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Abstract I 

Abstract 
Upper mantle shear zones are complex systems where deformation is commonly closely 

interacting with metamorphic (solid-solid) and/or melt/fluid-rock reactions. Here, 

feedback processes between deformation, reactions, grain size reduction and phase 

mixing result in strain weakening and the localization of deformation. The expression of 

these interlinked processes is portrayed by the microfabrics of strained peridotites and 

pyroxenites. The present thesis is focusing on these processes and their impact on the 

deformation in three upper mantle shear zones situated in the peridotite massifs of Lanzo 

(Italian Alps), Erro-Tobbio (Italian Alps) and Ronda (Betic Cordillera, Spain). In all three 

shear zones, the presence of melt led to phase mixing either by interstitial crystallization 

of pyroxenes from a Si-saturated and partially also highly evolved melt or by melt-rock 

reactions of pyroxene porphyroclasts with a Si-undersaturated melt. The effect of melt on 

the localization of strain is twofold and variable. Enhanced deformation by melt-wetted 

boundaries is assumed for all shear zones. Additionally, phase mixing by crystallization 

of interstitial pyroxenes or melt-rock reactions reduce or maintain the grain size by the 

formation of fine grained neoblasts and secondary phase boundary pinning. In this regard, 

pre- to early syn-kinematic, map-scale percolation of OH-bearing, evolved melts in the 

NW Ronda peridotite massif and the associated crystallization of interstitial pyroxenes 

result in the activation of grain size sensitive deformation mechanisms in the entire melt-

effected area. In the rocks collected at Erro-Tobbio, syn-kinematic melt-rock reactions of 

pyroxene porphyroclasts and Si-undersaturated melt led to the formation of ultramylonitic 

neoblast tails (grain size ~10 µm). Compared to the adjacent coarser-grained olivine-

dominated matrix, the activation of diffusion creep led to an increase in the strain rate by 

an order of magnitude within interconnected ultramylonitic layers. Strain localization and 

softening in ultramylonitic layers are also documented in the Lanzo samples. Neoblast 

tails of pyroxene porphyroclasts were likewise identified as their precursor. The phase 

assemblage of the tails, including ortho- and clinopyroxene, olivine, plagioclase, and 

spinel (± amphibole), and their geochemical trends suggest, unlike in Erro-Tobbio, a 

formation by continuous net-transfer reactions enhanced by the spinel lherzolite to 

plagioclase lherzolite transition.  

The new results obtained from the three studied shear zones underscore the importance 

of reactions for the interlinked processes of grain size reduction, phase mixing, strain 

localization and strain softening in upper mantle shear zones. Concerning strain 

localization, the nature of the reaction (solid-solid, melt/fluid-rock) seems to play a 
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subordinate role compared to its timing. Pre- to early syn-kinematic melt-triggered 

reactions result in strain localization along map-scale shear zones. Late stage 

syn-kinematic melt-rock or metamorphic reactions under high stress conditions are 

capable of localizing the deformation along discrete, sub-centimeter thick ultramylonites. 

Keywords:  

Upper mantle, shear zone, phase mixing, strain localization, deformation mechanisms, 
grain size reduction, melt-rock reactions, net-transfer reactions, mylonite, ultramylonite, 
EBSD, Lanzo peridotite, Erro-Tobbio peridotite, Ronda peridotite. 

  



Kurzfassung III 

Kurzfassung 
Scherzonen des oberen Erdmantels sind komplexe Systeme, in denen Deformation in 
enger Wechselwirkung mit metamorphen (fest-fest) und/oder Schmelz/Fluid-Reaktionen 
steht. Rückkopplungsprozesse zwischen Deformation, Reaktionen, Korngrößenreduktion 
und Phasenmischung sind entscheidend für die Lokalisierung von Deformation und ihre 
Aufrechterhaltung. Mikrogefüge deformierter Peridotite und Pyroxenite zeugen von 
solchen Prozessen. In der vorliegenden Studie werden drei Scherzonen der 
Peridotitmassive Lanzo (Alpen, Italien), Erro-Tobbio (Alpen, Italien) und Ronda 
(Betische Kordillere, Spanien) mikrogefügekundlich und geochemisch untersucht, um 
diese Wechselwirkungs- und Rückkopplungsprozesse zu entschlüsseln. Hinweise auf 
schmelzinduzierte Phasenmischung sind in allen drei Scherzonen vorhanden. Sie geht 
entweder auf die Kristallisation von interstitiellen Pyroxenen aus Si-reicher oder hoch 
entwickelter, OH-reicher Schmelze oder auf Reaktionen von Pyroxen-Porphyroklasten 
mit Si-armer Schmelze zurück. Der Einfluss der Schmelze auf die Lokalisierung der 
Deformation wirkt sich in zweifacher Hinsicht aus: (1) Eine gegenüber schmelzfreien 
Gesteinen verringerte Viskosität durch schmelzbenetzte Korn- und Phasengrenzen ist für 
alle drei Scherzonen anzunehmen. (2) Des Weiteren bedingt Korngrößenreduktion und 
die Stabilisierung von feinkörnigen Phasenmischungen durch interstitielle Pyroxene 
und/oder durch Schmelz-Porphyroklast-Reaktionen eine Aktivierung von 
korngrößenabhängigen Deformationsmechanismen. In der Ronda Scherzone führte die 
prä- bis synkinematische Kristallisation von Pyroxenen zur Aktivierung von 
DRX-Kriechen (dynamische Rekristallisation mit dominanter Korngrenzmigration) und 
disGBS (Versetzungskriechen-gestütztes Korngrenzgleiten) im km-skaligen 
schmelzbeeinflussten Bereich. In den Erro-Tobbio Proben bedingten synkinematische 
Schmelzreaktionen von Pyroxen-Porphyroklasten und Si-armer Schmelze die Bildung 
ultramylonitischer Neoblasten (Korngröße ~10 µm) in Porphyroklast-Druckschatten. In 
miteinander vernetzten, weniger als 1 cm mächtigen Ultramyloniten erhöht sich die 
Strainrate durch die Aktivierung von Diffusionskriechen im Vergleich zur angrenzenden 
olivindominierten Matrix um etwa eine Größenordnung. Eine solche Lokalisierung von 
Deformation mit begleitender Verformungsentfestigung ist auch in Ultramyloniten der 
Lanzo-Proben zu beobachten. Der Ursprung liegt wie in den Erro-Tobbio-Gesteinen in 
den Neoblasten von Pyroxen-Porphyroklast-Druckschatten. Die geochemische 
Zusammensetzung der Neoblasten deutet hier jedoch auf eine Bildung durch 
kontinuierlich stattfindende Reaktionen hin. Die Zusammensetzung aus Ortho- und 
Klinopyroxenen, Olivin, Plagioklas und Spinell (± Amphibol) weist auf den Übergang 
von Spinell- zu Plagioklas-Lherzolith als Auslöser dieser Reaktionen hin.  

Die aus den drei Untersuchungsgebieten gewonnenen Daten und Erkenntnisse belegen 
die fundamentale Bedeutung von Reaktionen für die Lokalisierung und Entfestigung der 
Verformung in Scherzonen des oberen Erdmantels durch Korngrößenreduktion und 
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Phasenmischung. Für die Lokalisierung der Deformation scheint die Art der Reaktion 
(fest-fest-, Schmelz-, Fluid-Reaktionen) im Vergleich zu ihrem Zeitpunkt eine eher 
untergeordnete Rolle zu spielen. Prä- bis früh synkinematische, durch Schmelze initiierte 
Reaktionen führen zur Lokalisierung der Deformation im km-Bereich. Spätere 
synkinematische durch Schmelze oder Metamorphose getriggerte Reaktionen unter 
hohen Differentialspannungen lokalisieren die Deformation entlang von Ultramyloniten 
im Subzentimeterbereich. 

 

Schlüsselwörter: 

Oberer Erdmantel, Scherzone, Phasenmischung, Lokalisierung von Deformation, 
Deformationsmechanismen, Korngrößenreduktion, Mylonit, Ultramylonit, EBSD, 
Lanzo-Peridotit, Erro-Tobbio-Peridotit, Ronda-Peridotit. 
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1 Introduction 

1.1 Upper mantle shear zones 
Large-scale differential motions on the earth’s surface are accommodated by slip 
along faults between rather stable, rigid crustal blocks (e.g., Vauchez et al., 2012). 
Following the fault structures towards deeper levels, deformation becomes 
distributed from discrete planes into wide zones when the brittle-ductile transition 
is crossed (e.g., Handy et al., 2018). In these deformational zones, known as “shear 
zones”, differential movements between lithospheric domains are accommodated 
by ductile deformation. In particular cases, these shear zones crosscut the entire 
lithosphere potentially forming boundaries of lithospheric plates (Regenauer-Lieb 
& Yuen, 2003). In the upper mantle, evidence of deformation localized in shear 
zones is present at various spatial scales ranging from kilometers to micrometers 
(e.g., Drury et al., 1991). Peridotite massifs are the largest upper mantle outcrops 
at the earth’s surface. They are subdivided according to their tectonic background 
in orogenic (alpine type) and ophiolitic, oceanic-derived massifs. In both types the 
localization of deformation in shear zones is present (e.g., Dijkstra et al., 2004). 
Moreover, mantle xenoliths often show relict structures of localized, ductile 
deformation (e.g., Mercier and Nicolas, 1974). Similar to the apparent size 
variation of deformed peridotite outcrops – from hand specimen to hundreds of 
km2 –the thickness of shear zones also varies strongly from cm- to km-scale 
(Dijkstra et al., 2004). Beside this variation in thickness, deformation 
microstructures can vary significantly between different xenoliths and/or massifs 
but also within a single thin section or area of investigation, within a shear zone 
respectively (see section 1.2). In the following, a short review of the upper mantle 
and in particular its shear zones in terms of minerology, lithology, deformational 
microstructures, and its deformation mechanisms provides an introduction for the 
subsequent case studies of three upper mantle shear zones. 

The lithospheric mantle is dominated by three major phases: Olivine (50-80 %), 
orthopyroxene (20-30 %), and clinopyroxene (0-20 %). Minor abundant phases 
with amounts <5 % are garnet, spinel, plagioclase and occasionally amphibole or 
phlogopite (Vauchez et al., 2012). Most important rock types are peridotite (>40 % 
Ol) and pyroxenite (<40 % Ol; Fig. 1.1). According to their main pyroxene phase 
and its abundance, they are subdivided into harzburgite (<5 % Cpx), lherzolite 
(>5 % Cpx, >5 % Opx) and wehrlite (<5 % Opx) (Fig. 1.1; Streckeisen, 1974). 
Especially in peridotite massifs the association of peridotites with dunite (>90 % 
Ol) and/or pyroxenite layers, veins or dikes is common (e.g., Nicolas, 1986).  
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Fig. 1.1. Classification and nomenclature of ultramafic rocks modified after 
Streckeisen (1974). 

As the principal composition stays rather constant under most upper mantle 
conditions, minor phases are often used as indicator for the equilibration depth and 
for possible metasomatism. Accordingly, peridotites are often classified by the 
respective prefix of plagioclase, spinel, or garnet (Fig. 1.2). Metasomatism in 
upper mantle rocks can change the original composition either in a “modal” or 
“cryptic” way (Dawson, 1984). Modal changes are petrographically visible by 
replacement structures or by the crystallization of a new secondary phase. In this 
respect, the presence of pargasitic amphibole indicates H2O and alkali (Na, K) 
enrichment either by fluids or by hydrous melts (e.g., Mandler and Grove, 2016). 
Modal metasomatism due to melts are melt-rock reaction microstructures and the 
crystallization of interstitial secondary phases (e.g., Rampone et al., 2018). At 
deeper mantle levels, Si-undersaturated melts cause olivine crystallization and 
pyroxene dissolution (e.g., Dijkstra et al., 2002). At shallower depth, Si-saturated 
melts were reported corroding olivine grains and forming pyroxene and 
plagioclase (e.g., Kaczmarek and Müntener, 2008). Cryptic metasomatism 
changes only the type and amount of trace and rare earth elements without 
petrographic evidence (e.g., Kiseeva et al., 2017). Most upper mantle shear zones 
and sheared peridotites show evidence for reactional changes in their mineralogy 
by either metasomatism or changing PT conditions (e.g., Dijkstra et al., 2002; 
Newman et al., 1999). These reactions are thought to play a key role in shear 
localization and the development of shear zones in the upper mantle (Dijkstra et 
al., 2004).  
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Fig. 1.2. Stability fields 
of aluminous phases in 
peridotites in the 
CaO-MgO-Al2O3-SiO2 

system with exemplary 
lithology in the 
background. Modified 
after Perkins and 
Anthony (2011). 

 

 

 

 

 

1.2 Microstructural classification of deformed mantle 
rocks 

Main strain markers of deformed peridotites are a strong foliation and lineation 
formed by mineral or mineral aggregate elongation of mostly pyroxenes, spinel, 
olivine and if present plagioclase. An outstanding marker for both foliation and 
lineation, are flat, elongated orthopyroxene single crystals with aspect ratios partly 
exceeding 1:50 (e.g., chapter 2, Fig. 2.4). In highly deformed peridotites, these 
elongated single crystals, and mono-phase aggregates, as well as assemblages of 
porphyroclasts with neoblast tails/wings indicate the lineation. The shape of the 
latter assemblages is commonly described as sigmoidal or delta-shaped (e.g., 
Newman and Drury, 2010). Additionally, the effect of ductile deformation on 
pyroxenitic layers or veins is used as indicator for the relative strain intensity. 
Common deformation structures of pyroxenites are rotated layers parallel to the 
foliation, folds with axial planes turning parallel to the foliation (intrafolial folds), 
pinch-and-swell structures and boudins (e.g., Kaczmarek and Müntener, 2008; 
Précigout et al., 2013). 

Classifications of deformed upper-mantle peridotites are mostly based on the grain 
size and dominant microstructural characteristics. Mercier and Nicolas (1974) 
distinguished three structural types: The protogranular, the porphyroclastic and the 
equigranular type. As their classification results from xenolith investigations, it is 
based on microscale features in the scale of hand specimens and/or thin sections. 
Geological mapping and microstructural analysis of rocks from various peridotite 
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massifs led to the classification by Dijkstra et al. (2004). Here, three main types 
of deformed peridotites in areas of localized deformation are distinguished. Even 
though the grain size is also the main criteria for classification, the categories of 
medium to coarse grained tectonite (>4 mm), medium grained tectonite (1-4 mm) 
and mylonite (1-0.1 mm) are more strongly based on the deformational structures 
of a bigger area rather than on specific, small-scale microstructures. It must be 
briefly noted here that by definition mylonites are tectonites (e.g., Turner & Weiss, 
1963), which makes the nomenclature of Dijkstra et al. (2004) somewhat 
misleading. However, for most research on deformed mantle rocks, the applied 
classification lies between those rather small-scale, microstructural, or larger-scale 
classifications. Therefore the combination of microstructural and 
mesoscopic/macroscopic criteria is common (e.g., Czertowicz et al., 2016; 
Kaczmarek and Tommasi, 2011; Linckens et al., 2011). In general, the 
differentiation between mylonites and ultramylonites (<50 µm) is commonly 
accepted. It is, depending on the focus of investigation, flexibly extended by 
microstructural (porphyroclastic, coarse- or fine-grained) and sequential 
characteristics (e.g., proto-mylonite). An example of a classification for the 
increasingly deformed peridotites of the Lanzo shear zone is shown in Figure 2.3 
of chapter 2. Due to varying deformation conditions of individual shear zones, 
ultramylonitic microstructures show variable mean grain sizes ranging between 
< 15 and 100 µm ECD (equivalent circular diameter). According to the authors of 
the present research, the distinction between ultramylonitic and mylonitic domains 
is therefore rather defined by a clear separation of ultramylonitic domains with 
average grain sizes between < 15-100 µm ECD and coarser grained mylonitic 
domains (~ 50-200 µm ECD) than by an explicit grain size. The threshold between 
mylonitic and ultramylonitic grain size is to be determined by microstructural 
analysis of both domains for a given shear zone. Moreover, in most cases 
ultramylonitic microstructures form only parts of the overall rock structure. On 
the sample scale, the classification as ultramylonite therefore mostly refers to 
rocks consisting of mylonites, which are crosscut by ultramylonitic bands. In this 
contribution, the occurrence of coherent ultramylonitic bands is accordingly 
adapted as criteria for an ultramylonite. With the focus on the microscale rather 
than on macroscale, the classification used in this contribution of ultramylonitic 
and mylonitic assemblages results straight-forward from the specific analyzed 
microstructure rather than describing deformed peridotites at a larger scale 
(m-km).  
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1.3 Strain localization in the upper mantle: 
Heterogeneities and strain softening mechanisms 

Strain localization in the upper mantle requires on the one hand an initial 
heterogeneity and/or anisotropy and on the other hand specific deformation 
mechanisms, which support strain softening. Tommasi and Vauchez (2015) 
identified several heterogeneity types in the lithospheric mantle as potential 
“seeds” for strain localization: (1) Large-scale variations in the geothermal 
gradient as present for hot plumes or the cold lithospheric roots of cratons, (2) 
major-element and modal heterogeneities as present in the compositional layering 
of most peridotite massifs, (3) the presence of melt, (4) variations in the hydration 
state of particularly olivine, (5) grain size heterogeneities and (6) lateral changes 
of the olivine CPO. Variations in each of these were shown to have a significant 
effect on the physical properties and in particular on the mechanical strength of 
the upper mantle (Tommasi & Vauchez, 2015). Additional to these inherent 
heterogeneities as seeds of strain localization, Regenauer-Lieb et al. (2006) added 
(7) a numerical-based model of a thermo-mechanical feedback effect from brittle 
and ductile regions of the lithosphere, which cause strain localization at the 
brittle-ductile transition and thereby between the lower crust and upper mantle.  

Outcrops of deformed peridotites record mostly a complex history of deformation 
and reactions caused by changing PT conditions and the percolation of melts 
and/or fluids. Because of the resulting microstructural, mineralogical, and 
geochemical variations on the small-scale (~m) and the limited extend of massifs 
or xenoliths, large-scale upper mantle heterogeneities which extend over tens and 
hundreds of kilometers are difficult to resolve in peridotite massifs and xenoliths. 
Accordingly, thermal variations and impacts of predominating olivine CPOs are 
mostly approached by seismic or numerical studies (e.g., Gibert et al., 2003; Knoll 
et al., 2009; Tommasi et al., 2001, 2009). However, precisely because of their 
complexity, the study of shear zones from peridotite massifs has the advantage, 
that at its best, the entire evolution from the depth of the lower lithosphere to the 
earth’s surface is imprinted and accessible in the sheared peridotites. Processes of 
regional-scale initial weakening and especially the interplay of metasomatism and 
accompanying melt/fluid-rock reactions, metamorphism, the activity of different 
deformation mechanisms, phase mixing and grain size evolution under ductile 
deformation are in the most impressive manner investigable (e.g., Czertowicz et 
al., 2016; Dijkstra et al., 2002; Kaczmarek and Tommasi, 2011; Linckens et al., 
2011).  
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The localization of strain in the upper mantle depends on both initial heterogeneity 
and the persistent activity of a weakening/ strain softening mechanisms (Poirier, 
1980). Döhmann et al. (2019) modelled the propagation of zones of weakening 
starting from inclusions tips (= initial heterogeneity) and expanding into shear 
zones. The width and the localization rate of the developing shear zone were 
controlled by the amount of rheological weakening. It should be noted that initial 
heterogeneities could also have an inherent softening effect which may continue 
or become active again during the evolution of the shear zone. Strain softening 
mechanisms can be subdivided into four main classes: (1) thermal softening, (2) 
geometric softening, (3) reaction softening and (4) microstructural softening (e.g., 
White et al., 1986). Since in peridotite shear zones, reaction and microstructural 
softening are often interrelated processes, they will be described in one paragraph. 
The involved deformation mechanisms are revised at the end of this section.  

Thermal softening is caused by shear heating, which is based on the conversion of 
dissipative mechanical work into heat (e.g., Schmalholz and Duretz, 2015). The 
temperature dependence of the rheology results in a positive feedback of rising 
temperatures causing softening and thereby enhancing the strain rate (e.g., 
Kelemen and Hirth, 2007). However, models of thermal softening commonly 
require a preexisting weakness as for example given by the weaker rheology of 
fine-grained, mixed mylonites (e.g., Kelemen & Hirth, 2007; Schmalholz & 
Duretz, 2015).  

Geometric softening is indicated by a shape preferred orientation (SPO) or 
crystallographic/ lattice preferred orientation (CPO). CPOs reflect energetically 
favorable slip-systems along which dislocations glide and climb commonly 
referred to as dislocation creep (Section 1.4; Passchier & Trouw, 1996). Beside 
an anisotropy in creep strength, the common alignment in a preferred orientation 
results in an anisotropy of seismic wave velocities (e.g. Mainprice, 2015). As 
seismic anisotropy in the upper mantle is rather the rule than the exception, and 
CPO-producing deformation in the earth’s mantle was active for the last 4 G.y., 
CPO related anisotropy is thought to be of major importance for early shear 
localization (Tommasi & Vauchez, 2015). However, its importance for the 
consecutive shear zone evolution with strain localization on various spatial scales 
is still unclear (e.g., Behr, 1980; Tommasi et al., 2009). 

Microstructural softening is often related to grain size reduction and the activity 
of a grain size-sensitive deformation mechanism (Section 1.4). As shear zones are 
commonly characterized by either a general small grain size compared to that of 
the undeformed wall rock or a gradient from coarse grained and undeformed over 
fine grained, porphyroclastic to even smaller grain sizes in ultramylonites 
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(e.g., Boudier et al., 1988), grain size reduction, also referred to as 
“mylonitization” (Cross & Skemer, 2017), is considered to play a key role for 
strain localization (e.g., Rutter and Brodie, 1988). Apart from dynamic 
recrystallization and brittle deformation (e.g., Drury et al., 1991; Drury and Urai, 
1989), metasomatic and metamorphic reactions are capable of grain size reduction 
(e.g., Dijkstra et al., 2002; Furusho and Kanagawa, 1999; Newman et al., 1999). 
Several grain size-sensitive deformation mechanisms were reported:  

a. Diffusion creep is in general grain size-sensitive due to the dependency of 
diffusion length and grain size. Depending on the diffusion pathway, it is 
subdivided into Coble and Nabarro-Herring creep. The former is 
characterized by diffusion along grain boundaries (Poirier, 1985). In the 
latter, diffusion occurs throughout the crystal lattice (e.g., Knipe, 1989).  

b. Grain boundary sliding (GBS) accommodates deformation by the sliding 
of grains past each other, while the development of voids is prevented by 
solid state diffusion, crystal-plastic deformation and/or solution and 
precipitation (Passchier & Trouw, 1996). It can be active in both the 
dislocation (disGBS) and diffusion creep regime (difGBS) (e.g., Drury et 
al., 2011; Hansen et al., 2011; Warren and Hirth, 2006). Due to its 
dependency on the length of diffusion pathways, it is in general grain size 
sensitive (e.g., Schmid et al., 1977). For the sake of completeness, the 
activity and importance of GBS in cataclastic shear zones has to be 
mentioned (e.g., Trouw et al., 2010). 

c. Platt and Behr (2011) added an additional grain size-sensitive deformation 
mechanism by dislocation creep with grain-boundary migration as 
recovery mechanism (DRX creep). Its sensitivity is based on the activity 
of strain energy driven grain-boundary migration, which Platt and Behr 
(2011) attest to be no driving force for grain growth under steady state 
conditions.  

1.4 Deformation mechanisms of the upper mantle 
Together with deformation experiments on mantle assemblages, microstructural 
research on deformed peridotites from shear zones of peridotite massifs have led 
to a profound understanding of the deformation mechanisms operating under 
upper mantle conditions (e.g., Dijkstra et al., 2004; Hansen et al., 2011; Hirth and 
Kohlstedt, 2003; Newman and Drury, 2010). In general, high-temperature creep 
in polycrystalline materials is described by a flow law of the form of equation 1.1. 
Here, the strain rate (𝜀𝜀̇) depends on the grain size (d) in addition to 
material-dependent parameters, constants, the differential stress (𝜎𝜎) and 
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temperature (T). Additional to these parameters, it should be noted that the strain 
rate is also depending on the water content for e.g., olivine under dry (50 ppm 
H/Si) and water-rich (1000-3000 ppm H/Si) conditions (Fig. 1.3; e.g., Ohuchi et 
al., 2015), on the presence of melts and fluids along grain boundaries (Hidas et al., 
2016; Hirth & Kohlstedt, 1995) and on the presence of a crystallographic preferred 
orientations (e.g., Knoll et al., 2009). In equation 1.1, the grain size exponent m 
and the stress exponent n are decisive for the sensitivity of the strain rate 𝜀𝜀̇ to 
changes in grain size d or differential stress 𝜎𝜎. Included are more over a 
material-dependent parameter A, the activation enthalpy Q, the gas constant R and 
the temperature T.  

𝜀𝜀̇ = 𝐴𝐴𝐴𝐴−𝑚𝑚 𝜎𝜎𝑛𝑛 exp (𝑄𝑄 (𝑅𝑅 ∗ 𝑇𝑇)⁄  (1.1) 

As olivine is the most abundant phase of the upper mantle, its flow laws are 
generally used to predict the rheology of the upper mantle. Dislocation creep in 
olivine is assumed to be active with stress exponents between 3.5 and 7 but with 
a grain size exponent of 0 < p ≤ 1. Thus, the rheology of the upper mantle in the 
dislocation creep field is strongly stress dependent but relatively insensitive to the 
grain size (e.g., Faul et al., 2011). With a stress exponent n of 2-3.5 and a grain 
size exponent p of 1-2, dislocation creep accommodated grain boundary sliding 
(DisGBS) in polycrystalline olivine aggregates was calculated to be grain size- and 
stress-sensitive (e.g. Hansen et al., 2011a; Hirth and Kohlstedt, 2003). Similar 
values (n ≈ 4, p = 1.33) were obtained by Platt and Behr (2011) for DRXcreep. 
With stress exponents (n) between 1.4 - 3.5 and grain size exponents (p) between 
2-3, diffusion creep in olivine aggregates is sensitive to stress but especially to the 
grain size (e.g., Faul and Jackson, 2007; Hirth and Kohlstedt, 1995).The individual 
deformation mechanisms (dislocation creep, diffusion creep, GBS, DisGBS and 
DRXcreep) are not mutually exclusive and do not necessarily operate 
independently from each other (Warren & Hirth, 2006). Accordingly, the total 
strain rate 𝜀𝜀�̇�𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  can be formulated as the sum of the individual strain rates 
accommodated by different deformation mechanisms, here, diffusion creep (𝜀𝜀�̇�𝑑𝑑𝑑𝑑𝑑), 
dislocation creep (𝜀𝜀�̇�𝑑𝑑𝑑𝑑𝑑) and grain boundary sliding (𝜀𝜀�̇�𝐺𝐺𝐺𝐺𝐺) (Eqn. 1.2; Précigout et 
al., 2007). The proportions of the individual mechanisms change due to changes 
in deformation conditions (Eqn.1.1). 

𝜀𝜀�̇�𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜀𝜀�̇�𝑑𝑑𝑑𝑑𝑑 + 𝜀𝜀�̇�𝑑𝑑𝑑𝑑𝑑 + 𝜀𝜀�̇�𝐺𝐺𝐺𝐺𝐺 (1.2) 

For a particular rheological regime, the parameters of a flow law are mostly 
determined empirically (e.g., Hansen et al., 2011). To identify the dominant 
deformation mechanism, these values are compared with theoretical values of the 
different deformation mechanisms. Deformation mechanism maps define areas/ 
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conditions where a particular deformation mechanism is dominant (Fig. 1.3). Due 
to the inverse relationship between recrystallized grain size of a monomineralic 
assemblage and differential stress during high-T creep, grain sizes can be used to 
constrain the paleo differential stress (e.g., Twiss, 1977). Piezometric lines 
indicating theoretical grain sizes at given differential stresses are commonly added 
to deformation mechanism maps (Fig. 1.3). 

Fig. 1.3. Olivine deformation mechanism maps at 860 °C and 1.5 GPa lithostatic 
pressure for dry (left) and wet (376 ppm H/Si) olivine (right). Black dotted line = 
piezometric line of Van Der Wal and Vissers (1993). Dark grey lines= Lines of 
constant strain rates (in s-1). DRX creep = Dislocation creep with strain-energy 
driven grain-boundary migration as main recovery mechanism (Platt and Behr, 
2011). Modified after Johanesen and Platt (2015). 

1.5 Mechanisms of phase mixing and its impact on 
deformation  

Microstructural weakening often results from a switch in the dominant 
deformation mechanism, respectively from dislocation creep via grain boundary 
sliding to diffusion creep. If the deformational parameters (differential stress, 
strain rate, temperature, and hydration conditions etc.) are nearly constant, the 
grain size is the decisive parameter for controlling the dominant deformation 
mechanism (Fig. 1.3/ Eqn. 1.1). However, fast kinetics in olivine suggest a rapid 
grain growth and a stabilization of grain size in the dislocation creep or GBS creep 
field of monomineralic assemblages (De Bresser et al., 2001; Karato, 1989). 
Equation 1.3 shows the piezometric relationship of single-phase assemblages 
where the steady state grain size 𝐴𝐴𝐺𝐺𝐺𝐺 depends on the steady-state stress 𝜎𝜎𝐺𝐺𝐺𝐺 in 
addition to the material-dependent parameters 𝐴𝐴1and q (e.g., Hirth and Kohlstedt, 
2015). Following equation 1.3, under high T, upper mantle conditions grains 
would therefore coarsen after deformation ceases to reduce their interfacial free 
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energy and thereby counteract long-term strain localization and the reactivation of 
deformational pathways (e.g., Linckens et al., 2015). 

𝐴𝐴𝐺𝐺𝐺𝐺 = 𝐴𝐴1 𝜎𝜎𝐺𝐺𝐺𝐺𝑞𝑞⁄  (1.3) 

In contrast to this prediction, ultramylonites with grain sizes indicative for 
diffusion creep are present in internal parts of many upper mantle shear zones 
(e.g., Dijkstra et al., 2002; Kaczmarek and Tommasi, 2011; Newman et al., 1999). 
Here and in most mylonitic peridotites, the assemblage is polymineralic and well 
mixed. Beside these naturally deformed peridotites, deformation experiments of 
peridotites (e.g., Cross and Skemer, 2017; Farla et al., 2013; Gilgannon et al., 
2020; Linckens et al., 2014; Tasaka et al., 2017) and deformation modelling (e.g., 
Bercovici and Skemer, 2017) corroborate a significant impact of secondary 
minerals on the grain size and thus on the rheology. Mixed phases can inhibit grain 
growth by dragging and pinning of migrating boundaries (= Zener pinning) at 
temperatures relevant for grain boundary migration (e.g., Herwegh et al., 2011). 
Thereby, the resulting grain sizes of the primary (𝐴𝐴𝐼𝐼) and secondary phase (𝐴𝐴𝐼𝐼𝐼𝐼) as 
well as the maximum primary/ matrix grain size (𝐷𝐷𝑚𝑚𝑡𝑡𝑚𝑚) differ from the flow stress 
dependent piezometric grain size of single-phase assemblages (Eqn. 1.3) by 
depending on the volume fraction of the secondary phase (𝑓𝑓𝐼𝐼𝐼𝐼) (Eqn. 1.4/1.5) (e.g., 
Tasaka et al., 2017). For equation 1.4 and 1.5 𝛽𝛽 and Z are the Zener parameters 
predicted by Zener in Smith (1948). Beside the fraction, also the spatial 
distribution of secondary phases has been shown to have a major impact on the 
grain size evolution (e.g., Herwegh et al., 2011).  

𝐴𝐴𝐼𝐼 𝐴𝐴𝐼𝐼𝐼𝐼⁄ = 𝛽𝛽 (𝑓𝑓𝐼𝐼𝐼𝐼)𝑍𝑍⁄   (1.4) 

and 

𝐷𝐷𝑚𝑚𝑡𝑡𝑚𝑚 = 𝑐𝑐 ∗ 𝐴𝐴𝐼𝐼𝐼𝐼 𝑓𝑓𝐼𝐼𝐼𝐼⁄  (1.5)  

From this, a key role of phase mixing in the localization of strain and its 
maintenance can be deduced. Several processes have been discussed in the 
literature, which form phase mixtures in ductile shear zones:  

a. Neighbor switching by grain boundary sliding (GBS/ “Granular flow” in 
Boullier and Gueguen (1975)) in the dislocation and diffusion creep 
regime (e.g., Hirth and Kohlstedt, 2003; Précigout et al., 2007; Drury et 
al., 2011, Farla et al., 2013). In this process, which is particularly active 
in fine-grained aggregates, the grains slide past each other accommodating 
thereby the deformation. Mixing by neighbor switching during GBS is 
accordingly a mechanical process. Contrary to mixing, deformation 
experiments by Hiraga et al. (2013) indicate phase aggregation during 
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GBS. Additionally, Linckens et al. (2014) have shown that phase mixing 
by the combined process of dynamic recrystallization and GBS requires 
high amounts of strain. Therefore, these authors remarked that this process 
does not provide an adequate mechanism for strain localization.  

b. Creep cavitation and subsequent nucleation during GBS (e.g., Précigout 
and Stünitz, 2016). In experiments on olivine and diopside composites, 
Précigout and Stünitz (2016) postulated that phase mixing is achieved 
when dislocation creep or diffusional mass transport cannot accommodate 
GBS. At this point, neoblasts precipitate from an aqueous fluid at grain 
boundaries and instantly fill interstitial grain space forming a mixed 
assemblage. Further evidence for this process might be found in the work 
of Platt (2015), where dynamically recrystallized orthopyroxene 
porphyroclasts form neoblast tails with phase mixing present at their 
margins. Here, olivine neoblasts were interpreted to crystallize 
interstitially between the sliding (GBS) grains of the dynamically 
recrystallized tails. 

c. Geometric phase mixing. Cross and Skemer (2017) reported the formation 
of phase mixtures in calcite-anhydrite composites by an entirely 
mechanical process without cavity formation, diffusion, or reaction. In 
their torsion experiments, calcite and anhydrite domains were stretched 
and thinned to ‘monolayers’ of one or two grain’s width at moderate shear 
strains (γ ≥ 6). Increasing the shear strain (17 < γ < 57), these layers 
disaggregated and thereby mixed. Again, it is noted that rheological 
weakening by the formation of such monolayers would require large 
strains (γ ≤ 100) in natural settings. Extrapolating these results to the upper 
mantle, Cross and Skemer (2017) suggests that ultramylonites are rather a 
consequence and not the cause of shear localization. 

d. Reaction-induced phase mixing. By the formation of neoblasts, reactions 
can change the phase assemblage and lead to phase mixing and grain size 
reduction. In upper mantle shear zones, a variety of reactions were 
reported, which can be subdivided into the groups of (1) solid-solid or 
metamorphic, (2) melt-rock, (3) and fluid-rock reactions. (1) Decreasing 
PT conditions lead to the garnet peridotite–spinel peridotite, and at 
shallower depth, to the spinel peridotite–plagioclase peridotite transitions 
(Fig. 1.2, e.g., Furusho and Kanagawa, 1999, Dijkstra et al., 2004). Beside 
the formation of a new phase (spinel, plagioclase), continuous net-transfer 
reactions produce additionally neoblasts of the same phase but with a 
composition adapted to the present PT conditions (e.g., Newman et al., 
1999). Additionally, PT-controlled exsolutions in pyroxenes are forming 
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intracrystalline phase mixtures, which potentially become inter-crystalline 
during dynamic recrystallization. (2) Melt-rock reactions are based on the 
disequilibrium between a percolating melt and the host rock, which causes 
the precipitation of neoblasts and the dissolution of existing grains. The 
composition of the melt, which in turn changes due to its ascent, controls 
which phases are dissolved and which are precipitated (e.g., Rampone et 
al., 2018). Si-undersaturated melts cause olivine crystallization and 
pyroxene dissolution at deeper mantle depth, and therefore were reported 
for the early evolution in shear zones (e.g., Dijkstra et al., 2002; 
Kaczmarek and Müntener, 2008). Si-saturated melts form pyroxene and 
plagioclase and corrode olivine grains at shallower depth (e.g., Kaczmarek 
and Müntener, 2008). Additionally, Dijkstra et al. (2002) have shown that, 
at the microscale, melt-rock reactions and the melt composition are highly 
dependent on variations of pressure and phase assemblage. (3) Fluid-rock 
reactions in peridotites cause phase mixing either by precipitation of new 
phases or dissolution and precipitation of available phases. New phases 
reportedly formed by crystallization from fluids in mantle rocks are 
amphibole, chlorite and serpentine (e.g., Hoogerduijn Strating et al., 1993; 
Précigout et al., 2017; Prigent et al., 2020). In orthopyroxene reaction tails, 
Kohli and Warren (2020) additionally reported the mixing of tremolite and 
olivine by hydration reactions at 650-850 °C. Similar to Dijkstra et al. 
(2002) but here regarding the local fluid rather than the local melt 
composition, Hidas et al. (2016) suggested that the composition of the fluid 
is locally controlled by the surrounding minerals. Due to its variations, 
alternating dissolution and precipitation of olivine and orthopyroxene in 
the presence of the fluid effectively mixes both phases.  

1.6 Research objective 
Although the interplay of grain size reduction and phase mixing has been shown 
to be crucial for strain localization and its maintenance in the upper mantle, a 
detailed microstructural study that captures and compares phase mixing in 
multiple shear zones and thereby evaluates its origin and impact on strain 
localization was so far missing. On the one hand, this can be explained by the 
wealth of (micro)structural, geochemical, and rheological processes, which 
naturally deformed peridotites undergo. On the other hand, such a project must be 
based on existing research, which provides the structural, lithological and 
large-scale deformational framework and enables to put the microstructural results 
in the context of the shear zone evolution. Additionally, the required fieldwork 
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and high resolution geochemical and microstructural analyses are very time 
consuming. 

This microstructural study of samples from the shear zones of the Lanzo ultramafic 
body (Piemonte Alps, NW Italy), the Erro-Tobbio peridotite (Voltri massif, 
Ligurian Alps, NW Italy) and the Ronda ultramafic massif (Bethic Cordillera, 
southern Spain) meets the above-mentioned requirements. All three peridotite 
massifs were studied and mapped in detail (e.g., Müntener et al., 2005; Obata, 
1980; Piccardo and Vissers, 2007). Thereby, the geodynamic framework, the PT 
conditions and the location and thickness of the targeted shear zones are largely 
known. Additionally, strain localization, grain size reduction and phase mixing 
were attested by previous studies (e.g., Kaczmarek and Müntener, 2008; Padovano 
et al., 2014; Précigout et al., 2007). For each shear zone, a different dominant 
mixing process has been postulated: For the Lanzo peridotite, the formation of 
mixed ultramylonites was attributed to melt-rock reactions (Kaczmarek & 
Müntener, 2008). Phase mixing by metamorphic reactions was suggested in 
Erro-Tobbio’ s ultramylonitic set of shear zones (Hoogerduijn Strating et al., 
1993). For the Ronda peridotite, Précigout et al. (2007) proposed grain boundary 
sliding and neighbor switching as major mixing process. Despite these clearly 
assigned mixing processes, no detailed analysis of the origin and processes of 
phase mixing and the formation of the (ultra)mylonites has yet been performed at 
any of these shear zones. Thereby, the evaluation of other phase mixing processes 
was mostly neglected, and the importance of phase mixing on the deformation and 
evolution of the shear zones was generalized and not examined in detail. The 
standardized microstructural and geochemical analysis carried out in this study on 
samples taken over the strain gradient of every of the three shear zones enables to 
identify and evaluate the origin and impact of phase mixing on deformation and 
strain localization under different conditions. The comparability of the data and 
their integration in the existing research allows to identify primary phase mixing 
processes and to decipher their varying impact during the shear zone evolution. 
Without giving too much away, this work succeeds in identifying a common 
source of phase mixing that has major implications for the deformation of earth's 
upper mantle: Reactions.  
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1.7 Structure of the thesis 
This thesis is divided into three main chapters enclosed by the introduction and a 
conclusion with a brief scientific outlook. The three main chapters consist of the 
three peer-reviewed publications, each dedicated to one of the project’s research 
areas.  

The first publication by Sören Tholen, Jolien Linckens, Catharina Heckel and 
Marina Kemperle is entitled “Reaction-induced phase mixing and the formation 
of ultramylonitic bands”. It focuses on the Lanzo shear zone (Italy) and was 
accepted by Tectonophysics (volume 827, Elsevier) for publication as part of the 
special issue “Deformation processes in the ductile crust and mantle, seismic 
anisotropy, ocean ridge dynamics: A special issue in honor of Adolphe Nicolas” 
in January 2022. 

The second publication by Jolien Linckens and Sören Tholen is entitled 
“Formation of ultramylonites in an upper mantle shear zone, Erro-Tobbio, Italy”. 
It was published in the journal Minerals (MDPI) in the special issue of „Mantle 
Strain Localization – How Minerals Deform at Deep Plate Interfaces” in 
September 2021 (volume 2021/11, article number 1036).  

The third chapter consists of the publication on the shear zone of the NW Ronda 
peridotite complex, Spain. The manuscript entitled “Melt-enhanced strain 
localization and phase mixing in a large-scale mantle shear zone (Ronda 
peridotite, Spain)” by Sören Tholen, Jolien Linckens and Gernold Zulauf has been 
published by the Journal Solid Earth (European Geosciences Union – EGU) in 
October 2023. 

The order of the chapters corresponds to the order of investigation and not to the 
date of publication. References of each chapter are given directly at its end. A 
figure and table list, as well as the complete appendix are attached at the end of 
the thesis. Beside additional data and figures, the appendix contains all 
publications in the original format of the respective journal. Additionally, the 
thesis is accompanied by a CD that contains the supplementary data and the 
publications. As the printed version limits the quality of the figures, especially the 
microstructural ones, all figures are attached as high-resolution versions on the 
CD. The reader is kindly referred to these if the resolution in the printed version 
is too low or the image size is too small.  
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2.1 Abstract 
As for most upper mantle shear zones, mylonitic and ultramylonitic peridotites 
exposed in the northern Lanzo shear zone display thoroughly mixed, fine-grained 
(< 25 µm) bands. The weak crystallographic preferred orientations (CPO) of all 
their phases are indicative for deformation by diffusion creep. Although 
interpreted as significantly decreasing the strength of the upper mantle if 
interconnected, the formation process of fine-grained phase mixtures is still 
debated. Microstructural analysis of gradually higher strained peridotites of the 
northern Lanzo shear zone revealed the formation of fine-grained (< 25 µm) 
polymineralic tails adjacent to clino- and orthopyroxene porphyroclasts in 
mylonitic samples. Phase mixtures (av. 65% phase boundaries) are dominated by 
neoblasts derived from the porphyroclast (Opx/Cpx) and olivine, with minor 
abundances (< 10 area-%) of plagioclase, spinel, ± amphibole. Neoblast 
microstructures and mixing of phases directly at the border of the pyroxenes, 
indicate a reaction of pyroxene porphyroclasts to neoblast phase mixtures. 
Neoblast temperature estimations (~860 °C), their systematic change in 
composition, and plagioclase/spinel abundances suggest that continuous 
net-transfer reactions, enhanced by the spinel lherzolite to plagioclase lherzolite 
transition are likely the main driving forces for the formation of ultramylonitic 
phase mixtures in the Lanzo shear zone. These reactions were potentially 
enhanced by the presence of fluid as evidenced by pargasitic amphibole 
crystallization. Comparing these results to other upper mantle shear zones and 
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deformed xenoliths, the importance of reactions (melt-rock, fluid-rock and/or 
metamorphic) for the formation of polymineralic, ultramylonitic bands is 
confirmed.  

 

Keywords: Phase mixing, metamorphic reactions, spinel-plagioclase lherzolite 
transition, upper mantle, shear zone, recrystallization, Lanzo peridotite. 

2.2 Introduction 
Upper mantle shear zones are complex systems where a variety of processes take 
place through space and time. During deformation, changes in the PT conditions 
(e.g., Ramsay and Graham, 1970; Vauchez et al., 2012), percolation of melts 
(e.g., Dijkstra et al., 2002) and fluids (e.g., Précigout et al., 2017) can occur. These 
processes affect the mineralogy and microstructure of the rock, which in turn have 
a major control on the rheology of the shear zone. In most upper mantle shear 
zones, a transition in microstructures from relatively undeformed porphyroclastic 
tectonites, over protomylonites, mylonites and finally to ultramylonites can be 
observed (e.g., Newman et al., 1999; Dijkstra et al., 2002; Kaczmarek and 
Müntener, 2008; Linckens et al., 2015). Mylonites and ultramylonites are 
fine-grained and often polymineralic deformed rocks (Dijkstra et al., 2002; 
Kaczmarek and Müntener, 2008; Vissers et al., 1997). In these phase mixtures, 
second phases can counteract grain growth due to Zener pinning so that the grain 
sizes remain small (e.g., Linckens et al., 2015). In fine-grained, well-mixed layers, 
the small grain sizes can cause a switch in the dominant deformation mechanism 
from dislocation to diffusion creep (e.g., Newman et al., 1999; Dijkstra et al., 
2002; Kaczmarek and Tommasi, 2011). Assuming a constant strain rate, this 
switch decreases the stress and deformation will localize in these layers (Karato 
and Wu, 1993). If these fine-grained, mixed areas are interconnected, they can 
further localize the deformation in the shear zones affecting the rheology of the 
lithosphere (e.g., Brodie and Rutter, 1987; Montési, 2013; Pearce and Wheeler, 
2011). The preservation of these weak zones over geological time scales due to 
Zener pinning and possible subsequent reactivation might be important for the 
initiation of plate tectonics (Bercovici and Ricard, 2014).  

To form fine-grained, well-mixed mylonites and ultramylonites, there needs to be, 
in addition to grain size reduction, a phase mixing process. Several mixing 
processes have been described previously. Grain boundary sliding (GBS) can 
result in phase mixing due to neighbor switching in the dislocation and diffusion 
creep regime (e.g., Boullier and Gueguen, 1975; Hirth and Kohlstedt, 2003; 
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Precigout et al., 2007; Drury et al., 2011, Farla et al., 2013). In contrast, Hiraga et 
al. (2013), report phase aggregation during GBS in deformation experiments. 
Deformation experiments indicate additionally that relatively high amounts of 
strain are needed to form phase mixtures by the combined process of dynamic 
recrystallization and GBS (Linckens et al., 2015). For calcite-anhydrite 
composites Cross and Skemer (2017) additionally reported the formation of phase 
mixtures by ‘geometric’ mixing for torsion experiments. At moderate shear strains 
(γ ≥ 6) calcite and anhydrite domains were stretched and thinned to ‘monolayers’ 
of one or two grain’s width. At high shear strains (17<γ<57) their disaggregation 
led to a thoroughly mixed assemblage. An additional phase mixing process related 
to GBS is creep cavitation and nucleation (e.g., Précigout and Stünitz, 2016). In 
the experiments of Précigout and Stünitz (2016) phase mixing is achieved when 
dislocation creep or diffusional mass transport cannot accommodate GBS, cavities 
open at grain boundaries and are instantly filled by neoblasts precipitating from an 
aqueous fluid during diffusion creep. Further evidence for this process might 
additionally be found in the work of Platt (2015) who described microstructures 
of recrystallization tails of Opx porphyroclasts from South African xenoliths. Here 
mixing is restricted to the margins of the tails, where olivine neoblasts were 
interpreted to crystallize interstitially between dynamically recrystallized grains 
undergoing grain boundary sliding. 

Reaction-induced changes of the phase assemblage can also result in phase 
mixing. Multiple driving forces for mineralogical changes in upper mantle shear 
zones were reported, which can be divided into (i) metamorphic reactions, 
(ii) melt-rock reactions (iii) and fluid-rock reactions. (i) Changes in the PT 
conditions lead to garnet peridotite–spinel peridotite, and at shallower depth, 
spinel peridotite–plagioclase peridotite transitions (e.g., Furusho and Kanagawa, 
1999, Dijkstra et al., 2004). In addition, PT dependent mineral compositions lead 
to continuous net-transfer reactions (e.g., Newman et al., 1999). (ii) Percolating 
melt in disequilibrium with the peridotite leads to melt-rock reactions, which may 
precipitate neoblasts and dissolve existing grains. Which phases dissolve or 
precipitate depends on the melt composition, which in turn changes due to its 
ascent (e.g., Rampone et al., 2018). Si-undersaturated melts cause olivine 
crystallization and pyroxene dissolution at deeper mantle depth, and therefore 
occurs at the early stages of the shear zone evolution (e.g., Dijkstra et al., 2002; 
Kaczmarek and Müntener, 2008). At shallower lithospheric depth, Si-saturated 
melts can occur, corroding olivine grains and forming pyroxene and plagioclase 
(e.g., Kaczmarek and Müntener, 2008). Local changes of melt composition have 
an additional impact on the local melt-rock reaction (Dijkstra et al., 2002). 
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(iii) Fluid-rock reactions can result in phase mixing by pargasitic amphibole and 
later stage chlorite/serpentine crystallization (e.g., Hoogerduijn Strating et al., 
1993; Précigout et al., 2017; Prigent et al., 2020). In addition, Hidas et al. (2016) 
inferred that the fluid composition can be locally controlled by the surrounding 
minerals, allowing alternating dissolution and precipitation of olivine and 
orthopyroxene, leading to phase mixing. Additionally, Kohli and Warren (2020) 
reported mylonitic tremolite and olivine mixtures in orthopyroxene reaction tails 
potentially formed by hydration reactions of lherzolites at 650-850 °C. 

To determine what processes are important for phase mixing and the formation of 
the polymineralic (ultra)mylonites we utilized the northern Lanzo shear zone as a 
natural laboratory and conducted a detailed microstructural and chemical study. In 
this mantle shear zone, continuously higher strained fabrics are displayed towards 
the rather homogenous, thoroughly mixed (ultra)mylonitic center of the shear zone 
(e.g., Kaczmarek and Müntener, 2008; Kaczmarek and Tommasi, 2011; Linckens 
et al., 2015). Both melt-rock reactions and the spinel peridotite - plagioclase 
peridotite transition have been suggested as phase mixing processes (e.g., 
Kaczmarek and Müntener, 2008; Kaczmarek and Tommasi, 2011). Our study 
evaluates these and other models for phase mixing by focusing on transitions from 
porphyroclasts (olivine, orthopyroxene and clinopyroxene) to neoblasts in tails 
and intracrystalline microstructures. By analyzing the phase content, composition, 
fabric, texture, and mixing intensity we address where microstructurally, when in 
the shear zone evolution and by what driving force, phase mixing and the creation 
of ultramylonitic assemblages occurs. We compare the results to other upper 
mantle shear zones and deformed xenoliths to highlight the importance of 
reactions for phase mixing and formation of ultramylonites. 
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2.3 Geological setting 

 

Fig. 2.1. Overview of the Lanzo massif and a detailed map of the northern shear 
zone. A. Geological map including peridotite foliation and pyroxenite layering. 
Map modified after Boudier (1978) and Vieira Duarte et al. (2020). B. Geographic 
map with the location of the Lanzo area. C. The asymmetrical and anastomising 
northern shear zone with increasingly strained microstructural texture types (grey 
coloring) towards the contact to the northeastern hanging wall 
(PFG= porphyroclastic fine-grained). Sample locations are indicated. Map 
modified after Kaczmarek and Müntener (2008). For high resolution, see the digital 
version on the enclosed CD. 

The Lanzo peridotite massif is situated 30 km north-west of Torino, Italy 
(Fig. 2.1B), and is part of the high-pressure belt of the western Alps (e.g., 
Müntener et al., 2005). It is divided by two NW-SE striking shear zones into a 
southern, central, and northern part and covers an area of ~150 km2 (Fig. 2.1A) 
(e.g., Boudier, 1978; Kaczmarek and Müntener, 2008). To the south and east, it is 
covered by cenozoic sediments of the Po plain (Fig. 2.1A). To the north, 
continental units of the Sesia-Lanzo zone are exposed (Gneis minuti, Fig. 2.1A). 
In the West, high-pressure meta-ophiolites (Piemontese ophiolitic, Fig. 2.1A) and 
mesozoic metasediments are present (Fig. 2.1A; Müntener et al., 2005). Main 
lithologies are plagioclase lherzolites, spinel lherzolites, pyroxenites and dunites 
(e.g., Boudier, 1978). Aligned spinel aggregates, plagioclase lenses and elongated 
orthopyroxene porphyroclasts form the pervasive foliation and lineation 
(Kaczmarek and Tommasi, 2011). Compositional layering of pyroxene rich and 
poor cm-scale bands is observed parallel or discordant to the foliation 
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(Boudier, 1978; Kaczmarek and Tommasi, 2011). The orientation of both foliation 
and lineation varies: It shifts from N-S to NE-SW in the southern and central part 
to NW-SE in the northern shear zone area and N-S in the northern part (Fig. 2.1A). 
Numerous igneous rocks are crosscutting mantle foliation and pyroxenite layering 
(Kaczmarek and Müntener, 2008, and references therein). The mantle assemblage 
is surrounded by a 3-5 km thick envelope of foliated serpentinite (Debret et al., 
2013). Internally, the mantle assemblage is partially and only slightly 
serpentinized. For a detailed review of the massif’s tectonometamorphic history, 
see Müntener et al. (2005).  

Separating the northern and the central part, a high-temperature mantle shear zone 
(HTSZ) is exposed (Fig. 2.1A/C) (Kaczmarek and Müntener, 2008, 2005; 
Kaczmarek and Tommasi, 2011). It is interpreted as the deeper part of a mantle 
detachment fault between an asthenospheric, southern and a lithospheric, northern 
block that accommodates the opening of the Piemont-Ligurian ocean, in an 
ocean-continent transition or an (ultra)slow spreading ridge (Kaczmarek and 
Müntener, 2008; Kaczmarek and Tommasi, 2011; Müntener et al., 2005). Based 
on deformation related microstructures, Kaczmarek and Müntener (2008) divided 
the strained peridotites of Lanzo’s northern shear zone into five texture types 
(Fig. 2.1C). From least deformed to highly deformed, these textures are: 
porphyroclastic texture, porphyroclastic fine-grained texture, protomylonite, 
mylonite and mylonite with ultramylonite bands. Main trends with increasing 
strain are (i) decreasing vol. % of porphyroclasts vs. increasing vol. % of 
neoblasts, (ii) decreasing grain size and increasing elongation of orthopyroxene 
porphyroclasts, and (iii) decreasing grain size and increasing phase mixing of 
matrix neoblasts (Kaczmarek and Müntener, 2008; Kaczmarek and Tommasi, 
2011). Additionally, grain size distributions in weak deformed samples are 
generally more uniform than in higher deformed samples. For a detailed revision 
of the texture types see Kaczmarek and Müntener (2008). The strain gradient is 
strongly asymmetrical (Fig. 2.1C). In the SW footwall, the microfabrics gradually 
change over a width of 1.5 km (Fig. 2.1C; Kaczmarek and Tommasi, 2011). 
Additionally, the foliation and the pyroxenite layering gradually rotate parallel to 
the shear plane over a distance of 2-3 km (Fig. 2.1C; Kaczmarek and Tommasi, 
2011). In the NE hanging wall, deformed peridotites sharply change (~200 m) into 
porphyroclastic tectonites and lineation and foliation rotate parallel to the shear 
zone over a significantly smaller width (< 100 m) (Kaczmarek and Müntener, 
2008). Kaczmarek and Müntener (2008) and Kaczmarek and Tommasi (2011) 
reported a sinistral shear sense for the HTSZ.  
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The interplay between melt infiltration and deformation in the northern Lanzo 
shear zone has been studied by Kaczmarek and Müntener (2008; 2010). Shearing 
associated with melt percolation and melt-rock reactions led to the localization of 
deformation at temperatures exceeding 1000°C (Kaczmarek and Müntener, 2008). 
Though most of the observed melt-rock microstructures (orthopyroxene and 
plagioclase replacing clinopyroxene) and interstitial crystallization of 
orthopyroxene are interpreted as predating the onset of high-temperature shearing, 
some were also interpreted as having formed during the deformation (e.g., 
orthopyroxene replacing deformed olivine, interstitial, anhedral crystallization of 
orthopyroxene in olivine pressure shadows) (Kaczmarek and Müntener, 2008). 
Additionally, plagioclase-rich aggregates elongated alongside spinel in the 
foliation plane might indicate deformation-enhanced melt migration (Müntener et 
al., 2005). For these microstructures Kaczmarek and Müntener (2008) postulate 
an incongruent reaction from Al-rich spinel to Cr-spinel and plagioclase in the 
presence of liquid. Kaczmarek and Müntener (2008) suggested that crystallization 
of interstitial liquids below the solidus formed areas of olivine, plagioclase, and 
pyroxenes assemblages. Subsequent deformation localized in these finer grained 
areas, resulted in well-mixed mylonitic bands. The low permeability of these 
bands blocked the upward migration of mafic melts which crystallized along the 
shear zone (Kaczmarek and Müntener, 2008). Kaczmarek and Tommasi (2011) 
additionally suggested that during late-stage deformation, at relatively low 
temperatures syntectonic net-transfer reactions, associated with the spinel 
lherzolite to plagioclase lherzolite transition formed mixed ultramylonitic bands. 
During the exhumation, seawater-derived fluid infiltration and associated 
nucleation of amphibole in the deformational center (mylonites and 
ultramylonites) of the shear zone was reported by Vieira Duarte et al. (2020). The 
amphibole composition and orientation indicate formation temperatures of 
800-850°C and syn-kinematic growth. 

2.4 Methods 
Samples of the Lanzo shear zone were cut perpendicular to the foliation and 

parallel to the lineation (X-Z section, Fig. 2.4). Thin sections were cut and polished 

to a thickness of ~30 µm. With an optical light microscope, microstructures of 

interest were located and categorized for further analyses (electron backscatter 

diffraction (EBSD) combined with energy dispersive X-ray spectroscopy (EDX), 

and electron probe microanalysis (EPMA)). As the microstructural focus of this 

research lies on transitions from porphyroclasts to phase mixtures, porphyroclastic 
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tectonite (La-20/13) and porphyroclastic fine grained (La16) samples were 

excluded for further analysis, because in these samples minor phase mixing, 

recrystallization and reactions occur. 

2.4.1 EBSD, EDX and EPMA analysis 

For EBSD analysis, thin sections were polished with 0.03 µm colloidal silica. 

BSE, EBSD and EDX analysis were conducted at the University of Frankfurt and 

the University of Cologne on carbon coated samples. For EBSD measurements, 

the Institute of Geoscience in Frankfurt is equipped with a JEOL JSM-6490 

scanning electron microscope (SEM). Measurement settings were an acceleration 

voltage of 15-20 kV and a beam current of ~8 nA. For EBSD data acquisition, the 

program Flamenco (Oxford Instruments HKL Channel 5) and a Nordlys detector 

(Oxford Instruments) were used. At the Institute for Geology and Mineralogy in 

Cologne BSE, EDX and EBSD measurements were conducted with a Zeiss Sigma 

300-VP field emission SEM equipped with a NordlysNano detector (Oxford 

Instruments). The acceleration voltage was set to 20 kV. For the data acquisition 

the program Aztec was used (Oxford Instruments). The step size was adapted 

according to grain sizes so that every grain could have at least 10 measurement 

points (range: 0.5- 5 µm). Depending on step size and acquisition time, EBSD map 

sizes differ over a wide range. In general, large maps (measurement time > 3h) 

were obtained using the more stable field emission SEM at the University of 

Cologne. In Cologne, EDX element maps (O, Mg, Al, Si, Ca, Cr, Mn, and Fe) 

were obtained simultaneously. At both localities, for the consistency of 

orientations between sample, measurement and post-processing reference frame 

was checked by measuring a self-prepared quartz standard. It consists of four 

synthetic quartz crystals with differently oriented c-axis embedded in epoxy. 

Known orientations of the single crystals and their position in the standard enables 

to detect possible rotations affecting the spatial or crystallographic data at any 

given step during analysis and data handling (e.g., Kilian et al., 2016). The EBSD 

data were cleaned from systematic misindexing of Ol (similar diffraction patterns 

for orientations rotated 60° around [100]) with Oxford Instruments HKL Channel 

5 software. Subsequently, the data was imported into the MTEX 5.3 MATLAB 

extension (e.g., Bachmann et al., 2010). All additional data processing and 

analysis were conducted with MTEX 5.3 (http://mtex-toolbox.github.io/). The 
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scripts used for cleaning, grain detection (grain internal misorientation < 15°) and 

subgrain detection (misorientation angle between subgrains < 15°), deletion of 

incomplete grains at the borders of mapped areas and badly indexed grains, 

crystallographic and boundary analysis etc. are available on request from the 

authors. During grain reconstruction, the resulting grains were checked against 

backscattered/forescattered, band contrast images and EDX data if present. The 

grain analysis consists of grain size (equivalent circular diameter – ECD) and grain 

shape (orientation of the grains long axis, aspect ratio). Shape preferred 

orientations (SPO), defined by the orientation of the long grain axis, include all 

grains of a given phase. Throughout this manuscript, phase abundances are given 

by “%” referring to area % of EBSD maps. Phase specific texture maps are colored 

using the corresponding IPF color key given in Figure 2.2 (Hielscher and Nolze, 

2016). The color of each indexed measurement point (pixel) shows which crystal 

direction is parallel to the X direction of the map which coincides with the 

lineation of the sample. Grains with similar colors depict therefore similar 

orientations. Boundary analysis is accomplished by calculating phase specific 

boundary lengths. Phase (e.g., Ol-Opx) to grain (e.g., Ol-Ol, Opx-Opx) boundary 

percentages are used to determine the “mixing intensity”. In the interest of clarity 

and length, phase specific boundary analysis is only attached in the supplementary 

data (S2.1). All pole figures are lower hemisphere plots. A minimum number of 

100 grains was used for ODF (orientation distribution function) calculation with 

grain mean orientations and a consistent halfwidth of 15° (used for all figures). 

For the calculation, orientations of incomplete grains at the borders of mapped 

areas were included. Therefore, grain amounts of grain maps can differ from those 

for orientation calculation. To facilitate the comparison of ODF plots, the color-

coding range is consistently fixed from min = 0 mrd (multiple of random 

distribution) = blue for a random orientation to max = 3 mrd = red (Fig. 2.2). 

Higher mrds than 3 are also colored red. The maximum mrd is added alongside 

the J index (Bunge, 1982) (Fig. 2.2). An ODF example including J Index, max 

mrd value and the amount of analyzed grains is given in Figure 2.2. The plot 

conventions and its legend apply to all ODFs and pole figures throughout the 

manuscript. The M index (Skemer et al., 2005) is given alongside all orientation 

data in the supplementary data (S2.2). Both J and M Index express the strength of 
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a given ODF. For a detailed evaluation of both see Skemer et al. (2005). An 

overview of all CPOs is given in the supplementary data (S2.3 and S2.4). 

For clarity, the result section will be limited to figures of example microstructures 
for each microstructure type. Included in these figures are tables and graphs of 
grain size, modal abundances, aspect ratio, phase boundary %, SPOs and ODFs 
referring to the depicted microstructure. Average aspect ratios and average grain 
size are only presented if enough grains were present for a valid statistical 
statement (n> 25). In contrast, the results presented in the text include all analyzed 
microstructures of a given microstructure type and therefore numbers and ratios 
differ from the data shown in the figure. The complete grain, boundary and 
orientation data are given in the supplementary data (S2.1-S2.4). 

 

Fig. 2.2. Plotting conventions and IPF color keys. A. Conventions for ODFs and 
pole figures. ODF colors correspond to mrd (multiple of random distribution). 
Frame color represents analyzed neoblast phase (green= Ol, red= Opx, 
orange= Cpx, light blue= Prg). White number against black background shows 
max mrd. White number against colored background shows the amount of 
neoblasts analyzed. Black number against white background shows the J Index. 
From left to right ODFs and pole plots show [100], [010] and [001]. Porphyroclast 
orientations are given by white dots. B. IPF color keys for olivine and 
orthopyroxene (left) and Clinopyroxene (right).  

Microprobe measurements were conducted using a field emission 

JEOL JXA-8530F Plus microprobe equipped with 5 wavelength-dispersive 

spectrometers and located at the Institute of Geoscience at the Goethe University 
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Frankfurt. Two measuring settings were used: for Cpx and Opx porphyroclasts 

and neoblasts, a 15 kV acceleration voltage and a 20 nA beam current was used 

for 20 s (Al, Cr, Ca, Na, Mn, Fe and Ni), 30 s (P, K and Ti) or 40 s (Mg and Si) 

for peaks and 20 s for background (settings and detection limits in suppl. data 

S2.5). To detect trace element concentrations of Ol clasts and neoblasts, a trace 

element protocol was used, with an acceleration voltage of 20 kV, a beam current 

of 100 nA and extended measuring times up to 150 s for peak, plus 150 s for 

background (Cr, Al, Ca, and Ti) (suppl. data S2.5). Resulting detection limits were 

29 ppm for Cr, 9 ppm for Al, 12 ppm for Ca and 16 ppm for Ti (suppl. data S2.5). 

For both methods the spot-size was adjusted to the grain size with minimum sizes 

of 1 µm for small sized neoblasts and maximum 4 µm for porphyroclasts. 

2.4.2 Geothermometry 

Microprobe data (suppl. data S2.6) were used to calculate equilibrium 
temperatures of porphyroclasts and neoblasts in mylonitic samples. We used the 
TBKN two pyroxene geothermometer and the TCa Opx geothermometer calibrated by 
Brey and Köhler (1990). To check equilibrium, we additionally applied the 
two-pyroxene thermometer TTa98 by Taylor (1998) and the 
single-Cpx-thermometer T1Cpx by Nimis and Taylor (2000), which were originally 
calibrated for Grt peridotites. Former studies have shown that TBKN and TTa98 can 
be applied under relatively low-pressure conditions and outside the garnet stability 
field (Nimis and Taylor, 2000). TBKN and TTa98 temperature estimates were derived 
using data from spatially close porphyroclasts. Ca saturation for Ca equilibration 
in Opx, necessary for the application of Opx geothermometry is assumed by the 
presence of Cpx in all analyzed samples. Neoblasts are mostly exsolution free, 
therefore calculated temperatures are thought to be accurate. For both Cpx and 
Opx porphyroclasts, exsolution lamellae of the respectively other phase are 
present. We estimated pyroxene porphyroclast temperatures based on the clast 
chemistry excluding the lamellae. Cpx porphyroclast estimates are therefore 
minimum temperatures, affected by exsolution and associated diffusion. Even 
though care was taken to ensure exsolution free measuring areas in Opx 
porphyroclasts, it cannot be excluded that micro-Cpx-exsolution lamellae (µm) 
were analyzed as well. Such mixed analysis leads to an increase of e.g., Ca, which 
results in an overestimation of Opx porphyroclast temperatures. For exchange 
reactions the Mg-Tschermaks in Opx were calculated after Carswell (1991) and 
the Ca-Tschermaks in Cpx after Knapp et al. (2013). 



Reaction-induced phase mixing and the formation of ultramylonitic bands  
(Lanzo, Italy) 32 

2.4.3 Terminology 

Mineral abbreviations are used corresponding to Whitney and Evans (2010). 
Following Kaczmarek and Tommasi (2011) and Kaczmarek and Müntener (2008) 
we use the term “textures” for the dominant arrangement of grains (size, shape, 
and orientation) at macroscale (thin section and larger). Accordingly, “textures” 
define samples by their classification in e.g., porphyroclastic, protomylonite, 
mylonite. The texture nomenclature was taken from Kaczmarek and Müntener 
(2008), except the “mylonite with ultramylonitic bands” where we adapt the 
nomenclature of Linckens et al. (2015) and refer to this texture as “ultramylonite”. 
For a detailed description of the samples, we refer to Linckens et al. (2015). For 
microstructural descriptions, the term “mylonitic” refers to grain assemblages with 
mean grain sizes between 25-200 µm equivalent circular diameter (ECD), whereas 
“ultramylonitic” is used for grain assemblages with average ECD < 25 µm.  

The term “dynamic recrystallization” is used for strain-imposed recrystallization 
processes, which show indicative microstructures of bulging recrystallization 
(BLG), subgrain rotation recrystallization (SGR) or grain boundary migration 
(GBM) (Urai et al., 2011). Classical evidence for dynamic recrystallization 
includes (i) an assemblage of strain free neoblasts surrounding an internally 
deformed porphyroclasts (where the porphyroclast and neoblast are the same 
mineral) and (ii) a crystallographic consistency between porphyroclast and 
surrounding neoblast orientations (e.g., Poirier & Nicolas, 1975). 
Correspondingly, only microstructures where both criteria are met are addressed 
as “dynamically recrystallized”.  

“Grain boundary alignments” (GBAs) are aligned grain and phase boundaries as 
described in Newman et al. (1999). Grains in these areas are mostly elongated and 
oriented parallel to each other resulting in GBAs following the long axis of the 
grains. They mostly form continuous, aligned boundaries over tens to hundreds 
of µm. 

2.5 Microstructures 
One texture type can contain multiple different microstructures (Fig. 2.3). In 
mylonite textures for example, porphyroclasts with relatively coarse-grained 
neoblast tails coexist with ultramylonitic phase mixtures and dynamically 
recrystallized Ol areas (e.g., Fig. 2.4B). Therefore, we focus on microstructures 
and their characteristics rather than on texture types. Three principle 
microstructural environments were identified in order to evaluate the importance 
of recrystallization and/or reactions for phase mixing: (i) porphyroclasts and 
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adjacent neoblast tails enable to identify dynamic recrystallization and reaction 
processes and their influence on phase mixing, (ii) the analysis of intracrystalline 
and isolated neoblast assemblages in or between pyroxene porphyroclasts helps to 
evaluate if a connection to the matrix was crucial for phase mixing, 
(iii) ultramylonitic bands were analyzed to compare their microstructural 
characteristics with those of i and ii. For each type (i, ii and iii), analyses were 
conducted in different texture types (protomylonites, mylonites and 
ultramylonites), if present. As phase mixing and recrystallization is concentrated 
in mylonites and ultramylonites (Fig. 2.4B/C) the majority of analyzed 
microstructures are from those texture types. 
  



Reaction-induced phase mixing and the formation of ultramylonitic bands  
(Lanzo, Italy) 34 

 
 
  

F
ig

 2
. 3

. O
ve

rv
ie

w
 o

f o
rt

ho
py

ro
xe

ne
 (r

ed
 b

ar
s)

, c
lin

op
yr

ox
en

e 
(y

el
lo

w
 b

ar
s)

 a
nd

 o
liv

in
e 

(g
re

en
 b

ar
s)

 m
ic

ro
st

ru
ct

ur
e 

ty
pe

s a
nd

 th
ei

r 
oc

cu
rr

en
ce

 w
ith

 in
cr

ea
si

ng
 s

tr
ai

n 
(le

ft 
to

 r
ig

ht
) i

n 
th

e 
co

rr
es

po
nd

in
g 

te
xt

ur
e 

ty
pe

s 
(p

ol
ar

iz
ed

 li
gh

t m
ic

ro
gr

ap
hs

, t
ex

tu
re

 c
at

eg
or

ie
s 

in
di

ca
te

d 
be

ne
at

h 
th

e 
im

ag
es

). 
Sc

al
e,

 sh
ow

n 
in

 A
, i

s t
he

 sa
m

e 
fo

r a
ll 

m
ic

ro
gr

ap
hs

. T
he

 b
ar

s c
ol

or
 in

te
ns

ity
 in

di
ca

te
s t

he
 fr

eq
ue

nc
y 

of
 

th
e 

re
sp

ec
tiv

e 
m

ic
ro

st
ru

ct
ur

e 
in

 a
 t

ex
tu

re
 t

yp
e.

 N
um

be
rs

 i
n 

st
ar

s 
re

fe
r 

to
 F

ig
. 

2.
# 

w
he

re
 a

n 
ex

am
pl

e 
of

 t
he

 c
or

re
sp

on
di

ng
 

m
ic

ro
st

ru
ct

ur
e 

ty
pe

 is
 sh

ow
n 

in
 d

et
ai

l. 
Fo

r h
ig

h 
re

so
lu

tio
n,

 se
e 

th
e 

di
gi

ta
l v

er
si

on
 o

n 
th

e 
en

cl
os

ed
 C

D
. 



Reaction-induced phase mixing and the formation of ultramylonitic bands  
(Lanzo, Italy) 35 

 

Fig. 2.4. Back-
scattered electron 
(BSE) overviews of 
increasingly de-
formed peridotites 
with analyzed micro-
structures in black 
boxes (Fig. number = 
2.#).  
A. Protomylonitic 
texture: (*1) Opx 
porphyroclasts with 
partly bent Cpx 
exsolution lamellae. 
B. Mylonitic texture: 
(*2) Cpx porphyro-
clasts with Opx ex-
solution lamellae and 
neoblast tail, (*3) 
micrograph (polar-
zed light) of 
intracrystalline Pl+ 
Opx assemblage in 
Cpx porphyroclast, 
(*4) coarse and (*5) 
fine grained neoblast 
tails.  
C. Ultramylonitic 
texture: Mixed matrix 
dominated by Ol and 
Opx (grey phases) 
and serpentine (black 
phase), (*6) 
fragments of Opx 
single crystal. For 
high resolution, see 
the digital version on 
the enclosed CD. 
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2.5.1  Neoblast tails 

2.5.1.1 Almost monomineralic tails adjacent to olivine porphyroclasts 

 

Fig. 2.5. Example microstructure of an olivine porphyroclast with almost 
monomineralic neoblast tail in the ultramylonite texture (La-11). A-i. Optical 
micrograph (crossed polarized light). A-ii. Phase map (red grains = Opx, red lines 
= subgrain boundaries, black lines = grain boundaries, white arrows = lobate 
porphyroclast boundary). A-iii. Average grain sizes (ECD) excluding the 
porphyroclast. A-iv. Number of grains per phase. A-v. Average aspect ratio. 
A-vi. Olivine ODF with porphyroclast orientation (white dots). 
A-vii. Orthopyroxene ODF. A-viii. Olivine texture map, (black arrows) grains with 
a similar orientation as the porphyroclast. A-ix. Area percentages. A-x. Grain (GB) 
and phase boundary percentages (PB). A-xi. Rose diagram of Ol grain long axes. 
A-xii. Rose diagram of Opx long axes. For high resolution, see the digital version 
on the enclosed CD. 

Olivine is the dominant phase in all texture types. Internal grain deformation 
(undulatory extinction, Fig. 2.3A) and dynamic recrystallization of Ol grains are 
already found in low strained coarse porphyroclastic samples. Olivine grains show 
lobate boundaries, 120° triple junctions and are elongated in porphyroclastic 
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samples (La20, La13; Fig. 2.3A/B). Additionally, evidence for dynamic 
recrystallization of Ol by subgrain rotation recrystallization (SGR) is present in 
porphyroclastic fine-grained samples (La13; Fig. 2.3B). Almost monomineralic, 
recrystallized Ol areas and bands in (proto)mylonitic textures (La18, La19; 
Fig. 2.3C/D) are defined by the absence of a porphyroclast (Fig. 2.4A/B). In these 
microstructures, Cpx, Opx and Spl are present in places but only as minor phases. 
The internal deformation of recrystallized Ol grains is small (internal 
misorientation < 4°), and 120° triple junctions are frequent (Fig. 2.3D). The band 
length is highly variable between a couple hundred µm to several cm (Fig. 2.4B). 
Olivine grain size decreases from protomylonite (~630 µm) over mylonite 
(~250 µm) to ultramylonite (~ 90 µm) (Linckens et al., 2015). To determine the 
process that led to olivine neoblast formation, the focus of Ol analysis lies on 
recrystallized porphyroclasts and their transition into neoblasts. Although Ol 
porphyroclasts are present in all texture types, those with almost monomineralic 
tails are found in mylonites and more commonly in ultramylonites (Fig. 2.4C). 
Three microstructures were analyzed (Figs. 2.5, 2.6). 

Characteristics for these microstructures are an internally deformed, Ol 
porphyroclast (Fig. 2.5A-i/viii) adjacent to an almost monomineralic Ol tail 
(range: 85-98%; Figs. 2.5A-ix, 2.6A/B-v). A relatively coarse grain size 
(Figs. 2.5A-iii, 2.6A/B-ii) and monomineralic assemblage clearly separate the tail 
from the mylonitic to ultramylonitic, polyphase matrix (e.g., Fig. 2.5A-i). The 
porphyroclasts show a rugged grain boundary with indentations of Ol neoblasts 
(Fig. 2.5A-ii white arrows). Mean Ol neoblast grain size varies between 21 and 
46 µm (Figs. 2.5-iii, 2.6A/B-ii). Opx and Cpx neoblasts have a similar, small 
variability in grain size of 9-15 µm and 8-14 µm. The average Ol aspect ratio is 
1.7 (Figs. 2.5A-v, 2.6A/B-iv). Opx neoblasts have similar aspect ratios to Ol 
(Figs. 2.5A-v, 2.6A/B-iv). In Ol tails, 83% of the total boundaries are grain 
boundaries (Figs. 2.5A-x, 2.6A/B-vi). 97% of those grain boundaries are Ol-Ol 
interfaces (suppl. data S2.1). The microstructures exhibit a dependence of the 
neoblast orientation on the porphyroclast orientation (Fig. 2.5A-vi, 2.6A/B-ix). If 
neoblasts do not display the same orientation as the porphyroclast, they lay in 
girdles that include the clast orientation (e.g., Fig. 2.6B-ix). Olivine neoblasts of 
Figure 2.5A-vi display a rotation of 90° in the foliation plane for [010] and more 
diffuse rotations for [001], while [100] still display porphyroclast orientations. 
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Fig. 2.6. Phase mixing in neoblast tails of olivine porphyroclasts in the 
ultramylonite texture type (La-11). A-i. Phase map of almost monomineralic Ol tail 
(black dashed line) with Ol mixing type I (dashed white lines) adjacent to 
ultramylonitic matrix. The presented data (A-ii-x) is derived from the Ol neoblast 
tail. A-ii. Average grain size. A-iii. Number of grains. A-iv. Average aspect ratios. 
A-v. Phase area percentages. A-vi. Phase and grain boundary percentage. 
A-vii. Rose diagram of Ol neoblast long axes. A-viii. Rose diagram of Opx neoblast 
long axes. A-ix. ODF of Ol grains. A-x. ODF of Opx neoblasts. B-i. Texture map 
of Ol tail with Opx neoblasts added in red (Mixing type II= inside black dashed 
line, Ol porphyroclast= black hatched area). B-ii. Average grain size. 
B-iii. Number of grains. B-vi. Average aspect ratios. B-v. Modal abundances. 
B-vi. Phase and grain boundary percentages. B-vii. Rose diagram of Ol grain long 
axes. B-viii. Rose diagram of Opx neoblast long axes. B-ix. ODF of olivine grains. 
B-x. ODF of Opx neoblasts. High resolution, digital version is included on the CD. 

Some Ol tails contain thin, fine-grained (< 30 µm) trails of Opx-Ol grains. Two 
types of these trails have been found: one-grain thick trails made of Ol-Opx 
mixtures (< 25 µm in size) located in between coarser Ol grains (25-100 µm) 
(Type I; Fig. 2.6A-i); and ~100 µm thick Opx-Ol fine-grained trails at the margin 
of an Ol neoblast tail (Type II; Fig. 2.6B-i). Type I develops at a small angle 
(10-35°) to the boundary of tail and matrix (Fig. 2.6A-i). Type I trails have been 
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observed crosscutting the whole tail, interlinking with other trails, ending at grain 
boundaries of coarse Ol neoblasts or leaving the thin section plane (Fig. 2.6A-i). 
A strong SPO has been observed for both Ol and Opx neoblasts (Fig. 2.6A-vii/viii) 
in this type. Type II mixing is situated at distal parts of the Ol tail (Fig. 2.6B-i) and 
is connected to an Opx porphyroclast in close vicinity. The smaller grain sizes and 
the presence of Opx sets the trail apart from the surrounding almost monomineralic 
Ol tail (Fig. 2.6B-i). The SPO of Opx neoblasts is almost perpendicular to the 
weak Ol neoblast SPO (Fig. 2.6B-vii/viii). The small spatial extent of both mixing 
types compared to the entire Ol tails results in only intermediate (Type I: 45% PB; 
Fig. 2.6A-vi) and low mixing intensities (Type II: 23% PB; Fig. 2.6B-vi). 

2.5.1.2 Polymineralic tails adjacent to clinopyroxene porphyroclasts 

 

Fig. 2.7. Clino- and orthopyroxene porphyroclast derived polymineralic tails in the 
mylonitic texture type. A. BSE overview image with major microstructures (dashed 
green = almost monomineralic Ol areas, dashed red = elongated Opx 
porphyroclast, dotted yellow = Cpx neoblast tail, dotted red = Opx neoblast tail), 
area of EBSD map (dashed black), and location of Fig. 2.11 indicated.   



Reaction-induced phase mixing and the formation of ultramylonitic bands  
(Lanzo, Italy) 40 

← Fig. 2.7. B-i. Microstructural data from Cpx neoblast tail marked in C. 
B-ii. Neoblast av. grain sizes. B-iii. Neoblasts per phase. B-iv. Av. aspect ratio. 
B-v. Modal abundances. B-vi. Phase and grain boundary percentages. B-vii. SPO 
of Cpx neoblasts. B-viii. SPO of Ol neoblasts. B-ix. ODF of Cpx neoblasts and 
porphyroclast orientation. B-x. ODF of Ol neoblasts. C. EBSD phase map (location 
indicated in A, same phase colors as in pie charts B-v and D-v). Annotations are 
(*1, *2) neoblast indentations in porphyroclasts, (white dashed lines with arrows) 
grain boundary alignments (GBAs) and (black dotted area 1) intracrystalline Opx 
neoblast area. D-i. Microstructural data from Opx neoblast tail marked in C. 
D-ii. Neoblast av. grain size. D-iii. Neoblasts per phase. D-iv. Av. neoblast aspect 
ratio. D-v. Modal abundances. D-vi. Phase and grain boundary percentages. 
D-vii. SPO of Opx neoblasts. D-viii. SPO of Ol neoblasts. D-ix. ODF of Ol 
neoblasts. B-x. ODF of Opx neoblasts and porphyroclast orientation. High 
resolution, digital version is included on the CD. 

Clinopyroxene is present in all analyzed samples. The abundance of Cpx 
porphyroclasts decreases with increasing strain. Cpx porphyroclasts start to form 
neoblasts in the porphyroclastic fine-grained texture (Fig. 2.3B). Polymineralic 
tails adjacent to Cpx porphyroclasts are observed up to mylonitic conditions 
(Fig. 2.4B). In ultramylonites the amount and the size of Cpx porphyroclasts 
decreases and polymineralic tails are no longer clearly recognizable (Fig. 2.4C). 
Opx exsolution lamellae are common. Internal replacement of coarse-grained Cpx 
porphyroclasts by Opx+Pl is present in all texture types except ultramylonites 
(e.g., Fig. 2.4B *3). 

Tails adjacent to Cpx porphyroclasts are characterized by a single or several Cpx 
porphyroclasts and a phase mixture of mainly Cpx and Ol (Fig. 2.7A). Secondary 
phases are Pl, Opx, Spl and Prg. Spl often form small, interstitial neoblasts 
(Fig. 2.7A/C). Evidence for the relation of the porphyroclast to the polymineralic 
tails include indentations of Ol and Cpx neoblasts in Cpx porphyroclasts 
(Fig. 2.7C *1), as well as the distinct boundaries between tail and Ol+Opx 
dominated adjacent matrix (Fig. 2.7C) and almost monomineralic Ol areas 
(Fig. 2.7A). In total 6 microstructures were analyzed from mylonitic (La-19) and 
protomylonitic samples (La-18; suppl. data S2.1). Occasionally, the transition 
from Cpx tails into Cpx+Ol dominated layers of ultramylonitic bands is visible 
(e.g., Fig. 2.7A). Beside one Ol dominated tail, Cpx is the dominant phase 
(av.: 61%, range: 42-86%; suppl. Data S2.1). Olivine makes up between 7 and 
48% (av.: 31%). Plagioclase has an abundance of 6% on average (range: 2-8%). 
Opx forms on average only 2% (range: 0-9%) and occurs more frequently in 
marginal areas of the tail (e.g., Fig. 2.7). Spl and Prg both cover 1% on average. 
Cpx forms the biggest neoblasts with an average ECD of 20 µm (range: 
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10-40 µm). Ol (av. 16 µm, range: 9-30 µm) and Pl (av. 17 µm, range: 10-24 µm) 
have intermediate neoblast sizes and Opx (av. 12 µm, range: 8-21 µm), Prg (av. 
11 µm, range: 8-17 µm) and Spl (on average 8 µm, range: 5-16 µm) form the 
smallest neoblasts. There is a general trend of decreasing neoblast Cpx grain size 
going from the protomylonite to the mylonite (Fig. 2.4A/B). However, the range 
of 9 to 30 µm (av. Cpx ECD) found in different microstructures of a single 
mylonitic sample (Fig. 2.4B) emphasizes the dependence of neoblast grain size on 
the location of the porphyroclast tail (Fig. 2.4B *4/*5). Cpx neoblasts display a 
low aspect ratio of 1.6. Intermixed Opx, Ol and Pl have higher aspect ratios of 
1.7 (Opx), 1.8 (Ol), and 1.8 (Pl). 66% of all boundaries are phase boundaries (34% 
grain boundaries). Cpx-Pl boundaries form 64% (av.) of total Pl phase boundaries 
(suppl. data S2.1). 75% (av.) of the total Ol boundaries are Ol Cpx phase 
boundaries. Two different SPOs were found for Cpx neoblasts: (i) long axis 
aligned subparallel to the foliation (suppl. data S2.7) or (ii) sub perpendicular to 
the foliation plane/ to the elongation axis of the neoblast tail respectively 
(Fig. 2.7B-vii). If the aligned Cpx neoblasts of type ii are interconnected in their 
elongation direction, they form “walls” alternated with Ol “walls” (suppl. data 
S2.7). Most Cpx neoblasts show a relatively weak CPO (J-index av. 2.2, 
range 1.3-3.0; e.g., Fig. 2.7B-ix, suppl. data S2.3, S2.4). Stronger Cpx CPOs often 
show maxima similar to the porphyroclast orientations. Opx CPOs and Ol CPOs 
are relatively weak with average J indices of 1.6 (range: 1.3-2.1) and 1.4 
(range: 1.1-2.0), respectively.  
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2.5.1.3 Polymineralic tails adjacent to orthopyroxene porphyroclasts 

 

Fig. 2.8. Example microstructure of elongated Opx single crystal with 
polymineralic tail in the mylonitic texture type. A. Micrograph (crossed polarized 
light) of (dashed red line) elongated, folded and (*1) sheared Opx single crystal 
surrounded by (red dots) ultramylonitic Ol+Opx neoblasts. Indicated are (green 
dashed) Ol areas and location of (white frame) map C and (red frame) EBSD 
map D. B. Folded, kinked, and sheared Opx single crystal in the mylonitic texture 
type. C. BSE image of Ol+Opx neoblast mixture with (*1) GBAs, Opx 
porphyroclast with (*2) Cpx exsolution lamellae and (*3) serrated boundaries. The 
red dotted line separates areas of smaller and coarser grain size. D. EBSD map of 
ultramylonitic Ol+Opx mixture in neoblast tail (*1= bottle neck structures). 
D-i. Average neoblast ECD. D-ii. Number of grains. D-iii. Average aspect ratios. 
D-iv. Modal abundances. D-v. Grain and phase boundary percentages. D-vi. Ol 
neoblast SPO. D-vii. Opx neoblast SPO. D-viii. Opx neoblast ODF with the 
porphyroclast orientation. D-ix. Ol neoblast ODF. High resolution, digital version 
is included on the CD. 

Orthopyroxene porphyroclasts occasionally show evidence for dynamic 
recrystallization, such as subgrain formation in high stress domains like contacts 
between large porphyroclasts (Fig. 2.3C) in coarse porphyroclastic, 
porphyroclastic fine-grained and protomylonitic fabrics.  

Furthermore, at these early stages of shear zone evolution, polyphase mixtures 
containing Opx neoblasts are only observed occasionally in diffuse patches. The 
proportion of elongated to equiaxial porphyroclasts increases with increasing 
strain until mylonitic conditions (e.g., Fig. 2.4A/B). Even with elongation in places 
exceeding the thin section scale (aspect ratio > 1:50) these porphyroclasts are 
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single crystals. In mylonites, elongated Opx grains are often folded, kinked, and 
sheared (e.g., Fig. 2.8A/B). In this texture type both equiaxial porphyroclasts and 
elongated single crystals form neoblast tails. In ultramylonites, only remnants of 
elongated Opx grains are preserved in the fine-grained polymineralic matrix 
(Fig. 2.4C). Porphyroclasts and elongated grains display thin (< 10 µm) exsolution 
lamellae of Cpx (e.g., Fig. 2.8C). In all microstructures, Ol and Opx neoblasts in 
Opx tails show a linear correlation in grain size but with dependence on the 
microstructure type (Fig. 2.9). 

 

Fig. 2.9. Grain sizes of Ol and Opx neoblasts from equiaxial Opx tails (black 
diamonds), internal Opx recrystallization areas (orange stars), ultramylonitic 
bands (red dots) and elongated Opx single crystal tails (green dots). Linear 
correlation line (black dashed line) is indicated. 

Polymineralic tails are formed adjacent to equiaxial or elongated Opx 

porphyroclasts predominantly in mylonites. They are dominated by Ol and 

Opx ± Cpx, Pl, Prg, Spl (e.g., Fig. 2.7D-v). For porphyroclasts, but more clearly 

for elongated Opx single crystals, neoblasts are concentrated at porphyroclast 

boundaries orientated perpendicular to the foliation (Fig. 2.8A). Here, 

porphyroclast grain boundaries are lobate (Fig. 2.8C *3) and have 

indentations/embayments filled with Ol neoblasts (Fig. 2.7C *2). Most neoblasts 

(Opx+Ol) have a highly irregular grain shape with lobate grain boundaries 

(Fig. 2.8D) and in places bottle neck structures (Fig. 2.8D *1). Small Spl neoblasts 

are often present as interstitial grains at triple junctions (Fig. 2.8C). The phase 

mixtures are dominated by Ol (av. 56%, range: 18-62%) and Opx (av. 37%, range: 

16-77%; e.g., Fig. 2.7D-v, 2.8D-iv) with both together forming 87-97% (av. 93 %) 

of the total area-%. Cpx abundances are 2-11% (av. 5%). Accessory minerals 
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(< 1%) are Spl, Pl and Prg. Mean Ol grain sizes for this microstructure type vary 

between 4 and 32 µm (av. 13 µm). Opx grain sizes vary between 4 and 40 µm 

(av. 14 µm). In general, Ol and Opx neoblasts at porphyroclast boundaries display 

a slightly smaller grain size (~6 µm) than distal neoblasts and have an equiaxial 

shape (e.g., Fig. 2.8C). Cpx has an average grain size of 10 µm (range: 4-26 µm). 

Spl, Pl and Prg average grain sizes are 5 µm. Ol and Opx neoblasts have relatively 

high average aspect ratios of 1.8 (Ol, range: 1.6-2.0) and 1.7 (Opx, range: 1.6-2.0). 

Thin, elongated neoblasts located at the contact area of Opx+Ol and Cpx+Ol 

dominated tails have the highest aspect ratios for Ol (2.0) and Opx (2.0) of this 

study. Here, GBAs are present for up to several hundred micrometers in length 

following a general SPO dominantly formed by the long axes of Ol neoblasts 

(Fig. 2.7C white dashed lines). GBAs are oriented oblique (~40°) to the trace of 

the contact areas. Additionally, GBAs intensify towards the contact area. GBAs 

are more pronounced with increasing distance to the porphyroclast (Fig. 2.8C). 

Occasionally, elongated neoblasts of Opx are also present in the center of Opx 

derived tails (Fig. 2.8C). At transition zones from Opx neoblast tails 

to almost monomineralic Ol areas, no such grain shapes are observed. Ol and Opx 

neoblast SPOs are mostly oriented slightly oblique to the foliation (within 20°), 

with Opx displaying a wider distribution (e.g., Fig. 2.7D-vii/viii). Phase 

boundaries form on average 65% of all boundaries. The remaining 35% of grain 

boundaries are dominated by Ol-Ol (av. 66%) and Opx-Opx (av. 31%) boundaries 

(suppl. data S2.1). On average 75% of Opx boundaries are Opx-Ol, and 55% of 

Cpx boundaries are Cpx-Ol (suppl. data S2.1). For Pl and Prg, Opx is the main 

neighboring phase. Besides a generally weak neoblast Opx CPO (J index av. 1.7, 

range: 1.3 -2.1), Opx porphyroclasts have a strong imprint on the crystallographic 

orientations of Opx neoblasts (e.g., Fig. 2.8D-viii). For 8 of 10 analyzed Opx 

neoblast CPOs at least two orientations were identical to the porphyroclast or 

arranged in girdles together with the clast. Often a maximum is present around 

porphyroclast orientations (e.g., Fig. 2.8D-viii). A rotation of neoblast orientations 

has mostly been observed for [001]. Olivine neoblasts show no or weak CPOs with 

an average J index of 1.6 (range: 1.3-2.2; e.g., Fig. 2.8D-ix). 
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2.5.2 Intracrystalline and isolated pyroxene microstructures 
2.5.2.1 Isolated clinopyroxene microstructures 

 

Fig. 2.10. Example microstructures of isolated Cpx and interface Cpx-Opx 
recrystallization in the mylonite texture type. Left BSE overview shows their 
locations between pyroxene clasts (arrows= exsolution lamellae). A-i. Neoblast 
assemblage between Cpx porphyroclasts (1, 2) with (white arrows) Opx neoblast 
adjacent to Opx exsolution lamellae. A-ii. Average grain sizes. A-iii. Number of 
grains per phase. A-iv. Average aspect ratios. A-v. Modal composition. A-vi. Phase 
and grain boundary percentages. A-vii. Rose diagram of Cpx neoblast long axes. 
A-viii. ODF of Cpx neoblasts (white dots = Cpx 1 orientations). A-ix. Pole figure 
of Opx neoblast orientations. B-i. Interface neoblast area between Cpx 2 and Opx 3 
porphyroclasts (arrows= exsolution lamellae). B-ii. Neoblast av. Grain sizes. 
B-iii. Grains per phase. B-iv. Average aspect ratio. B-v Modal composition. 
B-vi. Phase and grain boundary percentages. B-vii. Pole figure of Opx neoblast 
orientations (red dots= Opx 3 orientations). B-viii. Pole figure of Cpx neoblast 
orientations (red dots= Cpx ‘2’ orientation). B-ix. Rose diagram of Opx neoblast 
long axes. B-x. Rose diagram of Cpx neoblast long axes. High resolution, digital 
version is included on the CD. 

Isolated Cpx recrystallization is restricted in between bigger pyroxene clasts with 
little or no connection to the matrix (Fig. 2.10). Due to the relatively low 
abundance of Cpx, only two exemplary microstructures were analyzed, both of 
them in mylonites (La-19, Fig. 2.10A/B). 

The neoblast assemblage is controlled by the bordering porphyroclasts. Close to 
Cpx porphyroclasts it is dominated by Cpx (88%) with minor abundances of 
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Opx (6%) and Spl (1%) (Fig. 2.10A-v). Compared to other microstructure types, 
pargasite has a relatively high abundance of 5% (Fig. 2.10A-v). Opx grains are 
often adjacent to Opx exsolution lamellae (Fig. 2.10A-i white arrows). Cpx grains 
form the largest grains (10 µm; Fig. 2.10A-ii). Grain sizes of the secondary phases 
are: Opx 5 µm, Spl 3 µm, Pl 4 µm and Prg 6 µm (Fig. 2.10A-ii). A well-dispersed 
second phase content of only 12% creates 40% phase boundaries (Fig. 2.10A-vi). 
98% of all grain boundaries are Cpx-Cpx contacts (suppl. data S2.1). 

Isolated neoblast areas between Opx and Cpx porphyroclasts are weakly 
connected to the matrix in the thin section plane (Fig. 2.10B-i). A two-phase 
mixture of Opx and Cpx is observed (66% Opx, 34% Cpx) with abundances of 
other phases (Prg, Spl) < 0.5% (Fig. 2.10B-v). Opx and Cpx form similar sized 
grains (Opx= 9 µm, Cpx= 8 µm; Fig. 2.10B-iii) and have a similar SPO 
(Fig. 2.10B-ix/x). 45% of the total boundary length are phase boundaries and 55% 
are grain boundaries (Fig. 2.10B-vi). Both Opx and Cpx form 50% of the grain 
boundaries (suppl. data S2.1). Also, in regard to phase boundary distribution, Cpx 
and Opx have an almost identical share of ~60% Cpx-Opx of their total boundaries 
(suppl. data S2.1).  

Only the microstructure displayed in Figure 2.10A contains enough Cpx grains to 
determine a CPO. Cpx neoblast [001] orientations are similar to the porphyroclast 
[001] orientation (Fig. 2.10A-viii). The [100] and [010] axes show less 
dependence on the porphyroclast orientation (Fig. 2.10A-viii). Opx and Cpx 
neoblast orientations are similar (Fig. 2.10A-viii/ix). 

2.5.2.2 Intracrystalline and isolated orthopyroxene microstructures 

 

  

Fig 2.11. For figure caption see next page. 
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←Fig. 2.11. Example of intracrystalline neoblast assemblage in Opx porphyroclast 
next to a mixed neoblast assemblage connected to matrix (location given in 
Fig. 2.7A). A. EBSD phase map (phase colors as in ECD, aspect ratio and grain 
number tables). Annotation for (black dotted line) intracrystalline neoblast area 
(data in C), (white dashed line) neoblast area in contact with the matrix (data in D), 
(*1) aligned mixed neoblasts, (*2) crack in the porphyroclast. B. Texture map. 
Same annotations as in A. C. Microstructural data of intracrystalline area (black 
dotted line in A/B). C-i. Average ECD. C-ii. Grains per phase. C-iii. Average aspect 
ratio. C-iv. Modal abundances. C-v. Opx neoblast SPO. C-vi. Phase and grain 
boundary percentages. C-vii. Orthopyroxene ODF. C-viii. Pole figure of Cpx 
neoblast orientations. C-ix. Pole figure of Prg neoblast orientations. D. 
Microstructural data of neoblast area in contact with the matrix (white dashed line 
in A/B). D-i. Average ECD. D-ii. Grains per phase. D-iii. Average aspect ratio. 
D-iv. Modal abundances. D-v. Opx neoblast SPO. D-vi. Phase and grain boundary 
percentages. D-vii. Orthopyroxene ODF. D-viii. Olivine ODF. High resolution, 
digital version is included on the CD. 

Isolated Opx microstructures are neoblast assemblages not in contact with the 
Ol-rich matrix. They form either intracrystalline (Fig. 2.11A/B black dotted) or at 
contacts between two or more pyroxene porphyroclasts (Fig. 2.10B-i). As 
neoblasts assemblages at Opx-Cpx porphyroclast contacts were already described 
in section 2.5.2.1, here we focus on intracrystalline neoblast assemblages in Opx 
porphyroclasts. 

Opx is the most abundant phase (85%; Fig. 2.11C-iv). Clinopyroxene and Prg have 
an identical proportion of 7%, which is the highest Prg proportion of all analyzed 
microstructures (Fig. 2.11C-iv). Ol is an accessory phase (< 1%). Opx neoblast 
grain sizes are significantly smaller at the Opx+Cpx porphyroclast interface (av. 
9 µm; Fig. 2.10B-ii) than in intracrystalline sites (av. 27 µm; Fig. 2.11C-i). 
Additionally, in intracrystalline areas Opx neoblasts have larger grain sizes than 
all other, mostly interstitial phases (Prg av. 12 µm; Cpx av. 15 µm, Spl av. 7 µm; 
Fig. 2.11C-i). Opx aspect ratios are low (1.64; Fig. 2.11C-viii). Opx grain SPO is 
perpendicular to the long axis of the host porphyroclast (Fig. 2.11C-v). 
Intracrystalline areas have 52% phase boundaries and 48% grain boundaries 
(Fig. 2.11-vi). 90% of these grain boundaries are Opx-Opx contacts (suppl. data 
S2.1). Pargasite, as the second most abundant phase, is mostly in contact with Opx 
(80% of the total Prg boundaries are Prg-Opx boundaries). The strong CPO of 
intracrystalline Opx grains is clearly related to the host porphyroclast orientation 
(Fig. 2.11C-vii). The orientations of Cpx and Prg neoblasts are similar 
(Fig. 2.11C-viii/ix). 
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2.5.3 Ultramylonitic bands 

2.5.3.1 Clinopyroxene in ultramylonitic bands 

(Ultra)mylonitic matrix assemblages of predominantly Ol and Cpx are present in 
mylonites and ultramylonites (Fig. 2.12). They are either found as single bands in 
coarser grained, almost monomineralic Ol matrix or as layers of ultramylonitic 
bands with multiple Ol+Cpx or Ol+Opx dominated layers (Fig. 2.12). Three 
examples of Cpx+Ol dominated ultramylonitic bands were analyzed in mylonitic 
samples (e.g., Fig. 2.12E/G).  

Depending on the analyzed area, Ol (av. 52%, range: 41-64%) or Cpx (av. 38 %, 
range: 26-50%) is the dominant phase (e.g., Fig. 2.12E/G-i). Ol and Cpx together 
make up, on average, 92% of the total area (range: 90-96 %). The most abundant 
minor phase is Pl (av. 7%, range: 6-8%). Opx and Spl have, on average, a 
proportion of 2% and 1%, respectively. Average neoblast grain sizes are Ol 10 µm 
(range: 9-11 µm), Cpx 9 µm (range: 8-11 µm) and Pl 11 µm (range: 10-11 µm). 
Unlike the Cpx+Ol assemblages in the tails of Cpx porphyroclasts, where Cpx 
neoblasts are larger than Ol neoblasts, in the ultramylonitic bands they have a 
similar grain size within error (e.g., Fig. 2.12E/G-v). Minor phases have average 
grain sizes of Opx 7 µm (range: 7-8 µm), Spl 5 µm (range: 4-6 µm) and Prg 6 µm 
(range: 4-9 µm). Average aspect ratios are 1.7 (Cpx), 1.8 (Ol), 1.6 (Opx, Spl) and 
1.8 (Prg). Cpx and Ol show mostly a clear SPO (Fig. 2.12E-iii/iv). Long axes of 
Ol neoblasts are oriented at an angle of 10-15° to the foliation (e.g., Fig. 2.12E-iii, 
12G-iv). For Cpx-Ol band of Figure 2.12G a second Cpx maximum is present 
oriented 90° to the olivine SPO (Fig. 2.12G-iii/iv). Orientation maxima of Cpx 
show in general a larger spread than Ol maxima (e.g., Fig. 2.9E-iii/iv). Cpx 
ultramylonitic bands have the highest ratio of phase mixing in all analyzed 
microstructure types (av. 69% phase boundaries). Opx forms more phase 
boundaries with Ol (66% of total Opx boundaries) than with Cpx (28% of total 
Opx boundaries) highlighting the relatively small abundance of Cpx-Opx mixtures 
(suppl. data S2.1). For Cpx, 76% of boundaries are contacts with Ol and 15% are 
grain boundaries (suppl. data S2.1). Plagioclase forms most phase boundaries with 
Ol (40%) and with Cpx (34%). Cpx neoblasts show no (Fig. 2.12G-viii) or weak 
CPO (av. J index 1.6, range: 1.3-2.0; Suppl. data S2.3). The only Cpx CPO present 
is defined by [100] perpendicular to the foliation plane, [010] dispersed around 
Y and [001] dispersed around the lineation (suppl. data S2.3). Olivine neoblasts 
show absent or very weak CPO (av. J index 1.2 (lowest measured), range: 1.1-1.3).  
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Fig. 2.12. Ultramylonitic band with layers of predominantly Ol+Opx and Cpx+Ol 
in the mylonitic texture type. A. BSE overview with main microstructures and 
locations of map B, EBSD map C and the analyzed Ol+Opx (D, F) and Ol+Cpx 
(E, G) layers. Annotated is (*1) intracrystalline replacement of Cpx porphyroclast 
by Opx+Plg along Opx exsolution lamellae. B. BSE image of ultramylonitic 
Cpx+Ol layer with interstitial Spl. C. EBSD phase map of analyzed microstructures 
D-G (phase colors as in ECD, aspect ratio and grain number tables). D. Upper 
Ol+Opx layer. Finer grained domain I and coarser grained domain II are 
indicated. D-i. Modal abundances. D-ii. Phase and grain boundary percentages. 
D-iii. Ol neoblast SPO. D-iv. Opx neoblast SPO. D-v. Average ECD. 
D-vi. Av. aspect ratio. D-vii. Number of grains. D-viii. Opx neoblast ODF. 
D-ix. Ol neoblast ODF. E. Upper Ol+Cpx layer. E-i. Modal abundances. 
E-ii. Mixing intensity. E-iii. Ol neoblast SPO. E-iv. Cpx neoblast SPO. 
E-v. Average ECD. High resolution, digital version is included on the CD. 
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← Fig. 2.12. F. E-vi. Av. aspect ratio. E-vii. Grain amounts. E-viii. Cpx neoblast 
ODF. E-ix. Ol neoblast ODF. Lower Ol+Opx layer. GBAs are indicated with *1 
and white dashed lines. F-i. Modal abundances. F-ii. Mixing intensity. 
F-iii. Average ECD. F-iv. Ol neoblast SPO. F-v. Opx neoblast SPO. 
F-vi. Av. aspect ratio. F-vii. Number of grains. F-viii. Opx neoblast ODF. F-ix. Ol 
neoblast ODF. G. Lower Ol+Cpx layer of EBSD map C. G-i. Modal abundances 
(area %). G-ii. Mixing intensity. G-iii. Cpx neoblast SPO. G-iv. Ol neoblast SPO. 
G-v. Average ECD. G-vi. Av. aspect ratio. G-vii. Grain amounts. G-viii. Cpx 
neoblast ODF. G-ix. Ol neoblast ODF. 

2.5.3.2 Orthopyroxene in ultramylonitic bands 

Corresponding to matrix areas of Cpx+Ol, Ol+Opx ultramylonitic matrix 
assemblages also form layers of ultramylonitic bands (Fig. 2.12D/F) or are present 
as isolated areas in almost monomineralic Ol matrix. At places, the transition from 
Opx porphyroclast tails into an ultramylonitic bands is visible (Fig. 2.7A).  

The microstructures are dominated by Ol (av. 74%, range: 69-79%) and Opx 
(av. 14%, range: 11-17%). Minor phases are Cpx (av. 4%, range: 1-6%), Pl (8%, 
range: 0) and Prg (<1%, range: 0-1%) (e.g., Fig. 2.12D/F-i). In the ultramylonitic 
layer of Figure 2.12D, domains of fine-grained mixed assemblages (Opx, Ol, Pl, 
Cpx, Spl; domain I) and of coarser grained (>25 µm) Ol neoblasts (domain II) are 
present. In domain I, Opx and Ol neoblasts yield an average size of 7 µm. Cpx and 
Spl neoblasts have with 6 and 5 µm similar sizes. Pl (av. 18 µm) forms bigger 
grains (e.g., Figs. 2.12D-v, 2.12F-iii). In domain II, Opx (av. ECD 6 µm, 
11 area %) is present along Ol grain boundaries, sometimes associated with 
smaller Ol neoblasts (Fig. 2.12D). Fine grained Opx-Ol mixtures along coarser 
grained Ol neoblasts are also present in other Ol+Opx ultramylonitic layers (Fig. 
2.12F *1). In general, grain sizes decrease towards contact areas of neighboring 
Cpx dominated layers (e.g., Fig. 2.12D). Opx (av. 1.7) and Ol (av. 1.8) neoblasts 
display high aspect ratios (e.g., Fig. 2.12D/F-vi) and a strong SPO mostly slightly 
oblique (~25°) to the foliation and parallel to the aligned fine grained Opx+Ol 
assemblages on Ol grain boundaries (e.g., Fig. 2.12D-iii/iv, 2.12F-iv/v). On 
average, phase boundaries make up 55% (range: 48-61%) of the total boundaries. 
84% (range: 77-90%) of the remaining grain boundaries are Ol-Ol boundaries. 
Despite Opx being the second most abundant phase, Opx-Opx boundaries only 
form 8 % (range: 6-10%) of total grain boundaries. Opx neoblasts’ [001] axes are 
aligned parallel to the lineation (Fig. 2.12D/F-viii). Overall, Opx CPOs are the 
weakest Opx CPOs present in our samples (J index av. 1.5, range: 1.4-1.7). Olivine 
neoblasts display no CPO (J index av. 1.3, range: 1.1-1.5; e.g., Fig. 2.12D/F-ix).  
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2.6 Mineral chemistry and thermometry 
Geochemical data from pyroxene porphyroclast and neoblasts (mylonitic samples, 

La 19) were obtained to identify possible compositional changes during the 

formation of neoblasts. Accordingly, analysis of porphyroclasts, isolated and 

intracrystalline microstructures with low mixing intensities, and of thoroughly 

mixed polymineralic tails and ultramylonitic bands were performed. Additionally, 

Ol porphyroclast and almost monomineralic olivine neoblast assemblages were 

analyzed for Ol major and trace element abundances in ultramylonitic samples 

(La-11). Detection limits and the microprobe data are displayed in supplementary 

data S2.5 and S2.6, respectively. Additional compositional figures of pyroxenes 

and Ol are displayed in supplementary data S2.8 and S2.9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

→ Fig. 2.13. Geochemical data from porphyroclasts, neoblasts of intracrystalline/ 
isolated areas, from porphyroclast tails and ultramylonitic bands. A. Al2O3 vs 
Cr2O3 of Opx. Arrows illustrate trends of neoblasts (solid) and porphyroclasts 
(dashed). B. Al2O3 vs TiO2 of Opx. C. Mg# vs Cr2O3 for Opx. D. Al2O3 vs Cr# for 
Opx. Arrow illustrates trend for porphyroclasts. E. Al2O3 vs Cr2O3 of Cpx. Arrows 
illustrate trends of neoblasts and porphyroclasts. F. Al2O3 vs TiO2 of Cpx. G. Mg# 
vs Cr2O3 of Cpx. H. Al2O3 vs Cr# for Cpx. Arrow illustrates trend for 
porphyroclasts. I. Mg# vs MnO of Ol from almost monomineralic porphyroclast-
neoblast assemblages (black outlined symbols) from Cpx+Ol mixtures of Cpx 
porphyroclast tails (yellow outlined symbols) and from Ol+Opx mixtures in Opx 
porphyroclast tails (red outlined symbols). J. Al2O3 vs. Ca/ (Ca+Na) of Cpx. High 
resolution, digital version is included on the CD. 
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Fig 2.13. For figure caption see previous page. 
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2.6.1 Orthopyroxene 

All analyzed Opx (intracrystalline/isolated and mixed neoblasts/porphyroclasts) is 
with Mg#s (molar Mg/(Mg+Fe)) exceeding 0.89, enstatite-rich (Fig. 2.13C). 
A systematic difference between Opx porphyroclasts and neoblasts is present. It 
is most prominent in the deviation of Al2O3 (Fig. 2.13A/B/D) and SiO2 
abundances (suppl. data S2.8) for porphyroclasts and neoblasts and by systematic 
changes of minor element abundances with respect to Al2O3 (Fig. 2.13C, suppl. 
data S2.8). Al2O3 was chosen as comparative oxide for pyroxenes because Al 
contents in Opx and Cpx decrease due to the transition from spinel to plagioclase 
facies and therefore correspondent to decreasing pressures (Borghini, 2008). Opx 
porphyroclasts display Al2O3 contents of 2.3 to 6.2 wt.% (Fig. 2.13A/B/C) and 
between 53.3 and 55.9 wt.% SiO2 (suppl. data S2.8). In general, lower Al2O3 
(0.4-3.6 wt.%; Fig. 2.13A/B/D) and higher SiO2 contents (53.7 57.9 wt.%; suppl. 
data S2.8) were measured for Opx neoblasts. Isolated, intracrystalline Opx 
neoblasts show intermediate Al2O3 wt.% (Fig. 2.13A). Cr2O3 abundances for Opx 
porphyroclasts vary between 0.5 and 0.8 wt.% (Fig. 2.13A). Opx neoblasts have 
in general lower values (0.1-0.7 wt.%; Fig. 2.13A/C). Isolated, intracrystalline 
Opx neoblasts in contrast display the complete Cr2O3 range (Fig. 2.13A/C). For all 
Opx measurements with Al2O3 < 4 wt.% Cr2O3 decreases systematically with 
decreasing Al2O3 (Fig. 2.13A *1). TiO2 porphyroclast abundances vary over 
almost the full spectrum measured between 0.12 and 0.31 wt.% (Fig. 2.13B). 
Lower TiO2 abundances (< 0.12 wt.%) are only present for Opx neoblasts where 
TiO2 decreases from 0.3 to 0.05 wt.% with decreasing Al2O3 content (Fig. 2.13B). 
For a given Al2O3 wt. %, intracrystalline Opx neoblasts tend to have lower TiO2 

abundances than mixed neoblasts (Fig. 2.13B). Systematic differences between 
porphyroclast Mg#s (range: 0.89-0.9) and neoblast Mg#s (range: 0.89-0.91) are 
very weak if present at all (Fig. 2.13C). High Mg#s (>0.9) are restricted to isolated, 
intracrystalline Opx neoblasts (Fig. 2.13C). Opx porphyroclast Cr#s 
(Cr# = Cr/(Cr+Al); range: 0.07-0.15) lay within the range of neoblast Cr#s 
(0.04-1.4) (Fig. 2.13D). An increase of Cr# in dependence on decreasing Al2O3 is 
only present for porphyroclast (Fig. 2.13D *1). No significant change in element 
abundances from porphyroclasts to neoblasts was observed for MnO and CaO 
(suppl. data S2.8). For FeO, a deviation between high abundances (≥ ~6.7 wt.%) 
of Opx neoblasts from tails and low abundances (≤ ~6.7 wt.%) for isolated, 
intracrystalline neoblasts is present (suppl. data S2.8). 
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2.6.2 Clinopyroxene 

In all analyzed Cpx microstructures a systematic difference between the mineral 
chemistry of porphyroclasts, and neoblasts is present, which is particularly evident 
in Al2O3, SiO2 wt.% (Fig. 2.13E/F/H/J, suppl. data S2.8) and Mg# (Fig. 2.13G). 
Cpx porphyroclasts display higher Al2O3 contents (3.1-7.0 wt.%) than neoblasts 
(1.4-4.7 wt. %) (e.g., Fig. 2.13E). SiO2 contents for porphyroclasts 
(49.5--53.1 wt.%) are in general lower than for neoblasts (51.3-54.6 wt.%) (suppl. 
data S2.8). The lowest SiO2 and the highest Al2O3 for Cpx neoblasts were 
measured in isolated microstructures (suppl. data S2.8, Fig. 2.13E). For 
porphyroclasts with Al2O3 > 4.5 wt.%, Cr2O3 contents increase with decreasing 
Al2O3 wt.% (Fig. 2.13E *2). Below 4.5 wt.% Cr2O3 abundances decrease with 
decreasing Al2O3 for all measured groups (Fig. 2.13E *1). For TiO2, Cpx 
porphyroclasts depict variations (0.5 1.2 wt.%) independent from Al2O3 
(Fig. 2.13F). TiO2 neoblasts abundances of isolated and mixed microstructures 
tend to be lower than in porphyroclasts and decrease with decreasing Al2O3 
(Fig. 2.13F). Mg#s range from 0.89 to 0.92 for Cpx porphyroclasts and from 0.91 
and 0.93 for neoblasts (Fig. 2.13G). As for Opx porphyroclasts, the increase in 
Cr# coincides with a decrease in the Al2O3 content (Fig. 2.13H *1). Neoblast Cr#s 
mostly scatter around the highest values of porphyroclast Cr#s (Fig. 2.13H). Na2O 
and CaO abundances in neoblasts follow the trend already displayed in 
porphyroclasts. Na2O decrease (porph.: 0.8-0.5 wt.%, neo: 0.7-0.4 wt.%) and CaO 
increase (porph.: 21.4-22.9 wt.%, neo.: 22.1-23.4 wt.%) with Al2O3 (suppl. data 
S2.8). Ca/(Ca+Na) shows higher values for neoblasts than for porphyroclasts and 
generally increases with decreasing Al2O3 content (Fig. 2.13J). 

2.6.3 Olivine 

Ol porphyroclasts and their corresponding neoblasts display for major elements 
(Si, Mg, Fe, Mn, (Mg#); Fig. 2.13I, suppl. data S2.9) as well as for Ca (suppl. data 
S2.9) mostly congruent abundances with only slight variations if present at all 
(Fig. 2.13I). Most Al, Ti and Cr abundances were below the detection limit (suppl. 
data S2.9). Ol clasts have similar Mg#s (av. 0.9 ±0.002) as Ol neoblasts 
(av. 0.897 ±0.002) (Fig. 2.13I). However, for all (n=10) except one microstructure 
neoblasts display consistently lower Mg#s than their porphyroclast (suppl. data 
S2.9). Ca contents are lower in Ol porphyroclasts (av. 72 ppm) than in Ol neoblasts 
(av. 87 ppm). Ti, Cr and Al abundances were despite low detection limits for trace 
elements not measured in significant amounts in Ol porphyroclast tails (neo. 
/porph.; suppl. Data S2.9).  
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Mg#s (range: 0.89-0.91) and Mn abundances (range: 0.06-0.19) from Ol neoblasts 
of phase mixtures from pyroxene tails are in general more dispersed than those 
from almost monomineralic Ol assemblages (av. 0.9, range: 0.89-0.9) (Fig. 2.13I, 
suppl. data S2.9). In general, Ol neoblasts in phase mixtures display slightly higher 
abundances and higher variabilities for trace elements (Ti, Al, Cr, Ca) than Ol 
neoblasts of almost monomineralic areas (suppl. data S2.9). Ol neoblasts in Cpx 
tails have the highest measured trace element abundances (av. Ti 38 ppm, 
Al 6 ppm, Cr 67 ppm, Ca 398 ppm) (suppl. data S2.9). Ol neoblasts from Opx tails 
have intermediate trace element abundances (av. Ti: 19 ppm, Al: 12 ppm, Cr 18 
ppm, Ca 113 ppm; suppl. data S2.9). In conclusion, Ol neoblasts in phase mixtures 
display a broader range, and a higher abundance (predominant in Cpx phase 
mixtures) in trace elements. In addition, these olivines have a broader range of 
Mg# than Ol neoblasts of almost monomineralic Ol assemblages. However, no 
trends are observed as present for Opx and Cpx. 

2.6.4 Thermometry 

Average T estimations for Opx porphyroclasts are 910 ± 21 °C (TBKN), 
880 ± 13 °C (TTa98) and 935 ± 65 °C (TCa-Opx) (Fig. 2.14A, suppl. data S2.10). In 
general, the results of the two-pyroxene thermometers (TBKN and TTa98) and the 
Ca-in-Opx thermometer are within error (Fig. 2.14A, suppl. data S2.10). 
Exceptions are two porphyroclasts, which show higher TCa-Opx temperatures than 
TBKN and TTa98 estimates of the same data (Fig. 2.14A). For isolated Opx 
microstructures all average T estimates (857 ± 36 °C (TBKN), 814 ± 34 °C (TTa98), 
858 ± 12 °C (TCa-Opx) and 829 ± 37 °C (T1Cpx), Fig. 2.14A, suppl. data S2.10) 
overlap in their standard deviation (Fig. 2.14A, suppl. data S2.10). Temperature 
calculations for neoblasts in mixed assemblages derived from Opx porphyroclasts 
are 886 ± 4 °C (TBKN), 828 ± 31 °C (TTa98), 854 ± 39 °C (TCa-Opx) and 867 ± 10 °C 
(T1Cpx) (Fig. 2.14A, suppl. data S2.10). They agree for a given geothermometer 
(TBKN / TCa Opx) for all measured microstructures (Fig. 2.14A). 

Cpx porphyroclast T estimations are on average 891 ± 25 °C (TBKN), 
864 ± 34 °C (TTa98) and 851 ± 30 (T1Cpx) (Fig. 2.14B, suppl. data S2.10). The TBKN 
estimations all lie in a close range between 862 °C and 924 °C (Fig. 2.14B). T1Cpx 
estimations for Cpx porphyroclasts yield systematically lower T 
(range: 817-891 °C; Fig. 2.14B). Isolated Cpx neoblasts yield average T (°C) 
estimates of 837 ± 8 (TBKN), 797 ± 10 TTa98), 880 ± 35 (TCa-Opx) and 
811 ± 12 (T1Cpx) (Fig. 2.14B). Neoblasts in mixed assemblages derived from Cpx 
porphyroclasts have estimates (°C) of 871 ± 14 (TBKN), 841 ± 22 (TTa98), 
885 ± 25 (TCa-Opx) and 859 ± 16 (T1Cpx) (Fig. 2.14B, suppl. data S2.10). Calculated 
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Ts for different geothermometers are in general consistent for all measured 
microstructures in multiple samples (Fig. 2.14B, suppl. data S2.10). In addition, T 
estimations of the different geothermometers agree with each other within error. 
Data from assemblages of ultramylonitic bands are separated according to their 
composition. Ol+Opx dominated layers yield average T (°C) estimates of 
859 ± 32 (TBKN), 814 ± 21 (TTa98), 831 ± 22 (TCa-Opx) and 838 ± 25 (T1Cpx) (Fig. 
2.14C, suppl. data S2.10). Cpx+Ol dominated ultramylonitic layers yield similar 
average T estimates of 858 ± 18 (TBKN), 818 ± 18 (TTa98), 833 ± 17 (TCa-Opx) and 
841 ± 20 (T1Cpx) (Fig. 2.14C, suppl. data S2.10). 
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Fig. 2.14. Geothermal esti-
mations for porphyroclasts 
(Opx/ Cpx= diamond 
symbols), neoblasts from 
intracrystalline and isolated 
microstructures (Opx/ Cpx= 
cross symbols), neoblasts of 
polymineralic tails and 
ultramylonitic bands (Opx/ 
Cpx= circle symbols). 
Displayed are results from 
TBKN, TCa-Opx (Brey and Köhler, 
1990) and T1Cpx 
geothermometers (Nimis and 
Taylor, 2000). High 
resolution, digital version is 
included on the CD.  
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2.7 Discussion 
During the shear zone evolution, porphyroclasts of all three primary phases (Ol, 
Cpx and Opx) formed tails of neoblasts. Where olivine formed mainly 
monomineralic tails (Figs. 2.5 and 2.6; av.: 17% phase and 83% grain boundaries), 
the ortho- and clinopyroxene porphyroclasts formed polymineralic tails of the 
original pyroxene and olivine, with minor amounts of the other pyroxene, spinel, 
and plagioclase (Figs. 2.7, 2.8). These polymineralic tails are well mixed (av.: 
~65% phase and ~35% grain boundaries) and continue into ultramylonitic bands 
in some cases (Figs. 2.5, 2.12). In the following, possible formation processes of 
almost monomineralic olivine and polymineralic pyroxene tails will be discussed 
and their role on phase mixing processes will be evaluated. 

2.7.1 Olivine porphyroclasts 

Dynamic recrystallization of Ol porphyroclasts is observed in low strained 
samples (coarse porphyroclastic texture; Fig. 2.3A), underlining olivine’s role as 
weakest phase under most upper mantle conditions (Boullier and Gueguen, 1975; 
Karato and Wu, 1993). No phase mixing, related to dynamic recrystallization, was 
observed in low strained textures (coarse porphyroclastic, fine grained 
porphyroclastic). Nevertheless, dynamic recrystallization has been shown to be 
the driving force of grain size reduction and strain localization during early shear 
zone evolution in Lanzo (Kaczmarek and Tommasi, 2011).  

Ol porphyroclast tails in mylonites and ultramylonites have an almost 
monomineralic assemblage and low mixing intensities (Figs. 2.5, 2.6). Often, 
associated neoblasts have a small to moderate deviation in misorientation angle 
(0-40°) from the porphyroclast orientation (Fig. 2.5F) with grain CPOs clearly 
related to clast orientations (Figs. 2.5G, 2.6A-x, 2.6B-ix). These results are 
consistent with those by Kaczmarek and Tommasi (2011) who also reported the 
internal deformation of Ol porphyroclasts (e.g., Fig. 2.5F) with a high density of 
subgrains and the predominance of small rotation angles (<15°) in correlated Ol 
misorientation histograms. Following Kaczmarek and Tommasi (2011), dynamic 
recrystallization of Ol porphyroclasts by SGR is therefore plausible to explain the 
formation of almost monomineralic tails in mylonite and ultramylonite samples. 
Contradictory for SGR are high misorientation angles of several grains directly at 
porphyroclast grain boundaries (Fig. 2.5F). However, rotations of individual 
grains accommodating ongoing deformation in the recrystallization tail could 
explain the variety and the presence of high misorientation angles (Sakai et al., 
2014). Elongated, irregular grain shapes and lobate boundaries of distal grains and 
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their bigger grain size compared to those close to the Ol porphyroclast (Fig. 2.5B) 
indicate grain growth by GBM recrystallization in the tail (Fig. 2.5B). Following 
Kilian et al. (2011) who suggested a precipitation of K-feldspar along aligned 
grain boundaries and in cavities formed during dynamic recrystallizations 
(SGR+GBM), mixing structures along bigger Ol grains inside of recrystallization 
tail (Fig. 2.6A-I type I) and also on their edges (Fig. 2.6B-I type II) could indicate 
precipitation of Opx neoblasts during dislocation creep. Similarly, Czertowicz et 
al. (2016) reported microstructures similar as type I (Fig. 2.6A), with Opx 
neoblasts along Ol grain boundaries in the Anita Peridotite, New Zealand. 
Following Menegon et al. (2015), Czertowicz et al. (2016) suggest a precipitation 
of Opx from fluids in creep cavitations along Ol grain boundaries. The chemical 
components required for the Opx precipitation are thought to be mobilized along 
the grain boundaries. 

2.7.2 Internal recrystallization of Opx and Cpx porphyroclasts 

Pyroxenes rarely show evidence of porphyroclast recrystallization in coarse 
porphyroclastic and porphyroclastic fine grained textures (Fig. 2.3A/B). If present, 
formation of subgrains was observed to be limited to small areas close to the grain 
boundary (Fig. 2.3C).  

In the (proto)mylonites, isolated and intracrystalline pyroxene microstructures 
have a host-phase dominated assemblage, low mixing intensities and neoblast 
orientations depending on the porphyroclast orientation (Figs. 2.10A/B, 2.11C). 
Phase mixing of Opx and Cpx is spatially dependent on exsolution lamellae of the 
porphyroclasts, resulting in low mixing intensities. The relatively high amount of 
Ti-pargasite (Prg) in isolated microstructures (Figs. 2.10A-v, 2.11C-iv), 
emphasizes the presence of liquids during neoblast formation and their rather late 
formation in terms of the shear zone evolution with T < 1050°C (Kaczmarek and 
Müntener, 2008). Consequently, high mobility of the fluid along fractures in 
porphyroclasts (e.g., Fig. 2.11A/B *2) and at grain boundaries is required. The 
relatively strong CPOs of isolated Opx and Cpx microstructures (Figs. 2.10A-viii, 
2.11B/C-vii) often coincide with similar orientations of intermixed neoblasts of 
Prg and Cpx/Opx, respectively (Figs. 2.10A-ix, 2.11C-viii/ix). Concordance of 
amphibole (tremolite) and Cpx CPOs was reported by Kohli and Warren (2020) 
for deformed peridotites from the Shaka Transform Fault. The inherited amphibole 
CPO was explained by the shared, monoclinic crystal structure and a topo- or 
epitactic growth (Kohli and Warren, 2020; Putnis et al., 2006). Even at neoblast 
areas between Opx and Cpx clasts, phase mixing intensities are intermediate with 
neoblasts concentrating at boundaries of their respective host (Fig. 2.10B). 
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Low mixing intensities, orientations depending on the porphyroclast, and host 
phase dominated assemblages with high amounts of pargasite indicate fluid 
assisted dynamic recrystallization as formation process. A formation of pargasite 
by a local hydrous, Si-saturated melt is unlikely. Melt-rock reactions of such melt 
should be observable along grain boundaries in the matrix and especially at almost 
monomineralic Ol areas. Contrary, these microstructures are isolated and 
intracrystalline. As Figure 2.11 demonstrates neoblast tails adjacent to the 
intracrystalline microstructures which should be in contact with such melts rather 
show the crystallization of Ol neoblasts which would not be expected with hydrous 
Si-saturated melt. However, the small number of isolated pyroxene 
microstructures analyzed is only suitable for assumptions on the formation process 
behind pargasite. 

2.7.3 Polymineralic tails adjacent to pyroxene porphyroclasts 

Tails derived from the pyroxene porphyroclasts are different from Ol 

recrystallization tails and isolated and intracrystalline pyroxene recrystallization. 

The pyroxene derived tails are polymineralic, showing high mixing intensities. 

Furthermore, they show no similarity between porphyroclast and neoblast 

orientations. The most striking pattern for these microstructures is the occurrence 

of Ol and host phase neoblasts with secondary Pl and Spl directly at grain 

boundaries of the porphyroclasts (e.g., Figs. 2.7, 2.8). The Opx and Cpx dominated 

tails can be clearly distinguished in the samples (Fig. 2.4B). These observations 

indicate that these polymineralic tails were formed by reactions rather than by 

dynamic recrystallization. These reactions could be melt-rock reactions or 

metamorphic reactions.  

2.7.3.1 Melt-rock reactions 

Beside the replacement of Cpx by Opx+Pl at exsolution lamellae in Cpx 
porphyroclasts (e.g., Fig. 2.4B *4) no other melt-rock reaction described by 
previous studies (vermicular Opx growing at expense of deformed Ol, replacement 
of elongate Spl by undeformed Pl) were found in the studied microstructures. As 
most evidence of melt-rock reactions was described in low strain textures 
(Kaczmarek and Müntener, 2008; Müntener et al., 2005) and the replacement of 
Cpx is only present inside of porphyroclasts of higher strain textures these 
melt-rock reactions are interpreted to occur prior to the formation of the analyzed 
microstructures. Consistently, Müntener and Piccardo (2003) and Müntener et al. 
(2005) interpret the melt presence as a diffuse porous melt flow at a regional scale. 
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Melt-rock interactions in the northern Lanzo shear zone region were expressed by 
reactions 2.I and 2.II of Kaczmarek and Müntener (2008).  

Liq.1 (SiO2-saturated) + Ol → Opx + Liq.2 (reaction 2.I) 

Cpx + Liq. → Opx + Pl ± Ol (reaction 2.II) 

Following Kaczmarek and Müntener (2008), these reactions lead to neoblast 
crystallization, which were subsequently deformed under moderate, broadly 
distributed stress. Fine grained, mixed assemblages found in mylonites 
(Ol+Pl+Opx) were thought to represent interstitial melts that crystallized once the 
solidus was hit. This led to the interpretation of melt presence during localized 
shearing (Kaczmarek and Müntener, 2008). Our observation, that ultramylonitic 
phase-mixtures of Opx+Ol and Cpx+Ol derive from polymineralic tails of 
pyroxene porphyroclasts, contradicts the melt-rock reactions 2.I and 2.II. To form 
Ol-rich phase mixtures close to pyroxenes, the melt would have to be 
Si-undersaturated. Locally Si-undersaturated melt due to dissolution and 
crystallization with differing phases (reaction 2.III) was described for the Othris 
peridotite (Dijkstra et al., 2002): 

Opx + SiO2-undersaturated melt ↔ Ol + SiO2-saturated melt (reaction 2.III) 

In regard to the observed microstructures, reaction (2.III) could explain the 
irregular margins of Opx porphyroclasts with numerous Ol embayments (e.g., Fig. 
2.7C), combined with elongated Opx and Ol neoblasts in the surrounding mixed 
assemblage (e.g., Fig. 2.8B) which were also described for Othris peridotites 
(Dijkstra et al., 2002). Melt assisted shearing, melt-rock reactions, and the 
formation of a fine grained ultramylonitic matrix was also reported by Degli 
Alessandrini (2018) in sheared metagabbros of the lower crust. In the case of the 
Lanzo lherzolite, Cpx can also react with the melt (2.III), forming olivine. 
However, Si-undersaturated melt causing pyroxene dissolution and Ol 
crystallization cannot explain the occurrence of Pl (av. 6%) in phase mixtures of 
recrystallized Cpx porphyroclasts. As Pl grains are not interstitial, similar sized as 
Cpx and Ol neoblast and already present close to the Cpx porphyroclasts (Fig. 
2.7C) a later stage formation of Pl seems implausible. Furthermore, Dijkstra et al. 
(2002) reported evidence of these reactions in tectonite protoliths, thus in the early 
shear zone evolution, and therefore postulated a formation temperature for those 
corrosion/dissolution reactions and the formation of fine-grained assemblages of 
1100 °C. For the Lanzo shear zone, no such microstructures were observed in the 
less deformed textures (i.e., coarse-grained, and fine-grained porphyroclastic 
textures). Neoblasts from Opx and Cpx tails, as well as from ultramylonitic bands 
yield uniform temperatures (869 ± 18° C (TBKN), 831 ± 24° C (TTa98), 
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862 ± 37° C (TCa-Opx) and 856 ± 18° C (T1Cpx). As most geothermometers give a 
similar average calculated temperature (within error), estimates are thought to be 
accurate. Taylor (1998) showed that TBKN overestimates temperatures of fertile 
peridotite (Nimis and Grütter, 2010). Accordingly, TTa98 estimates are generally 
lower than TBKN (Fig. 2.14). Differences between estimates of porphyroclast and 
neoblasts are thought to depict the degree of porphyroclast equilibration. In 
contrast to Kaczmarek and Müntener (2008) who observed compositional zoning 
of Opx porphyroclasts, most of our porphyroclast-neoblast pairs give similar 
calculated temperatures (Fig. 2.14), which indicates that porphyroclasts reached 
equilibrium with the neoblasts, possibly by enhanced diffusion. Lower 
temperature estimates for ultramylonites from previous work (La-11, 740 ± 16 °C 
(TCa-Opx), Linckens et al., 2015) however demonstrate that the innermost part of 
the shear zone accumulated strain over a longer interval of temperature. Therefore, 
our estimations of pyroxene reaction microstructures in mylonites, clustering 
around 860 °C (range TBKN: 836-888 °C; Fig. 2.14), is consistent with estimates 
by Kaczmarek and Müntener (2008), whereas Linckens et al. (2015) give a 
minimum, subsolidus temperature for crystallization and phase mixing. Both T 
estimates are significantly lower than the formation temperature of phase mixtures 
postulated for Othris (Dijkstra et al., 2002). 

2.7.3.2 Subsolidus net-transfer reactions 

Subsolidus continuous net-transfer reactions, resulting from changing 
PT conditions, have been shown to be capable of forming (ultra)mylonitic Ol+ 
host phase mixtures (Dijkstra et al., 2004; Hidas et al., 2013; Newman et al., 1999). 
Kaczmarek and Tommasi (2011) already suggested that such reactions may have 
led to domains of intermixed two‐ or three‐phase assemblages in the 
ultramylonites of Lanzo. Beside the exchange of PT sensitive elements 
(e.g., Al and Cr in pyroxenes; Ca in Opx), continuous net-transfer reactions as 
result of the Spl lherzolite to Pl lherzolite transition, lead to a systematic change 
of modal abundances and in the composition of reactants due to the crystallization 
of a new Al phase (Pl) (e.g., Rampone et al., 1993; Borghini et al., 2010). Previous 
studies have shown that the shear zone’s activity has been under decreasing 
PT conditions of the transition from spinel to plagioclase peridotite facies, e.g., 
associated with continuous reactions involving plagioclase and spinel (Kaczmarek 
and Müntener, 2010, 2008; Kaczmarek and Tommasi, 2011). Olivine and Cpx 
neoblasts in Cpx tails are often associated with Pl (6%, 22% Pl-Ol boundaries, 
64% Pl-Cpx boundaries of total Pl boundaries) and interstitial Spl (1 %, 
44% Spl-Ol boundaries, 44% Spl-Cpx boundaries of total Spl boundaries, 
e.g., Fig. 2.7). The amount of Pl present in pyroxene tails varies between Cpx 
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tails (av. 6%) and Opx tails (av. 2%). In total, the obtained Pl abundances agree 
with field observations (1-5 wt. %) and are at the lower range of experimental 
(5-15 wt.%) literature data for Pl peridotites formed by this facies transition 
(Borghini et al., 2010; Furusho and Kanagawa, 1999; Newman et al., 1999). 
Furthermore, Pl is more abundant in areas where small amounts of coarse grained 
Spl is present, indicating an influence of the spinel-plagioclase transition 
expressed by:  

Al-rich spinel0 + Al-rich pyroxene0 =            

plagioclase + olivine + Al-poor pyroxene1 + Cr-rich spinel1 

(reaction 2.IV; Borghini et al., 2010) 

 

2 (1-x) MgSiO3 + (1-x) CaMgSi2O6 + MgAl2(1-x)Cr2xO4 =       

enstatite + diopside + Cr-spinel        

(1-x) CaAl2Si2O8 + 2 (1-x) Mg2SiO4 + x MgCr2O4 

anorthite + forsterite + Mg-Cr spinel (picochromite) 

(reaction 2.V; Furusho and Kanagawa, 1999) 

 

Microstructural observations of small, interstitial Spl (Figs. 2.7C, 2.12B) in 
neoblast phase mixtures coincide with observations from Borghini et al. (2010) 
and Furusho and Kanagawa (1999). Spl abundances (0.5-2%) measured in 
pyroxene tails are in the range of those reported by Borghini et al. (2010) 
(0.5-4 wt.%) and Furusho and Kanagawa (1999) (1.3-1.6 wt.%). As Cr-rich spinel 
remains stable within the plagioclase stability field down to pressures as low as 
ca. 0.3 GPa, spinel-plagioclase reactions (2.IV, 2.V) are thought to be continuous 
within the Pl stability field (Borghini et al., 2010). Clinopyroxene Ca/(Ca+Na) 
ratios increase with decreasing pressure (Borghini et al., 2010). Correspondingly, 
Cpx neoblasts exhibit higher Ca/(Na+Ca) ratios (i.e., lower pressures) than the 
porphyroclasts (Fig. 2.13J). Slightly higher amounts of Na2O in Pl of neoblasts 
compared to porphyroclastic abundances reported by Kaczmarek and Müntener 
(2008) in the mylonitic texture type could be explained by higher amounts of 
pargasitic amphibole in the former texture (Niida and Green, 1999). Variations of 
the Cr# (Fig. 2.13D/H), the decrease of Cr2O3 (Fig. 2.13A/E) and the significant 
Al decrease for neoblasts of both pyroxenes (Fig. 2.13A/E) in the Pl stability field 
in lherzolite compositions (Pl-out: 0.8-1.5 GPa, Borghini et al. (2010) and 
reference therein) agree with the predicted influence of Pl crystallization 
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combined with the Cr-Al partitioning between spinel and both pyroxenes by 
reactions 2.VII and 2.VIII:  

MgAl2O4 + 2 MgCrAlSiO6 + 2 CaMgSi2O6 =  
MgCr2O4 + 2 CaAl2Si2O8 + 2 Mg2SiO4 

spinel + MgCr-Ts + diopside = Mg-chromite + anorthite + forsterite 

(reaction 2.VII; Borghini et al., 2010) 

MgAl2O4 + 2 CaCrAlSiO6 + 2 Mg2Si2O6 =  
MgCr2O4 + 2 CaAl2Si2O8 + 2 Mg2SiO4 

spinel + CaCr-Ts + enstatite = Mg-chromite + anorthite + forsterite 

(reaction 2.VIII; Borghini et al., 2010) 

 

Cr#s of pyroxenes and Spl increase with decreasing pressure (Borghini et 
al., 2010). Correspondingly, Cr# and Cr2O3 abundances increase for pyroxene 
porphyroclasts with decreasing Al2O3 content (Figs. 2.13D/H *1, 2.13A/E *2). For 
pyroxene neoblasts in porphyroclast tails, Cr# display no pronounced positive 
correlation to Al2O3 but scatter around the porphyroclast Cr# values 
(Fig. 2.13D/H). As variations of Cr# and Al2O3 abundance are present in neoblasts 
of a single pyroxene tail (e.g., Fig. 2.13D) Al-Cr partitioning seems to be 
dependent on the local equilibrium governed by the presence of Spl and Pl at 
relatively fixed PT conditions (reaction 2.IX; Borghini et al., 2010). 

MgCr2O4 + CaAl2Si2O8 = MgCrAlSiO6 + CaCrAlSiO6 

Mg-chromite + anorthite = MgCr-Ts + CaCr-Ts 

(reaction 2.IX; Borghini et al., 2010) 

 

Kaczmarek and Müntener (2008) reported a highly variable Spl composition with 
respect to TiO2, Cr- and Mg-number. Variations within a single sample are 
reported to be as large as the total range of all samples in the strain gradient. 
Especially the high Ti contents are at odds with Spl formation solely by subsolidus 
reactions and support a melt inherited component (Borghini et al., 2010; 
Kaczmarek and Müntener, 2008). Increased homogenization in the extensive 
deformed samples reported by Kaczmarek and Müntener (2008) suggests further 
that the timing of this melt-induced change was prior to ultramylonitic band 
formation. As interstitial Spl in pyroxene reaction tails were too small for 
microprobe measurement, their composition remains unfortunately unknown. 
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Borghini et al. (2010) reported the modal amount of Pl to progressively decrease 
with increasing pressure along with a concomitant decrease in modal Ol and an 
increase in Opx, Cpx and Spl abundances following the reaction: 

0.12 Pl0 + 0.13 Ol + 0.02 Spl0 + 0.3 Cpx0 + 0.43 Opx0 =       

0.05 Spl1 + 0.37 Cpx1 + 0.58 Opx1  

(reaction 2.X; Borghini et al., 2010) 

 

Corresponding to reaction (2.X), we observe a replacement of both pyroxenes by 
a mixture of Ol and minor Pl along with the host phase in neoblast tails of 
pyroxenes (Figs. 2.7, 2.8). A clear connection to the matrix is crucial for the 
neoblast assemblage and mixing intensity: Isolated microstructures (Opx (Fig. 
2.11C), Cpx (Fig. 2.10A), Cpx-Opx interface (Fig. 2.10B) show, despite the 
presence of Prg, host phase dominated assemblages and low mixing intensities. 
Therefore, geochemical changes due to the presence of fluid did not extensively 
modify the neoblast composition or mixing intensity.  

In addition to mantle shear zones (e.g., Furusho and Kanagawa, 1999; Newman et 
al., 1999), phase mixing by heterogenous nucleation due to chemical 
disequilibrium was also reported in lower crustal shear zones (e.g., Degli 
Alessandrini, 2018; Kruse and Stünitz, 1999). Depending on the formation 
mechanism, Kruse and Stünitz (1999) reported for mylonites from the Jotun nappe 
(Norway) either the formation of monomineralic tails of plagioclase, hornblende 
and pyroxenes by dynamic recrystallization or phase mixtures of hornblende+Pl 
or Cpx+Pl in reaction tails. For lower crustal mylonites, highly lobate, serrated 
boundaries of reacted porphyroclasts similar to those of pyroxene porphyroclasts 
reaction tails (Figs. 2.7, 2.8) were reported as evidence for diffusion driven 
(re)crystallization (Gower and Simpson, 1992; Kruse and Stünitz, 1999; Martelat 
et al., 1999; Zulauf et al., 2002). Combining our results with the experimental 
observations of Borghini et al. (2009) and the field implications of Furusho and 
Kanagawa (1999), Newman & Drury (2010) and Newman et al. (1999) we 
consider that continuous net-transfer reactions due to the Spl lherzolite to Pl 
lherzolite transition are a potential driving force for the formation of ultramylonitic 
mixed assemblages in pyroxene porphyroclast tails. As formerly elaborated by 
Hidas et al. (2016), these syn-kinematic net-transfer reactions are catalyzed by 
fluids. Syn-kinematic amphibole precipitation and fluid channeling in the center 
of deformation of the Lanzo shear zone were postulated by Kaczmarek and 
Tommasi (2011) and Vieira Duarte et al. (2020). Although the amount of 
amphibole in pyroxene tails seems to be low (av. ~1%), Hidas et al. (2016) have 
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shown that for a peridotitic composition at corresponding PT conditions, fluid 
saturation is reached at 1.0-1.4 wt.% amphibole. Additionally, Vieira Duarte et al. 
(2020) argue for a syn-kinematic growth and deformation of Cl-bearing amphibole 
between 800-850° C which coincides with neoblasts temperatures.  

The fact that reaction-induced formation of ultramylonitic phase mixtures occurs 
only in strongly deformed textures and increases with deformation (Fig. 2.4) 
further indicates a strain dependent formation. Deformation experiments on Pl+Ol 
aggregates have shown positive feedback of deformation and reactions for dry and 
wet conditions (de Ronde and Stünitz, 2007). An enhanced rate of the An (Pl) to 
Spl transformation was explained by an increase in nucleation rate due to 
deformation-induced defects (free dislocations, dislocation pileups, subgrain 
walls) and locally increased Gibbs free energy (de Ronde and Stünitz, 2007). With 
the onset of mechanical weakening, neoblasts are transported from the reaction 
interface, maintaining a high chemical potential and a continuous nucleation of 
reaction products can occur (de Ronde and Stünitz, 2007). In our samples, this 
coupling of deformation, diffusion and nucleation is microstructurally 
corroborated by the formation of elongated polymineralic tails parallel to the 
foliation and with main porphyroclast reaction interfaces at boundaries 
perpendicular to the lineation (Fig. 2.7), by increasing neoblast elongation towards 
distal parts of the tail (Fig. 2.8C) and by increasing amount and length of GBAs 
towards the border of the tails (Fig. 2.7C). Additionally, neoblast grain sizes are 
smaller in pyroxene reaction tails embedded in ultramylonitic bands than those in 
mylonitic areas (e.g., Fig. 2.4B *4/*5). 

2.7.3.3 Phase mixing by grain boundary sliding 

The polymineralic tails derived from the pyroxene porphyroclasts are formed by 
reactions, however, grain boundary sliding (GBS) could be an additional phase 
mixing process during deformation. Grain boundary sliding (GBS) is thought to 
be active in both dislocation creep regime and diffusion creep regime (Drury et 
al., 2011; Hirth and Kohlstedt, 2003; Miyazaki et al., 2013; Warren and Hirth, 
2006). Most microstructural evidence for GBS is found in ultramylonitic phase 
mixtures by continuous phase and grain boundaries alignments (Fig. 2.7C white 
dotted lines) (e.g., Kohlstedt et al., 1976; Newman et al., 1999). GBAs are 
interpreted as preferred sliding plains during GBS along grain and phase 
boundaries which are mostly subparallel to the foliation (Dijkstra et al., 2002; 
Drury et al., 2011; Newman et al., 1999). Neoblasts along GBAs show no increase 
in mixing (Fig. 2.7C) which was previously observed in experiments of Hiraga et 
al. (2013). GBAs of the wall like structures in in Cpx reaction tails 
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(suppl. data S2.7) display significantly different angles to the foliation (70-90°) 
and are aligned subparallel to porphyroclasts boundaries and are partially parallel 
to exsolution lamellae of the Cpx clast (suppl. data S2.7). Similar high angles to 
the tensile direction were also observed by Hiraga et al. (2013). The subparallel 
orientation to the porphyroclast grain boundary/exsolution lamellae suggests an 
influence of the clast orientation on neoblast grain shape. However, neoblast CPOs 
do not show a strong relation to the clast orientation (suppl. data S2.3, S2.4). 
Additionally, aggregation is significantly weaker than shown by Hiraga et al. 
(2013) questioning the importance of GBS for these microstructures. 

In conclusion, grain boundary sliding in our samples seems to lead to phase 
aggregation and not to phase mixing. Only in Ol recrystallization tails (Fig. 2.6), 
GBS combined with creep cavitation and nucleation seems to be accountable for 
the little mixing present in these microstructures. 

2.7.4 Ultramylonite bands 

Ultramylonitic bands have a mixed phase assemblage dominated by Ol (> 50%) 
and either Cpx (av. 38%) or Opx (av. 14%). Similar to reaction tails of pyroxene 
porphyroclasts minor phases are Pl (av. 8%), Spl (~1%) and Prg (<1%). Pyroxene 
CPOs are not present or very weak (Opx: av. J index: Opx 1.5, Cpx 1.6). Ol 
neoblasts mostly form no CPO. Average grain sizes in Cpx+Ol ultramylonitic 
layers (~10 µm) tend to be bigger than those in Ol+Opx layers (~6 µm). 
Interestingly, neoblasts in pyroxene porphyroclast tails show a similar trend of 
bigger grain sizes in Cpx derived tails than in Opx ones (e.g., Fig. 2.7). Similar 
modal abundances in Ol porphyroclast tails and in ultramylonitic Opx+Ol layers 
could suggest that these layers derived from strongly deformed, Ol 
recrystallization tails. However, the transitions from neoblast tails to 
ultramylonitic bands (Fig. 2.12, 2.4B), the presence of the same phases, similar 
modal abundances, and high mixing intensities in tails and bands suggest the 
straightforward interpretation that the origin of the ultramylonite bands are the 
pyroxene reaction tails. Ultramylonitic grain sizes and weak to no CPO indicate 
deformation by diffusion creep of the ultramylonitic bands. Their 
interconnectivity (Fig. 2.4B), their mixed assemblage (64% (Cpx+Ol) and 55% 
(Ol+Opx) phase boundaries) and their anastomosing microstructures around 
almost monomineralic Ol areas and porphyroclast-neoblast assemblages suggest 
that deformation is localized in the ultramylonitic bands/ in the ultramylonitic 
matrix in the ultramylonite texture. Interestingly, diffusion creep in these bands is 
combined with strong SPOs and elongated grain shapes (Fig. 2.12C) of pyroxenes 
and olivine. 
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Some observations however indicate additional deformation mechanisms. 
Domains with fine-grained Ol+Opx mixture at grain boundaries of coarse-grained 
Ol in ultramylonitic Ol+Opx layers (Fig. 2.9F) suggest precipitation of neoblasts 
during diffusion creep accommodated GBS in creep cavitations similar than 
mixing structures type I in Ol porphyroclast tails (Fig. 2.7A-i). Interestingly, 
neoblasts present in tails adjacent to elongated single Opx crystals display smaller 
grain sizes than in the ultramylonitic bands (Fig. 2.9). This could indicate a certain 
degree of grain growth in the ultramylonites. 

2.7.5 Comparison with other mantle shear zones and the 
significance of reaction-induced phase mixing 

As seen for Lanzo, most mantle shear zones/sheared peridotites show evidence for 
reaction involved changes in their mineralogy (phase composition and 
abundances) during their evolution from upper mantle depth to the earth surface. 
These changes are either due to melt, fluid and/or changing PT conditions (phase 
transitions and continuous net transfer reactions). The significance of the 
reaction-induced changes for the generation of phase mixtures becomes clear 
through a comparison with other sheared peridotites. Initial strain localization is 
not regarded here.  

Melt-rock reactions were reported for Othris, Greece (Dijkstra et al., 2002), Lanzo, 
Italy (Kaczmarek and Müntener, 2008) and the Table Mountain massif, 
Newfoundland (Suhr, 1993). Evidence for extensive fluid-rock reactions was 
observed in the central Ronda peridotite, Spain (Hidas et al., 2016), were limited 
fluid availability led locally to dissolution-precipitation creep. This process caused 
the precipitation of elongated Opx at Ol grain boundaries, leading to phase mixing. 
A similar process is suggested for phase mixing in the Anita peridotite, New 
Zealand (Czertowicz et al., 2016). In these ultramylonites, the Opx also forms 
along Ol grain boundaries, which is thought to be the result of Opx precipitation 
in creep cavitation bands between Ol grains (Czertowicz et al., 2016). Creep 
cavitation can form during GBS (Fusseis et al., 2009), or due to SGR (Gilgannon 
et al., 2020). At higher fluid volumes, amphibole or chlorite may form, depending 
on PT conditions, resulting in fine-grained mixed reaction products, as in 
Erro-Tobbio (Hoogerduijn Strating et al., 1993; Linckens and Tholen, 2021) and 
in dredged peridotites from the Shaka and Prince Edward Oceanic Transform 
Faults (Kohli and Warren, 2020; Prigent et al., 2020). Mineral reactions driven by 
the change in PT conditions were interpreted as driving force for recrystallization 
and phase mixing in the Turon de Técouère, France (Newman et al., 1999), in the 
Twin Sisters Massif, USA (Toy et al., 2009), in the Uenzaru peridotite, Japan 
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(Furusho and Kanagawa, 1999), and in Lanzo, Italy by Kaczmarek and Tommasi 
(2011) and this study. Remarkably, all the above-mentioned shear zones display 
(ultra)mylonitic, thoroughly mixed assemblages, whether as patches or coronas 
around porphyroclasts or as interconnected bands.  

As a counterpart, only a few shear zones were found to deform without 
concomitant chemical reactions: for the north-western border of the Ronda 
peridotite, Spain (e.g., Precigout et al. 2007), dynamic recrystallization was found 
to be the only weakening mechanism responsible for strain localization. 
Continuous deformation accommodated partly by grain boundary sliding resulted 
in neighbor-switching and the scattering of Opx neoblasts. Accordingly, 
microstructures typical for reaction-induced recrystallization as reported herein 
were not observed. No ultramylonites were formed during deformation and the 
grain sizes remained relatively large (mean grain sizes of 150-220 µm; Précigout 
et al., 2017). For pyroxenites of the Beni Bousera peridotite, Morocco, Frets et al. 
(2012) reported that most deformation was accommodated by dislocation creep of 
pyroxenes (SGR and GBR dynamic recrystallization). High stress deformation is 
thought to drive compositional homogenization by mechanical mixing. However, 
Frets et al. (2012) also reported syn- to late-kinematic reactions that crystallize 
pyroxenes at the expense of garnets. Skemer et al. (2009) reported fine-grained, 
mixed domains of Ol+Opx which are associated with relict Opx porphyroclasts 
for a high-strain shear zone from the Josephine Peridotite, USA. Like for Lanzo, 
the authors argue that for the formation of these mixed domains, the onset of Opx 
recrystallization is crucial. On the basis of subgrain boundaries in Opx 
porphyroclasts, and equiaxial neoblasts a formation by dynamic recrystallization 
rather than by chemical reactions was suggested. However, a recent study of 
Kumamoto et al. (2019) has shown, that these shear zones record extensive 
melt-rock interaction and elevated water concentrations. In summary, the 
following can be said for these shear zones: even if deformation is mostly 
accommodated by dynamic recrystallization, the phase mixing present seems to 
be due to reactions. 

Deformation in peridotites with little or no reaction-induced change by 
metasomatism and/or phase transitions were only reported for sheared xenoliths. 
For South African kimberlites, Skemer and Karato (2008) show microstructures 
of dynamically recrystallized Opx porphyroclasts forming equigranular neoblast 
mosaics with straight grain boundaries and no to little phase mixing over the total 
length of neoblast tails. Sheared xenoliths from Lesotho and South Africa display 
extensive dynamic recrystallization of Opx, Cpx and Ol (suppl. data S2.11). 
Despite the simultaneous dynamic recrystallization of all three phases no phase 
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mixing occurs (suppl. data S2.11). Although this list is not exhaustive, a 
correspondence with our results from the northern Lanzo shear zone is apparent. 
Extensive phase mixing and the formation of (ultra)mylonitic assemblages are 
only observed when reactions occur (due to melt-rock, fluid-rock reactions and/or 
metamorphism). 

2.8 Conclusions 

• Ultramylonitic, polymineralic tails form adjacent to ortho- and 
clinopyroxene porphyroclast in mylonitic rocks in the Lanzo shear zone. 

• Transitions from these tails to ultramylonitic bands with similar mixing 
intensities, compositions and phase abundances in bands and tails suggest: 
ultramylonitic bands/matrix derive from pyroxene tails. 

• Mineralogical assemblages and phase abundances in pyroxene tails depend 
primarily on the parent porphyroclast. Clinopyroxene porphyroclasts form 
clinopyroxene + olivine assemblages. Orthopyroxene porphyroclasts form 
olivine + orthopyroxene assemblages. Minor phases in both phase 
mixtures are plagioclase, spinel and pargasitic amphibole.  

• Mixing intensities of pyroxene microstructures strongly depend on the 
connection to the matrix: high phase mixing intensities are only observed 
in porphyroclast tails embedded in the matrix. 

• Polymineralic tails are suggested to form by net-transfer reactions, 
enhanced by the spinel lherzolite – plagioclase lherzolite transition. 

• Minor amphibole occurrence in ultramylonitic phase mixtures suggests 
that reactions were catalyzed by the presence of a fluid. 

• Grain boundary sliding plus cavity nucleation has only a minor importance 
for phase mixing in tails of dynamically recrystallized olivine 
porphyroclasts. 

• Other upper mantle shear zones confirm that extensive phase mixing and 

the formation of (ultra)mylonitic assemblages are reaction-induced 

(melt-rock, fluid-rock, continuous net-transfer, and phase-transition). 
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3.1 Abstract 
Deformation in the upper mantle is localized in shear zones. In order to localize strain, 
weakening has to occur, which can be achieved by a reduction in grain size. In order for 
grains to remain small and preserve shear zones, phases have to mix. Phase mixing leads 
to dragging or pinning of grain boundaries which slows down or halts grain growth. 
Multiple phase mixing processes have been suggested to be important during shear zone 
evolution. The importance of a phase mixing process depends on the geodynamic setting. 
This study presents detailed microstructural analysis of spinel bearing shear zones from 
the Erro-Tobbio peridotite (Italy) that formed during pre-alpine rifting. The first stage of 
deformation occurred under melt-free conditions, during which clinopyroxene and olivine 
porphyroclasts dynamically recrystallized. With ongoing extension, silica-undersaturated 
melt percolated through the shear zones and reacted with the clinopyroxene neoblasts, 
forming olivine-clinopyroxene layers. Furthermore, the melt reacted with orthopyroxene 
porphyroclasts, forming fine-grained polymineralic layers (ultramylonites) adjacent to 
the porphyroclasts. Strain rates in these layers are estimated to be about an order of 
magnitude faster than within the olivine-rich matrix. This study demonstrates the 
importance of melt-rock reactions for grain size reduction, phase mixing and strain 
localization in these shear zones. 

Keywords: Ultramylonite, shear zone, phase mixing, EBSD, Erro-Tobbio peridotite, 
melt-rock reaction. 
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3.2 Introduction 
Strain in the upper mantle is inhomogeneously distributed. The deformation is localized 
in zones of high strain, i.e., shear zones. Shear zones control the deformation of the upper 
mantle (e.g., Bürgmann and Dresen, 2008; Drury et al. ,1991; Vissers et al., 1995) and 
are important for plate tectonics (e.g., Bercovici, 2003; Tackley, 2000). It is therefore 
essential to know why, how, and when strain localizes. 

Initiation of strain localization occurs when certain domains in the upper mantle are 
weaker than others. Compositional (e.g., presence of melt or fluids), physical (e.g., 
temperature) and microstructural variations (e.g., grain size, crystallographic preferred 
orientation (CPO)) in the upper mantle can influence the viscosity (review in Tommasi 
and Vauchez, 2015). The viscosity of olivine, the volumetrically dominant mineral in the 
upper mantle, decreases when it incorporates water (Mei and Kohlstedt, 2000; Mei and 
Kohlstedt, 2000; Tasaka et al., 2015), and when small fractions (0.03-0.04) of melt are 
present (Hirth and Kohlstedt, 1995a, 1995b; Zimmerman and Kohlstedt, 2004). An 
increase in temperature decreases the strength of olivine and pyroxenes (the main 
minerals in the upper mantle) (e.g., Bürgmann and Dresen, 2008; Hansen et al., 2011; 
Hirth and Kohlstedt, 2003). A smaller grain size leads to a decrease in viscosity when 
deformation occurs by diffusion, or by dislocation-accommodated grain boundary sliding 
(disGBS) (e.g., Hansen et al., 2011; Hirth and Kohlstedt, 2003). When dislocation creep 
is dominant, a CPO develops. A CPO has an influence on olivine strength, as olivine is 
viscously anisotropic (e.g., Hansen et al., 2012; Skemer et al., 2013; Tommasi et al., 
2009). During ductile deformation, the pre-existing variations in viscosity can cause the 
initiation of strain localization, leading to the formation of shear zones in the upper mantle 
(e.g., Dijkstra et al., 2002; Regenauer-Lieb and Yuen, 2004; Skemer et al., 2013). In 
addition, at lower temperatures and high stresses, the occurrence of brittle processes 
(seismic) followed by ductile processes (post-seismic creep) leads to strain localization 
in the upper mantle (e.g., Drury et al., 1991; Matysiak and Trepmann, 2012). 

In order for strain to remain localized with ongoing ductile deformation, a positive 
feedback process between deformation and weakening has to occur, i.e., strain softening 
(Drury et al., 1991). Strain softening processes can be divided in four classes (Drury et 
al., 1991): thermal softening, geometrical softening, reaction softening and 
microstructural softening. 

Thermal softening originates from shear heating, which is strain-rate dependent (Kelemen 
and Hirth, 2007). With increasing temperature, the strain rate increases, leading to an 
increase in temperature, leading to a positive feedback. Recent models show that shear 
heating is important in the generation of intermediate depth earthquakes (50-300 km) in a 
narrow temperature interval (600-800 °C) (e.g., Kelemen and Hirth, 2007; Thielmann et 
al., 2015). However, the models also show that this process can only occur in pre-existing 
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well-mixed fine-grained shear zones. The mixing of phases is necessary in order for other 
minerals to pin the migrating olivine grain boundary during grain growth occurring under 
static (Evans et al., 2001) or dynamic (Drury and Urai, 1989) conditions at the elevated 
temperatures. Otherwise, rapid grain growth in olivine (Karato, 1989) would lead to strain 
hardening during deformation, negating the strain softening. Large-scale models also 
show the importance of the positive feedback during shear heating in order to develop 
large-scale lithospheric faults (e.g., Regenauer-Lieb and Yuen, 2004).  

Geometrical softening is due to the evolution of an olivine CPO. The strength of the CPO 
will increase with increasing strain, when strain is accommodated by dislocation creep, 
leading to a positive feedback (e.g., Bystricky et al., 2000; Hansen et al., 2012). This 
process has been suggested as being important for shear localization in an upper mantle 
shear zone with no large grain size variation (Skemer et al., 2013) and for the reactivation 
of pre-existing shear zones (Tommasi et al., 2009).  

Reaction softening is caused by the formation of weak interconnected fine-grained 
polyphase bands of olivine and other minerals (e.g., olivine-opx, olivine-amphibole) or 
interconnected bands of a weak mineral (e.g., talc, serpentine) (Drury et al., 1991). When 
the grain size in the polyphase bands is small enough they can deform by diffusion creep 
and lead to strain softening, which has been observed in natural shear zones (e.g., 
Newman et al., 1999). The fine grain size in polyphase material can persist due to the 
pinning process (e.g., Drury and Urai, 1989; Evans et al., 2001; Linckens et al., 2011). 
The viscosity of the polyphase bands is either determined by the mineral that is 
interconnected in the bands (Handy, 1994) or by a composite rheology (e.g., (Ji et al., 
2003; Tasaka et al., 2013). Reactions in the upper mantle can be caused by the infiltration 
of fluids or melts or a change in PT conditions (metamorphic reactions). Melts and fluids 
can preferentially infiltrate in shear zones due to creep cavitation formed during grain 
boundary sliding (Fusseis et al., 2009; Précigout et al., 2019, 2017), leading to a positive 
feedback mechanism and strain softening (e.g., Downes, 1990; Hidas et al., 2016; 
Kaczmarek and Müntener, 2008; Mei et al., 2002). The importance of reactions for the 
evolution of deformation has been determined in natural shear zones, be it metamorphic 
reactions (e.g., Newman et al., 1999), melt rock reactions (e.g., Dijkstra et al., 2002b) or 
hydration reactions (e.g., (Hoogerduijn Strating et al., 1993).  

Microstructural softening occurs when the grain size decreases during dislocation creep 
due to dynamic recrystallization (Drury and Urai, 1989; Urai et al., 1986) or during brittle 
deformation. The steady state olivine grain size during dislocation creep depends on stress 
(Van der Wal et al., 1993). However, dislocation creep is a grain size-independent 
deformation mechanism, and therefore the reduction in grain size will not result in a 
softening. A softening does occur when there is a change from dislocation creep to a grain 
size-dependent deformation mechanism. It has been shown in deformation experiments 
on olivine that disGBS is an important deformation mechanism under upper mantle 
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conditions (Hansen et al., 2011). This process is grain size-sensitive and a reduction in 
grain size during deformation would result in softening (e.g., Précigout et al., 2007; 
Précigout and Gueydan, 2009). An even larger factor of softening will occur when the 
deformation process changes to diffusion creep, which has a larger grain size sensitivity. 
In order to keep the olivine grain size small, it is also important that phase mixing occurs 
during this softening process (e.g., Dijkstra et al., 2002a; Hansen and Warren, 2015; Hirth 
and Kohlstedt, 2003; Linckens et al., 2015). 

The evolution of microstructures from outside to the center of upper mantle shear zones 
often shows the evolution from a coarse-grained (millimeter sized) microstructure to a 
well-mixed fine-grained (tens of microns) microstructure (e.g., Hidas et al., 2016; 
Jaroslow et al., 1996; Platt, 2015; Skemer et al., 2009; Warren and Hirth, 2006). It has 
been shown that the olivine grain size depends on the amount of other minerals present 
(Hansen and Warren, 2015; Linckens et al., 2015, 2011; Tasaka et al., 2013), indicating 
the effectiveness of pinning to inhibit grain growth. Large-scale models show the 
importance of pinning in preserving shear zones and therefore in the generation of plate 
tectonics (Bercovici and Ricard, 2014, 2013). The models, microstructural evolution in 
mantle shear zones, and several softening processes indicate the importance of grain size 
reduction and phase mixing processes on shear zone development. Recent studies have 
focused on phase mixing processes. Reactions (e.g., Kaczmarek and Müntener, 2008; 
Newman et al., 1999; Précigout and Stünitz, 2016), grain boundary sliding (e.g., Ashby 
and Verrall, 1973; Farla et al., 2013; Linckens et al., 2014; Warren and Hirth, 2006), creep 
cavitation and nucleation (e.g., (Précigout and Stünitz, 2016) and 
dissolution-precipitation (Hidas et al., 2016) can lead to the mixing of phases. 

However, in order to determine which phase mixing processes are important during upper 
mantle shear zone evolution, shear zones from different geodynamic settings have to be 
studied in detail. In addition, the effect of the phase mixing process on strain localization 
is important to quantify. For this purpose, we analyzed the microstructures of the 
Erro-Tobbio peridotite in the Ligurian Alps, Northwest Italy. The peridotite was exhumed 
during rifting in Late Carboniferous-Permian times (e.g., Piccardo et al., 2014; Rampone 
et al., 2005). The first shear zones occurred during a first melt-free stage of rifting 
(thinning of the lithosphere by a factor of 2 (Padovano et al., 2015)). After the first stage, 
ongoing thinning of the lithosphere leads to decompression melting of the asthenosphere 
and to melt percolation in the shear zones under spinel-facies conditions (e.g., Padovano 
et al., 2015; Piccardo et al., 2014). Melts that reached the plagioclase-facies conditions in 
the Erro-Tobbio peridotites were silica-saturated due to extensive melt-rock reactions 
(e.g., Piccardo et al., 2014; Rampone et al., 2005). These melts formed 
plagioclase-enriched peridotites and gabbronorite pods (e.g., Piccardo et al., 2014).  

Due to the extensive melt percolation during deformation, the spinel bearing shear zones 
of the Erro-Tobbio peridotite are ideal to analyze the importance of melt-rock reactions 
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on phase mixing and strain localization. Our detailed microstructural analysis shows the 
importance of reactions of silica-undersaturated melts with dynamically recrystallized 
clinopyroxene (cpx) neoblasts and orthopyroxene (opx) porphyroclasts to form 
fine-grained mixtures of cpx + olivine ± opx ± spinel and mixtures of opx + olivine ± cpx 
± spinel, respectively. The opx-rich fine-grained layers interconnect to form 
ultramylonitic layers on a thin section scale. The strain rate in these layers is estimated to 
be one order of magnitude faster than in the olivine-rich matrix. 

3.3 Geological Setting 
The Erro-Tobbio peridotite is located in the Voltri Massif in the Ligurian Alps, Northwest 
Italy and is a remnant of the Jurassic Ligurian Tethys (Piccardo and Vissers, 2007). The 
peridotite exhumed due to extension of the subcontinental lithosphere during Late 
Carboniferous-Permian times (Rampone et al., 2005). Ongoing exhumation occurred 
during the opening of the Tethys in Jurassic times (Vissers et al., 1995). 

The exhumation took place along five generations of shear zones, active at progressively 
decreasing PT conditions from spinel tectonite, plagioclase-, hornblende-, 
chlorite-bearing peridotite mylonites and serpentine mylonites (Hoogerduijn Strating et 
al., 1993). Opx and spinel clusters in lithospheric spinel peridotites have been interpreted 
as being breakdown products from garnet (Drury et al., 1991). Spinel tectonites and 
mylonites occur in kilometer-scale shear zones, were the fine-grained mylonites are 
superimposed on less-deformed tectonites (Padovano et al., 2015; Piccardo et al., 2014). 
Temperatures calculated with pyroxene geothermometers give a temperature of 
960-970 °C (Rampone et al., 2005) for the spinel tectonites. These shear zones are 
thought to form during the early melt-free extension of the subcontinental lithosphere 
(e.g., Piccardo and Vissers, 2007). As a consequence of this early thinning of the 
lithosphere, near-adiabatic upwelling of the asthenosphere led to decompression melting 
and percolation of MORB-type melts during progressive extension (Piccardo and Vissers, 
2007). This is evidenced by spinel harzburgites and dunites at several locations that are 
parallel to the spinel lherzolite tectonites and mylonites, indicating that silica-
undersaturated melt is percolated by channeled porous flow along the pre-existing spinel-
facies shear zones (Piccardo et al., 2014). Locally, the spinel peridotites are transformed 
to plagioclase-enriched peridotites (e.g., Padovano et al., 2015; Piccardo and Vissers, 
2007). The high amount of plagioclase (frequently more than 10-15%), indicates that the 
plagioclase is not metamorphic but formed due to the interstitial crystallization of 
silica-saturated melt (Piccardo and Vissers, 2007). During ongoing exhumation, 
deformation occurred in these plagioclase peridotites, forming plagioclase peridotite 
tectonites and shear zones in the south of Erro-Tobbio (e.g., Hoogerduijn Strating et al., 
1993; Padovano et al., 2015). These shear zones cut the spinel shear zones at a high angle 
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(Linckens et al., 2014). Geothermometry calculations indicate a temperature of 
910-960 °C for the plagioclase tectonites (Rampone et al., 2005). 

In the hornblende-bearing mylonites the pyroxene porphyroclasts show a syntectonic 
breakdown to very fine-grained (2-30 µm) mixtures of olivine + amphibole + 
clinopyroxene + spinel ± orthopyroxene (Mei et al., 2002). The formation of these 
fine-grained bands and the local occurrence of hornblende porphyroclasts within the 
olivine matrix indicate pre- and syn-kinematic infiltration of fluids (Mei et al., 2002). The 
pyroxenes geothermometry calculations give temperatures of 790-880 °C for the 
amphibole-bearing shear zones (Rampone et al., 2005). The last stages of exhumation at 
low temperatures and pressures are indicated by the occurrence of chlorite-bearing 
(500-800 °C) and serpentine (300-500 °C) mylonites (Mei et al., 2002).  

Following exhumation, subduction took place during the closing of the Jurassic Ligurian 
Tethys to eclogite-facies conditions during the Alpine collision. Subsequent rapid 
exhumation within a serpentine subduction channel occurred, preserving the almost 
unaltered peridotites (e.g., Piccardo, 2013). 

All four samples were taken within the tectonite-mylonite peridotite, located to the west 
of Lake Badana (Fig. 3.1a). In the field, clasts of mainly orthopyroxene are clearly visible, 
and some show a component of simple shear (Fig. 3.1b). Thin opx-rich layers alternating 
with olivine-rich layers are observed (Fig. 3.1b). Some of the layers include elongated 
spinel clasts (Fig. 3.1b).  

Fig. 3.1. (a) Geological map 
of the field area with sample 
locations (black circles) 
modified after Hoogerduijn 
Strating et al. (1993), 
Padovano et al. (2015). (b) 
Field photo of the spinel-
bearing mylonites (location 
of Sample 6.4). In the red 
circle is a trail of elongated 
spinel. The dotted red line is 
a sigma opx porphyroclast 
indicating sinistral shear. 
High resolution, digital 
version is included on the 
CD.  
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3.4 Materials and Methods 
Samples were cut perpendicular to the foliation and parallel to the lineation (X-Z section). 
Thin sections were cut and polished to a thickness of ~30 µm. With an optical light 
microscope, representative microstructures were determined and selected for further 
analysis.  

For electron backscatter diffraction analysis (EBSD) analysis, thin sections were polished 
for approximately 15 min with colloidal silica. Combined EBSD and energy dispersive 
X-ray analysis (EDX) were conducted at the Goethe University in Frankfurt (Germany) 
and the University of Cologne (Germany) on carbon-coated samples. At the Institute of 
Geoscience in Frankfurt, a JEOL JSM-6490 scanning electron microscope (SEM) was 
used. Measurement settings for EBSD were an acceleration voltage of 15 kV and a beam 
current of ~8 nA. For data acquisition, the program Flamenco (Oxford Instruments HKL 
Channel 5) and a Nordlys camera (Oxford Instruments) were used. At the Institute for 
Geology and Mineralogy in Cologne, EDX and EBSD measurements were conducted 
with a Zeiss Sigma 300-VP field emission SEM equipped with a NordlysNano detector 
(Oxford Instruments). The acceleration voltage was set to 20 kV. For the data acquisition, 
the program Aztec was used (Oxford Instruments). The step size was adapted to measured 
grain sizes in order for every grain to have at least 10 measurement points. The total range 
of step sizes is from 1-2.22 µm. In Cologne, element maps (O, Mg, Al, Si, Ca, Cr, Mn, 
Fe) were obtained simultaneously.  

The EBSD data were cleaned from systematic misindexing of olivine (similar diffraction 
patterns for orientations rotated 60° around [100]) with Oxford Instruments HKL Channel 
5 software. Subsequently, the data were loaded into the MTEX 5.6 extension for 
MATLAB (e.g., Bachmann et al., 2010) (http://mtex-toolbox.github.io/). All additional 
data processing and analysis were conducted with MTEX 5.6 
(http://mtex-toolbox.github.io/). The MTEX script used for cleaning, grain detection 
(grain internal misorientation <15°) and subgrain detection (misorientation angle between 
subgrains <15°), deletion of boundary and badly indexed grains, crystallographic and 
boundary analysis, etc., is available on request from the authors. During grain 
reconstruction, resulting data were continuously checked against 
backscattered/forescattered, band contrast images and EDX data if present. The 
equivalent circular diameter (ECD) was calculated for all grains. EBSD and EDX maps 
were used to calculate phase abundances by area percentage. Throughout the text and the 
figures, phase abundances are given by “%” referring to area %. Grain boundary analysis 
was accomplished by calculating phase-specific boundary lengths. Phase (e.g., ol-opx) to 
grain (e.g., ol-ol, opx-opx) boundary percentages were used to determine the “mixing 
intensity”. Pole figures (lower hemisphere orientation density plots) of the main phases 
were plotted with MTEX. A minimum number of 100 orientations (one point per grain) 
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was used. ODF calculation was performed with grain mean orientations and a consistent 
halfwidth of 15°. To be able to compare the orientation density plots, the color coding is 
consistently depicted from min = 0 mrd (multiple of random distribution) = blue for a 
random orientation to max = 3 mrd = red. Higher mrds than 3 are also colored red. The 
J-index and M-index were calculated for the CPO, which is a measurement of the strength 
of a CPO (Bunge, 1982; Skemer et al., 2005). The M-index is 0 for a completely random 
fabric and 1 for a single crystal fabric. 

Microprobe measurements were conducted using a JEOL JXA-8530F Plus microprobe 
with field emission located at the Institute of Geoscience at the Goethe University 
Frankfurt. The microprobe is equipped with 5 wavelength-dispersive spectrometers. The 
acceleration voltage was 15 kV and a beam current of 20 nA was used for 20 s (Al, Cr, 
Ca, Na, Mn, Fe, Ni), 30 s (K, Ti) or 40 s (Mg, Si) peak and 20 s background measuring 
time. The spot-size was adjusted to the grain size with minimum spot sizes of 1 µm for 
small grained neoblasts and maximum 4 µm for porphyroclasts. Microprobe data were 
used to calculate equilibration temperatures of neoblast assemblages and porphyroclasts. 
Neoblasts are mostly exsolution free, therefore calculated T estimates are thought to be 
accurate. In opx porphyroclasts with cpx exsolution lamellae, we calculated temperatures 
based on the host porphyroclast chemistry, ignoring exsolution lamellae. Temperature 
estimates are therefore minimum estimates. We used the two pyroxene geothermometer 
(T2-pyx) and Ca in opx geothermometer (TCa-in-opx) calibrated by Brey and Köhler (1990). 
In addition, we used the Al and Cr in the opx (TAl-Cr-in-opx) geothermometer calibrated by 
Witt-Eickschen and Seck (1991). 

3.5 Results 
3.5.1 Sample Description 

All thin sections show polymineralic (opx + ol + cpx ± spinel) ultramylonite layers with 
a small grain size (~10 µm) that can cross-cut the whole thin section (Fig. 3.2). Often 
there are well-preserved domains in between serpentine-filled cracks (Fig. 3.2a, bottom 
right and Fig. 3.3a,b). Often, fine horizontal cracks go through the layers (Fig. 3.3c). The 
grains in these layers have a very irregular form (Fig. 3.3d). The sample with the lowest 
amount of opx porphyroclasts also has the thinnest (down to 200 µm) polymineralic 
layers (Fig. 3.2d). In the samples with more opx porphyroclasts, the polymineralic layers 
can be up to 900 µm thick (Fig. 3.2a). 
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Fig. 3.2. Overview of the thin sections. (a) Optical microscope image of Sample 6.6 under 
crossed polarized light. Opx porphyroclasts and some cpx porphyroclasts are visible, 
within an olivine-rich matrix. There are several fine-grained polymineralic layers visible 
(dashed white lines). Some of the opx porphyroclasts are elongated. Indicated is the 
location of Figure 3.5c (white ellipse) and the olivine matrix analyzed with EBSD displayed 
in Figure 3.8 (white ellipse); also indicated is the location of (c). (b) Optical microscope 
image of Sample 8.4 under crossed polarized light. The sample is similar to Sample 6.6 but 
shows fewer opx porphyroclasts and an increasing amount of fine-grained polymineralic 
layers. Some opx porphyroclasts are elongated as shown by the stippled line. Some opx 
porphyroclasts are recrystallized (black circle). (c) Part of (a) as backscatter electron 
(BSE) image. The bright phase is cpx, the medium gray is olivine/opx and the dark is 
serpentine. The polymineralic layers contain cpx as indicated in the white circle. All the 
cpx porphyroclasts show tails of smaller, cpx ± olivine neoblasts. (d) Optical microscope 
image of Sample 8.3 under crossed polarized light. Thin dark layers parallel (dashed lines) 
to the olivine matrix are fine-grained polymineralic layers. The sample also shows later 
stage vertical fractures that offset these thin layers (white arrow). High resolution, digital 
version is included on the CD. 
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Fig. 3.3. (a) Optical microscope image with crossed polarized light of a polymineralic fine-
grained layer (ultramylonite) within the olivine-dominant matrix. Location of (b) is 
indicated. (b) Backscatter electron (BSE) image of part of the fine-grained polymineralic 
layer. Visible are fine-grained cpx grains (lightest gray) and opx + ol grains within the 
layer. Gray values for opx and ol are very similar. In addition, in this image cpx grains are 
visible within the olivine matrix (arrows). (c) Optical microscope image of part of a fine-
grained layer with horizontal cracks (dashed red line). (d) BSE image of a fine-grained 
layer. Darkest grains are opx, gray is olivine and light gray is cpx. Dashed lines show thin 
elongated opx grains on the border of olivine grains. High resolution, digital version is 
included on the CD. 

Orthopyroxene clast size ranges from around 0.3 mm up to around 5 mm. Some opx 
porphyroclasts are elongated and can reach an aspect ratio of up to 20:1 (Fig. 3.2b), 
however most clasts show small aspect ratios. The porphyroclasts often show undulose 
extinction. Some porphyroclasts in the samples with small amounts of porphyroclasts 
(Samples 8.3 and 8.4) show a few subgrains at the border. Some of these porphyroclasts 
also display some recrystallization at the borders, where dominantly opx occurs 
(Fig. 3.4g). Some of the opx grains have 120° triple junctions, indicating annealing (Fig. 
3.4f). Most opx porphyroclasts show exsolution lamellae of cpx. Some smaller opx 
porphyroclasts and elongated or folded opx porphyroclasts show a fine-grained 
polymineralic tail and/or rim (Fig. 3.4a-c, e-f) consisting of olivine, pyroxenes ± spinel. 
At the border of small opx porphyroclasts and the tips of the elongated opx, olivine grains 
often occur in embayments (Fig. 3.4a-c). Some opx clasts are kinked and along the kinks 
small cpx and opx grains occur (Fig. 3.4d). 
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Fig. 3.4. Orthopyroxene porphyroclasts. (a) Optical microscope image under crossed 
polarized light of an orthopyroxene porphyroclast with olivine embayments (arrow). 
Indicated is the location of the EBSD map of Figure 3.10. (b) Optical microscope image 
under crossed polarized light of an elongated opx porphyroclasts surrounded by fine-
grained polymineralic layers. The porphyroclast shows embayments of olivine (arrow). 
(c) BSE image of an opx porphyroclast (dashed white line) showing cpx exsolution lamellae 
and olivine embayment (arrow). The porphyroclast is located in a fine-grained 
polymineralic (opx + ol + cpx + spinel) matrix. (d) BSE image of a kinked opx 
porphyroclast (black dashed line traces a cpx exsolution lamellae) with small cpx (white 
arrows) on the kinks and grains at the border. (e) Folded opx porphyroclasts with cpx 
exsolution lamellae and a fine-grained polymineralic rim. (f) Orthopyroxene porphyroclast 
surrounded by relatively coarse grains of opx (compared to (e)). Some opx grains show 
close to 120° interfacial angles at triple junctions (red circle). The area in the white circle 
includes, besides opx, smaller grains of olivine, cpx and spinel. High resolution, digital 
version is included on the CD. 
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Fig. 3.5. (a) BSE image of recrystallized cpx porphyroclasts adjacent to the porphyroclast 
cpx neoblasts, and further away a tail of cpx + olivine. (b) Optical microscope image with 
crossed polarizers of a recrystallized cpx layer. (c) BSE image of cpx and olivine grains in 
the matrix (ROI 32). High resolution, digital version is included on the CD. 

Clinopyroxene porphyroclasts occur in all samples and range in size from 190 µm to 
2.7 mm. Commonly they show opx exsolution lamellae (Fig. 3.5a). Most cpx 
porphyroclasts show a rim or tail of smaller cpx grains (Fig. 3.5a,b), and further away 
from the porphyroclast the cpx neoblasts are intermixed with olivine grains (Fig. 3.5b). 
In some samples these tails are thin, and they can extend up to 2 cm to form cpx-rich 
layers (Fig. 3.2c/ 5a). Cpx grains are also prominent in some areas within the olivine-rich 
matrix (Fig. 3.5c). 

Parts of the olivine matrix are highly serpentinized and individual grains are difficult to 
distinguish under the optical microscope. Where individual grains can be observed the 
average grain size in the matrix is around 60 µm. No olivine porphyroclasts are observed.  

Porphyroclasts of spinel occur in all samples (range in sizes 0.3-1.4 mm); some 
porphyroclasts form clusters with opx. Some spinel porphyroclasts are stretched (aspect 
ratios up to 5) in the foliation. Smaller spinel grains occur in the olivine matrix (Fig. 3.5c), 
and within recrystallized rims and tails of the pyroxene clasts. 
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3.5.2 EBSD Data 
3.5.2.1 Clinopyroxene 

Two recrystallized cpx porphyroclasts were mapped with EBSD (Table 3.1, 
Fig. 3.6/ S3.1). The mapped areas consist mainly of clinopyroxene (95% and 87%, 
Fig. 3.6/ S3.1). The other phases are olivine (4% and 5%), enstatite (<1% and 4%) and 
spinel (<1% and 5%). These maps consist of 75% and 53% grain boundaries (Table 3.1), 
with average cpx grain sizes of 36 µm and 30 µm, respectively. In the map shown in 
Figure 3.6, small grains of cpx are observed in between larger cpx grains. These small 
grains are associated with small opx and spinel grains. Small olivine grains (15 ± 7 µm) 
occur with cpx in phase mixtures at the border of the recrystallized tail (Fig. 3.6c). The 
cpx grain size in these phase mixtures is much smaller than the grains close to the 
porphyroclast border. The cpx CPO is related to the clast orientation (Fig. 3.6d/ S3.1). A 
few cpx grains show a large internal misorientation up to 8° (Fig. 3.6b). The small cpx 
grains at the border of the recrystallized area, intermixed with olivine, show no internal 
misorientations (Fig. 3.6b). The olivine grains show no clear CPO (Fig. 3.6d). 

 

Map  
Name 

Type 

Olivine Opx Cpx Spinel Pargasite  
PB 

 Area Grain 
Size 

Area Grain 
Size 

Area Grain 
Size 

Area Grain 
Size 

Area Grain 
Size 

ROI 12 cpx rxs 5 15 ± 7 4 19 ± 12 87 30 ± 41 5 18 ± 20   47 

ROI 16 cpx rxs 4 18 ± 11 <1 18 ± 8 95 36 ± 42 <1 16 ± 6   25 

ROI 33 cpx rxs with ol 33 10 ± 6 1  66 11 ± 9 <1    63 

ROI 32 olivine + cpx 58 16 ± 8 3 12 ± 4 37 15 ± 7 3 9 ± 4   64 

ROI 20 small opx rxs 48 16 ± 12 45 15 ± 12 6 12 ± 8 1 9 ± 3   72 

ROI 24 small opx rxs 66 12 ± 8 32 12 ± 10 1 8 ± 3     61 

ROI 25 large opx rxs 33 14 ± 8 50 17 ± 15 15 15 ± 11 2 10 ± 5   73 

ROI 25 Olivine 88 45 ± 30 7 27 ± 11 3 28 ± 10 2 27 ± 10   45 

ROI 31 Olivine 73 23 ± 16 15 17 ± 9 9 17 ± 9 2 10 ± 5   68 

ROI 13 Ultramylonite 62 12 ± 7 29 12 ± 7 9 11 ± 5     67 

ROI 14 Ultramylonite 76 5 ± 4 16 4 ± 3 6 4 ± 2 1 3 ± 1 <1  52 

ROI 19 Ultramylonite 51 11 ± 7 39 10 ± 8 7 9 ± 5 3 8 ± 9 <1 7 ± 2 66 

ROI 23 Ultramylonite 75 9 ± 6  21 8 ± 4  4 7 ± 4     52 

Table 3.1. Area percentages and grain sizes (µm), with the standard deviation, of all 
analyzed phases. The last column shows the proportion of phase boundaries (PB) of the 
total boundary length as a percentage. 
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Fig. 3.6. (a) Band contrast image of a recrystallized cpx porphyroclast (ROI12). The red 
circle shows an area with fine-grained layers in between larger grains. (b) Grain 
orientation spread (GOS) map of diopside, displaying the internal misorientation of the 
grains. (c) Phase map. The red circle shows mixed olivine and cpx domains at the border 
of the clast. (d) Clinopyroxene and olivine CPO. High resolution, digital version is 
included on the CD. 

The map of smaller cpx porphyroclasts (Fig. 3.7) shows olivine grains directly at the 
porphyroclast border, and in contrast to the other two analyzed porphyroclasts, it has a 
relatively high proportion (63%) of phase boundaries. The phase mixture consists of 
66% cpx and 33% olivine, with a small amount of spinel (1%) and opx (<1%). The 
recrystallized opx grain sizes are smaller (average 11 µm ± 9 µm) for this cpx 
porphyroclast than for the other two cpx porphyroclasts (Table 3.1). The grain size is 
similar to the olivine grain size (10 ± 6 µm, Table 3.1). The clinopyroxenes show a weak 
CPO related to the host orientation. No olivine CPO is observed (Fig. 3.7). 
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Fig. 3.7. (a) BSE image of a cpx porphyroclast with recrystallized tail of olivine and cpx 
neoblasts. (b) Diopside orientation map of the recrystallization tail (ROI33). White arrows 
show one grain of diopside with irregular boundaries and olivine in between. (c) Phase 
map of the same area as in (b). The CPOs of clinopyroxene and olivine are also shown. 
High resolution, digital version is included on the CD. 

In addition to the cpx porphyroclasts, an olivine + cpx matrix domain was analyzed with 
EBSD (Fig. 3.5c/ 8). The cpx- (37%) and olivine (58%)-rich matrix contains small 
amounts of opx and spinel (both 3%) (Fig. 3.5c). A large amount of serpentine occurs, 
which makes the boundary and grain size analyses more prone to errors. The map consists 
of 64% phase boundaries. Both olivine and cpx grain sizes are relatively small (16 ± 8 µm 
and 15 ± 7 µm, respectively; Table 3.1). The [001] axes of olivine are oriented parallel to 
the lineation and the [100] axes are oriented perpendicular to the foliation (Fig. 3.8). The 
(100) planes of diopside are orientated perpendicular to the lineation and the [001] axes 
are oriented parallel to the foliation.  

A map of the cpx-poor (9%) olivine matrix (73%) was also analyzed (Table 3.1, 
Fig. 3.8/ S3.2), which contains 15% opx. Due to the well-dispersed pyroxene grains, the 
phase boundaries make up 68% of the total boundaries. The olivine grain size in this 
matrix is slightly bigger (23 ± 16 µm), but within error, than the olivine grain size of the 
cpx-rich matrix. The grain sizes of the other minerals are similar (Table 3.1). The olivine 
CPO is weak (J-index of 1.6, M-index of 0.04) with the [100] axes parallel to X and [001] 
axes perpendicular to the foliation (Fig. 3.8). 
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Fig. 3.8. Forsterite and diopside CPO of the matrix displayed in Figure 3.6c (ROI32) and 
of the olivine matrix (ROI31). 

3.5.2.2 Orthopyroxene 

Three maps of recrystallized opx clasts were measured (Table 3.1, Fig. 3.9/ 10/ S3.3). 
The recrystallized tails consist of mainly opx (32-50%) and olivine (33-66%). The 
cpx abundance is variable (1-15%, Table 3.1), and spinel is an accessory phase (1-2%). 

Fig. 3.9. (a) Phase map of an opx porphyroclast with a recrystallization tail (dashed line) 
within the olivine matrix; also indicated are the area percentages of the phases and the 
amount of grain and phase boundaries of the recrystallization tail (ROI25). 
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← Fig. 3.9. (b) Pole figure of enstatite orientations in the recrystallization tail. The white 
dot shows the orientation of the opx porphyroclast. (c) Pole figure of forsterite orientations 
in the recrystallization tail. (d) Pole figure of forsterite orientations in the matrix. 

The larger opx porphyroclast shows at the lower border a mixture of relatively 
coarse-grained opx + ol + cpx ± spinel. These larger opx grains have a relatively large 
misorientation (up to > 40°) from the opx porphyroclast orientation. The map shows a 
thin (~100 µm) polymineralic tail extending from the orthopyroxene porphyroclast. The 
grain sizes in this band are small (opx: 17 ± 15 µm, olivine: 14 ± 8 µm, cpx: 15 ± 11 µm). 
None of the minerals show a CPO and the J-index and M-index is small for both opx 
(J = 1.1, M = 0.01) and olivine (J = 1.1, M = 0.01) (Fig. 3.9b,c).  

The surrounding olivine-rich matrix (83%) has a larger average grain size (45 ± 30 µm, 
Table 3.1). Included in the matrix are some (9%) smaller opx grains (27 ± 11 µm), spinel 
grains (4%, 27 ± 10 µm) and cpx grains (4%, 28 ± 10 µm). The olivine CPO is weak 
(J-index of 1.3, M-index of 0.03) and shows [100] close to the lineation, [010] close to Y 
and [001] close to the Z axis (Fig. 3.9d).  

The neoblasts adjacent to the small opx porphyroclasts have an inhomogeneous grain 
size; there are some concentrated lines where very small (~5 µm), mainly orthopyroxene 
grains occur (Fig. 3.10). Additionally, in these areas pargasite is present, and also visible 
are embayments of olivine in some larger opx grains of the phase mixture (Fig. 3.10). The 
phase boundaries are very irregular and lobate. The opx shows a weak CPO (J-index: 
1.6, M-index: 0.05), with [001] close to X and [010] perpendicular to the foliation. The 
orientations of [010] and [001] are close to the porphyroclast orientation (Fig. 3.10). The 
olivine CPO is relatively weak (J-index: 2.6 and M-index: 0.15), the [100] axes are 
parallel to X and [010] axes perpendicular to the foliation. Diopside shows a CPO of [100] 
parallel to Y and [010] perpendicular to the foliation. 
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Fig. 3.10. (a) Phase map of a recrystallization tail of an opx porphyroclast (ROI20), 
located at the top left of the map. The white arrows indicate olivine embayments in the opx 
porphyroclast and an opx neoblast. The white dashed lines follow cracks along which small 
grains are visible. Shown at the top right are the grain and phase boundary percentages 
and area percentages. (b) Band contrast image and the grain orientation spread (GOS) in 
each enstatite grain. (c-e) CPO of enstatite, diopside and forsterite. High resolution, digital 
version is included on the CD. 

3.5.2.3 Fine-Grained Layers 

Four areas were analyzed of different fine-grained polymineralic layers in the thin 
sections (Table 3.1). One example is shown (Fig. 3.11); the other three are displayed in 
the supplementary data (Fig. S3.4-S3.6). All layers are dominated by olivine (51-76%) 
followed by opx (16-39%), cpx (4-9%) and spinel (1-3%). Phase boundaries are dominant 
and have a similar percentage in all four maps (62-67%). The average grain size ranges 
from 4-12 µm for all phases (Table 3.1). None of the phases show a CPO in these layers 
(Fig. 3.11c-d). 
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Fig. 3.11. (a) Band contrast image of a fine-grained layer (ROI19). Cracks, parallel to the 
layer, go through the fine-grained part of the layer (dashed white line). There are more 
cracks parallel to this layer. (b) Phase map of the fine-grained layer. At the top is an 
olivine-rich layer with small grains of other phases on the grain boundaries. The grain 
shapes are very irregular in the fine-grained layer. Bigger opx grains at the right of the 
map show embayments of olivine (white arrows). (c-e) CPO of forsterite, diopside and 
enstatite. High resolution, digital version is included on the CD. 

3.5.3 Chemical Composition and Geothermal Calculations 

The chemical data are shown in Table S3.1. Orthopyroxene shows a correlation between 
Al2O3 (0.92-5.12 wt.%) and Cr2O3 (0.04-0.63 wt.%), where porphyroclasts have the 
highest values, and opx neoblasts in the fine-grained layers the lowest (Fig. 3.12a). The 
neoblasts show values similar to the fine-grained layers and the range goes up to the 
lowest values of the porphyroclasts (Fig. 3.12a). A similar difference in composition is 
shown by CaO (range from 0.26-1.42 wt.%), where the opx in the fine-grained layers 
shows the lowest values and porphyroclasts the highest values of CaO (Fig. 3.12b). In 
clinopyroxenes there is a correlation between Cr2O3 (range from 0.21-1.08 wt.%) and 
Al2O3 (range from 2.12-6.95 wt.%), where both decrease from porphyroclasts to 
fine-grained neoblasts (Fig. 3.12d). The neoblasts have values of both Cr2O3 and Al2O3 
spanning the whole range, connecting the fine-grained neoblasts and porphyroclasts 
(Fig. 3.12c). The values of TiO2 (range from 0.22-0.72 wt.%) show no dependence on the 
microstructural site (Fig. 3.12d). 
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The geothermometry calculations give an average temperature for the neoblasts of 
884 ± 58 °C (TCa-in-opx), 823 ± 59 °C (TAl-Cr-in-opx) and 853 ± 32 °C (T2pyx) (Table 3.2). 
These average values are similar, within error. The porphyroclasts show a distinctly 
higher calculated temperature (TCa-in-opx 1059 ± 95 °C, TAl-Cr in opx: 1022 ± 47 °C). The 
calculated temperatures from the fine-grained layers are always lower than the neoblast 
temperatures, but within error (Table 3.2). The lowest temperatures (775 ± 48 °C) are 
calculated with the Al-Cr-in-opx geothermometer in the fine-grained layers.  

 

Fig. 3.12. (a) Cr2O3 (wt.%) vs. Al2O3 (wt.%) in opx; (b) CaO vs. Al2O3 in opx; (c) Cr2O3 
(wt.%) vs. Al2O3 (wt.%) in cpx; (d) TiO2 (wt.%) vs. Al2O3 (wt.%) in cpx. Red symbols are 
porphyroclast, orange symbols are neoblasts and yellow symbols are grains in fine-grained 
layers. 

 

 n TCa-in-opx TAl-Cr-in-opx n T2-pyx 

porphyroclasts 4 (24) 1059 ± 95 1022 ± 47   

neoblasts 6 (50) 884 ± 58 823 ± 59 6 (19) 853 ± 32 

fine-grained 6 (29) 846 ± 38 775 ± 48 5 (14) 843 ± 30 

Table 3.2. Results of geothermometry calculations for porphyroclasts, neoblasts and 
neoblasts in fine-grained layers. “n” indicates how many porphyroclasts or different areas 
were measured and in brackets the total number of measurements is given. The 
temperatures are averages in °C with their standard deviation. 
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3.6 Discussion 
3.6.1 Microstructural Evolution 

The opx and cpx porphyroclasts both show the formation of smaller recrystallized grains 
at their borders. The cpx porphyroclasts show mainly cpx neoblasts adjacent to the 
porphyroclasts, with a small amount of opx neoblasts (4%, Fig. 3.6d). The cpx neoblast 
CPO is related to the porphyroclast orientation (Fig. 3.6c) and the bigger neoblasts show 
an internal misorientation (Fig. 3.6b). No olivine embayments are observed in these cpx 
porphyroclasts (Fig. 3.6/ S3.1). The lack of olivine embayments and the CPO indicate 
that the neoblasts were formed by dynamic recrystallization of the cpx porphyroclast. The 
small opx neoblasts are likely coming from exsolution lamellae from the cpx 
porphyroclasts.  

Further away from the cpx porphyroclasts, in recrystallization tails, and adjacent to 
smaller cpx porphyroclasts, a mixing of olivine and cpx occurs. The irregular shape of 
the cpx and olivine grains (Fig. 3.5a/ 7a) and the cluster of similar cpx orientations with 
olivine in between (Fig. 3.7b), suggest that a silica-undersaturated melt percolated 
through after the dynamic recrystallization stage, dissolving cpx and precipitating olivine. 
The melt percolation of silica-undersaturated melts occurred during rifting, due to 
decompression melting of the asthenosphere (Fig. 3.13, Padovano et al., 2015; Piccardo 
and Vissers, 2007).  

In contrast to the bigger cpx porphyroclasts, opx porphyroclasts show rims and/or tails 
consisting of opx (32-50%) + olivine (33-66%) + cpx (8-15%) ± spinel (1-2%) 
(Fig. 3.9/ 10). The occurrence of olivine embayments at the borders of opx porphyroclasts 
and of some bigger neoblasts (Fig. 3.4b,c/ 10e/ 11b) and the formation of fine-grained 
polymineralic rims surrounding folded and elongated opx porphyroclasts indicate that 
deformation partially occurred in the presence of a silica-undersaturated melt. The 
melt-rock reaction combined with ongoing deformation led to the formation of 
fine-grained (average around 15 µm, Table 3.1) tails adjacent to opx porphyroclasts. 
Enstatite and forsterite neoblasts next to the big porphyroclasts show no CPO (Fig. 3.9b), 
indicating that ongoing deformation in these fine-grained layers occurred during diffusion 
creep. The enstatite neoblasts next to the small opx porphyroclasts show a CPO related 
to the opx porphyroclast (Fig. 3.10a). In addition, the opx shows some internal 
misorientation in the bigger neoblasts (Fig. 3.10b), indicating that a combination of 
dislocation and diffusion creep was active in these layers. This is also indicated by the 
olivine CPO (Fig. 3.10) that shows an A-type CPO, which is the common slip system in 
olivine in dry conditions (Karato et al., 2008).  

In contrast to cpx porphyroclasts, most opx porphyroclasts show little evidence for 
dynamic recrystallization prior to melt percolation. This indicates that in the first stage of 
rifting, prior to melt percolation, dynamic recrystallization of cpx occurred, and likely 
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olivine porphyroclasts as well (Fig. 3.13). Orthopyroxene porphyroclasts possibly got 
folded and elongated during these first stages of deformation. With ongoing extension 
and thinning, decompression melting and infiltration of melt in the shear zones occurred 
(Linckens et al., 2014). The silica-undersaturated melt reacted with the dynamically 
recrystallized cpx tails and the opx porphyroclast. These reactions occurred during 
deformation and fine-grained mixtures formed at the rims of the porphyroclasts. Ongoing 
deformation under subsolidus conditions led to further grain size reduction and 
interconnected fine-grained layers (Fig. 3.2/ 3a/ 13) in which deformation could localize. 
These layers deform by diffusion creep as shown by the lack of CPO of all phases 
(Fig. 3.11c-e). The layers consist mainly of olivine (51-76%) and opx (16-39%) with a 
small amount of cpx (4-11%).  

The presence of a small amount of amphibole (<1%) in the fine-grained layers 
(Fig. 3.10a/ 11b) indicates possible fluid/melt infiltration in the later stages of 
deformation. A late stage of deformation is indicated by horizontal cracks localized 
within the ultramylonite layers (Fig. 3.11a), and some randomly oriented cracks in 
recrystallization tails (Fig. 3.10a). Along the horizontal cracks, olivine and opx grain 
boundaries are aligned. In addition, small-sized, mainly opx grains are found along the 
cracks (Fig. 3.10b/ 11a). 
 

Fig. 3.13. Sketches of the rifting (modified after Piccardo et al., 2014) in the left panels and 
the corresponding microstructural evolution (located at the red circle and ellipses) in the 
spinel shear zones of the Erro-Tobbio peridotite in the right panel. The white arrows 
indicate the movement directions of lithosphere and asthenosphere. The microstructures 
show the evolution from the undeformed peridotite with large grains of olivine (green), opx 
(red) and cpx (yellow). During the first stage of thinning, cpx and olivine recrystallize, 
whereas opx porphyroclasts elongate or remain equigranular. During ongoing thinning 
melt infiltrates, reacts with the dynamically recrystallized cpx grains and opx 
porphyroclasts, forming cpx+ol fine-grained layers and opx + ol + cpx fine-grained layers. 
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3.6.2 Olivine-Rich Matrix 

In order to determine the strain rate contrast between the fine-grained ultramylonite layers 
and the olivine-rich matrix, the grain size of both is needed. Due to the serpentinization, 
the olivine grain size of the matrix is difficult to determine. Domains of the matrix that 
can be analyzed, due to lower amounts of serpentinization, contain relatively high 
amounts of second phases. Two maps of the matrix that contain second phases (pyroxenes 
and spinel, totals of 12% and 26%, respectively) give grain sizes of 45 ± 30 µm and 
23 ± 16 µm, respectively (Table 3.1). Due to pinning effects, these grain sizes are 
probably a lower limit of the matrix olivine grain size (Linckens et al., 2015). The pinning 
effect can also be high as the phases in the matrix are relatively well-mixed, as indicated 
by the high amount of phase boundaries compared to grain boundaries (45% and 68%, 
respectively (Table 3.1)). Some parts of the matrix consist of well-mixed (64% phase 
boundaries) olivine (58%) and cpx (37%) (Fig. 3.6c/ Table 3.1). With the lack of a clear 
host clast, the high amount of cpx in parts of the matrix is difficult to explain. It is possible 
that it was formed by extensive reactions of undersaturated silica melt with cpx neoblasts. 
Alternatively, some cpx enrichment in the olivine matrix could have occurred at the later 
stages of melt infiltration. In these later stages the melt was possibly enriched in silica 
due to extensive melt-rock reactions (e.g., Padovano et al., 2015).  

The olivine CPO in this cpx-rich matrix shows a C-type CPO with the [001] axes parallel 
to the lineation and the [100] axes perpendicular to the foliation (Karato et al., 2008). The 
C-type CPO has been suggested to form when water (Jung and Karato, 2001) or melt 
(e.g., Tommasi et al., 2006) is present. The olivine CPO in the matrix shows the [100] 
axes parallel to the lineation and the [001] axes perpendicular to the foliation, which has 
been classified as the E-type CPO, which is thought to be dominant in water-rich 
conditions (Karato et al., 2008). In contrast, in the recrystallization tail of a small opx, the 
A-type CPO was observed (Fig. 3.10), which is suggested to be dominant in dry 
conditions (Karato et al., 2008). In a few upper mantle shear zones, a transition from 
A-type to an E-type CPO has been observed to occur with increasing strain localization 
(i.e., protomylonites to ultramylonites; e.g., Linckens et al., 2011; Park and Jung, 2017). 
This change in CPO has been suggested to be caused by an increase in water content (Park 
and Jung, 2017) or a decrease in temperature during strain localization (Linckens et al., 
2011). This transition is the opposite of what is observed in the Erro-Tobbio shear zone, 
where we find the E-type CPO in the olivine matrix.  

In the Ronda shear zone, a detailed study on CPO evolution found different CPO types 
which are related to water content (Précigout et al., 2017). During strain localization, 
water migrates to the ultramylonites, due to water pumping along grain boundaries. The 
dry CPO type is found in the drained parts of the shear zone whereas the water-rich CPO 
is found closer to the ultramylonites. The ultramylonites show a dry CPO type as the fluid 
is further distributed in new grain boundaries. In the Erro-Tobbio shear zone, the 
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difference in dry CPO type in the recrystallized layer (Fig. 3.10) compared to the wet 
CPO type in the matrix (Fig. 3.9) could possibly be related to the same process as 
described in (Précigout et al., 2017). In this case, the fluid is distributed along the new 
grain boundaries in the finer-grained areas. However, a more detailed study of the CPO 
in the different areas of the samples has to be conducted to be able to determine the 
process responsible for the different CPO types in the Erro-Tobbio shear zone. As the 
fine-grained layers do not show a CPO (Fig. 3.11), no CPO type can be determined for 
these layers. In addition, the development of a CPO can be complex, and for the Josephine 
peridotite the A- and E-type were found in different samples with similar water content 
(Kumamoto et al., 2019). Here, the pre-existing CPO played a large role in the CPO 
evolution (Kumamoto et al., 2019). The importance of a pre-existing CPO and geometry 
of deformation has been shown in a recent study on various natural rock samples (Bernard 
et al., 2019). This study shows that any of the CPO types (A- to E-types) can form at very 
low water content and low stresses (Bernard et al., 2019).  

In any case, the olivine CPOs suggest that deformation by dislocation creep or 
dislocation-accommodated grain boundary sliding (disGBS) occurred in the olivine-rich 
matrix. 

3.6.3 Strain Localization 

The microstructural evolution indicates the importance of melt-rock reactions for grain 
size reduction and extensive phase mixing in the shear zone. Due to this grain size 
reduction, the deformation changes from dislocation creep in the matrix to diffusion creep 
in the ultramylonite layers. 

In order to determine the effect of the decrease in grain sizes and change in de-formation 
mechanism on the strain rate, a deformation mechanism map has to be generated. For the 
deformation mechanism map a deformation temperature is needed, which has been 
calculated for the porphyroclasts, neoblasts and fine-grained neoblasts (Table 3.2). 

The microprobe data show a clear trend of decreasing Cr2O3 (wt.%), Al2O3 (wt.%) and 
CaO (wt.%) content from porphyroclasts to fine-grained neoblasts (Fig. 3.12). The scatter 
in CaO (wt.%) in the opx porphyroclasts is related to small exsolution lamellae of cpx. In 
the cpx the CaO (wt.%) shows a clear trend with decreasing values from the 
porphyroclasts to the fine-grained neoblasts (Fig. 3.12). The TiO2 remains at relatively 
constant values. The geothermometers reflect these trends and show a decrease in 
calculated temperatures for all three geothermometers, going from porphyroclasts over 
neoblasts to the fine-grained neoblasts (Table 3.2). The neoblasts show higher 
temperatures than the fine-grained neoblasts but they are within error. For the 
deformation map calculations, we used a deformation temperature of 850 °C. With a 
stress estimate from the olivine matrix calculated with the paleopiezometer and assuming 
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the stress is similar in both matrix and fine-grained layers, we get a strain rate reduction 
of about one order of magnitude (Fig. 3.14). The deformation map indicates that the 
matrix olivine deformed by dislocation creep accommodated by grain boundary sliding 
(Fig. 3.14). The olivine in the ultramylonite layers deforms at the border between 
diffusion creep and disGBS (Fig. 3.14). Here we assume a dry olivine flow law, since the 
importance of disGBS in “wet” conditions has not been determined yet (Hansen et al., 
2011). If we assume wet olivine diffusion and dislocation creep flow laws, both matrix 
olivine and ultramylonite olivine will fall in the diffusion creep field. Due to grain size 
dependence of diffusion creep, a strain localization in the ultramylonites will also occur. 

 

Fig. 3.14. Olivine deformation mechanism map at 850 °C, showing in light gray the 
paleopiezometer (Van der Wal et al., 1993). The red circle on the right shows the average 
olivine grain sizes of the matrix (23-45 µm, Table 3.1) and the corresponding differential 
stresses calculated with the paleopiezometer. The left circle shows the range of average 
olivine grain sizes in the ultramylonite layers (5-12 µm, Table 3.1). Diffusion creep flow 
law from (Hirth and Kohlstedt, 2003) and the disGBS flow law from (Hansen et al., 2011). 

The deformation mechanism map only considers the olivine, as it is the dominant phase 
in both matrix and the fine-grained layers. However, pyroxenes very likely contribute to 
the rheology in both the matrix and fine-grained layers. In addition, it has been shown 
that small melt fractions (0.03-0.04) decrease the viscosity of olivine substantially (Hirth 
and Kohlstedt, 1995a, 1995b; Zimmerman and Kohlstedt, 2004). Therefore, the effect on 
the viscosity of the infiltration of the silica undersaturated is twofold. On one hand the 
melt infiltration during the evolution of the shear zone weakens the complete shear zone, 
and on the other hand, locally, the melt-rock reactions lead to the formation of the 
fine-grained ultramylonite layers. This shows the importance of melt-rock reactions for 
phase mixing, and in turn for strain weakening (Fig. 3.14). The importance of melt-rock 
reactions for strain weakening have been observed in other peridotites (e.g., Dijkstra et 
al., 2002b). The observation of the formation of fine-grained layers due to melt 
percolation is the opposite of what was observed recently in the Finero peridotites in the 
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southern Alps (Tommasi et al., 2017). The peridotite is a metasomatized mantle section 
originating in a supra-subduction environment (Tommasi et al., 2017). These authors 
observed that the percolation of hydrous melts favored olivine grain growth and 
deformation by dissolution and precipitation. This led to homogenously distributed 
deformation. Even though pargasite and phlogopite were recrystallized, this 
recrystallization did not lead to a weakening. This contrasting behavior illustrates the 
importance of the melt composition and their interaction with the peridotites. In a ridge 
setting where the asthenosphere melts due to decompression melting, Si-undersaturated 
melts will percolate the peridotites leading to the melt-rock reactions and strain 
weakening observed in, for instance, the Erro-Tobbio and Othris peridotite (Dijkstra et 
al., 2002b). 
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4.1 Abstract 
Strain localization in upper mantle shear zones by grain size reduction and the activation 
of grain size sensitive deformation mechanisms is closely linked to phase mixing. With 
its mylonitic grain size (50-100 µm) and well mixed phase assemblage, the km-scale shear 
zone at the northwestern boundary of the Ronda peridotite is in this respect no exception. 
In transects across the high-strain “mylonitic” into the low-strain “tectonitic” part of this 
shear zone four dominant microstructural domains were identified: (1) olivine-rich 
matrix, (2) mixed matrix, (3) neoblast tails of clinopyroxene porphyroclasts and 
(4) neoblast tails of orthopyroxene porphyroclasts. In these domains, phase mixing and 
its impact on strain localization were investigated by a combination of microstructural 
(optical microscopy), textural (EBSD) and geochemical (EPMA) analysis. The dominant 
microstructural domain of all samples is the mixed matrix composed of olivine, 
ortho- and clinopyroxene. Its homogenous distribution of interstitial pyroxenes 
contradicts mechanical mixing. Instead, extensive phase mixing under near steady-state 
conditions is documented by the constant grain size and by phase boundary percentages 
> 60 % for the entire mylonitic unit and all the microstructural domains. Lobate phase 
boundaries, homogenous phase mixing and secondary phase distribution as well as 
continuous geochemical trends, independent of the microstructural domain, point to a 
reaction-driven, metasomatic formation of the mixed matrix and pyroxene porphyroclast 
tails in the entire shear zone. An OH-bearing metasomatism by small fractions of evolved 
melts is indicated by amphibole abundance in pyroxene neoblast tails, olivine B-type 
crystallographic preferred orientations (CPOs), and the microstructural consistency of the 
grt/spl-mylonites from both major peridotite massifs of the Gibraltar arc, Ronda, and Beni 
Bousera (Morocco). The established syn-deformational temperatures of 800-900° C at 
1.95-2.00 GPa suggest that the metasomatism did not reset the equilibrium temperatures. 
Consistent geochemistry and phase assemblage in mylonites and tectonites, but a change 
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from equiaxial (tectonites) to wedge-shaped pyroxenes aligned parallel to the foliation 
(mylonites) point to a pre- to syn-deformational metasomatism with potential annealing 
of the tectonites. For the mylonitic mixed matrix, wedge-shaped pyroxenes and neoblast 
tail formation in pyroxene porphyroclast stress shadows point to the activity of 
incongruent dissolution-precipitation creep. Beside dissolution-precipitation creep, 
strong CPOs of all major phases (ol, opx, cpx) suggest additionally dislocation creep as 
major deformation mechanism in the entire shear zone. 

Keywords:  

Northwestern Ronda shear zone, phase mixing, EBSD, melt-rock reaction, strain 
localization. 

4.2 Introduction 
Deformation in the upper mantle is localized in ductile shear zones. Accommodating most 
of the deformation in the lithospheric mantle, shear zones have a major imprint on large 
scale deformation and plate tectonics (Bercovici and Ricard, 2014; Drury et al., 1991). 
To localize strain, weakening must occur. Weakening in turn is dependent on an initial 
heterogeneity/anisotropy and a softening mechanism localizing the strain typically first 
on a heterogeneity and later on in the shear zone itself. In the lithospheric mantle, several 
types of heterogeneity were identified as potential “seeds” for strain localization: 
(1) Large-scale variations in the geothermal gradient such as those found in hot plumes 
or cold lithospheric roots of cratons, (2) major-element and modal heterogeneities as 
present in the compositional layering of most peridotite massifs, (3) the presence of melt, 
(4) variations in the hydration state of particularly olivine, (5) grain size heterogeneities 
and (6) lateral changes of the olivine CPO (e.g., Tommasi and Vauchez, 2015). Strain 
softening mechanisms that localize and maintain deformation were subdivided into three 
types (Drury et al., 1991): Thermal softening caused by shear heating and the positive 
feedback of temperature and strain rate (e.g., Kelemen and Hirth, 2007), geometric 
softening caused by the anisotropy in creep strength of grains aligned in a CPO (Mameri 
et al., 2019; White et al., 1980) and microstructural or reaction softening which occurs by 
grain size reduction and the activity of a grain size sensitive deformation process (Drury 
and Urai, 1989). Both thermal softening as well as microstructural softening depend on 
the presence of mixed phase assemblage, either as seed or as stabilization for strain 
localization (e.g., Kelemen and Hirth, 2007; Linckens et al., 2015). Phase mixing in the 
upper mantle has been ascribed to several different deformation- or reaction-induced 
processes. Deformation-induced phase mixing is commonly associated with grain 
boundary sliding (GBS). During GBS, neighbor switching of grains was reported to form 
mixtures (e.g., Boullier and Gueguen, 1975; Hirth and Kohlstedt, 2003) but also 
aggregates (Hiraga et al., 2013). Furthermore, disaggregation of single-phase domains at 
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high shear strains (“Geometric mixing”) was reported by Cross and Skemer (2017). 
Additionally, nucleation of neoblasts in creep cavitations during GBS leading to phase 
mixing was reported by Précigout and Stünitz (2016). Reaction-induced phase mixing is 
bound to either metamorphic (P-T) or metasomatic (melt/fluid) reactions. In the upper 
mantle, phase transitions from garnet to spinel and to plagioclase peridotites change the 
phase assemblage and the mineral chemistry of all present phases (e.g., Borghini, 2008). 
Neoblast formation can thereby lead to phase mixing and, during deformation, to the 
formation of ultramylonites (Furusho and Kanagawa, 1999; Newman et al., 1999; Tholen 
et al., 2022). Additionally, the interaction of rock and melt or fluid can cause phase mixing 
by precipitation of neoblasts and reactions with porphyroclasts/ pristine grains (e.g., 
Dijkstra et al., 2002; Kaczmarek and Müntener, 2008).  

With its decreasing grain size, scattering of pyroxene neoblasts and concurrent 
diminishing of prior strong olivine CPOs towards the contact to the bordering Jubrique 
unit, Ronda’s NW tectonite/mylonite zone is commonly interpreted as km-scale upper 
mantle shear zone (Garrido et al., 2011; Précigout et al., 2013, 2007). In contrast to earlier 
studies on phase mixing in upper mantle shear zones where the mixing depends on 
metamorphic and metasomatic reactions (Linckens and Tholen, 2021; Tholen et al., 2022) 
Ronda’s mylonites are thought to have little to no metamorphic or metasomatic influence 
(e.g., Johanesen and Platt, 2015; Précigout et al., 2007). Mechanisms of strain localization 
and phase mixing operating in Ronda’s mylonites were suggested to be bound to grain 
boundary sliding accommodated by dislocation creep (“DisGBS”, Précigout et al., 2007). 
In this concept, the strain localization is caused by a drop in stress due to the grain size 
reduction towards the NW boundary of the Ronda peridotite (e.g., Garrido et al., 2011; 
Précigout et al., 2013). Following Précigout et al. (2007), neighbor-switching during 
DisGBS leads to scattering of orthopyroxene neoblasts within the matrix. However, 
Johanesen and Platt (2015) reported thoroughly mixed microstructures with interstitial 
pyroxenes also in the low strain areas of the SE mylonites and the spinel tectonites 
(Fig. 4.1). Although mixing in the spinel tectonites was postulated to be melt derived 
(Johanesen et al., 2014; Soustelle et al., 2009), the mylonites were so far considered to be 
either completely melt-free (Précigout et al., 2007; Soustelle et al., 2009) or melt-absent 
during the deformation (Johanesen and Platt, 2015).  

To address the genesis and deformational history of NW Ronda shear zone this study 
focuses on the mylonitic unit with the following research questions: (1) What are the 
major microstructural domains and how did they form? (2) What is the extent and origin 
of phase mixing? (3) What is the deformational history and how is it related to the first 
two research questions, i.e., the formation processes and mixing intensities of the 
respective microstructural domains? To address these questions, a microstructural and 
geochemical study was carried out on samples taken across multiple transects from the 
mylonites into the tectonites (Fig. 4.1).  
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4.3 Geological setting 
The Ronda peridotite, situated in southern Spain, is part of the Betic cordillera (Fig. 4.1). 
Together with the Rif mountains of N Morocco it forms the Gibraltar arc (= Betic-Rif 
orogen), which surrounds the Alboran Sea. The Betic cordillera is subdivided into four 
tectonic domains: The external (1) Sub-Iberian and (2) Maghrebian domains formed by 
the paleomargins of Iberia and NE Africa, (3) the allochthonous Flysch trough unit 
comprising Mesozoic to Cenozoic sediments of the oceanic or continental Tethys, and (4) 
the internal, Alboran domain (Fig. 4.1A) (Booth-Rea et al., 2007). Separated by 
extensional shear zones and different metamorphic records, the Alboran domain is 
divided into three main tectonic allochthons (Platt et al., 2006). In ascending order these 
are the Nevado-Filábride complex, the Alpujárride complex and the Maláguide complex. 
The lowermost Nevado-Filábride complex records a multistage metamorphic evolution 
including eclogite facies metamorphism followed by albite-epidote amphibole or 
greenschist facies overprints during decompression (Platt et al., 2006; Puga et al., 1999). 
The middle Alpujárride complex underwent HP-LT metamorphism overprinted by 
decompression and local heating (Balanyá et al., 1997; Platt et al., 2005). The uppermost 
Maláguide complex is characterized by unmetamorphic rocks or by very low-grade 
metamorphism (Lonergan, 1993).  

The peridotite bodies of Beni Bousera, Ojen, Carratraca and Ronda in sensu stricto are 
embedded as lenses in the upper Alpujárride complex (Platt et al., 2006). Superimposed 
on the Ronda peridotite, the Jubrique (or Casares) unit represents a highly attenuated 
crustal section of ≤ 5 km thickness (Fig. 4.1) (Barich et al., 2014; Obata, 1980). Near the 
contact to the Ronda peridotite, it displays MP-HT granulite facies kinzigites with melt 
inclusions (Balanyá et al., 1997; Barich et al., 2014). With increasing distance to the 
peridotite, the metamorphic conditions decrease to LP-LT phyllites at the contact to the 
Maláguide complex (Balanyá et al., 1997). In the South and Southeast granitic rocks and 
migmatites of the Blanca unit underly the Ronda peridotite (Fig. 4.1). Partial melting and 
deformation of this unit at the contact to the peridotite have been attributed to the 
emplacement of the Ronda peridotite (Esteban et al., 2008). U-Pb SHRIMP dating of neo 
crystalline zircon rims from felsic and granitic dykes in this “dynamothermal aureole” 
point to an emplacement of the Ronda peridotite at 22.3 ± 0.7 Ma (Esteban et al., 2011). 
Miocene, brittle, top-to-the-N extensional faulting led to the final emplacement of the 
Alpujárride complex with high cooling rates from 300-100 °C/Ma (Esteban et al., 2004; 
Platt et al., 2003; Rossetti et al., 2005). 
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Fig. 4.1. A: Geological 
overview of the 
Gibraltar Arc (Betic 
cordillera and Rif 
mountains) modified 
after Suades and 
Crespo-Blanc (2011). 
Ronda Peridotite 
indicated by white box. 
B: Schematic structural 
map of the NW Ronda 
peridotite with area of 
investigation indicated 
(modified after Hidas et 
al. (2013)). Lithological 
unit color code same as 
for C. Studied area of 
Soustelle et al. (2009) 
indicated. C: Close up 
view on area of 
investigation with 
sample locations 
(modified after 
Précigout et al. (2013), 
Van der Wal (1993)). 
High resolution, digital 
version is included on 
the CD. 
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4.3.1 The Ronda peridotite 

With ca. 300 km2 areal extent, the Ronda peridotite is the world’s largest exposure of 
subcontinental mantle (Obata, 1980). Its (micro) structural, petrological, and geochemical 
zoning led to its subdivision into four tectonometamorphic units (Fig. 4.1) (Précigout et 
al., 2013; Van Der Wal and Vissers, 1996, 1993). From NNW to SSE these are (1) a 
garnet/spinel-mylonite unit, (2) a spinel-tectonite unit, (3) a coarse-grained granular-
peridotite unit, and (4) a plagioclase-tectonite unit. Being aware that tectonites include 
mylonitic microstructures by definition, the established distinction between “mylonites” 
and “tectonites” is nevertheless adopted here.  

The garnet/spinel mylonites, located along the contact to the Jubrique unit (~500-750 m 
thickness), are composed of fine-grained, porphyroclastic spl- and grt-bearing peridotites 
(lherzolites, harzburgites, dunites) (Van Der Wal and Vissers, 1993). Garnet-bearing 
pyroxenite layers are parallel to the strong foliation and predominantly stretched which 
leads in places to their pinch-and-swell type boudinage (Précigout et al., 2013; Van Der 
Wal and Vissers, 1993). Occasionally, the pyroxenite layers show intrafolial folds with 
their axes-oriented NE-SW slightly dipping towards the NE (Précigout et al., 2013). 
Graphitized diamonds in garnet-bearing pyroxenites and pre-deformational assemblages 
of olivine + pyroxenes + garnet found in pressure shadows indicate an origin of great 
depth (> 150 km) and a pre-mylonitic equilibration in the garnet stability field (1150 °C, 
2.4-2.7 GPa (~100 km depth)) (Davies et al., 1993; Garrido et al., 2011). For mylonitic 
assemblages in the spinel stability field, equilibration conditions of 800-900 °C and 
1-2 GPa have been obtained by Johanesen et al. (2014), Garrido et al. (2011) and Van 
Der Wal and Vissers (1993).  

The transition between grt/spl-mylonite and the spl-tectonite remains controversial. 
Contrary to cross-cutting contacts between mylonites and tectonites described by Van 
Der Wal and Vissers (1996), Précigout et al. (2007) and Soustelle et al. (2009) postulated 
a continuous gradient from coarse grained tectonites (grain size of 250-450 µm) to 
fine-grained mylonites (150-220 µm). Decreasing strain with increasing distance to the 
NW boundary of the mylonites is also indicated by decreased folding intensity and 
rotation of pyroxenite layers towards the SE (Précigout et al., 2013). However, Johanesen 
and Platt (2015) reported for both units (mylonites + tectonites) a consistent grain size of 
recrystallized olivine (~130 µm) and only an increase in the percentage of the 
recrystallized olivine grains towards the NW. As the main lithologies (harzburgites, 
lherzolites) and the foliation and lineation stay similar in tectonites and mylonites, 
tectonites were interpreted as the weaker deformed counterpart of the mylonites (Van Der 
Wal and Vissers, 1993). Microstructural and geochemical data indicate additionally, that 
the tectonites were affected by melt pulses originating from the structurally lower, coarse 
granular peridotites (Johanesen et al., 2014; Soustelle et al., 2009).  
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Together with the grt/spl-mylonites, the spl-tectonites form the km-scale NW Ronda 
shear zone (Fig. 4.1). Its characteristics are the penetrative foliation with subhorizontal 
stretching lineation defined by cm-scale elongated orthopyroxenes and shear criteria 
indicating sinistral kinematics and minor coaxial shortening (Balanyá et al., 1997; 
Précigout and Hirth, 2014; Van Der Wal and Vissers, 1996). The orientation of the 
foliation and lineation roughly follows the boundaries to the adjacent metasedimentary 
Jubrique unit in the NW and to the underlying coarse granular-peridotite unit in the SE 
(Fig. 4.1) (Van Der Wal & Vissers, 1996). In places, foliation and lineation show local 
variations and weakening (Van Der Wal & Vissers, 1996). For the examined area, the 
average orientation of the foliation is with ~N50° strike and 80° NW dip in accordance 
with prior research (Précigout et al., 2013). The shear zone is considered to play a decisive 
role in the exhumation of the peridotite massif (Johanesen et al., 2014; Précigout et al., 
2013).  

The coarse granular-peridotite unit is separated from the spl-tectonite unit by a 
“recrystallization”/ “coarsening” or “melting” front (≤ 400 m) (Lenoir et al., 2001). Here, 
deformed grains annealed and coarsened, the foliation is lost and garnet-pyroxenite layers 
are recrystallized as spl-websterites (Garrido and Bodinier, 1999). Lenoir et al. (2001) 
have shown that the recrystallization front is the boundary/aureole of an area of partial 
melting (= coarse granular-peridotite unit) with melt extraction < 5%. Secondary cpx, 
crystallized ahead of the front, indicated a refertilization (Soustelle et al., 2009). The 
location of the front was shown to be dependent on the peridotite solidus (≥1200 °C, 
1.5 GPa) in regard to the temperature gradient within the peridotite body (Lenoir et al., 
2001). The coarse granular-peridotite unit itself is mainly composed of unfoliated spinel 
harzburgite with minor lherzolite and dunite and various types of pyroxenites (Garrido 
and Bodinier, 1999). The preservation of a strong olivine crystallographic preferred 
orientation (CPO) and folds of spl pyroxenites corroborates its connection to the 
overlaying spl-tectonites (Vauchez and Garrido, 2001). 

The youngest unit, overprinting the coarse granular-peridotite unit in the southeast, 
comprises the plagioclase tectonites (Obata, 1980). Their equilibration at pressures of 
0.8-0.9 GPa was placed in the context of the massif’s exhumation (Hidas et al., 2016). 
The plagioclase tectonites are composed of spl-free and spl-bearing plagioclase-peridotite 
layers. The transition between both units records km-scale folding and shearing including 
the development of a new foliation and the formation of mylonitic and ultramylonitic 
shear zones, which are tectonically assigned to the decompression of the massif from 
spinel to plagioclase lherzolite facies prior to the emplacement into the crust (Fig. 4.1; 
Hidas et al., 2013a). 
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4.4 Methods 
Samples were cut perpendicular to the foliation and parallel to the stretching lineation 
(X-Z section). Thin sections of these sections were polished to a thickness of ~30 µm. 
After optical analysis by polarization microscopy, electron backscatter diffraction 
(EBSD) analysis combined with energy dispersive X-ray spectroscopy (EDX), and 
electron probe microanalysis (EPMA) were performed on carbon coated thin sections. 
For EBSD and backscattered electron (BSE) analysis, thin sections were polished with 
0.03 µm colloidal silica.  

Backscattered electron, EBSD and EDX analysis were conducted at the Institute for 
Geology and Mineralogy - University of Cologne using a Zeiss Sigma 300-VP field 
emission scanning electron microscope (SEM) equipped with a NordlysNano EBSD 
detector (Oxford Instruments). For a comprehensive overview, the entire thin sections 
were scanned in grids simultaneously by BSE and EDX (O, Mg, Al, Si, Ca, Cr, Mn, and 
Fe; Fig. 4.2). Having identified the microstructures of interest, these were scanned 
simultaneously by EBSD, EDX, BSE and forescattered electrons (FSE). Measurement 
settings were an acceleration voltage of 20 kV and a variable step size adapted according 
to grain sizes. Depending on the step size and acquisition time, EBSD map sizes differ 
over a wide range. For data acquisition, the program AZtec 4.2 was used (Oxford 
Instruments). The consistency of orientations between sample, measurement and 
post-processing reference frame was ensured by the measurement of a quartz standard. It 
consists of four synthetic quartz crystals embedded in epoxy. The known positions of the 
quartz single crystals in the standard combined with their known individual orientation 
enables the operator to identify possible rotations (spatially or crystallographic) of the 
data during acquisition and processing. Kilian et al. (2016) have shown that such rotations 
occur often due to unknown orientation in sample material and mistranslations between 
different processing platforms. Obtained EBSD data was first cleaned by deleting “wild 
spikes” and filling not indexed points with the average orientation of 6 or more neighbor 
orientations of the same phase (HKL Channel 5 software - Oxford Instruments). 
Additionally, the EBSD data were corrected for systematic mis-indexing of olivine due 
to similar diffraction patterns for orientations rotated 60° around [100]. Secondly, the 
cleaned data were imported into the MTEX 5.7 MATLAB extension (e.g., Bachmann et 
al., 2010). All following data processing and analysis were conducted using MTEX 
(http://mtex-toolbox.github.io/). Orientations of indexed points with high mean angular 
deviations (MAD > 1) were filled by the mean orientation of the neighboring points. After 
grain calculation (grain internal misorientation < 15°) grain size specific and inclusion 
deletion and/or filling was carried out individually for each map. Incomplete grains at the 
borders of the mapped areas and badly indexed grains were excluded from further 
analysis. Grain reconstruction of serpentinized olivine grains was achieved by applying a 
half quadratic filter which preserves subgrain boundaries and fills missing data. An 
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example is shown for the ol-rich matrix in Figure 4.5. For all other phases, the original 
cleaned EBSD data was used to preserve the original grain and boundary shape. During 
the cleaning and reconstruction, the results were checked against 
backscattered/forescattered, band contrast and microscope images. The EBSD phase 
assignment was checked by simultaneously obtained EDX maps and/or EDX point 
measurements. The cleaned EBSD maps were thereupon analyzed for grain and phase 
properties, boundary properties and orientation properties. Analyzed grain properties are 
phase abundances by covering area percentage, grain amount, grain size by the equivalent 
circular diameter (ECD), grain shape by aspect ratio, shape factor and shape preferred 
orientation (SPO). Phase abundances given by “%” in figures and in the entire manuscript 
refer to area percentages. Boundary properties are grain (phase A- phase A) and phase 
(phase A- phase B) boundary percentages calculated by phase specific boundary length. 
The ratio of total grain to total phase boundary length gives the “mixing intensity” of a 
microstructure. Orientation properties include phase-specific crystallographic 
orientations illustrated by pole figures with or without texture. Texture calculation with 
grain mean orientations and a consistent halfwidth of 15° was achieved by the application 
of the orientation distribution function (ODF). The M-index (M) and the J-index were 
calculated from a minimum of 150 grains. Both J-index (Bunge, 1982) and M-index 
(Skemer et al., 2005), express the strength of a given texture. For a detailed evaluation of 
both see Skemer et al. (2005). All pole figures are equal-area lower-hemisphere plots. 
Textures are only displayed for a minimum number of 100 grains per phase. Otherwise, 
single grain orientations are plotted in the stereo plot as dots. To facilitate the comparison 
between the texture plots, the color-coding range is fixed according to the maximum of 
multiple of random distribution (mrd) from blue (mrd= 0) to red (mrd= 3). Higher mrd 
values are accordingly also colored red. Dislocation densities were calculated in MTEX 
by resolving the geometrically necessary dislocation content 
(https://mtex-toolbox.github.io/GND.html) on base of the method of Pantleon (2008). 

Microprobe measurements of olivine, clinopyroxene, orthopyroxene, spinel and 
amphibole were conducted at the Institute of Geosciences - Goethe University Frankfurt 
a.M. using a field emission JEOL JXA-8530F Plus microprobe equipped with 5 
wavelength-dispersive spectrometers. Measuring settings were 15 kV acceleration 
voltage and 20 nA beam current for 20 s (Al, Cr, Ca, Na, Mn, Fe and Ni), 30 s (P, K and 
Ti) or 40 s (Mg and Si) peak and 20 s for background measurement (settings and detection 
limits in S4.1). The same measurement settings and standards were used for the analysis 
of all phases. The spot-size was adjusted to the grain size with minimum sizes of 1 µm 
for small neoblasts and maximum 4 µm for porphyroclasts. References to supplementary 
data are given in the text by an “S” combined with the number of the appendix (e.g., S4.3 
for EPMA data).  
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4.5 Results 
Samples were taken from multiple transects of the shear zone over a range from 39 to 
703 m distance to the NW boundary of the Ronda peridotite massif (“NW-B”; Fig. 4.1). 
Sample locations are therefore allocated with their distance [m] to the NW-B (Fig. 4.1). 
Referring to the established subdivision of the Ronda peridotite developed by Précigout 
et al. (2013) and Van Der Wal and Bodinier (1996) our samples are dominantly taken 
from the garnet-spinel mylonites and in greater distance from the NW-B from the spinel 
tectonites (Fig. 4.1). Both units are composed of lherzolite or harzburgite with minor 
dunitic lenses. The samples have a highly variable degree of serpentinization. Consistent 
with previous studies, the foliation is mostly oriented parallel to the NW-B and steeply 
dipping (65-85°) towards NW (Précigout et al., 2013; Soustelle et al., 2009; Van Der Wal 
and Vissers, 1996, 1993; Vauchez and Garrido, 2001). Towards the contact the foliation 
intensifies. The stretching lineation is subhorizontal to shallowly SW dipping (<20°). It 
is defined by elongated orthopyroxene single crystals, neoblast tails of pyroxene 
porphyroclasts and olivine-rich lenses stretched in the foliation plane. Towards the 
contact to the bordering Jubrique metasediments (= NW-B), macroscopic evidence for 
increasing strain is an increase of porphyroclast elongation and an increase of the 
mylonitic matrix (Fig. 4.2). The lengthening of orthopyroxene single crystals expands to 
aspect ratios > 10:1 and length of ~5 cm. The increasing strain is additionally indicated 
by increasing deformation of partly garnet-bearing pyroxenites, by pinch-and-swell 
structures (Fig. 4.2D-i), and by boudinage described in detail by Précigout et al. (2013). 

 

4.5.1 Microstructures 

Figure 4.2 gives a microstructural overview of representative thin sections with increasing 
distance to the NW-B. Due to serpentinization and to facilitate phase identification, BSE 
and Ca-EDX overview scans are shown instead of microscopic images. The proportion 
of neoblasts in the matrix increases towards the NW-B (Fig. 4.2). Simultaneously, the 
abundance of porphyroclasts decreases. Nevertheless, deformation features like a clear 
foliation with marked elongation of porphyroclasts and recrystallized olivine dominated 
matrix are present in all mylonitic samples (39-502 m distance NW-B, Fig. 4.2). Only the 
outermost tectonitic sample (703 m distance NW-B) lacks these features and shows a 
relatively undeformed fabric (Fig. 4.2F). Even though deformation was not as localized 
in this sample as in those closer to the NW-B, interstitial pyroxenes are present along 
olivine grain boundaries (Fig. 4.2F-ii). Furthermore, layers consisting of a pyroxene and 
spinel assemblage crosscut the tectonitic peridotite. Approaching the NW-B, pyroxene 
porphyroclasts show neoblast tails, which stretch out in the foliation. Simultaneously, 
pyroxenite layers turn parallel to the foliation and flatten till they disintegrate 
(Fig. 4.2D-ii) as described in detail in Précigout et al. (2013). 
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With the focus on phase mixing as well as on reaction and recrystallization processes, we 
further investigated structures on the micro-scale rather than on thin-section or larger 
scale. By microscopic analysis and the BSE/EDX element thin section overviews (Fig. 
4.2) four major microstructural domains were identified: (1) Olivine-rich matrix, 
(2) mixed matrix, (3) clinopyroxene neoblast tails, and (4) orthopyroxene neoblast tails. 
In the following, their microstructural characteristics are presented. Additionally, 
amphibole-clinopyroxenite veins investigated in three thin sections will be shortly 
addressed. For reasons of length and clarity, examples of microstructures of each domain 
are shown which provide its main characteristics and their changes depending on the 
distance to the NW-B. These figures include pole figures referring to the depicted 
microstructure. Graphs of the complete microstructural data are presented in Figure 4.3. 
Average aspect ratios and average grain size are included only if enough grains were 
present for a valid statistical analysis (n > 100). The presented results include all analyzed 
microstructures of a given microstructural domain. The complete data is attached as 
supplementary data (S4.2). Garnet, even if nominally present in a few maps (39 of 41563 
analyzed grains), is excluded from further analysis because of its small abundance 
(< 0.1 % for all microstructural domains) and its susceptibility for mis-indexing with opx 
especially for small grains. Coarse grained garnet (ECD > 100 µm) was not present in the 
studied microstructures. 
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Fig. 4.2. Electron backscatter (left) and Calcium energy-dispersive X-ray spectroscopy 
(right) scans of the same thin sections ordered with increasing distance to the NW boundary 
of the Ronda peridotite (black numbers on white background). Locations of analyzed 
example microstructures and their Figure # (4.5-4.9) are indicated. Dominant 
microstructural domains of the NW Ronda shear zone are marked: (1) strongly 
serpentinized olivine-rich matrix lenses, (2) mixed matrix with interstitial pyroxenes, (3) 
ortho- and (4) clinopyroxene porphyroclasts with neoblast tails. Note the presence of stable 
pyroxenes and elongated orthopyroxene. The presence of interstitial cpx (bright colors in 
EDX images) is indicative for the mixed matrix. D-i includes a close up on a kelyphitic 
assemblage. High resolution, digital version is included on the CD. 
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Fig. 4.3a. Data overview of the major microstructural domains (mixed matrix, 
orthopyroxene and clinopyroxene porphyroclast neoblast tails) plotted against the distance 
to the NW-B. The olivine-rich matrix was excluded due to its small database. Each data 
point represents the average grain size (A-L), area fraction (M,N,O) or phase boundary 
percentage of the total boundary length (P,Q,R) of one EBSD map of an analyzed 
microstructure (e.g., Figs. 4.5-4.9). The complete microstructural data is attached in 
supplementary data 4.2. High resolution, digital version is included on the CD. 
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Fig. 4.3b. Data overview of the major microstructural domains (mixed matrix, 
orthopyroxene and clinopyroxene porphyroclast neoblast tails) plotted against the distance 
to the NW-B. The olivine-rich matrix was excluded due to its small database. Each data 
point represents the average grain size (A-L), area fraction (M,N,O) or phase boundary 
percentage of the total boundary length (P,Q,R) of one EBSD map of an analyzed 
microstructure (e.g., Figs. 4.5-4.9). The complete microstructural data is attached in 
supplementary data 4.2. High resolution, digital version is included on the CD. 
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Fig 4.4. Part 1 of 5. Figure caption on page 129.  

 



Melt-enhanced strain localization and phase mixing in a large-scale mantle shear zone  
(Ronda Peridotite, Spain) 126 

 

Fig 4.4. Part 2 of 5. Figure caption on page 129.  
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Fig 4.4. Part 3 of 5. Figure caption on page 129.  
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Fig 4.4. Part 4 of 5. Figure caption on page 129.  
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Fig. 4.4. Part 5 of 5. Orientation data of all microstructural domains plotted per phase and 
EBSD map as lower pole figures of calculated texture (>100 grains) or dots of grain 
orientations (<100 grains). White numbers on black indicate number of grains analyzed 
for the specific phase. Phase is indicated by the color of the asterisk. Grouping of pole 
figures correspondents to the microstructure: Small spacing indicates neoblasts from the 
same microstructure. High resolution, digital version is included on the CD. 

4.5.1.1 Matrix domains 

The overall olivine dominated matrix forms the major part of all analyzed samples (Fig. 
4.2). Due to the presence of interstitial cpx (high Ca counts in Fig. 4.2) and opx, most of 
this matrix is “mixed” with only parts remaining almost monomineralic, olivine-rich 
(Ol > 90 %). Nevertheless, lenses of olivine-rich matrix enclosed by mixed matrix are 
present in all samples (Fig. 4.2). The differentiation between mixed domains and olivine 
dominated domains becomes increasingly difficult with decreasing distance to the NW-
B. In both matrix domains olivine grains are cut by subvertical or subhorizontal serpentine 
veins. With increasing degree of serpentinization, olivine grain boundaries become 
increasingly lobate and originally coherent grains are separated into smaller fragments. 
Coherent crystallographic orientations with bended lattices over span multiple fragments, 
which were identified as single grains by the analysis of original EBSD data (Fig. 4.5). 
Due to this discrepancy between calculated fragments and pristine grains, the EBSD data 
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missing due to serpentinization were filled by applying a half quadratic filter. On the basis 
of the restored data grain reconstruction of the original grain size could be achieved. Even 
though this method restores the pristine grain size and preserves the crystal orientations 
(Fig. 4.5; Bergmann et al. 2016), minor deviations in the shape of the grain boundary 
might occur. 

4.5.1.1.1 Olivine-rich matrix 

The olivine-rich matrix is characterized by ol abundance > 90 % and only occasionally 
occurrence of interstitial secondary phases (Fig. 4.5). In places, coarse pyroxene grains, 
dominantly opx, are present. Due to the strong serpentinization in olivine-rich domains/ 
lenses and their abundance limited by the pervasive occurrence of interstitial pyroxenes 
forming the mixed matrix only two microstructures of the olivine-rich matrix type could 
be analyzed (e.g., Fig. 4.5). They consist of on average 93 % olivine (range 92-94), 6 % 
opx (range 6-7) and minor spinel (1 %) and cpx (< 1 %). The average reconstructed 
olivine grain size is 107 µm (range 103-112; S4.2). With on average 7 % secondary 
phases, 31,5 % of the total boundary length are phase boundaries. The crystallographic 
orientations of the olivines are predominantly parallel to each other (Fig. 4.4). Bended 
lattices and/or subgrain boundaries are often present (Fig. 4.5 – box and dashed line). 
Cracks within those original grains are filled with serpentine (Fig. 4.5). Orthopyroxenes 
within the olivine-dominated matrix are oriented with their [001] axis perpendicular to 
the foliation plane and [100] parallel to the lineation (Fig. 4.4). 
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4.5.1.1.2 Mixed matrix 

The mixed matrix was defined by less than 90 % olivine and a second phase content 
dominated by interstitial secondary phases. The microstructures of 23 mixed-matrix 
domains were analyzed either as subsets of EBSD maps covering pyroxene porphyroclast 
tail assemblages with adjacent matrix or as individual map. The subsets only consist of 
the mixed matrix surrounding the porphyroclast-tail assemblage. As mixed matrix 
microstructures are present in the entire transect (703 to 29 m distance to NW-B), they 
are present in both mylonitic and tectonitic samples. Characteristics for the mixed matrix 
are small, interstitial, and irregular/highly lobate pyroxene grains in between coarser 
grained olivine (Fig. 4.6). The grain shape of pyroxenes and olivine varies between rather 
equiaxial in tectonitic samples (Fig. 4.6B-i) to elongated olivines and film/wedge-shaped 
pyroxenes in mylonitic samples (Fig. 4.6A-i). The long side of film-like pyroxenes is 
mostly parallel to the foliation. Bigger pyroxenes have in general highly irregular grain 
shapes and protrusions which form intergrow patterns with bordering olivines 
(Fig. 4.6A-i *1). Indentations of olivine neoblasts in bigger pyroxenes are commonly 
observed (Fig. 4.6A-i *2). The mineralogical assemblage of the mixed matrix is in general 
constant for the entire data set and consists of olivine (av. 61 %, range 37-80 %), 
orthopyroxene (av. 22 %, range 9-40 %), clinopyroxene (av. 14 %, range 2-50 %) and 
spinel (av. 2 %, range 0-10 %) with occasional amphibole (av. 1 %, range 0-4 %) (Fig. 
4.3). Spinel is present as interstitial grains. Phase abundances vary depending on the 
microstructural setting within one sample but do not significantly change over the 
distance to the NW-B (Fig. 4.3M). Similar to the olivine-rich matrix, former 
coarse-grained olivines are cut by serpentine veins. Only in phase mixtures olivine grains 
are less effected by the serpentinization. Average grain sizes (ECD) are 67 µm for opx 
(range 42-136), 64 µm for cpx (range 35-117), 41 µm for spinel (range 24-90) and 40 µm 
for amphibole (range 21-60) (Fig. 4.3, S4.2). Reconstructed olivine grains form in all 
investigated thin sections and with on average 103 µm (range 55-192) ECD the biggest 
grains. Over almost the entire mylonitic transect (39-429 distance to the NW-B) grain 
sizes of all phases of the mixed matrix are similar within uncertainty (1ơ, Fig. 4.3). Only 

←Fig. 4.5. A: Example microstructure of olivine-rich matrix in sample from 703 m 
distance to the NW-B. Area percentages (B), phase and grain boundary percentages 
(C) are given in pie charts. The olivine orientation colour key for maps E & F is given 
in D. EBSD data reconstruction and denoising, optimized for olivine, is shown in E-H. 
E: Original ol orientations data with calculated grain boundaries (red). Examples of 
intracrystalline deformation by bending of the crystal lattice (box) and subgrain 
boundary (dashed line) covering and crossing multiple calculated fragmental grains 
are annotated. F: Denoised and filled ol orientation map with calculated grain 
boundaries (red). Olivine orientation plots of original (G) and reconstructed data (H). 
High resolution, digital version is included on the CD. 
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around ~250 m distance to the NW-B, the grain size of both pyroxenes shows an 
excursion towards coarser sizes. Mixed matrix pyroxenes in the tectonite regime (Fig. 
4.6B-i) have coarser grain sizes (Fig. 4.3). Average aspect ratios are 2.03 ±.1 for 
reconstructed ol, 1.9 ±.2 for opx, 1.9 ±.3 for cpx, 1.8 ±.1 for spinel and 1.8 ±.2 for 
amphibole (S4.2). In contrast to the grain sizes, the average aspect ratios remain constant 
over mylonites and tectonites (S4.2). 71 ±8 % of the total boundary length are on average 
phase boundaries (29 % grain boundaries). Apart from one outlier, all mylonitic mixed 
matrix domains share this distribution. In tectonite, phase boundaries only form 50 % of 
the total boundary length. On average 40 % of the total boundary length are olivine-opx 
boundaries with 48 % of the entire olivine boundaries and 79 % of all opx boundaries 
being olivine-opx boundaries. Despite the lower abundance of cpx, amphibole forms 
more phase boundaries with cpx (29 %) than with opx (16 %). 

Olivine CPOs are moderate (av. max mrd 10, av. M=0.16). Overall, the A-type olivine 
CPO is dominant (18 of 23 mixed matrix microstructures; Fig. 4.4). However, transitions 
to the AG-type by [100] and [001] forming girdles in the foliation plane are present with 
variable strength (clear AG-type CPO n=3). Clear B-types, which were also reported by 
Précigout and Hirth (2014) are present in the two samples situated closest to the NW-B. 
Orthopyroxene CPOs are with an average maximum mrd of 8 and an average M-index of 
0.04 the weakest opx CPOs of all investigated domains. In most cases, orthopyroxene’s 
[001] axes are parallel to the lineation. The CPO of opx neoblasts is in places affected by 
the orientation of larger opx grains within the mixed matrix (Fig. 4.6B-iii). Clinopyroxene 
CPOs are weak with an average M-index of 0.05 (av. max mrd 18). In most cases, both 
pyroxenes are oriented parallel to each other and show similar intensities in mrd and M 
for a given microstructure. In some cases, maxima of pyroxene [100] and [010] 
orientations are flipped in the sense that clinopyroxene [100] maxima are parallel to 
orthopyroxene [010] maxima, and cpx [010] display orientations similar to opx [100] 
(e.g., Fig. 4.6A-iii/iv). Only in four mixed matrix microstructures enough amphibole 
grains are present to determine a CPO (Fig. 4.4). In general, amphibole orientations are 
parallel to the present pyroxene and its [001] axes are aligned parallel to the lineation. 
Neoblasts of ortho- and clinopyroxene and in particular olivine has a high dislocation 
density, in places concentrated into subgrain boundaries (Fig. 4.7). 
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Fig. 4.6. Example microstructures of the mixed matrix in 290 m (A-i) and 703 m (B-i) 
distance to the NW-B. A: Mixed matrix with wedge/film-shaped orthopyroxene (*1) in 
between coarser olivine, indentations (*2) and highly irregular phase boundaries (*3). 
CPOs of olivine (A-ii), orthopyroxene (A-iii) and clinopyroxene (A-iv). B: Mixed matrix of 
a tectonite sample with highly lobate grain and phase boundaries (*1), indentations (*2) 
and equiaxial grain shape (*3). CPOs of olivine (B-ii) and orthopyroxene (B-iii) and pole 
figure of clinopyroxene orientations (A-iv). High resolution, digital version is included on 
the CD. 
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Fig. 4.7. Geometrically necessary dislocation (GND) density maps for olivine (A), 
orthopyroxene (B) and clinopyroxene (C) of the mylonitic mixed matrix shown in 
Figure 4.6A-i. Note grain internal deformation in all phases and the formation of subgrain 
boundaries visible by bright yellow lines. High resolution, digital version is included on 
the CD.  
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4.5.1.2 Porphyroclast tails 

Porphyroclasts are present in all mylonitic samples (Fig. 4.2). In the tectonite sample, the 
small difference between grain sizes of matrix and porphyroclasts does not allow a clear 
differentiation between both (Fig. 4.2F). Here, pyroxene is either present in layers 
consisting of both pyroxenes, spinel, and minor olivine (Fig. 4.9B-i), as clasts, or (Fig. 
4.2F-i/ii) as interstitial pyroxenes along grain boundaries of olivine clasts (Fig. 4.6B-i). 
The isolated pyroxene clasts in tectonites are predominantly orthopyroxenes. In mylonitic 
samples, the contrast between porphyroclasts and matrix is marked by their strongly 
differing grain sizes (Fig. 4.2A-E). Most porphyroclasts are pyroxenes. Often clusters of 
intergrown pyroxenes ± spinel form porphyroclastic assemblages (Fig. 4.2D-i). These 
assemblages are predominantly present in deformed pyroxenitic layers or in areas with 
an increased pyroxene proportion (Fig. 4.2C-i lower image half). Occasionally, also 
garnet surrounded by kelyphitic rims or coarse spinel grains (Fig. 4.2E-i) forms 
porphyroclasts. As both pyroxenes are present as (porphyro)clasts in tectonites and 
mylonites, their microstructures were analyzed from 29 to 703 m distance to the NW-B. 
In mylonitic samples, both pyroxenes show the formation of neoblast tails (Fig. 4.2A-E). 
Common characteristics of pyroxene neoblast tails are a mixed phase assemblage of both 
pyroxenes, olivine, amphibole, and spinel. The affiliation of neoblast tails to the parent 
porphyroclasts is given by the contrast in phase composition and neoblast grain shape 
between tail and surrounding matrix as well as by neoblast indentations into the parent 
porphyroclast (Figs. 4.7, 4.8). 

4.5.1.2.1 Orthopyroxene porphyroclasts 

Orthopyroxene clasts (tectonites) and porphyroclasts (mylonites) are present in all 
samples. Their shape is variable (Fig. 4.2). However, towards the NW-B highly elongated 
porphyroclasts (aspect ratios > 1:10) become more abundant. Neoblast formation around 
opx porphyroclasts is present in all mylonitic samples. Common characteristics of 
neoblasts are low internal deformation, equiaxial grain shape and often irregular 
boundaries (Fig. 4.8). At the tectonite-mylonite transition, the formation of neoblasts is 
weaker and rather arranged in diffuse patches around the porphyroclasts (Fig. 4.8B-i). 
Here, the mixed neoblasts assemblages are present at the parent clast grain boundary and 
extend along grain boundaries into the surrounding coarse-grained olivines (Fig. 4.8B-i). 
With decreasing distance to the NW-B, opx porphyroclast neoblast assemblages become 
more abundant and form tails within the foliation (Fig. 4.8A-i). The mineralogical 
assemblage of these tails consists of orthopyroxene (av. 41 %, range 16-66), olivine 
(av. 34 %, range 14-67), clinopyroxene (av. 20 %, range 1-48), amphibole (av. 3 %, range 
1-7) and spinel (av. 2 %, range 1-6) (Fig. 4.3N). Spinel and especially amphibole form 
mostly interstitial grains. There are no clear trends in the phase assemblage related to the 
distance to the NW-B (Fig. 4.3N). Amphibole and spinel are constantly present as 
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secondary phases with standard deviations of ±2 % (amph) and ±1 % (spl) (Fig. 4.3N). 
For olivine and both pyroxenes, phase abundances in opx neoblast tails can vary in a 
single thin section in the same magnitude as over the entire shear zone transect. Average 
grain sizes are 69 µm for opx (range 41-120) and reconstructed ol (range 53-99), 66 µm 
for cpx (range 34-115), 37 µm for amphibole (range 21-67) and 36 µm for spinel (range 
20-56) (Fig. 4.3). Apart from one excursion at around 250 m distance to the NW-B, the 
grain sizes are largely constant throughout the entire transect (Fig. 4.3). For a given opx 
tail, grains of both pyroxenes and reconstructed olivine are mostly similar sized (± 10 
µm). Amphibole and spinel have similar, small grain sizes with ECDs in general half the 
size of pyroxene neoblasts. Average aspect ratios are with 1.8 for opx, 1.9 for olivine, 1.8 
for cpx, 1.8 for amphibole and 1.9 in general lower than in matrix domains (S4.2). In 
contrast to the excursion of the grain sizes, aspect ratios remain constant in all mylonitic 
samples. In the tectonite, the average aspect ratios are higher (S4.2). Phase boundaries 
clearly dominate (77 ±4 %) over grain boundaries (Fig. 4.3Q). Apart from one outlier, 
these high phase boundary percentages are present over the entire shear zone (Fig. 4.3Q). 
Although opx is mostly the predominant phase, olivine forms, on average, most of the 
phase boundaries (S4.2). Olivine neoblast CPOs are the weakest for all microstructural 
domains (av. max mrd 9, av. M=0.14). Dominant is the AG-type CPO with girdle 
distributions of [100] and [001] in the foliation plane (n=11; Fig. 4.4). Transitions to A- or 
B-type CPOs are formed by point maxima in these girdles (Fig. 4.8A-ii). Two clear 
A- and B-type CPOs are present for olivine neoblasts in opx tails (Fig. 4.4). 
Orthopyroxene neoblasts have the strongest opx CPOs of all microstructural domains (av. 
max mrd 12, av. M=0.07). For almost all orthopyroxene porphyroclast-neoblast 
assemblages, opx neoblast CPOs are strongly dependent on the parent clast orientation 
(e.g., Fig. 4.8A/B-iii). This porphyroclast dependence is present in both strong and weak 
CPOs of orthopyroxene neoblasts. The common orthopyroxene CPO is [001] parallel to 
the lineation. The [100] and [010] maxima do not show such a clear trend. Clino- and 
orthopyroxene CPOs are always for [001] and predominantly for [100] and [001] parallel 
to each other (e.g., Fig. 4.8B-iii/iv). With an average maximum mrd of 19 and an average 
M-index of 0.19 cpx neoblasts in opx porphyroclast tails form the strongest clinopyroxene 
CPOs of all microstructural domains. For all orthopyroxene tails, amphibole CPOs are 
related to the orthopyroxene neoblast CPOs and thereby also parallel to the parent clast 
orientation (e.g., Fig. 4.8A/B-v). 
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Fig. 4.8. Example microstructures of orthopyroxene porphyroclasts with neoblasts in 
177 m (A-i) and 429 m (B-i) distance to the NW-B. A: Neoblast tail of opx and subordinate 
cpx porphyroclast assemblage. Annotated are neoblast indentations in parent 
porphyroclasts (*1), interstitial amph and spl (*2) and equigranular grain shape (*3). Note 
the difference in phase composition and abundances, grain size and shape between 
neoblast tail and surrounding mixed matrix. CPOs of all present phases are given in A ii-v 
with white dots in A-iii indicating the parent clast orientation. B: Orthopyroxene 
porphyroclast with neoblast indentations (*1) and fine-grained mixed neoblast 
assemblages at its boundary (*2). Note the presence of fine-grained mixed neoblast along 
grain boundaries of the surrounding coarse olivine. CPOs of all present phases are given 
in B ii-v with white dots in B-iii indicating the parent clast orientation. High resolution, 
digital version is included on the CD.  
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4.5.1.2.2 Clinopyroxene porphyroclasts 

In the tectonite, isolated clasts of clinopyroxene are less frequent than those of 
orthopyroxene (Fig. 4.2F). Here, beside the small, interstitial cpx grains mentioned in the 
mixed matrix section, coarser clinopyroxene grains are predominantly present in 
pyroxenite layers consisting of intergrown pyroxenes, spinel, and olivine (Fig. 4.9B-i). 
Phase boundaries in these are irregular, whereas grain boundaries tend to be straight and 
angular (Fig. 4.9B-I *1). A differentiation between parent clast and neoblasts is not 
possible. In mylonitic samples, clinopyroxene porphyroclasts, either present isolated (Fig. 
4.2B-ii) or in deformed assemblages of the above-described layers (Fig. 4.2D-ii), form 
tails of neoblasts, which are sweeping into the foliation. Compared to opx neoblast tails, 
those of clinopyroxene porphyroclasts are more pronounced both in frequency and in tail 
length (Fig. 4.2). Additionally, and in contrast to opx neoblast tails, neoblast tails of cpx 
porphyroclast are also present in mylonitic samples close to the tectonite-mylonite 
transition (Fig. 4.2E-ii). Neoblast tails of cpx porphyroclasts consist of 48 % 
clinopyroxene (range 22-88), 27 % olivine (range 7-56), 19 % orthopyroxene 
(range 4-40), 3 % amphibole (range 0-9) and 2 % spinel (range 1-10). For the major 
components (cpx, opx, ol) no change in phase abundances is present over the transect 
(Fig. 4.3O). For the minor phases of amphibole and spinel it seems that in distal parts of 
the mylonites and in tectonites spinel is the prevailing secondary phase, whereas closer 
to the NW-B amphibole is more abundant (Fig. 4.3O). In most microstructures, spinel 
and amphibole occur separated from each other. Average grain sizes are 88 µm for cpx 
(range 53-177), 83 µm for reconstructed olivine (range 57-137), 70 µm for opx (range 
40-116), 38 µm for amphibole (range 20-63) and 44 µm for spinel (range 23-112). The 
distribution of grain sizes is divided into coarse areas of primary phases (pyroxenes and 
olivine) and fine-grained areas of thoroughly mixed secondary (amphibole or spinel) and 
primary phases (Fig. 4.9A-I *3). Primary phase grain sizes are relatively constant over 
the first 300 m distance to the NW-B (Fig. 4.3). In the distal mylonitic part and in the 
tectonitic regime, their grain size increases. Amphibole and spinel average grain sizes are 
about half of the size of primary phases (Fig. 4.3). Their grain sizes tend to be constant 
over the entire transect. For both primary and secondary phases a slight excursion towards 
bigger grain sizes around ~280 m distance to the NW-B is present. Average aspect ratios 
are with 1.8 for cpx, 2.0 for olivine, 1.9 for opx, 1.9 for amphibole and 1.9 in general 
lower than in matrix domains (S4.2). In contrast to the grain size, aspect ratios are more 
constant over the entire transect (S4.2). Phase boundaries form on average 72 % (±10 %) 
of the total boundary length (Fig. 4.2I). This distribution is in general constant over the 
entire transect, independent of mylonitic or tectonitic unit. Amphibole is mostly affiliated 
to clinopyroxene (S4.2). 
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Olivine neoblasts CPOs in tails of clinopyroxene porphyroclasts are variable. Beside the 
most present A- and B-type (each n=4) transitions to the AG- type with point maxima in 
[100] and [010] girdles, pure AG-types and one clear E-type are present (Fig. 4.4). Their 
strength is moderate to strong (av. max mrd 12, av. M=0.15). Clinopyroxene neoblast 
CPOs are weak (av. max mrd 15, av. M=0.07). In most cases, the parent clinopyroxene 
porphyroclasts have an imprint on the neoblast orientation (e.g., Fig. 4.9A-iv). However, 
compared to orthopyroxene, clinopyroxene maxima are often less pronounced and 
blurred and therefore more variable from their parent clast orientation. The [001] axes are 
largely parallel to the lineation. Occasionally (n=2), [100] maxima are oriented parallel 
to the lineation. If present, orthopyroxene neoblasts are parallel to clinopyroxenes with 
their [001] and show occasionally 90° rotations for [100] and [010]. Amphibole neoblasts 
are mostly oriented parallel to the pyroxenes (e.g., Fig. 4.9A-v). 
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Fig. 4.9. Example 
microstructures of 
clinopyroxene porphyro-
clast with neoblast tail in 
290 m (A-i) and cpx-
dominated pyroxenite 
layer at 703 m (B-i) 
distance to the NW-B. 
A: Clinopyroxene 
porphyroclast neoblast 
tail embedded in the 
mixed matrix with 
amphibole/ol indent-
ations (*1) and 
interstitial amph (*2). 
Within the tail a band of 
fine grained neoblasts 
(*3) is present. CPOs of 
all phases are given in 
A ii-v. B: Pyroxenite 
layer with straight grain 
(*1) and lobate/irregular 
phase boundaries (*2) 
and interstitial amph and 
spl (*3). Pole figures of 
ol (B-ii), opx (B-iii) and 
cpx (B-iv) orientations 
are given. The cpx 
orientation map (B-v; 
colour key in B-vi) shows 
grain-internal deform-
ation and subgrain 
boundaries (*1). High 
resolution, digital 
version is included on the 
CD. 
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4.5.1.3 Clinopyroxene-amphibole veins 

In three samples, veins consisting of fine grained (ECD < 10 µm) cpx and amphibole 
were analyzed. These veins crosscut porphyroclasts, tails and the mixed matrix with an 
orientation of ~45° to the foliation (Fig. 4.10). In olivine-rich domains no such veins were 
found. The veins are best visible when crosscutting cpx porphyroclasts or pyroxenite 
layers (Fig. 4.10). Crosscutting previous structures oblique to the foliation, these veins 
are attributed to the late evolution of the Ronda peridotite. Because of the focus of this 
research on the mylonite formation a detailed microstructural investigation was omitted. 
However, a short revision is given in the geochemistry and the discussion chapters. 

 

Fig. 4.10. A: Clinopyroxene amphibole vein crosscutting the mixed matrix and a 
clinopyroxene porphyroclast. Note the ~45° angle between foliation and vein orientation. 
B: Close-up view of vein showing zoning in cpx-rich rim and amph-rich center. High 
resolution, digital version is included on the CD. 

4.5.2 Mineral chemistry 

The major-element compositions of both pyroxenes (opx and cpx), olivine, amphibole 
and spinel were determined from three samples with different distances to the NW-B (96 
m, 177 m, 290 m). Apart from the olivine-rich matrix, all microstructural domains 
(cpx/opx neoblast tails, mixed matrix) were analyzed for each sample, if present. Neoblast 
tail measurements include the analysis of the parent pyroxene porphyroclast. There is a 
general trend for all analyzed phases of decreasing Mg# with increasing distance to the 
NW-B (Figs. 4.11, 4.12). Coupled to the decrease in Mg# are in most cases an increase 
in TiO2 and a decrease in Cr2O3 (Figs. 4.11, 4.12). In the following, deviations from this 
trend and phase specific geochemical variations are presented. Detection limits (S4.1), 
the complete microprobe data (S4.3) and additional graphs (S4.4) are attached as 
supplementary data. 
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Fig. 4.11. EPMA data of ortho- and clinopyroxene porphyroclasts and of neoblasts situated 
at 96 m, 177 m, and 290 m to the NW-B. Neoblasts were analyzed in cpx/opx porphyroclast 
tails and in the mixed matrix. A/B: Mg# against the distance to the NW-B. C/D: TiO2 
against Mg#. Pyroxenes of clinopyroxene-amphibole vein (Fig. 4.10) are indicated. E/F: 
Cr2O3 against Mg#. High resolution, digital version is included on the CD. 

4.5.2.1 Orthopyroxene 

All analyzed orthopyroxenes have with Mg#s (molar Mg/(Mg+Fe)) exceeding 0.89 
enstatitic compositions (Fig. 4.11). In general, neoblasts of tails and in the mixed matrix 
have lower Cr2O3, Al2O3 and TiO2 abundances than opx porphyroclasts of the same 
sample (Fig. 4.11). The decrease in Mg# with increasing distance to the NW-B is most 
prominent in opx porphyroclasts but also present for all neoblasts. The complete range of 
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this trend is from Mg# 0.89 at 290 m distance to Mg# 0.91 at 90 m distance to the NW-B. 
The Mg# decrease (increase in FeO) is coupled with an increase of TiO2 and a slight 
decrease of Cr2O3 (Fig. 4.11C/E). 

4.5.2.2 Clinopyroxene 

All analyzed clinopyroxenes have a diopsitic composition. For each analyzed sample, 
clinopyroxene porphyroclasts have in general lower Mg#s and higher Al2O3 abundances 
than associated neoblasts. For Na2O, CaO, Cr2O3 and TiO2, systematic differences 
between neoblasts and porphyroclasts of a given sample are not present (Figs. 4.11, S4.4). 
However, the neoblasts have a bigger scatter in their composition of these oxides. For 
clinopyroxene, the decrease in Mg# is with a range from Mg# 0.89 (290 m) to Mg# 0.93 
(90 m distance to the NW-B) more pronounced than for orthopyroxene (Fig. 4.11). Like 
orthopyroxene, the decrease in Mg# is coupled to a decrease in Cr2O3 and an increase in 
TiO2 (Fig. 4.11D/F). Additionally, Na2O increases and CaO decreases with decreasing 
Mg#. Clinopyroxene neoblasts from a crosscutting amphibole-pyroxenitic vein deviate 
significantly from all other analysis by markedly lower Al2O3 and Na2O abundances and 
increased CaO (Figs. 4.11, S4.3). 

4.5.2.3 Olivine 

All analyzed olivines have a forsteritic composition. Olivine neoblasts follow the trend 
of decreasing Mg# with increasing distance to the NW-B independent from the 
microstructural domain (Fig. 4.12A). However, at 290 m distance to the NW-B one group 
of olivine mixed matrix neoblasts tends to higher Mg#s (Fig. 4.12A). Yet, with lower 
Mg#s only present in distal samples, the decrease of the Mg# seems to strictly depend on 
the distance to the NW-B. CaO and NiO abundances do not vary (Figs. 4.12D, S4.4). 
Most of the Cr2O3 and all TiO2 measurements lie beneath the detection limit and are 
therefore excluded from further analysis (S4.4). 

4.5.2.4 Amphibole 

All amphiboles are Ti-Cr-rich pargasites with in general variable abundances of K2O 
(range 0-0.78 wt.%), Cr2O3 (range 0.19-1.7 wt.%) and TiO2 (range 0.66-3.76 wt.%) 
(Figs. 4.12, S4.4). Apart from one measurement carried out on a sample situated at 90 m 
distance to the NW-B, all amphiboles follow the trend of decreasing Mg# with increasing 
distance to the NW-B (Fig. 4.12B). Like both pyroxenes, Cr2O3 abundances decrease and 
TiO2 abundances increase with increasing Mg# (Fig. 4.12E/G). For TiO2, four 
measurements show deviations from this trend by lower abundances. There are no 
systematic differences between amphiboles associated to ortho-, clinopyroxene tails or 
the mixed matrix. Na2O and CaO abundances are except for four measurements constant 
for all samples and all microstructural domains (S4.4). 
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4.5.2.5 Spinel 

Most spinels follow the trend of decreasing Mg# and increasing TiO2 with increasing 
distance to the NW-B (Fig. 4.12C). However, coarse grained spinels (ECD ~1 mm) 
associated with pyroxenes in kelyphitic intergrow at 290 m distance to the NW-B show 
Mg#s shifted to higher values (Fig. 4.12C). Additionally, spinels associated to cpx 
neoblast tails have in each sample the highest Mg# (Fig. 4.12C). High Mg#s in these 
spinels are related to low TiO2 and Cr2O3 values (Fig. 4.12F/H). In contrast to amphibole 
and both pyroxenes, Cr2O3 abundances increase with increasing distance to the NW-B 
(Fig. 4.12H). 
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Fig. 4.12. EPMA data plots of olivine, amphibole, and spinel neoblasts of cpx/opx 
porphyroclast tails and the mixed matrix at 96 m, 177 m, and 290 m distance to the NW-B. 
A/B/C: Mg# in dependence of the distance to the NW-B. D: Mg# against NiO wt.% for 
olivine neoblasts. E/F: Mg# against TiO2 for amph and spl neoblasts. G/H: Mg# against 
Cr2O3 for amph and spl neoblasts. High resolution, digital version is included on the CD. 
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4.6 Discussion 

4.6.1 Formation of the microstructural domains – Metasomatism by 
OH-bearing, evolved melt 

4.6.1.1 Genesis of the mixed matrix 

As the dominant microstructure of all analyzed samples, from 29 to 700 m distance to the 
NW-B, the mixed matrix is of particular importance for understanding the formation and 
evolution of the entire shear zone. Its constant microstructural characteristics are (1) a 
phase assemblage of interstitial secondary grains (opx, spl ± cpx) distributed in between 
coarse-grained pyroxenes and olivine, (2) high mixing intensities formed by the dispersed 
distribution of secondary phases and (3) highly lobate phase boundaries and irregular 
grain shapes. All three characteristics indicate a formation by reactions (e.g. Dijkstra et 
al., 2002; Hidas et al., 2016; Newman et al., 1999; Tholen et al., 2022). Potential driving 
forces of such reactions in the upper mantle are metamorphism and/or metasomatism by 
melt- or fluid-rock interactions.  

In other upper mantle shear zones, metamorphic reactions were coupled to the garnet 
peridotite–spinel peridotite, and at shallower depth, spinel peridotite–plagioclase 
peridotite transitions which triggered continuous net transfer reactions (e.g. Furusho & 
Kanagawa, 1999; Newman et al., 1999; Tholen et al., 2022). As phase mixing in the 
Ronda shear zone is not bound to a specific phase association (grt/spl-bearing), and no 
plagioclase is present, it is unlikely that metamorphic reactions were the dominant driving 
force for the neoblast formation in the matrix and in pyroxene tails.  

As formerly elaborated by Hidas et al. (2016) in their study on ultramylonitic shear zones 
in Ronda’s SSE plagioclase peridotites (location in Fig. 4.1), syn-kinematic net-transfer, 
dissolution-precipitation reactions and neoblast crystallization can also be catalyzed by 
fluids. In this regard, syn-kinematic amphibole precipitation and fluid channeling were 
also postulated forming mixed phase assemblages and ultramylonites in the center of 
deformation of the Lanzo shear zone (Vieira Duarte et al., 2020). For a peridotitic 
composition at shallower upper mantle conditions, Hidas et al. (2016) assume the 
formation of 1.0–1.4 wt.% amphibole when fluid saturation is reached. However, despite 
all reported microstructural similarities (high mixing intensity, irregular phase 
boundaries, interstitial or film-like shapes of orthopyroxenes), there are distinct 
differences between the NW Ronda shear zone and those mentioned above making a 
fluid-driven metasomatism unlikely. Firstly, in contrast to the well dispersed amphibole 
in the matrix reported by Hidas et al. (2016) (~1.6%) and Vieira Duarte et al. (2020) 
(≤ 30 vol%), amphibole in NW Ronda is mostly limited to pyroxene neoblast tails 
(av. 3%). In the mixed matrix, amphibole is on average 1%, again mostly associated with 
coarser grained pyroxenes, especially cpx. The second difference is the lack of 
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amphibole-bearing ultramylonites and no localization of deformation coinciding with 
amphibole-rich assemblages (see section 5.3).  

Microstructural features such as interstitial grains with low dihedral angles, neoblast 
indentations in coarse-grained orthopyroxene and highly irregular phase boundaries are 
furthermore considered as evidence for melt-rock reactions and secondary crystallization 
from percolating melts (Dijkstra et al., 2002; Stuart et al., 2018; Suhr, 1993). In this 
regard, the commonly found irregular, highly lobate boundaries between olivine and 
orthopyroxene suggest a reaction already evoked by Dijkstra et al. (2002) for melt assisted 
shearing in the Othris peridotite: 

 

Orthopyroxene + low-Si melt ↔ Olivine + high-Si melt (← high stress, → low stress) 

(reaction 4.I, Dijkstra et al., 2002) 

 

Assuming a formation by percolating melt, the questions arise of its extent and 
composition. Melt percolation was reported to form lherzolite, plagioclase-bearing 
peridotite and grt-peridotite replacing harzburgite and dunite in a process called 
“refertilization” (Beyer et al., 2006; Hu et al., 2020; Müntener & Piccardo, 2003; Le Roux 
et al., 2007). This process was also ascribed to form cpx-enriched tectonites in the 
refertilization front a few hundred meters ahead of the melting front between Ronda’s 
coarse grained peridotites and the tectonite unit (Lenoir et al., 2001). The melt origin is 
ascribed to partial melting (2.5-6.5 % extraction) of the coarse grained peridotites at 
conditions close to the anhydrous peridotite solidus (T ≥ 1200°C) at 1.5 GPa (Lenoir et 
al., 2001). In their model, melting was triggered by a rapid, transient heating event (Lenoir 
et al., 2001). Going further, Soustelle et al. (2009) postulated, that Si-rich melts fertilized 
the spl-tectonites of the NW Ronda shear zone up to 1.5 km ahead of the melting front. 
According to these authors, early melt pulses lead to pyroxene and spinel crystallization 
as irregularly shaped grains, whereas late stage, second-order percolation of evolved melt 
caused the crystallization of interstitial, undeformed pyroxenes, and spinel with a strongly 
enriched LREE composition. In contrast to the data of Soustelle et al. (2009), which 
leaves the mylonitic shear zone melt-unaffected, we present microstructural evidence of 
melt presence up to the NW boundary of the Ronda massif. However, a change in the 
modal composition of refertilized lherzolites by neocrystallized pyroxenes, as commonly 
described for refertilization (e.g., Le Roux et al., 2007), is not documented in both cases. 
Moreover, syn-kinematic conditions of 800–900 °C and 1.95–2.00 GPa, postulated by 
Garrido et al. (2011) for the mylonites, refute a large scale, syn-kinematic percolation of 
refertilizing, basaltic melt, which should reset the temperature. 
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Similar microstructural evidence for syn-kinematic reactive melt percolation and 
melt-rock reactions such as irregular grain shape, lobate boundaries and high mixing 
intensity, have been reported for grt/spl-mylonites of the Beni Bousera peridotite, which 
forms the Moroccan counterpart of the Ronda massif on the southern limb of the Gibraltar 
arc (Fig. 4.1; Frets et al., 2014). Syn-kinematic conditions of 850-950° C and ~2.0 GPa, 
matching those obtained in NW Ronda, led to the assumption of a metasomatism by small 
fractions of fluids or evolved melts, which did not reset the equilibrium temperatures 
(Frets et al., 2012, 2014). Amphibole presence in pyroxene neoblast tails (see section 
5.1.2), ubiquitous evidence of reaction-derived microstructures and pyroxene 
crystallization and syn-kinematic PT conditions of 800–900 °C and 1.95–2.00 GPa point 
to a similar OH-bearing metasomatism by highly evolved melt in the NW Ronda shear 
zone. The geochemical imprint of this metasomatism is characterized by an increase in 
FeO (= decreasing Mg#) and TiO2 for olivine, pyroxenes, spinel, and amphibole in all 
microstructural domains towards the melting front/with increasing distance to the NW-B 
respectively (Fig. 4.13). Interestingly, SE tectonites (data from Soustelle et al., 2009) and 
mylonites follow the same trend of decreasing Mg# with increasing distance to the NW-B 
(Fig. 4.13). However, an offset is present between SE tectonites analyzed by Soustelle et 
al. (2009) which decrease from higher Mg# (~0.92) than the mylonites and NW tectonites 
(~0.89) analyzed here and by Soustelle et al. (2009) (Fig. 4.13). This possibility of 
multiphase melt pulses and overprinting of the mylonites by the NW tectonites is only 
indicated by the present sample set, but the evidence in support is not conclusive. 
However, for the mixed matrix of all mylonitic and NW tectonitic samples analyzed, a 
pervasive metasomatism is suggested by interstitial spinel and pyroxene neoblasts, high 
mixing intensities, highly lobate phase boundaries and irregular grain shape. The low 
abundance of interstitial pyroxenes in ol-rich matrix suggests that these represent areas 
little to unaffected by this metasomatism. The presence of amphibole and the geochemical 
data, although limited to three samples, suggest metasomatism by OH-bearing evolved 
melt. 
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Fig. 4.13. Mg# data of spinel 
tectonites (Soustelle et al., 
2009) and spl/grt mylonites 
(this study) vs. distance to the 
NW-B. The cardinal 
directions are added by white 
font on black background. 
Hatched area: geochemical 
signature of melt in 
tectonites; Crosshatched 
area: geochemical signature 
of melt in mylonites. Mg# of 
opx (A), cpx (B), olivine (C) 
and spl (D) plotted against 
the distance to the NW-B. 
Location of the studied area 
by Soustelle et al. (2009) is 
indicated in Fig. 4.1. Arrows 
indicate geochemical trend 
of increasing Mg# towards 
the NW-B. High resolution, 
digital version is included on 
the CD. 
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4.6.1.2 On the origin of the pyroxene porphyroclasts and the formation of 
their neoblast tails 

Pyroxene porphyroclasts are present in the entire transect. Especially in the tectonite, cpx 
porphyroclasts are often associated with pyroxenitic layers, which show a coarse-grained 
intergrowth of both pyroxenes, olivine, and spinel. Beside their formation by partial 
crystallization from percolating melts, Garrido and Bodinier (1999) interpreted these 
websteritic layers to have formed at the expense of garnet-bearing pyroxenites by melt-
rock reactions. The kelyphitic structures in pyroxenite layers of mylonites, also described 
by Van Der Wal and Vissers (1996), corroborate that these assemblages represent at least 
partially garnet breakdown products. This replacement of garnet-bearing by websteritic 
assemblages, which was so far associated with the melting/recrystallization front (Garrido 
and Bodinier, 1999) is present in our samples up to the tectonite-mylonite transition. 
Straight grain boundaries with 90° angles within the tectonitic pyroxenites suggest that 
these were partly annealed after having replaced garnet-bearing assemblages.  

Boudinage of the pyroxenite layers led to pinch-and-swell structures, which are present 
already in the SE part of the mylonite zone and described in detail by Précigout et al. 
(2013). The pyroxene porphyroclast-rich areas and spinel/garnet clusters are interpreted 
to be the remnants of these pyroxenites. In the same samples (SE mylonites), cpx 
porphyroclasts form neoblast tails and opx porphyroclasts are bordered by fine-grained 
patches of neoblasts. From there on, neoblast tails of both pyroxenes form essential 
microstructural domains in the mylonites. Their characteristics are (1) a polyphase 
assemblage of cpx, opx, ol, spl and amph with (2) high mixing intensities (av. phase 
boundary percentages 77 % opx tails, 72 % cpx tails), (3) highly irregular phase 
boundaries of porphyroclasts and neoblasts and (4) indentations of all neoblast phases 
into the porphyroclast (Figs. 4.3, 4.8, 4.9). Again, all microstructural characteristics point 
to a formation by metasomatic reactions. These characteristics remain constant 
throughout the entire transect suggesting all neoblast tails were formed by the same 
process from both pyroxene porphyroclasts in all analyzed samples (mylonites/ tectonite).  

Amphibole presence and its reaction fabrics suggest, similar to the observations made in 
the mixed matrix, an OH-bearing metasomatism. Its indentations into the porphyroclasts 
underline its part of the primary neoblast assemblage. Pargasitic amphibole is stable up 
to ~3.8 GPa at 1000 °C with its stability strongly depending on the amount of bulk H2O 
(Mandler and Grove, 2016). Pargasite-bearing peridotites have been found in peridotite 
shear zones at similar, syn-kinematic PT conditions to those present in NW Ronda 
(Garrido et al., 2011; Johanesen et al., 2014: 1.95-2/ 1.5 GPa, 800-900 °C; Hidas et al., 
2016; Tholen et al., 2022). The common association of pyroxenes, olivine and amphibole, 
indentations of amphibole into pyroxene porphyroclasts, also reported by Van der Wal 
(1993), and the observation that spinel is less abundant in areas with amphibole and vice 
versa suggest a reaction of pyroxenes, spinel, and amphibole. The replacement of 
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clinopyroxene and spinel by amphibole in peridotites is commonly attributed to 
metasomatic reactions (e.g., Blatter and Carmichael, 1998; Bonadiman et al., 2014; 
Ishimaru et al., 2007). Hydrous melts were observed forming amphibole at the expense 
of primary orthopyroxene, olivine and clinopyroxene (Rapp et al., 1999; Sen and Dunn, 
1995). In their study of xenoliths from Antarctica, Coltorti et al. (2004) suggested a 
melt-assisted reaction with formation of amphibole at the expense of clinopyroxene and 
spinel shortly (a few thousand years) before their uplift. Their model implies a two-stage 
melt-rock evolution with an initial crystallization of pyroxenes, olivine and spinel 
succeeded by the secondary crystallization of amphibole. However, the composition of 
associated glass suggests that the metasomizing agent was a Na-alkali silicate melt. For 
Ronda, the limited geochemical data (3 samples) suggests a Fe-Ti-enriched, OH-bearing 
melt by constant Na2O abundances for clinopyroxene clasts and neoblasts and Ti/Fe 
enrichment for pyroxenes. According to the experimental results of Wang et al. (2021), 
the composition of the crystallizing amphibole depends on the tectonic setting in addition 
to the metasomatic melt and peridotite composition. Relatively low Mg# and high Na2O 
and TiO2 abundances of the analyzed amphibole suggest a supra-subduction zone 
metasomatism (Coltorti et al., 2007). Higher OH abundances in pyroxene neoblast tails 
are additionally indicated by olivine B-type CPOs, which is often associated with 
increased concentrations of H/Si (Jung et al., 2006; Jung and Karato, 2001; Mizukami et 
al., 2004). As no chemical difference is present between neoblast tails and mixed matrix, 
both microstructural domains are thought to have formed by OH-bearing metasomatism, 
most likely in the form of a hydrous, evolved melt. 

4.6.2 Deformation in the NW Ronda shear zone 

4.6.2.1 Differentiation between tectonites and mylonites by 
deformation-induced microstructures 

Although the composition and the microstructures suggest a consistent metasomatic 
formation of the entire analyzed Ronda shear zone, differences in grain shape and, to a 
lesser extent, in the grain size between the mylonitic and the tectonitic mixed matrix 
suggest different deformation conditions and mechanisms of both units. The tectonitic 
mixed matrix is characterized by small, equiaxial, interstitial grains of both pyroxenes 
and spinel between coarse pyroxenes and olivine. Neoblast formation in both the 
tectonitic mixed matrix and around orthopyroxene porphyroclasts at the 
tectonite-mylonite transition show weak dependence on the foliation. Additionally, 
tectonitic mixed matrix orthopyroxene neoblasts have a CPO with [001] subperpendicular 
to the foliation, which is atypical for a deformation-induced CPO (e.g., Jung, 2017) and 
in most cases strongly connected to the parent clast CPO. Distributed neoblast 
precipitation, equiaxial neoblast grain shapes and irregular CPO indicate in general 
weaker deformation and/or a certain degree of post-kinematic annealing in tectonites and 
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SE mylonites. Nevertheless, strong CPO (A-type CPO, M= 0.2) and lobate grain 
boundaries indicate deformation of olivine by dislocation creep.  

On the other hand, microstructures of the mylonites indicate stronger deformation by 
(1) film-like pyroxenes orientated along grain boundaries subparallel to the foliation and 
(2) the increasing abundance of pyroxene neoblast tails elongated in the lineation. Similar 
film-like microstructures were observed in peridotite mylonites from the Othris shear 
zone (Dijkstra et al., 2002) and in ultramylonites from the plagioclase-tectonite unit in 
Ronda (Hidas et al., 2016). For Othris, this microstructure has been associated with the 
dependence of reaction 4.I on local stress variations (Dijkstra et al., 2002). The “low 
stress”, ol crystallizing variant of reaction 4.I forms highly irregular ol-opx phase 
boundaries and ol indentations subperpendicular to the foliation. Wedge-shaped pyroxene 
neoblasts along grain boundaries subparallel to the foliation were interpreted as “high 
stress” precipitates of reaction 4.I. In NW Ronda, both “low” and “high stress” fabrics 
are present by film/wedge-shaped pyroxenes in the mixed matrix and at porphyroclast 
boundaries adjacent to neoblast tails. For fluid-assisted dissolution-precipitation reactions 
in ultramylonites of Ronda, Hidas et al. (2016) inferred that the fluid composition can be 
locally controlled by the surrounding minerals, allowing alternating dissolution and 
precipitation of olivine and orthopyroxene.  

Regardless of the type of metasomatic agent, the comparison to the microstructures of 
Othris and Ronda, in particular the highly lobate phase boundaries and the wedge shaped 
pyroxenes along the foliation, strongly point to the activity of incongruent, syn-kinematic 
dissolution-precipitation processes in the mylonitic unit (Hirth & Kohlstedt, 1995). 
Syn-kinematic diffusion with a stronger effect on smaller grains is additionally indicated 
by the tendency of mixed matrix pyroxene neoblasts to lower TiO2 and Cr2O3 abundances 
(Cherniak & Liang, 2012). In addition to grain size sensitive dissolution-precipitation 
creep, CPOs of olivine and both pyroxenes, increased dislocation densities in neoblasts 
of the mixed matrix and the elongation of all present grains should result from dislocation 
creep. The localization of dynamic crystallization processes in olivine neoblasts is 
corroborated by the highest average M-indices (0.14-0.20) of each microstructural 
domain, except for cpx in neoblast tails of opx porphyroclasts (M= 0.19), and highest 
neoblast dislocation densities by GND concentration. Dominant slip systems are (010) in 
[100] for olivine (A-type, e.g., Karato et al. 2008) and slip on (100) or on (010) with both 
directed towards [001] for orthopyroxene (Ohuchi et al., 2011; Ross and Nielsen, 1978). 
In the mylonites, the rheological impact of the olivine-rich matrix is considered to be 
rather small since it forms competent lenses in the mixed matrix. In the mixed matrix, 
evidence of both grain size insensitive dislocation creep and grain size sensitive 
dissolution-precipitation creep corroborate the hypothesis of the activity of a dislocation 
creep-accommodated grain size sensitive deformation mechanism formerly proposed by 
Johanesen and Platt (2015) and Précigout et al. (2007). In contrast to dislocation creep 
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accommodated GBS (DisGBS, Hirth and Kohlstedt, 2003) suggested by Précigout et al. 
(2007) and Précigout and Hirth (2014), Johanesen and Platt (2015) favor dislocation creep 
with a grain size sensitivity given by grain boundary migration as dominant recovery 
mechanism (DRX creep, Platt and Behr, 2011). Because microstructural evidence for 
both mechanisms is present (GBS: grain and phase boundary alignments; DRX creep: 
lobate grain boundaries) and DRX creep and DisGBS are dominant under approximately 
the same conditions of grain size and shear stress (Johanesen and Platt, 2015), neither 
mechanism can be excluded by this study. However, microstructures of the NW Ronda 
shear zone indicate the activity of both grain size insensitive dislocation creep and grain 
size sensitive dissolution-precipitation creep. 

4.6.2.2 Timing and effect of metasomatism on deformation 

Our data do not permit a firm conclusion about the timing of metasomatism. The 
dissolution-precipitation creep microstructures which shaped the mylonitic mixed matrix 
indicate, in accordance with the study of Othris mylonites, that melt was syn-kinematic 
(Dijkstra et al., 2002). Consistently, Frets et al. (2014) argued for syn- to late-kinematic 
metasomatism under near-solidus conditions for similar microstructures in the 
corresponding grt/spl-mylonites of the Beni Bousera peridotite. In addition to enhancing 
the rate of dissolution-precipitation creep and lubricating grain boundaries for GBS (Hirth 
& Kohlstedt, 1995), metasomatic melt stimulates grain boundary pinning by crystallized 
secondary pyroxenes which hinders grain-growth and thereby stabilizes grain size 
sensitive deformation mechanisms (Linckens et al., 2011). Almost constant neoblast grain 
sizes in the mylonites indicate a deformation in the melt-affected area at constant stresses. 
However, microstructures of tectonites, which are interpreted to be formed by the same 
metasomatism (see section 5.1) indicate weaker deformation. This could be explained 
either by a pre-kinematic metasomatism or annealing. Evidence for multiphase 
metasomatism of the tectonite unit brought up by Soustelle et al. (2009) is corroborated 
by different trends in Mg# of tectonites and mylonites and the final replacement of 
grt-bearing by websteritic assemblages detected at the tectonite-mylonite transition. Both 
replacement of grt-bearing pyroxenites and shifting geochemical trends could indicate the 
tectonite-mylonite transition being an imprint of a later metasomatic front overprinting 
and annealing mylonitic microstructures under lower stress conditions. As previously 
discussed in section 5.1.1, additional data of the tectonite-mylonite transition is necessary 
to address these potential overprinting, annealing relationships of tectonites on mylonites. 
The controversy of cross-cutting (Van Der Wal and Vissers 1996) versus gradual contact 
(Précigout et al., 2007; Soustelle et al., 2009) between mylonites and tectonites is most 
likely part of this context. 



Melt-enhanced strain localization and phase mixing in a large-scale mantle shear zone  
(Ronda Peridotite, Spain) 154 

4.6.2.3 Strain localization in the northwestern mylonites 

A continuous decrease in grain size towards the NW-B (e.g., Obata, 1980; Précigout et 
al., 2007; Van Der Wal and Vissers, 1996) is not indicated by our data. Neoblast grain 
sizes of all phases and from all microstructural domains stay constant with minor local 
excursions over the entire mylonitic shear zone. This observation of constant grain size 
with regional variations matches the study of Johanesen and Platt (2015) of rather 
constant grain size of recrystallized olivine (~130 µm) based on optically traced grain 
boundaries. Accordingly, the average reconstructed olivine grain size of 103 µm for the 
mixed and 107 µm for the ol-rich matrix lies in the range of average recrystallized olivine 
grain size reported by Johanesen and Platt (2015) and Frets et al. (2014) for the 
grt/spl-mylonite unit of both Ronda and Beni Bousera. For the mylonites, the postulated 
trend of decreasing average grain size with decreasing distance to the NW-B could be 
explained by the increasing amount of neoblasts and the accompanying increase in the 
proportion of mixed matrix and neoblast tails. 

An increase in strain towards the NW-B is signified by the increase of opx porphyroclast 
elongation to finally “retort shape” (Johanesen and Platt, 2015). This strain localization 
is accompanied by the decrease of olivine CPO strength to a minimum of M= 0.09 as 
formerly reported by Précigout and Hirth (2014). Additionally, the proportion of intact 
pyroxene porphyroclasts to reacting porphyroclasts decreases towards the NW-B 
indicating a strain dependence of neoblast tail formation. A positive feedback between 
deformation and neoblast formation rate was formerly reported by De Ronde and Stünitz 
(2007) in their experiments for the transition from plagioclase to spinel in 
olivine+plagioclase aggregates. An enhanced nucleation reaction rate was here explained 
by increasing deformation-induced defects in the reactant and the deformation-induced 
transportation of neoblasts away from the reaction interface, which thereby maintains a 
high chemical potential. For Ronda, a similar mechanism could clear the porphyroclast 
reaction interface of neoblasts and thereby lead to enhanced neoblast formation and tail 
elongation. An increasing amount of neoblasts and the stabilization of their small grain 
size by mixing in turn enhances the share of the grain size sensitive deformation 
mechanism corroborated by the decrease in CPO strength of olivine. Concomitant with 
the increase of neoblast tails, the dominant olivine CPO changes within ~150 m distance 
to the NW-B from an A-type CPO, indicative for low water and intermediate stress 
conditions, to an AG-type or occasionally a B-type CPO, indicative for increased water 
content and high stress (e.g., Jung, 2017). The increased presence of olivine B-type CPOs 
towards the NW-B was formerly interpreted to result from grain boundary sliding (GBS) 
rather from a change in the dominant slip system (Précigout and Hirth, 2014). However, 
over the entire mylonitic area, independent of the distance to the NW-B, olivine CPOs 
from pyroxene neoblast tails are predominantly B- or-AG type (Fig. 4.4). Pyroxene tail 
microstructures, which include, due to the scanning arrangement, areas of or transitions 
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to the surrounding matrix, tend to have AG- or A-type olivine CPOs. On the opposite, a 
stronger B-type is commonly bound to a well-defined neoblast tail without large amounts 
of the surrounding matrix highlighting the relation between CPO-type and microstructural 
location. Accordingly, the girdle distributions of olivine’s [100] and [001] within the 
foliation plane present in the AG-type could result from a mix of A- and B-type CPOs. 
The increased occurrence of amphibole in neoblast tails, especially in association with 
cpx, documents higher OH abundances. This in turn corroborates the association of 
B-type CPO to increased concentrations of H/Si (Jung et al., 2006; Jung and Karato, 2001; 
Mizukami et al., 2004). The correlation of a stronger B-type with increased clinopyroxene 
abundances observed by Précigout and Hirth (2014), which was at odds with the B-type 
solely dependent on the increase of GBS towards the NW-B therefore fits with both 
presented observations: Pronounced presence of amphibole and olivine B-type CPOs in 
pyroxene neoblast tails and the preferred association of amphibole with clinopyroxene. 
Accordingly, the decrease of porphyroclasts and the increase in pyroxene neoblast tails 
towards the NW-B leads to an increase of olivine neoblasts with B-type orientation. 
However, the formation of olivine B-type CPOs by GBS in the mixed matrix close to the 
NW-B (< 100 m), suggested by Précigout and Hirth (2014), cannot be ruled out. Although 
multiphase mixtures crystallized in the metasomatic neoblast tails of pyroxenes, no strain 
localization as reported for pyroxene reaction tails in other peridotite shear zones occurred 
in these microstructural domains (Hidas et al., 2013b; Tholen et al., 2022). The main 
reason for the lack of strain localization might be that all microstructural domains have 
similar amounts of phase boundaries and similar grain sizes. Therefore, no strain 
partitioning between the mixed matrix and the tails associated with a switch to a grain 
size sensitive deformation mechanism was achieved (e.g., Rutter and Brodie, 1988). The 
strong relation between neoblast and parent porphyroclast orientation implies an inherited 
orientation of the parent phase neoblasts. The shared orientation of at least one preferred 
orientation for amphibole and second pyroxene neoblasts with parent phase clast and 
neoblasts suggests topo- or epitactic growth (Putnis et al., 2006). The increase in finite 
strain towards the NW-B documented by porphyroclast elongation and neoblast tail 
formation possibly results from positive feedback between the formation of small, mixed 
neoblasts and its enhancing and stabilizing effect on grain size sensitive deformation 
mechanisms (Johanesen and Platt, 2015). Starting with the syn- to early kinematic 
metasomatic formation of the neoblasts in the mixed matrix and pyroxene porphyroclast 
tails, the localization of the strain might continue under subsolidus conditions by GBS as 
suggested by Précigout and Hirth (2014). 

4.6.3 Late-stage fluid infiltration 

The crosscutting of entire cpx porphyroclasts by amphibole-filled cracks, the replacement 
of cpx exsolution lamellae by amphibole in opx porphyroclasts (Obata, 1980) and the 
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formation of amphibole and clinopyroxene-rich veins oblique to the foliation, indicate a 
late-stage fluid infiltration, which post-dates the melt infiltration and deformation 
processes discussed above. Since these fabrics are largely restricted to mylonites close to 
the NW-B, a fluid infiltration originating from the adjacent metasedimentary Jubrique 
unit seems plausible. Lower Ti abundances for amphibole, clino- and orthopyroxene 
neoblasts and amphibole Mg#s not comparable (<0.86) to those of other microstructural 
domains corroborate an independent formation process. Interestingly, the formation of 
serpentine seems to follow these structures. 

4.6.4 Comparison to other upper mantle shear zones and the significance 
of reactions for localized deformation 

Like most studied upper mantle shear zones, the results presented for the Ronda shear 
zone point to a key-role of reactions in the evolution of upper mantle shear zones (e.g., 
Dijkstra et al., 2004). A comparison between these studies suggests that the impact of 
reactions on the evolution of shear zones depends rather on the timing than on the type of 
reaction: 

Tommasi et al. (2017) have shown that hydrous Si-rich melts significantly affect the 
mechanical strength of the upper mantle and favor a strain localization in the 
melt-effected region. Additionally, melt-rock reactions in low-strain domains of the 
Lanzo shear zone document the presence of melt during initial shearing (Kaczmarek and 
Müntener, 2008). Beside phase mixing by crystallization of pyroxene neoblasts 
interstitially and at the reacting boundaries of coarser olivine in combination with the 
activity of a grain size sensitive creep mechanism (Hirth and Kohlstedt, 2003; Platt and 
Behr, 2011), an additional effect is the reduction of the strength by “wetting” of the phase 
and grain boundaries (e.g., Hirth and Kohlstedt, 1995). As these effects are solely 
dependent on the presence of melt, they also are most likely decisive for early localization 
of strain in the upper mantle. 

For syn-kinematic, high stress conditions during the later stages of the shear zone 
evolution, metasomatic and metamorphic reactions have elsewhere been shown to be 
important for the formation of ultramylonitic neoblast assemblages either in pyroxene 
porphyroclast tails or in ultramylonitic bands: In the shear zones of Othris and Erro 
Tobbio, melt-rock reactions formed ultramylonitic, mixed tails dominated by pyroxene 
and olivine (Dijkstra et al., 2002; Linckens and Tholen, 2021). Metamorphic reactions in 
relation to the phase transitions of garnet, spinel and plagioclase triggered reactions at 
pyroxene porphyroclasts and the formation of ultramylonitic assemblages in shear zones 
of the Uenzaru peridotite complex, the Turon de Técouère peridotite body and the Lanzo 
peridotite massif (Furusho and Kanagawa, 1999; Newman et al., 1999; Tholen et al., 
2022). Fluid-assisted dissolution-precipitation creep and resulting ultramylonites were 
reported from shear zones at the transition of plagioclase to granular peridotite unit in 
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central Ronda (Hidas et al., 2016) and in the Anita Peridotite (Czertowicz et al., 2016). 
Phase mixing with amphibole and/or chlorite in ultramylonitic assemblages was reported 
for Erro-Tobbio (Hoogerduijn Strating et al., 1993; Linckens and Tholen, 2021) and the 
Shaka and Prince Edward transform fault (Kohli and Warren, 2020; Prigent et al., 2020). 
Diffusion creep and GBS as dominant deformation process in these ultramylonitic 
assemblages result in a significant reduction in mechanical strength leading to further 
strain localization in the shear zones if the ultramylonitic areas start to become 
interconnected (e.g., de Ronde et al., 2005). 

Based on the previous research, the observations from NW Ronda can be placed into the 
following hypothesis: Metasomatic and metamorphic reactions result in reaction 
softening of the upper mantle by phase mixing and activation of diffusion-driven and 
grain size sensitive deformation mechanisms, which interacted with dislocation creep. As 
these reactions are localized, they result in strain localization. The degree of strain 
localization seems to depend on the timing of the reaction in the course of the shear zone 
evolution, but not on the nature of the reaction itself. In the case of the NW Ronda shear 
zone, pre- to early syn-kinematic metasomatism formed the mixed matrix and the 
neoblast tails over a km-scale area and thereby shaped the early shear zone. High mixing 
intensities and resulting homogenous grain size in the mylonitic mixed matrix ensured 
that no further strain localization occurred in porphyroclasts reaction tails. Late stage, 
syn-kinematic melt/fluid-assisted and/or metamorphic reactions under high stress 
conditions lead to the formation of mixed ultramylonitic bands, not present in the 
examined NW Ronda shear zone but described for Othris (Dijkstra et al., 2002), 
Erro-Tobbio (Linckens and Tholen, 2021), Uenzaru (Furusho and Kanagawa, 1999), 
Turon de Técouère (Newman et al., 1999) and the coarse granular-peridotite unit of 
central Ronda (Hidas et al., 2016). In these bands, strain is further localized in the dm- to 
cm-scale by diffusion creep as dominant deformation mechanism. 

4.7 Conclusion 
• Metasomatism formed (1) a mixed matrix by crystallization of interstitial 

pyroxenes and (2) pyroxene porphyroclast neoblast tails by melt-rock reactions in 

the entire NW Ronda shear zone. Microstructural evidence comprises highly 

lobate grain boundaries, irregular grain shapes and homogenously dispersed 

interstitial secondary phases resulting in high mixing intensities. Geochemical 

analysis and the presence of amphibole indicate a metasomatism by 

Fe-Ti-enriched, OH-bearing evolved melt, which did not reset the equilibrium 

temperatures. 

• Film/wedge-shaped pyroxenes in the mylonitic mixed matrix point to a pre- to 

syn-kinematic metasomatism. For the tectonite unit, coarser grain size and 
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equiaxial grain shapes suggest pre- to early syn-kinematic melt presence and/or 

annealing, which may be related to multiphase metasomatism. Evidence for the 

tectonite-mylonite transition as the imprint of a metasomatic front are shifted 

geochemical trends (Mg#) and the final replacement of garnet-bearing by 

websteritic assemblages in pyroxenite layers. Due to the limited geochemical data 

and sample density at the tectonite-mylonite transition further analyses are needed 

to define the timing of metasomatism and confirm a potential overprint of 

tectonites on mylonites.  

• CPO data and film/wedge-shaped pyroxenes suggest grain size insensitive 

dislocation creep and grain size sensitive dissolution-precipitation creep as main 

deformation mechanisms. Grain size sensitive deformation is assisted by the 

pinning effect operating in the generally strongly mixed assemblages. 

• Despite of the nearly constant grain size for the entire mylonite unit a strain 

gradient towards the NW is documented by increasing elongation of 

orthopyroxene porphyroclasts. The increase in strain is accompanied by an 

increase of neoblast abundance and a weakening and change of olivine CPO, both 

suggesting enhanced grain size sensitive creep. 

• Cross-cutting amphibole veins indicate a late-stage fluid infiltration. 

• The comparison to other upper mantle shear zones highlights the significance of 

reactions for localized deformation at different scales. Hypothetically, the degree 

of strain localization seems to depend more on the timing of the reaction during 

shear zone evolution than on the type of reaction. Pre- to early syn-kinematic melt 

infiltration localizes deformation in km-scale melt effected area as present in NW 

Ronda. Syn kinematic melt/fluid-assisted and/or metamorphic reactions under 

high stress conditions hypothetically result in the formation of mixed 

ultramylonitic bands (not present in the investigated NW Ronda shear zone). 
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5 Summary and outlook 
With this microstructural and geochemical study of the shear zones cutting through the 

peridotites of Lanzo, Erro-Tobbio and Ronda, we quantified and localized phase mixing 

in diverse upper mantle deformational settings and identified its driving forces. Thereby, 

a comparative framework is established, which emphasizes the importance of reactions 

for shear localization in the upper mantle from initial strain localization via the formation 

of large-scale shear zones to highly localized deformation at late stages of the shear zone 

evolution. As conclusion, the three research areas are comparatively reviewed, which 

leads to the major implications of this project and its scientific outlook. 

Early stages of the Lanzo shear zone evolution are characterized by melt-induced phase 

mixing and a km-scale deformation (Kaczmarek & Müntener, 2008). At this stage, 

mixing is ascribed to melt-rock reactions and interstitial pyroxene crystallization. 

Subsequently, strain was progressively localized towards the deformational center, where 

ultramylonitic bands were formed during the final stages of ductile deformation. The 

ultramylonitic, thoroughly mixed phase assemblages forming those bands have their 

origin at the boundaries of reacting pyroxene porphyroclasts. Here, neoblasts are formed 

at the expense of porphyroclasts by continuous net-transfer reactions triggered by the 

spinel-lherzolite to plagioclase-lherzolite transition. Due to their small grain size 

(equivalent circular diameter - ECD: 10-20 µm), the dominant deformation mechanism 

is expected to have been diffusion creep whose activity localizes the deformation in 

ultramylonitic bands. The mixed phase assemblage counteracts grain growth and 

therefore ensures the maintenance of strain localization in these bands. In the shear zone 

of the Erro-Tobbio peridotite, neoblast tails of clinopyroxene porphyroclasts, with limited 

amount of phase mixing, indicate that initial deformation in the shear zone was 

accommodated by dynamic recrystallization. Accordingly, the deformation was largely 

accommodated by dislocation creep, which is thought to be the dominant deformation 

mechanism of the upper mantle if strain is not localized (Tommasi & Vauchez, 2015). 

Syn-deformational intrusion of melts triggered the next step of strain localization in the 

shear zone’s evolution. By reactions of Si-undersaturated melt with pyroxene 

porphyroclasts, ultramylonitic phase mixtures were formed in their neoblast tails. Weak 

to absent CPOs and a small grain size in the ultramylonitic assemblages suggest diffusion 

creep as dominant deformation mechanism. As the latter works at low differential stress, 

the strain rate will increase resulting in strain localization. The shear zone cutting through 

the peridotite of northwestern Ronda records potentially multiple melt-impulses 
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originating from below a structurally deeper “melting front” within the Ronda peridotite 

complex (Soustelle et al., 2009). Strain localization is thought to be controlled by a 

km-scale melt infiltration of the entire today’s area of deformed peridotites in 

northwestern Ronda. Microstructurally, the OH-bearing melt with locally variant 

Si-compositions led to the crystallization of interstitial pyroxenes and melt-rock 

reactions. Si-undersaturated melt formed thoroughly mixed neoblast tails at the expense 

of pyroxene porphyroclasts. Si-saturated melt formed the mixed matrix by crystallization 

of interstitial pyroxenes on olivine grain boundaries. Melt-enhanced deformation and the 

dominance of a dislocation-creep accommodated but grain size sensitive deformation 

mechanism localized the deformation in the melt-affected area (for an evaluation of the 

potential deformation mechanisms see chapter 4 and Précigout et al., 2007, 2014; 

Johanesen and Platt, 2015).  

When comparing the new data and results obtained from the three research areas, it 

becomes obvious that major phase-mixing during the evolution of upper mantle shear 

zones is decisively dependent on reactions and/or metasomatism. Microstructurally, 

intensive mixed phase assemblages are either present in neoblast tails of reacting 

pyroxene porphyroclasts or as mixed matrix formed by interstitial crystallization from a 

melt or fluid. Phase compositions in neoblast tails are variable, depending on the reaction 

type and the parent porphyroclast. Nevertheless, common microstructural characteristics 

like neoblast indentations into parent clasts, highly lobate porphyroclast and neoblast 

boundaries and the largely absence of subgrains in the porphyroclasts corroborate the 

reaction-induced formation of those tails. As these highly mixed assemblages are already 

present at parent clast grain boundaries, mechanical mixing by grain boundary sliding and 

neighbor switching or dissolution and precipitation in creep cavitations could be excluded 

as formational process. Although the nature of the reactions is variable (metamorphic, 

melt/fluid-controlled), phase mixing intensities in neoblast tails of reacting 

porphyroclasts of all three shear zones are comparably high (av. 65-77 % phase boundary 

percentage). Consequently, for reaction tails of porphyroclasts, the reaction type seems 

to be of minor importance for the formation of phase mixtures and its intensity. In the 

shear zone of the Ronda peridotite, the crystallization of interstitial pyroxenes by a highly 

evolved, OH-bearing melt and its melt-rock reactions with coarse grained olivines led to 

the formation of a mixed matrix with similar mixing intensities (av. 71 %) like in the 

reaction tails of pyroxene porphyroclasts described above. In contrast to the localized 

phase mixing on micro-scale in pyroxene porphyroclast reaction tails and the resultant 



Summary and outlook 169 

ultramylonitic bands, the phase mixing by crystallization and melt-rock reactions is here 

of regional-scale (~ 2 km thickness). For all analyzed shear zones, reaction-induced phase 

mixing, whether by the formation of pyroxene reactions tails or by the precipitation of 

interstitial grains, significantly increases the mixing intensity. In addition to its 

insensitivity to the reaction type, the effective timing of the reaction with respect to the 

shear zone evolution seems to have equally little influence on the mixing intensity: Melt 

precipitates and melt-rock reactions at pyroxene porphyroclasts during large-scale, pre- to 

syn-deformational stages of the Ronda shear zone led to similar phase mixing intensities 

like reactions at pyroxene porphyroclasts during late-stage, highly localized shearing in 

Lanzo’s ultramylonitic bands. Although the mixing intensity seems to be independent on 

the timing of the reactions with respect to the shear zone evolution, this timing seems to 

be decisive for the type and the intensity of the strain localization. Evidence for large-

scale phase mixing (~km) was only observed by melt-driven crystallization of interstitial 

pyroxenes in previously olivine-dominated areas (Ronda, Lanzo). Both enhanced 

deformation by melt-wetted grain boundaries and the reduction of grain size by second 

phase pinning plus the subsequent activation of a grain size sensitive deformation 

mechanism potentially drive the strain localization in the km-scale, melt-effected areas. 

Strong CPOs, a grain size between 50 and 200 µm, and alignments of straight grain 

boundary corroborate that at this particular stage and scale of strain localization, both 

dislocation creep and grain size sensitive creep mechanisms are active. Potential 

prevailing, grain size-sensitive deformation mechanisms are grain boundary sliding 

accompanied by dislocation creep (DisGBS, e.g., Hirth and Kohlstedt (2003)) or 

dislocation creep accommodated grain-boundary migration (DRX creep, e.g., Platt and 

Behr (2011)). As these strain localizing processes are independent from additional 

initiating processes or heterogeneities, melt percolation is potentially one major driving 

force for initial strain localization and the formation of shear zones in the upper mantle. 

The impact of highly localized phase mixing in porphyroclast reaction tails on strain 

localization seems to be strongly dependent on the timing of the reaction. In the Ronda 

shear zone, reaction tails of both pyroxenes with similar mixing intensities like those in 

porphyroclast tails in the shear zones of Lanzo and Erro-Tobbio do not localize 

deformation. Strong CPOs and similar grain sizes and mixing intensities compared to the 

surrounding mixed matrix either suggest the activity of equal deformation mechanisms 

in both microstructural domains. In contrast, the ultramylonitic grain size of pyroxene 

reaction tails of the shear zones of Lanzo and Erro-Tobbio and their transitions into 
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ultramylonitic bands, which are strongly delimited from bordering mylonitic areas or 

lenses, indicate an intense localization of deformation. Ultramylonitic grain sizes of tail 

and band neoblasts and their weak to absent CPOs corroborate the dominance of diffusion 

creep, which in turn accounts for higher strain rates and thus for the localization of 

deformation. The limitation of ultramylonites to the center of shear zones and their 

association with highly stretched orthopyroxene single crystals corroborate a formation 

of these reaction tails under high-stress conditions at an elevated stage of the shear zone 

evolution.  

To summarize, reactions, including melt precipitation, have been identified as major 

driving force for phase mixing in upper mantle shear zones. Different reaction types (melt, 

fluid, metamorphic) form phase assemblages of similar mixing intensities. The timing of 

the reaction with respect to the shear zone evolution seems to be decisive for the mode 

and extent of strain localization. Pre- to early syn-kinematic melt percolation favors 

large-scale strain localization by dislocation creep accommodated grain size sensitive 

deformation mechanisms and melt-enhanced deformation. Reactions at pyroxene 

porphyroclasts at late stages of the shear zone evolution result in ultramylonitic phase 

assemblages in which diffusion creep localizes the strain in cm-scale ultramylonitic 

bands. 

Having outlined the interplay of phase mixing and strain localization in the evolution of 

the upper mantle shear zones of Lanzo, Erro-Tobbio and Ronda, several follow-up 

questions shape the scientific outlook of this project. The localization of strain in 

microstructural domains is strongly dependent on a smaller grain size and its stability in 

the areas of localization. Following the piezometric relationship (introduction, Eqn. 1.3) 

and its adjustment to the second phases (introduction, Eqn. 1.4/1.5), grain sizes evolve 

depending on differential stress, strain rate, second phase fraction and its distribution. 

However, even though neoblasts in pyroxene reaction tails are formed by reactions and 

not by dynamic crystallization, their grain size seems to strongly depend on the 

deformational framework: High-strain domains have ultramylonitic, whereas moderately 

strained samples show mylonitic neoblasts. The impact of stress, strain, and the associated 

internal deformation of pyroxene porphyroclasts on the formation of reaction tails and in 

particular their neoblast grain size is, as it controls the dominant deformation mechanism 

within those assemblages, of major importance for potential strain localization. The 

database compiled by this project provides an excellent framework to approach this 

question from a microstructural point of view. However, to explore the dependence of 
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stress on neoblast grain size in reaction tails additional piezometric analysis on the 

presented samples is necessary. Deformation experiments with the focus on reactions at 

pyroxenes porphyroclasts covering multiple stress conditions could in this regard 

crosscheck the microstructural implications of piezometric derived stress conditions. 

Furthermore, a comparative study with reaction-free but highly strained peridotites, as 

present in multiple xenoliths (e.g. Kimberley, South Africa (Tholen et al., 2022)), is 

planned to evaluate phase mixing in reaction-free environments with dominant dynamic 

crystallization. In combination with the reaction-driven phase mixing studied in Lanzo, 

Erro-Tobbio and Ronda, this study aims for a comprehensive overview of deformational 

regimes present in the upper mantle. Hereby, the role of reactions for phase mixing drawn 

from this thesis could be consolidated and extended to additional deformational settings. 

As the results of the present study outline the importance of reactions for strain 

localization in the upper mantle based on a microstructural perspective, its integration 

into the larger context of geodynamics and plate tectonics remains to be accomplished. 

Fundamentally in this regard are the introduction of a rheological model for mixed 

assemblages and the implementation of deformational regimes and reaction-controlled 

rheology in numerical models. The demanding task in creating a dynamic model of the 

upper mantle is therefore to integrate and connect metasomatism, metamorphism and 

deformation, which, as shown, are the cornerstones of strain localization. 
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6 Zusammenfassung und Ausblick 
Die vorliegende mikrogefügekundliche und geochemische Studie befasst sich mit der 

Lokalisierung und Quantifizierung von Phasenmischung in Scherzonen des oberen 

Erdmantels unter unterschiedlichen Deformationsbedingungen. Das so geschaffene 

Rahmenwerk und die in dieses eingeordneten Studien weiterer Scherzonen unterstreichen 

die herausragende Bedeutung von Mineralreaktionen, mit oder ohne Beteiligung von 

Fluiden und/oder Schmelzen, für die Lokalisierung von Deformation im oberen 

Erdmantel. Von der initialen Lokalisierung der Deformation über die Bildung km-

mächtigen Scherzonen bis hin zur Konzentration der Deformation in cm-schmalen 

Ultramyloniten bestimmen Reaktionen die Phasenmischung. Zum Abschluss dieser 

Arbeit sollen die drei Studien vergleichend rekapituliert werden, um mit den 

Hauptschlussfolgerungen und einem kurzen wissenschaftlichen Ausblick abzuschließen.  

Das initiale Stadium der Lanzo-Scherzone ist durch schmelzinduzierte Phasenmischung 

und km-breite Deformation gekennzeichnet (Kaczmarek und Müntener, 2008). Die in 

diesem Stadium entstehenden Protomylonite haben durch Schmelz-Gesteins-Reaktionen 

und interstitiell kristallisierte Pyroxene eine gemischte Phasenzusammensetzung. In der 

folgenden Scherzonenentwicklung lokalisiert sich die Deformation in Myloniten und 

zuletzt in Ultramyloniten. Die Grenze zwischen mylonitischen und ultramylonitischen 

Mikrostrukturen ist scharf. Der Ursprung der stark durchmischten Ultramylonite liegt in 

Druckschatten von Pyroxen-Porphyroklasten wo sich feinkörnige Neoblasten bilden 

(Äquivalentdurchmesser (ECD): 10-20 µm). Die Komponenten der Neoblasten sowie die 

geochemische Zusammensetzung von Porphyroklasten und Neoblasten deuten auf eine 

Bildung durch kontinuierliche Reaktionen hin, welche durch den Übergang von Spinell- 

zu Plagioklas-Lherzolithen ausgelöst wurden. Aufgrund der geringen Korngröße ist der 

dominierende Deformationsmechanismus der Ultramylonite das Diffusionskriechen. Die 

hierdurch reduzierte mechanische Spannung bei konstanter Strainrate lokalisiert die 

Deformation in den miteinander verbundenen Ultramylonit-Bändern. Die 

Phasenmischung wirkt hierbei dem Kornwachstum durch Zener-Pinning entgegen und 

gewährleistet so die Aufrechterhaltung von Diffusionskriechen und 

Deformationslokalisierung.  

In der nordwestlichen Scherzone des Erro-Tobbio Peridotitmassivs deutet die schwach 

durchmischte, klinopyroxenreiche Zusammensetzung von Neoblasten in Druckschatten 

von Klinopyroxen-Porphyroklasten auf dynamische Rekristallisation hin. Der dabei 
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dominierende Deformationsmechanismus des Versetzungskriechens ist auch in der Erro-

Tobbio Scherzone symptomatisch für Bedingungen von nicht lokalisierter, großskaliger 

Deformation im oberen Erdmantel (z.B. Tommasi und Vauchez, 2015). Die 

Lokalisierung der Deformation in Scherzonen geht mit Schmelzintrusion in die sich 

deformierenden Peridotite einher: Reaktionen von Si-untersättigter Schmelze mit 

Pyroxen-Porphyroklasten bilden stark durchmischte, ultramylonitische Neoblast-

Zusammensetzungen in deren Druckschatten. Schwache bis fehlende CPOs und kleine 

Korngrößen (ECD: 5-12 µm) deuten auf Diffusionskriechen als dominanten 

Deformationsmechanismus hin. Wie auch in der Scherzone von Lanzo führt 

Diffusionskriechen zur Lokalisierung der Deformation in den Ultramyloniten. 

Auch die Scherzone des nordwestlichen Ronda-Peridotitmassivs weist Spuren von 

möglicherweise multiplen Schmelzintrusionen auf (Soustelle et al., 2009). Der Ursprung 

der Schmelze ist unterhalb einer strukturell tieferliegenden Schmelzfront zu verorten. 

Lokale Variationen in der Zusammensetzung der OH-reichen, differenzierten Schmelze 

führten sowohl zur Kristallisation von interstitiellen Pyroxenen als auch zu 

Schmelzreaktionen mit Pyroxen-Porphyroklasten. Die daraus resultierende 

Phasenmischung und Korngrößenreduktion bedingten die Aktivierung eines 

korngrößenabhängigen Deformationsmechanismus.  

Die gewonnen Daten und Erkenntnisse der drei Studien zeigen, dass Phasenmischung in 

Scherzonen des oberen Mantels maßgeblich von metasomatischen und/oder 

metamorphen Reaktionen abhängt. Intensive Phasenmischung ist entweder in 

Druckschatten reagierender Pyroxen-Porphyroklasten oder in der durch interstitielle 

Kristallisation gemischten Matrix vorhanden. Die Neoblast-Phasenzusammensetzung in 

Druckschatten ist je nach Reaktionstyp und Ausgangs-Porphyroklast unterschiedlich. 

Gemeinsame mikrostrukturelle Merkmale wie Einbuchtungen von Neoblasten in 

Mutterklasten, stark lobate Porphyroklast- und Neoblast-Korn- und Phasengrenzen sowie 

das weitgehende Fehlen von Subkörnern in den Porphyroklasten sprechen für die Bildung 

der Neoblasten durch Reaktionen. Eine mechanische Mischung der Neoblasten durch 

Korngrenzgleiten ist wegen der starken Durchmischung unmittelbar an den Korngrenzen 

von Mutterklasten auszuschließen. Obwohl die Reaktionstypen variieren (Schmelze, 

Fluid, Metamorphose), sind die Mischungsintensitäten der Neoblasten in Druckschatten 

aller drei Scherzonen vergleichbar hoch (⍉ 65-77 % Phasengrenzen). Der Reaktionstyp 

ist für die Bildung der Neoblasten und deren Mischungsintensität folglich von geringer 

Bedeutung. In der Scherzone des NW Ronda Peridotitmassivs führte die Kristallisation 
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von interstitiellen Pyroxenen und Schmelz-Gesteins-Reaktionen mit grobkörnigen 

Olivinen zur Bildung einer gemischten Matrix mit ähnlichen Mischungsintensitäten 

(⍉ 71 %) wie in den Pyroxen-Porphyroklast-Druckschatten. Im Gegensatz zur 

lokalisierten Phasenmischung und Korngrößenverkleinerung in Druckschatten von 

Porphyroklasten und den daraus resultierenden ultramylonitischen Bändern der 

Scherzonen von Lanzo und Erro-Tobbio ist Phasenmischung in der Ronda Scherzone 

durch interstitielle Kristallisation und Schmelz-Gesteins-Reaktionen im gesamten 

schmelzbeeinflussten Gebiet zu beobachten (~2 km Mächtigkeit). In allen untersuchten 

Scherzonen erhöhten Reaktionen, sei es durch die Bildung von Neoblasten in 

Druckschatten von Pyroxen-Porphyroklasten oder durch die Kristallisation von 

interstitiellen Körnern, die Mischungsintensität erheblich. Ebenso wie der Reaktionstyp 

scheint der Zeitpunkt der Reaktion eine untergeordnete Rolle für die Mischungsintensität 

zu spielen: Kristallisation und Schmelz-Porphyroklast-Reaktionen im initialen Stadium 

der Ronda-Scherzone führen zu ähnlichen Phasenmischungsintensitäten wie Reaktionen 

an Pyroxen-Porphyroklasten während der späten, stark lokalisierten Deformation in 

ultramylonitischen Bändern von Lanzo und Erro-Tobbio. Für die Intensität der 

Deformationslokalisierung scheint dieser Zeitpunkt jedoch ausschlaggebend: Eine 

großräumige Phasenmischung wurde nur durch schmelzinduzierte Kristallisation von 

interstitiellen Pyroxenen in zuvor olivindominierten Gebieten beobachtet (Ronda, 

Lanzo). Sowohl die verstärkte Strainrate durch schmelzbenetzte Korn- und 

Phasengrenzen als auch die Aktivierung eines korngrößensensiblen 

Deformationsmechanismus, welcher auf der Verringerung der Korngröße durch 

Neoblast-Kristallisation sowie deren Aufrechterhaltung durch Zener-Pinning basieren, 

lokalisieren die Deformation in km-großen, schmelzbeeinflussten Bereichen. Starke 

CPOs, Korngrößen zwischen 50 und 200 µm und in der Foliation ausgerichtete 

Korngrenzen bestätigen, dass in diesem Stadium sowohl Versetzungskriechen als auch , 

korngrößensensitive Deformationsmechanismen aktiv waren. Dominant sind hier 

wahrscheinlich die Mechanismen Korngrenzengleiten (DisGBS, Hirth und Kohlstedt 

(2003)), oder Korngrenzmigration (DRX creep, Platt und Behr (2011)). Da diese 

schmelzbedingte Lokalisierung der Deformation unabhängig von vorherigen 

Heterogenität bzw. weiterer Initialprozesse ist, ist Schmelzperkolation dieser Studie zu 

Folge entscheidend für die initiale Lokalisierung von Deformation und somit 

ausschlaggebend für die Bildung von Scherzonen im oberen Erdmantel. Ob 

Deformationslokalisierung in den ultramylonitischen Neoblasten, welche aus den 
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Reaktionen an Pyroxen-Porphyroklasten hervorgehen, auftritt, ist maßgeblich von dem 

Zeitpunkt der Reaktion abhängig. Obwohl die Neoblastzusammensetzung der 

Druckschatten von Pyroxen-Porphyroklasten der Ronda Scherzone ähnliche 

Mischungsintensitäten wie die von den Scherzonen Lanzo und Erro-Tobbio aufweisen, 

kommt es zu keiner Lokalisierung. Kongruente Korngrößen und Mischungsintensität von 

Neoblasten in Druckschatten und der sie umgebenden gemischten Matrix deuten in 

Ronda auf die Aktivität gleicher Deformationsmechanismen in beiden Bereichen hin. Im 

Gegensatz dazu konzentriert sich die Deformation in den Scherzonen von Lanzo und 

Erro-Tobbio in ultramylonitischen Bändern, welche deutlich von mylonitischen 

Bereichen abgegrenzt sind. Geringe Korngrößen und schwach entwickelte CPOs 

bestätigen Diffusionskriechen als dominanten Deformationsmechanismus. Das auf das 

deformative Zentrum der Scherzone begrenzte Vorkommen der Ultramylonite und ihre 

Assoziation mit stark gelängten Orthopyroxen-Einkristallen bestätigt die Bildung der 

Neoblasten unter hoher mechanischer Spannung während eines späten Stadiums der 

Scherzonenentwicklung.  

Reaktionen, interstitielle Kristallisation eingeschlossen, können somit als Hauptgrund für 

Phasenmischung in Scherzonen des oberen Mantels identifiziert werden. 

Unterschiedliche Reaktionspartner (Schmelze, Fluid, feste Phasen) bilden Neoblast-

Zusammensetzungen mit ähnlichen Mischungsintensitäten. Der Zeitpunkt der Reaktion 

in Hinblick auf die Entwicklung der Scherzone scheint entscheidend für die Art und das 

Ausmaß der Lokalisierung der Deformation zu sein. Schmelzperkolation in frühen 

Stadien der Scherzonenentwicklung begünstigt großräumige Lokalisierung durch die 

Aktivierung von korngrößenabhängigen Deformationsmechansimen und 

schmelzbenetzte Korn- und Phasengrenzen. Reaktionen an Korngrenzen von Pyroxen-

Porphyroklasten in späteren Stadien der Scherzonenentwicklung bilden ultramylonitische 

Neoblast-Zusammensetzungen in Druckschatten von Pyroxen-Porphyroklasten. Durch 

deren Vernetzung zu Bändern wird Diffusionskriechen aktiviert, welches durch höhere 

Strainraten die Deformation im Zentimeterbereich lokalisiert. 

Die Erkenntnisse über das Zusammenspiel von Phasenmischung und Deformations-

Lokalisierung in Scherzonen des oberen Erdmantels führen direkt zu mehreren 

Folgefragestellungen. Die Lokalisierung von Deformation hängt stark von einer geringen 

Korngröße und deren Stabilität ab. Nach der piezometrischen Gleichung (Einleitung, Gl. 

1.3) und ihrer Anpassung an die Zweitphasen (Einleitung, Gl. 1.4/1.5) entwickeln sich 

Korngrößen in Abhängigkeit von der Differentialspannung, der Strainrate sowie dem 
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Anteil und der Verteilung von Zweitphasen. Obwohl Neoblasten in Druckschatten von 

Pyroxen-Porphyroklasten durch Reaktionen und nicht durch dynamische Kristallisation 

gebildet werden, scheint ihre Korngröße stark von den Deformationsbedingungen 

abzuhängen: Stark deformierte Proben weisen ultramylonitische (Lanzo, Erro-Tobbio 

Scherzonen), mäßig beanspruchte Proben mylonitische Neoblasten auf (Ronda 

Scherzone). Der Einfluss von mechanischer Spannung, Verformung und der damit 

verbundenen korninternen Deformation von Pyroxen-Porphyroklasten auf die Bildung 

von Neoblasten in deren Druckschatten und insbesondere deren Neoblast-Korngröße ist 

von großer Bedeutung für die Lokalisierung von Deformation, da diese den dominanten 

Deformationsmechanismus kontrolliert. Die im Rahmen dieses Projekts erhobenen Daten 

bieten einen hervorragenden Rahmen, um die Fragestellung von 

Deformationsbedingungen und Neoblast-Korngröße aus mikrostruktureller Sicht 

anzugehen. Um jedoch die Abhängigkeit der mechanischen Spannung von der Neoblast-

Korngröße in Druckschatten zu untersuchen, wären zusätzliche piezometrische Analysen 

der Proben erforderlich. Darüber hinaus könnten Deformationsexperimente mit 

Schwerpunkt auf Reaktionen an Pyroxen-Porphyroklasten unter verschiedenen 

Spannungsbedingungen deren mikrostrukturelle Auswirkungen gegenprüfen. Weiterhin 

ist eine vergleichende Studie mit reaktionsfreien, jedoch stark deformierten Peridotit-

Xenolithen (z.B. Kimberley, Südafrika) geplant, um Phasenmischung in reaktionsfreien 

Umgebungen mit dominanter dynamischer Kristallisation zu untersuchen. In 

Kombination mit der reaktionsgetriebenen Phasenmischung von Lanzo, Erro-Tobbio und 

Ronda zielt diese Studie auf einen umfassenden Überblick über die Deformationsregime 

im oberen Erdmantel. 

Die vorliegende Studie legt die Bedeutung von Reaktionen für Lokalisierung der 

Deformation im oberen Erdmantel aus der mikrostrukturellen Perspektive dar. Die 

Integration dieser Erkenntnisse in den größeren Kontext der Geodynamik und 

Plattentektonik steht jedoch noch aus. Grundlegend hierfür sind die Einführung eines 

rheologischen Modells für Phasenmischungen und die Implementierung von 

Deformationsregimen und reaktionsgesteuerter Rheologie in numerische Modelle. Die 

anspruchsvolle Aufgabe der Erstellung eines dynamischen Modells des oberen 

Erdmantels erfordert, wie die Ergebnisse dieser Arbeit belegen, die Integration und 

Verbindung von Schmelzbildung, Fluidaktivität, Metasomatose, Metamorphose und 

Deformation. 
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S2.3 –Additional CPO data 1. For optimal resolution, the reader is referred to the version 
attached on the CD. 
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S2.4 –Additional CPO data 2. For optimal resolution, the reader is referred to the version 
attached on the CD. 
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Cpx and Opx recrystallization measurements 

Element Crystal Meas. t peak (s) Meas. t back(s) Detect. Limit (ppm) 

Al TAP 30 15 49 

Si TAP 30 15 65 

Cr PETL 30 15 101 

Ca PETL 30 15 44 

K PETL 30 15 28 

Ti PETL 30 15 53 

Na TAPL 20 15 42 

Mg TAPL 40 15 27 

Mn LIFH 20 15 121 

Fe LIFH 20 15 123 

Ni LIFH 20 15 153 

 

Trace elements olivine measurements 

Element Crystal Meas. t peak (s) Meas. t back (s) Detect. Limit (ppm) 

Si TAP 60 60 40 

Ca TAP 150 150 11 

Ti PETH 150 150 16 

Cr PETL 150 150 28 

Mn LIFL 40 20 63 

Al TAPL 150 150 9 

Fe LIFL 60 30 53 

Mg TAP 60 30 47 

Ni LIFL 20 20 65 

S2.5 – Measurement settings and detection limits for Cpx and Opx recrystallization and 
trace element olivine measurement. 
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S2.7 – (A) Microstructure of Cpx porphyroclast in contact to the matrix in the mylonite 
texture type (red X = parent clast). B. Phase composition in area percentages. C. Phase 
and grain boundary percentages. D. SPO for Cpx neoblast long axes. E. SPO of Ol 
neoblast long axes. Note the Cpx and Ol dominated phase composition with relatively high 
amounts of anorthite-rich plagioclase (B) and high phase boundary percentages (C). Cyan 
colored phase is pargasite. Dark blue phase is Spl. Black are not/ badly indexed regions. 
For optimal resolution, the reader is referred to the version attached on the CD. 
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S2.10 – Overview of T estimates by the TBKN, TTA98, TCa-Opx, and T1Cpx geothermometers. 
Temperatures (°C) are given for porphyroclast interiors, internal neoblasts and neoblasts for 
ortho-, clinopyroxene recrystallization microstructures and (ultra)mylonitic assemblages (Opx, 
Cpx). Symbols used in Fig. 2.14 are indicated next to mean T and its standard deviation for 
estimations of a given geothermometer and microfabric. The calibration error is given in the last 
row (light grey). For optimal resolution, the reader is referred to the version attached on the CD. 
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S2.11 – Dynamic recrystallization in strained xenolith from Kimberly, South Africa. Note, despite 
extensive simultaneous recrystallization of all phases, no phase mixing is present between the 
phases. For optimal resolution, the reader is referred to the version attached on the CD. 
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Appendix chapter 3 – Erro-Tobbio - Formation of 
ultramylonites in an upper mantle shear zone, 
Erro-Tobbio, Italy 

Table S3.1  – Microprobe data of orthopyroxene and clinopyroxene neoblasts 
and porphyroclasts in sample 6.4 and 6.8 (attached on CD) 

Figure S3.1  – EBSD data of dynamic recrystallized cpx porphyroclast (ROI16) 
(attached below & on CD) 

Figure S3.2  – EBSD maps the olivine-rich matrix  
(attached as Excel file on CD) 

Figure S3.3  – EBSD data of recrystallized opx porphyroclasts (ROI 24) 
(attached below & on CD) 

Figure S3.4  – EBSD data of fine-grained layer (ROI14)  
(attached below & on CD) 

Figure S3.5  – EBSD map of fine-grained layer (ROI23)  
(attached below & on CD) 

Figure S3.6  – EBSD data of fine-grained layer (ROI23)  
(attached below & on CD) 

Publication – “Formation of Ultramylonites in an Upper Mantle Shear Zone, 
Erro-Tobbio, Italy” by Jolien Linckens and Sören Tholen 
published in minerals, 11 (2021),                                                                         
(attached below & on CD) 

 
  



Appendix chapter 3 – Erro-Tobbio - Formation of ultramylonites in an upper mantle shear zone, Erro-
Tobbio, Italy 226 

 
Figure S3.1 – EBSD data of dynamic recrystallized cpx porphyroclast (ROI16). (a) Band 
contrast image of the complete map and grin boundaries (red lines) of the area used in the 
grain, orientation and boundary analysis. Scale the same as in (b) and (c). (b) Orientation 
data of diopside. (c) Phase map of the area selected for the analysis. (d) Grain orientation 
spread in the diopside grains. Scale the same as in (b) and (c). (e) CPO of diopside grains, 
the white dot indicates the orientation of the grain indicated with the red dot in (d). (f) 
Phase percentages and boundary percentages. For optimal resolution, the reader is 
referred to the version attached on the CD. 
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Figure S3.2 – EBSD maps the olivine-rich matrix. (a) Band contrast image. (b) Phase map 
with forsterite (green), enstatite (red), diopside (yellow) and spinel (blue). Same scale as 
(c). (c) Olivine orientations. For optimal resolution, the reader is referred to the version 
attached on the CD. 
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Figure S3.3 – EBSD data of recrystallized opx porphyroclasts (ROI 24). (a) Band contrast 
(b) phase map, colors as in the area percentage pie chart in (d). (c) Phase and grain 
boundary percentages. (d) Area percentages of the different phases. (e) Forsterite CPO. 
(f) Enstatite CPO. Indicated is the orientation of the porphyroclast (white dot). For optimal 
resolution, the reader is referred to the version attached on the CD. 
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Figure S3.4 – EBSD data of fine-grained layer (ROI14). (a) Band contrast image. (b) 
Phase map with area % of the phases and the percentage of phase and grain boundaries. 
(c) Forsterite CPO. (d) Enstatite CPO. (e) Diopside CPO. For optimal resolution, the 
reader is referred to the version attached on the CD. 
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Figure S3.5 – EBSD map of fine-grained layer (ROI23). (a) Band contrast map. (b) Phase 
map, with underneath the pie charts of the area % and boundaries. (c) Forsterite CPO. 
For optimal resolution, the reader is referred to the version attached on the CD. 

 

Figure S3.6 – EBSD data of fine-grained layer (ROI23). (a) Band contrast of the area, 
dashed with lines follow some of the horizontal cracks in the layer. (b) Phase map of the 
area. Below are indicated the area percentages and phase and grain boundary 
percentages. (c) Forsterite CPO. (d) Enstatite CPO.  
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Appendix chapter 4 – Ronda - Melt-enhanced 
strain localization and phase mixing in a large-
scale mantle shear zone (Ronda Peridotite, Spain) 

S4.1  – EPMA measurement settings and detection limits  
(attached below & on CD) 

S4.2  – Microstructural data (attached as Excel file on CD) 

S4.3  – EPMA data (attached as Excel file on CD) 

S4.4  – Additional EPMA graphs Cpx, Ol, Amph (attached below & on CD) 

Publication – “Melt-enhanced strain localization and phase mixing in a large-scale 
mantle shear zone (Ronda peridotite, Spain)” by Sören Tholen, Jolien 
Linckens and Gernold Zulauf published in Solid Earth (EGU), 14 
(2023), (attached below & on CD) 
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Element Crystal Meas. t peak (s) Meas. t back (s) Detect. Limit (ppm) 

Al TAP 30 15 134 

Si TAP 30 15 457 

Cr PETL 30 15 300 

Ca PETL 30 15 128 

K PETL 30 15 363 

Ti PETL 30 15 149 

Na TAPL 20 10 87 

Mg TAPL 40 20 176 

Mn LIFH 20 10 86 

Fe LIFH 20 10 130 

Ni LIFH 20 10 374 

S4.1 – EPMA measurement settings and detection limits. 
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S4.4 (1 of 2) – Additional EPMA graphs clinopyroxene and olivine. For optimal resolution, 
the reader is referred to the version attached on the CD. 
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S4.4 (2 of 2) – Additional EPMA graphs amphibole. For optimal resolution, the reader is 
referred to the version attached on the CD. 
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