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27  Abstract
28 The W. Alps high pressure ophiolitic terranes (Monviso and Rocciavre areas) are

29  a natural laboratory to study processes such as nappe-stacking and crustal exhumation
30 in the deep regions of subduction margins. We sampled each of the main shear zones,
31 representing thrust contacts later reactivated as detachments, for petrological and Rb-Sr
32  multi-mineral geochronological analyses. Three generations of white mica are commonly
33 found in mylonitized metasediments with crystal cores formed during the high pressure
34 event, a broad rim formed during decompression in the epidote blueschist facies and
35 texturally late muscovite flakes locally lining the main foliation. Semi-brittle discrete

36 shear zones commonly crosscut previous structures witnessing deformation at
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temperatures lower than 300°C during exhumation. In spite of this apparent structural
heterogeneity, homogeneous deformation ages mostly ranging between 38 and 35 Ma
were obtained for all the shear zones bounding these major ophiolitic bodies.
Pseudosection modeling confirms that the bulk of the shearing occurred in the epidote
blueschist facies around 400-450°C and 1.0-1.5 GPa. These findings suggest that the
shear zones between high pressure ophiolitic nappes were being actively mylonitized
during exhumation in the lower epidote blueschist facies (25-40 km depth) between 38
and 35 Ma while some of the units forming the internal crystalline massifs (e.g. the Dora
Maira Ultra High-Pressure unit) were still buried at more than 100 km depth (3-4 GPa
and 34-36 Ma, according to most recent peak burial estimates). The growth of a crustal-
scale duplex in the W. Alps is seen here as a consequence of basal accretion events
that followed the exhumation of eclogitized coherent crustal slices in a serpentinized
subduction channel. We conclude that in the study area (i) the buoyancy-driven
exhumation of subducted continental crust has not been the only and decisive trigger for
the exhumation of eclogitized oceanic lithosphere and (ii) continental subduction imprint

on crustal wedge dynamics may have not been as instrumental as previously thought.

Introduction

The internal zones of the Western and Northwestern Alps represent a window
onto deep-seated processes occurring during the closure of an oceanic basin and the
entrance of a thinned continental margin (e.g. Tricart et al., 1984; Coward & Dietrich,
1989; Dal Piaz et al., 2003; Rosenbaum & Lister, 2005; Le Bayon & Ballévre, 2006;
Beltrando et al., 2010). The French-ltalian part of the Alpine belt is particularly suited for

studying subduction-related processes as the Oligocene collisional imprint remained
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very limited, preventing full recrystallization of prograde structures and avoiding partial
melting related to crustal thickening, as in the Eastern Alps (e.g. Kurz et al., 1998;
O’Brien, 2001; Bousquet et al., 2008; Handy et al., 2010). Previous tectonic and
geochronological studies in the French-Italian Alps extensively focused on constraining
peak burial age data for the high-pressure (blueschist and eclogite-facies) nappes
forming the internal metamorphic zones such as the Dora Maira ultra-high-pressure
(UHP) unit (e.g. Duchéne et al.,, 1997) or Monviso (e.g. Rubatto & Hermann, 2003).
Exhumation-related ages are more scarce in the literature (e.g. Monié & Chopin, 1991;
Agard et al., 2002; Schwartz et al, 2007; Villa et al., 2014) in spite of their importance for
reconstructing the last stages of the subduction of the Tethys oceanic basin under the
Apulian margin as well as for understanding the tectonometamorphic evolution of the
stretched continental margin when entering an active subduction margin (e.g. Polino,
1990; Guillot et al., 2009). Age data for the Alpine shear zones bounding the main thrust
sheets composing the internal metamorphic zone nappes (e.g. Schistes Lustrés, Dora
Maira complex; Fig.1a) are lacking. Such information turns out to be critical in order to
refine our understanding of deep plate convergence dynamics during and after the
closure of the Tethyan realm. We herein focus on the dating of the main shear zones
bounding the Monviso and Rocciavre massifs, which are both exhumed remnants of the
Tethyan seafloor, now stuck up between the Schistes Lustrés complex (paleo-
accretionary wedge) and the Dora Maira complex (thinned European continental margin;
Fig.1a). The significance of these ages, which challenge the common belief that the
subduction of thinned continental crust critically controls the preservation of large

volumes of mafic HP rocks, is herein discussed.
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Geological and Structural settings

The internal metamorphic zones of the W. Alps are, in the Cottian-Piemonte
regions, composed of three main domains from W to E (e.g. Schmid et al., 2004;
Oberhénsli et al., 2004): the Brianconnais domain that corresponds to the stretched
European margin that entered the Alpine edifice in the blueschist facies (e.g. Ambin
dome), the Schistes Lustrés complex (that comprises both metasediments and meta-
ophiolitic material metamorphosed at blueschist to eclogite-facies conditions; e.g.
Monviso, Rocciavre) and below, the Internal Crystalline Massifs which correspond to
Europe-derived continental slivers from the thinned margin that reached eclogite facies
conditions during the late subduction stages. We focus here on the Schistes Lustrés
(SL) complex that represents the preserved remnants of the Alpine paleo-accretionary
wedge formed during the convergence between the European continent and the Apulian
micro-plate from the Cretaceous until middle Eocene (Lemoine & Tricart, 1986; Deville et
al., 1992 and references therein; Fig.1a). The associated Liguro-Piemontese realm is
believed to represent a branch of the Tethys ocean (e.g. Stampfli & Marchant, 1997),
now exhumed in the western Alps as composite nappes stretching from Southern
Switzerland to the south-west, along the Franco-ltalian border. The SL complex is
characterized by a well-marked and well-documented eastwards increase of peak burial
metamorphic conditions from blueschist to eclogite-facies conditions (Saliot et al., 1980;
Goffé & Chopin, 1986). Blueschist-facies metamorphism prevails along the western part
of the complex (e.g. Queyras region; Fig.1a) while eclogite-facies domains are
widespread in the Piemonte area to the East (ltaly), towards the bottom of the slice-
stack (Lardeaux et al., 1987; Agard et al., 2001; Oberhéansli et al., 2004). This increase is

commonly interpreted as reflecting the exhumation of increasingly deeper segments of
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the alpine paleo-accretionary wedge towards the innermost regions of the SL complex
(e.g. Cloos & Shreve, 1988; Yamato et al., 2007).

High-resolution geothermo-barometric investigations have shown that the SL
complex is formed by discrete tectonic slivers with distinct pressure-temperature-time
histories (P-T-t; Fudral et al., 1987; Gabalda et al., 2009; Plunder et al., 2012; Negro et
al., 2013; Angiboust et al., 2014). Peak burial ages (D1 stage) estimated by Ar/Ar white
mica geochronology for the Western part of the SL complex cluster around 55 Ma
(Takeshita et al., 1994; Agard et al.,, 2002). The SL complex structure has been
interpreted as the result of superimposed subduction interface accretionary processes
(“underplating”; Platt, 1986) and subduction interface deformation processes (Plunder et
al.,, 2012). While it seems that along the Swiss-Italian border the original underplating
sequence has been tectonically re-activated possibly as a consequence of the
indentation with the European Briangonnais continental basement (Angiboust et al.,
2014), the SL complex in the Queyras region further south seems to have been mostly
lately tilted and domed while the thinned fragments of the Briangonnais continental
margin were subducted and exhumed back from eclogite-facies conditions (e.g. Henry et
al, 1993; Avigad et al., 1993; Ganne et al., 2006). The sequence of tectono-metamorphic
events in this region has been extensively studied and discussed in the literature (see
for example Agard et al., 2001, Tricart et al., 2004 and Ganne et al., 2006 and
references therein). The chronology of events can be simplified as (i) a D1 event
probably related to subduction, (ii) a well-developed D2 event related to exhumation and
(iii) a D3 event of variable intensity related to the thickening of the crustal wedge in the
Queyras region and to an increasingly strong collisional imprint towards Switzerland

(e.g. Bucher et al., 2003).
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One of the striking features characterizing the eclogite-facies zones in the W and
NW Alps is the presence of very long, almost coherent domains such as in the Zermatt-
Saas unit, the Rocciavre or the Monviso massifs (Bucher et al., 2005; Angiboust et al.,
2009, 2012a). These slivers apparently detached from the downgoing slab as tens-of-
kilometers long panels in the lawsonite-eclogite facies between 50 and 45 Ma, shortly
before the complete consumption of the oceanic lithosphere (Monié & Philippot, 1989;
Rubatto & Hermann, 2003; Rubatto & Angiboust, 2015). In most cases, the original
seafloor stratigraphy has been preserved (despite subduction down to ¢.80km) with from
top to bottom (i) calcschists and pelitic deposits (ii) variably-thick and laterally distinct
mafic intrusives and associated volcanic products (iii) a nearly fully-serpentinized
Iherzolitic sole ranging in thickness from several meters to a kilometer (e.g. Lombardo et
al., 1978; Pognante, 1985; Angiboust & Agard, 2010; Fontana et al., 2015). In the
Monviso massif in the W. Alps, two main ophiolitic sequences have been identified: the
(overturned) Monviso unit and the coherent Lago Superiore Unit (Lombardo et al., 1978;
Angiboust et al., 2012a; Locatelli et al., 2018). All the tectonic boundaries between these
units and adjacent units (Vallanta Shear Zone: VSZ; Upper Shear Zone: USZ; Basal
Shear zone: BSZ) as well as intra-Lago Superiore unit shear zones (Intermediate Shear
Zone: 1SZ; Lower Shear Zone: LSZ) exhibit to various degrees some dynamic
metamorphic re-equilibration commonly considered as exhumation-related (Fig.1; Table
1; Schwartz et al., 2000; Angiboust et al., 2012a).

This sequence of eclogitized, ocean-derived slices is now underlain by a
composite nappe-stack forming the Dora Maira s.I. massif which comprises high-
pressure to ultra-high-pressure slivers separated by metasediment-bearing shear zones

(e.g. Chopin et al., 1991; Michard et al., 1993; Gasco et al., 2011; Groppo et al., 2019
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and references therein; Fig.1b). Peak burial P-T conditions estimated for most internal
crystalline massifs range from 500 to 600°C and 2 to 3 GPa (e.g. Radulescu et al., 2009;
Gasco et al, 2011). The youngest HP ages of the W. Alps belt (35-32 Ma), obtained for
the coesite-bearing Brossasco-Isasca unit (e.g. Tilton et al., 1991; Gebauer et al., 1997;
Duchéne et al.,, 1997), demonstrate that the stretched fragments of the European
continental margin were indeed the latest to enter and escape the deep alpine
subduction environment.

All the sequence of former thrust contacts that formed at different depths during
accretion along the subduction interface were commonly reactivated as normal-fault
detachments (e.g. Philippot, 1990; Ballévre et al., 1990; Wheeler, 1991; Schwartz et al.,
2000; Le Bayon & Ballevre, 2006; Fig.2a). A late recrystallization in the lower Epidote
Blueschist (EBS) facies at 390-450°C and 0.6-0.9 GPa has been estimated for this
deformation event by Schwartz et al. (2000) for the mafic rocks from the Monviso massif.
Similar retrograde P-T conditions (390-430°C and 0.8-1.2 GPa) were obtained for
retrogressed Lago Superiore unit calcschists in the Monviso massif by Angiboust et al.
(2012a). Agard et al. (2001) have shown using in situ Ar-Ar dating on different white
mica generations that the bulk of the exhumation in the SL complex nearby has been
achieved between blueschist and greenschist facies at 49-43 Ma (their top-to-the-east
phase D2). This deformation is particularly pervasive along the contacts between the
former thrust sheets (Fig. 2) where very strong mineral lineations (L-tectonites) defined
by blue amphibole and phengite crystals can commonly be observed (Fig. 2b,2¢). The
samples selected for our geochronological work have been preferentially taken in the

parts of the shear zones exhibiting the strongest apparent EBS-facies overprint.
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These mylonites are overprinted by semi-brittle C-S structures (Fig.2d) forming
locally widespread, high-angle top-to-the-W shear bands along the detachments
bounding the former thrust sheets (e.g. Philippot, 1990). This stage, well-marked in the
Schistes Lustrés metasedimentary sequence, has been interpreted by Agard et al.
(2001, 2002, their phase D3) as formed during sub-greenschist facies, brittle-plastic
transition conditions (c. 300°C) between 41 and 36 Ma and corresponding to the top-to-
the-W detachments earlier identified by structural investigations. The origin of this late
event has been debated as some authors consider this event as thickening-related (e.qg.
Lagabrielle, 1987) while Ballevre et al. (1990), Philippot (1990) and Agard et al. (2001)
among others envision it as a consequence of an extensional regime associated with the
late emplacement of the Dora Maira antiformal stack. Note that in our study we avoided
sampling these late, low-T D3 structures as the Rb-Sr method is not suitable to directly
date semi-brittle deformation.

The transition of continental subduction to collision is expected to have occurred
at around 34-30 Ma as evidenced by the activation of the Penninic frontal thrust and the
onset of the exhumation of internal crystalline massifs such as Dora Maira (e.g. Ford et
al., 2006). The sequence of ductile events recorded in the studied area is followed by a
post-30 Ma exhumation-related deformation occurring by faulting related to regional
extension (Rolland et al., 2000; Schwartz et al., 2002; Agard et al., 2003; Tricart &
Schwartz, 2007). Zircon fission track ages confirm that the isotherm 300°C has been
crossed in the eastern Schistes Lustrés complex between 30 and 20 Ma (Schwartz et
al., 2007). More recently, detrital geochronology led Mark et al. (2016) and Jourdan et al.
(2013) to propose that the Dora Maira and Monviso massifs were already exposed at the

surface in the time window of 30-26 Ma.
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Analytical Methods

In order to quantify the chemistry of minerals forming in the selected set of
samples, Electron Probe Micro-Analyses (EPMA) have been performed using a Cameca
SX-5 at the CAMPARIS analytical facility in Paris University using standard analytical
conditions (15 keV, 10 nA, beam diameter between 2 and 5um) using a set of synthetic
and natural crystals for calibration. X-ray maps have been acquired on the same
instrument using analytical conditions of 15keV, 250 nA, a counting time of 60
milliseconds and step size of 3um. Fe203 (Fe), MnTiOs (Mn, Ti), diopside (Mg, Si), CaF2
(F), orthoclase (Al, K), anorthite (Ca) and albite (Na) were used as standards. A
scanning electron microscope (SEM) Zeiss EVO MA10 at the Institut de Physique du
Globe de Paris using internal calibration standards was used for microscopic
investigations and surface composition characterization. Mineral abbreviations are after
Whitney & Evans (2010) except for phengite (Phg here).

The Rb-Sr method is reliable for dating the waning stages of dynamic
recrystallization of white mica in equilibrium with other, simultaneously recrystallizing Sr-
bearing phases (Inger and Cliff, 1994; Freeman et al. 1998), provided that no later
thermal-diffusive or retrogressive reactive overprint occurred. Resetting of the Rb-Sr-
system in white mica via diffusional processes is possible only at temperatures well
above 600°C (Glodny et al. 2008), whereas ductile deformation and associated
recrystallization may reset the Rb/Sr system of white mica at temperatures as low as
300°C (Mdller et al. 1999). Previous studies (e.g. Bachmann et al., 2009; Angiboust et
al., 2014, 2016) have shown that partial re-equilibration of the Sr isotopic composition of

white mica may cause problems for calculating isochrons due to incomplete
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mylonitization of the rock mass and inheritance of ante-mylonitization white mica
porphyroclasts. One consequence of this phenomenon is the obtainment of apparently
younger ages for successively smaller grain-size white mica fractions (Halama et al.
2018). Apparent ages that are calculated considering the smallest analyzed mica grain-
size fractions can thus be considered as representing a maximum age estimate for the
end of ductile deformation. For mineral separation work, we used small samples (less
than 100 g) containing white mica as a high Rb-Sr phase. Isotopic data were generated
at GFZ Potsdam on a Thermo Scientific TRITON thermal-ionization mass spectrometer.
Sr isotopic composition was measured in dynamic multicollection mode. Rb isotope
dilution analysis was done in static multicollection mode. The value obtained for 87Sr/86Sr
in the NIST SRM 987 isotopic standard during the period of analytical work was
0.710242 = 0.000020 (20, n=16). For calculation of isochron parameters, standard
uncertainties of 0.005% for Sr isotopic ratios and of + 1.5% for Rb/Sr ratios were used,
provided that analytical uncertainties were smaller than these values. Else, analytical
uncertainties were directly used as input parameters for calculation. Handling of mineral
separates and analytical procedures are described in more detail in Glodny et al. (2008).
Uncertainties of isotope and age data are quoted at 2o throughout this work. The
program ISOPLOT/EX3.71 (Ludwig, 2009) was used to calculate regression lines. The

87Rb decay constant is used as recommended by Villa et al. (2015).

Micro-textural and compositional record of exhumation-related deformation
In order to understand the P-T-t conditions of retrogressive deformation, we
focused our study on 6 samples from the Monviso massif and 3 samples from the

Rocciavre massif, which is considered here as an analogue to the Monviso Lago
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Superiore Unit in terms of tectonic-metamorphic history (e.g. Pognante, 1985; Philippot,
1990). Detailed petrographic information as well as available P-T-t information are
provided in Table 1. Thin sections were prepared in the XZ plane in order to maximize
the chances of identifying multiple paragenetic associations and better understand
structural relationships and fabric overprinting.

The studied Monviso massif mylonitized calcschists (and impure quartzites) have
been sampled in lenses in serpentinite (ISZ: Vi1807) as well as in layers (VSZ: Vi1802;
USZ: Vi1701; BSZ: Vi1801) within shear zones cutting through the metamorphic
sequence (Table 1). All the samples comprise chlorite-phengite-albite-quartztcalcite as
main retrograde, post-eclogitic minerals. White mica crystals are optically zoned. Apatite,
zircon, epidote, allanite, rutile or titanite, Na-Ca or Ca-amphibole and paragonite are
also found as part of the main foliation assemblage. Garnet is small (<200 pm),
unzoned, spessartine-rich (AlmasSpsssGrssPrpe) and rare. Quadrangular-shaped
aggregates formed by chlorite and calcite crystals may be interpreted as pseudomorphs
after prograde chloritoid and lawsonite, respectively (for a detailed description of
Monviso metasediments see Angiboust et al., 2012a; see also Appendix A for further
petrographic information).

Cofacial, adjacent mafic Monviso massif lithologies (Vi1703 and Vi1704) have
been sampled in the Upper Shear Zone, within the metabasaltic sequence that caps the
continuous ophiolitic sequence described in Angiboust et al. (2012a). These two
samples exhibit a retrograde paragenesis mostly comprising blue amphibole,
clinozoisite, phengite, chlorite and albite (Table 1; Fig.2; in the EBS facies of Evans,
1990). In the Rocciavre massif, incipient destabilization of eclogitized meta-mafic rocks

led to the formation of a discrete glaucophane-omphacite-clinozoisite (possibly after
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lawsonite)-phengite assemblage (Ro1601) forming shear bands cutting across the
(phengite-free) eclogite-facies matrix. In the underlying “Silvery micaschists” which cap
the top of the Dora Maira complex along the Rocciavre basal thrust (e.g. Sandrone et
al., 1993; Fig.1a), a retrograde assemblage comprising phengite-chloritoid-albite-
tourmaline-quartz-calcite is observed (Ro1613 and Ro1616). Sample Ro1613 was
collected right on the basal Rocciavre thrust and Ro1616 was collected structurally
100m below the latter. The prograde/peak eclogite-facies garnet does not appear to be
stable with the exhumation-related paragenesis in any of the studied samples. Garnet is
in fact always rimmed by chlorite and replaced by chlorite or albite along cracks and rims
(Appendix A).

Our microscopic investigations on all the samples selected for Rb-Sr dating led to
the identification of three main phengite compositional groups, presented in figure 3.
Representative probe analyses are given in Table 2. The volumetric proportion of each
white mica fraction is estimated based on electron microscopy observations on the set of
studied thin sections (back-scattered imaging mode; Table 1). Phengitic mica analyses
are given here in terms of celadonite, muscovite and pyrophyllite components and
shown in the diagram presented in figure 3d. High celadonite contents are widely
accepted as a marker of high pressure-low temperature metamorphic conditions while
muscovitic rims are considered as a decompression-related feature (e.g. Massonne &
Schreyer, 1987). All the samples studied exhibit such common zoning pattern
characterized by celadonite-richer cores (Phg1) and muscovite-richer rims (Phg2). The
thickness of these rims can be variable among samples (e.g. Fig.3a,b,c). Phengite is
systematically closely associated with chlorite flakes also parallelized along the main

sample foliation. Phengite-chlorite “fishes” wrapped by the main foliation are commonly
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observed (Fig.3a). Chlorite, which may, depending on bulk composition, have been part
of the peak assemblage, also occasionally exhibits some zoning in terms of Fe/Mg ratios
with darker cores and brighter, Fe-richer rims. These rims are in apparent textural
equilibrium with muscovitic micas and paragonite flakes that commonly underline the
main foliation (Fig.3a,c). Muscovite flakes always appear texturally late along the
foliation in sheared samples and/or lining grain boundaries in exhumation-overprinted

samples.

Thermobarometric constrains on phengite formation

In order to constrain the P-T conditions recorded by recrystallized phengite
crystals lining the main retrogressive foliation, a pseudosection model has been
calculated for the impure quartzite Vi1701 which is representative of the average micro-
structural pattern record in the set of studied metasediments. A free-energy minimization
approach using the software Perplex (version 6.8.1, Connolly, 2005) and the self-
consistent thermodynamic database and solution models of Holland and Powell (2011
version; TC-DS61) has been chosen. Amphibole has been modeled using the Diener et
al. (2007) solid solution model for clino-amphiboles. Mica was modeled using the
Coggon & Holland (2002) model updated by Auzanneau et al. (2010) and garnet using
the White et al. (2005) solid solution model. Feldspar was modeled following Fuhrman &
Lindsley (1988), chlorite using the White et al. (2014) model and chloritoid using the
model of Smye et al. (2010). We designed the model using an average of four 10mm?2
surface estimates acquired at the scanning electron microscope facility at IPGP. The
description of this sample is given in Table 1. The averaged, normalized oxide weight

percent composition is the following: SiO2 (87.5), Al20O3 (6.5), FeOr (1.95), MnO (0.08),
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MgO (1.1), CaO (0.23), Na=0 (0.35) and K20 (2.18). Water is considered as in excess
and iron, in sake of simplicity, considered as ferrous in these calculations. Given the
scarcity of carbonates in sample Vi1601, the XCO: fraction in the fluid phase has been
set equal to zero.

This model, presented in figure 4, has been calculated over the P-T range 350-
550°C and 0.7-2.5 GPa. Phengite isopleth distribution shows that the highest silica
content region (Si > 3.5 atoms per formula unit; a.p.f.u.) is expected in the lawsonite-
bearing field for upper blueschist facies conditions (above 2 GPa). Pyrope content of
peak burial garnet, plotted as yellow dotted lines, is comprised between 6 and 9 mol.%
for the peak metamorphic conditions of 460-500°C and 1.9 — 2.4 GPa calculated by
Angiboust et al. (2012a). Such concentrations are compatible with the pyrope content
analyzed in Vi1701 (c. 6 mol.%; see Appendix A for further details), thus confirming peak
burial conditions near 2.3 GPa and 470°C for the Monviso unit, within the Phengite-
Lawsonite-Chloritoid-(Na-)Amphibole-Garnet-Quartz field. This assemblage, almost fully
overprinted in the samples selected for this study, matches with the parageneses
reported and studied by Kienast (1983) and Angiboust et al. (2012a) in less overprinted
samples from the same locality.

For the studied Vi1701 bulk rock composition, phengite silica contents comprised
between 3.39 and 3.43 a.p.f.u. are predicted for EBS facies conditions between 1.0 and
1.7 GPa. Modeled mineral proportions for the retrogression event (given in the pie-chart
on Fig. 4) are in relatively good agreement with modal mineral abundances observed
within the impure quartzite Vi1701. The prediction of 0.5 vol.% of garnet while it is
absent from the retrograde assemblage is likely an artefact due to the consideration of

manganese in the bulk system. Removing Mn does not greatly impact the topology of
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the system as well as phengite isopleth distribution. At the entrance in the greenschist
facies (c. 360°C and 0.7 GPa) along the P-T path considered in this study, the white

mica modeled for this composition has a silica content of 3.22 a.p.f.u (Fig.4).

Rb-Sr geochronology: results and significance

Nine samples have been selected for Rb-Sr multi-mineral analysis. The results
are presented in figure 5 (for Monviso massif samples) and figure 6 (for Rocciavre
region sample). The six micaschist samples from the Monviso massif are characterized
by a strikingly narrow deformation age range, comprised between 38.5 and 35.5 Ma,
considering the 20 uncertainties on these ages. All these samples (except Vi1802)
overlap in age around 37 Ma (see the full dataset in Appendix B). Isochron plots indicate
that in some samples there is a minor correlation between white mica grain size and the
isotopic age signature of individual mica fractions. When present (e.g. Vi1701, Vi1801,
Vi1807), this correlation may reflect multiple white mica recrystallization events as a
consequence of partial tectonic re-activation after the main D2 deformation event
recorded in the sample (Figs 5 and 7; see Appendix B for further details and
calculations of various two-points isochrons using different grain size fractions). In other
samples such correlations are insignificant or absent (e.g. Vi1704a, Vi1802). Given the
mylonitic texture of these rocks, we interpret these age data as deformation ages,
related to the main exhumation-related shearing event (the D2 event from Agard et al.,
2001).

The youngest Monviso region age of 35.75 +/- 0.56 Ma has been sampled on the
Vallanta Shear zone (VSZ on Fig.1b) on an outcrop crosscut by numerous top-to-the-W

extensional shear zones (Fig.2d). The highest proportion of muscovitic micas (>95
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vol.%) has been observed for this sample (Vi1802; Fig.7). We hypothesize that this
slightly younger age is the result of a more penetrative re-equilibration associated with
the activity of this detachment which clearly postdates all previous exhumation-related
structures. A similarly young, late re-equilibration signal has been also detected in
Vi1701, Vi1801 and Vi1807 using the smallest mica fractions, yielding 2 points-isochron
ages ranging between 34 and 35.5 Ma (see Appendix B for calculation details). Note that
the late, narrow shear bands as shown in figure 2d were not investigated using Rb-Sr
dating as the textures clearly point to a LT (<300°C) deformation regime implying
possibly micro-structural inheritance, and potential lack of readjustment of the Rb-Sr age
system.

Only one sample from the core of the Rocciavre eclogitic metagabbro body yields
an age of 46.3 £ 2.8 Ma significantly older than other ages obtained. This event is
represented in the sample by a high-pressure assemblage comprising omphacite
intergrown with phengite and blue amphibole (Table 1). The stability of omphacite,
instead of plagioclase or hornblende as expected for alpine retrogressed assemblages,
shows that this sample recrystallized at high pressure (1.5 to 2.5 GPa), thus possibly
marking the incipient decompression stage shortly after detachment from the downgoing
oceanic slab. The age of the Rocciavre metagabbro peak burial could not be evaluated
due to the absence of phengite in unretrogressed garnet-omphacite-rutile lithologies. We
however postulate that a peak burial age in the range 50-45 Ma, similar to the Monviso
Lago Superiore unit, is very likely from the extreme similarity in structural and
mineralogical evolution (e.g. Pognante, 1985). If correct, this postulate would confirm

that our 49.1-43.5 Ma age range (considering the 2o uncertainty) indeed corresponds to
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an early re-equilibration stage shortly after peak conditions as suggested by the rock
micro-structures.

The last two samples have been collected near the contact between the meta-
ophiolitic Rocciavre nappe and the underlying “Silvery micaschist” unit, which
corresponds to a slice of HP felsic and metasedimentary material interpreted as part of
the cover of the Dora Maira (poly-)metamorphic basement (e.g. Pognante & Sandrone,
1989). Sample Ro16-13, which comes from the shear zone itself, exhibits an age of 35.4
* 2.3 Ma, substantially younger than the age estimated for sample Ro16-16 (39.5 + 0.4
Ma) collected hundred meters below Ro16-13, towards the core of the Silvery micaschist
unit. This age difference is supported by the higher silica content of phengite crystals
from sample Ro16-16 foliation (Fig.6), which has likely been less affected than Ro16-13
by late exhumation-related re-equilibration.

From this new age dataset, the most striking feature is the prevalence of 38-36
Ma ages among the four shear zones sampled. The ages presented here are interpreted
as reflecting the waning stages of ductile deformation. The bulk of the dynamic
recrystallization along the shear zones bounding the HP ophiolitic nappes in the internal
W. Alps apparently stopped at 36-35 Ma, when the rocks were at the transition between
epidote blueschist and greenschist-facies at ¢.400°C (see the P-T-t path in Figs 4 and
7). Some later, localized extension of minor kinematic importance occurred with
relatively minor effect on the main exhumation stage recorded in the studied samples
here. When such late imprint is present, slightly younger ages near 35 Ma (e.g. Vi1801,
Vi1807, Ro1613) are obtained due to re-equilibration of the HP phengite to muscovite
(Si < 3.15 a.p.f.u.; Figs 3 and 7; Appendix B; see also Freeman et al., 1997). Such low

celadonite content white micas are expected to crystallize for a metapelitic system at
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pressures much below 1 GPa (see for example the pseudosection for the Monviso
metapelite C32 in Angiboust et al., 2012a; their figure 8). We interpret the relatively
young ages calculated for these samples as the record of the latest ductile, greenschist
facies deformation increment (measurable with the Rb-Sr method) before the crossing of
the brittle-ductile transition at ¢.350°C (Fig.7).

Last, we note that the age range for the main retrogressive deformation recorded
by Monviso/Rocciavre shear zones is substantially younger (c.10 Ma) than the D2
deformation event previously dated using in situ Ar-Ar laser ablation on phengite crystals
from the SL paleo-accretionary complex in the Queyras region (51-45 Ma; Agard et al.,
2002). This difference may either arise from the fact that the structures preserved in the
western part of the SL paleo-accretionary complex could be older than those from the
innermost SL complex in the Monviso region. A minor contribution from inherited Ar in

their results cannot be excluded as well.

Emplacement model and tectonic implications

A tentative model on the exhumation dynamics along HP shear zones in the
studied region of the W. Alps, gathering age data from the literature together with our
new results, is presented in figure 8. After detachment from the downgoing slab at c.45
Ma in the eclogite facies (P>2.5 GPa), the Rocciavre and Lago Superiore units were
likely coherently exhumed along the plate interface via subduction channel dynamics
(e.g. Guillot et al., 2009) assisted by the buoyant serpentinite sole attached to them (e.g.
Hermann et al., 2000; Schwartz et al., 2001; Angiboust et al., 2012b; Ruh et al., 2015;
Gilio et al., 2019). Even though the duration of this part of the exhumation path is not

precisely constrained, one can postulate that it lasted up to 7 Ma (i.e. the time span
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between the peak burial imprint at 45 Ma and the oldest of our retrogressive ages at
around 38 Ma; Rubatto & Angiboust, 2015; this work; see Fig.8). Such long residence
time possibly contributed to the pervasive eclogite-facies recrystallization stage well
visible in rocks from the Lago Superiore unit.

The overturned Monviso unit sequence (with the sedimentary cover at the base
and the ultramafic sole forming the top of the Monviso mountain; Lombardo et al., 1978)
detached from the downgoing plate at ¢.2.3 GPa. Unfortunately, the peak burial age is
still lacking. The very subtle eclogite-facies imprint recorded in the Monviso unit
sequence makes difficult any geochronological approach despite peak burial
temperatures near 480°C (Angiboust et al., 2012a). One possibility to explain the
scarcity of eclogite-facies index minerals can be a relatively short residence time in the
high-pressure domain (together with a less pervasive eclogitic deformation imprint; e.g.
Lombardo et al., 1978). The tectonic juxtaposition between the Monviso and Lago
Superiore units occurred between 1.5 and 2 GPa (Angiboust et al., 2011; Fig.8). Our
multi-mineral Rb-Sr isochron patterns record only very minor isotopic inheritance effects
from prograde-to-peak high-Si cores on the isochron (e.g. Figs.5 and 6). This statement
confirms that the near-peak burial conditions (where the highest-Si phengite crystallized;
e.g. Fig.3b) were reached only shortly before the EBS imprint shearing responsible for
the bulk of the retrogression of the matrix (stage D2 from Agard et al., 2001 and Tricart &
Schwartz, 2006; Figs.2c, 3b). In the absence of peak burial age data for the Monviso
unit, we thus speculate that (i) the Monviso unit detached from the downgoing Tethyan
slab shortly before the obtained exhumation age, possibly near ¢.40 Ma and that (ii) the
EBS overprint occurred only a few millions years after the detachment of the Monviso

unit from the downgoing slab (Fig.8). Further studies should aim at constraining peak
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burial metamorphic ages for Monviso (sensu stricto) and Rocciavre units using other
geochronological techniques in order to better quantify exhumation velocities and P-T-t
trajectories for these two units.

One of the main findings of this work is that ductile deformation in all the shear
zones separating the main thrust sheets (i.e. the D2 stage) coevally came to stop at
around 36-35 Ma. The prevalent D2 imprint recorded by these shear zones in the time
range 38-36 Ma was the consequence of kinematic inversion enabling the unroofing of
the deep-seated regions of the Alpine paleo-accretionary wedge (Fig.8; e.g. Philippot et
al., 1990; see also Reddy et al.,, 1999; Ring & Glodny, 2010). Another fundamental
implication is that this 38-36 Ma age range is older than the 36-33 Ma time window
commonly reported for the peak burial conditions of the Internal crystalline massifs such
as in the Dora Maira UHP unit (Gebauer et al., 1997; Duchéne et al., 1997; Rubatto &
Hermann, 2001; Di Vicenzo et al., 2006). This information reveals that relatively shallow
conditions (i.e. lower EBS facies; ¢.25 km depth; Fig.8) were already reached by the
rocks forming the paleo-accretionary antiformal stack before the attainment of peak
burial conditions (depth >70km) by the thinned European continental margin of the
Briangonnais domain (i.e. the Internal crystalline massifs). Recent P-T-time paths for
some of the other tectonic elements forming the Dora Maira complex (e.g. Pinerolo-
Sanfront or Dronero-Sampeyre units; Fig.1a) are lacking. If some of these nappes have
undergone metamorphism earlier than the Dora Maira UHP unit (Fig.1a), they would
have certainly impacted the deep emplacement dynamics (e.g. Groppo et al., 2019 and
references therein) with consequences on the exhumation of the large eclogite-facies
slivers such as Monviso or Rocciavre massifs. Note that the current absence of

agreement among published peak burial ages for the Gran Paradiso massif (e.g. 43 *
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0.5 Ma: Meffan-Main et al., 2004: 33.7 + 1.6 Ma, Radulescu et al., 2009; 41-34 Ma:
Rosenbaum et al., 2012) does not enable generalizing this statement to the entire W.
Alps internal zones as far as Aosta valley region 150 km northwards.

It is therefore envisioned that the exhumation of the HP-UHP rocks from the
former stretched European margin is not responsible, at least in the study area, for the
deep exhumation of the eclogite-facies ophiolitic terranes (as proposed by Lapen et al.,
2007 for the continental Monte Rosa and ophiolitic Zermatt-Saas units in the NW Alps,
for instance). Our results, in line with Duchéne et al. (1997) and compatible with the data
from Gasco et al. (2011, 2013), suggest instead that the exhumation of the internal
crystalline massifs such as the Dora Maira UHP unit have at most contributed to the
partial re-activation of former thrust contacts as detachments in the greenschist facies
and above (Fig.8). In other words, the crustal-scale antiformal structure shaping the W.
Alps internal zones is therefore not the sole consequence of the exhumation of deeply
subducted continental units. The accretionary edifice may already have acquired a large
part of its antiformal structure during early Cenozoic times through a long-lasting basal
accretion sequence (e.g. Platt, 1986; Angiboust et al., 2014). Future geochronological
investigations should clarify the tectonic relationships between Monte Rosa, Gran
Paradiso and Zermatt-Saas units further north and evaluate whether our model also
applies for this setting in the NW Alps.

Similar dynamics are widely reported in other, including present-day subduction
margins such as along the circum-Pacific domain (e.g. Platt, 1986; Kimura et al., 1996;
Glodny et al., 2005; Willner, 2005; Menant et al., 2019; see also Agard et al., 2018 and
references therein). Note that the juxtaposition of tectonic slivers with very distinct P-T

paths in the basal accretion region requires complex basal “tectonic insertion”
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mechanisms in order to explain the increasing metamorphic grade in the Schistes
Lustrés from W to E (e.g. Plunder et al., 2012). Such process, which is neither well
understood nor numerically modeled so far, requires the physical connection of the
updip end of the subduction channel together with the basal accretion site to enable the
incorporation of very high grade metamorphic elements in a lower grade slice-stack.
Last, the plastic recrystallization along the main structures forming this large
duplex ended shortly after the entrance in the greenschist facies at the latest at 35 Ma
while the rocks forming the stack were crossing the brittle-ductile transition (Fig.8). The
late top-to-the-W shearing visible on the roof of Monviso unit and Dora Maira complex
(Ballévre et al., 1990; Wheeler, 1991; Philippot, 1990; Agard et al., 2002; Fig.2d) may
have continued to accommodate further localized extensional deformation later on near
the brittle-ductile transition likely as a consequence of the fast exhumation of the
youngest elements forming the Dora Maira complex. Zircon fission track and titanite U-
Pb dating confirm that the eastern part of the Schistes Lustrés and the Dora Maira
complex shared a common tectonic history after ¢.31 Ma on their way from greenschist
facies below ¢.300°C towards the surface (Fig.8; Gebauer et al., 1997; Rubatto &

Hermann, 2001; Schwartz et al., 2007).

Conclusions

The Rb-Sr multi-mineral isochron ages have been calculated for the main shear
zones bounding the eclogite-facies nappes in the Monviso and Rocciavre massifs (W.
Alps). The white micas from the metasediments in these shear zones record in a narrow
time frame the re-equilibration history from eclogite-facies conditions down to

greenschist facies through a dominant epidote-blueschist facies imprint. We show here
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with an unprecedented resolution that this epidote-blueschist facies shearing event
occurred contemporaneously along all these contacts at 1-1.5 GPa, 400-450°C and in a
narrow age range of 38-36 Ma. Further localized deformation likely continued up to the
brittle-plastic transition until ¢.35 Ma. The high-pressure ophiolitic nappe-stack was
already undergoing exhumation at ¢.30 km depth while the deepest elements of the
Dora Maira massif were being subducted down to UHP conditions. We conclude that, at
least in the studied area, (i) basal accretion and subduction channel dynamics played a
key role during the early tectonic evolution of HP ophiolitic nappes (ii) the exhumation of
internal crystalline massifs such as the Dora Maira UHP unit impacted only lately —
possibly in the 33-30 Ma time window - the previously formed crustal-scale antiformal-
stack through the shuffling of previous thrust contacts, doming as well as via detachment
faulting. Our results pave the way for better understanding deep accretionary processes,
in particular in the context of the subduction of a stretched continental margin (e.g.

Crete, Sunda, Taiwan, Oman).
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Figure captions

Figure 1. a. Simplified geological map (modified after Schwartz, 2000) showing the main
tectonic units forming the internal domain of the W. Alps in the Queyras region. Proximal
and distal European continental margin fragments subducted under high pressure
conditions correspond to the Briangonnais and Dora Maira complexes, respectively.
Black squares: samples studied. MV: Monviso, Ro: Rocciavre. BS: blueschist-facies.
Ecl: eclogite-facies. Note the presence of thin slivers of SL affinity (mafic ophiolites and
associated HP metasediments) lining most of the intra-Dora Maira complex thrust
contacts. b. Geological cross section (modified after Angiboust et al., 2012a) showing
the main elements composing the HP ophiolitic nappes in the Monviso region. I1SZ:
intermediate shear zone, VSZ: Vallanta shear zone, BSZ: basal shear zone, USZ: upper
shear zone. Serp: serpentinite. See Lombardo et al. (1978), Angiboust et al. (2012a) and

Locatelli et al. (2018) for further details on the structural architecture.

Figure 2. a. Field view showing the main shear zone (Upper Shear Zone; USZ)
separating the Monviso unit and the Lago Superiore unit in the Monviso massif, which
has been re-activated as a detachment during exhumation. b. Representative view of
the massive epidote-blueschist facies imprint recorded in Upper Shear zone
metabasaltic lithologies. ¢. Picture of the exposure showing E-W oriented needles of
blue amphibole (mostly glaucophane) in an epidote-rich groundmass. d. Representative

field view of a Schistes Lustrés calcschist exposure showing that the main foliation has
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been locally subject to top-to-the-W shearing associated with the formation of C-S

structures (Vallanta valley, hanging wall of the Monviso unit).

Figure 3. a. Scanning electron microscope view of a micafish showing three distinct
white mica generations. The earliest, Si-rich generation is preserved in the core (Phg1),
while the bulk of the foliation is composed of Phg2 (phengite 2). A muscovite-rich mica is
also observed along phengite flakes lining the main foliation, in apparent textural
equilibrium with paragonite (sample Vi1807, 1SZ). b. X-ray map showing a
representative view of phengite zoning in SL metasediments where cores of Phg1 are
surrounded by Phg2 rims (in blue on the map; sample Vi1801, USZ). ¢. Composite map
showing the BSE image in the background, a mask localizing the three different
generations of white mica identified after X-ray mapping and the Ca-content of a garnet
porphyroclast preserved in the main foliation (sample Ro1613). d. Triangular plot
showing the different white mica generations identified for all the samples studied in this

work. Ms: muscovite, Prl: pyrophyllite, Cel: celadonite.

Figure 4. P-T pseudosection showing phase relationships for an impure quartzite
capping the top of the Monviso unit (Vi1701). P-T path (arrow and rectangle boxes) is
from Angiboust et al. (2012a). Black dotted lines correspond to phengite silica content
isopleths in atoms per formula unit. Yellow dotted lines correspond to garnet pyrope
molar content. The white-dotted line delimitates the epidote-blueschist facies field
(based on the peak blue-amphibole composition) after Evans (1990). Pie-chart gives the
volumetric proportions of phases forming the assemblage prevailing along the Monviso

USZ upon exhumation-related shearing. List of unlabeled assemblages: (7) Amp Lws Gt
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Cpx (2) Amp Lws Gt (3) Ctd Amp Lws Gt (4) Ctd Amp Gt Chl (5) Amp Lws Gt Chl Pg (6)
Ctd Amp Lws Gt Chl (7) Amp Lws Gt Chl Fsp (8) Lws Gt Chl Fsp Pmp (9) Gt Chl Fsp
(10) 2 Amp Gt Chl (77) 3 Amp Gt Chl (72) 2 Amp Gt Chl (13) 3 Amp Gt. Fields are

colored from higher variance (darker) to lower variance (brighter).

Figure 5. Summary of Rb-Sr isochron plots for samples collected in the Monviso massif
from the uppermost shear zone (Vallanta Shear Zone: VSZ) to the lowermost (BSZ:

basal shear zone).

Figure 6. Summary of Rb-Sr isochron plots for samples collected near the base of the

Rocciavre massif and in the underlying Silvery Micaschist unit.

Figure 7. Sketch showing the distribution of obtained ages, together with pie-charts
showing the optically-estimated proportions of the three main generations of white mica
identified as well as their average Silica content (in atoms per formula unit). (1,2,3): peak
burial, eclogite-facies metamorphism ages from Rubatto & Hermann (2003), Duchéne et
al. (1997), Monié & Philippot (1989) and Rubatto & Angiboust (2015), respectively. Also
shown a P-T diagram showing the P-T path followed by the Monviso unit rocks (after
Angiboust et al., 2012a) as well as the main white mica generations based on electron

probe and thermobarometric data. Silv. Ms: silvery micaschists.

Figure 8. Simplified sketch depicting the tectonic evolution of the HP eclogite-facies
nappes from the Monviso area during subduction and exhumation and relationships with

surrounding units. References for the age constraints used in this figure are given in
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text. Inset: D1*, D2* and D3* refer to the stages identified in Agard et al. (2001). RO:
Rocciavre massif. LSU and MVU: Lago Superiore and Monviso units, in the Monviso

massif. GS: greenschist-facies, ECL: eclogite-facies.

Table 1. Summary of studied samples, paragenetic information and associated Rb-Sr
deformation age obtained in our study. White mica populations identified after
microscopic observations and probe analyses. Conversion from surface to volumetric
estimate was performed considering infinite 3D projection of 2D structures. Uncertainties
on these values are on the order of £ 10 vol.%. References for P-T estimates: (1)
Schwartz et al., 2013 and Agard et al., 2001; (2) Angiboust et al., 2012; (3) Groppo &
Castelli (2010) and Angiboust et al. (2012a); (4) Angiboust, 2011; (5) Gasco et al., 2011;
Radulescu et al., 2009. Note that for Ro1616 muscovite-rich cores were observed

rimmed by Phg 1 and Phg 2.

Table 2. Representative white mica analyses from the set of studied and dated samples

from the Monviso and Rocciavre massifs. bdl: below detection limits.

Appendix A. Supplementary petrographic information on studied Monviso and
Rocciavre samples.
Appendix B. Full analytical Rb-Sr dataset for the samples selected for geochronological

investigation.
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HP Ophiolitic domain

HP Cont. Margin

White mica population (average Si content + average vol.%)

Sample ref.+

GPS coord Unit and peak P-T Retrograde paragenesis (D2) Deformation age Phg1 Phg2 Ms
vi1802 Vallanta Unit  (VSZ)
N44° 39' 32" 250°C / 15 GP (1) Phg-Chl-Ab-Cal-Pg-Qz 35.75+0.56 not observed 3.42 /5% 3.15/95%
. a
E7° 03'42"
vii701 Monviso Unit
N44° 39' 42" 480°C /2 Gpa ® Phg-Chl-Ab-Czo-Amp-Qz 36.2+1.3 3.54 / 50% 3.39/50% not observed
a
E7° 06' 19"
Vil703
N44°39' 42" Monviso Unit GIn-Ep-Phg-Chl-Ab-Qz 37.88 £ 0.69 3.67 / 50% 3.42 / 50% not observed
E7° 06' 18"
Vi1704 Lago Superiore Unit
N44° 40' 08" 540°C / 2.6 GP ) GIn-Ep-Phg-Chl-Ab-Pg-Qz 37.24 £0.27 3.66 / 10% 3.42 / 80% 3.07 / 10%
. a

E7° 06' 29"
Vil807
N44° 42' 06" Lago Superiore Unit Phg-Chl-Ab-Pg-Qz 372124 3.56 /5% 3.40 / 50% 3.18 / 45%
E7° 05' 01"
Vil801
N44° 36' 18" Lago Superiore Unit Phg-Chl-Ab-Cal-Qz 36.1+1.2 not observed 3.42 /50% 3.06 / 50%
E7° 09' 27"
Ro1601 Rocciavre metagabbros
N45° 01' 21" 540°C / 2.5 GPa (7) ¥ Omp-NaAmp-Phg-Czo 46.3+2.8 3.64 /75% 3.35/25% not observed

. al(?
E7°10' 24"
Ro1613 Silvery Micaschists
N45° 01' 10" §20-600°C / 2.0-2.7 Gpa © Phg-Ctd (?)-Pg-Qz 354%23 not observed 3.37/95% 3.17 / 5%
E7°08' 47" ) e
Ro1616
N45° 00' 59" Silvery Micaschists Phg-Ctd (?)-Ab-Qz 39.5+04 3.53/35% 3.34/35% prograde (3.11) / 40%
E7° 08' 48"

Table 1



Sample # Vi1802 Vi1802 Vi1807 Vi1807 Vil1801 Vil801 Rol1616 Rol616 Rol613 Rol613 Vi1703 Vi1703 Vil1704 Vi1704 Vi1704 Vi1701 Vi1701
Group Ms Ms Phg2 Phg1 Ms Phg2 Ms Phg2 Ms Phg2 Phg2 Phg1 Ms Phg2 Phg1 Phg2 Phg1
Point ref. 7 2 30 34 55-b 56-b 68 63 133 123 157 148 165 166 163 15 15
SiO, 47.49 48.05 49.00 54.35 45.70 50.83 45.42 51.97 47.26 50.52 49.77 55.77 46.93 50.32 53.51 48.64 53.04
TiO, 0.02 0.02 0.07 0.13 bdl bdl 0.16 0.08 0.13 0.21 0.08 0.15 0.02 0.09 0.15 0.22 0.09
Al,O4 36.52 38.97 33.60 23.66 36.54 27.27 3590 26.93 36.13 27.69 26.44 19.67 36.41 2287 21.76 29.85 23.75
FeO 0.62 0.51 1.55 4.13 0.66 2.38 1.37 2.01 1.70 2.77 2.96 4.15 1.67 4.68 424 4.66 3.37
MnO bdl 0.01 0.01 0.02 bdl bdl 0.04 0.04 0.01 bdl 0.04 bdl bdl 0.09 bdl 0.06 0.05
MgO 0.70 0.34 1.27 3.72 1.54 3.96 0.64 3.85 0.66 2.75 3.48 5.72 0.53 4.26 4.84 1.66 4.27
Cao bdl 0.06 bdl bdl bdl bdl bdl 0.09 0.01 0.08 bdl 0.11 0.09 bdl bdl 0.05 bdl
Na,O 1.06 6.74 0.62 0.00 0.99 0.31 0.87 0.19 1.11 0.23 0.37 0.01 3.33 0.06 0.04 0.47 0.20
K,0 8.67 0.70 9.45 10.16 9.59 10.24 9.34 9.47 8.88 9.34 10.63 10.94 5.79 10.70 10.67 9.07 9.98
Total 95.08 95.41 9558 96.19 9501 95.00 93.72 9463 9588 9359 93.76 96.51 9477 93.07 9521 94.68 94.75
Structural formula (based on 11 O)
Si 3.12 3.05 3.22 3.60 3.03 3.40 3.06 3.46 3.10 3.41 3.40 3.70 3.08 3.49 3.60 3.28 3.56
Al 2.82 2.92 2.60 1.85 2.85 2.15 2.85 2.11 2.79 2.20 2.13 1.54 2.82 1.87 1.73 2.37 1.88
Fe”* 0.03 0.03 0.09 0.23 0.04 0.13 0.08 0.11 0.09 0.16 0.17 0.23 0.09 0.27 0.24 0.26 0.19
Mg 0.07 0.03 0.12 0.37 0.15 0.39 0.06 0.38 0.06 0.28 0.35 0.57 0.05 0.44 0.49 0.17 0.43
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Na 0.14 0.83 0.08 0.00 0.13 0.04 0.11 0.02 0.14 0.03 0.05 0.00 0.42 0.01 0.01 0.06 0.03
K 0.73 0.06 0.79 0.86 0.81 0.87 0.80 0.80 0.74 0.80 0.92 0.93 0.49 0.95 0.92 0.78 0.85
XMg 0.67 0.53 0.59 0.62 0.19 0.53 0.45 0.77 0.41 0.64 0.67 0.71 0.36 0.61 0.67 0.39 0.69

Table 2 Representative white mica analyses





