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Convergent plate margins typically experience a transition from sub-

duction to collision dynamics as massive continental blocks enter the

subduction channel. Studies of high-pressure rocks indicate that

tectonic fragments are rapidly exhumed from eclogite facies to mid-

crustal levels, but the details of such dynamics are controversial.To

understand the dynamics of a subduction channel we report the re-

sults of a petrochronological study from the central Sesia Zone, a key

element of the internal Western Alps.This comprises two polymeta-

morphic basement complexes (Eclogitic Micaschist Complex and

Gneiss Minuti Complex) and a thin, dismembered cover sequence

(Scalaro Unit) associated with pre-Alpine metagabbros and metase-

diments (Bonze Unit). Structurally controlled samples from three

of these units (Eclogitic Micaschist Complex and Scalaro^Bonze

Units) yield unequivocal petrological and geochronological evidence

of two distinct high-pressure stages. Ages (U^Th^Pb) of growth

zones in accessory allanite and zircon, combined with inclusion and

textural relationships, can be tied to the multi-stage evolution of

single samples. Two independent tectono-metamorphic ‘slices’ show-

ing a coherent metamorphic evolution during a given time interval

have been recognized: the Fondo slice (which includes Scalaro and

Bonze rocks) and the Druer slice (belonging to the Eclogitic

Micaschist Complex).The new data indicate separate stages of de-

formation at eclogite-facies conditions for each recognized independ-

ent kilometer-sized tectono-metamorphic slice, between �85 and 60

Ma, with evidence of intermittent decompression (�P� 0·5 GPa)
within only the Fondo slice. The evolution path of the Druer slice

indicates a different P^T^time evolution with prolonged eclogite-

facies metamorphism between �85 and 75 Ma. Our approach, com-

bining structural, petrological and geochronological techniques,

yields field-based constraints on the duration and rates of dynamics

within a subduction channel.

KEY WORDS: pressure cycles; Sesia Zone; subduction channel; tectono-

metamorphic slice; yo-yo subduction

I NTRODUCTION
Exposed high-pressure (HP) crustal rocks in Phanerozoic
orogens represent the result of a sequence of processes that
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operate at lithosphere scale (i.e. rifting, subduction^
accretion, tectonic mixing, return flow^exhumation). The
dynamics of assembly of HP and UHP (ultrahigh-
pressure) terranes is central to the tectonic study of colli-
sion zones. Despite much interest, the mechanisms by
which HP rocks descend to mantle depths and then return
to the surface remain controversial.
For any given HP^UHP terrane (e.g. Western Alps,

Himalaya and Dabie-Shan), exhumation mechanisms are
inferred from concepts derived from geological data,
notably structural data and pressure^temperature^time
(P^T^t) paths, combined with insights derived from numer-
ical and analogue models. Efforts to understand the mech-
anical behaviour of the lithosphere have singled out several
mechanisms in the transition from a subduction to an ex-
humation stage (e.g.Warren et al., 2008). These mechanisms
can be grouped into those driven by buoyancy forces (e.g.
Ernst, 2001) and those driven by a range of different tectonic
processes (e.g. Platt, 1993; Kurz & Froitzheim, 2002).
Structural and P^T^t data from several HP terranes

suggest two separate stages of exhumation: a first rapid
stage from mantle to lower crustal levels and a slower ex-
humation to the surface (Terry et al., 2000; Rubatto &
Hermann, 2001; Carswell et al., 2003; Mukherjee et al.,
2003; Parrish et al., 2006). Although various mechanisms
may operate at different depths, buoyancy forces related
to the density contrast are commonly inferred to be par-
ticularly significant for the first stage of exhumation,
whereas the second stage can be accomplished by a variety
of syn- to post-convergent processes (e.g. Ernst, 2001).
Moreover, some numerical models invoke extensive tec-
tonic mixing during the subduction and exhumation
stages (Gerya et al., 2002; Stoeckhert & Gerya, 2005;
Roda et al., 2012), suggesting complex P^T^time paths for
lithospheric fragments within a subduction channel.
In comparing P^T data from HP terranes with model

predictions several questions arise, such as the following.
Under which conditions do fragments from the subducting
plate accrete to form an HP terrane? What temporal and
spatial scales of tectonic mixing in the subduction channel
are realistic? What triggers exhumation and at what rates
does it occur?
The dynamics in a subduction channel leading to a spe-

cific HP terrane are bound to be complex. For example,
results presented by Rubatto et al. (2011) have already es-
tablished the existence of HP cycles for the specific case of
the Sesia Zone. To corroborate this complex evolution and
quantify it in detail, we adopted an integrative approach
that links observations and data across a range of scales,
from structural patterns at kilometer scale in the field
down to petrological and chronological data obtained at
micrometer scale. This field-based study of a significant
portion of the Sesia Zone reveals a multi-stage evolution
of this HP continental terrane, from subduction to

exhumation. Careful structural control in sampling and
detailed petrography were used to select samples for petro-
chronology to arrive at a coherent interpretation of the
P^T^t data in the context of subduction dynamics.
Accessory phases proved most useful in deducing parts of
the metamorphic reaction history and to relate the specific
stages of the evolution. Microbeam Th^U^Pb geochron-
ology by sensitive high-resolution ion microprobe
(SHRIMP) and laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) allowed dating of these
stages. Single grain (or subgrain) dating turned out to be
essential to utilize the preserved fine detail of (over)-
growths within each accessory mineral. Where possible,
mineral chronometers were combined to exploit their cap-
acity to record different stages of the metamorphic evolu-
tion. Particular attention was paid to the distribution of
rare earth elements (REE) between major metamorphic
minerals and the accessory phases used for geochronology
(zircon and allanite) to gain additional insight into the
relative timing of accessory and major mineral growth
(e.g. Hermann & Rubatto, 2003; Gabudianu Radulescu
et al., 2009). Two independent tectono-metamorphic ‘slices’
(termed the Druer and Fondo slices, respectively) were
recognized within the Sesia Zone because they followed
different P^T^t paths within the subduction channel.
Independent mobility of these slices has been unequivo-
cally demonstrated because they underwent different P^T
conditions at the same time. The results obtained on the
P^T^t evolution of each tectono-metamorphic slice are
used to estimate the rates of subduction and exhumation.

GEOLOGICAL BACKGROUND AND
SAMPL ING STRATEGY
The Alps are a double-vergent orogen that formed as a
result of the convergence between the European and
African (Apulia) tectonic plates (e.g. Dewey et al., 1989).
The Sesia Zone (SZ) is the largest exposed slice of
Apulian continental crust in the Western Alps that under-
went subduction prior to the Alpine orogeny and exten-
sively preserves eclogite-facies assemblages. It has
traditionally been divided into three subunits (from west
to east, Fig. 1a, Table 1): the Gneiss Minuti Complex
(GMC), the Second Dioritic^Kinzigitic Zone (IIDK), and
the Eclogitic Micaschist Complex (EMC). These tectonic
complexes consist of a metasedimentary basement com-
posed of Variscan amphibolite-facies rocks intruded by late
Variscan granitoids that experienced polyphase tectono-
metamorphic reworking during the Alpine orogeny (Dal
Piaz et al. 1972; Compagnoni, 1977; Compagnoni et al., 1977;
Gosso, 1977; Lardeaux & Spalla, 1991). The three units pre-
serve to different degrees an early HP imprint (peak pres-
sures of 1·0^1·5, 1·0^1·2, and 1·6^2·4GPa respectively) that
partially re-equilibrated under greenschist-facies conditions
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(Dal Piaz et al., 1972; Compagnoni et al., 1977; Gosso, 1977;
Lardeaux et al., 1982; Vuichard, 1989; Zucali et al., 2002;
Tropper & Essene, 2002). An alternative subdivision of the
Sesia Zone has recently been proposed by Babist et al.
(2006) on the basis of regional structural maps and correl-
ations (Table 1); the polyphase deformation patterns docu-
mented therein provide the basis for the sampling strategy
in the present study.
Venturini (1995) identified a monometamorphic cover

complex (MCC; Fig. 1a, Table 1) largely situated between
the internal (EMC) and the external (GMC) complexes.

This cover sequence comprises terrigenous and carbonate
metasediments (Scalaro Unit) associated with mafic rocks
and subordinate quartz-rich metasediments (Bonze Unit).
As the majority of the rocks belonging to the ‘monometa-
morphic’ cover are actually polymetamorphic (e.g.
Rubatto et al. 1999), the acronym MCC is not used in the
present study. When referring to the monometamorphic
metasediments alone, the term Scalaro Unit is used instead
and, to avoid confusion, the term Bonze Unit refers to the
complex of polymetamorphic mafic rocks and associated
metasediments.

Fig. 1. (a) Geological map of the central Sesia Zone (SZ), Western Italian Alps. Greenschist-facies overprinted portion of the Eclogitic
Micaschist Complex (EMC) corresponds to the Intermediate Unit of Venturini (1995). (b) Location of the studied samples; numbers refer to
sample numbers inTable 2. (c) Samples shown in their appropriate structural position (from out-of-section location); D3-related quartzite sam-
ples Nos 4, 5, and 7 are not shown on the map. Cima Bonze profile is modified after Babist et al. (2006); Mombarone profile is modified after
Zucali (2002). It should be noted that (a), (b) and (c) are at different scales.
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Previous geochronological studies of the Sesia Zone
(SZ) have mainly focused on the age of the HP Alpine
metamorphism. A widely accepted age for this stage is
�65 Ma based on data obtained using a number of geo-
chronological methods (e.g. U^Pb, Rubatto et al., 1999;
Rb^Sr, Inger et al., 1996; Ar^Ar, Venturini, 1995; Lu^Hf,
Duche“ ne et al., 1997). However, these studies also recog-
nized several problems, notably those linked to excess
argon (e.g. in phengite), and partial thermal resetting of
some systems. When considering all the studies jointly, it
appears that the Alpine high-pressure stage(s) may span a
time interval of more than 30 Myr across the EMC from
�90 Ma to �60 Ma (e.g. Hunziker, 1974; Oberha« nsli
et al., 1985; Stoeckhert et al., 1986; Venturini, 1995).
Recently, this range in the apparent ages of the HP assem-
blages has been reframed in the context of two distinct epi-
sodes of high-pressure metamorphism, at �79^75 Ma and
�70^65 Ma, separated by a short-lived period of exhum-
ation (Rubatto et al., 2011).
To substantiate and further quantify the multiple HP

stages proposed by Rubatto et al. (2011), this study presents
an expanded dataset with new petrographic observations,
mineral chemistry of major and accessory phases, their
microtextural relations and subgrain-scale geochronology
(‘petrochronology’) for several samples from the central
SZ and new data for the Mombarone area. The tectonic
scenario proposed by Zucali et al. (2002) and Babist et al.
(2006) provided the basis for a focus on specific parts of
the poly-deformed complexes. Structurally controlled sam-
pling (Fig. 1b and c) was performed on polycyclic rocks of
the Eclogitic Micaschist Complex and on both mono- and
polycyclic samples belonging to the Scalaro and Bonze
Units. On the basis of the new data, two tectono-meta-
morphic slices have been recognized in the central SZ. In
this study, the term Druer slice (Dr) is used to denote a
slice (named after the Druer cabin, Val d’Aosta, Fig. 1a)
formed by EMC rocks in the Mombarone area (Table 1).
Its size cannot be precisely delimited. Until future studies
provide evidence of internal differences, the central part
of the EMC (i.e. the Druer slice documented here) is
viewed as a single tectono-metamorphic unit. The unit
package formed by the Scalaro and Bonze rocks, which
shows a coherent P^T^t evolution, represents another
slice that surfaces in the central Sesia Zone (Table 1). To
avoid confusion, this tectono-metamorphic slice is referred
to as the Fondo slice (after the town of Fondo, Val
Chiusella, Fig. 1a).

ANALYTICAL METHODS
Whole-rock major element compositions
Major element compositions were determined by X-ray
fluorescence (XRF) analysis at the University of Fribourg
(Switzerland) and at Actlabs (Activation Laboratories)
Ltd. (Canada). Whole-rock analyses were made of �1kg

samples, which were crushed and pulverized. Loss on igni-
tion (LOI) was determined by weight difference after heat-
ing to 10508C for 15 h.

Imaging and electron microprobe analysis
(EMPA)
Electron microprobe analysis (EMPA) on major and REE
minerals was performed on polished thin sections using a
Jeol JXA8200 electron microprobe at the University of
Bern. Operating conditions were set to 15 kV and 20 nA
(spot size �1 mm) for major minerals and 25 kVand 50 nA
(spot size 3 mm) for all the REE minerals. The matrix cor-
rection used is j(rZ), based on Armstrong (1988, 1991). A
selection of natural and synthetic standards was used:
La0·95Nd0·05TiO3 (La), NdGaO3 (Nd), Y2O3 (Y),
PbCrO4 (Pb), huttonite (Th), UO2 (U), spinel (Al, Mg),
wollastonite (Si, Ca), albite (Na), ilmenite (Ti), monazite
std (Ce, P), SmP5O14 (Sm), PrP5O14 (Pr), GdP5O14 (Gd),
tephroite (Mn), DyP5O14 (Dy), almandine (Fe), celestine
(Sr), HoP5O14 (Ho), ErP5O14 (Er), TbP5O14 (Tb) and
YbP5O14 (Yb). The procedure for REE minerals,
described in detail by Scherrer et al. (2000), was refined by
Janots et al. (2008). X-ray elemental maps were obtained
for Ce, Ca,Y, La, Mg, Mn, Nd, Sr and Th in allanite and
clinozoisite, using the electron microprobe with a beam
set at 25 kV and 50 nA. Step size was 0·5 mm and dwell
time per pixel was 40^60ms. Back-scattered electron
(BSE) images were obtained with a Zeiss EVO50 scanning
electron microscope (SEM; University of Bern) using a
voltage of 20 kV, current of �1nA and a working distance
of 10mm.

Mineral LA-ICP-MS trace element analysis
Trace element analysis of allanite, zircon and garnet was
performed by LA-ICP-MS at the Institute of Geological
Sciences, University of Bern, utilizing a Geolas Pro
193 nm ArF excimer laser coupled to an Elan DRC-e ICP-
MS system. Laser beam diameters ranged from 16 to
44 mm, with an energy density on the sample of 7 J cm�2.
A He^H2 gas mixture was used as the aerosol transport
gas. Sample analyses were calibrated using NIST SRM
612, and corrected using internal standards (Al for allanite
and garnetçEMPA, and stoichiometric Si for zircon).
Data reduction was performed using the SILLS software
package (Guillong et al., 2008). Accuracy was monitored
using NIST SRM 610 and NIST SRM 614, which yield
average values within uncertainty of the reference values
(Horn et al., 1997; Pearce et al., 1997)

Mineral separation and ion microprobe
dating of accessory minerals
Samples were disaggregated using a SELFRAG apparatus
(University of Bern) to a grain size of 5250 mm. Zircon
grains were separated using conventional magnetic and
density-based techniques, mounted in epoxy resin and
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polished down to expose their near equatorial section.
Cathodoluminescence (CL) imaging of zircon was carried
out on a Hitachi S2250N SEM fitted with an ellipsoidal
mirror for CL at the Electron Microscopy Unit at the
Australian National University in Canberra. Operating
conditions for the SEM were 15 kV, 60 mA and 20mm
working distance. Back-scattered electron images of allan-
ite were obtained with a Cambridge S360 SEM working
at 15 kV, �2 nA and a working distance of �17mm.
Zircon and allanite were analyzed for U, Th and Pb

using the sensitive high-resolution ion microprobe
(SHRIMP II) at the Australian National University in
Canberra. For zircon, instrumental conditions and data
acquisition were generally as described byWilliams (1998).
The data were collected in sets of six scans throughout the
masses, and a reference zircon was analyzed every fourth
analysis. The measured 206Pb/238U value was corrected
using reference zircon from the Temora granodiorite
(TEM; Black et al., 2003). The fraction of non-radiogenic
206Pb (f206) was calculated from the measured
207Pb/206Pb (7/6Rm) and the non-radiogenic 207Pb/206Pb
(7/6Rc) according to Williams (1998); that is, f206¼ (7/6Rm
^ 7/6R*)/(7/6Rc ^ 7/6R*), where 7/6R* is the expected radio-
genic 207Pb/206Pb assuming concordance at the approxi-
mate age of the sample. The 7/6Rc composition was based
on the Stacey & Kramers (1975) model.
For allanite, instrumental conditions and data acquisi-

tion were as described by Gregory et al. (2007), with isotope
data collected from sets of six scans through the masses.
Th^U^Pb allanite data were collected over multiple ana-
lytical sessions with calibration errors of 1·5^2·0 % (2s),
which were propagated to single analyses. The measured
208Pb/232Th value was corrected using the allanite stand-
ard TARA (417 Ma; Gregory et al., 2007). A secondary
standard (Bona; 208Pb/232Th age of 30·1 Ma; von
Blanckenburg, 1992) returned ages within 1% of the nom-
inal value. To account for any additional uncertainty
owing to matrix effects (standard and unknown can be sig-
nificantly different in composition), the uncertainty on
average ages was forced to be at least 2%.
All allanite analyses were corrected for common Pb on

the basis of measured 207Pb/206Pb in a similar way to
zircon, as described by Gregory et al. (2007). Common Pb
measured in allanite is essentially inherent, therefore an es-
timate of the initial Pb composition at the time of crystal-
lization from an evolving model Pb composition (Stacey
& Kramers, 1975) was assumed. This assumption was justi-
fied by applying free regressions to the uncorrected data.
One example is shown in the text for the allanite rims of
sample bva0840 (No. 1, Table 2); the Tera^Wasserburg ini-
tial 207Pb/206Pb intercept of 0·8417�0·014 (2s) of the ana-
lyses is within error of the model Pb compositions at �85
Ma. Direct measurement of the common Pb composition
by LA-ICP-MS in other minerals in the sample (see

below) further confirmed that the composition is within
error of the Stacey & Kramers (1975) model.
A 2D Th isochron normalized to common 206Pb

(Gregory et al., 2007) was used to further test the assump-
tion of initial Pb and age robustness. In all cases the iso-
chron method returned ages within error of the average
208Pb/232Th age; as a result of the small range in
232Th/206Pb within the data, the isochron ages generally
have larger uncertainties.
For both zircon and allanite, the data evaluation and age

calculation were carried out using the software Squid
(Squid 1 for zircon and Squid 2 for allanite) and Isoplot/
Ex (Ludwig, 2003), respectively. Average ages are quoted
at 95% confidence level (CL).

The Th^U^Pb geochronology of allanite by
LA-ICP-MS
Analyses were undertaken at the University of Portsmouth,
using a NewWave 213 nm Nd:YAG laser coupled with an
Agilent 7500cs ICP-MS. Analytical protocols and instru-
ment conditions have been described in detail by Darling
et al. (2012a). Key points of the method are: (1) line-raster
ablation to minimize time-dependent elemental fraction-
ation; (2) external normalization to the zircon standard
Ples› ovice (Sla¤ ma et al., 2008); (3) the use of measured
204Pb to correct for inherited common-Pb. Accuracy was
monitored via analyses of the Tara allanite, which yielded
weighted-mean common-Pb corrected 206Pb/238U and
208Pb/232Th ages of 424�13 Ma (n¼11; MSWD¼1·5)
and 416·4�1·9 Ma (MSWD¼1·02) respectively, which
are within uncertainty of previously published values
(Gregory et al., 2007).
To aid common-Pb correction of Th^U^Pb isotope ana-

lyses, Pb isotopes were measured in feldspar, pyrite and
white-mica from sample bva0840 (No. 1, Table 2).
Analytical protocols followed those described by Darling
et al. (2012b).

SAMPLE DESCR IPT ION AND
MINERAL CHEMISTRY
Microprobe (major element) and LA-ICP-MS (trace elem-
ent) geochemical data are reported in Supplementary
Data: Electronic Appendix 2 (Mineral Chemistry) and
Electronic Appendix 3 (Trace Elements). Supplementary
data are available for downloading at http://www.pet
rology.oxfordjournals.org.

Druer tectono-metamorphic slice
Chloritoid^kyanite^garnet mica schists (e.g. sample No. 1,
Table 2) were chosen for detailed investigation from a
larger collection of potentially suitable samples because
they contain datable minerals (allanite and zircon) in suf-
ficient amounts and with clear microstructural relations
with P^T-relevant phases (e.g. phengite). The samples
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were collected near Colma di Mombarone (Fig. 1b and c,
Table 2) at the entrance of the Aosta valley.
In the area sampled, the syn-eclogitic metamorphic (M)

and deformational (D) imprint (M2, D2) was recognized
as the dominant phase (Zucali et al., 2002, 2004; Gatta
et al., 2009; Zucali & Spalla, 2011), with isoclinal folds
(centimeter- to meter-size) transposing the primary foli-
ation into a new penetrative axial planar foliation (S2,
Fig. 2a), which is marked by the shape preferred orienta-
tion (SPO) of Ph-II, Pg, Ky, Cld-II, and Aln. Strong retro-
grade stage deformation (D4) led to a discontinuous
foliation or shear bands; epidote-blueschist-facies assem-
blages define this fabric in all the lithologies of the
Mombarone area (Zucali et al., 2002). Late D5 structures
form open to isoclinal folds, ranging in size from centi-
meters to kilometers, with subhorizontal axial planes
(Fig. 2a). At greenschist-facies conditions, however, foli-
ation developed only locally.
The mica schists occur as bodies less than 2m thick and

several meters long at the contact with omphacite-rich
mica schists; locally they are interbedded with calcite-rich
marbles (Fig. 2a). The rocks studied are light grey with
porphyroblasts of garnet (centimeter-sized, dark red),
chloritoid (millimeter-sized, dark green) and kyanite
(centimeter-sized, white), and a pervasive foliation defined
by phengite. Microscopically they consist of quartz
(40%), phengite^muscovite (15%), paragonite (5%),
garnet (15%), kyanite (10%), chloritoid (10%), allanite
(3%), chlorite (1%) and accessory rutile, calcite, zircon
and Fe-oxides (Fig. 2b and Supplementary Data:
Electronic Appendix 1, Fig. S1.1). Kyanite grains have
homogeneous cores and symplectitic rims of quartz and
kyanite suggesting two metamorphic stages of growth
(Gatta et al., 2009). Minerals do not show evidence of
strong deformation. Only in few samples it is possible to
observe wavy extinction and kinking of micas, as well as
fragmentation of the more competent phases. Allanite

forms large crystals (�1cm) in close microstructural rela-
tionship with phengite and paragonite, garnet, kyanite
and chloritoid. In all the investigated samples, allanite is
associated with phengite (marking the the S2 foliation)
and shows sharp grain boundaries with garnet, kyanite
and chloritoid, thus indicating simultaneous crystallization
of this assemblage. Moreover, allanite is included in
garnet rims (Supplementary Data: Electronic Appendix 1,
Fig. S1.5) and includes small phengite crystals.
In the samples analyzed, garnet is almandine-rich

(Xalm¼ 0·67^0·70) with a uniform grossular content
(0·15^0·18) and slight zoning in spessartine (core to rim:
0·06^0·02). Trace element compositions of garnet show a
decrease in total REE from core to rim (Supplementary
Data: Electronic Appendix 1). Across the entire grain,
garnet is characterized by a flat pattern in the middle
REE (MREE; DyN/GdN¼1·2^1·8) to heavy REE
(HREE; DyN/YbN¼ 0·9^1) at about 50^100 times chon-
drite (Supplementary Data: Electronic Appendix 1) with
rims having slightly lower REE contents than cores.
Micas are characterized by variable amounts of celado-

nite substitution depending on the microstructural site.
High-pressure phengite (Ph-II, coexisting with paragonite,
Supplementary Data: Electronic Appendix 1, Fig. S1.2)
has Si contents of 3·19^3·21 a.p.f.u. Muscovite (Ms-III)
grew at the retrograde stage (D4^D5) and shows lower Si
contents (3·15^3·17 a.p.f.u). Chloritoid porphyroblasts
(Cld-II, XMg¼ 0·16^0·17) parallel to the S2 foliation grew
with the HP assemblage. Cld-III (XMg¼ 0·11^0·14) grew
along fractures and cleavage planes of micas and locally it
forms small aggregates (D5 stage).
Microstructures show that allanite crystals grew as part

of the HP assemblage parallel to the main S2 foliation
(Fig. 2b and c). The patchy texture observed in BSE
images (Fig. 2c) is related to variations in total REE con-
tent, which ranges between 0·3 and 0·5 a.p.f.u. (Fig. 2d).
No zoning in major elements was observed. Locally

Table 2: List of the analyzed samples

No. Sample

name

Location Lithology Elevation

(m a.s.l.)

Latitude and longitude

GPS (UTM)

1 bva0840 Mombarone–Druer cabin Quartz-rich mica schist (ky–cld–grt), polymetamorphic 1817 32T 0412542 5049802

2 bva0926 East of Colle Bonze–Alpe Muanda Superiore Quartz-rich mica schist (jd–grt), polymetamorphic 2037 32T 0401953 5045123

3 bva0851 East of Colle Bonze–Alpe Muanda Superiore Metagabbro, polymetamorphic 2040 32T 0401998 5045126

4 bva0824 Cima Bonze Phengite-rich quartzite monometamorphic 2100 32T 0401949 5044959

5 bva0919 Cima Bonze–Alpi Cima Bracca Phengite-rich quartzite monometamorphic 1946 32T 0402091 5044966

6 bva0845 Cima Bonze Phengite-rich quartzite monometamorphic 2426 32T 0401004 5044902

7 bva0861 Scalaro village Phengite-rich quartzite monometamorphic 1575 32T 0403492 5045332

8 vc0909 Chiusella valley–Alpe Miassa Phengite-rich quartzite monometamorphic 1845 32T 0399369 5044902

Numbers related to sample names are used in figures and captions. a.s.l., above sea level.
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Fig. 2. Polymetamorphic metapelite, EMC. (a) Superimposition of D5 folds on D2 structures at the contact between Cld^Ky^Grt mica schists
and marbles. D5 folds are meter-sized open folds with a gently dipping axial plane. AP,Trace of axial plane (AP5). (b) Microstructural relation-
ship between HP minerals; poikiloblastic garnet (Grt) porphyroblasts coexist with chloritoid (Cld), kyanite (Ky), phengite (Ph)þ paragonite
(Pg), and allanite (Aln) embedded in a quartz (Qz) matrix. It should be noted that allanite crystals are not aligned owing to post-S2 deform-
ation. Plane-polarized light. Mineral abbreviations used in figures are fromWhitney & Evans (2010) with some additions (see Supplementary
Data: Electronic Appendix 1). (c) Allanite (Aln) elongated parallel to the S2 foliation marked by Ph-II. Clinozoisite (Czo) coronae on allanite
formed during the D4 stage. In the inset Aln is replaced by SynþChl (D5). (d) Aln and Czo compositions plotted in a Petr|¤k et al. (1995) dia-
gram. (e) Chondrite-normalized REE patterns of allanite show strong enrichment in LREE (LaN/LuN¼ 270) and the absence of an Eu anom-
aly; normalizing values from Sun & McDonough (1989). (f) Chondrite-normalized REE patterns for zircon rims; normalizing values from
Sun & McDonough (1989).
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allanite is rimmed and partially replaced at a late stage
(D4) by clinozoisite (FeOtot �7wt %) overgrowing the S2
foliation. Allanite displays REE patterns with a strong en-
richment in light REE (LREE) (with respect to the
HREE) and with no Eu anomaly (Fig. 2e). In the most
retrogressed samples, allanite and clinozoisite are replaced
by fine-grained chloriteþ synchysite [REECa(CO3)2F]þ
clay minerals� apatite (Fig. 2c).
In the analyzed samples, zircon crystals are clear to light

yellow and generally euhedral (100^300 mm). Their in-
ternal structure is characterized by large cores with oscilla-
tory zoning, overgrown by two distinct rims that do not
show regular zoning and differ in CL emission and com-
position (Fig. 2f).The first rim (rim-I) shows low CL emis-
sion and contains more U than the outer rim (rim-II).
The two overgrowths also differ in their chemical compos-
ition. Rim-I has a higher REE content and both over-
growths have a generally flat HREE pattern at 10^110
times chondrite (Fig. 2f). Rim-I includes small crystals of
rutile.

Fondo tectono-metamorphic slice
Structurally controlled samples were collected from both
the monocyclic Scalaro Unit and the polycyclic Bonze
Unit. Monometamorphic sediments were chosen because
they record only the Alpine metamorphism, thus avoiding
problems related to a polycyclic history. As the monometa-
morphic unit occurs in only a limited band of outcrops,
suitable polymetamorphic rocks (Bonze Unit) were also
investigated. Seven samples (Table 2) were studied in
detail: one polymetamorphic metapelite (No. 2, Bonze
Unit), one metagabbro (No. 3, Bonze Unit) and five
samples of monometamorphic phengite-rich quartzite
(Nos 4^8, Scalaro Unit).

Polymetamorphic metapelite (No. 2, Bonze Unit)

The polycyclic metapelites were collected east of Colle
Bonze (Fig. 1b, Table 2); they are associated with metagab-
bros and eclogites (Venturini, 1995). The samples are light
green with millimeter-sized garnet porphyroblasts (dark
red) and jadeite crystals (light green) in a quartz-rich
matrix. Microscopically they consist of quartz (55%), jade-
ite (25%), phengite (10%), garnet (5%), allanite and epi-
dote (2%), glaucophane (1%), acmite (1%) and accessory
rutile, Fe-oxides and zircon (Supplementary Data:
Electronic Appendix 1, Fig. S2.1).
In this area Babist et al. (2006) recognized an early schis-

tosity (S1) formed under eclogite-facies conditions. This
foliation is overprinted under retrograde blueschist- to
greenschist-facies conditions in what those researchers
termed fabric domain 2. This overprinting involved mylo-
nitic shearing and isoclinal folding with development of a
now vertical foliation (S2; Fig. 3a).
Microtexturally the metapelites are characterized by a

pervasive foliation (S2; Fig. 3a) marked by phengite

wrapping the HP assemblage (M1: jadeiteþ garnetþ
phengite, Fig. 3a). Two generations of garnet were distin-
guished (Supplementary Data: Electronic Appendix 1,
Fig. S2.2): early garnet characterized by a high MnO con-
tent (10^11wt %) and low CaO (�7wt %) is rimmed by
newly formed garnet (Fig. 3a). The latter generation
shows a slight decrease in spessartine component from
mantle to rim, and uniform contents of almandine (XFe

0·5^0·55) and grossular (XCa 0·30^0·35). Garnet is charac-
terized by enrichment in HREE from mantle to rim
(Fig. 3b). Clinopyroxene is homogeneous in composition,
close to (Na0·93Ca0·07)(Al0·89Fe0·1Mg0·01)Si2O6 (Supple-
mentary Data: Electronic Appendix 1, Fig. S2.3). In the
more retrogressed samples, jadeite crystals are replaced
by albiteþ sericite and are rimmed by a very thin corona
of acmite (XFe �0·7). Strongly deformed and kinked micas
(Ph-I, Si¼ 3·22^3·25 a.p.f.u.) are associated with the HP
phases. A second generation of mica (Ph-II, Si¼ 3·25^3·3
a.p.f.u.) marks the S2 foliation.
Accessory zircons are euhedral. In CL they show in-

herited cores overgrown by three thin rims. The first of
these (rim-I) is characterized by low CL emission and a
high U content. It is enriched in HREE (Supplementary
Data: Electronic Appendix 1, Fig. S2.8) with a small Eu
anomaly (EuN/Eu*N 0·38) and lowTh/U (0·01^0·02). The
external rims (rim-II and rim-III) are characterized by
low U and Th contents. The first generation (rim-II)
shows patchy zoning and abundant HP inclusions (jadeite
partially replaced by albite, phengite, epidote, rutile and
quartz), whereas rim-III is more homogeneous, with
lower CL-emission and no inclusions. Rim-III is only
5^10 mm wide, which implies that most of the analyses
(trace elements and age data) obtained represent mixtures
of the two outer domains. Despite this, mixed REE ana-
lyses indicate that rim-III is slightly depleted in HREE
(Yb^Lu) with respect to rim-II (Fig. 3c).

Metagabbro (No. 3, Bonze Unit)

Mafic rocks (mainly metagabbros) associated with the
impure quartzites of the Scalaro Unit and polymeta-
morphic metasediments (No. 2) were investigated
(Table 2) because they locally preserve the older fabrics
(D1, D2) and mineral assemblages. In these rocks the
main foliation (S2), marked by sodic amphibole,
clinozoisite� chlorite, surrounds the HP assemblage (gar-
netþomphaciteþphengite, M1 stage, Fig. 4a). The S2
mylonitic foliation was subsequently refolded by D3 iso-
clinal folds with subhorizontal axial planes (Fig. 4b).
Several structural relics of the magmatic assemblage can
be observed in thin section, such as discolored hornblende
partially replaced by glaucophane and relics of orthopyr-
oxene (hypersthene).
M1 garnet is almandine rich (XFe 0·55), with a uniform

grossular content (XCa 0·3) and shows a weak decrease in
spessartine from core to rim (XMn 0·08^0·01,
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Supplementary Data: Electronic Appendix 1, Fig S3.2).
Clinopyroxene associated with garnet is homogeneous,
with a composition close to (Na0·45Ca0·55)(Al0·41Fe0·11
Mg0·48)Si2O6. Within omphacite and garnet crystals, pro-
grade titanite, clinozoisite� glaucophane are preserved.
Syn-M1 white micas have phengitic compositions with Si
contents ranging between 3·38 and 3·41 a.p.f.u. Glauco-
phane crystals marking the S2 mylonitic foliation are over-
grown by later amphibole (Act-I, Act-II), which formed
together with chlorite, albite�quartz (Fig. 4d).
Several generations of epidote grew in different micro-

structural sites. Fe-epidote contents decrease from core to
rim in epidote included within garnet and omphacite.
Clinozoisite marks the mylonitic foliation (S2) together
with glaucophane (Fig. 4a). Large crystals (0·5^1mm) of

zoisite with characteristic hour-glass (HG) zoning over-
grow the S2 foliation (Fig. 4a and e). Glaucophane and ru-
tile� titanite are the main phases included in HG-zoisite.
Outside the HG sector, zoisite has a relatively homoge-
neous composition (Xep 0·09^0·1); higher Xep values
(0·14^0·17) are reached in the HG zone (Supplementary
Data: Electronic Appendix 1, Fig. S3.5). Late clinozoisite
overgrowing the HG-zoisite is characterized by enrich-
ment in Fe-epidote contents from core to rim.

Monometamorphic phengite-rich quartzites (Nos 4^8,
Scalaro Unit)

As described by Babist et al. (2006), the S2 mylonitic foliation
is refolded by isoclinal folds (AP3, Fig. 5a), which led to the
development of a pervasive foliation (S3). The S3 foliation is

Fig. 3. Polycyclic metapelites, Bonze Unit. (a) Microstructures of Jd^Grt mica schists as seen under an optical microscope. The millimeter-
sized garnet (dark red) and jadeite crystals (light green) wrapped by phengite marking the S2 foliation should be noted. (b) REE patterns of
pre-Alpine and Alpine garnets. The latter are characterized by enrichment of MREE and HREE from mantle (depleted in MREE and
HREE with DyN/YbN �1) to rim (DyN/YbN �1). (c) REE patterns for zircon rims-II and -III. A minor depletion in HREE is observed in
rim-III compared with rim-II. In (b) and (c) normalizing values are from Sun & McDonough (1989).
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particularly well developed in impure quartzites (Scalaro
Unit), where it is marked by phengite (Fig. 5b).The samples
consist of quartz (60%), phengite (20%), allanite and epi-
dote (10%), detrital feldspar (2%) and albite (5%) with
accessory monazite, apatite, titanite and zircon (Supple-
mentary Data: Electronic Appendix 1, Fig. S4.1). Allanite
and mica compositions and allanite geochronology for one
of the Scalaro quartzites (sample bva0824, No. 4, Table 2)
have previously been reported by Rubatto et al. (2011). Here
we report a more complete dataset for the same sample
and compare it with the other Scalaro samples.
In most of the samples, two microscopic foliations were

observed. Both are marked by white micas showing three
compositions (Fig. 5c^e), as previously reported by
Rubatto et al. (2011). Texturally older phengite cores (Ph-I:
3·35^3·48 a.p.f.u., pre-S3 foliation) are surrounded by
low-Si phengite (Ph-II: 3·20^3·25 a.p.f.u.), which are

identical in composition to the white mica cores in S3. The
latter are, in turn, surrounded by high-Si phengite rims
(Ph-III: 3·25^3·35 a.p.f.u., syn-S3 foliation). Relict Ph-I is
occasionally found in the cores of mica flakes aligned
along S3 (Fig. 5c and d). In some of the studied quartzites
only the second and third generation of micas are pre-
served (Fig. 5f).
All quartzites contain abundant euhedral to subhedral

grains of allanite (50^200 mm, 20^30 grains per thin sec-
tion). Compositional zoning is common in these allanites
(Supplementary Data: Electronic Appendix 1, Figs S4.2
and S4.3; see also Rubatto et al., 2011). They show concen-
tric growth zones with total REE contents normally
decreasing from core (Aln core: REEþY¼ 0·5^0·44
a.p.f.u.) to rim (Aln rim: REEþY¼ 0·3^0·24 a.p.f.u.).
Allanite is then rimmed and locally partially replaced by
epidote (REEþY50·05 a.p.f.u.).

Fig. 4. Metagabbro, Bonze Unit. (a) Photomicrograph showing the relationships between microstructural evolution and mineral growth
during D1, D2 and D3 deformation phases. High-pressure domains are wrapped by the blueschist foliation. (b) Superimposition of D3 onto D2
folds in metagabbros in the Chiusella valley. In the enlargement (c) HP lenses (PhþGrtþOmp) and isolated garnets are wrapped by the S2
mylonitic foliation marked by fine-grained glaucophane (Gln) and clinozoisite (Czo). (d) Actinolite I and II crystals growing during the last
stages of exhumation with albiteþ chloriteþquartz. (e) D3-related hour-glass zoned zoisite overgrowing the S2 foliation.
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Fig. 5. Phengite-rich quartzite, Scalaro Unit. (a) Large-scale D3 folds within impure quartzites (Scalaro Unit). S3 axial planar foliation is re-
folded by large-scale D4 open folds with vertical axial planes. Quartzites are in tectonic contact with metagabbros (Bonze Unit). AP, trace of
axial plane (AP3^AP4). (b) Microstructure of impure quartzite. S3 foliation (axial planar foliation of D3 folds) marked by phengite (Ph) in a
quartz-rich matrix. Crossed-polarized light. (c) Photomicrograph showing different generations of mica and their textural relationship. Mica
aligned parallel to S3 foliation showing Ph-I relict cores. Crossed-polarized light. (d) Al and Mg distribution maps in mica flakes aligned
along S3. The higher Mg and Al contents in Ph-I and Ph-III according to the celadonite substitution between muscovite and phengite should
be noted. (e) Composition of micas in sample No. 4 and micas included in allanite cores and rims. Micas in allanite cores correspond to the
Ph-I composition; the compositions of micas included in allanite rims are indistinguishable from Ph-II. (f) Mica compositions in sample No. 5.
No relics of Ph-I were preserved in this sample. Micas marking the S3 foliation have Ph-II compositions in the cores and Ph-III in the rims.
Micas included in allanite cores have Ph-II compositions; micas included in allanite rims are characterized by higher Si content (Ph-II and
Ph-III composition).
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Allanite cores and rims contain phengite inclusions.
These were analyzed by electron microscope to compare
their composition with that of mica marking the S3 foli-
ation. Abundant mica inclusions in the allanite cores (e.g.
No. 4, Fig. 5e) are identical in composition to the texturally
oldest phengite preserved in the sample (Ph-I). Allanite
rims contain inclusions of mica, the composition of which
is indistinguishable from Ph-II [see also Rubatto et al.
(2011)]. In other samples (e.g. No. 5, Fig. 5f) allanite cores
include Ph-II mica, whereas in the rims minute mica inclu-
sions with a higher Si content (Ph-II^Ph-III) were
observed.

PRESSURE^TEMPERATURE
CONSTRA INTS
Druer tectono-metamorphic slice
The assemblage chloritoid^kyanite^garnet has been shown
to be a key HP paragenesis that is stable over a restricted
range of P^T conditions in the eclogite facies (e.g. Smye
et al., 2010). A model for the HP assemblage chloritoid^
kyanite^garnet was calculated using the Gibbs free energy
minimization algorithmTheriak/Domino (de Capitani &
Brown, 1987; de Capitani & Petrakakis, 2010) and the
thermodynamic database of Berman (1988) including
more recent additions (see Supplementary Data:
Electronic Appendix 1). The P^Tdiagram for the studied
mica schist constrains the GrtþCldþKyþPhþPgþQz
assemblage in the range of 530^5708C and 1·5^2·4GPa
(Fig. 6). Further constraints can be obtained from phengite,
garnet and chloritoid compositional isopleths. Comparison
of the modelled isopleths of XMg (Cld), the Si contents in
phengite, XGrs (Grt) and XAlm (Grt) with the mineral
compositions determined in the samples allow the deter-
mination of the P^T conditions of the HP peak stage
(where allanite is interpreted to be a stable phase) at
540^5508C and 1·9^2·0GPa (Fig. 6).
Titanium-in-zircon thermometry was applied to con-

strain the conditions of zircon growth. The calibration of
Watson et al. (2006) was applied with aTiO2¼1 and
aSiO2¼1 for metapelitic rocks (Ghent & Stout, 1984),
assuming rutile as the Ti-buffering phase as observed in
thin section. The concentration of Ti in rim-I is in the
range of 1·1^2·5 ppm; rim-II has lower concentrations,
close to the detection limit (50·7 ppm). These values indi-
cate temperatures of 570^6308C for the first rim and
T55508C for the outermost metamorphic rim (Supple-
mentary Data: Electronic Appendix 1, Fig. S1.4).
According to Zucali et al. (2002) and our own micro-

scopic observations, chlorite is stable in syn-D5 assem-
blages. It partially replaces garnet and forms from
allanite breakdown. Chlorite thermometry was applied
to better constrain the metamorphic conditions of the
D5 stage. Chlorite has an interesting potential for

thermometric estimates because it displays a wide range of
chemical compositions that reflect its physicochemical con-
ditions of formation. Chlorite formed during the D5 stage
in the matrix and from allanite breakdown.Two thermom-
eters were used: one proposed by Cathelineau (1988) on
the basis of chlorite composition, and the software
ChlMicaEqui (a MATLAB GUI-based program), which
is based on the assemblage chloriteþquartzþwater pro-
posed byVidal et al. (2001, 2005, 2006).With either method
temperatures obtained on chlorite are below 3808C
(Supplementary Data: Electronic Appendix 1, Fig. S1.7).
The Cathelineau (1988) thermometer gaveT in the range
330^3808C, whereas Vidal’s method gave lower tempera-
tures (300^3558C) with estimates of XFe3þ ranging be-
tween 0·13 and 0·20 [using stoichiometric criteria given by
Vidal et al. (2005, 2006)]. The obtained temperatures agree
with those proposed by Zucali et al. (2002) for the D5 stage.

Fondo tectono-metamorphic slice
Polymetamorphic metapelite (No. 2, Bonze Unit)

Equilibrium assemblage diagrams for the HP assemblage
(M1: jadeiteþ garnetþphengite) were produced using the
Theriak/Domino software and the thermodynamic data-
base of Berman (1988) including later additions (Supple-
mentary Data: Electronic Appendix 1). To assess the
importance of chemical fractionation as a result of garnet
growth (e.g. Konrad-Schmolke et al., 2011), the method
described by Marmo et al. (2002) was applied for the calcu-
lated pseudosection. Applying this method shows that in
sample bva0926 the Alpine garnets (mantleþ rim) are
not zoned enough to cause a significant fractionation of
the bulk during their growth. To calculate the equilibrium
composition during the growth of the Alpine garnet, the
pre-Alpine garnet core was subtracted from the bulk-rock
composition. The P^Tassemblage diagram for the studied
paraschist is shown in Fig. 7. It constrains the GrtþWm
(Ph)þCpxþEpþRtþQz assemblage in the range of
450^7008C and 1·4^2·2GPa. Compositional isopleths of
phengite (Si), garnet XGrs and XAlm and clinopyroxene
XJd constrain the P^T conditions of the HP (M1) peak
stage at 520^5608C and 1·7^1·8GPa (Fig. 7).

Metagabbro (No. 3, Bonze Unit)

Because most of these samples show disequilibrium textures
that resulted from successive structural and metamorphic
overprints, thermobarometry was applied only to mineral
pairs in mutual contact with clear and sharp grain bound-
aries for the HP (M1) assemblage. Several thermobarom-
eters were applied to syn-D1 mineral pairs. Temperatures
were estimated by applying Mg^Fe exchange thermometers
for coexisting garnet-clinopyroxene (Ellis & Green, 1979;
Powell, 1985) and garnet^phengite (Green & Hellman,
1982) geothermometers. Pressures were estimated from the
garnet^omphacite^phengite geobarometer (Waters &
Martin, 1993). For the HP assemblageT� 5308C (� 508C)
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and P�1·7GPa (� 0·1GPa) were obtained. Equilibration
temperatures about 308C lower result from the calibration
of Powell (1985).
Equilibrium assemblage diagrams for the MP assem-

blage (syn-S2) were computed using the Theriak/Domino
software (de Capitani & Petrakakis, 2010) and the thermo-
dynamic database of Berman (1988) including recent add-
itions for amphiboles (Supplementary Data: Electronic
Appendix 1). The P^Tdiagram for the studied HP-assem-
blage constrains the GlcþCzoþChlþRt field in the

range of 370^5308C and 0·8^1·55GPa (Supplementary
Data: Electronic Appendix 1, Fig. S3.7).
Darbellay (2009) studied the HG-zoisites from Cima

Bonze in detail and found that the miscibility gap between
the two zoisites (XEp¼ 0·1 and XEp¼ 0·15) corresponds to
an equilibrium at 550�508C and 1·4^2·0GPa [based on
Gottschalk (2004)]. Although they described the zoisite as
part of the HP assemblage, in the present study zoisite is in-
terpreted to postdate the S2 foliation on the basis of micro-
textural evidence.

Fig. 6. Polymetamorphic metapelite, EMC. (a) P^T section showing the equilibrium phase relations for the observed mineral assemblage. The
light red area marks the stability field of the HP mineral assemblage. Bulk composition (in moles): SiO2 76·29, Al2O3 17·12, FeO 2·40, MnO
0·12, MgO 0·31, CaO 0·37, Na2O 1·68, K2O 1·59, TiO2 0·15. Hematite^magnetite buffer included to take into account the excess of iron in the
whole-rock composition; H2O in excess. (b^d) Compositional isopleths: Si in phengite (Ph), XMg in chloritoid (Cld), XGrs and XAlm in garnet
(Grt). Dark red field: nominal error box reflects uncertainties in microprobe compositions. Bulk-rock compositions were determined by XRF
analysis and, for comparison, were estimated based on modal proportions (vol. %) and analyzed composition of the minerals. Wm, white
mica component of Theriak/Domino.
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The geothermobarometer of Okamoto & Toriumi (2004)
was used to estimate the conditions of late actinolite crys-
tallization. This thermobarometer permits the determin-
ation of P^T conditions for the stability of amphibole
coexisting with EpþChlþAbþQz. This is particularly
useful for mafic metamorphic rocks, for which the stability
of the ActþChlþEpþPlþQz assemblage spans a wide
range of P^T. Estimates were carried out on representative
compositions from samples collected east of Colle Bonze
and close to Cima Bonze. These data indicate 0·4^0·5GPa
and 390^4308C for Act-I and 0·15^0·25GPa and
320^3608C for Act-II.

GEOCHRONOLOGY
Geochronological data (LA-ICP-MS, LA-MC-ICP-MS
and SHRIMP) are summarized in Supplementary Data:
Electronic Appendix 4. The age data are discussed
below in some detail for samples from each tectono-
metamorphic slice.

Druer tectono-metamorphic slice
In the chloritoid^kyanite^garnet mica schists (bva0840,
No.1,Table 2), allanite grains show homogeneous and occa-
sionally patchy zoning, with relatively homogeneousTh/U
values in the range of 5^15. Allanite contains 600^
1500 ppmTh (LA-ICP-MS data) and a high proportion of
initial Pb (208Pbc¼ 60^80% of the total 208Pb measured),
thus making the age calculation and the initial Pb correc-
tion strongly dependent on the common Pb composition
chosen. The initial Pb corrections rely on assumed
common Pb compositions (Stacey & Kramers, 1975) or
upon U^Pb regressions. In the present case, the regression
of the analyses in aTera^Wasserburg diagram yields an ini-
tial 207Pb/206Pb of 0·8417�0·014, which corresponds to
that predicted by Stacey & Kramers (1975) at �85 Ma.
Additionally, we measured Pb isotope compositions by
LA-MC-ICP-MS in minerals that are petrologically asso-
ciated with allanite (mostly pyrite and white mica) to test
the accuracy of the regressed composition (Supplementary
Data: Electronic Appendix 1). The measured values are

Fig. 7. Polycyclic metapelites, Bonze Unit. P^Tequilibrium assemblage diagram calculated for SiO2 64·90, Al2O3 16·30, FeO 1·88, MnO 0·03,
MgO 0·28, CaO 2·40, Na2O 13·92, K2O 0·61, TiO2 0·03 (in moles). Hematite^magnetite buffer included to take into account the Fe excess in
the whole-rock composition; H2O in excess. Compositional isopleths (Si in white mica (Wm), XGrs and XAlm in garnet and XJd in clinopyrox-
ene) used to constrain the P^Tconditions for the HP assemblage.The polygon reflects uncertainties in the microprobe compositions of the min-
erals and constrains the P^Tconditions at which the HP assemblage developed. Bulk composition calculated from whole-rock XRFanalysis.
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within error of the model Pb composition of Stacey &
Kramers (1975). This confirms that the assumption for the
studied samples of initial Pb to be dominantly model
common Pb is robust. The average 232Th/208Pb age ob-
tained using the chosen common Pb composition is
85·8�1·7 Ma (Fig. 8a). The constructed Th^Pb isochron
for the same crystals (Fig. 8b) confirms the average age
calculated (84·9�2·1Ma, MSWD¼ 2·3).
Zircon SHRIMP analyses were focused on the rims.

Thirteen rim-I analyses define a cluster with a mean con-
cordia age of 73·7�0·8 Ma (Fig. 8c and d). Two analyses
were not included because they returned significantly
older dates and probably reflect mixing with the cores.
The age of rim-II is not well constrained as 206Pb/238U
dates scatter between 70 and 60 Ma (Fig. 8c and d).

Fondo tectono-metamorphic slice
Polymetamorphic metapelite (No. 2, Bonze Unit)

Zircons have inherited cores overgrown by three rims
(Fig. 9). The analyses of the cores yielded two age groups,
both characterized by high Th/U (0·4^0·6). The first
group yields a mean concordia age of 510� 4·5 Ma
(MSWD¼1·3) and the second one of 487�4·5 Ma
(MSWD¼ 0·75, Supplementary Data: Electronic
Appendix 1, Fig. S2.9). The two groups of zircons are indis-
tinguishable in terms of their trace element compositions
(Supplementary Data: Electronic Appendix 1, Fig. S2.8).
Cores are enriched in HREE at 103 times chondrite with
a strong negative 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 con-
tents. The three analyses that could be performed on these
thin rims define a concordia age of 354�18 Ma
(Supplementary Data: Electronic Appendix 1, Fig. S2.9).
Zircon rim-II contains abundant HP inclusions (e.g.

jadeite, phengite, rutile). Six analyses of these rims yield
an average 206Pb/238U age of 74·6�2·1 Ma (Fig. 9). The
analyses carried out on the most external domains (rim-
III) yield mixed dates ranging between 70 and 63 Ma
(Fig. 9).
In an attempt to link zircon growth with a specific tec-

tono-metamorphic stage, REE partitioning values were
calculated for the different generations of zircon and
garnet. Partitioning between zircon rim-II and Grt man-
tles for the HREE is within one order of magnitude of
what has been reported for HP rocks by Rubatto &
Hermann (2003, 2007), suggesting that the garnet mantle
probably grew with the generation of zircon including
jadeite (Supplementary Data: Electronic Appendix 1, Fig.
S2.10). There is, however, disagreement between our data
and previously reported values for the MREE and this is
may be due to other MREE phases being present in our
samples, or lack of preservation in the garnet or zircon
record.

Monometamorphic phengite-rich quartzites
(Nos 4^8, Scalaro Unit)

A single dating method may not be sufficient to unravel the
complex P^T^time evolution of a poly-deformed rock, as
shown for the polycyclic samples. To complement and sup-
plement the obtained data, particular emphasis was
placed on impure quartzites as these contain abundant al-
lanite crystals with concentric growth zones in a com-
monly sub-pelitic matrix. The different generations of
allanite were dated by SHRIMP analysis in five samples
(Table 2) using the Th^Pb system. The epidote rims were
always too rich in common Pb to be dated.
Allanite ages for sample No. 4 (Table 2) were presented

by Rubatto et al. (2011; their sample B24). Allanite cores
yield consistent 208Pb/232Th ages with an average of
75·6�1·5 Ma (Fig. 10a). Allanite cores and rims contain
minute phengite inclusions. Mica inclusions in allanite
cores are identical in composition to the texturally oldest
phengite preserved in the sample (Ph-I, Fig. 5e). The
REE-poor allanite rim is significantly younger, at
69·4�1·4 Ma (Fig. 10b), and contains inclusions of Ph-II.
In sample No. 5 (Table 2) allanite cores yield a

208Pb/232Th average age of 68·1�1·8 Ma (Fig. 10c) and
again consistently younger ages in the rim (62·8�1·3 Ma,
Fig. 10d). As in sample No. 4, mica inclusions in allanite
are common. In allanite cores, micas have Si contents simi-
lar to Ph-II, whereas small crystals included in allanite
rims are characterized by higher Si contents (3·20^3·30
a.p.f.u.; see Fig. 5f).
In sample No. 6 (Table 2) only allanite cores were dated

(72·1�1·4 Ma) because the rims have high common lead
contents (208Pbc485% of the total 208Pb). In sample No.
7 (Table 2) allanite cores yielded a 208Pb/232Th age of
68·1�1·4 Ma, whereas the rims gave an age of 60·1�1·2
Ma. The measured allanite cores in sample No. 8
(Table 2) yield an age of 74·1�1·5 Ma, whereas the rims
are systematically younger at 68·2�1·9 Ma (Supplemen-
tary Data: Electronic Appendix 1). In these samples, allan-
ite contains only quartz inclusions.
The three allanite populations documented in five sam-

ples (Fig. 10e) are thus indicative of a cycle from high pres-
sure (�75 Ma, inclusions of Ph-I) to medium pressure
(�68 Ma, inclusions of Ph-II), followed by another HP
stage at 65^62 Ma. This last stage is probably represented
by the texturally late high-pressure foliation (S3 marked
by Ph-III), which is well developed in these samples.

DISCUSS ION
Pressure and temperature are regularly determined by
chemical equilibria between different rock-forming min-
erals whereas time is determined by radioactive decay of
elements such as U^Th to Pb in accessory phases such as
allanite, monazite and zircon. These chronometers are ar-
guably the most important for inferring tectonic processes

JOURNAL OF PETROLOGY VOLUME 55 NUMBER 7 JULY 2014

1444

http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu029/-/DC1


(e.g. Gabudianu Radulescu et al., 2009;Warren et al., 2011);
however, complexities in the growth and dissolution behav-
ior of these minerals mean that the interpretation of their
ages in relation to the evolution of their host rock-forming
minerals is still in its infancy. In the following sections we
integrate textural observations with petrological, micro-
chemical and age data to reconstruct the complex P^T^
time history of the two tectono-metamorphic slices.

Evolution of the Druer
tectono-metamorphic slice
In the Druer samples, the allanite cores show microstruc-
tural equilibrium with all of the minerals defining the
peak assemblage. Moreover, allanite exhibits no Eu

anomaly, which, as commonly interpreted for zircon
(Rubatto, 2002), suggests that allanite grew outside the
plagioclase stability field (41·1^1·2GPa according to equi-
librium assemblage diagrams; Fig. 11). Allanite is therefore
considered to record the age of HP metamorphism. The
widespread occurrence of clinozoisite coronae (overgrow-
ing the S2 foliation) on allanite indicates that they grew
most probably during the D4 stage (Fig. 11). In the most
retrogressed samples, breakdown of allaniteþ clinozoisite
is common; both phases are replaced by fine-grained
chloriteþ synchysiteþ clay minerals� apatite (Fig. 11). In
some reaction domains, relics of allanite are still observed
(Fig. 11); in other domains, allaniteþ clinozoisite are com-
pletely pseudomorphed (Fig. 11).

Fig. 8. Polymetamorphic metapelite, EMC. (a) Allanite average 232Th/208Pb age. Box heights are 2s. (b) Th^Pb isochron for allanite. (c)
Tera^Wasserburg plot for SHRIMP zircon U^Pb analyses. (d) Concordia plot for zircon rims.The transparent ellipses are data points excluded
from the age calculation. Rim-II shows age scatter that can be related to partial mixing with older domains (small size of rim-II: 10^15 mm).
Data-point error ellipses are 2s.
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Zircon rims are systematically younger than allanite.
Their zoning and chemical composition (low Th/U) and
Ti-in-zircon temperatures indicate that they also formed
during metamorphism. Both rims are characterized by
flat HREE patterns, suggesting that garnet was present in
the assemblage at the time of zircon formation; the lack of
an Eu anomaly suggests that plagioclase was not stable
(Rubatto, 2002) and thus that pressure was 41·2GPa.
According to the P^T path of Fig. 11, these constraints in-
dicate that zircon also formed at HP conditions.
In summary, the main metamorphic stages (Fig. 11)

documented in the Druer slice are as follows.

� Dr-HP1 stage. The HP peak-mineral assemblage (chlorit-
oidþkyaniteþ garnetþphengiteþparagoniteþ rutile)
was stable at 540^5508C and 1·9^2·0GPa. Allanite is in
equilibrium with this prograde assemblage and con-
strains the age of this HP stage to about 85 Ma.
� Dr-HP2 stage. A first generation of metamorphic zircon

grew during the early stage of exhumation (at �74
Ma); growth occurred together with garnet, above the
pressure of feldspar stability. Ti-in-zircon thermometry
indicates temperatures of 570^6308C; that is, heating
during decompression.
� Dr-MP stage. A second generation of metamorphic

zircon growth occurred between 70 and 60 Ma, prob-
ably jointly with the formation of clinozoisite at tem-
peratures below 5508C, but still at pressures above the
stability field of plagioclase (Fig. 11).
� Dr-LP stage. During late stages of exhumation (530

Ma?) allaniteþ clinozoisite were replaced by chlorite

and synchysite, at temperatures of 380^3008C (Fig. 11;
Supplementary Data: Electronic Appendix 1, Figs S1.
5^S1.7).

Evolution of the Fondo
tectono-metamorphic slice
Samples from the Scalaro^Bonze Units (Fondo tectono-
metamorphic slice) display several segments of an evolu-
tionary path at high-pressure conditions. Impure and
pure quartzites occur closely interbedded with albitic
gneisses within the Scalaro Unit, making up continuous
meter-thick horizons. From one outcrop sequence to the
next, details of the tectono-stratigraphy often appear com-
parable at a small scale, although internal structural dis-
continuities are common (Venturini, 1995). The
monometamorphic metasedimentary horizons accompany
mafic rocks and associated metasediments, which display
a pre-Mesozoic metamorphic imprint. These observations
indicate that variable amounts of old basement material
were tectonically juxtaposed to the Scalaro sediments,
either at a rifting stage or during early convergence. In
addition to locally preserved pre-Alpine relics, the polycyc-
lic metasediments show synkinematic assemblages of an
early Alpine low-T eclogite facies (M1^D1) and a subse-
quent blueschist facies (M2^D2) (Figs. 12a and b).
Detailed constraints on the multi-stage Alpine evolution
of the Scalaro and Bonze Units were derived by combining
petrographic and microstructural evidence from the
entire sample suite. Both units appear to have undergone
the same Alpine P^T^t evolution, probably associated

Fig. 9. Polycyclic metapelite, Bonze Unit. Tera^Wasserburg plot for SHRIMP zircon U^Pb analyses and CL image of the analyzed zircons.
Data-point error ellipses are 2s.
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Fig. 10. Phengite-rich quartzites, Scalaro Unit. (a, b) Average 208Pb/232Th age for allanite core and rim in sample bva0824 (No. 4).
Composition of micas included in both Aln core and rim is shown in Fig. 5e. (c, d) Average 208Pb^232Th age for allanite core and rim in
sample bva0919 (No. 5). Compositions of micas included in Aln core and rim in this sample are shown in Fig. 5f. In (a^d) box heights are 2s.
(e) Summary of the three allanite age populations in five quartzite samples. Numbers at each age refer to the sample number in Table 1; C,
core analysis; R, rim analysis. For samples No. 4 and No. 5 the Si contents of micas included in core and rim are indicated. On the right:
sketch of mica generations: high-Si Ph-I (pre-S3 foliation) is rimmed by low-Si Ph-II mica. Syn-S3 high-Si Ph-III overgrows Ph-II. BSE images
of allanite in samples Nos 4 and 5. Ellipses correspond to SHRIMP spots (25 mm); ellipse colors correspond to the age groups.
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with metasediments belonging to the EMC. Given their
ductility and limited thickness (5400m), the Scalaro meta-
sediments are unlikely to represent a‘tectono-metamorphic
slice’ on their own. It is more plausible to view them as
part of larger slice, together with their at present asso-
ciated polymetamorphic rocks (i.e. the Bonze Unit) and
the adjacent package(s) of basement [e.g. Intermediate
Unit of Venturini (1995); see Fig. 1a].Thus far it is uncertain
when the Scalaro^Bonze slice was tectonically assembled.
From our data, however, it is clear that it was tectonically
juxtaposed against other such slices, reflecting the docu-
mented differences in their P^T^t paths.
Referring to Figs 12 and 13, the main stages in the forma-

tion of the Fondo slice (Fnd) were as follows.

� Fnd-HP1 stage. Temperatures of 500^5508C and pressures
of 1·7GPa were obtained for all of the mafic samples
(metagabbros) examined; these match the most reliable
P^Testimates given for the peak conditions in the asso-
ciated polymetamorphic metasediments (T 520^5608C,
P 1·7^1·8GPa). Jadeite inclusions in Alpine meta-
morphic zircon (rim-II, lowTh/U, sample No. 2) suggest
that �75 Ma (Fig. 13) is the age of the first high-pressure

stage (HP1).This is also supported by trace element par-
titioning between zircon rim-II and garnet mantles and
inclusions of Ph-I (pre-S3) in allanite cores (dated at
�74 Ma, Figs 12 and 13) in impure quartzites.
� Fnd-MP stage. Decompression was recorded at �68 Ma

(Fig. 13), both in basic rocks (S2 Gln-foliation) and in
impure quartzites (MP Ph-II in allanite dated at
68·1�1·8 Ma). Pressure and temperature conditions
could not be precisely constrained for this stage (Fig. 13
and Supplementary Data: Electronic Appendix 1, Fig.
S3.7), but the drop evident in the Si contents of phengite
(from �3·45 a.p.f.u. at the HP1 stage to �3·20 a.p.f.u.
at the MP stage) is significant.
� Fnd-HP2 stage. Growth of hour-glass zoned zoisite

occurred after the formation of the glaucophane^clino-
zoisite mylonitic foliation (S2) at 550�508C and between
1·4 and 2·0GPa. Similar conditions can be related to Si-
rich phengite (Ph-III) in quartzite, where mica grew
during S3 deformation. Allanite ages from samples No. 5
and No. 7 (Fig. 13) restrict the HP2 stage to 65^60 Ma.

SHRIMP and LA-ICP-MS dating of both allanite and
zircon yields an age gap of several million years between

Fig. 11. P^T^t paths inferred from metapelites and metabasites from the Druer slice in the central Sesia Zone. Stages D4 and D5 are from
Zucali et al. (2002). On the right: metamorphic sequence of accessory allanite.
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two stages of the HP evolution, which has been attributed
to tectonic cycling (‘yo-yo subduction’), as described for
similar rocks by Rubatto et al. (2011; Fig. 13).The alternative
possibility that the pressure difference may largely reflect
variations in tectonic overpressure (e.g. Mancktelow,
2008) does not appear very likely, as the various pressure
stages have been documented in several samples, which
were taken kilometers apart from lithologies that are rheo-
logically weak. Whereas the enclosing basement rocks are
at least in part stronger, and one might imagine that they
acted as confining walls exerting pressure variations on
the metasediments, the lateral extent of the outcrops
makes it likely that such an enclosure would have been
leaky; that is, unable to sustain substantial tectonic over-
pressure. For these reasons, the observed pressure variation
is attributed mostly to tectonic cycling, requiring a vertical
amplitude of 10^20 km (Fig. 13). The cycling rate for the
Fondo slice (i.e. the rate of decompression followed by re-
newed subduction) is of the order of 2^3mm a^1, which is
comparable with rates that have been proposed for several
subduction complexes [Roda et al. (2010) and references

therein] and significantly slower than the fast exhumation
of other units within the Western Alps (e.g. Rubatto &
Hermann, 2001).

I NDEPENDENT EVOLUTION OF
THE TECTONO-METAMORPH IC
SL ICES
The two tectono-metamorphic slices investigated belong to
distinct portions of the Sesia Zone, the Scalaro^Bonze
Units and the Eclogitic Micaschist Complex, which show
different P^T^t evolution. This suggests that these two
units may have been moving independently from one an-
other within the same subduction channel. Within the
polymetamorphic samples of the Druer slice, no pressure
cycling has been recognized so far. These inferences are
in line with earlier studies from the same area
(e.g. Reinsch, 1979; Lardeaux et al., 1982; Zucali et al.,
2002) and notably the detailed study of Zucali & Spalla
(2011). Those researchers described the lawsonite-bearing
rocks of the Ivozio Complex (northern Sesia Zone) as a

Fig. 12. Schematic sketches of meso- and microstructural relationships in basic rocks and poly- and monometamorphic metasediments of the
Fondo tectono-metamorphic slice (Bonze and Scalaro units) inferred from microstructural analysis. HP1 stage assemblages preserved within
metagabbro and Jd^Grt mica schist are wrapped by MP S2 mylonitic foliation (axial planar foliation of D2 folds). S2 is refolded by D3 folds
with development of a new foliation (S3) marked by HP2 phengite (Ph-III). HP1 zircons with inclusions of Jd were dated at �75 Ma (b); this
stage correspond to allanite core ages (�74 Ma) with inclusions of Ph-I (c).
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tectono-metamorphic unit characterized by a clockwise
P^T path (HP stage:T46008C and P42·25GPa), docu-
menting heating between the P^T peak conditions and
the end of the decompression. In the southern Sesia Zone,
in contrast to the northern Sesia Zone, retrograde growth
of lawsonite indicates a counterclockwise path (Pognante,
1989; Spalla & Zulbati, 2003). Such peculiar P^T^t paths,
which are different from those that we report for the
Druer and Fondo slices, indicate that the EMC actually
consists of several tectono-metamorphic units (e.g. Spalla
et al., 2005). To define the size and shape of potentially co-
herent units (i.e. those with a uniform P^T^t evolution) it
is important to link the details of the metamorphic evolu-
tion and the attendant small-scale structures within single
samples and single outcrop sequences to the large-scale
structural context and the deformation domains, such as
those recognized by Zucali et al. (2002) and Babist et al.
(2006).

As emphasized by Zucali & Spalla (2011), single slices,
including parts of the EMC, followed their own P^T^t

paths and may have been decoupled from other slices,
owing to mechanical processes within the subduction chan-
nel. The independent motion of tectonic slices within that
channel has been unambiguously demonstrated in the pre-
sent case because the Fondo and the Druer slices under-
went different P^T conditions at the same point in time
(Fig. 14). An array of diverse P^T paths for subduction-
related metamorphic complexes rather than a single P^T

trajectory has been predicted by numerical models (e.g.
Gerya et al., 2002; Roda et al., 2012). The present field-
based study confirms that principle and sets some quanti-
tative limits on the kinematics at eclogite-facies conditions.
However, the detailed chronology needed to identify fur-
ther potentially independent slicesçfor example, in the
southwestern part of the Sesia Zone (e.g. Pognante,
1989)çis at present lacking.

Fig. 13. P^T^t path inferred from metapelites, metabasites, and impure quartzites for the Fondo slice in the central Sesia Zone. Stages IR, IIR,
IIIR have been described by Rubatto et al. (2011).
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In the present case, tectonic cycling has been so far
documented only for the smaller Fondo slice (Fig. 13), and
it is not clear if any of the larger slices were involved in
‘yo-yo subduction’. The reconstructed evolution path of the
Druer tectono-metamorphic slice lacks any evidence of an
intermediate lower pressure stage between HP1 and HP2,
and thus suggests that this slice underwent prolonged
eclogite-facies metamorphism between 85 and 75 Ma
(Fig. 11). Heating upon initial decompression implies a
relatively slow start of the upward movement, slower in
any case than the upward relaxation of the depressed
isotherms.
The particular behaviour of the Fondo slice, involving

pressure cycling, may be additionally related to the acute
convergence angle proposed for the respective time inter-
val (i.e.75^68 Ma; Rubatto et al., 2011). Under such geomet-
ric conditions, it is conceivable that some tectonic
fragments went through phases of transpression and rela-
tive transtension in response to strain partitioning and
changes in the rheology along the subduction interface.
According to the regional tectonic framework proposed

by Babist et al. (2006), the two main basement nappes of
the Sesia Zone were amalgamated with the trail of
Scalaro metasediments sandwiched between them at HP
conditions, prior to the complex exhumation history.
Previous workers (Passchier et al., 1981; Williams &
Compagnoni, 1983; Inger et al., 1996) asserted that the two
main Sesia complexes (albeit delimited in different terms)
had separate early metamorphic histories and were

juxtaposed by thrusting after the peak of high-pressure
metamorphism. Although the present study confirms
independent movements, we conclude that the assembly
of the Sesia terrane as a whole is considerably more
complex. It cannot be simply described by the juxtapos-
ition and evolution of just two main complexes because
several slices (e.g. Fondo and Druer) were involved. Their
size, geometry, and the contacts against adjacent slices
have not yet been documented in detail, and published
maps and field reports need to be complemented and
re-evaluated. Investigating the P^T^t history of further
samples may well add details on the movement of other
slices and thus of the dynamics in deep portions of
convergent margins. As the present study shows, it is crit-
ical to couple petrochronology with meso- and microstruc-
tural observations to integrate the data into the regional
context.
At the present stage of understanding, we regard the

Fondo and Druer slices as tectonic fragments that moved
independently of each other, at least during the early
stages of the evolution of the subduction channel in the
central Sesia Zone. These fragments followed different
P^T paths, under eclogite-facies conditions, up to their
juxtaposition, which most probably occurred after the
HP2 stage (age565 Ma). Pressure^temperature diagrams
for samples from the two slices indicate a coherent evolu-
tion in the subsequent exhumation history (Fig. 15).
It thus appears that the regional ages previously recog-

nized for HP metamorphism in the Sesia Zone mostly

Fig. 14. Summary P^T^t results for the studied tectonometamorphic slices (Fondo and Druer slices). New data from this study are reported in
red. Literature data (in black) are from (a) Lardeaux & Spalla (1991), (b) Rebay & Spalla (2001), (c) Bussy et al. (1998), (d) Zucali et al.
(2002), (e) Rubatto et al. (1999), (f) Venturini (1995), (g) Inger et al. (1996), (h) Duche“ ne et al. (1997), (i) Ruffet et al. (1997), (l) Rubatto et al.
(2011). For each slice the colored column indicates the metamorphic conditions at different deformation stages (HT, high temperatureçam-
phibolite or granulite facies; BSF, blueschist facies; EF, eclogite facies; GSF, greenschist facies). It should be noted that the two slices have experi-
enced different metamorphic conditions at the same time. Cima Bonze deformation stages are modified after Babist et al. (2006); Mombarone
deformation stages are from Zucali et al. (2002).
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Fig. 15. Simplified tectonic model for subduction and exhumation of the Sesia Zone based on the new data presented in this work and P^Tdia-
grams for the various tectonic slices recognized. (See text for explanation of stages.) In the P^T grid on the right, a and b are the P^T paths
for the Druer (Dr) and Fondo (Fnd) slices respectively (symbols represent different age stages as shown in the model); c is the P^Tevolution
of the Ivozio Complex [modified after Zucali & Spalla (2011)]; d is the P^T evolution of the southern Sesia Zone [modified after Pognante
(1989) and Spalla & Zulbati (2003)]. GMC, Gneiss Minuti Complex; EMC, Eclogitic Micaschist Complex; Sca, Scalaro Unit; IIDK, Second
Dioritic^Kinzigitic Zone.
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reflect this last stage (HP2; e.g. Duche“ ne et al., 1997;
Rubatto et al., 1999). The distribution of earlier ages re-
ported in the literature (from Middle to Late Cretaceous)
may reflect the rather complex evolution of the Sesia
Zone, which is now becoming better constrained. The cur-
rent identification of independent units within this zone de-
mands a re-evaluation of these ages, considered to record
HP metamorphism, and of the array of potential problems
in the dating techniques used.
An extensive discussion of earlier geochronological re-

sults is beyond the scope of the present study. However, it
is remarkable that for monometamorphic quartz-rich mar-
bles and impure quartzites (Scalaro Unit), Venturini
(1995) reported 40Ar/39Ar ages scattering between 60 and
80 Ma.The multiple generations of white mica recognized
in our samples from that area may help to explain the
remarkable diversity of Ar^Ar age data reported by
Venturini (1995). Our detailed petrochronological ap-
proach allows several steps of the HP evolution to be iden-
tified within the time span documented by Venturini
(1995). The range of Ar^Ar ages (Venturini, 1995) for poly-
metamorphic samples remains, however, far larger, and
problems of inheritance and excess argon are likely to
have masked potentially discernible HP stages.

ASSEMBLY OF THE SESIA ZONE
To explain the diverse array of P^T^t paths observed
within the central Sesia Zone (Druer and Fondo slices),
we propose a new simplified tectonic model for the subduc-
tion, exhumation and assembly of the Sesia Zone as a
whole (Fig. 15). The schematic illustration in Fig. 15 shows
graphically the tectonic context and highlights some of
the tectonic implications of the new data presented in this
study.
The initial geometry in Jurassic time is adopted from

previous studies (e.g. Babist et al., 2006; Handy et al., 2010).
During extension (�180 Ma) listric faults broke up parts
of the NWAdria margin, including segments of continen-
tal crust that were later incorporated in the two main
Sesia units (i.e. the Eclogitic Micaschist Complex and the
Gneiss Minuti Complex). It is possible that these segments
were already separated at this rifting stage into subunits
that later behaved as independent slices. In any case, intra-
continental or marginal basin sediments (e.g. Scalaro
Unit) were deposited between and on top of different tec-
tonic slices.
Incipient subduction (compression stage) most probably

started at 130^100 Ma and led to the HP stage at �85 Ma
in the Druer tectono-metamorphic slice (�60 km depth).
At �75 Ma the Druer slice was still at high pressure.
Much of the associated deformation was probably accom-
modated at the boundary between the two main complexes
(GMC and EMC). At �75 Ma, while the Druer slice was
being slowly exhumed, the Fondo slice reached HP1

conditions (at �50 km depth). As described above, this tec-
tonic slice included monometamorphic metasediments
(Scalaro Unit), polymetamorphic rocks of the Bonze Unit
and probably some of the metasediments belonging to the
intermediate unit described byVenturini (1995). The inter-
mediate unit is not shown separately, and is represented
here as part of the EMC. For the sake of simplicity, the
Fondo slice is shown in Fig. 15 as consisting only of
Scalaro metasediments.
At �68 Ma the Druer slice recorded a first stage of ex-

humation (medium-pressure stage) at blueschist-facies con-
ditions at �50 km depth (Fig. 15). At the same time, the
rocks belonging to the Fondo slice recorded a medium-
pressure stage (at �35 km depth), presumably as they
were being dragged up by the exhuming EMC.
At �65 Ma faster subduction started in the Gneiss

Minuti Complex (HP stage at �45 Ma; e.g. Inger et al.,
1996; Cortiana et al., 1998). The Fondo slice was therefore
pulled down by the GMC, reaching the second HP stage
at �50 km, while the Eclogitic Micaschist Complex (as re-
corded by the Druer slice) continued exhuming slowly
(�40 km depth).
Comparing the P^T^t paths for the Druer and Fondo

slices with the record reported in previous studies for vari-
ous areas of the EMC, it is increasingly evident that the
Sesia Zone is composed of several tectonic fragments,
which were independently mobile (in space and time)
during the Cretaceous convergence. Although many de-
tails of the kinematics in the subduction channel are still
missing, the scale of tectonic mobility (at least its vertical
component) and the rates of such mixing processes are
now resolved.
Our petrochronological approach thus yields field-based

constraints on the duration and rates of the dynamics
within a subduction channel. Different P^T paths for sub-
duction-related metamorphic complexes, rather than a
single P^T trajectory, are predicted by numerical models
(e.g. Gerya et al., 2002; Roda et al., 2012). Complex subduc-
tion scenarios in which different HP slices are closely asso-
ciated are emerging for other localities such as Alpine
Corsica (Vitale Brovarone et al., 2013) and the Kokchetav
Complex (Stepanov, 2012). In these cases, however, nearby
slices are distinguished on the basis of their different P^T
paths and peak metamorphic conditions, but differences
in timing were not recognized. In the case of the Sesia
Zone, we demonstrate that slices having similar peak
metamorphic conditions had a diachronous evolution in
the subduction channel for which the detailed timing is
now known.
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