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Abstract

Exhumation rates for high-pressure metamorphic rocks need to be carefully estimated to decipher tectonic processes in
subduction/collision belts. In the Gran Paradiso Massif (Western Alps), the Money Unit crops out as a tectonic window
below the Gran Paradiso Unit. According to previous studies, the Gran Paradiso and Money Units reached peak pressure
conditions at ~ 18 to 20 kbar, 480-520 °C and ~ 17 to 18 kbar, 500-550 °C, respectively. This yields a maximum differ-
ence of ~9 to 10 km in the subduction depth reached by these two units during the Alpine history. Thrusting of the Gran
Paradiso Unit over the Money Unit led to the simultaneous development of the main foliation under the same metamorphic
conditions (~12.5 to 14.5 kbar and 530-560 °C) in both units. The thrust contact was subsequently folded and then both
units were exhumed together. The relative timing of the growth and dissolution of the accessory phases was assessed by
combining thermodynamic modelling with inclusion, textural and chemical (major and trace element) data from both major
and accessory phases. The age of monazite constrained the high-pressure metamorphism in both the Gran Paradiso Unit
and the Money Unit at 41.5+0.3 and 42.0 + 0.6 Ma, respectively. Allanite replacing monazite in the matrix has been dated
at 32.7+4.2 Ma. The late growth of xenotime associated with the crystallization of biotite pseudomorphs at the expense of
garnet (at about 10 kbar) was dated at 32.3 + 1.0 Ma. Our petrochronological data indicate about 10 m.y. between the peak
pressure conditions and the crystallization of xenotime leading to an exhumation rate of the order of 2.2-5 mm/year. The
new ages allow to better constrain the timing of the displacement of the thrust defining the lower boundary of the extruding
wedge of eclogite-facies rocks.
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rock record, provided the assumptions used to calculate them
are relevant. The best record of the tectonic history in the
core of mountain belts can be found in high-pressure (HP)
and ultra-high pressure (UHP) metamorphic rocks through
their P-T—t paths (Andersen et al. 1991; de Sigoyer et al.
2004; Epard and Steck 2008; Yamato et al. 2008; Agard
et al. 2009; Kylander-Clark et al. 2012; Warren 2013; Burov
et al. 2014). Slices of crustal material have been dragged
down into the subduction zone, before detaching from the
downgoing slab, and finally being exhumed to the surface.
The P-T evolution (based on thermodynamic modelling)
in time (based on isotopic measurements) must undergo a
proper quantitative assessment to have a complete under-
standing of the tectonic processes leading to the burial and
exhumation of crustal slices. In essence, this requires very
precise and reliable ages that can be obtained by ‘in situ’ and
‘in context’ dating of minerals present in small amounts in
many rocks (e.g., monazite, allanite and xenotime). In HP
and UHP rocks, these minerals grow well below their clo-
sure temperature for intracrystalline diffusion. The timing of
their growth, therefore, needs to be carefully assessed with
respect to the growth of the major silicates, which are used
to determine the P-T evolution of the rocks (Kohn et al.
2017). The P—T-t path obtained may be related to the rock
fabrics that in turn are associated with larger-scale deforma-
tions with known geometry and kinematics.

The internal zones of most mountain belts are character-
ized by a stack of allochthonous units (thrust sheets), each
one recording a distinctive P-T—t history. The timing of peak
P (i.e., maximum burial) and the timing of coupling between
stacked units (i.e., thrusting) are key parameters for under-
standing the kinematics of the subduction/collision process.
We address this question in one of the best known orogenic
belts in the world, the Alps, because the geometry of the
nappe stack is well-established. In addition, available P—T—¢
paths were up to now mainly intended to describe the history
of individual thrust sheets (e.g., the UHP Brossasco-Isasca
Unit: Rubatto and Hermann 2001; the internal Sesia Zone:;
Regis et al. 2014a, the oceanic Zermatt Zone:; de Meyer
et al. 2014) rather than the evolution of their tectonic bound-
aries. For this reason, this study focuses on dating the deep-
est tectonic contact found in the nappe stack of the Western
Alps, where higher P rocks (Gran Paradiso Unit) are thrusted
upon lower P ones (Money Unit) (Manzotti et al. 2015a, b).
Provided that the age of the peak P in the two units and the
timing of the thrusting have been determined, then it is pos-
sible to establish the timing and rate of the decoupling of
crustal slices from the subducting slab during the subduction
to collision transition.
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Geological setting
The Gran Paradiso Massif in the Western Alps

The Western Alps result from the collision between the
European and Adriatic palacomargins following the sub-
duction of two narrow oceanic domains (Schmid et al.
2004, 2017; Pfiffner 2014). Between the two palacomar-
gins, some continental ribbons were detached from the
adjoining continents, the two main ones being the Sesia-
Dent Blanche domain to the east (e.g., Babist et al. 2006;
Manzotti et al. 2014a) and the Briangonnais domain to the
west (Fig. 1a). The Brianconnais domain was a piece of
pre-Triassic crust, on top of which Triassic to Late Eocene
sediments were deposited. This piece of crust was sub-
ducted below the Piemonte-Liguria Ocean and stacked
over the remnants of another ocean basin, located to the
west, called the Valaisan Basin.

The most internal units of the Briangonnais micro-
continent now crop out as windows below the eclogite-
facies meta-ophiolites derived from the Piemonte-Liguria
Basin (Fig. la). These windows (from south to north:
Dora-Maira, Gran Paradiso and Monte Rosa) result from
the erosion of antiformal folds affecting the entire crus-
tal wedge during the indentation of the Adriatic mantle
(e.g., Schmid et al. 2017). Each window exposes a stack
of kilometre-thick basement nappes. In the specific case
of the Gran Paradiso Massif (Fig. 1b), two main basement
nappes have been defined (Compagnoni et al. 1974; Le
Bayon and Ballevre 2006). The upper one (Gran Para-
diso Unit) is essentially made of polycyclic (i.e., record-
ing the Alpine orogenic cycle overprinting a pre-Alpine
one) metasediments intruded by Permian granitoids (Ber-
trand et al. 2005; Ring et al. 2005), now converted into
augen-gneisses. These lithologies record eclogite-facies
parageneses, partially overprinted by albite—amphibolite
facies minerals (e.g., Dal Piaz and Lombardo 1986; Le
Bayon et al. 2006; Gasco et al. 2010; Massonne 2015).
The lower nappe (Money Unit) consists of a diverse array
of monocyclic (i.e., recording only the Alpine orogenic
cycle) metasediments and meta-volcanics intruded by the
Permian Erfaulet granite (Le Bayon and Ballevre 2004a, b;
Manzotti et al. 2014b). Peak P-T conditions were attained
at lower P compared to the Gran Paradiso Unit (Manzotti
et al. 2015b).

Deformation and metamorphic history of the Gran
Paradiso Massif

Following previous mapping (Le Bayon et al. 2006; Man-
zotti et al. 2014a, b), four Alpine evolutionary stages
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Fig. 1 a Simplified map of the Western Alps (Manzotti et al. 2015b).
The Gran Paradiso Massif is marked by a white line. E Etirol Levaz,
Em Emilius, GR Glacier-Rafray, Pi Pillonet. b Simplified geological
map of the northern sector of the Gran Paradiso Massif (for loca-
tion see a) showing the Money Unit in the Valnontey valley (Man-

have been recognized in the Money and Gran Paradiso
Units (Manzotti et al. 2015b). In both units, stage 1 is
defined by aligned inclusions in garnet cores, or micro-
folded schistosities preserved in narrow microlithons (S)).
Following the detailed petrological investigation of Man-
zotti et al. (2015b), these features record late prograde
and peak P assemblages, attained in eclogite- (~ 18 to 20
kbar, 480-520 °C) and blueschist-facies (~ 17 to 18 kbar,
500-550 °C) conditions in the Gran Paradiso and Money
Units, respectively.

Stage 2 is responsible for the development of the domi-
nant foliation (S,) in both units, and is parallel to lithological
boundaries inside the main units and to the contact between
the Gran Paradiso and Money Units. This stage took place
at similar P-T conditions in both units, i.e., in the albite
stability field at relatively high P (~12.5 to 14.5 kbar and
~500-540 °C; Manzotti et al. 2015b). The dominant folia-
tion S, is, therefore, associated with the thrusting of the
Gran Paradiso Unit onto the Money Unit.

Field observation and structural data show that the
thrust contact was deformed by kilometre-scale folds
(see Manzotti et al. 2014a, b for further details) (stage 3),

zotti et al. 2015b). Traces of the foliation (S) and axial plane (P) are
represented as red lines. White stars indicate the location of the stud-
ied samples. FICH3A is a garnet—chloritoid micaschist studied in Le
Bayon et al. (2006)

locally associated with a crenulation cleavage (S;) over-
printing S,. A late, static retrogression (stage 4) occurred
under greenschist-facies conditions.

Based on the peak P difference between the two stacked
units (i.e., 1-5 kbar), the distance of the vertical compo-
nent of the displacement along the thrust is estimated to
be ~3 to 15 km (Manzotti et al. 2015b). This value only
represents part of the total displacement along the thrust,
as the horizontal component depends on the dip of the
thrust plane, which is unknown. This conclusion relies
on the assumption that both units were subducted at the
same time, a reasonable assumption considering that the
Gran Paradiso Unit represents the leading edge of the sub-
ducting continental crust, and the Money Unit is a more
proximal part of the same crustal slab. Previous studies
have attempted to establish the age of the HP event in
the Gran Paradiso Unit (see the following section), but no
radiometric data for the Money Unit are available so far.
The goal of our isotopic work (i.e., U-Th—Pb dating of
monazite, allanite and xenotime) is to clarify the timing
of these metamorphic stages.

@ Springer
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Previous geochronological work in the Gran
Paradiso Massif

Meftan-Main et al. (2004) proposed an age of 43.0 +0.4 Ma
for the HP stage in the Gran Paradiso Unit. This age is based
on a Rb-Sr microsample of an apatite—phengite pair in a
Mg-rich micaschist (the so-called silvery micaschists or
whiteschists). According to the SHRIMP study by Radulescu
et al. (2009) on another sample of the silvery micaschists,
prograde monazite yielded an age of 37.4 +0.9 Ma and peak
P allanite yielded an age of 33.7 + 1.6 Ma. Based on a range
of ages provided by the Rb/Sr and Ar/Ar methods on care-
fully selected shear zones in the orthogneisses, Rosenbaum
et al. (2012) proposed that peak P metamorphism took place
near 41 Ma and prior to 39 Ma. Note that the discrepancy
between the different sets of data for the HP stage is of the
order of 10 Ma.

Previous studies also tried to date the “greenschist-facies”
overprint in the Gran Paradiso Unit. For Meffan-Main et al.
(2004), the overprint took place at 36.3 +0.4 Ma (Rb-Sr),
probably in the 36-34 Ma interval. Rosenbaum et al. (2012)
provided a range of ages from 39.2+0.4 to 33.3 +0.4 Ma for
different cleavage domains, indicating exhumation within a
range of 41-34 Ma.

Finally, fission-track data on zircon (c. 33—30 Ma) and
apatite (c. 24—11 Ma) provide constraints on the latest steps
of the exhumation history of the Gran Paradiso Massif (Hur-
ford and Hunziker 1989; Malusa et al. 2005; Malusa and
Vezzoli 2006).

The main goal of this study is to provide geochrono-
logical data for constraining large-scale tectonic processes,
i.e., the timing of the HP metamorphism and the rate of
exhumation of the most internal part of the Brianconnais
micro-continent. In this respect, our approach slightly dif-
fers from the one used in published works. For instance,
previous studies have attempted to either constrain the age
of the high-P event using the best preserved HP parageneses
(e.g., Meffan-Main et al. 2004; Radulescu et al. 2009) or to
date specific shear zones, the kinematics of which could be
linked to the exhumation history (Rosenbaum et al. 2012).
Despite the value of these two approaches, our study aims to
date accessory minerals that can be related to specific fabrics
and metamorphic stages (if possible within a single sample),
that are linked to mapped larger-scale structures. To achieve
this goal, the textural, chemical and isotopic record of the
accessory phases was directly investigated in thin sections.
The first target of our isotopic work is to establish the age
of the peak P stage in each unit (i.e., the Gran Paradiso and
Money Units) to clarify the relative timing of the subduc-
tion of these two units. The second target is to establish the
timing of the thrusting of the Gran Paradiso Unit over the
Money Unit, a topic that has never been addressed in previ-
ous works.

@ Springer

Methods
Sampling strategy

Our previous petrological study in the Gran Paradiso Unit
(sample GP32, Manzotti et al. 2015b) constitutes a robust
basis for a geochronological investigation of the same
sample. Sample GP32, a garnet—chloritoid micaschist,
was collected on the right side of the Valnontey valley
(Fig. 1b and S1a, b in the electronic supplementary mate-
rial, hereafter called ESM), as close as possible to the
tectonic boundary with the Money Unit (i.e., ~3 to 4 m
above).

The P-T history of the Money Unit has been previously
described based on the detailed study of a meta-conglom-
erate (sample MN2, Manzotti and Ballevre 2013; Manzotti
et al. 2015b). Unfortunately, this sample (MN2) cannot be
used for geochronology due to the lack of accessory U-Th-
bearing phases. Consequently, another sample (i.e., MN132)
from the same unit was chosen. It is a garnet—albite-bearing
micaschist, collected on the left flank of the Valnontey val-
ley, in the monogenic meta-sedimentary formation, north of
the Pont des Erfaulets (Fig. 1 and Slc).

Textural and petrographical investigations

All samples were analysed in thin sections to link the chem-
istry and U-Th-Pb dates to the metamorphic assemblages
and structures. Textures of the accessory phases and their
relation to the rock fabrics were studied by optical petrog-
raphy in polished thin sections and back scattered electron
(BSE) imaging by scanning electron microscopy (“Imaging
and electron probe microprobe analysis” paragraph in the
ESM). Inclusions in accessory minerals (i.e., monazite) have
been carefully examined using back-scatter electron imag-
ing, energy dispersive spectroscopy (EDS) and Raman spec-
troscopy for phase identification. The chemical composi-
tion (major and trace elements) of the accessory phases and
major minerals was systematically studied by electron probe
microanalyzer (EPMA) chemical mapping and analysis and
by in situ LA-ICP-MS analysis. Mineral abbreviations and
symbols used in this study are listed in Table S1 of the ESM.

Whole-rock chemistry

Major and minor elements were determined in whole-rock
samples (GP32B and MN132) by ICP-AES and incompat-
ible trace elements were determined by ICP-MS (CRPG,
Nancy; Tables S2 and S3, Fig. S2). Bulk-rock glasses were
prepared by mixing appropriate proportions (1:5) of fine-
grained rock powder with di-lithium tetraborate. Details
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about the method used for the analyses are available in
Carignan et al. (2001).

The system compositions (SC) (for major elements) of
sample GP32 (type-I and type-1I domains, see below) used
for phase diagram calculations were obtained by the area-
scan method using SEM-EDS (JSM-7100F scanning elec-
tron microscope, University of Rennes 1) on domains meas-
uring ~4 X 3 mm (see Groppo et al. 2006, 2009a, b; Manzotti
et al. 2015b for similar methods and further details). The
area size and location were chosen considering the occur-
rence of stable minerals during the metamorphic stage of
interest. Two system compositions were measured for the
type-I domain (sample GP32): one on an area including
entire garnet porphyroblasts, and another on part of the same
area but excluding garnet cores. The amount of Ca was cor-
rected for the presence of apatite using the analysed amount
of phosphorous (with the exception of sample GP32B (type-
II domain), where the amount of phosphorous is related to
the presence of xenotime). To sum up, we modelled four
system compositions, i.e., SC1 (i.e., GP32B type-I domain,
including full garnet, same as Manzotti et al. 2015b), SC2
(GP32B type-I domain, excluding garnet cores), SC3 (i.e.
GP32 type-1I domain) and SC4 (MN132).

Phase diagram calculations

Phase relations were modelled in the chemical sys-
tem MnO-Na,0-CaO-K,0-FeO-MgO-A1,0
1—510,-H,0-Ti0,-Fe,0; (MnNCKFMASHTO). Given the
pelitic character of the samples, the amount of Fe>* was set
to 5% of total Fe (X(Fe*")=Fe**/Fe,,), an arbitrary low
value. Several P/T-X(Fe**) pseudosections were calculated
to check how sensitive the results are to this choice. Vari-
ations of X(Fe®*) in the range 0—10% have limited effects
on the position of most equilibria, with the exception of the
relative stability of rutile, ilmenite and magnetite.

Isochemical phase diagrams (pseudosections) were cal-
culated with the Theriak/Domino software (de Capitani and
Brown 1987; de Capitani and Petrakakis 2010) and THER-
MocALc software (Powell and Holland 1988) using, in both
cases, the internally consistent thermodynamic data set 5.5
(Holland and Powell 1998; updated November 2003) and
identical mixing models for solid solutions. Additional infor-
mation on the solid solution models, the chemical system
used and the phases considered in the calculations are pre-
sented in the ESM (paragraph Phase diagram calculations).
It is worth emphasizing that the phase diagrams calculated
with either Theriak/Domino or THERMOCALC gave the same
results as the same thermodynamic dataset and same solid
solution models were used.

The pseudosection modelling results were complemented
using empirically (Fe—-Mg partitioning between garnet and
chloritoid: Perchuk 1991) or experimentally calibrated (Ti

content in biotite: Henry et al. 2005) thermometers. In addi-
tion, the maximum 7 in the studied samples was checked
independently using Raman spectroscopy on carbonaceous
material (RSCM, Beyssac et al. 2002). Raman spectroscopy
on quartz inclusions in garnet was performed to estimate the
entrapment P of these inclusions (using the calibration of
Ashley et al. 2014). This method (based on the elastic prop-
erties of inclusions and their host) allows an estimation of P
which is independent from the equilibrium thermodynamics
approach used by Theriak/Domino or Thermocalc.

Geochronology

Accessory phases (allanite, monazite, xenotime) were dated
by LA-ICP-MS in situ U-Th-Pb analysis on polished thin
sections. Geochronological analytical methods are pre-
sented in detail in the ESM. Monazite can be dated using
both U-Pb and Th-Pb decay schemes. In this study, only
232Th-208pp ages and uncertainties (+20) were considered
for the following reasons. First, 232Th is largely predominant
in monazite, allowing small spots to be performed during
laser ablation. Second, U decay series could be in disequi-
librium in young monazites (Schérer 1984) resulting in the
overestimation of the 2*°Pb/>*8U ages. Because secular equi-
librium among the intermediate daughters of >**Th occurs
after roughly 30 years, it seems reasonable to assume that
initial 2°®Pb is absent. Third, 2%Th is so abundant that 2°*Pb
originating from common Pb is usually negligible compared
to radiogenic 2*®Pb. However, to overcome the effect of pos-
sible common Pb contamination, we first took the ages that
were concordant in the 2°8Pb/>*?Th—2Pb/2*8U diagram into
account in the calculation (Tables S5 and S8). Assuming a
reasonable value for the 2’Pb/?Pb ratio of common Pb at
42 Ma (**"Pb/?%Pb = 0.838; Stacey and Kramers 1975),
we were able to estimate common Pb contamination in the
monazite. Following this procedure, we only considered
208pb/232Th ages corresponding to less than 20% of com-
mon Pb (Tables S5 and S8) in each sample.

Results for the Gran Paradiso Unit
Petrography (sample GP32)

Sample GP32 has been cut perpendicular to the folia-
tion, and both parallel (GP32A, Fig. S4) and perpendicu-
lar (GP32B, Fig. S5) to the stretching lineation. In both
cases, two thin sections were studied to detect a suffi-
cient number of monazite, allanite and xenotime crystals.
Table S9a summarizes the deformation/mineral growth
relationships of sample GP32. Based on differences in the
mineral assemblages, two types of domains can be distin-
guished (Fig. S5), which may represent former lithological
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layering, now parallel to the S, foliation (Fig. S5). The type-I
domain (sample GP32A and part of sample GP32B) pre-
serves the S, foliation, marked by white mica, chloritoid
and rutile (stage 1). The S, foliation is crenulated during
stage 2 leading to the development of the main foliation S,,
a crenulation cleavage defined by chloritoid, white mica,
ilmenite, and locally, chlorite. Quartz, chloritoid and rutile
form inclusions in garnet porphyroblasts (0.5-1 cm). Chlo-
rite aggregates develop later, crosscutting both S; and S,
and replacing garnet. The type-II domain (part of sample
GP32B) is dominated by biotite, quartz + chlorite. The main
difference between type-I and type-II domains is that bio-
tite (X, = 0.24-0.27; Ti=0.16-0.20 p.f.u., Table S10),
instead of chlorite, replaces garnet porphyroblasts in the
type-II domain, whereas it is very poorly developed in the
type-I domain. Because the shape of the pseudomorphs after
garnet is well-preserved, whereas stage 2 is associated with
a penetrative ductile deformation, the pseudomorphs must
have developed after stage 2. Some biotite crystals also form
aggregates crosscutting the main foliation.

Garnet chemistry

In sample GP32, garnet occurs as polygonal (Fig. 2) or
rounded porphyroblasts (0.5-1 cm) wrapped by the S,
foliation. Garnet is almandine-rich and displays a signifi-
cant decrease in grossular (from 21 to 6 mol%) and spes-
sartine (from 16 to 2 mol%) from core to rim, balanced by
an increase in almandine (from 62 to 84 mol%) and pyrope
(from 2 to 7 mol%). X, decreases smoothly from 0.96 to
0.92 from core to rim (Fig. 2). In detail, the grossular con-
tent displays a plateau or a slight increase (16-21 mol%)
in the core, whereas spessartine continuously decreases
(16—6 mol%). In the inner rim, grossular strongly decreases
(21-10 mol%), then slowly decreases (10-6 mol%) in
the outer rim, whereas spessartine continues to regularly
decrease (62 mol%) throughout both the inner and outer
rim (Table S10). Garnet displays trace element zoning
(Fig. 2c; Table S11): the Y and M-HREE contents decrease
from core (Y ~3000 ppm, Dy,/Yby = 0.1-1.0) to rim
(Y ~130 ppm, Dyy/Yby = 1.7-7.3). Quartz (largely domi-
nant), allanite, rutile, chloritoid and apatite occur as ran-
domly oriented inclusions in garnet cores (stage 1; Fig. 2).
Occasionally, quartz grains are roughly aligned parallel to
the crystal faces of the garnet (Fig. 2a, d), mimicking the
incremental growth stages of garnet. Garnet rims contain
rare inclusions of monazite (Fig. 2e).

P-T results
In our previous work (Manzotti et al. 2015b), the P-T his-

tory of the early Alpine evolution of the Gran Paradiso Unit
(stages 1 and 2) was modelled using the bulk composition
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of the type-I domain of sample GP32B (i.e., SC1) and sys-
tematically considering H,O in excess. P-T conditions have
been estimated at ~ 18 to 20 kbar, 480-520 °C (stage 1) and
at ~12.5 to 14.5 kbar and ~ 500 to 540 °C (stage 2).

Contrasting mineral assemblages developed during the
late P-T evolution of the studied Gran Paradiso sample in
the type-I and type-II domains. In the type-I domain, the
mineral assemblages developed during stages 1 and 2 are
well-preserved and the garnet porphyroblasts are only par-
tially replaced by chlorite. The inferred P-T path (Fig. 11 in
Manzotti et al. 2015b) displays a sub-isothermal decompres-
sion at ~540 °C. To explain the textural differences and to
further constrain the previously obtained findings, we pro-
vide three new results in this study. First, the sub-isothermal
position of the garnet mode isopleths calculated for SC1
with H,O in excess (Fig. 3a) explains the observation that
garnet is not dissolved during decompression (from 20 to
12—14 kbar, between stages 1b and 2) in the type-I domain
along the proposed P-T path. Note that this conclusion has
been obtained under H,O-saturated conditions, not neces-
sarily achieved during decompression, but which are the
most favourable for promoting garnet dissolution. Second,
amaximum 7 of 526 + 30 °C that we calculated for the type-
I domain using the Raman Spectroscopy of Carbonaceous
Material (RSCM, Beyssac et al. 2002, 2003), is in agree-
ment with the T estimated in our previous phase diagram
calculation (Manzotti et al. 2015b). Third, we show that the
effect of garnet fractionation is negligible. SC2 (obtained
by removing garnet cores from SC1) has a smaller amount
of Ca and Mn that are preferentially sequestered in garnet
cores. However, the pseudosection (Fig. S6) calculated
using SC2 (and H,0 in excess) shows very little difference
with respect to the one calculated using SC1. The fields for
mineral assemblages are the same, and the isopleths for the
garnet and chloritoid composition are slightly changed (e.g.,
a decrease of about 10 °C for Grs10), well within the uncer-
tainties associated with the solid solution models.

Bulk composition: type-I vs. type-ll domains

In the type-II domain (only present in part of sample GP32B,
Fig. S5), crystallization of biotite and resorption of garnet
have been observed, suggesting decompression and equi-
libration in biotite-bearing fields. The Ti content in biotite
(Ti=0.16-0.20 p.f.u.) from this domain corresponds to a
crystallization T of 491-552 °C (+24 °C, using Henry et al.
2005). Therefore, the T range obtained in both domains
suggests that decompression was not accompanied by sub-
stantial heating (T of stage 2~500 to 540 °C), as already
reported for the Gran Paradiso Massif by Le Bayon et al.
(2006).

The different mineral assemblages observed in the two
domains, and specifically the diverse degree of overprint
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Fig.2 Garnet chemistry from sample GP32 from the Gran Paradiso
Unit. a X-ray mapping images of a garnet porphyroblast (¢ high con-
centration, /c low concentration). Allanite occurs in the garnet core,
whereas monazite is found in the rim (see also Fig. 3b). b Composi-
tional profile of garnet along the white line A-B traced in (a). ¢ Gar-

during decompression, may result from differences (1) in
their primary bulk composition (Fig. S2a) or (2) in their
H,O content. Indeed, H,O availability plays a major role in
the reaction kinetics during P-T evolution involving cooling
and strongly influences the phase equilibria and thus P-T
estimates (e.g., Guiraud et al. 2001; Proyer 2003; Le Bayon
et al. 2006; Pitra et al. 2010). The first hypothesis (i.e., the
role of differences in bulk chemistry) was explored by cal-
culating P-T pseudosections in the ranges of 4-12 kbar and

net REE plot, normalized to chondrite values of Sun and McDonough
(1989). d Garnet porphyroblasts displaying allanite inclusions in the
core and monazite inclusions at the rim, e Monazite included at the
rim of a garnet porphyroblasts, f Biotite and xenotime replacing gar-
net

400-600 °C, using two different system compositions, one
of which corresponds to type-I (i.e., SC1, already used in
Manzotti et al. 2015b; Fig. 3) and the other to type-II (i.e.,
SC3; Fig. 4) domains. The fluid phase was fixed as pure
H,O0, initially in excess (Figs. 3b, 4a). To test the second
hypothesis (i.e., the role of a possible difference in H,O
content between the two domains), the P—T pseudosections
were recalculated with a fixed amount of H,O (Figs. 3c, d,
4b). This amount was determined, so that the proportion
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Fig.3 P-T pseudosections calculated for the garnet—chloritoid
micaschist (sample GP32, Gran Paradiso Unit) using the system com-
position of the type-I domain (see Fig. S3). a P-T pseudosection (in
the range 10-25 kbar and 400-600 °C) with H,O-saturated conditions
and contoured for the garnet modal amount (vol%) (see Manzotti
et al. 2015a, b for details on the P-T path reconstruction). The grey
arrow indicates the P-T path (stages la, 1b, and 2) consistent with
mineral assemblages and their chemical composition. b P-T pseudo-
section (in the range 4—12 kbar and 400-600 °C) under H,O-saturated
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conditions. ¢ P-T pseudosection for a fixed amount of H,O, con-
toured for the garnet modal amount (vol%). The grey arrow indicates
the P-T path (stages 3 and 4) consistent with mineral assemblages. d
The same pseudosection as ¢ contoured for the biotite modal amount
(vol%). Some fields are not labelled for the sake of clarity; their
assemblages can be deduced from assemblages in adjacent fields. T
estimates, using RSCM (grey fine dashed line), and the Ti content in
biotite (grey thick dashed line) are reported in b—d
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GP32B - Type-ll domain (SC3)
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Fig.4 P-T pseudosections calculated for the garnet—chloritoid
micaschist (sample GP32, Gran Paradiso Unit) using the system
composition of the type-II domain (see Fig. 3). The results for the
RSCM (grey fine dashed line) and Ti content in biotite (grey thick
dashed line) are also reported. a H,O-saturated conditions. The grey

of the free fluid phase in the rock does not exceed 1 vol.%
(Thompson and Connolly 1990) at peak T (inferred from
Figs. 3a, 4a).

Compared to the P-T pseudosection calculated for type-
I (Fig. 3b), the type-II domain bulk composition (Fig. 4a)
results in (1) the absence of garnet at low P (<9 to 10 kbar
at 500-550 °C), (2) the absence of chlorite at high 7, and
(3) the stabilization of biotite towards high P at low 7. Bio-
tite mode isopleths of biotite mode suggest that, with the
bulk composition of the type-I domain (SC1), only a limited
amount of biotite (~3 to 6 vol.%) developed during cooling
and decompression (at T<~550 °C, Fig. 3c). By contrast,
a large amount of biotite (up to 21 vol.%) forms with the
type-II domain composition (SC3, Fig. 4b).

Role of H,0 saturation

The H,O-saturation surface (blue line in Figs. 3c, d, 4b)
divides the pseudosections into a H,O-saturated part at high
T and a H,O-undersaturated part at low 7. In the pseudosec-
tion calculated with the type-I domain system composition
(SC1, Fig. 3c, d), the H,O-saturation limit is nearly isother-
mal, located at 520 °C at 4 kbar and at ~515 °C at 12 kbar.
Therefore, a P-T evolution involving cooling would rapidly

4
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arrow indicates the P-T path (stages 3 and 4) consistent with min-
eral assemblages. b Diagram calculated for a fixed amount of H,O
and contoured for the biotite modal amount (vol%). Some fields are
not labelled for the sake of clarity; their assemblages can be deduced
from assemblages in adjacent fields

result in fluid-absent conditions, rendering a complete re-
crystallization of the rock difficult. Compared with the pseu-
dosection of Fig. 3b calculated with the same bulk composi-
tion, H,O-undersaturated conditions result in the absence
of epidote and the stabilization of biotite towards low T (at
P <8 kbar, Fig. 3c, d). The mineral assemblages observed
in type-I domain, and the preservation of garnet, strongly
suggest H,O-undersaturation during decompression.

In the pseudosection calculated for the type-II domain
(Fig. 4b), the H,0O-out line has a positive slope and goes
from 400 °C and ~6.5 kbar, to 490 °C and ~ 12 kbar. This
implies that the late P-T evolution of the type-II domain
occurred under fluid-present conditions, despite the lower
proportion of H,O in the bulk composition (with respect to
SC1), resulting in the extensive replacement of garnet by
biotite. As both type-I and type-II domains follow the same
P-T path, the difference in the degree of H,O saturation
explains the contrasting amount of retrogression developed
during decompression by the two domains.

To conclude, the difference in mineral assemblages
and degree of re-crystallization during decompression
observed between the type-I and type-II domains reflect a
difference in their bulk composition. The growth of chlo-
rite requires significant amounts of H,O, leading rapidly
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to H,O-undersaturated conditions, halting further chlorite
crystallization and consequently limiting retrogression. On
the other hand, in the less aluminous type-II domain, bio-
tite instead of chlorite crystallises during decompression.
The lower amounts of structurally bound H,O sequestered
in biotite allow significant quantities of biotite to crystallise,
while preserving H,O-saturation. These conditions favour
significant retrogression.

Textural characteristics and chemical composition
of accessory phases

Samples GP32 contain four U-Th-bearing accessory phases,
namely monazite, allanite, xenotime and apatite.

Monazite distribution and textural relationships

In samples GP32, monazite grains (total n=112) occur in
the matrix and as inclusions in garnet, ilmenite and apa-
tite. In sample GP32B, monazite crystals occur in the type-I
domain, whereas they are rare in the type-1I domain. The
shape of the grains varies mainly as a function of their tex-
tural position. Two groups of monazite (Table S12) have
been identified on the basis of their textural settings, mona-
zite inclusions (group 1) and matrix monazite (group 2).

Monazite inclusions (group 1) are relatively rare. Thirteen
prismatic elongated or rarely sub-rounded inclusions (~25 to
100 um) were found in garnet, always in the outermost low-
Ca domains of the porphyroblasts (Figs. 2d, e, 5a), whereas
allanite was found in the garnet core (Figs. 2d, 7a). In garnet
partially replaced by chlorite at the rim, monazite crystals
display internal straight, sharp and well-defined boundaries
with garnet (indicating simultaneous crystallization) (Ver-
non 2004) and external irregular and resorbed grain bounda-
ries with chlorite (Fig. 5a). One elongated prismatic inclu-
sion (~30 um) with straight grain boundaries was found in
ilmenite and one in apatite, one rounded inclusion (10 pm)
in ilmenite.

Matrix monazite (group 2) is common. It forms prismatic,
elongated crystals, oriented either parallel to or at a high
angle with respect to the S, foliation. The latter (~20 to
80 um) (n=20) appear physically corroded and frequently
show deeply indented boundaries. Some grains are partially
replaced by allanite or by a fine mixture of apatite and allan-
ite and they are often found in association with ilmenite.

Crystals aligned parallel to the S, foliation (~20 to 100
pm) (n=70) are locally associated with ilmenite. Some
crystals display straight grain boundaries, while other ones
have irregular and embayed boundaries and they are par-
tially replaced by allanite at their rims. Rare irregular grains
(n=6) (30-90 um) occur in association with albite or chlo-
rite aggregates; the latter replaces garnet.
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Fig.5 Textural characteristics and chemical composition of mona-
zite from the Gran Paradiso Unit. Analysed spots are indicated by
orange circles (diameter: 7 and 9 um) for isotopic dating and by
dashed grey circles (diameter: 15 um) for REE. The numbers indicate
the 2°%Pb/%*2Th ages in Ma with 2 ¢ error. a BSE images of matrix
monazite and monazite included in garnet. Monazite grains display
inclusions of rutile, paragonite, Si-rich muscovite, chloritoid and zir-
con. b Y vs. La binary diagram showing no difference in the chemical
composition between monazite crystals in the matrix and monazite
included in garnet, ¢ Chondrite-normalized REE patterns for mona-
zite (Sun and McDonough 1989)

Inclusions in monazite

All types of monazite grains are generally free of cracks and
display a large diversity of solid inclusions (Fig. 5a, S7, Tables
S12 and S13), mainly concentrated in the core of the grains.
Inclusions are elongated or sub-rounded, up to ~5 um in
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diameter. To obtain representative analyses of the inclusions,
we carefully chose the inclusions occurring in a crack-free
host, i.e., not displaying any connection with the matrix. Inclu-
sions include rutile, chloritoid (Xp, = 0.86-0.88), muscovite
(Si=3.31-3.43 p.f.u., Xy, = 0.04-0.09), paragonite (Xy, =
0.94) and zircon.

Monazite chemical composition

A large amount of monazite microanalyses (total number of
analyses =297) was performed on 112 monazite grains from
the four thin sections (Fig. 5b). High-contrast BSE imaging
and X-ray mapping show that monazite grains (both matrix
and inclusion) in the two samples are nearly homogenous and
have the same chemistry (Fig. S8). The chemistry of monazite
(Table S14) reveals a significant brabantite substitution (Th**
or U 4+ Ca®" = 2 REE**") accompanied by minor huttonite
substitution (Th** or U** + Si*" = REE** + P°*) (Fig. S8).
The Y content is always very low (<0.8 wt%). The Th content
varies from grain to grain (from 2 to 8.9 wt%), but no correla-
tion between Th content and the textural position of the grain
has been observed. Element X-ray maps for Th and chemical
analyses also indicate that most of the monazite grains show
a weak zonation in Th (Fig. S9), with an enriched core com-
pared to the rim. Monazite grains display a high Sr concentra-
tion (700-1400 ppm) and a small Eu anomaly (Euy/Eu*y ~
0.6). They are depleted in HREE at 10 times chondrite values
(Fig. 5c; Tables S15 and S16).

We infer that the monazite and garnet rim grew under
peak P conditions (~20 kbar), because monazite crystals are
included in garnet rims, and both monazite inclusions and
matrix grains contain HP inclusions. However, the textural
equilibrium is not necessarily indicative of chemical equi-
librium. To test the chemical equilibrium between monazite
and garnet, partition coefficients for REE between neigh-
bouring monazite and the low Y garnet rim ("**D,,,,,.) have
been calculated and represented in an array plot (Fig. 6a, as
recently proposed by Taylor et al. 2017) and a traditional
REE plot (Fig. S10). As no experimentally derived REE
partitioning data exist for monazite, relationships have been
determined by identifying trends based on our well-charac-
terized natural examples. Garnet preferentially incorporates
HREE (0.2<Y*D, ;. < 2.1), whereas monazite favours
MREE, Sr, U and Th. "D, , values range from 0.2 to 8.9.
In the array plot (Fig. 6a), the monazite data form a distinct
linear trend, suggesting chemical equilibrium of monazite
with garnet rim.

Distribution, textural relationships and chemical composi-
tion of allanite

Allanite (total n=39) occurs as inclusions in the garnet core
(group 1) and in the matrix (group 2).
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Fig.6 Trace element partitioning calculated for a the monazite—gar-
net rim of the garnet—chloritoid micaschist (sample GP32, Gran Para-
diso Unit) and b for the monazite—garnet rim (inner zone) of the gar-
net—albite micaschist (sample MN132, Money Unit). Data are plotted
on array plots as recently proposed by Taylor et al. (2017). The parti-
tion coefficient of Yb between garnet and monazite (Dyy) is plotted
against the ratio Dyy/Dgq (Dype)- Data are plotted as log values. The
array plot suggests a monazite equilibrium with a garnet rim in both
samples

Allanite grains included in the garnet core (n=14; ~25
to 50 um in size) are elongated with sharp grain bounda-
ries (Fig. 2d) or anhedral with indented grain boundaries.
The anhedral grains frequently display BSE-bright rounded
inclusions. A single grain displays a BSE-bright core sur-
rounded by a BSE-dark rim, with a sharp boundary between
the two domains (Fig. 7a). The difference in BSE brightness
reflects the decrease in total REE from core to rim (Fig. 7a).

Matrix allanite crystals (25 to 200 um in size) display
irregular and indented grain boundaries and locally micro-
inclusions (Fig. 7b). They form elongated fractured grains
(n=38), oriented parallel to the S, foliation, in chlorite or
biotite aggregates. Together with apatite, they are also found
(n=10) in coronas around partially dissolved monazite crys-
tals (groups 1.1. and 1.2).
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Fig. 7 Textural characteristics and chemical composition of allanite
and xenotime from the Gran Paradiso Unit. a, b REE vs. Al (cation
per formula unit) diagram showing the chemical zoning in the allan-
ite—ferriallanite—epidote—clinozoisite system (Petrik et al. 1995)
for allanite included in garnet (a) and matrix allanite (b). The col-
our-filled symbols (circle and diamond) indicate the location of the
microprobe analyses, ¢ Chondrite-normalized REE patterns for xeno-
time (Sun and McDonough 1989). The circle in the BSE image indi-
cates the location of the LA-ICP-MS analysis and is ~ 12 um in diam-
eter; the number indicates 2°°Pb/238U age in Ma, with 20 error

Anhedral allanite grains (n=7), ~ 10 to 25 um in size,
rarely occur on chlorite or biotite aggregates that replace
garnet porphyroblasts. Matrix allanite crystals show three
concentric growth zones, with a decrease in total REE
contents and BSE brightness from core to rim (Fig. 7b,
Table S17).
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Distribution, textural relationships and chemical composi-
tion of xenotime

Xenotime (total n=34) is mainly found as anhedral grains,
~10 to 60 pum in size, in association with albite, chlorite
(GP32A, GP32B) or biotite aggregates (GP32B) that replace
garnet porphyroblasts (Fig. 2f). Xenotime is present instead
of allanite when garnet is completely replaced by chlorite
and biotite (Fig. 7c): it occurs in the cores as well as in the
outermost domains of the previous garnet.

Chondrite-normalized REE patterns are similar for all
xenotime grains (Fig. 7c), with HREE enrichment, a small
Eu anomaly and with relatively high Th/U (0.04-0.26;
Table S18). The Sr concentration is low (18-22 ppm). The
LREE contents are low and fall within the range of a few
tenths of a weight percent. The Thorium (27-580 ppm) and
U concentrations (650-4956 ppm) are variable.

U-Th-Pb results

Irrespective of the textural position of the monazite (in
the matrix or included in garnet), 2°®Pb/?32Th ages range
between 39.3 +1.0 and 46.4 + 1.2 Ma (Fig. 8a, b), with a
208ph/232Th weighted average age at 41.5+0.3 Ma (n=34;
MSWD =3.4). Monazite grains containing HP inclusions
(rutile, chloritoid, high-Si muscovite and paragonite) yield
a 2%8Pb/?32Th weighted average age at 41.2+0.5 Ma (n=11;
MSWD=1.9).

U-Th/Pb ratios from matrix allanite crystals were
measured in the same sample. All analyses show a large
and variable amount of common Pb (Table S6). The free
regression line of 26 analyses in the Tera—Wasserburg (total
Pb) diagram defines an initial 2’Pb/***Pb composition of
0.842 +£0.0012 and a lower intercept age of 32.7 +4.2 Ma
(MSWD = 0.4, n=26; Fig. 8d). The initial 2°’Pb/?°Pb
is in agreement with the model Pb composition at 33 Ma
(~0.838 £0.015, Stacey and Kramers 1975).

Twenty-seven spots on 17 xenotime grains from sample
GP32 are reported in a Tera—Wasserburg diagram (Fig. 8d).
Most of them show common Pb contamination. The
206pp/238U ages of the concordant data range from 30.4 +0.8
to 34.4+0.8 Ma, with a single spot at 38.5+1.3 Main a
xenotime inclusion in a matrix biotite (which was not con-
sidered further). The 2°°Pb/?*8U weighted average age is at
323+1.0Ma (n=11; MSWD=8.2; Table S7, Fig. 8d).

Results for the Money Unit

Petrography (sample MN132)

The two studied thin sections of sample MN132 are cut per-
pendicular to the foliation, one parallel (MN132A) and the
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other perpendicular (MN132B) to the stretching lineation.
Sample MN132 consists of quartz, white mica, garnet, chlo-
rite, albite, and accessory chloritoid, rutile, ilmenite, mona-
zite, apatite and zircon. Table S9b summarizes the deforma-
tion/mineral growth relationships of this sample. Inclusions
in garnet porphyroblasts (see the following paragraph for
a detailed description) and microlithons with relicts of an
earlier microfolded schistosity are ascribed to stage 1 (Fig.
S11a). The S, foliation is marked by the shape-preferred
orientation of muscovite, paragonite and by elongated crys-
tals of rutile. The dominant foliation S, (stage 2) is marked
by the shape-preferred orientation of white mica, chlorite,
ilmenite and by discontinuous quartz layers (Fig. S11b).
Chlorite forms flattened aggregates, 0.5-2 mm long (X, =
0.58-0.62; Xy, < 0.01; X5 1 = 0.63-0.64). Aggregates of
chlorite (Xg, = 0.61-0.66; Xy, < 0.01; X 1, = 0.66-0.71)
as well as locally biotite also in places partly replace garnet
porphyroblasts (stage 3).

Garnet

In sample MN132, garnet occurs as polygonal or rounded
porphyroblasts (<2 mm), wrapped by the S, foliation (Fig.
S11b). Garnet has an inclusion-rich inner zone, from 100 pum
to ~ 1 mm in diameter (garnet 1) and a thin outer zone (< 150
um, garnet 2; Fig. 9). The latter is generally inclusion free,
with the exception of some rare tiny monazites (~ 10 to 30
pum) and larger apatite crystals (<50 pm).

Garnet 1 contains numerous inclusions of quartz, chlo-
ritoid (Xp, = 0.88-0.90), ilmenite (commonly replaced by
rutile), apatite, monazite and zircon (Fig. 9a, ¢, Table S19).
Chloritoid has not been identified in the matrix, suggesting
that it was present as a matrix phase prior to garnet growth
and reacted out during the initial garnet formation.

Garnet is almandine-rich (almg, g5, 8411, PY3.6> SPSS4-16)
and displays concentric zoning of Fe, Mn and Mg, and an
irregular sector zoning for Ca (Fig. 9a, b, S12, Table S20).
Spessartine displays a bell-shaped decrease (16—4 mol%)
from core to rim, balanced by an increase in almandine
(64-85 mol%) and pyrope contents (3.8-5.5 mol%). The
zoning pattern for the pyrope content is nevertheless charac-
terized by a hexagonal band of high Mg concentration (py, o)
that marks the boundary between garnet zones 1 and 2. In
garnet 1, Ca displays both sector zoning and patchy zon-
ing. Elongated domains with low-Ca content (gr,_s, Fig. 9a)
are dispersed in garnet 1, where they locally form coronas
around chloritoid inclusions. Such a domain in garnet 1 may
result from the partial dissolution of chloritoid (or chlorite)
inclusions, and their replacement by low-Ca garnet. The
HREE and Y contents decrease from core to rim (Dyy/Yby
=0.54,2.0-11.9 and 3.9-18.8 in garnet 1a, 1b—c and garnet
2, respectively), whereas the MREE slightly increase (Dyy/

Gdy = 10.5, 0.7-4.0, and 0.9-2.2 in garnet la, 1b—c and
garnet 2, respectively; Fig. 9d, S12, Table S21).

White mica

White mica occurs (1) as inclusions (20-200 pm) of either
paragonite (Xy, = 0.83-0.95) or muscovite (3.33 <Si<3.47
p.f.u., Xy, = 0.04-0.07; Fig. S13, Table S22) in albite (Fig.
S1lc), (2) in the matrix as large muscovite flakes (300-500
um) overgrowing S, (Fig. S11d), displaying decreasing Si
content and increasing Xy, and X, from core (Si=3.26-3.51
p.fou; Xy, = 0.03-0.08; Xg, = 0.40-0.54, Table S8) to rim
(Si=3.08-3.35 p.f.u.; Xy, = 0.06-0.17; Xp, = 0.46-0.56,
Table S22), and (3) in the matrix oriented parallel to the S,
and S, foliations (30-200 pm). Muscovite defining S, and
S, shows chemical zoning, with decreasing Si content and
increasing Xy, and Xg, from core (Si=3.31-3.48 p.f.u.; X,
= 0.02-0.08; X, = 0.38-0.54) to rim (Si=3.10-3.29 p.f.u.;
Xna = 0.07-0.19; Xg. = 0.48-0.58) (Fig. S13, Table S22).

P-T results

The P-T evolution of sample MN132 was modelled using
the system composition SC4 (Table S2), obtained by XRF
analysis of the rock chip from which the thin section was
cut. No attempt has been made to remove the garnet cores
from this bulk composition. This choice results from the fact
that sample MN132 displays a low modal amount of garnet
and inclusion-rich cores. Previous studies on similar pelitic
rocks (e.g., Lopez-Carmona et al. 2013) have shown that
these effects are negligible, especially if the modal amount
of garnet is low, as in the studied sample. In addition, remov-
ing the inclusion-rich garnet cores would result in (1) a new
bulk composition barely different from the initial one if the
inclusion association approaches that of the matrix at that
moment of the P-T evolution; or (2) a new bulk composition
associated with additional uncertainty related to the prob-
lematic estimation of the amount and composition of the
inclusions to be removed. Therefore, the effects of modify-
ing the bulk composition in terms of removing the garnet
core have been checked by varying the analysed values of
Ca, Al, as well as the proportion of Fe3*. The results indi-
cate that these effects are negligible in the case of sample
MN132.

The earlier history of sample MN132 (stage 1) is char-
acterized by the relict garnet—chloritoid—rutile—parago-
nite—glaucophane assemblage, with paragonite and glau-
cophane observed as inclusions in albite and monazite,
respectively. In the calculated pseudosection for sample
MN132 (Fig. 10), the corresponding stability fields occur
at T<550 °C, P> 14 kbar, in line with previous estimates
for peak P-T conditions in sample MN2 (Manzotti et al.
2015b). The absence of chloritoid in the matrix suggests
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«Fig.8 Age results for the Gran Paradiso and Money Units. All data
are uncorrected for common Pb. a 2%Pb/238U vs. 2%8Pb/232Th diagram
for the Gran Paradiso monazite (sample GP32). b Weighted average
Th-Pb age for the Gran Paradiso monazite (sample GP32). ¢ Tera—
Wasserburg diagram of a free regression of uncorrected U-Pb allanite
data. The initial Pb composition is similar to a model of Pb composi-
tion at 33 Ma (0.838 +0.015, Stacey and Kramers 1975). d Xenotime
U-Pb data plotted in a Tera—Wasserburg plot for the GP32 sample
(Gran Paradiso Unit). e 2°Pb/23U vs. 2%Pb/*3’Th diagram for the
Money monazite (sample MN132). f Weighted average Th—Pb age for
the Money monazite (sample MN132)

equilibration in the stability fields of either garnet—glau-
cophane—paragonite—rutile (indicating increasing T) or
garnet—glaucophane—chlorite—paragonite—rutile (indicating
decreasing P).

The complex textural record and chemical zoning in this
garnet require a detailed analysis to constrain the trajec-
tory of the P-T path. The chemical zoning is characterized
by a continuous rimward decrease of spessartine in garnet
1 (1ato 1c, Fig. 9), followed by a very narrow plateau or
a slight increase at the transition from garnet 1 to garnet
2, then a slight decrease in garnet 2, followed locally by a
slight increase in the outermost rim. Grossular is variable
(in the range of a few mole percent), but is roughly constant
in garnet 1, then strongly decreases in garnet 2. Spessartine
isopleths have steep slopes (nearly isothermal) in all min-
eral assemblages, whereas the isopleths for grossular display
a drastic change when crossing the lawsonite-out reaction
(Fig. 10a). Consequently, the decrease in spessartine reflects
garnet 1 growth during increasing 7, whereas the lack of
significant grossular variation would imply increasing P (a
P-T evolution following the grossular isopleths). A straight-
forward explanation for the Ca and Mn distribution across
the garnet from sample MN 132 would be, therefore, to con-
sider that the transition from garnet 1 to garnet 2 records the
disappearance of lawsonite from the mineral assemblage at
equilibrium with the growing garnet. However, the analysed
content of grossular does not match the values calculated in
the pseudosection. Potential explanations for this discrep-
ancy may be (1) uncertainties in thermodynamic modelling
(thermodynamic parameters for end-members, solid solution
models, etc.), or (2) the failure of the kinetic factors respon-
sible for Ca to achieve chemical equilibrium during garnet
growth, or (3) problems related to accurately establishing
the effective equilibration volume and hence the bulk com-
position. Due to these difficulties, it is probably premature
to interpret the small, but consistent, variations in the garnet
chemistry as being indicative of a more complex P-T path
than a simple loop as drawn in Fig. 10.

To overcome these difficulties in matching measured
and calculated compositions of minerals in the pseudosec-
tion, additional constraints on the trajectory of the P-T
path and the peak conditions reached have been obtained

by other approaches. Garnet—chloritoid thermometry (Per-
chuk 1991), applied to the garnet 1 and chloritoid inclu-
sions, yields a temperature of 541+ 19 °C. A maximum
temperature of 542 +29 °C was estimated using the RSCM
method of Beyssac et al. (2002, 2003). As this T estimate
is pressure independent, the peak T may be reached either
at peak P or during decompression. However, these T
ranges are consistent with those of the peak assemblages
calculated in the phase diagram (Fig. 10).

P constraints were obtained using the recently devel-
oped barometers based on the elastic properties of quartz
inclusions and their garnet host (Guiraud and Powell
2006; Kohn 2014). Details about the method are given
in the ESM. Taking into account the potential caveats of
this method, we collected 66 Raman spectra on 49 quartz
grains included in 12 garnet crystals (Fig. S14, Tables S23
and S24). The results show negligible or low residual pres-
sures in a large number of quartz inclusions, including the
largest grains (> 50 um). These results can be explained by
the numerous fractures observed in the large quartz grains.
By contrast, the rounded, fracture-free quartz inclusions
that do not exceed 5 um provide the largest residual pres-
sures. Using the calibration of Ashley et al. (2014), the
QuiB barometry of quartz inclusions yields a minimum
entrapment P of 16.9 and 17.7 kbar (+ 1 kbar) at a nomi-
nal T of 500 and 550 °C, respectively. These values are
consistent with the stability field of the assemblage in
equilibrium with garnet 1 (glaucophane—chloritoid—para-
gonite—rutile; Fig. 6). Therefore, we infer peak P—T condi-
tions of ~ 17 to 18 kbar and 520-550 °C for stage 1. These
new values are consistent with the previous calculations
for the Money Unit (Manzotti et al. 2015b), but they refine
the uncertainty on the peak P.

The observed assemblage garnet—chlorite—ilmenite
(stage 2, S,) is stable in the range ~480-560 °C, at a
maximum P of 14 kbar. The T range overlaps the range
independently estimated using the RSCM method. The
corresponding fields contain paragonite and glaucophane
at higher P (from 10 to 14 kbar) and albite at lower P.
However, these indications should only be used for quali-
tative purposes, since the development of the chlorite
pseudomorphs, albite and ilmenite replacing rutile are
not necessarily contemporaneous. Furthermore, they are
governed by local equilibria, for which the pseudosection,
calculated for the bulk-rock composition, is not necessarily
strictly appropriate.

Textural characteristics and chemical composition
of the accessory phases

Monazite grains identified in both thin sections do not have
an allanite rim. Xenotime has never been observed.
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Fig.9 Garnet chemistry from sample MN132 from the Money Unit.
a X-ray mapping images and drawing of a garnet porphyroblast (k¢
high concentration; /c low concentration). b Compositional profile
of garnet along the white line A-B traced in a, displaying the differ-
ent growth zones (la, 1b, 1c and 2). ¢ BSE images of the major and

Monazite distribution and textural relationships

In sample MN132, monazite (total n=152) occurs as inclu-
sions in garnet and ilmenite (group 1) and in the matrix
(group 2) (Table S12). Monazite inclusions in garnet (n=24)
are generally smaller (~ 10 to 30 um in size) than those in the
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found in garnet lc. Analysed spots for REE on apatite are indicated
by dashed white circles (diameter: 12 um). d Garnet REE plot, nor-
malized to chondrite values provided by Sun and McDonough (1989)

matrix. They occur as euhedral (locally mimicking a cube),
sub-rounded or elongated crystals, mainly in the outermost
domains of garnet porphyroblasts (rim of growth zone 1
or in growth zone 2), characterized by a slight decrease in
grossular (Fig. 9). In garnet partially replaced by chlorite
at the rim, monazite crystals display internal straight and
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Fig. 10 P-T pseudosections, calculated for the garnet—albite-bearing
micaschist (sample MN132, Money Unit). Compositional isopleths
for garnet (X¢,, Xy, XMg), RSCM (grey fine dashed lines), garnet—

well-defined boundaries with garnet and external irregu-
lar and resorbed grain boundaries with chlorite. A single,
prismatic elongated monazite inclusion with straight grain
boundaries (~20 pm) has been found in ilmenite. Matrix
monazite grains (group 2; n=121) do not show any pre-
ferred orientation with respect to the S; or S, foliations.
Crystals are mainly stubby with sub-rounded contours or
locally elongated (~20 to 50 um in length). Monazite is
associated with muscovite, quartz bands and rarely chlorite.
Few grains are in contact with ilmenite or associated with
albite (n=06).

Inclusions in monazite

All types of monazite grains contain a variety of monominer-
alic inclusions, up to 2-3 different types per grain. Inclusions
are rounded or slightly elongate, ~5 um in diameter. They
occur in matrix grains (mainly at the rim) and in monazite
included in garnet that do not show the Y-rich core (see para-
graph below). To ensure that inclusions are representative of
stable matrix phases during monazite growth, we selected
grains that are included in a crack-free host. We were also
careful to select only inclusions without any connection
with the matrix, any secondary products between their rim

chloritoid thermometry (blue fine dashed lines) and QuiB barom-
etry (green line) results are also shown. The grey arrow indicates the
inferred P-T path

and the host mineral. Inclusions (Fig. 11a, S15, Table S25)
comprise quartz, rutile, garnet, chloritoid (Xg, = 0.89), para-
gonite (Xy, = 0.89-0.93), muscovite (Si=3.33-3.40 p.f.u.,
Xna = 0.07-0.08) and ferroglaucophane (according to the
classification of Leake et al. 1997) (Si=7.91 p.fu., Xy, =
0.97, XFe2+ = 057, XFe3+ = 006)

Monazite chemical composition

The composition of monazite is dominated by brabantite
substitution with an influence of huttonite substitution
(Table S26, Fig. S16). Most of the grains display a consistent
and distinctive Y zonation with a decreasing concentration
from core to rim with a variation of up to one order of mag-
nitude. A weaker zonation of the same type is also observed
for U (Fig. 11b, c). Matrix monazite generally shows two
chemically distinct growth zones, clearly visible on the Y
and U maps and separated by a sharp boundary. The La and
Ce concentrations generally decrease rimward, whereas Gd
slightly increases. The first growth zone contains the highest
HREE (Dyy/Yby = 40-60) and Y concentrations (Y ~4500
to 17,100 ppm) and it is found as distinct innermost cores or
rarely as whole grains (Fig. 11c, d). The second growth zone
commonly occurs as a mantle domain surrounding the first
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Fig. 11 Chemical composition of monazite from the Money Unit.
a BSE images of matrix monazite. Monazite grains display inclu-
sions of rutile, paragonite, chloritoid, glaucophane and Si-rich mus-
covite. Analysed spots are indicated by orange circles (diameter: 7
and 9 pm) for isotopic dating and by dashed grey circles (diameter:
15 um) for REE. The numbers indicate the 2°®Pb/?3?Th ages in Ma
with 2 ¢ error. The small white filled circles indicate the location of
the microprobe analyses, for which the Y content is reported in ppm.
b X-ray mapping images of monazite grains (k¢ high concentration;
lc low concentration). The apparent high U concentration of the min-
eral surrounding monazite (i.e. white mica) is due to an interference
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between the U and K peaks of the  line, measured on the PET spec-
trometer (U~0.42776, K~0.424). The small white filled circles indi-
cate the location of the microprobe analyses, for which the Y content
is reported in ppm. ¢ Y vs. La binary diagram for matrix monazite,
showing two distinct growth zones: an Y-rich core and a Y-poor rim.
d Chondrite-normalized REE patterns for matrix monazite (Sun and
McDonough 1989). e Y vs. La binary diagram for monazite included
in garnet. The chemical zoning between growth zones 1 and 2 is only
observed in a few grains. Monazite included in garnet with several
apatite inclusions displays low Y content. f Chondrite-normalized
REE patterns for matrix monazite (Sun and McDonough 1989)



Contributions to Mineralogy and Petrology (2018) 173:24

Page 190f28 24

growth zone. It displays low Y concentrations (<4500 ppm)
and a decrease in the HREE concentration (Dyy/Yby =
70-160), Fig. 11d. Rarely, the second growth zone forms
whole grains that are always characterized by high-P inclu-
sions (i.e., rutile, paragonite, glaucophane and muscovite,
Fig. 11a).

Monazite grains included in garnet may be classified in
three main groups, based on their core-rim relationships,
their Y concentration, their position within the garnet and
the presence or absence of apatite inclusions. The first group
comprises few monazite grains showing the two chemical
growth zones, with a Y-rich core and a Y-poor rim (Fig. 11e,
Table S26). These grains are found in the garnet outer zone
(growth zone 2) and are characterized by low HREE. The
second group comprises monazite grains without a Y-poor
rim that are mainly located in the outermost domain of gar-
net inner zone 1; the latter displays either no or rare apa-
tite inclusions (Fig. 11e, f, Table S27). This group shows
relatively high HREE. The third group comprises mona-
zite grains without a Y-rich core: these grains occur at the
outermost domain of garnet growth zone 1 and in garnets
characterized by abundant apatite inclusions (Figs. 9, 11e,
f, Table S27). They display relatively low HREE (Fig. 11f).
All monazite grains (i.e., in the matrix and included in
the garnet) show a high Sr concentration (§00-2200 ppm,
Table S27).

Partition coefficients for REE between neighbouring
monazite and garnet (RF‘EDng,g rim inner zone) Were calculated
(Fig. 6b, S17a) to test their chemical equilibrium. Due to
their small size, the few monazite crystals located in garnet
2 (Fig. 9) could not be analysed. Therefore, only monazite
crystals in the outermost domain of garnet 1 (i.e., zone lc,
Fig. 9) were analysed. The high or low Y content of these
monazite crystals is related to the absence or presence of
apatite inclusions in garnet, respectively (see the “Monazite
chemical composition” section and Fig. 11 for more details).
Monazite data form a distinct linear trend in the array plot,
suggesting chemical equilibrium with the rim (zone 1c¢) of
garnet 1 (Fig. 9).

Distribution, textural relationships and chemical composi-
tion of apatite

Apatite is abundant as inclusions in garnet (<50 um) and
in the matrix. Apatite grains included in garnet display dif-
ferent shapes, from rounded to polygonal. In the few cases
where apatite and monazite are in contact, then the grain
boundaries are interlobate. In the matrix, two types of apa-
tite have been observed: large (> 200 pum) slightly elongate
crystals (apatite-I) and small (< 100 um) sub-rounded grains
(apatite-II). Apatite-I and apatite included in garnet show
a similar REE pattern (Fig. S18a. Tables S28-29), with
high Y concentrations (up to 2000 ppm) and a decrease in

HREE from core to rim (Dy,/Yby core=1.5-3.1, Dy\/Yby
rim=3.6-6.3; Dy\/Yby inclusion in garnet=2.9—-4.4). The
Eu anomaly is locally strong in the apatite-I core (Euy/Eu*y
= 0.3). MREE slightly increase in the apatite-I rim (Dyy/
Gdy core =0.7-1.0, Dyy/Gdy rim=0.5-0.9). Therefore,
both apatite inclusions and apatite-I in the matrix are here-
after referred to as apatite-1. Apatite-II shows a weak Eu
anomaly (Fig. S18b, Tables S28-29), as observed in the rim
of apatite-I (Euy/Eu*y=0.6-0.7), and a strong depletion in
HREE (Dyy\/Yby = 8-25) with low Y content.

The chemical equilibrium between matrix monazite and
apatite-I as well as between apatite-I and garnet was tested
by calculating their partition coefficients for REE between
neighbouring grains. The two diagrams (Figs. S17b, ¢) show
a weakly defined array with some dispersed points, suggest-
ing no chemical equilibrium between matrix monazite and
apatite-I and apatite-I and garnet. By contrast, matrix mona-
zite (core and rim) and apatite-II, and apatite-II and the gar-
net outer zone (i.e., garnet 2) form linear trends, suggesting
that they were in chemical equilibrium during their growth
(Figs. S19a, b).

U-Th-Pb results

In the Money sample (MN132), only monazite was dated
(Table S8). The 2®®Pb—2**Th ages (corresponding to less than
20% of common Pb) are scattered between 39.3 + 1.0 and
46.4+ 1.2 Ma, allowing to calculate a weighted average age
0of 42.0+0.6 (MSWD =8.6; n=34; Fig. 8e, f and Table S8).
The high Y matrix monazite cores yield a weighted aver-
age 2%Pb/>*>Th age of 42.7+0.9 Ma (n=13, MSWD=5.5),
which is marginally older than the low Y monazite rims
(weighted average 2°®Pb/*32Th age at 41.7+0.9, n=16,
MSWD = 10). Monazite grains containing HP inclusions
(glaucophane, paragonite, rutile, chloritoid, high-Si musco-
vite; Table S8) yield a >®*Pb/>*’Th weighted average age of
41.8+0.9 Ma (n=6; MSWD=2.4).

Discussion

Linking metamorphic parageneses with the growth/
dissolution of accessory phases

Several approaches have been used to constrain the rela-
tive timing of the growth of accessory and major mineral
phases and to link the growth of these minerals with the
P-T evolution of the studied samples. For instance, textural
relationships (e.g., coronas) have been examined to deter-
mine the chemical reactions responsible for the growth or
dissolution of accessory phases (e.g., Spear and Pyle 2002;
Grand’Homme et al. 2016). Mineral inclusions require care-
ful discussion, because they can be unreactive phases sealed
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within a growing mineral (e.g., detrital zircon in a growing
garnet) or phases that are chemically equilibrated with their
host during its growth (e.g., Regis et al. 2016). Trace ele-
ment signatures of major and accessory phases were used to
assess their relative timing of growth, whereas the partition
coefficients for REE were calculated to test their chemical
equilibrium.

Gran Paradiso Unit

In the Gran Paradiso sample (GP32), garnet is zoned in
major and trace elements. Thermodynamic modelling indi-
cates that the high Y garnet core crystallized at ~ 18 to 20
kbar, ~480 to 520 °C (stage 1a) (Fig. 12), whereas the low
Y garnet rim grew under peak conditions at ~20 kbar, ~520
to 540 °C (stage 1b) (Manzotti et al. 2015b). The garnet was
still stable and its modal proportion did not change during
decompression between stages 1b (~20 kbar) and 2 (~12.5
to 14.5 kbar) (Fig. 3a). Inclusions in garnet comprise a first
generation of allanite in the high Y garnet core, whereas
monazite occurs in the low Y garnet rim. The first genera-
tion of allanite is absent in the matrix, suggesting that it
became unstable during garnet growth (e.g., Smith and Bar-
reiro 1990; Fitzsimons et al. 2005; Spear 2010). The reaction
responsible for monazite formation most likely involved the
dissolution of allanite and required a source of phosphorous,
such as apatite or xenotime.

HP mineral inclusions, such as rutile, chloritoid, Si-rich
muscovite and paragonite, are present in monazite included
in garnet as well as in monazite in the matrix. Matrix
monazite grains are generally oriented parallel to the main

200 300 400 500 600 700 800

Fig. 12 Summary of the petrochronological results (P-T paths and
monazite, allanite and xenotime ages) for the Gran Paradiso and
Money Units. Interpretative sketches for the Gran Paradiso sample
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foliation S,, the regional fabric developed during the thrust-
ing of the Gran Paradiso Unit on top of the Money Unit at
~12.5 to 14.5 kbar, ~530 to 560 °C. However, some cor-
roded grains are oriented at a high angle with respect to the
main fabric. Regardless of their relationships with the super-
posed fabrics, all monazite grains are chemically homo-
geneous and characterized by a low Y content, a slightly
negative Eu anomaly and a steep negative HREE pattern.
Monazite—garnet rim trace element partitioning indicates
that the monazite and garnet rim grew together in equilib-
rium. In addition, matrix monazite and monazite included in
garnet yield a single age cluster at 41.5+0.3 Ma. Selecting
only monazite with HP inclusions, a weighted average age of
41.2+0.5 Ma is obtained. Therefore, on the basis of all these
observations, we infer that monazite, both in the matrix and
included in garnet, crystallized close to peak P conditions
(at ~20 kbar, ~ 520 to 540 °C, i.e., during the growth of
the garnet rim) and that most of the matrix monazite grains
were subsequently re-oriented parallel to the main regional
S, foliation.

A second generation of allanite is observed (1) as single
crystals in a chlorite matrix, frequently in strain shadows of
dissolving garnet porphyroblasts (Fig. 7b) and (2) as aggre-
gates of small crystals together with apatite, forming coronas
around monazite. The second occurrence is mainly found
on muscovite aggregates defining the main S, foliation. HP
mineral inclusions (e.g., paragonite or chloritoid, see Fig. 3a
for their stability fields) have never been observed in the
second generation of allanite. Textural relationships suggest
that the growth of allanite-II may be related to the dissolu-
tion of monazite and the contemporaneous crystallization of
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new apatite. Its growth occurred during garnet consumption
at P lower than ~9 to 10 kbar during stages 3 and 4 (Fig. 3d)
at 32.7+4.2 Ma.

Xenotime is almost only found in association with bio-
tite + chlorite aggregates replacing garnet porphyroblasts
(in the type-II domain, sample GP32B). Consumption of
garnet (e.g., Pyle and Spear 1999) and dissolution of mona-
zite and/or apatite may, therefore, result in the growth of
xenotime during stages 3 and 4, with garnet representing
the principal yttrium source (Fig. 12). P-T modelling (at
H,0O-undersaturated conditions, Fig. 4b) suggests that the
breakdown of garnet occurred at ~9 to 10 kbar and ~ 500
to 550 °C and that the amount of biotite increased with
decreasing P. Xenotime yields a weighted average U-Pb
age of 32.3+1.0 Ma.

Money Unit

In the Money sample, garnet displays a typical Mn zoning
characterized by a gradual decrease in Mn content from
core to rim, suggesting a temperature increase during garnet
growth. The patchy and sector zoning observed for Ca in the
inner garnet zone (garnet 1) contrasts with the concentric
zoning patterns of Fe, Mn and Mg, and likely results from
local Ca release after reactions involving calcic phases, such
as plagioclase, epidote, lawsonite, or apatite. The inner gar-
net zone contains numerous inclusions of quartz and apatite
and minor inclusions of chloritoid, ilmenite breaking down
to rutile, monazite and zircon. The outer garnet zone is gen-
erally inclusion free, with the exception of very rare mona-
zite. The small number of inclusions in the garnet rim with
respect to the core likely reflects a decrease in the growth
rates (e.g., Yang and Rivers 2001).

The high concentration of HREE and Y in the inner gar-
net zone results from the dissolution of a REE- and Y-rich
phase (i.e., apatite, xenotime and/or monazite). Similarly,
the breakdown of apatite-I during garnet growth can explain
the slight increase in MREE (e.g., Sm) observed in garnet
(Fig. 9d), as reported in other case studies (e.g., Regis et al.
2014b). Trace element partitioning between apatite-I and
garnet suggests that they were not in chemical equilibrium
(Figs. S17e, f). We, therefore, infer that apatite-I1 was par-
tially dissolved during garnet growth. The dissolution of
apatite-I provides MREE, Y and P, thereby allowing the
development and growth of monazite grains. The variation
in Y concentrations in monazite included in garnet is prob-
ably controlled by the dissolution of apatite that supplies
Y to the system during monazite growth. In the matrix, the
monazite core displays high Y concentrations, a slightly
negative Eu anomaly and a steep HREE pattern. The mona-
zite rim shows low Y concentrations, a slightly negative Eu
anomaly and a decrease in HREE. Inclusions of HP minerals
(such as chloritoid, glaucophane and paragonite) are mainly

found in the low Y rim. Trace element partitioning between
monazite and apatite-I indicates chemical disequilibrium.
By contrast, partition coefficients for REE between monazite
and the outermost domain of garnet 1 (zone lc, Fig. 9) sug-
gest that they grew together in equilibrium.

Therefore, these observations suggest that the break-
down of Y-rich apatite-I triggers the crystallization of
Y-rich monazite with coeval garnet (inner zone) during the
prograde to peak evolution (~17 to 18 kbar and ~550 °C)
at 42.0+0.6 Ma. A weighted average of 41.8 +0.9 Ma has
been obtained when selecting monazite with HP inclusions.

Timing of the subduction of the Gran Paradiso
Massif

Our new petrochronological data constrain the burial and
exhumation of the Gran Paradiso and Money Units. Tex-
tural and chemical data suggest that, in the Gran Paradiso
sample, the garnet rim and monazite grew coevally at peak
metamorphic conditions (~ 60 km, 18-20 kbar, 500-520 °C,)
at ~42 Ma. The Money Unit was buried at a slightly lower
depth (~55 km, ~ 17 to 18 kbar, ~550 °C) than the Gran
Paradiso Unit, and monazite gave an age of ~42 Ma for this
episode. Therefore, we conclude that both units reached their
maximal subduction depth contemporaneously ca. 42 Ma
ago.

Previous studies indicate the timing of the HP metamor-
phism in the Gran Paradiso Unit either at 43.0+0.5 Ma
(Meffan-Main et al. 2004) or 33.7+ 1.6 Ma (Radulescu
et al. 2009). Both ages were obtained in metasomatic rocks
(whiteschists): the former is based on a single Rb/Sr two-
point isochron in a disequilibrium assemblage, whereas the
latter is determined on allanite displaying an initial, inherited
Pb with a complex isotopic composition. Without provid-
ing direct temporal constraints on the HP metamorphism,
Rosenbaum et al. (2012) suggested that eclogite-facies meta-
morphism in the Gran Paradiso Unit took place prior to or at
~41 Ma. Likewise, as suggested by Rosenbaum et al. (2012),
data for the present study also support a HP metamorphic
event at ca. 42 Ma.

Other pieces of continental crust derived from the Brian-
connais microcontinent and now exposed as tectonic windows
through the oceanic units are represented by the Monte Rosa
and Dora-Maira Massifs. In the Monte Rosa Massif, mona-
zite ages from garnet paragneisses ranging from 46 to 31 Ma
have been taken as an indication of the HP episode (Engi et al.
2001). More recently, dating on rutile from quartz—carbon-
ate—white mica—rutile veins hosted within eclogite and schists
from the Monte Rosa Massif provided well-constrained evi-
dence of eclogite-facies metamorphism at 42.6 +0.6 Ma
(Lapen et al. 2007). This age is in good agreement with
geochronological data presented in the present study for HP
metamorphism in the Gran Paradiso Massif. In the nearby
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Gornergrat Unit, considered as either part of the Monte Rosa
Massif (Rubatto and Gebauer 1999) or as an independent unit
(Steck et al. 2015), four zircon rims from phengite-rich meta-
quartzite yield an age of ~35 Ma, interpreted as the age of HP
metamorphism (Rubatto and Gebauer 1999).

In the Dora-Maira Massif, the notorious UHP Brossasco-
Isasca Unit was buried at ~ 120 km at 35-33 Ma (e.g. Duchéne
et al. 1997a; Gebauer et al. 1997; Rubatto and Hermann 2001;
Di Vincenzo et al. 2006; Gauthiez-Putallaz et al. 2016). These
ages are significantly younger than the ages obtained in our
study, challenging the commonly argued idea that both units,
the HP Gran Paradiso Unit and the UHP Brossasco-Isasca
Unit, reached their maximum burial contemporaneously (Rad-
ulescu et al. 2009). This discrepancy in age may result from
the fact that the HP Gran Paradiso Unit should not be com-
pared to the UHP Brossasco-Isasca Unit, but rather to the HP
units from the Dora-Maira Massif. However, these have not
been dated accurately so far as Ar/Ar data on phengite from
orthogneisses, micaschists (Scaillet et al. 1990) and eclogites
(Scaillet 1996) are contaminated by excess argon.

Timing of the exhumation of the Gran Paradiso
Massif

Thrusting of the Gran Paradiso on top of the Money Unit
is responsible for the development of the main S, foliation
(Manzotti et al. 2015b) and occurred once peak P conditions
had been reached (at ~48 km depth, ~ 14 kbar, ~560 °C) in
both units. Folding of the thrust took place during stage 3
(Manzotti et al. 2015b). P-T conditions for this stage have
not been modelled. Based on the minerals (muscovite, chlo-
rite, albite) defining the axial-plane schistosity in the few
cases where it developed, we conclude that stage 3 may have
occurred at epidote—amphibolite facies conditions (~ 35 km,
~10 kbar, ~520 to 550 °C). Static replacement of garnet by
chlorite or biotite is ascribed to stage 4 (at ~22 to 30 km, ~6
to 8 kbar, ~500 °C), but may have also taken place during
stage 3 in the domains, where a new foliation (S;) did not
develop. Because thrusting was achieved during stage 2, and
folding of the thrust took place during stage 3, it follows that
the Gran Paradiso and Money Units were no longer mov-
ing independently from each other, but were exhumed con-
jointly (Manzotti et al. 2014b, 2015b) and at the same rate.
Geochronological data on xenotime associated with garnet
breakdown into biotite indicate an age of ~32 Ma for stage
4 in the Gran Paradiso Unit.

Tectonic implications of the new age data
Exhumation rates

Burial and exhumation rates depend on the forces applied
at the boundary of convergent systems and on the internal
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dynamics of the orogen (i.e., the driving forces leading to
the exhumation of HP rocks, erosion and/or buoyancy) (e.g.
Gerya et al. 2008; Yamato et al. 2008; Butler et al. 2013,
2014; Warren 2013; Schenker et al. 2015; Schmalholz and
Schenker 2015). If subduction rates (of the order of 1 to
10 cm/year) are known from plate tectonic reconstructions
(e.g., DeMets et al. 1994; Schellart et al. 2007), exhuma-
tion rates can be determined by linking isotopic ages to
well-defined retrograde metamorphic paths (Duchéne et al.
1997b; Agard et al. 2009; Kylander-Clark et al. 2012).

Fast exhumation rates (i.e., of the order of 2-5 cm/year)
have been mostly estimated for UHP units, such as the
Brossasco-Isasca Unit in the Western Alps (Rubatto and
Hermann 2001) and the Kokchetav Massif in Kazakhstan
(Dobretsov et al. 1995; Shatsky et al. 1999; Hermann et al.
2001). Carswell et al. (2003) estimate an exhumation rate
on the order of 1 cm/year for the Western Gneiss Region of
Norway. However, exhumation rates for this region are still
disputed and slower rates (c. 7 mm/year) have been proposed
by Kylander-Clark et al. (2008). Similar rates are estimated
in the Tso Morari Dome (e.g., de Sigoyer et al. 2000, 2004;
Schlup et al. 2001; Epard and Steck 2008, St-Onge et al.
2013).

In the Western Alps, geochronologists have now estab-
lished that the HP stage is diachronous at the scale of the
mountain belt (e.g., Duchéne et al. 1997a; Regis et al. 2014a,
b). Few studies have tried to estimate burial and exhumation
rates, mainly in UHP metamorphic rocks (e.g., exhumation
rates of ~34 mm/year, Rubatto and Hermann 2001). The dif-
ference in ages between the peak P (typically eclogite-facies)
and the lower P overprint (typically greenschist-facies) has
been estimated either by combining different isotopic meth-
ods (e.g. Gebauer et al. 1997) or using the same method on
a specific mineral grown at different P-T conditions (e.g.,
titanite: Rubatto and Hermann 2001).

For the Gran Paradiso Unit, preliminary estimates in the
range of 20 and 12 mm/year have been suggested for a first
and second stage of exhumation (Fig. 13), respectively (Rad-
ulescu et al. 2009). These values have been obtained by com-
bining different isotopic methods (Rb—Sr data from Freeman
et al. 1997; zircon and apatite fission-track data from Malusa
et al. 2005; Malusa and Vezzoli 2006, and U-Pb data from
Radulescu et al. 2009), applied to different samples collected
in different areas.

Our study, based on micro-textural, petrological and
U-Th-Pb geochronological investigations on two samples,
indicates that the P peak (stage 1) took place at c. 42 Ma
(41.5+0.3,42.0+0.6 Ma, in the Gran Paradiso and Money
Units, respectively; Fig. 12). Retrogression under green-
schist-facies conditions, recorded by biotite replacement of
garnet (stage 4), has been dated at 32.3 + 1.0 Ma (our xeno-
time age). Consequently, the thrusting of the Gran Paradiso
Unit over the Money Unit (stage 2) took place in the interval
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Fig. 13 Depth vs. time paths from which the mean exhumation rates
are calculated. The conversion from pressure to depth was calculated
by assuming a 20-km-thick upper crust and a 10-km-thick lower crust
followed by an upper mantle with densities of 2.7, 3.0, and 3.3 g/cm®,
respectively. In this model, a minimum crustal thickness of 30 km for
the upper plate is assumed, because the subduction of the Gran Para-
diso Unit occurred before continental collision. Any increase in crus-
tal thickness would lead to a slight increase in subduction depth and
hence to higher exhumation rates

between 42 and 32 Ma, and the exhumation (from 20 to c.
6-8 kbar) took about 10 Ma. For the sake of comparison, we
follow Rubatto and Hermann’s (2001) approach to convert
pressure into depth and to calculate the exhumation rates
for the Gran Paradiso Unit: a 20-km-thick upper crust, a
10-km-thick lower crust, followed by an upper mantle with
densities of 2.7, 3.0 and 3.3 g/cm’, respectively. On the basis
of these assumptions and considering a lithostatic pressure,
our data suggest average exhumation rates of the order of
2.2 mm/year (2.2 km/Ma) to 5 mm/year (5 km/Ma) (Fig. 13).
These values are considerably lower than the previous ones
proposed for the Gran Paradiso Unit (Radulescu et al. 2009),
but within the same range as those estimated for the Schistes
Lustrés (1-2 mm/year, Agard et al. 2002).

Exhumation mechanism

The exhumation mechanism of HP and UHP rocks has been
debated for many years (e.g., Platt 1993; Brun and Faccenna
2008; Agard et al. 2009; Butler et al. 2013; Warren 2013;
Burov et al. 2014; Schenker et al. 2015). A detailed discus-
sion of this topic in the Alpine Belt is outside the scope

of this paper. However, the implications of our geochrono-
logical data deserve a brief discussion in this context. Most
researchers agree that erosion alone cannot account for the
exhumation of HP rocks, as shown by mass-balance esti-
mates of eroded volumes and sediment deposition in fore-
land basins (e.g., Malusa et al. 2011). In addition to erosion,
a tectonic mechanism is required, for which several possibil-
ities have been envisioned. To clarify our view, we propose
a geometrical and kinematical model of the evolution in the
Western Alps (Fig. 14), partly similar to those presented
by other authors (e.g., Rosenbaum et al. 2012; Steck et al.
2015), but which differs in terms of the mechanism respon-
sible for the exhumation process. Before its involvement in
the convergence zone, the Briangonnais microcontinent was
located between the Piemonte-Liguria Ocean to the east and
the Valaisan Basin to the west. Because the Gran Paradiso
Unit only displays upper crustal rocks, it is probable that it
represents the most distal part of the palaeomargin, charac-
terized by upper crustal blocks detached from their lower
crustal counterpart during the Jurassic extension (Fig. 14a).
During the early stages of its subduction, the distal part of
the Brianconnais palaeomargin remained largely consist-
ent, and the more distal part (i.e., the Gran Paradiso Unit)
was equilibrating at greater depths (hence P) than the more
proximal part (i.e., the Money Unit). In both units, peak P
assemblages (stage 1) are dated at about 42 Ma (Fig. 14b).
These peak P assemblages actually record the depth and
timing at which the detachment of these crustal units from
the downgoing slab occurred.

During the subduction of the Brianconnais microconti-
nent, the detachment of crustal slices led to the thrusting
of more internal units (i.e., higher P) over more external
(i.e., lower P) units (Fig. 14c), recorded in the studied
area by the thrusting of the Gran Paradiso Unit over the
Money Unit (stage 2). Our geochronological data can be
used to bracket the age of this event at roughly 40-35 Ma.
Thrusting is accompanied by exhumation of the nappe
stack, because it occurred at decreasing P in both the
footwall (Money) and hangingwall (Gran Paradiso). It is,
therefore, possible to define an extruding wedge, defined
geometrically by an upper shear zone (the Combin Fault:
Ballevre and Merle 1993; Reddy et al. 1999; Rosenbaum
et al. 2012) and an evolving lower shear zone, consisting
of westward propagating thrusts. The extruding wedge
consists of oceanic units detached from the downgoing
slab (the Zermatt Zone) coupled with the subducted con-
tinental units, the latter having also (and possibly slightly
later) been detached from the downgoing continental pal-
aeomargin. According to the available age data, there is
no significant difference in age for the eclogite-facies
event in the Zermatt Zone (e.g., de Meyer et al. 2014)
compared to the ages reported in this study for peak P
assemblages in the Gran Paradiso and Money Units, at
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Fig. 14 Schematic evolution of
the Alpine belt along the stud-
ied traverse. This reconstruction
focuses on the Gran Paradiso
and Money Units, based on

the new geochronological

data obtained in this study,
indicating the subduction of the
Briangonnais microcontinent at
about 42 Ma. Details about the
tectonic history of the Sesia-
Dent Blanche nappes may be
found in Manzotti et al. (2014a)
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about 42 Ma. This means that subduction of the oceanic
units and the distal part of the Brianconnais palaeomar-
gin was nearly synchronous, and that the timing of the
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collision with the European palaecomargin
Late Eocene / Early Oligocene (35-30 Ma)

- post-nappe exhumation (stages 3 and 4)

120

detachment of the oceanic and continental units from the
downgoing slab is within error of the available geochro-
nological data.
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The driving force or the upward movement of the extrud-
ing wedge is a matter of debate. In our scheme (Fig. 14), we
assumed that a slab rollback of the downgoing plate was
occurring during the same time interval as when the building
of the nappe stack was taking place in the deepest part of
the orogen, i.e., in the extruding wedge. However, we also
assumed that the slab rollback rate is nearly equal to the
convergence rate between the European and Adriatic plates,
allowing upward displacement of the extruding wedge, but
excluding significant crustal extension in the upper plate; a
major difference with respect to the classic Apennine and
Aegean examples (Brun and Faccenna 2008).

Displacement along the thrusts separating the Money
and Gran Paradiso nappes ceased during and after stage 3.
Once the extruding wedge was closer to the surface, conver-
gence continued, and the entire extruding wedge was folded
due to the westward propagation of the Adriatic indenter
(Schmid et al. 2017) (Fig. 14d). The Valaisan suture and its
continuation below our study area to the base of the Ivrea
mantle wedge represents a major decoupling plane between
the European plate in the footwall and the already exhumed
HP-UHP nappe stack in the hangingwall. In the latter, north-
westward displacement along the Valaisan suture is accom-
panied by upright to east-verging folding of the previous
orogenic wedge, the resulting antiformal stack deforming
the ‘normal shear sense’ Combin Fault on top and the lower
thrusts at the base of the wedge (Fig. 14d). Slab rollback
may have continued after this stage, controlling to some
extent the development of the foreland basin at the front of
the westward propagating orogenic wedge (Schlunegger and
Kissling 2015).

Conclusions

1. For the first time ever, the exhumation of a HP unit (i.e.,
the Gran Paradiso Unit) is described by three P—T—¢
points, all obtained by applying the same dating tech-
nique (in situ and in context LA-ICP-MS) on three dif-
ferent geochronometers (monazite, xenotime and allan-
ite) from the same sample. Peak P values (~ 18 to 20
kbar) were attained at c. 42 Ma, while retrogression at
~ 10 kbar was achieved at about 32 Ma.

2. In the underlying Money Unit, peak P (~ 17 to 18 kbar)
was also reached at c. 42 Ma, i.e., at the same time as
in the Gran Paradiso Unit. Thrusting took place at ~ 14
kbar before the final retrogression in the Gran Paradiso
Unit, dated at c. 32 Ma.

3. These data are consistent with a geometrical-kinemati-
cal model involving subduction of the Brianconnais
microcontinent at 42 Ma, shortly after or contemporane-
ous with the subduction of the Piemonte-Liguria Ocean
(e.g., de Meyer et al. 2014). The widespread occurrence

of ductile deformation along the main tectonic bounda-
ries separating the Gran Paradiso Unit and Piemonte-
Liguria Ocean suggests that stacking of the oceanic units
over the Gran Paradiso Unit likely occurred during an
early stage of the exhumation process, at a minimum
depth of 40 km.

4. The stacking of the Gran Paradiso Unit over a more
external part of the Briangonnais microcontinent, the
Money Unit, involves thrust propagation towards more
external zones, before folding of the nappe stack and
coeval exhumation at c. 32 Ma.

5. Average exhumation rates for the studied area are at
about 2.2-5 mm/year, a value one order of magnitude
lower than those found in other HP-UHP units in the
Western Alps (Rubatto and Hermann 2001), but simi-
lar to those obtained in the “Schistes Lustrés Complex”
(Agard et al. 2002).
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