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Tectono-metamorphic evolution of UHP Zermatt-Saas serpentinites: a tool for

vertical palaeogeographic restoration

Within the Zermatt-Saas Zone (ZSZ, northwestern Alps), Ti-chondrodite- and Ti-clinohumite-
bearing assemblages in serpentinites indicate UHP conditions. Multiscale structural analysis
(1:20 scale mapping) and petrological investigation of serpentinites at Créton (upper
Valtournanche) evidenced a polyphasic deformation and metamorphic history. In this locality
and at regional scale, S2 is the dominant foliation that developed under HP-UHP conditions.
Pre-D2 mineral and textural relicts are preserved despite the pervasiveness of S2. Pre-D2
olivine + Ti-chondrodite + spinel assemblage implies re-equilibration at 2.8-3.3 GPa and 600—
630 °C, in agreement with conditions recorded by coesite- and microdiamond-bearing rocks in
the Cignana Lake Unit. The PT conditions inferred for syn-D2 assemblages at Créton are
similar to those estimated for D2 in the surrounding serpentinites, which were dated at 65 +
5.6 Ma. These results suggest that portions of ZSZ were subducted at high depth before 70 Ma
and widen the time span during which ZSZ recorded PT peak conditions. The comparison of
these data with results of a numerical model of an ocean-continent subduction system gives
insights on coupling stages of this UHP unit with the surrounding ZSZ rocks during the

Alpine convergence and vertical palacogeography during different time steps.

Keywords: Ti-humites, serpentinite, subduction modelling, Piemonte Zone, Western Alps

1. Introduction

Emplacement of Ultra High Pressure (UHP) rocks in the axial portion of orogenic chains
(Chopin 1984; Smith 1984; Kienast et al. 1991; Reinecke 1991; Ernst and Liou 1999) has opened
up the need to identify the geodynamic context of their formation and coupling with the
surrounding units, apparently free of this metamorphic imprint, and precisely if such formation
and/or coupling occurred in a context of subduction, collision or, even, of late orogenic extension.
Moreover, the discussion on exhumation mechanisms and timing that are effective for the
preservation of UHP assemblages is still open. In the Alps the detection of UHP mineral phases,
such as coesite, ellenbergerite, Mg-dumortierite, and microdiamonds, allowed the individuation of

hectometre- to kilometre-scale UHP tectonic units enclosed in HP nappes both of oceanic (Zermatt-
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Saas Zone) and continental (Dora Maira Massif) origin (e.g. Chopin 1984; Chopin et al. 1986;
Reinecke 1991; Ferraris et al. 1995; Frezzotti et al. 2011). In the last decades several UHP mineral
records have been detected in metabasites and metasediments of the Zermatt-Saas Zone (Reinecke
1991; Reinecke et al. 1994; van der Klauw et al. 1997; Bucher et al. 2005; Groppo et al. 2009;
Frezzotti et al. 2011) and more recently UHP conditions have been reported also in serpentinites
from Créton, in upper Valtournanche (Luoni ef al. 2018). In particular, the hectometre-sized
Cignana Lake Unit and the UHP Créton serpentinites are localised close to the tectonic contact
between Zermatt-Saas and Combin zones (Forster et al. 2004; Luoni ef al. 2019 and refs. therein).
As evidenced by reviewing the rich-literature (Rebay et al. 2018 and refs. therein), the inferred P,
conditions are heterogeneous and the proposed metamorphic evolutions are not coherent and often
contrasting, as well as the peak radiometric ages , which are spread over a time interval from Upper

Cretaceous to middle Eocene.

Therefore, a comparison between high-detailed structural and metamorphic data, defining
the tectono-thermal evolution of these UHP slices, with the predictions from quantitative
geodynamic models becomes a fundamental key to investigate their potential formation and

coupling environment during different stages of the convergent Alpine history.

With this aim, this contribution shows a multiscale structural and petrological analysis that
is finalised to define the P-T-d-t evolution of the Créton UHP serpentinites. The results are
compared with the prediction of a 2D quantitative geodynamic model of an ocean-continent

subduction system.

2. Geological setting

The Zermatt-Saas Zone (ZSZ) is one of the main units of the Piemonte Zone in the Penninic
domain of the Western Alps (Figure 1a; Bigi ef al. 1990; Dal Piaz 1992; Dal Piaz 2010; Balestro et

al. 2019 and references therein). The Piemonte Zone occurs in the axial part of the Western Alps,
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from the Ligurian Alps to Switzerland (Figure 1a) and is bordered by the Sesia-Lanzo Zone and the
Po Plain to the east, and the Briangonnaise Zone to the west (Beltrando et al. 2010; Dal Piaz 2010;
Spalla et al. 2010; Roda et al. 2019 and references therein). It mostly comprises meta-ophiolites
consisting of serpentinites, metagabbros, metabasites, and metasediments with minor continental

outliers (Fassmer et al. 2016; Weber and Bucher 2015 and refs therein).

The ZSZ is interpreted as a remnant of the Alpine Tethys oceanic lithosphere, sutured in the
Alpine belt during the Alpine subduction and collision (Dal Piaz 2001; Reddy et al. 1999; Balestro
et al. 2019). Together with the Combin Zone (CZ), ZSZ is sandwiched between the continental
nappes of Monte Rosa and Dent Blanche (Figure 1b). ZSZ and CZ are separated by the Pancherot-
Cime Bianche-Bettaforca unit (PCB). The CZ is characterised mostly by metasedimentary rocks
with minor metabasalts, metagabbros, and serpentinites and interpreted as derived from an ocean-
continent transition zone (e.g. Dal Piaz and Ernst 1978; Dal Piaz et al. 1981). CZ rocks recorded
blueschist facies conditions during the Alpine convergence, recognizable despite the pervasive
greenschist facies metamorphism (Reddy et al. 1999; Bousquet ef al. 2004 and reference therein).
Laying between ZSZ and CZ, PCB is a discontinuous horizon of metasedimentary rocks of
Austroalpine affinity, dominated by greenschist facies metamorphic imprint, whose protoliths are
thought to be deposited on a thinned continental margin (Dal Piaz 1988; Dal Piaz 1999; Passeri et

al. 2018).

The ZSZ preserves a complete ophiolitic sequence derived from the internal portion of the
oceanic realm (Bearth 1967; Ernst and Dal Piaz 1978; Martin et al. 1994; Tartarotti et al. 2017). It
includes serpentinites (Li ef al. 2004a; Rebay et al. 2012), metagabbros and metarodingites (Li et
al. 2004b; Zanoni et al. 2016), metabasites (Bucher et al. 2005 and reference therein), and
metasedimentary cover, which consists of calcschists, marbles, and quartzites. Ophiolites locally
enclose continental slices, such as the Theodul Glacier Unit (TGU) (Weber and Bucher 2015). The

age of protoliths is proposed to be 164-153 Ma for metagabbros and metabasites (Rubatto et al.
4
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1998) in the Swiss portion of ZSZ, and 168-162 Ma for basalt melt-percolated serpentinites in
Valtournanche (Rebay et al. 2018). The whole ZSZ is dominated by an eclogite facies metamorphic
imprint, registered during the Alpine subduction, and overprinted by epidote amphibolite and
greenschist facies metamorphism (Ernst and Dal Piaz 1978; Spalla et al. 1996; Rebay ef al. 2012;
Rebay et al. 2018). Since Reinecke (1991) inferred metamorphic PT peak conditions of 2.6-2.8 GPa
and 590-630 °C for quartzites in the Cignana Lake Unit (CLU; Figure 1b and Figure 1¢), HP-UHP
peak conditions have been estimated in other localities of the ZSZ. Metabasites of Saas-Fee
experienced PT conditions from 1.9-2.2 GPa and 530-600 °C (Dale et al. 2009) and 2.3-2.5 GPa
and 530-555 °C (Angiboust ef al. 2009) to 2.5-3.0 GPa and 550-600 °C (Bucher et al. 2005).
Metagabbros in the Swiss portion of ZSZ registered peak conditions of 1.75-2.0 GPa and 550-600
°C (Barnicoat and Fry 1986), 2.5 GPa and 650 °C (Meyer 1983) and 2.5 GPa and 610 °C (Bucher
and Grapes 2009). Further estimates in CLU show PT conditions from 2.7 to over 3.2 GPa and
temperatures of 590-630°C (van der Klauw ef al. 1997; Reinecke 1998; Groppo et al. 2009),
accompanied by the discovery of microdiamonds in oceanic metasediments (Frezzotti et al. 2011).
HP-UHP peak conditions are also reported for the mantle rocks of the ZSZ: serpentinites from the
Swiss portion of the ZSZ recorded peak conditions at 2.0-2.5 GPa and 600-650 °C (Li et al. 2004a)
while serpentinites from Valtournanche experienced peak conditions at 2.2-2.8 GPa and 580-620 °C
(Rebay et al. 2012), together with the associated rodingites at 2.3-2.8 GPa and 580-660 °C (Zanoni
et al. 2016). In TGU at Trockener Steg (Zermatt area) peak conditions of 2.2-2.3 GPa and 515-645

°C are estimated in a continental slice enclosed within ZSZ (Weber and Bucher 2015).

ZSZ7 serpentinites have been interpreted to be affected by an ocean floor metasomatism
responsible for serpentinisation of the peridotites and rodingitisation of the associated gabbroic
dikes (Rahn and Bucher 1998; Li et al. 2004b; Zanoni et al. 2016). Ti-clinohumite in veins and
aggregates has been interpreted as the record of both ocean-floor metasomatism, at conditions of 0.4

GPa and 420 °C (Rahn and Bucher, 1998), and HP-UHP syn-subduction metamorphism, since Ti-
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clinohumite is in textural equilibrium with HP mineral assemblages (Scambelluri and Rampone

1999; Groppo and Compagnoni 2007; Ferrando et al. 2010; Rebay et al. 2012).

Recently at Créton (see Figure 1d), the finding of Ti-chondrodite and Ti-chondrodite + Ti-
clinohumite bearing assemblages allowed inferring UHP conditions predating the HP-UHP regional
fabrics in the ZSZ serpentinites (Luoni ef al. 2018). Soon after, Ti-chondrodite was also found in

CLU serpentinites (Gilio ef al. 2019).

Although all these peak PT estimates disclose HP-UHP conditions, differences in P and T
values occur (see Rebay et al. 2018), together with a heterogeneous areal distribution of P,
conditions. Furthermore, peak ages range between 68 and 38 Ma, although evidence of prograde
metamorphism dates back at 80 Ma (e.g. Skora et al. 2015). These data (Table 1) are in contrast
with ZSZ experiencing a homogeneous evolution during the Alpine convergence (e.g. Angiboust et
al. 2009; Angiboust and Agard 2010), but rather enforce the interpretation of a heterogeneous
metamorphic evolution covering a wide time span during the subduction of the ZSZ rocks and
associated continental slivers (Spalla et al. 1996; Gerya and Stockhert 2005; Spalla et al. 2010;

Roda et al. 2012).

3. Deformation history

Valtournanche serpentinites and rodingites underwent a common structural evolution of
three ductile syn-metamorphic stages (D1, D2, D3) followed by a stage (D4) not associated with
new mineral growth (Rebay ef al. 2012; Zanoni et al. 2012). During D2 the most pervasive foliation
S2 developed under HP conditions (Figure 1d). D3 structures consist of open folds and the
associated S3 foliation, whereas D4 mostly consists of open folds with sub vertical axial planes.
Créton outcrops have been the subject of high-precision structural mapping at 1:20 scale to further
investigate pre-D2 evolution and to precisely define the rich lithostratigraphy of UHP serpentinites
(Figure 2, Luoni et al. 2019).
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22 174  deflecting S2, magnetite layers (Figure 3¢) and olivine-rich layers.
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4 177  such as olivine-rich layers and lenses, pyroxenites, and Ti-chondrodite + Ti-clinohumite veins. S2

5
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57
58 179  relicts consisting of S1 relics or deformed veins and lenses with granoblastic textures. Because D2
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60 180  fabrics dominate, porphyroclasts, lenticular aggregates of polygonal grains, and S1 marking rootless
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fold hinges wrapped by S2 (in places mylonitic), are labelled as pre-D2 relics, since univocal
chronological relationships between porphyroclasts and mineral aggregates, and S1 structures are

not preserved.

Four subsequent mineral assemblages were distinguished (Table 2): pre-D2 relics are
different types of porphyroclasts and mineral aggregates wrapped by S2, locally marking S1
foliation; pre-D2-to-early-D2 minerals constitute polygonal aggregates, often around pre-D2
porphyroclasts, and are wrapped by S2. D2 assemblages underline S2 foliation and fill syn-D2
boudins necks. Locally syn-D3 minerals overgrew S2 foliation or marked incipient D3 folds axial

plane foliation. Mineral abbreviations are from Whitney and Evans (2010).

4.1 Serpentinite

Antigorite marks both pre-D2 and syn-D2 domains. SPO (shape preferred orientation) of
Atg?2 flakes defines S2 mylonitic foliation with Mag2 and OI12 (Figure 4a) or Cpx2 (Figure 4b).
Often Cpx2 is parallel to Chl2 SPO and LPO (Figure 4b). S2 wraps pre-D2 centimetre-sized oval
aggregates of antigorite: they can be constituted of oriented fibres of Atg or made of interlobate Atg
lamellae in mesh textures. Submillimetre-sized pre-D2 olivine porphyroclasts are wrapped by S2
and often enclose sharp-edged and anhedral to rounded Mag (Figure 4a). Furthermore, pre-D2 Ol
aligned porphyroclasts constitute the remnants of olivine veinlets. Pre-D2 Ol shows undulose
extinction, and contains Ti-Chu lamellae, Atg, Mag, and fluid inclusions. OI2 often rims pre-D2 Ol.
Locally, Cpx2 or OI2 and Atg2 occur in S2 pressure shadows of pre-D2 Ol. Pre-D2 millimetre-
sized rounded Cr-Mag and Mag are wrapped by S2 and often rimmed by Mag2. Mag?2 grains are
aligned in submillimetre layers along S2 (Figure 4a). Chlorite constitutes lenses and anastomosed
layers wrapping Cpx2 aggregates and Ti-chondrodite + Ti-clinohumite veins. Aggregates of
chlorite contain Chl2 grains parallel to S2, locally rimmed by Chl3. Locally, in Chl-rich aggregates,
S2 is marked by Chl2 + Atg2 and wraps pre-D2 Chl porphyroclasts as they display different LPO

with respect to minerals underlying S2. Pre-D2 Ti-Chu porphyroclasts with undulose extinction are
8
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scattered in the serpentinite matrix and are wrapped by S2 foliation marked by Atg2 + Mag2 + Ti-
Chu2. SPO of Atg3 and Mag3 marks the rare S3 foliation and D3 shear zones with Amph3. Rare
dolomite porphyroclasts are wrapped by S2 marked by Dol2 + Mag2 + Atg2 + OI2. Up to
millimetre-sized rare apatite porphyroclasts, with undulose extinction are wrapped by S2 defined by
Atg2 + Cpx2 + Chl2. Calcite veins are locally parallel to S2 foliations (Cal2) and fill fractures

crosscutting S2 (post-D2 Cal).

4.2 Olivine-rich layers and lenses

Olivine-rich layers display massive cores with more than 90% of olivine and strongly
foliated rims with a higher modal amount of Atg than the cores. The cores of these layers contain
millimetre pre-D2 subhedral Ol porphyroclasts (Figure 4c) with weak undulose extinction and
fractures. Locally their SPO is parallel to the S2 foliation wrapping or crosscutting the layers. They
are rich in inclusions of micron-sized Mag and Atg. Mag is mostly sharp-edged and rounded while
Atg flakes may have both sharp and irregular edges. Ol porphyroclasts are surrounded by polygonal
aggregates of submillimetre pre-D2-to-early-D2 Ol + Atg + Mag. These aggregates do not show
any preferred orientation. Edges between grains are sharp and Mag inclusions are common. Mag is
also interstitial among Ol polygonal grains. Micron-sized, rounded, and sharp-edged inclusions of
clinopyroxene occur both in pre-D2 and in pre-D2-to-early-D2 Ol. In the rims of the layers, where
S2 is pervasive, Atg is more abundant than Ol and wraps pre-D2 Ol porphyroclasts. Polygonal pre-
D2-to-early-D2 Ol occurs in pressure shadows of pre-D2 Ol, whereas OI2 is very fine grained and
shows SPO parallel to the foliation marked by Atg2 + O12 + Mag2. O12 with Atg2 also fill syn-D2
necks of pre-D2 Ol boudins. Locally, Mag2 and Chl2 rim pre-D2 Cr-Mag porphyroclasts. An
olivine-rich lens is foliated and banded with alternating layers respectively richer in Ol and Atg. In
the millimetre Ol-rich layers pre-D2 Ol relicts are anhedral, fractured, and display slight undulose

extinction. They are partially surrounded by polygonal aggregates of submillimetre-sized Ol. Both
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the porphyroclasts and the polygonal aggregates are contained in a micron-sized matrix of

polygonal Atg + Ol + Mag, with Pre-D2 Cr-Mag porphyroclasts rimmed by Mag and Fe-Chl.

4.3 Pyroxenite

Anhedral to subhedral centimetre-sized pre-D2 Cpx porphyroclasts are strongly deformed,
locally kinked, with exsolution of Ilm + Mag (Figure 4d) and contain Atg + Chl + Ti-Chn and Ti-
Chu along cleavages. Locally rare exsolutions- and strain-free augite cores are preserved in pre-D2

Cpx crystals.

Cpx porphyroclasts are often partially or totally replaced by Cpx2 new grains and Chl2. S2
oriented aggregates of Atg2 + Chl2 + Mag2 + Cpx2 wrap Cpx porphyroclasts where Chl2 and Atg2
SPO is parallel to S2. Locally, between the rim of Cpx porphyroclasts and millimetre globular
aggregates of [lm + Mag (former Spl), aggregates of polygonal pre-D2-to-early-D2 Ti-Chn + Ti-
Chu occur (Figure 4¢). The grain boundaries among Ti-humites, [lm, and Mag are sharp and those
between Ti-humites and Cpx porphyroclasts are interdigitated; locally Ti-humites occur along Cpx

porphyroclasts cleavages.

4.4 Ti-Chu + Ti-Chn veins

Millimetre-sized pre-D2 Ti-Chn porphyroclasts are subhedral and twinned, with tapering
lamellae, and enclose Atg and Mag (Figure 4f). Ti-Chn + Ti-Chu submillimetre subhedral grains
constitute pre-D2-to-early-D2 assemblage together with Chl, Atg, Ilm, and Mag (Figure 5a and
Figure 5b). Ol constitutes pre-D2 porphyroclasts locally replaced by pre-D2-to-early-D2 almost
equigranular, subhedral Ol grains. Locally pre-D2-to-early-D2 Ol constitutes ribbon-shaped
aggregates parallel to S2. O12 also marks S2 with SPO of submillimetre grains. Pre-D2 millimetre-
sized and anhedral Spl is replaced by Ilm + Mag exsolutions (similarly to Figure 5c and Figure 5d).
Pre-D2-to-early-D2 Ilm + Mag are often equigranular and with sharp edges in polygonal Ti-Chn +

Ti-Chu aggregates.
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5. Mineral compositional evolution

WDS mineral analyses were acquired from different microstructural sites by using the
electron microprobe (JEOL 8200 Super Probe) operating at the “A. Desio” Earth Science
Department of Milano University. A 15 keV accelerating voltage and a beam current of 15nA were
used. Natural silicates were used as standards and matrix corrections were calculated using the ZAF
procedure. Mineral formulae were recalculated on the basis of the following number of oxygen
atoms: 4 for olivine, 6 for clinopyroxene, 116 for serpentine (Padron-Navarta et al. 2013), 28 for
chlorite, 4 for magnetite, 3 for ilmenite, and 23 for amphibole. Ti-chondrodite and Ti-clinohumite
formulae were recalculated on the basis of 7 and 13 cations, respectively. Fe3* in ilmenite was
recalculated according to Droop (1987). Diagrams showing the significant compositional variations
of the main minerals are shown in Figure 6 and a synthesis of the mineral compositions is reported

in Table 3.

Olivine in serpentinites and olivine-rich layers 1s fosteritic (0.89 < Xy, < 0.96) and its
composition is mainly influenced by bulk rock (Figure 6a): olivine from the olivine-veins in
serpentinite is the richest in Mg and olivine within Ti-clinohumite and Ti-chondrodite
porphyroclasts is the richest in Fe. Olivine from olivine-rich layers shows the highest variation of
Mg and Fe content, with the exception of olivine marking the relic S1, which has intermediate
values of Fe. Mn is lower than 0.01 a.p.f.u.. Al, determined by ICPMS, is in the range 0.33-3.59

ppm (Table 4).

Ti-chondrodite and Ti-clinohumite: Ti-chondrodite is higher in both M/Si and TiO, than Ti-
clinohumite. Ti-clinohumite2 shows higher M/Si and TiO, than Ti-clinohumite in pre-D2-to-early-
D2 polygonal grains. Similarly, pre-D2-to-early-D2 Ti-Chn has higher M/Si and TiO, than pre-D2

Ti-Chn porphyroclasts (Figure 6b).

Clinopyroxene: in olivine-rich layers and serpentinites, pre-D2 Cpx and Cpx2 have a

diopsiditic composition (Morimoto, 1988; Figure 6¢). Ca is generally comprised between 0.88 and
11
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1.02 a.p.f.u., whereas Cr is < 0.06 a.p.f.u. and Ti and Al are lower than the detection limit (Table 3).
In pyroxenites, Pre-D2 Cpx cores and pre-D2-to-early-D2 Cpx are augite, with pre-D2-to-early-D2
Cpx richer in Ca and Al (up to 1.5 a.p.f.u.). Cpx2 is a pure diopside. The Ca increase from pre-D2
to D2 is accompanied by a decrease of Al and Na. Ti is < 0.05 a.p.f.u. and Cr is < 0.04 a.p.f.u. in
pre-D2 and pre-D2-to-early-D2 Cpx and they are lower than detection limit in Cpx2 (Table 3;

Figure 6c¢).

Serpentine composition (Figure 6d) is mainly influenced by whole rock composition. Atg

from Ti-Chn + Ti-Chu veins is the richest in Mg, whereas Atg from pyroxenites is the richest in Fe.

Oxides: Spinel (Ferracutti ef al. 2015) is Mag and its composition varies as a function of
microstructural sites and bulk rock composition (Figure 6¢): in olivine-rich layers and lenses, cores
of Mag porphyroclasts are richer in Cr than the rims, and Mag2 (i.e. the rims) is pure magnetite; in
serpentinites and Ti-Chn + Ti-Chu veins, both pre-D2 Mag and Mag?2 are pure magnetite; oxide
exsolutions in clinopyroxene porphyroclasts consist of magnetite. [lmenite has low Mn contents in
all rock types (0.04-0.15 a.p.f.u.). In pyroxenite, ilmenite shows Mg in the range 0.33-0.57 a.p.f.u.;
in serpentinite ilmenite has low Mg in symplectites (0.02-0.04 a.p.f.u.) and 0.40-0.43 a.p.f.u. in
[Im2; in Ti-Chn + Ti-Chu veins, Mg in pre-D2-to-early-D2 Ilm is usually 0.05-0.31 a.p.f.u., with
higher values in polygonal aggregates. [Im2 shows Mg between 0.26 and 0.31 a.p.f.u. in polygonal

aggregates .

Chlorite is generally penninite (Deer ef al. 1992) in all rock types and no appreciable
differences have been recognised among different generations (Table 3) and lithotypes. Al content

varies between 2.43 and 3.13 a.p.f.u. and Xy, is between 0.91 and 0.94.
Syn-D3 amphibole in serpentinites is tremolite (Locock, 2014). Xy, varies between 0.95

and 0.96, Ca varies between 1.73 and 1.96 a.p.f.u., Al is <0.06 a.p.f.u., and Na < 0.07 a.p.f.u..
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6. Physical conditions of metamorphism

Microstructural observations, considered the influence of deformation mechanisms on
reaction progress in the different microstructural sites to better constrain PT estimates relative to
superposed fabrics (e.g. Passchier ef al. 1990; Spalla and Zucali 2004; Passchier and Trouw 2005;
Vernon 2018), and in Créton serpentinites allowed distinguishing two subsequent parageneses

(Table 2) that occur in domains wrapped by S2:

(a) pre-D2 Ti-Chn + Atg + Spl £+ Chl + Ol/Cpx,

(b) pre-D2-to-early-D2 Ti-Chn + Ti-Chu + Atg + [Im + Mag + Ol/Cpx.

On the contrary S2 is marked by the Ti-Chn-free assemblage:

Ti-Chu + Atg + Mag + Chl + Ol/Cpx.

Metamorphic reaction curves from the literature, for Ti-poor and Ti-rich systems (Shen et
al. 2015) and pseudosections allow inferring the PT evolution of Créton rocks (Figure 7). In the Ti-
rich system experiments, Ti-Chn-out is at higher P,,;, (2.6-3.0 GPa at 550-670 °C) than in the Ti-
poor system (Figure 7a), which shows Ti-Chn + Ti-Chu stable together between 1.9 and 2.8 GPa (at
550-670 °C). Temperatures in our samples are constrained using the Al content in pre-D2 Ol
porphyroclasts and pre-D2-to-early-D2 polygonal Ol (De Hoog et al. 2010), represented as green
and blue lines considering a 2 o error, respectively. Ty, 1s limited by the Atg out curve at 670 °C in

both systems.

D2 metamorphic conditions have been modelled in the CFMASHO system with
pseudosections using version tc345 of THERMOCALC software (Holland and Powell 1998; Powell
et al. 1998; dataset tc-ds62) for two different samples: in the first sample Cpx does not occur and S2
is marked by Ol + Atg + Mag, in the second sample Ol is not present and S2 is underlined by Cpx +

Atg + Chl + Mag. The amphibole and pyroxene activity-composition models are those of Diener et
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al. (2007) and of Zeh et al. (2005), respectively. The garnet models are from White et al. (2007)
(but with the garnet asymmetry involving agr = 3 instead of 9), and the Fe-Ti oxide and epidote
models are from Holland and Powell (1998). Chlorite activity model is from Holland ef al. (1998).
The other phases are pure end-members: brucite, magnetite, and H,O. The small-scale
heterogeneities in serpentinite do not allow performing XRF analyses of an “equilibrium rock
volume”. Therefore rock compositions (Figure 7b and Figure 7¢) are estimated integrating modal
proportions by polarised light microscope analysis with the phase compositions acquired by WDS
analysis. Compositions obtained have also been validated with EDS analysis of an area of 3 mm? of

the same thin sections.

After studying several samples, two (with clinopyroxene and with olivine, respectively, in
the D2 assemblages - Figure 7b and Figure 7c) were chosen as representative, as in both S2 is

dominant and no relics of previous textures are preserved.

Modal proportions used were:

- Atg 73, O1 20, Mag 7 (Figure 7b)

- Atg 20, Cpx 55, Ilm 2, Chl 20, Mag 3 (Figure 7c).

O content was set to 0.76 and 1.5 respectively (mole proportions) from mineral analyses,
where Fe* content was derived by charge balance, and also accounting for modal proportions of

magnetite.

Because serpentine is > 40%, and is found in all HP assemblages together with Ol or Cpx,
the modelling was performed with H,O in excess (Guiraud et al. 2001; Rebay et al. 2010).
Although Créton serpentinites are rich in Ti-humite minerals, the modelled samples are the poorest
in Ti-phases in order to minimize Ti content in the bulk composition, as reliable a-x models for Ti-
rich minerals are not available. In both the pseudosections, magnetite and H,O are in excess. Bulk
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compositions have been calculated by the mode of the minerals, whose compositions are reported in

Table 4.

In Figure 7b a pseudosection calculated for a sample with Ol - Atg - Mag bearing S2
foliation is presented. All fields are delimited by vertical curves. Divariant fields are narrow,
spanning maximum over a range of 10°C, whereas trivariant and quadrivariant fields are wider, and
all fields are stable within the whole range of considered pressures from 1 to 4 GPa. Chlorite is
stable at T < 580 °C and orthopyroxene is stable at T > 592 °C. Even if this is a Cpx-free sample,
olivine and diopside are predicted to be stable in every field. It is though important to note that in
the Ol - Di - Atg field, constrained between 560 and 640 °C by the Chl-out and Opx-in curves, the
predicted Cpx mode is negligible (<0.1%), and therefore this field represents the assemblage we

actually observe in the rock.

The pseudosection of Figure 7c is calculated for the composition of a rock where
clinopyroxene is found in D2 together with Atg - Chl - Mag. Fields are again mostly separated by
vertical boundaries as already seen in the olivine-bearing rock, but a horizontal divariant field with
Di - Atg - Chl - Mag, separates at lower temperatures (<650°C) a field where actinolite is stable at P
< 1.6 -1.8 GPa from a field where Ta is stable with Di - Atg - Chl (and Mag) for P > 1.7 GPa. This
latter field represents the assemblage observed in our sample, once it is realised that the predicted
Ta mode in this field is < 2%. D3 assemblage stability conditions are constrained by the predicted

coexistence of actinolite and antigorite at P < 1.7 GPa.

In this latter case, Cpx and Ol have never been observed in the same assemblage, and it is
therefore impossible to further constrain PT conditions by using isopleths of these two phases as
done in Rebay ef al. 2012, in samples from nearby outcrops. Rebay ef al. (2012) estimated for D2
2.5+ 0.3 GPa and 600 + 20°C, and for D3 1 + 0.4 GPa and 550 + 50°C, as indicated in Figure 7a
and Figure 7b with dashed and dotted polygons.
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On the other hand, the Opx-in curve in Figure 7b (Ol-rich assemblage), calculated for syn-
D2 conditions in serpentinite, can be superposed to the PT fields of the pre-D2 and pre-D2-to-early-

D2 stages (Figure 7a), to further constrain their conditions.

In fact, in serpentinite, pre-D2 and D2 assemblages are characterised by the same chemical
system, and Opx never occurs neither in pre-D2 nor in D2 assemblage. The Opx-in curve,
calculated for D2 assemblage in serpentinite, represents therefore a temperature constrain also for
pre-D2 stage. Likely, Ti-Chn + Ti-Chu veins, which formed before D2 stage and occur in the same
serpentinite outcrops of the samples used for estimating syn-D2 conditions, do not contain Opx.
Then, Opx-in curve from Ol-rich assemblage (Figure 7b) is preferred to Opx-in curve from Cpx-

rich assemblage (Figure 7c), since no Cpx occurs in Figure 7a.

The superposition of the Opx-in curve from the Ol-rich assemblage pseudosection (red
curve in Figure 7a) let decrease Ty, from 670 to 630 °C and P, from 3.5 to 3.3 GPa. Therefore,
new pre-D2 PT conditions can be proposed as P = 2.8-3.3 GPa and 600-630 °C. In the same way,
pre-D2-to-early-D2 conditions can be delimited by Opx-in curve: Ty, is reduced to 630 °C and
Pinax to 2.9 GPa. The P-T-d-t path of the Créton serpentinites sinthesyses in Figure 7d the P-T

conditions inferred for the successive deformation stages.

7. Geodynamic modelling and tectonic history

7.1 Setup

We used the 2D finite element method to simulate an ocean-continent subduction (Regorda
et al. 2017) in order to compare the tectono-metamorphic history of serpentinites of the ZSZ with
the evolution of the oceanic lithosphere within a subduction zone, since in the literature a
continental upper plate is proposed for the Alpine subduction system (Dal Piaz ef al. 1972; Polino et
al. 1990; Roda et al. 2012 and reference therein). The physics of the crust-mantle system is

described by coupled equations for continuity, conservation of momentum, and conservation of
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energy (Marotta ef al. 2006). The equations are solved by means of the 2D finite element code
Submar (Marotta et al. 2006), which includes erosion and sedimentation processes (Roda et al.
2012), shear heating (Regorda et al. 2017), and oceanic crust dehydration and mantle
serpentinisation mechanisms (Meda et al. 2010; Roda et al. 2010; Roda et al. 2012). According to
Regorda et al. (2017), a viscous rheology is assumed for the sublithospheric mantle and a
brittle/plastic rheology is assumed for the lithosphere. Materials are compositionally differentiated
via the Lagrangian markers technique (Christensen 1992), by using 1 marker per 0.25 km? to define
the atmosphere/water, the sediments, the upper and lower oceanic crust, the continental crust, and
the mantle. During the evolution of the system, each marker is advected in time and in space using a
first order Runge—Kutta scheme (Marotta and Spalla 2007; Roda et al. 2010; Roda et al. 2012;
Regorda et al. 2017; Regorda et al. 2020). The material and rheological parameters used in the

simulation are listed in Table 5.

An initial continental lithospheric thickness of 80 km, including 30 km of continental crust,
is assumed (Figure 8) to represent the originally thinned passive margin that characterised the
former margin of Adria (Dal Piaz 2001; Marotta ef al. 2018; Roda et al. 2019). An oceanic
lithospheric thickness of 80 km is chosen to represent an age of ca. 40 Myr for the Tethys Ocean
(Handy et al. 2010; Roda et al. 2012), based on the cooling model of a semi-infinite half-space
(Turcotte and Schubert 2002), and characterised by a slow spreading rate (2.5 cm/yr full spreading).
The upper oceanic crust is generally strongly affected by hydrothermal alteration at mid-ocean
ridges, thermal fracturing, and it is covered by oceanic sediments. Furthermore, intense
serpentinisation affects the oceanic mantle that can be episodically exhumed at ocean floor (Carlson
and Miller 1997; Juteau and Maury 1999; Christensen 2004; Malvoisin ef al. 2012; Cannat et al.
2013). For this reason, the upper oceanic crust is assumed to be composed by a 5 km-thick layer of
porous and fractured basalts and serpentinites. Compared to the upper oceanic crust, the lower

oceanic crust is considered to be little affected by hydrothermal circulation and mainly formed by

17

URL: https://mc.manuscriptcentral.com/tigr E-mail: rjstern@utdallas.edu



421

422

oNOYTULT D WN =

423

- O
o

11 424
12

13
14
15
16 426
17
18 427
19
20 228
21
22
23
24 429
25
26 430
27
28
29
30
31 432
32
33 433
34

35 434
36

425

431

37
3g 435
39
40 436
41
42 437
43
44
45 438
46
47 439
48

49 440

51

55 441

53
54 442
55
56 443
57
58
59
60

International Geology Review Page 18 of 59

gabbros (Carlson and Miller 1997; Canales et al. 2000; Christensen 2004; Malvoisin et al. 2012;
Cannat et al. 2013; Riipke and Hasenclever 2017). Therefore, the lower oceanic crust is represented

by a 5 km-thick layer with the rheology of a dry diabase.

To simulate plate convergence, a horizontal velocity of 3 cm/yr is imposed along the bottom
of the oceanic crust (Roda et al. 2012; Roda et al. 2010) and the initial slab dip is 45° (Roda et al.
2010). The model runs for 65 Myr of oceanic subduction, i.e. from 100 to 35 Ma (Hunziker et al.
1992; Handy and Oberénsli 2004; Handy et al. 2010; Roda ef al. 2012). Additional details about the

model setup are summarised in the caption of Figure 8.

7.2 Model results

The subduction of the oceanic lithosphere induces the tectonic erosion of part of the
continental crust from the overriding plate due to the strong coupling along the plate boundary. The
burial flow carries the oceanic and continental crust, trench sediments and mantle markers toward
deep levels of the subduction zone. The hydrated upper oceanic crust progressively releases fluids
within the mantle wedge during the burial, and serpentinisation of the overriding mantle occurs. The
size of the serpentinised mantle wedge increases with time due to the continuous dehydration of the
upper oceanic crust and the progressive cooling of the subduction system. The strong contrast
between serpentinites and dry mantle results in an intense counterclockwise convection flow
developed in the upper part of the mantle wedge. As a consequence, part of the subducted material
is exhumed to shallower structural levels within the mantle wedge and the rest remains in the deeper
portion of the mantle wedge or is inhumed in the sublithospheric mantle. The upper oceanic crust is
commonly involved in the exhumation process, sometimes coupled with recycled trench sediments.
During the exhumation within the mantle wedge, the oceanic crust can also be coupled with dry

continental mantle and continental crust coming from the upper plate.
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The result of such a tectonic mingling is a subduction-related mélange comprising a mixture
of exhumed upper oceanic and continental crustal slices, buried and exhumed trench sediments, and
continental lithospheric mantle enclosed within the serpentinised matrix derived from the hydrated
mantle wedge. The subducted materials record different PT peak conditions, different P-T-t
evolutions and different exhumation trajectories, and the size of a single tectono-metamorphic unit
ranges from 2-3 km? to several tens of km?, which is consistent with the results already discussed by

Roda et al. (2012).

7.3 Natural data vs model predictions

The inferred P-T-d-t path of Créton serpentinites (Figure 7d) is compared with the tectonic
setting and thermal state predicted by the numerical model of an ocean-continent subduction zone.
Since ZSZ serpentinites have been interpreted as affected by ocean floor metasomatism, therefore
representing the upper part of the oceanic lithosphere, we focus on the geological setting recorded
by the markers that belong to the upper oceanic crust at different timing of the tectono-metamorphic
history. The first structural and metamorphic re-equilibration predates D2, and the serpentinites
recorded the peak conditions at pressure of 2.8-3.3 GPa and temperature of 600-630°C (Figures 7
and 9). There is no radiometric age associated with this stage, but pre-D2 structures are clearly older
than D2 stage, which has been dated 60-70 Ma by Rebay et al. (2018). The oldest age proposed for
the prograde path of ZSZ is 80 Ma (Skora et al. 2009). Therefore, we extrapolate two main events
of the numerical simulation to be compared with the pre-D2 stage at steps of 80 and 72 Ma (Figure
9). For the oldest event (80 Ma), the pre-D2 PT conditions occur in the portion of the upper oceanic
crust within the serpentinised mantle wedge still close to the slab (Figure 9a). The lithological
mixing is poor and only few markers of trench sediments record the same PT conditions (Figure
9a). Pre-D2 conditions can be also potentially reached by a portion of the lithospheric oceanic
mantle below the Benioff plane (Figure 9a). However, this portion has been excluded for the

comparison because the ocean floor metasomatism, widely testified in the ZSZ oceanic lithosphere
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of upper Valtournanche, does not occur below the Benioff plane. In the simulated system, pre-D2
conditions occur at a distance of 100-130 km from the trench and at ca. 80-110 km depth (Figure 9a
and Figure 9b). At 72 Ma, the size of the serpentinised mantle wedge increases, and the pre-D2 PT
conditions extend to an innermost portion of the mantle wedge (Figure 9c). The lithological mixing
is still poor and characterised by upper oceanic crust and few sediment markers. Again, the portion
of the lithospheric oceanic mantle below the Benioff plane recording pre-D2 conditions can be
excluded from the comparison, for the occurrence of ocean floor metasomatism. The fitting of pre-
D2 PT conditions in the subduction system is accomplished at a distance of 110-145 km from the

trench and at ca. 80-110 km depth (Figure 9c and Figure 9d).

The D2 stage represents the first exhumation stage recorded by Créton serpentinites and
occurs at P and T conditions of 1.8-2.8 GPa and 580-620°C. The D2 radiometric age varies from 70
to 60 Ma and, therefore, we compare D2 PT conditions with three different time steps of the
simulation: 70, 65, and 60 Ma (Figure 10). In the oldest step (70 Ma), D2 conditions are recorded
by markers of upper oceanic crust within the mantle wedge, coupled with rare markers of trench
sediments and some markers of continental crust (Figure 10a). In the successive steps, the amount
of trench sediments recording D2 conditions sensibly increases (Figure 10c and Figure 10e). With
the size increase of the serpentinised mantle wedge with time, the area characterised by PT
conditions fitting with those of D2 moves away from the slab (Figure 10a, Figure 10c, and Figure
10e), and the maximum distance from the trench varies from 125 km at 70 Ma to 155 km at 60 Ma
(Figure 10b, Figure 10d, and Figure 10f). Starting from the oldest age, depth varies between 85 and

55 km.

The D3 stage occurred under epidote-amphibolite facies conditions (Rebay et al. 2012) and
intermediate PT ratio, compatible with a Barrovian metamorphism. Therefore, D3 PT conditions
likely occurred at the end of the oceanic subduction, at the beginning of the continental collision

(Regorda et al. 2017).
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8. Discussions

Results of this integrated structural, petrological, and modelling approach on Créton
serpentinites show that rocks that are generally considered cryptic, preserve a wealth of information
to be disclosed, that in this case-study results into the reconstruction of a complex polydeformed
and polymetamorphosed lithostratigraphy of a portion of oceanic crust. Serpentinites, with
magnetite layers and Ti-chondrodite + Ti-clinohumite veins, embed pyroxenites, diopsidites, and
Ol-rich layers. Serpentinites preserve various types of pre-D2 relics within the S2 foliation, such as
D1 rootles folds, S1 foliation, porphyroclasts, and polygonal mineral aggregates. D2 stage produced
isoclinal folds and the dominant fabric, which is the S2 mylonitic foliation; D3 crenulated S2 and is

associated with discrete shear zones.

By reconstructing the successive mineral assemblages, and the definition of the PT
conditions registered by serpentinites, the correlation of the fabrics of Créton outcrops with those
described by Rebay et al. (2012) and Zanoni et al. (2012; 2016) was possible. The pre-D2 (Ti-Chn
+ Atg + Spl = Chl + Ol/Cpx) and pre-D2-to-early-D2 (Ti-Chn + Ti-Chu + Atg + [lm + Mag +
Ol/Cpx) assemblages in Ti-Chondrodite + Ti-Clinohumite veins indicate pressure and temperature

ranges of 2.8-3.3 GPa and 600-630 °C, and 2.1-3.0 GPa and 570-670 °C, respectively (Figure 7a).

The integration of the petrological modelling of syn-D2 PT conditions for Cpx + Atg + Mag
+ Chl- and Ol + Atg + Mag-bearing S2 foliation in serpentinites suggests pressures greater than 1.8
GPa and temperatures between 540 and 640 °C. Since Ol and Cpx never occur together along S2
foliation, these results represent the best ones obtainable for these assemblages and, at the same
time, they confirm those proposed for the S2 assemblage developed in adjacent serpentinites and
rodingites (Rebay et al. 2012; Zanoni et al. 2016) at 2.2-2.8 GPa and 580-620 °C, which has been
dated at 60-70 Ma (Rebay et al. 2018). Furthermore, although referred to different compositional
systems, the calculated curve of Opx-in for syn-D2 assemblages in serpentinites have been used to

better constrain pre-D2 and pre-D2-to-early-D2 metamorphic conditions of Ti-Chn + Ti-Chu veins,

21

URL: https://mc.manuscriptcentral.com/tigr E-mail: rjstern@utdallas.edu



519

520

oNOYTULT D WN =

521

- O
o

11522
12

13
14
15
16 524
17

18 525
19
20 576
21
22
53 527
24
25 528
26
27 529
28
29
30
37 530

32
33 531

34
35532
36
37
38
39
40 534
41

42 535
43
44 536
45
46
47 537
48
49 538
50
>1 539
52
53
54
=< 540

56
57 541
58

59 542
60

523

533

International Geology Review Page 22 of 59

since these veins formed before the D2 stage. The new proposed conditions are characterised by
pressure and temperature ranges of 2.8-3.3 GPa and 600-630 °C for pre-D2 stage, and 2.1-2.9 GPa

and 570-630 °C for pre-D2-to-early-D2 stage.

The comparison between PT conditions for pre-D2 and D2 stages and the prediction of a
numerical model of an ocean-continent subduction allowed inferring a vertical “palacogeography”
for the serpentinites during their evolution between 80 and 60 Ma in the subduction system. The
model suggests that, between 80 and 72 Ma, markers of upper oceanic crust that represent the
Créton serpentinites attained pre-D2 PT conditions at a distance from the trench ranging from 100
km to 145 km, at depths of 80-110 km. D2 PT conditions were attained by markers located at a
distance from the trench from 125 km at 70 Ma to 155 km at 60 Ma, for depths between 85 and 55

km.

At pre-D2 PT conditions, the lithological mixing between oceanic markers and trench
sediments is poor, and the continental markers are rare or absent. On the other hand, at D2 PT
conditions, the lithological mixing between oceanic markers and trench sediments sensibly
increases and some continental markers attained the same PT conditions. Therefore, the coupling
between rodingite-bearing serpentinites of ZSZ, metasediments, and continental slices (e.g. Weber
and Bucher 2015) is more likely attained during D2, still under eclogite facies conditions (Weber et
al. 2015). D2 developed during the earlier stages of exhumation of Créton serpentinites under P/T
ratios consistent with ongoing oceanic subduction, and thus long before the continental collision
onset. This interpretation is also consistent with the strong parallelisation of Valtournanche

lithostratigraphic surfaces with S2 foliation.

Finally, considering different radiometric ages proposed for UHP conditions in ZSZ, we
also compared the PT peak estimates for the Cignana Lake Unit with the model predictions at 40
Ma (Table 1; Figure 11). At 40 Ma several markers of oceanic crust and trench sediments achieved
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the PT conditions proposed for the Cignana Lake Unit (i.e. 2.6-3.0 GPa and 590-630 °C). This
fitting supports the idea of continuous subduction and exhumation of crustal material over the
simulated 65 Myr and explain the occurrence of different peak ages and different UHP conditions in
slices accreted in ZSZ. The proposed geodynamics is not peculiar for the Alpine chain only. A
similar syn-subductive evolution, characterised by a deep and cold subduction, is also proposed for

the Palaeozoic serpentinites in La Cabana area of the Chilean Coastal Cordillera (Gonzalez-Jiménez

etal 2017).

9. Conclusions

The integration of different approaches in this study adds a new UHP puzzle tile to ZSZ
tectonic evolution. The Créton serpentinite reached UHP conditions (2.8-3.3 GPa and 600-630 °C)
before the development of the dominant S2 foliation, which has been dated at 60 - 70 Ma and
represents an exhumation-related tectono-metamorphic stage. At the regional scale, this new UHP
finding reinforces the idea of a heterogeneous nature of ZSZ, that can be therefore interpreted as
constituted by different tectono-metamorphic units, which were amalgamated and partly obliterated
during the development of the dominant regional S2 foliation under UHP-HP conditions. The
vertical restoration of Créton serpentinite during subduction is here reconstructed by comparing the
P-T-t-d path with 2D model predictions and suggests that the pre-D2 re-equilibration took place at
around 100 km depth, close to the slab, before 70 Ma. Afterwards, these rocks were exhumed and
migrated toward the top of the serpentinised wedge where syn-D2 assemblages developed between
60 and 80 km depth: here Ti-humite-bearing serpentinites were tectonically mixed with trench

sediments and minor slices of continental crust.

The good agreement of the inferred tectono-metamorphic evolution compared with the
predictions of the quantitative geodynamic modelling of an ocean-continent subduction system,
together with the heterogeneous and diachronic metamorphic evolutions inferred in different

portions of ZSZ, suggests that ophiolites from the axial zone of the Alpine belt can be considered as
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a tectonic mélange of different oceanic lithospheric slices that recorded different thermal and
structural evolutions during their burial and exhumation trajectories in the mantle wedge of the

subduction system.
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Z 951  (SL = Sesia-Lanzo Zone; PL = Periadriatic line; TP = Tertiary plutons); (b) simplified structural
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g 952  setting of the upper Valtournanche (redrawn after De Giusti et al. 2003 and Forster ef al. 2004):
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10953  CLU = Cignana Lake Unit; CZ = Combin Zone; DB = Dent Blanche Nappe; PCB = Pancherot-
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g 954  Cime Bianche Unit; ZSZ = Zermatt-Saas Zone. AA’ cross-section is shown in Figure 1c. The red
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15 955  star locates the studied area (Créton outcrops) and the red rectangle Figure 1d; (c) cross-section of

16
17956  UHP Cignana Lake Unit and Arolla Unit (Dent Blanche Nappe) — Combin Zone — Zermatt-Saas
18

;g 957  Zone contacts (Forster et al. 2004); (d) foliation trajectory map with legend of Upper Valtournanche
21

5 958  after Luoni ef al. (2019) and Zanoni (unpublished: original mapping at 1:5000 scale); light colours
23

24 959 indicate interpreted lithostratigraphy.
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27960 Figure 2. Form surface maps of two outcrops from Créton, showing a quite complete
28

gg 961 lithostratigraphy and sequence of superposed fabrics (modified after Luoni et al. 2019). Equiareal
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36
37 964  chondrodite + Ti-clinohumite vein marking D1 isoclinal fold and intersected by S2 foliation: AP1 =
38

39965 DI axial plane; (b) olivine-rich layer underlying D2 tight folds in olivine-rich serpentinite; (c)
40
41
42

962  Schmidt projections for structures are shown, with number of data in brackets.

963  Figure 3. Mesostructures revealing the tectonic history of the Créton serpentinites. (a) Ti-

966  magnetite layer intersected by S2 and D3 discrete shear zones in serpentinite. Coin and pencil for

43
44 967  scale.

45

46

47 968  Figure 4. Microstructures. (a) S2 foliation in serpentinite marked by Atg2 + Mag2 + Ol2, wrapping
48

49 969  pre-D2 Ol with Mag inclusions (BSE image); (b) S2 foliation in serpentinite marked by Atg2 +
50

g; 970 Chl2 + Cpx2 (crossed polars); (c) olivine-rich layer with pre-D2 and pre-D2-to-early-D2 Ol
53
54
55 . . . .

56 972 Atg2 + Chl2 + Cpx2 + Mag2 matrix (crossed polars); (e) Ti-Chu + Ti-Chn rim between Ilm + Mag
57

58 973 aggregate and pre-D2-to-early-D2 Cpx (plane polarised light); (f) Core-mantle structure with pre-

971  wrapped by S2 foliation marked by OI2 + Atg2 + Mag?2 (crossed polars); (d) Cpx porphyroclast in a

60
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D2 Ti-Chn porphyroclast surrounded by a Ti-Chn +Ti-Chu polygonal aggregate (plane polarised

light).

Figure 5. (a-b-c-d) Pre-D2-to-early-D2 grains in Ti-Chu polygonal aggregates at the rim of Ti-Chn
aggregates are gradually parallelised and recrystallised into S2 in BSE image (a) and Ti map (b); (c-
d) pre-D2-to-early-D2 Cpx, Ti-Chu + Ti-Chn rim, [lm + Mag aggregate in BSE image (c) and

crossed polars (d).

Figure 6: Mineral chemistry diagrams. (a) olivine; (b) humites; (c) clinopyroxene; (d) serpentine;
(e) spinel. Symbols refer to rocks and colours to structural stages: blue = pre-D2; red = pre-D2-to-

early-D2; green = syn-D2. Ti-humite diagram is redrawn after Luoni et al. (2018).

Figure 7. (a) Pre-D2 (orange area) and pre-D2-to-early-D2 PT conditions (yellow area);
experimentally determined fields in Ti-rich systems (black curves, redrawn from Shen et al. 2015);
experimental data combined with Schreinemaker analysis, representing phase relations in systems
with less Ti and involving Ti-humites, Atg, Opx, Ol, and Chl (grey curves, redrawn from Shen et al.
2015). Green and blue lines represent temperatures calculated from pre-D2 olivine (De Hoog ef al.
2010) with error bars. The red thick curve represents Opx-in from Figure 7b; (b-c) pseudosections
calculated in the CFMASHO system for syn-D2 Ol-bearing (b) and Cpx-bearing (c) mineral
assemblages; compositions (mol%) are reported at the top of each pseudosection. Dotted and
dashed areas in panels a,b, and c represent syn-D2 PT conditions for Valtournanche rodingites
(Zanoni et al. 2016) and serpentinites (Rebay et al. 2012) respectively; (d) Inferred P-T-d-t path of
Créton serpentinites redrawn after Luoni ef al. (2019) with age data from Rebay et al. (2018).
Geotherms (Cloos ef al. 1993): (1) near spreading ridge or volcanic arc; (2) normal gradient of old
plate interior; (3a) cold subduction zones; (3b) warm subduction zones. Orange and yellow boxes

represent pre-D2 and D2, respectively and blue field represents D3 re-equilibration.

Figure 8. Setup of the numerical model. The model domain is 1400 km wide and 710 km deep. The

initial lithosphere thickness is 80 km and is defined by the 1227°C isotherm. The velocity boundary
39
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999  conditions correspond to a free slip condition along the bottom of the domain and a fixed velocity
1000  along the top boundary. The vertical component of the velocity vector (Uy) is fixed at 0 cm/yr on
g 1001  the right boundary along the entire lithospheric thickness (80 km depth) and along the left side from
100002 0 to 700 km depth. No slip conditions are imposed on the right and left sides of the domain from the
121003 topographic surface to the upper boundary. Plate convergence is simulated with a horizontal
131004 velocity of 3 cm/yr, and it is fixed along the bottom of the oceanic crust and at the nodes of the
171005  numerical grid and distributed along a 45°-dipping plane from the trench to a depth of 100 km. The
;31006 thermal boundary conditions correspond to 0°C at the top of the domain and 1227°C at the bottom.

21 . . .
551007  The initial thermal configuration corresponds to an uniform purely conductive upper thermal

23
241008  boundary layer throughout the lithosphere (from 0 to 80 km depth and from 0°C to 1227°C) and an
25

331009 uniform sublithospheric temperature of 1227°C (inset). The temperatures are fixed along the left

221010 vertical sidewall, and a zero thermal flux is imposed on the right side. The materials included in the
30
311011  model account for the upper and lower oceanic crust, continental crust, mantle, and sticky air (see
32

331012  Table 5 for material parameters and rheology).
34

35

361013  Figure 9. Results of the simulation represented by geodynamic setting (a-c) and related geotherms
37

231014 (b-d) after 20 (a-b) and 28 Myr (c-d) of oceanic subduction, (corresponding to 80 and 72 Ma

40
411015 absolute ages) and comparison with the pre-D2 PT conditions (white box), defined by isotherms

42
431016  and depths. (a) At 80 Ma, the pre-D2 PT conditions are matched by markers that belong to the
44

221017 upper oceanic crust, located within the serpentinised mantle wedge and close to the slab. (b)

47 . . T ..
451018 Geotherms extrapolated at different distances from the trench indicate that the pre-D2 PT conditions

49
501019  occur at a distance of 100-130 km from the trench and at ca. 80-110 km depth. (c) At 72 Ma, the
51

521020  pre-D2 PT conditions occur in an inner portion of the mantle wedge. (d) The location of the pre-D2
53

§A5'1021 PT conditions in the subduction system is reached at a distance of 110-145 km from the trench and

56
571022 at ca. 80-110 km depth.

58
59
60

40
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Figure 10. Results of the simulation represented by geodynamic setting (a-c) and related geotherms
(b-d) after 30 (a-b), 35 (c-d), and 40 Myr (e-f) of oceanic subduction, (corresponding to 70, 65, and
60 Ma absolute ages) and comparison with the D2 PT conditions (white box), defined by isotherms
and depths. At 70 Ma (a), D2 PT conditions are recorded by markers of upper oceanic crust within
the mantle wedge, and they are coupled with rare markers of trench sediments and some markers of
continental crust. In the younger steps (c-¢), the location of D2 PT conditions moves away from the
slab. The maximum distance from the trench (b-d-e) varies from 125 km at 70 Ma to 155 km at 60

Ma.

Figure 11. Results of the simulation represented by geodynamic setting at 40 Ma and comparison
with the PT peak conditions of Cignana Lake Unit (white box), defined by isotherms and depths
(590-630°C and 2.6-3.0 GPa). At 40 Ma, several markers of oceanic crust and trench sediments

achieved the PT conditions proposed for Cignana Lake Unit.

Table captions

Table 1. Metamorphic conditions and radiometric ages of the HP-UHP peaks of Zermatt-Saas Zone
(modified after Rebay et al. 2018). Data are localised in the underlying tectonic sketch (redrawn
after Dal Piaz 1999): A = Antrona Ophiolite; DB = Dent-Blanche nappe; MR = Monte Rosa; ZS =
Zermatt-Saas Zone; CO = Combin Zone; Dk = II Diorite-Kinzigitic Zone; EM = Mont Emilius, GR
= Glacier-Refray; MA = Mont Avic; B = Biella pluton; Emc = Eclogitic Micaschist Complex; Gm

= Gneiss Minuti Complex; GP = Gran Paradiso.
Table 2. Mineral modes and assemblages marking superposed fabrics in the different rock types.

Table 3. Compositional range of olivine, serpentine, clinopyroxene, magnetite, chlorite, amphibole,
and ilmenite in atoms per formula unit, in serpentinites, pyroxenite layers, and olivine-rich layers,
during different deformation stages. Xy, = Mg/(Mg+ Fe?*); X, = Fe?"/(Mg+ Fe?").
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Table 4. EMPA mineral chemical analyses selected for calculating the bulk rock composition used
in pseudosections. Al ppm content of Ol was determined by ICPMS at the CNR-IGG UOS of Pavia
with a LA-ICP-MS system coupling a 266 nm Nd:YAG laser probe with a quadrupole ICP-MS
(DRCe from PerkinElmer), using NIST 610, NIST 612, and BCR2 standards, and GLITTER data
processing. Spot size was 40-55 mm according to the mineral sizes, laser frequency 10 Hz,

acquisition was for 40-60 s preceded and followed by at least 40 s background counting.

Table 5. Material and rheological parameters used in the simulation. References: a) Ranalli and
Murphy 1987; b) Afonso and Ranalli, 2004; c) Kirby 1983; d) Haenel et al. 1988; e¢) Chopra and
Paterson 1981; f) Dubois and Diament 1997; Best and Christiansen 2001; g) Roda et al. 2011; h)
Schmidt and Poli 1998; i) Gerya and Stockhert 2005; j) Roda ef al. 2012; k) Gerya and Yuen 2003;

1) Meda et al. 2010.
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Figure 1. (a) Location of the studied area in the simplified tectonic framework of the Western Alps (SL =
Sesia-Lanzo Zone; PL = Periadriatic line; TP = Tertiary plutons); (b) simplified structural setting of the
upper Valtournanche (redrawn after De Giusti et al. 2003 and Forster et al. 2004): CLU = Cignana Lake
Unit; CZ = Combin Zone; DB = Dent Blanche Nappe; PCB = Pancherot-Cime Bianche Unit; ZSZ = Zermatt-
Saas Zone. AA’ cross-section is shown in Figure 1c. The red star locates the studied area (Créton outcrops)
and the red rectangle Figure 1d; (c) cross-section of UHP Cignana Lake Unit and Arolla Unit (Dent Blanche
Nappe) - Combin Zone - Zermatt-Saas Zone contacts (Forster et al. 2004); (d) foliation trajectory map with
legend of Upper Valtournanche after Luoni et al. (2019) and Zanoni (unpublished: original mapping at
1:5000 scale); light colours indicate interpreted lithostratigraphy.
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Figure 2. Form surface maps of two outcrops from Créton, showing a quite complete lithostratigraphy and
sequence of superposed fabrics (modified after Luoni et al. 2019). Equiareal Schmidt projections for
structures are shown, with number of data in brackets.
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oNOYTULT D WN =

43 Figure 3. Mesostructures revealing the tectonic history of the Créton serpentinites. (a) Ti-chondrodite + Ti-
44 clinohumite vein marking D1 isoclinal fold and intersected by S2 foliation: AP1 = D1 axial plane; (b) olivine-
45 rich layer underlying D2 tight folds in olivine-rich serpentinite; (c) magnetite layer intersected by S2 and D3
46 discrete shear zones in serpentinite. Coin and pencil for scale.
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Figure 4. Microstructures. (a) S2 foliation in serpentinite marked by Atg2 + Mag2 + OI2, wrapping pre-D2 Ol
with Mag inclusions (BSE image); (b) S2 foliation in serpentinite marked by Atg2 + Chl2 + Cpx2 (crossed
polars); (c) olivine-rich layer with pre-D2 and pre-D2-to-early-D2 Ol wrapped by S2 foliation marked by OI2
+ Atg2 + Mag2 (crossed polars); (d) Cpx porphyroclast in a Atg2 + Chl2 + Cpx2 + Mag2 matrix (crossed
polars); (e) Ti-Chu + Ti-Chn rim between IIm + Mag aggregate and pre-D2-to-early-D2 Cpx (plane polarised
light); (f) Core-mantle structure with pre-D2 Ti-Chn porphyroclast surrounded by a Ti-Chn +Ti-Chu
polygonal aggregate (plane polarised light).
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32 Figure 5. (a-b-c-d) Pre-D2-to-early-D2 grains in Ti-Chu polygonal aggregates at the rim of Ti-Chn
33 aggregates are gradually parallelised and recrystallised into S2 in BSE image (a) and Ti map (b); (c-d) pre-
D2-to-early-D2 Cpx, Ti-Chu + Ti-Chn rim, IIm + Mag aggregate in BSE image (c) and crossed polars (d).
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Figure 6: Mineral chemistry diagrams. (a) olivine; (b) humites; (c) clinopyroxene; (d) serpentine; (e) spinel.

Symbols refer to rocks and colours to structural stages: blue = pre-D2; red = pre-D2-to-early-D2; green =
syn-D2. Ti-humite diagram is redrawn after Luoni et al. (2018).
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Figure 7. (a) Pre-D2 (orange area) and pre-D2-to-early-D2 PT conditions (yellow area); experimentally
determined fields in Ti-rich systems (black curves, redrawn from Shen et al. 2015); experimental data
combined with Schreinemaker analysis, representing phase relations in systems with less Ti and involving
Ti-humites, Atg, Opx, Ol, and Chl (grey curves, redrawn from Shen et al. 2015). Green and blue lines
represent temperatures calculated from pre-D2 olivine (De Hoog et al. 2010) with error bars. The red thick
curve represents Opx-in from Figure 7b; (b-c) pseudosections calculated in the CFMASHO system for syn-D2
Ol-bearing (b) and Cpx-bearing (c) mineral assemblages; compositions (mol%) are reported at the top of
each pseudosection. Dotted and dashed areas in panels a,b, and ¢ represent syn-D2 PT conditions for
Valtournanche rodingites (Zanoni et al. 2016) and serpentinites (Rebay et al. 2012) respectively; (d)
Inferred P-T-d-t path of Créton serpentinites redrawn after Luoni et al. (2019) with age data from Rebay et
al. (2018). Geotherms (Cloos et al. 1993): (1) near spreading ridge or volcanic arc; (2) normal gradient of
old plate interior; (3a) cold subduction zones; (3b) warm subduction zones. Orange and yellow boxes
represent pre-D2 and D2, respectively and blue field represents D3 re-equilibration.
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Figure 8. Setup of the numerical model. The model domain is 1400 km wide and 710 km deep. The initial
lithosphere thickness is 80 km and is defined by the 1227°C isotherm. The velocity boundary conditions
correspond to a free slip condition along the bottom of the domain and a fixed velocity along the top
boundary. The vertical component of the velocity vector (Uy) is fixed at 0 cm/yr on the right boundary along
the entire lithospheric thickness (80 km depth) and along the left side from 0 to 700 km depth. No slip
conditions are imposed on the right and left sides of the domain from the topographic surface to the upper
boundary. Plate convergence is simulated with a horizontal velocity of 3 cm/yr, and it is fixed along the
bottom of the oceanic crust and at the nodes of the numerical grid and distributed along a 45°-dipping plane
from the trench to a depth of 100 km. The thermal boundary conditions correspond to 0°C at the top of the
domain and 1227°C at the bottom. The initial thermal configuration corresponds to an uniform purely
conductive upper thermal boundary layer throughout the lithosphere (from 0 to 80 km depth and from 0°C
to 1227°C) and an uniform sublithospheric temperature of 1227°C (inset). The temperatures are fixed along
the left vertical sidewall, and a zero thermal flux is imposed on the right side. The materials included in the
model account for the upper and lower oceanic crust, continental crust, mantle, and sticky air (see Table 5
for material parameters and rheology).

162x156mm (300 x 300 DPI)

URL: https://mc.manuscriptcentral.com/tigr E-mail: rjstern@utdallas.edu

Page 50 of 59



Page 51 of 59 International Geology Review

oNOYTULT D WN =

Figure 9. Results of the simulation represented by geodynamic setting (a-c) and related geotherms (b-d)
after 20 (a-b) and 28 Myr (c-d) of oceanic subduction, (corresponding to 80 and 72 Ma absolute ages) and
comparison with the pre-D2 PT conditions (white box), defined by isotherms and depths. (a) At 80 Ma, the
33 pre-D2 PT conditions are matched by markers that belong to the upper oceanic crust, located within the
34 serpentinised mantle wedge and close to the slab. (b) Geotherms extrapolated at different distances from
35 the trench indicate that the pre-D2 PT conditions occur at a distance of 100-130 km from the trench and at
36 ca. 80-110 km depth. (c) At 72 Ma, the pre-D2 PT conditions occur in an inner portion of the mantle wedge.
37 (d) The location of the pre-D2 PT conditions in the subduction system is reached at a distance of 110-145
km from the trench and at ca. 80-110 km depth.
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Figure 10. Results of the simulation represented by geodynamic setting (a-c) and related geotherms (b-d)
after 30 (a-b), 35 (c-d), and 40 Myr (e-f) of oceanic subduction, (corresponding to 70, 65, and 60 Ma
absolute ages) and comparison with the D2 PT conditions (white box), defined by isotherms and depths. At
70 Ma (a), D2 PT conditions are recorded by markers of upper oceanic crust within the mantle wedge, and
they are coupled with rare markers of trench sediments and some markers of continental crust. In the
younger steps (c-e), the location of D2 PT conditions moves away from the slab. The maximum distance
from the trench (b-d-e) varies from 125 km at 70 Ma to 155 km at 60 Ma.
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29 Figure 11. Results of the simulation represented by geodynamic setting at 40 Ma and comparison with the

30 PT peak conditions of Cignana Lake Unit (white box), defined by isotherms and depths (590-630°C and 2.6-

3.0 GPa). At 40 Ma, several markers of oceanic crust and trench sediments achieved the PT conditions
proposed for Cignana Lake Unit.
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Table 1. Metamorphic conditions and radiometric ages of the HP-UHP peaks of Zermatt-Saas Zone (modified
after Rebay et al. 2018). Data are localised in the underlying tectonic sketch (redrawn after Dal Piaz 1999):
A = Antrona Ophiolite; DB = Dent-Blanche nappe; MR = Monte Rosa; ZS = Zermatt-Saas Zone; CO =
Combin Zone; Dk = II Diorite-Kinzigitic Zone; EM = Mont Emilius, GR = Glacier-Refray; MA = Mont Avic; B
= Biella pluton; Emc = Eclogitic Micaschist Complex; Gm = Gneiss Minuti Complex; GP = Gran Paradiso.
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Mineral assemblages synkinematic with successive deformation stages

Rock type Mineral modes
pre-D2 pre-D2 to early D2 D2 D3 and post D2
1 Srp + Mag + Cpx / Ol +
. Stp (60-90%), O1 (5-30%)/Cpx (5-10%), Mag (5-15%), Ti- . :
+ + Ti- + + - + + + + Mag + Chl + Cal
Serpentinite Chu (5%), Cal + Dol (<5%). Locally Chl, Ap (<5%) Srp + Mag + Cpx/Ol + Ti-Chu + Dol + Ap Ti-Chu DCO};I Cal Srp ag al

Ti-Chn + Ti-Chu veins

Ti-Chn + Ti-Chu (70-80%), Ol (10-20%), Atg (5-10%), Mag +

Ti-Chn + Ex-Spl + Ol + Ti-Chn + Ti-Chu + Ol +

Ti-Chu + Srp + Ol +

IIm (5-10%), Chl (<5%) Chl + Srp Ilm + Mag + Chl + Srp Chl + Mag
+ + + Ti-
— Cpx (70-80%), Atg = Chl (10-20%), Tim + Mag (5%), Ti-Chn | Cpx (augitic core) + Spl SEE N i?’ ChCTanL Cpx+Stp+Ti-Chu + |  Stp + Chl + Mag +
yroxenite + Ti-Chn (5%), Amph (<2%) + Stp + Chl (+ Ti-Chn) Mag” Chl + Mag Amph
Ol + Srp + Mag + Cr- . .
-909 -209 + Cr-Ma o +Srp + + Ti- +Srp + +Ti-
Olivine-rich layers and lenses| O1(60-90%), Atg (10-20%), Mag  Cr-Mag (10%), Chl Mag + Cpx + Ti-Chn + Ol+Srp + Mag + Ti- | Ol+ Stp + Mag + Ti Srp + Cal

(<5%), Ti-Chn + Ti-Chn (<5%), Dol (<2%) Cpx (<1%)

Chi Chu + Dol

Chu
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Clinopyroxene
F e2+

Fe**

Mg

Ca

Na

Ti

Magnetite
F62+

F e3+
Cr

Chlorite
Fetort
Mg

Al

Tlmenite
FeZ+

F63+
Ti
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Serpentinites Pyroxenites Olivine-rich layers

preD2 preD2 to early D2 D2 D3 preD2  preD2 to early D2 D2 D3 preD2 preD2 to early D2 D2
0.07-0.22 0.09-0.23 - - - - - 0.07-0.23 0.07-0.22 0.08-0.22
1.79-1.92 1.81-1.90 - - - - - 1.77-1.92 1.78-1.92 1.780-1.92

0.01 0.00-0.01 - - - - - 0.01 0.01 0.01
0.89-0.96 0.89-0.95 - - - - - 0.89-0.96 0.89-0.96 0.89-0.96
2.53-2.78 2.76-2.83 2.54-3.16 2.65-2.75 2.54-2.76 2.63-2.75 2.56-2.77 2.66-2.70 2.52-2.78 2.55-2.78 2.50-2.79
0.05-0.24 0.07-0.12 0.04-0.39 0.09-0.14 0.09-0.22 0.09-0.14 0.09-0.21 0.10-0.16 0.06-0.16 0.06-0.14 0.05-0.14

0.00-0.13 0.0-0.07 0.0-0.15 0.03-0.13 0.05-0.15 0.03-0.13 0.0-0.15 0.10-0.15 0.01-0.11 0.02-0.13 0.0-0.14

- - 0.0-0.05 - 0.02-0.13 0.0-0.7 0.0-0.06 - 0.03 0.03 -

- - 0.0-0.09 - 0.11-0.14 0.0-0.14 0.0-0.08 - - - -

- - 0.88-1.00 - 0.91-1.01 0.93-1.06 0.92-1.05 - 0.97-0.98 0.96-0.98 -

- - 0.97-1.00 - 0.73-0.87 083-0.96 0.95-1.02 - 0.97-0.98 0.97-0.98 -

- - 0.00-0.01 - 0.03-0.05 0.01-0.03 0.0-0.01 - - - -

- - - - 0.02-0.03 0.0-0.05 - - - - -
0.70-0.92 0.90-0.99 0.84-0.99 - 0.92-1.01 0.93-0.96 0.91-0.99 - 0.74-0.94 0.73-0.93 0.86-0.94
1.28-1.98 1.88-1.98 1.-60-1.99 - 1.74-1.98 1.84-1.96 1.91-1.99 - 1.34-1.99 1.29-1.99 1.85-1.99
0.0-0.63 0.0-0.02 0.0-0.06 - 0.0-0.15 0.02-0.11 0.0-0.11 - 0.0-0.62 0.0-0.65 0.0-0.14
0.56-0.68 0.52-0.67 0.55-0.88 - 0.58-0.91 0.57-0.63 0.53-0.94 - - - -
9.74-10.04 9.84-10.04 9.69-10.08 - 9.51-9.91 9.86-9.91 9.57-10.01 - - - -
2.43-2.85 2.52-2.99 2.70-3.13 - 2.59-2.99 2.75-2.96 2.53-3.02 - - - -

- 0.59-0.85 0.39-0.67 - - 0.35-0.61 0.6 - - - -

- 0.03-0.07 0.03-0.08 - - 0.01-0.04 0.02-0.03 - - - -

- 0.96-0.98 0.96-0.98 - - 0.98-0.99 0.98-0.98 - - - -
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Olivine-rich lens

0.14-0.18
1.81-1.87

0.90-0.93

2.64-3.39
0.04-0.20
0.0-0.13

0.03

0.95

0.75-0.90

1.25-1.98
0.01-0.68

0.47-0.71
9.70-10.02
2.41-2.97
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Rock

Texture

SiO2
TiO2
Al0s3
Cr203
FeOt
MnO
MgO
CaO
Na20
K20
NiO
Sum
6 Ox
Si
Ti
AV
AIVI
Cr
Fe2+

Fe3+

Mg
Ca
Na

Ni

Sum

Pre-D2

50.62
1.25
1.96
0.03
8.67
0.37

16.57

18.87
0.71
0.00
0.04

100.65

1.88
0.03
0.09
0.00
0.00
0.13
0.14
0.01
0.92
0.75
0.05
0.00
0.00
4.00

Clinopyroxene

Pirossenite

Pre-D2-

to-D2
51.04
0.48
3.12
0.81
2.80
0.13
17.18
22.40
0.28
0.00
0.01
100.16

1.88
0.01
0.12
0.02
0.02
0.02
0.06
0.00
0.95
0.89
0.02
0.00
0.00
4.00

D2

54.15
0.03
0.00
0.00
0.90
0.00

18.20

24.92
0.00
0.00
0.05

100.40

1.99
0.00
0.00
0.00
0.00
0.01
0.02
0.00
1.00
0.98
0.00
0.00
0.00
4.00

Serpenti
nite

D2

52.15
0.00
0.33
0.00
4.39
0.59

15.82

24.71
0.05
0.00
0.14

100.18

1.95
0.00
0.01
0.00
0.00
0.05
0.09
0.02
0.88
0.99
0.00
0.00
0.00
4.00

Dunite

Pre-D2

55.81
0.00
0.02
0.00
1.10
0.03

18.02

24.89
0.01
0.01
0.02

99.91

2.023
0.000
0.000
0.001
0.000
0.033
0.000
0.001
0.973
0.967
0.001
0.000
0.001
4.00

Olivine
Rock Ti-humite veins
Pre-D2-  Pre-D2-
Texture Pre2 t0-D2 t0-D2
SiO2 39.73 40.06 40.99
TiO2 0.00 0.01 0.08
Al20O3 0.02 0.13 0.01
Cr203 0.02 0.11 0.06
FeOt 9.75 9.52 8.55
MnO 0.29 0.34 0.33
MgO 50.37 50.17 49.87
Cao 0.00 0.02 0.00
Naz0O 0.00 0.00 0.03
K20 0.00 0.03 0.00
NiO 0.08 0.16 0.06
Sum 100.26  100.55 99.98
4 Ox

Si 0.97 0.98 1.00
Ti 0.00 0.00 0.00
Al 0.00 0.00 0.00
Cr 0.00 0.00 0.00
Fe*" 0.20 0.19 0.17
Mn 0.01 0.01 0.01
Mg 1.84 1.83 1.81
Ca 0.00 0.00 0.00
Na 0.00 0.00 0.00
K 0.00 0.00 0.00
Ni 0.00 0.00 0.00
Sum 3.03 3.02 3.00

Al (ppm) 0.33-3.59 0.88-2.05

Ol-rich layers
Pre-D2-
to-D2
40.89
0.02
0.04
0.01
8.80
0.33
49.76
0.01
0.00
0.00
0.13
99.99

1.00
0.00
0.00
0.00
0.18
0.01
1.81
0.00
0.00
0.00
0.00
3.00

D2

41.97
0.00
0.00
0.00
4.57
0.31

52.88
0.01
0.00
0.00
0.16

99.90

1.01
0.00
0.00
0.00
0.09
0.01
1.89
0.00
0.00
0.00
0.00
2.99
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Rock
Texture
SiO2
TiO2
Al,03
Cr203
FeOt
MnO
MgO
Cao
Na20
K20
NiO
Sum
13 cations
Si
Ti
Al
Cr
Fe2+
Mn
Mg
Ca
Na
K
Ni

Sum

Ti-clinohumite

Ti-chn + Ti-Chu veins

Pre-D2-to-D2
36.78
4.14
0.00
0.00
9.21
0.28
48.67
0.01
0.00
0.01
0.04
99.14

3.97
0.34
0.00
0.00
0.83
0.03
7.83
0.00
0.00
0.00
0.00
13.00

D2
37.14
3.68
0.01
0.04
9.27
0.33
48.42
0.01
0.01
0.01
0.11
99.04

4.01
0.30
0.00
0.00
0.84
0.03
7.80
0.00
0.00
0.00
0.01
13.00

Rock
Texture
SiO2
TiO2
Al,03
Cr203
FeO¢
MnO
MgO
Cao
Na20
K20
NiO
Sum
7 cations
Si
Ti
Al
Cr
Fe2+
Mn
Mg
Ca
Na
K
Ni

Sum

Ti-chondrodite

Ti-chn + Ti-Chu veins

Pre-D2
32.80
7.93
0.02
0.00
9.86
0.34
46.08
0.06
1.30
0.14
0.14
98.67

1.93
0.35
0.00
0.00
0.49
0.02
4.04
0.00
0.15
0.01
0.01

Pre-D2 to D2
32.81
9.22
0.02
0.00
9.69
0.40
45.56
0.00
0.03
0.00
0.05
97.77

1.98
0.42
0.00
0.00
0.49
0.02
4.09
0.00
0.00
0.00
0.00

Amphibole
Rock Serpentinite
Texture Post-D2
Si02 58.18
TiO2 0.04
Al;03 0.07
Cr203 0.00
FeOt 2.02
MnO 0.11
MgO 23.21
Cao 13.30
Na,O 0.10
K20 0.01
NiO 0.02
Sum 99.26
23 oxygens
Si 8.00
Ti 0.00
Al 0.01
Cr 0.00
Fe* 0.23
Mn 0.01
Mg 4.76
Ca 1.96
Na 0.02
K 0.00
Sum 14.99
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Continental Upper oceanic Lower Dry Serpentinised

: Sediments Sticky air
crust crust oceanic crust mantle mantle

Dry

; Serpentinite
dunite P

Rheology Dry granite Diabase

oNOYTULT D WN =

Lo (Pa s) 3.47E+21 1.61E+19 1.61E+22 5.01E+20 1.00E+19 1.00E+19 1.00E+19

10 po (kg m™) 2640 2961 2961 3200 3000 2640 1000

12 [K(Wm'K? 3.03 2.1 2.1 4.15 4.15 3.03 0.026

14 H: (uW m™) 2.5 0.4 0.4 0.002 0.002 2 -

16 E (kJ mol™) 38.43 103 103 130

18 References a,d,f,1 b.f,j.k,] a,b,c,fl c,d,e.f,j,l d,f,g,h,i 2. 2.
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