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Abstract

The Western Alps hold some of the best exposed pieces of subducted oceanic lithosphere,
specifically the units of the Piemonte-Liguria Ocean. These units record blueschist- to
eclogite-facies metamorphism. Constraining the peak P-7 conditions reached by the different
fragments during the Alpine history provides key information to reconstruct the internal
metamorphic and tectonic architecture of the Piemonte-Liguria Ocean, which remains debated.
For instance, in the Western Alps, the contact between the blueschist Combin Zone and the
eclogitic Zermatt Zone is disputed. This study uses petrography, mineral chemistry and
thermodynamic modelling to re-evaluate the peak P—T7 conditions of a metabasalt, collected in in
the Valtournanche valley (Western Alps). Some authors consider the sampling area as part of the
eclogitic Zermatt Zone, whereas for other ones it belongs to the blueschist Combin Zone. Despite
some discrepancies between the measured and the modelled garnet composition, thermodynamic

modelling indicates peak P-T conditions of 14-17 kbar 460-500 °C for the investigated

metabasalt. These conditions fall in the blueschist facies indicating that (i) the sampling area
belongs to the Combin Zone and thus (ii) the contact with the Zermatt Zone is located structurally

below the studied sample.



Table of Contents

IR 12 o To [V ol o [ R 3
W C-To ) [o T ol ] IT=1 1 1 11 T R 4
2.1 The Piemonte-Liguria Ocean in the Western AIPS .......c.ciiveeeeeiiiiiiniinnennniiinieseess 4
2.2 Oceanic units in the Valtournanche valley .........cccciiiiiiiiiiieniiiiiiniiiineeeesses 5
T 1= o R 10
3.1 Metabasalts and the definition of metamorphic facies .........cccooviiirerrniiiiiiniiiiiiiciiiiiinnneenneen. 10

3.2 Macroscopic and microscopic identification, and P-T stability of some of the most common

minerals in metabasalts .........cccccceviiiiiiiiiiii 13
R 1V =1 1 Lo Lo KR 16
4.1 OPtical MICrOSCOPY .iiieeeueeiiiiiiiiiiennuniiiiiiiiiieessssiiiiiiiiimessssssiissiimsesssssssssssttssssssssssssssssssssssssssss 16
4.2 Electron microprobe (EPIMIA) .......ccccciiiiiiiiiiiinisississsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 16
4.3 BUlK roCk ChemiStry .cccceueeiiiiiiiiiiinnnniiiiiniiiiesssneiiiiniiiiiesssesiiiniiimessssssssssssimssssssssssssssssssssssssssss 18
4.4 Thermodynamic MOAellING ......cccvvuueiiiiiiiiiiiieniiiiiiiiiiieeiiinriineessseiesiiissssssssssssssnsssssssssses 18
IR = RIS 19
5.1 Petrography ..cccueeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieniiiieesanisiisseiieessssssssissstiseessssssssssssstsesssssssssssssssssssasssss 19
5.2 Mineral ChemiStry ....cciiiiiuiiiiiiiiiiiiinniiiiniiieeisnniisieiiieemmnssissstimeesssssssissssmssesssssssssssssssssssssssss 24
LR 2 I o7 Ve 11 o T4 T3S 27
6. Discussion ANd CONCIUSIONS ........eeeeeeeeeeueeeiiiiiiiiiiiiiiineiiniieeieeereeisssessssssssssssssssssssssssssssssnns 33
6.1 P-T evolution of the studied metabasalt ..............oeeeeerrremriiiirmiiiiiiiiiiiiie 33
6.2 Comparison With previous StUdIies .........ccceiiiiiiiuiiiiiiniiiiiieessesssssses 34
YA LT (7= o 4 36
LB Yot ¢y Lo VT =T [ T 1 =] 1 1 37
L B 0= =T =1 Lol - 37



1. Introduction

Application of equilibrium thermodynamics has been diligently used to understand and constrain
metamorphic conditions (e.g., Manzotti et al., 2015, 2022). It allows the calculation of
pseudosections (isochemical phase diagrams) and the prediction of stable mineral assemblages at

different P-T (pressure and temperature) conditions. This application has become central for

interpreting metamorphic rocks and reconstructing their P-7 paths (Lanari and Duesterhoeft

2019).

The Western part of the European Alps offer an exceptional natural setting for applying these
methods. Subducted fragments of the former Piemonte-Liguria Ocean are well preserved and
record blueschist- to eclogite-facies conditions (Agard, 2021). Therefore, the Alps are considered

one of the best places worldwide to study deep subduction processes.

Within the Piemonte-Liguria oceanic domain, two main metamorphic units are recognized. The
Combin Zone which records blueschist-facies conditions (Dal Piaz et al. 2015; Manzotti et al.
2021), and the Zermatt Zone which have reached quartz- to coesite-eclogite facies metamorphic
conditions (Reinecke et al. 1991; Groppo et al. 2009). The contact between these units is
interpreted as a major metamorphic discontinuity (Ballévre and Merle 1993), but its exact position
is disputed. In addition, assessing the peak metamorphic conditions of the Combin Zone is difficult
due to the strong retrogression at greenschist facies conditions and the rare occurrence of preserved

high-pressure minerals (Negro et al., 2013 and references therein).

This BSc thesis investigates a sample (a metabasalt) collected in an area interpreted as part of
either the eclogitic Zermatt Zone or the blueschist Combin Zone. By combining petrography,
mineral chemistry and thermodynamic modelling, this study aims to constrain its peak P-T
conditions and to shed light on the position of the tectonic contact between the Zermatt Zone and

the Combin Zone, which represents one of the major metamorphic discontinuities in the Alps.



2. Geological setting

2.1 The Piemonte-Liguria Ocean in the Western Alps

The Western Alps (Fig. 1) comprise several units of oceanic and continental affinities (e.g. Dal

Piaz et al. 2015; Manzotti and Ballévre 2024). The oceanic units are considered to derive from the

Piemonte Liguria Ocean, a slow-spreading small oceanic domain Jurassic in age, which was

subducted during the late Cretaceous (Manzotti et al. 2014 and refs therein). Its closure was

followed by the collision between the European and Adriatic plates which resulted in the formation

of the Alpine chain.
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Fig. 1. Tectonic architecture of the Western Alps. The black rectangle indicates the sampling area in the Piemonte-

Liguria Ocean (from Manzotti et al. 2014).

In the Alpine nappe stack, the oceanic units of the Piemonte-Liguria Ocean are located above the

Internal Crystalline Massifs (Monte Rosa, Gran Paradiso and Dora-Maira Massif) and below the

Sesia-Dent Blanche nappes (Fig. 2).
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Fig. 2. Cross-section of the Western Alps showing the structural position of the oceanic Piemonte-Liguria Ocean units

(blue color) with respect to the Alpine nappe stack (from Manzotti and Ballévre 2024)

Overall, the oceanic units can be divided in two main groups on the basis of lithological,
metamorphic and tectonic criteria (e.g. Dal Piaz et al., 2015; Agard 2021). The first group (type-I
units) comprises units dominated by oceanic metasediments with minor ophiolites. By contrast,
the second group (type-1I) mainly consists of serpentinite, metagabbro, and metabasalt with minor
metasediments. This lithological distinction is also associated with a difference in the peak
metamorphic conditions reached during the Alpine subduction (e.g. Taj¢émanova et al. 2021; Agard
etal. 2021 and refs. therein). The type-I units equilibrated at low grade blueschist facies conditions
(e.g. Bousquet et al., 2012; Manzotti et al. 2021), whereas the type-II units experienced eclogite
facies conditions (e.g. Groppo et al., 2009; Dal Piaz et al. 2015).

2.2 Oceanic units in the Valtournanche valley

The Valtournanche valley in the Aosta Valley region exceptionally exposes oceanic units
belonging to the Piemonte-Liguria Ocean. This N-S oriented valley is 25 km long, extending from
Chatillon-Saint Vincent (this locality is not reported on the map of Fig. 3 because it is located more

to the south) to Cervinia (Fig. 3).
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Fig. 3 Geological map of the left side of the Aosta valley, where the Valtournanche valley is located (modified from
Dal Piaz et al. 2015). In the legend, the units belonging to the Piemonte-Liguria Ocean (here indicated as “Zona
Piemontese™) have been translated to English. The red stars refer to the position of the samples investigated in this

BSc study.

From bottom to top, two main domains are recognized (Dal Piaz et al. 2015): the Zermatt Zone

(made of type-II units) and the Combin Zone (made of type-I units).



The Zermatt Zone comprises serpentinite, metagabbro and metabasalt. In the Valtournanche
valley, units belonging to this Zone equilibrated at quartz-eclogite or coesite-eclogite facies
conditions (Reinecke et al. 1991, Groppo et al. 2009). Using thermodynamic modelling, Groppo
et al. (2009) constrained the peak P—T conditions for two different units at 27-28 kbar 570-605

°C and >32 kbar 590-605 °C, in the quartz-eclogite and coesite-eclogite facies, respectively.

The Combin Zone comprises metasediments (mainly marlstone and limestone) associated with
minor metabasalt, metagabbro and serpentinite. In the Valtournanche valley, several units have
been recognized within the Combin Zone (Dal Piaz et al. 2015): the Lower Combin Zone, the
Pancherot-Cime Bianche Unit, the Upper Combin Zone (Fig. 3). It is generally assumed that the
Combin Zone reached peak blueschist facies conditions followed by a pervasive greenschist facies
overprint (Dal Piaz et al. 2015; Manzotti et al. 2021), but very few petrological studies were

performed. For instance, Negro et al. (2013) estimated the maximum 7 conditions at 420-530 °C

by Raman spectroscopy on carbonaceous material. However, the maximum 7 could have been

reached also during the retrograde greenschist facies overprint.

The contact between the Zermatt Zone and the Combin Zone is interpreted as a normal fault (the
Combin Fault; Ballévre and Merle 1993) or as an out-of-sequence thrust (Ring 1995). In the
Valtournanche valley and specifically in the area of the Cignana Lake (Fig. 3), the position of this
contact is disputed (Fig. 4). The difference in metamorphic conditions (i.e. eclogite facies for the
Zermatt Zone and blueschist facies for the Combin Zone) have been used to trace the boundary
between these two domains. Overall, two main interpretations have been proposed based on

structural, metamorphic and lithological criteria (Fig. 4).
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Fig. 4. Oceanic nappe stack in the Valtournanche valley according (a) to Groppo et al. (2009), and (b) to Dal Piaz et
al. (2015) and Arienti et al. (2025). Note the difference position of the tectonic boundary (red line) between the Zermatt
and Combin Zone. The white star refers to the structural position where the metabasalt (sample OF2933) studied by
Groppo et al. (2009) was collected.

According to Groppo et al. (2009) the oceanic nappe stack in this area comprises from bottom to
top: the Zermatt Sass Lower Unit, the Cignana Lake Unit, the Zermatt Saas Upper Unit, the
Pancherot-Cime Bianche, and the Combin Unit. The main contact between the eclogite-facies
Zermatt Zone and the blueschist-facies Combin Zone is therefore located just below the Pancherot-

Cime Bianche (red line in Fig. 4a).

By contrast, according to Dal Piaz et al. (2015) and Arienti et al. (2025), the oceanic nappe stack
comprises from bottom to top: the Zermatt-Sass s.s., the Lago di Cignana Unit, the Lower Combin
Zone, the Pancherot-Cime Bianche and the Upper Combin Zone. The contact between the eclogite-
facies Zermatt Zone and the blueschist-facies Combin Zone is therefore located just above the

Lago di Cignana Unit (red line Fig. 4b).

Groppo et al. (2009) placed the contact between the Zermatt and Combine Zones below the
Pancherot-Cime Bianche based on a thermobarometric study conducted on a metabasalt (sample

OF2933) collected on the south slope of Mt. Pancherot close to the Cignana Lake (Fig. 3). This



sample contained chlorite, epidote, albite, garnet, phengite, minor quartz, amphibole, titanite, and
carbonate. As clearly pointed by the authors, omphacite was not observed and no omphacite
pseudomorphs were recognized. Garnet—phengite thermometer and the Si content in phengite
(Krogh & Raheim 1978 and Green & Hellman 1982) were applied and returned peak metamorphic
conditions of 24 kbar and 600 °C (Groppo et al. 2009). These P—T values plot within the field of
the eclogite facies in a P-T space for metabasaltic system (see for comparison Fig. 5 and section
“Metabasalts and the definition of metamorphic facies’), an argument used by Groppo et al. (2009)
(1) to conclude that the studied sample belongs to the Zermatt Zone and thus (ii) to trace the contact
with the Combin Zone above the collected sample (i.e. just below the Pancherot-Cime Bianche,

Fig. 4a).

However, omphacite was not identified in the studied sample neither as preserved pristine mineral
or as pseudomorph. Groppo et al. (2009) explained the absence of omphacite as a consequence of
a high oxidation state during metamorphism. However, the whole Fe** content of the studied
sample was not measured, rendering this hypothesis quite speculative. Alternatively, the authors
proposed that the absence of omphacite can be the result of high value of CO; and low values of
H>0, as suggested by the presence of carbonate. In both cases, the stability field of blueschist

facies assemblages is enlarged at the expense of eclogite facies assemblages.

The aim of this BSc thesis is to re-assess the peak P—T conditions of the rocks exposed at the same
structural level than sample OF2933 (considered as part of the Zermatt Zone by Groppo et al. 2009
and as part of the Combin Zone by Dal Piaz et al. 2015 and Arienti et al. 2025, Fig. 4).
Thermodynamic modelling (i.e. calculation of isochemical phase diagrams) will be applied on a
metabasalt sample collected very close to OF2933, with the aim to provide new insights on the
internal architecture of the Piemonte-Liguria Ocean and on the position of one of the major

metamorphic discontinuity in the Western Alps.



3. Theory

3.1 Metabasalts and the definition of metamorphic facies

Pentti Eskola, a Finnish geologist, was the first to introduce the concept of metamorphic facies in
1915 and thus a way of classifying metamorphic rocks. He defined the facies by connecting
(metamorphosed) mafic rocks composition and mineralogy to different conditions of 7 and P. The
usage of basaltic rocks provided a means to compare metamorphic rocks around the globe, as
basalts occur in most orogenic belts. Since the first introduction, research in the field of
thermodynamics and experimental petrology has refined the concept and resulted in various
subdivisions of metamorphic facies based on mineral assemblages. The distribution of these facies

can be illustrated in P-T diagrams such as in Fig. 5, where each field represents the stability of a

specific mineral assemblages. The lines are depicted as dashed lines because their exact position
can slightly change as a function of the bulk-rock chemistry (including the fluids phase). This
means that two different bulk-rock compositions can result in different mineral assemblages for

the same P-T conditions. Thus, the facies boundaries provide a qualitative P—T estimates for a

specific mineral assemblage (Winter, 2010; Manzotti and Ballévre, 2024).
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Fig. 5. P-T diagram showing the distribution of the major metamorphic facies, (from Manzotti and Ballévre, 2024)
Tab. 1 report the key-mineral assemblages for each metamorphic facies in a metabasite.

Metamorphic facies Metabasites

greenschist ab-chl-act-ep

law blueschist gl-law-sph

ep blueschist g-gl-ep-ru

law eclogite law-cpx-g-ru

ep eclogite
&-CpX-ru-g-am-ep

am eclogite

"dry" coe eclogite g-cpXx-ru-coe

ab-ep amphibolite ab-chl-hb-ep

amphibolite pl-hb-ilm

high-grade amphibolite pl-hb-ilm

LP granulite pl-cpx-opx-(hb)

HP granulite pl-cpx-g-(hb)

Tab 1. Expected mineral assemblage for a metabasite at the different metamorphic facies (modified from Manzotti
and Ballevre, 2024).
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Given that this study focuses on blueschist and eclogite facies, their main characteristics are briefly

described below.

Metabasalts equilibrated at blueschist facies (Fig. 6a) are generally blue in color, due to the large
abundance of glaucophane, a sodic amphibole (Philpotts & Ague 2022). The stable minerals in
addition to glaucophane is given in Tab 1. At low T conditions, lawsonite and titanite also occur
together with glaucophane (lawsonite blueschist). At higher 7, epidote, rutile and glaucophane are
observed (epidote blueschist). In Fig 5, the two facies are separated by the reaction law = czo + ky
+ q + H2O (Manzotti and Ballévre 2024). In the epidote blueschist facies, garnet is also present
and forms from a reaction that mainly consumes lawsonite. Because the blueschist facies requires
relatively low 7" and high P conditions, blueschists are associated with subduction zones, a tectonic
setting which are characterized by low geothermal gradients (Bucher and grapes 2011). The
eclogite facies field is quite large (Fig. 5) and it contains the minerals omphacite (a sodic-calcic
clinopyroxene), garnet and rutile. This metamorphic facies can be subdivided into sub-facies based
on the occurrence of key minerals, such as lawsonite, glaucophane, and epidote. These minerals

are stable at different P—7 conditions (Fig.5).

Fig. 6. a) Metabasalt equilibrated at blueschist facies containing the blue amphibole glaucophane (gl) and garnet

crystals (g). Image from GeologyScience https://geologyscience.com/rocks/metamorphic-rocks/foliated-

metamorphic-rocks/blueschist/. b) Metabasalt equilibrated at eclogite facies containing the green clinopyroxene

omphacite (0) together with garnets (g). Image from Mindat https://www.mindat.org/photo-45288.html, copyright:

Franz Bernhard).
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The P-T conditions at which most eclogites equilibrated are constrained in the quartz stability
field, at 16—18 kbar or 18-22 kbar depending on the geothermal gradient (Bucher and Grapes
2011). In addition, some eclogites equilibrated at ultra-high pressures (UHP) conditions, where
minerals such as coesite (i.e. the SiO2 polymorph) and even diamonds are stable, indicating P up

to 40-50 kbar (Bucher and grapes 2011).

3.2 Macroscopic and microscopic identification, and P-T stability of some of the most common
minerals in metabasalts

Garnet

Garnet, which is one of the most important metamorphic minerals, has the general structural
formula X37>(Si04)3. The X site can be filled by Ca, Mn, Fe** and Mg, giving rise to the major
endmembers grossular, spessartine, almandine and pyrope, respectively (Spear 1993). These four
endmembers form solid solutions with each other, therefore garnet often shows variations in
chemical composition throughout a single grain. The concentration of each endmember is
calculated from its proportional value in the structural formula. The Y site can incorporate Al, Fe**
and Cr** (Spear 1993) although these substitutions are usually not included when recalculating the

major garnet endmembers.

Garnets are often well preserved, displayed as euhedral crystals, a property which can be attribute
to their hardness and resistance to weathering. The mineral appears in a variety of colors due to its
diverse chemistry. For example, pyrope rich variants commonly appears pinkish red to purplish
while almandine ones are red to brownish black. Optical properties of garnet include, in plane-
polarized light, colorless to a slight pinkish hue and high relief (Fig. 7a). In crossed-polarized light,
garnet is always extinct because it is isotropic (Fig 7b), (Deer, Howie, and Zussman 2013).
Chemically, garnet crystals can be zoned. The zoning mainly reflects the change in P and T
conditions during garnet growth (Konrad-Schmolke et al. 2005). If the chemistry throughout the

grain is more uniform, no apparent zonation will be observed.

13



Fig. 7. a) The euhedral shape and high relief of garnet seen in microscope, plane polarized light. 2x (field of view
7 mm) b) Garnet is always extinct in crossed-polarized light due to its isotropic optical property. 2x (field of

view 7 mm) Source for a) and b): from Alex Strekeisen https://www.alexstrekeisen.it/english/meta/garnet.php

Lawsonite

Lawsonite (CaAl,Si,0,(0H), - H,0.) is a metamorphic mineral that contains a large amount of
water, up to 12 wt.%. The mineral has a characteristic lozenge or prismatic shape (Fig. 8a) and can
appear as white to slightly pinkish in hand sample. Under the microscope, lawsonite appears as
colorless in plane polarized light and exhibits first-order birefringence in crossed-polarized light
together with a moderate relief. The mineral also commonly exhibits twinning and has two
cleavages. The preservation of lawsonite is strongly dependent on the P and 7 evolution followed
by a rock during exhumation. Lawsonite, therefore, has the best chance of being preserved if the
T during retrogression remains low (Cetinkaplan et al. 2008) otherwise, it will break down and
appear as lozenge shaped pseudomorphs (Manzotti et al. 2021). These pseudomorphs can contain
white micas, (muscovite and/or paragonite), chlorite, and epidote (Ballévre et al. 2003; Manzotti

et al. 2021). Reactions (1) and (2) represent some examples of lawsonite breakdown.

(1) Lawsonite + glaucophane + garnet = chlorite + epidote + paragonite + vapor (Ballevre et al.

2003) .

(2) Lawsonite + garnet + K-bearing fluid = clinozoisite + chlorite + phengite  (Schulte and
Sindern 2002).

14



Fig. 8. a) Lawsonite crystal displaying a lozenge shape. Cross-polarized light, 10x (field of view 2 mm) source:

Alex Strekeisen https://www.alexstrekeisen.it/english/meta/lawsonite.php b) Pale green color of omphacite in

plane polarized light. Plane polarized light, 2x (field of view 7 mm) source: Alex Strekeisen

https://www.alexstrekeisen.it/english/meta/omphacite.php

Omphacite

Omphacite, (Ca,Na) (Mg,Fe?*, Fe’',Al1)Si»O¢, belongs to the sodic-calcium subgroup of
clinopyroxenes and can be considered as a solid solution between jadeite (NaAlSi,O¢) and Fe-rich
diopside (CaMgSi»O¢) together with components of aegirine and calcium-aluminum
clinopyroxenes. Omphacite shows a distinct green color in hand sample (Fig. 6b), which often
translates to a pale green color in thin sections (Fig. 8b). The mineral has the characteristic
pyroxene cleavage with grains of moderate relief. The birefringence colors are of the 2" order,
and the mineral often appears in association with garnet, as omphacite is the diagnostic phase of
eclogite facies rocks. During retrogression, a more calcic composition of omphacite can form as it
breaks down, and the presence of fluids can result in the mineral transitioning into amphibole or

symplectites of diopside and plagioclase (Dey et al. 2023).

15



4. Methods

4.1 Optical microscopy

Two metabasalt samples (VT2409B and VT2415B) were studied under the microscope and the
mineral assemblages were determined through their optical properties. As mentioned above, these

samples were collected at the same structural level as the OF2933 metabasalt sample from Groppo

et al. (2009).

The percentage of garnet was calculated with ImageJ software and microphotographs of relevant

minerals and microstructures were taken with LEICA Application Suit (LAS) EZ.

4.2 Electron microprobe (EPMA)

Electron Probe Microanalysis (EPMA) was performed on the key minerals, garnet, amphibole,
white mica, chlorite and Fe-oxide in sample VT2409B at Uppsala Geocentrum (Fig. 9.) using both

wavelength-dispersive spectrometers (WDS) and Energy-dispersive spectrometers (EDS).

Fig. 9. Electron microprobe at Uppsala
Geocentrum the 27 april 2026.
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EPMA utilize wavelength-dispersive spectrometers (WDS) and Energy-dispersive spectrometers
(EDS) to provide insight of minerals chemical composition. The sample is bombarded by an
electron gun, as it sits in a vacuum chamber, resulting in the elements emitting radiation which the
spectrometers analyze. All elements have its unique electron configuration in orbitals and with the
bombardment, the minerals electrons transition and energy are released. This energy works as a
signature for each element and the chemical composition or identification of the mineral can be

decided.

WDS and EDS operate at different spectral resolutions and precision, with WDS having a higher
theoretical resolution limit at around 10eV, compared to EDS which limit lies at around 120eV.
WDS therefore provide quantitative data of elements, including minor and trace elements,
distribution, and concentration in minerals. Whilst EDS provide quick analysis of major elements
and possible mineral identification. Both spectrometer techniques are useful and complement each

other.

Samples analyzed with EPMA should prior to the analysis be coated with a 10-15 nm thick
conductive layer of carbon, e.g., graphite. Uncoated samples cannot be electronically charged
which results in a failed analysis, likewise an overcoated sample will give skewed data. Several
analyses can be made on the same minerals in a sample without compromised quality as the EPMA

is a non-destructive method (Cameca EPMA Tutorial).

The investigated thin section (sample VT2409B) was coated with a graphite layer estimated to be
17 nm thick by comparing a together coated brass coin to a set of standards. 17 nm is thicker than
the generally accepted limit, which was described above as being 15 nm, however it was still

regarded as a satisfactory coating for running analysis by the EPMA operator.

17



4.3 Bulk rock chemistry

The major bulk-rock composition for sample VT2409B was measured by inductively coupled
plasma atomic emission spectrometry (ICP-AES; SARM-CRPG, Nancy). Details about the
method are reported in Manzotti et al. 2020 Carignan et al. 2001. This method is used to measure
the major elements of the rock but does not allow distinguishing between ferrous (Fe?*) and ferric
(Fe*") iron. Therefore, separate analyses for Fe** was conducted by a titration method using
potassium dichromate (K2Cr207). This method involves dissolving the sample in a hydrofluoric
acid and sulfuric acid mixture (HF-H>2SO4) together with boric acid (H3BO3) and phosphoric acid
(H3POys) before the titration. By acquiring the Fe** content from the rock the amount of Fe** can

be calculated.

4.4 Thermodynamic modelling

Thermodynamic modelling was performed in order to calculate a pseudosection, which is an
isochemical phase diagram (i.e. a diagram that is valid and built for a specific bulk rock
composition). A pseudosection displays the stable mineral assemblages in a P—T space of interest.
Theriak/Domino (de Capitani & Brown, 1987; de Capitani & Petrakakis, 2010) was used for the
modeling’s calculation together with the dataset ds6.2 and solid solution mixing models from
Holland & Powell 2011. Calculations were performed in the chemical system Na,0 — CaO —
FeO — MgO — Al,0; — Si0, — H,0 — TiO, — Fe,03 + MnO + K,0 (MnNCKFMASHTO) in
the P—T range 400—-600 °C and 12-25 kbar. For the calculation H,O was also considered to be in

€XCESS.
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5. Results

5.1 Petrography

Sample VT2409B

The sample contains amphibole, epidote, quartz, garnet (~7%), chlorite, white-mica and biotite.
There are also accessory minerals throughout the sample, including titanite, Fe-oxide, rutile, and
zircon. The main matrix foliation is defined by the alternation of two different domains: type I
domain (Fig 10a), which has a larger amount of chemically zoned epidote grains, and type II (Fig

10b), which consists of chlorite, blueish-green amphibole.

Fig. 10. Microscopic aspects of sample VT2409B. (a) An aggregate of epidote found in the type [ domain. (b) Type

IT with the amphibole and chlorite assemblage. The white lines indicate the foliation. Bands of titanite can also be

observed.

The main foliation is also defined by discontinuous bands of broken titanite grains. Overview of

the rocks structure can be seen in the scan of the thinsection (Fig. 11)
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Fig. 11 Scan of the thin section VT2409B in plane polarized light (size of the thin section 4.5 x 3.0 cm).

The main foliation wraps around garnet porphyroblasts (up to 3 mm in size) and aggregates of
white mica, with a characteristic lozenge shape (Fig. 12). These are interpreted as lawsonite
pseudomorphs. Some of these more rigid structures have strain shadows of quartz and chlorite.

The quartz is otherwise mainly found as bands stretching out from these strain shadows.

Fig. 12. a) Foliation wrapping around two garnet crystals which also display strain shadows of quartz. b) and c)

Lozenge shape of white mica aggregates wrapped by the main matrix foliation (plane polarized light and crossed-

polarized light respectively).
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The garnet porphyroblasts of this sample are partially replaced at the rim by chlorite, and minor
biotite. The garnets have inclusions of epidote, quartz, titanite, and locally rutile (Fig. 13a). In
addition, microinclusions of zircon also occur. These inclusions define an internal foliation with

trails that are either straight or slightly curved (Fig. 13).

Fig.13. Garnet porphyroblast with inclusions of epidote, titanite and rutile in a) plane polarized light and b) crossed-

polarized light. The inclusions defined a curved trail.

Sample VT2415B

Similar to VT2409B, sample VT2415B also contains amphibole, epidote, quartz, calcite, chlorite,
garnet (~5%), white mica, biotite and accessory titanite and Fe-oxide. The rock has a banded

structure, and the main foliation is defined by the alternation of two different domains (Fig. 14).
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Fig 14. Scan of VT2415B in plane polarized light (size of the thin section 4.5 x 3.0 cm).

Type I domain is coarse-grained and mainly contains epidote, white mica, and calcite (Fig. 15a).
Type Il domain is fine-grained and mainly consists of chlorite, bluish-green amphibole, and white

mica (Fig. 15b). Titanite-rich bands are also oriented parallel to the foliation.

Fig.15. Microscopic aspects of sample VT2415B. (a) Type I domain consisting of epidote, calcite, and quartz.

Microphotograph taken in cross-polarized light. (b) The main foliation (white lines) is marked by amphibole and

chlorite concentrated in type II domain. Microphotograph taken in plane polarized light.
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The main foliation wraps around garnet porphyroblasts (1.5-2 mm in size). The latter contain
perfect lozenges which contain epidote, albite and tiny crystals of titanite (Fig. 16). These lozenges
are interpreted as pseudomorphs after lawsonite. Garnet also contains inclusions of epidote and

titanite. The garnet porphyroblasts of VT2415B are also more altered by chlorite.

Fig. 16. Lozenge shaped crystal inclusion in
one of the garnets of VT2415B. a) shows the
garnet were it is located and b) and c) show the
crystal in cross-polarized light respective plane
polarized light.

23



5.2 Mineral chemistry

Two garnet porphyroblasts from sample VT2409B were quantitively analyzed by the electron
microprobes WDS. These garnets are named VT2409B-1 and VT2409B-2 and the location of the

grains in the sample is shown in Fig. 17.

Fig. 17. Position of the garnets analyzed in sample VT2409B.

Two different strategies were used to analyze the two garnet porphyroblasts. Garnet VT2409B-1
contains numerous inclusions and cracks and therefore chemical analyses were acquired along
three different sub-lines (Fig. 18a). The first and third sub-lines (79- and 37-point analyses,
respectively) were run automatically using a step of 25 um. The second line, which passes through
an inclusions-rich garnet domain consists of manually placed spots. The VT2409B-2 profile, was
run as one continuous profile (Fig. 18b) and consist of 86 punctual analyses programmed using a

step of 25 um.
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Fig. 18. a) Garnet VT2409B-1,
showing the three segments of the
profie analysed. b) Garnet
VT2409B-2 continuous profile.

The chemical composition of garnet was recalculated and the end-members grossular, spessartine,
almandine and pyrope are plotted in Fig. 19 (profile VT2409B-1) and Fig. 20 for (profile
VT2409B-2). Certain points from these profiles were deleted as these corresponded with either
being outside the garnet rim or going through other mineral inclusions. Such points were identified
by either having (i) a silica content outside the garnet norm of 2.98-3.1 (atom per formula unit)
a.p.f.u. or (ii) a together Ca and Ti concentration higher than what’s expected of garnet. The higher

Ca and Ti content indicate a mixed analysis with epidote and titanite inclusions.
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Fig. 19. Profile of garnet VT2409B-1, with its three segments seen in the EMPA image to the left, displaying the

chemical composition throughout the grain.
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Fig. 20. Profile of garnet VT2409B-2 displaying the chemical composition throughout the grain.

Both garnet porphyroblasts display a similar and constant composition and thus are not chemically
zoned. In detail, they display high almandine (60-63 mol.%) and grossular (27-30 mol.%) and low
pyrope (8-9 mol.%) and spessartine (2-3 mol.%).
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Further chemical analyses with WDS were applied on the selected minerals amphibole, white
mica, chlorite, as well as the opaque Fe-oxides. The amphibole is Ca-rich with some Na in its
composition. The white-mica, which has only been observed in the lozenge-shaped aggregates,
consist of two different mineral phases, Si-rich muscovite and paragonite. The opaque minerals
are magnetite and each of the mentioned minerals recalculated chemical composition expressed as

wt.% can be found in Appendix 1 (Tab. A3).

No profile for the chemical composition of any of the garnets in sample VI2415B has been

acquired from EPMA.

5.3 P-T conditions

A pseudosection was calculated using the bulk rock chemistry of sample VT2409B which is given
in the Appendix 1 (Tab. A4). The total iron (expressed as Fe>O3) is equal to 10.61 wt%, whereas
the measured amount of FeO is 6.49 wt%. Calculations were run in the P-T range 12-25 kbar and

400-600 °C (Fig. 21).
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Fig. 21. Calculated pseudosection for sample VT2409B in the interval of 400-600 °C and 12-25 kbar. The fields

where clinopyroxene is stable are depicted in light green, whereas the lawsonite-in line is depicted in yellow.

The lawsonite-in line is marked in yellow and divides the P-T space into two main domains, i.e.
the one that contains lawsonite and the one that is lawsonite-free. In Fig. 21, the fields where
clinopyroxene is stable are depicted in pale green. This mineral is not stable in two domains: the
first one is comprised between 400-540 °C 12—-19 kbar whereas the second one is comprised

between 400—440 °C 18-25 kbar.

The observed mineral assemblage amphibole-garnet-epidote-titanite-rutile-lawsonite-quartz-

muscovite is stable in a narrow field between 14—17 kbar and 460-500 °C (Fig. 22). The measured
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modal abundance of garnet (~7 vol.%) well matches with the modelled one. Chlorite (4—6 vol.%,
Tab. 2) is present in this field, but is not part of the observed peak assemblage. The model predicts
the presence of an amphibole, the composition of which corresponds to a glaucophane, a sodic
amphibole. In the investigated sample, only calcic amphibole was observed. The lack of

glaucophane is attributed to the intense retrogression that affects the rock.
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Fig. 22. The black ring marks the field in which the mineral assemblage am-g-ep-chl-sph-ru-law is stable and

reassembles the observed mineral assemblage the closest.
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P-T conditions

Mineral mode

T(°C) P (kbar) am (gl) g ep mu chl q sph ru law [¢]
Low T domain
490 17 46 2 21 6 6 7.5 2.4 0.7 7
500 17 47 4.9 26 6.5 4.4 7.8 0.3 1.4 1.1
High T domian
570 22 31.7 16 3.2 6.7 8 1.6 19 14
580 225 28.6 17.7 2 6.7 8.4 1.6 18.9 15.9

Tab. 2 Modal abundances (in vol.%) of minerals calculated at different P—T conditions.
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Fig. 23. The calculated endmember isopleths of garnet (spessartine, pyrope and grossular).
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The measured garnet composition (grs = 27-30 mol.%, prp = 8-9 mol. %, spss = 2-3 mol.%) is
predicted to be stable at 21-23 kbar and 560-580 °C, in the amphibole-clinopyroxene-garnet-
epidote-rutile-quartz-muscovite field (Fig. 24). At these P-T conditions the model predicts the

presence of clinopyroxene (14 to 16 vol.%, Tab. 2) and the absence of titanite and lawsonite.
However, petrographic observations show that titanite and lawsonite were present during garnet
growth (both as inclusions in garnet as well as in the matrix). By contrast, clinopyroxene is not

observed in the studied sample.
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Fig. 24. The black ring marks the intersection of the garnet isopleth which matches the measured composition of the

garnet obtained from EPMA. The grey area shows the mineral assemblage am-cpx-g-ep-ru-law in which the garnet

isopleths intersect.
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Paragonite and muscovite replaces lawsonite. Thermodynamic modelling indicates that paragonite
is stable at 12—13 kbar and 420-450 °C in the amphibole-garnet-epidote-paragonite-chlorite-
titanite-quartz-muscovite field (Fig. 25). At these P—T conditions, rutile and lawsonite are not any
more stable. This is in line with petrographic observations which reveal (i) rutile crystals partially

replaced by titanite and (ii) lawsonite pseudomorphed by paragonite and muscovite.
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Fig. 25. The dashed line indicates the suggested path during exhumation into the am-g-ep-pa-chl-sph field (marked
by the dashed grey circle).
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6. Discussion and conclusions

This BSc thesis investigates a metabasalt (sample VT2409B) from the Piemonte-Liguria Ocean.
This sample was collected in the Valtournanche valley in the Western Alps, where both blueschist
and eclogite units belonging to the Piemonte-Liguria Ocean are well exposed. However, there is
no general consensus if the sampling area belongs to the eclogite-facies Zermatt Zone or to the
blueschist Combin Zone. In other words, the exact position of the tectonic boundary between these
two units is disputed. Therefore, petrographic observations, mineral chemistry and thermodynamic

modelling were applied in order to estimate the peak P-T conditions reached by the metabasalt

VT2409B and to understand to which unit the sampling area belongs.

6.1 P-T evolution of the studied metabasalt

The early prograde Alpine history recorded by the studied metabasalt is associated with the mineral
assemblage glaucophane-lawsonite-epidote-titanite-rutile-lawsonite-quartz-muscovite. Most of
these minerals are preserved as inclusions in garnet, including perfect lozenge shape
pseudomorphs after lawsonite. Glaucophane, a sodic amphibole, is not preserved, but it was
pervasively replaced by a calcic amphibole during retrogression, a feature commonly observed in

the rocks from the Combin Zone (e.g. Manzotti et al. 2021).

The peak mineral assemblage includes glaucophane-lawsonite-garnet-epidote-titanite-rutile-
quartz-muscovite. Thermodynamic modelling (and more specifically the comparison between the
modelled and observed mineral assemblage) constrains the peak P—T7 conditions at 14—17 kbar
460-500 °C. These P-T estimates suggests that (i) the studied sample belongs to the Combin Zone
and thus (ii) the contact with the Zermatt Zone is located structurally below the collected sample
(Fig. 26). These results agree with the interpretation of Dal Piaz et al. (2015) and Arienti et al.
(2025): these authors attributed the sampling area to a slice of the Combin Zone, namely to the

Combin Unit (Fig. 26).
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Fig. 26. Oceanic nappe stack in the Valtournanche valley according to Dal Piaz et al. (2015) and Arienti et al. (2025).
Tectonic boundary (red line) between the Zermatt and Combin Zone. The white stars refer to the structural position
where the metabasalt (sample OF2933) studied by Groppo et al. (2009) and the metabasalt (sample VT2409B) studied

in this thesis was collected.

Finally, the studied metabasalt underwent intense retrogression during exhumation, as
petrographically recorded by (i) pseudomorphs after lawsonite (containing paragonite and
muscovite), (ii) the partial replacement of rutile by titanite and of garnet by chlorite and (iii) the
complete replacement of sodic amphibole by calcic amphibole. Thermodynamic modelling

indicates that these minerals formed during retrogression at 12—13 kbar 420—450 °C.

6.2 Comparison with previous studies

This BSc study is the first attempt to constrain the peak P—T7 conditions of this sampling area by

thermodynamic modelling. However, previous petrological studies have been conducted on
metasediments and metabasalts collected in the same structural position as the studied metabasalt
VT2409B. Specifically, the maximum 7 (420-530 °C, Raman spectroscopy on carbonaceous

material) estimated by Negro et al. (2013) on metasediments are consistent with the ones (460—

500 °C) obtained in this study, using thermodynamic modelling.

34



The metabasalt (sample OF2933) investigated by Groppo et al. (2009) and the one studied in this
BSc thesis display the same peak mineral assemblage. In addition, both show large garnet crystals,
with similar chemistry (i.e. crystals show a very weak or even no chemical zoning) and they do
not contain either fresh omphacite or omphacite pseudomorphs. Groppo et al. (2009) constrained
the peak metamorphic conditions at ~24 kbar and ~600 °C, applying the empirical garnet-phengite
thermometer and the Si content in phengite (Krogh & Raheim 1978 and Green & Hellman 1982).

However, at these P-T conditions, omphacite should be present. The 7 estimated is 100 °C higher

than the one estimated by Negro et al. (2013). It must be noted that the method used by Negro et

al. (2013) is robust and provides the maximum 7 reached by a rock.

Interestingly, the intersection of the modelled chemical isopleths for garnet obtained in this BSc
study occurs at P—T conditions (21-23 kbar, 560—580 °C) similar to the one of Groppo et al. (2009).
The intersection of the chemical isopleths for garnet should provide the P-T conditions at which
garnet grew. This approach is generally used to constrain the prograde segment of a P—T path, due
to the fact that the chemical composition of garnet changes at increasing P and 7 conditions.
However, this method is quite difficult to apply in the case of sample VT2409B as well as in the
sample studied by Groppo et al. (2009), because garnet is not zoned (the chemistry does not change
from core to rim). It is possible that this discrepancy between the modelled and measured garnet
composition, can be lined to uncertainties of solid solution models, as reported in other studies

(e.g. Manzotti et al., 2015; Giuntoli et al., 2018).
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7. Future work

In this study, thermodynamic modelling (calculation of only one pseudosection) has been applied
using the bulk rock composition and the P-T conditions have been established comparing the
modelled and observed mineral assemblage. The discrepancy between the modelled and measured
garnet composition need to be further explored. Thermodynamic modelling (i.e. calculation of
isothermal P—X phase diagrams at the peak 7)) can be used to explore the role of certain elements
(Fe**, Ca) on the stability of garnet. In addition, Raman spectroscopy on quartz inclusions in garnet
(e.g. Ashley et al. 2014) can be used to estimate the entrapment P of these inclusions. This
approach is based on the elastic properties of inclusions and their host and allows and estimation
of P which is independent from the equilibrium thermodynamics approach used by

Theriak/Domino, Thermocalc or Perplex.
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