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ABSTRACT 21 

 22 

Convergent plate margins typically experience a transition from subduction to collision 23 

dynamics as massive continental blocks enter the subduction channel. Studies of high-24 

pressure rocks indicate that tectonic fragments are rapidly brought up from eclogite facies to 25 



 

mid-crustal levels, but the details of such dynamics are controversial. To understand the 26 

dynamics occurring in the subduction channel we report the results of a petrochronological 27 

study from the central Sesia Zone, a key element of the internal Western Alps. This terrane 28 

comprises two main polymetamorphic basement complexes (Eclogitic Micaschist Complex 29 

and Gneiss Minuti Complex) and a thin trail of a cover sequence (Scalaro Unit) associated to 30 

pre-Alpine metagabbros and metasediments (Bonze Unit). 31 

Structurally controlled samples from three of these units (Eclogitic Micaschist Complex 32 

and Scalaro-Bonze Units) yield unequivocal petrological and geochronological evidences of 33 

several separate HP-stages. SHRIMP and LA-ICP-MS ages on growth zones in accessory 34 

allanite and zircon combined with inclusion and textural relationships, can be tied to the 35 

multistage evolution of an individual sample. In the present work, two independent 36 

tectonometamorphic “slices” showing a coherent metamorphic evolution during a time 37 

interval have been recognized: the Fondo slice (which includes Scalaro and Bonze rocks) and 38 

the Druer slice (belonging to the Eclogitic Micaschist Complex).  39 

The new data indicate separate stages of deformation at eclogite facies conditions for each 40 

recognized independent km-size tectonometamorphic slice, between 85 and 60 Ma, with 41 

evidence of intermittent decompression (ΔP ~ 0.5 GPa) only within the Fondo slice. The 42 

evolution path of the Druer slice suggests a different P-T-t evolution with prolonged eclogite-43 

facies metamorphism between 85 and 75 Ma. Our approach combining structural, 44 

petrological, and geochronological techniques yields field-based constraints on the duration 45 

and rates of the dynamics within a subduction channel.  46 

 47 

INTRODUCTION 48 

 49 



 

Exposed high pressure (HP) crustal rocks in Phanerozoic orogens represent the result of a 50 

sequence of processes that operate at lithosphere scale (i.e. rifting, subduction/accretion, 51 

tectonic mixing, return flow/exhumation). The dynamics of assembly of (Ultra)HP terranes is 52 

central among the problems recognized by tectonic studies in collision zones. Despite much 53 

interest, the mechanisms by which HP rocks descend to mantle depths and then return to the 54 

surface remain controversial.  55 

For any given HP/UHP terrane (e.g. Western Alps, Himalaya and Dabie Shan), 56 

exhumation mechanisms are inferred from concepts derived from geological, notably 57 

structural data and pressure–temperature–time (P-T-t) paths, combined with insights derived 58 

from numerical and analogue models. Efforts to understand the mechanical behaviour of the 59 

lithosphere have singled out several mechanisms in the transition from a subduction to an 60 

exhumation stage (e.g. Warren et al., 2008). These mechanisms can be grouped into i) those 61 

driven by buoyancy forces (e.g. Ernst, 2001) and ii) those driven by a range of different 62 

tectonic processes (e.g. Platt, 1993; Kurz & Froitzheim, 2002). 63 

Structural and P-T-t data from several HP terranes suggest two separate stages of 64 

exhumation: a first rapid stage from mantle to lower crustal levels and a slower exhumation 65 

to the surface (Terry et al., 2000; Rubatto & Hermann, 2001; Carswell et al., 2003; 66 

Mukherjee et al., 2003; Parrish et al., 2006). While different mechanisms may operate at 67 

different depths, buoyancy forces related to the density contrast are commonly inferred to be 68 

very effective for the first stage of exhumation, whereas the second stage can be 69 

accomplished by a variety of syn- to post convergent processes (e.g. Ernst, 2001). Moreover 70 

some numerical models invoke extensive tectonic mixing during subduction and exhumation 71 

stages (Gerya et al., 2002, Stöckhert & Gerya, 2005, Roda et al., 2012), suggesting complex 72 

P-T-t-paths for lithospheric fragments within a subduction channel. 73 



 

In comparing P-T-data from HP terranes with model predictions several questions arise: 74 

under which conditions do fragments from the subducting plate accrete to form a HP terrane? 75 

What temporal and spatial scales of tectonic mixing in the channel are realistic? What 76 

triggers exhumation and at what rates does it occur?  77 

The dynamics in a subduction channel leading to a specific HP-terrane are bound to be 78 

complex. For example, the idea of multiple HP cycles within a single unit has been suggested 79 

for part of the Sesia Zone (Rubatto et al., 2011). To unravel this complex evolution, we 80 

adopted an integrative approach that links observations and data across a range of scales, 81 

from kilometers in the field down to petrological and chronological data obtained at 82 

micrometer scale. This field-based study of a significant portion of the Sesia Zone revealed a 83 

multi-stage evolution of this HP continental terrane, from subduction to exhumation. Careful 84 

structural control in sampling, and detailed petrography was used to select samples for 85 

petrochronology, so as to arrive at a coherent interpretation of the P-T-time data in the 86 

context of subduction dynamic. The accessory phases proved most useful to deduce the 87 

metamorphic reaction history and to relate the specific stages of the evolution. Microbeam 88 

Th/U-Pb geochronology  by ion microprobe (SHRIMP) or Laser Ablation – ICPMS allowed  89 

dating these stages. Single grain (or subgrain) dating turned out to be essential to utilize the 90 

preserved fine detail of (over)growths within each accessory mineral. Where possible, 91 

mineral chronometers were combined, so as to exploit their capacity to record different stages 92 

of the metamorphic evolution. Particular attention was paid to the distribution of REE 93 

between major metamorphic minerals and the accessory phases used for geochronology (such 94 

as zircon and allanite) in order to gain additional insight into the relative timing of accessory 95 

and major minerals growth (e.g. Hermann & Rubatto, 2003, Gabudianu et al., 2009). Two 96 

independent tectonometamorphic “slices” (Druer and Fondo slices) were recognized within 97 

the Sesia Zone as they followed different P-T-t paths within the subduction channel. The 98 



 

independent mobility of these slices has been unequivocally demonstrated as they 99 

experienced different P-T conditions at the same time. The main results of petrological 100 

analysis and microstructural characterization, as well as the age data obtained for selected 101 

samples respectively for the Druer and the Fondo slices are presented. Moreover, the results 102 

obtained on the P-T-t-evolution of each tectonometamorphic slice are used to estimate the 103 

rates of processes such as subduction and exhumation.  104 

 105 

GEOLOGICAL BACKGROUND AND SAMPLING STRATEGY 106 

 107 

The Alps are a double vergent orogen that formed as a result of the convergence between 108 

Europe and Africa (Apulia) tectonic plates (e.g. Dewey et al., 1989). The Sesia Zone (SZ)  is 109 

the largest exposed slice of Apulian continental crust in the Western Alps that underwent 110 

subduction prior to the Alpine orogeny. It has traditionally been divided into three subunits, 111 

(from W to E, Fig. 1a): the Gneiss Minuti Complex (GMC), the Seconda Zona Diorito-112 

Kinzigitica (IIDK), and the Eclogitic Micaschists Complex (EMC). These tectonic complexes 113 

consist of a metasedimentary basement, composed of Variscan amphibolite-facies rocks 114 

intruded by late-Variscan granitoids that experienced a polyphase tectono-metamorphic 115 

reworking during the Alpine orogeny (Dal Piaz et al., 1972; Compagnoni, 1977; Gosso, 116 

1977; Compagnoni et al., 1977; Lardeaux & Spalla, 1991). The three units preserve in 117 

different degree an early-HP imprint (peak pressures of 1.0-1.5, 1.0-1.2, and 1.6-2.4 GPa 118 

respectively) that partially re-equilibrated under greenschist facies conditions (Dal Piaz et al., 119 

1972, Compagnoni et al., 1977, Gosso, 1977, Lardeaux et al., 1982, Vuichard, 1989, Zucali 120 

et al., 2002, Tropper & Essene 2002). Based on regional structural maps and correlations, a 121 

different set of units has recently been proposed by Babist et al. (2006).  122 



 

Venturini (1995) identified a monometamorphic cover complex (MCC – Fig. 1a) between 123 

the internal (EMC) and the external (GMC) complexes. The cover sequence is made of 124 

terrigenous and carbonatic metasediments (Scalaro Unit) associated with mafic rocks and 125 

subordinate quartz-rich metasediments (Bonze Unit). As the majority of the rocks belonging 126 

to the “MCC” are polymetamorphic (e.g. Rubatto et al., 1999), in the present work, the 127 

acronym MCC will not be used. When referring to the monometamorphic metasediments 128 

alone, the term Scalaro Unit is used instead and, to avoid confusion, the term Bonze Unit 129 

refers to the complex of polymetamorphic mafic rocks and associated metasediments. 130 

Previous geochronological studies in the SZ have mainly focused on the age of the HP 131 

Alpine metamorphism; a widely accepted age for this stage is ~65 Ma. This is based on data 132 

from a number of several geochronological methods (e.g. U-Pb – Rubatto et al., 1999, Rb-Sr 133 

– Inger et al., 1996, Ar-Ar – Venturini, 1995, Lu-Hf – Duchêne et al., 1997), but these 134 

studies also recognized various problems, notably including those linked to excess argon (e.g. 135 

in phengite), and partial thermal resetting of some systems. When considering these studies 136 

jointly, it appears that the Alpine high pressure stage(s) may span a time interval of more than 137 

10 Ma across the EMC from ~90 Ma to ~60 Ma (e.g. Hunziker, 1974, Stockhert et al., 1986, 138 

Oberhänsli et al., 1985, Venturini, 1995). Recently, this span in apparent ages of HP 139 

assemblages has been reframed in the context of two distinct episodes of high pressure 140 

metamorphism at ~79-75 Ma and ~70-65 Ma, separated by a short lived exhumation (Rubatto 141 

et al., 2011).  142 

In order to substantiate and further quantify the multiple HP-stages proposed by Rubatto et 143 

al. (2011), this study presents much more detailed and new data on the petrography and 144 

mineral chemistry of major and accessory phases, their microtextural relations and subgrain-145 

scale geochronology (“petrochronology”) of several samples of the central SZ. The tectonic 146 

scenario proposed by Babist et al. (2006) and Zucali et al. (2002) provided ground for the 147 



 

present study to focus on specific parts of the poly-deformed complexes. Structurally 148 

controlled sampling (Fig. 1b,c) was performed on polycyclic rocks of the Eclogitic 149 

Micaschist Complex and on both mono- and polycyclic samples belonging to the Scalaro and 150 

Bonze Units. Based on the new data two tectonometamorphic slices have been recognized in 151 

the central SZ. In this work, the term Druer slice (Dr) shall denote a slice (named for the 152 

Druer cabin, Val d’Aosta) formed by EMC rocks in the Mombarone area. Its size cannot be 153 

precisely delimited. Until future studies provide evidence of internal differences, the central 154 

part of the EMC, i.e. the Druer slice documented here, is viewed as a single 155 

tectonometamorphic slice. The unit package formed by the Scalaro and Bonze rocks showing 156 

the same P-T-t evolution represents a coherent slice that surfaces in the central Sesia Zone. 157 

To avoid confusion, this tectonometamorphic slice is referred to as Fondo slice (for the town 158 

of Fondo, Val Chiusella).  159 

 160 

ANALYTICAL METHODS 161 

 162 

Whole-rock major element composition 163 

 164 

Major element compositions were obtained by XRF analysis at the University of Fribourg 165 

(Switzerland) and at Actlabs – Activation Laboratories Ltd. (Canada). Whole-rock analyses 166 

were done on ~1 kg samples, which were crushed and pulverized. Loss on ignition (LOI) was 167 

determined by weight difference after heating to 1050 °C for 15 h. 168 

 169 

Imaging and electron probe microprobe analysis (EMPA)  170 

 171 

Electron-microprobe analyses on major and REE minerals were performed on polished thin 172 



 

sections with a Jeol JXA8200 electron microprobe (EMPA) at the University of Bern. 173 

Operating conditions were set to 15 kv and 20nA (spot size = 1 µm) for major minerals and 174 

25kV and 50nA (spot size = 3µm) for all the REE-minerals analyses. The matrix correction 175 

used is φ(ρZ), based on Armstrong (1988, 1991). A selection of natural and synthetic 176 

standards was used: La0.95Nd0.05TiO3 (La), NdGaO3 (Nd), Y2O3 (Y), PbCrO4 (Pb), 177 

huttonite (Th), UO2 (U), spinel (Al, Mg), wollastonite (Si, Ca), albite (Na), ilmenite (Ti), 178 

monazite std (Ce, P), SmP5O14 (Sm), PrP5O14 (Pr), GdP5O14 (Gd), tephrite (Mn), 179 

DyP5O14 (Dy), almandine (Fe), coelestine (Sr), HoP5O14 (Ho), ErP5O14(Er), TbP5O14 180 

(Tb), YbP5O14 (Yb). The procedure for REE-minerals is as described in detail in Scherrer et 181 

al., (2000) and refined by Janots et al., (2008). X-ray elemental maps were obtained for Ce, 182 

Ca, Y, La, Mg, Mn, Nd, Sr and Th in allanite and clinozisite, using the EMP with a beam set 183 

at 25 kV and 50 nA. Step size was 0.5 µm and dwell time per pixel was 40-60 ms. Back-184 

scattered electron images were obtained with a ZEISS EVO50 scanning electron microscope 185 

(SEM; University of Bern) using a voltage of 20kV, current of ~ 1 nA and a working distance 186 

of 10 mm.  187 

Mineral LA-ICP-MS trace element analysis 188 

 189 

Trace element analysis on allanite, zircon and garnet were performed by LA-ICP-MS at the 190 

Institute of Geological Sciences, University of Bern, utilizing a Geolas Pro 193 nm ArF 191 

excimer laser coupled to an Elan DRC-e ICP-MS. Laser beam diameters ranged from 44 to 192 

16 µm, with an energy density on the sample of 7 Jcm
-2

. A He-H2 gas mixture was used as 193 

the aerosol transport gas. Sample analyses were calibrated using NIST SRM 612, and 194 

corrected using internal standards (Al for allanite and garnet – EMP analyses, and 195 

stoichiometric Si for zircon). Data reduction was performed using the SILLS software 196 



 

package (Guillong et al., 2008). Accuracy was monitored using NIST SRM 610 and NIST 197 

SRM 614, which yield average values within uncertainty of reference values (Pearce et al., 198 

1997; Horn et al., 1997)  199 

 200 

Mineral separation and accessory minerals ion probe dating  201 

 202 

Samples were dissagregated using a SELFRAG apparatus (University of Bern) to a grain size 203 

of < 250 microns. Zircon grains were separated using conventional magnetic and density 204 

based techniques, mounted in epoxy resin and polished down to expose their near equatorial 205 

section. Cathodoluminescence (CL) imaging was carried out on a HITACHI S2250N SEM 206 

fitted with an ellipsoidal mirror for CL at the Electron Microscopy Unit at the ANU in 207 

Canberra. Operating conditions for the SEM were 15 kV/60 µA and 20 mm working 208 

distance. Zircon and allanite were analysed for U, Th and Pb using the sensitive high 209 

resolution ion microprobe (SHRIMP II) at the Australian National University in Canberra. 210 

For zircon, instrumental conditions and data acquisition were generally as described by 211 

Williams (1998). The data were collected in sets of six scans throughout the masses, and a 212 

reference zircon was analysed each fourth analysis. The measured 
206

Pb/
238

U ratio was 213 

corrected using reference zircon from the Temora granodiorite (TEM, Black et al., 2003). 214 

The radiogenic fraction of non-radiogenic 
206

Pb (f206) was calculated from the measured 215 

207
Pb/

206
Pb (

7/6
Rm) and the non-radiogenic 

207
Pb/

206
Pb (

7
Rc) according to Williams (1998), i.e 216 

f206 = (
7/6

Rm – 
7/6

R*)/(
7/6

Rc – 
7/6

R*), where 
7/6

R* is the expected radiogenic 
207

Pb/
206

Pb 217 

assuming concordance at the approximate age of the sample. The 
7
Rc composition was 218 

assumed to be as predicted by the Stacey & Kramers (1975) model. For allanite, instrumental 219 

conditions and data acquisition were as described by Gregory et al., (2007), with isotope data 220 



 

collected from sets of six scans through the masses. U-Th-Pb allanite data were collected 221 

over a single analytical sessions with a calibration error of 1.5 % (2 sigma), which was 222 

propagated to single analyses. The measured 
208

Pb/
232

Th ratio was corrected using the allanite 223 

standard TARA (417 Ma, Gregory et al., 2007). A secondary standard (Bona, 
208

Pb/
232

Th age 224 

of 30.1 Ma, von Blankenburg 1992) returned ages within 1% of the nominal value. All 225 

analyses were corrected for common Pb based on measured 
207

Pb/
206

Pb in a similar way to 226 

zircon, as described in Gregory et al., (2007). Common Pb measured in allanite is essentially 227 

inherent, therefore an estimate of initial Pb composition at the time of crystallisation from an 228 

evolving model Pb composition (Stacey & Kramers 1975) was assumed. This assumption 229 

was justified by applying free regressions to the uncorrected data: in sample bva0840 (#1, 230 

Tab.1) for the allanite rims the Tera-Wasserburg initial 
207

Pb/
206

Pb intercepts of 231 

0.8417±0.014 (2σ) is within error of the model Pb compositions at ~85 Ma. A 2D Th-232 

isochron normalised to common 206Pb (Gregory et al., 2007) was used to further test the 233 

assumption of identical initial Pb, and this returned ages within error of the average 234 

208
Pb/

232
Th age. For both minerals, the data evaluation and age calculation were done using 235 

the software Squid (Squid 1 for zircon and Squid 2 for allanite) and Isoplot/Ex (Ludwig 236 

2003), respectively. Average ages are quoted at 95% confidence level (c.l.).  237 

 238 

Allanite laser ablation (LA)-ICP-MS U-Th-Pb geochronology 239 

 240 

Analyses were undertaken at the University of Portsmouth, using a New Wave 213 nm 241 

Nd:YAG laser coupled with an Agilent 7500cs ICP-MS. Analytical protocols and instrument 242 

conditions are described in detail by Darling et al., (2012a). Key points of the methodology 243 

are: (a) line-raster ablation, in order to minimise time-dependent elemental fractionation; (b) 244 



 

external normalisation to the zircon standard Plešovice (Slama et al., 2008); (c) the use of 245 

measured 204Pb to correct for inherited common-Pb. Accuracy was monitored via analyses of 246 

the Tara allanite reference material, which yielded weighted-mean common-Pb corrected 247 

206Pb/238U and 208Pb/232Th ages of 424 ± 13 Ma (n = 11; MSWD = 1.5) and 416.4 ± 1.9 Ma 248 

(MSWD = 1.02) respectively , which are within uncertainty of previously published values 249 

(Gregory et al., 2007).  250 

 251 

Pb-isotope analysis by Laser ablation multi-collector (LA-MC)-ICP-MS 252 

 253 

To aid common-Pb correction of U/Th-Pb isotope analyses, Pb-isotopes were measured in 254 

feldspars, pyrites and white-micas from sample bva0840 (#1). Analytical protocols followed 255 

those described by Darling et al., (2012b). 256 

 257 

SAMPLE DESCRIPTION AND MINERAL CHEMISTRY 258 

 259 

Microprobe (major element) and LA-ICP-MS (trace element) geochemical data are shown in 260 

Electronic Appendix 1_Mineral Chemistry and Electronic Appendix 2_Trace Element. 261 

 262 

Druer Tectonometamorphic Slice 263 

 264 

Chloritoid - kyanite - garnet mica schists (sample #1, Table 1) were chosen for detailed 265 

investigation from a larger collection of potentially suitable samples because they contain 266 

datable minerals (allanite and zircon) in sufficient amounts and with clear microstructural 267 

relations. The samples were collected near Colma di Mombarone (Fig.1b, c, Tab. 1) at the 268 

entrance of the Aosta valley.  269 



 

In the area sampled, the syn-eclogitic metamorphic (M) and deformational (D) imprint 270 

(M2, D2) was recognized as the dominant phase (Zucali et al. 2002; 2004; Zucali & Spalla 271 

2011; Gatta et al., 2009), with isoclinal folds (cm- to m-size) transposing the primary 272 

foliation into a new penetrative axial plane foliation (S2, Fig. 2a) which is marked by the 273 

SPO (Shape Preferred Orientation) of PhII, Pg, Ky, CldII, and Aln. Strong retrograde stage 274 

deformation (D4) leads to a discontinuous foliation or shear bands; epidote-blueschist facies 275 

assemblages define this fabrics in all the lithologies of the Mombarone area (Zucali et al., 276 

2002). Late D5 structures form open to isoclinal folds, ranging in size from centimetre to 277 

kilometre, with sub-horizontal axial planes (Fig. 2a). However, only locally a foliation at 278 

greenschist facies conditions develops. 279 

The mica schists occur as bodies less than two meters thick and several meters long at the 280 

contact with omphacite-rich mica schists; locally they are interbedded with calcite-rich 281 

marbles (Fig. 2a). The rocks studied are light grey with cm-sized garnets (dark red), mm-282 

sized chloritoid (dark green), kyanite porphyroblasts (white), and a pervasive foliation 283 

marked by phengite. 284 

Microscopically they consist of quartz (40%), phengite/muscovite (15%), paragonite (5%), 285 

garnet (15%), kyanite (10%), chloritoid (10%), allanite (3%), chlorite (1%) and accessory 286 

rutile, calcite and zircon (Fig. 2b and Supplementary Fig. S1.1). Kyanite grains show 287 

homogeneous cores and symplectitic rims of quartz and kyanite suggesting two metamorphic 288 

stages of growth (Gatta et al., 2009). Minerals do not show a strong deformation. Only in few 289 

samples is possible to observe wavy extinction and kinking of micas, as well as 290 

fragmentation of the more competent phases. Allanite forms large crystals (~ 1 centimetre) in 291 

close microstructural relation with phengite/paragonite, garnet, kyanite and chloritoid.  292 

In the samples analyzed, garnet is almandine-rich (Xalm=0.67-0.72) with uniform grossular 293 

contents (0.15-0.18) and slight zoning in spessartine (core to rim: 0.06 - 0.02). Trace element 294 



 

compositions of garnet show a decrease of total REE from core to rim (Supplementary 295 

material). Across the entire grain, garnet is characterized by a flat pattern of MREE 296 

(DyN/GdN = 1.2 – 1.8) to HREE (DyN/YbN = 0.9 – 1) at about 50-100 times chondrite 297 

(Supplementary material) with rims having slightly lower REE contents than cores.  298 

Micas are characterized by variable amounts of celadonitic substitution depending on the 299 

microstructural site. High pressure phengite (PhII - coexisting with paragonite, 300 

Supplementary Fig. S1.2) has Si contents of 3.19-3.21 apfu. Muscovite (MsIII) grew at the 301 

retrograde stage (D4-D5) and shows lower Si contents (3.15-3.17 apfu). Chloritoid 302 

porphyroblasts (Cld II, XMg=0.16-0.17) parallel to the S2 foliation grew with the HP 303 

assemblage. Cld III (XMg= 0.11-0.14) is growing along fractures and cleavage planes of 304 

micas and locally it forms small aggregates (D5 stage). 305 

Microstructures show that allanite crystals grew with the HP assemblage parallel to the 306 

main S2 foliation (Fig. 2b, c). The patchy texture observed in BSE images (Fig. 2c) is related 307 

to variation in rare earth elements (REE), which total abundance range between 0.3 to 0.5 308 

apfu (Fig. 2d). No zoning in major elements was observed. Locally allanite is rimmed and 309 

partially replaced at a late stage (D4) by clinozoisite (FeOtot ~7 wt%) overgrowing the S2 310 

foliation. Allanite displays REE patterns with a strong enrichment in LREE (with respect to 311 

the HREE) and with no Eu anomaly (Fig. 2e). In the most retrogressed samples allanite and 312 

clinozoisite are replaced by fine grained chlorite + synchisite (ideally REECa(CO3)2F) + clay 313 

minerals ± apatite (Fig. 2c). 314 

In the analyzed samples zircon crystals are clear to light yellow and generally euhedral 315 

(100-300 µm). Their internal structure is characterized by large cores with banded oscillatory 316 

zoning, then overgrown by two distinct rims, which do not show a regular zoning, and differ 317 

in CL emission and composition (Fig. 2f). The first rim (rim I) with low CL emission 318 

contains more U than the outer rim (rim II). The two overgrowths are also different on the 319 



 

basis of their chemical composition. Rim I shows higher REE contents and both overgrowths 320 

have a generally flat HREE pattern at 10-110 times chondrite (Fig. 2f). Rim I includes small 321 

crystals of rutile. 322 

 323 

Fondo Tectonometamorphic Slice 324 

 325 

Structurally controlled samples were collected in both the monocyclic Scalaro Unit and the 326 

polycyclic Bonze Unit. Mono-metamorphic sediments were chosen because they record only 327 

the Alpine metamorphism, thus avoiding problems related to a polycyclic history. As the 328 

mono-metamorphic unit occurs in a limited band of outcrops only, suitable polymetamorphic 329 

rocks (Bonze Unit) were also investigated. Seven samples (Tab. 1) were studied in detail: one 330 

polymetamorphic metapelite (#2, Bonze Unit), one metagabbro (#3, Bonze Unit) and five 331 

samples of monometamorphic phengite-rich quartzites (#4-8, Scalaro Unit). 332 

 333 

Polymetamorphic metapelite (#2, Bonze Unit) 334 

 335 

The polycyclic metapelites were collected east of Colle Bonze (Fig. 1b, Tab. 1); they are 336 

associated with metagabbros and eclogites (Venturini, 1995). The samples are light green 337 

with mm-sized garnets (dark red) and jadeite crystals (light green) in a quartz-rich matrix. 338 

Microscopically they consist of quartz (55%), jadeite (25%), phengite (10%), garnet (5%), 339 

allanite/epidote (2%), glaucophane (1%), acmite (1%) and accessory rutile and zircon 340 

(Supplementary Fig. S2.1). 341 

In this area Babist et al. (2006) recognized an early schistosity (S1) formed under eclogite-342 

facies conditions. This foliation is overprinted under retrograde blueschist- to greenschist-343 



 

facies conditions in what these authors termed fabric domain 2. This overprinting involved 344 

mylonitic shearing and isoclinal folding with development of a vertical foliation (S2-Fig. 3a).  345 

Microtexturally the metapelites are characterized by a pervasive foliation (S2-Fig. 3a) 346 

marked by phengite wrapping the HP assemblage (M1: jadeite + garnet + phengite, Fig. 3a). 347 

Two generations of garnet were distinguished (Supplementary Fig. S2.2): early garnet 348 

characterized by high MnO contents (10-11 wt%) and low CaO (~7 wt%) is rimmed by 349 

newly formed garnet. The latter generation shows a decrease in spessartine component from 350 

core to rim, and uniform contents of almandine (XFe: 0.5-0.55) and grossular (XCa: 0.30-351 

0.35). The trace element composition of garnet is characterized by enrichment in HREE from 352 

core to rim (Fig. 3b). Clinopyroxene is homogeneous in composition, close to 353 

(Na0.93Ca0.07)(Al0.89Fe0.1Mg0.01)Si2O6 (Supplementary Fig. S2.3). In the more retrogressed 354 

samples, jadeite crystals are replaced by albite plus sericite and are rimmed by a very thin 355 

corona of acmite (XFe: ~0.7). Strongly deformed and kinked micas (PhI, Si = 3.22-3.25 apfu) 356 

are associated with the HP phases. A second generation of mica (PhII, Si = 3.25-3.3 apfu) 357 

marks the S2 foliation.  358 

Accessory zircon is euhedral. In CL they show inherited cores overgrown by three thin 359 

rims. The first of these (rimI) is characterized by low CL emission and high U contents. It is 360 

enriched in HREE (Supplementary Fig. S2.8) with a small Eu anomaly (EuN/Eu*N: 0.38) and 361 

low Th/U ratios (0.01-0.02). The external rims (rimII-rimIII) are characterized by low U- and 362 

Th-contents. The first generation (rim II) shows patchy zoning and abundant HP inclusions 363 

(jadeite partially replaced by albite, phengite, epidote, and quartz). The second one (rim III) is 364 

more homogeneous, with lower CL-emission and no inclusions. Chemically rim II is slightly 365 

enriched in HREE (Yb-Lu) compared to rim III (Fig. 3c). Rim III is 5-10 µm wide, which 366 

implies that most of the analyses (trace elements and age data) obtained represent mixtures of 367 

the two outer domains.  368 



 

 369 

Metagabbro (#3, Bonze Unit)  370 

 371 

Mafic rocks (mainly metagabbros) associated with impure quartzites of the Scalaro Unit and 372 

polymetamorphic metasediments (#2) were investigated (Tab. 1), as they locally preserve the 373 

older fabrics (D1, D2) and mineral assemblages. In these rocks the main foliation (S2), 374 

marked by sodic amphibole, clinozoisite ± chlorite, surrounds the HP assemblage (garnet + 375 

omphacite + phengite, M1 stage, Fig. 4a). The S2 mylonitic foliation is then refolded by D3 376 

isoclinal folds with sub-horizontal axial planes (Fig. 4b). Several structural relics of the 377 

magmatic assemblage can be observed in thin section like discoloured hornblende partially 378 

substituted by glaucophane and relics of orthopyroxenes (e.g. hyperstene). 379 

M1 garnets are almandine rich (XFe: 0.55), with uniform grossular contents (XCa: 0.3). In 380 

addition they show a weak depletion of spessartine component from core to rim (XMn 0.08 to 381 

0.01, Supplementary Fig S3.2). Clinopyroxene associated with garnet is homogeneous with a 382 

composition, close to (Na0.45Ca0.55)(Al0.41Fe0.11Mg0.48)Si2O6. Within omphacite and garnet 383 

crystals, prograde titanite, clinozoisite ± glaucophane are preserved. Syn-M1 white micas 384 

show phengitic compositions with Si contents ranging between 3.38 and 3.41 apfu. 385 

Glaucophane crystals marking the S2 mylonitic foliation are overgrown by later amphibole 386 

(Act I, Act II) that formed together with chlorite, albite ± quartz (Fig. 4d).  387 

Several generations of epidote grew in different microstructural sites. Fe-epidote contents 388 

decrease from core to rim in epidote included within garnet and omphacite. Clinozoisite is 389 

marking the mylonitic foliation (S2) together with glaucophane (Fig. 4a). Big crystals (0.5-1 390 

mm) of zoisite with a characteristic hourglass (HG) zoning overgrew the S2 foliation (Fig. 4a, 391 

e). Glaucophane and rutile ± titanite are the main phases included in HG-zoisite. Outside the 392 

HG sector, zoisite has a relatively homogeneous composition (Xep between 0.09-0.1); higher 393 



 

Xep values (0.14-0.17) are reached in the HG zone (Supplementary Fig. S3.5). Late 394 

clinozoisite overgrowing the HG-zoisite is characterized by an enrichment in Fe-epidote 395 

contents from core to rim. 396 

 397 

Monometamorphic phengite-rich quartzites (#4-8, Scalaro Unit) 398 

 399 

As described by Babist et al. (2006) the S2 mylonitic foliation is refolded by isoclinal folds 400 

(AP3 – Fig. 5a), with the development of a pervasive foliation (S3). The S3 foliation is 401 

particularly well developed in the impure quartzites (Scalaro Unit), where it is marked by 402 

phengite (Fig. 5b). The samples consist of quartz (60%), phengite (20%), allanite/epidote 403 

(10%), detrital feldspar (2%) and albite (5%) with accessory monazite, apatite, titanite and 404 

zircon (Supplementary Fig. S4.1). 405 

In most of the samples two foliations were microscopically observed. Both are marked by 406 

white micas showing three different compositions (Fig. 5c,d,e). Texturally older phengite 407 

cores (Ph1: 3.35-3.48 apfu, pre-S3 foliation) are surrounded by low-Si phengite (Ph2: 3.20-408 

3.25 apfu), which are identical in composition to the white mica cores in S3. The latter in turn 409 

are surrounded by high-Si phengite rims (Ph3: 3.25-3.35 apfu, syn-S3 foliation). Relic Ph1 is 410 

occasionally found in the cores of mica flakes aligned along S3 (Fig. 5c, d). In some of the 411 

studied quartzites only the second and third generation of micas are preserved (Fig. 5f). 412 

All quartzites contain abundant euhedral to subhedral grains of allanite (50-200 µm, 20-30 413 

grains per thin section). Compositional zoning is common in these allanites (Supplementary 414 

Figs. S4.2, S4.3); they show concentric growth zones, with total REE contents normally 415 

decreasing from core (Aln core: REE+Y = 0.5-0.44 apfu) to rim (Aln rim: REE+Y = 0.3-0.24 416 

apfu). Allanite is then rimmed and locally, partially replaced by epidote (REE+Y< 0.05 apfu). 417 



 

Allanite cores and rims contain phengite inclusions. These were analyzed by EMP to 418 

compare their composition with that of mica marking the S3 foliation. Abundant mica 419 

inclusions in the allanite cores (e.g. #4, Fig. 5e) are identical in composition to the texturally 420 

oldest phengite preserved in the sample (Ph1). Allanite rims contain inclusions of micas, the 421 

composition of which are indistinguishable from Ph2. In other samples (e.g. #5, Fig. 5f) 422 

allanite cores include Ph2 micas whereas in the rims minute micas inclusions with a higher Si 423 

content (Ph2/Ph3) were observed. 424 

 425 

PRESSURE-TEMPERATURE CONSTRAINTS  426 

 427 

Druer Tectononetamorphic Slice 428 

 429 

The assemblage chloritoid-kyanite-garnet has been shown to be a key eclogite facies 430 

paragenesis which is stable over a restricted range of P-T conditions in the eclogite facies 431 

(e.g. Smye et al., 2010). A model for the HP assemblage chloritoid-kyanite-garnet was 432 

calculated using the Gibbs free energy minimisation algorithm Domino/Theriak (de Capitani 433 

& Brown 1987; de Capitani & Petrakakis, 2010) and the thermodynamic database of Berman 434 

(1988) including more recent additions (Supplementary material). The P-T pseudosection for 435 

the studied mica schist constrains the grt + cld + ky + ph + pg + qz assemblage in the range 436 

of 530-570 °C and 1.5-2.4 GPa (Fig. 6). Further constraints can be obtained from phengite, 437 

garnet and chloritoid compositional isopleths. Comparison of the modelled isopleths of XMg 438 

(Cld), the Si contents in phengite, XGrs (Grt) and XAlm (Grt) with the mineral compositions 439 

determined in the samples allowed to restrict P-T conditions of the HP peak stage (where 440 

allanite is interpreted to be a stable phase) at 540-550 °C and 1.9-2.0 GPa (Fig. 6).  441 



 

Ti-in-zircon thermometry was applied to constrain the conditions of zircon growth. The 442 

calibration of Watson et al., (2006) was applied with aTiO2 =1 and aSiO2 = 1 for metapelitic 443 

rocks (Ghent & Stout, 1984) assuming rutile as the Ti-buffering phase as observed in thin 444 

section. The concentration of Ti in rim I is in the range of 1.1-2.5 ppm; rim II shows lower 445 

concentrations, close to the detection limit (< 0.7 ppm). These values indicate temperatures of 446 

570-630 °C for the first rim and T < 550 °C for the outermost metamorphic rim 447 

(Supplementary Fig. S1.4). 448 

According to Zucali et al., (2002) and microscopic observations, chlorite is stable in syn-449 

D5 assemblages. It partially replaces garnet and it forms from allanite breakdown. To better 450 

constrain D5 stage chlorite thermometry was applied. Chlorite has an interesting potential for 451 

thermometric estimates because it displays a wide range of chemical composition that reflect 452 

its physicochemical conditions of formation. Chlorite forming during D5 stage in the matrix 453 

and from allanite breakdown was analyzed with the electron microprobe. Two different 454 

thermometers were used: one proposed by Chatelineau (1988) based on chlorite composition, 455 

and the software ChlMicaEqui (a MATLAB GUI-based program) which is based on the 456 

assemblage chlorite + quartz + water proposed by Vidal et al., (2001) and Vidal et al., (2005, 457 

2006). With both methods temperatures obtained on chlorite are below 380 °C 458 

(Supplementary Fig. S1.7). Chatelineau (1988) thermometer gives T in the range of 330-380 459 

°C. The second method returns lower temperatures (300-355 °C) with an estimation of XFe3+ 460 

(using stoichiometric criteria given in Vidal et al., 2005, 2006) ranging between 13-20 %. 461 

The obtained temperatures fit with the ones proposed by Zucali et al., (2002) for D5 stage. 462 

 463 

Fondo Tectonometamorphic Slice 464 

 465 

Polymetamorphic metapelite (#2, Bonze Unit) 466 



 

 467 

Equilibrium assemblage diagrams for the HP assemblage (M1: jadeite + garnet + phengite) 468 

were produced using the THERIAK-DOMINO software and the thermodynamic database of 469 

Berman (1988) including later additions (Supplementary material). The P-T assemblage 470 

diagram for the studied paraschist is shown in Fig. 7. It constrains the grt + wm (ph) + cpx + 471 

ep + rt + qz assemblage in the range of 450-700 °C and 1.4-2.2 GPa. Compositional isopleths 472 

of phengite (Si), garnet XGrs and XAlm and clinopyroxene XJd constrain the P-T conditions of 473 

the HP (M1) peak stage at 520-560 °C and 1.7-1.8 GPa (Fig. 7).  474 

 475 

Metagabbro (#3, Bonze Unit)  476 

 477 

Since most of the rocks show disequilibrium textures, which resulted from successive 478 

structural and metamorphic overprints, thermobarometry was applied only to mineral pairs in 479 

mutual contact with clear grain boundaries for the HP (M1) assemblage. Several 480 

thermobarometers were applied to syn-D1 mineral pairs. Temperatures were estimated by 481 

applying the Mg-Fe exchange in garnet-clinopyroxene (Ellis & Green, 1979; Powell, 1985) 482 

and garnet-phengite (Green & Hellman, 1982) geothermometers. Pressures were estimated 483 

from the garnet-omphacite-phengite geobarometer (Waters & Martin, 1993). For the HP 484 

assemblage T ~ 530°C (± 50 °C) and P ~ 1.7 GPa (± 0.1 GPa) were obtained. Equilibration 485 

temperatures about 30 °C lower result from Powell’s (1985) calibration.  486 

Equilibrium assemblage diagrams for the MP assemblage (syn-S2) were computed using 487 

the THERIAK-DOMINO software (de Capitani & Petrakakis, 2010) and the thermodynamic 488 

database of Berman (1988) including recent additions for amphiboles (Supplementary 489 

material). The P-T diagram for the studied HP-assemblage constrains the glc + czo + chl + rt 490 

field in the range of 370-530 °C and 0.8-1.55 GPa (Supplementary Fig. S3.7). 491 



 

Darbellay (2009) studied the HG-zoisites from Cima Bonze in detail. The author found 492 

that the miscibility gap between the two zoisites (Xep = 0.1 and Xep = 0.15) corresponds to an 493 

equilibrium at 550 ± 50°C and 1.4 to 2.0 GPa (based on Gottschalk, 2004). The authors 494 

describe the zoisite as part of the HP assemblage, whereas in the present study zoisite is 495 

interpreted to postdate the S2 foliation, based on microtextural evidence. 496 

The geothermobarometer of Okamoto & Toriumi (2004) was used to estimate the 497 

condition of crystallization of the late generation of amphiboles (actinolite). This 498 

geothermobarometer allows to determine the P-T conditions for the stability of amphibole 499 

coexisting with ep + chl + ab + qz. This is particularly useful for mafic metamorphic rocks, 500 

for which the stability of the act + chl + ep + pl + qz assemblage spans a wide range of P-T. 501 

Estimates were carried out on representative compositions from different samples collected 502 

east of Colle Bonze and close to Cima Bonze. This indicates 0.4-0.5 GPa and 390-430 °C for 503 

Act I and in 0.15-0.25 GPa and 320-360 °C for Act II. 504 

 505 

GEOCHRONOLOGY  506 

 507 

Pressure and temperature are regularly determined by chemical equilibria between different 508 

rock-forming minerals whereas time is determined by radioactive decay of elements such as 509 

U-Th to Pb in accessory phases such as allanite, monazite and zircon.  These chronometers 510 

are arguably the most important for inferring tectonic processes (e.g. Gabudianu et al., 2009, 511 

Warren et al., 2011), however the complexity of their growth and dissolution behavior means 512 

that the interpretation of their ages in relation to the evolution of their host rock-forming 513 

minerals is still in its infancy. An integrative approach, linking the time-data of several 514 

chronometers in each sample is therefore required. 515 



 

Geochronological data (LA-ICP-MS, LA-MC-ICP-MS and SHRIMP) are shown in 516 

Electronic Appendix 3_Geochronology. 517 

 518 

Druer Tectonometamorphic Slice 519 

 520 

In the chloritoid-kyanite-garnet mica schists allanite grains show homogeneous and 521 

occasionally patchy zoning with relatively homogeneous Th/U ratios ranging between 5 and 522 

15. Allanite contains 600 to 1500 ppm Th (LA-ICPMS data) and a high proportion of 523 

common Pb (208Pbc =60-80% of the total 208Pb measured), thus making the age calculation 524 

and the common lead correction strongly dependent on the common Pb composition chosen. 525 

The common lead corrections rely on assumed common Pb compositions (Stacey & Kramers, 526 

1975) or upon U-Pb regressions. In the present case the regression of the analyses in a Tera-527 

Wasserburg diagram yield a common 207Pb/206Pb of 0.8417 ± 0.014. This calculated 528 

composition corresponds to the one predicted by Stacey & Kramers (1975) at ~ 85 Ma. The 529 

average 232Th/208Pb age obtained using the chosen common lead composition is 85.8 ± 0.9 530 

Ma (Fig. 8a). The constructed Th-Pb isochron for the same crystals (Fig. 8b) confirms the 531 

average age calculated (84.9 ± 2.1 Ma, MSWD = 2.3). Because an accurate age determination 532 

depends on the estimate common Pb composition, we measured Pb isotope compositions by 533 

LA-MC-ICPMS in mineral phases petrologically associated with allanite (mostly pyrite and 534 

white mica) to test the accuracy of the regressed composition. The measured values are 535 

within error of the terrestrial Pb isotope evolution curve of Stacey & Kramers (1975). This 536 

confirms that the assumption for the common lead composition in the present study is robust. 537 

Zircon SHRIMP analyses were focussed on the rims. Thirteen rim I analyses define a 538 

cluster with a mean concordia age of 73.7 ± 0.8 Ma (Fig. 8c,d). Two analyses were not 539 

included because they returned significantly older dates and probably reflect mixing with the 540 



 

cores. The age of rim II is not well constrained, as 206Pb/238U dates scatter between 70 and 60 541 

Ma (Fig. 8c).  542 

 543 

Fondo Tectonometamorphic Slice 544 

 545 

Polymetamorphic metapelite (#2, Bonze Unit) 546 

 547 

Zircons show inherited cores overgrown by three rims. The analyses of the cores yielded two 548 

age groups, both characterized by high Th/U ratios (0.4-0.6). The first group shows a mean 549 

Concordia age of 510 ± 4.5 Ma and the second one of 487 ± 4.5 Ma (Supplementary Fig. 550 

S2.9). The two groups are indistinguishable by trace element compositions (Supplementary 551 

Fig. S2.8). The cores are enriched in HREE at 103 times chondrite with a strong Eu anomaly 552 

(EuN/Eu*N: 0.15).  553 

The first rims (rim I) overgrowing the Cambrian cores are characterized by low CL 554 

emission with high U contents. Few analyses were performed on these rims because they are 555 

often too thin to be analyzed. Three analyses define a Concordia age of 354 ± 18 Ma 556 

(Supplementary Fig. Fig. S2.9). 557 

Because zircon Rim II contains abundant HP inclusions (e.g. jadeite, phengite, rutile), 558 

several crystals were analyzed by SHRIMP (small grain size: 20-50 µm) to decipher the 559 

Alpine evolution. Six analyses performed on the patchy metamorphic rim (rim II, with jadeite 560 

inclusions) yield an average 206Pb/238U age of 74.6 ± 2.1 Ma (Fig. 9a, b). The analyses carried 561 

out on the most external domains (rim III) yield mixed ages ranging between 70 and 63 Ma 562 

(Fig. 9a).  563 

In an attempt to link zircon growth with a specific tectonometamorphic stage, REE 564 

partitioning between zircon and garnet was tested. Trace element partitioning was calculated 565 



 

for the different generations of garnet and zircon. The HREE partitioning between rim II and 566 

Grt core is comparable with data reported for HP rocks by Rubatto & Hermann (2003, 2007), 567 

indicating that the garnet core probably grew with the generation of zircon including jadeite 568 

(Supplementary Fig. S2.10).  569 

 570 

Monometamorphic phengite-rich quartzites (#4-8, Scalaro Unit) 571 

 572 

A single dating method may not be sufficient to unravel the complex P-T-t evolution of a 573 

poly-deformed rock, as shown for the polycyclic samples. In order to complement and 574 

supplement the obtained data, particular emphasis was placed on impure quartzites, as these 575 

contain abundant allanite crystals with concentric growth zones in a commonly subpelitic 576 

matrix.  577 

The different generations of allanite were dated by ion microprobe analysis in five samples 578 

(Tab. 1) using the Th-Pb system. The epidote rims were always too rich in common Pb to be 579 

dated. 580 

In sample #4 (corresponding to sample B24 in Rubatto et al., 2011) allanite cores yield 581 

consistent 208Pb-232Th ages with an average of 75.6±0.8 Ma (Fig. 10a). Allanite cores and 582 

rims contain minute phengite inclusions. Mica inclusions in allanite core are identical in 583 

composition to the texturally oldest phengite preserved in the sample (Ph1) (see Fig. 5e). The 584 

REE-poor allanite rim is significantly younger, at 69.4±1.1 Ma (Fig. 10b), and contains 585 

inclusions of Ph2.  586 

In sample #5 allanite cores return a 208Pb-232Th average age of 68.1 ± 1.8 Ma (Fig. 10c) 587 

and again consistently younger ages in the rim (62.8 ± 1.0 Ma – Fig. 10d). As in sample #4, 588 

mica inclusions in allanite are common. In allanite core micas show Si contents similar to 589 



 

Ph2, whereas small crystals included in allanite rims are characterized by higher Si contents 590 

(3.20-3.30 apfu) (see Fig. 5f). 591 

Other phengite-rich quartzites were analyzed, and these confirm that three different age 592 

stages (~75, 68, and 63 Ma) can be recognized along the whole Scalaro Unit (Supplementary 593 

Fig. S4.4).  594 

In sample #6 only allanite cores were dated (72.1 ± 1.4 Ma) because the rims show high 595 

common lead contents (208Pbc > 85% of the total 208Pb measured). In sample #7 allanite core 596 

yielded a 208Pb/232Th age of 68.1 ± 1.4 Ma while the rims gave a consistent age of 60.1 ± 1.1 597 

Ma. The measured allanite cores in sample #8 gave a consistent age of 74.1 ± 1.2 Ma while 598 

the rims are systematically younger at 68.2 ± 1.9 Ma. In these samples allanite contains only 599 

quartz inclusions.  600 

The three allanite populations (Fig. 10e) are thus indicative of a cycle from high pressure 601 

(~ 75 Ma, inclusions of Ph1) to medium pressure (~ 68 Ma, inclusions of Ph2), then followed 602 

by another HP stage at 65-62 Ma. This last stage is probably represented by the texturally late 603 

high-pressure foliation (S3 marked by Ph3), which is well developed in these samples. 604 

 605 

DISCUSSION  606 

 607 

Our understanding of the rates and timescales of tectonic processes depends on knowledge 608 

of: (i) absolute time, measured by radioactive decay, and (ii) the pressure and temperature 609 

conditions to which those times relate. Therefore, relating the timing of growth of the dated 610 

mineral to the pressure-temperature evolution of its host rock is crucial to link time to process 611 

and achieve a robust age interpretation. 612 

 613 

Evolution of the Druer Tectonometamorphic Slice 614 



 

 615 

In the Druer samples, the allanitic cores show microstructural equilibrium with all of the 616 

minerals defining the peak assemblage. Moreover allanite shows no Eu anomaly suggesting 617 

that grew outside the plagioclase stability field (> 1.1-1.2 GPa according to PT equilibrium 618 

assemblage diagrams, Fig. 11). Allanite is therefore considered to record the age of the HP 619 

metamorphic peak. The widespread occurrence of clinozoisite coronas (overgrowing S2 620 

foliation) on allanite indicate that they grew most probably during D4 stage (Fig. 11). In the 621 

most retrogressed samples the breakdown of allanite + clinozoisite is common; both phases 622 

are replaced by fine grained chlorite + synchisite + clay minerals ± apatite (Fig. 11). In some 623 

reaction domains relics of allanite are still observed (Fig. 11); in other domains allanite + 624 

clinozoisite are completely pseudomorphed (Fig. 11).  625 

Zircon rims are systematically younger than allanite. Their zoning and chemical 626 

composition (low Th/U, HREE pattern and Ti-in-zircon temperature) indicate that they also 627 

formed at high-pressure conditions. Both rims are characterized by flat HREE patterns, 628 

suggesting that garnet was present; the lack of Eu-anomaly suggests that plagioclase was not 629 

stable (> 1.2 GPa, Fig.11). 630 

Referring to Fig. 11, the main stages documented in the Druer tectonometamorphic slice 631 

are: 632 

• Dr-HP1 stage: The HP peak mineral assemblage (chloritoid + kyanite + garnet + 633 

phengite + paragonite + rutile) was stable at 540-550 °C and 1.9-2.0 GPa. Allanite is 634 

in equilibrium with this prograde assemblage and allows the age of this (HP peak?) 635 

stage to be constrained to about 85 Ma.  636 

• Dr-HP2 stage: A first generation of metamorphic zircon grew during the early stage 637 

of exhumation (at ~74 Ma); growth occurred together with garnet, in the absence of 638 



 

feldspar. Ti in zircon indicates temperatures of 570-630 °C, i.e. heating during 639 

decompression. 640 

• Dr-MP stage: A second generation of metamorphic zircon growth occurred between 641 

70 and 60 Ma, probably jointly with the formation of clinozoisite at temperatures 642 

below 550°C, but still at pressures above the stability field of plagioclase (Fig. 11). 643 

• Dr-LP stage: During late stages of exhumation (< 30Ma?) allanite + clinozoisite are 644 

replaced by chlorite and synchisite, at temperatures of 380-300 °C (Fig. 11, 645 

Supplementary Figs. S2.6, S2.7, S2.8, S2.9).  646 

 647 

Evolution of the Fondo Tectonometamorphic Slice 648 

 649 

Samples from the Scalaro\Bonze Units invariably display several parts of an evolution at high 650 

pressure conditions. The evolution is complex, but these parts collectively outline one path. 651 

Impure and pure quartzites occur closely interbedded with albitic gneisses within the Scalaro 652 

Unit, making up continuous meter-thick horizons. From one outcrop sequence to the next, 653 

details of the tectonostratigraphy often appear comparable at a small scale, though internal 654 

structural discontinuities are common (Venturini, 1995). The monometamorphic 655 

metasedimentary horizons accompany mafic rocks and associated metasediments, which 656 

display a pre-Mesozoic metamorphic imprint. These observations indicate that variable 657 

amounts of old basement material were tectonically juxtaposed to the Scalaro sediments, 658 

either at a rifting stage or during early convergence. In addition to locally preserved pre-659 

Alpine relics, the polycyclic metasediments show synkinematic assemblages of an early 660 

Alpine LT eclogite facies (M1/D1) and a subsequent blueschist (M2/D2) facies (Figs. 12a, b). 661 

Detailed constraints on the multi-stage Alpine evolution of the Scalaro and Bonze Units were 662 

derived by combining petrographic and microstructural evidence from the entire sample suite. 663 



 

Both units appear to have experienced the same Alpine P-T-t evolution probably associated 664 

with metasediments belonging to the EMC. Given their ductility and limited thickness, the 665 

Scalaro metasediments are unlikely to represent a “tectonometamorphic slice” on their own. 666 

It is more plausible to view them as part of bigger slice, together with their presently 667 

associated polymetamorphic rocks (i.e. the Bonze Unit) and the immediately adjacent 668 

package(s) of basement (e.g. Intermediate Unit of Venturini, 1995, see Fig.1a). So far we do 669 

not know when that slice was tectonically assembled, but we do know that it was juxtaposed 670 

against other such slices, owing to the documented differences in their PTt-paths.  671 

 672 

Referring to Figs. 12 and 13, the main stages in the formation of the Fondo slice (FND) 673 

were: 674 

• FND-HP1 stage: Temperatures of 500-550 °C and pressures of 1.7 GPa were 675 

obtained for all of the mafic samples (metagabbro) examined; these match the most 676 

reliable P-T estimates given for the peak conditions in the associated 677 

polymetamorphic metasediments (T: 520-560 °C, P: 1.7-1.8 GPa). Jadeite inclusions 678 

in Alpine metamorphic zircon (rimII, low Th/U ratio) suggest that 75 Ma (Fig. 13) is 679 

the age of the first high-pressure stage (HP1).This is also supported by trace element 680 

partitioning between zircon rim II/garnet core and inclusions of Ph1 (pre-S3) in 681 

allanite cores (dated at ~74 Ma, Tab. 2, Fig. 11) in impure quartzites. 682 

• FND-MP stage: Decompression was recorded at ~68 Ma (Fig. 13), both in basic 683 

rocks (S2 Gln-foliation) and in impure quartzites (MP Ph2 in allanite). P-T conditions 684 

could not be precisely constrained for this stage (Fig. 13 and Supplementary Fig. 685 

S5.7), but the drop evident in the Si-contents of phengite (from ~3.45 at the HP1 stage 686 

to ~3.2 at the MP stage) is remarkable. 687 



 

• FND-HP2 stage: Growth of hour-glass zoned zoisite occurred after the formation of 688 

the glaucophane-clinozoisite mylonitic foliation (S2) at 550 ± 50°C and between 2.0 689 

and 1.4 GPa. Similar conditions can be related to Si-rich phengite (Ph3) in quartzite, 690 

where mica growth was syn-S3 deformation. Allanite age data (Fig. 13) restrict the 691 

HP2 stage to 65-60 Ma. 692 

SHRIMP and LA-ICP-MS dating of both allanite and zircon yield an age gap of some 6 693 

Ma between two stages of the HP-evolution, which has been attributed to tectonic cycling 694 

(“YoYo-tectonics”), as described for similar rocks by Rubatto et al. (2011, Fig.13). The 695 

alternative possibility that the pressure difference may largely reflect variations in tectonic 696 

overpressure (e.g. Mancktelow, 2008) does not appear very likely, as the different pressure 697 

stages have been documented in several samples, which were taken kilometers apart in 698 

particularly weak lithologies. While the enclosing basement rocks are at least in part stronger 699 

and one might imagine that they acted as confining walls exerting pressure variations to the 700 

metasediments, the lateral extent of the outcrops makes it likely that such an enclosure would 701 

have been leaky, i.e. unable to sustain substantial tectonic overpressure. For these reasons, the 702 

observed pressure variation is attributed mostly to tectonic cycling, requiring vertical 703 

amplitude of 10 – 20 km (Fig. 13). The cycling rate for the Fondo slice, i.e. the rate of 704 

decompression followed by renewed subduction, is of the order of 2-3 mm/yr, which is 705 

comparable with rates that have been proposed for different subduction complexes (Roda et 706 

al., 2010 and references therein).  707 

 708 

INTERPRETATION: INDEPENDENT EVOLUTION OF TECTONIC SLICES 709 

 710 

HP rocks documented above belong to the Scalaro/Bonze Units and Eclogitic Micaschist 711 

Complex of the Sesia Zone, and these show different P-T-t evolutions. This suggests that they 712 



 

may be parts of different tectonic slices within the same subduction channel. Within the poly-713 

metamorphic samples of the EMC, no pressure cycling along the exhumation path has been 714 

recognized so far. These inferences are in line with earlier studies from the same area (e.g., 715 

Reinsch 1979, Lardeaux et al., 1982, Zucali et al., 2002) and notably the careful recent study 716 

of Zucali & Spalla (2011). These authors describe the lawsonite-bearing rocks of the Ivozio 717 

Complex (northern Sesia Zone) as a tectonometamorphic unit characterized by a clockwise 718 

path (HP stage: T > 600 °C and P > 2.25 GPa) documenting heating between the P-T peak 719 

conditions and the end of the decompression. In the southern Sesia Zone, in contrast to the 720 

northern Sesia Zone, retrograde growth of lawsonite indicates a counterclockwise path 721 

(Pognante, 1989; Spalla & Zulbati, 2003). Such peculiar P-T-d-t paths (different from the one 722 

recognized for the Druer and Fondo slices) indicate that the EMC consists of several 723 

tectonometamorphic units (Spalla et al., 2005). To define the size and shape of potentially 724 

coherent units, i.e. those with a uniform P-T-t evolution, it is important to link the details of 725 

the metamorphic evolution and the attendant small-scale structures within individual samples 726 

and single outcrop sequences to the large-scale structural context and the deformation 727 

domains, such as those recognized by Babist et al. (2006) and Zucali et al. (2002).  728 

As emphasized by Zucali & Spalla (2011), individual slices, including parts of the EMC, 729 

followed their own P-T-t paths and may have been decoupled from other slices, owing to 730 

mechanical processes within the subduction channel. The independent mobility of different 731 

tectonic slices within that channel has been unambiguously demonstrated in the present case, 732 

as the Fondo and the Druer slices experienced different P-T conditions at the same time (Fig. 733 

14). An array of diverse P-T paths for subduction-related metamorphic complexes rather than 734 

a single P-T trajectory has been predicted by numerical models (e.g. Gerya et al., 2002, Roda 735 

et al., 2012). The present field-based study confirms that principle and sets some quantitative 736 

limits on the kinematics at eclogite facies conditions. However, detailed chronology is 737 



 

presently lacking to identify further potentially independent slices, e.g. in the southwestern 738 

part of the Sesia Zone (e.g. Pognante 1989).  739 

In the present case tectonic cycling so far has been documented only for the smaller Fondo 740 

slice (Fig. 13), and it is not clear if any of the larger slices were involved in “YoYo” 741 

tectonics. The evolution path of the Druer tectonometamorphic slice suggests that it 742 

experienced prolonged eclogite-facies metamorphism between 85 and 75 Ma (Fig. 11). 743 

Heating upon initial decompression implies a relatively slow start of the upward movement, 744 

slower in any case than the upward relaxation of the depressed isotherms.  745 

The particular behaviour of the Fondo slice, involving pressure cycling, may be 746 

additionally related to the acute convergence angle proposed for the respective time interval, 747 

i.e. 75-68 Ma (Rubatto et al. 2011). Under such geometric conditions, it is at least 748 

conceivable that some tectonic fragments experienced phases of transpression and relative 749 

transtension in response to strain partitioning and changes in the rheology along the 750 

subduction interface. 751 

According to the regional tectonic framework proposed by Babist et al. (2006), the two 752 

main basement nappes of the Sesia Zone were amalgamated with the trail of Scalaro 753 

metasediments between them at HP-conditions, prior to the complex exhumation history. 754 

Williams & Compagnoni (1983), Passchier et al. (1981), and Inger et al. (1996) asserted that 755 

the two main Sesia complexes (albeit delimited in different terms) had separate early 756 

metamorphic histories and were juxtaposed by thrusting after the peak of the high-pressure 757 

metamorphism. While the present study confirms independent movements, we conclude that 758 

the assembly of the Sesia terrane as a whole is considerably more complex. It cannot be 759 

simply described by the juxtaposition and evolution of just two main complexes, as several 760 

slices were certainly involved. Their size, geometry, and the contacts against adjacent slices 761 

have not yet been documented in detail, and published maps as well as field reports need to 762 



 

be complemented and (re)evaluated. Investigating the P-T-t-behaviour of further samples 763 

may well add details on the movement of other slices and thus of the dynamics in deep 764 

portions of convergent margins. As the present study shows, it is critical to couple 765 

petrochronology with meso- and micro-structural work, in order to integrate the data into the 766 

regional context. 767 

At the present stage of understanding, the Fondo and Druer slices are regarded as tectonic 768 

fragments behaving independently, at least at early stages of the evolution of the subduction 769 

channel in the central Sesia Zone. These fragments experienced different P-T evolutions 770 

under eclogite-facies conditions, up to their juxtaposition, which most probably occurred 771 

after the HP2 stage (age <65 Ma). P-T diagrams for samples from the two slices indicate a 772 

coherent evolution in the subsequent exhumation history (Fig. 15).  773 

It thus appears that the regional ages previously recognized for HP in the Sesia Zone 774 

mostly reflect this last high-pressure stage (HP2 e.g. Duchêne et al., 1997, Rubatto et al., 775 

1999). The distribution of earlier age data reported in literature (from Middle to Late 776 

Cretaceous) may reflect the rather complex evolution of the Sesia Zone, which is now 777 

becoming better constrained. The current identification of independent units within this 778 

terrane demands a re-evaluation of these ages considered as recording high-pressure 779 

metamorphism – and of the array of potential problems in the dating techniques used.  780 

An extensive discussion of earlier results is beyond the scope of the present study. 781 

However, it is remarkable that for monometamorphic quartz-rich marbles and impure 782 

quartzites (Scalaro Unit), Venturini (1995) reported 40Ar/39Ar ages scattering between 60 and 783 

80 Ma. It now appears that the multiple generations of white mica recognized in 784 

monometamorphic samples may explain the remarkable diversity of Ar-Ar age data reported 785 

by Venturini (1995). Our detailed petrochronological approach allows several steps of the 786 

HP-evolution to be discerned within the time span documented by Venturini (1995). This 787 



 

conclusion does not apply to the Ar-Ar ages, also presented by Venturini (1995) for 788 

polymetamorphic samples from the Sesia Zone. In that case the range of ages is far larger yet, 789 

and problems of inheritance and excess argon are likely to have masked potentially 790 

discernible HP-stages. 791 

 792 

ASSEMBLY OF THE SESIA ZONE 793 

To explain the array of diverse P-T-t paths observed within the central Sesia Zone (Druer and 794 

Fondo slices), we propose a new simplified tectonic model for the subduction, exhumation 795 

and assembly of the Sesia terrane as a whole (Fig.15). The sequence of six stages shown in 796 

Fig.15 is not a comprehensive model for all of the units involved in the evolution of the 797 

Internal Western Alps. The illustration essentially serves to show graphically the tectonic 798 

context and highlight some of the tectonic implications of the new data presented in this 799 

study. 800 

The initial geometry at Jurassic time is presented in Fig.15 (modified after Babist et al., 2006, 801 

Handy et al., 2010). During extension (~180 Ma) listric faults were breaking up parts of the 802 

NW-Adria margin, including segments of continental crust that would later be incorporated 803 

in the two main Sesia units, i.e. the Eclogitic Micaschist Complex and the Gneiss Minuti 804 

Complex. It is possible that these segments were separated at this rifting stage already into 805 

subunits that were to act as independent slices subsequently. In any case, intracontinental or 806 

marginal basin sediments (Scalaro Unit?) were deposited in between and on top of different 807 

tectonic slices.  808 

Incipient subduction (compression stage) started at ~100 Ma and led to the HP stage at ~85 809 

Ma in the Carema slice (~ 60km depth). At ~75 Ma the rocks belonging to the Druer 810 

tectonometamorphic slice were still recording HP conditions. As shown by the P-T-t data, 811 

they experienced extensive eclogite-facies overprinting between 85 and 75 Ma (attending 812 



 

very slow exhumation). Much of the deformation associated is thought to have been 813 

accommodated at the boundary between the two main complexes at that stage. At ~75 Ma, 814 

while the Druer tectonometamorphic slice was being slowly exhumed, the Fondo slice 815 

reached HP1 conditions (at ~50km depth). As described above, this tectonic slice included 816 

monometamorphic metasediments (of the Scalaro Unit), polymetamorphic rocks of the Bonze 817 

Unit and probably some of the metasediments belonging to the intermediate unit described by 818 

Venturini (1995). The intermediate unit is not shown separately, being represented here as 819 

part of the EMC. Moreover, for the sake of simplicity, the Fondo slice in Fig.15 is shown as 820 

consisting only of Scalaro metasediments.  821 

At ~68 (Fig. 15) Ma the Druer slice recorded a first stage of exhumation (medium pressure 822 

stage) at blueschist facies condition (at ~50km depth). At the same time the rocks belonging 823 

to the Fondo slice record a middle pressure stage (at ~35km depth), presumably as they were 824 

being dragged up by the exhuming EMC. 825 

At ~65 Ma faster subduction starts in the Gneiss Minuti Complex (HP stage at ~45 Ma e.g. 826 

Inger et al., 1996, Cortiana et al., 1998). The Fondo slice is therefore pulled down by the 827 

GMC reaching the second HP stage at ~50 km while the Eclogitic Micaschist Complex (as 828 

recorded by the Druer tectonometamorphic slice) keep exhuming slowly (~40 km depth). 829 

Comparing the P-T-t paths for the Druer and Fondo slices with the record reported by 830 

previous studies for different areas of the EMC, it is now beyond doubt that the Sesia terrane 831 

as a whole is characterized by several tectonic fragments, which were independently mobile 832 

(in space and time) during the Cretaceous convergence. While many details of the kinematics 833 

in the subduction channel are still missing, the scale of tectonic mobility (at least its vertical 834 

component) and the rates of such mixing processes have been documented. 835 

Our approach combining structural, petrological, and geochronological techniques thus yields 836 

field-based constraints on the duration and rates of the dynamics within a subduction channel. 837 



 

Different P-T paths for subduction related metamorphic complexes rather than a single P-T 838 

trajectory has been repeatedly predicted by numerical models (e.g. Gerya et al., 2002; Roda 839 

et al., 2012). Such scenarios are validated by the present study, which represents the first 840 

such detailed field-based study of the HP rocks of the Sesia zone, using an integrative 841 

approach that combined petrological and structural work with mineral chronology.  842 
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Figures and tables: 1126 

FIGURE 1: a) Geological map of the central Sesia Zone (SZ), Western Italian Alps. 1127 

Greenschist facies overprinted portion of the EMC corresponds to the Intermediate Unit 1128 

described by Venturini (1995) b) Location of studied samples; numbers refer to sample 1129 

names in Table 1. c) Samples shown at appropriate structural position (from out of section 1130 

location); D3-related quartzite samples # 4, 5, and 7 not shown on the map. Cima Bonze 1131 

profile modified after Babist et al., 2006; Mombarone profile modified after Zucali 2002. a, b 1132 

and c at different scales. 1133 



 

 1134 

FIGURE 2: Polymetamorphic metapelite, EMC. a) Superposition of D5 folds on D2 1135 

structures at the contact between Cld-Ky-Grt mica schists and marbles. D5 folds are meter-1136 

size open folds with a gently dipping axial plane. AP: Trace of axial plane (AP5). b) 1137 

Microstructural relationship between HP minerals; poikiclitic garnet (Grt) porphyroblasts 1138 

coexist with chloritoid (Cld), kyanite (Ky), phengite (Ph) + paragonite (Pg), and allanite 1139 

(Aln) embedded in a quartz (Qz) matrix. Plane polarized light. Mineral abbreviations used in 1140 

the figures are from Whitney & Evans (2010) with some additions (see Supplementary 1141 

material). c) Allanite (Aln) elongated parallel to the S2 foliation marked by PhII. Clinozoisite 1142 

(Czo) coronae on allanite formed during the D4 stage. In the inset: Aln replaced by Syn+Chl 1143 

(D5). d) Aln and Czo compositions plotted in Petrík et al. (1995) diagram. e) Trace element 1144 

composition of allanite shows strong enrichment in LREE (LaN/LuN = 270) and absence of 1145 

Eu anomaly; normalizing values from Sun & McDonough (1989). f) Chondrite normalized 1146 

REE patterns for zircon rims; normalizing values from Nakamura (1974).  1147 

 1148 

FIGURE 3: Polycyclic metapelites, Bonze Unit. a) Microsctructures of Jd-Grt mica schists 1149 

as seen under optical polarizing microscope. Note mm-sized garnet (dark red) and jadeite 1150 

crystals (light green) wrapped by phengite marking the S2 foliation. b) Trace element 1151 

composition of pre-Alpine and Alpine garnets. The latter are characterized by enrichment of 1152 

MREE and HREE from core (depleted in M/HREE with DyN/YbN ≥1) to rim (DyN/YbN ≤1). 1153 

c) Trace element composition for zircon rims II and III. A minor depletion in HREE is 1154 

observed comparing rim II with rim III. b) Normalizing values from Sun & McDonough 1155 

(1989). c) Normalizing values from Nakamura (1974). 1156 

 1157 



 

FIGURE 4: Metagabbro, Bonze Unit. a) Microphotograph showing relationships between 1158 

microstructural evolution and mineral growth during D1, D2 and D3 deformation phases. HP 1159 

domains wrapped by the blueschist foliation. b) Superposition of D3 onto D2 folds in 1160 

metagabbros in the Chiusella valley. In the enlargement c) HP lenses (Ph+Grt+Omp) and 1161 

isolated garnets are wrapped by the S2 mylonitic foliation marked by fine grained 1162 

glaucophane (Gln) and clinozoisite (Czo). d) Actinolite I and II crystals growing during the 1163 

last stages of exhumation with albite + chlorite + quartz. e) D3-related hourglass zoned 1164 

zoisite overgrowing the S2 foliation.  1165 

 1166 

FIGURE 5: Phengite-rich quartzite, Scalaro Unit. a) Large scale D3 folds within impure 1167 

quartzites (Scalaro Unit). S3 axial plane foliation is refolded by large scale D4 open folds 1168 

with vertial axial planes. Quartzites are in tectonic contact with metagabbros (Bonze Unit). 1169 

AP: trace of axial plane (AP3/AP4). b) Microstructure of impure quartzite. S3 foliation (axial 1170 

plane foliation of D3 folds) marked by phengite (Ph) in a quartz-rich matrix. Crossed-1171 

polarized light. c) Microphotograph of different generations of micas and their textural 1172 

relationship. Mica aligned parallel to S3 foliation showing Ph1 relic cores. Crossed-polarized 1173 

light. d) Al and Mg distribution maps in mica flakes aligned along S3. Note higher Mg and 1174 

Al contents in Ph1 and Ph3 according to the celadonitic substitution between muscovite and 1175 

phengite. e) Composition of micas in sample (#4) and micas included in allanite core and rim. 1176 

Micas in allanite cores correspond to Ph1 composition while the compositions of micas 1177 

included in allanite rim are indistinguishable from Ph2. f) Mica compositions in sample (#5). 1178 

No relics of Ph1 were preserved in this sample. Micas marking the S3 foliation show Ph2 1179 

compositions in the core and Ph3 in the rim. Micas included in allanite cores show Ph2 1180 

compositions; the ones included in allanite rim are characterized by higher Si (Ph2/Ph3 1181 

composition). 1182 



 

 1183 

FIGURE 6: Polymetamorphic metapelite, EMC. a) P-T phase diagram section showing the 1184 

equilibrium phase relations for the observed mineral assemblage. The light red area marks the 1185 

stability field of the HP mineral assemblage. Bulk composition (in moles): SiO2:76.41, 1186 

Al2O3:14.55, FeO:3.19, MnO:0.09, MgO:0.21, CaO:0.35, Na2O:0.87, K2O:1.25, TiO2:0.2. 1187 

Hematite-Magnetite buffer and H2O in excess. b,c,d) Compositional isopleths: Si in phengite 1188 

(Ph), XMg in chloritoid (Cld), XGrs and XAlm in garnet (Grt). Dark red field: nominal error box 1189 

reflecting probe compositions. Bulk rock compositions were calculated by whole rock 1190 

analysis (XRF) and, for comparison, were estimated based on mode (vol%) density and 1191 

analyzed composition of minerals. 1192 

 1193 

FIGURE 7: Polycyclic metapelites, Bonze Unit. P-T equilibrium assemblage diagram 1194 

calculated for: SiO2:70.66, Al2O3:15.02, FeO:2.44, MnO:0.10, MgO:0.18, CaO:2.40, 1195 

Na2O:7.70, K2O:0.41, TiO2:0.13 (in moles). Hematite-Magnetite buffer and H2O in excess. 1196 

Compositional isopleths (Si in white mica, XGrs and XAlm in garnet and XJd in clinopyroxene) 1197 

used to constrain the P-T conditions for the HP assemblage. The error box reflecting probe 1198 

compositions of the minerals, constraining the P-T conditions at which the HP assemblage 1199 

developed. Bulk composition calculated from whole rock XRF-analysis. 1200 

 1201 

FIGURE 8: Polymetamorphic metapelite, EMC. a) Allanite average 232Th/208Pb age. b) Th-1202 

Pb constructed isochron for allanite. c) Concordia plot for zircon rims. The two transparent 1203 

ellipses are data points excluded from the age calculation. Rim II shows age scatter that can 1204 

be related to partial mixing with older domains (small size of rim II: 10-15 µm) or to growth 1205 

over a prolonged period of time. Rim I cluster shown in d). a: box heights are 2σ. b, c and d: 1206 

data-point error ellipses are 2σ. 1207 



 

 1208 

FIGURE 9: Polycyclic metapelite, Bonze Unit. a) Tera-Wasserburg plot for SHRIMP zircon 1209 

U-Pb analyses. Data-point error ellipses are 2σ. b) Average 206Pb/238U age for zircon rim II. 1210 

Box heights are 2σ.  1211 

 1212 

FIGURE 10: Phengite-rich quartzites, Scalaro Unit. a,b) Average 208Pb-232Th age for allanite 1213 

core and rim in sample bva0824 (#4). Composition of micas included in both Aln core and 1214 

rim are shown in Fig.5e. c,d) Average 208Pb-232Th age for allanite core and rim in sample 1215 

bva0919 (#5). Compositions of micas included in Aln core and rim in this sample are shown 1216 

in Fig.5f. a,b,c,d) box heights are 2σ. e) Summary of the three allanite age populations in five 1217 

quartzite samples. Numbers on each age refer to sample name in Tab.1; C: core analysis, R: 1218 

rim analysis. For samples #4 and #5 the Si-contents of micas included in core and rim are 1219 

reported. On the right: Sketch of mica generations: high-Si Ph1 (pre-S3 foliation) is rimmed 1220 

by low-Si Ph2 micas. Syn-S3 high-Si Ph3 overgrew Ph2. BSE images of allanite respectively 1221 

in samples #4 and #5. Ellipses correspond to SHRIMP spots (25 µm); ellipses colours 1222 

correspond to the different age groups. 1223 

 1224 

FIGURE 11: P-T-d-t paths inferred from metapelites and metabasites for the Druer slice in 1225 

the central Sesia Zone. Stages D4, D5 from Zucali et al. (2002). On the right: metamorphic 1226 

sequence of accessory allanite. 1227 

 1228 

FIGURE 12: Schematic view of meso- and micro-structural relationships among basic rocks, 1229 

poly- and mono-metamorphic metasediments of the Bonze/Scalaro Units inferred from 1230 

microstructural analysis. HP1 stage assemblages preserved within metagabbro and Jd-Grt 1231 

mica schist are wrapped by MP S2 mylonitic foliation (axial plane foliation of D2 folds). S2 1232 



 

is refolded by D3 folds with development of a new foliation (S3) marked by HP2 phengite 1233 

(Ph3). HP1 zircons with inclusions of Jd were dated in samples b (~75 Ma); this stage 1234 

correspond to allanite core ages (~74 Ma) with inclusions of Ph1 (c). 1235 

 1236 

FIGURE 13: P-T-d-t paths inferred from metapelites, metabasites, and impure quartzites for 1237 

the Fondo slice in the central Sesia Zone. Stages IR, IIR, IIIR described in Rubatto et al. 1238 

(2011). 1239 

 1240 

FIGURE 14: Summary P-T-d-t table for the studied tectonometamorphic slices (Fondo and 1241 

Druer). In red are presented new data from this study. For comparison literature data are 1242 

reported in the table. a) Lardeaux & Spalla (1991), b) Rebay & Spalla (2001), c) Bussy et al. 1243 

(1998), d) Zucali et al. (2002), e) Rubatto et al. (1999), f) Venturini (1995), g) Inger et al. 1244 

(1996), h) Duchêne et al. (1997), i) Ruffet et al. (1997). For each slice a coloured column 1245 

indicates the metamorphic conditions at different deformation stages (HT: high temperature – 1246 

amphibolite/granulite facies, BSF: blueschist facies, EF: eclogite facies, GSF: greenschist 1247 

facies). Note that the two slices experienced different metamorphic conditions at the same 1248 

time. Cima Bonze deformation stages modified after Babist et al. (2006); Mombarone 1249 

deformation stages from Zucali et al. (2002)  1250 

 1251 

FIGURE 15 simplified model proposed for subduction and exhumation of the Sesia Zone 1252 

based on the new data presented in this work and P-T diagrams for different tectonic slices 1253 

recognized. a and b) P-T evolution for the Druer and Fondo slices; symbols represent 1254 

different age stages as shown in the model. c) P-T evolution of the Ivozio Complex (modified 1255 

after Zucali & Spalla 2011). d) P-T evolution of the southern Sesia Zone (modified after 1256 

Pognante, 1989 and Spalla & Zulbati, 2003). 1257 



 

 1258 

 1259 

TABLE 1: List of the analysed samples. Numbers related to sample names are used in 1260 

figures and captions. 1261 

































 

FIGURE S1.1: Metamorphic evolution of the studied mica schists with modal abundance of minerals. D: 
phase of deformation, M: metamorphic stage. 
 

SUPPLEMENTARY MATERIAL 
 

Mineral abbreviations used in figures, text, and tables are from Whitney & Evans (2010) with 

some additions (Syn: synchisite, Wm: white mica). 
 

S.1 SUPPLEMENTARY SAMPLE BVA0840 # 1, MOMBARONE 
 

 

Mineral chemistry 

Structural formulae are on the basis of 12 oxygens for garnet, 12.5 for epidote, 12 for 

white mica and 14 oxygens for chloritoid. 



 

FIGURE S1.2: Mineral compositions in the studied mica schists. a) garnet composition, b) mica composition 
(Ph II coexisting with Pg), c) chloritoid composition (Cld I included in Grt, Cld II HP phase, Cld III growing 
during D5-stage), d) chlorite composition; ripidolite according to Hey, 1954 nomenclature. Compositions are 
given as atoms per formula unit (apfu). 
 

FIGURE S1.3: Trace 
element composition for 
garnet core and rim. Both are 
characterized by flat patterns 
for MREE and HREE. 
Normalizing values from Sun 
and McDonough (1989). 
 

 

 

 
 

 

 



 

FIGURE S1.4: Titanium concentrations in zircon rims. #: number of analyses performed 
on each domain. 
 

FIGURE S1.5: Metamorphic sequence of accessory phases. Syn-D2 Allanite (a,b) overgrown by clinozoisite 
coronas (b,c). Allanite + clinozoisite replaced by synchisite and chlorite (c,d) - D5 stage. 
 

Ti-in-zircon thermometry 

 
 

 

 



 

FIGURE S1.6: X-ray 
compositional maps: allanite 
crystals replaced by synchisite, 
chlorite and apatite. 

FIGURE S1.7: Chlorite thermometry. a,c) temperatures obtained based on the assemblage chlorite + 
quartz + water proposed by Vidal et al. (2001) and Vidal et al. (2005, 2006). b) estimation of XFe3+ 
(using stoichiometric criteria given in Vidal et al., 2005, 2006). d) temperatures obtained with 
Chatelineau (1988). #: number of analysis. 
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FIGURE S2.1: Metamorphic evolution of the studied mica schists with modal abundance of minerals. 

FIGURE S2.2: Garnet composition. Pre-Alpine garnets show patchy zoning with portions rich in MnO 
(up to 11 wt%). Alpine garnets characterized by a decrease of spessartine component from core to rim. 

S.2 SUPPLEMENTARY SAMPLE BVA0926 #2, CIMA BONZE 
 

 

Mineral chemistry 

Structural formulae are on the basis of 12 oxygens for garnet, 12.5 for epidote, 12 for 

white mica and 6 oxygens for clinopyroxene. 

 

 



 

FIGURE S2.4: Blue-amphibole 
compositions plotted in Leake 
(2003) diagrams. 
 

 
 

 
 

 
 

 

FIGURE S2.3: Clinopyroxene 
compositions from studied mica 
schists. HP jadeite replaced by Fe-rim 
acmite coronas. Compositions plotted 
in the Morimoto (1988) diagram. 

FIGURE S2.5: Phengite composition. PhI 
(white circles) stable with the HP assemblage 
and PhII (grey squares) marking the S2 
mylonitic foliation. Compositions are given 
as atoms per formula unit (apfu). 
 



 

FIGURE S2.6: Epidote compositions plotted in Petrík et al. (1995) diagram.  
 

FIGURE S2.7: Average 
208Pb/232Th age for allanite 
cores measured with LA-MC-
ICPMS. 
 

 
 

 

Trace element composition of accessory phases and pre-Alpine chronology 

Allanite cores (pre-Alpine Aln in Fig. S3.6) were dated with LA-MC-ICPMS. They show 

Th/U ratios close to 10-20 and Th contents ranging between 1000-5000 ppm. The crystals are 

characterized by relatively low proportion of common Pb (208Pbc = 30-60% of the total 208Pb 

measured) and they return Th-Pb ages of 290±10 Ma (Fig. S3.7). 

 

 
 



 

FIGURE S2.8: Trace element composition of zircon cores and HT rim I. Normalizing values from 
Nakamura (1974). 
 

FIGURE S2.9: Concordia 
plot for SHRIMP U-Pb 
analyses. Data were 
corrected for common lead. 
Dotted ellipses are excluded 
from the Concordia age 
calculation. 
 

Accessory zircons in CL show inherited magmatic cores overgrown by three metamorphic 

rims. The analyses of the cores yielded two age groups, both characterized by high Th/U 

ratios (0.4-0.6). The first group shows a mean Concordia age of 510 ± 4.5 Ma and the second 

one of 487 ± 4.5 Ma (Fig. S3.9). The two groups are indistinguishable by trace element 

compositions (Fig. S3.8). The cores are enriched in HREE at 103 times chondrite with a 

strong Eu anomaly (EuN/Eu*N: 0.15).  

The first rims (rim I) overgrowing the Cambrian cores are characterized by low CL 

emission with high U contents. They are enriched in HREE (Fig. S3.8) with a small Eu 

anomaly (EuN/Eu*N: 0.38). They show low Th/U ratios (0.01-0.02), suggesting a 

metamorphic origin. Few analyses were performed on these rims because they are too thin to 

be analyzed. Three analyses define a Concordia age of 354 ± 18 Ma (Fig. S3.9). See 

Supplementary Table 3_Geochronology. 

 

 
 

 

 

 
 

 

 

 

 



 

FIGURE S2.10: Trace element partitioning between zircon rim II and garnet core compared 
with data from HP zircon and garnet in Monviso eclogites (Rubatto & Hermann, 2003) 

FIGURE S3.1: Metamorphic evolution of metagabbros and eclogites associated to poly and monometamorphic 
metasediments at Cima Bonze. 
 

Zircon-garnet trace element partitioning 

 

 
 

 

 
S.3 SUPPLEMENTARY METAGABBRO #3, CIMA BONZE 

 

 

 

Rubatto & Hermann (2003) 



 

Mineral chemistry 

 
 

 
 

 

 

 

FIGURE S3.2: Garnet composition 
showing a weak depletion in spessartine 
from core to rim. 
 

FIGURE S3.3: Amphibole compositions plotted in Leake (2003) diagrams. b) Ca-amphiboles 
show two different compositions (ActI-ActII). Na-amphiboles plotted in (c) are  marking the S2 
mylonitic foliation. 
 



 

FIGURE S3.4: Clinopyroxene 
composition of HP1 omphacite 
plotted in the Morimoto (1988) 
diagram. 
 

FIGURE S3.6: Composition of 
clinozoisite associated to 
glaucophane along S2 foliation and 
epidote marking the pre-D1 foliation 
with titanite (inclusions in garnet 
and omphacite). 
 

 
 

 

 

 
 

 

 
 

FIGURE S3.5: Composition of D3-
related hourglass zoned zoisite. Two 
distinct populations can be 
distinguished: regular zoisite has 
values around XFe

3+ = 0.10. Hourglass 
zones have values around XFe

3+ = 
0.14-0.17. 
 



 
FIGURE S4.1: Metamorphic evolution of the studied quartzites with modal abundance of 
minerals. 
 

FIGURE S3.7: Equilibrium assemblage diagram for syn-M2 assemblage in sample bva0851. 

D2 equilibrium assemblage diagram 

 
 
 

S.4 SUPPLEMENTARY IMPURE-QUARTZITE SAMPLES #4,5,6,7,8. CIMA BONZE 
 

 

 

 

 

 

 

 



 

FIGURE S4.3: BSE pictures and X-ray compositional map of allanites in impure quartzites. 
Colours used correspond to the different compositional domains in Fig. S4.2.  
 

 

 
 

FIGURE S4.2: Chemical 
composition of allanite and 
epidote in sample #3 plotted in 
Petrìk et al. (1995) diagram. 
 



 

FIGURE S4.4: Average 208Pb/232Th SHRIMP age for samples vc0909 (#8), bva0861 (#7) and 
bva0845 (#6). Also in these samples allanite populations are indicative of three different age stages at 
~ 75 Ma, ~ 68 Ma, and ~62 Ma. See Supplementary Table 3_Geochronology. 
 

Allanite ages (samples # 6,7,8): 

 

 

 

 

 

 

 

 

 

 



 

S.5 SUPPLEMENTARY SOLID SOLUTION ENDMEMBERS AND MIXING 
MODELS 

Garnet  
Endmembers: 

Almandine, pyrope, grossular, spessartine 

Margules-type mixing model:  

Berman 1988 

White mica 
Endmembers: 

Muscovite, celadonite, fe-celadonite, paragonite 

Margules-type mixing model:  

Keller et al., 2005 

Epidote 
Endmembers: 

Epidote, clinozoisite 

Ideal mixing model 

Amphibole 
Endmembers: 

Tremolite, Tschermakite, Pargasite, Glaucophane, Cummingtonite, Grunerite, Camo1, 

Camo2, Mgriebekite 

Margules-type mixing model:  

Diener et al., 2007  

Chloritoid 
Endmembers: 

Fe-chloritoid, Mg-chloritoid 

Ideal mixing model 

Clinopyroxene 
Endmembers: 

Diopside, Jadeite, Hedembergite 

Margules-type mixing model: 

Meyre et al., 1997 
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