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Abstract. Eclogites record the deep burial and exhumation of crustal terranes, which are key tectonic markers
in the evolution of orogenic belts. Unraveling the evolution of eclogites and eclogite-bearing terranes may never-
theless be challenging, especially in old and poly-tectonic orogens such as the Variscan orogen, where these are
scarce and potentially reworked. The eclogite-bearing Léon Domain (Armorican Massif, France) is one such oc-
currence. The Léon Domain is situated at the crossing of several (micro)continents and has long been recognized
as a potential recorder for the assembly of this part of the Variscan orogen. The origin and metamorphic history
of these eclogites remains nevertheless largely unconstrained. In this study, samples of the Léon eclogite were
subjected to garnet and zircon petrochronology. In situ U-Pb ages from zircon cores constrain the protolith age
at 385.7± 2.9 Ma (concordia age, mean square weighted deviate (MSWD)= 8.7 and corresponding weighted
mean age at 385.7± 1.6 Ma, MSWD= 1.14), which is similar to zircon U-Pb ages reported from enclosing or-
thogneisses. Low δ18O values (median at 4.32 ‰) from these cores indicate interaction with surface fluids during
magmatic crystallization. Garnet growth in the eclogites, as constrained by Lu-Hf geochronology, occurred at
346.5±0.8 Ma (MSWD= 0.6; Fe-Ti-rich eclogite) and 349.1±1.6 Ma (MSWD= 0.3; kyanite-bearing eclogite).
Pseudosection modeling, Zr-in-rutile thermometry, and major- and trace-element maps in garnet were used to
constrain the garnet growth history close to the metamorphic peak from 740 °C at 2.15 GPa to 760 °C at 2.5 GPa.
Zircon separates from a cross-cutting felsic intrusion provided 321.6±2.7 Ma (MSWD= 0.76), which is taken to
constrain the age of deformation and migmatization during exhumation. The new results are inconsistent with the
presence of a major suture in the Léon Domain; they instead indicate that the eclogite derives from a small and
short-lived back-arc basin, in which large bodies of felsic magma (enclosing orthogneiss) and smaller basaltic
intrusions (the eclogite protolith) were emplaced and allowed to interact with meteoric water. The Léon Domain
records rapid, cyclic inversion of this basin and thus may serve as an ancient analogue to the evolution of the Cen-
tral Neotethys system, where short-lived alternating pulses of crustal extension and compression correlate with
episodes of trench retreat and advance. The new tectonic interpretation for the Léon Domain supports a strong
control of the slab dynamics within the frame of the protracted subduction history of the Rheic paleo-ocean.
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1 Introduction

Remnants of deeply eroded mountain belts may contain high-
pressure (HP) rocks, which may preserve a record of the
early subduction and collision processes that occurred when
the orogenic system started to develop (e.g., Coleman et
al., 1965; Maruyama et al., 1996; Godard, 2001; Agard et
al., 2009; Johnson and Harley, 2012; Zheng, 2012; Warren,
2013; Kohn, 2014; Tual et al., 2017; Tsujimori and Mattin-
son, 2021; Lotout et al., 2023). The protolith of these rocks
can also provide key insight into provenance and the pre-
orogenic setting of a region (Rubatto, 2002; Kylander-Clark
et al., 2012; Gilotti, 2013; Kooijman et al., 2017; Engi, 2017;
Lotout et al., 2020; Tual et al., 2022b). Strong metamorphic
overprinting and tectonic reworking of HP rocks, however,
makes unraveling their pressure–temperature–time (P –T –t)
paths far from trivial (e.g., Spear, 1993). Zircon and gar-
net provide opportunities to look far back into the history
of these rocks. Zircon can provide chronological, elemental
and isotopic constraints on the protolith and various stages
of subduction (e.g., Kohn et al., 2015; Rubatto, 2017). One
specific advantage of zircon over most chronometers is that it
may crystallize in both igneous and metamorphic rocks and,
due to its robustness, may preserve a unique archive of the
protolith even in high-grade metamorphic rocks (e.g., Peters-
son and Tual, 2020). Combined with O stable isotope analy-
ses, zircon petrochronology is particularly relevant to inves-
tigate the paleo-setting and origin of the protolith magma;
rocks and fluid sources show a limited range of δ18O values,
and no significant T -dependent shifts in δ18O values of most
minerals occur in closed systems (e.g., Bebout and Barton,
1989; Sharp et al., 1993; Barnicoat and Cartwright, 1997;
Putlitz et al., 2000; Scambelluri et al., 2004; Angiboust et
al., 2014; He et al., 2019; Vho et al., 2020; Bovay et al.,
2021). The greatest challenge of zircon petrochronology is
linking U-Pb age data from zircon to petrogenetic processes
and their P –T conditions. Zircon can (re)crystallize over a
wide range of conditions in rocks, causing superimposition
of numerous processes that may be difficult to disentangle
(e.g., Rubatto, 2017). Retrieving the timing of HP condi-
tions is highly sample-dependent and particularly challeng-
ing in mafic rocks, where zircon grains are typically small
(< 100 µm; e.g., Beckman et al., 2014). Garnet petrochronol-
ogy has several advantages that make it a strong comple-
mentary approach in investigating early stages of metamor-
phic histories. Used in conjunction with pseudosection mod-
eling, garnet can provide a comprehensive record of the deep
burial of HP rocks and the tectonic and geodynamic pro-
cesses that this burial may represent (e.g., Kylander-Clark
et al., 2007; Pollington and Baxter, 2010; Smit et al., 2010;
Dragovic et al., 2015; Cutts and Smit, 2018; Loury et al.,
2018; Lotout et al., 2018; Tual et al., 2022a, 2025). Gar-
net enables the reconstruction of the P –T –t evolution ex-
perienced by HP rocks through a combination of petrologic,
major- and trace-element analysis and geochronology. Re-

cent analytic improvements on trace-element (TE) mapping
in garnet (e.g., Woodhead et al., 2007; Paul et al., 2014) have
revolutionized garnet-based metamorphic geology. Trace el-
ements such as Cr, Ti and rare earth elements (REEs) ex-
hibit greater resilience to diffusional re-equilibration than
major elements and are overall more sensitive to the subtle
geochemical changes that occur during metamorphic reac-
tions (e.g., Raimondo et al., 2017; George et al., 2018; Ru-
batto et al., 2020; Tual et al., 2022a; Konrad-Schmolke et
al., 2023; Kulhánek and Faryad, 2023; Cruciani et al., 2024).
Additionally, garnet typically has high Sm/Nd and Lu/Hf
values, enabling dating using the 147Sm-143Nd and 176Lu-
176Hf chronometers (Griffin and Brueckner, 1980; Duchêne
et al., 1997). Garnet Lu-Hf chronology is among the most
robust mineral chronometers available: even grains smaller
than 1 mm may perfectly retain age information during ex-
treme metamorphic cycles lasting for hundreds of millions of
years and involving (ultra)high T (Scherer et al., 2000; Smit
et al., 2013; Baxter and Scherer, 2013; Cutts et al., 2019;
Tual et al., 2022b; Lotout et al., 2023). In this study, both
zircon and garnet petrochronology have been employed to
investigate the so-far enigmatic history of the Variscan Léon
eclogites.

The Léon Domain is situated at the westernmost tip of
Brittany in the Armorican Massif and part of the Variscan
Orogen of Europe – one of the most populated orogenic
belts in the world. The domain represents a window into sev-
eral (micro)continents – Armorica, Avalonia and Gondwana
– which collided as part of the Variscan orogeny (e.g., Matte,
1986; Murphy et al., 2009; Ballèvre et al., 2009; Kroner
and Romer, 2013; Franke et al., 2021; Ballèvre et al., 2014).
The Léon Domain constitutes most of the northwestern part
of the Armorican Massif in the region, and its geodynamic
affiliation and evolution is a long-standing debate, due to
the presence of a still largely uncharacterized eclogite oc-
currence. The Léon Domain is either considered a distinct
crustal block, i.e., the Normanian Terrane (Nutman et al.,
2023), or as a part of the Armorican Terrane Assemblage
(Shail and Leveridge, 2009) that correlates laterally with the
Saxo-Thuringian zone in Bohemia to the east (e.g., Ballèvre
et al., 2009; Schulmann et al., 2022, 2023) and the Finistera
block in Iberia to the southwest (Mateus et al., 2016; Moreira
et al., 2019). The Léon Domain is separated from Armorica
by a major fault (the Elorn structure) or a suture zone (Le
Conquet suture; Rolet et al., 1986; Faure et al., 2005, 2010),
although these interpretations have been contested by some
authors (e.g., Schulz et al., 2007) on the basis of the geody-
namic models proposed by Rolet et al. (1986) and Faure et
al. (2005), being rooted in qualitative interpretations. First-
order information on metamorphism and chronology, as well
as detailed field-based observations, is lacking in large parts
of the Léon Domain, preventing the establishment of a ro-
bust geodynamic model for the region. Despite limited ex-
posure and detailed datasets, two major characteristics can
be drawn: (1) no deformation gradient, inverted metamor-
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phic gradient or metamorphic gaps have been documented
near the proposed nappe boundaries, which are prerequisites
for the nappe tectonics interpretation (Schulz et al., 2007;
Le Gall et al., 2014); (2) available chronological data are
patchy and incomplete, relying on imprecise and possibly in-
accurate data from accessory phases (e.g., see Paquette et al.,
1995, 2017, for a critical review of ages proposed by Paque-
tte et al., 1987).

Considering the Léon Domain as an “exotic” block with
respect to the rest of the Armorican Massif (e.g., Nutman
et al., 2023) is inspired by its apparent higher P –T record
of Variscan metamorphism. The eclogite-facies conditions
and partial migmatization reflected in this domain contrast
with the surrounding Northern Armorican and Central Ar-
morican domains, which show little or no HP metamor-
phism. Constraints on the history of the HP rocks of the
Léon Domain clearly is of pivotal importance in resolving
the tectonic history of the region, determining the spatial and
temporal imprint of the Variscan orogeny in the Armorican
massif, and making correlations at the orogen scale. To ob-
tain these constraints, precise age data associated with the
origin and evolution of the eclogites of the Léon eclogites
and a robust quantification of the peak metamorphic condi-
tions are required. In this contribution, we combined garnet
and zircon petrochronology in two eclogite samples of dif-
ferent compositions from a single mafic lens in the Léon
Domain located in Plounévez-Lochrist: (1) a remarkably
well-preserved kyanite-bearing eclogite and (2) a Fe-Ti-rich,
partly retrogressed eclogite. To constrain the final deforma-
tion and anatexis stages, we also analyzed a granitic intrusion
from the same unit that formed from the partial melting, con-
current with the exhumation of the Léon Domain during its
exhumation. Together, the new data better constrain the HP
and final high-temperature (HT) metamorphic events in the
region and enable the proposition of a geodynamic model for
the Léon Domain and its role in the Variscan orogeny.

2 Geological context and sampled lithologies

The Variscan orogenic belt is a largely eroded collisional
zone resulting from the Early Carboniferous (360–340 Ma)
closure of variably developed oceanic basins and the sub-
sequent collision of large continental plates (Avalonia/Lau-
russia and Gondwana) with Gondwana-derived, ribbon-like
microcontinents (e.g., Matte, 1986, 2001; Tait, 1999; Bal-
lèvre et al., 2009; Stampfli et al., 2013; Franke et al., 2017,
2021; Fig. 1a). The Rheic Ocean, which separated Gondwana
and Laurussia (e.g., Ballèvre et al., 2009), was central to this
geodynamic setting. The lateral extent and general paleogeo-
graphic setting nevertheless are still unclear (e.g., Schulmann
et al., 2022). The location of the main and secondary sutures
remains difficult to ascertain, because the Rheic Ocean –
much like the Tethyan and Neotethyan – likely involved com-
plex multistage closure (e.g., Stampfli et al., 2002; Alexander

et al., 2019), yet its relics are far less well exposed. Armor-
ica, which is one of the Gondwana-derived microcontinents,
is exposed in the Armorican Massif in the NW segment of the
Variscan orogenic belt (Fig. 1a; Servais and Sintubin, 2009;
Stampfli et al., 2013, and references therein). The Armori-
can Massif consists of four structural domains – the North
Armorican, Central Armorican, South Armorican domains
(NAD, CAD and SAD) and the Léon Domain to the north-
west – which were tectonically juxtaposed along the dextral
North Armorican and South Armorican shear zones (Fig. 1a,
b; NASZ: North Armorican Shear Zone; PGSZ: Porspoder-
Guissény Shear Zone; Gapais and Le Corre, 1980; Le Corre
et al., 1991).

The Armorican Massif is bounded to the north by a su-
ture with the Lizard Complex in Cornwall (England) and
to the southwest by the Iberian units. The tectonic bound-
aries are hidden by the English Channel (La Manche) and
the Bay of Biscay, which formed during a Mesozoic rifting
phase (e.g., Ziegler, 1987, 1994). The Lizard Complex was
traditionally thought to mark the main suture of the Rheic
Ocean – a view that has been repeatedly challenged (e.g.,
Floyd, 1984; Cook et al., 2002; Leveridge and Shail, 2011;
Alexander et al., 2019), most recently by a geochronologi-
cal study that instead suggests the Lizard Complex to rep-
resent a short-lived rift, inverted shortly after 400 Ma, while
a subduction continued southwards (Nutman et al., 2023).
This interpretation implies that the final suture of the Rheic
Ocean must be located further south, beneath today’s En-
glish Channel. Close paleogeographical connections and a
shared Cadomian orogenic signature correlate the Armori-
can domains with Iberian units (Young, 1990; Ballèvre et al.,
2009; Ribeiro et al., 2009; Franke, 2014; Franke et al., 2017;
Fig. 1a). Together, these zones form the Ibero-Armorican
Arc, of which the Cantabrian Orocline is interpreted as a sec-
ondary structure formed by buckling during the late orogenic
phase (310–295 Ma; e.g., Pastor-Galán et al., 2015; Weil et
al., 2001, 2013; Martínez Catalán et al., 2024). Within the
arc, the activation of major transcurrent fault systems facil-
itated lateral mass transfer, amplifying the orogenic struc-
ture (Arthaud and Matte, 1977; Burg et al., 1994; Gapais et
al., 2015; Gutiérrez-Alonso et al., 2012; Matte and Ribeiro,
1975; Martínez Catalán, 2011).

The Léon Domain in the northwestern part of the Ar-
morican massif is exposed in a 30× 80 km2 metamorphic
dome structure characterized by two cores along a N70° E-
trending axial zone (Tréglonou and Plounévez-Lochrist or-
thogneisses, Fig. 1b; Paquette et al., 1987; Le Gall et al.,
2014; Authemayou et al., 2019). The dome is intersected to
the north, center and south by E–W- to NE–SW-striking duc-
tile transcurrent shear zones. Three major phases of Variscan
deformation have been documented: (1) northeast-directed
transpressive crustal shearing before 340 Ma; followed by
(2) transtensive deformation associated with SW-directed
shearing on S-dipping foliation and partitioned with E–W-
directed dextral shearing zones contemporaneously with in-
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Figure 1. Geological context of the Léon Domain. (a) Structural map and main tectonostratigraphic units of the European Variscan belt.
Modified from Authemayou et al. (2019), adapted from Martínez Catalán (2011) and Franke et al. (2021). NASZ: North Armorican Shear
Zone; PNSZ: Pierres Noires Shear Zone/Élorn; PGSZ: Porspoder-Guissény Shear Zone ; NASZ: North Armorican Shear Zone; NOSZ: North
Ouessant Shear Zone; COSZ: Central Ouessant Shear Zone; BM: Bohemian Massif; CIz: Central Iberian zone; FMC: French Massif Central;
PM: Pyrenean Massif; CO: Cantabrian Orocline; OMz: Ossa Morena zone. (b) Léon Domain showing the main lithologies and structural
units, shear zone patterns, Tournaisian-Visean basins and the two sampling sites.

trusive complexes between 330 and 310 Ma (Balé and Brun,
1986; Rolet et al., 1986; Faure et al., 2010; Schulz, 2013;
Le Gall et al., 2014; Authemayou et al., 2019); and (3) late
deformation restricted to the north of the Léon Domain, with
sinistral WSW–ESE shearing (Porspoder-Guissény Shear
Zone) with the emplacement of syn-kinematic granitoids at
300 Ma (Caroff et al., 2015).

The metamorphic evolution of the Léon Domain is largely
based on major-element chemistry of mineral assemblages
with generally limited robust geochronological constraints
(Cabanis and Godard, 1987; Chantraine et al., 1986; Go-
dard and Mabit, 1998; Jones, 1993, 1994; Paquette et al.,
1987; Schulz, 2013; Schulz et al., 2007). Two main units
are broadly defined based on their metamorphic sequences:
the Upper Unit corresponds to amphibolite-facies Conquet-
Penze Micaschist Unit and the Lower Unit corresponds
to overall higher-grade lithologies including the Lesneven
Gneiss Unit (Fig. 1b; Balé and Brun, 1986; Cabanis et al.,

1977, 1979; Cabanis and Godard, 1987; Le Corre et al., 1989,
1991; Rolet et al., 1986; Rolet, 1994; Faure et al., 2010).
These two metamorphic units are not separated by major
tectonic contacts, and there is no evidence for thrust tecton-
ics in the Léon that would juxtapose HP over low-pressure
(LP) nappes (Schulz et al., 2007). The Upper Unit situated in
the southern section of the dome followed a clockwise P –T
path from 0.5 Ga at to 0.8 GPa at 600 °C and underwent heat-
ing during decompression; the degree of metamorphism in-
creases overall towards the northwest from greenschist-facies
to supra-solidus conditions (Jones, 1994; Schulz et al., 2007;
Faure et al., 2010; Schulz, 2013). In the Lower Unit, mafic
lenses record eclogite-facies conditions, with peak P –T con-
ditions estimated to have been at least 1.3–1.4 GPa at 650–
700 °C (Cabanis and Godard, 1987; Paquette et al., 1987;
Godard and Mabit, 1998). The HP metamorphism was ten-
tatively dated at 439± 12 Ma (Paquette et al., 1987). How-
ever, the method used – ”. isotope-dissolution thermal ion-
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ization mass spectrometry (ID-TIMS) U-Pb dating of multi-
grain zircon – makes reliable geological interpretation of this
age difficult (e.g., Paquette et al., 1995, 2017). The Lower
Unit underwent decompression and cooling from granulite
to amphibolite facies (from 0.8 GPa at 800 °C to 0.5 GPa at
500 °C), culminating in LP migmatization (0.5–0.4 GPa at
600–500 °C; Cabanis and Godard, 1987; Chantraine et al.,
1986; Godard and Mabit, 1998; Paquette et al., 1987; Schulz
et al., 2007). Weighted-mean U-Th-Pb ages from in situ
analysis of monazite in the Plounévez-Lochrist orthogneiss,
Lesneven gneiss and Conquet micaschist range between 340
and 300 Ma, with a main peak at ca. 315 Ma (Schulz, 2013).
The latter age is concomitant with the age of emplacement
of the syn-tectonic Saint-Renan granite and Groac’h Zu in-
trusive complex (316±2 Ma; 318±2 Ma, respectively; laser
ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) U-Pb on zircon by Le Gall et al., 2014) along the
dextral North Armorican Shear Zone and the Pierres Noires
Shear Zone. These events were followed by the intrusion
of the Aber Ildut-Brignogan granite (303.8± 0.9 Ma; LA-
ICPMS U-Pb on zircon; Caroff et al., 2015) along the sinis-
tral N50° E Porspoder-Guissény Shear Zone.

Retrogressed former eclogitic rocks occur in a dozen rel-
atively small tectonic lenses (< 1 km long) between the
localities of Plouider and Plounévez-Lochrist and locally
near Tréglonou (Fig. 1b; e.g., Lacroix, 1889, 1891; Guf-
froy, 1958; Cabanis and Godard, 1987; Paquette et al.,
1987). The eclogite-bearing lenses occur mostly along the
boundary of (and within) the Tréglonou and Plounévez-
Lochrist orthogneisses and the Lesneven paragneiss, with a
few lenses also documented in the Plouénan monzogranitic
orthogneiss. All these lithologies belong to the Lower Unit
of the Léon Domain. The Tréglonou and Plounévez-Lochrist
orthogneisses belong to the same complex, and their protolith
crystallization age was dated at ca. 390 Ma (ID-TIMS U-Pb
zircon; Marcoux et al., 2009). The Lesneven paragneiss is
a biotite, sillimanite-bearing micaschist, which yielded ages
of 514± 16 Ma and 527± 11 Ma (U-Th-Pb, in situ electron
probe microanalyzer (EPMA) on monazite; Schulz, 2013)
and 581± 36 Ma (U-Th-Pb, in situ EPMA on a single mon-
azite core; Marcoux et al., 2009); the age of Plouénan or-
thogneiss is unknown.

Three major types of eclogites were recognized (Lacroix,
1889, 1891; Cabanis and Godard, 1987; Godard and Mabit,
1998), comprising a kyanite-bearing, a quartz-rich and a
Fe-Ti-rich variety. Constraints on the protolith and geody-
namic origin of the eclogites are limited, but major-element
and trace-element chemistries are compatible with gabbroic
rocks (kyanite-bearing type) and associated restitic melt (Fe-
Ti type) of N-MORB basaltic rock derived from partial melt-
ing of a mantle source (Cabanis and Godard, 1987; Paquette
et al., 1987). Radiogenic Nd isotope compositions indicate a
juvenile source with insignificant crustal contamination (Pa-
quette et al., 1987). All the eclogite occurrences reflect ex-
tensive overprinting during widespread heating and decom-

pression (Godard and Mabit, 1998); pristine omphacite in the
matrix of these rocks has been entirely replaced by diopside
(± amphibole) and plagioclase symplectites.

Two eclogite varieties were sampled in this study. Samples
were taken out of a blasted outcrop from the same Kerscao
(900× 250 m) lens in Plounévez-Lochrist (48°36′34.3′′ N,
4°13′09.9′′W): sample ECLO5a represents a Fe-Ti-rich
eclogitic layer (Fig. 2a), whereas sample ECLO4a is an ex-
ceptionally well-preserved kyanite-bearing eclogite (Fig. 2b,
c). A third sample Tregl was taken from an orthogneiss out-
crop at Treglonou (48°33′16.21′′ N, 4°34′28.9′′W), situated
in the same unit as the Plounévez-Lochrist orthogneiss and
along the northern flank of the western core of the migmatite
dome in which eclogites were exhumed (all samples indi-
cated with a star in Fig. 1b). The sample represents a granitic
intrusion with a dominant pervasive foliation (S1) defined
by the preferred orientation of quartz, feldspar and biotite
(Fig. 2d). This planar fabric is oriented dominantly N100° E,
dipping 45 to 70° to the north, and carries a pervasive stretch-
ing lineation that plunges on average 50° towards N to NE
(Fig. 2d). The schistosity is closely associated with north-
dipping shear planes (C1), in pervasive S-C fabrics, indicat-
ing a top to the north shearing. The two planes are over-
printed by a younger ductile deformation corresponding to
SE-dipping extensional shear zones (C2). Magmatic intru-
sions fill these extensional shear zones (Fig. 2d). The diffuse
boundary between the planar intrusions and the orthogneiss,
with some magma injections along the orthogneiss schis-
tosity indicates syn-extensional magmatic emplacement on
these shear zones. The sample therefore corresponds to an in-
trusion in an extensional shear zone (Fig. 2d), which records
late melting during exhumation of the core complex.

3 Methods

3.1 Mineral analysis and major-element X-ray maps

Mineral spot analyses and X-ray element maps were per-
formed using a CAMECA SX-100 EPMA at the Pôle Spec-
trométrie Océan, Ifremer, Plouzané, France. Spot analyses
(1 µm or defocused to 5 µm for amphibole, mica and chlorite)
were done at 15 kV, 20 nA and 10 s on-peak counting time,
except for Ti (30 s). The following natural standards were
used: wollastonite (Si, Ca), corundum (Al), andradite (Fe),
forsterite (Mg), MnTiO3 (Mn, Ti), albite (Na), orthoclase
(K), apatite (P) and Cr2O3 (Cr). Estimation of Fe3+ concen-
trations in Table 1 was done using the software AX_6.2 (Hol-
land, 2018), and structural formulae were calculated based
on 8 cations for garnet, 11 oxygens for mica, 8 oxygens
for feldspar and 23 oxygens for amphibole. Representative
mineral compositions are presented in Table 1 and Fig. 3
and plotted using MinPlot software (Walters, 2022). End-
members are defined as mole fractions: for garnet XGrs =

Ca/(Ca+Fe+Mn+Mg);XPrp =Mg/(Ca+Fe+Mn+Mg);
XSps = (Mn/Ca+Fe+Mn+Mg);XAlm = Fe2+/(Ca+Fe+
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Figure 2. Photographs of the selected samples showing (a) a retrogressed Fe-Ti-rich eclogite (ECLO5a), (b) the main high-pressure paragen-
esis partly replaced by symplectites in the kyanite-bearing eclogite sample (ECLO4a), (c) a large omphacitic clinopyroxene enclosing garnet
and zoisite (ECLO4a) and (d) the sheared intrusion sample (“Tregl” represented with a yellow star) located in a crosscutting migmatitic vein;
the major structural characteristics (planar: S1, C1, C2; linear: lx) are outlined in the stereogram and in the photograph.

Mn+Mg) and for omphacite, XJd follows Morimoto (1988).
Major-element X-ray mapping was done at 15 kV, 40 nA, a
dwell time per step of 400 ms, and a step size of ca. 3 µm
over a mapping area of 6×7 mm (ECLO5a) or 1.6×2.6 mm
(ECLO4a). Post-processing was done using XMapTools 4.3,
build 240114 (Lanari et al., 2014, 2019). Quantitative maps
were calculated from 262 (ECLO4a) and 147 (ECLO5a)
data points obtained from spot analyses and profiles on the
map area. Representative quantitative maps are presented in
Fig. 4.

3.2 Zr-in-rutile thermometry and pseudosection
modeling

Zirconium concentrations in rutile were measured on
ECLO4a thin sections (along with Cr, Fe, Nb, Si and V to
monitor potential contributions of micro-inclusions) using
the same EPMA. A zircon metal SP005 was used as pri-
mary standard. Analyses of Zr kα on pentaerythritol (PET)
were performed at 25 kV and 150 nA for 100 s. Spot analy-

ses were performed with a diameter of 1 µm. Detection lim-
its were consistently ca. 80 ppm. Zirconium-in-rutile calcu-
lations were performed with an estimated aZrSiO4 of 1, as zir-
con is found in the cores of garnet as well as in the matrix of
ECLO4a; aSiO2 is estimated to be 1 for garnet core inclusions
as quartz is present. For rutile in garnet rims and matrix rutile,
where quartz is not observed, Zr-in-rutile provides maximum
T estimates, as aSiO2 may have been less than unity. Ther-
mometric results obtained using the calibration of Tomkins
et al. (2007) are provided in Table S4 in the Supplement.

Pseudosections were performed using local bulk compo-
sitions of the quantitative maps obtained for the ECLO4a
sample (Fig. 5; from domain area presented in Fig. 3f),
using XMapTools 4.3. Sulfide-rich minerals were excluded
from the bulk composition based on calculations from the
quantified phase map (Fig. 3f; Tual et al., 2017). Pseudo-
sections were calculated using Theriak-Domino (de Capi-
tani and Brown, 1987; de Capitani and Petrakakis, 2010),
using the Holland and Powell (2011) internally consis-
tent thermodynamic dataset (ds6.2; updated in White et al.,
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L. Tual et al.: Origin and evolution of the Variscan Léon eclogites 645

Ta
bl

e
1.

R
ep

re
se

nt
at

iv
e

m
in

er
al

an
al

ys
es

.

Sa
m

pl
e

E
C

L
O

4a
E

C
L

O
4a

E
C

L
O

4a
E

C
L

O
4a

E
C

L
O

4a
E

C
L

O
4a

E
C

L
O

4a
E

C
L

O
4a

E
C

L
O

5a
E

C
L

O
5a

E
C

L
O

5a
E

C
L

O
5a

E
C

L
O

5a
E

C
L

O
5a

E
C

L
O

5a
E

C
L

O
5a

pf
3_

53
pf

g4
_1

8
pf

3_
7

pf
o3

_3
1

pf
o3

_9
3

pf
a1

_4
2

4a
2_

74
pf

e1
_3

2
pf

1-
26

pf
1-

36
pf

1-
5

x-
15

2-
49

x-
11

x-
23

x-
29

M
in

er
al

G
rt

G
rt

G
rt

C
px

C
px

A
m

p
A

m
p

Z
o

G
rt

G
rt

G
rt

C
px

A
m

p
A

m
p

Pl
O

r
L

oc
at

io
n

co
re

m
an

tle
ri

m
co

re
ri

m
i.

C
px

sy
m

p
m

at
ri

x
co

re
m

an
tle

ri
m

sy
m

p
i.

G
rt

sy
m

p
sy

m
p

sy
m

p

av
P

T
x

x
x

x

Si
O

2
39

.4
7

39
.9

8
39

.2
5

56
.8

6
54

.9
9

49
.8

0
45

.0
0

39
.3

4
37

.4
5

37
.3

2
38

.6
6

52
.7

0
40

.6
6

44
.6

6
65

.1
7

65
.1

5
Ti

O
2

0.
06

0.
00

0.
04

0.
11

0.
19

0.
42

0.
14

0.
09

0.
03

0.
04

0.
01

0.
18

0.
59

0.
69

0.
00

0.
00

A
l 2

O
3

22
.5

2
22

.7
0

22
.4

2
10

.6
7

9.
72

11
.7

3
13

.7
5

31
.8

9
20

.6
0

20
.9

8
21

.7
3

3.
26

18
.2

1
12

.7
8

21
.9

6
18

.3
0

C
r 2

O
3

0.
00

0.
00

0.
08

0.
05

0.
03

0.
02

0.
07

0.
07

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

Fe
2O

3*
2.

20
1.

54
2.

03
0.

00
0.

00
1.

54
4.

88
1.

84
1.

41
2.

19
1.

88
0.

33
4.

31
2.

63
0.

08
0.

33
Fe

O
16

.8
0

16
.2

5
18

.1
9

2.
54

2.
97

3.
92

4.
49

0.
02

27
.4

4
27

.4
0

23
.2

5
7.

68
10

.9
7

11
.6

0
0.

00
0.

00
M

nO
0.

47
0.

40
0.

54
0.

00
0.

00
0.

00
0.

08
0.

00
4.

48
2.

92
0.

47
0.

15
0.

13
0.

11
0.

00
0.

00
M

gO
10

.2
4

11
.0

3
10

.5
5

9.
04

10
.9

4
17

.2
2

15
.9

2
0.

13
2.

21
1.

81
7.

39
12

.9
4

10
.2

0
12

.0
3

0.
02

0.
01

C
aO

9.
15

8.
97

7.
36

14
.6

3
17

.2
8

10
.5

7
10

.1
9

23
.9

0
6.

90
8.

39
7.

22
22

.0
1

10
.4

1
11

.7
5

3.
16

0.
00

N
a 2

O
0.

00
0.

00
0.

00
5.

52
4.

51
2.

92
3.

03
0.

00
0.

01
0.

07
0.

02
0.

88
2.

26
1.

94
10

.2
6

0.
09

K
2O

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
38

0.
09

0.
07

16
.0

8

To
ta

ls
10

0.
91

10
0.

87
10

0.
46

99
.4

2
10

0.
63

98
.1

4
97

.5
5

97
.2

7
10

0.
53

10
1.

12
10

0.
63

10
0.

13
98

.1
2

98
.2

8
10

0.
72

99
.9

6

O
xy

ge
ns

12
.0

0
12

.0
0

12
.0

0
6.

00
6.

00
23

.0
0

23
.0

0
12

.5
0

12
.0

0
12

.0
0

12
.0

0
6.

00
23

.0
0

23
.0

0
8.

00
8.

00
Si

2.
95

2.
97

2.
95

2.
01

1.
95

6.
91

6.
41

3.
01

2.
99

2.
96

2.
96

1.
95

5.
94

6.
49

2.
85

4
3.

01
Ti

0.
00

0.
00

0.
00

0.
00

0.
01

0.
04

0.
02

0.
01

0.
00

0.
00

0.
00

0.
01

0.
07

0.
08

0.
00

0.
00

A
l

1.
98

1.
98

1.
98

0.
45

0.
41

1.
92

2.
31

2.
88

1.
94

1.
96

1.
96

0.
14

3.
14

2.
19

1.
13

1.
00

C
r

0.
00

0.
00

0.
01

0.
00

0.
00

0.
00

0.
01

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

Fe
3+

0.
12

0.
09

0.
12

0.
00

0.
00

0.
16

0.
52

0.
11

0.
08

0.
13

0.
11

0.
01

0.
48

0.
29

0.
00

0.
01

Fe
2+

1.
05

1.
01

1.
14

0.
08

0.
09

0.
46

0.
54

0.
00

1.
83

1.
82

1.
49

0.
24

1.
34

1.
41

0.
00

0.
00

M
n

0.
03

0.
03

0.
03

0.
00

0.
00

0.
00

0.
01

0.
00

0.
30

0.
20

0.
03

0.
01

0.
02

0.
01

0.
00

0.
00

M
g

1.
14

1.
22

1.
18

0.
48

0.
58

3.
56

3.
38

0.
02

0.
26

0.
21

0.
85

0.
71

2.
22

2.
61

0.
00

0.
00

C
a

0.
73

0.
71

0.
59

0.
56

0.
66

1.
57

1.
56

1.
96

0.
59

0.
71

0.
59

0.
87

1.
63

1.
83

0.
15

0.
00

N
a

0.
00

0.
00

0.
00

0.
38

0.
31

0.
79

0.
84

0.
00

0.
00

0.
01

0.
00

0.
06

0.
64

0.
55

0.
87

0.
01

K
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
0.

07
0.

02
0.

00
0.

95
Su

m
8.

00
8.

00
8.

00
3.

95
4.

00
15

.4
0

15
.5

8
7.

99
8.

00
8.

00
8.

00
4.

00
15

.5
4

15
.4

7
5.

02
4.

97

X
G

rs
0.

25
0.

24
0.

20
X

Jd
0.

36
X

Jd
0.

30
0.

20
0.

24
0.

20
X

Jd
0.

06
X

Pr
p

0.
39

0.
41

0.
40

0.
09

0.
07

0.
29

X
Sp

s
0.

01
0.

01
0.

01
0.

10
0.

07
0.

01

*
es

tim
at

ed
fr

om
st

oi
ch

io
m

et
ry

.X
G

rs
=

C
a/

(C
a
+

M
g
+

M
n
+

Fe
);
X

Pr
p
=

M
g/

(C
a
+

M
g
+

M
n
+

Fe
);
X

Sp
s
=

M
n/

(C
a
+

M
g
+

M
n
+

Fe
),
X

Jd
af

te
rM

or
im

ot
o

(1
98

8)
.G

rt
:g

ar
ne

t;
C

px
:C

lin
op

yr
ox

en
e;

A
m

p:
A

m
ph

ib
ol

e;
Z

o:
zo

is
ite

:O
r:

or
th

oc
la

se
;P

l:
pl

ag
io

cl
as

e.

https://doi.org/10.5194/ejm-37-639-2025 Eur. J. Mineral., 37, 639–666, 2025



646 L. Tual et al.: Origin and evolution of the Variscan Léon eclogites

Figure 3. Petro-chemical characteristics of the eclogite samples ECLO5a (a–e) and ECLO4a (f–j). (a) Mineral map of the partly retro-
gressed Fe-Ti-rich sample; (b) composition of amphibole included in garnet and in clinopyroxene symplectites; (c) garnet compositional
profile across the grain in (a); (d) composition of feldspar from garnet coronas and former high-pressure clinopyroxene symplectites and
retrogressed clinopyroxene compositions; (e) close-up from (a) showing former high-pressure symplectites now replaced by amphibole, ex-
solved plagioclase and diopside. (f) mineral map of the partly retrogressed kyanite-bearing sample; (g) composition of amphibole included in
clinopyroxene and kyanite and in garnet symplectites; (h) garnet compositional profile across the grain in (f); (i) composition of high-pressure
clinopyroxene; (j) close-up from (f) showing micrometer-scale symplectite coronas around kyanite.
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Figure 4. Major- and trace-element quantitative maps of the eclogite samples ECLO5a (a–g) and ECLO4a (i–p). X-ray maps of (a) MnO;
(b) MgO; (c) CaO and LA-ICPMS maps of (d) Sm, (e) Eu, (f) Lu, and (g) Ti. Green arrows show the sharp zoning contrast from garnet
mantle to rim; white arrows show radial zoning. X-ray garnet maps of (i) MnO; (j) CaO; (k) MgO; (l) clinopyroxene X-ray Na2O maps; and
LA-ICPMS maps for of (m) Eu, (n) Lu, (o) V, and (p) Dy. The mask file function was used to filter background and inclusions.

https://doi.org/10.5194/ejm-37-639-2025 Eur. J. Mineral., 37, 639–666, 2025
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2014a; translated from THERMOCALC by Douglas K. Tin-
kham, 2015) considering a Na2O-CaO-FeO-MgO-Al2O3-
SiO2-H2O-TiO2-O2(Fe3+) system (NCFMASHTO). Esti-
mates of 5 % Fe2O3 as FeOT were based on the best fit be-
tween stoichiometric calculations of EPMA mineral data and
considered within a 3 %–25 % Fe2O3 range. Solution mod-
els considered for calculations are from Green et al. (2016)
for melt, amphibole, and clinopyroxene; White et al. (2014a)
for garnet, orthopyroxene, biotite, white mica, and chlorite;
White et al. (2014b) for chloritoid; Holland et al. (2022)
for feldspars; White et al. (2000) for ilmenite; and Holland
and Powell (2011) for epidote, corundum, kyanite, quartz,
zoisite, and rutile. Fluid is assumed to be pure water (H2O).
The proportion of water as fluid phase plays a notable role
in the extent of kyanite, amphibole, zoisite and melt stabil-
ity but is here considered in excess as most dehydration re-
actions during a prograde evolution under subsolidus con-
ditions would lead to H2O saturation (Guiraud et al., 2001;
Pitra et al., 2022). Geothermobarometry was done using the
average P –T module (AvPT) in THERMOCALC (database
ds55 and software tc345i), which performs a least-squares re-
gression on a set of independent endmember reactions (Pow-
ell and Holland, 1994). Activities of end members were cal-
culated using AX (Holland, 2018) from representative anal-
yses identified in Table 1.

3.3 Trace-element maps

Trace-element maps were acquired using LA-ICPMS at the
Vegacenter, Swedish Museum of Natural History, Stock-
holm, Sweden, using an ESI New Wave NWR193UC ArF ex-
cimer (λ= 193 nm) LA system coupled to a Nu Instruments
AttoM high-resolution ICPMS (Fig. 4). The acquisition pro-
tocol follows Raimondo et al. (2017). Trace elements were
measured in high-resolution mode by analyzing m/z values
corresponding to 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho,
166Er, 169Tm, 172Yb, 175Lu, as well as 51V, 45Sc, 55Mn and
57Fe. Laser ablation of rectangular spots of 10× 10 µm was
done at a sample scan speed of 12 µms−1 over an area
of 485× 420 µm for sample ECLO4a. For ECLO5a, the
same isotopes were measured with additional 43Ca, 49Ti and
53Cr. The map analysis was performed by applying spots of
25× 25 µm and a speed of 20 µms−1, covering an area of
2911× 2925 µm. Ablation was performed at a frequency of
20 Hz, 1.5 J cm−2 and 0.3 L min−1 of He flow rate. NIST612
(rare earth elements, REEs) and BCR2-G (transition metals)
were used as primary standard. The analyses were internally
calibrated using 57Fe (ECLO4a) or 43Ca (ECLO5a) as de-
termined by EPMA. Data accuracy was evaluated through
repeat analyses of the 8815B as garnet reference material
(Kylander-Clark et al., 2007). Data processing and reduction
was done using Iolite (Paton et al., 2011, following the pro-
tocol from Paul et al., 2012, and Petrus et al., 2017). Post
processing was performed using XMapTools 3.4.1 (Lanari et

al., 2014, 2019). Figure 4 shows selected trace-element maps
for sample ECLO5a (Fig. 4d–g) and ECLO4a (Fig. 4m–p).

3.4 In situ U-Pb zircon geochronology of the granitic
intrusion

Zircon grains were separated from sample Tregl from the
granitic intrusion in Treglonou orthogneiss. The grains were
concentrated by panning from a sieved powder and hand-
picked. The grains were mounted in epoxy resin, pol-
ished and imaged by cathodoluminescence (CL; CamScan
MV2300, 10 kV acceleration voltage, 0.5 nA probe current,
40 mm working distance) at the Earth Sciences Institute
(ESI), University of Lausanne, Switzerland. The grains were
subjected to U-Pb dating using an Element XR (Thermo
Scientific) ICPMS coupled to a New Wave UP193 ArF ex-
cimer (λ= 193 nm) laser system at the ESI. The analyses
were performed using a pulse rate of 5 Hz and a laser flu-
ence of ca. 3 J cm−2 (Ulianov et al., 2012). Analytical spots
of 35 µm were performed in sequential runs of up to 10 un-
knowns, followed by two measurements for accuracy con-
trol (Plešovice natural zircon; Sláma et al., 2008). Each an-
alytical run started and ended with four measurements on
the GJ-1 zircon (primary standard; Jackson et al., 2004).
The raw data were then processed offline with the LAM-
TRACE software (Simon E. Jackson, Macquarie University,
Australia, and Jackson, 2008) and plotted using Isoplot/Ex
v. 4.15 (Ludwig, 2012). Only concordant ages were consid-
ered (Fig. 6, Table S5). Calculated ages are provided at the
2σ uncertainty level. Repeat analyses of the Plešovice zircon
(337.13±0.37 Ma, Sláma et al., 2008) yielded 337.4±3.6 Ma
(2σ , n= 19, mean square weighted deviates MSWD= 0.12;
Table S5).

3.5 In situ zircon O, U-Pb and REE analysis

Zircons were identified in five thick sections cut from the
two eclogitic samples and imaged using scanning-electron
and backscatter-electron (BSE) imaging using Ifremer’s FEI
Quanta 200 scanning electron microscope operating at 20 kV.
Cathodoluminescence imaging (Fig. 7) was performed at
the Centre de Recherches Pétrographiques et Géochimiques
(CRPG), Nancy, France. Selected areas of a few squared
millimeters were then cut, mounted in indium and coated
with Au (20 to 30 nm thickness). Oxygen isotope, U-Pb
and REE analyses of zircon were carried out at the Na-
tional Ion Probe facility at CRPG using a CAMECA ims-
1270 large-geometry ion microprobe (Fig. 8). The analyti-
cal protocols followed are detailed in Deloule et al. (2002)
and Jeon and Whitehouse (2015) for U-Pb isotopic analysis,
Martin et al. (2006) for oxygen isotope analysis, and Lotout
et al. (2023) for trace-element analysis. Sequential analyses
of O, U-Pb and REE were performed in this order on, or as
close as possible to, each other to ensure optimal correlation
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Figure 5. Pseudosection calculated for the kyanite-bearing eclogite (ECLO4a). The bulk chemical composition is given as element percent.
The dashed arrow indicates the interpreted P–T path from stage 1, i.e., the field assemblage corresponding to garnet core compositions, to
stage 2, corresponding to garnet rim assemblage. Average P–T result (AvPT Thermocalc) is represented as a white ellipse; median value
of Zr-in-rutile in garnet inclusions (n= 12) is represented by the red line, and median value of Zr-in-rutile in matrix is represented by the
purple line (n= 21) (shadowed areas: interquartile ranges). (b) Isomodes of garnet and clinopyroxene and isopleths of grossular (XGrs) in
garnet and XJd in clinopyroxene.

Figure 6. Results of zircon in situ LA-ICPMS U-Pb geochronology from a late intrusion at Treglonou (Sample Tregl) showing (a) the older,
concordant zircon population interpreted as dating magmatic crystallization and (b) the younger, concordant zircon population interpreted as
dating the partial melting. A representative CL image of each zircon population shows the 35 µm analytical spot and corresponding apparent
206Pb/238U age.

https://doi.org/10.5194/ejm-37-639-2025 Eur. J. Mineral., 37, 639–666, 2025
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Figure 7. BSE and CL representative zircon grains in the eclogite samples showing analytical spots and corresponding 206Pb/238U apparent
age (blue: concordant, red: discordant) and δ18O values. The scale bar is consistently 20 µm wide.

of the results. Full datasets are reported in Tables S1, S2 and
S3.

Oxygen isotope analyses were performed in multi-
collector mode using a Cs+ primary ion beam, an acceler-
ation voltage of 10 kV and a beam intensity of 1.9 nA. Forty
measurement cycles were acquired on each point. Data were
corrected for instrumental fractionation using 91500 refer-
ence material (CRPG zircon fragment with a δ18O value of
10.2 ‰) and reported with δ18O notation, i.e., in per mil vari-
ations relative to the Vienna Standard Mean Ocean Water
(VSMOW) and 2σ uncertainties are reported.

Analyses for U-Pb chronology were performed using a
O− primary ion beam, an acceleration voltage of 13 kV and
a beam intensity of 5.3 nA. The secondary positive ions
were accelerated at 10 kV and analyzed with a mass reso-
lution of 6000 (m/1m). The measurements were made in
mono-collection mode using an ion counter equipped with
an electron multiplier. Ten measurement cycles were ac-
quired on each point. Data processing was done following
Deloule et al. (2002). The Pb/U ratio was calculated us-
ing the 206Pb/UO2 ratio as a function of the UO2/UO ratio
measured on the reference material and the samples (Jeon
and Whitehouse, 2015). Over the course of the analysis,

Eur. J. Mineral., 37, 639–666, 2025 https://doi.org/10.5194/ejm-37-639-2025
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Figure 8. Summary of zircon δ18O, REE and U-Pb results in the eclogites samples. Rare earth element concentrations normalized to
chondrite values (McDonough and Sun, 1995) for (a) zircon CL-dark cores with and without micro-inclusions in the Fe-Ti rich eclogite
ECLO5a, (b) zircon CL-bright rim in the Fe-Ti rich eclogite ECLO5a (c) zircon CL-dark core in the kyanite-bearing eclogite ECLO4a
(d) zircon CL-bright rim in the kyanite-bearing eclogite ECLO4a. (e) Summary of O isotope data in the Fe-Ti rich sample ECLO5a (reference
lines correspond to the median and shaded domains extend to the lower and upper interquartile ranges of the values). (f) Tera–Wasserburg
and (g) and weighted-mean age diagrams of concordant analyses from CL-dark cores in the Fe-Ti-rich sample ECLO5a. Dashed ellipses
were not used for the concordia age calculation. MSWD: mean square weighted deviates.

the 91500 zircon (1065 Ma; Wiedenbeck et al., 1995, 2004)
was used as a primary reference material. A U-Pb age of
1061.3±3.2 Ma (2σ , MSWDconc+eq = 1.8, n= 21) was ob-
tained. The common Pb correction was done on the basis of
measured 206Pb/204Pb. Analyses of sample zones with low
U concentration (< 1 ppm) were excluded from the calcu-

lations. The age uncertainty includes the 2σ analytical error
and scatter of the reference analyses combined in quadrature.
Concordia plots and U-Pb age calculations were made using
Isoplot (Ludwig, 2003).

The concentrations of REEs were measured by applying a
primary O− ion beam (10 nA) and an acceleration voltage at
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13 kV. The secondary ions were accelerated at 10 kV and an-
alyzed with a mass resolution of 15 000. Four measurement
cycles were acquired for each point. Isobaric interferences
were either avoided by measuring the m/z of isotopes free
of interference (e.g., 139La, 140Ce, 141Pr) or were monitored
by measuring m/z of two isotopes from the same element to
deconvolute the interference (e.g., 156Gd, 158Gd). No signifi-
cant interference from hydrates was detected during analysis.
Unknowns were normalized using zircon 91500 (Wieden-
beck et al., 2004), and REE concentrations were normalized
to C1 chondrite values of McDonough and Sun (1995; Ta-
ble S3).

3.6 Garnet Lu-Hf chronology

Eclogite samples were cut into ca. 4× 3× 1 cm slabs, which
were then hand-crushed using an agate mortar. Garnet grains
and fragments were separated under a binocular microscope
and weighed in screw-top perfluoroalkoxy (PFA) vials. A
176Lu-180Hf isotope tracer solution with Lu/Hf character-
istic of garnet was admixed. Garnet dissolution and spike-
garnet equilibrium was achieved by sequential addition of
concentrated HF-HNO3-HClO4 and 6 N HCl interspersed
with sample dry-downs on a hotplate. The solutions were
then centrifuged, and the dissolved garnet solution was re-
moved by pipetting, leaving behind any refractory minerals
such as zircon (Lagos et al., 2007). Isolation of Hf and Lu
was done using preconditioned 12 mL Teflon columns con-
taining Eichrom Ln-Spec resin and following the chromato-
graphic procedure of Münker et al. (2001). Both Lu and Hf
cuts were purified of Fe3+ by reloading with ascorbic acid
(Sprung et al., 2010). Garnet-poor rock fragments were pro-
cessed in an agate mortar and pestle until reaching ca. 150 µm
or less. One aliquot of this material was spiked and digested
using concentrated HF–HNO3 in screw-top PFA beakers
kept inside steel-jacketed Teflon® digestion vessels at 180 °C
for 5 d. A second aliquot was digested using the dissolu-
tion procedure as used for garnet. Because subsequent zircon
petrochronology revealed high probability of contribution of
isotopically unequilibrated refractory minerals (e.g., zircon)
on Lu-Hf data, only table-top analyses were used to anchor
the isochron. The Lu-Hf analyses were carried out at the Pa-
cific Centre for Isotope and Geochemical Research at the De-
partment of Earth, Ocean and Atmospheric Sciences, Uni-
versity of British Columbia (UBC) in Vancouver, Canada,
using a Nu Instruments Plasma 1 multi-collector ICPMS in-
strument. Corrections for isobaric interference of 176Yb on
176Lu were done using ln(176Yb/171Yb)− ln(174Yb/171Yb)
correlations as determined by replicate Yb standard mea-
surements (Blichert-Toft et al., 2002). Mass bias correction
for Hf was done assuming the exponential law and applying
179Hf/177Hf= 0.7325. The Hf isotope analyses were nor-
malized to the ATI-475 reference (UBC), which is an in-
house-developed Hf isotope reference that is isotopically in-
distinguishable from JMC-475 and was made from the orig-

inal metal ingots used in the initial development of that stan-
dard (176Hf/177Hf= 0.282160; Blichert-Toft and Albarède,
1997). The external reproducibility (2 SD) of 176Hf/177Hf
was estimated based on the external reproducibility of ATI-
475 measured at concentrations that bracketed those of the
unknowns during the course of our analytical sessions (Biz-
zarro et al., 2003). Isochron regression and age calculation
were done using Isoplot version 3.27 (Ludwig, 2003), ap-
plying 1.867× 10−11 yr−1 for λ176Lu (Scherer et al., 2001;
Söderlund et al., 2004). All uncertainties are reported at the
2 SD level. Isotope data and calculated dates are presented in
Table 2, and isochrons are shown in Fig. 9.

4 Results

4.1 Petrology and mineral chemistry

The main petrological and chemical characteristics of two
eclogitic samples are summarized below. Further details on
the petrography are also presented in Cabanis and Godard
(1987), Godard and Mabit (1998) and Paquette et al. (1987).
Both eclogite types variably preserve HP parageneses, i.e.,
garnet + omphacitic clinopyroxene + rutile + quartz (Fe-
Ti-eclogite ECLO5a) and garnet + omphacitic clinopyrox-
ene + kyanite + amphibole + rutile (kyanite-bearing eclog-
ite ECLO04a). Although not reported in said studies, our in-
vestigation revealed pristine omphacite.

ECLO5a is a Fe-Ti rich eclogite that contains abundant
garnet, clinopyroxene (largely replaced by fine-grained diop-
side + plagioclase symplectites and amphibole), apatite and
rutile (largely replaced by ilmenite) (Fig. 2a). Garnet in this
sample constitutes 50 % to 60 % of the original paragene-
sis and contains inclusions of quartz, rutile, apatite, amphi-
bole and former HP clinopyroxene. Rare K-feldspars are
also included in garnet associated with amphibole or chlo-
rite (Fig. 3a). Garnet zonation is complex (Figs. 3 and 4)
but overall compatible with prograde growth, with a Mn-
rich core (4.5 wt % MnO corresponding to XSps0.1, Table 1)
and a progressive increase in MgO and XPrp towards the rim
(XPrp0.1 to 0.32). Both MnO and MgO maps in garnet core
and mantle show a diffuse zonation, while garnet mantle to
rim boundary is sharper (green arrow, Fig. 4). Grossular com-
ponents (XGrs) are 0.42 to 0.40 in the core and inner rim, and
up to XGrs0.62 in the mantle and outer rim. The CaO map
shows local enrichments perpendicular to the overall zoning
that resemble healed fractures and is particularly visible in
the inner rim (Fig. 4c). This feature is also visible on trace-
element maps and locally disrupts the overall zoning pattern
(white arrows, Fig. 4f, g). The core domain is relatively en-
riched in middle REEs (MREEs; Fig. 4d, e). The mantle is
depleted in light REEs (LREEs) and MREEs, sharply fol-
lowed by the rim domain characterized by two thin oscil-
lations. The core and mantle are enriched in heavy REEs
(HREEs; e.g., Lu up to ca. 15 ppm, Fig. 4f). Concentrations
progressively decrease towards the rim. A thin oscillation
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Figure 9. Lu-Hf isochron plots for the eclogite samples. (a) Isochron for the Fe-Ti-rich eclogite ECLO5a (n= 4), (b) Isochron for the
kyanite-bearing sample ECLO4a (n= 4). Red and blue dots correspond to garnet aliquots; green dots correspond to their respective garnet-
depleted whole-rock aliquots. Data point including estimated 2 SD corresponding uncertainty are smaller than their respective marker. WR
TT: garnet-poor whole rock following a table-top dissolution procedure.

is visible in the outer rim (Fig. 4f) and corresponds to the
sharp oscillation in LREEs and MREEs. The transition from
the core to this outer rim oscillation shows a strong radial
component (white arrow, Fig. 4f). Garnet shows a sharp de-
crease in Ti between the large core and mantle domains (up
to 1500 ppm) and the rim (200 ppm; Fig. 4g); local Ti enrich-
ment is also visible around amphibole and rutile inclusions.

Clinopyroxene makes up ca. 30 % of the original parage-
nesis. Former omphacite is now largely replaced by diopside
+ plagioclase (see Cabanis and Godard, 1987, for extended
symplectites description) and tschermakite to magnesio-
hornblende amphibole (Figs. 2a, 3g). Apatite is abundant in
the sample and is found as large inclusions (up to 500 µm) in
former clinopyroxene and garnet (Fig. 2a). Rutile constitutes
up to 10 % of the original paragenesis and is found as inclu-
sions in garnet and clinopyroxene. Former large rutile matrix
grains (ca. 500 µm) are largely replaced by ilmenite (Fig. 2a).
Minute ilmenite grains are also found as inclusions in garnet.
Small zircon grains (< 100 µm) occur as inclusions in major
minerals (garnet, clinopyroxene and symplectites) and in the
matrix.

ECLO4a comprises a fine-grained assemblage of garnet
+ clinopyroxene + amphibole + rutile ± zoisite. The as-
semblage is well-preserved, with only minor replacement
by symplectites along grain boundaries. Garnet represents
ca. 40 % of the rock, is fine-grained (ca. 0.5 mm) and is
typically surrounded by a thin corona of amphibole + pla-
gioclase (Fig. 2b). Garnet contains rare inclusions, mostly
made of quartz and rutile and minor kyanite, clinopyrox-
ene, and amphibole (Fig. 2b). Garnet shows minor zoning
in XSps (0.1–0.2) and generally shows anti-correlated zoning
for XPrp (ranging 0.32–0.44) and XGrs (ranging 0.15–0.23),
with higher XGrs components in the core and an inner rim.
Core domains are poor in HREEs and are surrounded by a
micrometer-scale annulus enriched in HREEs and a rim de-

pleted in HREEs. The MREEs (Fig. 4m) show very low con-
centrations in the core (e.g., Dy < 1 ppm). Concentrations
progressively increase towards the rim, peaking at ca. 6 ppm
in the outermost rim. Overall, the REE concentrations in gar-
net are very low, with Lu (Fig. 4o) reaching only 3.5 ppm in
the annuli. The concentrations of V and Sc are typically low
in the garnet core and progressively increase towards the rim
(Fig. 4p).

Clinopyroxene has a bright green color in hand samples
and is up to a few millimeters across; it is the second-most
abundant mineral after garnet and constitutes ca. 35 %–40 %
of the original paragenesis (Fig. 2b, c). Compared to ma-
trix clinopyroxene described for the Léon kyanite-bearing
eclogite in the literature, clinopyroxene in ECLO4a locally
preserves omphacitic compositions. Highest jadeite compo-
nents (Xjd 0.30–0.40) occur in the core of grains (Figs. 3i
and 4j). Clinopyroxene grains contain inclusions of large
amphibole, kyanite and rare quartz (Fig. 2c) and are partly
replaced by a symplectite of diopside + plagioclase along
grain boundaries. In these symplectites, diopside typically
has Xjd of 0.07 or less. Kyanite represents about 5 %–10 %
of the original paragenesis and is surrounded by a 100–
200 µm symplectite of sapphirine+ plagioclase± corundum
± spinel intergrowth (Fig. 3f, j). Individual grains of sap-
phirine are usually a few micrometers across and have XMg
of ca. 0.5. Plagioclase is strongly zoned away from kyan-
ite. Microscopic zones enriched in Na occur at the bound-
ary between kyanite symplectites and omphacite. Corun-
dum and spinel are rare and only a few micrometers wide.
They both constitute intergrowth with plagioclase symplec-
tites near garnet and kyanite symplectites (Fig. 3f). Amphi-
bole occurs as large inclusions in clinopyroxene (up to a
few hundreds of micrometers) and garnet, and as symplec-
tites around garnet (Fig. 3f). Amphibole in clinopyroxene is
magnesio-hornblende, whereas symplectitic and retrograde
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amphibole are pargasite to sadanagaite (Fig. 3g; Leake et al.,
2004). Zoisite constitutes ca. 5 % of the original paragene-
sis; it occurs as rounded grains included in clinopyroxene,
kyanite or as matrix grains (200 µm wide) adjacent to gar-
net. Locally, a fine-grained (µm-scale) overprinting texture
made up of white mica + plagioclase developed at the rim
of zoisite. It is difficult to determine whether this texture de-
veloped just before or after the peak assemblage as it is also
locally visible on zoisite inclusions included in omphacite.
Rutile is a common accessory phase found as inclusion in
garnet and clinopyroxene and can be up to a few hundreds of
micrometers in the matrix. Zircon and sulfide minerals occur
as accessory phases in the matrix and major minerals; sulfide
phases contain variable concentrations of Fe, Cu and Ni.

4.2 P –T estimates

The pseudosection for the ky-bearing eclogite (ECLO4a) re-
produces the paragenesis found as inclusion in garnet (field
garnet + kyanite + clinopyroxene + zoisite + quartz + am-
phibole + rutile) at ca. 2.2 GPa and 700–750 °C (Fig. 5a).
This first-order observation can be used to interpret this field
as the maximum P –T conditions corresponding to garnet
core. The field that corresponds to the garnet rim and matrix
assemblage, which is characterized by a significant growth
of jadeite-rich omphacite and kyanite (field garnet + kyanite
+ clinopyroxene + amphibole + rutile), extends up to 2.6–
2.7 GPa and 850 °C. Several lines of evidence can be used
to refine the P–T peak conditions. Firstly, the modal pro-
portion of omphacite is ca. 40 vol. % in the area from where
the bulk composition was extracted and thus requires us to
significantly exceed the conditions of the cpx-in-line mod-
eled at 2.2 GPa and 700–750 °C (Fig. 5b). Modeled compo-
sitional values of XJd(0.3 to 0.4) are consistent with mea-
sured values and are found in the peak P –T field between
2.4 and 2.6 GPa – a field that also match measured XPrp val-
ues in garnet rim (0.42–0.44). However, it has to be noted
that measured cpx modal proportions are higher than those
modeled in the pseudosection. Secondly, P –T estimates us-
ing AvPT in Thermocalc, which were made on representa-
tive analyses of garnet mantle and the inclusion or adjacent
assemblage interpreted to be contemporaneous (i.e., garnet
+ omphacite + kyanite + zoisite + amphibole + rutile),
yielded peak conditions of 2.6± 0.2 GPa and 750± 60 °C
(cor.: −0.158; sigfit: 1.95; Fig. 5) from eight independent
reactions (Fig. 5a, white ellipse). Zoisite was considered in
AvPT calculation because the mineral is present as inclusions
in kyanite, clinopyroxene and garnet (Fig. 2b, c), while the
pseudosection predicts zoisite breakdown before the P –T
peak conditions. Thirdly, the T estimated independently us-
ing Zr-in-rutile thermometry can be used to further refine the
peak P–T estimates. Thirty-three analyses were performed
in garnet inclusions (n= 12) and the matrix (n= 21) (Ta-
ble S4 in the Supplement, reported as red and purple lines
in Fig. 5a). At 2.0–2.5 GPa, Zr-in-rutile T estimates from in-
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clusions in garnet are 740–760 °C. For matrix grains, T esti-
mates are 750–780 °C, assuming the same P . These T values
are similar, although rutile included in garnet shows more
restricted ranges. As quartz is not present in the garnet rim
and matrix assemblages, there is a possibility that aSi < 1,
and these calculations would therefore represent maximum
T (Zack et al., 2004). Together, the Zr-in-rutile pseudosec-
tion modeling and AvPT calculations thus indicate that peak
T conditions were 750–780 °C and ca. 2.5 GPa and that T
remained around 740–770 °C during decompression.

4.3 Chronology

4.3.1 U-Pb dating in zircon from the Treglonou
magmatic intrusion

Zircon in the Tregl sample dominantly shows S1, S12 and S2
morphologies (cumulating 47 % of the 234 grains observed),
with secondary morphologies of S17, S7, S6 and S11 types
(cumulating 28 % of the grains). These morphologies are
consistent with a crustal origin (Pupin, 1980). The crys-
tals are translucent, colorless and elongated (2 : 1 to 3 : 1),
with growth zoning sometimes visible under natural light.
The U-Pb analysis provided concordant ages between 416 to
309 Ma, with a gap of ages between 375–340 Ma (Table S5;
Fig. 6). The dataset suggests the presence of two populations:
an older population at 387.3±5.2 Ma (n= 9, MSWD= 0.25,
probability of concordance= 0.62; Fig. 6a), which was
mostly seen in zircon bright-CL cores, and a younger popu-
lation at 321.6±2.7 Ma (n= 13, MSWD= 0.76, probability
of concordance= 0.38; Fig. 6b), as mostly seen in dark-CL
rims.

4.3.2 In situ zircon petrochronology of the eclogites

Zircon grains in ECLO5a are small (generally ca. 50 µm;
Fig. 7) and rounded to slightly elongated and small (gener-
ally ca. 50 µm; Fig. 7). The grains show consistently dark-
CL and bright-BSE cores containing micro-inclusions and
are sometimes associated with slightly brighter domains in
BSE (Fig. 7). Rims are thin (< 15 µm), CL bright and slightly
darker in BSE than the cores. A CL-dark outer rim that is a
few micrometers thick is visible on a few grains (e.g., 5A2-
3, 5a3B-9, Fig. 7) as well as healed fractures, very bright in
CL. In ECLO4a, zircon grains are rare and smaller than in
ECLO5a (mostly < 40 µm) but show similar CL zoning with
CL-dark zones in the core and bright rims. Zircon cores that
are slightly brighter in CL (Fig. 8a) are generally depleted
in REEs compared to dark-CL, micro-inclusion-rich cores.
Apart from one analysis, zircon does not show a Eu anomaly.
The most REE-depleted zircon also provided the youngest
ages (< 360 Ma, discordant apparent ages, Table S1). Anal-
yses of zircon rims (Fig. 8b) were mostly mixed due to their
width, which is generally below spot size. The rims show
apparent, discordant younger ages and are HREE-depleted.
Zircon grains in ECLO4a (Fig. 8c–d) are overall an order of

magnitude more depleted in REEs than zircon in ECLO5a.
Both core and rim domains are generally HREE-depleted,
show no Eu anomaly and have MREE-depleted rims. The
δ18O values for zircon in both samples are consistently be-
low 6.5 ‰, both in core and rim domains (Fig. 8e; Table S2).
The data for ECLO5a (n= 37) show median values at 4.3 ‰
in cores, with a restricted interquartile range (IQR: 4.1 ‰–
4.7 ‰), and 4.4 ‰ (IQR: 3.7 ‰–4.8 ‰) in rims. The five
analyses obtained in ECLO4a are consistent with these val-
ues (Table S2). These values are largely below mantle zircon
values (5.3± 0.6 % 2 SD; Valley et al., 1998). Only three U-
Pb analyses were attempted in zircon from ECLO4a; they
yielded discordant analyses and are not further discussed.
Zircon dark-CL cores in ECLO5a, which are often associ-
ated with micro-inclusions, consistently show a minor neg-
ative Eu anomaly (Fig. 8a). Apparent 206Pb/238U ages are
between 400–375 Ma. Eight concordant analyses of dark-CL
cores (seven of which associated with micro-inclusions) from
sample ECLO5a yield a concordia age of 386.9± 2.7 Ma
(MSWD concordance + equivalence= 8.7; Fig. 8f). The
same analyses yielded a weighted mean 206Pb/238U age of
385.7±1.6 (MSWD= 1.1; Fig. 8g). Only three younger con-
cordant ages were obtained from ECLO5a: a dark outer core
that appear to mixed with the rim (206Pb/238U age= 355.4±
2.8 Ma; Fig. 7), a second one from a zircon CL-dark over-
growth (206Pb/238U age= 359.0± 2.2 Ma; Fig. 7) and third
one from a zircon CL-medium-bright rim (349.0± 6.6 Ma;
Fig. 7; Table S1).

4.3.3 Garnet Lu-Hf analysis

Consistent with observations from trace-element mapping in
garnet, garnet aliquots used for geochronology have very
low Lu concentrations in ECLO4a (0.7–0.8 ppm, Table 2)
and slightly higher concentrations in ECLO5a (2–2.2 ppm).
For both samples, Lu-Hf isochrons were calculated from
the garnet and garnet-depleted rock analyses. A Lu-Hf age
of 346.5± 0.8 Ma (MSWD= 0.56, Fig. 9a) was obtained
for ECLO5a and an age of 349.1± 1.6 Ma (MSWD= 0.28,
Fig. 9b) was obtained for ECLO4a.

5 Discussion

5.1 The age and composition of the protolith

Zircon in ECLO5a reveals an initial growth stage that consis-
tently corresponds to a pattern of dark-CL/light-BSE cores,
generally containing abundant micro-inclusions. These core
domains typically show enriched-HREE profiles and typical
negative Eu anomalies consistent with magmatic zircon that
crystallized in the presence of plagioclase (Fig. 8a, c; e.g.,
Rubatto, 2002). Bright-CL rims are generally thin and were
rarely large enough to be analyzed. Three analyses show,
however, a slight depletion in HREEs, and two show a pos-
itive anomaly in Eu that may be consistent with the break-
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down of plagioclase occurring during prograde metamor-
phism (Fig. 8b, d). Fewer analyses were possible in ECLO4a
due to the low abundance and small size of zircon overall.
Except from a slight depletion in MREEs, no distinctive fea-
tures in the REE pattern can be identified between core and
rim domains of zircon in ECLO4a.

The core domains of zircons in the eclogite samples show
low δ18O values (Fig. 8e, Table S2) that are below typi-
cal mantle values (5.3± 0.6 ‰, 2 SD; Valley et al., 1998).
Crystallization of the eclogite protolith magma from a meta-
somatized mantle – resulting from interaction with high-
temperature, low-δ18O metasomatic fluids associated with
serpentinization – could account for δ18O values below 5 ‰.
However, this scenario would imply unusually intense meta-
somatism during protolith formation, as such fluids typically
exhibit minimum δ18O values of 3 ‰ (Rubatto, 2017). As-
similation of low δ18O magma (Reimink et al., 2014) during
the eclogite protolith’s crystallization is considered unlikely
due to the absence of pre-385 Ma inherited zircon and the
juvenile whole-rock Nd signature (Paquette et al., 1987). Al-
ternatively, low δ18O values are also found in basalts from
hydrothermally altered ocean-floor and rift zones and inter-
preted to reflect relatively shallow crustal interaction with
meteoric waters at high T (Bindeman, 2008). This would
require the protolith magma to emplace at shallow levels
and/or the presence of a major detachment and fracture net-
works to serve as meteoric fluid pathways, such as commonly
found in slow-spreading oceans or immature back-arcs (e.g.,
Boschetti et al., 2023). The presence of fluids is corroborated
by the abundance of micro-inclusions in dark-CL domains
and is our preferred interpretation.

Only one concordant age was obtained from zircon in
ECLO4a due to the few and extremely small size of the zir-
con, therefore ages interpretation in zircon from the eclog-
ite are discussed based on zircon from sample ECLO5a.
The concordia age of 386.9± 2.7 Ma (MSWD= 8.7, un-
corrected for common Pb) and weighted mean 206Pb/238U
age at 385.7± 1.6 Ma (MSWD= 1.14) obtained for eight
analyses of dark-CL cores of zircon in sample ECLO5a
(Fig. 8f–g) likely represent the protolith, given that they are
the oldest age component in the eclogites and zircon with
these ages shows magmatic REE signatures. The protolith
age is contemporaneous with the age of the enclosing Tre-
glonou and Plounévez-Lochrist monzogranitic orthogneisses
(391±7 Ma; Marcoux et al., 2009), which are also consistent
with the older of two age populations obtained from sample
Tregl (387.3± 5.2 Ma, Fig. 6b).

Zircon mantles and rims record a subsequent event. Only
one concordant age was obtained for a CL-medium bright
rim in ECLO5a zircon and yielded a 206Pb/238U age of
349.0± 6.6 Ma (Fig. 8b; Table S1), consistent within error
with the Lu-Hf ages. This concordant analysis indicates that
zircon rim is likely related to prograde to near-peak meta-
morphism and discordant analyses represent partly mixed
domains due to their very limited size. During HP metamor-

phism, the system likely remained partly closed, as most rim
analyses have similar δ18O values to the core, although a few
rim analyses plot above 5 ‰ (Fig. 8e).

5.2 Peak metamorphic conditions

Each method used for P –T estimates (pseudosection model-
ing, AvPT and Zr-in-rutile) presents specific limitations. Es-
timates of bulk compositions were done on the basis of el-
ement maps, which provide a 2D representation of the rock
volume. The area nevertheless covers a relatively large do-
main with respect to the grain size, in which case the as-
sociated uncertainty using a Monte Carlo approach is small
and unlikely to significantly affect the observed field assem-
blages (Lanari and Engi, 2017). There is an inherent un-
certainty in estimating the exact modal proportion of each
phase due to the symplectites, but the original correspond-
ing phases can still be approximated and do not impact the
following interpretations. Although phase isopleths obtained
in pseudosection calculation are not sufficiently thermody-
namically constrained to be used as an absolute quantitative
tool, it is noted that XJd in clinopyroxene and XPrp calcu-
lated in the peak field in garnet are consistent with our anal-
yses (Fig. 5b). Modal proportions of garnet and amphibole
in the pseudosection model are nevertheless overestimated
by ca. 15 % for garnet and ca. 8 % for amphibole, whereas
omphacite modal proportions are underestimated by ca. 8 %.
The sample appears well-equilibrated at HP, with little to no
change in T recorded by rutile and very limited XJd zon-
ing in omphacite. To test whether estimated mineral pro-
portions are off due to the possible effect of garnet frac-
tionation, we fractionated ca. 98 % of garnet at conditions
of 2.1 GPa and 700 °C. This operation significantly widened
the kyanite- and zoisite-bearing fields, which may be con-
sistent with the presence of large zoisite in clinopyroxene.
Garnet fractionation results in garnet modal proportions de-
crease in the field garnet + clinopyroxene + amphibole +
kyanite + zoisite + quartz + rutile compared with the orig-
inal bulk composition model. It also results in an increase in
estimated clinopyroxene and amphibole modal proportions
(e.g., at 2.18 GPa 740 °C: new garnet 3 vol. %; amphibole
75 vol. %, clinopyroxene 6.5 vol. %, zoisite 11 vol. %, kyan-
ite 2 vol. %). At 2.5 GPa 760 °C, part of the resulting modes
appear more accurate as kyanite reaches 3.5 vol. % and gar-
net makes up a total of ca. 60 vol. %. Amphibole is nev-
ertheless exceedingly abundant (21 vol. %) and clinopyrox-
ene abundance is even lower than when using unfractionated
compositions (16 vol. %). Additionally, clinopyroxene com-
position is diopside with XJd=0.2, and garnet has low XAlm
values (0.2) but high XPrp (0.5) and XGrs (0.27). Although
the exact timeline and proportion of mineral fractionation is
difficult to constrain, the unfractionated garnet bulk compo-
sition yields the best fit overall and is therefore favored for
further discussion. The P –T peak reached by the eclogite is
therefore best estimated at ca. 2.5 GPa and 760 °C. This re-
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sult is significantly higher than previous minimal estimates
of 1.3–1.4 GPa at 650–700 °C using conventional thermo-
barometers (Cabanis and Godard, 1987; Paquette et al., 1987;
Godard and Mabit, 1998). The main reason for these dis-
crepancies lies in the fact that only extensively retrogressed
eclogite has been described so far. Previous estimates were
based on a few omphacite inclusions with XJd ca. 25 mol %,
which contrasts with the fresh eclogite described here that
contains abundant, large and preserved matrix omphacite
with consistent XJd of 35 mol %–40 mol %.

5.3 Processes, conditions and age of garnet growth

Garnet zoning from core to rim in ECLO5a undoubt-
edly reflects prograde growth overall, best reflected through
compatible-rich elements in garnet core that progressively
decreases towards the rim. Garnet core and mantle growth,
however, resembles “branched” garnet of Wilbur and Ague
(2006), which is interpreted to reflect intense, accelerated
bursts of garnet growth following overstepping. These bursts
of core–mantle nucleation in ECLO5a are separated by a
sharp contrast in major-element and trace-element zoning
that is compatible with a growth hiatus (green arrow, Fig. 4d–
g). The preservation of such zoning reflects high-energy
growth. The garnet rim must, nevertheless, have grown
shortly thereafter to prevent complete smoothing of the an-
hedral pattern in major elements (Wilbur and Ague, 2006).
Within this second burst of garnet growth to rim crystalliza-
tion (Fig. 4), fluctuations in REEs occur and may be con-
sistent with fluid-saturated growth (Konrad-Schmolke et al.,
2023; Smit et al., 2024; George et al., 2024; Tual et al., 2025).
The transition from small ilmenite inclusions in garnet core
and mantle to large rutile inclusions in garnet rims coin-
cides with the transition between high Ti concentrations in
the core–mantle domain and low Ti concentrations in the gar-
net rim (green arrow, Fig. 4g). Both changes record prograde
ilmenite breakdown in a Fe-Ti-rich sample being buried to
eclogite-facies conditions, similar to the one observed in Tual
et al. (2018). Garnet grains in ECLO4a are extremely abun-
dant, which may partly explain the generally low concentra-
tions of garnet-compatible elements such as Mn and HREEs.
The presence of annuli in garnet-compatible elements such
as Mn and HREEs around an angular core domain may re-
flect sequestration and later release of these elements due to
the presence and breakdown of other phases (e.g., Rubatto et
al., 2020) or may indicate changes in the garnet growth pace
(e.g., George et al., 2018) – or a combination of both. Zoisite
breakdown is predicted to occur during the P increase from
stage 1 to stage 2 in the pseudosection (Fig. 10). This break-
down would yield a MREE enrichment combined with an
increase in CaO – a feature that is observed in the zoning of
garnet rims outside of the HREE-rich annuli in ECLO4a.

The garnet Lu-Hf ages almost overlap within uncertainty,
differing effectively only by 0.2 Myr. In both cases, the gar-
net Lu-Hf ages provided age estimates for the processes

causing garnet growth in both samples. In ECLO5a, the age
is likely biased towards the core, where bulk-grain Lu bud-
gets are highest. In the case of ECLO4a, any bias would be
towards the mantles, which are Lu-rich, and the rims, which
are volumetrically the largest. Garnet growth in both samples
nevertheless occurred as part of the HP metamorphic stage
of the lens in which the rocks occur. The following observa-
tions are relevant in the context of garnet age interpretation:
(1) the ages are similar and (2) the age of ECLO5a is actu-
ally younger than that of ECLO4a, even though any bias in
the latter sample would be towards the high-grade rims asso-
ciated with HP zoisite breakdown. On the basis of these ob-
servations, it is suggested that both ages date garnet growth
close to peak conditions and that the age for ECLO5a may re-
flect the presence of a significantly younger overgrowth that
may have formed after reaching these conditions.

The age of HP metamorphism as constrained by Lu-Hf in
garnet is much younger than the age obtained from 50 mg
of zircon grains extracted from ca. 130 kg of a Fe-Ti rich
eclogite sample by Paquette et al. (1987; 439±12 Ma). Three
zircon populations, divided by size, were dissolved and an-
alyzed, yielding three data points with said age as lower in-
tercept. Paquette et al. (1987) report zircon grains lacking
CL zoning, which strongly differs from our observations,
as all observed zircon, in both samples, were consistently
and conspicuously zoned. The age was interpreted to repre-
sent eclogite-facies metamorphism but actually is older than
all ages obtained here, including that taken to represent the
eclogite protolith. The U-Pb age obtained for the protolith
(concordia age 386.9±2.7 Ma with MSWD= 8.7; weighted
mean age at 385.7± 1.6 Ma with MSWD= 1.14; Fig. 8f–
g) was obtained from (1) consistent textural core domains
in zircon (CL dark, largely showing micro-inclusions) corre-
sponding to (2) consistent δ18O values and (3) REE patterns.
The new Lu-Hf and U-Pb data provide a significance advance
and fundamentally different picture regarding the age record
of the Léon eclogites, which enables a re-evaluation of the
role and meaning of these rocks in the Variscan framework.

Exhumation

The younger of the two age data from the Treglonou or-
thogneiss (321.6± 2.7 Ma, Fig. 6c) is interpreted as the age
of partial melting and deformation. This anatexis is contem-
poraneous with extension processes occurring in the region
and is a typical process associated with migmatitic dome ex-
humation. The result demonstrates that the dome extrusion
occurred around 320 Ma, which is synchronous with the em-
placement of Saint-Renan granite and the Groac’h Zu dior-
ite and with the migmatites of Plouguerneau (330± 9 Ma,
Marcoux et al., 2009 – TIMS U-Pb on zircon; 311± 14 Ma,
Schulz, 2013 – EPMA U−Th/Pb on monazite) and Ker-
hornou (325± 5 Ma; Faure et al., 2010 – EPMA U−Th/Pb
on monazite) (Fig. 10a). This extrusion event facilitated the
exhumation of the eclogite and is likely responsible for the
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Figure 10. Summary of geological timeline and tectonic interpretations from ca. 400 to 300 Ma. (a) Major geodynamic, metamorphic,
structural and magmatic events recorded in the Léon Domain. Magmatic phases corresponds to (1) Tréglonou and Plounévez-Lochrist gneiss
and eclogite protoliths (this study; 391±7 Ma in Marcoux et al., 2009, TIMS U-Pb on zircon); (2) Tréglonou intrusion (this study), Groac’h
Zu and Saint-Renan (318± 2 Ma and 316± 2 Ma; Le Gall et al., 2014, LA-ICPMS on zircon), Kerhornou and Plabennec (325± 5 Ma and
331± 6 Ma; Faure et al., 2010, EPMA U−Th/Pb on monazite), Kersaint and Plouguerneau (331± 4 Ma and 330± 9 Ma; Marcoux et al.,
2009, EPMA U−Th/Pb on monazite); (3) Aber Ildut Complex (290± 5 Ma, 304± 1 Ma, 303.8± 1 Ma; Caroff et al., 2015, LA-ICPMS
on zircon). (b) Schematic cross-section of the Léon Domain at crustal scale showing a reconstruction of the major features recorded and
summarized in (a). (c) Interpreted large-scale cross-sections for the Léon Domain within the Rheic subduction system adapted from Boutoux
et al. (2021): the Mid Devonian stage (ca. 390 Ma) is characterized by a rifting and detachment in the Léon Domain synchronous with
obduction of the Lizard ophiolites, compatible with a retreating slab. The early Carboniferous stage (ca. 350 Ma) corresponds to the HP stage
in the Léon Domain, compatible with a trench advance that triggered the rift inversion and associated with a sinistral transpression. This
likely corresponds to the final suture of the main Rheic Ocean. The Early Carboniferous stage (320–300 Ma) corresponds to either a trench
retreat or slab break-off that drives extension, migmatization of the lower crust and dome formation in the Léon Domain.

extensive retrogression observed in the vast majority of the
eclogite samples, which is particularly pronounced in eclog-
ites occurring near the Treglonou migmatites.

5.4 Regional implications: source and significance of
the eclogite

The new results place robust and precise P –T –t constraints
in the history of the Léon Domain and call for a revision
of existing models. At 390–385 Ma, a rifting event caused
bimodal magmatism that produced monzogranitic Treglonou
and Plounévez-Lochrist orthogneisses. The N-MORB tholei-
itic precursor of the eclogites – one with a Mg-rich com-
position (ECLO4a-type) and another with Fe-Ti enrichment
(ECLO5a-type) – likely represented cumulate or residual
melt derived from mantle magmatism (Cabanis and Go-
dard, 1987; Paquette et al., 1987). Whether the now lens-like
eclogite bodies represent initial igneous bodies or whether
they are tectonic fragments of larger, more coherent mafic
intrusions is not clear. The absence of pre-385 Ma inherited
zircon, the juvenile Nd signature (Paquette et al., 1987) and
low δ18O values (ca. 4.2 ‰) in zircon nevertheless indicate

emplacement without significant interaction with continental
crust. Additionally, the low δ18O (ca. 4.2 ‰) values in zir-
con impose the emplacement of the mafic protolith at shal-
low crustal depth or in a context where a large-scale shear
zone creates deep fluid pathways for meteoric water. These
features could indicate a mantle source situated just below
rather than in a distal ridge system. The emplacement setting
of the protolith of the Léon eclogites thus may represent a
restricted rifting zone with bimodal crust and mantle mag-
matism caused by asthenospheric ascent (Fig. 10b).

The new data may bear significance beyond the Léon Do-
main, e.g., for the nearby Lizard Complex. The proposition
that this complex represents a short-lived rift inverted start-
ing shortly after 400 Ma followed by a subduction that likely
continued southwards (Nutman et al., 2023) is compatible
with the recent re-interpretation of seismic data indicating a
strong discontinuity that may represent such a suture (“Intra-
Saxothuringian suture” in Schulmann et al., 2022) and cor-
roborates previous interpretations that the Lizard Complex
does not represent the final Rheic suture (e.g., Floyd, 1984;
Cook et al., 2002; Leveridge and Shail, 2011: Alexander et
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al., 2019). Based on these interpretations and the new data
provided here, a new large-scale tectonic model can be pro-
posed (Fig. 10c). In this model, the Lower Unit of the Léon
Domain represents part of a rift that developed as a back-
arc of the main Rheic subduction. We propose that the rift
was originally associated with a lithospheric-scale detach-
ment zone, which was inverted to allow for deep burial of the
Léon eclogites and focusing of deformation in this system,
rather than across a broader nappe system for which there
is no evidence in the region (Schulz et al., 2007). A simi-
lar consequence may be the inversion and northerly directed
thrusting, which started shortly after 400 Ma in the Lizard
Complex and caused obduction of the ophiolite at ca. 390 Ma
(Nutman et al., 2023). Both events can be unified in a sin-
gle process of slab retreat within the main Rheic subduction
tract (Fig. 10c). The eclogite-bearing Léon Domain, i.e., the
Lower Unit, was subsequently buried to depths equivalent to
2.5 GPa (likely ca. 80 km) and 760 °C, which require inver-
sion of the rift in the Léon Domain at or before ca. 350 Ma
(Fig. 10b, c). Exhumation of the eclogite was associated with
partial melting of a large part of the Lower Unit in the Léon
in a dome structure, documented to have started shortly after
ca. 340 Ma (e.g., Marcoux et al., 2009; Faure et al., 2010; Au-
themayou et al., 2019) and to have proceeded at ca. 320 Ma
with the formation of extensive and dextral ductile shearing
with magmatic intrusion filling at the core of the dome.

The Léon Domain records alternating extension and com-
pression within a back-arc domain and as such can represent
a Variscan analogue to the evolution of the Central Neotethys
domain (Stampfli et al., 2002; Loury et al., 2018; Alexan-
der et al., 2019). In a recent model, Boutoux et al. (2021)
interpret short-lived (15–20 Myr) alternating pulses of exten-
sion and compression as the surface expression of episodes
of trench retreats and advances, ultimately linked to penetra-
tion and slab folding into the mantle transition zone. In the
Neotethyan margin, a first phase of slab flattening due to pen-
etration into the Mantle Transition Zone caused the opening
of the Nain-Baft back-arc domain contemporaneously with
the obduction processes recorded in Iran (Boutoux et al.,
2021). Translated into the Rheic subduction system, a rifting
phase in the Léon Domain causing bimodal magmatism, con-
comitant with the inversion and obduction of Lizard Com-
plex, is consistent with a rollback of the Rheic trench from
ca. 390 Ma (Fig. 10c). A subsequent inversion of the Léon
rift domain is required less than 40 Ma later to bury the back-
arc crust to depths exceeding 80 km. In the Neotethys model
(Boutoux et al., 2021), this corresponds to a strong frontward
motion of the slab, due to its folding within the Mantle Tran-
sition Zone and associated with very high convergence ve-
locity and requiring 1800–2400 km of subducted lithosphere
– a length that is highly plausible for the main Rheic subduc-
tion slab. Inversion could also be caused by verticalization or
“chocking” of the subduction due to the subduction of a mi-
crocontinental domain south of the Lizard Complex (Brun
and Faccenna, 2008; Tirel et al., 2013), or local obliquity

in plate boundaries (Philippon and Corti, 2016), that could
here correspond to the Rhenohercynian arc (Schulmann et
al., 2022).

The intense burial of the Léon Domain requires, beyond
an efficient slab pull, a strong localization of the deformation
that could be facilitated by the former detachment formed
during the rifting phase and a sinistral transpressional com-
ponent during the beginning of the collisional stage (Faure et
al., 2010; Le Gall et al., 2014). The formation of the Léon
eclogites marks the last HP event associated with the sub-
duction recorded in this part of the Rheic Ocean and could
mark the completion of the oceanic subduction (Fig. 10).
The exhumation of eclogites through synchronous migma-
tization and generation of granitic magmatism could mark
yet another switch in the tectonic regime controlled by slab
dynamics or rotation of plates direction (Edel et al., 2018).
This exhumation is associated with the formation of strike-
slip faults-bounded by volcano-sedimentary basins west and
east of the Léon Domain (Ouessant southern basin, Mor-
laix basin; Caroff et al., 2016, 2020; Authemayou et al.,
2019). The formation of these basins along with the dome
exhumation is interpreted in the frame of wrenching tec-
tonics and therefore compatible with both transpressive and
pull-apart systems associated with high-T anomalies (Rol-
land et al., 2001; Caroff et al., 2016; Authemayou et al.,
2019). The partial melting of the crust forming migmatites
is linked with high thermal conditions consistently recorded
in the Léon Domain (Kehornou: 325± 5 Ma; Faure et al.,
2010; Plouguerneau: 330±9 and 332±5 Ma; Marcoux et al.,
2009; Treglonou 334± 6 Ma; Faure et al., 2010) and wan-
ing at 322± 3 Ma, contemporaneous with SW-trending ex-
tensional shearing in the core and the southwestern border
of the dome (this study; Le Gall et al., 2014; Authemayou
et al., 2019). Mafic magmatism is documented just south
of the Léon Domain between 347–300 Ma and shortly af-
ter. Additionally, lamprophyres dikes (kersantites), originat-
ing from partial melting of metasomatized mantle by con-
tinental crust-released fluids, have been dated ca. 330 to
310 Ma (Caroff et al., 2021). Altogether, these events require
the presence of a metasomatised mantle and asthenospheric
heat under the Léon Domain, and its surrounding area was
located at a higher level than expected in a normal continen-
tal setting. Mantle-induced advective heat and magmatism
appear to have lasted for at least 100 Ma below the Léon
Domain, starting with the formation of the eclogite protolith
at ca. 385 Ma and ending at or after ca. 300 Ma. Slab roll-
back associated with mantle delamination or slab break-off
may explain this history, as well as the mafic magmatism
and crustal partial melting associated with Léon dome ex-
humation (Rolland et al., 2001; Brun and Faccenna, 2008;
Magni et al., 2013; Caroff et al., 2021; Van Hinsbergen and
Schouten, 2021). The new interpretations of the Léon his-
tory, obtained here though multi-method petrochronology,
support a strong control of the slab dynamics and mantle-
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related heating in the frame of the protracted subduction his-
tory of the main Rheic oceanic system.

6 Conclusion

Eclogites of the Léon Domain, Armorican Massif, Variscan
Orogen, were subjected to a multi-method analytical ap-
proach that integrates thermobarometric analysis using pseu-
dosection and Zr-in-rutile thermometry, with garnet micro-
analysis and Lu-Hf dating, and zircon petrochronology. The
results show that the protolith of these rocks represents a
ca. 385 Ma igneous complex. Eclogite-facies metamorphism
and HP garnet growth, which occurred at ca. 2.5 GPa and
760 °C, is dated at ca. 348 Ma. This deep burial of the Lower
Unit in the Léon Domain was shortly followed with their ex-
humation within a migmatitic dome and triggered by a lo-
cal high-thermal anomaly. Our results show that this syn-
extensional, anatectic stage operated until at least ca. 322 Ma.
The age for eclogite-facies metamorphism of the Léon eclog-
ite is significantly younger, and the peak P –T conditions
are higher than previous estimates for these rocks, provid-
ing substance for a shift in paradigm regarding the signifi-
cance and tectonic meaning of these rocks. A model is pre-
sented in which the Léon Complex represents a back-arc con-
text, producing both felsic and mafic intrusions (Plounévez-
Lochrist orthogneiss and the eclogites protolith, respectively)
emplaced contemporaneously at ca. 385 Ma close to the sur-
face or to meteoric fluid pathways. Deep subduction of the
Léon Domain records basin inversion and eventual closure.
We propose that this process results from the relative mo-
tion of the slab associated with a major subduction (i.e., the
Rheic Ocean) situated at the northern boundary of the Ar-
morica microcontinent, in a scenario analogous to the Cen-
tral Neotethyan system.
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