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Abstract. Subductedcontinental terranes commonly comprise an assenablysubunits that reflect the different
tectonometamorphic histories they experienced énstibduction zone. Our challenge is to unravel halwgn and in which
part of the subduction zone these subunits werapased. Petrochronology offers powerful tools ézipher pressure-
temperature-time (P-T-t) histories of metamorploicks that preserve a record of several stageswo$formation. A major
issue is that the driving forces for re-equiliboatiat high pressure are not well understood. Famgke, ontinental
granulite terrains subducted to mantle defithaguentlyshow only partial and localized eclogitization. T®esia Zone (NW
Italy) is exceptionalbecause it comprises several continental subunitehich eclogitic rocks predominateand high-
pressure (HP) assemblages almost completely rebldee Permian granulite protoliths. THisld-basedstudy comprises
both main complexes of the Sesia terrane, kogesome of the recently recognized tectonic subuni®lved in its
assembly, hence our data constrain the HP-tectdhatsformed the Sesia Zonéle used a petrochronological approach
consisting of petrographic and microstructural gsial linked with thermodynamic modeling and U-Th-&ie dating to
reconstruct the P-T-t trajectories of these tectosuibunits. Ourstudy documents when and at what conditioas
equilibration took place. Results constrain themstages of mineral growth and deformation, assediaith fluid influx
that occuredn the subductiorchannel In the Internal Complex (IC), pulses of fluid pelated at eclogite facies conditions,
between 77 and 55 Ma with the HP-conditions reaghid GPa and 600-670 °C. By contrast the Extermath@ex (EC)
records a lower pressure peak of ~0.8 GPa for &)@f ~63 Ma. The juxtaposition of the two compkxecurred during
exhumationprobablyat ~0.8GPa and 350°C; the timing is constrainedvéet 46 and 38 Ma. Mean vertical exhumation
velocities are constrained between 0.9 and 5.1 ean/for the IC, up to its juxtaposition with the HExhumation to the
surface occurred before 32 Ma, as constrained éytkerlying Biella Volcanic Suite, at a mean vetigelocity between
1.6 and 4 mm/year. These findings constrain theqeses responsible for the assembly and exhumatibigh pressure

continentakubunits, thus adding to our understanding of homtinental terranes behave during subduction.
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1 Introduction

The behaviour of continental crust subducted tdmgessure (HP) conditions is far frdoily understood (Kylander-Clark
et al.,, 2008;Rubatto and Hermann, 2001;Brun anctdfa®@, 2008;Malusa et al., 2011;Angiboust et &162. Seismic
tomography beneath collisional orogens shows thagel slab parts reached mantle depths (e.g. Lgbpitt al.,
2003;Replumaz et al., 2010;Zhao et al., 2015) thisource ofuchremnants is hard to assess because the rocks dannot
directly investigated.However, where orogens contain exhumed continental HP-fothsse offer opportunities to
investigate some of the tectono-metamorphic presessolved, notably those responsible for therreflow of continental
fragments back to the surface.

In recent studies on the Western Alps, the comlminadf tectonic and numerical mode} studies (e.g. Yamato et al.,
2008;Faccenda et al.,, 2009) with the reconstructibnpressure-temperature-tim@g-T-t) paths (e.g. Regis et al.,
2014;Rubatto et al., 2011) has led to two possbid-members scenarios for the subduction of comthelomains to HP
conditions Eitherthe units essentially experienced tectonic slicinfjowed byaccretion to overlying continental units, thus
assemblingomplexes composed of different tectonometamorglites (e.g. Regis et al., 2014;Manzotti et al1&Vitale
Brovarone et al., 2018ngiboust et al., 2014 Alternatively, units were eroded or ablatedhie subduction channekhich
lost coherence and experienced substantial mix@agling to diverse and complex P-T-t paths (elgo and O'Connell,
1992 Stockhert and Gerya, 2005;Warren et al., 2008;kepp al., 2009;Roda et al., 2012). The distincti@ween these
two end-members scenarios is important to undedstias evolution of deeply subducted continental dios and possibly
their paleogeographic provenance.

Crucial questions related to continental HP-unit®iogens include: How rapidly were they subdueted to what depth?
When and how fast were they exhumed? What P-Tjddi@ries did they experience? When and how didi$laffect these
continental fragments? To shed light on these tprestthe sequence of metamorphic stages recordsditable samples
needs to be analysed in detdin@ji et al., 201} P-T-t paths promise insight into details of thdandamental tectonic
processesPetrochronological studies the Western Alpfiavehelpedto constrain exhumation rates of Alpine HP and UHP
continental domains. Calculated rates vary frorava fnm (e.g. Zucali et al., 2002gis et al., 201for the internal part of
the Sesia Zone) to a few centimetres per year Rubgatto and Hermann, 2001 for Dora Maira UHP nfiadsi detail, some
studies found thagfter a first phase of rapid exhumation up to loareistal levels, exhumation ratesrkedly decreased

a few millimetres per year (Rubatto and Hermanm®120amato et al., 2008).

Generally speakinghow much of the subduction history is recordedhisampleis related towhat processedriggered
mineral recrystallization or equilibration. Severstudies (e.g. Erambert and Austrheim, 1993;Austrthel987;Rubie,
1986;0liver, 1996;Etheridge et al., 1983;Engi et al review;Pennacchioni, 199@yoposed that fluid influx triggers
deformation and mineral reactions in deeply substlidiigh-grade (granulite and amphibolite faciesindims. t is of
interestto know when this happened in the P-T-t evolutimstably whetheit occurredearly,during subduction or onliate,

upon exhumation (e.g. Konrad-Schmolke et al., 2011)
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We present a field-based study emphasizing P-Ta aiaddiscussheir implicationson such first order questionBatasets
from a well defined multidimensional analysis, peessure-temperature-time-deformation-space,ssenéial as a reference
frame for numerical modelling studies. Our petrociwiogical approach highlights the complex and rogteneous
tectonometamorphic evolution in a polydeformed owarital terraneA key requirementin this approachis to establish
reliable links between age data (t) and the P-Tditimms of mineral formation (e.g. Schenk, 1989kuand Holland,
1989;Scott and St-Onge, 1995;Liati and Gebauer9H%atto and Hermann, 2001;Foster et al., 200dtdaet al.,
2009;Gasser et al., 2012;Donaldson et al., 2013fRulet al., 2011;Regis et al., 2014;Mottram et2014).In this study,
mutual inclusions relationships of the main mineralogipbbses in the datable accessory minefals used, along with
microstructural analyse$o bracketmineralage data to P-T conditions. The study area iséiméral Sesia Zone, located in
the Western Alps (Valle d’Aosta, Italy). P-T-t datee reconstructed for the eclogite facies IC é&mdthe first time, for the
epidote-blueschist facies EC. These data allove u®hstrain the juxtaposition of the two complexekich occurred under

HP greenschist facies conditigrand todetermineexhumation rates for the l@nhdfor the assemplof theSesia Zone.

2 Geological setting

The Alps are an orogeiimat hasdeveloped since the Cretaceous due to the subducfithe European Plate below the
Adriatic Plate with subsequent continental collision (e.g. Dewey et 8989;Rosenbaum et al., 2002;Handy et al.,
2010Beltrando et al., 2010;Schmid et al., 2D1he Sesia Zone (SZ) is located in the Westeps AFig. 1a) and regarded
as a rifted portion of the Adriatic Margin that exjgnced subduction to HP conditions (e.g. Dal Pi&89). At present, it is
bounded by two tectonic lineaments: the Insubritel.ito the SE, and the Gressoney Shear Zone, tdWieThe Insubric
line is a major fault system of Oligocene-Neogege that separates the SZ from the Southern Algim@ain, which
represents the Adriatic Margand shows bua weak Alpine imprint at sub-greenschist facies.iiportant complexn the
Southern Alps is the Ivrea Zone, consisting of ailmplite to granulite facies meta-sediments, map#edotites and mafic
intrusives It is proposed to represent a cross section thrchaglotver pre-Alpine crust (e.g. Bertolani, 195954 %Rivalenti

et al., 1975;Zingg, 1983;Quick et al., 2003). Amnpéds between the pre-Alpine metamorphism of theri@ Complex
(Giuntoli and Engi, 2016 of the SZ and the Ivrea Zone have beeapeatedlyemphasized (e.g. Dal Piaz et al.,
1972;Compagnoni et al., 1977). The Gressoney Stma is a greenschist shear zone (e.g. WheeleBaiher, 1993;Babist
et al., 2006) that separates the SZ from unitsvddrirom the Piedmont-Liguriancean that experienced blueschist to
eclogite facies metamorphism during the Alpinegeny (e.g. Bucher et al., 2005;Negro et al., 2013

Recently, the Central Sesia Zone has been subdivide an Internal Complex (IC) and an External @tew (EC; Giuntoli
and Engi, 2016; Fig. 1b-c). The IC corresponds,aawhole, to the Eclogitic Micaschist Complex of \idins and
Compagnoni (1983) and Passchier et al. (1981)etaildhowever the IC comprises several eclogitic sheets witfickness

of few kilometres each of thentharacterized by an alternance of bands and dlergalies of micaschist, eclogite, ortho-
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and paragneisses, and leucogneiss. The main déoliati this complex is of eclogite facies. Severafodmation phases
locally overprintthis foliation at retrograde blueschist and grekis$dacies conditions (details in Giuntoli and Ep16).
The EC corresponds to the Gneiss Minuti and the 2Diplexes of previous authors. It comprises krokibéctonic sheets
of leuco- to mesocratic orthogneiss with minor gaeiss, calc-micaschist, impure quartzite and reagsbparated by lenses
preserving Permiahigh-temperaturéHT) metamorphic relics (2DK; Giuntoli and Engi, 2016r€@ro et al., 1970;Dal Piaz
et al., 1971). The main composite foliation refieEtP greenschist, at most epidote blueschist fathiese are the highest
Alpine metamorphic conditions recorded by this ctampThe HP-foliation is affected by subsequent greenschistefa
deformation. Juxtaposition of the two complexesolmgd a greenschist facies shear zone (Barmet Stwar in Giuntoli
and Engi, 2016); the subunits in each complextiresheets that range in thickness from 0.5 to 3 km

Based on P-T-t paths determined by petrochronadbgéchniques, Rubatto et al. (2011) and Regis. ¢2@14) recognized
two tectonometamorphic subunits in the IC: A monéeiinal sutunit, called Druer slice, experienced eclogite daci
condition with pressure of 1.9-2 GPa and tempeeatof ~550 °C at around 85 Ma, then followed byuesétion. A more
external sukunit, called Fondo slice, experienced a first stagjeeclogite facies, with pressures of 1.7-1.8 GPa and
temperatures between 520 and 550°C at around 75hda,followed by an intermediate lower pressusgst(P<1.6 GPa
and T<520 °C) at around 68 Ma, and a second higbspre stage (P=1.4-2 GPa and ~550 °C) at aroumh6®llowed by
retrograde decompression. For the EC in the ceBzsila Zone, no P-T-t data are available so far.

A number of studies have produced additional age ft& the Sesia Zone, using various methods, hofabthe U-Th-Pb,
Rb-Sr, and Ar-Ar systems; results are summarizetialnle 1 of Compagnoni et al. (2014). These aga sip&n from 85 to
62 Ma for the eclogite facies metamorphism in t@e but apart from those detailed above, none ofddtasetseport
detaikd linksto petrogenetic conditions:ew agedata are availablér the EG ranging from 46 to 38 Mand these are

generally linked to the greenschist facies impf@wmpagnoni et al., 2014 and references therein).

3 Sampling strategy and petrochronological approach

To document the polyphase history of the Sesia Zamereconstructed detailed P-T-t paths for fivesigs taken in the IC
andtwo sample in the EC. Of over a hundred samples checkedryasmall percentage fulfilled the requirementsdoch a
study In the EC, in particular, suitable material to qifgr®-T-t conditions by present methotlrned out to be very rare.
This is mostly due to the fact that orthogneiss,dbminant rock type in the EC, is lacking in maisrsuitable to obtain the
Alpine P-T-t path, as discussed by Giuntoli and iH2§16). Neverthelesshé samples analysed provide constraints to
derive a P-T-t path for the E€s wel| allowing us to determine when and at what cood#ithe two complexes were
juxtaposed.

All samples were taken in key areas of the mappedwtescand were collected oriented, in order to kbefink between
the meso- and microstructural evidence. Sampleg warefully studied by optical and (where needednsing electron

microscopy (SEM) to reconstruct their microstruatuand metamorphic evolution. Once a relative cblogy was
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established, selected growth zones of mineral ghasee analysed by electron probe micro-analyseM#) as a basis to
perform thermodynamic modelling. P-T data were dihko fabric elements, using textural criteri@eochronology was
performed by LA-ICP-MS, targeting specific growtbnes of accessory phases that were separatednatieg their
microstructural and geochemical context. It turpatito be critical to analyse each growth zone isgply to link the age (t)
to a specific metamorphic stage (P-Observations and P-T-t data derived from each sarap then compared and
correlated within the sample series and then mlaieobservations made in the field data and irresimopy. Thisdetailed
petrochronologal approach(e.g. Engi et al., 2017) is particularly effectivénen applied to study areahat has been

mapped and structurally characterized in detaiin dse present case.

4 Petrography and mineral chemistry
4.1 Methods
4.1.1 SEM

Back-scattered electron images (BSE) were acquisétg the Zeiss EVO50 SEM at the Institute of Ggiwlal Sciences
(University of Bern) using an accelerating voltadel 5 to 25 KeV, a beam current of 500 pA and akivay distance of 10
mm. Cathodoluminescence (CL) pictures where obthaimi¢h the same operative conditions, but with J€VKaccelerating

voltage and a working distance of 9.5 mm.

4.1.2 EPMA analyses

EPMA analyses were performed using a JEOL JXA-8aQ@erprobe at the Institute of Geological Scier{thsversity of
Bern). Point mode analyses and X-ray compositiomaps were acquired both using wavelength dispegieetrometers
(WDS). For X-ray mapping the procedure describedlanari et al. (2013) was followed. It consistsneasuring point
mode analyses first and then acquiring X-ray comtiposl maps on the same area. For point analgsedytical conditions
were 15 KeV accelerating voltage, 10 to 20 nA gpeci current, 40 s dwell times (including 2x10 sheickground
measurement) and a beam g from 1 to 5 um. Loweemuand higher beam size were used for mineraitaging Ca, Na
and K such as phengite and plagioclase. Nine ozdmepositions were measured, using synthetic andradastandards:
wollastonite / orthoclase / almandine (QiCanorthite / almandine (4Ds), anorthite (CaO), almandine (FeO), forsterite /
spinel (MgO), orthoclase / phlogopite B), albite (NaO), ilmenite (TiQ), and tephroite (MnQ). For X-ray maps,
analytical conditions were 15 KeV accelerating ag#, 100 nA specimen current and dwell times of-2%0 ms. Nine
elements (Si, Ti, Al, Fe, Mn, Mg, Na, Ca and K) eeneasured at the specific wavelength in two passensity X-ray
maps were standardized to concentration maps ofeowieight percentage using spot analyses as ihtstaradard. X-ray

maps were processed using XMapTools 2.2.1 (Lahaili,2014).
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4.2 Results: Sample description

Five samples were analysed from the IC and two &fpom the EC. These were collected from inte(8&l) to external
areas (NW) of the Sesia Zang& brief account is given here, with characteristiages shown in Fig. Zupplement S1
contains detailed descriptions and GPS locations.

The samples of the IC (FG1324, FG1315, FG12157 3AGland FG1249) are micaschists with eclogiteefaassemblages
comprising quartz, phengite, garnet, + paragonitgaticophane + omphacite + chloritoid, with accegsdlanite + rutile.
The main fabric in albf these samples is an eclogite facies foliation (P@). Evidence of several deformation stages
occurring before or after the main eclogite fad@fation is preservedn several samples as microlithons, commonly of
phengite, omphacite, glaucophane or chloritoidrteéd at high angterelative to the main foliation, which wraps around
them or is overgrown by them (Fig. 2Hurther evidence of several metamorphic stages doguat eclogite facies
conditions is reflected in growth zones of garr&iugtoli et al., in review). Pre-Alpine relics intle garnet cores (Fig. 2c)
and zircon (cores = first rimghapters 6.4 and §.5

Retrograde stages of blueschist or greenschistfaassemblages related to decompression are Igealgntin samples.
The blueschist facies stage produced pleochroissieorims around glaucophane (Fig. 2d). The gdesisfacies stage
produced symplectites of actinolite + albite + ¢hiwaround glaucophane and omphacite, chloritbeatxpense of garnet,
epidote/clinozoisite rims around allanignd titanite rims formed around rutile (Fig. 2e-f)

Sample FG1420, collected in the EC, is a garndtogrieiss that shows a HP greenschist foliation ethtky phengite,
chlorite, and titanite; the foliation wraps garmpetrphyroblasts that preserve a relic internal faia (Fig. 2g). Permian
magmatic relics of pleochroic allanite are surrcaohtdy an Alpine corona of epidote grains (Fig. 39gme hundred meters
to the north, another sample (FG12107) of the EG wallected. This is a leucogneiss characterizedthsy same

metamorphidabric and paragenes as the previous sample, except that garnet agchatec allanite are missing.

4.3 Results: Growth zones of garnet and phengite

Garnet and phengite display features in the IC $esmihat differ from those in the EC samples. Tghhght and describe
these,mostly two sample are compared in the following paragrap&1249 (IC) and FG1420 (EC) more complete
accountof garnet textures and mineral inclusions in tBesishownin Giuntoli et al. (in review).

In the IC samples, garnet consists of a core fakblwy several rims with a grain size up to severidimeters (Fig. 3a, b).
The compositional map of the grossular end-membactibn (X9 in sample FG1249 shows a porphyroclastic core
(Alm,,PrpsGrssSps; Table 1) with internal fractures sealed by garpéthigher X5 (Fig. 3b). A first rim (rim1-
Alm,¢PrpsGrs) overgrows the core and displays higher grosstieatents. This riml1 is followed by rim2, which agai
records an increase ofzX% (AlmgPrpoGrsg). Rim2 resorbs parts of riméxternally as well as parts of rim1 internaland

core. Rim3 is peripheral and shows the highestdabtents (AlnggPrpdGrs:s).
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Sample FG1315 is characterized by a porphyroclagiie (AlmePrpeGrsy) with lobate edges and resorption features
(details in Giuntoli et al. submitted and Engi ktia prep.) surrounded by several rim generatioimsl (AlmgPrp:Grso),
rm2 (AlmesPrpsGrsy) and rim3 (AlmoPrp.Grss). Atoll garnets, a few hundred microns in sizes abserved in this
sample. The shells of the atoll garnet have sinzitaning patterns and compositions as the rim géinesjust described. In
sample FG12157 the garnet core (ARTpeGrsy) is rimmed by two growth zones: riml (AdPrpGrse) and rim2
(AlmsgPrp4Grs7). In sample FG1347, the garnet core (APIReGrss) is enclosed by three rims (rim1-AdgRrpsGrs g,
rim2- AlmggPrpeGrss, rim3-Almy;PripeGrs;). The exception is sample FG1324, in which gashetwvs a single growth zone
of homogeneous composition (AJRrpeGrs1Sps).

In the EC, sample FG1420 shows garnet with comiplelifferent features. As shown in Fig. 3d, thg,xmap highlights
concentric zoning (values of AlPrp.GrsesSps for the core, AlngPrp:Grs;Sps for riml, AlmgoPrpsGrssSps for rim2
and AlmPrpGrs,Sps for rim3), with no visible resorption featuresither compositional end-member maps are shown
in Supplement §2

To link the growth zones of garnet to the main addage observed in the mineral matrix, microstrradtuelations,
overprinting criteria and mutual inclusions werepéoyed, based on optical microscopy, SEM, and caitipnal maps. In
particular, garnet in sample FG12d@ntainsinclusions of paragonite, phengite, and quartz betwim1 and rim2 (Fig. 3a).
Rutile inclusions of few microns are present inZiemd 3. Late chlorite fractures dissect the emf@amet. Garnet in sample
FG1420 is wrapped by the main external foliatiod arcludes an internal foliation marked by quadpidote, and titanite
(Fig. 3c).

Phengite in ICGampledisplays a uniform composition except along grain boundanehere lower Si andw§ contents are
found, indicating retrograde overprinting (e.g..R3g; Groupl Si ~3.36 apfuX~0.83; Group2 Si ~3.3 apfu,gf~0.68 in
sample FG1249; Table 2).

In the EC, two distinct generations of phengitedistinguished based on their microtextural positthe first one describes
the main foliation and is characterized by higilvalues (Fig. 3f, Groupl Si ~3.4 apfuugK~0.61 in sample FG1420). The
second phengite generation (Group2 Si ~3.32 apjy,~0.61) rims the first one and occurs in fold himgleat deform the
main foliation.

5 Thermobarometry
5.1 Methods
5.1.1 Whole rock major element compositions

Major element compositions were analysed by X-rlapreéscence (XRF) spectrometry at the UniversityLatisanne

(Switzerland). Representative quantities of sampiei® crushed and then pulverized in a tungstdsidmmill. The powder
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was dried for two hours at 105°C. Loss of ignitivas then determined by weight difference afterihgab 1050°C for 3

hours.

5.1.2 Garnet thermobarometry using GrtMod

Garnet growth zones were carefully selected af¢aitbd microstructural and compositional analggithe high-resolution
X-ray maps to extract representative composititias &re used as input for modeling. Following ttrategy proposed by
Lanari et al. (2017), the composition of each girowbne was obtained directly from the quantitativaeps by sampling
chemically homogeneous areas amongst differentega@mains. Each composition was then assigneddjpeaific growth
zone that is assumed to be uniform in the followifge regularity of the chemical zoning observedamet (Giuntoli et al.,

in review) supports the grain boundary equilibrivmodel adopted here (Lanari and Engi, 2017). Minetefogeneities
observed in each growth zone (<0.01 in XAlm and ¥Gt 0.005 in XPrp, XSps) may be due to kinetiecef§ during
growth, they do not affect the results of the efjrilim model.

To modelthe complex garnet textureslequatelyfractionation and resorption processes must bentakto account in
approximating the evolution of the reactive bulkmpmsition. The latter is strongly affected by fiaoation (i.e. the
removal of refractive garnet, e.g. Evans, 2004;kkdrschmolke et al., 2008) and by resorption, wiih shift the reactive
bulk composition back toward the garnet composificanari and Engi, 2017Yhe program @TMoD (Lanari et al., 2017)
was specially developed to deal with samples inctvtgarnet experienced a complex history involviegesal stages or
growth, resorption and/or pseudomorphic replacemargssence, therogramrefines thereactivebulk composition used in
free energy minimizatiorat each stage predicted if previously grown gammas preserved or only partly dissolved
GRTMoOD usesaniterative approachhat refineshe P-T conditions fosuccessivagarnet growth zones. For each inversion
(i.e. a single growth staea solution was deemed acceptable ifl#est squareresidual valuetfie cost functiorCy used by
Lanari et al., 201)/was <0.05, reflecting a sufficiently close mabeHiween the modeled and observed garnet compasition
In the IC samples, resorption and fractionationeanstrained according to the volumetric propartbeach growth zone,
as estimated from the thin section and the comiposit maps.No resorption was permitted in the program for s@mp
FG1420, as garnet textures in the compositionalsnsaipw no evidence of thisocessTo model the rims generation in the
IC samples the “go fast mode” function (Lanari et 2017)was usedwith aninitial starting PT guess of 650 °C and 1.6
GPa.The initial starting guess is an essential tecHitycased for reasons discussed by Lanari et @172 sections 5.2.3
and 6.3); the specific purpose is to avoid localima in optimization. This function searches a sotuaround the starting
guess and follows the gradient in the objectivecfiom; there cannot be local minima at high presdar this range of bulk
rock composition (see Fig. 8 in Lanari et al., 20The MnO component was used in the thermodynamigotetions of
the relativelyrich Mn-garnet in sample FG1420. In sample FG1249, M3 wsed to model the garnet core but was
ignored in the models of the following rims becaths concentration found in garnet is low (< 1 Wwi#%O; Table]). In the

remaining samples, MnO was ignored (< 1 wt%), dral gystem considered in modelling was simplifiedSt@,-TiO,-
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Al,05-FeO-MgO-CaO-NzD-K,0-H,O. The thermodynamic database used was the sarte @smpute the isochemical

phase diagramsee below)

5.1.3 Isochemical phase diagrams (pseudosections)

Isochemical equilibrium phase diagramsere computed usingthe Gibbs free energy minimization algorithm
THERIAK/DOMINO (de Capitani and Petrakakis, 2010;De Capitani Bralvn, 1987). The thermodynamic database of
Berman (1988with subsequent updates collected in JUN92.bsriloliged with Theriak-Domino 03.01.2012; Supplement
S3) was usedtogether with the following solution models: Berm@Ll990) for garnet; Fuhrman and Lindsley (1988) fo
feldspar; Meyre et al. (1997) for omphacite; Kekgral. (2005) for white mica, and ideal mixing ratsdfor amphibole
(Mader and Berman, 1992;Mader et al., 1994), epidand chlorite (Hunziker, 2003). All Gibbs freeeegy minimizations
were carried out assuming an excess in puyf@ ftuid. The amount of 0 component predicted at high-pressure is in line
with the measured LOI (1.4-2.7 wt-%) in the pres#ay samples. Note that for the pre-Alpine HT cotapans no melt
model was used. Fewas ignored because of the lack of analytical dath suitable ferric end-members in solid solution

models.

5.1.4 Chlorite and white mica multi-equilibrium

To constrain the P-T conditions of retrograde stageulti-equilibrium computations of the high-vari@ assemblages
involving chlorite and white mica were carried ousjng the standard state properties and solidisolmodels of Vidal et
al. (2005; 2006) for chlorite, Dubacq et al. (201d)phengiteand the program @ MICAEQuI (Lanari, 2012). The activity
of H,O was set to unity. Three methods were successareployed:
(1) ChloritetQuartz+H,O thermometry: The chlorite formation temperature and XFevere estimated at a fixed
pressure of 1 GPa from tlewmbinationof four equilibria involving five chlorite end-mdyars, quartz and J@
(Lanari et al., 2012; Vidal et al., 2016).
(2) White-Mica+Quartz+ H,O barometry: A divariant P-T equilibrium line was estimated fach white mica analysis
(assuming XF& = 0) from the convergence of three equilibria iwimg five phengite end-members, quartz and
H,O (Dubacq et al., 2010).
(3) Chlorite+White-Mica+Quartz+H,O thermobarometry: P and T offormation for each chlorite and white mica
couple as well as their respective XFewere estimated by minimizing the square roothef sum of £Greactio)”
for 6 equilibria (see Supplement)S
For the sake ofclarity, only 64 equilibria (excluding the Pyroplitd- 1H,O end-member) are shown in the P-T
diagrams. The starting guess for T and P was téken the result of Chlorite+Quartz+B thermometry and White-
Mica+Quartz+HO barometry. This multi-equilibrium approach reliea the assumption of local thermodynamic

equilibrium between the selected chlorite and whitea atthe P-T conditions of convergence. Chlorite and whifeam
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couples were chosen where microtextural evidenggesied equilibriumnotably where sharp contacts were observed
between these sheet silicates.

5.2 Bulk rock and reactive bulk composition

For samples FG1324 and FG1420 the original bulk mmnpositions obtained by XRF were used to compmaehemical
phase diagrams. In samples FG1315, FG12157, FG&Bd7FG1249 however, the unmodified bulk rock cortjmrs
cannot be used for modeling because a significdmdlly volume fraction of garnet is present (5 va®6), including a pre-
Alpine core and Alpine rims generations. To compereilibrium diagrams properly, the reactive bulk rock compoasiti
was approximated using the programT®IoD (see section 5.1)2Each isochemical phase diagranthissvalid for a single
P-T stage only. To select the reactive bulk contosiof this specific stage, a link must be esttidid between the
particular garnet generation that formed in eqtiilim with the mineral phases present in the matffe established this
link using petrographic observations, includingtteal equilibrium criteria, compositional zoningigible in compositional
maps) and inclusions relationshig@pecifically, we determined that the garnet growth zones thatisted with the mineral
matrix areas follows:garnet rim3 for sample FG1315, rim1 for sample F&I2 rim3 for sample FG1347, and rim2 for

sample FG1249. The corresponding reactive bulk emitipns used for the modeling gyeovidedin the Supplement®s

5.3 Results: Garnet thermobarometry and phase diagrams

Fig. 4 showsisochemical P-T phase diagrams for each sanigie.plots showthe results of garnet thermobarometry
(GRTMOD), garnet isopleths (s, Xam, and X, in sample FG1324), andw and Si (in apfu) isopleths for phengiter
sample FG1420, results of chlorite — white micartt@barometry aralsodisplayed. A summary of mineral compositional
data for the main phases, the modelling method, ubedXRF analyses of major elements of each sgraplk details of the
GrtMod results are available as Supplement$5, S7 and S8 respectively. Each sample fromiGhend EC is presented

separately below.

5.3.1 IC - FG1324 Omphacite, garnet, glaucophane dmutile micaschist

Garnet isopleths (Alm, Grs, Prp) intersect in tweas of the A diagram: at 1.65-1.75 GPa and 600-650 °C and%21
GPa and ~550 °C. Assuming equilibrium between daamel phengite, these conditions can be furthestcaimed by
matching this result with the Si andygisopleths of phengite (measured values: 3.38-2:b 0.76-0.81 respectively).
Phengite isopleths match the garnet compositioh.86-1.75 GPa and 600-650 °C (Fip). At these conditions, some
discrepancies between observations and modellesnddages are notddr this sampleparagonite instead of glaucophane
is predicted to be stable in the modetobablybecause no solid solution model for sodic amphibddeavailable in the

thermodynamic database usefllso, 6 vol% biotite is predicted to be stable, wherease wabserved in thin section.
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5.3.2 IC - FG1315 Garnet, epidote and rutile quartzmicaschist

The garnet core is found to be stable at 0.82 G780 °C, with a crystallization of ~14 vol% (détaavailable in
Supplement S and S8). The first garnet rim is predicted stalile-1.5 GPa and 650 °C, with a resorption of ~&lPb6
garnet core and crystallization of ~5.5 vol% rinThe second and third garnet rims are found totables at similar
conditions: 1.9 GPa, 650°C and 1.8 GPa (resormich3, 2.5 vol% core and rim1, crystallizationso6 vol% rim2), and at
670°C (resorption of 5, 0.4, and 3.1 vol% core Irimnd rim2, plus crystallization of 8.6 vol% rimBT conditions of rim2
and 3 match with the intersection of Si (3.37-3.400 X4, (0.80-0.82; Fig.4b) isopleths of phengite. The predicted

assemblageonforms tathe minerals observed in thin section (Supplergdnts).

5.3.3IC - FG12157 Garnet, glaucophane, epidote amdtile micaschist

In this model, ~7 vol% of garnet is modelled stadid®.6 GPa and 900 °C; its composition corresptadbBe garnet core.
The first garnet rim is predicted stable at 1.6 GB&0 °C (resorption of ~1.4 vol% garnet core angtallization of ~10.8
vol% rim1), in agreement with the intersection bepgite isopleths for the observed values of Si43.38) and X4 (0.76-
0.82; Fig.4c). Crossite rims around glaucophane in this sampek a decompression stage ; this may correldte the
second rim in garnet, which is found to be stabl#.4 GPa and 650 °C (resorption of 1.5 vol% c@t8,vol% rim1, and

crystallization of 10.6 vol% rim2)-6% biotiteis predictedo bestable but none is observed in thin section.

5.3.4 IC - FG1347 Chloritoid, garnet and rutile mi@aschist

The garnet core is modelled stable at 0.8 GPa 88d°C, with a crystallization of ~17.7 vol%. Thedh garnet rims show
similar PT conditions: 1.9 GPa, 590 °C (resorption of ~1o8%6 garnet core and crystallization of ~2.8 vaifi¥hl); 1.8
GPa, 600 °C (resorption of 3.2 vol% core, 1.4 vaithl, and crystallization of 5 vol% rim2); then 20 GPa , 600°C
(crystallization of 2 vol% rim3). H estimates for the garnet rims are in perfectegent with the intersection of phengite
isopleths at Si apfu (3.29-3.33) ang;X(0.78-0.82; Fig4d). The predicted assemblage matches the minebslsred,

exceptthatkyanite (3 vol% predicted) was not detected in g@ntion.

5.3.5IC - FG1249 Garnet, epidote and rutile micasist

The garnet core is modelled stable at 0.6 GPa;,Z3With crystallization of ~10 vol% garnet. rimd modelled stable at 0.6
GPa, 620 °C (resorption of ~2 vol% garnet core @mydtallization of ~2 vol% rim1). The second risrelated to the peak
pressure recorded by this sample (1.63 GPa, 615witl resorption of 0.2 vol% core and 0.05 vol% rinydlus
crystallization of 10 vol% rim2), conditions are agreement with the Si apfu (3.35-3.4) ang, X0.77-0.83; Fig.4e)
compositions of phengite. The last rim reaatdnay mark the thermal peak at lower pressure (GB@&, 660 °C with

garnet resorptiof6.9 vol% rim2 andgrowth 8.6 vol% rim3).
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5.3.6 EC - FG1420 Garnet orthogneiss

The garnet core is found stable at 0.48 GPa and¢@9fim1 at 0.67 GPa and 500 °C, rim2 at 0.73 @®h510 °C and rim3
at 0.8 GPa and 520 °C, with a total amout of 4I8ovgarnet.

Two phengite generations are presents (chapterFig. 3f): phengite describing the main foliationith higher silica
content, displays Si apfu andygisoplets itersection at ~1.4 GPa, 550 °C. Thesglitions are not substantiated by the
mineral assemblagevhich ispredicted to contain omphacite and rutilet neither phase wabserved in thin section. Also,
at these A conditions further garnefrowth is predictedwith a modal increase from 6.5 to >7.5 vol%, isuho garnet is
observed with a composition compatible with theske ¢ébnditions. We suspect that phengite grew aelo®T conditions,
as the appropriate Si apfu values intersect ther&siilts derived from white mica + quartz 30Hbarometry at 0.6-0.8 GPa,
350-400 °C (Fig4f; more details in the next chapter).

The second generation of phengite, post-datingrthie foliation, shows Si values for which the issthk intersect with the
results derived from white mica + quartz $GHbarometry at 0.55-0.75 GPa, 300-350 °C.

5.4 Results: Multi-equilibrium thermobarometry

5.4.1IC - FG1315 Garnet, epidote and rutile quartzmicaschist

Chlorite in this samplés retrograde and recasdormation temperatures decreasing from 450 °Q0@ T (Fig.5a). White
mica + quartz + 5D barometry suggest pressures comprised betweeand.B.4 GPa for the temperature range of chlorite.
Chlorite and white mica grains in textural equilibn were used to constrain the equilibrium condition8.8t+ 0.2 GPa and
340 £ 50 °C for the retrograde stage (Fig; Tables 3 and 4).

5.4.2 IC - FG12157 Garnet, glaucophane, epidote amdtile micaschist

Chlorite records formation temperatures decreaonmg 430 °C to 310 °C (Fighc). White mica + quartz + 40 barometry
finds pressures between 0.02 and 1 Gf@a the temperature range shown by chlorite. Gl@aand white mica grains in
textural equilibrium are used tmpproximateequilibrium conditions at 0.54 + 0.2 GPa and 3980t°C for the retrograde

stage (Fig5d).

5.4.3 IC - FG1347Chloritoid , garnet and rutile micaschist

Chlorite registersemperatures from 370 °C to 250 °C (Fig). White mica + quartz + 4@ barometryindicatespressures
between 0.02 and 1 GPa for the temperature rangelafite. Chlorite and white mica grairescord0.78 + 0.2 GPa and 341
+ 50 °C for the retrograde stage (Fifj.
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5.4.4 EC - FG1420 Garnet orthogneiss

The chlorite and white mica multi-equilibrium tedétpme was used to constrain the equilibrium condgiof three successive
stages of retrogression using couples linked tfemtifit microstructural positiorthat developed after the main foliation.
Theseshow equilibrium conditions at 0.87 £ 0.2 GPa, 38D °Cin fold hingesin pressure shadows @i6 + 0.2 GPa, 331
+ 50 °C;and in static overgrowths over the main foliatair0.42 + 0.2 GPa, 231 + 50 °C (F&).

6 Texture and geochronologyof allanite and zircon
6.1 Methods
6.1.1 Allanite geochronology

Allanite was first investigated in detail in thiection (see chapter 7), but for more efficient mgtpurposesallanitegrains
were separated using high voltage pulsed palggntegration(Selfrag device at University of Bern; e.g. Rudashg et al.,
1995) followed by magnetic separation and heawyidis, hand-picked, mounted in acryl/epoxy and pelisto equatorial
section. The grains were imaged using SEM (BSEYdcoument the internal texture and compositionalirmp Allanite
dating was performed using a LA-ICP-MS Geolas P88 im ArF excimer laser coupled to an Elan DRC-eMS
(Institute of Geological Sciences, University ofrBe The analytical procedure followed is descrifredetail in Burn et al.
(2017). In particular, pre-ablation was performed4-5 pulses using an energy density of 2.5 3/amepetition rate of 1 Hz
and spot sizes of 40 and géh. Ablation was performed using an energy densit9.6 J/cm, a repetition rate of 9 Hz and
spot sizes of 32 and 2dm. He (1 I/min) and H2 (0.08 I/min) were used asosel transport. Instrument setting was
optimised for heavy masses and oxide productiorO{TFh") was decreased to be lower than 0.5 %. NIST SRBI 61
measurements were performed for quantification ofabld Th-concentrations. PleSovice (Slama et 8082 zircon was
used as primary standard. Cima d’Asta Pluton (CalRnite was used as secondary standard. The #@muiseries were
approximately 1h to minimise instrumental drift luding between 8 and 12 unknowns analyses brackstelanalyses of
the primary standard PleSovice used for U-Th-Plb realibration; SRM610 for trace element calibratias well as 3
analyses of the secondary reference material’CB&a reduction was performed with the in-houssymm RINITY (Burn

et al., 2017)Data for the secondary standards are reporteckiStipplement S9. Uncertainties given in the tegtfayures
do not include the systematic uncertainties asnddfiby Horstwood et al. (2016), because the vappear to be quite
variable depending the reference material used Bsep et al., 2017). In theory, the total uncettiem may be slightly
underestimated, whereas the low mean square wdigletdation (MSWD) values rather suggests thatdke uncertainties

are slightly overestimated.
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6.1.2 Zircon geochronology

Individual grains of zircon were separated as diesdrfor allanite and investigated by SEM, usinthode luminescence
(CL) imaging to document their internal textur&rcon dates were obtained using the same LA-ICP-iktSrument,
following the measurement procedures described tnyzket al. (2017). Ablation was conducted with arrgy density of
2.5 J/cm, a repetition rate 9 Hz and spot sizes of 32 ourh6 Samples were bracketed by zircon standard Gadkgon et
al. 2004) and NIST SRM 612 measurements for queation of U, Th and other trace element conceiainat using°Si as

an internal standard. For accuracy and long-terpnodiicibility, PleSovice was measured as secondacpn standard
giving a?*Pb*%U weighted mean age of 339.2 + 1.6 Ma (n=34; e2r)r Acquisition series took approximately one hour
to minimise instrumental drift and were composetheffollowing: 2 SRM glasses, 3 GJ-1 zircon, Gf8an unknowns, 3-4
PleSovice zircon, 6-8 zircon unknowns, 3 GJ-1 zircd SRM glasses. Data reduction was performed llite 2.5 (Paton
et al.,, 2011;Paton et al., 2010) with DRS ‘Visugka(Petrus and Kamber, 2012). All dates reportedhis study are

concordant withirtheir uncertainty no common Pb correction was applied.

6.2 Results: Allanite textures and their microstructural relatio ns

In the samples of the IC, allanite prisms are edd@dn the eclogite foliation, showing mutual igge@wth relations with
phengite, garnet, paragonite and rutile, widefine this main foliation fig. 79. In samples FG1324, FG1315, and FG1347
allanite crystals are characterized by one mainvtfreone. Some thin (< 20-30 um) allanite rims @lpserved as well as
epidote or clinozoisite rims that appear dark irEB#hotos (Fig7a, b; where present, these mark a retrograde greestschi
overprint. In sample FG12157 and FG1249, BSE pmstwhow one or more allanite rims characterizebbiwer brightness
(Fig. 7b, 9. These rims may reflect minor retrograde stafpes weakly altered the eclogite faciessemblagas well.
Again, a peripheral epidote rim is present. Moraisbccasionally observeas a relic in allanite cores in samples FG1324,
FG1315, FG1347, and FG1249. Monazite shows loligeseand is surrounded by symplectites (um in siza)lanite and
apatite or by discrete crystals of apatite anchila(Fig. 7d). These features suggest prograde growth ofitdland apatite

at the expense of monazite, a common allanite-fogmeaction (e.g. Janots et al., 2008).

Various mineral inclusions are found in allanitaigs, as summarized in Table 5. In detail, allamtsample FG1324 shows
intergrowths with garnet (Figre) suggesting synchronous growth of the two miserBhengite inclusions analysed in
allanite show the same chemical composition asethmarking the main foliation (representative mihemalyses are
available in Supplementsy Based on these features and the alignment ifottaion, allanite is interpreted to have grown
syn-kinematically in the foliation and at the satime as garnet. In sample FG1315 allanite inclyglengite, paragonite,
and garnet (Figra, f); the latter is similar in composition tiee Alpine HP-rims and atoll garnet. Phengite inclusidrave
the same composition as phengite marking the maliatibn and as phengite included in atoll garr@ue to the
relationships of these mutual inclusions in thisgke, allanite growth again appears to be relateitie development of the

main foliation. In samples FG1347 and FG1249 akaimicludes phengite and paragonite, in FG1215y phéngite; these
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micas have the same composition as those defihmgdalogite foliation (Figrb, ¢, d). In the case of FG1249 and FG1347,
allanite also shows intergrowths with both whiteasi (Fig.7c).

In the EC, allanite is rare and, where presentypgcally magmatic it appears dark brown and pleochroic in the optical
microscope, with a grain size of some millimetrEgy( 2h; Giuntoli and Engi, 2016). In only two sdeg metamorphic
allanite was found, preserved in the core of egidoystals (FG1420, FG12107). The metamorphic iéddldras a grain size
less than 50 um, is colourless or pale yellow ifapped light, with low interference colour and whoke extinction in
crossed polarized light. Sample FG1420 shows batmatic and metamorphic allanites (Fig, h). Allanite includes
paragonite, with phengite and titanite occurringhbio the epidote rim and at the allanite-epidatermary (Fig.7g). Very
few tiny monazite grains (few um) are found in twre of metamorphic allanite. Sample FG12107 alsmws similar
epidote crystals preserving metamorphic allanitth@ir core, as in sample FG1420agmatic allanite preserved in sample
FG1420 occurs as mm-size grains that are fractanedappear much brighter in BSE pictures than matainic allanite
(Figs. 2h,7h). Epidote crystals form satellites around magmalianite, suggesting partial breakdown (Fig). Note that

these epidote crystalstaina BSE-bright core of newly grown (Alpine) metamadpallanite.

6.3 Results: Allanite U-Th-Pb dating

For both IC and EGynly allanite coresvere successfully date@he rims showedtoo high common lead (Rpcontentsits
correction (Gregory et al., 2007;Burn et al., 20W@uld lead to large uncertainties in the age datan.

In the IC and EC, the Tera-Wasserburg &Ath/”°°Ph, -**®Pb°Ph. isochron diagrams are concordant, within the rasfge
uncertainty in all the analyzed samples (Figs.9; every ellipse is a single spot measurejnégesrange between 77 and
56 Ma for the allanite cores of the IC. In the EC, thegmatic allanite cores in sample FG1420 yield ades260 Ma, the
metamorphic cores of 73.7+8.2 Ma. In sample FG1210& metamorphic allanite cores were dated to#R3BMa. A
summary of the Alpine allanite age datam each sample isstedin Table 5.

In detail, the IC Tera-Wasserburg diagrams sABRb7°Pb y-intercepts of 0.84 + 0.01, 0.823 + 0.018 ai&8 @& 0.004 for
samples FG1324, FG1315 and FG12157 respectivelll, MWD on the regression comprised between 1.22ahdFig.
8). 2®Ph-isochron diagrams display’¥Pbf°®Pb y-intercept of 2.081 + 0.027, 2.077 + 0.066 arGB5 + 0.028 for samples
FG1324, FG1315 and FG12157 respectively, with MSWviRhe regression comprised between 0.46 and Ule values
are close to the predicted values of Stacey amankrs (1975jor model lead evolution dahis time range (Fig.1 in Burn,
2016). The exception is sample FG1347, in whichTtam-Wasserburg diagram show& ®bf°®Pb y-interceptit 0.787 +
0.04 (MSWD on the regression of 2.5) and displa§f8rb/°°Pb y-intercept on th&%Ph-isochron diagramat 1.98 + 0.082
(MSWD on the regression of 0.4). These valdesiatefrom the valuegredicted byStacey and Kramers (1975%)obably
indicating local inheritance

In the EC,data formagmatic allanitén sample FG1420 shovi8Pbf°®Pb y-interceptit 0.85 + 011 in a Tera-Wasserburg
diagramand displays &°Pb/°®Pb y-interceptit 2.09 +2.7 in a **Ph-isochron diagran{Fig. 9). These large uncertainties
reflect few (8) spots analysesdvietamorphicallanites show*’Pb/°Pb y-intercepts of 0.825 + 0.01 and 0.811 + 0.014
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Tera-Wasserburg diagrar®SWD on the regression of 0.7 and 1.2) and digA&Pb/°%Pb y-intercepts of 2.061 + 0.029
and 2.03 + 0.03In “**Ph-isochron diagramg{MSWD on the regression of 0.4) for sample FG142@ FG12107,

respectively. These values are close to the pedlicilues of Stacey and Kramers (1975) for these tanges.

6.4 Results:Zircon textures

Internal textures of zircon from the IC reveal cdexpzoning in CL-images (FiglL0), showingdetrital cores and several
phases of resorption and (metamorphic) overgroittton cores commonly preserve a variety of inteteatures, most
commonly oscillatory zoning (Fid.Oe, f) which is typical of zircon grown form melt. Maepres are affected by resorption,
obliterating earlier features, but in some graimsvs sharp boundaries between core and rims, ase fhreserve features of
sediment transport such as broken, rounded ordp#itefaceqFig. 10b) The number of rimvaries between and within
samples, froniwo rims in sample FG1257 to a maximum of five in FG131@mskzircon grains show a first metamorphic
rim with a light grey to bright CL-response, folled by a rim with dark CL-appearance. The third typically is again
medium grey to bright whitén CL. In sample FG1315, a forth (dark CL) and fiftlglit grey) rim follow, and FG1347
occasionally shows &L-dark forth rim. The internal textures of the different rims am always cledy distinguistable
either because of limited width or, in case of vaayk or bright CL-response, limited contrast. Bheondmetamorphic rim

in FG12157 is either uniform or shows fir-tree zapf\Vavra et al., 1996;Root et al., 200#) sample FG1347 metamorphic
rims are often too thin to distinguish or no tegtis recognizablén the bright-CL third rim The first two rims in sample
FG1315 have cloudy textures, the third rim with théght-CL shows no further internal textures boimgtimes has
inclusions and the two outermost rims commonly argform or cloudy in texture. The innermost and evotost
metamorphic rimin sample FG1249 and FG1324 are bright and felaksethe second dark rim in sample FG1249 shows
sector zoningandmany inclusions. The third (medium grey) rim in 239 has a cloudy texture.

Zircon in the External Complex displays pre-Alpimagmatic oscillatory zoning; rarely a bright CL ri510 pum in width,

surrounds the core.

6.5 Results: Zircon U-Pb dating

The range of Alpiné®Pb/**U zircon dates for each sample is summarized inér&bDetails on the pre-Alpine dates are
available in Kunz et al. (2017). Supplement)Sjives an overview of pre-Alpine dates as well radiviidual analyses of
Alpine dates.Concordia plots of individual spots analyses ofiAdpzircon are available in Supplement SEar the five
samples we obtained 27 analyses of detrital c&®8spf Permian rims, and 34 of Alpine rimBetrital zircon cores in
samples from the IC range from ~793 to 353 Ma aartigdly overlap with the first rim in sample FG#32and FG1249 (Fig.
10), for which the dates rangieom ~450-420 Ma. In most samples, at least two rimsf@uad yielding Carboniferous to
Triassic dates from ~313 to 222 Ma, as discussettiail by Kunz et al. (20270only one sampleHG1324)shows none of
these Alpine rims, with a range between @fd56 Ma, were measured in all samples except FG1&#K8re the third rim

was too thin (10um) to be analysed. No correlatwas found between rim types and ages within samgyl@snongst them
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and it was not possible to make absolute age dtiiims among Alpine rim generations. This is duedlatively large
uncertainty in the ages, as the narrow rims onlgwadd small spots for LA-ICP-MS measurements, desirgy their
analytical precision.

Th/U ratios in detrital zircon cores range betw8etb and >3, the rim generation with dates betwEs#hk-420 Ma have low
Th/U ratios in sample FG1324 (0.006—-0.14) wherbasd in sample FG 1249 are between 0.1 and 0.5CaHmoniferous
to Triassic rims show Th/U ratios between 0.0024- The Alpine metamorphic rinshowlow Th/U ratios between 0.001-
0.01.

7 Discussion
7.1Linking time constraints with equilibrium condition s (Petrochronology)

Preliminary analysis of allanite for U-Th-Pb by U&P-MS was performeth situ (i.e. using LA-ICPMS spot analyses), on
polished thin sections. However, to obtain moreemal for dating, allanite grains were subsequesdéiparated, mounted on
resin mounts and polished. The main reasons whpigl grains were separated for dating are thevidtig:

» Grain mounts are more efficient as they enablecalg more spots to analyze a single growth zoh&ést one order of
magnitude more spot analyses per sample thanrirséations).

» Grains mounts produce more likely equatorial casaise polishing is optimized to obtain the largestions possible
at a given grain size. This is essential for LA-{RIB analysis of grains with several growth zonésertioning is not
near-equatorial, one is more likely to drill thréudjfferent growth zones.

We do consider petrographic control before datinbe essential: all mounts were imaged at the SHhlthve BSE detector

to document allanite textures. For each sampléy iothe thin section and in the mounts, the aléagrains displayed the

same textural patterns, growth zones and mineraidions at the sample scale (in separates ands#ition). The
microtextural features observed in thin sectionseweadily linked to those seen in grain mountsnjeare Figs. 7a and 7f).

Furthermore, we note that U-Th-Pb ages from grasumts analyses agree within uncertainty with the gpalyses made in

thin sections.

The fundamental task to reconstruct the P-T-t pa&h® establish a strong link between P-T condgjoderiving from

thermodynamic modelling, and t data, deriving frage datingSeveral criteriavere usedo achieve this goal, notably: (i)

textural evidence, (ii) the presenesd compositionof distinctive minerals as inclusions, and (iii)etlpresence of

intergrowths of allanite with other phases.

As described in section 6.2, allanite grains ofltbeare intergrown with the main mineral phases tiescribe the eclogite

facies foliation (Fig. 7; Table 5Furthermore, the compositions of mineral inclusionallanitematchedo those found in

the matrix and to those predicted by thermodynamucleling (representative chemical analyses in Suppht S). Based
on these observations (and details given in se@idrior each sample), we infer growth of allamiteval with the minerals

marking the eclogite facies foliation in all of tamples analyzed from the IC. This link betweer dgta and P-T
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conditions is shown by the red ellipses on the ldgiiim phase diagrams shown in Fig. 4 and on tfietfhaths shown in
Fig. 11b and c (colour-coded for each samp@)ditionally, in four samples of the IC, the ages obtainedaftanite cores
and Alpine zircon rimsverlap within uncertainty, suggesting coeval gtoat these two accessory minerals.

In the EC, metamorphic allanite is rare and presgtronly in the core of epidote (section 6.2; Figg,7h). Epidote is
intergrown with white mica, chlorite and titanitearking the retrograde greenschist overprint, whicltonstrained by
Chlorite+White-Mica+Quartz+kD thermobarometry (~0.9 GPa, 350 °C to 0.4 GPa,°’23B&ee Fig. 6). According to these
results, metamorphic allanite growth in the EC pted the retrograde greenschist overprint (redsellin Fig. 4f and purple

ellipse in Fig. 11b-c).

7.2 P-T-t paths of samples
7.2.1 Pre-Alpine conditions in the IC

The history of the studied samples is summarizeB-iirt diagramgFig. 11) and compared with relevant data from the
literature. The first metamorphic stage recordedun samples from the IC is of Permian ageeflects granulite facies
conditions. Porphyroclastic garnet cores (presersamples FG1315, FG12157, FG1347 and FG1249harertly major
mineral relics of this HT stage. Among accessorgarals, late Carboniferous to Upper Triassic zirdors (between 313
and 222 Ma) are@reservedand monazite relics in allanite most probably Batdeozoic as well. The ages of the Permian
zircon cores fit well with those reflecting HT metarphism in the Ivrea Zonend Adria-derived units in the Western Alps
(Vavra et al., 1999;Vavra et al., 1996;Kunz et2017;Ewing et al., 2013), thus supporting the lbelyl view that the Sesia
Zone is closely related to the Ivrea Zone (e.g. fagmoni et al., 1977). The single Upper Triassie 222 + 13 Ma) in
sample FG1315 is similar to ages reported fromhea Zone by Vavra et al. (199%here theyhave been related to fluid
alteration. The FI' conditions for the pre-Alpine HT stage are camisied between 0.6-0.8 GPa and 700-900 °C from the
garnet cores of the IC samples. These resultsroo®arlier data for the IC (0.6-0.9 GPa, ~850 °@rdeaux and Spalla,
1991;Rebay and Spalla, 2001; Fig. 11). A retrograeeAlpine path through amphibolite facies comdit is evident in
sample FG1249, wherefirst garnet rim generation yields ~0.6 GPa and 80(Fig. 11b), again in fair agreement with
previous data (0.3-0.5 GPa, 570-670 °C; Lardeauk $ypalla, 1991;Rebay and Spalla, 2001). A sketahmarizingthe

chronology and thermodynamic modelling of gainetample FG1249 ishownin Giuntoli et al. (in review).

7.2.2 Pre-Alpine conditions in the EC

In the EC, sample FG1420 shows pre-Alpine ages28D~-Ma for the magmatic allanitgains These age data probably
reflect magmatic crystallization ages of the graidis; they are in good agreement with several age df magmatic zircon

and monazite for the Sesia-Dent Blanche nappe {RigBussy et al., 1998rable 2 and Fig. 5 in Kunz et al., 2017
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7.2.3 Alpine conditions in the IC

For the Alpine history, our samples from the ICigade higher P and T than in the EC, based on lddtgjarnet
compositional modelling (Lanari et al. 2017). Tl fecorded a range of maximum pressures betweeantl® GPa at
temperatures of 600-670 °C. Age constrairitsed orallanite dating of five samples from the IC faita three groups:

* Group 1 with ages of ~73 Ma (from 77.2 + 7.3 Ma7th4 + 1.4 Ma, based on samples FG1324 and FG1249

respectively)

* Group 2 at ~65 Ma (from 65.4 + 3.5Ma to 64.5 + 488Mased on samples FG1315 and FG12157)

e Group 3 at55.7 + 4.5Ma (sample FG1347).
Metamorphic conditions for Group 1 show 1.6-1.75aGRd 580-650 °C for the earliest stage. In Grougathples FG1315
and FG12157 vyield not only the same ,agéhin analytical uncertaintybut also similar metamorphic conditions; the
pressure difference of 0.1-0.2 GPa is within theeutainty of the model, asdicatedby error bars in Fig. 11b. Notably, the
same PT conditions were derived from garnet rim1 of FGA21In Group 2 and from garnet rim3 of sample FG1249
Group 1. Summarizing, Groups 1 and 2 experienamdagi P-T conditions but Group 2 attained these @110 M later.
Furthermore, the outermost garnet rim in sample AGY preserves evidence of a retrograde stagel &Ra and 650 °C.
Sample FG1347 (Group 3) shows the youngest allagts for a similar pressure range as Groups 12atit lower
temperature conditions (~580-600°C). It thus appdaat the samples from the IC reflect severalestag allanite growth,
probably because rocks of slightly different butkmposition produced allanite by different metamarpieactions (Engi,
2017). Three growth stages capturecdur samples are at ~73 Ma, ~65 Ma, and ~56 Ma. different P-T-t paths of
Groups 1, 2 and 3 are interpreted to represent diffei@rtbnicsheets (Giuntoli and Engi, 2016) that experiencexla P-T
conditions but at different times (further discubsgesection 7.3).
Regis et al. (2014, Druer slice) and Konrad-Schma@hkd Halama (2014) suggested similar P-T pathdiffarent parts of
the IC (Fig. 11c), with the highest pressure redchie~85 Ma. Halama et al. (2014) constrained #nebpment of the
retrograde blueschist facies Tallorno Shear Zonen(gd-Schmolke et al., 2011) at 65.0 + 3.0 Ma ug\ngAr data on
phengite. This shear zone was related to extetaa ihflux occurring approximately at 1.35 GPa a0 °C (Konrad-
Schmolke and Halama, 2014). These two P-T pathsimitar to Group 3 of the present study, but Hiteel are up to 30 Ma
younger. Groups 1 and 2 consistently display simital paths, but temperatures are 50 — 100°C higieen those
determined by Regis et al. (2014) and Konrad-Sckenahd Halama (2014). In our samples from the |€,detected no
evidence of pressure cycling such as documenteRubatto et al. (2011) further south, in the Fonlices(Regis et al.,
2014).
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7.2.4 Alpine conditions in the EC

In sample FG1420, metamorphic allanites yield aifeés3.7 + 8.2 Ma associated with metamorphic coowit of 0.8 GPa
and 350 - 500°C, a stage constrained by the grotiarnet and phengite, the mica marking the maliatfon. Sample
FG12107 yields an allanite growth age of 62.8 +N&8(Fig. 11c highlighted by the star). Chloritedamhite mica data from
this sample give thermobarometric results in ageenwith FG1420. The proximity of the two samplaghe field, their
similarity in P-T conditions and in textural features of allan#ad us to suggest that allanite grew at the santemoephic
stage in these two samples. Their (nominal) agemsdiscrepant, but considering the overlapping {hcertainties, we

view them as a single age group (Group 4: ~63+3 Ma)

7.2.5 Comparison of P-T-t data for the IC and EC

Comparing P-T-t data for the IC and EC, we noteé @@up 2 (in the IC) and Group 4 (in the EC) releat the same age
data of ca. 65 Ma, but very different metamorphimditions. This implies that the IC and EC at tkiate were at
completely different structural position in the dubtion zoneA difference of 1 GPa translates to a ~30\lartical offset
between the two complexesssuming lithostatic pressures. Tectonic ovegue cannot be ruled out, but it cannot explain
the observed difference in pressures, si@ceup 4(at 0.8 GPajlso displays ~150 °C lower temperatures compased t
Group 2(at 1.6-1.8 GPa). We conclude that the IC resideal $ubstantially deeper and hotter part of thelgction system
than the EC ~65 Ma ago.

The retrograde P-T trajectories in the IC and B€samilar, based on our data for chlorite — whiieanequilibria: ~0.8 GPa
and 340 °C for samples FG1315, FG1347 (IC) and kaiR@1420 (EC; Fig. 11b). Sample FG12157 recorddowa
pressure stage at slightly higher temperature (&B4 and 393 °C) compared to the two other sangflédse IC. The EC
records two further retrograde stages at 0.60 GB&,C and at 0.42 GPa, 220°C. However, thesegetde stages have yet
to be precisely datednger et al. (1996) and Reddy et al. (1999) coistchthe greenschist facies overprint of the EC
between 46 and 38 Ma (Rb-Sr using phengite). Inligte of our data, we interpret these ages toentfthe greenschist
facies conditions documented in both complexesdiramed between ~0.8 GPa and 400 °C to 0.4 GP&8@ndC). The
allanite core ages in Group 4 would then be reltdesh earlierdeformation event, as the epidote rim nsdte greenschist
overprint (Figs. 7g, 11c). Zircon fission track ages for the Sesim&oange from 42 to 26 Ma (Hurford and Hunziker,
1985;Hurford et al., 1989;Hurford et al., 1991;Bargt al., 2012;Wagner and Reimer, 1972;Kapfef@t0®, suggesting that
the terrain crossed the ~250°C isothemthis age rangeluring exhumationFor the most internal section of the Sesia
terrain, the overlying Biella Volcanic Suite dat@d32.5 Ma (Kapferer et al., 2012;Kapferer, 200@)yvide an age constraint

for the final exhumation to the surface
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7.3 Tectonic sssembly and exhumation of the Sesia Zone

The IC shows several tectonic sheets, freaweral hundred meters to a few kilometres in tigsk (Giuntoli and Engi,
2016), some of which moved independemtlyhe subduction chann@Rubatto et al., 2011;Regis et al., 2014) at scages
of the evolution. Some of the samples studied, while taken at most a few kilometres tjpathe field, recorded similar P-
T paths at different times, as reflected by thed¢hmge groups identifiedig 1b-9. This age difference may reflect relative
tectonicmobility at eclogite facies conditiofmetween such sheet§ basement-derived rockahich are notoriously difficult
to delimit in this terrain (Giuntoli and Engi, 2016n addition to tectonic mobility, the combinedesits of deformation and
repeated hydration must be considered as trigdarcoystallization that promoted chemical equiition to eclogite facies
assemblages (including allanite and zircon, asudsad below).

The differences in the-P-conditions (at eclogite facies) documented akfovéhe IC sampledo not indicate trajectories as
tortuous as those suggested by numerical modekblative subduction (e.g. Stockhert and GeryabZ6da et al., 2012).
Our P-T-t dataas well as the nature and geometry of tectonic thaties mapped by Giuntoli and Engi (2016) rathdicake
progressive accretion at depthf 50-60 km probably during final subduction-early exhumatgiagesjuxtaposing a series
of continental sheetand forming a coherent compléhe IC ComplexVitale Brovarone et al., 2013;Reqis et al., 2014)
Eclogite facies conditions in the IC evidently pa#®d for an extended period, at least ~1& M

In the IC, the main deformation stages and minerattions were related to pulses of external flgdsing through the
rocks, as reported by Engi et al. (in review) andn®li et al. (in review). Repeated fluid influxcourred at eclogite facies
conditions, as shown by resorption and growth festun garnet and zircomyith hydrous fluid pervasively rehydiag
rocks that had previously been almost completelyydeated by Upper Paleozoic metamorphism (Engil.etrareview).
Thus Permiarkinzigites (granulite facies metapelites) were tfameed back to micaschists during Alpine subductias
allanite and zircon ages from these samples ardiddé within analytical uncertainties, it appe#nat this fluid influx also
triggered the coevalrowth of accessory phases eclogite facies conditionkater and more localized fluid influx has also
been documented at blueschist facies conditionsi@bSchmolke et al., 2011), and this probably icord to greenschist
facies conditions, as reflected by the partial priat of the main eclogite assemblages, whichliaguentlyobserved in the
IC. Our samples in the IC indicate higher temperatunas have beermpreviouslyreported(Fig. 11). Thisdiscrepancy may
reflectaregional thermal gradient, simply hightemperaturgin moreexternal areas (NW) of the |Gut we suspect it to be
a directeffect of the (re)hydration of pre-Alpine HT rocksyhich is an exothermicprocess(e.g. Walther and Orville,
1982Peacock, 1987;Lyubetskaya and Ague, 2008pnlther and Orville (1982) analysed the thermakef of (de-
)hydration reactions during regional metamorphismd found them to be substantial. When applied ¢opttesent situation
of (re-)hydration, heat capacity data indicate thedting the HT Permian protolith requires ~1.&KkJér kg of leucogneiss.
The enthalpy released upon partial hydration of giotolith (producing the water content typicaltioése micaschists, 1.5
wt-% H,0) adds ~77 kJ/kg in enthalpy. Such hydration ghdhls result in a temperature increase of somé. 8his

estimate lends credibility to the P-T estimatesawiatd here, which indeed are 20-80 °C higher thl@nes maximum
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temperatures recently reported from other parth®fSesia Zone, e.g. 575°C (Konrad-Schmolke ardrig 2014), 570-
630°C for the Druer Slice (Regis et al., 2014)>600°C for the Ivozio Complex (Zucali and Spall@12). In addition, Zr-
in-rutile data reported by Kunz et al. (2017, theable 3) gave 640 °C for one of the present sasn{f&1249), confirming
our results by an entirely independent method.

A counterclockwise A path is proposed here for the EC. This trajectsrigased on the results of garnet and chlorite —
white mica modeling. The path as shown in Fig. fiplies that, at nearly isobaric conditions, thigaanf the EC
experienced cooling by 100-150 degrees, possilijte® to the entry of cold material into the sulithrc channel, as
already proposed by Pognante (1989) for the soutBesia Zone. Piemonte-Liguria oceanic units dileely source of such
material, which would be in line with age data &-%0 Ma for the HP metamorphism in the Zermatt-Saase (e.g.
Rubatto et al., 1998;de Meyer et al., 2014;Webexl.et2015) and withectonickinematic models for the evolution of the
Sesia—Dent Blanche nappes (Manzotti et al., 28idiboust et al., 2004

Summarizing, the major differences between thegiedfacies conditions recorded in the IC and th&l@e blueschist
facies condition in the EC are now quantitativebnstrained by P-T-t data presented in this st(idy. 11) Tectonic
juxtapositionof these two complexeappears to have occurrddring exhumation probabigt 0.7-0.9 GPa and 350-400,°C
since these are the first joint P-T conditions fbimboth complexesaround 46-38 Ma (age data from Inger et al., 12896
Reddy et al., 1999 hese data confirm th&oposition byWilliams and Compagnoni (1983) of a first ordesttmic contact
(Barmet Shear Zone in Giuntoli and Engi, 2016; Eig-c) between the two complexeSur data are the first iguantify the
P-T discontinuity atthatcontact i.e.~1 GPa and 100-180 °Chis age range igounger compared to age range proposed in
the tectonic model by Angiboust et al. (2014) fog juxtaposition of the two complexes (70-57 Masdahon data of Babist
et al., 2006, Konrad-Schmolke et al., 2011, andakal et al., 2014). Whereas Angiboust et al. (2@bfisidered the
Tallorno-Chiusella Shear Zone (Babist et al., 28@8yad-Schmolke et al., 2011) to represent the amirthtetween the IC
and EC, more recent mapping (Giuntoli and Engi,82G&hows that this contact is located several kéwas further NW, in
the Barmet Shear Zone.

The data shown in Fig. 11 allow us to derive averaghumation rates for the IC (Table 6). Using @rauand Group 3 as
the twoanchorsi.e. the oldest and the youngest groups, a dmktulationconsidersStagelthe interval from the highest
pressures recorded in these two groups (~1.6 GR&&tMa and ~2 GPa at ~55 Ma, respectively) to gheenschist
conditionsuponjuxtaposition with the EC (~0.6 GPa at ~38 Ma, figen Inger et al., 1996). The mean vertical exhiiomat
velocity obtained ranges from 0.9 to 2.7 mm/yeapeetively (Table 6). If we take the juxtapositiorbe at ~46 Ma (Reddy
et al., 1999) for the same P conditions|ues forthe mean vertical exhumation velocity increase.bdnd 5.1 mm/year,
respectivelyPlate convergence between Adria and Europe wasmrifyear in the time span of 68-38 Ma (Handy et al.,
2010).In the abovecalculations weconsideredsubduction angles of 90°, 60° and 45°, a thickrds20 km for the upper
crust, 10 km for the lower crysheirdensitiesveretaken as 2.and3.0,respectively, an8.3 g/cnd for the upper mantle.
For Stage2 the final stage of exhumation of the IC and EC, oktainedmean vertical exhumation velocitiesing the
juxtaposition conditions (~0.6 GPa) and ages quidedheend of Stagel, an82.5 Mafor the arrival at the surfac&hat
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age of the Biella Volcanic Suite (Kapferer, 2010pfaer et al., 2012) is supported by zircon fissi@atk ages (Berger et
al., 2012)Depending on the time of juxtaposition adopte&br 46 Ma (Table 6), mean vertical exhumation velocity

4 or 1.6 mm/yearesults For Stage?, only the vertical exhumation velocity was compljtand an average density of 2.7
g/cnt was assumed. The rate of convergence in the 38a2period was ~13 mm/year (Handy et al., 20T@tafor Stage2
aretaken asan approximateange ofexhumation ratesincethe last part of the exhumation was not unifennoughoutthe
Sesia Zone; owing to brittle structuresal differences may be importa(e.g. Berger et al., 2012;Malusa et al., 2006).
Furthermore, the valuegven areminimum exhumation velocitiesis the emplacemenof the Biella Volcanic Suitenay
have postdated the arrivafl the Sesia Zonetthe surface.

The Stagelexhumation ratewe obtained fothe ICagreewith exhumation velocities proposed for the samemex by
Zucali et al. (2002)Regis et al. (2014and the mean exhumation rates for the Sesia Zmmoged by Roda et al. (2012).
However, our rates are up to an order of magnitader than those proposed by Rubatto et al. (2@hd) the maximum
values of Roda et al. (2012)lean exhumation velocities for the final exhumattege of the Sesia Zone (Stage?2) are in the
same rangel(6-4 mm/yeay as those fo6tage1(0.9-5.1 mm/year)Our data show no decrease in exhumation velocity from
early exhumation (i.e. mantle to deep crustal pwss) to late stages (i.e. crustal levels to thdase), such ashas been

proposedy Rubatto and Hermann (200foy ultra-high pressure terranes.

7.4 Implication for the subduction, assembly and éxumation of continental fragments

Our work highlights that subducted continental dees can be composed of several complexes thatiexped major
differences in their subduction histories (i.e.GRa in pressure and 100-180 °C in temperaturehfoiSesia Zone). These
complexes can have been tectonically juxtaposenhgllate metamorphic stages (i.e. greenschist $aotmditions) before
being jointly exhumed to the surface. Complexes lbarithologically heterogeneous and may compresesal tectono-
metamorphic subunits (from a few hundred metreseteeral kilometres in thickness). These may expeéesimilar P-T
paths but at different times (5-10 Ma apart). Dé#feces in the P-T-t trajectories would thus refldifferent tectonic sheets
and attest to tectonic mobility in the subductiome and/or several stages of internal deformatios Ipydration at eclogite
facies that triggered a pervasive HP-fabric andeablage (including datable accessory minerals).

To unravel such complex histories in subducted inental terranes, carefully established field iets, followed by
microstructural and petrochronological analysisdn@ebe combined to

e map and identify the major and secondary tectonamerphic contacts;

» characterize the different fabrics and the minphalses defining them;

» quantify the differences existing in P, T and tdéach complex or subunit.

Finally, the heterogeneity of subducted continetgalanes highlighted by this study should be atergid when comparing
results to numerical and analogue models that ainmvestigate the mechanisms responsible for thmlstion and

exhumation of the continental crust.
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8 Conclusions

The present paper provides P-T-t data for the aktite Sesia Zone, documenting in particular whethat what conditions

the two main complexes of this HP-terrain weregpxtsed during the Alpine orogenic cycle.

In particular our data indicate that:

In the Internal Complex the main stages of mingralwth, and probably the attendant deformationratated to
eclogite facies condition occurring between 77 8BdVlaandtriggered by repeated influx of external fluid is
during this subduction phase that most of the ParrRiT-assemblages were replaced, leaving only spaties of
essentially dry granulites.

The Internal Complexencompassethree groups ofhe samplesstudied probably reflecting different tectonic
sheets. These experienced similar internal deféomand P-T paths, but at different times, reflegtminor (km-
scale) adjustments in the subduction channel a®®B®&m depthand were juxtaposed probably during final
subduction-early exhumation stages

Comparing the two main complexediverse metamorphic evolutions emerge between 77 and 55 Wi,
conditions of 1.6-2 GPa and 600-670 °C in the maeComplex, whereas only 0.7-0.9 GPa and ~50@3@ear to
have beemeached in the External Complex.

The two complexes were juxtaposed between 46 anda38nger et al., 1996;Reddy et al., 1999) at &r& and
350°C, so at mid-crustal levels during exhumation.

The different tectonic sheetsf the Internal Complex wre initially exhumed with mean vertical velocities of 0.9 —
5.1 mm/yearuring Stagelfrom the highest pressures recorded to the gebésidacies conditions attained upon
juxtaposition with the External Complex

During Stage2,he final exhumation of the entire Sesia Zone oexliwwith mean vertical velocities between 1.6
and 4 mm/year, but the late stages of exhumatiothén areacan display local difference@Malusa et al.,
2006;Berger et al., 2012)

This casestudy shows thasubducted HP continental terranes can be compdsedrious complexes, characterized by

major differences in their tectonometamorphic hist) juxtaposed during exhumation by tectonic aots operating at

greenshist facies conditions. Such complexes irche&leral subunits, which in the present case s@mree hundred metres

to few kilometres in thickness, that acted as fragt® in the subduction zone, recording slightlyedént P-T-t paths. The

development of the main fabrics at eclogite faciesditions appears to have been triggered by exdtduid influx. These

processes could be dated based on the coeval godwtltanite and zircon. étrochronologyproved tobe a powerful tool to

guantify processes and unravel the metamorphicugeal in a complex geological settingssentially because tldetailed

analytical work at the microscateuld be linked to solid field evidence.
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Figure 1: (a) Simplified tectonic map of the Westar Alps (modified from Manzotti et al., 2014). (b) Tetonic sketch of the study
area (modified from Giuntoli and Engi, 2016)with sample locations and P-T-t data (this study)(c) Cross section through the study
area (location show in a) withprojection of the studied samplesFoliation traces: violet indicates the eclogite faeis foliation (S2) of
the IC, dark green indicates the composite epidotblueschistHP greenschist facies foliation (S2+S3) of the EC, dargreen

indicates the greenschist facies mylonitic foliatio (S4) at the contact IC-EC BSZ Barmet Shear Zone, PLO Piemonte-Liguria

Oceanic unit(modified from Giuntoli and Engi, 2016).
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Figure 2: Thin section photos illustrating the metanorphic evolution of the studied samples. End-membemineral abbreviations
used throughout text and figures are from Whitney ad Evans (2010). (a) Eclogite foliation (§) marked by subparallel phengite,
omphacite and glaucophane (plane-polarized light)b) Eclogite foliation marked by the preferred oriertation of chloritoid and
phengite. Note the chloritoid crystal (left) is orented perpendicular to S and overgrows it (plane-polarized light). (c) Garnet
crystal with a bright pre-Alpine core and darker Alpine rims visible due to fine rutile inclusions (phne-polarized light). (d)
Glaucophane crystal with a core displaying pale ble absorption colour, rimmed by darker blue crossitehat marks a retrograde
blueschist stage (plane-polarized light). (e) Coltess to pale green amphibole growing at the expens$ omphacite during a
retrograde greenschist stage (plane-polarized light (f) Open folds with chlorite crystallizing in the hinge zone, marking a
retrograde greenschist stage (plane-polarized light(g) Garnet porphyroclast wrapped by the main grenschist foliation (§,; note
the inner foliation inside the garnet (Q; crossed-polarized light). (h) Brown magmatic allaite surrounded by finer grain epidote

crystals (plane-polarized light).
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Figure 3: (a) Mineral phases in sample FG1249 (comape with Fig. 2c) . (b) Xs,s map highlights the porphyroclastic cores showing
fractures sealed by higher X%,s garnet and three rims (Further garnet end-membersnaps for the samples are available in Giuntoli
et al. submitted). (c) Mineral phases in sample FGIR0 (compare with Fig. 2g). (d) Garnet displayingancentric zoning related to a
decrease in X%ps (Further garnet end-members maps for the sampleare available in the Supplement S2). (e) Phengiteaips in

sample FG1249 (details in text). (f) Phengite grogpin sample FG1420 (details in text). Note largerhengite flakes of Group2

localized in fold hinges.
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Figure 5: Multi-equilibrium thermobarometry results for the | C samples. (a), (c), and (e): intersection of theesults deriving from
ChloritetQuartz+H,0O thermometry with White-Mica+Quartz+H,O barometry. (b), (d), and (f): results of ChloritetWhite-

Mica+Quartz+H,0 thermobarometry.
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Figure 6: Chlorite+tWhite-Mica+Quartz+H,0 thermobarometry results for the EC sample.
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Figure 7: Back-scattered electron photos illustratig some of the allanite crystals in the studied saptes (a-h: thin sections; b-g:
grain mounts). (a) Allanite grain elongate in the eclogite foliatbn with phengite and paragonite. It is rimmed by efmote and a
simplectite of paragonite and chlorite.(b) Allanite displaying several growth zones and aark outermost rim of epidote. Note the
phengite inclusion and laser ablation pits (32 um)(c) Allanite displaying several growth zones, thénnermost of which are
intergrown with paragonite. The tiny dark inclusions are fine grained phengite and paragonite. (d) Maawite with lobate edges
preserved at the core of an allanite grain. (e) Adnite intergrown with garnet and wrapped by a darke epidote rim. (f) Allanite

including garnet, rutile and phengite. (g) Allanite preserved at the core of epidote. Inclusions of pagonite and phengite are
present at the boundary allanite-epidote rim. (h) Magmatic allanite with epidote crystals as satelli® some of the latter display

cores of metamorphic allanite.
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Figure 8: Results of the IC samples plotted in th&era-Wasserburg and®2Th/?°Ph;, -2°%b/2°%Ph, isochron diagram with intercept

and isochron age respectively and initial common &l composition estimations.
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Figure 9: Results of the EC samples plotted in the Ta-Wasserburg and?*2Th/?°%Phb, ->®Pb/***Ph, isochron diagram with intercept

and isochron age respectively andstimatedinitial common lead composition.
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Figure 10: CL-images of zircon textures in the samips from the Internal Complex. Typically detrital cores show more or less
resorption and are followed up by one to five metawrphic rim generations of different CL responses. Thescale bar in all images
is 50 um.Solid circles correspond to 32um LA-ICP-MS spots, hile dashed circles are 16um spot sizes. The da@ individual

20%pp/238y spots analysis given in Ma
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Figure 11: P-T-t paths of the study area (Fig. 1).a) Data and paths from previous studies: proposedrp-Alpine evolution from the
data of Lardeaux and Spalla (1991), and Rebay and &fta (2001); Alpine evolution of the Internal Compéx from Rubatto et al.
(2011), Regis et al. (2014), Konrad-Schmolke and HKana (2014), and Halama et al. (2014); ages for tHexternal Complex from
Inger et al. (1996) and Reddy et al. (1999), reladeto greenschist facies conditions. (b) Data preseyd in this study. Ellipses show
P-T constraints for the age data, rectangles referot retrograde stages.Error bars show the P-T uncertainty related to the
analytical error of the garnet composition.(c) Interpreted P-T-t paths. Full lines = Internal Complex; dashed lines = External

Complex. The star indicates the age data from sample FG121@3ee text for explanation).
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11

Sample IC-FG1324 IC-FG1315 IC-FG12157 IC-FG1347 1GG1249 EC-FG1420
Grt CORE RIM1 RIM2 RIM3|CORE RIM1 RIM2 |CORE RIM1 RIM2 RIM3 RIM4 |CORE RIM1 RIM2 RIM3 |CORE RIM1 RIM2 RIM3
Spot analyses (wt%) Average composition (Wt%) Ageraomposition (wt% Average composition (wWt%) Average composition (wt%) Average composition (wt%)
Sio2 3775 3793 37743770 3796 3781 37.4 38.17 38.43 38.y4 37.75 8837.38.18 37.75 37.3 36.91 36.62 37.80 37|98 38.297.57 37.77 37.6]]
Tio2 0 0.01 0.04 0.01 0.01 0.01 0.0t 0.07 0.07 170] 0.02 0.02 0.02 0.03 0.03 0.05 0.16 0.27 04 0.10.1 0.1 0.09
Al203 2159 21.62 215 21.27 2144 2146 213 21.07 21.20 21.p4 2125 2821.21.09 21.21 21.39 2083 2136 2118 2177 21.021.3 2111 21.22
FeO 3116 31.12 317473146 2794 30.03 32.0 31.23 29.05 26.p3 31.30 1930.30.82 31.96 32.01 33.06 3423 28.79 27|12 23.98%.57 27.04 2847
MnO 0.65 0.63  0.60 0.61 0.41 0.42 0.31 1.00 0.570.56 0.92 0.37 0.39 0.35 0.3 231 0.37 0.66 0{563.52 1.93 0.76 0.37
MgO 45 473  4.35 7.19 5.33 6.18 6.30 6.41 5.08 4.22 7.05 5.76 6.60 6.62 7.30 4.65 3.86 5.18 4186 .58 0 0.63 0.73 0.94
CaO 4.1 3.94 3.87 131 6.72 4.17 2.8 1.38 5.598.39 1.14 3.96 2.13 1.49 0.9 1.77 3.27 6.35 8{382.451 12.83 1247 11.34
Cr203 0 0.00 0.00] 0.00 0.00 0.00 0.qo 0.04 0.04 040 0.00 0.00 0.00 0.00 0.0 0.03 0.04 0.03 03 0 0 0 0
Total 99.75 99.97 99.9D 99.56 99.81 100.08 99.5p 99.37 100.03 100018 99.449.47 99.24 99.41 99.3 99.62 99.90 100.27 10p.B®.95 99.93 99.98 100.4
Formulae based on 12 oxygens
Si 2.99 3.00 299 2.97 2.97 2.96 2.96 3.02 3.02 33p 298 2.99 3.02 2.98 2.94 2.95 2.93 2.96 2.p5 3.052.99 3.01 3.00
Ti 0 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.00 0.1 .000 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.0 0.01 010. 0.01 0.01
Al 2.02 201 201 1.97 1.98 1.98 1.9p 1.97 196 61p 1.97 1.98 1.96 1.98 1.99 1.96 2.01 1.96 1.p9 1.98.00 1.98 1.99
Fe 2.07 206 217 2.07 1.83 1.96 2.32 2.07 191 6 1|7 2.06 1.99 2.04 211 2.17 221 2.29 1.89 16 1.601.70 1.80 1.90
Mn 0.04 0.04 0.05 0.04 0.03 0.03 0.0p 0.07 0.04 40p 0.06 0.03 0.03 0.02 0.03 0.16 0.03 0.04 0.p4 0.240.13 0.05 0.03
Mg 0.53 0.56 0.49 0.84 0.62 0.72 0.7p 0.76 059 904 0.83 0.68 0.78 0.78 0.84 0.56 0.46 0.61 0.p6 0.070.08 0.09 0.11
Ca 0.35 0.33 0.33 0.11 0.56 0.35 0.18 0.12 0.47 0 0}7 0.10 0.34 0.18 0.13 0.09 0.15 0.28 0.53 0.Jo 1.061.09 1.06 0.97
> cations 8.00 8.00 7.9 8.00 8.00 8.00 8.90 8.00 008. 8.00 8.00 8.00 8.00 8.00 8.0p 8.00 8.00 8.00 0 8]0 8.00 8.00 8.00 8.00
Molecular proportions of garnet end members
Alm 0.69 0.69 0.70 0.68 0.60 0.64 0.6p 0.69 0.63 590. 0.68 0.66 0.67 0.69 0.64 0.72 0.75 0.62 0p8 405057 0.60 0.63
Prp 0.18 0.19 0.17 0.28 0.20 0.24 0.44 0.25 0.20 16 0| 0.27 0.22 0.26 0.26 0.2 0.18 0.15 0.20 ofl8 20.00.03 0.03 0.04
Grs 0.12 0.11 0.1 0.04 0.19 0.11 0.4q6 0.04 0.16 24 0] 0.03 0.11 0.06 0.04 0.03 0.05 0.09 0.17 opR3 60.30.37 0.35 0.32
Sps 0.01 0.01 0.0] 0.01 0.01 0.01 0.1 0.02 0.01 01 0f 0.02 0.01 0.01 0.01 0.0] 0.05 0.01 0.01 0p1 80.0 0.04 0.02 0.01

Table 1: Representative analyses of garnet of thamples
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Sample IC-FG1324 IC-FG1315 IC-FG12157 IC-FG1347 IE&-G1249 EC-FG1420
Ph Average Average
; Average Average Average Average comp. cotrg}p.

Spot analysis (wt% composition composition composition composition (wi%) (wi%)
wt% (Wt%) o (Wt%) (Wt%) (Wt%) o HighSi o LowSi o
Sio2 51.34 49.24 51.99( 50.89 0.55 49.61 49.43 0.92 49.57 0. 50.887 048.54 0.8¢
TiO2 041 0.53 0.53 0.26 0.1% 0.31 .06 0.23 0jJ05 .240 0.08 0.15 0.04 0.13 0.03
Al203 26.67 26.82 26.83| 28.15 0.40 27.58 3 29.78 0.30 27.92 0. 27.4%9 030.17 0.76
FeO 1.67 139 1.64 1.49 0.1 2.09 0.43 1.40 014 30 1. 0.42 3.21 0.25 263 0.2
MnO 0.00 0.00 0.00 0.06 0.01 0.19 0.94 0.06 0j01 050. 0.01 0.08 0.01 0.08 0.01
MgO 3.00 3.37 345 3.68 0.14 3.65 0.15 3.29 0jJ16 453. 0.18 285 0.25 230 0.21
CaO 0.00 0.00 0.0¢ 0.00 0.0p 0.19 0.p4 0.01 000 01 0. 0.00 0.00 0.00 0.00 0.01
Na20 062 0.86 0.74 0.77 0.0p 0.66 0.08 0.71 011 870 0.14 0.44 0.11 0.32 0.0§
K20 10.16 10.14 10.33| 10.24 0.17 9.97 A 10.35 0.21 9.97 0. 10.56 6 010.77 0.25
Total 93.87 92.35 95.51| 95.54 - 94.26 95.25 - 93.37 - 95.56 - 94.93
Formulae based on 11 oxygens
Si 3.46 3.38 3.44 3.37 0.0 3.35 2 3.29 0J03 63.3 0.03 3.40 0.04 3.27 0.04
Ti 0.02 0.03 0.03 0.01 0.0 0.02 0 0.01 0p0 10.0 0.00 0.01 0.00 0.01 0.0q
Al 212 217  2.09 2.20 0.0 2.19 3 2.34 0.p3 322 0.04 216 0.05 2.39 0.09
Fe 0.09 0.08 0.09 0.08 0.0 0.12 02 0.08 0{fo1 7 0.0 0.02 0.18 0.01 0.15 0.09
Mn 0.00 0.00 0.00 0.00 0.0 0.01 0 0.00 000 00.0 0.00 0.00 0.00 0.01 0.0q
Mg 0.30 0.35 0.34 0.36 0.0 0.37 2 0.33 002 50.3 0.02 0.28 0.03 0.23 0.07
Ca 0.00 0.00 0.0¢ 0.00 0.0 0.01 .00 0.00 0j0o0 0 0.0 0.00 0.00 0.00 0.00 0.0d
Na 0.08 0.11 0.10 0.10 0.0 0.09 1 0.09 0[01 10.1 0.02 0.06 0.01 0.04 0.01
K 0.87 0.89 0.87 0.87 0.01 0.86 2 0.88 0.p2 0.86 0.02 0.90 0.02 0.93 0.0
> cationd 6.94 7.01 6.97 7.00 - 7.01 7.02 - 7.00 6.99 - .027 -
XMg 0.76 0.81 0.79 0.82 0.01 0.76 4 0.81 0{02 .830 0.05 0.61 0.03 0.61 0.0

Table 2: Representative analyses of phengite of tlsampleso is the standard deviation associated to the averagomposition analysis
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Sample IC-FG1315 IC-FG12157 IC-FG1347 EC-FG1420
Chl Grpl Grp2 Grp3
Chl-35093 Chl-35094 Chl-20416Zhl-204794 Chl-214479 Chl-21587Q Chl-910650 Chl-547806 Chl-881538
Si02 25.64 26.22 25.81 25.91 24.91 25.62 25.11 1259 25.45
Al203 19.62 19.71 20.64 20.1 21.7 20.97 20.09 21.63 20.34
FeO 26.29 26.68 24.53 27.34 24.96 26.4% 26.87 28.98 25.53
MnO 0.05 0.05 0.21 0.33 0.11 0.19 0.28 0.31 0.2
MgO 15.32 15.82 15.87 14.32 13.51 13.49 13.01 12.61 12.61
CaO 0.05 0.06 0.03 0.03 0.13 0.09 0.08 0.09 0.1y
Na20 0.05 0.03 0.04 0.03 0 0.03 0.02 0.03 0.03
K20 0.07 0.06 0.02 0.03 0.15 0.22 0.03 0.03 0.04
Total 87.09 88.63 87.15 88.09 85.47 87.06 85.49 5389. 84.46
Atom site distribution (14 anhydrous-oxygen basisnicluding Fe3+)
Si(T1+T2) 2.68 2.71 2.70 2.69 2.65 2.72 2.73 2.70 782
Al(T2) 1.32 1.29 1.30 1.31 1.34 1.28 1.27 1.30 1.22
Al(M1) 0.32 0.29 0.30 0.31 0.34 0.28 0.27 0.30 0.22
Mg(M1) 0.28 0.33 0.35 0.27 0.24 0.31 0.30 0.27 0.3q
Fe2+(M1) 0.20 0.26 0.27 0.21 0.21 0.32 0.33 0.32 320.
V(M1) 0.20 0.12 0.09 0.21 0.21 0.10 0.10 0.11 0.14
Mg(M2+M3) 2.10 2.10 2.13 1.95 1.90 1.83 1.80 1.69 1.75
Fe(M2+M3) 1.46 1.61 1.64 1.57 1.62 1.87 1.94 2.03 .851
Al(M2+M3) 0.41 0.26 0.19 0.44 0.43 0.24 0.21 0.24 .340
Al(M4) 0.36 0.56 0.76 0.41 0.60 0.84 0.83 0.82 0.84
XMg 0.59 0.57 0.56 0.55 0.54 0.49 0.48 0.45 0.49
Fe3+(M4) 0.64 0.44 0.24 0.59 0.40 0.16 0.17 0.18 16 0.

Table 3: Representative analyses of chlorite used the multi-equilibrium calculations
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Sample IC-FG1315 IC-FG12157 IC-FG1347 EC-FG1420
Wm Grpl Grp2 Grp3
Wm- Wm- Wm- Wm- Wm- Wm- Wm- Wm- Wm-
20328 20330 232431 231796 245987 245295 883652 558805 851517
Si02 48.06 48.48 48.23 47.06 49.56 49.29 50.45 650.5 49.03
Al203 28.22 28.12 30.09 29.98 31.01 29.62 28.75 928. 27.97
FeO 1.86 1.77 2.5 2.32 2.64 2.83 2.48 3.13 3.28
MnO 0.04 0.06 0.27 0.2 0.06 0.06 0.09 0.1 0.13
MgO 3.15 3.03 2.67 2.71 2.89 2.98 2.27 2.52 2.44
CaO 0.02 0.03 0.27 0.23 0.01 0.01 0 0 0
Na20 0.52 0.58 0.47 0.6 0.49 0.58 0.37 0.28 0.2p
K20 9.49 9.36 10.04 10.17 10.14 10.5 10.17 11.01 0411
Total 91.36 91.43 94.54 93.27 96.8 95.87 94.58 6.5 94.15
Atom site distribution (11 anhydrous-oxygen basisncluding Fe3+)
Si(T1+T2) 3.32 3.35 3.24 3.22 3.25 3.28 3.37 3.34 .333
Al(T2) 0.68 0.65 0.76 0.78 0.75 0.72 0.63 0.66 0.67
V(M1) 0.94 0.95 0.98 0.97 0.94 0.95 1.00 0.99 1.00
Mg(M1) 0.04 0.04 0.03 0.03 0.04 0.03 0.00 0.01 0.01
Fe2+(M1) 0.01 0.01 0.01 0.01 0.02 0.02 0.00 0.01 000.
Al(M2+M3) 1.63 1.64 1.63 1.64 1.64 1.60 1.64 1.60 .581
Mg(M2+M3) 0.28 0.27 0.24 0.25 0.24 0.26 0.22 0.24 0.24
Fe(M2+M3) 0.09 0.09 0.11 0.12 0.12 0.14 0.12 0.14 140
XMg 0.75 0.75 0.68 0.68 0.66 0.65 0.65 0.64 0.64
K(A) 0.84 0.82 0.86 0.89 0.85 0.89 0.87 0.93 0.94
Na(A) 0.07 0.08 0.06 0.08 0.06 0.07 0.05 0.04 0.08
V(A) 0.09 0.10 0.06 0.02 0.09 0.03 0.08 0.04 0.01

Table 4: Representative analyses of white mica usé@uthe multi-equilibrium calculations
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18

19

SAMPLE GROUP AG(ZE(:;In AGE Zrn P T CONSTRAINTS NAME
Omp, Grt,
FG1324 1 77.2£7.3 77-63 1.65-1.75 GPa 600-650 Inclusion of Ph, Grt Gln and Rt
micaschist
. Grt, Ep and
FG1315 2 65.443.5 68-58 17519GPa | 650-670 | 'melusionof Ph, Grt Rt Qz-
(Rim1-2-3), Pg . .
micaschist
Grt, GIn, Ep
e FG12157 2 64.5+4.3 65-60 1.55-1.65 GPa 630-670 Inclusion of Ph and Rt
micaschist
Cld, Grt and
FG1347 3 55.7+4.5 5614 1.8-2 GPa 580-610 Inclusion of Ph, Pg, Rt Rt
micaschist
Grt, Ep and
FG1249 1 72.5£1.4 - 1.55-1.65 GPa 580-630 Inclusion of Ph, Pg Rt
micaschist
FG1420 4 73.78.2 - 0508GPa | 400-500 Inclusion of Ph, ere
Pg,Ttn orthogneiss
Q Ep, Phand
FG12107 4 62.8+3.3 - no P noT Inclusion of Ph, Pg Ab
leucogneiss

Table 5: Constraints linking age data to pressure rad temperature based on mineral inclusions in allaite; uncertainties

of age data are 8. Allanite age data based on Tera-Wasserburg intercég. Zircon *°Pb/?*®U dates are given as the

minimum and maximum range of individual analysis.Groups are discussed in section 7.
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21
22

23

24

25

26

27

28

vertical velocity along sub. inter. 60° along sub. inter. 45°
Age at ~0.6GPa
mm/year mm/year mm/year
Group 1 ~38 Ma 0.9 1.1 1.3
< Group 1 ~46 Ma 1.2 1.4 1.7
1]
= Group 3 ~38 Ma 2.7 3.1 3.8
Group 3 ~46 Ma 5.1 5.9 7.2
~ INT-EXT ~38 Ma 4 - -
%
& INT-EXT ~46 Ma 1.6 - -

Table 6: Exhumation velocities for Groups 1 and 31C) from the highest pressures recorded to the greeschist

juxtaposition with the EC (Stagel) and for the lateexhumation to the surface of the Sesia Zone (INTET; Stage 2).
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