
P

REE + Y + Si]), p (hut) = proportion of huttonite end-member (Si4+), p (xtm) = proportion of YPO4 end-member in monazite (Y3+). B.d.l., below
detection limit.
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APFU; Z8) to the lowest (<0.0003 APFU; Z9, Figure 8),
but with a distinct data gap in Th4+_mnz between 0.014
APFU and 0.062 APFU (Table 3). Z9 has very low Th,
with only 11 of 57 analyses above the detection limit.
The difference between grains that preserve high rather
than low Th compositions in the two UHT samples is a
combination of grain size and microstructural location.
Larger grains and those included in garnet preserve
higher Th compositions than smaller grains located
interstitially.

The Th/U ratio in monazite is relatively constant in
amphibolite facies zones (Z1–Z4) and granulite facies Z5
(means of 4.3–11.3, Figure 8c). Th/U then increases from
Z6 to Z8 (means of 42, 64 and 531 for Z6, Z7 and Z8,
respectively). Of the Z9 analyses with Th above the detec-
tion limit, Th/U ratios are variable but the lowest in the
sequence (0.5–24.3, Figure 8c).

6.4 | Monazite U–Pb geochronology

The different chemical zones identified by EPMA map-
ping were targeted (size permitting) for U–Pb geochro-
nology. All samples in the study have complex spectra of
Pb-corrected 206Pb/238U dates, with a total spread
between 347 ! 20 and 154 ! 16 Ma, (Figure 10 and
Appendix S3). Date ranges for all amphibolite and granu-
lite facies monazite zones (Z1–Z7) overlap and mostly fall
in the interval 320–240 Ma. Analyses on monazite from
the UHT samples are fewer due to these monazite grains
being small and yield more scattered dates in the range
circa 300–150 Ma (Z8 and Z9). There is no systematic age
difference between grains in different microstructural
locations either within or between samples. Additionally,

the range of dates for all monazite zones overlap, and for
the zones that yield a significant number of analyses (Z2,
Z3, Z4, Z5 and Z6) the main cluster is between 275 and
290 Ma. ‘Main clusters’ (Figure 10c) were defined on sta-
tistically homogenous populations (e.g., Spencer
et al., 2016). Data was filtered by removing the smallest
number of analyses possible to produce and MSWD <2,
with the most outlying data removed first. The main clus-
ter for Z2 is 290 ! 2.5 Ma, for Z3 is 280 ! 2.5 Ma, for Z4
is 279 ! 6.9 Ma, for Z5 is 276 ! 6.7 Ma and for Z6 is
275 ! 2.9 Ma. Notably, the youngest, although scattered,
dates to 150 Ma are all from Z9 monazite in UHT sam-
ples. The overall data show two major age peaks at
290 ! 1.7 Ma and 271 ! 1.7 Ma and one minor peak at
173 ! 16 Ma (Figure 10).

7 | DISCUSSION

7.1 | Whole rock Th budget

The extensive data set of Th concentrations acquired
with the two methods (XRF and GRS, Figure 3;
Alessio et al., 2018) show that Th is retained in the
metapelitic rocks up to the highest grade of regional
metamorphism ("900#C; Redler et al., 2012), consistent
with the findings of Schnetger (1994), Bea and
Montero (1999) and Bea (2012). The retention of whole
rock (WR) Th during pre-peak to peak metamorphism
of pelites to granulite facies conditions is consistent
with the trends found in several other terranes world-
wide (e.g., Alessio et al., 2018; Andreoli et al., 2006;
Horton et al., 2016; Skrzypek et al., 2018; Williams
et al., 2018).

TAB L E 5 Summary of monazite compositional zones and microstructural locations

Zone Samples Location Th4+ APFU p (REEmnz) p (cher) p (hut) p (xtm) n

Z1 03A, 08 c, m 0.0003–0.0153 0.956–0.981 0.001–0.029 0.006–0.018 0.007–0.013 8

Z2 03A, 07, 08 c, m 0.0111–0.0566 0.890–0.954 0.036–0.105 0.006–0.022 Bdl–0.015 55

Z3 03A, 07, 08 r, m 0.0165–0.0757 0.840–0.887 0.064–0.125 0.002–0.017 0.024–0.060 139

Z4 03A i, l 0.0181–0.0283 0.853–0.886 0.035–0.075 0.005–0.019 0.060–0.072 5

Z5 12 r, m 0.0279–0.0457 0.881–0.914 0.056–0.082 0.010–0.023 0.008–0.029 22

Z6 12, 16 c, r, m 0.0238–0.0577 0.858–0.968 0.010–0.113 0.007–0.035 Bdl–0.025 85

Z7 16 r*, m 0.0192–0.0591 0.913–0.960 0.003–0.054 0.012–0.055 Bdl–0.001 15

Z8 22A, 22B i, g, m 0.0621–0.1879 0.681–0.861 0.111–0.227 0.024–0.091 0.002–0.004 10

Z9 22A, 22B i, m Bdl–0.0141 0.946–0.994 Bdl–0.038 0.003–0.042 Bdl–0.013 73

Note: Z1–Z9 are monazite zones defined in text. The chemistry of zones is summarized in Figures 7 and 8. Prefix for all samples is IV16-XX; c, core; r, rim; r*,
rims (discontinuous); m, matrix; i, isolated grains; l, leucosome; g, garnet inclusion; bdl; below detection limit. p (REEmnz) = proportion of monazite end-
member (

P
REE), p (cher) = proportion of cheralite end-member (1-([

P
REE + Y + Si]), p (hut) = proportion of huttonite end-member (Si4+), p (xtm)

= proportion of YPO4 end-member in monazite (Y3+). n = number of monazite grains. Detection limits: Th4+ = 0.0003 APFU; p (REEmnz) = 0.0045; p (cher)
= 0.0004; p (hut) = 0.0008; p (xtm) = 0.008.
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By contrast, the UHT samples have significantly
lower Th content than other samples in this study. This
observation is in agreement with the whole rock geo-
chemistry data of Ewing et al. (2014), which show a

decrease in WR Th concentration in the septa of an order
of magnitude with respect to amphibolite and granulite
facies samples. As this depletion of WR Th is only
observed in the UHT septa and the monazite in these

F I GURE 8 Harker and boxplots of EPMA point analyses of monazite from zones 1–9 (labelled Z1–Z9 respectively). Z1–Z4 occur in
amphibolite facies samples, Z5–Z7 in granulite facies samples and Z8–Z9 in UHT samples. Number of analyses for each zone are given at the
base of part (a). (a) Boxplots of chemical compositions of monazite (atoms per formula unit, APFU, normalized to 4 oxygen atoms) from
zones Z1–Z9. Boxplots show dispersion of data, the interquartile range (IQR; Q1, quartile 1, Q3, quartile 3) and median values for each
element. Dotted lines indicate metamorphic facies changes within the sequence. (b) Harker plots of monazite EPMA point analyses showing
the range of compositions within each monazite zone, and the overlap between zones. Mahalanobis ellipses show range of compositions for
each monazite zone (2σ). (c) Boxplots of Th/U ratios of monazite for compositional zones Z1–Z9. Boxplots show dispersion of data, the
interquartile range (IQR) and median values for each element (as in (a)). Dotted lines indicate facies changes of the host rock. Note
logarithmic scale [Colour figure can be viewed at wileyonlinelibrary.com]
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samples has small grain size and low volume proportion
(mode), the process that causes the efficient extraction of
Th from the residual rocks must only occur at very high
crustal temperatures (i.e., > "900#C) or in samples with
chemistry similar to the UHT granulites in this study. In
agreement with previous studies of UHT samples (Ewing
et al., 2014; Stepanov et al., 2014) and modelling
(Yakymchuk et al., 2018; Yakymchuk & Brown, 2014),
we interpret metamorphism to UHT conditions at Ivrea
to have involved significant dissolution of monazite into
(extracted) melts, and that the solubility of monazite was
most advanced in the UHT metapelitic septa. The pres-
ence of monazite in the UHT rocks (Figure 10; Ewing
et al., 2013) could suggest either that the temperature for
total monazite dissolution is higher than previously
reported (at least in the rocks we have studied;
e.g., Kelsey et al., 2008; Spear & Pyle, 2010; Yakymchuk
& Brown, 2019) and/or that monazite dissolution was
kinetically or physically inhibited (see Yakymchuk &
Brown, 2019). The low volume proportion of monazite,
marked decrease in average grain size and the location of
monazite primarily at grain boundaries within the matrix
of the two UHT samples (Table 3 and Figures 6, 7), sup-
ports that significant monazite dissolution has occurred
at UHT conditions. This monazite dissolution may have
been further facilitated by interaction with mafic melt
surrounding the septa as the UHT samples have higher
CaO than other pelite samples in this study.

Th_WR ppm concentrations of samples collected
from the same outcrops as Th_GRS measurements

broadly lie within the spread of Th_GRS data (Figure 3;
Alessio et al., 2018). Values from XRF analyses that fall
outside the spread of GRS data from the same outcrops
most likely reflect the decimetre to metre scale of hetero-
geneous layering, and the variable proportion of mafic
and calc–silicate rocks in the sequence that contribute to
the GRS outcrop-scale data.

7.2 | Monazite stability

Monazite is present in all samples in this study. This is in
contrast to a previous study (Guergouz et al., 2018) which
found no monazite in the studied granulite facies rocks
in the IVZ. This indicates that in certain bulk rock com-
positions (low Ca), monazite was stable to the peak of
regional metamorphism ("9.5 kbar, 900#C; Redler
et al., 2012; Kunz et al., 2018). At face value, the propor-
tion of preserved monazite measured in the samples
reaches a peak in the amphibolite facies and decreases
through the granulite facies. However, the role of allanite
has to be considered. Allanite volume proportion in the
granulite facies samples (IV16-12 and IV16-16) is non-
negligible (Figure 6) and allanite in these samples is pre-
dominantly hosted in allanite–Th-orthosilicate aggregates
on monazite grain boundaries. These aggregates were
interpreted by Bea and Montero (1999) to be products of
the retrograde breakdown of monazite. Some of the apa-
tite in these samples is also likely retrograde in origin
(Appendix S4; Bea & Montero, 1999). This indicates that

F I GURE 9 Fractions of Th-end-members of monazite cast from EPMA point data and normalized to p (cher) + p (hutt) + p (mnz)
= 1, the proportions of the cheralite (Th–ca–P), huttonite (Th–Si) and Y + REE monazite respectively. Z1–Z9 refer to monazite zones Z1–Z9
described in text. (a) Relative proportion of Th-end-members cheralite and huttonite. Mahalanobis ellipses show range of compositions for
each monazite zone (2σ). Dashed arrow represents interpreted changes to the cheralite/huttonite ratio with metamorphic grade.
(b) Proportion of cheralite versus Th/U ratio. (c) Proportion of huttonite versus Th/U ratio [Colour figure can be viewed at
wileyonlinelibrary.com]
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proportion of monazite in samples IV16-12 and IV16-16
were higher at the peak of metamorphism. Therefore, the
observed decrease in monazite proportion from amphibo-
lite to granulite facies samples is not indicative of mona-
zite dissolution into melt, but rather subsolidus
retrogression. It is unclear whether a similar process
occurred in the UHT samples as monazite and allanite
occur as isolated grains. Other studies have reported an
increase in monazite volume proportion (and grain size)
with metamorphic grade (e.g., Foster et al., 2002; Franz
et al., 1996; Rubatto et al., 2001; Schulz, 2017; Skrzypek
et al., 2018; Williams, 2001; Williams et al., 2018). We
contend that such a trend may also have been present in
the IVZ, but the retrograde reactions in the rock partially
obscure the record.

The maximum grain size of monazite increases with
metamorphic grade (Figure 6, Table 3); however, as
large(r) monazite grains are few in each sample they do
not greatly affect the sample average grain size
(e.g., Nemchin et al., 2001). The maximum grain size
increase may be the result of processes which favour the
growth of large grains of monazite, such as the REE-
saturated melt infiltration model proposed by Yakymchuk
and Brown (2019), decompression melting (e.g., Johnson
et al., 2015), or Ostwald ripening (dissolution of smaller
grains and precipitation onto larger grains; e.g., Nemchin
et al., 2001). However, all these mechanisms would typi-
cally preserve lower temperature cores, which are not
observed in the granulite facies samples and so cannot
explain the full range of textures observed here.

F I GURE 1 0 LA–ICP–MS monazite geochronology from the Ivrea–Verbano zone. (a) Tera–Wasserburg plot of uncorrected monazite
data; (b) Tera–Wasserburg plot of 207Pb-corrected monazite data. Bold black line in parts (a) and (b) is the regression line for the initial
207Pb/206Pb ratio (207Pb/206Pb0) used in the 207 Pb correction; (c) probability density plot of LA–ICP–MS monazite Pb corrected 206Pb/238U
dates. Ranges of 206Pb/238U ages are shown for all zones and weighted average 206Pb/238U ages are shown for compositional zones Z2, Z3,
Z4, Z5 and Z6. Statistically meaningful ages could not be calculated for Z1, Z7, Z8 and Z9. In each legend the samples are listed in order of
increasing metamorphic grade. Pb correction was performed using 207 method. MC, main cluster; C1–3, Cluster 1–3 determined by
radial plot [Colour figure can be viewed at wileyonlinelibrary.com]
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7.3 | Monazite chemistry and
mechanisms of formation

The monazite geochronology presented in Figure 10
shows that all monazite in the investigated samples is
metamorphic and records a protracted growth (and disso-
lution) history (see Section 7.5). Monazite zones Z1–Z3
and Z5–Z8 preserve a temporal series of chemical zones
(Figure 11), the compositions and order of which are con-
sistent with the recorded and modelled progression of
major and accessory mineral growth along the metamor-
phic field gradient in the IVZ (Figure 6; Redler
et al., 2012). Zones Z4 and Z9 are interpreted to have
formed on the retrograde path (see below) and thus are
not part of the pre-peak to peak sequence of monazite
formation. On the basis of the investigation of monazite
composition presented herein, we contend that retro-
grade or cooling related monazite makes up only a small

proportion of the total monazite in the IVZ metapelites
(only the volumetrically minor zones Z4 and Z9).

High LREE Z1 monazite is found in the cores of
grains, only in amphibolite facies samples IV16-03A and
IV16–08. Similar patchy core textures have been reported
from other terranes (Skrzypek et al., 2018; Williams
et al., 2018). In both of these published examples, the
high LREE zones can be traced through metamorphic
grade changes, originating as aggregates of small mona-
zite grains in lower-amphibolite facies rock, pseudo-
morphed after (probable) allanite (Skrzypek et al., 2018;
Williams et al., 2018).

The transition between Z1 and Z2 monazite, charac-
terized by a change to higher Th and lower REEs, indi-
cates the progressive incorporation of Th, predominantly
via the cheralite substitution, within monazite at inferred
lower-to-mid amphibolite facies conditions. We interpret
this as a continuation of the allanite-consuming reaction

F I GURE 1 1 Interpretative monazite formation summary from the IVZ. Z1–Z9 are monazite zones described in text. Schematic
abundance plot shows changes in mineral and melt abundance relative to the growth of monazite zones. Refer to Figure 6 for absolute
volume proportions of minerals. Dashed line indicates uncertainty of genetic relationship between granulite facies and UHT monazite. Melt
abundance from Redler et al. (2013). Ap, apatite; aln, allanite; grt, garnet; liq, melt; mnz, monazite; xtm, xenotime [Colour figure can be
viewed at wileyonlinelibrary.com]
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that forms Z1 monazite. We propose that as the continu-
ous allanite breakdown reaction progresses to higher
temperature, monazite accommodates more Th that is
released from high (er)-Th allanite (see also Skrzypek
et al., 2018), primarily via the cheralite coupled substitu-
tion mechanism.

Zone 3 monazite is characterized by a higher Y con-
tent than Z1–Z2 and likely formed in a xenotime-bearing
(i.e., Y buffered) assemblage (as there is xenotime in
amphibolite facies samples), as such assemblages corre-
spond with high Y monazite (e.g., Pyle & Spear, 2003).
On the basis of previous studies of garnet, monazite and
xenotime, Y-in-monazite increases with temperature
(e.g., Hacker et al., 2019; Heinrich et al., 1997; Pyle &
Spear, 2003) indicating that all subsolidus monazite (Z1,
Z2 and Z3) in the IVZ is grown during up temperature
metamorphism.

Lower grade (Z1–Z3) monazite has reasonably vari-
able compositions whereas granulite facies monazite has
a smaller range of compositions (Figure 8), showing that
the granulite facies grains are more chemically equili-
brated. This is in line with results from other terranes
which showed that (effective) chemical equilibrium for
Th and LREE was reached by "600#C (Skrzypek
et al., 2018; Williams et al., 2018). At temperatures below
600#C, variable monazite compositions and Th/U ratios
likely reflect variable local availability of Th due to the
grain size and composition of prograde allanite (which
breaks down to form monazite).

Zone 4 monazite occurs only in muscovite-rich
leucocratic veins in the lowest grade sample studied,
IV16-03A. These leucocratic veins were interpreted by
Bea and Montero (1999) to have been hydrothermal
mobilizates, rather than partial melts. For this reason we
do not consider Z4 monazite as part of the pre-peak mon-
azite reaction sequence, but rather formed during the ret-
rograde evolution.

It is possible to infer that garnet mode was either
increasing or remaining unchanged during the formation
of zones Z5, Z6 and Z7, on the basis of the relatively low
concentration of Y and Gd (which have a strong affinity
for garnet) in these zones. This is consistent with a P–T
path involving heating and pressure increase. In this sce-
nario, the reactive bulk composition becomes undersatu-
rated in Y due to disappearance of xenotime and the Y
available to monazite decreases (e.g., Pyle et al., 2001). As
a consequence, Z5–Z7 monazite formed at granulite
facies is depleted in Y and HREE compared with the last
amphibolite facies monazite, Z3, which grew in the pres-
ence of xenotime and lower volume proportion of garnet.
We can exclude that zircon is the source of HREE as the
mode of zircon is constant across the sequence
(Figure 6). Large monazite grains in sample IV16–16

containing Z6 and Z7 occur predominantly within or
adjacent to leucocratic layers (Figure 5), suggesting that
these monazite grew in the presence of silicate melt (see
also Bea & Montero, 1999). The higher Th/U ratio of Z7
relative to Z6 suggests that it formed at the peak of meta-
morphism rather than on the retrograde path
(e.g., Yakymchuk & Brown, 2019; Yakymchuk
et al., 2018).

Compositions for zones Z2 and Z6 are similar, but Z6
has significantly higher Th/U ratios and Z6 monazite
occurs as rims on Z5 monazite in IV16-12. Therefore,
these two zones cannot be equivalent as monazite Z5
does not occur in the amphibolite facies samples. The
granulite facies zones show a decreasing trend in Y and
Gd with grade but have similar Th concentrations
(Figure 8). This confirms that Y-in-monazite and Th-in-
monazite are controlled by two different processes, the
former by xenotime and garnet (e.g., Pyle et al., 2001)
and the latter most likely by silicate melt and tempera-
ture (Stepanov et al., 2012; Yakymchuk et al., 2018).

The lack of amphibolite facies cores in the granulite
facies samples is not observed in recent studies of pro-
gressive metamorphism in lower-pressure rocks
(e.g., Skrzypek et al., 2018; Williams et al., 2018). One
explanation is that earlier generations of monazite were
fully consumed by processes such as dissolution–
precipitation creep (e.g., Wawrzenitz et al., 2012), facili-
tated by elevated strain and the presence of melt in the
granulite facies samples. However, this would present a
contradiction when considering melt extraction as
suggested by Redler et al. (2013). Melt loss is commonly
thought to be a mechanism by which REE and Th are
extracted from the crust. If monazite was the REE- and
Th-host before melting and recrystalised in the presence
of melt, then some monazite components would likely be
extracted with the melt. An alternative which may better
explain the observations from the granulite facies sam-
ples is that allanite was the REE and Th host prior to or
during initial and early melting of these rocks. The slope
of allanite-to-monazite reaction is positive (Spear, 2010;
Williams, 2019) and as such the stability of allanite
expands to higher temperature with increasing crustal
depth. The thermal gradient reported by Redler
et al. (2012) presents the possibility that in deeper,
higher-temperature rocks at Ivrea, monazite did not
appear until close to, at or above the solidus (Figure 12).
The stability of allanite to solidus or suprasolidus condi-
tions at higher pressures may help explain the absence of
cores of amphibolite facies monazite in the granulite
facies rocks, in contrast to the record in lower pressure
terranes (e.g., Skrzypek et al., 2018; Williams et al., 2018),
and would imply that the growth of granulite facies Z5,
Z6 and Z7 only occurs once terminal allanite stability has
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been exceeded. In this scenario, it is inferred that LREE
for monazite growth in granulite facies rocks came from
allanite and P from apatite and xenotime (Figure 6).
Whereas whole rock P2O5 has a major influence on apa-
tite volume proportion, more subtle variation can be
attributed to changes in the relative stability of the phos-
phate mineral species with metamorphic grade.

In contrast to the evidence from natural samples, for-
ward thermodynamic models (Kelsey et al., 2008; Spear
& Pyle, 2010; Yakymchuk, 2017) are unable to account
for progressive, up temperature growth of monazite (nor
zircon) above the solidus as the components that com-
prise monazite are not regarded as being present in high
enough concentrations in major minerals to allow growth
of monazite by major mineral breakdown. Rather, silicate
melt is the only major phase that has appreciable concen-
trations of monazite- (and zircon-)forming components.
As the volume proportion of melt increases with increas-
ing temperature, equilibrium models predict that mona-
zite mode progressively decreases. Studies based on
natural samples have suggested an Ostwald ripening
mechanism (e.g., Nemchin et al., 2001; Rubatto

et al., 2001; Vavra et al., 1996; Williams, 2001) could
occur at anatectic conditions. However, these processes
are not grounded in equilibrium thermodynamics and
thus cannot be modelled as part of the typical calculated
pseudosection approach of modern metamorphic studies.
As such, explaining prograde suprasolidus growth of
monazite (and zircon) remains an issue, particularly in
sequences where allanite is not present. Although the
mechanism of Ostwald ripening is consistent with obser-
vations from amphibolite facies monazite, it cannot
explain the lack of amphibolite facies zones in cores of
granulite facies monazite. Therefore, other processes
(e.g., dissolution–precipitation creep; Wawrzenitz
et al., 2012) or the later appearance of monazite due to
the positive slope of the allanite-to-monazite reaction
may be responsible for at least part of the monazite
record here.

Recently, Yakymchuk and Brown (2019) suggested
that prograde suprasolidus accessory mineral growth
could occur via infiltration of melt generated at deeper
crustal levels into shallower anatectic crustal rocks. By
this logic, hotter melts generated at deeper crustal levels
have higher LREE, Th and Zr concentrations than
shallower melts due to more advanced dissolution of the
accessory minerals, which when mixed together cause
oversaturation of melt with respect to LREE and Th (and
Zr), leading to (prograde) monazite precipitation on
existing grains. The highest grade rocks in Val Strona
(sample IV16–16 in the present case) are closely ("2 km)
underlain by metabasic granulites of the Mafic Complex,
meaning that only a thin pelitic section exists in between
IV16-16 and the Mafic Complex in which melts with
more LREE and Th could be generated. Although we do
not discount this possibility, the systematic trends in Th
and trace element behaviour that we document suggests
that open system behaviour pertaining to the trace ele-
ments was not the major controlling factor, at least for
the non-UHT samples.

The UHT samples have a distinct monazite population
in composition, texture, mode and partially age and contain
no remnants of monazite zones observed in the lower T
granulite samples of the regional sequence. In the UHT
samples monazite volume proportion is very low (0.001–
0.0045 vol.%) and monazite compositions show a range
between high (Z8) and low Th (Z9). The high Th content in
monazite at UHT can be explained by a high DThmnz/liq
(e.g., Stepanov et al., 2012) in samples with a low monazite
volume proportion that have undergone significant partial
melting and melt extraction. The range in compositions
between Z8 and Z9 is interpreted to indicate that Z9 mona-
zite was formed from Z8 monazite, with some Z8 grains
retaining a partial record of this process. The very low mon-
azite Y content is consistent with a high mode of garnet in

F I GURE 1 2 Schematic P–T diagram showing the relationship
between allanite, monazite and melt from published examples. At
high pressures, allanite may persist above the solidus, with no
prograde monazite produced (e.g., Williams, 2019). Allanite-
monazite reaction boundaries from Spear (2010) (SAP and 2xCa)
and Williams (2019) (sample IV16-07) showing the positive slope of
the reaction. Solidus from Redler et al. (2012) (sample IZ 140) and
Williams (2019) (sample IV16-07), both unmelted amphibolite
facies samples. Indicative P–T paths for amphibolite and granulite
facies samples after Redler et al. (2012). SAP, Shaw’s average pelite
(Shaw, 1956); 2xCa, Shaw’s average pelite with Ca value doubled
(Spear, 2010) [Colour figure can be viewed at wileyonlinelibrary.
com]
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the UHT samples. Although monazite, apatite and allanite
abundance are low, and the sum of the three is less than
for lower grade samples, the UHT samples have similar
LREE contents to other samples in this study. The reason
for this disparity between apparent whole-rock LREE reten-
tion and Th loss in the UHT samples is not possible to
definitively discern, but must mean that another phase also
hosts LREE. The most likely candidate is feldspar. The
UHT samples contain a high volume proportion of feldspar
(40–50%) and garnet (20–25%), and much of the feldspar
occurs in leucosomes, indicating that it was a product of
the melting reactions. Interaction between the metapelite
residuum and tonalitic melt may have enhanced the pro-
duction of plagioclase and therefore the sequestration of
REE in the UHT samples. LREE concentration data for
feldspars in the UHT septa are not available. However Ce
values for feldspar in the Val Strona section are 1.86–
111 ppm (plagioclase) and 0.61–3.99 ppm (K-feldspar; Bea
& Montero, 1999). Given the high volume proportion of
feldspars in the samples, and by assuming the above LREE
concentrations are retained in higher-temperature feld-
spars, Ce values in the range 50–100 ppm in UHT feldspar
would be sufficient to account for the Ce concentrations in
the UHT rocks, with a small contribution from garnet. High
LREE compositions, typical of low temperature monazite
(e.g., Allaz et al., 2013; Cabella et al., 2001; Rasmussen &
Muhling, 2007) and recorded by Z9 monazite, could be the
result of episodic formation of monazite on the retrograde
path, for example, during late fluid circulation in the Mafic
Complex (Vavra & Schaltegger, 1999).

Given the high bulk Ca in the UHT samples relative
to other pelites in this study (Table 2) and their location
within the mafic complex, it is possible that the UHT
granulite samples were contaminated by tonalitic melt.
Despite the lower stability of monazite in Ca-rich rocks
(e.g., Spear, 2010; Stepanov et al., 2012), this apparent
change in rock chemistry did not result in complete dis-
solution of monazite in the septa. The presence of mona-
zite with high Th contents in the UHT septa shows that
monazite can in some cases resist high temperature dis-
solution processes.

7.4 | Changes to monazite Th end-
member fractions with metamorphic grade

The fractions of the two Th-end-members of monazite,
cheralite and huttonite, change with metamorphic grade
in the IVZ (Figure 9a). Amphibolite facies monazite
zones (Z1–Z3) favour cheralite rather than huttonite in
terms of Th. This is consistent with other studies of mon-
azite chemistry over metamorphic grade changes
(Skrzypek et al., 2018; Williams et al., 2018). Above the

solidus, monazite increasingly favours huttonite at the
expense of cheralite which is particularly evident from Z5
to Z6, a trend which is also reported by Skrzypek
et al. (2018) in the Ryoke Belt. We interpret this as the
probable result of one or more of (a) unfavourable ther-
modynamic properties of huttonite to allow its presence
in significant proportion at subsolidus temperatures and
pressures (e.g., Mazeina et al., 2005; Robie &
Hemingway, 1995); (b) cheralite being more soluble in
melt than huttonite, as silicate melt produced from melt-
ing of metapelites is typically saturated in Si but not Ca;
and (c) buffering of P (and possibly Ca) in monazite by
the presence of apatite in amphibolite facies samples,
with apatite volume proportion decreasing by dissolution
into melt through the granulite facies (Figure 6). The
preference for higher huttonite (Si) fractions in monazite
with increasing temperature could provide an important
mechanism by which monazite remains stable to
extremely high temperatures (>900#C, cf.
Yakymchuk, 2017) as the stability of the huttonite com-
ponent of monazite does not require P or Ca saturation.

Monazite grains in the UHT rocks show a different
Th solid-solution trend to the granulite facies samples,
having huttonite-rich compositions which also have a
high proportion of cheralite (Z8; Figure 9a inset), as well
as a population with low fractions of cheralite and near
zero huttonite (Z9; Figure 9a). Zone Z8 is enriched in
both cheralite and huttonite due to melt-driven enrich-
ment in total Th (see above).

There is also a marked increase in the Th/U ratio of
monazite from the lower granulite facies (Z5) to the UHT
conditions (Z8; Figure 8). This is consistent with previous
findings from the IVZ (Bea & Montero, 1999) and also more
generally (Rubatto et al., 2006; Taylor et al., 2014, 2016;
Yakymchuk et al., 2018), in that monazite has a stronger
preference for Th over U with increasing temperature. The
increase in Th/U above the solidus is not correlated with
the fraction of cheralite (p [cher]; Figure 9b), but is corre-
lated with the increase in huttonite fraction (p [hutt],
Figure 9c), showing that huttonite has a stronger influence
on controlling Th/U in monazite, at least in melt-bearing
rocks. A similar positive correlation between huttonite frac-
tion and Th/U in monazite was observed at Mt Stafford
(Williams et al., 2018).

7.5 | Monazite ages

The purpose of collecting age data in the context of this
study is primarily to decipher whether monazite is
metamorphic or detrital. Overall our monazite data con-
form with the range and complexity of zircon and mon-
azite ages reported in previous studies and attributed to
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metamorphism (e.g., Ewing et al., 2013; Guergouz
et al., 2018; Kunz et al., 2018; Vavra et al., 1999).

Figure 10a shows a clear discordant trend in the
U–Pb unknown data across all samples in this study.
This trend is attributed to common Pb and applying
the 207Pb correction (Figure 10b, see Appendix S2 for
details) produces age distributions with less scatter and
slightly younger ages (c. 5 Ma). In addition to the com-
mon Pb trend, there is a spread in the 206Pb/238U ratios
which is typically attributed as either Pb loss during
retrogression or protracted growth of monazite
(e.g., Gasser et al., 2015; Kirkland et al., 2016; Rubatto
et al., 2001). The progression of monazite chemical
zones identified in this study would suggest that this
scatter has some geological significance. The same
conclusion was reached by Guergouz et al. (2018) and
Peressini et al. (2007) in reference to similar distribu-
tions of monazite and zircon dates from the
metapelites of the IVZ and Mafic Complex, respec-
tively. If Pb loss has affected the data it must have
occurred within the period of high temperature meta-
morphism as there is no other Pb loss trend observed
in the data (Appendix S2).

Monazite in the cores of amphibolite facies grains,
Z1, yields the oldest dates (321 ! 16.6 and
301 ! 14.4 Ma; both from IV16-03A). The lack of a clear
and distinct age peak relating to the Variscan regional
metamorphism (c. 320–300 Ma; Ewing et al., 2013; Kunz
et al., 2018; Vavra et al., 1999) likely reflects the fact that
the moderate P, moderate T conditions of the Variscan
regional metamorphism (Ewing et al., 2013; Kunz
et al., 2018; Vavra et al., 1999) were generally not condu-
cive to the formation of monazite (i.e., were within the
allanite stability field; Spear, 2010).

Ages from Z3, Z4, Z5 and Z6 monazite from the Val
Strona samples (280 ! 2.5, 279 ! 6.9, 276 ! 6.7 and
275 ! 2.9 Ma, respectively; Figure 10c) are in agreement
with previously reported monazite ages (283 ! 6 and
279 ! 6 Ma; Guergouz et al., 2018) from the same
sequence and with zircon ages from amphibolite facies
rocks in Val Strona (280 ! 2 and 272 ! 1 Ma; Kunz
et al., 2018). All these published age constraints are
interpreted as dating metamorphism and partial melting
in the metapelites and are within uncertainty of or
shortly postdate the circa 292–282 Ma intrusion of the
upper Mafic Complex (Peressini et al., 2007). The tex-
turally older monazite zone (Z2) that could be dated
with confidence records an age of 290 ! 2.5 Ma which
is within the range of the published zircon age spectra
but has not been clearly identified in monazite before.
In the UHT samples, larger monazite grains (>50 μm
Ø) and those included in garnet (Z8) yield scattered
dates in the range 273–264 Ma, whereas smaller grains

(<50 μm Ø) located interstitially (Z9) yield scattered
dates in the range 265–154 Ma. The young dates,
although scattering in the range 181–154 Ma (n = 4),
are unique to the UHT samples, and in particular to Z9
monazite.

Our age data are consistent with chemical evidence
that monazite in the IVZ predominantly records the
pre-peak and peak (Permian) history of the terrane. We
conclude that the samples contain no detrital monazite
and that all the monazite investigated formed during
metamorphism. Further dissection of the geological
significance of dates from individual monazite zones is
treated with caution as the timescale of metamorphism is
similar to the uncertainty associated with the LA–ICP–
MS ages obtained.

7.6 | Differentiation of continental crust
through partial melting

The IVZ lower crustal section contains abundant mafic
and calc-silicate rocks throughout (e.g., Bertolani, 1968;
Rutter et al., 2007) and the voluminous Mafic Complex is
located at the base of the section (e.g., Peressini
et al., 2007; Quick et al., 2003; Sinigoi et al., 1994). The
monazite record reported here supports the idea that the
Mafic Complex was a major heat source and that it was
emplaced at or near the peak of metamorphism. The total
volume of metabasic crust in the Val Strona
section (excluding the Mafic Complex) is 10–30%, with a
further 8–14% metacarbonate lithologies (estimated from
Bertolani, 1968; Rutter et al., 2007). However, much of
the Th in the section is hosted by metapelite layers
(although some of the subordinate metabasic layers con-
tain huttonite; Förster & Harlov, 1999) that have an aver-
age Th content 70 times greater than associated
subordinate metabasic layers within the pelite (meta-
pelite layers 21.0 ! 2.5 ppm, metabasic layers
0.3 ! 0.3 ppm; from Alessio et al. (2018) and Bea and
Montero (1999), respectively). These metapelitic layers
comprise "50% of the metamorphic sequence in Val
Strona (Bertolani, 1968; Rutter et al., 2007). As shown
here and also in Alessio et al. (2018), the process of par-
tial melting of pelitic rock types does not result in a net
loss of Th from residual rocks except in the case of
extreme metamorphism, at temperatures in excess of
900#C (see also Ewing et al., 2014; Yakymchuk &
Brown, 2019). This is consistent with Bea and
Montero (1999) and Bea (2012) who argued that segre-
gated melts had equal or lower Th and overall heat pro-
duction than their sources, as well as observations of
both Th concentrations and radiogenic heat production
in numerous other metasediment-dominated terranes
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(e.g., Alessio et al., 2018; Skrzypek et al., 2018; Williams
et al., 2018).

The conservation of relatively high heat production
(2.29 ! 0.05 μW m$3; Alessio et al., 2018) in the IVZ
lower crustal (granulite) metapelites may have assisted
the attainment of peak temperature conditions
(e.g., Jamieson et al., 1998; Yakymchuk & Brown, 2019),
helped to sustain elevated thermal conditions for a pro-
longed (> 30 Myr; this study) period (e.g., Clark
et al., 2011; Holder et al., 2018; Horton et al., 2016; Kelsey
& Hand, 2015) and resulted in slow cooling of the terrane
relative to the conductive geotherm (Ewing et al., 2015;
Yakymchuk & Brown, 2019).

The IVZ example shows that partial melting of
metasedimentary-dominated crust can conserve its ther-
mal potential energy (in the form of heat producing ele-
ments; Figure 3, see also Alessio et al., 2018; and
Yakymchuk & Brown, 2019), in contrast to foundational
studies which suggested that the lower crust is depleted
in heat producing elements (e.g., Rudnick &
Fountain, 1995; Rudnick & Gao, 2003). According to
the calculations of Hacker et al. (2011), a minimum of
27% of samples from granulite terranes and 43% of
rocks from ultra-high pressure terranes are
peraluminous, pelitic metasediments. This suggests that
the exposed distribution of felsic and mafic rock types
in the IVZ can be considered representative of the lower
crust. However, estimations of the average heat produc-
tion of the IVZ (Val Strona section) are significantly
higher than reported heat production for both the aver-
age lower continental crust and the average continental
crust as a whole (Figure 13; Bea, 2012). The marked dif-
ference in heat production between metasedimentary
and other (in this case mafic) rock types suggests that
even if the proportion of metasedimentary rocks in
granulite terranes is minor, the heat producing element
budget, and thus radiogenic thermal energy budget, is
strongly determined and controlled by the residual
metasedimentary rocks (e.g., Figure 13). Average lower
continental crustal heat production (0.5–0.8 μWm$3;
Bea, 2012) can be replicated with 20–30% metapelite
(2.29 μWm$3; Alessio et al., 2018) and 70–80%
metabasite (0.08 μWm$3; Bea & Montero, 1999), with
the metapelite layers contributing circa 90% of the heat
production (Figure 13). This is well below the estimates
for the proportion of metapelitic crust in Val Strona
(52–78 vol.%; Bertolani, 1968; Rutter et al., 2007). If the
lower crust is depleted in heat producing elements as
proposed by Rudnick and Fountain (1995) and Rudnick
and Gao (2003), it is due to processes other than crustal
melting and/or the extreme dominance of rock types
with low Th and U.

8 | CONCLUSIONS

The IVZ is a tilted cross section considered to be repre-
sentative of the orogenic lower crust, with pelitic rocks
showing evidence for partial melting and melt extraction.
Monazite in the IVZ preserves recognizable and system-
atic chemical composition zones that can be linked to the
growth/consumption of other accessory and major min-
erals. The pre-peak to peak ages recorded by monazite
compositional zones in the IVZ are within the range of
existing zircon age data for the same section. Monazite
volume proportion estimates at peak metamorphism in
each sample increase to and through the granulite facies
and only decrease sharply in UHT septa, showing that
extreme temperatures (>900#C) or a change in the sam-
ple chemistry need to be reached before monazite is no
longer present in metasedimentary granulites. On the
basis of our detailed investigation of monazite we con-
tend that allanite played a major role in the recorded
monazite compositions and that monazite formed during

F I GURE 1 3 Total heat production rate for the IVZ for
different ratios of rock types with different (but fixed) radiogenic
heat production rates. Heat production rates for lithologies are
metapelite = 2.29 μWm$3 (Alessio et al., 2018),
metacarbonate = 0.85 μWm$3 (Abart et al., 2001) and
metabasite = 0.08 μWm$3 (Bea & Montero, 1999). Stars represent
IVZ heat production rates based on the proportion of pelitic,
carbonate and metabasite lithologies given by (1) Bertolani (1968)
and (2) Rutter et al. (2007). Oblique solid and dashed mixing lines
show heat production for the terrane given different proportions of
the three rock types (metapelite, metacarbonate and metabasite),
from 100% metabasites at the left to 100% metasediment at the
right. Heat production rate estimates for average continental crust
(Ave. CC) and average lower continental crust (Ave. LCC) are
shown for comparison (Bea, 2012) and are independent of vol.%
metasediment calculations
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retrograde cooling comprises only a small proportion of
the total monazite. Th contents in the lowest temperature
prograde monazite are low (0.0003–0.0153 APFU), then
increase to 0.0165–0.0757 APFU by the mid amphibolite
facies ("650#C) and remain relatively constant to the
granulite facies ("900#C, 0.0238–0.0591 APFU). Th con-
tents of monazite grains that are large (>50 μm Ø) and
included in garnet in the UHT samples are the highest in
the sequence (0.0621–0.1879 APFU). These observations
show that monazite is a primary control on the retention
of Th in metasedimentary lower crust and indeed the
deep crust. As a consequence, whole rock Th concentra-
tion is conserved from amphibolite ("650#C) to granulite
facies conditions (" 900#C), and only decreases in UHT
rocks where monazite volume proportion is significantly
reduced due to the approach of full monazite solubility
into melt.
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