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The record of metamorphic conditions is commonly highly heterogeneous in spatially close rocks of different
composition and rheology. The well-studied Cima di Gagnone area in the Central Alps represents such an exam-
ple, as relatively small, 1– to 100 s-meter scale, ultrahigh–pressure and high–temperature ultramafic lenses are
enveloped within amphibolite–facies metasediments. We present new field observations, microstructural and
petrological analyses, and thermodynamic modelling results on these metasediments, showing that these
rocks generally experienced medium pressure and medium temperature conditions of 1.0–1.2 GPa and 640–
700 °C, followed by a retrograde stage around 0.6–0.8 GPa and 600–675 °C. However, a few samples from the im-
mediate proximity of the ultramafic lenses record significantly higher P–T conditions of 1.3–1.7 GPa and 750–850
°C, approaching the high pressure and high temperature conditions of the ultramafic bodies (1.5–3.1 GPa,
650–850 °C).Mineral/bulk chemistry changes during growth of newmineral phases hint to localmelt/fluid inter-
action (i.e.,metasomatism) between metasediments and ultramafics during the high temperature deformation.
Preliminary U-Pb LA–ICP–MS dating suggests that zircon grains from the metasomatic reaction zone have been
fully re–equilibrated during the early stage of Alpine exhumation (~36 Ma), while the large part of the
metasediments records only pre–Alpine ages. We finally recast these new data into the regional P–T–t–D paths
and discuss the consequences of these findings for understanding the exhumation processes of HP rocks. We
found different local equilibria (ΔP up to 2 GPa; ΔT up to 160 °C) that cannot be explained simply by retrograde
metamorphism or by tectonic amalgamation. Rather, our work suggests a significant role of deformation in pro-
ducing variable pressure and temperature record within the rocks.

© 2021 Published by Elsevier B.V.
1. Introduction

Metamorphic terranes often preserve relicts of variable metamor-
phic conditions associated with compositionally heterogeneous rocks.
This variability commonly results in small lenses of one rock type char-
acterized by significantly higher pressure (P) and/or temperature (T)
conditions than its surrounding host rocks (Chopin, 1984; Evans and
Trommsdorff, 1978; Liou et al., 2004; Smith, 1988). The reasons for
the coexistence of such different metamorphic records may be related
to the contribution of several mechanical and geochemical processes,
and Environmental Sciences,

(S. Corvò).
including variation of stress and strain rate gradients, multiple meta-
morphic reactions, element diffusion and/or fluid–rock interaction
(Etheridge et al., 1983; Passchier and Trouw, 2005; Philpotts and
Ague, 2009). It has long been accepted that deformation and metamor-
phism are closely interlinked (e.g., Brodie and Rutter, 1985), but the ef-
fect of tectonic deformation on the metamorphic reactions is still a
matter of a lively scientific debate (Stüwe and Sandiford, 1994;
Tommasi and Vauchez, 1997; Wheeler, 2014, 2020; Gerya, 2015;
Hobbs and Ord, 2017; Moulas et al., 2019).

An important aspect to consider is the possible role of deformation
on metamorphic processes localized at the interface between rocks
with different composition (e.g., Wheeler, 2014; Schmalholz et al.,
2020). These interfaces are sites of complex processes, such as multiple
interactions with chemically heterogeneous fluids, deformation–driven
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mineral changes, or amplification of stress and/or strain rate in local do-
mains (Casini and Maino, 2018; Luisier et al., 2019; Moulas et al., 2014;
Scambelluri and Philippot, 2001; Schmid and Podladchikov, 2003;
Zheng and Hermann, 2014). Local fluid–rock interaction is commonly
testified by the growth of new minerals phases and from changes in
mineral and bulk–rock compositions (Jamtveit and Austrheim, 2010).
On the other hand, localization of melt flux can severely change the
metamorphic record at different scale (Pognante, 1991; Sawyer,
2001). The presence of melt along grain boundaries, in turn, decrease
the viscosity of rocks by 3–5 orders of magnitude, enhancing deforma-
tion and markedly changing the deformation regime (Arzi, 1978;
Dell'Angelo and Tullis, 1988; Piazolo et al., 2020). Furthermore, themin-
eral changes may exert an important influence on the rheological be-
haviour of rocks during deformation (Brodie and Rutter, 1985; Smith
et al., 2015;White and Knipe, 1978). Thus, the structural andmetamor-
phic patterns provide key information to constrain the geodynamic evo-
lution of deforming rocks andmust be carefully assessed in the study of
collisional belts.

However, linking such heterogeneous metamorphic records with
tectonically coherent Pressure–Temperature–time–Deformation (P–T–
t–D) paths is challenging. A major limitation for reconstructing com-
plete P–T–t–D paths in compositionally heterogeneous units is a direct
consequence of the composition of silica–rich rocks. These are mainly
gneisses or schists, which are more sensitive to dehydration/rehydra-
tion processes during decompression, commonly resulting in a loss of
the prograde and peak metamorphic record (e.g., Heinrich, 1982).
Moreover, the complete resetting of geochronometers in consequence
of fluid/melt flux (e.g., Rubatto and Hermann, 2007) often masks the
correct timing of metamorphic events. However, these obstacles may
be overcome by coupling petrological and geochronological analyses
on the most retentive minerals, such as garnet and zircon, which may
provide information on the prograde segment of the P–T–t–D path
(e.g., Liati and Gebauer, 1999; Williams and Jercinovic, 2002; Caddick
et al., 2010).

Strong heterogeneities in the metamorphic record typically result
from HP (and possibly HT) lenses, enveloped within either rheologically
weaker or stronger “host” rocks,which exhibit lowermetamorphic condi-
tions. Examples of such pairings are: mafic/ultramafic-metasediments,
quartz-rich rocks-micaschist, orthogneiss-micaschist, metacarbonate-
micaschists that occur in a range of field localities: in the European Alps
- e.g., Adula-Cima Lunga, Monte Rosa, Dora-Maira, Zermatt-Saas, Ulten
Zone (Chopin, 1984; Evans et al., 1979; Frezzotti et al., 2011; Godard
et al., 1996; Luisier et al., 2019; Tumiati et al., 2018), Western Norway
(e.g., Smith, 1984), Cycladic Archipelago (e.g., Gyomlai et al., 2021),
Kokchetav massif of northern Kazakhstan (e.g., Sobolev and Shatsky,
1990), central western Korean Peninsula (e.g.,Kwon et al., 2020) and cen-
tral China (e.g.,Wang et al., 1989).

In this contribution, we combine structural, microstructural, and
petrological analyses, as well as a preliminary geochronological investi-
gation, to improve the description of the P–T–t–D path experienced by
the worldwide renowned Cima di Gagnone area (Central Alps,
Switzerland; Fig. 1). Here, (ultra)high pressure/high temperature, (U)
HP/HT hereafter, ultramafic lenses are enveloped within amphibolite–
facies metasediments (Fig. 2; e.g., Evans et al., 1979; Pfiffner and
Trommsdorff, 1998), as the result of the Alpine subduction/collision de-
formation phases (Schmid et al., 1996). While the Ultra–Mafic rocks
(UM, hereafter) have been intensively investigated (e.g., Evans and
Trommsdorff, 1974, 1978; Ernst, 1978; Heinrich, 1982; Becker, 1993;
Nimis and Trommsdorff, 2001; Skemer et al., 2005; Scambelluri et al.,
2014, 2015), less attention has been devoted to their host rocks
(Grond et al., 1995; Pfiffner, 1999). Following a recent paper on the de-
formation evolution (Maino et al., 2021), we performed coupled micro-
structural and petrological investigations on the host metasediments to
investigate whether they retain Alpine HP–HT relicts that until now
have beenmissed. If thiswere the case, it should be possible to elucidate
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their relationship with the metamorphic history experienced by the
ultramafics.

The final goal is to provide key information to interpret the tectonic
evolution of rocks with heterogeneous composition and metamorphic
record. Our results indicate that metasediments enveloping the UM
show variable metamorphic conditions in relation to: 1) deformation
(micro)structures, and 2) distance from the UM lenses. Fluid–assisted
metasomatism is furthermore documented as being strongly localized
at the interface between ultramafic lenses and the metapelitic host
throughout all part of the metamorphic evolution, including the HP–
HT stage. We finally discuss these new data in relation to the exhuma-
tion models currently proposed for the Cima di Gagnone rocks.

2. Geological setting

2.1. Location and metamorphic evolution

The Cima di Gagnone area belongs to the Cima Lunga unit, which is
exposed in the central domain of the Lepontine dome of the Central
Alps (Maxelon and Mancktelow, 2005; Steck et al., 2013; Fig. 1A–B).
The unit, positioned above the Simano nappe and below the Maggia
nappe, is part of a tectonic stack interpreted as the western continua-
tion of the Adula Nappe (Dal Vesco, 1953). The Cima Lunga consists of
micaschists, paragneisses and minor orthogneisses enveloping UM el-
lipsoidal lenses (metres to hectometres in size) of garnet–peridotite
and enstatite–olivine–chlorite rocks (chlorite harzburgite), both par-
tially talc–bearing (Figs. 1–3; Evans and Trommsdorff, 1974, 1978;
Pfiffner and Trommsdorff, 1998). UM rocks host metabasaltic eclogites,
metarodingites, plagioclase amphibolites, calcsilicate rocks and mar-
bles, indicating that the Cima di Gagnone UM represent serpentinized
mantle that experienced dehydration and (U)HP metamorphism dur-
ing the Alpine subduction. Most authors consider serpentinization
likely occurred during the formation of Tethys in the Mesozoic
(Evans and Trommsdorff, 1978; Pfiffner and Trommsdorff, 1998).

All rock types showadominant amphibolite–faciesmetamorphic as-
semblage, which is commonly attributed to the Barrovian phase of the
Lepontine Dome (Niggli and Wondbatschek, 1960; Frey et al., 1974;
Engi et al., 1995). However, UM rocks preserve in their cores relicts of
(U)HP metamorphism predating the amphibolite–facies stage
(Gebauer, 1994, 1996, 1999). Peak pressure conditions in the eclogites,
associatedwith the UM lenses, are constrained between 1.5 and 2.5 GPa
at temperature between 600 and 700 °C by Heinrich (1986), while
Brouwer et al. (2005) report peak pressures of up to 2.8–3.1 GPa
(625–675 °C) and a decompressional stage at 0.8–1.1 GPa and
800–875 °C. Garnet metaperidotite equilibrated at 800–850 °C and
2.5–3.0 GPa (Evans et al., 1979; Heinrich, 1982, 1986; Nimis and
Trommsdorff, 2001; Pfiffner and Trommsdorff, 1997; Scambelluri
et al., 2014), while the chlorite harzburgites assemblage indicates
lower temperature at similar pressure (650–800 °C and 2.3 GPa;
Scambelluri et al., 2014). The occurrence of eclogite–facies
metarodingites and HP metacarbonates within the UM lenses suggests
that HP conditions were attained during the Alpine cycle (Evans et al.,
1979; Pfeifer et al., 1991; Schmid et al., 1996; Pfiffner and
Trommsdorff, 1997; Scambelluri et al., 2014, 2015). UHP-HT conditions
have been estimated also for the metaperidotite lenses from the south-
ern part of Adula-Cima Lunga nappe, i.e., Alpe Arami and Monte Duria
(Fig. 1B). At AlpeArami,most of the studies determined peak conditions
around 3.0 GPa and 800–850 °C (e.g.,Nimis and Trommsdorff, 2001), al-
though controversial pressure estimations in excess of 10 GPa have
been claimed (e.g., Dobrzhinetskaya et al., 1996). At Monte Duria, the
eclogitic peak at P = 2.6–3.0 GPa and T = 710–750 °C, was followed
by granulite-facies condition at T = 850 °C and P = 0.9 GPa (Tumiati
et al., 2018; Pellegrino et al., 2020).

Cores ofUM lenses in Cimadi Gagnonepreserve a foliation (Fig. 3A–G)
associatedwith theHT assemblage (800±175 °C; Skemer andKatayama,



Fig. 1.Overview (A) and tectonicmap (B) of the Cima Lunga unitwithin the Lepontine Dome (modified after Todd and Engi, 1997, Brouwer et al., 2005; Burg andGerya, 2005; Steck, 2013;
Cavargna et al., 2014; Maino et al., 2021). Isotherms refer to the Barrovian metamorphism.
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2006), while metasomatic metamorphism is more pronounced towards
the rims, resulting in a shell–like structure highlighted by the presence
of late veins containing talc, enstatite,magnesite, anthophyllite or chlorite
(Pfeifer, 1981, 1987). Lens rim alteration and veining have been
interpreted as evidence of rehydration of the UM rocks by fluid release
from the nearby metasediments during decompression and exhumation
(breakdown of muscovite to biotite; Heinrich, 1982; Pfeifer, 1987).
Kyanite– and andalusite–bearing quartz veins in themetasediments sug-
gest that the release of fluids triggering metasomatism occurred late in
the decompression history (P ≤ 0.8 GPa), but still at amphibolite–facies
conditions with T of ~650 °C (Früh-Green, 1987; Pfeifer, 1987; Allaz
et al., 2005).

In contrast to theUM, the Cima di Gagnonemetasediments show ex-
clusively amphibolite–facies signatures with a typical assemblage of
plagioclase+quartz+biotite+muscovite+garnet+kyanite± stau-
rolite (Fig. 3H), generally consistent with pressure of 0.6–0.8 GPa and
temperature of 600–660 °C (Grond et al., 1995; Pfiffner, 1999). How-
ever, rare metapelites in contact with UM lenses preserve corona and
pseudomorphic textures interpreted as relicts of a poorly–preserved
eclogite–facies assemblage composed of phengite + paragonite + gar-
net ± quartz (Heinrich, 1982; Früh-Green, 1987). However, these rel-
icts are unsuitable for constraining P–T peak conditions, and hence
interpretations vary. While Henrich (1982, 1986) suggests that both ul-
tramafic/mafic rocks and metasediments experienced the same meta-
morphic evolution (thus peak at ~1.5–2.5 GPa; 550–650 °C), Grond
et al. (1995) and Pfiffner and Trommsdorff (1998) propose different
paths where the metasediments reached significantly lower peak con-
ditions (~1 GPa; 550–650 °C). Pressure–peak conditions of ~1 GPa and
~ 500 °C followed by retrograde re–equilibration at 0.7–0.8 GPa and ~
650 °C is also recorded by the Simano and Maggia nappes, which com-
prise the Cima Lunga unit (Rutti et al., 2005).
3

2.2. Tectonic evolution

The Cima Lunga unit is characterized by complex structures devel-
oped within and around the viscous UM lenses embedded in the
metapelitic/gneissic weaker matrix. The interior of the lenses preserves
structural elements locally discordant to the matrix schistosity. These
patterns are traditionally described as related to multiple, distinct Al-
pine deformation phases (D1–D4) and associated with four schistosities
(S1–S4) developed at decreasing metamorphic conditions, from upper
amphibolite to greenschist facies (Grond et al., 1995; Pfiffner and
Trommsdorff, 1998). However, a recent detailed structural analysis
showed that all rock types shared a continuous progressive deformation
highlighted by a single schistosity and lineation (Maino et al., 2021). The
Cima Lunga unit is described as a high–strain shear zone that accommo-
dated complex heterogeneous deformation throughout all the Alpine
evolution. Differences in the deformation patterns between UM lenses
and the matrix are attributed to contrasting rheology, rather than
superimposed tectonic phases (seeMaino et al., 2021, for more details).

Garnet cores from the metapelites often preserve an inherited dis-
cordant foliation (Sgar), which is attributed to a prograde Alpine or,
more likely, Variscan tectono–metamorphic stage (Grond et al., 1995;
Pfiffner, 1999; Rutti, 2003). Lattice preferred orientation (LPO) of olivine
is dominated by the transition between C–type to B–type indicating
temperature of deformation between 650 and 800 °C (Frese et al.,
2003; Skemer et al., 2006), suggesting that the main schistosity in the
UM developed under HT conditions.

2.3. Geochronological background

Incipient melting or subsolidus re–equilibration at prograde (U)HP
conditions of the metaperidotites of Cima di Gagnone is dated at 43 ±



Fig. 2. Cima di Gagnone area: A) geological map and (B) geological cross–section parallel to the fold axis and stretching lineation. Labels of the studied ultramafic lenses are reported
following the nomenclature of Pfiffner and Trommsdorff (1998).
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2.0 Ma, while the initiation of the decompressional stage, still at (U)HP
conditions, is constrained at 35 ± 0.5 Ma (U-Pb SHRIMP on zircon;
Gebauer, 1994, 1996, 1999). The HP peak in the eclogites is dated at
35 Ma, while the retrograde amphibolite stage is constrained at 30 ±
1.5 Ma (SHRIMP U–Pb–dating on zircon; Gebauer, 1994). Consistent
garnet Sm-Nd ages of about 40 ± 4.0 Ma from garnet lherzolite and
eclogites are interpreted to hallmark the residence time at eclogite–
facies conditions (Becker, 1993). UM record also ages <33 Ma, which
have instead been related to subsequent decompression and Barrovian
metamorphism (Hunziker et al., 1992; Gebauer, 1994, 1996; Liati
et al., 2009). Zircon grains from the Cima di Gagnone metasediments
show instead mostly Palaeozoic ages, although a few grains from
leucosomes provided an Alpine age of 33 ± 0.6 Ma, attributed to the
Barrovian stage (Gebauer, 1996).

These ages agreewith the data from the SWpart of the Adula nappe,
where eclogites and garnet peridotites yield consistent U-Pb, Lu-Hf and
Sm-Nd ages between 42 and 34 Ma, which are interpreted to date the
4

duration of (U)HP stage (Becker, 1993; Brouwer et al., 2005; Gebauer,
1994, 1996; Hermann et al., 2006). U-Pb SHRIMP zircon data from
eclogites and their metasedimentary or gneissic country rocks from
the central and northern sectors of the Adula yield mostly Palaeozoic
ages (330–340 and 370 Ma), although a few ages around 32–33 Ma
matching the Barrovian stage are also reported (Liati et al., 2009). In ad-
dition, garnet from eclogite of the northern sectors of the Adula nappe
show two distinct Lu-Hf age populations of ~332 and 38 Ma, respec-
tively (Herwartz et al., 2011).

Allanite and monazite U–Th–Pb dating from individual samples
from the Adula, Maggia and Simano nappes of the Lepontine dome doc-
uments a general rejuvenation of Barrovian metamorphism from the
southern margin of the orogen (Bellinzona–Dascio zone) towards
north (Fig. 1B), with ages between 32 and 17 Ma (e.g., Berger et al.,
2011; Boston et al., 2017; Janots et al., 2009; Rubatto et al., 2009). Zircon
and magmatic allanite ages between 32 and 22 Ma from the southern-
most migmatitic belt of the Lepontine dome further highlight a long–



Fig. 3. Structural features and relationships between ultramafics (UM) and metasediments. A, B) Field pictures of the two studied UM outcrops (Mg31 and Mg160, respectively, after
Pfiffner and Trommsdorff, 1998) deformed under dominant top–to–N simple shear (Maino et al., 2021). C, D) Eye–structures from sheath folds developed in carbonate rocks
enveloping the UM (D is a fallen block). E) Map view of a sheath fold developed in the chlorite harzburgite. F) Complex folding and boudinage structures characterizing the internal
layering of the UM lenses. G) Detail of the Mg160 outcrop (garnet metaperidotite) characterized by folded and boudinaged (yellow arrows) amphibolite layers (early eclogite). H) The
common micaschist with biotite + muscovite + plagioclase + quartz assemblage with occurrence of garnet and staurolite porphyroblasts (yellow arrows). I, L) Evidence of partial
melting highlighted by leucosomes discordant on the foliation (I) or folded and shared on the schistosity (J, L). Dotted line contours the UM lenses; dashed lines mark either the
lineation (in G) or the main foliation (other pictures); yellow stars indicate the location of collected samples. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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lasting thermal perturbation associated with magmatism close to the
Insubric Line (Gregory et al., 2012; Rubatto et al., 2009).

3. Field relationships

The Cima di Gagnone area is dominated by tightly folded
metasediments forming non-cylindrical folds with sub–horizontal
axial planes (Fig. 2; see Maino et al., 2021, for a complete description
of the structure of the Cima di Gagnone area). These rocks show a dom-
inant SSE–dipping schistosity (S2) and a nearly constant SE–dipping
stretching lineation mostly parallel to the fold axes, apart in the fold
hinges where axes become orthogonal to the shear direction. Meter–
to centimetre–scale cat–eye structures confirm the presence, at all
scale, of tubular–shaped sheath folds. Schistosity is marked by alternat-
ingmica– and quartz/feldspar–rich layers, wrapping aroundmore rigid
crystals such as garnet. Strongly asymmetric fabric elements such as
shear band boudins, σ– and δ–shaped porphyroclasts or winged inclu-
sions are abundant in the metasediments and consistently indicate
high strain accommodated by mainly top–to N simple shear
(Grasemann and Dabrowski, 2015; Passchier, 1988).

Even though field evidence of partial melting is generally rare in the
metasediments, there is an increase of partial melting features moving
towards or in proximity of UM lenses. In the latter cases, migmatitic
structures are abundant showing complex relationships with the main
S2 foliation. Stromatic leucosomes are either discordant (cut the folia-
tion; Fig. 3I) or share fold axial planes with the surrounding rocks
(Fig. 3J). Ultra–mylonites or cataclasites are rare in the host rocks and
totally absent around the ultramafic lenses. Here, the foliation wraps
around the lenses, which might appear as either isolated bodies or
train of lenses (Figs. 2A–B, 3A–B).

The UM lenses are intensively deformed, as evidenced by
superimposed stages of folding and boudinage of the internal layering
(Fig. 3E–G). Their internal foliation is defined by bands of orthopyroxene,
olivine, chlorite and, at places, garnet. The long axes of olivine,
enstatite, Cr–diopside and elongated garnet, mark a mainly SE–
dipping grain lineation (Piazolo and Passchier, 2002) lying on the
foliation plane. Crystallization of these Alpine HP minerals was
syn–kinematic with respect to the pervasive internal deformation,
as testified by s–shaped inclusion trails and folds in garnet and
enstatite porphyroblasts (Evans and Trommsdorff, 1974; Grond
et al., 1995; Pfiffner and Trommsdorff, 1998).

The rims of the UM lenses are injected by several metasomatic veins
filledwith talc, enstatite, magnesite, anthophyllite or chlorite, accompa-
nied by localized ductile–to–brittle deformation discordant to the main
foliation (Pfeifer, 1981, 1987). This late event generated during exhu-
mation under amphibolite–facies conditions (Pfeifer, 1981, 1987;
Pfiffner and Trommsdorff, 1998; Pfiffner, 1999).

4. Sampling strategy and analytical methods

In order to characterize the possible variations of the metamorphic
record and P–T conditions, we focused our study on paragneisses and
micaschists (Appendix B, Fig. S1, Table S1), as theirmineral assemblages
have a solid thermodynamic database that helps to determine P–T con-
ditions ofmineral equilibration (Holland and Powell, 1985; Holland and
Powell, 1998). We are in particular interested in examining potential
differences in their microstructures and petrologic evolution in relation
to their proximity to UM lenses. Specifically, we collected six represen-
tative metasedimentary samples in two ways (Fig. 3A, B):

i) Series representing increasing distance, between 10 and 50 m, with
respect to the UM lenses. As these samples would represent the con-
ditions dominant within the Cima Lunga unit, we named this group
as Country rocks: sampleMP3 (Fig. 3A, I),M92 (Fig. 3A),M62 (Fig. 3B).

ii) Selection of samples originating from the contact of (< 2 m) UM
lenses. These samples are taken to describe the possiblemetamorphic
6

and geochemical influence provided by the mafic/ultramafic rocks to
the nearby metapelites. We refer to this group of samples as Halos
(sampleM119,M102,M69; Fig. 3A, B, J, K). It is important to highlight
that both metasedimentary sample groups are macroscopically very
similar; however, they show significantmicrostructural and composi-
tional differences as described in the next chapters.

A full description of the analytical methods and procedures, results
and related tables are available in the supporting information (Appen-
dix A, B; Supplementary materials Figs. S1-S8, Tables S1–S5). Mineral
abbreviations are after Whitney and Evans (2010).

5. Petrography and microstructure

5.1. Country rocks

5.1.1. Petrography
Country rocks (M92, MP3, M62; Fig. 4) are fine–grained (average

grain size of 0.2 mm) and show a well–defined schistosity (regional S2
of Grond et al., 1995) consisting of alternating mica– and quartz/
plagioclase–rich layers (Fig. 4). The dominant assemblage is Pl + Qz
+ Bt +Ms+Grt ± Ky± St (Fig. 4A, C, D, F) with mineral modal abun-
dances in the range of 15–22 vol% for plagioclase, 15–35 vol% for quartz,
15–22 vol% for biotite, 10–15 vol% for muscovite, 10–12 vol% for garnet,
and 5–10 vol% for kyanite. Staurolite locally occurs within MP3 (5 vol%)
and M62 (rare).

Garnet shows twomain grain size populations (Fig. 5A–D): i) Type I
consists of small, inclusion–poor grains (0.1–0.5 mm in diameter), and
ii) Type II is characterized by much larger grains (1–4mm in diameter).
This latter group generally consists of inclusion–rich (quartz, plagio-
clase, muscovite and biotite, rutile) cores surrounded by inclusion–
poor rims (Fig. 5A). The inclusions show a preferred orientation forming
an internal foliation at an angle with respect to the external foliation
(Fig. 5A). Type II garnets have either rounded isometric shapes with oc-
casionally resorbed textures or form incipient ribbons slightly elongated
parallel to the schistosity and deformed by several fractures filled with
chlorite, plagioclase and quartz (Fig. 5A–D).

Kyanite occurs within mica-rich layers following the foliation or it
lies on quartz–plagioclase layers appearing mainly as anhedral, some-
times poikilitic grains; in some cases, it exhibits skeletal, highly irregular
shape. All these texturesmay be present in the same sample (Fig. 4C, D).
Staurolite occurs as poikiloblasts along themain foliation (Fig. 4C, D, F).
Both kyanite and staurolite are rich in partially aligned inclusions of
quartz, plagioclase, rutile, and ilmenite (Fig. 4C, D).

Plagioclase ismore abundant thanK–feldspar,which is rare and occurs
as an interstitial phase (Fig. S2). Locally, samples collected from stromatic
leucosomes (i.e., MP3) exhibits evidence of crystallization from a melt
such as cusps and lobes grain boundaries (Fig. 4E; Sawyer, 2008).

In the matrix, biotite and white mica mark the schistosity showing
typical elongated sub–rectangular grain shapes (Fig. 4).

Zircon and monazite are mainly present within the matrix as small
subhedral crystals (ca. 50–100 μm long and 25–50 μm width). Other
accessory phases include apatite, epidote and rutile, this latter being
predominantly dispersed throughout the schistosity associated with
biotite and often showing thick black rims of ilmenite. In places, it is
even found included in garnet and staurolite. Late retrograde products,
such as sericitization of plagioclase and chloritization of biotite and
garnet locally occur.

5.1.2. Microstructures and quantitative orientation analyses
Microstructural features are shown through textural analyses and

electron–backscattered diffraction (EBSD) compositional maps
(Figs. 4–6, S3). The two different types of garnet grains (Type I, small
and inclusions–poor; Type II, large and inclusion–rich) reveal different
microstructural features (Fig. 6). Type II garnet cores contain several



Fig. 4.Major features of Country rocks samples, plane and crossed polarized light. S indicates themain schistosity. A) Paragenesismade of Pl+Qz+Bt+Ms+Grt(I)+Ky+Rt of sample
M92. B) Rounded garnet porphyroclasts with muscovite and biotite inclusions. C, D) Paragenesis of MP3 made of Pl + Qz + Bt + Ms + Grt (I and II) + Ky + St + Rt, and the different
textures of kyanite (mimetic and poikiloblastic) and staurolite. E) Entrappedmelt features showing typical cusps and lobes of plagioclase indicated by arrows. F)M62 paragenesismade of
Pl + Qz + Bt + Ms + Grt (II) + Ky + St + Rt.
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inclusions of quartz and plagioclase depicting a folded internal folia-
tion (S1), which is abruptly truncated by an inclusion–poor rim
(Fig. 6C1–2). The crystallographic orientation of the garnet cores
slightly changes with respect to the rim, which in turn is characterized
by the presence of subgrains around 50–100 μm (Fig. 6C1–2). In con-
trast, the smaller, inclusions–poor garnets (Type I) show no change
in crystallographic orientation within the grain (Fig. 6D). Plagioclase
and quartz in the matrix usually form ribbons. The grains show evi-
dence of crystal-plastic deformation such as undulose extinction rec-
ognized in EBSD by significant change in crystallographic orientation
within a single grain, distinct subgrains, subgrains boundaries and lo-
cally deformation lamellae. However, both minerals exhibit a weak
and diffuse crystallographic preferred orientation (CPO) pattern
(Figs. 6B, S3B, C). Quartz CPO is, indeed, quite complex showing
three mains maxima in (0001) pole figure, while CPO of plagioclase
7

shows one maximum for (001) (Figs. 6B, S3B, C). The relative fabric
strength measure indexes (Skemer et al., 2005), namely the J– and
M–index, are respectively equal to 1.98 and 0.03 for plagioclase and
1.13 and 0.007 for quartz. In contrast, biotite and muscovite are
strongly aligned, showing undulose extinction (Fig. 4B, C) and a strong
CPO consistent with the (001) plane parallel to the dominant S2 folia-
tion (Fig. S3D, E). The J– andM–index are respectively 8.39 and 0.18 for
biotite and 7.85 and 0.19 for muscovite.

5.2. Halos

5.2.1. Petrography
Metapelites surrounding the UM bodies are generally characterized

by a mineral assemblage consisting of Pl + Bt + Ms + Grt ± Qz ± Ky,
with variable textures and proportions between the minerals (Fig. 7).



Fig. 5. Petrological features of garnet shown in backscattered electron (BSE) images in Country rocks: A)M92 (Type II= Grt II). B)MP3 (Type II) C)MP3 (Type I=Grt I). D)M62 (Type II).
Halos garnet. E, F) M119. G) M102. H) M69. S1 and S2 indicate the pre–peak foliation and the main foliation, respectively.
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These metapelites are usually well foliated and consist of granoblastic
layers composed of quartz + feldspar ± garnet (e.g., M119; Fig. 7A–
D), alternatingwithmicaceous layers (e.g.,M102,M69; Fig. 7). Themin-
eral modal abundance is 18–30 vol% for plagioclase, 15–30 vol% for bio-
tite, 10–17 vol% for garnet, 8–15 vol% for muscovite and 5–24 vol% for
quartz. An exception is sampleM119 that shows amore peculiar assem-
blage, characterized by abundant micas, while quartz occurs only as in-
clusions within garnet. Kyanite locally occurs within samples M102 (10
vol%) and M119 (rare). Staurolite was not observed in this group of
samples.
8

Garnet crystals are up to 2 mm in diameter and show few small in-
clusions of quartz, plagioclase, biotite, muscovite, and epidote
(Figs. 5E–H, 7A–C, F).

Plagioclase locally has a poikilitic texture including white mica and
biotite (e.g., in sample M102) and shows cusp– and lobe–like shapes
and string of beads (Fig. 7E; Sawyer, 2008). K–feldspar is present as an
interstitial phase (e.g.,M119, M102).

White mica and biotite are generally aligned defining the foliation,
although several crystals are oriented at high angle with respect to the
foliation plane (Fig. 7A–D).



Fig. 6.Microstructural features and EBSDmapof representative Country rocks sample:M92. S1 and S2 indicate the pre–peak foliation and themain foliation, respectively. A)Mineral phases
map, light blue= garnet, purple= plagioclase; yellow=biotite; dark blue=muscovite, blue= quartz. B) Inverse Pole Figure (IPF)map shows basic microstructure, crystal orientations
and quartz grain boundary without spatial relationships. C1, C2) garnet (Type II) represented by detailed Texture Component (TC) map and relative pole figure (see Appendix A.1 for a
detailed description). Colours correspond to the relative change (in degrees) in crystallographic orientation with respect the reference crystallographic orientation of mineral phases
(red cross; max angle for the two textural components = 60°). Red boxes show subgrains. D) Uniform colour of garnet (Type I) indicates that all points show the same
crystallographic orientation, as confirmed in the pole figure (lower hemisphere of the equal area stereographic projection). We present the resulting data in the form of colour–coded
maps: mineral phase and misorientation maps (i.e., Inverse Pole Figure and Texture Component). The crystallographic orientation of lattice directions and planes are plotted on the
lower hemisphere of the equal area stereographic projection of crystallographic orientation (CPO) with one point per grain analysis. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 7.Major features ofHalos samples, plane and crossed polarized light. A) Typical M119 assemblagemade of Pl+Qz+Bt+Ms+Grt+Ky+Rt and theMnz+Aln+Czo association.
B)Garnet porphyroblastwith biotite andmuscovite inclusions. C)M102 paragenesismade of Pl+Qz+Bt+Ms+Grt+Ky+Rt. D)Mimetic kyanite,mica–rich and quartz–plagioclase–
rich layers underline the foliation. E) Entrappedmelt features showing typical cusps and lobes and string of beads of plagioclase, indicated by arrows. E)M69 assemblagemade of Pl+Qz
+ Bt + Ms + Grt + Rt.
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Kyanite occurs rarely, either as sub–prismatic crystals parallel to the
foliation or show anhedral/poikilitic texture along the quartz–feldspar
layer (Fig. 7C, D).

Zircon grains appears in the matrix as subhedral crystals up to 200
μm long and 100 μm wide. Rutile is abundant and predominantly dis-
persed within the foliated matrix, showing its peculiar yellow–brown
colour (Fig. 7A). It is also often found included in garnet or associated
with biotite. Monazite grains are mostly subhedral to anhedral with a
size between 50 and 150 μm; rare apatite crystals are observed along
the foliation plane (S2). Samples M119 and M69 hold a peculiar associ-
ation of zoned anhedralmonazite (250–500 μm), enveloped by allanite,
in turn surrounded by clinozoisite. These composite porphyroblasts are
abundant inM119 (up to 5 vol%) and are generally elongated parallel to
the foliation (Fig. 7A).
10
5.2.2. Microstructures and quantitative orientation analyses
Microstructural and EBSD analyses were performed on sample

M119, for which the petrographic observation evidenced a poorly ori-
ented texture differing from the other samples (Fig. 8). Mineral phases
show a poor shape preferred orientation (SPO), except for biotite and
plagioclase that allows to recognize a weak foliation (parallel to S2) sur-
rounding the garnet porphyroblasts (Fig. 8B). Garnet grains are homog-
enous, mostly inclusion–poor as the Type I described for Country rocks,
and do not show any internal foliation, neither subgrains nor other per-
vasive intracrystalline deformation features (Fig. 8C1, C2). Plagioclase
CPO is less diffuse than that from Country rocks; a maximum is well rec-
ognized in (001) plane perpendicular to Z axes (Fig. S4B). The J– andM–
index for plagioclase are equal to 2.45 and 0.01, respectively. Biotite and
muscovite show a main orientation in the (001) plane parallel to the



Fig. 8.Microstructural features and EBSDmap ofHalos sampleM119. S2 indicate themain foliation. A)Mineral phasesmap, light blue= garnet, purple= plagioclase; dark blue= biotite;
yellow = muscovite. B) Inverse Pole Figure (IPF) map shows basic microstructure and crystal orientations without spatial relationships. C1–2) garnet porphyroblasts represented by a
detailed texture component (TC) map and relative pole figure (lower hemisphere of the equal area stereographic projection; see Appendix A.1 for a detailed description). Colours
represent a relative rotation with respect to the specific reference crystallographic orientation of mineral phases (red cross; max angle = 60°). S2 indicate the main foliation. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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dominant S2 foliation, even though their CPO is less marked than in the
samples of the group Country rocks (Fig. S4C, D). The J– andM–index for
biotite are 3.87 and 0.06 and for muscovite 6.43 and 0.06, respectively.

6. Mineral chemistry

Major elements were determined for garnet, biotite, muscovite, pla-
gioclase and staurolite. Average mineral analyses on the six representa-
tive samples are listed in Tables S2, S3 and shown in Fig. 9. Chemical
profiles and X–ray maps were collected only for garnet (Fig. 10).

6.1. Country rocks

6.1.1. Garnet
Most garnets (Type I) showMgO content in the range of 2.5 to 6.5wt

%, CaO, MnO and FeO vary from 2 to 9 wt%, 0.5 to 4.0 wt% and from 26.5
to 36.5wt%, respectively. SampleMP3 records the largest compositional
ranges (Fig. 9A, Table S3). In this sample, garnet (Type I) is characterized
by a pronounced core–to–rim decrease in pyrope and grossular, an in-
crease in almandine and spessartine components (Alm63→69, Py21→15,
Grs14→10, Sps2→5; Fig. 10A–D, Table S3). Garnet (Type I) in sample
M62 show a core–to–rim increase in pyrope and spessartine, accompa-
nied by a slight but systematic decrease in almandine and grossular con-
tent (Alm69→63, Py14→16, Grs12→9, Sps5→11; Table S3). Garnet (Type
I) from sample M92 (up to 500 μm) show a gradual trend characterized
by a core–to–rim decrease of grossular and an increase in almandine
and pyrope, while spessartine is almost constant (Alm69→71, Py14→16,
Fig. 9.Major element composition. A) CaO (wt%) in garnet. B) An% in plagioclase. C) Si (a.p.f.u.)
from the UM bodies.

12
Grs15→11, Sps3→2; Table S3). Conversely, garnet Type II (up to 1–2
mm) show inhomogeneous distribution of elements, as highlighted by
X–ray maps for Mn and Ca (Fig. 10F, G). Starting from the Ca–rich
core, it is possible to recognize an asymmetric oscillatory zoning with
Ca–rich alternating with Ca–poor rings (Fig. 10E–H).
6.1.2. Plagioclase
Plagioclase is mostly oligoclase in composition with anorthite rang-

ing from 22.7 to 32.7 mol%, and from 24 to 29 mol%, for M92 and MP3
respectively, and between 25 and 40 mol% for M62 (Fig. 9B, Table S2).
6.1.3. White mica
White mica is almost pure muscovite with a K/(K + Na + Ca) ratio

of 0.90. Muscovite has an XFe average of 0.47, 0.49 for sampleM92, MP3,
respectively, whereas M62 records higher values up to 0.70. The Si con-
tent ranges from 3.10 to 3.18 atom per formula unit (a.p.f.u.) for M92,
from 3.04 to 3.08 a.p.f.u. for MP3, from 3.10 to 3.12 a.p.f.u. for M62
(Fig. 9C, Table S2).
6.1.4. Biotite
Biotite appears homogeneous with respect to XFe (= Fe/(Fe+Mg)),

that ranges between 0.50 and 0.52 for samples M92 and MP3, respec-
tively, and of 0.42 for M62. Al and Ti contents range between 2.4 and
2.7 a.p.f.u. and 0.08 to 0.11 a.p.f.u. on average, respectively (Fig. 9D,
Table S2). Some biotite crystals show low K content, likely as conse-
quence of partial chloritization.
in white mica. D) Ti (a.p.f.u.) in biotite. Arrow indicates the approximate distance inmetre



Fig. 10. Representative garnet compositional maps and profiles. A–D) MP3, garnet Type I. E–H) M92, garnet Type II. I-N) M119. O–R) M69.
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6.1.5. Staurolite
Staurolite shows XFe between 0.80 and 0.85 in sample MP3, while it

ranges from 0.75 to 0.78 in M62 (Table S2). Analogously, the ZnO con-
tent of staurolite from MP3 is higher, ranging from 1.06 to 1.68 wt%,
with respect to that measured in staurolite from M62 metapelite
(0.52–0.74 wt%, Table S2).

6.2. Halos

6.2.1. Garnet
Garnets showMgO content in the range of 2–8 wt%, CaO from 3 to 8

wt%with the lowest values in sampleM102.MnO and FeO vary from0.5
to 10wt% and from 25 to 34wt%, respectively (Fig. 9B; Table S3). Garnet
shows gradual core–to–rim decrease in grossular and pyrope, associ-
ated with an increase in almandine and spessartine (Alm55→65,
Py30→15, Grs22→15, Sps2→5; Fig. 10N, R; Table S3). All garnets show
13
typical outermost rims rich in manganese (Fig. 10I–R). Locally, garnet
cores have high pyrope component reaching values up to 0.26 M frac-
tion, which is significantly higher with respect to the values obtained
for garnets in the Country rocks.

6.2.2. Plagioclase
Plagioclase in sample M119 has the highest anorthite content (28 <

An <50), ranging in composition from oligoclase to andesine. In sam-
ples M102 and M69, the anorthite (An) component of plagioclase is
29% and 20 mol%, respectively (Fig. 9B, Table S2).

6.2.3. White mica
White mica is mostly pure muscovite with a K/(K + Na + Ca) ratio

of 0.90, except for sample M119 that shows a composition richer in the
celadonite component (Table S2). Muscovite has an average XFe=0.30,
0.42 and 0.38 for samples M119, M102, M69, respectively. Si–content
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ranges from 3.08 to 3.19 a.p.f.u. for sample M102, while reach higher
values of 3.16 to 3.35 a.p.f.u. in sample M119, and 3.18 to 3.29 a.p.f.u.
in sample M69 (Fig. 9C, Table S2). The highest Si–values in M119 and
M69 samples were obtained for muscovite included in garnet and less
often from the cores of large muscovite flakes.

6.2.4. Biotite
The composition of biotite is comparable to that from samples of the

Country Rocks group. The XFe is generally between 0.44 and 0.51,
whereas the Al and Ti contents are on average 2.4–2.8 a.p.f.u. and
0.11–0.14 a.p.f.u, respectively (Fig. 9D, Table S2).

7. P–T estimates

7.1. Geothermobarometry

Weestimated the P–T conditions of Country rocks andHalos combin-
ing several geothermometers and geobarometers (see Appendix A.3 for
a complete description of methods). Two distinct mineral assemblages
preserving different P–T stages are considered: i) garnet cores + min-
eral inclusions, and ii) garnet rims + matrix.

7.1.1. Country rocks
By pairing the garnet cores and their inclusions from Country rocks

we obtained average geothermobarometric values in the range of
600–730 °C, and 0.8–1.1 GPa (Fig. S5A; Table S4). The garnet rims/ma-
trix pairs yield temperature between 550 and 640 °C and pressure
values between 0.7 and 0.8 GPa (Fig. S5A, B; Table S4). Considering
the Si-content in the muscovite, we determined higher pressure values
between 0.8 and 1.3 GPa for the rims and 1.2–1.5 GPa derived mainly
from the core of large muscovite crystals or from muscovite included
within garnet cores (Fig. S5C, D; Table S4; see Appendix for details).

7.1.2. Halos
P–T conditions recorded by the Halos are generally higher with re-

spect to those obtained from the Country rock samples. Samples M119
and M102 yield T and P in the range of 730–800 °C and 1.1–1.6 GPa
from pairs garnet cores/inclusions. Lower P–T values of 600–700 °C
and 0.7–1.1 GPa were obtained by pairing garnet rim compositions
with matrix minerals (Fig. S5A, B; Table S4). Sample M69 shows lower
P–T conditions around 600–640 °C and 0.9–1.1 GPa for the garnet
core–inclusions system, and around 500–600 °C and 0.6–0.9 GPa for
garnet rim/matrix–forming minerals, respectively (Fig. S5A, B;
Table S4).

The estimation of pressure using the Si-content in themuscovite in-
dicates variable values between 1.0 and 1.9 GPa and 1.6–2.5 GPa (as-
suming T of 650° and 800 °C, respectively), being the higher values
captured by the inclusions within garnets, or the cores of large musco-
vite crystals (Fig. S5C, D; Table S4).

7.2. P–T pseudosections

The P-T pseudosections were constructed using Perple_X (Connolly,
2005; Holland and Powell, 1998) and the relative P–T conditions of the
representative samples have been deduced from the mineral assem-
blage stability fields (Figs. 11, 12). The obtained P–T pseudosection
were contoured by the isopleths of garnet, Si (a.p.f.u.) in potassic
white mica (Figs. 11, 12); even the isopleths for An% in feldspar and
the Ti (a.p.f.u) or Mg# in biotite were considered and reported in the
Supplementary Material (Figs. S6, S7). The reader is referred to Appen-
dix (A.4) for methods including bulk rock chemistry, P–T pseudosection
construction, activity models and databases used.

7.2.1. Country rocks
Petrographic and microstructural observations indicate that the

common assemblage includes Pl + Ms+ Bt + Grt + Qz + Rt ± Melt.
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Melt is considered only for sample MP3 based on the microstructural
evidence of melt presence such as string of beads textures and cus-
pate/lobated shapes (Fig. 11E, F). The main assemblage is overgrown
by kyanite in sample M92 and M62 (Fig. 11A–D), whereas samples
M62 and MP3 develop staurolite at lower P–T conditions (Fig. 11C–F).
In all samples, a transition between rutile and ilmenite occurs
(Fig. 11). Considering sample M92 and M62, the garnet isopleths over-
lap in the same fields, providing peak pressure and temperature condi-
tions of 0.9–1.1 GPa and 630–700 °C, followed by a retrograde stage
around 0.6–0.8 GPa and 600–680 °C (Fig. 11B, D; Table S3). Sample
MP3, collected from the stromatic leucosome, gave similar peak pres-
sure conditions (0.8–1.1 GPa) but higher temperature between 700
and 750 °C, and the same retrograde path (Fig. 11E, F). Noticeably, the
Si–isopleths calculated for muscovite in this sample indicate P–T condi-
tions significantly higher than those constrained by the garnet isopleths,
thus suggesting non equilibrium between Grt and Ms (Table S2;
Fig. 11B, D, F).

7.2.2. Halos
Samples from theHalos group share amineral assemblage consisting

of Pl+Ms+Bt+Grt+Rt±Melt (Fig. 12). Isopleths relative to the gar-
net cores of sample M119 have a composition of Alm 58→54, Py25→20,
Grs17→21, falling in two different P–T fields (Fig. 12A, B). A first field in-
dicates P around 1.7 GPa and T around 750 °C; the secondfield is consis-
tentwith higher T of ~800 °C and somewhat lower P around1.5 GPa. The
garnet core isopleths calculated for sample M102 (Alm55→57, Py30→28,
Grs15→13) constrain a P–T field at 1.5 GPa and 750 °C, while for sample
M69 (Alm62→66, Py14→12, Grs22→17) the P field is at slightly lower condi-
tion around 1.4 GPa while T is at 740 °C.

The isopleths of the garnet rims indicate decompression to 0.8 GPa
and cooling to 720–650 °C. This retrograde path is consistent with the
appearance of kyanite in samples M102 and M119 combined with de-
crease in muscovite content in sample M69 (Fig. 12).

The P–T conditions calculated for sample M102 from garnet iso-
pleths and Si–values in zoned white mica and in muscovite flakes in-
cluded in garnet are in good agreement, while samples M119 and
M69 apparently capture significantly higher pressure up to 2.5 GPa
(Table S2, S5; Fig. 12). In addition, the Si content of white mica inclu-
sions or in the cores of large flake from sample M119 coincides with
the highest pressure P–T field (1.7 GPa and 750 °C; Fig. 12A, B), suggest-
ing that these samples experienced even higher pressure assemblage
reaching the jadeite stability field. However, no jadeite crystals have
been found from the petrographic observations suggesting that the sta-
bility field occur at lower P–T conditions.

8. U-Pb Geochronology

In this work, we present preliminary results from U-Pb analyses on
zircon (for methods see Appendix A.5), collected from samples MP3
and M119 representative of the two groups recording HTmetamorphic
conditions (i.e., the Halos and the leucosomes of the Country rocks).
These samples preserve signatures of melt presence, in particular
cusps and lobes texture and string of beads (Figs. 4E, 7E), whichmay in-
duce further disturbance of the geochronological signatures at high
temperature (Rubatto and Hermann, 2007).

8.1. Zircon zoning and Isotopic results

8.1.1. Country rocks (representative sample MP3)
A total of thirty–one zircon grains separated from sample MP3 were

analysed for U-Pb dating (Fig. 13A, B). The cathodoluminescence (CL)
images revealed variable zoning features characterized by cores
surrounded by rims (Fig. 13A, B). Cores show complex zoning, mainly
convolute although domains with oscillatory zoning rarely occur. Rims
show either oscillatory zoning or discontinuous highly luminescent
patches, which truncate the other structures. U-Pb data were collected



Fig. 11. P–T pseudosections forCountry rocks. A, B)M92. C, D)M62. E, F)MP3. P–T conditions, P–T paths andfields inferred from themineral assemblage and garnet composition are shown;
Si–in–white mica isopleths enclosed in garnet and from the cores of large muscovite grains are also shown. Arrow and dashed line in F) indicate the pressure value employed for T–X
diagram in Fig. 15.
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from all the three domains, although the thin patchy rims (<20 μm) are
difficult to detect.

Among the thirty–seven spot analyses (25 μm), eighteen zircon U-
Pb data yield concordant ages between 533 ± 9.0 and 384 ± 7.0 Ma
(Fig. 13A, G; Table S5). Considering the U-Pb data with concordance
15
better than 90%, the measured ages show a main population over the
Cambrian–Ordovician, and minor cluster through the Devonian–
Carboniferous (Fig. 13G). We did not find specific correlation between
ages and zircon texture, as oscillatory zoning domains record the same
age populations as the cores. It is interesting to note that only one



Fig. 12. P–T pseudosections forHalos. A, B)M119. C, D)M102. E, F) M69. P–T conditions, P–T paths and fields inferred from themineral assemblage and garnet composition are shown; Si–
in–white–mica isopleths enclosed in garnet and from the cores of largemuscovite grains are also shown.Arrowand dashed line inB) indicate thepressure value employed for T–X diagram
in Fig. 15.

S. Corvò, M. Maino, A. Langone et al. Lithos 390–391 (2021) 106126

16



Fig. 13. A, B) CL–images of dated separated zircon (e.g., Zrn11, Zrn27) from MP3, ablated area of 25 μm in diameter, the ages reported are concordant. C, D) Microstructural position,
internal structures and E, F) CL–images of dated zircon grains (Zrn1, Zrn2) from sample M119, ablated area of 10 μm in diameter, concordant ages are reported in yellow, discordant
ages in white colour, ± 1σ (which is a 2σ interval) is the error. G) Distribution of the 206Pb/238U ages relative to the thirty–one zircon from the Country rocks sample (i.e., MP3). The
green–to–red bar indicate the % of discordance of data. N indicates the number of zircon crystals. H) U-Pb concordia diagram and 206Pb/238U weighted mean age diagram for two
analysed zircon grains from the Halos sample (i.e., M119). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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relatively thick zircon rim yields an Alpine age of 32± 0.6Ma (Fig. 13B;
Table S5).

8.1.2. Halos (representative sample M119)
Zircon of sampleM119were analysed in situ directly on thin section.

We selected two large zircon grains, Zrn1 and Zrn2 (250–300 μm in
length), aligned along the muscovite and biotite foliation (Fig. 13C–F).
These crystals exhibit complex zoning features with a core character-
ized by different CL signal with respect to the external domains. This ap-
pears as a thick rim (50–80 μm)with a faint oscillatory zoning (Fig. 13E,
F; Corfu et al., 2003).

Thirteen laser spots (10–μmdiameter)were performed on cores and
rims of both Zrn1 and Zrn2, of which seven from the outer rims gave
concordant ages between 34 ± 5.0 and 37 ± 4.2 Ma (Fig. 13H;
Table S5). Concordant data result in a weighted average age of 36 ±
1.2 Ma (MSWD= 0.14; Fig. 13H, Table S5). Noticeably, also the discor-
dant ages from both cores and rims show 206Pb/238U ages ranging be-
tween 34 ± 5.0 and 36 ± 3.4 Ma and only one older age at 43 ±
6.5 Ma (Fig. 13H, Table S5). Notwithstanding the large errors associated
to the U-Pb data, due to the small dimensions of the used spot size, the
zircon U-Pb data and the internal features suggest an Alpine overprint.
Fig. 14. Compilation of P–T–t paths from the present study and the literature. Inferred P–T
paths and fields of the samples analysed in this study are based on pseudosection
modelling and petrographic assemblages (orange squares, Country rocks; brown squares,
Halos). Fields from literature data are indicated with numbers: 1 – Nimis and
Trommsdorff (2001) and Scambelluri et al. (2014); 2 – Brower et al. (2005); 3 – Grond
et al. (1995); 4 – Heinrich (1986). Geochronological data are from: 5 – Gebauer (1996,
1999); 6 – Becker et al. (1993). Differential pressure and temperature depicted in the
diagram are calculated from the average values between the Country rocks (samples
M92 and M62) and the Halos (sample M119) or the pressure peak estimation from
eclogites. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
9. Discussion

9.1. P–T–t–D paths

Field observations show that metasediments have a regional and
pervasive deformation fabric throughout all the Cima di Gagnone area
and are characterized by non–cylindrical folding associatedwith a dom-
inant sub–horizontal schistosity deflected around the mafic/ultramafic
lenses (Fig. 3A, B). Outcrop–scale sheath–like folds are abundant in
the weaker metasediments (e.g., micaschists and metacarbonates)
around the UM, which, in turn show complex internal folding and
boudinage (Fig. 3C–G). Integration of field data and numerical model-
ling demonstrated that sheath folds developed in the relatively weak
rocks due to presence of more viscous lenses (Maino et al., 2021). The
recognition within the inclusions of three consecutive stages of
folding-boudinage-folding implies that herein the deformation
switched from shortening to stretching to shortening again. Such rotat-
ing internal foliation is related to super–simple shear flow that accounts
for the transition between stretching and shortening stages (Maino
et al., 2021). However, this complexity is associated with a single pene-
trative schistosity and lineation, suggesting a coupledprogressive defor-
mation rather than multiple distinct phases. Overall, these structural
features argue for a large bulk shear strain accommodated by the
Cima Lunga unit during the Alpine deformation. Deformation is perva-
sive throughout the entire unit, although not uniform, as strain is char-
acterized by sharp gradients at the boundaries between UM and host
rocks. However, these boundaries do not show any mylonitic or
cataclastic shear zones, precluding the existence of any structural dis-
continuities necessary for mixing tectonically different blocks (Maino
et al., 2021). Even thoughmetasediments and UM share the same struc-
tural evolution, the record of P–T conditions in the studied samples
changes systematically as a function of the distance to the UM bodies,
being maximum in the Halos i.e., at the interface between the country
rocks and the mafic inclusions (Figs. 14, 15).

9.1.1. Country rocks
Thermodynamic modelling and thermo–barometry indicate that

large part of the metasediments of the Cima di Gagnone experienced
peak P–T conditions of 1.0–1.2 GPa and 650–720 °C, followed by a retro-
grade stage around 0.6–0.8 GPa and 600–675 °C (Figs. 11, 14). These es-
timations are in accordance with the dominant recrystallized
amphibolite–facies mineral assemblage of the Country rocks made of
Pl + Qz + Bt + Ms + Grt, the core–to–rim zoning of garnet crystals,
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and the growth of retrograde kyanite, staurolite, and ilmenite bordering
rutile rims (Figs. 4–6, 9, 10; Tables S2–S4).

Deformation temperature between 600 and 700 °C and syn–
kinematic recrystallization are confirmed by microstructural features,
such as straight grain boundaries between quartz and plagioclase,
quartz ribbons, subgrains formation along rims of inclusion–rich garnet
and well pronounced schistosity defined by subparallel mica flakes,
quartz, plagioclase and, when present, staurolite and kyanite
porphyroblasts (Figs. 4, 6). These results are supported by published es-
timates for the metasediments of Cima Lunga unit (Grond et al., 1995;
Pfiffner, 1999; Rutti, 2003). In addition, the neighbouring units (Maggia
and Simano) experienced the same amphibolite–facies re–equilibration
(~0.8 GPa and 650 °C), which has been shown to follow peak conditions
with similar P values (~1 GPa), but significantly lower temperature
(~500 °C; Rutti et al., 2005).

Moreover, garnet from the Cima Lunga unit is characterized by the
widespread occurrence of inclusion–rich cores (Type II) indicating an
early stage of growth at 0.8–1.2 GPa and 600–700 °C (Fig. 5A, B; 11).
These cores developed during a tectono–metamorphic event predating
the main Alpine phase recorded by the inclusion–poor rims (Grond
et al., 1995; Rutti, 2003). Whether this stage was early Alpine or even
pre–Alpine is hard to determine. Eclogitic rocks in the Adula nappe con-
tain, in fact, coexisting Alpine and Variscan garnet populations with HP
signature dated at 324 ± 7.0 Ma and 38.8 ± 4.0 Ma, respectively
(Herwartz et al., 2011; Sandmann et al., 2014). In any case, however,
the preservation of intermediate P–T conditions suggest that Country
rocks never recorded Alpine HP–HT metamorphism.

A slightly different path is instead recorded by the stromatic
leucosomes locally intruding the amphibolite–facies fabric (e.g., sample
MP3; Figs. 3E, 4E). Here, intermediate P values (0.8 GPa) are associated



Fig. 15.A) T–Xpseudosection obtained variating the bulk composition (Δ Bulk) from Country rocks (i.e.,MP3 sample) to theHalos (i.e.,M119). Thediagram is calculated in the systemMnO–
TiO2–Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O.Diagram fieldswith bold characters andwhite background indicate the interestingmineral assemblages of the studied samples; orange
circles indicate the P–T conditions recorded by the samples and already shown in the P–T pseudosection (Figs. 11, 12); dash lines indicate the relative isomodes (vol%) for quartz (yellow
dashed lines) andmelt (red dashed lines). B) Schematic sketch of the reaction zone (brown zoned band) characterized by the interaction between UM and Halos. Dashed lines represent
the outcrop foliation. Arrows indicate the direction of chemical component mobility (SiO2, CaO, Al2O3, FeO, MgO). Stars indicate the representative samples location (i.e.,MP3, M119); in
the sketches on the right the relativemineral assemblages and zircon textures are reported. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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with T conditions (700–750 °C) higher than those recorded in the Coun-
try rocks (Figs. 11, 14). This is followed by a cooling path matching that
recorded by the Country rocks (Fig. 11C, D). Although a precise dating of
the HT event requires more detailed geochronological investigation
(which is beyond the scope of this contribution), the available U-Pb
data may be used to discriminate whether HT conditions occurred ei-
ther during the Alpine or pre–Alpine cycles. Zircon dating from this
sample provided Pre–Variscan ages (530–380 Ma – sample MP3) with
only one age from a relatively thick rim at around 32 Ma (Fig. 13A, B,
G). These data agree with ages for similar leucosomes from the Cima
di Gagnone orthogneisses, as well as for the Adula gneisses that show
dominant protolith and/or metamorphic Palaeozoic ages (Gebauer,
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1994, 1996, 1999; Liati et al., 2009; Cavargna–Sani et al., 2014). These
studies also detected a few Alpine ages <33 Ma, which are usually re-
lated to thermal influence of the late thrusting and final exhumation
of the units, marking the beginning of the doming of the Lepontine
dome (e.g., Berger et al., 2011; Boston et al., 2017; Gregory et al., 2012;
Janots et al., 2009; Rubatto et al., 2009).

Our data, together with literature, indicate therefore that the Alpine
crystallization/recrystallization of zirconwas very limited in the Cima di
Gagnonemetasediments, coherently with relatively low peak tempera-
tures reached by these rocks.

Overall, the Cima di Gagnone metasediments are generally charac-
terized by intermediate pressure and temperature conditions
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throughout all the Alpine cycle, with a most pronounced thermal signal
produced during the final exhumation phase.

9.1.2. Halos
Themetamorphic evolution depicted for the largest part of the Cima

di Gagnone metasediments contrasts with that of the metapelites close
to the UM (Figs. 12, 14). Although all metasediments still preserve a
dominant fabric developed at amphibolite–facies conditions, some
Halos occurrences suggest distinctive, though variable, peak pressure,
and temperature records (e.g., samples M102, M69, M119; Figs. 12,
14). These samples exhibit peak temperature (720–770 °C and
800–850 °C) and pressure (1.3–1.7 GPa; Fig. 14) significantly higher
with respect those recorded by the Country rocks.

In addition, the high Si–content (i.e., up to 3.38 a.p.f.u.) preserved
within phengitic inclusions in garnet cores (i.e., sample M119; Fig. 9C;
Table S2) points to significantly higher pressure, up to 2.5 GPa, in the
immediate proximity of the UM bodies (Table S4). These high–Si mus-
covite inclusions could represent the relicts of a largely re–
equilibrated (U)HP mineral assemblage represented by the generalized
reaction Phengite + Garnet1 + Paragonite = Muscovite + Biotite +
Plagioclase + Garnet2 + H2O, as already reported by previous authors
(Heinrich, 1982; Früh–Green, 1987). The phengitic inclusions may
have avoided Si-exchange as they are protected by the garnet host;
however, their Si-content and garnet cores isopleths do not fit, indicat-
ing contradicting P–T records of these two minerals (Figs. 12A, B, S5;
Table S4). Finally, wemust emphasize that both the inferred P–T condi-
tions and the mineral assemblage do not match the range of applicabil-
ity set for the barometer (calibrated for a T range from 250 °C to 650 °C
at a P up to 2.8 GPa;Massonne and Schreyer 1987), preventing to derive
reliable information on the metamorphic evolution from this
geobarometer.

Furthermore, the sample recording the highest P–T conditions (i.e.,
M119) is characterized by a peculiar microstructure characterized by
coarse grain size for all minerals, significantly lower CPO of plagioclase,
biotite andwhitemica, weak intracrystalline deformation of garnet (i.e.,
rare subgrains; Fig. 8). This weak fabric is accompanied by melt micro-
structures indicating that deformation occurred in presence of melt;
hence, this sample was not significantly overprinted by the regional,
otherwise pervasive, amphibolite–faces deformation (Fig. 7E).

Finally, these HT conditions are further confirmed by the almost
complete resetting of the U-Pb isotopic system in both rim and core do-
mains of zircon grains (Fig. 13C–F). Concordant ages from the thick rims
indicate an age of ~36 Ma, which predates the Barrovian stage
(Fig. 13H). On the other hand, this age is synchronous with the timing
of the HP phases constrained in both the Cima Lunga and Adula nappes
(Becker, 1993; Brouwer et al., 2005; Gebauer, 1996, 1999; Hermann
et al., 2006; Herwartz et al., 2011; Sandmann et al., 2014).

9.2. Petrological and geochemical interferences between UM and
metasediments

Our results show that HT conditions were associated with the pres-
ence of melt dominantly localized in the neighbourhood of the UM
lenses (Fig. 3A, B), arguing for a significant but highly localized effect
of melt/fluid–rock interaction. It should be noted that the sample equil-
ibrated at the highest P–T conditions (i.e.,M119), shows a strongly dif-
ferent bulk composition with respect to the other metasediments
(Appendix B; Fig. S1; Table S1). It is in fact characterized by anomalously
low SiO2 content coherentlywith the absence of quartz in thematrix, al-
though this mineral is present as inclusions within garnet. M119 con-
tains very high CaO, Al2O3, FeO and MgO concentrations, up to about
two times than in the other samples. At the same time, M119 resulted
enriched in incompatible elements such as Th, Nb, La, Ce, Nd, Zr, Hf, Y
with respect to other samples (Fig. S8).

To evaluate the dependence of themineral assemblage on both tem-
perature and chemical variations, we calculated a T–X pseudosection
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considering the bulk composition of two representative samples
(Fig. 15A, B; see Appendix A.4). This diagram shows how themineral as-
semblages evolve as a function of the bulk chemical composition (Δ Bulk
inmol%) froma referencemetapelitic composition (e.g.,MP3: bulk com-
position reported in Fig. 11) to the CaO– and Al2O3–rich composition of
the HT sampleM119 (bulk composition reported in Fig. 12). The results
of the T–X pseudosection clearly indicate that the assemblage of sample
M119 is stable only if very high contents of CaO, Al2O3, FeO and MgO
meet with depletion of SiO2 at the minimum temperature of ~700 °C
for a pressure fixed at 1.125 GPa.

Such apparent variations of SiO2, CaO, Al2O3, FeO andMgO cannot be
attributed only to local partial melting with consumption of quartz and
extraction ofmelt/hot fluids. Indeed, the exotic chemical composition of
M119 is more likely the consequence of the interaction with rocks
enriched in CaO, Al2O3, FeO,MgO, but undersaturated in SiO2. A possible
source of CaO, Al2O3, FeO andMgOare the amphibole– and chlorite–rich
layers enveloping the ultramafic lenses. These hydrated mafic rocks
were also the possible source of fluids required to trigger fluid–fluxed
melting in the surroundingmetapelites. Amphibole and chlorite formed
during the retrogressive alteration of the chlorite–harzburgites lenses
due to the infiltration of fluids produced by dehydration of the
neighbouring metapelites (Pfeifer, 1981, 1987). We therefore suggest
that localized exchange of fluids from the metapelites to the ultramafic
bodies and back, occurred during the early decompressional evolution,
still at HP–HT conditions.

Significant fluid circulation at the interface betweenmetapelites and
UM is further documented by the local occurrence of the coronamicro-
structure around Mnz, made by Aln in turn enveloped by Czo. While
monazite is present as relict, thus likely stable in association with the
garnet (cores), allanite and clinozoisite show equilibrium texture with
the late, amphibolite–facies assemblage. The CaO, Al2O3, FeO–rich com-
position likely promoted the formation of the coronae of allanite and
clinozoisite at the expense of the monazite. Recent works on similar
phosphate–epidote association and textures acknowledge the evolution
from monazite to allanite and finally to clinozoisite as due the interac-
tion with a fluid containing mainly Si, Ca, Al, Fe and F at decreasing P–
T conditions (Regis et al., 2012; Hentschel et al., 2020). In our case, the
possible origin of the fluid can be: i) an exotic reservoir located outside
the unit, or ii) dehydration–rehydration processes at the ultramafics–
metasediments interface. The chemical composition of the halo, the
localisation around the UM lenses of the metasomatic front, as well as
the lack of any clear evidence for an external supply of fluids support
the second process as the most likely.

Evidence for fluids/melts percolation within mafic/ultramafics and
metasediments at Cima di Gagnone unit was already documented by
previous authors at different metamorphic stages (e.g., Pfeifer, 1981,
1987; Heinrich, 1982; Fruh–Green, 1987; Pfiffner, 1999; Scambelluri
et al., 2014, 2015). Mobility of Ca, Al, Si, Fe and Mg is described in the
metaperidotites, which display decreasing Al2O3 and CaO with increas-
ing MgO concentrations and light–REE depletion (Scambelluri et al.,
2014, 2015). The authors interpreted this reaction as predating the Al-
pine subduction, being thus acquired during fluid–rock interactions in
the oceanic lithosphere. However, they reported an enrichment in
fluid–related elements (i.e.,B, Be, As, Sb, Pb) in theperidotite, suggesting
interactions with sedimentary reservoirs and fluids during subduction
burial (Scambelluri et al., 2014); this transfer process pre–date peak
metamorphism and dehydration of the ultramafic rocks at sub–arc
depths.

Heinrich, (1982, 1986) and Pfeifer, (1981, 1987) focused instead on
the fluid–rock interactions occurred at amphibolite–facies conditions (P
<0.8 GPa and T=650 °C). These authors describe a concentric zonation
in themafic and ultramafic lenses resulting from amechanism inwhich
dehydrating metapelites provide H2O required for hydration reactions
within the mafic/ultramafic lenses. In particular, Pfeifer, (1981, 1987)
distinguished five different zones in the UM: 1) original harzburgite
(mainly olivine–enstatite–chlorite–Cr–Fe spinel), 2) hydrated zone
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(olivine–talc–chlorite–Cr–Fe–spinel ± amphibole), 3) hydrated and
carbonatized zone (talc–magnesite–chlorite–amphibole–Fe–spinel),
4) zone strongly enriched in Ca, Al and Si (amphibole–chlorite–Fe–spi-
nel ± magnesite, pentlandite), 5) complex marginal zonation (mono–
and bi–mineralic zones of phlogopite, amphibole and plagioclase).
This zoning is dissected by several generation of veins that promoted
such diffusion–dominated mass transfer mechanism justifying these
changes of the mineral assemblage. The occurrence of retrograde
veins confirm that the mobility of the Si, Al, Ca, Fe, and Mg occurred
even across the metasediments during decompression (Pfeifer, 1981,
1987).

All these data indicate that the Cima di Gagnone rocks experienced
multiple cycles of interactions with fluids (dehydration/rehydration)
at the interface between metasediments and UM. As we do not know
the crystallization/re–equilibration ages from monazite and allanite,
we cannot fix the precise timing of fluid–rock interaction documented
in this work. However, we may use petrological and geochronological
arguments to constrain this event in terms of its position within the
metamorphic evolution. In general, the Aln–Czo coronae were stable
during the development of the amphibolite–facies fabric, post–dating
the HT–HP assemblage (780–840 °C; 1.3–1.7 GPa) within the Halos.
The occurrence of quartz only as inclusions within garnet core supports
that during theprogradeAlpinephase quartzwas stable but becameun-
stable during the T–peak conditions. Finally, thepreliminary geochrono-
logical analysis suggests an almost complete reset of zircon coevally
with the decompression stage of the (U)HP rocks of the Cima Lunga
and Adula nappes (< 40 Ma). All these features suggest that
metasediments experienced an HT–HP metasomatic process during
the early stage of the exhumation driven byfluidmobility andwetmelt-
ing at the interface with ultramafic lenses.

A fluid-assisted HT stage (T > 800 °C) at pressure of ~0.9 GPa has
been also reported in the garnet metaperidotite of the Monte Duria in
the southern Adula (Pellegrino et al., 2020; Tumiati et al., 2018). Multi-
ple cycles of fluid–rock interactions, at the boundary between rocks
with different chemistry and rheology, have been described in other
geological settings, such as the Ulten Zone and Saualpe–Koralpe of the
Eastern Alps, wheremetasomatic bands at the boundary between ultra-
mafic/mafic rocks and metasediments have been observed (Godard
et al., 1996; Langone et al., 2011; Marocchi et al., 2009; Schorn, 2018;
Tumiati et al., 2003, 2007). The apparent differences in bulk chemistry
of paired lithologies and HT conditions are also the driving forces for
metasomatic processes leading to the formation of skarns and/or
listwaenites (e.g., Buckman and Ashley, 2010; Gahlan et al., 2018;
Pirajno, 2013). In the latter case, ultramafic lenses, enclosed in HT
metapelites and/or metagranites, are characterized by extensive re-
placement of silicates by carbonates, or may develop an outer reaction
band rich of hydrous minerals such as tremolite, chlorite, phlogopite
and talc. In literature (e.g., Buckman and Ashley, 2010; Gahlan et al.,
2018; Pirajno, 2013), these rocks are, indeed, generally considered as
resulting frommetasomatismat ametric scale, between two very differ-
ent compositions (e.g., pelitic and ultramafic), at temperatures high
enough to allow significant diffusion.

In summary, cycles of dehydration/rehydration of UM and
metasediments are interpreted to trigger metamorphic reactions and
metasomatism which is documented by the crystallization of new hy-
drous minerals and veins and the release of a trondhjemitic residual
melt from ultramafic (Del Moro et al., 1999). Therefore, in the Cima di
Gagnone type–locality, the interplay between metapelites and ultra-
mafic exerts a crucial first–order control to allow assemblage equilib-
rium during HT metamorphism and amphibolite–facies retrogression.

9.3. Inferences on the exhumation of Cima Lunga–Adula nappe

Let us discuss the implications of our findings on the geodynamic
history of the tectonic nappes including (U)HP rocks. The heteroge-
neous metamorphism of the Cima di Gagnone rocks is, in fact, a
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paradigm of how large temperature and pressure differentials (up to
~2 GPa and ~ 150 °C) coexist in a single tectonic unit. Such differences
in the metamorphic records have been mainly interpreted as: i) the re-
sult of late tectonic coupling within lithospheric mélanges (e.g.,
Trommsdorff, 1990; Engi et al., 2001; Berger et al., 2008; Scambelluri
et al., 2015), or ii) differential, compositionally–controlled re–
equilibration of a coherent tectonic unit that experienced uniform (U)
HP and HT conditions (e.g. Schmid et al., 1996,; Herwartz et al., 2011;
Cavargna–Sani et al., 2014).

An alternative model considers the differences in the metamorphic
record as generated by local deviations of P and T from lithostatic condi-
tions and orogenic thermal gradient due to tectonic overpressure and
shear heating, respectively (Pleuger and Podladchikov, 2014;
Schmalholz et al., 2014; Wheeler, 2014; Schenker et al., 2015; Casini
and Maino, 2018; Moulas et al., 2019).

The distinct P–T paths observed within the Cima di Gagnone rocks
(Fig. 14) apparently fits the predicted heterogeneity of a tectonic chan-
nel. However, the absence of any structures driving the late coupling be-
tween UM and metasediments (e.g., ultramylonite or cataclasite)
excludes the physical validity of this process. On the contrary, the defor-
mation features of UM and metasediments indicate that Cima di
Gagnone rocks experienced intense shear strain as a coherent tectonic
unit (Maino et al., 2021). Besides, the spatial distribution of HP–HT rel-
icts found in this work is not random, as expected in a tectonic channel.
Metasediments show, instead, a systematic metamorphic gradient with
higher P–T conditions close to the UM lenses. The consistency of the in-
ternal structure of the Cima Lunga–Adula nappe complex is further sup-
ported by several studies on its structural record (e.g., Nagel, 2008;
Herwartz et al., 2011; Cavargna–Sani et al., 2014; Pleuger and
Podladchikov, 2014; Sandmann et al., 2014; Maino et al., 2021).

Another explanation would be that both metasediments and mafic/
ultramafic rocks experienced the same metamorphic conditions,
though the degree of preservation of the HP/HT assemblage changes
in relation with the reactivity of rocks with different composition. It is,
in fact, well described in literature that the ultramafic/mafic rocks are
more retentive to peak conditions (Heinrich, 1982; Griffin and
O'Reilly, 1987; Rubie, 1990), while metasediments are generally rheo-
logically weaker at mid crustal conditions and record the retrogressive
path more readily (Gardner et al., 2017). Thus, a heterogeneous meta-
morphic record is commonly interpreted as either a lack of equilibrium
during the prograde path or the result of different rheological response
to the metasomatic events during the exhumation. However, several
lines of evidence argue against this model:

(i) Our results demonstrate that the retentive minerals, such as gar-
net and zircon, well preserve at least the HT phase, if any. The
chemical signals of HT conditions strongly affect the mineral as-
semblage. Very different peak temperatures are recorded
among, but also within, mafic, ultramafic rocks and
metasediments (Fig. 14). Retrogressive paths cannot justify
these different records. Our preliminary geochronological results
confirm that some metasediments experienced HT conditions,
which cannot be temporally associated with a late Barrovian
stage.

(ii) On the other hand, the mica-rich composition of the
metasediments does not account for slow reaction kinetics
preventing a broad equilibration of the mineral assemblage dur-
ing the burial. Furthermore, large part of the metasediments
(Country rocks) preserves two garnet generations related to
two different tectono–metamorphic stages, the first of which
predates the metamorphic peak. Since both textures developed
at medium pressure/temperature conditions, we argue that the
HP–HT conditions were developed only in the Halos, rather
than only here preserved.

(iii) Retrogressive metasomatism as a mechanism deleting the HP–
HT record does not explain why the highest conditions are
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preserved only close to the UM lenses. It may be obviously sup-
posed that the lenses acted as a physical protection from post–
peak strain and chemical re–equilibration. However, studied
samples were collected close to metasomatized rims. Therefore,
the highest P–T record are preserved right where important
fluid–rock interaction occurred during all the tectono–
metamorphic history. Fluids are powerful vehicles for the meta-
somatic processes and the lenses did not provide any protection
from these processes.

(iv) It is shown that local fluid–rock interaction resulted in localized
partial melting of metasediments. However, the greater part of
the unit avoidsmassivemigmatization excluding extensivemelt-
ing of mica–rich rocks, as would be expected during isothermal
decompression at HT conditions (e.g., Heinrich, 1982).

(v) Finally, rocks of a coherent (U)HP–HT unit should be dehydrated
during the prograde path to avoid extensive melting. This as-
sumption is at odds with the evidence of fluid–rock interactions
at HP–HT since are the metasediments that provided the fluids
(the ultramafics are volumetrically too small for this).

Overall, petrological and geochronological data demonstrate that
different rocks attained very different P–T conditions during a common
tectonic evolution. These P-T differences largely exceed the analytical
uncertainties and are marked by unmistakable evidences - such as the
distribution of migmatites and the zircon resetting - that overcome
any possible over interpretation of thermo-barometric estimations or
thermodynamic modelling. Differential mineral assemblage equilibria
linked to either slow kinetics or efficient retrogression fail to explain
such P-T variations. We show that this heterogeneity cannot be ex-
plained with the current tectonic models proposed for this geodynamic
context, including the tectonic mélange or a heterogeneous re–
equilibration of a coherent tectonic unit that experienced uniform (U)
HP andHT conditions.We highlight that heterogeneousmetamorphism
is locally developed, rather than locally preserved. On the other hand,
the rocks that did not record HP-HT conditions did not even experience
them. Different local equilibria are related to the proximity to the UM,
suggesting that the rheological and chemical contrasts between UM
and surrounding rocks had a significant role in modifying the local
metamorphic gradients.

A possible solution of this paradox may be found if the heteroge-
neousmetamorphism is linkedwith local pressure and temperature de-
viations associated with rheological heterogeneities (Casini and Maino,
2018; Gerya, 2015; Luisier et al., 2019; Mancktelow, 1993; Pleuger and
Podladchikov, 2014; Schenker et al., 2015; Schmalholz et al., 2014). A
complete dissertation on the possible link between deformation and
metamorphism is beyond the aim of this work. We highlight here that
our study shows that variable temperature, and pressure metamorphic
records might occur in correspondence of sharp interfaces between
rocks with high viscosity contrast. Our findings agree with the predic-
tions of theoretical models showing that significant pressure deviations
may be concentrated in strong inclusions, as well as at the interface be-
tween strong andweak domains (Casini andMaino, 2018;Mancktelow,
1993, 2008; Moulas et al., 2014; Schmid, 2002; Schmid and
Podladchikov, 2003). Accordingly, the related P–T paths should indicate
higher pressure conditions within the stronger lenses, as well as in the
metasediments at the contact or trapped between groups of UM inclu-
sions (Halos). In such a scenario, the pressure recorded in the matrix –
Country rocks – should be most representative of the ambient pressure,
i.e., depth at the time of metamorphism.

As regards the temperature record, our study shows that all the Cima
di Gagnone rocks experienced higher temperature with respect to the
neighbouring Maggia and Simano nappes (ΔT ~50–100 °C). Halos
around the UM record further higher temperature with an increase up
to 100 °C. Such a big differential temperature requires the summation
of several processes. Advection of exotic hot fluids or fast exhumation
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may contribute to increase the temperature, as well as shear heating.
However, dissipation of viscous heat during deformation requires high
strain rate and/or high stress to generate a recordable signal. Moreover,
shear heating may be effective only if it is extremely localized (e.g.,
Maino et al., 2015; Maino et al., 2020; Platt, 2015).We note that the ab-
sence of significant ultra–mylonites or cataclasites structures precludes
a clear localisation of heat within well recognizable structures. It seems
thus unlikely that shear heating alone may account for the anomalous
signal recorded by the Cima di Gagnone rocks. Overall, although the
overpressure + shear heating mechanism is more adequate to account
at least part of the recorded P-T variations, also this model fails to con-
vincingly explain the whole metamorphic record.

Additional explanations for the HT–HP records may be found from
unconventional models that consider large effects of differential stress
on mineral phase equilibria, causing the offset up or down of phase
transformation (e.g., Wheeler, 2014, 2018, 2020). Overall, information
from the relationships between thermal budget and deformation are
still lacking and further investigations are needed to present a complete
model.
10. Conclusions

New data from the (U)HP–HT site of Cima di Gagnone of the Central
Alps are presented. We discuss the interference between ultramafic
lenses and the enveloping siliciclastic metasediments based on struc-
tural observations, petrological and microstructural analyses, and ther-
modynamic modelling. We documented that, even though
metasediments share the same structural evolution with UM, large dif-
ferences in the P–T paths are recorded: while the large part of the unit
(Country rocks) experienced P < 1.2 and T < 700 °C, a few occurrences
(Halos) preserve higher conditions of 1.3–1.7 GPa and 750–850 °C.
These estimates approach the P–T peak conditions experienced by the
mafic/ultramafics (1.5–3.2 GPa, 740–850 °C). These pressure and tem-
perature deviations are not randomly distributed in the unit but occur
at the sharp interfaces between rocks with high viscosity contrast.

Petrological and geochemical evidences further shown that fluids
migrated throughout the interface between metasediments and ultra-
mafic lenses during this HT stage, resulting inwetmelting and a discon-
tinuous metasomatic zone at the rim of the ultramafic lenses and
adjacent to the lenses within the metasedimentary country rocks. Pre-
liminary U-Pb zircon data confirm that, while the large part of the
metasediments generally records a pre–Alpine signal, zircon grains
from these metasomatic Halos have been full re–equilibrated during
the early stage of the Alpine exhumation (~36 Ma), synchronously
with the (U)HP–HT conditions recorded by the UM. The significant cy-
cles of dehydration/re–hydration which occurred between metapelites
and UMexerted a crucial first–order control to allow locally assemblage
equilibrium during HT metamorphism in the Cima di Gagnone type–
locality.

The large range of P–T estimates among and within the UM and
metasediments vary in pressure by up to 2 GPa and temperature by
up to ~160 °C, although different P–T paths converge to the common
amphibolite–facies re–equilibration. This heterogeneity cannot be ex-
plained with the current tectonic models proposed for this geodynamic
context, which consider tectonic mixing, non-homogeneous retrogres-
sion or lack of equilibration of mineral assemblages. We highlight that
heterogeneous metamorphism is locally developed, rather than locally
preserved. Different local equilibria are related to the proximity to the
UM, suggesting that the rheological and chemical contrasts between
UM and surrounding rocks had a significant role in modifying the local
metamorphic gradients. Such deviationsmay be theoretically explained
as produced by the deformation, via tectonic overpressure and/or shear
heating. However, these mechanisms alone provide an insufficient de-
scription of the recorded pressure and, particularly, temperature excur-
sions, unless extreme unlikely conditions are assumed.
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Even a complete explanation of thesefindings is far fromour present
knowledge, what is clear is that the chemical gradient between compo-
sitionally different lithologies combinedwithfluids circulations result in
coexisting heterogeneous metamorphic equilibria, which are not repre-
sentative of the ambient conditions. In these cases, caution should be
used in converting estimations of metamorphic pressure into burial
depth.We finally note that finding the relative contribution of themul-
tiple mechanisms controlling the thermal budget of deforming rocks
represents the currently most significant challenge for such heteroge-
neous (U)HP–HT occurrences.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2021.106126.
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