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So tall, silent against the sky
Up through the clouds, where eagles fly
Wind and rain beat down on one so strong
They cut but never change, what stood so long

JOSEPH HELLMANN
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Abstract

The current thesis contains the results from two experimental and one modelling study fo-
cused on the topic of ductile strain localization in the presence of material heterogeneities.
Localization of strain in the high temperature regime is a well known feature of rock de-
formation occurring in nature at different scales and in a variety of lithologies. Large
scale shear zones at the roots of major crustal fault zones are considered responsible for
the activity of plate tectonics on our planet. A large number of mechanisms are suggested
to be associated with strain softening and nucleation of localization. Among these, the
presence of material heterogeneities within homogeneous host rocks is frequently observed
in field examples to trigger shear zone development. Despite a number of studies con-
ducted on the topic, the mechanisms controlling initiation and evolution of localization
are not fully understood yet. We investigated, experimentally and by means of numerical
modelling, phenomenological and microphysical aspects of high temperature strain local-
ization in a homogeneous body containing single and paired inclusions of weaker material.
A monomineralic carbonate system composed of Carrara marble (homogeneous, strong
matrix) and Solnhofen limestone (weak planar inclusions) is selected for our studies based
on its versatility as an experimental material and on the frequent occurrence of carbonate
rocks at the core of natural shear zones.

To explore the influence of different loading conditions on heterogeneity-induced high
temperature shear zones we conducted torsion experiments under constant twist (de-
formation) rate and constant torque (stress) conditions in a Paterson-type deformation
apparatus on hollow cylinders of marble containing single planar inclusions of limestone.
At the imposed experimental conditions (900 ◦C temperature and 400 MPa confining
pressure) both materials deform plastically and the marble is ≈ 9 times stronger than the
limestone. The viscosity contrast between the two materials induces a perturbation of the
stress field within the marble matrix at the tip of the planar inclusion. Early on along the
deformation path (at bulk shear strains ≈ 0.3), heterogeneous distribution of strain can
be observed under both loading conditions and a small area of incipient strain localization
is formed at the tip of the weak limestone inclusion. Strongly deformed grains, incipient
dynamic recrystallization and a weak crystallographic preferred orientation characterize
the marble within an area a few mm in front of the inclusion. As the bulk strain is
increased (up to γ ≈ 1), the area of microstructural modification is expanded along the
inclusion plane, the texture strengthens and grain size refinement by dynamic recrystal-
lization becomes pervasive. Locally, evidences for coexisting brittle deformation are also
observed regardless of the imposed loading conditions. A shear zone is effectively formed
within the deforming Carrara marble, its geometry controlled by the plane containing the
thin plate of limestone. Thorough microstructural and textural analysis, however, do not
reveal substantial differences in the mechanisms or magnitude of strain localization at the
different loading conditions. We conclude that, in the presence of material heterogeneities
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capable of inducing strain softening, the imposed loading conditions do not affect ductile
localization in its nucleating and transient stages.

As the ultimate goal of experimental rock deformation is the extrapolation of results
to geologically relevant time and space scales, we developed 2D numerical models repro-
ducing (and benchmarked to) our experimental results. Our cm-scaled models have been
implemented with a first-order strain-dependent softening law to reproduce the effect of
rheological weakening in the deforming material. We successfully reproduced the local
stress concentration at the inclusion tips and the strain localization initiated in the mar-
ble matrix. The heterogeneous distribution of strain and its evolution with imposed bulk
deformation (i.e. the shape and extent of the nucleating shear zone) are observed to
depend on the degree of softening imposed to the deforming matrix. When a second (ar-
tificial) softening step is introduced at elevated bulk strains in the model, the formation
of a secondary high strain layer is observed at the core of the initial shear zone, analogous
to the development of ultramylonite bands in high strain natural shear zones. Our results
do not only reproduce the nucleation and transient evolution of a heterogeneity-induced
high temperature shear zone with high accuracy, but also confirm the importance of intro-
ducing reliable softening laws capable of mimicking strain weakening to numerical models
of crustal scale ductile processes.

Material heterogeneities inducing strain localization in the field are often consisting
of brittle precursors (joints and fractures). More generally, the interaction of brittle and
ductile deformation mechanisms and its effect on the localization of strain have been a
key topic in the structural geology community for a long time. The positive feedback
between (micro)fracturing and ductile strain localization is a well recognized effect in a
number of field examples. We experimentally investigated the influence of brittle defor-
mation on the initiation and evolution of high temperature shear zones in a strong matrix
containing pairs of weak material heterogeneities. Our Carrara marble-Solnhofen lime-
stone inclusions system was tested in triaxial compression under constant strain rate and
high temperature (900 ◦C) conditions in a Paterson deformation apparatus. The inclusion
pairs were arranged in non-overlapping step-over geometries of either compressional or ex-
tensional nature. Experimental runs were conducted at different confining pressures (30,
50, 100 and 300 MPa) to induce various amounts of brittle deformation within the marble
matrix. At low confinement (30 and 50 MPa) abundant brittle deformation is observed
in all configurations, but the spatial distribution of cracks is dependent on the kinemat-
ics of the step-over region: concentrated along the shearing plane between the inclusions
in the extensional samples, or broadly distributed around the inclusions but outside the
step-over region in the compressional configuration. Accordingly, brittle-assisted ductile
processes tend to localize deformation along the inclusions plane in the extensional geom-
etry or to distribute widely across large areas of the matrix in the compressional step-over.
At pressures of 100 and 300 MPa fracturing is mostly suppressed in both configurations
and strain is accommodated almost entirely by viscous creep. In extensional samples this
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leads to progressive de-localization with increasing confinement. Our results show that,
while ductile localization of strain is indeed more efficient where assisted by brittle pro-
cesses, these latter are only effective if themselves heterogeneously distributed, ultimately
a function of the local stress perturbations.
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Zusammenfassung

Die vorliegende Doktorarbeit umfasst Ergebnisse von zwei experimentellen und einer Mod-
ellierungsstudie. Diese befassen sich mit der Lokalisierung von duktilen Verformungen,
hervorgerufen durch unterschiedliche Materialeigenschaften.

Die Lokalisierung von Verformungen im Hochtemperaturbereich in unterschiedlichen
Mas̈stäben und in einer Vielzahl von Lithologien ist ein bekanntes Merkmal der natür-
lichen Gesteinsdeformationen. So wird beispielsweise die Aktivität der Plattentektonik
unseres Planeten durch weiträumige Scherzonen am Grund dieser Plattengrenzen verant-
wortlich gemacht. Dabei wird eine gros̈e Anzahl von Mechanismen mit der durch die
Verformung hervorgerufenen Materialermüdung und der Ausbildung der Lokalisierung
in Verbindung gebracht. Dabei wird unter diesen Mechanismen das Vorhandensein von
Materialheterogenitäten innerhalb eines Gesteins häufig als Auslöser für die Ausbildung
von Scherzonen beobachtet. Obwohl bereits Studien zu diesem Thema durchgeführt wur-
den, sind die kontrollierenden Mechanismen, die für die Initiierung und Entwicklung der
Lokalisierung zuständig sind, bis heute nicht vollumfänglich verstanden. Aus diesem
Grund wurden im Rahmen der vorgelegten Dissertation phänomenologische und mikro-
physikalische Aspekte der Lokalisierung von Verformungen im Hochtemperaturbereich in
einem homogenen Gesteinskörper, der mit einfachen und gepaarten Inklusionen aus we-
icheren Material versehen wurde, experimentell und unter Hilfenahme von numerischen
Modellen untersucht. Da Karbonatgesteine häufig am Ursprung natürlicher Scherzo-
nen auftreten und diese für ihre Vielseitigkeit als Experimentiermaterial bekannt sind,
wurde ein monomineralisches Karbonatsystem, bestehend aus Carrara Marmor (homo-
gene, starke Matrix) und Solnhofen Kalkstein (schwache Inklusionen) als zu untersuchen-
des Probenmaterial für diese Studie gewählt.

Um den Einfluss unterschiedlicher Deformationsbedingungen auf die, durch die Mate-
rialheterogenität hervorgerufenen Scherzonen im Hochtemperaturbereich zu untersuchen,
wurden Torsionsexperimente bei konstanter Torsionsrate und konstantem Drehmoment
in einer Paterson-Deformationsapparatur an hohlen Carrara Marmorzylindern mit einer
ebenen Inklusion bestehend aus Kalkstein durchgeführt. Unter den vorgegebenen Randbe-
dingungen (Temperatur = 900 ◦C, Manteldruck = 400 MPa) verformten sich beide Ma-
terialien plastisch, wobei die Festigkeit des Marmors in etwa dem neunfachen der Kalk-
steinfestigkeit entspricht. An der Spitze der ebenen Kalksteininklusion wird durch den
Viskositätskontrast der beiden Materialien dadurch eine Störung des Spannungsfeldes in
der Marmormatrix hervorgerufen. In der frühen Phase der Deformation (Scherverfor-
mung γ ≈ 0.3) kann eine heterogene Verteilung der Verformungen in der gesamten Probe
bei beiden Experimenttypen beobachtet werden. Zusätzlich beginnt sich an der Spitze
der schwächeren Kalksteininklusion ein Bereich mit lokaler Verformung in der Marmor-
matrix auszubilden. Dieser ist durch stark deformierte Mineralkörner, beginnende dy-
namische Rekristallisation und einer schwach ausgeprägten kristallographisch bevorzugten
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Ausrichtung innerhalb einer Fläche weniger Millimeter charakterisiert. Mit ansteigender
Gesamtverformung (γ ≈ 1) erweitert sich die Fläche der mikrostrukturellen Modifika-
tionen entlang der Inklusionsebene. Zusätzlich konnten eine verfestigte Textur und eine
Verfeinerung der Korngrös̈e aufgrund dynamischer Rekristallisation beobachtet werden.
Lokale Anzeichen für eine gleichzeitige spröde Verformung konnten, unabhängig von den
Deformationsbedingungen, ebenfalls festgestellt werden. Innerhalb des deformierten Mar-
mors bildete sich eine Scherzone aus, deren Geometrie mas̈geblich durch die Ebene der
Kalksteininklusion kontrolliert wird. Sorgfältig durchgeführte mikrostrukturelle Analy-
sen zeigten jedoch keine wesentlichen Unterschiede der Mechanismen oder dem Ausmas̈
der Lokalisierung der Verformung bei unterschiedlichen Deformationsbedingungen. Da-
raus lässt sich schlies̈en, dass bei dem Vorhandensein von Materialheterogenitäten, welche
eine verformungsbedingte Materialermüdung hervorrufen können, die verwendeten Defor-
mationsbedingungen keinen Einfluss auf die Lokalisierung duktiler Deformation in ihrer
Entstehung und übergangsphasen haben.

Da für gewöhnlich die Durchführung von Deformationsexperimenten auf die Extrapo-
lation der gewonnenen Ergebnisse auf geologische Zeiträume abzielt, wurden zwei- dimen-
sionale numerische Modelle entwickelt, welche in der Lage sind die aufgenommenen exper-
imentellen Daten zu reproduzieren und zu bewerten. Diese, auf dem Zentimetermas̈stab
skalierten Modelle wurden mit einem verformungsbasierten Ermüdungsgesetz erster Ord-
nung umgesetzt, um den Effekt der rheologischen Materialermüdung nachzubilden. Die
lokale Spannungskonzentration an der Spitze der Inklusionen und die in der Marmor-
matrix initiierten Lokalisierung der Verformung konnten mit diesen Modellen erfolgreich
reproduziert werden. Dabei wurde festgestellt, dass die heterogene Verteilung der Ver-
formung und deren Entwicklung mit zunehmender Gesamtverformung (z.B. Form und
Umfang der sich ausbildenden Scherzone) abhängig vom Grad der Ermüdung der de-
formierten Matrix ist. Analog zu der Entwicklung von Ultramylonitbändern in natürlichen
Scherzonen mit hoher Verformung, konnte bei der Einführung eines zweites (künstlichen)
Ermüdungsschritts bei erhöhter Gesamtverformung, die Ausbildung einer zweiten Schicht
mit gros̈er Verformung am Kern der initialen Scherzone beobachtet werden. Mit den
gewonnenen Ergebnissen der numerischen Simulationen wurde nicht nur die Ausbildung
und transiente Entwicklung, der durch die Materialheterogenität hervorgerufenen Scher-
zone im Hochtemperaturbereich mit gros̈er Genauigkeit reproduziert. Auch wurde die
Wichtigkeit verlässliche Ermüdungsgesetze aufzustellen, die in der Lage sind die durch
die Verformung hervorgerufenen Materialermüdung im geologischen Mas̈stab unter Hinzu-
nahme von numerischen Modellen nachzuahmen, bestätigt.

Die durch Materialheterogenitäten hervorgerufene Lokalisierung von Verformungen in
der Natur bestehen häufig aus spröden Vorläufern, wie beispielsweise Klüften und Ris-
sen. Die Interaktion von spröden und duktilen Deformationsmechanismen im Allgemeinen
und ihr Effekt auf die Lokalisierung von Verformungen sind seit langem Schlüsselthema
auf dem Gebiet der Strukturgeologie. Die Kopplung von spröden Bruchprozessen mit
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der Lokalisierung duktiler Verformungen ist oft Gegenstand der Untersuchung in einer
Vielzahl von Feldstudien. Daher wurde experimentell der Einfluss von spröder Defor-
mation auf die Initiierung und Entwicklung von Hochtemperatur Scherzonen in einer
starken Matrix mit schwächeren Materialheterogenitäten untersucht. Dafür wurden Car-
rara Marmor-Solnhofen Kalksteininklusions-Systeme unter triaxialen Bedingungen bei
konstanter axialer Verformungsrate und hoher Temperatur (T = 900 ◦C) in einer Paterson-
Apparatur deformiert. Dabei wurden die Inklusionen in einer übereinander liegenden,
aber nicht überlappenden Geometrie so angeordnet, dass sich bei axialer Probendefor-
mation entweder Kompression oder Dehnung in der Fläche zwischen den Inklusionen
einstellt. Die Versuche wurden bei verschiedenen Manteldrücken (P = 30, 50, 100 und
300 MPa) durchgeführt, um unterschiedliche Beträge an spröder Deformation in der Mar-
mormatrix hervorzurufen. Bei geringen Manteldrücken (P = 30 und 50 MPa) kann ein
hoher Anteil an spröder Deformation in allen Probenkonfigurationen beobachtet werden.
Allerdings ist die räumliche Verteilung der Risse abhängig von der Kinematik der sich
übereinanderliegenden Inklusionen. Bei der Dehnungskonfiguration sind die Risse entlang
der Scherfläche zwischen den Inklusionen konzentriert, während sie bei der Kompression-
skonfiguration aus̈er halb der Inklusionen weit verteilt sind. Dementsprechend neigen
duktile, durch spröde unterstützte Prozesse Deformationen entlang der Inklusionsebene
bei Dehnung zu lokalisieren oder sich über weite Fläche der Matrix bei Kompression
zu verteilen. Bei Manteldrücken von 100 und 300 MPa ist die Risserzeugung in beiden
Konfigurationen weitestgehend unterdrückt und die Verformung wird fast ausschlies̈lich
durch viskoses Kriechen akkommodiert. Mit ansteigendem Manteldruck führt das bei
Proben der Dehnungskonfiguration zu fortschreitender De-Lokalisierung. Die Ergebnisse
zeigen, dass die Lokalisierung von duktilen Verformungen effizienter ist, wenn diese durch
spröde Bruchprozesse assistiert werden. Allerdings sind diese spröden Prozesse nur dann
effektiv, wenn sie heterogen verteilt sind, was letztendlich eine Funktion der lokalen Span-
nungsstörungen ist.
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1 General Introduction

1 General Introduction

1.1 Motivation

The study of the physical state of rocks in relationship to the conditions of pressure
and temperature they are subjected to over geological time scales is essential for the
understanding of global geological processes. Plate tectonics, to the best of our knowledge
only occurring on our planet, has been suggested to be primarily responsible for the
evolution of complex life on Earth (Stern, 2016). Yet, this apparently simple process
involves the complex interaction of different styles of deformation and the coupling, at
depth, of some of Earth’s structural components, which are characterized by markedly
dissimilar mechanical behaviours.

Accessing the depths at which high temperature and high-pressure deformation pro-
cesses are taking place is unattainable with the current technologies. To this day, the
deepest borehole ever drilled is the Kola Superdeep Borehole located in north-eastern
Russia, with a true vertical depth of about 12 km. The classic view of the layering of
the continental crust, albeit strongly dependent on the tectonic setting, predicts an upper
layer of about 12-13 km thickness, underlain by middle crustal material down to 23-24
km depth and a lower crust extending to a depth of 35-40 km (e.g., Rudnick & Gao, 2003;
Huang et al., 2013). Due to the current lack of ultra-deep boreholes, indirect methods
of investigation are necessary to gain information on the styles of deformation within
deeper crustal levels. The study of outcropping middle and lower crustal material, exper-
imental high temperature deformation and geodynamic modelling are typical approaches
that attempt to understand the phenomenological and physical aspects of the rheology
of crustal rocks. Each of these methods, taken separately, involves imponderables which
can substantially hamper the reliability of interpretations. Field examples are the result
of naturally occurring processes, but the exposure of deep crustal material to the Earth’s
surface by necessity involves some degree of overprinting of original structures during
exhumation. Moreover, the number of variables present in nature is inherently larger
than that of the constraints that can be placed on the final structures under examina-
tion. Experimental work, while allowing for more control over the system components and
intervening processes, requires substantial spatial down-scaling and orders of magnitude
faster deformation rates with respect to nature. Numerical modelling, on the other hand,
requires substantial simplifications of the processes involved and often fails at dealing
with non-linear interactions of mechanisms. Therefore, a multi-disciplinary approach is
essential to obtain a holistic understanding of the rheology of the deeper crustal levels.

Experimental rock deformation is the subject of this study dealing with the processes
and parameters controlling the localization of strain in the nominally ductile regime,
a common occurrence in nature. Localization is a key mechanism of deformation in
deep crustal environments, as testified by the abundance of outcropping examples of
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high temperature shear zones (see section 1.2.2 ). In addition, numerical modelling is
benchmarked to some of the experimental results to mathematically reproduce the strain
softening mechanisms at the basis of ductile localization.

1.2 Rheology of the lithosphere

Mechanisms of deformation within the Earth’s crust vary with temperature and pres-
sure conditions, i.e. with depth. While the upper continental crust deforms largely
by pressure-dependent frictional sliding along pre-existing discontinuities (fault planes),
slow temperature-dependent viscous flow is dominating in deeper regions of the crust.
Markedly different physical properties are responsible for the different styles of mechanical
response to stress. The dependence on strain rate and rock composition is, for example,
characteristic of viscous rheologies, while brittle deformation is largely independent of
both (Burov, 2011).

A plethora of studies has addressed the topic of rheology of the Earth’s crust in an
attempt to constrain the strength of the lithosphere (e.g., Goetze & Evans, 1979; Brace
& Kohlstedt, 1980; Jackson, 2002; Afonso & Ranalli, 2004; Burov et al., 2006; Bürgmann
& Dresen, 2008; Burov, 2011).
The definition of yield strength envelopes by Goetze and Evans (1979), largely based on
experimental mechanical data extrapolated to natural conditions, represented the first
quantification of the differential stresses supported by crustal material with increasing
confining pressure as a function of their rheological properties. Ever since, a number
of - somewhat simplified - models has been proposed that estimate the distribution of
lithospheric strength with depth. The so-called “jelly-sandwich model” (Fig.1) prescribes
a weak lower crust sandwiched between stronger upper crust and uppermost mantle. It
is based on flow laws for wet quartz and feldspar representing the major constituents of
the lower crust and on the rheology of dry olivine, which is assumed to be characteristic
for the mechanically stronger mantle (reviewed in Bürgmann & Dresen, 2008) and it is
the most accredited rheological model of the Earth’s crust and uppermost mantle. An
alternative model prescribing a weak mantle underlying a strong crust (assuming a dry
feldspar rheology for the lower crust) has been proposed based on conservative estimates
of the elastic thickness of the lithosphere (the crème brûlée model, Fig.1; Jackson, 2002).
Modelling of gravimetric anomalies and growth time of convective instabilities in the
mantle, together with considerations on the surface heat flow in cratonic areas, seem to
contradict such a model and point in the direction of high mantle strength in a number
of tectonic settings (e.g. orogenic belts, rifts, cold cratons, foreland basins, volcanic arcs),
as shown by Burov et al. (2006). Regardless of the preferred model, interpretation of the
distribution of strength within the lithosphere appears to be substantially more complex
in continental settings than in oceanic ones: longer (and more variable) thermal histories,
together with a larger compositional variability characteristic of the continental crust
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are contributing to considerable uncertainty in the premises to the formulation of such
simplified rheological models.

Figure 1: (modified from Fig.1 in Bürgmann and Dresen (2008)); semi-quantitative scheme of the different models for
lithospheric strength profiles.

Based on experimental rock mechanics, constitutive laws for high temperature creep
of the most important constituents of the Earth’s crust were suggested, which allow to
estimate the bulk creep behaviour of rocks at large depths (e.g., Bürgmann & Dresen,
2008). Quartz, feldspar and pyroxene are the three major components of the continental
crust, while olivine and pyroxene are assumed to be representative of the upper mantle,
together with smaller amounts of other mineral phases. Relatively few materials, then,
need (in principle) to be mechanically characterized to provide end-member type models
of deeper crustal and upper mantle rheology. In the past decades, a substantial effort
has been devoted to the experimental study of high temperature creep of these single
phases (e.g., Dimanov et al. (1998), Dimanov et al. (1999), Rybacki and Dresen (2000),
Rybacki et al. (2006) on feldspar; Bystricky and Mackwell (2001) and S. Chen et al. (2006)
on pyroxenes; Mei and Kohlstedt (2000), Bystricky et al. (2000), Hirth and Kohlstedt
(2003) and references therein on olivine). The extrapolation of this type of laboratory
data to the deformation of multiphase rocks under natural conditions, however, rests on
assumptions that are, at best, not entirely realistic. The expectation that the weakest or
the most abundant phase is controlling the bulk mechanical behaviour of the aggregate,
for example, doesn’t take into account strain and strain rate dependency of creep in
mineral phases (Handy, 1990; Handy & Brun, 2004). Numerical modelling, theoretical
studies and, more recently, experimental data of multi-phase aggregates have pointed out
the shortcomings of assuming a simple single phase rheology as representative of large
portions of the lithosphere (e.g., Handy, 1990; Tullis et al., 1991; Handy, 1994; Thatcher
& England, 1998; Ji et al., 2000, 2001; Dimanov et al., 2003; Rybacki et al., 2003; Dimanov
et al., 2007).

Constitutive behaviour of polyphase aggregates depends on a number of factors: com-
position, strength difference of the phases, topography, grain size (and its effect on the
dominating deformation mechanism), water and/or melt content among others (e.g.,
Handy, 1990, 1994; Dimanov et al., 2003). Assuming homogeneous stress and strain
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rate distribution within multiphase aggregates in the lithosphere ignores the well docu-
mented presence of large volumes of long-lived, structural weakness at depth associated
with shallow crustal scale fault zones (e.g., Zhu, 2000; Little et al., 2002; Kenner & Segall,
2003; Vauchez & Tommasi, 2003; Weber et al., 2004). The recently proposed model of a
laterally varying lithosphere strength profile (the “banana split model” in Bürgmann &
Dresen, 2008, ; Fig.1) provoked discussion over whether the bulk rheology of the litho-
sphere is in fact controlled by the behaviour of large weakened areas of localized strain
extending to large depth across the entire crust and, potentially, into the lithospheric
mantle. The mechanisms controlling the nucleation, evolution and mechanical behaviour
of these zones (commonly known as “shear zones”, see section 1.2.2 ) have been the
subject of extensive investigation in the past decades. Understanding their nature and
rheological behaviour is important to unravel the mechanisms controlling the earthquake
cycle on Earth. Advances on our probabilistic analysis of the seismic risk require a sounder
modelling of stress distribution at all levels within the Earth’s crust (Bürgmann et al.,
2002). Knowing whether large episodic displacements due to shallow seismic slip are
transferred to depth through distributed viscous shearing or via highly localized aseismic
deformation is key to assess and mitigate the seismic hazard.

1.2.1 The brittle-to-ductile transition

Whichever model of lithospheric strength is preferred, a transition is prescribed to occur
with depth between brittle failure and ductile flow. The depth (expressed in terms of in-
situ temperature) at which crystal plasticity is activated and the differential stress becomes
smaller than the effective confining pressure (Kohlstedt et al., 1995) marks the so-called
brittle-to-ductile transition. It should be borne in mind, however, that the relatively sharp
transition between friction and creep strength that derives from the extrapolation of flaw
laws for the major components of the Earth’s crust and the frictional strength for a given
tectonic stress regime determined by the so-called Byerlee’s law (Byerlee, 1978) does not
necessarily represent what occurs at the microscale within rocks that are composed of
several minerals. For example, as feldspar is usually stronger than quartz in nature, the
former will display brittle behaviour at temperatures already allowing plastic processes
in quartz to occur. It is clear, then, that the bulk behaviour of rocks is controlled by
the relative amounts and distribution of their constituent phases (e.g., Handy, 1990).
The brittle-to-ductile transition is, therefore, a region of the crust of varying thickness
depending (not only) on the lithologies involved, within which a regime of “semibrittle
behaviour” can be recognized (Kohlstedt et al., 1995). As the mechanical behaviour of
mineral phases is dependent on the conditions of stress, temperature, strain rate and
fluid pressure they are subjected to, any change in these parameters could contribute
to transient or permanent variations in the depth and thickness of the brittle-to-ductile
transition. For example, in the Sesia zone (an exposed lower crustal section of the Alpine
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nappe pile) microstructures record the occurrence of high stress co-seismic loading tran-
siently extending the depth of brittle deformation into portions of the crust typically
characterized by viscous flow (below 13-15 km depending on the derived thermal struc-
ture, W.-P. Chen & Molnar, 1983) (Küster & Stöckhert, 1999; Trepmann & Stöckhert,
2002, 2003). Similarly, recent studies have proposed the occurrence of lower crustal seis-
micity in different tectonic settings (e.g., Maggi, Jackson, Mckenzie, & Priestley, 2000;
Maggi, Jackson, Priestley, & Baker, 2000; Fagereng, 2013; Menegon et al., 2017). On
a more local scale, a strain-dependent brittle-to-ductile transition has been suggested to
operate during the evolution of large anastomosing shear zone networks (Fusseis et al.,
2006). Ultimately, transient deformation can lead to a certain degree of dynamic change
in the rheological response of rocks to imposed stress. The interaction between brittle and
ductile processes at different boundary conditions can play a major role in the localization
of strain at depth within the lithosphere, as will be discussed in the next section.

1.2.2 Localized deformation in the viscous regime: high-temperature shear
zones

Ductile localization of strain under conditions of high temperature and pressure is a
ubiquitous feature within lower crustal levels, as testified by the large number of exhumed
field examples of high-temperature shear zones developing in different lithologies and
across a variety of tectonometamorphic conditions (e.g., Burg & Laurent, 1978; Berthé
et al., 1979; Vauchez et al., 1995; Christiansen & Pollard, 1997; Carreras, 2001; Ebert et
al., 2007; Pennacchioni & Mancktelow, 2007). Shear zones are a key feature of deeper
crustal deformation and have been proposed to be necessary to sustain the very mechanism
of plate tectonics on our planet (Bercovici & Ricard, 2012) by allowing deformation in
the ductile field to be localized at plate boundaries. Shear zones are defined as scale-
independent zones of higher strain with respect to their surroundings. A strain gradient
(as visualized by characteristic microstructures like sigmoidal foliation, passive rotation
of markers, cleavage planes) is usually present from the core of the shear zone towards
the margins, with the wall rock characterized by substantially lower strain, down to
seemingly undeformed material (see Fossen & Cavalcante, 2017, for a review). As large-
scale shear zones have been shown to extend to deep crustal levels, changes in dominating
microstructure, rheological behaviour and mesoscale features (collectively named “shear
zone facies”, following Fossen & Cavalcante, 2017) are expected (Fig. 2).

For strain to localize in the ductile regime, potentially leading to the development of
shear zones, strain softening has to occur in the deforming material (Poirier, 1980; White
et al., 1980). A multitude of mechanisms have been proposed to cause strain softening in
materials deforming by intracrystalline plasticity: 1) grain size reduction by dynamic re-
crystallization and/or brittle comminution, 2) development of textures (crystallographic
preferred orientations, CPO) and/or shape preferred orientations (including foliations)
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Figure 2: (modified from Fig. 3 in Fossen and Cavalcante (2017)); simplified scheme relating the evolution of shear zone
“facies” with depth and flow laws for the two main components of upper and lower crust. Brittle-Plastic transitions for
(wet) quartz and feldspar are indicated in the graph.

causing geometric softening, 3) metamorphic reactions producing weaker mineral phases,
4) fluid influx inducing dissolution-precipitation or the reduction of effective pressure,
leading to brittle deformation, and 5) shear heating leading to locally higher tempera-
tures (for a review of these processes, see Burlini & Bruhn, 2005). One dominant or a
combination of these mechanisms evolving with progressive strain are likely to occur in
nature during the nucleation and growth phase of high temperature shear zones. Recently,
Hansen et al. (2012) suggested that the style of loading (constant load or constant defor-
mation rate) can also affect the efficiency of ductile strain localization in monomineralic
aggregates.
Pioneering work on the topic lead to the assumption that pre-existing stratification of
weaker and stronger lithologies (Ranalli & Murphy, 1987) or the presence of mechanically
weaker inclusions within a stronger matrix (Kirby, 1985) are necessary for the nucleation
of localized strain. At the brittle-to-ductile transition, brittle precursors are shown to
play a key role in the creation of planes of structural heterogeneity that get exploited
by subsequent ductile deformation and become the nuclei of localized strain (e.g., Aus-
trheim, 1987; Mancktelow & Pennacchioni, 2005; Fusseis et al., 2006; Pennacchioni &
Mancktelow, 2007; Fusseis & Handy, 2008). Ductile fracturing (e.g., cavity coalescence,
Dimanov et al. (2007), Rybacki et al. (2008), (2010); high P-T fracturing along cleavage
planes, Menegon et al. (2013)) can be responsible for increased porosity (leading to fluid
influx) and/or for brittle comminution producing fine grained material that can deform in
the diffusion creep regime. Purely crystal-plastic deformation mechanisms (grain bound-

6



1 General Introduction

ary sliding, dissolution-precipitation) are thought to lead to increased porosity (creep cav-
itation) that can create a syn-deformation dynamic influx of fluid (Fusseis et al., 2009).
While most of these mechanisms involve the weakening influence of deformation fluids,
simple rheological contrast between different components is also shown to produce the
conditions for strain to localize (e.g., lithologic boundaries, Pennacchioni and Manck-
telow (2007); pseudotachylites creating a surface heterogeneity, Pittarello et al. (2012);
randomly distributed weak particles in a stronger matrix, Mancktelow (2002)).

1.3 High-temperature rock deformation: the experimental ap-
proach

Experimentally derived flow laws are to a large extent based on investigations conducted
in a Paterson-type deformation apparatus, which is one of the earliest to use gas as
a confining medium (Paterson, 1970). The apparatus can reach temperatures as high
as ≈ 1300 ◦C and confining pressures up to ≈ 500 MPa, while the strain rates vary
between about 10-7 and 10-3 s-1. Experiments can be carried out in conditions of constant
deformation rate and/or constant load. At higher confining pressures, deformation tests
are commonly performed using a Griggs-type apparatus, where the pressure medium
consists of solid or molten salt. However, the accuracy of stress measurements is limited
for this type of machines because the load cell is placed outside of the pressure vessel.
Experiments performed in the Paterson apparatus have been the basis for the definition
of constitutive laws and deformation mechanism maps for feldspar rocks in Dimanov et
al. (1999), Rybacki and Dresen (2000) and Rybacki and Dresen (2004), Rybacki et al.
(2006). With the addition of the torsion set-up to the apparatus, experiments in simple
shear could be conducted up to large shear strains that are more representative of natural
conditions (e.g., Bystricky et al., 2000; Mei & Kohlstedt, 2000; Pieri, Burlini, et al., 2001;
Pieri, Kunze, et al., 2001; Rybacki et al., 2003; Schmocker et al., 2003; Barnhoorn et al.,
2004).

1.3.1 Previous experiments on ductile strain localization

High strain experimental rock deformation conducted in the Paterson apparatus in torsion
mode allowed for the extensive investigation on the topic of strain localization in the
ductile regime. A number of studies conducted on monomineralic materials (e.g., Pieri,
Burlini, et al. (2001) and Pieri, Kunze, et al. (2001); Barnhoorn et al. (2004) on calcite;
Bystricky et al. (2000) on olivine; Rybacki et al. (2008) on feldspar; Wenk et al. (2009)
on halite) show little to no strain localization (unless creep cavitation and porosity bands
are formed, ultimately leading to ductile failure, Rybacki et al., 2008, 2010), although
for olivine constant stress loading conditions seem to favour localization compared to
constant strain rate (Hansen et al., 2012). Polyphase rocks are generally expected to be
more likely undergoing strain localization due to the interaction between constituents, for
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example due to metamorphic reactions or different rheological behaviour leading to stress
inhomogeneity. Therefore, experimental deformation of two-phase aggregates has been
conducted extensively, revealing a more common occurrence of strain localization (e.g.,
Ji et al., 2004; Barnhoorn, Bystricky, Kunze, et al., 2005; Delle Piane et al., 2007, 2009),
although rather homogeneous microstructures are observed if the phases both deform in
the dislocation creep regime (e.g., Rybacki et al., 2003; Bystricky et al., 2006).

The experimental configuration employed in this project was previously tested in a
study investigating the effect of single inclusions of either lower or higher viscosity than
the surrounding matrix on the bulk behaviour of the aggregate (Rybacki et al., 2014).
Also conducted in a Paterson deformation apparatus, both triaxial and torsion exper-
iments were run on samples of Carrara marble matrix containing inclusions of either
weaker Solnhofen limestone or stronger novaculite (a very dense and homogeneous quartz
rock; Wenk et al., 2006), deformed at high temperature and confining pressure condi-
tions. Results showed that weak inclusions promoted strain localization in the matrix
and a lower aggregate strength, while the effect of strong inclusions was negligible and no
microstructure indicative of localized strain was observed.

1.3.2 The carbonate system as an experimental material

Calcite-rich rocks are often used in experimental rock deformation (e.g., Griggs & Miller,
1951; Rutter, 1972; Wenk et al., 1973; Rutter, 1974; Rutter et al., 1994; Schmid et
al., 1977; Pieri, Burlini, et al., 2001; Pieri, Kunze, et al., 2001; Barnhoorn et al., 2004;
Barnhoorn, Bystricky, Burlini, & Kunze, 2005). An abundant mineral on the Earth’s
surface, calcite that deforms plastically at lower temperatures than most other main
lithosphere components. Characteristic deformation microstructures and textures are
produced in calcite at different pressures and temperatures, allowing to relate post-mortem
structures to specific regimes of plastic deformation.

Among the most utilized calcite-rich experimental materials are two natural lithologies
of remarkable purity, Carrara marble and Solnhofen limestone. Carrara marble is a highly
pure metamorphic calcite rock that has been quarried in central Italy for centuries. It
is composed nearly entirely of calcite (up to 98%, Pieri, Burlini, et al., 2001) and has
virtually no effective porosity (≈ 0.1%, Rutter, 1972). The grain size is very coarse, on
the order of ≈ 0.2 mm and it is characterized by very homogeneous microstructure and
texture, with very little stored strain (Rutter, 1972; Pieri, Burlini, et al., 2001) and only a
small amount of twins. Grain boundaries are generally straight and form abundant 120◦

triple junctions, indicative of static recrystallization.
Solnhofen limestone is a very fine-grained material containing up to 98% calcite, which

has been also extensively tested in experimental rock deformation (e.g., Wenk et al., 1973;
Schmid et al., 1977; Casey et al., 1998; Llana-Fúnez & Rutter, 2008). With an average
grain size on the order of ≈ 5 to 20 µm, Solnhofen limestone can be deformed in the
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grain size sensitive creep regime at conditions of high temperature and pressure. Effective
porosity is relatively low, estimated on the order of 1 to 5%, with a dependency on the
location of sampling (Rutter, 1972). The presence of up to 4% of impurity phases (quartz
and clay) at the grain boundaries (Rutter et al., 1994) is likely to cause substantial second-
phase pinning that inhibits grain growth both during deformation and annealing.

1.3.3 Natural shear zones in carbonates

Calcite-rich rocks, of sedimentary and metamorphic origin, are abundant at the Earth’s
surface and within the deeper levels of the lithosphere. Because of the relative weakness
of calcite relative to most of the other abundant rock-constituents, carbonates are often
the locus for ductile strain localization within, for example, orogenic nappe complexes.

The Glarus Thrust, in eastern Switzerland, is an example of a large structure accom-
modating regional displacements of up to ≈ 50 km (Pfiffner, 1985) and mainly involving
carbonates of Mesozoic age. Strongly foliated calc-mylonites and synkinematic calcite
veins characterize the exposed thrust surface, while microstructural and textural investi-
gations reveal a gradient in the deformation conditions both along the thrust and due to
the superimposition of retrograde conditions (Ebert et al., 2007, and references therein).

In Switzerland, the Morcles nappe, within the alpine Helvetic nappe complex, is a
recumbent fault composed of mostly carbonatic lithologies from a shallow-water basin
of Jurassic and Cretaceous age. During the Alpine orogeny, the area was subjected to
closure and inversion of the marine basin, with overthrusting of the whole nappe system
on top of the Aiguille Rouge Massif. A basal thrust zone formed in the carbonatic units
with the development of meso-scale shear zones accommodating a total displacement of
the nappe in the order of 10-12 km (Austin et al., 2008, and references therein).

Other examples include Triassic to Early Cretaceous limestones within the Agly Massif
in the north-eastern Pyrenees that are strongly mylonitized and appear to be associated
with pre-orogenic exhumation of the massif, accommodating the regional extension that
led to the formation of the Boucheville basin in the Late Cretaceous (Vauchez et al.,
2013). Other similar examples can be found in a multitude of crustal scale deformation
settings. Kennedy and White (2001) collected and compared samples from thrusting
systems developing within carbonate-rich lithologies in the Canadian Rocky Mountains
and in Virginia (USA).

1.4 Outline of the thesis

The current thesis is mostly based on experimental work, combined with numerical mod-
elling that was aimed at reproducing one of the configurations tested in the experiments.

Chapter 2 deals with the effect of loading conditions on the initiation and evolu-
tion of localized shear zones induced by the presence of a material heterogeneity in a
homogeneous matrix. A series of torsion experiments were conducted on samples of Car-
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rara marble (matrix material) containing a single planar inclusion of mechanically weaker
Solnhofen limestone. High temperature (900 ◦C) and high confining pressure (400 MPa)
were employed, conditions placing the coarse-grained Carrara marble in the dislocation
creep regime, while the Solnhofen limestone is likely to deform by diffusion creep. The
experiments were run at either constant twist rate (deformation rate) or constant torque
(stress), with the aim of investigating potential differences in the amount and efficiency
of strain localization between different loading conditions.

Chapter 3 presents results from a numerical modelling study that reproduces the ex-
perimental configuration and mechanical behaviour presented in chapter 2. Introducing
a simple strain softening law to the model, the stress-strain curves and final distribution
of strain from the experiments can be reproduced with a high degree of accuracy. Bench-
marking models capable of mimicking weakening processes is of great importance for the
reliability of numerical modelling techniques reproducing crustal scale processes.

Chapter 4 displays results from a series of triaxial experiments investigating the
interplay between brittle and ductile deformation in contractional and extensional step-
over regions between planar inclusions within a homogeneous matrix. The combination of
Carrara marble and Solnhofen limestone was again employed, this time with two inclusions
inclined at 45◦ to the long axis of the cylindrical sample, forming step-over geometries
of different kinematic nature (extensional or compressional). Varying confining pressures
(30, 50, 100 and 300 MPa) were applied to the high temperature (900 ◦C) runs to induce
diverse degrees of brittle deformation and examine the effect on the intervening ductile
processes and the overall impact on strain localization. In this sense, the configuration
employed mimics the frequent occurrence, in nature, of brittle precursors facilitating the
nucleation of ductile shear zones (see section 1.2.2 ).

Chapter 5 will be discussing and summarizing the main conclusions and implications
of the studies here presented, while chapter 6 will outline the potential prospects of
future investigations within the topic of high temperature strain localization.

10



2 The effect of loading conditions

2 High-temperature shear zone formation in Carrara
marble: The effect of loading conditions

Summary

Rock deformation at depths in the Earth’s crust is often localized in high temperature
shear zones occurring at different scales in a variety of lithologies. The presence of ma-
terial heterogeneities is known to trigger shear zone development, but the mechanisms
controlling initiation and evolution of localization are not fully understood.

To investigate the effect of loading conditions on shear zone nucleation along het-
erogeneities, we performed torsion experiments under constant twist rate (CTR) and
constant torque (CT) conditions in a Paterson-type deformation apparatus. The sample
assemblage consisted of cylindrical Carrara marble specimens containing a thin plate of
Solnhofen limestone perpendicular to the cylinder’s longitudinal axis. Under experimen-
tal conditions (900 ◦C, 400 MPa confining pressure), samples were plastically deformed
and limestone is about 9 times weaker than marble, acting as a weak inclusion in a strong
matrix. CTR experiments were performed at maximum bulk shear strain rates of ≈
2×10-4 s-1, yielding peak shear stresses of ≈ 20 MPa. CT tests were conducted at shear
stresses of ≈ 20 MPa resulting in bulk shear strain rates of 1-4×10-4 s-1. Experiments
were terminated at maximum bulk shear strains of ≈ 0.3 and 1.0.

Strain was localized within the Carrara marble in front of the inclusion in an area of
strongly deformed grains and intense grain size reduction. Locally, evidences for coex-
isting brittle deformation are also observed regardless of the imposed loading conditions.
The local shear strain at the inclusion tip is up to 30 times higher than the strain in
the adjacent host rock, rapidly dropping to 5 times higher at larger distance from the
inclusion. At both bulk strains, the evolution of microstructural and textural parameters
is independent of loading conditions. Our results suggest that loading conditions do not
significantly affect material heterogeneity-induced strain localization during its nucleation
and transient stages.

2.1 Introduction

Localization of deformation in the deep crust and mantle is a key mechanism involved in
the formation of tectonic plates and mountain belts on our planet (Tackley, 2000; Schubert
et al., 2001; Bercovici & Karato, 2002; Bercovici, 2003; Regenauer-Lieb & Yuen, 2003,
2004). Therefore, the knowledge of how deformation is accommodated at plate boundaries
and orogenic belts requires the understanding of physical processes that govern localized
deformation in the ductile regime and its persistence over geological times. A multitude
of mechanisms have been proposed to be responsible for nucleation of localized deforma-
tion in the middle to lower crust, under the generally accepted premise that a dynamic
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(positive) feedback mechanism is required to induce thermo-mechanical perturbances in
otherwise homogeneously deforming mediums (Bercovici, 1996, 1998; Bercovici & Karato,
2002; Regenauer-Lieb & Yuen, 2003). Grain size reduction by dynamic recrystallization
(e.g., Montési & Hirth, 2003; Kilian et al., 2011; Platt & Behr, 2011b), fluid influx induc-
ing metamorphic reactions (e.g., Fusseis & Handy, 2008), development or pre-existence
of a crystallographic preferred orientation (e.g., Michibayashi & Mainprice, 2004; Tom-
masi et al., 2009), ductile fracturing (e.g., Handy & Stünitz, 2002; Dimanov et al., 2007;
Rybacki et al., 2008; Menegon et al., 2013) and the presence of material heterogeneities
(e.g., Rybacki et al., 2014) are only some of the mechanisms that were recognized in the
field and through experimental work as factors causing rheological weakening and subse-
quent ductile localization of strain (see Burlini & Bruhn, 2005, for a review). A number
of experimental investigations at constant strain rate have failed to produce notable lo-
calization in monophase materials in the ductile regime even at very high strains (e.g.,
Bystricky et al., 2000; Ter Heege et al., 2002; Barnhoorn et al., 2004). Some observations
suggest that constant stress loading conditions appear to initiate localization in highly
deformed olivine aggregates (Hansen et al., 2012). However, the effects of material proper-
ties and boundary conditions on the mechanical and microstructural evolution associated
with strain localization and weakening are not yet understood and only a few experimen-
tal studies have addressed this. So far, the effect of the imposed loading conditions on
the efficiency of localization within homogeneous materials has largely been investigated
in theoretical models (Fressengeas & Molinari, 1987; Leroy & Molinari, 1992; Paterson,
2007) but experimental studies of ductile localization induced by some of the aforemen-
tioned mechanisms of rheological weakening have not yet been performed. In nature,
calcite-rich rocks are known to host localized shear zones developed in the high tempera-
ture ductile regime, leading to the formation of large scale shear zones where up to tens
of kilometres of displacement are accommodated (e.g. the Glarus Thrust in the Helvetic
Nappe, Groshong Jr et al., 1984; Herwegh & Kunze, 2002; Ebert et al., 2007). Cal-
cite and natural carbonate materials have been extensively studied in the ductile regime
both experimentally (e.g., Schmid et al., 1980; Rutter et al., 1994; Rutter, 1995; Pieri,
Burlini, et al., 2001; Pieri, Kunze, et al., 2001; Barnhoorn et al., 2004) and in the field
(Schmid et al., 1981; Bestmann et al., 2000; Rogowitz et al., 2014, 2016), so that the
calibration of mechanical, microstructural and textural data for calcite at different defor-
mation conditions is well established. In this contribution, we experimentally investigate
the effects of different loading conditions (constant stress versus constant strain rate) on
the nucleation and evolution of heterogeneity-induced high temperature shear zones in a
carbonate system. It is important to anticipate that the phenomena investigated in the
present study are inherently transient, as they mimic the nucleation stage of shear zone
formation and its progressive propagation within intact material. Therefore, the loading
condition may affect the shear zone evolution, which is in contrast to the commonly as-
sumed path-independency of steady state deformation treated as being in thermodynamic
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equilibrium.

2.2 Experimental setup

The torsion experiments presented here were carried out on mono-mineralic calcite ag-
gregates consisting of Carrara marble with elongated Solnhofen limestone inclusions. A
thin (0.75 mm) circle segment of Solnhofen limestone with an arc length of about 11.8
mm was inserted in a saw-cut slot in a hollow cylinder (10 mm height, 15 mm outer
diameter, 6.1 mm inner diameter) of Carrara marble. Ceramic glue was used to fill up
the possible gaps in the slot. Two alumina spacers (for protection of the pistons in the
deformation apparatus) and a solid gold cylinder inserted in the inner borehole of the
sample completed the setup (Fig. 3).

Figure 3: Elements of the sample assembly. In the small inset, the setup prior to insertion in the copper jacket; indicated
is the direction of the applied torsion.

The hollow cylinder configuration was preferred as it guarantees a relatively homoge-
neous distribution of shear stress within the sample (Paterson & Olgaard, 2000). Carrara
marble is a largely used material in experimental rock deformation due to its exceptional
purity (> 99% CaCO3) and low to no initial porosity (Rutter, 1995; Pieri, Burlini, et al.,
2001; Pieri, Kunze, et al., 2001; Ter Heege et al., 2002; Barnhoorn et al., 2004; De Bresser
et al., 2005). The undeformed marble shows a uniform grain size distribution with an
average grain size on the order of the hundreds of microns (≈ 150 µm), abundant triple
junctions, straight grain boundaries and a quasi-uniform crystallographic orientation dis-
tribution (see section 2.4.3 and figures therein). Twinned crystals are present, but the
twins are extremely thin (< 5 µm), straight and not pervasive; these types of twins are
commonly interpreted as late features typical of a low temperature natural environment
(Burkhard, 1993; Ferrill et al., 2004). Solnhofen limestone is an extremely fine grained
(≈ 5 µm average grain size) almost pure calcite rock (more than 97 wt.% calcite, Rutter,
1972), which has been long used as a standard material for experimental deformation of
natural fine-grained calcite (e.g., Rutter, 1972; Rutter & Schmid, 1975; Schmid et al.,
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1980, 1987; Casey et al., 1998). As a consequence of a large difference in initial grain
size, Solnhofen limestone is up to 9 times weaker than Carrara Marble at the imposed
experimental conditions of 900 ◦C temperature and 400 MPa confining pressure (e.g.,
Rybacki et al., 2014). As a result, the Solnhofen limestone inclusion and Carrara marble
host introduce a large viscosity contrast in the experimental setup.

Experiments were performed in a Paterson-type gas deformation apparatus equipped
with a torsion actuator (Paterson & Olgaard, 2000). Prior to experimental runs, the
samples were inserted into copper jackets of ≈ 0.2 mm thickness (to isolate them from the
gas confining pressure medium) the strength of which is accounted for in the evaluation of
the mechanical data. The samples were first pressurized to 400 MPa, followed by heating
at a rate of ≈ 30 ◦C/min up to the desired temperature of 900 ◦C (with accuracy of ±
2 ◦C along the sample axis). After test termination, the load imposed by the actuator
was maintained constant during cooling (at equal rate to the heating phase) to preserve
deformation microstructures and to reduce the amount of static recovery occurring within
the samples.

Following Paterson and Olgaard (2000), the measured torque M was converted to
maximum shear stress τ at the periphery of the sample cylinder according to the equation:

τ =
4M(3 + 1
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where D0 and Di are the external and internal diameters of the cylinder, respectively.
Measured displacement rate θ̇ in radians is converted to maximum shear strain rate γ̇
according to the following:

γ̇ = D0θ̇

2l (2)

where D0 is the external diameter of the sample and l is the length of the cylindrical
specimen.

2.3 Analytical methods

Thin sections were produced for microstructural and textural investigations. To ensure
the analyses were carried out on the portion of the sample that experienced the highest
(measured) strain, the sections were cut tangentially to the outer rim and parallel to the
longitudinal axis of the cylinders (after Paterson & Olgaard, 2000). The thin sections
were polished in two steps, first with diamond paste up to 0.25 µm grain size followed
by 2 hours of chemical-mechanical polishing with an alkaline solution of colloidal silica.
To investigate the crystallographic orientation of the calcite grains, all thin sections were
examined with the electron back-scattered diffraction (EBSD) technique on a FEI Quanta
3D FEG dual beam machine equipped with an EDAX-TSL Digiview IV EBSD detector
and the TSL software OIM 5.31 for the acquisition of diffraction patterns. EBSD analyses
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were performed on uncoated samples under low vacuum conditions (10 Pa H2O) using
an accelerating voltage of 15 kV and beam current of 8 nA at variable working distances
between 13 and 16 mm.

Figure 4: 10 µm step size orientation maps from EBSD data, used for the construction of grain size profiles across the thin
sections (in orange, the partially overlapping moving region of interest, ROI). In a and c the constant twist rate samples and
in b and d the constant torque ones. Color coding represent IPF (inverse pole figure); the white patches in c are patches of
misoriented data due to damages in the thin section.

Crystallographic orientation mapping was performed systematically in all samples us-
ing two different step sizes (10 µm and 3.5 µm). The coarser step size map was used
to map the orientations of the whole sample and for the construction of mean grain size
profiles across the thin sections (top to bottom; orange rectangles in Fig. 4a-d). The
fine step size mapping was limited to the area in front of the limestone inclusion, where
deformation in the marble localizes (Fig. 5a-d); these maps were used for the study of
shape descriptors (section 2.4.4 ) and their variations within regions in and outside of
the localized zone in front of the inclusion (red rectangles in Fig. 5a-d).
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Clean-up of the raw data was carried out using the TLS software OIM Analysis 7.3,
with standardization of the confidence index (CI) within grains. Individual grains were
defined using the following parameters: minimum grain tolerance angle of 10◦ (misori-
entation angle between neighbouring points) and a minimum of 10 indexed points per
grain. Following this step, a CI correlation between neighbour points was applied to the
datasets with low CI (< 0.1) points reassigned to the orientation and CI of the neighbour
data point with the highest CI within individual grains. To identify very small (dynami-

Figure 5: Location of regions of interest for different data extractions on 3.5 µm step size orientation maps from EBSD
data. Two types of areas (red and black) are considered for different calculations. In a and c the constant twist rate samples,
in b and d the constant torque ones. Color coding represent IPF (inverse pole figure); the white patches in c are patches of
misoriented data due to damages in the thin section.

cally recrystallized) grains and their spatial distribution, a minimum of 5 indexed points
per grain criterion (to reduce the loss of small grains by interpolation and smoothing)
was used in the finer stepping size maps within a region of interest (Fig. 5a-d, black
rectangles). Unless otherwise specified, grain sizes are expressed as equivalent diameter
(diameter of a circle of equivalent area to the grain).

Calculations on the EBSD data were performed using the MTEX 4.3.2 toolbox for
Matlab (Hielscher & Schaeben, 2008; Bachmann et al., 2010). Orientation distribution
function and pole figure contouring were calculated using a Gaussian half-width of 10◦

and a maximum harmonic expansion factor of 32.
Grain size evolution across the samples (see section 2.4.4 ) was investigated using

the coarser EBSD maps (10 µm step size). A moving, partially overlapping (one third of
the vertical size) window of size 1.85×0.5 mm (Fig. 4a-d) was used to extract data along
a profile parallel to the longitudinal axis of the sample cylinder located directly in front
of the limestone inclusion in the Carrara marble. Grains transected by the boundary of
the moving window were excluded from the calculations. For each window, we estimated
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the average grain size using the RMS (root mean square) value of the distribution.
To characterize grain shape evolution within the area covered by the finer step size

maps (section 2.4.4 ), two shape descriptors were considered. First, the inverse aspect
ratio (according to the definition of the MTEX toolbox, Hielscher and Schaeben (2008):
IAR = w

l
, w and l being the width and length of the particle, respectively) and secondly

a variation of the classical circularity shape factor, defined as follows:

Circ = 4πA
P 2 (3)

where A is the area and P the perimeter of a grain (Heilbronner & Barrett, 2013). Both
shape descriptors assume values between 1 and 0, where the former represents a circle
(maximum IAR) with smooth surfaces (maximum circularity) and the latter is charac-
teristic of an infinitely non-circular shape (minimum IAR) with infinitely rough surfaces
(minimum circularity).

For the study of shape descriptors, a grain size filtering was applied to the datasets in
order to remove small grains produced by dynamic recrystallization, which are expected
to approach the ideal circular shape at the time of formation. The size filter was set to
20 µm, which is the average grain size of dynamically recrystallized grains determined by
optical microscopy.

Six transmission electron microscopy foils (0.15 µm in thickness) from a single thin
section (sample CTR03) were prepared using the focused ion beam technique (e.g., Wirth,
2005) and subsequently inspected with transmission electron microscopy (TEM) on a FEI
Tecnai G2 F20 X-Twin TEM for the calculation of dislocation densities (see section
2.4.5 ).

2.4 Results

2.4.1 Mechanical data

We present the results from four experiments, two of which were run at constant twist
rate and two at constant torque conditions (CTR and CT, respectively, equivalent to
constant strain rate and constant stress) in the torsion setup of a Paterson-type gas
deformation apparatus. The final bulk strains reached in the experiments are γ ≈ 0.3 and
γ ≈ 1, respectively, for both loading configurations. Experimental conditions for the four
samples presented here are shown in Table 1.

In CTR experiments (Fig. 6a), shear stress is plotted against bulk shear strain, while
for CT experiments (Fig. 6b), shear strain rate is plotted versus bulk shear strain in
semi-logarithmic scale. In constant twist rate experiments, measured peak shear stresses
of about 19 MPa at the periphery of the samples are reached at low values of bulk shear
strain (γ ≈ 0.15), after which mechanical softening occurs and a gradual weakening of
the samples can be observed up to the maximum bulk strains reached, γ = 0.29 for
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Sample P T Test γ̇ τ
γmax γsecnumber [MPa] [◦C] type [s-1] [MPa]

CTR03 400 900 Torsion 1.8× 10-4 20.1 0.293 0.2

CT03 400 900 Torsion 2.1 - 2.4 19.8 0.29 0.2× 10-4

CTR1 400 900 Torsion 1.9× 10-4 19.7 - 0.99 0.6817.6

CT1 400 900 Torsion 1.2 - 4.0 18.8 - 0.94 0.65× 10-4 18.4

Table 1: Experimental conditions for the four samples examined. CTR is constant twist rate (strain rate) experiments,
CT constant torque (stress), γ̇ is shear strain rate (in s-1), γmax is maximum bulk shear strain and γsec is the local shear
strain in a section of radius rsec.

sample CTR03 and γ = 0.99 for sample CTR1. For constant torque experiments, the
applied torque was set so that the shear stress at the periphery of the samples is ≈ 19
MPa, similar to the maximum stress measured in constant twist rate tests. Bulk shear
strain rates first decreased rapidly due to elastic loading, followed by a gradual decrease
up to a minimum at γ ≈ 0.1-0.2. Subsequently, strain rates increased corresponding to
mechanical weakening of the samples up to a factor of about 4 at γ = 1 (Fig. 6b). The
slightly higher minimum strain rate of sample CT03 compared to CT1 is related to the
higher initially applied stress (Tab. 1).

Figure 6: Mechanical shear stress-strain curves of torsion experiments performed at constant twist rate (a) and constant
torque (b).

2.4.2 Strain localization

In order to quantify the local distribution of shear strain within the samples, passive
strain markers were applied to the copper jackets prior to the experimental runs (except
for sample CTR03). A grid of evenly spaced straight lines, parallel to the cylinder axis,
was carved in the copper jacket (Fig. 7; with denser spacing applied to the area where
the inclusion is) and recovered after the experiments. The locally imposed shear strain is
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estimated from the angular deflection of the originally straight lines. After deformation,
the distribution of those lines is clearly heterogeneous and reflects the partitioning of
strain between the limestone inclusion and the Carrara marble.
In particular, a substantial difference in shear strain can be observed between the region

Figure 7: Example of the strain markers grid as applied on the copper jacket, recovered after the experimental run.

directly in front of the Solnhofen inclusion and the surrounding matrix, indicative of
ongoing strain localization within the Carrara marble itself, related to the presence of a
nearby material heterogeneity.

Local shear strains are calculated for this area of incipient localized deformation
(named hereafter the process zone) and for the less deformed matrix at some distance
from the inclusion tip. A strongly localized shear strain in front of the inclusion is ob-
served (up to a factor ≈ 12 compared to the imposed bulk strain), rapidly decaying to
background strain level with distance (≈ 10 mm) from the inclusion (Fig. 8a). The degree
of strain localization (i.e. the ratio between local to bulk shear strain) is not substantially
different between the two loading conditions of constant twist rate or constant torque (cf.,
samples CTR1 and CT1, respectively), especially when one considers the large uncertainty
in the calculated local strains when the angular deflection is large and the measurements
become less accurate (a 3◦ variation can lead to a difference in γ of 10). In Figure 8b the
local strain measured in the process zone is normalized to that of the surrounding, less
deformed matrix, plotted against distance from the inclusion tip in the lateral dimension.
The localization of deformation in the process zone with respect to the adjacent matrix
is higher by a factor ≈ 2-3 than with respect to the bulk strain (Fig. 8a). Clearly, the
degree of localization is further developed at higher total bulk strain (samples CTR1 and
CT1, as opposed to sample CT03). Again, no substantial difference is noticed between
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Figure 8: Local shear strain evolution with distance from inclusion tip. a) Normalized local shear strain (γprocesszone /
γbulk); b) local shear strain ratio, γprocesszone / γmatrix.

constant stress and constant strain rate samples.

2.4.3 Microstructures

In composite micrographs from optical microscopy images we typically observe an area
of intense grain size reduction and highly deformed grains in the Carrara marble matrix,
close to the Solnhofen limestone inclusion (Fig. 9a-b and f-g). In contrast, the surrounding
matrix region remains almost undeformed, and equant grains display similar character-
istics to the undeformed Carrara marble (Fig. 7k-m). Note that the bulk shear strain
indicated on the micrographs refers to the maximum measured shear strain. Approximate
local shear strain γsec within a section of the sample cylinder cut at a radius rsec is about
30% lower (Tab. 1), determined by:

γsec = rsec
r
γmax (4)

In all micrographs the Solnhofen limestone inclusion is located on the right side, showing
at higher strain stronger distortion from the original undeformed rectangular shape (Fig.
3). In the low strain samples (CTR03 and CT03, γ ≈ 0.3; Fig. 9a and f) the process zone,
represented by the area of intense localized deformation in front of the inclusion tip, is
characterized by intense twinning, with grains often developing two distinct sets of twins
oriented at ≈ 60◦ to each other (Figs. 9c and 9h-i). Bending and tapering of twin sets can
be observed in several cases (arrows in Fig. 9c and i). After Burkhard (1993) and Ferrill
et al. (2004), twins are identified as predominantly type 2 and 3, with some remnants
of type 1 twins mainly at a distance from the inclusion. Undulose extinction and lobate
grain boundaries (arrows in Figs. 9c-d and Figs. 9h-i) are pervasive, indicating active
crystal plasticity and intracrystalline deformation mostly by dislocation glide. Grain size
reduction by dynamic recrystallization is incipient in the process zone of the low strain
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Figure 9: Optical micrographs of 5 thin sections (four from the experimental runs and one from the undeformed starting
material), and small insets (c-e, h-j and l,m) displaying details of the microstructures; insets c and d are areas of sample
CTR03, e is from sample CTR1, f and g from CT03 and h from CT1. The undeformed starting material displays a
homogeneous microstructure with little to no stored strain, large equant grains and abundance of triple junctions (l); twin
sets are thin and straight (m). In the overview micrographs of the deformed samples (a-b and f-g), a strongly inhomogeneous
distribution of strain can be observed, with the incipient (CTR03 and CT03) and progressive (CTR1 and CT1) formation
of an area of intensely localized deformation in front of the inclusion.
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Figure 10: SEM images and optical close-ups of brittle features in the deformed samples for low (a-d) and high (e-h) bulk
strain. Applied loading conditions are specified in brackets together with the sample number. The direction of maximum
compressive stress, σ1 is indicated in the upper right corner of the SEM images. The orientation of brittle cracks with
respect to the direction of the principal stress is somewhat different at low strain between constant twist rate (a-b) and
constant torque (c-d). Note voids that formed ahead of the inclusions (dotted segments in a). Dark seam at inclusion/matrix
interface (b) is deformed ceramic cement. Note abundant pores decorating open and closed grain boundaries around the
inclusion tip. With increasing bulk strain, similarly oriented fractures are present in both samples, while in the constant
twist rate sample (e-f) a single fracture with similar orientation as at lower strain (a-b) is present. Cracks may have been
enhanced by unloading at the end of the experimental run.
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samples. Qualitatively, the microstructures of the two samples deformed to similar strain
at different boundary conditions show similar characteristics.

The most striking feature characterizing the process zone of the high bulk shear strain
samples (CTR1 and CT1, γ ≈ 1; Fig. 9b and g) is the intense grain size reduction due
to pervasive dynamic recrystallization (Fig. 9e and j), frequently resulting in core-and-
mantle structures. The abundance of undulose extinction, lobate grains boundaries and
subgrains similar in size to the recrystallized grains suggest prevailing subgrain rotation
recrystallization with subordinate contributions of grain boundary migration recrystal-
lization (Guillope & Poirier, 1979; Drury & Urai, 1990). At high strain twinning is less
prominent. Grain boundaries are typically sutured and curved indicating grain boundary
migration. We observe a shape preferred orientation of the deformed elongate grains re-
sulting in a foliation gently inclined to the shear plane (Fig. 9b and g). Similar to the
low strain samples, the main microstructural features are similar in samples deformed
in both loading conditions applied to the high strain samples. Close to the inclusion
tip incipient brittle deformation is visible in all samples (Fig. 10). Scanning electron
microscope (SEM) images combined with optical close-ups reveal cracks preferentially
located at grain boundaries and small voids ahead of the inclusion tip. Small, mostly
tensile cracks oriented parallel to the direction of σ1 are visible in the low strain constant
twist rate sample (Fig. 10a-b). In the equivalent strain constant torque sample, a single
shear fracture propagating from the tip of the weak limestone inclusion is formed within
the host marble (Fig. 10c-d). Many grain boundaries in the process zone surrounding
the inclusion tip are decorated by strings of pores. It is conceivable that these indicate
crack closure and healing during the tests. The displacement associated with the shear
fracture is accommodated by the weakest phase (the limestone), as can be observed in
the relative movement of the ceramic glue at the contact between the marble and the
inclusion. At higher bulk strain (Fig. 10e-h), a long single shear fracture is observed in
the constant torque sample (Fig. 10g-h). For constant twist rate conditions (Fig. 10e-f) a
few small incipient intracrystalline cracks developed at the very tip of the soft inclusion.
No substantial offset can be discerned along these small cracks. A large, extended fracture
oriented consistently to the direction of σ1 is seen in this sample, potentially enhanced
during unloading given its extension, developing beyond the microstructurally defined
process zone.

2.4.4 Grain size and grain shape evolution

The microstructures of the investigated samples vary strongly on the sample scale as a
result of the strain partitioning between limestone inclusion and host Carrara marble, and
within the marble matrix due to the formation of a shear zone in front of the inclusion.
To investigate the distribution of these heterogeneities within samples and between spec-
imens deformed at different conditions we collected EBSD data and performed analysis
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of grain size distribution and characterized the grain shape evolution (for details on the
methods applied, see section 2.3 ). Based on optical observations measuring some tens
of recrystallized grains per thin section, average grain size of dynamically recrystallized
grains was estimated to 20 ± 4 µm.

Grain size evolution: Figures 11a (low bulk strain samples) and 11b (high bulk strain
samples), respectively, show profiles of average grain size plotted against axial distance
from the inclusion (above and below; red rectangles in Fig. 11a and b indicate the approx-
imate location of the inclusion). For details on the parameters used for the construction
of profiles, see section 2.3 . Significantly reduced average grain size down to about 60
µm, as a result of intense dynamic recrystallization, is clearly visible in the process zone
of all samples. Up to a shear strain of 0.3 a clear symmetry in the average grain size
evolution across the process zone is displayed (Fig. 11a). At high strains of about 1
the development of two distinct domains on opposite sides of the inclusion becomes more
evident, with lower average grain size values in the lower sector of the samples (Fig. 11b,
note the different slopes of the profiles on opposite sides of the inclusion). The applied
loading conditions have no significant effect on grain size evolution, suggesting that the
amount of recrystallized material associated with localized deformation is not substan-
tially dependent on the imposed boundary conditions. The finer step size EBSD maps

Figure 11: Evolution of average grain size across the thin section, above and below the process zone where deformation
localizes in front of the limestone inclusion (the position of the inclusion is indicated in red). a) bulk strain = 0.3; b) bulk
strain = 1.

(see section 2.3 ) were used to investigate three regions of the samples in more detail
(here referred to as upper domain, process zone and lower domain; Fig. 5a-d). The grain
size distributions for all three domains, for the cumulative area of the maps and for the
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undeformed starting material are shown in terms of area fraction vs equivalent diameter
(Fig. 12; diameter of a circle of equivalent area to each grain). Solid, dashed and stip-
pled lines indicate the median values for constant twist rate, constant torque and starting
material samples, respectively (see Table 2 for a transcription of the values).

Sample Total Recrystallized σa σlocal

σbulk

σb σlocal

σbulknumber γbulk grain size [µm] [MPa] [MPa]

CTR03 0.29 10 ± 4 77 2.2 100 2.9± 30 ± 40

CT03 0.29 9 ± 3 87 2.5 115 3.4± 20 ± 30

CTR1 0.99 9 ± 3 85 2.5 135 4.2± 20 ± 40

CT1 0.94 8 ± 3 101 3.1 135 4.2± 35 ± 40
a Barnhoorn et al. (2004)
b Rutter (1995)

Table 2: Estimated recrystallized grain size and corresponding calculated equivalent stresses. Total γbulk = total imposed
bulk strain.

For both low and high bulk shear strains the overall grain size distributions of constant
torque and constant twist rate samples within the whole thin section area are largely
overlapping with rather similar median values (Fig. 12a and e). In all samples, the
average grain sizes are significantly reduced in the process zones compared to adjacent
domains and the starting material. Reduction of average grain size outside the process
zone is more pronounced at high strain (cf. median lines in Fig. 12h compared to Fig.
12d) as a consequence of the increased contribution of dynamically recrystallized grains.

For low strain samples (Fig. 12b-d) the strongest grain size reduction occurs within
the process zone (Fig. 12c), where the applied loading conditions appear to play no role
in the resulting distribution. Upper and lower domains (Fig. 12b and d) display some
subtle differences in evolution between constant twist rate (CTR03) and constant torque
(CT03) samples. For constant twist rate samples, grain size distributions are similar
above and below the process zone. Samples deformed at constant torque show a generally
lower average grain sizes in the domain below the process zone (Fig. 12d). In general,
however, grain size evolutions are very similar in samples deformed at different loading
conditions. At high strain, the asymmetry in grain size evolution between the upper
and lower domain is preserved (also seen in Fig. 11), but the difference between loading
conditions is reduced (Fig. 12f and h). Note, however, that the overall grain size evolution
(Fig. 11) and distribution (Fig. 12a and e) ultimately appear not to be influenced by the
imposed boundary conditions.

The spatial distribution of dynamically recrystallized grains across the combined three
domains (stippled black rectangle in Figure 5a-d) using 3.5 µm step size maps is plotted
in Fig. 13. Bivariate histograms are constructed by defining a 25x25 grid colour coded
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Figure 12: Grain size distribution expressed as normalized area fraction within domains described in text (upper, lower
domains and process zone) and for the whole thin section for the two populations of samples (low bulk strain in a-d, high
bulk strain in e-h) compared to the starting material. Solid, stippled and dotted lines indicate the median value of grain size
distribution for constant twist rate, constant torque samples and undeformed material, respectively. The median grain size
in the process zone of all deformed samples is significantly smaller than in adjacent domains and compared to the starting
material.
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based on how many recrystallized grains (equivalent diameter < 20 µm) are present within
each grid square. The frequency of recrystallized grains is largest ahead of the inclusion
and increases with increasing bulk strain. No major differences can be observed between
the different loading conditions. This is in accordance with the observation that the
area fraction of grains with equivalent diameter smaller than 20 µm is similar in samples
deformed at both imposed boundary conditions (Fig. 12a and e).

Figure 13: Bivariate histograms showing the spatial distribution of small recrystallized grains (eq. diameter < 20 µm) for
constant twist rate (left) and constant torque (right) samples. A 25×25 grid was defined over the region of interest where
the calculation is carried out (black rectangles, Fig. 5a-d); the scale indicates the number of measurements within each
unit of the grid. A red bar indicates the approximate position of the inclusion prior to deformation. The white polygons
in sample CTR1 correspond to patches of misindexed data (where the thin section was damaged) that were computed as
artificial small grains by the mtex toolbox.

Grain shape evolution: We determined the average grain shape within the aforemen-
tioned domains to analyze the degree of plastic deformation of the matrix material (see
section 2.3 for details). In Figure 14a-l, normalized circularity and inverse aspect ratio
data are plotted within the three area domains for the two considered bulk strains (Fig.
14a-f, γ ≈ 0.3 and Fig. 14g-l γ ≈ 1.0; the data is normalized to the total number of
grains).

The shape distribution of the starting material (hatched curves) is given for compari-
son. Vertical lines indicate the median values of each distribution.

The histograms in Figs. 14a-c and 14g-i show the distribution of circularity data, i.e.
a measure of the roughness of grain boundaries, at low and high bulk strain, respectively.
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Figure 14: Frequency histograms for the two shape descriptors considered (circularity in a-c and g-i and inverse aspect
ratio in d-f and j-l) within the three described domains (upper, lower and process zone) for all samples (low bulk strain in
a-f and high bulk strain in g-l) with comparison to starting material distributions. Vertical lines indicate the median value
of each distribution. For detailed description see text.

A comparison of the median values shows that the imposed boundary conditions do not
produce a very significant difference in the distribution of circularities within any of
the domains considered. Compared to the starting material distribution, both constant
twist rate (CTR03, CTR1) and constant torque (CT03, CT1) samples show an overall
increase in surface roughness (decrease in circularity values) across the entire thin section.
The similarities between different boundary conditions are also found for the inverse
aspect ratio data, especially at low strains (Fig. 14d-f). Within the general trend of
increased ellipticity (decreased inverse aspect ratio) with respect to the starting material
distribution, small differences are present in the process zone of high strain samples (Fig.
14k).

2.4.5 Local stress concentration at the tip of the inclusions

The observations carried out on macrostructural and microstructural data indicate that
strain is locally concentrated within the Carrara marble in front of the weak Solnhofen
inclusion. This suggests that the distribution of stress within the samples is also strongly
heterogeneous. Stress appears to be locally enhanced in regions around the inclusion
tips that experience the highest amounts of dynamic recrystallization and intracrystalline
deformation. Several paleopiezometer techniques may be used to estimate local stresses
(e.g., recrystallized grain size, dislocation density, twin density), but they all rest on the
assumption that the considered microstructures are in equilibrium with the thermody-
namic conditions. On the scale of the entire sample we observe a transient evolution of
both strength and microstructure as the shear zone propagates into the Carrara matrix.
Although on a local scale (process zone) we may have reached local steady state of stress
and microstructure this is not the case for the entire samples considered here. The results
presented in the following in terms of recrystallized grain size and dislocation density
piezometry are therefore expected to represent lower and upper bounds, respectively, to
the true stress values locally experienced by the samples. Recrystallized grains may be
larger than the steady state size at the given stress conditions (lower bound), while the
density of free dislocations might not be fully reset to the local stress (upper bound). Cal-
ibration of the recrystallized grain size piezometer for Carrara marble has been carried
out at different experimental conditions by several authors (Schmid et al., 1980; Rutter,
1995; De Bresser, 1996; Barnhoorn et al., 2004). In this study, we applied the piezome-
ter from Barnhoorn et al. (2004) calibrated on high strain torsion experiments performed
between 500 and 700 ◦C and from Rutter (1995), who used triaxial compressive and exten-
sional configurations at temperatures between 500 and 1000 ◦C. The general relationship
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between stress and recrystallized grain size is given by:

σ = C × dm (5)

where σ is the equivalent stress, d is the recrystallized grain size, and C and m are two
constants. Note that the conversion from shear to equivalent stress is defined as follows
(Paterson & Olgaard, 2000):

τ = 1√
3
σ (6)

The values of the two constants are 573.03 and -0.82, respectively, calibrated by
Barnhoorn et al. (2004) and 812.83 and -0.88 using the calibration from Rutter (1995).
Note that both piezometers are based on the assumption that subgrain rotation is the
predominant recrystallization mechanism, as is expected from our microstructural obser-
vations (see section 2.4.3 ). For the determination of recrystallized grain sizes within
a lateral distance of about 500 µm from the inclusion, between 50 and 100 grains were
digitized in each of the samples, and the average of their equivalent diameters was calcu-
lated. Results show stress concentration with respect to the applied bulk stress of 2.2-3.1
and 2.9-4.2 using the Barnhoorn and Rutter calibration, respectively (Tab. 3). Within
error in grain size determinations, calculated stress values are independent of bulk finite
strain and loading conditions.

Domain Low strain samples High strain samples Starting
CTR03 CT03 CTR1 CTR1 material

Whole 158.2 µm 168.41 µm 134.52 µm 132.55 µmsection
Upper 183.06 µm 218.44 µm 180.12 µm 163.39 µm

214.17 µmdomain
Process 114.77 µm 136.28 µm 115.8 µm 102.14 µmzone
Lower 169.77 µm 154.44 µm 116.18 µm 137.27 µmdomain

Table 3: Median values (in µm) for the area fraction grain size distribution presented in Figure 12.

Dislocation densities at increasing distance from the tip of the weak Solnhofen inclusion
were estimated using transmission electron microscopy (TEM) of sample CTR03 (low bulk
strain constant twist rate). Six foils of 0.15 µm thickness were prepared from areas within
relict deformed grains at incremental distances of ≈ 500 µm (Fig. 15a). The foils were
examined in STEM mode (scanning transmission electron microscope). Detailed images
of each foil were acquired at 5 different tilt angles to highlight the number of visible
dislocations. Subsequently, detailed images were stitched together and, by means of a
user defined grid, spatial densities of free dislocations (number of dislocations per unit
area, i.e. the number of free dislocations that would intersect the linear traverses of the
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grid) were manually calculated for all the tilt angles considered. Following De Bresser
(1996), the density is defined as:

ρ = 2N
λt

(7)

where N is the number of intersections, λ the length of the transect line and t the
(constant) thickness of the TEM foil.

Figure 15: a) Micrograph of sample CTR03 with approximate locations of FIB foils for TEM analysis, b) local stress with
distance from the inclusion tip as calculated using dislocation density (red) and recrystallized grain size (orange) piezometry.

The piezometer was calibrated by De Bresser (1996) on both single crystals and poly-
crystalline calcite deformed between 550-800 ◦C, yielding:

σ = 10−6.21 × ρ−0.62 (8)

where σ is the equivalent stress in MPa and ρ is the dislocation density in m-2. Re-
sulting stresses show significant error bars (as a consequence of the uncertainty in the
measured dislocation densities), but decrease non-linearly with distance (Fig. 15b). With
respect to the applied bulk equivalent stress of 34.8 MPa, the resulting stress concentra-
tion at the tip of the inclusion is approximately a factor 2, in accordance with the results
from the recrystallized grain size piezometry.

2.4.6 Crystallographic preferred orientation

For the calculation of pole figures, maps produced with a 10 micron step size were used.
A rectangular area of the thin sections covering the process zone was analyzed for all
samples. Irrespective of applied loading conditions, a strong CPO developed in the de-
formed samples with increasing strain. Samples deformed at constant torque and constant
twist rate show comparable textural evolution (Fig. 16b-e) and pole figures that differ
significantly from the starting material (Fig. 16a).

In CTR03 (low strain constant twist rate sample, Fig. 16b), the [0001] axes are
distributed along a rather complete girdle normal to the shear plane and with two maxima
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at a high angle to the pole of the shear plane. For this sample, an incipient alignment
of the poles of {10-14} with the pole of the shear plane is observed, while the poles of
{11-20} appear to be quite scattered, with a component parallel to the shear direction.
The {01-12} poles are distributed across two clear maxima at an angle of ≈ 45◦ to the
shear direction. With increasing strain (Fig. 16c), the girdle of [0001] poles becomes
more continuous and it cross-cuts the shear plane, also developing a strong maximum
around 20◦ to the shear plane pole. While the {10-14} poles undergo some dispersion,
poles of {11-20} strengthen the parallelism to the shear direction. Similarly, {01-12}
poles preserve the two described maxima and develop two more, also at ≈ 45◦ to the
shear direction. Poles of {01-18} form small girdles perpendicular to the shear zone, with
a maximum concentration at an angle (≈ 15◦) to the shear plane pole. In constant torque

Figure 16: Crystallographic preferred orientation of calcite in Carrara marble a) from the undeformed sample or b-e)
within the process zone of the experimental samples (as defined in fig. 3a-d), for the poles of basal (c (0001)), rhomb (r
{10-14}, f {01-12}), (e {01-18}) and prismatic (a {11-20}) planes. Orientation of shear plane is indicated by arrows at the
top right of the figure.

samples (Fig. 16d-e), CT03 presents a weak texture similar to the low strain, constant
twist rate experiment. Poles of [0001] display a weak girdle with a maximum at about
30◦ from the center of the pole figure within the shear reference plane and two incipient
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weak maxima oblique (≈ 45◦) to the shear plane and opposite the shear direction are also
visible. The poles to {10-14} and {11-20} planes are rather dispersed, although these
latter display maxima normal and at ≈ 45◦ to the shear plane. Poles of {01-12} are again
arranged in four symmetrical maxima at ≈ 45◦ to shear direction, with the addition of
further maxima normal and sub-parallel to the shear plane. With increasing strain (Fig.
16e), the CPO strengthens substantially, similar to the sample deformed at constant twist
rate. Poles of [0001] are now arranged in one single girdle normal to the shear plane, with
one dominant maximum at ≈ 20◦ to the poles of the shear plane. The {10-14} poles show
an alignment parallel to the shear plane, while the poles of {11-20} seem to follow the
shear direction. Poles of {01-12} are arranged in four symmetrical maxima as described
for the constant twist rate sample. A strong preferred orientation is observed for {01-18}
poles as well, forming girdles around the normal to the shear plane.

2.5 Discussion

2.5.1 Weakening mechanisms

Plastic strain localization requires the development of an instability in the system un-
dergoing deformation (Poirier, 1980; Hobbs et al., 1990). It is generally assumed that
potentially coexisting weakening mechanisms (recrystallization-induced grain size reduc-
tion, CPO formation, reaction softening, shear heating) may lead to local strength per-
turbations and ultimately to strain localization (for a review, see Fossen & Cavalcante,
2017).

At the given experimental conditions, Carrara marble is expected to deform in the
dislocation creep regime (e.g., Schmid et al., 1987; Pieri, Burlini, et al., 2001; Pieri,
Kunze, et al., 2001; Rybacki et al., 2014). This assumption is confirmed by the observed
presence of a strong crystallographic preferred orientation even at early increments of bulk
shear strain (Fig. 16). Moreover, the increased mean aspect ratio of relict grains with
respect to the undeformed starting material (Fig. 17a-b) associated with the development
of a SPO within the process zone of the investigated samples (Fig. 17c-d) are indicative
of intracrystalline deformation.

Intense, strain dependent grain size reduction by dynamic recrystallization is observed
to develop dominantly in the process zone (Fig. 13), induced by the concentration of
stresses and shear strain around the inclusion tip (Fig. 15). Some contribution of grain
size sensitive diffusion creep is expected to be active in fine-grained regions in Carrara
marble, as shown for the same experimental conditions and for recrystallized grain sizes
in the order of 10-15 µm (ref. Fig. 13 in Rybacki et al., 2014). As discussed by the
latter authors, the measured stress concentration at the tip of the inclusion may induce
switching into the dislocation creep regime, suggesting that the deformation mechanism
in Carrara marble leading to weakening at the examined experimental conditions is grain
size insensitive. This is supported by our observations indicating formation of cracks at
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the inclusion tip. The textural data (Fig. 16) allows identifying possible slip systems

Figure 17: a) Analysis of mean aspect ratio of relict grains (equivalent diameter > 20 µm) across the vertical profiles
defined in Fig. 4a-d; b) comparison of mean aspect ratios of relict (eq diam. >20 µm) and recrystallized (eq. diam < 20
µm) grains within the process zone of the samples; c, d) shape preferred orientation of relict grains (equivalent diameter >
20 µm) across the vertical profiles defined in Fig. 4a-d.

activated in the process zone of the samples, based on the classification of slip systems
operating in calcite deformed at high temperature (e.g., de Bresser & Spiers, 1993). A
general trend of switching main slip systems with increasing strain is observed in both
constant twist rate and constant torque samples. Basal slip (notice the strong alignment
of c-poles in Fig. 16c, e) is prevalent in both the high bulk strain samples, together with
remnants of slip along the rhomb r plane in the a-direction {10-14} <20-21>. The low
strain samples show a weaker texture, mainly due to slip along the rhomb r{10-14} and
f{01-12} planes in the a<20-21> direction (Fig. 16b, d). Strengths of the texture within
the process zone, as quantified by the calculated j-index (Bunge, 1982), are similar for
constant twist rate and constant torque samples at similar bulk strains. Pole figures are
in good agreement with observations on calcite at similar conditions in previous studies
(Schmid et al., 1987; Pieri, Burlini, et al., 2001; Pieri, Kunze, et al., 2001; Barnhoorn et

34



2 The effect of loading conditions

al., 2004; Rybacki et al., 2014). The activity of similar slip systems and the analogous
degree of textural development as a function of finite strain in our samples suggests that
the deformation mechanisms active in the process zone are independent of applied loading
conditions.

All deformed samples show cracks at the inclusion tips (Fig. 10a-h). Cracks mostly
follow grain boundaries and some open fractures are oriented parallel to the maximum
compressive stress. Although some microcracks may have been induced by cooling and
unloading, voids, low aspect ratio cracks and healed cracks clearly formed during the
tests. Locally, where stresses are concentrated, brittle deformation assists in reducing
grain size as described in natural examples of crustal scale shear zone networks (Fusseis
et al., 2006; Fusseis & Handy, 2008). The microstructural observations show that brittle
fracturing even occurs in combination with plastic deformation of calcite (Fig. 10). As
the process zone propagates into the Carrara marble matrix, cracking is overprinted by
high-temperature creep of the fine-grained recrystallized matrix assisted by crack healing.
It is conceivable that some of the cracking is also obliterated during unloading and slow
cooling of the samples at the end of the experimental runs.

In CTR samples (Fig. 10a-b and e-f), microcracks and voids display a somewhat
different distribution and orientation with respect to constant torque samples. At low
strain, a set of small (50-100 µm) cracks is found, most that are oriented parallel to the
direction of σ1 (Fig. 10a-b). Most of these cracks are open and appear to be tensile in
nature while others are associated with small, dynamically recrystallized material. At
higher bulk shear strains (Fig. 10e-f), some intracrystalline microcracks occur in parallel
to the maximum shear direction, together with a long interconnected fracture parallel to
σ1. In both constant torque experiments (Fig. 10c-d and g-h), a single fracture forms in
plane with the shear propagation direction from the tip of the inclusion, consistent with
the far field direction of maximum shear stress. It is, in all cases, difficult to assess with
certainty whether any displacement occurred along these fractures, as the presence of fine
recrystallized material related to the ongoing plastic deformation overprints any possible
passive marker in the microstructure. The preservation of such a fracture in both low and
high bulk strain sample suggests its formation in the early stages of deformation and its
further exploitation with increasing strain. Brittle deformation, in all samples, appears
to be confined to small domains (where local stresses and strain rates are highest) and
small intervals of strain, associated with pervasive high-temperature creep of calcite.

2.5.2 Stress distribution and deformation transients

The heterogeneous stress distribution produced in the matrix due to the presence of an
inclusion is clearly expressed in the resulting microstructures. The stress enhancement in
the marble matrix in the process zone in front of the inclusion tip is substantial and has
been quantified to a factor of 1.5-3 with respect to the applied bulk stress (Tab. 3, Fig.
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15), although it should be borne in mind that the paleopiezometers applied here were
calibrated for steady state conditions not achieved in our tests (Rutter, 1995; De Bresser,
1996; Barnhoorn et al., 2004). Note that the amount of stress concentration surrounding

Figure 18: Results of a modeling study assuming material parameters and experimental conditions as in the tests
(Döhmann et al., 2019). The profiles of the second invariant of stress are plotted across the outer surface of the sam-
ple cylinders; vertical lines are indicating the position of the Solnhofen limestone inclusion at the final bulk shear strain for
low strain (a, b) and high strain (c, d). Note low shear stresses within the inclusion and stress maxima at the inclusion tips.

a material heterogeneity depends on the effective viscosity contrast between inclusion
and matrix and on coupling of the two materials (Kenkmann & Dresen, 1998). At given
thermodynamic conditions of our tests, the initial viscosity contrast between Carrara
marble and Solnhofen limestone is expected to be a factor ≈ 10 (Rybacki et al., 2014).
As suggested by the local shear strain, stress and grain size distributions found in the
process zone, an exponential decay is observed with distance from the inclusion towards
the matrix.
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The time-dependent strain localisation pattern can be additionally investigated us-
ing numerical forward models (Döhmann et al., 2019, and Fig. 18). Here we employ
2D Cartesian models with periodic boundary conditions that have been benchmarked
to experimental mechanical data. The gradient in flow stress reconstructed for sample
CTR03 (Fig. 15) by means of dislocation density piezometry is in general accordance
with results from numerical models (Fig. 18). In their study, Döhmann et al. (2019)
found a rapid stress drop, down to roughly far-field levels, within 2-3 mm from the in-
clusion tip. Numerical modeling was carried out by means of the geodynamic modeling
software SLIM3D (Semi-Lagrangian Implicit Model for 3 Dimensions, Popov & Sobolev,
2008), which was originally intended for the study of lithospheric-scale processes (Brune,
2016) but has been applied to laboratory scale localization models as well (Cyprych et
al., 2016). For the applied thermodynamically coupled conservation equations, see Popov
and Sobolev (2008). Experimentally derived (Schmid et al., 1980; Rybacki et al., 2014)
flow laws were used to model deformation of Carrara marble and Solnhofen limestone, and
a strain-dependent viscous softening mechanism was implemented (Brune et al., 2014).
Model-derived profiles of the second invariant of stress along the inclusion and process
zone at the cylinders’ outer surface show local stress concentration at the inclusion tip
decaying towards the matrix (Fig. 18).

Stress concentration is significantly smaller than observed in the deformed samples but
the general trend agrees with experimental results. For example, a nonlinear stress decay
is observed with increasing distance from the inclusion towards the matrix irrespective
of loading conditions. The enhanced strain induced in the marble by the applied higher
stresses leads to a progressive stress relaxation along the process zone (compare Fig. 18a
and c for constant twist rate and 18b and d for constant torque experiments). Note that a
stress peak at the inclusion tip is preserved in all cases, regardless of total strain (Table 3
and Fig. 18), as the viscosity contrast between the inclusion and the matrix surrounding
it is still high. Fig. 18 also shows little difference in the shape and magnitude of the area
of enhanced stress.

The paleowattmeter introduced by Austin and Evans (2007) allows grain size of dy-
namically recrystallized material to be related to mechanical work rather than to flow
stress alone. We applied the suggested scaling relationship (Eq. 8, 9 in Austin & Evans,
2007) to our data. Using the measured grain sizes listed in Table 3 and the values of
local strain rates derived from the strain markers (see section 2.4.2 ), the predicted
concentration in stresses with respect to the far field equivalent stress is in the range 3-5,
in good agreement with the paleopiezometric estimates (factor 2-4, depending on calibra-
tion, Table 3). The approach may also be used to predict the average recrystallized grain
size for given differential stresses and strain rates. Resulting recrystallized grain sizes vary
between 10-12 µm (far field stress) and 8-10 µm (up to a factor 4 stress concentration, the
upper bound derived from paleopiezometry), in accordance to what is measured optically
in the samples (Table 3). Taking into account the uncertainty of measured grain sizes
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and strain rates, we conclude that our experiments do not allow us to determine if the
wattmeter yields more reliable results than the piezometer.

2.5.3 Amount and geometry of strain localization

Strain localization as indicated by strain markers increased as the process zone propagated
into the Carrara matrix (Fig.8a, 8b). However, localization remained unaffected by the
different loading conditions. Within the process zone at low bulk strains Carrara marble
is strongly twinned: thick, often tapered or bent twins are abundant, as are multiple twin
sets within single crystals. Deformation twinning in calcite has been extensively studied
in the past (e.g., Barber & Wenk, 1979; Wenk, 1985), and twin morphology and intensity
(number of twins per mm) are often used as stress-strain indicators (paleopiezometers)
during low grade metamorphism (Ferrill, 1991; Ferrill et al., 2004; Rybacki et al., 2013);
(see Burkhard, 1993, for a review). At low temperatures and low stress, twinning on the
e-plane {01-18} may accommodate strain until hardening sets in due to the activity of
only one independent slip system (Burkhard, 1993). At higher temperatures, dynamic
recovery processes accommodate strain as observed in the high strain samples, CTR1
and CT1. Qualitatively, the morphology and distribution of twin sets do not display
substantial differences between samples deformed at different loading conditions. Other
microstructural expressions of localized viscous deformation in the process zone have been
extensively presented (sections 2.4.3 and 2.4.4 ): little variation is noted for constant
stress and constant strain rate samples. Strain partitioning into the process zone is clearly
recognizable at low bulk strains of γ ≈ 0.3 and continues progressively with increasing
shear strain irrespective of loading conditions (Fig. 8b). Once weakening is completed
with progressive strain, partitioning of shear strain into the localized shear zone saturates
at a constant shear strain ratio between shear zone and bulk sample (Fig. 8a). The slope
in Fig. 8a defines the critical shear strain γc required to complete weakening at a critical
length of the process zone. Process zone length and shear strain gradient depend on
viscosity contrast between the strong host rock and weak shear zone, and the weakening
mechanism(s).

2.5.4 Comparison to previous experimental work

High temperature experimental deformation has been conducted extensively on rock-
forming minerals to reproduce the processes occurring in natural shear zones. Since the
introduction of the torsion setup in the Paterson gas deformation apparatus, a number of
large strain studies have been performed on monophase materials, such as olivine (e.g.,
Bystricky et al., 2000; Hansen et al., 2012), calcite (Casey et al., 1998; Pieri, Burlini, et
al., 2001; Pieri, Kunze, et al., 2001; Barnhoorn et al., 2004), quartz (e.g., Schmocker et
al., 2003) or on multi-phase aggregates (e.g., Rybacki et al., 2003; Barnhoorn, Bystricky,
Kunze, et al., 2005; Dimanov & Dresen, 2005; Holyoke III & Tullis, 2006). Notably,
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although mechanical weakening of the deforming materials was described in all cases, lo-
calization of deformation at the sample scale was only observed in a small number of these
studies, where it appeared to be favoured, e.g. by high initial strength contrast between
phases (Holyoke III & Tullis, 2006), by a switch in deformation mechanism in only one
of the deforming phases, producing locally heterogeneous phase distribution (Barnhoorn,
Bystricky, Kunze, et al., 2005) or in the case of imposed constant load (torque) boundary
conditions (Hansen et al., 2012). This latter is in good agreement with what was theoreti-
cally predicted for the torsion geometry by several authors (Fressengeas & Molinari, 1987;
Leroy & Molinari, 1992; Paterson, 2007) who, by means of linearized perturbation analy-
sis, prescribe strain localization to be dependent on the applied boundary conditions. A
small enough perturbation of one of the material properties is not expected to produce
localization in a constant displacement rate setting even if strain weakening is observed,
as opposed to a constant load setup in which localization is always favored. However, the
linear perturbation analysis of Fressengeas and Molinari (1987) is carried out with the
assumption that deviations from homogeneity of the material properties are small. For
larger perturbations the field equations cannot be linearized and the analytical solutions
are much more complex. We argue that, in our experimental setting, the initial departure
from a homogeneous stress distribution imposed by the presence of a strong viscosity con-
trast is much larger than can be treated by the linear approximation. As a consequence, it
can be inferred that, for bi- or multi-phase materials with sufficient viscosity contrast (as
is often the case in nature), the expected influence of boundary conditions on localization
is absent or minor.

2.5.5 Implications for natural shear zones

Our study shows that, in the presence of a material heterogeneity in an otherwise homo-
geneous medium, localized shear zones form regardless of the imposed loading conditions.
Recent theoretical studies accompanied by integration of existing field data (Whipple
Mountains core complex, southeast California; Platt & Behr, 2011a, 2011c) propose a
theory for the development of viscous shear zone in the middle to lower crust in a stress-
controlled environment. The authors concluded that the yield stress of the undeformed
host rock controls the flow stress in the deforming shear zone. Consequently, a constant
velocity boundary condition is always converted into a constant stress condition. How-
ever, the theory is based on the assumption of steady-state deformation of a homogeneous
crustal material. This premise seems to apply to a limited number of tectonic situations,
but may not apply to channel flow (Beaumont et al., 2004) or the dynamic feedback be-
tween the brittle upper crust and the semibrittle to ductile lower crust during syn- and
inter-seismic periods (Trepmann & Stöckhert, 2003). In their review paper on shear zones
in the mantle, Vauchez et al. (2012) argue that the yield stress of a rock is strain rate
dependent, where the strain rate itself is a function of shear zone width; thus stress can-
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not be constant. Numerous field and experimental studies conducted in the past decades
have identified a number of mechanisms that are believed to trigger strain localization at
the crustal scale. Most of these involve some form of inherited presence of a rheological
or structural heterogeneity, or the mentioned interaction with the seismogenic crust (for
a review, see Vauchez et al., 2012). Our results suggest that a rheological heterogeneity
will initiate shear zone formation with little impact of the applied boundary conditions.

2.6 Conclusions

We conducted high temperature torsion experiments to investigate the effect of loading
conditions (constant twist rate or constant torque) on the initial and transient stages
of strain localization in marble containing a weak material heterogeneity. The inclusion
induced stress concentration halos in the stronger surrounding matrix resulted in strain
partitioning into localized shear bands propagating into the marble with ongoing bulk
deformation. Progressive localization is associated with strain weakening accommodated
by dynamic recrystallization, CPO development and plastic deformation of relict grains
within a process zone which is markedly different from the surrounding, relatively intact
matrix. High temperature creep of marble is the dominant deformation mechanism at the
applied experimental conditions, although evidence for coexisting brittle deformation is
found regardless of loading conditions and total strain. This latter observation is of par-
ticular interest, as it is a feature that is frequently recognized in nature where the presence
of fractures and veins associated with localized ductile deformation is often interpreted as
the necessary precursor to localization (e.g., Mancktelow & Pennacchioni, 2005) or as the
expression of coexisting brittle and ductile deformation (e.g., Badertscher & Burkhard,
2000; Ebert et al., 2007; Poulet et al., 2014). Overall, we observe that the geometry, mi-
crostructural and textural features and evolution of the process zone are qualitatively and
quantitatively comparable in constant torque and constant twist rate experiments. Our
results suggest that the loading conditions do not significantly affect strain localization
induced by the presence of a material heterogeneity during nucleation and transient evo-
lution stages. It should be kept in mind that the experimental setup poses some intrinsic
limitations on the number of variables that can be investigated simultaneously. The effects
that some of the latter (as the applied confining pressure, temperature or the presence of
a second phase in the deforming matrix) might have on the weakening mechanisms and
ultimately on the processes favouring strain localization are manifold and would require
further investigation and a multidisciplinary approach (with experimental, field based and
model based studies).
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3 Strain localization and weakening processes in vis-
cously deforming rocks: Numerical modeling based
on laboratory torsion experiments

Summary

Localization processes in the viscous lower crust generate ductile shear zones over a broad
range of scales affecting long-term lithosphere deformation and the mechanical response
of faults during the seismic cycle. Here we use centimeter-scale numerical models in order
to gain detailed insight into the processes involved in strain localization and rheological
weakening in viscously deforming rocks. Our 2D Cartesian models are benchmarked
to high-temperature and high-pressure torsion experiments on Carrara marble samples
containing a single weak Solnhofen limestone inclusion. The models successfully reproduce
bulk stress-strain transients and final strain distributions observed in the experiments by
applying a simple, first-order softening law that mimics rheological weakening. We find
that local stress concentrations forming at the inclusion tips initiate strain localization
inside the host matrix. At the tip of the propagating shear zone, weakening occurs within
a process zone, which expands with time from the inclusion tips towards the matrix.
Rheological weakening is a precondition for shear zone localization and the width of this
shear zone is found to be controlled by the degree of softening. Introducing a second
softening step at elevated strain, a high strain layer develops inside the localized shear
zone, analogous to the formation of ultramylonite bands in mylonites. These results
elucidate the transient evolution of stress and strain rate during inception and maturation
of ductile shear zones.

3.1 Introduction

Localization of deformation is ubiquitous in Earth materials and observed over a broad
range of scales in space and time (Fossen & Cavalcante, 2017). In the brittle upper crust,
localization is represented by fault zones (Coyan et al., 2013; Valoroso et al., 2013) tran-
sitioning into localized ductile shear zones in the middle–lower crust at the brittle-ductile
transition hosting mylonites and ultra-mylonites (Palin et al., 2015; Park & Jung, 2017).
Localization within the deeper ductile lithosphere is accommodated by a combination of
different deformation mechanisms, e.g. diffusion and dislocation creep, frictional sliding
or cataclasis, depending on mineral composition and boundary conditions (Kenkmann &
Dresen, 2002; Burlini & Bruhn, 2005). These processes cause shear zone initiation at
material heterogeneities and multiple defects commonly present in rocks that serve as
nucleation points for shear zones on the micro- or macro-scale. Typical examples include
randomly scattered flaws (e.g., Misra & Mandal, 2007), brittle fractures (Mancktelow &
Pennacchioni, 2005), weak layers (Gerbi et al., 2014), veins and dykes (Handy, 1989) or
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rock fabric (Bürgmann & Dresen, 2008). A plethora of studies showed that a subsequent
strength reduction in shear zones may be attributed to a wide range of processes, like
grain-size reduction (Tasaka et al., 2017), shear heating (Duretz et al., 2015), a combina-
tion of both (Foley, 2018), a change in controlling deformation mechanism such as from
dislocation to diffusion creep (e.g., White, 1976; Handy, 1989; Linckens et al., 2011), the
development of crystallographic preferred orientations (Ji et al., 2004) or melting (Handy
et al., 2001).

Laboratory experiments on rock materials provide insights into localization and weak-
ening processes during shear zone formation at well-defined deformation conditions. Sev-
eral experimental studies at high P-T conditions have investigated strength and mi-
crostructures in high-strain deformation tests on mono-mineralic geomaterials. For pure
Carrara marble it was found that strain weakening is associated with recrystallization to a
fine grain size, the development of a strong lattice-preferred orientation (Pieri, Burlini, et
al., 2001), and that steady state flow is reached at shear strains γ > 4 (Pieri, Kunze, et al.,
2001). In axial compression tests at 700–990 ◦C, Ter Heege et al. (2002) found that dis-
location creep mechanisms dominate Carrara marble flow at peak stresses and that grain
size sensitive mechanisms contribute to flow only for higher bulk shear strains. However,
Barnhoorn et al. (2004) observed no significant contribution of diffusion creep even for
large shear strains γ ≤ 50. Only minor rheological weakening may be attributed to grain
size reduction by dynamic recrystallization, if grain growth is not inhibited (De Bresser et
al., 2001). Zener pinning for example impedes grain growth and can thus enhance strain
localization (Bruhn et al., 1999; Herwegh et al., 2005; Linckens et al., 2011; Bercovici
& Ricard, 2012). By means of experimental studies with multiphase aggregates the lo-
calization phenomena have been analyzed at various conditions. A second phase, for
example, helps maintain a fine grain size that allows continuous deformation in the diffu-
sion creep regime (Tasaka et al., 2017). Geometric phase mixing occurs only at very high
shear strains and is hence a consequence of localization (Cross & Skemer, 2017). Stress
partitioning in a two phase system may lead to above-average stresses in one phase and
comparatively low stresses in the other (Bruhn & Casey, 1997). Strong stress and strain
gradients close to matrix/inclusion interfaces were also observed in a two-phase study
using anorthite-diopside aggregates and are similar to deformation microstructures ob-
served in ultramylonites (Dimanov & Dresen, 2005).The effect of material heterogeneities
on the rheological response of otherwise homogeneous Earth materials has been recently
addressed by Rybacki et al. (2014), who analyzed the effect of material heterogeneities
on the onset of localized viscous deformation. These studies revealed a rich interplay of
various factors and processes, yet it is difficult to study individual processes in isolation
and to provide a time-dependent view of strain localization.

In addition to experimental studies, numerical modeling of localization processes allows
testing realistic materials in order to isolate the effect of specific deformation mechanisms
and parameters. Previous numerical modeling work aimed at understanding the role of

44



3 Benchmarked numerical modeling

strength anisotropies that are either caused by compositional differences (Kenkmann &
Dresen, 1998; Mancktelow, 2002; Treagus & Lan, 2004; Cook et al., 2014) or due to in-
herited structures (Corti et al., 2007; Mazzotti & Gueydan, 2018; Webber et al., 2018).
For example, during lithospheric extension the inherited mechanical structure exerts a
strong control on rift geometry and architecture (Duretz et al., 2016). Material het-
erogeneities significantly impact strain localization: (1) Hard inclusions produce stress
concentrations inside a homogeneous matrix (Kenkmann & Dresen, 1998), and (2) weak
inclusions localize strain in turn producing stress concentrations at the inclusion matrix
interface (Cyprych et al., 2016). Jammes et al. (2015) identified three end-member types
of shear zones: (1) localized, (2) localized anastomosing and (3) delocalized shear zone
that depend on the proportion of strong and weak phase and the strength ratio. Other
modeling studies focused on the effect of rheological weakening and hardening mecha-
nisms. Weakening mechanisms have been formulated as a function of strain (Cyprych et
al., 2016; Mazzotti & Gueydan, 2018), stress (Gardner et al., 2017), deformation work or
grain size in combination with grain-size dependent flow laws (e.g., Jessell et al., 2005;
Bercovici & Ricard, 2012; Herwegh et al., 2014; Cross et al., 2015). However, all these
formulations have been shown to strongly influence the localization behavior in numerical
models.

Here we compare the results of our numerical models to a series of laboratory tests
(Nardini et al., 2018). in order to investigate the temporal and spatial evolution of strain
localization and weakening processes in viscously deforming rocks. As mentioned above,
ductile shear zones are often initiated at material heterogeneities which is why we use
a single weak inclusion torsion setup to analyze dynamics, strength, and geometry of
the resulting ductile shear zone. Based on this reference model, we perform additional
numerical experiments assessing the time-dependent impact of weakening through a scan
of the relevant parameters and finally we focus on the formation of ultramylonites.

3.2 Laboratory experiments

3.2.1 Experimental setup

Sample preparation is following the procedures described in Rybacki et al. (2014): cylin-
ders of Carrara marble (10 mm in length, 15 mm outer diameter) were cut from a single
block of marble, and an internal borehole (6.1 mm of inner diameter) was cored and
subsequently filled with cylinders of solid gold to provide a homogeneous distribution of
stress over the entire sample through the full duration of the experiments (Paterson &
Olgaard, 2000). Circular segments of Solnhofen limestone (arc length ≈ 11.8 mm), a
very fine grained (average grain size < 10 µm) rock, were produced by polishing ≈ 750
µm thick sections that were subsequently inserted in the external surface of the Carrara
marble cylinders (see Figure 19a).

Experiments were conducted in a Paterson-type gas deformation apparatus (Paterson,
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1970), at 900 ◦C temperature and 400 MPa confining pressure. The samples were inserted
in copper jackets of ≈ 0.2 mm thickness, and jacket strength at the experimental con-
ditions was accounted for in the evaluation of the mechanical data. Straight vertical
scratches on the jacket surface serve as passive strain markers. As shown in Rybacki et al.
(2014), at experimental P-T conditions the fine grained limestone is substantially softer
than Carrara marble and therefore acts as a weak material heterogeneity within a homo-
geneous stronger matrix. Two different loading conditions, constant twist rate (equivalent
to a shear strain rate of 1.9×10-4 s-1 at the outer periphery) and constant torque (≈ 18.8
MPa), were tested. For each loading type, samples were tested to a final bulk shear strain
γ ≈ 1 (Nardini et al., 2018).

Figure 19: a) Schematic drawing of experimental setup: cylinder height is 10 mm, outer diameter is 15 mm, the inclusion
features an angular length of 90◦ and the inner borehole has a diameter of 6.1 mm and is filled with a solid gold cylinder.
The matrix consists of Carrara marble and the inclusion of Solnhofen limestone. b) Effect of viscous softening on Carrara
marble flow law. The factor Aε (a fraction of the weakening amplitude A) is increased between the two threshold values
of local finite strain ε1 and ε2, hence the effective viscosity is locally reduced. c) Model setup and boundary conditions.
Constant bulk strain rate (ε̇bulk) is achieved by prescribing velocity at top (vx,top) and bottom (vx,bot) model boundaries.
At the left and right model side we use periodic boundary conditions, i.e. velocity and stress are continuous across these
faces and any material point crossing these boundaries enters again on the other side of the model. Flow laws of matrix
and inclusion are chosen to represent Carrara marble (strong matrix) and Solnhofen limestone (weak inclusion) (see Table
4). Vertical gray lines are passive strain markers.

3.2.2 Experimental results

At constant twist rate, calculated shear stress at the sample periphery initially increased
up to a peak value of ≈ 19–20 MPa at a bulk shear strain of γ ≈ 0.2, followed by gradual
weakening up to the maximum bulk shear strain of about 1 for sample CTR1 (Figure
20a). This sample is used to benchmark the numerical model. In the constant torque
experiment, torque was kept uniform such that the maximum shear stress at the sample
periphery was about 18.8 MPa, similar to the peak stress measured in the constant twist
rate experiment (see supplementary Figure 27 for results of the constant torque experiment
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and a comparison to a numerical model). The experiments reveal that in front of the
inclusion the strain within the Carrara marble was strongly localized forming a process
zone consisting of highly deformed grains and grain size reduction. The local shear strain
in this area is higher than in the adjacent host rock. At the inclusion tip, the local strain
is up to about 30 times higher than in the neighboring matrix and ≈ 10 times higher than
the bulk strain (Nardini et al., 2018).

3.3 Model description

In the following, we describe the setup of the numerical model and examine 1) the results
in comparison to the associated laboratory experiments, 2) the time-dependent evolution
of the model, 3) the role of softening, 4) the effect of varying softening parameters, and 5)
the impact of progressive softening. Points 1) and 2) combined with the mechanical data
yield further insights into the strain localization process. With 3) to 5) we expand the
parameter space beyond the experimental results allowing new insights from the numerical
perspective.

3.3.1 Numerical modeling technique

We use the geodynamic modeling software SLIM3D (Semi-Lagrangian Implicit Model
for 3 Dimensions) (Popov & Sobolev, 2008). The implicit finite element code utilizes
the Arbitrary Lagrangian-Eulerian Method, has a realistic elasto-visco-plastic formula-
tion for rheology and a free surface. The software was originally designed to investigate
lithospheric-scale processes and has since been applied in divergent (Brune et al., 2012,
2013, 2014, 2016, 2017; Brune & Autin, 2013; Brune, 2014; Heine & Brune, 2014; Koop-
mann et al., 2014; Clift et al., 2015) convergent (Quinteros et al., 2010; Quinteros &
Sobolev, 2013; Duesterhoeft et al., 2014; Ballato et al., 2019) and transform (Popov et
al., 2012; Brune, 2014) plate boundary settings. Recently however, its scope has been ex-
tended with the aim to investigate localization processes on the centimeter-scale (Cyprych
et al., 2016). With the SLIM3D software, we solve the thermomechanically coupled con-
servation equations of momentum

− ∂p

∂xi
+ ∂τij

∂x
+ ρgz = 0 (9)

energy
ρCp

DT

Dt
− ∂

∂xi
(λ ∂T
∂xi

)− τij ε̇ij = 0 (10)

and mass
1
K

Dp

Dt
− αT

DT

Dt
+ ∂υi
∂xi

= 0 (11)

with coordinates xi, velocities υi, temperature T, time t, pressure p, stress deviator τij,
strain rate deviator ˙εij, densities ρ, gravity vector gz, heat capacities Cp, heat conductivi-
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ties λ, thermal expansitivity αT and bulk moduli K. The Einstein summation convention
is applied over repeated indices.

The conservation equations are solved simultaneously considering the constitutive laws
that relate deformation and stress. Total deviatoric strain rate is described as the sum of
elastic and viscous strain rate (Simo & Hughes, 2006):

ε̇ij = ε̇elasticij + ε̇viscousij = 1
2Gτ̂ij + 1

2ηeff
τij (12)

where G is the elastic shear modulus, τ̂ij the objective stress rate (e.g., Bonet & Wood,
1997), and ηeff the effective viscosity. We use dislocation creep flow laws to model the
viscous deformation of limestone and marble. The effective viscosity is described as:

ηeff = 1
2τII ε̇

−1
dis (13)

with τII as the second invariant of the effective deviatoric stress, given by:

τII =
√

1
2(σxx − p)2 + 1

2(σyy − p)2 + 1
2(σzz − p)2 + σ2

xy + σ2
xz + σ2

yz (14)

and ε̇dis as the second invariant of the viscous strain rate for dislocation creep, which is
defined as:

ε̇dis = BdisAε(τII)nexp(−
Edis
RT

) (15)

where Bdis is the material-dependent creep parameter or pre-exponential factor, Aε is a
strain-dependent function of an arbitrary factor A which we call the weakening amplitude
(defined below), n is the power law stress exponent, Edis the activation enthalpy and R
the gas constant (Popov & Sobolev, 2008). Flow law parameters for Carrara marble and
Solnhofen limestone are given in Table 4.

To account for the rheological weakening mechanisms operating in rocks at elevated
temperatures and pressures, we implement the function Aε that captures progressive
weakening. The strain rate ε̇dis in each element is increased by this factor Aε depending
on the actual viscous strain ε of the element:

Aε =


1 if ε < ε1

1 + A−1
ε2−ε1

(ε− ε1) if ε1 < ε < ε2

A if ε > ε2

(16)

The threshold values ε1 and ε2 depend either on 1) accumulated finite viscous strain (see
Cyprych et al., 2016) or 2) deformation work per element volume Wdef defined as:

Wdef = εvisc × τII (17)
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with εvisc as the viscous component of finite strain, which is computed by integrating the
second invariant of the deviatoric viscous strain rate tensor with respect to time. For all
ε < ε1 the factor Aε is 1. With increasing finite viscous strain, Aε is linearly increased
between the threshold values ε1 and ε2. For ε > ε2, Aε is equivalent to the weakening
amplitude A. As a result, this parameterization reduces the effective viscosity (see Figure
19b). The thresholds ε1 and ε2 and the weakening amplitude A of the reference model
are determined manually by iterative comparison to experimental observations (Figure
20a). A is chosen such that the stress drop observed from peak stress until the end of
the experiment is matched. The threshold values ε1 and ε2 control the onset and the end
of weakening and were selected such that the shape of the stress strain curve from the
experiment is reproduced by the numerical model.

Phase Boundary conditions Flow laws
Reference strength

(at strain rate 1.9× 10-4 s-1)

T [◦C] ε̇ [s-1] n log10(B900
dis ) [Pa

-1 s-1] Stress [MPa] η [Pa s]

Carrara marble
(matrix) 900 1.9× 10-4 7.6ab - 59.59a 22.45 5.91× 1010

Solnhofen limestone
(inclusion) 900 1.9× 10-4 1.4a -13.10c 5.00 1.32× 1010

a Rybacki et al. (2014)
b Schmid et al. (1980)
c Rybacki et al. (2014) report - 12.55; was modified such that peak stress of model is equivalent to experiment

Table 4: Flow laws and boundary conditions for the reference model. Temperature dependence is incorporated in the
pre-exponential factor and flow law parameters are valid for given boundary conditions only . Reference strength gives
stress and viscosity at the used bulk shear strain rate (1.9× 10).

3.3.2 Setup of the numerical model

Our reference model is designed to reproduce the single inclusion experiments of Nardini
et al. (2018) described above in 2D Cartesian coordinates. We model the laboratory
shear deformation of a hollow cylinder by using periodic boundary conditions, such that
material leaving one side of the model in shear direction enters again on the opposite side
(see Figure 19c). The model height is 10 mm and the length of the model along shear
direction is 47.124 mm which represents the outer circumference of the hollow cylinder
in the laboratory experiment. Thermal properties of the material do not influence the
model results, due to an imposed temperature of 900 ◦C and the small model size. For
the same reason temperature gradients are quickly dissipated, which is why shear heating
does not play a role. To compare with the experiments, we apply constant strain rate and
constant stress boundary conditions, respectively. Flow laws implemented in the models
are based on a series of torsion and triaxial experiments performed on Carrara marble and
Solnhofen limestone by Rybacki et al. (2014). The flow law parameters are similar to those
obtained by Schmid et al. (1980). Activation energy and thus temperature dependency
are incorporated into the material-dependent pre-exponential parameter (B900

dis ), as the
experiments and models are performed at a constant temperature (900 ◦C) (see Table
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4). The Solnhofen limestone flows as a superplastic material at the given P-T conditions
(Schmid et al., 1977), due to its small grain-size. This is incorporated into the model
setup by employing a low stress exponent of n = 1.4 derived by Rybacki et al. (2014)

3.4 Numerical model results

3.4.1 Benchmarking of the numerical model

We deduce the three weakening parameters of our strain-dependent softening parametriza-
tion (ε1, ε2, A), by iterative comparison between experiments and model. The experimen-
tally derived stress-strain curve and final strain distribution are successfully reproduced
using a model with the following values for the accumulated finite strain thresholds: ε1

= 0.2, ε2 = 0.5 and the weakening amplitude: A = 6 (Figure 19b) affecting the Carrara
marble.

Figure 20: Benchmark and comparison of constant strain rate model to experiment. a) Stress strain curves of reference
model (green) and experiment (black). Background shows the phases P1 – pre-weakening, P2 – onset and acceleration of
weakening and P3 – deceleration of weakening. b) Model with passive strain markers and shear zone outlines of model
(green) and experiment (black). c) Copper jacket from experiment with passive strain markers, estimated inclusion length
and shear zone outline. Results in b) and c) are shown at a bulk shear strain of ≈1.

Our model results are in excellent agreement with experimental results at constant
strain rate (CTR1). Stress strain curve (see Figure 20a), shear zone width and matrix
deformation are very similar as shown by the passive strain markers (see Figure 20b,c).
The inclusion length fits to the experimental estimate and its distorted rhomboidal shape
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(Rybacki et al., 2014) is also observed in the model. Steady-state deformation is not yet
reached at a bulk shear strain of γ = 1, indicated by the non-zero slope of the stress strain
curve. Constant stress model and experimental results also do not differ significantly as
shown in the supplements (Figure 27). In agreement with the results from Nardini et al.
(2018), this test likewise indicates that both loading configurations (constant strain rate
and constant stress) lead to nucleation of ductile shear zones.

The benchmark comparison also reveals a minor difference between model and exper-
iment. When using the experimentally determined flow laws, we find that the maximum
bulk shear stress of the model is ≈ 5% lower than in the experiment. Likely, this offset
is due to experimental uncertainties contained in the flow laws, which we level out by
adopting a slightly smaller pre-exponential factor for the Solnhofen inclusion (Table 4).

3.4.2 Spatial and temporal model evolution

In this section we investigate the bulk stress evolution by analyzing the evolution of model-
intrinsic strength variations that arise from the flow laws and local stress partitioning. To
describe inhomogeneous deformation surrounding the shear zone tip we use the term pro-
cess zone, which originates from nonlinear fracture mechanics (Zang et al., 2000). Here we
expand its meaning to viscous materials describing a region of enhanced microstructural
modification in comparison to the remaining matrix (Rybacki et al., 2014). To analyze
the evolution of the process zone that is observed in the experiments, we visualize the
stress and strain distribution in space and time. We distinguish four phases (P1–P4)
during model evolution: pre-weakening (P1), onset and acceleration of weakening (P2),
deceleration of weakening (P3) and steady-state (P4). In phase P1 stresses build up (load-
ing) and no material is weakened by viscous softening, but with ongoing deformation the
shear strain locally exceeds the threshold strain ε1 defining the beginning of weakening
and phase P2 at a bulk shear strain of γ ≈ 0.05. From this moment on the Carrara marble
matrix is subdivided into an unaltered zone A and the process zone B that is submitted
to ongoing weakening (Figure 21). With progressive deformation the process zone grows
and a larger volume exceeds the weakening threshold, accelerating bulk softening. At a
bulk shear strain of γ ≈ 0.6 the process is slowing down defining the beginning of P3.
Two fully weakened regions C emerge in the model center where shear strains start to
exceed ε2 that defines the second threshold and completion of weakening (Figure 21d). In
phase P4 the deformation proceeds at steady state, which is only observed for bulk shear
strains γ > 2 using the reference setup. In the experiment and the benchmark model,
steady state is not reached since the test is terminated at a bulk shear strain of γ ≈ 1.

Pronounced stress peaks in front of the inclusion tips are observed during early stages
of deformation (P1 and early P2) (see Figure 21a) resulting in higher strain rates (Figure
21g) than in surrounding matrix regions of low stress. Similar to the experimental results,
strain rates in the process zone are locally increased by up to a factor of≈ 30 in comparison
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to the matrix. Due to this stress and thus strain rate differences, the finite strain threshold
value ε1 (white outline) is first exceeded at the inclusion tips where softening of the
material starts. This leads to a positive feedback promoting localization. Strain rate
subsequently increases further and soon the second threshold value ε2 (black outline)
is also exceeded indicating local completion of softening (see Figure 21b–f and 21h–l).
Consequently, stress gradually decreases again locally between the onset outline and the
inclusion (see Figure 21b and c). The stress concentrations at the inclusion tips remain

Figure 21: Local stress (second invariant of the effective deviatoric stress) (a-f) and strain rate (g-l) evolution within the
matrix of the constant strain rate benchmark model. A, B and C distinguish three different Carrara marble zones and their
outlines indicate finite strain thresholds of ε1 = 0.2 for beginning (white) and ε2 = 0.5 for end (black) of softening. The
process zone B is associated with a local stress maximum propagating into the matrix (a-c). The zone is controlled by the
onset and end of softening. A second stress peak remains fixed at the inclusion tips (a-f).

due to the remaining viscosity contrast between matrix and inclusion. The cylindrical
symmetry of the experiment and our model results in a merge of the two weakening fronts
(ε1 outline). Once the two local stress peaks causing the onset of softening merge, they
combine to a single, local stress maximum in the model center and the stress gradient
in the process zone decreases significantly with further deformation (see Figure 21e).
The fully weakened zones C grow, as the process zone B propagates into the matrix
from the inclusion, featuring a gradual stress increase from the end of softening outline
towards the inclusion tips (see Figure 21d). In phase P3 the completely weakened areas
in the vertical model center are connected (see Figure 21e and k), after which the rate of
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weakening decreases (Figure 20a). Stress and strain rates directly above and below the
inclusion remain low throughout the experiment due to local stress partitioning. A small
transition zone between the inclusion and matrix exists due to coupling of the materials.
The overall observed stress drop in the matrix (Figure 21a-f) results from our weakening
parameterization, which decreases the effective viscosity of the Carrara marble.

Analytical solutions of a linear dislocation in an elastic half- space predict extremely
high stresses as displacements vanish towards fracture tips (Okada, 1985). Within the
ductile regime and for inclusions of finite width, however, we can show that the localization
process at the inclusion tip evolves in a smoother and time-dependent way. Figure 22

Figure 22: Along-strike variations of key variables through time. The inclusion deforms due to simple shear generating
differences between horizontal profiles at various vertical positions. Here we show horizontal profiles along the center of
the inclusion (at a bulk shear strain of 1) and along the center of overall model domain, which is also the center of the
inclusion. a) Horizontal profile along the center of the inclusion tip. Maximum rate of deformation and accumulated finite
strain are found in the inclusion tip and maximum stress in the matrix directly in front of the inclusion tip. b) Horizontal
profile along the model center. Due to the symmetry of the setup, results are approximately point symmetric to the model
center.

shows length profiles that display key parameter values and their evolution with increasing
bulk strain along two horizontal model cross sections. The position of profile (a) is chosen
such that it crosses the center of the right inclusion tip at a bulk shear strain of 1 which
is 0.1 mm above profile (b) along the model center. Horizontal velocity in profile (a)
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is increased, due to the vertical shift in position. By that, the point symmetry to the
inclusion center is broken, which on the other hand is a feature of profile (b). Similar to
a dislocation in an elastic medium, the area surrounding the inclusion tip exhibits high
gradients in deformation and stress. The profiles show the highest strain rates and strains
inside the weak inclusion directly at the tip. Highest stress values are however observed
in the matrix in front of the inclusion. Local strain in the process zone at the inclusion
tip increases approximately linear with bulk strain by a factor of ≈ 4.

3.4.3 The impact of softening on the reference model

To better constrain the effect of the viscous softening formalism, we run an additional
constant strain rate model, but without the strain dependent weakening law. Besides
the differences in the stress strain curves (Figure 23a), also a less pronounced shear zone
development is observed (Figure 23b). This is indicated by the linearly deflected, yellow

Figure 23: Comparison of model without the weakening law to experiment and reference model (same as in Figure 20c).
a) Stress strain curves of model without weakening law (yellow), experiment (black) and reference model (green). b) Model
without weakening law with passive strain markers and shear zone outlines of model where inferable (yellow), experiment
(black) and reference model (green). c) Copper jacket from experiment with passive strain markers, estimated inclusion
length and shear zone outline. Results in b) and c) are shown at a bulk shear strain of /gamma ≈ 1. In comparison to the
reference model, shear stress remains constant over time and the shear zone in the matrix is less pronounced.

strain marker crossing the matrix and the yellow shear zone outline. Strain is instead
localizing mainly in the inclusion and, to a lesser extent, in the matrix close to the
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inclusion tips. Nonetheless, the results of this test still show reasonable agreement with
the experimental data, because the bulk weakening is generally low for the used samples
and setup, which is indicated by the total shear stress drop of just ≈ 2 MPa in the
experiment.

Additionally, we test a softening law that is based on deformation work instead of
finite strain as discussed above. In this formulation, the weakening thresholds (ε1 and ε2,
Eq. 16) are not based on finite strain, but on deformation work as defined in Eq. 17.
Threshold values ε1 and ε2 were chosen following the iterative procedure described above
for finite strain. However, we find no significant difference to the strain based softening
implementation (see supplementary Figure 28).

3.4.4 The softening law parameters

This chapter addresses the effects of the softening law parameters on the localization
process. We therefore vary the three controlling parameters (Figure 19b), the finite strain
threshold values onset (ε1) and end (ε2), as well as the weakening amplitude (A).

In order to test the effect of varying A, we change this parameter between 1 and
500 leaving the remaining reference model parameters unchanged, i.e. ε1 (0.2) and ε2

(0.5) (Table 5). Models are conducted up to a bulk shear strain of γ ≈ 4, where steady
state conditions are reached in almost all cases. The reference model for instance reaches
steady state at a bulk shear strain of approximately 2 (Figure 24a). Increasing A amplifies

Models for testing
weakening ampliture (A) ε1 ε2 ∆ε A
M0 - no softening - - - 1
M1 - reference model 0.2 0.5 0.3 6
E1 0.2 0.5 0.3 20
E2 0.2 0.5 0.3 100
E3 0.2 0.5 0.3 500

Table 5: Parameters for models used to test the effect of the weakening amplitude (A) of the softening law.

the weakening of the Carrara marble matrix, resulting in a bulk shear stress drop and
enhanced strain and thus shear zone localization, which is also indicated by a decreasing
angle between inclusion and matrix shear zone (Figure 24). Large values of A increase
the rate of strain localization. This is indicated by the sudden shear stress drop at a bulk
shear strain of 0.4 and by faster stress peak propagation into the matrix. For values of A
> 50 the matrix separates into two zones of substantial viscosity contrast (Figure 24b).
In another experiment, models are run up to a bulk shear strain of 4, varying ε1 and ε2 at
constant A (Table 6). As expected, this shifts the onset and end of weakening – earlier for
lower finite shear strain values and later for higher – but the actual effect on the model is
not linear (Figure 25a). Note that by changing the strain range of softening ∆ε = ε1−ε2,
the slope of the stress strain curve and thus localization rate is affected as well.
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Models for testing
onset and end (ε1, ε2) ε1 ε2 ∆ε A
M0 - no softening - - - 1
M1 - reference model 0.2 0.5 0.3 6
E1 0.0 0.5 0.5 6
E2 0.2 1.0 0.8 6
E3 0.5 1.0 0.5 6

Table 6: Parameters for models used to test the effect of onset (ε1) and end (ε2) of the softening law.

The reference model with the lowest ∆ε displays the fastest localization rate, because
the rate with which the pre-exponential factor is increased is higher between the two
thresholds due to the linear nature of the softening law. Model E2 with ∆ε of 0.8 however,
reaches steady state only after a long period of ongoing softening (between 0.4 and 3.4
bulk shear strain). The local stress patterns of the tested models differ at a bulk shear
strain of 1, depending on the applied threshold values. While model M0 is in the pre-
weakening phase P1, model E3 and E2 are in phase P2 and model M1 and E1 already
reached phase P3 approaching steady-state conditions (Figure 25b).

Figure 24: Effect of the weakening amplitude A. a) Stress strain curves of models with different weakening amplitude.
For comparison the duration of the torsion experiment is indicated. P1–P4 refer to the phases described in section 3.3.4 :
pre-weakening (P1), onset and acceleration of weakening (P2), deceleration of weakening (P3) and steady-state (P4). b)
Viscosity fields of the models at a bulk shear strain of 4. The inclusion in the reference model is elongated further than in
the model without weakening, as the matrix is increasingly deformed due to the softening law. This effect increases with A.
For values of A > 50, strain localization is strongly pronounced, as shown by the viscosity field of models with a weakening
amplitude A of 100 and 500. Higher values of weakening amplitude lead to stronger weakening and localization.
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Figure 25: Effect of onset and end of weakening on the stress strain evolution. a) Stress strain curves of models with varying
onset (ε1) and end parameters (ε2). Note the shapes of curves E1 and E3 (same ∆ε) indicating a non linear relationship
between threshold parameters and weakening behavior. b) Stress field (second invariant of the effective deviatoric stress)
of models at bulk shear strain of 1. M0) no softening; M1) reference model; E1) ε1 = 0; E2) ε2 = 1; E3) ε1 = 0.5 and ε2
= 1.0. Models with lower ε1 have lower bulk strengths at the same bulk shear strain.

3.4.5 Ultramylonite model - the effect of progressive softening and switch of
deformation mechanism

Mylonitic shear zones often feature mm–cm wide bands with fine grain sizes referred to
as ultramylonites (Hippertt & Hongn, 1998; Kenkmann & Dresen, 2002). It is commonly
assumed that grain size refinement from cataclasis (Blenkinsop, 1991), dynamic recrystal-
lization (Warren & Hirth, 2006) or mineral reactions (Herwegh et al., 2003) promotes a
switch to grain size-sensitive deformation (Heitzmann, 1987; Bürgmann & Dresen, 2008).
The switch to grain size-sensitive creep is transient unless grain growth is suppressed
(e.g., Pearce et al., 2011), which can be achieved for example by pinning through phase
mixing. In order to mimic a progressive change in mechanism, a second softening step is
introduced using a similar approach as described above for the onset of weakening (Eq.
16), where we add additional strain thresholds for onset (ε3) and end of weakening (ε4).
This second softening step is exploratory and not based any data. Configuration of the
model setup and the initial onset of softening are identical to the reference model, hence
earliest stages of model evolution are the same as before. The introduction of a second
softening step with progressive strain, however, is expected to lead to further localization
and formation of a narrow low-viscosity layer embedded in the primary shear zone. To this
end finite strain thresholds for onset of weakening (ε3 = 1) and completion (ε4 = 2) are
chosen, respectively. This procedure enables formation of a localized ‘ultramylonite’ band
inside the active shear zone. A high weakening amplitude (Aum = 20) is chosen to enable
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fast and strong localization once the threshold ε3 is reached. Evolution of the model is

Figure 26: Local stress (second invariant of the effective deviatoric stress) (a-i) and strain rate (j-r) evolution within the
matrix of the ultramylonite model. Outlines indicate finite strain thresholds ε1 = 0.2 for onset of softening (white), ε2 =
0.5 end of first softening stage (black), ε3 = 1.0 for beginning of second stage (orange) and, ε4 = 2.0 for end of second
(yellow) softening stage. The onset of the second softening stage triggers evolution of further localized high strain layer
(e,f,n,o) representing ultramylonite formation within a mylonite.

equivalent to the reference model for bulk shear strains less than 0.4 (compare Figure
21a-d to Figure 26a-d). Upon onset of the second softening stage, strain localizes into a
narrow zone in the model center (Figure 26n,o). Inside this high strain zone, the inclusion
is strongly elongated and an anastomosing pattern of the second shear zone establishes
(Figure 26q,r) that additionally becomes wider with increasing bulk strain (Figure 26o-r).
This transition to an anastomosing shape forms due to a rotation, which is caused by
the shear deformation that the material is subjected to. Despite the simplicity of our
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setup with a single inclusion, our model nevertheless captures the nested structure and
the anastomosing shape of the resulting high-strain band. This agrees very well with
common observations of ultramylonite bands in nature (Heitzmann, 1987; Kilian et al.,
2011).

3.5 Discussion

3.5.1 Strain localization and shear zone evolution

The ductile shear zone formation observed in the experiments involves strain localization,
rheological weakening of the Carrara marble and bulk strength reduction. Our numerical
model reproduces these observations by employing a strain dependent viscous softening
law. The model reaches steady state at a bulk shear strain of ≈ 2 in good agreement with
observations from experiments (Rybacki et al., 2014). Once steady-state is reached, grain-
size reduction through dynamic recrystallization and grain growth are anticipated to reach
a dynamic balance (De Bresser et al., 2001), resulting in steady-state material strength.
Our model results provide insight into the development of local stress, strain partitioning
between matrix, inclusion and shear zone and ensuing viscosities. This provides detailed
insight in the evolution of a localized shear zone that allows a direct comparison with the
bulk mechanical data and microstructural observations collected from the deformation
experiments. It has to be kept in mind though, that the numerical model does not feature
the grain-scale resolution necessary to reproduce the brittle deformation as observed in
the experiments. Nevertheless, the model successfully predicts local stress concentration
and strain rate amplification ahead of the inclusion in first order agreement with the
experimental results. This provides confidence to the results of the parameter study
performed here, as to the magnitude of softening. This holds in particular to the results of
models predicting progressive multistage softening combined with a change in deformation
mechanisms, as suggested from a large number of field studies.

The nucleation of a localized shear zone at the inclusion tips involves formation of
a process zone. This process zone is defined by a strong local stress concentration and
resulting volume of enhanced microstructural modification (Rybacki et al., 2014). In our
models this zone is represented by a 2D area showing local stress concentrations that
result from the viscosity contrast between limestone and marble present at the assumed
temperature conditions. The enhanced stress levels locally reduce the effective viscosity
of the Carrara marble (power-law rheology) resulting in locally increased strain rates.
In turn, this triggers rheological weakening causing shear strain to progressively localize
in a shear zone embedded in the Carrara matrix. A localized, elliptical process zone is
established, corresponding to the experiments, that displays a zone of gradually reduced
grain-sizes around the inclusion tips.
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3.5.2 Relating our softening parametrization to nature

The two threshold values for finite strain (ε1 and ε2) used in the numerical model are
expected to mimic the effects that microstructural changes within the process zone have
on the bulk strength of the experimentally deformed samples. As such, they are un-
likely to represent specific and observable stages of the local microstructural evolution
within the process zone. Strain weakening behavior is known to results from a number of
different processes, e.g., dynamic recrystallization, dislocation annihilation, vacancy dif-
fusion or lattice preferred orientation. These concur to produce the microstructural and
textural modifications that can be observed in our experimental samples in proportions
that are likely to vary in the course of the transient processes discussed here. A simple
linear parametrization cannot be expected to capture single elements of such complex-
ity within heterogeneously deforming samples. Our parameterization, however, appears
to reproduce the phenomenological aspects of weakening as observed in our experiments
with reasonably high accuracy. While it is beyond the scope of our model to pinpoint
the micromechanical processes and features corresponding to specific values of local shear
strain, some general observations can be made to discuss the significance of our approach.
Plastic yield of the bulk assembly, suggesting the onset of strain weakening processes at
the local scale, is already observed at very low values of bulk shear strain (≈ 0.01-0.02,
cf. Fig. 4 in Nardini et al., 2018) corresponding to a local strain of ≈ 0.1-0.2 at the tip
of the inclusion (cf. Fig. 6a in Nardini et al., 2018), which is in the range of our selected
ε1. It is important to notice that the process zone forming along the weak inclusion plane
is intrinsically transient both on a temporal and spatial level. The heterogeneity-induced
viscosity contrast produces a volume of stress enhancement (e.g. Fig. 21), which evolves
with bulk shear strain and determines a strongly heterogeneous strain distribution (Fig.
6 in Nardini et al., 2018). Similarly to what would be expected in the brittle regime for
slip-weakening behavior, an area of strength perturbation is developed. It is characterized
by higher strain rates and increasing microstructural changes closer to the inclusion: the
extent of such a perturbation may determine the value of ε2, i.e. the “end of weaken-
ing” in our softening law. Whether or not, in a non-steady-state shear zone like is the
case in our experimental samples, a microstructural and/or textural signature would be
associated at all times with the varying volume of perturbed material is questionable. It
is therefore reasonable to conclude that, while a definite one-to-one correlation between
the described finite strain threshold values and specific microstructural changes is not
possible, these parameters are still able to capture the bulk mechanical expression of the
strain weakening processes locally activated in the microstructures.

3.5.3 Scope and limitations of strain softening parametrization

The advantage of employing a simple, first-order softening law is to keep numerical com-
plexity low, which is not only more transparent, but also saves computational time in
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large-scale models (e.g. Huismans & Beaumont, 2003; Brune et al., 2014). In an attempt
to model rock weakening and strain localization, different types of softening parameteri-
zations have been previously used in order to describe the weakening behavior of natural
materials. For example, Gardner et al. (2017) studied strain localization using different
load bearing framework geometries. They found that interconnected weak layers are hard
to form without a dynamic weakening process, which was also observed in an experimen-
tal study by Holyoke III and Tullis (2006). This agrees with our results showing that
pronounced shear zone formation in the matrix only occurs for materials with an imple-
mented weakening formalism simulating progressive material softening. This implies the
necessity of using softening laws to properly model strain localization and thus shear zone
formation. Gardner et al. (2017) used a different implementation to simulate weakening.
They introduced stress dependent softening combined with time dependent hardening
focusing on the transition from non-linear to linear flow. At larger scale, Mazzotti and
Gueydan (2018) pointed out the fundamental role of inherited tectonic structures for
strain and seismicity concentrations in an intraplate setting. Similar to our study, their
model also includes irreversible softening (no counteracting hardening mechanism). How-
ever, in their model softening is achieved by changing the material yield stress instead of
the pre-exponential factor in a constitutive law, as in this study.

In large-scale rock deformation, there are several major effects that may play an impor-
tant role affecting localization and shear zone formation and that need to be considered in
numerical modelling studies. These are highly non-linear processes such as shear heating
(Thielmann & Kaus, 2012; Duretz et al., 2015; Foley, 2018), melting (Dannberg & Heis-
ter, 2016; Schmeling et al., 2017) or a switch to grain-size sensitive diffusion creep, like
modeled in our study (e.g. Handy, 1989). In that aspect, our models provide a minimum
constraint to the degree of viscous strain softening that can be expected to act in nature.
Another important point is that numerical models of brittle deformation often involve a
strong mesh-dependency (De Borst & Mühlhaus, 1992) such that the softening param-
eters have to be adopted to the chosen resolution. However, this is not the case when
modeling viscous deformation where the size of the process zone as well as the bulk shear
stress evolution and employed softening parameters (ε1, ε2, A) are almost independent of
the model resolution.

3.6 Conclusions

Strain localization in shear zones is an important process in lithosphere dynamics oc-
curring over a broad range of spatial scales. For simplicity, we use a piece-wise linear
softening law and show that it is capable of reproducing rheological weakening observed
in laboratory experiments. Our model provides a virtual way of analyzing the viscous
process zone evolution that can be divided into four phases (P1) pre-weakening, (P2) on-
set and acceleration of weakening, (P3) deceleration of weakening and (P4) steady-state.
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Spatial stress distributions show that matrix strain localization is initiated by a local
stress peak at the inclusion tips. From there and with increasing strain, the process zone
expands into the matrix. Shear zone width and localization rate are controlled by the
amount of rheological weakening. Our numerical models show that rheological weakening
is necessary to establish a pronounced shear zone in a strong matrix surrounding a weak
inclusion and to explain the anastomosing shape and the nested structure of ultramy-
lonites. This reinforces the importance for geodynamic models to contain softening laws
that appropriately account for rheological weakening.
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Supplementary material

Figure 27: Comparison of constant stress model to experiment. a) Stress strain curves of model (red) and experiment
(black). b) Strain rate plot over strain. c) Model with passive strain markers and shear zone outlines of model (red) and
experiment (black). d) Copper jacket from experiment with passive strain markers, estimated inclusion length and shear
zone outline. Results in c) and d) are shown at a bulk shear strain of 0.93.

63



3 Benchmarked numerical modeling

Figure 28: Comparison of strain and deformation work based weakening implementations with constant strain rate
boundary conditions. a) Stress strain curves of strain weakening model (green), work weakening (purple) and experiment
(black). b) Strain marker comparison between strain dependent (white) and work dependent (black) implementation of
softening, showing almost identical results
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4 Control of the geometric arrangement of material
heterogeneities on strain localization at the brittle-
to-ductile transition

Summary

Triaxial high temperature (900 ◦C) deformation experiments were conducted at constant
strain rate in a Paterson-type deformation apparatus on cylinders of Carrara marble with
two right or left stepping, non-overlapping weak inclusions of Solnhofen limestone, oriented
at 45◦ to the cylinders’ longitudinal axes. Applying different values of confinement (30,
50, 100 and 300 MPa) we induced various amounts of brittle deformation in the marble
matrix and investigated the effect of brittle precursors on the initiation and development
of heterogeneity-induced high temperature shear zones. Viscosity contrast between the
matrix and the inclusions induces local stress concentration at the tips of these latter. In-
teraction of the stress fields results in a mean stress of either extensional or compressional
nature, depending on the geometrical arrangement of the inclusions. At low confinement
(30 and 50 MPa) abundant brittle deformation is observed, but the spatial distribution of
microfractures is dependent on the kinematics of the step-over region: microcracks occur
either along the shearing plane between inclusions (extensional samples), or broadly dis-
tributed outside the step-over region (compressional configuration). Accordingly, ductile
deformation localizes along the inclusions plane in the extensional geometry as opposed to
distributing over large areas of the matrix in the compressional samples. If microcracking
is suppressed (high confinement), strain is accommodated by viscous creep and strain pro-
gressively de-localizes in extensional samples. Our experiments demonstrate that brittle
precursors enhance the degree of localization in the ductile deformation regime, but only
if the interaction of pre-existing heterogeneities induces an extensional mean stress regime
in between.

4.1 Introduction

In the past decades, the study of the mechanical behaviour of rocks within the Earth’s
lower crustal levels has led to intense discussion on the nature and extent of the brittle-
to-ductile transition, seen as the change in dominant deformation mechanisms operating
in rocks as temperatures and pressures increase with increasing depth. Classic interpreta-
tions predict a transition zone where rheological behaviour of rocks changes from pressure-
dependent frictional sliding to thermally-activated viscous creep (Brace & Kohlstedt, 1980;
Evans & Kohlstedt, 1995; Kohlstedt et al., 1995; Bürgmann & Dresen, 2008). Compelling
evidence, however, has been brought forward for the occurrence of seismicity at depth
in the crust, sometimes down to Moho depth, where typical models of rheological be-
haviour would infer a hot, weak lower crust deforming plastically (e.g., Maggi, Jackson,
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Mckenzie, & Priestley, 2000; Maggi, Jackson, Priestley, & Baker, 2000; Fagereng, 2013).
In such environments, observations of mutually overprinting brittle and ductile deforma-
tion are abundant (e.g., Pennacchioni & Cesare, 1997; Pittarello et al., 2012; Menegon et
al., 2017) and the interplay between viscous shearing and frictional sliding appears to be
cyclic, governed by significant feedback effects between the two mechanisms. Experimen-
tal and modeling work investigating the characteristics of the brittle-ductile transition
in natural rocks is abundant. In particular, the topic of the bulk rheological behaviour
of bi(multi)-mineralic aggregates with components displaying different strength has been
investigated in many studies over the years (e.g., Jordan, 1987; Handy, 1990; Dresen &
Evans, 1993; Handy, 1994; Handy et al., 1999; Jessell et al., 2009; Auzende et al., 2015;
Jammes et al., 2015). These studies, however, aim at characterizing the bulk behaviour
of polyphase aggregates rather than exploring the microstructural and microphysical pro-
cesses associated with small scale mechanical heterogeneities.

Ductile shear zones are a multiscale feature ubiquitous within the Earth’s crust (Ramsay
& Graham, 1970). The very existence of shear zones has been suggested to be a necessary
condition for the presence of plate tectonics on our planet (Bürgmann & Dresen, 2008).
Understanding the processes leading to shear zone nucleation and their rheological be-
haviour is important to unfold the mechanisms of stress transfer at depth in the Earth’s
crust and ultimately of the earthquake cycle (Bürgmann & Dresen, 2008). Through pro-
cesses like grain size reduction and fluid channelling, brittle fracturing has been shown
to facilitate strain weakening and ductile localization of strain in the high temperature
domain, both when present as a precursor (e.g., Tremblay & Malo, 1991; Christiansen &
Pollard, 1997; Guermani & Pennacchioni, 1998; Mancktelow & Pennacchioni, 2005; Pen-
nacchioni & Mancktelow, 2007) and when occurring concomitantly with crystal-plastic
processes (Fusseis et al., 2006; Fusseis & Handy, 2008; Goncalves et al., 2016).

The presence of pre-existing heterogeneities in largely homogeneous rock bodies is
common in natural rocks. For example, rock formation processes inherently produce large
amounts of defects, voids and inclusions. Brittle processes will generate planes of weakness
(fractures and faults) at different times within the tectonometamorphic evolution of a
rock mass such as jointing and veining of cooling intrusive plutons (e.g. Mancktelow &
Pennacchioni, 2005). Deep crustal seismic slip generating pseudotachylites (e.g. Menegon
et al., 2017) and episodic fracturing at the brittle-to-ductile transition (e.g. Fusseis &
Handy, 2008) are examples of brittle processes occurring prior to (or concomitant with)
viscous flow.

Here, the interplay between brittle and ductile deformation, its effect on the nucle-
ation of high temperature shear zones and on the localization of deformation in the ductile
regime in samples containing material heterogeneities is investigated. Samples of Carrara
marble containing pairs of weak limestone inclusions arranged to form step-overs of differ-
ent kinematic nature are deformed in triaxial compression at varying confining pressures.
We find combined brittle and ductile deformation is occurring at conditions of low ef-
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fective confining pressures regardless of the kinematics of the step-over geometry, while
increasing confining pressure substantially suppresses the brittle component. Ductile lo-
calization assisted by brittle processes is observed whenever these latter attain themselves
a favourable heterogeneous distribution at the time of formation.

4.2 Experimental setup

A series of high-temperature triaxial experiments were run on monomineralic Calcite
specimens, composed of Carrara marble containing Solnhofen limestone inclusions. The
sample configuration has been tested in previous studies (Rybacki et al., 2014; Nardini
et al., 2018). Carrara marble forms the sample matrix, displaying an almost complete

Figure 29: Three different sample configurations are employed in the experimental series. a), d) and g) represent 2D
sketches with accurate measurements given in mm and b), e) and h) show pre-deformation pictures of the samples, while
in c), f) and i) are the optical overviews of thin sections produced from the deformed specimens. The region between the
inclusions are expected to deform in the extensional (a-c) and compressional (d-i) regime. While a-c and d-f only differ
in the relative placement of the Solnhofen limestone inclusions, in g-i both the vertical and the in-plane distance between
the inclusions are increased. Note that, in all cases, a 45◦ angle is formed between the cylinders’ long axes and the planes
where the inclusions lay.

absence of impurities (> 99% CaCO3), low to no initial porosity and uniform initial
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grain size (≈ 150 µm). Moreover, the abundance of grain triple junctions, straight grain
boundaries and the uniform initial crystallographic orientation distribution point to very
low degrees of stored strain in the starting material (e.g., Rutter, 1995; Pieri, Burlini,
et al., 2001; Pieri, Kunze, et al., 2001). Solnhofen limestone is characterized by high
purity ( 97% CaCO3, see Rutter, 1972) and very fine starting grain size (≈ 5 µm). The
inclusions (also a common experimental material, e.g. Rutter, 1972; Schmid et al., 1980,
1987) are placed in homogeneous Carrara marble. Solnhofen limestone is up to ≈ 20 times
weaker than Carrara marble in compression at the high temperatures employed in our
experiments (900 ◦C, Rybacki et al., 2014). The resulting large viscosity contrast leads
to high stress concentrations inducing weakening processes and strain localization in the
Carrara marble matrix.

The triaxial sample configuration is composed of a Carrara marble cylinder with 10
mm diameter and 20 mm in length. Two semi-circular inclusions of Solnhofen limestone
are inserted in corresponding saw cuts within the cylinders as shown in Fig. 29. Note
that the cuts are oriented at 45◦ to the cylinders’ long axes and to the maximum and min-
imum stress directions σ1 and σ3, respectively. The presence and positioning of the two
inclusions facilitates the formation of a shear zone, expected to mimic the common occur-
rence, in nature, of sets of pre-existing planar material heterogeneities that get exploited
during ductile deformation and lead to the formation of "bridges" of highly deformed
material within the host rock (e.g., Mancktelow & Pennacchioni, 2005; Pennacchioni &
Mancktelow, 2007).

Three different sample configurations have been used in our study (Fig. 29). The
positioning of the inclusions is designed to produce different kinematic conditions in the
"deformational bridges", the area of the matrix comprised between the inclusions. De-
pending on the relative positioning of the inclusions with regard to the shear direction,
extensional (Fig. 29a-b) or compressional (Fig. 29c-f) deformation zones are formed be-
tween the inclusions, respectively. We also varied the distance between the inclusions
(Fig. 29d-e) to modify the intensity of their mutual interaction.

4.3 Methods

4.3.1 Experimental series

Constant strain rate experiments at different confining pressures were run in a Paterson-
type gas deformation apparatus (Paterson, 1970). Temperature and strain rate were kept
constant at 900 ± 2 ◦C and 7.2×10-5 s-1, respectively. The confining pressure was varied
between two end-member values of 30 and 300 MPa (Table 7). The samples were sealed by
a thin copper jacket from the gas confining medium (Argon) and a correction for jacket
strength was applied to the measured force, which was then converted to axial stress
assuming constant volume deformation.

Axial strain was derived from axial displacement with a correction for system com-
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Sample Inclusion Sample P Shear (axial) Shear (axial) Max shear EBSDnumber l× z [mm], angle config. [MPa] ε̇ [s-1] stress [MPa] (axial) ε [MPa]

CMAS-17 4.24× 0.75, 45◦ EB 30 1.3× 10-4 6.3 0.73 X(7.2× 10-5) (12.5) (0.02)

CMAS-23 4.24× 0.75, 45◦ EB 30 1.3× 10-4 6.7 1.80 X(7.2× 10-5) (13.3) (0.05)

CMAS-16 4.24× 0.75, 45◦ EB 30 1.3× 10-4 6.2 3.66 X(7.2× 10-5) (12.3) (0.10)

CMAS-12 4.24× 0.75, 45◦ EB 50 1.3× 10-4 6.4 0.71 X(7.2× 10-5) (12.7) (0.02)

CMAS-13 4.24× 0.75, 45◦ EB 50 1.3× 10-4 6.8 1.84 X(7.2× 10-5) (13.5) (0.05)

CMAS-14 4.24× 0.75, 45◦ EB 50 1.3× 10-4 8 3.57 X(7.2× 10-5) (16) (0.09)

CMAS-18 4.24× 0.75, 45◦ EB 100 1.3× 10-4 9.3 0.59
(7.2× 10-5) (18.6) (0.02)

CMAS-19 4.24× 0.75, 45◦ EB 100 1.3× 10-4 9.6 1.82
(7.2× 10-5) (19.1) (0.05)

CMAS-20 4.24× 0.75, 45◦ EB 100 1.3× 10-4 10.3 3.50 X(7.2× 10-5) (20.6) (0.09)

CMAS-21 4.24× 0.75, 45◦ EB 300 1.3× 10-4 9.9 1.79
(7.2× 10-5) (19.8) (0.05)

CMAS-22 4.24× 0.75, 45◦ EB 300 1.3× 10-4 12.2 3.53 X(7.2× 10-5) (24.3) (0.09)

CMAS-24 3.54× 0.75, 45◦ CB 30 1.3× 10-4 7.5 3.63
(7.2× 10-5) (15) (0.10)

CMAS-26 3.54× 0.75, 45◦ CBLS 30 1.3× 10-4 9.2 3.56 X(7.2× 10-5) (18.4) (0.09)

CMAS-25 2.83× 0.75, 45◦ CB 100 1.3× 10-4 13.2 3.53 X(7.2× 10-5) (26.3) (0.09)

CMAS-27 2.83× 0.75, 45◦ CBLS 100 1.3× 10-4 12.2 3.61 X(7.2× 10-5) (24.3) (0.10)

CMP-01 – Solid 30 1.3× 10-4 8.7 –
(7.2× 10-5) (17.3) (0.30)

CMP-02 – Solid 100 1.3× 10-4 14.8 –
(7.2× 10-5) (29.6) (0.30)

CMP-03 – Solid 50 1.3× 10-4 15.7 –
(7.2× 10-5) (31.3) (0.30)

CMP-04 – Solid 100 1.3× 10-4 14.0 –
(7.2× 10-5) (27.9) (0.30)

CMP-05 – Solid 50/100 1.3× 10-4 12.3 - 15.1 –
(7.2× 10-5) (24.5 - 30.1) (0.049 - 0.050)

CMP-06 – Solid 30 1.3× 10-4 9.8 –
(7.2× 10-5) (19.6) (0.30)

CMP-07 – Solid 300 1.3× 10-4 13.9 –
(7.2× 10-5) (27.8) (0.30)

Table 7: Experimental conditions. Sample configurations are the following: EB: extensional bridge; CB: compressional
bridge; CBLS: compressional bridge – large spacing; Solid: inclusion free, solid Carrara marble sample. Note that CMP-05
is a stepping experiment conducted at 50 and 100 MPa, respectively.
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pliance. Shear strain and shear stress along the inclusion plane were derived from their
axial equivalent (ε and σ, respectively) following:

γ = εL

d cos(α) (18)

and
τ = 1

2 σ sin(2α) (19)

where L and d are the initial sample length (20 mm) and inclusion thickness (0.75 mm),
respectively, while α (= 45◦) is the angle between the inclusion and the cylinder’s long
axis (Tembe et al., 2010). These calculations are valid for low strain, while correction
would be required in the case of larger applied strains.

The microstructural evolution was analyzed by investigating discrete strain intervals,
namely ≈ 2, 5 and 10% axial strain. Both heating and cooling rates were ≈ 30 ◦C/min,
and the actuator load was maintained during cooling to preserve the deformation mi-
crostructures and avoid (where possible) substantial healing during unloading.

Samples were tested at four different confining pressures of 30, 50, 100 and 300 MPa.
Although Carrara marble is known to deform at 900 ◦C temperature and 300 MPa con-
fining pressure by crystal-plastic processes (e.g., Schmid et al., 1980; Rutter, 1995; Pieri,
Burlini, et al., 2001; Rybacki et al., 2014) at low confinement brittle cracking is expected
where stresses are concentrated at the inclusion tips (Fredrich et al., 1989). The "ex-
tensional bridge" configuration samples were tested over the entire range of confining
pressures, while the two representative conditions of 30 and 100 MPa were applied to
the "compressional bridge" and "compressional bridge – large spacing" configurations. See
Table 7 for details of the experimental conditions.

4.3.2 Local shear strain estimation

To estimate the local shear strain of samples deformed to different bulk axial strain and
sample configurations, a series of passive markers on the copper jackets were placed in
the area between the two inclusions. Thin hollow half-cylinders were 3D-printed using a
plastic polymer and fit around the copper jackets (Fig. 30a). They contain a series of
openings with ca. 1 mm spacing and 45◦ inclination to the long axis of the cylinder; such
openings were used to prepare straight markers on the jackets. After the experiments but
before retrieving the samples, pictures and scans of the jackets were acquired (Fig. 30b
and c). By measuring the angular deflection of the markers with respect to the initial
orientation, local values of shear strain within the Carrara marble matrix were derived
with distance from the limestone inclusions. Note that a non-negligible error is inherently
carried by such angular measurements (e.g. at these values of shear strain a difference of
5◦ in the measured angle results in a change of shear strain of about 0.1). Furthermore,
potential misalignments of markers with the target area of the cylindrical samples once
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the jackets were in place was hard to verify. Therefore, the accuracy of the local shear
strain measurements is rather uncertain.

Figure 30: Example of the strain markers design that was used during the experiments to calculate the evolution of local
shear strain. The plastic mask that was used to carve straight marks on the jackets’ surfaces is shown in a, while in b and
c the post-deformation result is displayed.

4.3.3 Analysis of microstructures

Thin sections were cut parallel to the long axes of the cylindrical samples and across
the centres of the semi-circular inclusions and were mechanically polished with diamond
paste (≈ 30 µm thickness). Final smoothing of the surfaces was achieved with a one-hour
treatment in an alkaline solution of colloidal silica. Optical analysis of microstructures
was conducted at a Leica DMRX with objective lenses ×2.5, ×10, ×20, ×50 and ×100
and equipped with a DMC4500 high resolution color camera. Twin density calculations
were carried out on the extensional bridge confining pressure samples series at 5 and
10% bulk axial strain conditions. Following Rowe and Rutter (1990), twin density was
measured as the number of twin lamellae (belonging to the same twinning system) are
present along a grain diameter measured perpendicular to the trace of the twins.

Crystallographic orientation mapping via automated indexation of electron backscat-
ter diffraction (EBSD) patterns was carried out in a FEI Quanta 3D FEG dual beam
machine with a EDAX-TSL Digiview IV EBSD detector. Overview EBSD maps were
acquired for several samples. The specimens were uncoated and SEM parameters were:
20 kV accelerating voltage, 23 nA beam current, 8 µm step size and between 14 mm and
17 mm working distance. Processing and indexing of the patterns was carried out using
the TSL software OIM 5.31. A clean-up routine of the raw data was performed through
the TSL software OIM analysis 7.3. The routine involves a neighbouring confidence index
(CI) correlation step with a minimum CI of 0.1, followed by a grain CI standardization
(minimum tolerance angle 10◦ and minimum grain size of 6 pixels) and a subsequent fur-
ther neighbour CI (> 0.2) step. The resulting maps were analysed for distribution and
quantification of intracrystalline deformation with the mtex toolbox for Matlab (Hielscher
& Schaeben, 2008; Bachmann et al., 2010). Grains were computed in mtex based on the
following parameters: minimum misorientation angle of 10◦ and a minimum size of 6
pixels to avoid misindexing. "Mis2mean", an mtex property expressing the misorientation
of a pixel with respect to the mean orientation of the grain it belongs to, is used for the
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computation of grain orientation spread (GOS) values. Each grain in the map is assigned
a GOS value which is the average of the "mis2mean" of all the pixels within the grain.

Figure 31: Example of a BSE overview image (sample CMAS-16 - 30 MPa and εbulk ≈ 0.10) (a), illustrating fractures
and grain sliding in the process zone (b) and background damage (c). Rectangles in a) show the areas that are considered
for the calculation of the background ’noise’ (following the statistical criteria of the empirical rule, as shown in d) and
the process zone rectangle over which the image analysis of the brittle features has been conducted. See text for further
explanation.

Sections of the six samples deformed to the highest axial bulk strain (ε ≈ 0.10) and of
the three lowest bulk strain samples (ε ≈ 0.02) were carbon coated and mapped in a ZEISS
Ultra Plus Field Emission-Scanning Electron Microscope equipped with an in-column
Backscatter Electron Detector (BSE). The resulting overview micrographs, acquired at
resolutions ranging from 1:0.744 to 1:1.117 pixel to µm and with an average single image
overlap of ≈ 10%, were analysed using Fiji (an image-processing package of the image
analysis software ImageJ, https://imagej.nih.gov/ij/) for identification of fractures and
voids.

Overview images display a critical signal to noise ratio that requires signal conditioning
(Fig. 31); some of the criticalities related to the heterogeneity of the background noise are
pointed out in Figure 31b-c. The cleaning-up approach applied to all the BSE overviews
analysed is shown (Fig. 31d). The term noise does, in this case, encompass a number
of different features that are not considered relevant to the analysis of syn-deformational
brittle fractures (tensile and shear cracks). Examples are dust particles on the thin section
surface (arrow in Fig. 31b), pseudo-triangular shaped holes located at triple points (which
are indicative of crystal damage from polishing) and partially opened grain boundaries
(arrows in Fig. 31c); these features appear in the overview images in a darker shade of grey
than the calcite crystals and are therefore computed as "particles" by the image analysis
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software. To remove most of this noise, we first defined a rectangle (9×10 mm) centred
in the space between the two inclusions (process zone in Fig. 31a), where the brittle
deformation induced during the experiments is expected to be concentrated. Secondly, to
estimate the distribution of noise particles that constitute the background of the image, we
selected two small squares (3×3 mm, also shown in Fig. 31a) at the edges of the overview
images. The images were converted to binary, within which groups of neighbouring black
pixels (constituting open cracks) are computed as particles. A basic area filter was applied
removing particles below 20 µm2 and the statistical "empirical rule" (also known as the
68-95-99.7 rule) was applied to the area distribution of the particles in the background
squares. Following the three σ-space convention from the mean value (Fig. 31d), all the
material with areas within 99.7% of the background distribution was considered noise and
removed from the process zone region of interest.

4.4 Results

4.4.1 Mechanical data

We deformed 15 inclusion-bearing and 7 solid Carrara marble samples. The mechanical
data from the experimental series are summarized in Table 7. Stress-strain curves were
measured at various confining pressures and for different sample configurations (Figs. 32
and 33). The sample with extensional bridge (EB) configuration of the inclusions has
been tested under different confining pressure conditions of 30, 50, 100 and 300 MPa
(Fig. 32a-d) and is compared to pure Carrara marble cylinders.

Figure 32: Mechanical data for some of the constant strain rate triaxial experiments presented in this study. Extensional
bridge configuration and pure Carrara marble samples are compared at equivalent values of confining pressure, increasing
from a) to d). Line styles distinguish inclusion-free from-inclusion bearing samples.

Yield stress of the inclusion-bearing samples increases with applied confining pressure
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(Fig. 32). In all cases, the presence of inclusions with EB configuration appears to lower
the yield strength of the specimens between ≈ 3-30% (300 MPa confining pressure) and
up to ≈ 40% (50 MPa) compared to pure Carrara samples. The pressure-dependent
strength at low confinement (< 100 MPa) suggests that dilatant cracking contributes to
deformation. For inclusion-bearing samples this pressure-sensitivity probably persists at
higher confining pressures than for pure Carrara marble because of the stress concentration
at the tip of inclusions. With the exception of two intermediate confining pressure samples
(50 and 100 MPa), all samples display weak hardening up to the maximum bulk axial
strain.

Figure 33: Comparison of the three different sample configurations at the representative confining pressures of 30 (a)
and 100 (b) MPa. In these, a solid black line is indicative of the extensional bridge configuration, the stippled line of the
compressional bridge one and the grey line stands for the compressional bridge – large spacing configuration. The red
stippled line is representing the mechanical behaviour of solid cylinders of Carrara marble deformed at the same conditions.

The compressional bridge sample (CB, Fig. 29c-d) and compressional bridge – large
spacing (CBLS, Fig. 29e-f) sample configurations were tested at similar temperature and
strain rate as the EB and pure Carrara marble samples and at confining pressures of 30
and 100 MPa. All experiments were terminated at εbulk ≈ 0.10. Strength of all samples
increases with increasing pressure Pc (Fig. 33a and b). The extensional bridge samples
are weakest (black solid line in Fig. 33a and b), and the different spacing between in-
clusions in the compressional bridge configurations does not affect significantly aggregate
strength. It should be noted that the experiment performed at 30 MPa pressure using
the CB assembly (CMAS-24) encountered a technical problem during loading. The CB
configuration samples have similar peak strengths as the solid Carrara marble specimens
(Fig. 33a and b). Instantaneous differential stress values at a bulk strain of ≈ 5-9% were
measured in the high strain EB and in the solid Carrara samples; the stress differential
between the two values (defined as: (σinst,CM−σinst,CM+SH)×100

σinst,CM
) is then plotted (in percent-

age) versus the applied confining pressure (Fig. 34). A trend is visible pointing in the
direction of a decreased effect of the presence of weak inclusions on the aggregate strength
of the samples with increasing confining pressure. Given the non-linearity of the trend, it
is expected that a plateau would be reached at even higher confining pressures.
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Figure 34: Plot of percentage stress differential between instantaneous axial stress (at different values of strain, from 5 to
9%) in the solid marble and in the extensional bridge inclusion-bearing samples, versus applied confining pressure.

4.4.2 Strain localization

The post-deformation angular deflection of the strain markers was investigated to compare
the local evolution of shear strain at different experimental conditions. An appreciable
deflection of the markers is only measured in the EB and the CB samples.

Figure 35: Local shear strain evolution with distance from the two inclusions within the process zones of extensional
bridge (EB) and compressional bridge (CB) configuration samples. Spacing between the strain markers is approximately
1mm. Bulk axial strain in a) is ≈ 5% and in b) about 10%. Different colours correspond to the applied confining pressure
(see legend at the top). Note that, due to a misalignment of the markers on the jacket with respect to the process zone of the
sample, in one instance (30 MPa – compressional bridge) values are available for one side of the shear zone only. Considering
the other samples plotted, we assume that the missing trend would be substantially symmetrical to the available values.

At large spacing of the inclusions (compressional bridge – large spacing) the markers
maintain their pre-deformation orientation suggesting that strain remained largely ho-
mogeneous in the sample. Local shear strain estimates vary with distance from the two
inclusions for different values of bulk axial strain (≈ 5% in Fig. 35a and ≈ 10% in Fig.
35b). The highest degree of strain localization is occurring at the lowest investigated
confining pressure of 30 MPa for extensional bridge samples deformed to ε ≈ 0.05 (Fig.
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35a). The local shear strain concentration decreases with increasing confinement and
the two highest confining pressures samples display only incipient localization. Note the
symmetry of the measurements with respect to the center of the process zone, where the
lowest shear strains are found. With increasing bulk axial strain (Fig. 35b), local shear
strain within the process zone also increases, still showing the lowest values in the center
of the shear zone. For equivalent values of bulk axial strain, local shear strains within
the process zones of CB samples (open symbols in Fig. 35b) are considerably lower than
those of EB samples, in particular at 30 MPa confinement. Additionally, the trend of de-
creasing shear strain from the contact with the inclusion towards the center of the process
zone is more pronounced in the CB samples than in the EB ones, possibly indicating a
narrower area of inclusion-induced weakening in the host Carrara marble matrix. These
observations will be further addressed in the following sections.

4.4.3 Microstructural evolution

Figure 36: Details of high bulk strain (ε ≈ 0.1) experimental microstructures. Applied confining pressure and sample
configuration are specified on the images. A legend explains the abbreviations used to indicate most interesting features of
the microstructures indicative either of brittle (microcracks) or ductile (e.g. undulose extinction, bent twins) deformation.
Note that the major stress direction (σ1) is vertical in all the images.

Optical analysis of the thin sections produced from the deformed samples reveals the
occurrence of different degrees and spatial distribution of both brittle and ductile defor-
mation mechanisms, depending on bulk axial strain, sample configuration and applied
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confining pressure. The initially rectangular inclusions (see Fig. 29) are strongly de-
formed. Increasing deviation from the cylindrical shape of undeformed samples is visible
as the applied total axial strain increases, in particular in the case of the EB configuration
at low confinement. In comparison, the bulk sample deformation is more homogeneous
for the CB configurations.

Crystal plastic deformation: The formation of a well-defined shear zone at the center
of the specimens is observed only in medium to high bulk axial strain (≈ 5-10%), low
confining pressure (30-50 MPa) EB configuration samples. Patches of undulose extinc-
tion, elongated grains and grain size reduction (Figs. 8b, d, e and f) are the most visible
results of plastic strain localization. The initial grain size of the Carrara marble (≈ 150
µm, as reported in Rybacki et al., 2014; Nardini et al., 2018) is reduced to about 10-20
µm grainsize of recrystallized grains (Fig. 36e). Subgrain boundaries are visible and

Figure 37: Twin densities (twins/mm) calculated within the process zone of EB configuration samples at different applied
confining pressures and bulk strains (ε ≈ 0.05 in red and ε ≈ 0.1 in blue). The background twin density (14 twins/mm) is
measured in a sample of undeformed Carrara marble.

match the size of the fully recrystallized grains. In some cases, (e.g. 50 MPa confining
pressure, 10% axial strain EB sample) a weak foliation oriented at a low angle to the
shearing direction is developed, but the majority of the samples do not display any shape
preferred orientation of the grains. All samples deformed at confining pressures of 100
and 300 MPa and low confining pressure samples with CB configuration show only minor
microstructural modification, often confined to the immediate surroundings of the inclu-
sion tips. Deformation twinning is most prominent at high confinement in EB and CB
samples (Fig. 36g). Twin lamellae are often bent (Fig. 36f and g) and display conjugate
sets at roughly 60◦ from each other (Fig. 36g). Twin density was calculated within the
process zone of the intermediate (5%) and high (10%) bulk strain EB samples. With an
average of ≈ 30 to 40 measurements per sample, the resulting densities plotted against the
applied confining pressure are shown in Figure 37. Note that the background twin density
(quantified in a thin section of undeformed Carrara marble) is about 14 ± 1 twins/mm.
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Figure 38: Grain maps displaying the GOS values distribution with increasing confining pressure (top to bottom) within
equal area regions of interest in the matrix (left) and process zone (right) of extensional bridge samples deformed to 10%
axial strain. In the top right corner of every map is the number of grains (n) computed per region of interest.

78



4 Control of the geometric arrangement of inclusions

The contribution of deformation twinning to the total strain appears to be negligible
at the lowest confining pressure investigated (30 MPa), but increases substantially at
intermediate confining pressure of 50 MPa reaching a plateau at 100 MPa of roughly twice
the background value (Fig. 37). Comparing twin densities for intermediate (5%) and high
(10%) bulk strain samples suggests that twin nucleation may depend on strain (Rybacki
et al., 2013). Overview EBSD maps were acquired over a selection of the experimental
samples (Table 7). Grain orientation spread (GOS) is a common EBSD based method
used to quantify the degree of intracrystalline lattice distortion within grains, relating
internal lattice misorientation of grains to dislocation activity. A recent study (Cross
et al., 2017) has developed GOS-based methods for paleopiezometric estimations, where
newly recrystallized grains (low stored strain, low dislocation density) are distinguished
from relict deformed grains by means of a GOS threshold.

Figure 39: Average values for GOS (grain orientation spread) calculated in extensional bridge and compressional bridge
configuration specimens over the process zone and the matrix of (a) the 4 high bulk strain samples confining pressure
series and for extensional bridge samples of (b) the axial strain series at 30 and 50 MPa confining pressures. For details
on the regions of interest selected for the analysis, see textitsection 4.3.3, where the computational parameters for the
calculation of GOS are also given.

Two regions of interest were selected for every sample to carry out GOS calculations.
Each covers a 3×3 mm square in the center of the process zone and an equal area region
in the matrix away from the inclusions. These regions were treated separately, calculating
the GOS for the computed grains and subsequently determining the mean value within
the regions of interest. For the EB samples deformed to ε ≈ 0.10, the resulting maps
display opposing trends of GOS values with increasing confining pressure for matrix and
process zone (Fig. 38, grains of low internal lattice distortion are shown in blue and
highly deformed grains in yellow). With increasing confining pressure, GOS increases in
the matrix but decreases in the process zone (Fig. 39a).

Increasing bulk strain (2, 5 and 10%) results in increasing average GOS for EB samples
deformed at the two low confining pressures (30 and 50 MPa) (Fig. 39b). In the process
zones where strain is localized, GOS increase is more pronounced with respect to the
matrix. Irrespective of bulk strain, average GOS values are lower for samples deformed
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at 30 MPa confining pressure compared to 50 MPa.

Brittle deformation features: In most samples, cracking is observed microscopically
in the process zone. Intra- and inter-crystalline cracking of the Carrara marble occurs
in all experimental configurations (Figs. 36, 40). In some cases, the fracturing is dis-

Figure 40: Porosity distribution in the process zone (pz) of samples at different applied confining pressure and for different
sample configuration and total axial strain. Maximum porosity is achieved by the samples of the compressional bridge –
large spacing configuration, regardless of the applied confining pressure. Solid symbols denote bulk axial strain of 10% and
open symbols of 5%. The difference between configurations and between total axial strains is decreasing with increasing
confining pressure.

tributed along the entire process zone between inclusions. Microcracks are surrounded
by large calcite grains undergoing internal plastic deformation (Fig. 36g). Sutured grain
boundaries are decorated by small recrystallized grains (Fig. 36b). The presence of re-
crystallized grains is typical of low confining pressure (30 and 50 MPa) and high bulk
strain samples with extensional bridge configuration (Fig. 36b and e). For a detailed
study of the microcracks, SEM overview images in BSE mode were collected for some
of the experimental samples (Fig. 31). The total (crack) porosity, corrected for back-
ground porosity, decreases with increasing confining pressure (Fig. 40). The amount of
deformation-induced porosity is lower at low axial bulk strain (2%) than at high strain
(open vs solid squares in Fig. 40). At high axial strain (10%), the compressional bridge
– large spacing configuration shows the highest amount of total porosity, followed by the
EB and finally by the CB samples, regardless of confining pressure. At increasing con-
fining pressure, differences in porosity between sample configurations or total axial strain
decrease. At 100 MPa confining pressure total porosity is less than 0.25%.

For low confining pressure samples (30 and 50 MPa EB configuration and 30 MPa CB
samples) the number of open cracks within the process zone is large enough to allow for a
statistically significant analysis of their long axes’ orientation with respect to the far-field
stress directions. In Fig. 41, rose diagrams of the orientation of the long axes of cracks are
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Figure 41: Rose diagrams displaying the preferential orientation of long axes of cracks (within the process zone of low
confining pressure samples) with respect to the far-field stress directions and the shear plane determined by the arrangement
of the limestone inclusions (solid bars). In a-d extensional bridge configuration samples at low strain (a, c) and high strain (b,
d) are displayed; in e and f are the high strain compressional bridge and compressional bridge – large spacing configuration
samples, respectively. The number of fractures included in the analysis (n) is indicated under the rose diagrams.

plotted for six selected samples, four from the extensional bridge configuration and two
from the compressional bridge ones. Note that the long axis of a crack is assumed as the
long axis of the best fit ellipse and is indicating the propagation direction perpendicular
to opening. For the EB configuration microcracks are preferentially oriented parallel to
the maximum principal stress direction σ1, accompanied by a second maximum oriented
at about 60-75◦ to the shear (inclusion) plane. These two maxima are enhanced at high
strain of εbulk = 0.1. Fewer cracks are observed at 50 MPa confinement than at 30 MPa
(Fig. 41 a-d). In comparison, CB samples display broader orientation distributions (Fig.
41e, f). The compressional bridge – large spacing sample (Fig. 41f) is characterized by
the largest number of fractures (n = 245), which are distributed randomly with respect
to the far-field stress and shearing direction along the inclusions plane.

Bivariate histograms were plotted where the region of interest was gridded and every
square within the grid was color-coded according to the number of black pixels (in a
binary image indicative of open space, hence fractures or pores) it contained (Fig. 42).
The amount of cracking decreases with increasing confining pressure (c. ref. Fig. 40). At
pressures > 100 MPa, cracking is largely suppressed regardless of inclusion configuration.
At 30 MPa confining pressure microcracks increase with increasing bulk axial strain in EB
samples as opposed to samples deformed at higher pressures (Fig. 42a). Most strikingly,
the spatial distribution of microcracks within the process zone is strongly influenced by
the positioning of the soft inclusions. In EB specimens cracks are arranged along the shear
plane between the two inclusions (Fig. 42a). In contrast, CB samples display microcracks
primarily around the inclusions and towards the external quadrants as opposed to the
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internal region between the two inclusions (Fig. 42b, c).

Figure 42: Bivariate histograms displaying the spatial distribution of cracks within the process zones of the samples
considered. Applied confining pressure is increasing from left to right and for the extensional bridge configuration (a) end-
member values of bulk axial strain are shown for comparison (ε ≈ 0.02 and 0.1). The area of the process zone considered
for the analysis (see Fig. 31a) is converted into a binary image where black pixels represent porosity and divided into an
85x85 squares grid, each of the squares being color-coded according to the number of black pixels it contains. It follows
that high concentrations of pixels are indicative of coalescence of open fractures.

4.5 Discussion

4.5.1 The control of heterogeneities’ distribution on strain localization

Nucleation of shear zones at local heterogeneities and defects is frequently observed in the
field. In natural examples, as in intrusive granitoids crossed by systems of late magmatic
fractures and veins (e.g., Segall & Simpson, 1986; Kronenberg et al., 1990; Mancktelow &
Pennacchioni, 2005, 2013), deformation is often controlled by the geometry and arrange-
ment of the precursor heterogeneities. For example, shear zones nucleate preferentially at
the interfaces between the homogeneous host rock and pre-existing joints and fractures or
within low-viscosity veins and dykes. As these geometric precursors are discrete elements
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of finite length and width, the slip deficit arising as the displacement along the shear zone
drops to zero at its termination is accommodated either by distributed foliation or by the
opening of wing cracks, depending on the kinematics (extensional or contractional) of the
quadrant involved (Pennacchioni & Mancktelow, 2018).

In our experimental setup, the limestone inclusions embedded in the Carrara matrix
are strongly deformed after the tests (Fig. 29c, f, i). Their terminations, rectangularly
shaped prior to deformation and with surfaces oriented at 45◦ to the direction of σ1 (Fig.
29), appear to be passively rotated during the experiments almost to parallelism with the
shearing direction in the highest bulk strain samples. A rough estimation of the local
shear strain sustained by the inclusions yields values as high as γ ≈ 1. The ensuing slip
deficit at the inclusion terminations is accommodated within the host Carrara marble
involving several deformation mechanisms (Pennacchioni & Mancktelow, 2018).

The normal stress distribution around a planar discontinuity subjected to simple shear
displays an anti-symmetric configuration (tensile or compressional) with respect to the
tip of the discontinuity (Segall & Pollard, 1980). In our experimental configuration with
the presence of two pre-existing heterogeneities, the stress fields around their tips likely
interact during deformation. Therefore, as the slip deficit builds up, the host marble in
the region between the inclusions will be subjected to either extension or compression de-
pending on the relative positioning of the inclusions and how the stress fields at their tips
interact. In extension, abundant microcracking is observed at lower confining pressures
(Fig. 42a) in accordance with the Goetze criterion (see section 4.5.3 ). Conversely,
when the region between the inclusions is in compression, tensile microcracking is found
in external quadrants around the inclusion terminations (Fig. 42b and c). Similarly, the
kinematic boundary conditions also affect the distribution and intensity of crystal-plastic
processes and ultimately the degree of strain localization at the sample scale (Fig. 43).
This is shown by means of grain orientation spread (GOS) maps based on overview EBSD
data. In EB samples, the distribution of ductile deformation within the host marble is spa-
tially highly heterogeneous (Fig. 43a), with a clear decrease in localization with increasing
applied confining pressure (related, as will be discussed in detail in section 4.5.3 , to
the role of brittle deformation; see also Figs. 40 and 42). In the CB configuration, on the
other hand, strain localization is substantially suppressed and the slip deficit at the tip
of the inclusion is accommodated by distributed ductile deformation over larger areas of
the host marble (Fig. 43b and c).

In the fully brittle regime, a plethora of experimental studies have investigated the
influence of the geometry of pre-existing flaws in a homogeneous medium on coalescence
of cracks, potentially leading to localized failure. Although these studies were conducted
at ambient conditions under uniaxial compression, some parallels exist with our results.
Important differences are ultimately observed in the fracturing patterns between our ex-
periments (where the active plastic processes may locally change the stress distribution)
and the fully elastic investigations here discussed; nevertheless, interesting similarities are
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Figure 43: Overview GOS (grain orientation spread) maps based on EBSD data. In a) the maps for the largest bulk
strain extensional bridge samples at increasing values of confining pressure (from left to right); in b) extensional bridge
and compressional bridge – large spacing configurations at the same Pc of 30 MPa are shown (note that the thin section
produced for the Pc = 30 MPa compressional bridge configuration sample was damaged during preparation for EBSD
analysis, therefore no EBSD map was acquired for it), while in c) the three different configurations at Pc = 100 MPa are
compared. All samples were deformed to ≈ 10% strain.

worth mentioning.
Most authors working on couples of pre-existing fractures within homogeneous host

materials tested the equivalent of our extensional bridge configuration. The main factors
controlling the type and timing of fracturing and, ultimately, the coalescence pattern of
cracks were identified in the variation of three key parameters: initial angle of the flaw with
respect to σ1, length and angle of the bridging area (e.g., Reyes et al., 1991; Shen et al.,
1995; Bobet & Einstein, 1998a, 1998b; R. H. Wong & Chau, 1998; Ko et al., 2006; Morgan
et al., 2013). L. Wong and Einstein (2009) also investigated geometries similar to our
compressional bridge configuration in their study on molded gypsum and Carrara marble
prisms containing two parallel pre-existing open flaws under uniaxial loading. Different
coalescence patterns were identified (Fig.13 in L. Wong & Einstein, 2009), the first two of
which are characteristic of the compressional bridge equivalent geometry. Interestingly,
these are the only ones that lead to either no crack coalescence or indirect coalescence
occurring outside of the central bridging region. Similarly, no cracking and subsequently
no ductile localization is occurring within the "process zone" of our compressional bridge
samples (Fig. 42b, c). Contrary to these results, Morgan et al. (2013) observed indirect
coalescence in some extensional geometries as well, but they attribute them to material
effects (larger and stronger grains in the granite here employed compared to the Carrara
marble used by L. Wong & Einstein, 2009).

We measured preferential orientation of cracks’ long axes (Fig. 41), indicative of the
interaction between far field and local stresses during brittle (or semi-brittle) failure. This
behaviour is also well documented in experimental studies conducted in the fully brittle
field. Wang et al. (1987) describe tensile primary and secondary cracks opening at the tip
of pre-existing flaws in uniaxially compressed Fangshan marble rotating into parallelism
with the compressive (σ1) direction during propagation. Bobet and Einstein (1998a) ob-
served occurrence of two types of cracks in uniaxial and biaxial experiments on gypsum
blocks with couples of pre-existing flaws: tensile primary (wing) cracks, propagating in
a curvilinear fashion away from the inclusion, and secondary (shear) cracks developing
in plane with the flaws, which are typically responsible for macroscopic sample failure.
The combination of these two crack types, and their propagation directions show simi-
larities with cracks found in our 30 MPa confinement extensional bridge samples (Fig.
41a and b). At low bulk strain, cracks are mostly oriented at about 75◦ to the inclu-
sions, developing at higher strain a new maximum aligned with the direction of maximum
stress σ1. With higher bulk strain (Fig. 41b), some cracks are found along the shear
direction, equivalent to what Bobet and Einstein (1998a) describe for secondary shear
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cracks. As the confinement is increased for the EB samples, the preferential orientation of
cracks seems to point to the occurrence of primary/wing cracks type geometries, with two
maxima parallel to σ1 and nearly perpendicular to the inclusions, while no evidence for
shear cracking parallel to the inclusions’ plane is observed (Fig. 41c and d). It should be
noted, however, that pure shear cracking might not be easily imaged in our BSE overviews
if no appreciable tensile component is present and, particularly, if mechanical grinding
produces fine grained material decorating the surfaces of cracks. Compared to the EB
samples, the CB samples show no preferred crack orientations (Fig. 41e, f). This was
also found by Jiefan et al. (1990), who performed uniaxial compression experiments on
Fangshan marble plates containing single open flaws. The authors identified four different
modes of rupture at the tip of the flaw, each characterized by a certain orientation with
respect to the compressive stress direction. Bobet and Einstein (1998a) pointed out how
the ratio between the inclusion length and the relative spacing between two inclusions
affects the initiation stresses of wing cracks at the tips of the inclusions in the sense that,
above a certain ratio, the inclusions (flaws) behave as if being isolated. This could easily
be the case in our compressional bridge – large spacing samples.

While the analysis of the preferential orientation of microcracks is significant to un-
fold the orientation and magnitude of the stress field, caution should be used in our case.
Firstly, the resolution of our technique does not allow for pure shear cracks to be in-
cluded in the analysis. Moreover, the biggest criticality in the case of high temperature
microcracking of Carrara marble lies in the large initial grain size of the material: we
in fact observe how the orientation of grain boundaries is often the controlling factor for
the development of microcracks. Finally, especially at large bulk strains, the complex
interaction and interconnection of microcracks from areas of the process zone subjected
to different local stresses is likely to smear and mask specific preferential orientations.

4.5.2 Numerical modeling

For a single planar inclusion of Solnhofen limestone located in Carrara marble subjected
to simple shear at high temperature (T = 900 ◦C) and confining pressure (P = 300 MPa),
enhanced stresses develop in front of the inclusion already at low values of bulk strain. This
is due to the viscosity contrast between the matrix and the inclusion, being Carrara marble
about 10 to 20 times stronger than Solnhofen limestone at our experimental conditions
(Rybacki et al., 2014). The extent and propagation of the associated process zone ahead
of the inclusions, where ductile deformation is enhanced, was modelled successfully for
torsion tests (Döhmann et al., 2019). Their numerical modeling shows that localization
mainly depends on the weakening behaviour of the matrix material and on finite strain. In
the current study, localization is also linked to the development of microcracks, initiating
around the tips of the weak inclusions but depending on confining pressure. Modeling of
this complex interaction of brittle and crystal-plastic processes inducing nucleation and
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propagation of localized deformation is beyond the scope of this paper. However, the
elastic stress distribution of interacting cracks formed initially at the inclusion tips allows
first order insight into the development of deformation in our experimental setups.

We therefore aimed at reproducing the elastic component of deformation occurring
during our low confinement (30 MPa) experiments employing a 2D simplified geometry
of the sample material, in which the Solnhofen limestone inclusions are substituted by
pre-existing fractures and the surface being modelled is the same as the plane of the
post-deformation thin sections. For this purpose, the simulation software roxolTM was
employed to test a series of numerical models mimicking the experimental configurations
used in this study. RoxolTM is designed to simulate fracture nucleation and growth and
related fracture network evolution in rock and rock mass. The development is based on
fracture mechanics principles and employs the mathematical framework of the extended
finite element method (XFEM). The code is able to simulate linear elastic or poroelas-
tic materials with existing faults or fracture networks that may propagate and coalesce
during alteration of boundary conditions, e.g. due to excavation, well sinking, hydraulic
fracturing, or similar (Backers et al., 2015; Meier et al., 2018). A Mohr-Coulomb type
failure criterion is considered here for the initiation and propagation of fractures, and the
models are stopped after the two subsequent initiation and propagation steps. Mechanical
parameters and the applied stress field as derived from the experimental runs are listed
in Table 8. A parameter study was conducted to investigate the effect of varying angle
of internal friction, given that the extrapolation from the experimental data yielded an
extremely low value. No substantial dependency on the angle of internal friction was
detected either for the distribution of microcracks or the magnitude of the interacting
stress fields.

Configuration σ2 =σ3 [MPa] σ1 Cohesion [MPa] Angle of internal friction

Extensional 30 42.3 3.9 0.57◦

Compressional 30 45 3.9 0.57◦

Table 8: Experimentally derived parameters employed for the simulation tests run with the roxolTM software.

Results from the simulations run using the sample geometry (EB and CB) do not
agree well with our experimental observations. Distribution of mean stresses reveal strong
gradients at the tips of the initial fractures and between them, but local stresses do not
interact with each other and the resulting pattern of propagating microcracks does not
reflect the different spatial arrangement of the initial fractures. A reason for this is likely
the use of a purely elastic deformation simulation approach, that only accounts for very
low amounts of bulk axial strain and only involves crack formation and coalescence, so
that high strain plastic deformation is not considered. However, strain-related extension
of the process zone in front of each inclusion (Nardini et al., 2018; Döhmann et al., 2019),
causes stress perturbations ahead of the two inclusions to interact in the experiments.

To account for the above effect, we investigated interacting elastic stress fields gen-
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erated by pre-existing discontinuities by reducing horizontal spacing between initial frac-
tures and increasing their vertical distance so that they quasi-overlap (Fig. 44). The
parameters employed in these simulations were the same as the ones used for the previ-
ous configuration (Table 8). Models reveal a strong interaction between the stress fields
around the pre-existing fractures (Fig. 44). In the EB configuration (Fig. 44a) mean
stresses in the step-over region are up to 70% smaller than the background value, while
in the compressional configuration (Fig. 44b) mean stresses are on average 40% higher
than background. As a result, the distribution of microcracks follows the areas of lowest
mean stress in good qualitative agreement with our experimental observations (compare
inset in Fig. 44a and b with Figure 42).

Figure 44: Results of mean stress distribution and fracture propagation (small insets) as resulting from simulations in
roxolTM. The vertical and the horizontal spacing are both reduced with respect to the experimental samples to induce
earlier interaction between the stress fields of the pre-existing fractures.

A modeling study of en-echelon fault arrays was conducted by Segall and Pollard
(1980). Their analysis is focused on the distribution of elastic stresses during brittle
deformation, but the results presented bear important resemblance to our case. In the
geometry they employ (a right lateral fault array) "right stepping" is the equivalent of our
extensional bridge, while "left stepping" corresponds to the compressional bridge config-
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uration of our experimental samples. Given a specific spacing between the discrete fault
arrays, a marked increase in mean stress is determined in the region between the cracks
in the left stepping geometry, which is up to 1.4 times the background values. Conversely
a distinct decrease of 0.6 times the background is noted in the right stepping configu-
ration (see Figure 9 in Segall & Pollard, 1980). Most interestingly, their study predicts
the spatial distribution of secondary fractures with respect to the two configurations also
presented in our work. Tensile cracks distribution (Figure 9a-b in Segall & Pollard, 1980)
mimics almost exactly what we observed in our experiments (Figure 42).

4.5.3 The brittle-to-ductile transition and the controlling deformation mech-
anism

For pure Carrara marble, a transition from brittle to crystal-plastic deformation at room
temperature has been found experimentally by increasing confining pressure (Fredrich et
al., 1989). The authors observed a transition from brittle to semibrittle to fully plastic
deformation at constant strain rate deformation as a function of applied confining pres-
sure ranging from 5 to 450 MPa. Calculations of the energy balance between brittle and
plastic deformation mechanisms showed, in the semibrittle field, a decrease in the con-
tribution of microcracking with increasing confining pressure until the r- slip system is
activated in calcite. To satisfy the Von Mises criterion for plastic flow in polycrystalline
calcite, the activation of both e- twinning and r- slip is required (Paterson, 1969). The
transition between regimes is marked by a large variation in the strain partitioning be-
tween deformation mechanisms, which occurred in experiments of Fredrich et al. (1989)
over a narrow range of pressures.

In our experiments performed at high temperature, plastic processes are expected to
dominate the deformation behaviour. However, lowering of the applied confining pressure
induces brittle behaviour in the host Carrara marble at inclusion tips where stresses are
enhanced locally. Brittle cracks are ubiquitous in samples deformed at low confining
pressures (e.g. Figs. 36, 40 and 42), regardless of the positioning of the inclusions. The
large viscosity contrast between the inclusions and the host rock produces a strong stress
concentration at the inclusion tips (Rybacki et al., 2014; Nardini et al., 2018; Döhmann
et al., 2019), where differential stresses exceed the applied confining pressure. This allows
microcracking to occur, in agreement with the empirical Goetze criterion stating that
microcracking will be suppressed once confining pressure exceeds differential stress (Evans
& Kohlstedt, 1995; Kohlstedt et al., 1995). In Fig. 45, peak differential stress for the high
bulk strain experimental samples of all three configurations is plotted against the applied
confining pressure. Local stresses at the tip of the Solnhofen inclusion are estimated to
be a factor of 3 (± 1) higher than the bulk background stress, based on piezometric
calculations (Nardini et al., 2018). Local stresses at the inclusions’ tips plot above or at
the Goetze criterion line (σ1 – σ3 = Pc) for samples deformed at confining pressures of 30
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and 50 MPa, in accordance with the dense microcracking observed in the low confinement
samples (Figs. 36, 40, 41 and 42). At Pc = 100 MPa and above, on the other hand,
cracking is largely suppressed (e.g. Figs. 40 and 42), also in accordance with the Goetze
criterion (Fig. 45).

Figure 45: Peak (differential) stress versus confining pressure from the high bulk strain experiments of all inclusions’
configurations. Bold symbols correspond to the bulk peak stress, while open ones are for the estimated stress concentration
in the areas around the inclusions’ tips (factor 3±1, following Nardini et al., 2018). The line corresponding to the Goetze
criterion is also shown on the graph.

In addition to microcracking, evidence for dislocation activity is observed, like undulose
extinction (e.g. Fig. 36d and f), subgrain boundaries and bending of twin lamellae (e.g.
Fig. 36f and g). The presence of reduced grain size of the matrix material results from
dynamic recrystallization producing core-and-mantle structures (Fig. 36e). In parts, grain
size reduction may also result from brittle comminution (Fig. 36a, b and c), as in the
process zone of EB specimens deformed at low confining pressures.

A semi-quantitative estimation of the partitioning of strain between microcracking
and crystal-plastic deformation mechanisms active in the process zone and in the matrix
of high strain (ε ≈ 0.1) EB samples at different confining pressures reveals different
deformation mechanisms including twinning (twin density, Fig. 37), dislocation activity
reflected by internal lattice distortion (average GOS, Fig. 39), and microcracking (total
area of microcracks over area of the process zone, Fig. 40).

The evolution of strain partitioning and localization is represented by the ratio between
the average shear strain (γ) accrued in the process zone (Fig. 35b) and bulk axial strain
of the sample (εbulk ≈ 0.1). A more rigorous formulation of this quantity would require
the estimation of the average shear strain within the matrix, which is expected to be
varying with confining pressure (e.g. Fig. 38) while the bulk axial strain is constant in
these samples; the technique employed here for measuring the local shear strain evolution
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(Fig. 30), however, does not currently allow for the acquisition of such data. The increase
in localization is accompanied by a steady increase in the amount of brittle deformation
in the process zone (green curve, Fig. 46). Deformation of the matrix by crystal-plastic
processes (dislocation creep and/or deformation twinning) is reduced due to progressive
localization of strain within the process zone. Inside the process zone, average GOS reveals
increasing dislocation activity with increasing localization until a threshold, represented
by a confining pressure of 50 MPa at our thermodynamic boundary conditions, after
which average GOS decreases again. In this interval (between 30 and 50 MPa, or 6.3 and
7.2 localization factor) the controlling deformation mechanisms is clearly the formation
of microcracks, given the drastic increase in total area of secondary porosity (green curve
in Fig. 46). Deformation twinning in calcite is a common feature characterized by very
low critical resolved shear stress, activated already at low temperatures (e.g., Barber &
Wenk, 1979; Burkhard, 1993). As only one independent slip system is available for e-
twinning, the amount of strain that can be accommodated is relatively low, and strain
incompatibilities at the grain scale arise (Burkhard, 1993). In our samples deformed at low
pressures, strain incompatibilities are relaxed by dislocation activity, grain size refinement,
and tensile cracking (Fig. 36a, b and c). As confining pressure is increased beyond 50

Figure 46: Semi-quantitative deformation mechanisms map for matrix and process zone as a function of localization
factor, defined as the ratio between the average measured shear strain in the process zone (γ) and the bulk axial strain
for the whole sample (εbulk). Data from the extensional bridge configuration high strain experimental series (from 30 to
300 MPa confinement) are employed. The six curves represent the evolution of partitioning between the three quantifiable
deformation mechanisms (dislocation activity, expressed by the average GOS; deformation twinning, shown by twin density
and microcracking) in the process zone (thick curves) and in the matrix (stippled lines). aMC = area microcracking,
measured in percentage with respect to the total area of the process zone; TD = twin density, expressed as number of twins
per mm; GOS = average grain orientation spread, measured in ◦.

MPa, however, cracking is suppressed and de-localization occurs, with mainly e-twinning
accommodating strain within the process zone (Fig. 46). Variations in bulk axial strain
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also affect strain partitioning between brittle and plastic mechanisms. Microcracking is
pervasive in EB low confining pressure samples already at low values of bulk strain (2%).
With increasing strain, the interplay between different deformation mechanisms (Figs.
39b, 41 and 42) becomes more dependent on the confinement applied: cracking and
void formation increase substantially with increasing bulk strain at the lowest pressures
investigated (Fig. 40), but are already significantly reduced at Pc = 50 MPa, where
measured GOS values in the process zone are in turn consistently higher (Fig. 39b).

Interaction of brittle and plastic processes was also observed in nature. For example,
in their study on the Cap De Creus shear zone, Fusseis et al. (2006) and Fusseis and
Handy (2008) describe the local partitioning of strain between brittle and plastic processes
during the formation of a crustal scale shear zone. Microfracturing appears to be occurring
coevally with plastic deformation of the rock body as episodic propagation of pre-existing
heterogeneities due to inefficient energy dissipation by dislocation creep and consequent
concentration of stresses at flaw tips.

4.5.4 Geological implications

The occurrence of brittle precursors and material heterogeneities of various origin arranged
in step-over geometries is very common in nature and is invariantly associated with the
formation of small-scale high temperature shear zones. Moreover, the interplay between
brittle and plastic deformation and its role in the nucleation and evolution of strain
localization is a topic of interest in the study of large-scale shear zones at depth below
the seismogenic zone of plate boundaries.

Field examples of localized ductile shear zones nucleating on brittle precursors are
abundant in the case of granitoids undergoing complex tectonometamorphic paths prior
to surface exposure (e.g., Segall & Simpson, 1986; Kronenberg et al., 1990; Guermani
& Pennacchioni, 1998; Mancktelow & Pennacchioni, 2005; Pennacchioni & Mancktelow,
2007). In these examples, the presence of sets of cooling joints and pre-existing fractures
often mineralized with hydrous phases is shown to facilitate localized high temperature
plastic flow and assist with the formation of predominantly ductile shear zones at middle to
lower crustal levels. Our experiments represent the laboratory analogue of strain transfer
between lateral stepping of material heterogeneities (the en-echelon arrangement), where
far-field stress orientation and the geometry of the step-over determines the kinematic
of the ductile or brittle-to-ductile flow. Examples of both configurations presented in
our study (compressional and extensional bridge) are documented in natural shear zones.
Within the pre-Alpine granitoids exposed in north Eastern Italy in the Tauern tectonic
window (Mancktelow & Pennacchioni, 2005), sets of thin cooling joints are organized in
left-stepping en-echelon geometries which, combined with the imposed dextral sense of
shear, produce contractional kinematic conditions in the area between the joints and the
formation of shear band-like structures. Segall and Pollard (1983) report, in granodiorites
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of the Sierra Nevada, the occurrence of secondary (dilatant) fractures in the en-echelon
steps between left-stepping joint sets where the dominating sense of shear is sinistral and
the resulting conditions between the joints are therefore extensional. Christiansen and
Pollard (1997) present the case of end-to-end linkage of aplite dykes segments also within
the granodiorites of the Sierra Nevada. The dykes are thin with respect to their length and
extremely fine grained, therefore expected to be substantially weaker than the host rock.
Their nature and the relative compression of the stepping area is similar to one of our
experimental configurations. Shear strain transfer from the Solnhofen limestone inclusion
to the host-rock marble in the step-over region is occurring in our experimental samples in
a similar fashion to what described in the field studies mentioned above. The distribution
of strain and its partitioning between brittle and ductile processes is a function of the
step-over kinematics both in the experiments and in the natural examples.

Previous studies suggest an important role of pre-existing material heterogeneities in
distribution of strain. However, the influence of the geometric arrangement of hetero-
geneities on the resulting kinematics of the deformation is often lacking in the analysis of
natural cases. Our results suggest that strain localization is favoured by the interaction
of brittle and ductile processes even in the absence of fluid infiltration and/or metamor-
phic reactions. However, the spatial arrangement of multiple heterogeneities can either
promote or hinder localization in the ductile regime, even if brittle precursors exist.

Considering shallow crustal scale fault zones, Segall and Pollard (1980) discussed the
kinematic relationship between the far field stress acting on the fault and the stepping
direction of discrete fault segments, which can have a distinct effect on the seismicity (or
lack thereof) of the stepping segments. Whether the arrangement of the fault segments
promotes compressional or extensional conditions via the elastic interaction of the stress
fields can determine the tendency of the stepping region to either be the site for diffuse
small magnitude seismicity and aftershock activity, or to store larger elastic strains and
ultimately fail catastrophically generating major seismic events.

Similarly, when moving to larger depths down to the brittle-to-ductile transition zone,
comparable considerations can be made regarding the distribution of strain, the potential
for brittle-assisted ductile localization and ultimately the style of deformation in step-over
areas between material heterogeneities based on the results from the current study.

4.6 Conclusions

We conducted high temperature (900 ◦C) triaxial experiments on Carrara marble cylinders
containing Solnhofen limestone inclusions arranged in different configurations, reproduc-
ing field examples of homogeneous rock bodies with pre-existing material heterogeneities
arranged in compressional or extensional step-overs. The EB assembly was tested at
varying conditions of total strain (2, 5 and 10%) and confining pressure (30, 50, 100 and
300 MPa), to investigate the effects of intervening brittle deformation on the nucleation
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and development of localized strain. Confining pressures of 30 and 100 MPa have been
employed to test two more configurations for the inclusions’ step-over: one forming a sim-
ple CB and another one equally inducing compression but with a larger spacing between
the inclusions. We observed abundant brittle deformation occurring in the samples at
the lower confining pressures investigated (30 and 50 MPa) in all sample configurations
with a substantial suppression of brittle deformation as the confining pressure increases.
The spatial distribution of syn-deformational fractures is, however, a function of the in-
clusions configuration employed. In EB samples cracking is localized within the process
zone between the inclusions, while in both the CB geometries the fractures distribute
broadly around the tips towards the surrounding matrix and virtually no cracking occurs
within the bridging region. Coevally active ductile deformation appears to follow such
predefined path and distribute either heterogeneously, preferentially within the process
zone (EB) or more homogeneously across the entire matrix (CB configuration). Ductile
localization is therefore favoured by precursor and coeval brittle deformation only if this
latter is in itself intrinsically heterogeneous. As brittle deformation gets suppressed with
confining pressure, an EB configuration is still facilitating localization with respect to a
compressional one, but less efficiently so than if assisted by brittle processes.
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5 General Conclusions

The current study presents the results of experimental work and numerical modelling, that
were performed in an effort to better understand the nucleation and early development
stages of high temperature shear zones formation. The study of localized deformation
has been a main focus of the structural geology community ever since areas of higher-
than-background strain have been recognized in the field as early as in the 19th century
(Geikie, 1884). Ductile localization of strain is now established as a ubiquitous feature
in exposed rocks of middle and lower crustal origin, as well as having been proposed for
lithospheric mantle levels (e.g., Vissers et al., 1991; Wittlinger et al., 1998; Skemer et al.,
2009; Vauchez et al., 2012). The results here presented bring a valuable contribution to
the discussion over the parameters and mechanisms controlling strain localization in the
ductile regime.

Based on experimental observations and natural examples, a number of factors are
commonly suggested as being responsible for the creation of initial perturbations in an
otherwise homogeneous ductile flow. One of the most accredited mechanisms for the
localization of strain in the viscous regime is the presence of mechanical discontinuities
within a homogeneous rock body, as has been extensively studied in the field (e.g., Trem-
blay & Malo, 1991; Guermani & Pennacchioni, 1998; Mancktelow & Pennacchioni, 2005;
Pittarello et al., 2012), in the laboratory (e.g., Rybacki et al., 2014) and through numerical
modelling (e.g., Mancktelow, 2002; Jammes et al., 2015). Whether represented by brittle
precursors (joints and fractures), magmatic features (e.g., dykes) or surface discontinu-
ities of various nature (e.g., fine grained pseudotachylytes), mechanical heterogeneities
inducing viscosity contrast between phases are an efficient locus for the nucleation of
strain localization at all scales. The interaction of this mechanism with environmental
factors (e.g., loading conditions, temperature, confining pressure) as well as with further
elements known to favour strain softening and localization (e.g., reaction softening, brittle
comminution) can have important effects on the efficiency of shear zone formation.

Boundary conditions for the deformation of materials within the Earth’s crust can be
approximated to two end-member terms, that of a constant velocity (e.g., plate motion)
and that of constant stress (e.g., the imposed stress for deformation to be activated).
Whether any of these two conditions is more or less favourable to the localization of
strain has been the subject of speculation in a previous study (Hansen et al., 2012). In
their investigation, Hansen and co-authors have experimentally deformed monomineralic
samples of olivine in a Paterson-type deformation apparatus, employing conditions of high
temperature (≈ 1200 ◦C) and confining pressure (300 MPa) and up to total shear strains
(in torsion) in the range of γ ≈ 4-18. Microstructural and textural analysis revealed
localized bands of reduced grain size and stronger textural index in samples deformed
at constant stress conditions, as opposed to homogeneously deformed constant strain
rate specimens. Earlier theoretical studies (e.g., Fressengeas & Molinari, 1987; Paterson,
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2007) had already suggested that, while a stress perturbation is necessary in the deforming
system to initiate strain localization, the size of such perturbation would be reduced at
constant stress boundary conditions, therefore favouring the nucleation of shear zones in
these settings.

We intended to experimentally test the hypothesis that, if a mechanism known to
favour strain localization (the presence of a material heterogeneity within a homogeneous
matrix, e.g. Rybacki et al., 2014) is in place, the effect of the imposed loading conditions
on the efficiency of localization is minor if not absent. To do that, we conducted a series
of torsion experiments in the Paterson apparatus on a monomineralic system composed
of Carrara marble cylinders with single planar inclusions of weaker Solnhofen limestone.
The experiments were carried out at high confining pressure (400 MPa) and temper-
ature (900 ◦C), under conditions of constant torque (stress) or constant twist (strain)
rate. Similar bulk shear strains were reached for the two different configurations, to al-
low for the comparison of resulting microstructures and textures. The viscosity contrast
between the two materials (at the experimental conditions employed here, marble is es-
timated to be in the order of ≈ 10 times stronger than limestone) induces a significant
strength perturbation at the tip of the inclusion and consequent strain softening in the
Carrara marble matrix. Our experiments succeeded in reproducing the initiation and
early propagation stages of a shear zone nucleating at the tip of a single inclusion of
weaker material; strain partitioned in shear bands developing in front of the inclusion,
characterized by grain size refinement, a weakly foliated fabric and the formation of a
strong texture. Microstructural as well as textural analysis was carried out by means of
optical microscopy, scanning electron microscopy (SEM), electron back-scatter diffraction
(EBSD) and transmission electron microscopy (TEM). Quantification and comparison of
parameters like grain size, dislocation density, shape preferred orientation, distribution of
recrystallized grain and crystallographic preferred orientation showed that strain localiza-
tion is largely independent of the imposed boundary conditions. The linear perturbation
analysis carried out by Fressengeas and Molinari (1987) and reviewed by Paterson (2007)
to advocate for the efficiency of constant stress loading conditions in localizing strain
within single phase materials does not appear to be applicable to systems in which large
strength perturbations exist. The type of imposed loading conditions did not affect the
style and magnitude of the in-plane propagation of strain assisted by a migrating strain
weakening front. This suggests a hierarchical organization of the mechanisms controlling
the localization of strain in the ductile regime, where the efficiency of some can overcome
and obliterate the effect of other ones. The implications of these findings are rather im-
portant for the analysis of post-mortem microstructures from natural high-temperature
shear zones. In the presence of material heterogeneities inducing stress perturbations and
strain softening in deforming materials, the microstructural signature of strain localiza-
tion observed during nucleation and early shear zone development does not depend on
the type of applied loading conditions.
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In an effort to extrapolate our findings to the field scale, we developed a numerical
model capable of reproducing the phenomenological aspects of our experimental results.
Modelling of strain localization in the ductile regime involves the formulation of criteria
accounting for mechanical weakening at the microscale. Previous attempts have involved
strain-, stress-, deformation work- or grain size-dependent rheological weakening, with
markedly different effects on resulting strain localization. We formulated a 2D numerical
model with an implemented first-order softening law to mimic mechanical weakening, and
benchmarked it to the high-temperature, high-pressure torsion experiments conducted on
our Carrara marble with Solnhofen limestone inclusion samples. The three weakening
parameters of the strain-dependent softening law employed in the model are derived by
iterative comparison with the mechanical data from the experiments. The model success-
fully reproduces the emergence of a local stress concentration at the tip of the inclusion,
the formation of an evolving shear zone and the locally heterogeneous distribution of
strain. With the introduction of an arbitrary second softening step, a narrow band of re-
duced viscosity is formed within the previously described shear zone, in accordance with
the frequent occurrence of ultramylonitic layers in the core of heterogeneous natural shear
zones. Numerical modelling of this experimental setup showed the potential of formulat-
ing softening laws benchmarked against mechanical data. Accounting, in the model, for
the strain softening observed to be at the basis of strain localization is necessary to ac-
curately reproduce the experimental results. Consequently, large scale models of crustal
processes involving the formation of shear zones must be implemented with solid softening
law for their results to be reliable.

The influence of interacting brittle and ductile processes on strain localization is also
a topic of great interest in the structural geology community. Natural shear zones are of-
ten associated with brittle precursors and/or syn-deformation (micro)fracturing. In these
settings, the partitioning of strain between brittle and crystal-plastic processes can affect
the geometry of the resulting deformation. We designed a series of experiments to test
the effect of different amounts of brittle deformation (in the form of microcracking) on
the localization of strain in the presence of material heterogeneities. Our high temper-
ature (900 ◦C) triaxial deformation experiments were run in a Paterson-type apparatus
on Carrara marble cylinders containing non-overlapping couples of weak Solnhofen lime-
stone inclusions arranged in different types of step-over geometry. The areas of stress
perturbation induced at the tip of the inclusions by the large viscosity contrast between
marble and limestone interact to produce local mean stresses of either compressional or
extensional nature in the region comprised between the two inclusions. The applied con-
fining pressures ranged between 30 and 300 MPa, leading to varying amounts of brittle
deformation developing in the marble matrix in the areas subjected to viscosity contrast-
induced stress concentration, in accordance with the Goetze criterion. Scanning electron
microscopy was used for the quantification of the brittle component of deformation. At
low confinement (30 and 50 MPa) microcracking is abundant, but its spatial distribution
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is a function of the kinematic conditions (compressional or extensional) dominating in the
step-over region. A pervasive network of microcracks develops in the process zone between
the two inclusions if their arrangement is extensional, while virtually no brittle deforma-
tion is present in the compressional step-overs and microcracking is concentrated around
the inclusion tips. Crystal plasticity within the marble matrix, investigated by EBSD, is
activated in parallel to the brittle processes, and the partitioning of ductile strain appears
to mimic the distribution of microcracks, leading to markedly stronger strain localization
in samples containing extensional step-overs than compressional ones. As the confining
pressure is increased (100 and 300 MPa) and microcrack formation is suppressed almost
entirely, localization is also progressively reduced in the extensional step-over samples.
The current common understanding is that brittle deformation is in all cases favouring
ductile localization. Our results, however, show that the magnitude and “sign” (whether
extensional or compressional) of the stress perturbation induced in a strong matrix by
stepping-over inclusions arranged in different geometries is what ultimately controls the
efficiency of strain localization. Despite the large amount of microcracks observed in
samples containing compressional geometry step-overs deformed at low confinement, no
substantial strain localization is observed. Upscaling our conclusions to crustal settings,
the nature of the seismic activity nucleating in step-over regions between fault arrays
is known to be influenced by their kinematic characteristics (Segall & Pollard, 1983).
Similarly, the geometry and mechanical behaviour (whether localizing or distributing de-
formation) of fault zone roots at depth within the ductile regime can be expected to be a
function of the overlying step-over kinematics.

Although carbonate rocks are by no means representative lithologies for the middle
and lower crustal depths of our planet, their occurrence within sedimentary sequences
subjected to complex tectonometamorphic histories during orogenic processes and in sub-
duction zones is well documented (see section 1.3.3 ). Being calcite substantially weaker
than the other most abundant rock-constituent phases, strain localization in these settings
often occurs within the calcite-rich layers. The results here presented are, therefore, of
great significance for the study of high temperature shear zones at all scales.
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6 Outlook

The present study aimed at characterizing in more detail some of the processes that
are known to be associated, in nature as well as in the laboratory, with high temper-
ature strain localization. The inherent complexity of natural shear zones (multi-phase
systems, complex tectonometamorphic histories, presence of heterogeneities and interac-
tion of several strain weakening and strain hardening mechanisms) is not approachable
from a laboratory perspective. If the micromechanical processes concurring to produce
large scale strain localization are to be investigated, a simplified approach is necessary.
For this reason, we focused our analysis on a monomineralic system, where metamor-
phic reactions and formation of secondary phases are suppressed, and only one specific
localization-inducing mechanism (the presence of material heterogeneities) is operating in
the deforming system. Our results shed light on the effects that some of the intervening
“environmental” parameters have on the efficiency of strain localization in its nucleating
and transient stages. While not exhausting all possibilities of intervening factors in the
formation of high temperature shear zones, we investigated parameters we believe to be
important to the ongoing discussion over the development of ductile shear zones.

Experimental rock deformation allows for a large degree of freedom to test the influence
of the variation of single parameters on a well-characterized system. In this sense, our
simple experimental setup lends itself to a large number of further investigations exploring
the impact of, for example, different inclusions shapes, or the width of the step-over
regions (in the case of inclusion pairs). Moreover, all the experiments presented in this
study were conducted at conditions of high temperature (900 ◦C) to ensure that the
viscosity contrast between marble and limestone would be high enough to generate a large
stress perturbation in the system and ultimately lead to mechanical weakening and strain
localization (Rybacki et al., 2014). Our results, therefore, are quantitatively significant
for materials of comparatively different strengths. While we don’t expect the nature of
the underlying microphysical processes to be dependent on the viscosity contrast between
phases, their magnitude and relative contribution is bound to change at the varying
of the viscosity-induced stress perturbation. Experimentally investigating the effects of
different viscosity contrasts on the ductile localization of strain would also add significance
to our results. Although, in nature, carbonate rocks are frequently observed in shear
zones at all scales (see section 1.3.3 ), other lithologies are expected to dominate the
middle and lower crustal depths where shear zones form at the roots of crustal scale fault
zones. Therefore, investigating the behaviour of non-carbonate rocks in a setup similar
to the one developed for our experiments would be of interest for the extrapolation of the
present results to natural settings. Along the same lines, the impact of fluid inflow and/or
of metamorphic reactions (both known to play a key role in the ductile localization of
strain) would equally provide abundant cues for further experimental characterization of
the processes at the basis of shear zones formation.
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A limitation of our experimental setup (both in torsion and in triaxial compression) is
the total bulk strain that can be reached before dynamic instabilities arise and the samples
fail along the region of strain localization. Consequently, we conducted our analyses
and observations on microstructures and textures that have not reached a steady-state
condition and are therefore transient in nature. The results here presented are therefore
strictly applicable to the nucleation and early stages of shear zones formation, a situation
which is difficult to observe in nature. The torsion setup in the Paterson apparatus was
designed with the intention of allowing stable deformation to high (shear) strains, and
has been proven successful in this sense in a large number of experimental studies run on
monomineralic and/or homogeneously mixed multi-phase materials. Our planar inclusion
system, however, has been proven to slip along the shear zone already at bulk strains in
the order of γ ≈ 2 (Rybacki, pers. Communication).

The results from this study have addressed some general questions regarding strain
localization and can be readily applied to relevant geological settings. Nature is, how-
ever, more complicated and a large number of further studies are required to unravel
the process of shear zones formation more completely. In addition, numerical modelling
can be integrated to experimental work as a powerful tool to upscale experimental re-
sults and quickly investigate the effect of key parameters on the system under analysis.
Benchmarking modelling results to experimental data is, in this sense, a strong control
mechanism to avoid large departures from physical processes that can be hard to detect.
In our experience with modelling techniques, however, we encountered difficulties in inte-
grating brittle and ductile processes simultaneously occurring in deforming rock bodies.
The development of numerical models capable of handling the feedback effects between
the different deformation mechanisms would be a great advance to our capabilities of
modelling naturally occurring processes.
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