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Deeply subducted continental fragments: I. Fractunng, dissolution-precipitation and diffusion proceses recorded by
garnet textures of the central Sesia Zone (Westeitalian Alps)
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Abstract. Contiguous continental high-pressure terranes agems offer insight into deep recycling and transftion
processes that occur in subduction zones. Thesaimgooorly understood, and currently debated idesel testing. The
approach we chose is to investigate in detail do®nd in suitable rocks samples that preserve textand robust mineral
assemblages, which withstood overprinting durindiuewation. We document complex garnet zoning in eclogitic
micaschistdrom the Sesia Zone (Western Italian Alp$hese retaievidence of two orogenic cycles and provide detfaile
insight into resorption, growth and diffusion preses induced by fluid pulses at high pressuneditions We analysed
local textures andyarnet compositional patterns, which turned out amdably complex. Bycombiring these with
thermodynamic modellingve could unraveand quantifyrepeated fluid-rock interactioprocesses. Garnet shows low-Ca
porphyroclastic cores thatere stable at (Permian) granulite facies conditidis series of rims that surround these cores
provides insight into the subsequent evolutiohe Tirst garnet rim that surrounds the pre-Alpinanglite facies coren one
sampleindicates that pre-Alpine amphibolite facies metgghism followed the granulite facies evem. all samples
documentedcores show lobate edges and preserve inner fractwtdch are sealed by higba garnetthat reflect Alpine
high-pressure conditions. Thesbservatios suggest that duringarly stages of subduction, before hydration of the
granulites brittle failure of garnet occurrethdicatinghigh strain ratesvhich may be due to seismic failui@everal Alpine
rims showconspicuoudextures indicative of interaction with hydrousiflu(a) resorption-dominated textures produced
lobate edges, at the expense of the outer parhefgtanulite core; (b) peninsulas and atoll gamaretthe result of
replacement reactions; (c) spatially limited resorp and enhanced transport of elements due the flbhase is evident
along brittle fractures anth their immediate proximity. Thermodynamic modellisgows that all of these Alpine rims
formed at eclogite facies conditions. Structuralbntrolled samples allow these fluid-garnet intéoscphenomena to be
traced across a portion of the Sesia Zon# a general decrease in fluid-garnet interactibserved towards the external,
structurally lower parts of the terrarReplacement of the Permian HT assemblages byateqdich Alpine assemblages can
reach nearly 100%f the rock volumeSince we found no cleaelationship betweediscretedeformation structureg.g.
shear zones) observed in the fiakdthe fluid pulsesthat triggeredhe transformation teclogite faciesasssemblages, we

conclude that disperse fluid flow was responsibletlie hydration
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1 Introduction

Unravelling the metamorphic and deformational higto polyorogenic complexes is challengirasrelics from previous
stagescommonly werepartially or completely overprinted during the sefpgent stages. Garnet is a robust and common
mineralfrequentlyused to deciphenetamorphigrocesses. kgrows ina wide range of P-T conditions and rock types.(e.g
Spear et al., 1984;0'Brien, 1997).

However, various processes may almming recorded by garnenhotably replacement reactions and intracrystalline
diffusion. Replacement of garnet malter or completely obliterate garnet growth zones duedissolution and
reprecipitation processes (Putnis, 2002, 2009;Ruind John, 2010;Ague and Axler, 2016). Relics slibw resorption
features, e.g. lobate or peninsular structuresinvithgarnet growth zone, and sharp transitionsompositionmay be
observed (e.g. Cruz, 2011). If the entire centreaafarnet is replaced by other mineral, typicall garnet may form
(Atherton and Edmunds, 1966;Cooper, 1972;Smell#;4iHomam, 2003;Cheng et al., 2007;Faryad et &10Zruz,
2011;0rtolano et al., 2014a). Dissolution of garsethought to be linked to the presence of a (reacfluid, and may be
followed by precipitation of new garnet with a @ifént composition (Hames and Menard, 1993;CompagmehHirajima,
2001;Cheng et al., 2007;Faryad et al., 2010;Wassmad Stockhert, 2013;0rtolano et al., 2014a;Aguwet Axler, 2016).
Diffusivity depends on temperature, time, and gaoeenposition, being generally higher for’EeVig and Mn than for Ca
(Carlson, 2006). Intracrystallindiffusion is relatively slow up to 70€ (e.g. Yardley, 1977;Spear, 1991;Carlson and
Gordon, 2004;Caddick et al., 2010;Ague and Carl20i,3) Below 700°C, garnet of a few hundred micrometeaBuswill
retain compositional zoning for several tens ofioml years (Florence and Spear, 1991;Caddick g2@l0).

Reconstructing the polyorogenic history stored imgarequires an understanding of both texturecamapositional zoning.
To unravel the information recorded by garngé combined high-resolution electron probe coritposl mapping with
forward thermodynamic modellingdur modelsaccount for fractional crystallisation and garnegorption (Lanari et al.,
2017) We appliedthis approach to several samples collected fromirtteznal Complex (as defined in Giuntoli and Engi,
2016) of the Sesia Zone, where garnet retains rimddion from two orogenic cyclest very different conditiondPermian
high-temperaturéllowed byAlpine high-pressurédetails in the next section)

We show that theekturaland compositionathanges are related to processes of dissolutiawtgrand diffusionWe
discuss gantitative pressure (P) and temperature (T) in&tion of garnet growth zones (data from Lanarilgt2017;
Giuntoli et al., in review) in relation with thebserved textures. 8/propose that repeated local resorption and graoivth
garnetaccount for thecomplexly zoned garnetwith lobate textures, peninsular features andhe most extreme cases,
formation of atoll garnet. Localizethtracrystallinediffusion is observed only in the proximity of ftaces, which were
probably acting as main fluid pathwayror a series of four samples collected 2 kiloezeacross the main foliation and 5
kilometres along strike of the Internal Complextioé Sesia Zone, avinfer that these garnet resorption and replacement

processes are relatedrizpeatediuid-rock interaction.
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2 Geological settingand previous work on garnet

The Alpine orogenic belt formed between the Craiaseand the Oligocene as a result of the conveegehthe European
plate and the Adriatic plate (Dewey et al., 198%&taum et al., 2002;Handy et al., 2010). The S&sie is a major high-
pressure continentétrranelocated in the Italian Western Alps (Fig. 1a)slthought to derive from the distal portion of the
Adriatic passive margin that was involved in thgiAk subduction (Dal Piaz, 1999;Beltrando et @14). The Sesia Zone
is bounded to the west by blueschist to eclogitgefa subunits derived from the Piemontese-Ligurizedd (Bearth,
1967;Dal Piaz and Ernst, 1978;Martin et al., 1994t@right and Barnicoat, 2002;Bucher et al., 2006gpo et al.,
2009;Rebay et al., 2012;Negro et al., 2013) artti¢ceast by the Insubric Line. This dextral brifdelt separates the Sesia
Zone from the Southern Alps, which show a weak Adégimprint at sub-greenschist facies (Bertolang%tdingg, 1983).

In the Aosta Valley (Fig. 1b) the Sesia Zone cosgmitwo main complexes, i.e. the Internal and Bate€omplexes (IC
and EC hereafter; Giuntoli and Engi, 2016¢parated by a greenschist facies shear zoneETheomprises three epidote
blueschist facies sheets of orthogneiss, with anilyor paragneiss and metasediments, which are etegaby lenses and
bands, classically named Seconda Zona Diorito-i§itiza (2DK; Artini and Melzi, 1900;Dal Piaz et a1971;Compagnoni
et al., 1977); these retain a pre-Alpine higmperature imprint and only local evidence of figine HP-history. The IC
consists of several eclogiteubunits, each 0.5-3 km thick, separated by presumedometamorphic (Mesozoic) meta-
sediments (Venturini et al., 1994;Regis et al.,£Gluntoli and Engi, 2016). This complex is chaesided by interlayered
micaschist, eclogite, ortho- and paragneiss, withrg minor portion of pre-Alpine marbles and Mesozoicasedimentary
bands (e.g. Compagnoni, 1977;Castelli, 1991). TheXperienced eclogite facies conditions duringirdpmetamorphism,
with maximum recorded pressure of 2 GPa and teryreraof 650-670 °C, between 85 and 55 Ma (Compaignon
1977;Konrad-Schmolke et al., 2011;Rubatto et @112Regis et al., 2014). Minor and local retrogrddueschist and
greenschist facies overprinarepresent, especially close to tectonic contactbidaet al., 2006;Giuntoli and Engi, 2016).
The IC preserves rare relics of pre-Alpine (Permigranulite facies conditiong0.6-0.9GPa, ~850°C) anekry sparse
retrograde amphibolitefacies conditions (0.5-0.3 GPa, 570-670°C; Lardeaux anmhll8§, 1991;Rebay and Spalla,
2001;Zucali et al., 2002).

Polymetamorphic pre-Alpine garnktisbeen recognizeih the ICsince the works of Martinotti (1970), Compagnor8{I),
Zucali et al. (2002), and Robyr et al. (2014). Tiyigse of garnet shows coarseptically brightpre-Alpine porphyroclasts,
which aregenerally mantled by a rim of Alpine garnet wittdasty appearance due to inclusioAfine garnetis also
present as smalleuhedratrystals. During greenschist-facies Alpine retregien, garnegrainswere partially retrogressed
to chlorite, especially alongrain boundarieand fractures. Robyr et al. (201f4)Jind that the garnééxturedepend on the
matrix Garnet forms mushroom- and atoll-shaped crystalguartz-rich layers, but large idioblastic crysta mica-rich
layers. Four growth zones were identified, thet fttgee of whichwere modelled as stable during prograde pre-Alpine
Barrovian metamorphism from 500 to 600°C @nd t00.9 GPaThe fourth zone was modelled as stable at 550°Clafid

2.2 GPa, hence it isertainlyAlpine in age as pre-Alpine metamorphism had not reached geldgties conditionsSimilar
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garnet zoning wamterpreteddifferently by Konrad-Schmolke et al. (2006)ho concludedhatthe zoneslo not reflect two
orogenic cycles, but are related to different watartents of the protoliths during Alpine HP sultitut In water-saturated
rocks garnet would then display typical progradeizg; whereas in water-undersaturated rocks gavoatd produce more

complex zoning, including abrupt compositional aesfrom core to rim.

3 Analytical methods

Numerous thirsections were studied by optical microscopy to attarize the structural and metamorphic relationsray
the main mineral phases. Backscattered electrorEYB®ages were obtained using a Zeiss EVO50 scgnelactron
microscopeat the Institute of Geological Sciences, UniversityBa&frn, using an accelerating voltage from 15 tk@$¥, a
beam current of 500 pAand a working distance of 10 mm.

Electron probe micro-analyses (EPMA) were perforrasiohg a JEOL JXA-8200 superprobe at the Institdt&eological
Sciences, University of Bern. For compositional piag, the procedure of Lanari et al. (2013) waslu§pot analyses were
measured for each mineral phase present in theoAtba maps before theapswere acquired. The investigated areas were
mapped in wavelength-dispersive mode (WDS), witmipanalyses serving as internal standafebr point analyses, the
analytical conditionsvere 15 KeV accelerating voltage, 20 nA specimen currdfits dwell times (including 2x10 s of
background measuremenghd ~1 pm beam diameter. Nine oxide compositioreanalysed, using synthetic and natural
standards: wollastonite/almandine (®iCalmandine (AlOs), anorthite (CaO), almandine (FeO), spinel (Mg@}thoclase
(K50), albite (NaO), ilmenite (TiQ), and tephroite (MnO). For X-ray maps, analyticahditions were 15 KeV accelerating
voltage, 100 nA specimen curredtvell times of 150-250 msind step sizes from 3 to 5 uMine elements (Si, Ti, Al, Fe,
Mn, Mg, Na, Ca and K) were measured at the spegifieelength in two passes. Intensity maps weredstaiized using
spot analyses as internal standapdray maps were classified and standardized uXiWgpPTOOLS 2.2.1 (Lanari et al.,
2014). Structural formulae and end-member proportitaps were generated using the external functprosided in
XMapPTooLs. The following garnet end-members were used: Grasg@aAl»Si;0;,5), Alimandine (FeAl»Si;O1,), Pyrope
(Mg3Al,Si0;,), Spessartine (Ml ,SizO;,). Major element compositions were analysed by X-fapréscence (XRF)
spectrometry at the University of Lausanne (Switzet). Representative amountstbf samples were crushed and then
pulverized in a tungsten carbide mill. The powdeswried for two hours at 105°C. Loss of ignitioasthen determined by
weight difference after heating to 1050°C for 3 isou

4 Sample selection strategy and petrography

The samples investigated are pelitic micaschistheflC of the Sesia Zone displaying pale oranggréyish weathering
surfaces. Grain sizes range from sub-millimetriatfew centimetres, with garnet in all samples shgwither a single or

bimodal size range. In this paper the term largéngrrefes to garnet several millimetres in diameter, smadiirgs are 50-
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200 um in diameter. In plane-polarized transmitiglat large garnet shows a clear core surroundea fingt rim that is dark
due to finely dispersed inclusions, mostly of mutileedles (5-20 um; Fig, 3). Adjacent to this cloudy rim, some garnet
grains show a clear outermost rim. The same camestiucture is visible in BSE images, in which tuge is brighter than
the rims (e.g. Fig6a). In detail, garnet shows slightly different tees and compositioria each samplepetrographic and
microstructural characteristics are summarizedwelod in Table 1.
These petrographic features match observationgtezbby previous authors (see section 2) who attednfo distinguish
Alpine from pre-Alpine garnet in the Sesia Zones&#hon these observations, the sample selectiategyr we adopted in
this study used the following criteria:
e The presence in hand-specimens of garnet of diwizss (sub-millimetric to a few centimetres);
e A bimodal distribution of garnet in the same thatton, with the larger crystals displaying a btighre and dark rims
and smaller euhedral crystals (Fig. 2);
e Bright cores surrounded by darker rims visibleha SEM with a BSE detector (e.g. Fig. 6a).
This list of criteria was adopted to investigate thidest possible range of microtextures and psasesecorded by garnet.
Applying the criteria lead us to concentrate onyof% of all the samples taken, mostly becausestafgre-Alpine) garnet
grains rarely survived in the area we studied.dct,falmost all of the pre-Alpine HT assemblages feequilibrated in
hydrate-rich Alpine assemblages.
Four of the samplesusedwere from internaparts(South East - FG1315 and FG1215r)d externalparts (North West-
FG1249 and FG1347) of the IC (Fig. 1b). Major eletreompositions for the samples are shown in thgp&ment Table
S1. FG1315 is a garnet white mica schist witleavasivefoliation marked by phengite, paragonite and aliafiFig. S1) It
shows a banding of quartz-rich and mica-rich layArstretching lineation, marked by mica and quagavell visible in the
field and was confirmed by optical microscopy: Qmashows a crystallographic preferred orientatiéltanite grains are
elongate in the main foliation; they show a rimctihozoisite up to 20 um thick; rare monazite relare preserved in the
core. Rutile, graphite and zircons are presentcassasory phases.a@het displays two different micro-textures: (ajgk&a
crystalspreservea porphyroclastic core plus overgrowth zones, dndafoll garnet a few hundred microns in size. Véher
the garnet core is preserved, it is optically clrad shows inclusions of rutile containing rareeiite relics. The first garnet
rim appears cloudy due to finely dispersed rutilglisions, the outer rim is clear with few and searutile inclusions (Fig.
S5b). Both rims contain abundant quartz inclusioktell garnet is optically clear; its core is nowamly composed of
guartz and sparse phengite. Brittle fractures ih lgarnet types are lined by minor late chloritecally, chlorite, albite and
clinozoisite mark limited greenschist retrogression
FG12157 is a glaucophane garnet micaschist. liatimh is deformed by open folds and marked by giienglaucophane,
and allanite (Fig. S2Microscopically, glaucophane shows two growth zomeéth lighter cores and darker blue pleochroic
rims due to higher Fe-content. Some crystals @@ @nmed by green Ca-amphibole. Allanite showsraaf clinozoisite,
up to 20 um thick. Chlorite, albite and green arbpl@ mark greenschist retrogression. Accessorygshase graphite,

zircon, and rutile; the latter has a titanite overgh followed by an ilmenite rimGarnet is present as large grains with a
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clear core with several quartz inclusions at theppery. The first garnet rim (Rim1) is dark, duefine sagenitic rutile
inclusions, locally as needles with a 120° intetisecthat may mark dissolved Ti-rich biotite. Trecend garnet rim (Rim2)
is more clear (Fig3). Glaucophane and phengite locally occur withimRor between Rim1 and Rim2. Apatite inclusions
are presents in the core and both rims.

FG1249 is a rutile garnet micaschist with phengi@agonite, allanite, and rutile defining an iserioliation that wraps
around garnet of several millimetres size (Fig.. 38gnite occurs rimmed by epidote; monazite is eereelic in allanite
cores. Sparse glaucophane is partly overgrown lhiyeadnd green amphibol&arnet shows an optically clear core and a
dark rim due to finely dispersed rutile (um sizayl paragonite inclusions. Coarser rutile (up to f1@@ is included in the
core as well as are phengite and apatite; paragamitl quartz are concentrated at the core-rimitimmsSome chlorite
fractures dissect entigethe garnet grainsChlorite, albite, epidote, and green amphibol® akflect limited greenschist
retrogression.

FG1347 is a chloritoid garnet micaschist with arsty foliation marked by phengite, chloritoid, pavage, allaniteand rutile
that wraps around large garnet porphyroblagisg. S4).In the field an intense stretching lineation is kear by chloritoid.
Microscopically, chloritoid is found in two geneiats, the younger of which is poikiloblastic andeoyrows the main
foliation. Accessory phases are zircon and opadgnerals. Some hundred microns monazite grains sesepved and are
partially overgrown by allanite and apatite symfites; allanite is rimmed by clinozoisite. Chlorgeew at the expense of
the garnet rim and along brittle fractur&@arnet is several millimetres in size, with a cleare and a dark rim full of fine

rutile inclusions, as in the other samples. Quiatiisions are abundant in the rim (Fig. S6b).

5 Results
5.1Evolution of successive garnet stages

High-resolution X-ray maps/erehelpful to study garnet microtextures, because eigrdistributions were well visiblend
allowed us to investigatpatternsthat will be demonstrated to reflect growth andsdistion processesThe complex
geometry of end-member proportion maps revealsrakzenes of distinct composition (Big3-4) surrounding the garnet
core, which areeithervisible by optical microscopy nor in backscattarotionimages While some geometric variability is
evident among individual grains and from one santplanother, certain prominent features avesistentlyobserved in
most of them. Maps of grossular fractiong(XFig. 4) provide the clearest distinction of growth zoaesl are most suitable
to identify similarities among all the samples. @elly, maps of the almandine and pyrope fractiprevide patterns
similar to grossular (except in one sample, FG1248cussed below The common feature evident ingXmaps of all
samples is a core poor in Ca, containing fractaeaded by a more calcic garnet. The core is sudediby several rims, all
of themwith higher Xgs (Fig. 4), but subtle differences exist between the rimeath specimen, as discussed in the

following sections.
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Two types of fractures are visiblg@) millimeter-long fractureslissect entire garngrains; these late fracturéSig. 3c) are
lined by chlorite; (ii)micrometerthin cracks visible only in compositional maps, form a fragturetwork in garnet corgs
these so-called inner fractures weealed by garnet richer in grossular (Hg; Fig. 4. Average compositions of garnet

growth zones are reported in Table 2.

5.1.1 FG1315

The Xgs map shows a porphyroclastic core of uniform coritfmos (AlmegPrp;Grs,Spsg), with lobate edges and a dense
network ofinnerfractures sealed by more calcic garnet (&Pnp:GrsSps; Figs.4a, S5). Rim1 surrounds the rounded relic
core and is higher in grossular content (AT GrseSpg) that the core; Riml is thinner in the directiohtiee main
foliation, peninsular growth of Rim1 extends ink@ tcore Rim2 (Almg,Prpp4Grs1:Sps) is found as three textural types: (a)
It grew externally onto Rim1; (b) between core &ithl, and also surrounds the Rim1 peninsula, thteneing it (by ~20
pm); (c) fine veins (5-20 um thick) dissecting Riralso show Rim2 composition (as discussed in sedi@). The
outermost rim (Rim3) is lower in grossuleklmgPrpsGreSps); it displays peninsular growths inside Rim1l andnRi
Remarkably, Rim3 is thin (~100 um) parallel to timain foliation and thicker (~400 pm) perpendicularit. Zoning
patterns in atoll garnet (Figh) are analogous, as are the grossular contents.inflee growth surfaces of Rim1 define
negative garnet crystal forms, whereas Rim2 ovevtire are present on the outside growth surface. ofym3 is the

outermost growth zonavith peninsulashat formedat the expense of the previous rims.

5.1.2 FG12157

Garnet cores are chemically zonadth domains showing high spessartine and pyrapgents but relatively lo@lmandine
fractions (Fig.6; zoning profile of the garnet end-member in Figf2anari et al., 2017). The porphyroclastic c(aeerage
composition: AlmPrpsGrsSps) shows lobate edges and is fractured, but crackssealed by more calcic garnet
(AlmggPrpGrs;Sps; Figs. 3c, 4b, 6). Three overgrowth zones surround the core: Rimlhigher in grossular
(AlmgaPrpeGrsieSps) than the core; Rim2 is higher yet (AlRrp/Grs:Sps) and grew both internally and externally of
Rim1. Rim3 is present just locally as the outermst(AlmegsPrpGrssSps).

5.1.3 FG1249

A core and three rim generations are evident inctirapositional maps (Fig; zoning profile in Fig.8). As in the other
sample, the core is lowest in grossular (ARrpeGrsSps) and shows a fracture pattern, which was sealeghbyet with
higher grossular content(AlmgPrpeGrseSps; Figs. 4c, 7c). Compared to the core, Riml is higher in graasul
(Alm+sPrpsGreSpg) and its outer edge is euhedral. Rim2 is higherginssular than the previous growth zone
(AlmgPrpeGrs;7;Sps) and quite similar to the fracture fillings. Itvsriable in thickness, but present both at the-d¢dim1l
boundary and peripheral to Rim1. Rim3 is the outsingrowth zone and highest in grossular (4PnpgGrs:Sps). Its
thickness varies, giving the entire garnet a ewlestrape. Locally, Rim3 is present also at the-€&nel boundary (Fig8).



10

15

20

25

30

This zoning pattern shows different features altiregmain fracture zones and around thénsharp and strong decrease in
Alm and Sps and increase in Prp corgemevisible. Rim 1, 2 and 3 are also found in smallngarcrystals (g 0.1-0.5 mm)

in whichno core is visible.

5.1.4 FG1347

The core is zonedvith patchy areas high inggand Xym but low in X, (Fig. S6). The X%, map (Fig.4d) reveals a dense
fracture pattern in the core (AlgPrp;GrsSps) sealed by more calcic garnet (AlRrpsGreSps). These fractures stop
immediately against Rim1, which is highest in guas content (AlrgsPrpGrs:Sps). Rim2 (AlmgPrpeGrsSps) is
strongly asymmetricit is wider perpendicular to the main foliation, aee Rim3 (AlmgPrpsGra,Sps) and Rim4
(Alm,PrpsGrsSps). Additionally, clasts of Rim2, Rim3 and Rim4 grartly dismembered from the main garnet crystal,
indicatingdeformation which we note to be conspicuously absent in therisamples

5.2 Modeling phase equilibria in partially re-equiibrated rocks

Several garnet growth zones were identified in esohple by detailed analysis of the end-membergstigm maps using
XMAPToOOLS (Lanari et al., 2014). Representative areas welexted and their average garnet composition arlaSuch
areas are chemically homogeneous and uniform arhdifferent garnet grains, they display no evideantenrichment or
depletion in major elements. The quantitative micr@pping strategy employed in this study has wslialdished
advantages (e.g. Marmo et al., 2002;Lanari et2@l13;O0rtolano et al., 2014b;Angiboust et al., 204&gr traditional spot
analyses: (1) it allows key relationships, suchh&ssuccessive growth zones, to be identified atel/ant compositions to
be constrained, (2) it permits testing if chemimahing patterns are consistent over several graihish helps support (or
refute) the assumption of grain boundary equililori(e.g. Lanari and Engi, 2017), (3) it can be usedpproximate local
reactive bulk composition by accounting for (noaatve) mineral relics. In all the samples of thresent study, growth
zone patterns and compositions of the mineral ghasee consistent at thin section scale.

The complexity of garnet compositional zoning shawrfigures 4, 5, 6, 7 indicates that isochemidelge diagrams (or
pseudosections) must be used with due caution.idu®studies have demonstrated that garnet fraatimm potentially
affects the reactive bulk composition (Evans, 2B@byr et al., 2014;Konrad-Schmolke et al., 2008) #ms shifts the
calculated garnet isopleths in a P-T diagram (Liamad Engi, 2017). However, garnet fractionatiomd$ easy to account
for where several growth stages are evident, a$ agelintermittent dissolution (which we show to the case in the
companion paper by Giuntoli et al., in review). &rthe older growth zones are but partially presgras indicated e.g. by
lobate edges (Figs. 3, 4, 6, 7) in our samplepeaiic modelling strategy was developed and imgetad in a computer
program (®RTMoD: Lanari et al., 2017). In essence, for each gagrewth zone, the reactive bulk composition is wjzted
jointly with the P-T conditions to predict (usindhdriak-Domino, de Capitani and Petrakakis, 201Qam@net composition
that matched the measured one. Results were addéte residual value (the least square sum efdifferences) between

the modelled and observed garnet compositions fegatber fractions) was <0.05, reflecting a closecmaPreviously
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formed garnet generations were removed from thk fmdk composition, based on the analysis of endie proportion
maps. By analogy, in the case of garnet resorptiom,appropriate components were again added toethetive bulk
composition. This iterative modeling approach wagliad to each successive growth zone. The reguRHT estimates are
reported in Figure 9b, with error bars showing & uncertainty related to the analytical errothef garnet composition
(Lanari et al., 2017). For any given reactive bedknposition, narrowly spaced isopleths return senadlertainty envelopes,
whereas widely spread isopleths return larger oAagetailed description of these methods is preskim the companion

paper (Giuntoli et al., in review).

5.3 Results of thermodynamic modelling of garnet growt zones

PT estimates obtained from the garnet growth zanesummarized here with the main purpose of djstghing between
pre-Alpine (HT) and Alpine (HP) growth periods. Thdl dataset used isrovided and discussed in more dei@iGiuntoli

et al. (in review). Figur® summarizes the composition of all the garnet gnaxgines in a ternary diagram (Alm, Prp, Grs)
and the optimal P-T conditions determined for egrdwth zone. Notably, in each sample studied tlgstals analysed in

thin section all show the same chemical zoningepait

Some preliminary remarks are needed here beforgeptiag the detailed results for each sam@arnet cores in all
modelled samples indicate growth at granulite facienditions (Fig9). In sample FG1248nly the garnet core shows an
overgrowth (Riml)or which modelling indicates amphibolite facies conditioRg( 9). Rim1 in this sample is considered
to be pre-Alpine, since amphibolite to granuliteiés conditions are well established to be uppdéed?aic (Kunz et al.,
2017) n the terrae sampled, i.e. the central Sesia ZoH& conditions at low to intermediate pressures haeeer been
reported for the Alpine metamorphism, which is dibgite facies grade. Indeed, athergarnet rims in the samples studied
indicateeclogite faciexonditions henceare attributed téhe Alpine cycleThis is in line with theHP mineral inclusionsf
phengite, glaucophane and rutile (see sectiongs. b, 6b, 7bH S5b, S6b)n garnet, as well agur results of P-T modelling
(Fig. 9). The sealed inner fractures did not require speciasideration in modelling because of their low alcagbundance
(«1 volume %). However, we note that their compositmatches that of Alpine rims (e.g. Rim2 in saenplG1315).
Conditions found from one sample to the next shamomdifferences, indicating spatial and/or tempgradients in the P-
T conditions.Given that the terrane sampled contains severabriecslices (Giuntoli and Engi, 2016), it is cémtg
possible thathteseconditionsmay not have beemrcorded in all sampleat the same timef the evolution of the belt.
FG1315: The garnet core is predicted at ~0.8 Glara °C. The HP Alpine rims are modelled at ~&PBa and 650°C,
1.9 GPa and 650°C, 1.8 GPa and 670°C respectively.

FG12157: Modelling indicates ~0.6 GPa and 900 ACtlie core; Alpine Rim1 and Rim2 are predicted h6-GPa, 650°C
and ~1.4 GPa, 630°C, respectively.

FG1249: The pre-Alpine core is modelled at ~0.6 @R& 730°C 10 vol% of garnet core is predicted to have aljiged
(Fig. 10) Rim1grew atpre-Alpine amphibolite facies conditions (~0.6 Gital 620°C) GrtMod predicted resorption of 2
% of the core and growth of 2 % RimAlpine Rim2 crystallized at ~1.6 GPa, 620%Ge model yields 10 vol% growth of
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Rim2 and less than 1 % resorption of previous gaimrs. Rim3 crystallized at ~1.5 GPa, 660%@th 7 % resorption of
garnet Rim2 and growth of 9 % Rim3.

FG1347: The pre-Alpine core is modelled stable@8-GPa and 770°Qil Alpine rims (1-3) are modelled stable between
1.7-2.0 GPa and 580-600°C.

6 Discussion

As summarized in the previous sectioarmet cores are modelled stable in granulite faceslitions; Riml of sample
FG1249 suggests amphibolite facies conditions.itin §-Pb dating of metamorphic growth rims in zincébom all the
samples presented in this study gave lower Permigighted mean ages (~295-280 Masults presented iKunz et al.,
2017). These data are in agreement with the latmiBe retrograde metamorphism from granulite to kithglite facies
conditionsproposedby Lardeaux and Spalla (1991) and Rebay and Sfizlial). Except for Riml in FG1249, alf the
garnet rims modelled are found to be stable atp@eldacies conditions that asemilar to thoserecentlydetermined for the
central Sesia Zone (e.g. Konrad-Schmolke et a062®@nrad-Schmolke and Halama, 2014;Regis et @l4Rubatto et al.,
2011;Lanari et al., 2017). In the following, the im&extures recognized in garnet are discussedrelated to specific

processes.

6.1 Micrometre-size fracture network in garnet cores

A network offine fractures is present in all of the pre-Alpine conéshe samplesiiner fractures irFig. 3c; Fig. 4). These
fractures havewidths from few microns to some tens of microns and irtagshape, with sharp edges and conjugate
systems with 90interception.These fractures are not localized around inclusans do not show a radial distribution, so
inclusion-induced fracturing during decompressi®muled out as a mechanism of formation (e.g. Veyiti996;Wendt et
al., 1993).The fractures are not visible by optical or scagretectron microscopy, as they are sealed by aegaimilar in
composition to the first HP Alpine generations. éamall-scale fillingsre consideredoevalwith the formation obne of
the first Alpine garnet rims, as theyesimilarin chemical composition.

In outer parts of the core fractures are less adun@nd the more calcic garrsetaled crackshow sharp boundaries against
the old garnet core composition. In central parésdore appears “cloudy”, owing to the dense ndtwdisealed cracks, so
the finely spacedealed crackare more difficult to discriminate. Minor diffusial smoothing may have occurred over a
scale up to ten microns. In the present samplesfréicture network in garnet cores is bastervedn the X5.s maps, but is
also evident in other X-ray maps, notably of Fe &gl but lessso for Mn (except for FG1249), possibly because the
concentration is too low to detect such a smallatimn in Mn. Grossular fraction has long been know be strongly
pressure-dependent (Kretz, 1959), and pressuhe iphysical variable expected to vary particulamy subduction setting.
Moreover,Ca in garnet is among the divalent elements Iésttad by diffusion up to fairly high temperatujeg. Carlson

2006) soit is most likely to retain growth features.
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The network of crack®bserved in our samplgmobably reflects brittle deformatiorof garnet, which implies a small
ductility contrast between garnet and the matrig.(®aimbourg et al., 2007hligh strain rates thahduced these cracks
may well have been related to seismic failure (Austrheim Bodindy, 1994;Austrheim et al., 1996;Austrheim kt a
2017;Angiboust et al., 2012;Wang and Ji, 1989tgen et al., 2097 Note that pervasive deformation, e.g. by shearing,
would have dismembered the fractured garnet cavbgh is not observedSince the mineral assemblages formed by
Permian granulite facies metamorphism were mosilyydrous, the rheological contrast between garndtits matrix is
expected to have been smalp to the HP Alpine (re)hydration (Engi et ah, review) As we show in the following,
fractures in a rheologically strong mineral likeygt and their subsequent sealing thus providekafiom the Permian HT-
to the Cretaceous HP-conditions, more specificedhated to the first stage of fluid influx (Fig.0a). Apart from such
fractures in the garnet cores, pre-Alpine or offrereclogite facies fabrics are but rarely presgimethe study area because
Alpine metamorphic re-equilibration at eclogiteiéscconditions can reach nearly 100% (see alsiose@t4). Specifically,
the brittle stages visible at micron scale in gawes could not be directly linked to any locallyregionally prevalent
strain patterns.

Nevertheless, @ cannot rule out that some of the fractures d@eelan pre-Alpine time, notably in an extensioretonic
setting. This has been proposed for other localffidoess and Baumgartner, 20,1®here garnet breakdown occurred at LT
and LP, involving a volume increase and hydratidowever, in the present case, micrometer-wide tirast dissect pre-
Alpine garnetandthe coherence of these fractured grains is predeie found no chemical evidence of any LT- or LP-
alteration predating the growth of Ca-enriched ggrrexcept for one sample (FG1249, discussed beld)these
observations indicate an Alpine origin for the ftme network and suggest that these weeeledby a new garnet
generation before the fragments were dismemberedubgequent strain. Most probably the formatiorfra€tures and
growth of garnet inside tle fractures were closely related, and mineral cortipos indicate that this occurred étlogite
facies conditions.Moreover, comparable garnet texturi@sa similar geological context (Mt. Emilius klipp&ave been
interpreted to reflect fracturing and sealing apiAé eclogite facies conditions (Pennacchioni, 1b@6gen et al.,
2017;Angiboust et al., 2016)

Brittle behavior of garnet ialso manifestedduring the retrograde Alpine greenschist faciesddans (0.15-0.3 GPa and
300-350°C)in other samples from the IC of the Sesia Zohbkis deformative stage produced textures varyfiogn
fragmented garnet, showing no displacementrdils and pods of garnesgveralhundred microns in size) that represent
torn-apart garnet porphyroclasts (Trepmann and StockP@dKister and Stockhert, 19R%uch fractures cut through all
the garnet growth zones (Fig. 4 in Trepmann andKBigrt, 2002), these are not healed by garnetadsthlorite frequently
crystallized along them. Fractures in garnet dkedfiby retrograde metamorphic minerals (e.g. dtdpfeldspar, epidote) if
they form out of the stability field of garnet (eRyior, 1993). Based on these criteria, we suggeshh a mechanism for the
millimeter-long fractures (named late fracture$ig. 3c, see section 5.1) we found in our samglbsse cut through all the

garnet generations and are completely differemhftioe fine fractures discussed above.
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6.2 Resorption and growth: fluid-related textures

Our samples record several stages of resorption witlyual portions of garnet being affected (Big.Resorption is most
extensive inample FG1315, as judged by texturesbate edges, peninsular structures, veins insidel Rand formation of
atoll garnet (Figs4a, 5, 10k S5). In particular, the vein network dissects Riandresorption is evident along these veins
and on both sides of Rimfyior to growthof Rim2. Note that Rim2 displays the same chentioahposition in all of these
domains. For this reason, we surmise that Rim12aack not a simple growth sequence, with the oldésrnalgeneration
being overgrowrmore externallyby a younger riminsteadthe geometry indicates thtte older growth zone (Rim1) was
partially resorbed and replaced by a younger ommZRthat precipitated on both sideSRim1 This interpretation is also
supported by numerous micrometre-size rutile inohsin Rim1; these highlight paleo-porosity, asestgial feature of the
replacement processes (e.g. Putnis, 2015). Anatogoning patterns are evidesitoin samples FG12157 and FG1249
Rim1 and 2, even though the vein networkhese samplds less clearly visible in the compositional maps.

Four processes have been proposed to accountefdpitimation of atoll garnet: (a) simultaneous nplétinucleation and
coalescence processes (e.g. Cooper, 1972;Spiaks 2001), (b) rapid and short-term poikiloblagiowth (e.g. Atherton
and Edmunds, 1966;Ushakova and Usova, 1990), é&gas in the stoichiometry of the garnet-forminactn (Robyr et
al., 2014), and (d) dissolution of the core thaswendered unstable (by changes P-T conditions) pagecipitation of new
garnet stable in the presence of circulating fl(gdg. Smellie, 1974;Homam, 2003;Cheng et al., Z2&¥ad et al.,
2010;Ortolano et al., 2014an sample FG131%extures in &rge garnet cores (up to several mm in size) reflactial
resorption, showing lobate structures or peninsi@datures Detailed thermodynamic modellingf this samplgGiuntoli et
al., in review) predicts extensive resorption ofrgd cores during the formation of RimBased on this evidence, we
conclude that atoll garnet formation was relateghiocessd), i.e. partial dissolution of the unstable HT-core undét-H
conditions in the presence of a fluid. Note thag #ifect of this process is grain size-dependeamd, &oll garnet cores
observed in this sample areleedlimited in size from 50 to a few hundred microBs, while destabilizatioof these small
garnets lead to complete replacement of the dbee/atte was notentirely replaced in théarge garnets (FiglOb). In
FG1315, resorption textures are also visible in Peemian growth zone of zircon, as documented hyn@li et al. (in
review). Resorption occurred at several stagegvatentfrom the peninsulag which garnet Rim1 crystallized and was
successively enlarged by Rim2 and by Rim3. Fidifte summarizes the growth / resorption chronologgaret in this
sample.

Resorption and growth textures in sample FG121&7samilar to those in FG1315, except that no ajathetis observed.
However, a drastically different type of texturalfuresis found in sample FG1249: Neither clear lobate stmas nor
peninsulas indicate resorption, except for a narRim?2 that grew at the expense of garnet core andl RThe growth
chronology of the sample FG1249 is summarized ¢n Fa. In sample FG1347¥esorption traces are limited close to the

fracture network in the core, with minor resorptafrRim2 (Fig.4d).
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With one exception, all of the samples presenteyalalso contain zircon and sparse monazite; thesenly preserved as
pre-Alpine (Permian) relics in the core of Alpindaaite. The exception is FG12157 where monazitedspletely
pseudomorphed by allanite and apatiteijuqtoli et al., in revielx Apart from garnet and these accessory relies,nhin
pre-Alpine HT assemblage has completely re-equaitdat at eclogite facies conditions. This is alsd&w from the volatile
contents of these samples and their high percentaigeydrous minerals: LOI (loss-on-ignition) vasuange from 1.58% to
2.44%(Table S1)compared to values of 0.5-0.7 wt% for proposedvadgent rocks in the Ivrea Zone, i.e. pre-Alpingoap
amphibolite to granulite facies samples lackingAine facies overprint (Engi et al., in review)s Aletailed in that study,
this implies that the nominally dry pre-Alpine HEsemblages were replaced in response to dispdiltation of hydrous
fluid. This Alpine hydration process occurred ivesl pulses or stages (Fi0). Previous partial hydration is evident only
in one sample (FG1249), in which a first rim formewting pre-Alpine retrogression from granuliteamphibolite facies
conditions. In all other cases studied, the in@dasbulk rock volatile contents happened during #pine HP-evolution,
when fluid was imported while the IC was in the dudtion channel. This hydration is expected to hanvieanced ductile

deformation and metamorphic reaction rates (Austrh£990;Austrheim et al., 1999ennacchioni, 1996

6.3 Re-equilibration close to fluid pathways

As described in section 5.1.3, fractures in theAdpne garnet cores are evident in X-ray maps nfagi® sample FG1249,
and all garnet end member maps show that thesseated by garnet of a composition (AbPrpsGrsigSps) similar to the
two Alpine rims (Rim2 and Rim3). Note that the caehemically uniform, as expected in granuliteiéda garnet owing to
fast diffusion at high temperature (e.g. Caddiclalet2010). However, in an area some 500 um witicdated by white
arrows in Fig.7), garnet is affected by fractures, and thg., spsmaps show that it is compositionally differentrfraéhe
core, except for a few islands where original ghémdacies garnet remains, and it displays an Wdptomposition (Figs/,
8). This feature is bestbservedn the Mn-map, which serves as a marker delimitiregoriginal pre-Alpine garnet core with
its high Xggs values (0.05-0.06; Figif). Overprinted areas show a sharp decreasesjn %own to values of 0.02. ThegX
map (Fig.7c) is drastically different, as garnet displays saene composition as pristine pre-Alpine generat{ehs; 0.05
and0.09 for core and Rim1, respectively), except justa microns away from the fractures.

This zoning pattern suggests that fractures praVifiieid access, initiating a re-equilibration presethat affected the
surrounding volume of garnet over a distance oésdhundred microns. As minor fractures are vistianching from the
major ones, we consider this area as a damagedizanigch re-equilibration of the garnet was enlahalong a network
of micro-fractures and in their proximity, due toetincreased area/volume ratio (Austrheim et &96Fennacchioni,
1996. Erambert and Austrheim (1993) reported simifacture patterns in pre-Caledonian granulite garnet ofBleegen
Arcs (Western Norway), and they interpret thesdlaid channels along which element mobility was @amted. These
studies concluded that re-equilibration of graedfdcies garnet during Caledonian eclogite conalitiooccurred

proportionally to the fracture density and fluidadability.
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In the present samplee-equilibration process affecting garnet weevidently much more effective for AlfRrp and Sps
than for Grs. We propose that diffusion of Ca ithteugh the damaged lattice of the original games slower than of B&
Mg, and Mn. Conspicuously similar phenomena wergeoked by Erambert and Austrheim (1993). Their evie is in line
with what we discussed above, i.e. that new gdorated just along fractures; in neighbouring arstaong overprinting of
original garnet is observed for Prp, AlIm and Spsrmt for Grs. Raimbourg et al. (2007) advanced thtra- and inter-
granular transport of Ca in garnet is inefficieampared to F& and Mg. Volume diffusion of divalent ions is slémgarnet
at temperatures below 700 °C (Ganguly, 2010), lifterdnces in interdiffusion between Ca, Mg, Fed &in are notable
(e.g. Carlson, 2006).

In the latest phases of this re-equilibration psscérittle fractures would have been sealed byAlpine garnet visible
along the fracture walls. Thisiay have occurred in several stages, as can be infémwed the X, map, where garnet
sealing the fractures has the composition of Rim2 Rim3 (Figs7, ).

Xspscan be used as a tracer of re-equilibration ps#sealso in samples where the effect of such psesesn garnet texture
it is not as striking as for FG1249. This is thee# samples FG12157 and FG1347, in which higttdra densityin the
corecorresponds with low spessartine values (FifsS6f). Furthermore, zoning found in the core 1847 for Alm, Prp
and Sps is not evident in thesXmap, again indicating that re-equilibration in greximity of the main fluid pathways was

more effective for F&, Mg, and Mn than for Ca ions.

6.4 Hydration through the IC

The previous secti@used garnet textures linked to the main paragersesl P-T modellingesults fromGiuntoli et al. (in
review) to show that the IC of the central Sesia Zone ha fosta Valley underwent pre-Alpine granulite ésci
metamorphism with local amphibolite facies retr@gien, followed by major Alpine hydration occurriagdifferent stages
of the eclogite facies evolutiods discussed in the previous sectiogarnettexturessuggest a decrease in the amount of
fluid-garnet interaction and related pervasive reton features from internal areas (South Easb1¥15 and FG12157) to
external area (North West - FG1249 and FG1347heflC (Fig. 1b). Such a tendency is supported bl fobservation
(Giuntoli and Engi, 2016), as the only mesoscomadin of pre-Alpine amphibolites found in the afathe IC studied
(Compagnoni, 1977) is located close to sample FG13%hese amphibolites are only partially re-equdltbd at eclogite
facies conditions, and they preserve pre-Alpinanblende and plagioclase (Compagnoni, 1977;Gosab, &010).
Hydration in internal areas (SE parts) of the l@rtstd during early subduction metamorphism, asrdstb by prograde
lawsonite (Zucali and Spalla, 2011) and continupdtal the highest P-T conditions recorded in thes@mé samples. In
external (NW) areas of the IC a second generatfdavesonite provides evidence of hydration occugriight after rocks
reached their HP climax, when temperature decrefi@ednante, 1989). This stage was related 0-Hch (low XCG)
fluids possibly along preferential channels, pradganetasomatism, as reflected by local occurrenédawsonite in high
modal amounts (up to 60 vol.-%).
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In the central Sesia Zone (mainly in an area sofithe Aosta Valley, whereas our samples were taketh of it), Konrad-
Schmolke et al. (2006) found evidence that micasshsimilar to those reported here also were ribt hydrated prior to
Alpine subduction. Based on P-T modelling, thatlgtaoncluded that extensive influx of hydrous flmiduld have been
required for these rocks to remain water-saturéseitveen 1.2 and 1.8 GPa. This is similar to ouultesbut Konrad-
Schmolke et al. (2011) invoked open-system pereaftiid flow in the Tallono Shear Zone and concluded that hydration
occurred at retrograde blueschist conditions, atetkpense of eclogite-facies felsic and basic rotkey suggest that the
minimum amount of fluid interacting with the wathaks was 0.1-0.5 wt%. In our samples, a retrogdagliration is
significantin only one sample (FG12157), for which P-T modellindicates a second fluid influx at 1.4 GPa and €50°
(Rim2). In addition, several samplés the area we studiedo show minor amounts of hydration during retrograd
greenschist facies, buteaheeffect arelocal and minor (<5% retrogression in most san)plésstrong greenschist overprint
(replacing 50-90% of the eclogite paragenesesiseld to the vicinity of the major tectonic contdetween the IC and EC
(Barmet Shear Zone; Giuntoli and Engi, 2016). Balagy, we surmise that the hydration stage described byréd-
Schmolke et al. (2011) is a relatively late phenoameoccurring in a confined area during retrogrldeschist conditions,
whereas the main hydration of the Internal Compglexhe region of Aosta Valley occurred during theograde P-T
trajectory, at eclogite facies conditions, as dbsct in this study. The timing of fluid infiltratiois reflected by Alpine
allanite and zircon ages (Regis et al., 2014;Rabaettal., 2011;Giuntoli, 2016;Giuntoli et al., iaview) and reflecta
heterochronous evolution in several tectonic shedth older ages (85-77 Ma) generally in the intd(SE) areas of the IC,
and younger ages (72-55 Ma) towards external §N:a8.

While textural and chemical evidence indicates thaérnal fluid repeatedly interacted with initiaearly dry protoliths at
HP conditions, we have no tight constraints on mouch fluid entered at what spatial or temporalrivdés. However, for
each growth stage (within any one sample), the ositipn of garnet produced is uniform in each gamalysed, whereas
their local geometry differs to some extent. THisvas a spatial estimate of the reaction volumeolaged: Interaction of
hydrous fluid with the reactive part of the asseaghbl (i.e. the matrix minerals) must have beenastale of a thin section
(centimetres) at least, except that incompleteti@agprogress left garnet relics. Apart from garaatl local accessories
(zircon, monazite), no mineral relics of the susoes replacement reactions have been detectecednithese rocks appear
otherwise fully equilibrated at eclogite facies ditions.

Unlike in the Norwegian Caledonides, the relatiopstbetween deformation structures that actedwad flathways (e.g.
Austrheim, 1987) is not clelgrevidentin our samples. Eclogitization of pre-Alpine gritmas and amphibolites in the IC
seems to be more an effect of pervasive but dispiuil infiltration, not of channelized flow. Ahé microscale sample
FG1249 may be considered an exception, since iwvshoacks of more channelized fluid flow preseniednillimetric
garnets.

In WesternNorway, lithological heterogeneities do not seeml&y a major role in the localization of defornoati whereas
detailed mappinghows thathe Internal Complex of the Sesia Zone consists jpife of tectonic sheets, a few kilometres in

thickness (Giuntoli and Engi, 2016). These sheetsvanternal lithological heterogeneity, with michsst, eclogites, minor
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para- and orthogneiss interlayered at scales frdewamillimetres to about a hundred metres. Theoldgical contrasts
among these different rock bodies might well hagerbwhere small-scale shear bands nucleatedh served as conduits
for fluid infiltration (Oliver, 1996).

7 Conclusions

This study documents complexly zoned garnet in grolgenic rocks that were extensively deformed amfdhydrated
during Alpine eclogite facies metamorphism. Garimefpelitic schists commonly preserves a porphymsaacore that
reflects medium-pressure HT-metamorphism. Theseudjta facies conditions prevailed during the Pamand converted
the sedimentary protoliths to mostly anhydrous médages, which arearely preserved in the area studied.the sample
suite reported here, pre-Alpine conditions are evidust in garnet cores and relic zircon (Kunzalet 2017). The relic
features show brittle deformation textures, i.ecks, but no displacementhesetextures reflect high strain rates at the
onset of Alpine tectonicsand they may have been generated by seismiadallu garnet, a network of micrometre-size
fractures crosscut the core (and locally a firgpidé overgrowth), and these cracks were sealedelby generation of
garnet.Their composition is more calcic and corresponds tcAlpbene HP-rims of garnet.

The interaction of percolating fluid with garnepeatedly produced resorption features, such asdapaictures, peninsulas,
or atoll garnet. Textures indicating limited resitwp are less common. In rocks where these featarespresent, re-
equilibration produced byntracrystallinediffusion is located irclose proximity to brittle fractures, which acted as flui
pathways. Re-equilibration of Mg, Fe and Mn duelifeusion enhanced by fluid occurred over distanakeseveral hundred
micrometres, while Ca re-equilibrated over a muetalier distancgfew micrometres), indicatinglower diffusion. The
intensity of prograde hydration and HP-overprintiag reflected in the preserved garnet textureggsyamong the samples
analysed. The set as a whole indicates regiondrdifcesas notably the fluid-garnet interaction intensity appeto a
decrease (from SE to NW) over a few kilometres withe Internal Complex of the Sesia Zone. In sameas of the same
complex, other studies foundi@herphase of decompression-related (blueschist fabiaation that appears to be related
to a major shear zone. In most external (NW) paftthe Sesia zone studied here, a later, strongngohist overprint is
dominant.

This study shows that compositional (X-ray) mépked with petrographic and microstructural analyserve apowerful
tools to document detailed mineral textures, particylarigarnet. When combined withermodynamic modellingesults,
such images facilitate the analysisd permit quantificatiolof local processethat act at (sub)grain scale, such as local
growth and resorption, which play a critical role hydrating HT protoliths and converting them tdogie facies

assemblages.
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Figure 1: (a) Simplified tectonic map of the Westar Alps (modified from Manzotti et al. (2014), locaibn of study

area. (b) Tectonic sketch of study area with samplecations (modified from G

iuntoli and Engi, 2016).
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Figure 2: Thin section optical microphotos displayig the eclogitic foliation (S, red dashed line) and the bimodal size
range of garnet (large garnet grains Grt-L; small @rnet grains Grt-S; see text for further details).Black squares
indicate the location of the high-resolution X-raymaps presented in the following figures(a) S wrapping Grt-L
grains in sample FG1315. (b) Same thin section aa)(with atoll garnets (Grt-S) located within a Qz ich band and a
Ph rich band. (c) and (d) Folded g, marked by Ph, GIn and Rt; Chl is present in the ft&d hinges. Plane-polarized

light: (a, b, c); cross-polarized light (d).
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Figure 3: Garnet porphyrocryst in FG12157, (a) and (b): Opical microphoto, plane polarized light.
(a): Clear lobate core, dark inner rim, speckled wth inclusions (mostly rutile, up to 20 um long), oter rim more
clear with only minor inclusions. (b) Enlargement sows late fractures (dark) that dissect the entire garnetand
contain chlorite. ¢ Grossular X-ray map; blue Ca-p@r core reveals numerous micrometre-size fracturesealed by

more calcic garnet; sparse late fractures (black)i core and rims. Compare to complete maps in Figgb, 6.
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Figure 4: Growth zones visible in standardized X-ray mapsdr the grossular end-member. The foliation in all ppotos
is horizontal. Note that a fractured core poor in X is present in all samples and always rimmed by sekal garnet
growth zones. In FG1315 (a) and FG12157 (b) textuseéndicating resorption include lobate edges and péinsulas (the
white rectangle indicates the location of Figs3b, c). In FG1249 (c) resorption is inferred from tle growth of Rim2
both inside and outside Rim1. In FG1347 (d) resordn is limited to the fractures in the core and Rim2 (sedext);

rims vary in thickness in each generation of overgwths.
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Figure 5: Small atoll garnet (g ~100 um) in sample FG131%a) BSE picture. (b) Mineral phases (determined frm X-
ray maps). Note inclusions of quartz and phengitenithe atoll core; fractures dissectinghe entire garnet are filled by
chlorite. Garnet occurs at the contact of quartz- ad phengite-rich bands that define the main foliathn. (c)
Standardized X-ray map for the X5 end-member. Note the analogous zoning pattern asrflarge garnet (Fig. S5),

with same X;s contents and a Rim3 peninsula extending into theesorbed rims (arrow). (d), (e), (f) Standardized X
ray maps for Xam, Xperp, @and Xgps respectively.
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Figure 6: Large garnet (g ~2-3 mm) in sample FG12157. (a)3E picture with a bright porphyroclastic core and a
darker rim. (b) Mineral phases (based on X-ray mapps Quartz inclusions are present in several garngjrowth zones,

but locally mark the core-Rim1 boundary; note thatfractures (filled by chlorite and albite) dissect he entire garnet
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grain. Glaucophane and phengite seem to be intergnn with garnet Rim2. (¢) Standardized X-ray map for Xg,s end-
member (the white rectangle indicates the locatioof Figs. 3b, c. Note the lobate edges along the core and thacture
network within the core that is sealed by garnet lgher in Xg.s. Zoning patterns in small garnet crystals are sinar.
(d), (e) Standardized X-ray maps for %, and X, display zoning inside the core(f) Standardized X-ray map for
Xsps The image appears fuzzy because Mn-contents am. Note the areas with higher X,in the core.
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Figure 7: Large garnet (g ~3 mm) in sample FG1249. (a) BSgicture shows bright porphyroclastic core and darke
rim. (b) Mineral phases (based on X-ray maps). Qudz is included inside the core and at the core-rinfboundary,
paragonite inclusions are abundant in corresponderecof the major fractures sealed by higher grossulagarnet. Late
fractures that dissect all the garnet are filled bychlorite and albite. (c) Xss map. Major fractures are sealed by
higher grossular garnet. Smaller garnet grains haveio core but rims showing the same zoning. (d), (@nd (f). Xam,
Xprp @and Xggs Maps, respectively suggesting incipientre-equilibration in both core and Rim1 near major fractures
(arrows) and along the core-Rim1 boundary(see text for discussion Relics of the pristine core are preserved as
islands inside re-equilibrated garnet Rim 2 and Ri3 (bottom part of figure). Note location of AB profle shown in
Fig. 8.
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Figure 8: Garnet end-member proportions along 300 um profi (trace shown in Fig.7) in sample FG1249. Note
different mole fraction scales. Late chlorite fractires are highlighted by black bands. The fracturesn the core, sealed
by a garnet with different composition, are indicagd by white arrows. Mean compositions are represeetl by black
solid lines with the standard deviation (&) represented by the dashed black lines. (a) Grodsu. (b) Almandine. (c)
Pyrope. (d) Spessartine. The distinction of each gaet growth zone is based on its grossular contentith the aim of

helping the comparison.
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Figure 9: (a) End member diagram of the garnetgrowth zones from the four micaschists. (b) P-T digram with a
summary of the modelled conditions for each garnegrowth zone. Note major difference in P-T conditios from the

pre-Alpine to the Alpine generations. The effect ofincertainties in each set of isopleths is shown @und the P-T
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model of each growth zone (dataset from Lanari etla 2017 and Giuntoli et al., in review) For sampld=G1249 the

pre-Alpine rim (pink) corresponds to Rim1, Rim 1 toRim 2 and Rim 2 to Rim 3 in the text.
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Figure 10: (a) Sketch illustrating the inferred chronology d sample FG1249, from textural observations ané&rtMod
thermodynamic modelling (see text for discussion)The preserved succession of stages in garnet exan is shown
along the abscissa, the modelled garnet volume alpithe ordinate; values include the sum total due tgrowth and
resorption. Note the difference in P-T conditions dr the core and Rim1 (both pre-Alpine), relative toRim2 and 3
(both Alpine); the three fluid pulses are related @ Rim1, 2 and 3 growths. After the growth of core ad Riml, a
fracture network developed. In proximity of these factures garnet core and Rim1 got effectively re-agjlibrated due
to diffusion of Mg, Fe and Mn, whereas Ca remainednore immobile. (b) Sketch illustrating the sequencef processes
inferred from garnet textures in samples FG1315. Facture networks are visible in all the garnet coregrain sizes.
Subsequent stages of fluid influxes caused dissaln of the previous garnet generation/s and precipation of new

garnet, producing peninsulas, lobate structures andtoll structures in smaller garnet grains.

Sample locations

Sample Minerals Garnet growth zones
Qz, Ph, Pg, Grt, Ep, Pre-AIpine_core +3 Rechantier
FG1315 | Chl, Ab, Rt, Gr, Alpine rims. ’
Zrn Note: atoll garnet | X=408514, Y= 5051580
Qz, Ph, Grt, GIn, Pre-Alpine core Lillianes,
FG12157| Ep, Chl, Ab, Rt, . .
Zm. llm. Gr + 2 Alpine rims X= 409683, Y= 5054033

Qz, Ph, Pg, Grt, Ejf
FG1249 | Chl, Ab, Rt, GIn,

e

Pre-Alpine core and Faye,

Rim1 + 2 Alpine rims | x= 406637, Y= 5053931

Zrn
Qz, Ph, Pg, Cld, Pre-Alpine core Liévanere,
FG1347 | Grt, Ep, Chl, Rt, .
Zrn + 4 Alpine rims X= 406318, Y= 5052474

Tablel: Micaschists analysed (all from the Lys Vadly). Mineral abbreviations from Whitney and Evans 2010).
Coordinates refer to ED 1950 UTM Zone 32N.
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Sample FG1315 FG12157 FG1249 FG1347

Garnet CORE RIM1 RIM2 RIM3|CORE RIM1 RIM2 |CORE RIM1 RIM2 RIM3 |CORE RIM1 RIM2 RIM3 RIMA4
Average composition (wt%)

Sio2 37.70 37.96 37.81 3744 38.17 3843 34.74.9136 36.62 37.80 37.9 37.75 37.88 38.18 37.75 37.33
TiO2 0.01 0.01 0.01 0.01 0.07 0.07 0.17 0.05 0.160.27 0.04 0.02 0.02 0.02 0.03 0.03
Al203 21.27 2144 2146 21.32 21.07 21.20 2124 820 21.36 21.18 21.77] 21.25 21.28 21.09 21.21 21.33
FeO 3146 2794 30.03 32.07 3123 29.05 26.83.0633 34.23 28.79 27.12 31.30 30.19 30.82 31.96 32.07
MnO 0.61 0.41 0.42 0.31 1.00 0.57 0.36 2.31 0.37.66 0.56 0.92 037 039 035 032
MgO 7.19 5.33 6.18 6.3d 6.41 5.08 4.22 4.65 3.86.18 4.86 7.05 576 6.60 6.62 7.30
CaO 1.31 6.72 4.17 2.0 1.38 5.59 8.89 1.77 3.26.35 8.38 1.14 396 213 149 0.96
Cr203 0.00 0.00 0.00 0.04 0.04 0.04 0.04 0.03 0.04.03 0.03 0.00 000 0.00 0.00 0.00
Total 99.56 99.81 100.0899.52| 99.37 100.03100.18 99.62 99.90 100.27 100.4399.41 99.47 99.24 9941 99.33
Formulae based on 12 oxygens

Si 2965 2974 2958 2.95 3.021 3.019 3.035 2.9%24926 2960 2.949 2976 2.990 3.016 2.982 2.p43
Ti 0.001 0.001 0.001 0.00 0.004 0.004 0.010 0.0G8010 0.016 0.003 0.001 0.001 0.001 0.002 0.p02
Al 1972 1980 1979 1.98 1965 1963 1.961 1965011 1955 1.9913 1974 1979 1964 1975 1.981
Fe 2.069 1.831 1965 2119 2.067 1908 1.58 2.22®87 1.885 1.760 2.064 1992 2.035 2111 2114
Mn 0.041 0.027 0.028 0.02 0.067 0.038 0.037 0.1%%025 0.044 0.0391 0.061 0.025 0.026 0.023 0.p22
Mg 0.843 0.623 0.720 0.74 0.756 0.595 0.493 0.5%5459 0.605 0.563 0.828 0.677 0.777 0.780 0.858
Ca 0.110 0.564 0.350 0.146 0.117 0.470 0.704 0.16280 0.533 0.697 0.096 0.335 0.180 0.126 0.p81
> cations 8.001 8.000 8.000 8.000 7.997 7.998 7p97998 7.998 7.998 7.998 8.000 7.999 7.999 7.999 008|0
Molecular proportions of garnet end members

Alm 0.676 0.601 0.641 0.698 0.687 0.634 0.5988 0.7®750 0.615 0.57q 0.677 0.658 0.674 0.694 0.p88
Prp 0.275 0.204 0.236 0.242 0.252 0.198 0.]65 0.18050 0.197 0.184 0.272 0.224 0.257 0.256 0.R79
Grs 0.036 0.186 0.114 0.098 0.039 0.156 0.235 0.08092 0.174 0.224 0.031 0.111 0.060 0.042 0.p26
Sps 0.013 0.009 0.009 0.007 0.022 0.013 0.p12 0.06D08 0.014 0.014 0.020 0.008 0.009 0.008 0.po7

Table2: Representative analyses of garnet growth mes
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