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Abstract

The study of accessory phases, including trace element concentrations and radiogenic isotopes, provides powerful infor-
mation for a better understanding of geological processes such as crustal anatexis. These accessory minerals are the
primary carriers of many incompatible elements and Rare Earth Elements (REE) in crustal rocks. In this contribution, we
provide a detailed study on the chemical and isotopic (Nd isotopes) behaviour of accessory minerals within the Chugach
Metamorphic Complex in Alaska. This Eocene (55—50 Ma) metamorphic complex developed in a Late Cretaceous to
Paleogene accretionary prism consisting of metapelitic and metagreywacke rocks. The complex exposes a systematic
N-S metamorphic gradient from greenschist to upper amphibolite facies (500 to ~ 700 °C) with anatexis under water-
saturated conditions and minor muscovite breakdown. Trace element concentration data for apatite, monazite and titanite
reveal a strong influence of bulk composition (greywacke vs. pelite) on their REE signatures in the migmatitic gneisses.
In xenotime-bearing metapelitic samples, we show that monazite and apatite, which crystallised close to peak metamor-
phism, have their HREE-Y contents increasing with temperature within a narrow range of ~150 °C (550 to ~700 °C).
While the influence of temperature on the Y content of monazite was already demonstrated before, we prove that apatite
follow the same chemical behaviour. In these samples, partial melting process can be tracked via Eu/Eu* which decreases
systematically from schist to migmatitic gneisses and is interpreted to be related to plagioclase crystallisation. Among all
analysed samples (schists and migmatites), we observe no significant differences in éNd between monazite, allanite and
whole-rock, regardless of rock type. This suggests (i) a general homogeneity of Nd isotopic composition above 550 °C up
to crustal anatexis, and (ii) an isotopic equilibrium between mineral and whole-rock, indicating Nd isotopic disequilibria
induced by partial melting are unlikely in this case study.

Keywords Crustal anatexis - In-situ Nd isotopes - REE-bearing minerals - Trace elements - LA-(MC)-ICP-MS -
Metamorphic gradient
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Introduction

Apatite (Cas(PO,);(OH, F,Cl), monazite (LREE, Th)PO,),
allanite ((LREE, Ca, Y),(Al, Fe’");(SiO,)(OH), titanite
(CaTiSiOs), xenotime (YPO,), and zircon (ZrSiO,) are the
main Rare Earth Element (REE) carriers in igneous and
metamorphic rocks (e.g. Engi 2017; Volante et al. 2023) and
constitute powerful tools for tracing geological processes
such as partial melting and ultimately crustal differentia-
tion (e.g. Brown and Rushmer 2006; Sawyer et al. 2011).
Trace element analyses and phase equilibria modeling in
pelitic and greywacke systems (e.g. Spear and Pyle 2010;
Yakymchuk and Brown 2014; Shrestha et al. 2019; John-
son et al. 2021) have greatly improved our understanding of
monazite (e.g. Skrzypek et al. 2018; Williams et al. 2022)
and zircon stabilities (e.g. Kohn and Kelly 2018; Kunz et
al. 2018) and their chemical behaviour during high tem-
perature metamorphism and anatexis. These two phases
can be used as geothermometers (e.g. Volante et al. 2023)
and their trace elements can record metamorphic reactions
involving other accessory minerals or major minerals such
as garnet or plagioclase, allowing to reconstruct the P-T
path history (e.g. Rubatto et al. 2013; Shrestha et al. 2019).
Other studies have confirmed that bulk composition of sedi-
mentary protoliths have an influence on the dissolution of
zircon and monazite during anatexis. In particular, zircon
and monazite are modelled to be stable at higher tempera-
tures in a greywacke compared to a metapelite due to the
lower fertility of the greywacke (Yakymchuk et al. 2017;
Johnson et al. 2021). The chemical behaviour of some other
ubiquitous accessory minerals like apatite during HT meta-
morphism and partial melting reactions (i.e. water-saturated
melting, muscovite, biotite or amphibole breakdown reac-
tions) is less understood with only few studies available
(Bea and Montero 1999; Hammerli et al. 2014; Henrichs et
al. 2019; O’Sullivan et al. 2020). In addition, most studies
often focused on one single accessory phase while only few
combine a multi-minerals approach along a metamorphic
gradient reaching anatexis, dealing with various bulk-rock
compositions and P-T conditions (e.g. Bingen et al. 1996;
Bea and Montero 1999; Rubatto et al. 2006; Hansen and
Harlov 2007; Hammerli et al. 2016; Shrestha et al. 2019).
Therefore, establishing a comprehensive overview of the
parameters (e.g. changing effective whole-rock composi-
tion, co-crystallisation of other accessory minerals, evolv-
ing P-T conditions and partial melting reactions) affecting
the stability and the chemical signatures of accessory min-
erals during prograde metamorphism up to anatexis is chal-
lenging with the current available data from the literature.
Over the past 15 years, in situ Sm—Nd isotopes have been
successfully measured in accessory phases that dominate
the whole-rock (WR) Sm—Nd budget (i.e. monazite, allanite
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and to lesser extent apatite, titanite and xenotime), enhanced
by recent analytical advances (e.g. Fisher et al. 2011, 2020a;
lizuka et al. 2011; Doucelance et al. 2020). These studies
showed that these minerals can be used to obtain crystal-
lisation ages (e.g. Hammerli et al. 2014, 2019; Hammerli
and Kemp 2021) or determine the primary isotopic signa-
tures of magma sources (e.g. Gregory et al. 2009; lizuka et
al. 2011; Fisher et al. 2017; Sun et al. 2021; Bruand et al.
2023). However, the existence of isotopic disequilibria dur-
ing partial melting remains heavily debated in the literature
(see review in Hammerli and Kemp 2021). The temperature
at which the Sm—Nd isotopic system homogenises in differ-
ent accessory phases during metamorphism is also not well
constrained (Hammerli et al. 2014; Spandler et al. 2018;
Hammerli and Kemp 2021). This uncertainty ultimately
hampers our ability to confidently interpret isotopic signa-
tures of accessory phases in rocks that have undergone com-
plex geological histories, with multiple tectonic and thermal
events, such as those found in Archaean terranes (Hammerli
et al. 2019; Fisher et al. 2020b; Wang et al. 2022).

In this study, we focus on the chemical behaviour of
multiple accessory minerals from rocks collected along the
metamorphic gradient of the Chugach Metamorphic Com-
plex (CMC) in Alaska. These rocks record metamorphic
conditions that range from greenschist (~500 °C) to upper
amphibolite facies, reaching anatexis under water-saturated
conditions (and minor muscovite breakdown) at 650700 °C
(Bruand et al. 2014). We present new major and trace ele-
ment data of the main accessory phases (apatite, monazite,
allanite and titanite) in samples collected in two transects
along the metamorphic gradient as well as Sm—Nd isotope
systematics in allanite, monazite and bulk-rock. We particu-
larly demonstrate the capacity of apatite and monazite REE
chemistries to track temperature increase up to anatexis
within a limited temperature window of about~ 150 °C. We
also discuss the significant role of the bulk chemical compo-
sition in the stability of accessory phases and in their chemi-
cal variations, and highlight the Nd isotopic homogeneity
of monazite and allanite across this metamorphic sequence.

Geological setting

Along the southern margin of Alaska, the Pacific plate
subducts under the North American plate. This subduction
system, active intermittently since the Jurassic, has led to
the accretion of several terranes, including the Cretaceous-
Paleogene Chugach terrane. The Chugach terrane is sepa-
rated from the Wrangellia terrane to the north and the Prince
William-Yakutat terrane to the south by a complex network
of transform faults and thrusts (Fig. 1a). The Chugach ter-
rane consists of an accretionary prism extending over
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Fig. 1 Simplified geological map of the Chugach Metamorphic Com-
plex (CMC) and surrounding terranes. a Overview of the study area
with location of the Bremner transect and the Tokio transect; b, ¢ geo-

2000 km along the Alaskan peninsula from Sanak Island
to Baranof Island. This accretionary prism is primarily
made of metapelites intercalated with metagreywackes (e.g.
Sisson et al. 1989; Bruand et al. 2014). These sediments
experienced Low Pressure-High Temperature (LP-HT)
metamorphism ranging from zeolite-prehnite pumpelly-
ite facies to (upper)-amphibolite facies (e.g. Hudson and
Plafker 1982; Sisson et al. 1989; Dusel-Bacon 1994; Bru-
and et al. 2014). The Chugach Metamorphic Complex s.s.
comprises two zones: the schist zone (amphibolite facies),
which did not experience partial melting, and the migmatitic
gneiss zone (upper amphibolite facies), which underwent
crustal anatexis. Pseudosection modeling and petrographic
observations show that partial melting occurred under
water-saturated conditions at ~650-700 °C following the
reaction P14+ Qz+H,0=melt (Bruand 2010; Bruand et al.
2014). Several thermobarometric studies on the Chugach
terrane indicate an increase in P-T conditions from north
to south, starting at 400-550 °C and <4 kbar in the phyllite
zone, rising to ~500-650 °C and ~3-7 kbar in the schist
zone, and reaching~650-750 °C and 4-13 kbar in the

logical maps of the Bremner and Tokio transects with sampling loca-
tions and indication of the P-T conditions determined by Bruand et al.
(2014). Maps modified from Gasser et al. (2011)

gneiss zone (Sisson et al. 1989; Bruand et al. 2014). U-Pb
geochronological studies on zircon and monazite (Gasser et
al. 2012a, b) indicate that metamorphism occurred over a
relatively short time span in the Eocene (55 —51 Ma), pos-
sibly due to the subduction of a spreading ridge (e.g. Brad-
ley et al. 2003; Scharman et al. 2012). This metamorphic
event was followed by rapid cooling and exhumation in the
western and central parts of the complex, with slower cool-
ing in the southeastern part (Gasser et al. 2011, 2012b). The
granitoid intrusions of the Sanak-Baranof belt, coeval with
the HT metamorphism, have been dated at 50-61 Ma (e.g.
Bradley et al. 2003; Sisson et al. 2003).

Sample selection

For this study we selected twelve samples from two N-S
transects: the Bremner and Tokio transects (Fig. 1), previ-
ously characterised for petrography and P-T conditions by
Gasser et al. (2012b) and Bruand et al. (2014). The Brem-
ner transect extends over approximately 20 km and crosses
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from north to south: the phyllite zone (515-550 °C, 2-3
kbar), the schist zone (600-630 °C, 6.1-6.4 kbar), and the
migmatitic gneiss zone (630 to ~700 °C, 4.4-6.1 kbar; Bru-
and et al. 2014). Located 100 km to the east, the Tokio tran-
sect (10 km from north to south) crosses the phyllite and
schist zones (550—650 °C, 3—6 kbar; Bruand et al. 2014).
These transects are locally crosscut by granitoid intrusions.

This selection is representative of the chemical diversity
of the CMC. To investigate the potential effect of bulk rock
compositions on the stability and chemistry of accessory
phases, we selected both pelitic and greywacke samples.
Previous petro-geochemical studies (microprobe and bulk
major elements) were conducted on these samples (Gas-
ser et al. 2012b; Bruand et al. 2014). P-T conditions along
the studied transects were derived from various methods
such as garnet-biotite thermometry, Raman spectroscopy
on carbonaceous material (RSCM) and THERMOCALC
modelling (Bruand et al. 2014). All in-situ analyses were
acquired on thin sections, as macroscopic samples are no
longer available.

Petrography, chemistry and P-T conditions

On the N-S oriented Bremmer transect, we selected three
schist samples (B39, B40, B9.2), and six migmatitic gneiss
samples (B21, B22, B23, B26, KBla, KB3; Fig. 1b). Tem-
perature inferred for these nine samples range from 600
to ~700 °C (Table 1). All gneisses have underwent partial
melting in water-saturated conditions (+muscovite break-
down; Bruand et al. 2014). In the N—S Tokio transect, we
studied one phyllite sample (Tk15) and two schist samples
(Tk10 and Tk12) to gather complementary information on
the phyllite and schist zones (Fig. 1¢). The major element
chemical compositions show that the analysed samples are
close to the average pelite composition of Shaw (1956) but
with a slightly higher CaO content, as already noted by Gas-
ser et al. (2012) (Supplementary Table A1l; Supplementary
Fig. A2). When compared to the pelite average composi-
tion recently established by Forshaw and Pattison (2023),
they have higher CaO and Na,O contents and lower Al,O;
and K,O contents (Supplementary Fig. A2). In the Bremner
transect, the migmatitic samples B21 and KB3 lack alumi-
nosilicate and garnet, and have a more greywacke-like com-
position with higher SiO,/Al,O; ratios (~4.5) than other
gneisses (Supplementary Table Al; Gasser et al. 2012b).
KB1a, which has garnet but contains almost no sillimanite,
has an intermediate composition between metapelite and
metagreywacke with SiO,/Al,0; ratio of 4.1.

The petrology of the studied samples is briefly described
below, from the phyllite zone to the migmatitic gneiss zone.

The phyllite sample Tk15 has a quartz-plagioclase-bio-
tite-muscovite-chlorite-epidote paragenesis and contains
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accessory minerals apatite, allanite, zircon and ilmenite
(Gasser et al. 2012b; Table 1; Fig. 2a). This sample reached
a peak temperature of about 530 °C in the greenschist facies
(Bruand et al. 2014).

The three schist samples from the Bremner transect (B39,
B40, B9.2) reached temperatures of about 600—630 °C and
have a peak mineral assemblage of quartz-plagioclase-bio-
tite-garnet-sillimanite. Chlorite and muscovite can appear
as retrograde phases while apatite, monazite, xenotime, zir-
con and ilmenite are the main accessory phases (Gasser et
al. 2012b; Bruand et al. 2014; Table 1; Fig. 2b, c). In the
Tokio transect, the two schist samples Tk10 and Tk12 have
a similar mineralogical composition to those of Bremner
transect, except for the presence of large andalusite porphy-
roblasts instead of sillimanite (Bruand et al. 2014). They
reached peak temperatures of ~620 and ~550 °C, respec-
tively (Table 1).

The six-studied migmatitic gneisses (B21, B22, B23,
B26, KBla and KB3) equilibrated at temperature conditions
ranging from 630 to ~700 °C. Pseudosection modelling on
two samples showed that their peak temperatures could even
have reached up to 750 °C (Bruand et al. 2014; Table 1).
Their peak metamorphic assemblage includes quartz-pla-
gioclase-biotite + garnet + sillimanite + muscovite, with
slight mineralogical variations mainly driven by bulk rock
composition. For instance, sillimanite and garnet are absent
in the metagreywacke samples (B21 and KB3; Bruand et
al. 2014; Table 1; Fig. 2¢, f). Common accessory phases in
these rocks are apatite, monazite, xenotime, zircon, ilmenite
(+ epidote/allanite-titanite). Chlorite and muscovite appear
as retrograde phases (Gasser et al. 2012b; Table 1; Fig. 2d—
f). These rocks exhibit a strong foliation contemporaneous
with migmatite development, with increasing migmatisa-
tion towards the south (Bruand et al. 2014). Following the
terminology of Sawyer (2008), these rocks are metatexites
formed from relatively low degree of partial melting. They
consist of very fine layering of leucosomes (made up of
99% quartz and plagioclase and extremely rare K-feldspar;
Bruand 2010) and mesosomes. Some more melanocratic
layers are interpreted as residuum formed after subsequent
melt extraction (Gasser 2010).

Analytical techniques
Image acquisition

Thin sections scans and BSE images were acquired using
a Scanning Electron Microscope (SEM) Thermofisher (for-
merly FEI) QUANTA 200 with an accelerating voltage of
20 keV equipped with an EDS Oxford XMAX 80 detector
in Brest, France. Images were processed using the Oxford
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B39-Schist

b OXtm .
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Apatite Zircon Monazite

Allanite Xenotime Titanite

Fig. 2 Representative backscattered (BSE) photomicrographs of
selected CMC samples in thin sections (phyllite (a); schists (b, ¢)
and migmatitic gneisses (d—f)) indicating mineral assemblages and
detected accessory phases by AZTEC software: apatite in red, zircon

Aztec software and accessory minerals were located using
the “Particle mode”. Statistical data on grains proportion
and size were also obtained using this mode. Further images
processing was done using ImagelJ software (Schneider et
al. 2012). Each accessory phase was then imaged using a
BSE detector. Cathodoluminescence (CL) images of apatite
were done with a KeDev Centaurus CL detector housed on
a JEOL JSM-5910LV SEM (accelerating voltage: 15 keV)
at the Laboratoire Magmas et Volcans (LMV) in Clermont-
Ferrand, France.
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in blue, monazite in green, allanite in purple, xenotime in gold and
titanite in dark red. Yellow scale bar =1 mm. Mineral abbreviations
used in the paper are from Whitney and Evans (2010)

Electron probe microanalysis (EPMA)

Major element concentrations in accessory phases were
determined using the LMV CAMECA SX Five-Tactis
microprobe and the CAMECA SX 100 microprobe from the
Microsonde Ouest laboratory (Brest, France). Apatite and
monazite analyses were done with an accelerating voltage
of 20 keV and a beam current of 20 nA. For apatite, LLIF
crystal was used for Fe and Mn, PCO was used for F, TAP
was used for Si, Sr, Y and LPET was used for Ca, P and CI.
For monazite, LLIF crystal was used for Pr, Nd, Sm, Gd,
TAP was used for Si and Y and LPET was used for P, Ca,
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Ce, La and Pb. Some xenotime grains were also analysed
with the same program as monazite. For titanite and allanite,
analyses were done with an accelerating voltage of 20 keV
and a beam current of 40 nA, using LLIF crystal for Fe and
Nd, PCO for F, TAP for Si, Al, Y and LPET for Ca, Ti, La.
For apatite and allanite, a defocused beam of 5 pm was
applied to avoid migration effects described for halogens (F,
CI; Pyle et al. 2002).

Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS)

Trace element contents of accessory minerals were analysed
by LA-ICP-MS using the LMV Thermo Element XR mass
spectrometer coupled with the 193 nm Resonetics Resolu-
tion M-50E laser. Each analysis consisted of 25 s of back-
ground acquisition and 85 s of ablation. The diameters of
the laser beam were 15 or 20 um for apatite and allanite,
9, 12 orl5 pum for monazite (depending on their size), and
20 pm for titanite. The ablation frequency was set at 1 Hz
and the fluence at 2.7 J/cm®. A sample bracketing method
was used, treating USGS glass GSE-1G (Jochum et al. 2005)
as primary standard to calculate elemental concentrations
and to correct instrumental drift. Internal standard element
used for data normalisation was **Ca for apatite, allanite and
titanite, and '*°Ce for monazite, obtained by EPMA. USGS
glass GSD-1G (Jochum et al. 2005) was used as a second-
ary standard to check data robustness, reproducing certified
values to within 10% for all elements (Supplementary Table
B6). Natural standards Durango apatite (Marks et al. 2012)
and Bananeira monazite (Gongalves et al. 2016) were regu-
larly analysed with the same parameters to control the qual-
ity of the data (see details in Supplementary Table B6). Data
processing was carried out using GLITTER software (Grif-
fin et al. 2008). Additional data and parameters on the LA-
ICP-MS system can be found in Supplementary Table B7.

In situ Sm-Nd measurement in monazite and
allanite

Among the twelve samples studied, seven samples were
selected for in-situ Sm—Nd analysis in monazite and allanite.
Analyses were acquired during two sessions on the LMV
Thermo Fisher Scientific™ Neptune Plus™ mass spectrom-
eter coupled with the 193 nm Resonetics Resolution M-50E
laser using the procedure described in Doucelance et al.
(2020). Only monazite and allanite have been analysed as
their size and Nd contents permitted satisfactory analyses.
Although ubiquitous in our samples, the apatite grains were
generally too small and did not contain enough Nd (<500
ppm). The first 20 cycles of every measurement were used
to evaluate the baseline level of each Faraday Cup. Each

analysis consisted of 90 measurement cycles. Depending on
the run, a spot size of 9, 15 or 20 pm was used for monazite
and 15, 20, 27 or33 um for allanite. The laser was set to a
frequency of 4 Hz and energy fluence to 3.4 J/cm?. Helium
and N, flow rates were 725-825 ml/min and 3.4-3.8 ml/
min respectively, depending on the sessions. Other ana-
lytical parameters are given in Supplementary Table C6.
The oxide level (ThO'/Th) at the beginning of the session
was always < 15%, decreasing during the session to avoid
a "Nd/'*Nd drift, as described by Fisher et al. (2020a).
JNdi-1 doped glass was analysed regularly during the ses-
sions to monitor potential instrumental drift (Fisher et al.
2011; Doucelance et al. 2020). Primary standards STK for
monazite ("*Nd/'**Nd = 0.511895; Fisher et al. 2020a) and
Connecticut for allanite ("*Nd/"**Nd = 0.512106; Wang
et al. 2022) were analysed regularly under the same condi-
tions as the unknowns, and were used for normalisation and
instrumental drift correction when necessary (Supplemen-
tary Tables C2-3). Gale allanite ('**Nd/'"**Nd = 0.512999;
Wang et al. 2022) and Trebilcock monazite (‘**Nd/'*Nd =
0.512616; Fisher et al. 2011) were used as secondary stan-
dards for quality control (Supplementary Tables C4-5). A
value of ""Nd/'"*Nd = 0.348415 (Wasserburg et al. 1981)
was used as a reference for internal quality control of the
analyses. Primary and secondary standards analysed within
the same sequence and under the same parameters yielded
means that matched published reference values within
uncertainties (2SE) (Supplementary Table B2-5).

Whole-rock Sm-Nd analysis

Neodymium isotopic measurements were performed on
seven samples (five gneisses and two schists) for which in-
situ Sm—Nd measurements on monazite or allanite were also
acquired. For whole-rock measurements, 100 mg of powder
was dissolved in Teflon vials using the NH,HF, to ensure
the dissolution of refractory minerals such as zircon (Zhang
et al. 2012). This mixture was then heated at 220°C for 48 h.
AGV-2, BHVO-2 and GSP-2 standards were used and fol-
lowed the same experimental protocol. The separation of
Nd was done using the “cascade” column protocol of Pin
et al. (1994). The samples were first loaded on AG50-X4
columns for removing iron. Then, the samples were loaded
into the TRU Spec resin columns for collecting REE and
U. Finally, the remaining fraction was processed through
the Ln Spec resin columns to collect Nd and remove Sm
that produces isobaric interference on masses 144, 148, 150.
Procedure blanks were <50 pg for Nd. The samples were
taken up with 2 mL of HNO; 0.05 N. Then a dilution was
carried out to obtain solutions of 300 ppb. The data were
acquired on the LMV Thermo Fisher Scientific™ Neptune
Plus™ MC-ICP-MS using a static collection. Repeated
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measurements of JNdi-1 ppb standard during the session
gave "Nd/'*Nd = 0.512091 +10 (2SD, n=8), which is
consistent with the value of 0.512099 +5 measured using
a dynamic routine (Gargon et al. 2018). AGV-2, BHVO-2
and GSP-2 standards gave respectively **Nd/'*Nd =
0.512760+8 (2SE), 0.512987+8 (2SE) and 0.511366+7
(2SE) and are consistent with published values reported in
the GEOREM database.

Results

Accessory minerals petrography

The accessory minerals observed in the studied samples are
zircon, apatite, monazite, xenotime, allanite and titanite.

[lmenite, sulfur and Fe-oxide are also present but were not
studied in this contribution.

Apeatite is present in all the analysed samples. Its maxi-
mum size increases with metamorphic grade, reaching
50 um in the phyllite (Fig. 3a), 100 um in the schist (Fig. 3c)
and > 200 pm in the gneiss zones (see also Supplementary
Table A2). The backscattered electron (BSE) and cathodo-
luminescence (CL) images do not show any obvious zon-
ing except in the metagreywacke samples (B21 and KB3),
where dissolution-reprecipitation features were observed,
consisting of the individualisation of up to three concen-
tric zones separated by a lobate-cuspate interface (Fig. 3i;
7a; Supplementary Fig. Ale). Most apatite grains from the
migmatitic gneiss zone are enclosed in the biotitic frame-
work, with a small number of grains (10-15%) found in the
leucosome. Apatite also appears as a destabilisation product

Tk15-Aln

Phyllite zone
(500-550 °C)

Tk10-Aln

B9.2-Mnz 07
&£

Schist zone
(550-630 "‘C)_

B39-Zrn B39-Xtm 02

» 4
m{;’

20 pm

B21-Ap 22 ] B21-Ttn 06

B21-Aln 05

B21-Mnz 06

Laser pit

B21-Zrn | KB3-Zrn

Fig. 3 Petrographic features of some representative accessory phases
along the metamorphic gradient: BSE images of phyllite zone apatite
(a) and allanite (b); schist zone apatite (c), allanite (d), monazite (e, f)
and xenotime (h); migmatitic gneiss zone apatite (i) with core-rim tex-
tures observed in B21, titanite (j), allanite (k—m), monazite (n, 0) and
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xenotime (r). Cathodoluminescence images of zircon from schist zone
(g) and migmatitic gneiss zone (p, q). The latter shows an oscillatory-
zoned core and a thin unzoned rim (< 15 pm) highlighted by the red
dashed line. When indicated, grains number refers to in-situ analyses
that can be found in Supplementary Materials B and C
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of monazite, rimming or forming coronae around monazite
grains (Supplementary Fig. Ala).

Monazite is present in all samples, except in the phyllite
(Gasser et al. 2012b). The grains are often small, particularly
in the schist zone (often <25 um; Fig. 3e, f), but can reach
up to 50 um in some migmatitic gneisses (e.g. B21 or KB3;
Fig. 3n, 0). In gneisses, monazite can be found as inclu-
sions in biotite or in leucocratic quartzo-feldspathic zones
(Fig. 2d, e, f). Occasionally, some samples (e.g. KB3) show
allanite-epidote + apatite coronae around monazite, inter-
preted as a destabilisation texture along the retrograde path
(Gasser et al. 2012b; Supplementary Fig. Ala). Monazite
grains are generally homogeneous in BSE images (Fig. 3e,
f, n), despite some grains occasionally revealing patchy
zoning (Fig. 30). Unlike the results on separated grains pre-
sented in Gasser et al. (2012b), no core-to-rim zoning in
monazite from the studied migmatitic gneisses thin sections
was clearly observed.

Small allanite crystals (<20 pum) are present in the phyl-
lite zone (Tk15). They are homogeneous in BSE images
and are sometimes broken (Fig. 3b). They are interpreted
as detrital grains by Gasser et al. (2012b). They are absent
in the schists of the Bremner transect (allanite to monazite
breakdown reaction; Gasser et al. 2012b), but were identi-
fied in the schists of the Tokio transect (sizes from 20 to
40 pm) as fibrous crystals in biotite cleavages (Fig. 3d). In
most of the migmatitic gneisses, allanite is rare and forms
small crystals (often <50 pum in size) preferentially located
in biotite cleavages (Fig. 3m), and is seldom associated with
epidote that most likely formed during the retrograde his-
tory (Gasser et al. 2012b). In the greywacke gneisses (B21,
KB3), two other types of allanite are found: either as large
crystals (up to 200 um; Fig. 31), often located in quartzo-
feldspathic domains or in zones of late fluid circulation,
occasionally associated with titanite and iron oxide (KB3;
Fig. 2f). They are also found associated with epidote, form-
ing coronae around monazite (Fig. 3k; Supplementary Fig.
Ala) and xenotime (Supplementary Fig. Alb), and inter-
preted as retrograde alteration textures (Gasser et al. 2012b).
BSE images often show rather homogeneous grains (Fig. 31,
m), and occasionally patchy zoning (e.g. KB1la, B23).

Titanite only appears in three samples of the migmatitic
gneiss zone (B21, KBla and KB3). Crystals are generally
smaller than 100 um (KB1, B21; Fig. 3j). In B21, the grains
are euhedral and are often located in the quartz-feldspathic
matrix (leucosome) and more rarely associated with biotite
(Fig. 2e; Supplementary Fig. Alg). In sample KB3, very
small anhedral crystals (10 um) appear in the vicinity of
iron oxide-rich late fluids circulation pathways in biotite
cleavages (Fig. 2f). In sample KB1a, grains are smaller than
50 um and located in biotite cleavages. Titanite grains are
homogeneous in BSE imaging in all the samples (Fig. 3j).

Xenotime is present in all schists and gneisses samples,
but in small quantities, generally with fewer than ten grains
per thin section. It often forms small, rounded crystals
(<20 pm) mainly located in the biotite framework. In the
metagreywacke samples (B21 and KB3), some grains are
also included in feldspar or located along quartz-feldspar
boundaries in the quartzo-feldspathic zones. In KB3, xeno-
time is scarce (three grains) but reaches larger sizes (up
to 100 um). In BSE images, the grains are homogeneous
(Fig. 3r) though some can exhibit patchy zoning or lighter
BSE rims (e.g. B39; Fig. 3h or KB3; Supplementary Fig.
Alc). Associations with apatite or zircon can sometimes be
observed (Supplementary Fig. A1d).

Zircon appears in all the studied samples. In the phyl-
lite and the schists, the grains are small (<30 um), rounded
(Fig. 3g) or elongated with oscillatory, patchy or sector
zoning. In the migmatitic gneisses, rounded and prismatic
grains are present, with sizes reaching up to 100 um. In CL,
they show a typical core-rim texture with oscillatory, patchy
or sector zoned cores and lighter unzoned rims (Fig. 3p, q;
see also Gasser et al. 2012a). In most samples, crystals are
found enclosed in biotite and more rarely associated with
feldspar or quartz.

Accessory phases major and trace elements

Chemical data for apatite, monazite, allanite and titanite in
samples from both transects are presented in Supplemen-
tary Tables B1-4 and are described below. Our focus is on
the description of the REE contents and Nd isotopes signa-
tures of these phases. Other major and trace elements are
presented and discussed when appropriate. Few microprobe
data have been acquired on xenotime grains but no clear
trends were observed between metamorphic grade and their
chemistry (Supplementary Table B5). Due to their small size
(<20 pm), xenotime grains could not be analysed by LA-
ICP-MS, and their chemistry will not be further discussed.

Apatite chemistry

The major element contents of apatite throughout the
samples show significant variation in CaO and P,05 con-
tents, ranging between 51.9 and 55.8 wt% and 39.8-42.8
wt%, respectively. The fluorine (F) content in apatite varies
between 2.39 and 3.16 wt% in the phyllite zone and ranges
from 2.36 to 4.21 wt% in the schist zone to 2.43-3.95 wt%
in the migmatitic gneiss zone (Fig. 4a). We note that Cl
is generally lower than 0.10 wt%, often close to or below
detection limit (120 ppm), with the exception of the B40
sample where Cl content ranges between 0.13 and 0.49
wt%. All analysed apatite grains correspond to fluor-apatite,
according to the classification by Palma et al. (2019).
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In the phyllite zone, Tk15 apatite grains exhibit rela-
tively low HREE-Y contents compared to those in schists
and gneisses (XHREE-Y (Tb to Lu+Y)=153-2055 ppm;
Fig. 4b). They also show highly variable LREE contents
(ZLREE (La to Nd)=16.5-2407 ppm), Sr (302750 ppm),
and Th/U ratios (0.75-7.82; Fig. 4c, d, e). Chondrite-nor-
malised REE patterns reveal negative Eu anomalies ranging
from 0.31 to 0.73 (Ew/Eu*=Euy /Smy*Gdy), significant
variations in LREE patterns (La/Smy = 0.12-1.94), and
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from schists and migmatitic gneisses. * = greywacke samples. Each
point represents a single analysis

negatively sloped HREE pattern with Dy/Yby = 1.46-2.45
(Fig. 5a).

In the schist zone, apatite crystals HREE-Y contents
range between 700 and 2358 ppm (Fig. 4b). The REE pat-
terns of apatite in this zone show weak to strong negative
Eu anomalies, ranging between 0.08 and 0.47 (Figs. 5a and
6a), depletion in LREE compared to MREE (La/Smy =
0.16-0.41), and a highly fractionated HREE spectra (Dy/
Yby = 2.32-13.6; Figs. 5a and 6¢). The Sr content varies
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between 247 and 450 ppm (Fig. 4d). Apatite grains in the
schists of the Bremner transect show identical Th/U (~0.02)
while those of the Tokio transect are notably characterised
by higher Th contents, resulting in slightly higher Th/U
ratios (0.06-0.52; Fig. 4e).

In the migmatitic gneisses, apatite grains of the
metapelitic samples (B22, B23, B26, KB1a) have slightly
higher HREE-Y contents than those in the phyllite and
schist zones (ZHREE-Y=1173-2407 ppm; Fig. 4b). In
these gneisses, their REE patterns show a generally strong
negative Eu anomaly (average Eu/Eu* = 0.10-0.20; Figs. 5b
and 6a). Apatite LREE patterns are similar to those in the
schists (La/Smy = 0.20-0.35), while its HREE patterns are
less depleted (Dy/Yby = 1.84-4.36; Figs. 5b and 6c). Apa-
tite Sr content (214-448 ppm) and Th/U ratios (0.01-0.06)
in these gneisses are comparable to those in the schists
(Fig. 4e). Apatite from the metagreywackes B21 and KB3
shows a flat pattern for HREE-Y (Dy/Yby ratios=0.84—
1.52 and XHREE-Y =1294-4225 ppm) and slightly stron-
ger Eu anomalies when compared to other gneisses (Eu/Eu*

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho E Tm Yb Lu

McDonough and Sun (1995). Temperature range of the samples are
from Bruand et al. (2014)

= 0.06-0.20; Fig. 5b). Furthermore, apatite in these two
samples is characterised by greater intra-grain REE-Y vari-
ability, which is positively correlated with Th (Fig. 4f) and
U (Supplementary Table B1). This variability corresponds
to the different zones (Z1-Z2-Z3) of the crystal showing
dissolution-reprecipitation features observed in CL images
(Fig. 7a). Microprobe transects across representative apa-
tite grains of sample B21 show Y,0;-enriched zones (Z1-
Z3; bright zones in CL) and Y,0;-depleted zones (Z2; dark
zones in CL Fig. 7b).

Monazite chemistry

Monazite REE spectra from metapelitic schists and gneisses
show a general strong enrichment in LREE (La/Smy =3.15-
4.04), a marked depletion in HREE (Dy/Yby = 14.6-36.5)
and a negative Eu anomaly (Eu/Eu* = 0.09-0.23; Fig. Sc,
d). A progressive increase in the intensity of the negative
Eu anomaly is observed (average Eu/Eu* = 0.20 for schists

@ Springer
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vs. 0.13 for gneisses) along with an increase in HREE-Y
content (average XHREE-Y =2.03 wt% for schists vs. 2.43
wt% for gneisses; Supplementary Table B2) during the tran-
sition from schists to migmatitic gneisses for a pelitic com-
position (Fig. 6b). Monazite from migmatitic gneisses with
greywacke compositions (B21 and KB3) displays distinct
characteristics, with stronger negative Eu anomalies (Eu/
Eu* = 0.06), less fractionated HREE patterns (Dy/Yby =
4.22-17.3), and slightly more enriched LREE patterns (La/
Smy = 3.87-5.23; Figs. 5d and 6d) compared to monazite
from other metapelitic gneisses.

Titanite chemistry

Titanite is only present in three gneisses (B21, KB1 and
KB3) and shows rather homogeneous major element com-
positions with TiO,=35.4-37.9 wt%, CaO0=27.5-28.6
wt% and Al,0;=1.64-3.19 wt%. The REE patterns vary
significantly between these different samples and even
between grains of each sample (e.g. ZREE-Y =32.2-3690
ppm for B21; Fig. 8a). For samples B21 and KB3, the REE
patterns range from relatively flat to strongly enriched in
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azite (d). The arrow indicates increasing temperature up to anatexis
while the dashed ellipse indicates the field of metagreywacke samples.
Other samples are metapelites

HREE and depleted in LREE. Titanite also exhibits positive
Eu anomalies (Eu/Eu* = 1.17-47.0 for B21). In KB1a mig-
matitic gneiss, only one titanite was analysed. This titanite
is enriched in HREE relative to LREE and has a negative Eu
anomaly (Eu/Eu* = 0.20). The Zr-in-titanite, used as a ther-
mometer (Hayden et al. 2008), indicates temperature ranges
between 596 and 727 °C (Supplementary Table B4), which
is in good agreement with previous temperature estimates
(Bruand et al. 2014).

Allanite chemistry

Allanite grains were only analysed in two gneisses (B21 and
KB3). Their major element compositions range between
30.8 and 34.3 wt% for SiO,, 16.8 and 22.1 wt% for Al,O;,
9.0 and 16.3 wt% for CaO, 8.0 and 11.5 wt% for FeO. They
have a La/Ce atomic ratio of approximatively 0.5, classify-
ing them as Ce-allanite (e.g. Gieré & Sorensen, 2004). Alla-
nite REE spectra from these samples are similar, showing
enrichment in LREE (La/Smy = 2.46—4.60) and depletion
in HREE (Dy/Yby = 1.84-7.02; Fig. 8b). The Eu anoma-
lies are negative but vary considerably between the different
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grains of a given sample (e.g. Eu/Eu* = 0.06-0.45 for
KB3) and are positively correlated with the REE-Y content
(Fig. 8b, Supplementary Table B3). Allanite grains from
KB3 also have similar Th/U ranging between 2.5 and 6.2,
while B21 allanite shows more variation with Th/U rang-
ing from 0.44 to 15.1 (Supplementary Table B3). These low
Th/U ratios, coupled with moderate enrichments in LREE
and negative Eu anomalies, are typical of metamorphic alla-
nite compositions (Gregory et al. 2012; Deng et al. 2014).

Nd isotopes analyses

The Nd isotopic compositions measured on bulk-rock and
the mean value obtained for monazite and allanite are pre-
sented in Tables 2 and 3. Individual in-situ analyses are pro-
vided in Supplementary Table C1. Figure 9 illustrates the
initial isotopic compositions (eNdss ) of monazite and
allanite along the metamorphic gradient.

@ Springer



108 Page 14 of 23

Contributions to Mineralogy and Petrology (2024) 179:108

Table 2 WR Nd isotopic composition with 2SE (internal uncertainty) and '’Sm/'#*Nd calculated from trace element measurements for the studied

samples

Sample Metamorphic zone 3Nd/"Nd 47Sm/"Nd (“PNd/"*Nd)ss v, 2SE eNdsovpy 2SE
B39 schist 0.512446 0.1088 0.512406 0.000007 -2.99 0.25
B40 schist 0.512481 0.1041 0.512443 0.000006 2.27 0.24
B21 migmatitic gneiss 0.512506 0.1008 0.512470 0.000007 -1.74 0.25
B23 migmatitic gneiss 0.512444 0.1127 0.512403 0.000006 -3.05 0.25
B26 migmatitic gneiss 0.512509 0.1122 0.512403 0.000006 -3.06 0.25
KBla migmatitic gneiss 0.512442 0.1249 0.512397 0.000006 -3.18 0.24
KB3 migmatitic gneiss 0.512489 0.1234 0.512445 0.000007 -2.61 0.26

The eNd were calculated using the decay constant A=6.54.10"'? (Lugmair and Marti 1978), CHUR parameters from Bouvier et al. (2008) and
an age of 55 Ma, corresponding to the age of metamorphism (Gasser et al. 2012a, b). Error propagations on the eNd were carried out using the

spreadsheet from Ickert (2013).

Table 3 Average Nd isotopic composition and €éNdssy, with 2SD for monazite and allanite in the studied samples. Details of the analyses can be

found in Supplementary Table C1

Sample Metamorphic zone (“*Nd/"Nd)ss Ma 2SD eNdsspp 2SD n
MONAZITE
B39 Schist 0.512383 0.000085 -3.44 1.66 6
B40 Schist 0.512423 0.000053 -2.67 1.03 7
B21 Migmatitic gneiss 0.512460 0.000019 - 1.94 0.37 4
B23 Migmatitic gneiss 0.512409 0.000010 —-2.94 0.19 3
B26 Migmatitic gneiss 0.512457 0.000052 —2.01 1.01 3
KB3 Migmatitic gneiss 0.512443 0.000046 -2.28 0.90 4
ALLANITE
B21 Migmatitic gneiss 0.512472 0.000113 - 1.70 2.10 7
B23 Migmatitic gneiss 0.512391 0.00012 -3.29 2.04 2
KBla Migmatitic gneiss 0.512385 0.000098 -3.40 1.91 6
KB3 Migmatitic gneiss 0.512436 0.000045 —2.40 0.89 7
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Fig. 9 Values of €Ndss), for monazite (a) and allanite (b) for schists
and migmatitic gneisses samples along the metamorphic gradient. WR
data are also shown (grey lines). The age of 55 Ma corresponds to the

Across the transect, Nd isotopic compositions of both
mineral species (allanite and monazite) show a remark-
able homogeneity between the different grains of a given
sample and between samples. Along the Bremner transect,
€Ndss), for monazite grains range from —4.25 +0.87 (2SE)
to — 1.68+0.59 (2SE) and from —4.84+2.01 (2SE) to
0.07+1.36 (2SE) for allanite (Fig. 9; Supplementary Table
C1). The error bars for analyses of allanite are systematically
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maximum age for metamorphism (Gasser et al. 2012a, b). Error bars
are 2SE. Color-coding is the same as in Fig. 7

larger than for monazite due to lower Nd concentration in
allanite. Overall, the data acquired on monazite and alla-
nite within a given sample are all within uncertainties of
the WR isotopic compositions (Fig. 9). The studied samples
show WR €eNdss,,, ranging between —3.18+0.24 (2SE)
and —1.74+0.25 (2SE). Low uncertainties obtained on WR
allow for the distinction of two different groups: one com-
posed of B39, B23, KB1a and B26 with an average eNdssy,
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of —3.07+0.16 (2SD) and the other consisting of B40, B21
and KB3 with an average eNdys);, of —2.08 +£0.59 (2SD).
WR 47Sm/'"*Nd ratios show low dispersion, ranging from
0.1008 to 0.1249 (Table 2).

Discussion

Trace element variations in accessory minerals
along the metamorphic gradient

The geological context of the CMC allows for a detailed
examination of the chemical behaviour of accessory phases
across a restricted metamorphic gradient of approximatively
150 °C, from greenschist to upper amphibolite facies under
water-saturated melting conditions and minor muscovite
breakdown. This study focuses particularly on apatite and
monazite, which are systematically present in all samples
along this gradient. This provides insights into the factors
influencing their chemical signatures such as bulk rock,
co-crystallisation of other minerals, evolving P-T up to
partial melting. This study focuses on water-saturated melt-
ing reaction at 650-700 °C. It is worth noting that melting
reaction can also greatly affect accessory minerals chemical
signatures. For instance, it has been recently demonstrated
by Liu et al. (2023) that apatite chemistry is particularly sen-
sitive to the type of melting reactions (e.g. water-saturated
melting, muscovite breakdown or amphibole breakdown).

Bulk influence on apatite, monazite and titanite chemistry

The influence of the sedimentary protolith (greywacke vs.
pelite) on the chemistry of monazite and apatite is shown in
Fig. 6. Monazite and apatite compositions for the metagrey-
wacke samples (B21 and KB3) systematically differ from
those of the metapelitic samples at the same metamorphic
grade. They typically display higher HREE-Y contents

(Fig. 6a, b) and lower Dy/Yb ratios (Fig. 6¢, d). This trend
can be attributed to the absence of garnet in these sam-
ples, which normally incorporates significant quantities of
HREE-Y (e.g. Bea et al. 1994; Bea and Montero 1999; Fos-
ter et al. 2000; Rubatto et al. 2006), and the redistribution
of these elements into apatite and monazite. Apatite from
these two samples exhibits zoning patterns typical of dis-
solution-reprecipitation processes that are associated with
an important spread in their trace element concentrations
(REE, U, Th, etc.; Figs. 4b, c, f and 6a, c). Such textures are
absent in apatite from metapelites. Apatite in sample B21
shows strong zoning with up to three different chemical
zones in CL (Z1-Z2-Z3; Fig. 7a). Zones Z1 (core) and Z3
(rim) have higher concentrations of HREE-Y-Th compared
to Z2 (Figs. 4f and 7b). These textures, only visible in the
greywackes samples, may be the result of apatite partial dis-
solution during anatexis process, which is expected to be
less efficient in greywackes than in pelites (e.g. Johnson et
al. 2021). Another possibility would be that these textures
formed by interactions with a late subsolidus fluid. How-
ever, as B21 does not exhibit any petrographic features indi-
cating a late fluid circulation, we favour the first hypothesis.

Our observations show that titanite is present in the
metagreywackes but appears very rarely in the metapelitic
samples (only in KB1la; Table 1). Previous authors (Frost
et al. 2001; Pereira et al. 2023) have suggested that Ca/
Al and Ti/Ca whole-rock ratios favour titanite stability
over ilmenite. The titanite stability over ilmenite can be
explained by a higher (Ca/Al)yy and a lower (Ti/Ca)yy
ratios of the samples (Ca/Al>0.25, Ti/Ca<0.2; Fig. 10a),
while the other metapelitic samples have lower (Ca/Al)yg
ranging between 0.10 and 0.25. The Y vs. Dy/Yb diagram
has recently emerged as a tool to differentiate titanite cryst-
allisation in garnet-bearing vs. garnet-free rocks (Scibiorski
et al. 2019). In our study, all three samples plot within the
garnet-absent field (Fig. 10b), which is consistent with the
paragenesis of the two garnet-free metagreywackes but not

0.7 10000
o EXs bl
- - O
sk | No-titanite 1000 1 .
Tk12 br— °
T 04 | E '
] ko2 & 100 Garnet-absent Garnet-bearing
P B26 B40 o I
= 03 ui -
822 MIB23 B39 v
02 | .‘KBla 10 -
o KB3 gy [ | @ KB3*
. Titanite-bearing KBla
0 : : . 1
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.1 1 10
Ca/Al Dy/Yb

Fig. 10 a Ti/Ca vs. Ca/Al diagram with reported WR compositions of the CMC samples. b Y vs. Dy/Yb diagram for titanite from KB1a, KB3 and

B21 samples (from Scibiorski et al. 2019). * = metagreywacke samples
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with the metapelitic one which contains garnet. In this case,
the very low modal proportion of garnet (~0.3%; Supple-
mentary Table A2) in the metapelitic sample KB1la, could
explain this apparent mismatch. Thus, these observations
demonstrate the strong impact of the protolith chemistry
and mineralogy on titanite stability and chemistry.

The two metagreywacke samples, B21 and KB3, are char-
acterised by the presence of large allanite coexisting with
monazite (Fig. 2e, f). This contrasts with the metapelites,
which only contain small allanite crystals typically found
in biotite cleavages, formed lately during greenschist facies
retrogression. The sample B21 does not exhibit any retro-
gressed textures associated with allanite, suggesting that
these minerals formed at peak metamorphism. Here, the
absence of garnet, linked to the bulk composition, might
be responsible for the development of these large allanite
crystals, as proposed by Gasser (2010). In sample KB3, tex-
tures indicate the destabilisation of monazite into allanite
(Supplementary Fig. Ala), with some large allanite crys-
tals found in domains enriched in oxide, chlorite and late-
stage titanite (Figs. 2f and 3i, j). These allanite grains are
late-stage products of retrogression and exhumation under
greenschist facies conditions (Gasser et al. 2012b). Given
the absence of garnet in KB3, and the overlap of the REE-Y
patterns of allanite grains of both samples (Fig. 8b), the pos-
sibility that some allanite grains could have been formed
during peak metamorphism cannot be excluded, although
textures indicate that most of the grains have formed during
retrogression.

Apatite and monazite chemical sensitivity to increasing T
and partial melting

This study has shown that bulk chemistry plays a major
role in the chemical signatures of apatite and monazite.
To understand the chemical sensitivity of these phases to
increasing metamorphic grade and discard the bulk-rock
influence, this section focuses on samples with similar
pelitic protoliths. From the phyllite (7<550 °C) to the
schist zones (550—-630 °C), an intra-sample homogenisation
of apatite chemical composition (REE and Sr contents) can
be observed (Figs. 4 and 5a). This homogenisation is inter-
preted as the effect of prograde metamorphism on detrital
apatite grains, already reported in previous studies (Ham-
merli et al. 2014, 2016), and will not be further discussed
here. In the schist and migmatite dataset, two main trends in
apatite and monazite can be observed with increasing grade:
(i) an increase in the HREE-Y content and (ii) a decrease in
Eu/Eu* (Figs. 6a, b and 11).

HREE-Y as a proxy of temperature and partial melting

The increase of HREE-Y content in apatite and mona-
zite along the CMC metamorphic gradient can be influenced
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by several parameters such as (i) an increase of whole-rock
trace element contents, (ii) variations in the modal propor-
tions of HREE-Y phases (e.g. garnet, zircon, xenotime) and
(ii1) the release of HREE-Y elements due to the dissolution
of other HREE-Y rich phases. The last two parameters are
promoted by changes in P-T conditions. An increase of
WR trace element contents is ruled out in the case of the
CMC, as Y content along the gradient is nearly constant
(Y=25.5-30 ppm for the schist zone and 11.8-26.9 ppm
for the migmatitic gneiss zone; Supplementary Table Al).
Similarly, there are no clear trends in the evolving modal
proportions of REE-Y rich phases from pelitic schists to
migmatitic gneisses (Supplementary Table A2). For exam-
ple, first-order estimates of garnet modal proportion calcu-
lated from thin section imaging range between 0.8 and 8.6%
in the schist zone and between 0.3 and 8.2% in the migma-
titic gneiss zone.

The partial dissolution of other HREE-Y bearing phases
such as xenotime or zircon during anatexis, or the break-
down of garnet during retrograde metamorphism, can
release HREE-Y into the system (e.g. Yakymchuk et al.
2017), which could then be redistributed in monazite and
apatite. Garnet is the major mineral carrying HREE-Y. In
high-grade metamorphic terranes, several studies showed
that HREE-Y can be released during retrograde metamor-
phism by the breakdown of garnet, allowing the new growth
of Y-rich rims in monazite (e.g. Foster et al. 2004; Kohn
et al. 2005; Rubatto et al. 2013; Wang et al. 2017). In our
samples, some garnet grains in both schists and migmatitic
gneisses show limited resorbed rims (<40 um) with higher
Mn and lower Mg contents (Bruand et al. 2014). Y-map-
ping and trace elements in garnet analysed in one sample
by Gasser et al. (2012b) revealed no HREE-Y core-to-rim
variations. These features are typical of thermal relaxation
by diffusion and/or retrograde net transfer reaction between
garnet and biotite during cooling (e.g. Kohn et al. 2001).
In the CMC, monazite U-Pb ages (between 53.4+1.1 Ma
and 51.0 + 1.1 Ma; Gasser et al. 2012b) are coeval with the
dated anatectic rim of zircon (between 54.0+0.7 Ma and
51.3+0.7 Ma; Gasser et al. 2012a), showing that monazite
crystallised at or close to peak metamorphism. This is further
confirmed by the monazite-xenotime thermometer (Chowd-
hury and Trail 2024) applied to B23 migmatitic gneiss giving
temperatures between 605 and 684 °C, which are consistent
with T estimates from other thermometric methods previ-
ously obtained on this sample or other gneisses (e.g. Bt-
Grt, average-PT on THERMOCALC; Table 1). Apatite also
crystallised close to peak metamorphism as indicated by its
occurrence in leucosomes (Supplementary Fig. Alg) and
its chemical behavior similar to monazite proving that they
both co-crystallised. If garnet contributed to the release of
HREE-Y to the system, these observations highlight that it
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has to be during the early cooling in order to be incorporated
by apatite and monazite at the time of their crystallisation
close to peak metamorphism.

Xenotime is often very small (<20 pm) and quite rare in
thin section, albeit systematically present in our samples.
Xenotime is expected to be partly dissolved during ana-
texis in water-saturated conditions in a pelitic system (e.g.
Spear and Pyle 2010; Yakymchuk et al. 2017; Johnson et al.
2021). However, no clear decrease in the modal proportion
of xenotime is visible between the schist and the migmatitic
gneiss zones at the thin section scale (Supplementary Table
A?2). Interestingly, the presence of xenotime at the boundar-
ies of quartz or feldspar grains in the leucosomes of some

 5.00

(migmatitic gneisses). Samples colours are the same as in Fig. 6. Tem-
peratures are from Bruand et al. (2014). Structural features are from
Gasser et al. (2011)

migmatitic gneisses shows that some of them recrystallised
from the anatectic melt (Fig. 2e; Supplementary Fig. A1f).
This involvement in the partial melting process highlights
their potential role in the release of HREE-Y into the system
during anatexis.

Zircon have been the subject of a detailed study by Gas-
ser et al. (2012a) on separated grains. In the studied samples,
zircon grains from migmatitic gneisses show dissolution tex-
tures with igneous detrital cores overgrown by a thin anatec-
tic rim (5-30 pm in width; Fig. 3p, q) that formed at or close
to peak metamorphism, crystallising from anatectic melts
contemporaneously with plagioclase and monazite (Gasser
et al. 2012a). These dissolution textures indicate that some
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HREE-Y were mobilised during anatexis. Although some
of them recrystallised at the rim of the zircon, some HREE-
Y might have been redistributed into monazite and apatite,
explaining their enriched HREE-Y patterns. The contribu-
tion of zircon must however be minor compared to that of
xenotime which is at least 100 times more concentrated in
HREE-Y.

In summary, we consider the dissolution of xenotime
during anatexis coupled to the potential resorption of gar-
net during early cooling as possible mechanisms releasing
HREE-Y, which are further incorporated by apatite and
monazite during their crystallisation close to peak meta-
morphism. Several studies on natural samples (Heinrich et
al. 1997; Pyle et al. 2001), experiments (Gratz and Heinrich
1997) and modelling (Spear and Pyle 2010) have shown that
Y incorporation in monazite increases with temperature in
xenotime-bearing metapelitic samples under sub-solidus
and supra-solidus conditions, leading to the development of
the monazite-xenotime thermometer recently re-evaluated
by Chowdhury and Trail (2024). Similarly, based on a lim-
ited dataset, Yang and Rivers (2002) suggested that Y in
apatite when co-existing with xenotime might be sensitive
to temperature increase. In this contribution, we confirm
that apatite chemistry is sensitive to temperature changes
in pelitic systems buffered by the presence of xenotime and
that HREE-Y content in apatite has the potential to be used
as a geothermometer.

Eu/Eu* as a partial melting proxy

Our dataset shows a decrease in Ew/Eu* in apatite and
monazite along the metamorphic gradient. Eu anomaly vari-
ations in accessory phases (zircon, monazite, apatite) under
anatectic conditions have been documented in numerous
studies (e.g. Bea and Montero 1999; Rubatto 2002; Rub-
atto et al. 2006, 2013; Holder et al. 2015), and have tradi-
tionally been attributed to the behaviour of K-feldspar or
plagioclase, which are known to incorporate a significant
amount of Eu (e.g. Bea and Montero 1999). In our samples,
plagioclase is a very abundant phase (>30% vol.). Its co-
crystallisation from the melt could have generated a strong
negative anomaly in apatite and monazite. K-feldspar is
absent or very rare in these samples, ruling out a potential
effect of this phase. More recently, oxygen fugacity or melt
extraction have been inferred through modelling as other
causes for observed changes in the Eu anomaly of accessory
minerals (Holder et al. 2020). While oxygen fugacity is not
constrained in the CMC, some of the migmatitic gneisses
have likely undergone melt extraction as testified by some
melanocratic layers in the migmatites or the presence of
low-volume granitic plutons intruding the CMC, coeval
with peak metamorphism and migmatisation (Gasser 2010).
Thus, a minor effect of these last processes (especially melt
extraction) on measured Eu anomaly cannot be ruled out.
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Nd isotopic composition of accessory minerals along
the metamorphic gradient

The Nd isotopic compositions of our samples and their Nd-
bearing accessory minerals are very similar, with an average
€Ndss5yp, of —2.63 +1.47 (2SD) for monazite, — 2.53 +2.18
(2SD) for allanite and associated ranges of WR eNdssy,
between —3.18 +£0.24 (2SE) and — 1.74 +0.25 (2SE) along
the metamorphic gradient at 7> 550 °C (Fig. 9). These data
confirm results obtained on metatexite-diatexite-granite
WR (Ferreira et al. 2020), on garnet-monazite-WR (Wang et
al. 2020), and on various accessory phases (Hammerli et al.
2014), showing a homogeneity of the Nd isotopic composi-
tion during high-grade metamorphism and partial melting.
In their study, Hammerli et al. (2014) described a prograde
pelite-greywacke metamorphic sequence comparable to the
CMC, but with a wider range of temperatures from 350 to
400 °C to 650700 °C. For example, at 350—400 °C, apa-
tite exhibits a wide range of eNd values spanning almost
15 epsilon units above and below the WR value. This wide
scatter of data in apatite grains is interpreted as reflecting
detrital signatures. They showed that the Sm—Nd system
in apatite and monazite is homogenised with the WR at
~500-550 °C, while allanite and titanite show homogeneity
at lower temperatures (from ~350—400 °C, see review in
Hammerli and Kemp 2021). For the CMC case study, WR
and accessory minerals share similar Nd isotopes signature
implying either that homogenisation of the Sm—Nd system
took place at least from the schist zone (>550 °C) or that
the protolith of the schists and migmatites derived from a
single, isotopically homogeneous source, without initial Nd
isotope variations before metamorphism. Strong trace ele-
ment variations measured in apatite from the lower grade
phyllite (Figs. 4 and 5a) could be indicative of a wide vari-
ety of detrital sources, with potentially variable Nd isotopic
compositions. Nevertheless, the small grain size and low Nd
concentrations of apatite grains in the phyllite prevented in-
situ Sm—Nd analyses to confirm this hypothesis.

Other studies focusing on WR data on leucosome-meso-
some or granite/restite pairs have suggested Sm—Nd isoto-
pic disequilibrium during partial melting (e.g. Ayres and
Harris 1997; Zeng et al. 2005a, b; Gaeta et al. 2018; Wolf et
al. 2019; Yang et al. 2022), which raised the question of the
reliability of the Sm—Nd system as a source tracer (Ham-
merli and Kemp 2021). These potential disequilibria require
specific conditions such as an isotopically heterogeneous
source, relatively fast melting and crystallisation (+ extrac-
tion) of anatectic melts, preventing re-equilibrium with the
source (Ayres and Harris 1997; Wolf et al. 2019; Wang et al.
2023). Our in-situ analyses on minerals align with the state-
ment of Hammerli and Kemp (2021) assertion that Sm—Nd
isotopic disequilibria in accessory phases are not expected
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during partial melting because Sm—Nd is homogenised at
high temperature (>550 °C). Local disequilibria, which
we did not observe in our samples, have been reported in
some cases due to “shielding effects” (i.e. accessory phases
enclosed within minerals such as garnet, impeding isotopic
homogenisation; Spandler et al. 2018), and in open systems
due to injections/contamination of external melts from iso-
topically different sources (Hammerli and Kemp 2021).

The data obtained on KB3 allanite, largely formed from
the circulation of late fluids during retrogression into the
greenschist facies, allow investigations on the capacity of a
late fluid to create isotopic disequilibrium within the rock.
Wang et al. (2023) demonstrated, through a multi-isotope
approach (3'%0, 5?°Mg, 87Sr/*Sr), that isotopic disequilib-
ria could appear during anatexis in fluid-flux melting condi-
tions associated with the influx of external fluids coming
from the dehydration of surrounding rocks. External fluids
can therefore be associated with isotopic disequilibria within
the host rock, particularly if they come from surrounding
rocks of different nature and isotopic composition. In our
case, KB3 allanite shows no significant differences in Nd
isotopic composition with the WR analysed and the phases
formed during HT metamorphism and partial melting. This
suggests that the late fluid that circulated in these rocks,
allowing allanite crystallisation, had a similar Nd isotopic
signature to the CMC rocks, advocating for a homogeneous
isotopic signature of the CMC and surrounding rocks.

Interestingly, the WR Nd isotopic data, associated with
smaller uncertainties, show the presence of two significantly
different groups, one towards eNdss 3, of — 3.07 and the
other towards eNdss \;, of — 2.08. This small difference is
not seen in minerals because of the larger analytical uncer-
tainties obtained by LA-MC-ICP-MS. Small differences
in eNd are however very commonly observed in whole-
rock measurements in sedimentary systems (Vervoort et
al. 2011). Measured Nd isotopic ratios are also consistent
with data measured in sediments off the coast of Alaska with
similar ages (eNdy5y, =—2.1+0.1, eENds3 p, =—2.8+0.1;
Vervoort et al. 2011). WR '47Sm/'"*Nd ratios show low dis-
persion (Table 2), which tend to confirm an overall isotopic
homogeneity throughout the CMC.

Conclusions

We measured trace element concentrations and Nd isoto-
pic compositions of apatite, monazite, allanite and titanite
in metapelites and metagreywackes along a metamorphic
gradient from greenschist facies to upper amphibolite
facies, reaching anatexis in water-saturated conditions at
~650-700 °C. Our data reveal a strong bulk composition
effect in the observed REE patterns of apatite, monazite

and titanite in the migmatitic gneisses. Specifically, apatite
and monazite from garnet-free metagreywackes have sys-
tematically lower (Dy/Yb)y than those from metapelitic
samples. We demonstrate the potential of monazite and
apatite in metapelitic samples to finely track temperature
increase (over a range of ~150 °C) and anatexis based on
their trace element signatures. From schists to migmatitic
gneisses, the two phases show notably : (i) an increase in
HREE-Y, linked to their crystallisation close to peak meta-
morphism following xenotime dissolution and potential gar-
net resorption during early cooling and (ii) a decrease in Eu/
Eu*, likely related to the crystallisation of plagioclase after
partial melting. We found no significant difference in éNd
between monazite, allanite and WR, regardless of the rock
type analysed. This suggests (i) an overall homogeneity of
the Nd isotopic composition above 550 °C and up to crustal
anatexis conditions and (ii) an isotopic equilibrium between
mineral and whole-rock, indicating that Sm—Nd isotopic
disequilibria are highly unlikely during partial melting in
this case study.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00410-0
24-02185-2.
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