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Abstract A mylonitic quartzite with conjugate and synthetic shear bands was investigated by Electron
Backscatter Diffraction and optical microscopy to obtain insights on recrystallization mechanisms and
strain localization in quartz at plastic to semibrittle conditions close to the brittle‐ductile transition. The
mylonitic quartzite deformed during late Miocene thrusting coeval with contact metamorphism in the
high‐strain domains of the Calamita Schists (Elba Island, Italy). Mylonitic deformation occurred from
amphibolite to lower greenschist facies conditions during cooling of the aureole. Dynamic
recrystallization, dominated by the activity of dislocation creep by prism <a> slip, produced recrystallized
quartz layers mantling relic large quartz porphyroclasts. Under decreasing temperature and fluid‐rich
conditions, quartz porphyroclasts acted as relatively rigid bodies and fractured along synthetic and
conjugate C′ shear bands. Shear bands developed along kinematically favored orientations, just locally
assisted by weak crystallographic planes in quartz. Fracturing along shear bands was assisted by cataclasis
and fluid infiltration enhancing fracture propagation and healing by recrystallization and authigenesis of
new quartz and phyllosilicate grains. The process enhanced the propagation of and strain localization
in shear bands, with the development of bands of weak phyllosilicates. Furthermore, we observed the
development of a c axis preferred orientation (CPO) related to dissolution and precipitation of new grains
with their c axis oriented parallel to shear bands. This study highlights the importance of the interplay
between brittle and crystal‐plastic processes and fluid ingress in the semibrittle regime to understand
deformation partitioning and strain localization.

Plain Language Summary Quartz is one of the main constitutive minerals of the Earth's rocks
and largely controls how rocks deform. We used the optical microscope to investigate quartz and a special
technique called Electron Backscatter Diffraction, which is based on the interaction between a beam of
electrons and a crystalline material, to generate maps of how quartz crystals are oriented in space, in order to
investigate quartz deformation. We studied rocks that were heated up to 650 °C 6 million years ago by a
chamber of molten magma and at the same time were squeezed by tectonic forces in the Calamita peninsula
(Elba Island, Italy). During cooling from such high temperatures, deformation in quartz was first
accommodated by plastic mechanisms, like metal warped by a blacksmith, producing large quartz crystals
wrapped by newly formed smaller quartz crystals. Subsequently, at lower temperatures (~300–400 °C),
deformation in cool large quartz crystals started to produce cracks and fractures. As fractures opened,
high‐temperature water‐rich fluids flooded the fractures, encrusting them with tiny quartz and platy mica
crystals. This process progressively leads to the development of bands of weak platy micas in hard
quartz crystals.

1. Introduction

Deformation in shear zones is accommodated by brittle, frictional mechanisms in the upper crust and by
plastic mechanisms at higher temperature in the lower crust. The transition between purely brittle to
purely crystal‐plastic deformation in natural shear zones occurs over a wide range of temperature condi-
tions at which deformation is controlled by a combination of brittle and plastic mechanisms (semibrittle
deformation; Evans & Kohlstedt, 1995; Kohlstedt et al., 1995). A classic example is represented by sheared
quartz‐feldspar aggregates at midcrustal conditions, where quartz typically recrystallizes and feldspar
forms fractured porphyroclasts (Tullis et al., 1990, 2000; Vernon & Flood, 1988). Quartz at midcrustal con-
ditions (300–450 °C) is typically thought to deform by dislocation creep (Behr & Platt, 2011, 2014; Gleason
& Tullis, 1995; Hirth & Tullis, 1994; Stipp et al., 2002). However, many studies, focused on quartz
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monomineralic aggregates, highlighted the complex role played by grain‐scale strain partitioning in assist-
ing semibrittle deformation in quartz (van Daalen et al., 1999; Muto et al., 2011; Vernooij, Kunze, et al.,
2006; Vernooij, den Brok, et al., 2006). Intragrain deformation bands in quartz, typically constituted by
trails of small grains hosted by larger grains, have been classically described as the result of the interplay
between brittle and crystal‐plastic processes. Their development has been alternatively explained as the
result of failure along the rhomb planes of quartz (van Daalen et al., 1999; Vernooij, Kunze, et al.,
2006; Vernooij, den Brok, et al., 2006), conjugate kinking caused by basal <a> slip (Nishikawa &
Takeshita, 1999), nucleation, and growth from highly damaged zones during a sequence of low‐
temperature plasticity and subsequent recrystallization (Trepmann et al., 2007; Trepmann & Stöckhert,
2003) or localized coaxial deformation in stiff domains (Menegon et al., 2008). Several contrasting
mechanisms have been proposed to explain the growth of new grains in such bands: (1) subgrain rotation
followed by rigid‐body rotation of grains (Bestmann & Prior, 2003; Ceccato et al., 2017; Trepmann et al.,
2017); (2) cataclasis and healing by recrystallization (den Brok, 1992; van Daalen et al., 1999; Vernooij,
Kunze, et al., 2006; Vernooij, den Brok, et al., 2006); (3) dissolution‐precipitation creep, with solution of
material, which reprecipitates as new grains (Hippertt & Egydio‐Silva, 1996; Kjøll et al., 2015; Takeshita
& El‐Fakharani, 2013; Takeshita & Hara, 1998); and (4) recrystallization along mechanically formed
Dauphiné twins (Menegon et al., 2011; Stipp & Kunze, 2008). These structures have also been shown to
form during the earthquake cycle immediately below the brittle‐ductile transition (Trepmann &
Stöckhert, 2003; Trepmann et al., 2007, 2017).

In this study, we present an Electron Backscatter Diffraction (EBSD)‐based investigation of the development
and evolution of intragrain shear bands in quartz in the semibrittle regime, investigated in a natural study
case represented by a cooling contact aureole (Papeschi et al., 2017, 2018). The research presented here high-
lights how grain‐scale contrasts drive strain partitioning from the early stages of dynamic recrystallization to
the brittle regime and how the interplay between brittle and crystal‐plastic processes with intergranular
fluids may assist softening and strain localization in shear bands that may efficiently act as precursory struc-
tures for discrete faults.

2. Geological Outline

Elba Island, located in the northern Thyrrhenian Sea, exposes a complete cross section through the hinter-
land sector of the northern Apennines belt. The nappe pile is characterized by east verging structures
stacked over west dipping top‐to‐the‐E thrust sheets during the early Miocene (Keller & Coward, 1996;
Massa et al., 2017). The nappe stack comprises an Upper Complex, characterized by ophiolite‐bearing ocea-
nic and continental units with anchizone to lower greenschist facies metamorphism, and a Lower
Complex, consisting of the upper greenschist to amphibolite facies Ortano and Calamita Units
(Figure 1a). Blueschist facies metamorphism related to early Miocene underthrusting and nappe stacking
is locally preserved in the Ortano Unit (Bianco et al., 2015). However, the dominant metamorphic imprint
is the late Miocene LP/HT metamorphism related to the emplacement of granitic bodies, coeval with the
late phase of east verging thrusting (Duranti et al., 1992; Musumeci et al., 2015; Musumeci & Vaselli,
2012; Viola et al., 2018).

The Calamita Schists, part of the Calamita Unit (Figure 1a), are an amphibolite facies metapsammitic com-
plex that crop out in SE Elba Island (Barberi et al., 1967). These rocks experienced Miocene deformation and
LP/HT metamorphism triggered by the intrusion of the buried Porto Azzurro pluton (Papeschi et al., 2017)
with peak temperatures around 625 °C (Caggianelli et al., 2018) or exceeding 650 °C (Musumeci & Vaselli,
2012) at pressure lower than 0.2 GPa (Duranti et al., 1992). Deformation, related to the activity of thrust
sheets coeval with pluton emplacement, affected the Calamita Schists at upper crustal conditions during
postmagmatic cooling. Geochronological data constraint ductile shearing between 6.8 and 6.3 Ma
(Musumeci et al., 2015) and the subsequent brittle deformation between 6.1 and 4.9 Ma (Viola et al.,
2018), indicating that the equilibration to upper crustal temperature occurred in less than 1 Ma.
Deformation was heterogeneously distributed in top to the east ductile shear zones that recorded the transi-
tion from an upper amphibolite facies foliation to a greenschist facies mylonitic foliation, overprinted at the
brittle/ductile transition by brittle fault zones and shear fractures. These latter crosscut the mylonitic folia-
tion exploiting precursory ductile shear bands (Papeschi et al., 2017, 2018).
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Figure 1. (a) Simplified geological map of the Elba Island (modified after Massa et al., 2017) showing the location of the study area. (b) Sketch structural‐geological
map of the study area (Praticciolo Cape). Insert stereographic projections are in equal angle, lower hemisphere. The yellow star marks the location of sample
IESP3SP78. Mesoscale structures of the Calamita Schists at the Praticciolo: (c) well foliated top‐to‐the‐E mylonitic micaschists with S‐C′ fabric and (d) top‐to‐the‐E
shear fractures cross cutting the mylonitic fabric and developed subparallel to C′ shear bands. Yellow arrows: C′ shear bands; white arrows: shear fractures.
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The Praticciolo Cape (Figure 1b; see details in Papeschi et al., 2018) offers a natural cross section through
mylonitic quartzites and micaschists belonging to the Calamita Schists, tectonically overlain by metacar-
bonate rocks over the flat segment of a large‐scale east verging thrust (Figure 1b). Here, the Calamita
Schists are characterized by a well‐developed west dipping foliation (mean dip direction/dip:
N261°/33°), a stretching lineation defined by quartz and phyllosilicate aggregates (trend/plunge:
N255°/32°), and synthetic and conjugate sets of C′ shear bands (synthetic set: N250°/03°; antithetic
set: N227°/72°; Figure 1c). Shear fractures and brittle fault zones (N156°/01°), parallel to C′ shear bands
(Figure 1d), crosscut the foliation and represent the last deformation structures developed. For the pre-
sent study, a mylonitic quartzite sample (sample IESP3SP78 highlighted in Figure 1b) has been selected
for fabric analysis.

3. Analytical Method

Standard oriented thin sections (i.e., cut orthogonal to the foliation and parallel to the stretching lineation)
were investigated using the optical microscope and the Scanning Electron Microscope (SEM) and for EBSD
analysis of the quartz microfabric (see Prior et al., 1999).

Thin sections were polished using an alkaloid colloidal suspension (SYTON) with a Buehler Vibromet 2 for
at least 3 hr and then carbon coated to about 3.5‐nm thickness. EBSD maps were acquired at the Electron
Microscope Centre of Plymouth University with a (1) JEOL 6610 LV SEM equipped with a NordLys Nano
EBSD detector and a (2) JEOL 7001 FEG SEM equipped with a NordLys Max EBSD detector, using a
20–25‐mm working distance, 70° of sample tilt with respect to the horizontal and accelerating voltage set
at 20 keV. The sample symmetry used was monoclinic, and quartz was the only phase indexed, using trigo-
nal crystal system (Laue group 3/m). EBSD patterns were automatically detected and indexed with the soft-
ware AZTec (Oxford Instruments). The step size used and the size of the EBSD map frame are provided for
eachmap in the corresponding figure. Noise reduction, following Bestmann and Prior (2003), was performed
using the HKL CHANNEL 5 software (Oxford Instruments). The critical misorientation for the definition of
high‐angle boundaries (shown in black in orientationmaps) was set at 10°, allowing grain boundary comple-
tion down to 0°, and at 2–10° for low‐angle boundaries (in white). Dauphiné twin boundaries (in red;
Frondel, 1962) were recognized as grain boundaries with 60° ± 2° of misorientation and <c> as misorienta-
tion axis and disregarded from the grain detection procedure. Grain size was obtained using the grain detec-
tion routine of Channel 5 (Tango software) that recalculates grain diameters (μm) from equivalent area
circles (μm2; as in Berger & Herwegh, 2004). As a rule, grains measuring less than 3 times the step size
(i.e., containing less than 4–9 pixels) were nullified.

Pole figures and misorientation axis orientations in sample coordinates (MOSC) are equal area, lower hemi-
sphere projections oriented with respect to the finite strain ellipsoid reference frame (X= lineation; Z= pole
to the foliation). Inverse pole figures and misorientation axis orientations in crystal coordinates (MOCC) are
equal area, upper hemisphere projections. Contoured pole figures (one point per grain) were performed
using 10° half width and 10° cluster size with density shown as multiples of a uniform distribution. The mis-
orientation axis distribution in crystal coordinates (or MOCC) is a powerful tool to guess the active slip sys-
tem(s) in a crystal lattice. Following Lloyd and Freeman (1994) and Neumann (2000), if we assume the ideal
activity of edge dislocations associated with a slip system, the misorientation axis (i.e., axis of rotation with
the smallest rotation angle among equivalent rotation relating two given orientations of an object;
Morawiec, 2004) is (1) contained in the slip plane and (2) oriented perpendicular to the Burgers vector. A
scheme showing the misorientation axes and related slip systems for quartz (after Neumann, 2000) is
reported in Figure 2.

4. Microstructural and EBSD Analysis
4.1. Sample Description

The investigated mylonitic quartzite sample (IESP3SP78; Figure 1b) shows a well‐developed foliation
(oriented N220°/24°) defined by the subparallel disposition of quartz and phyllosilicate layers (Figure 3a).
The kinematics is top‐to‐the‐E, defined by asymmetric objects at the mesoscale and microscale and by S‐C
′ structures. The foliation is cut and offset by two sets of C′ shear bands: a dominant top‐to‐the‐E set (C′1),
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subhorizontal and synthetic with respect to the sample kinematics, and a
less developed top‐to‐the‐W antithetic set, which is steeply dipping at the
mesoscale (N227°/72°).

At the microscale, phyllosilicate layers are very fine grained (≪5 μm) and
almost exclusively constituted by sericite and chlorite mixed with tiny
(<5‐μm) quartz grains and accessory ilmenite and magnetite that sur-
round fractured and sericitized andalusite and cordierite porphyroclasts
(50–200 μm). Large chlorite stacks (up to 200 μm), biotite relics, and white
mica grains (grain size: 10–100 μm) are locally preserved in coarse‐
grained quartz lenses.

Quartz shows a strongly heterogeneous microstructure, consisting of a
variable percentage of relic quartz porphyroclasts, either organized in
lenses (e.g., Figure 3b) or present as isolated grains lacking a clear pre-

ferred orientation (e.g., Figure 3c), surrounded by aggregates (e.g., Figure 3c) and well‐defined subparallel
layers of recrystallized quartz grains (e.g., Figure 3a). Because of the marked microstructural differences
observed within the quartz layers, we have studied in detail several domains, each characterized by

Figure 2. Sketch illustrating the relationships between position of misorien-
tation axis clustering in crystal coordinates and rotation axis of uncommon
(light grey), common (grey), and most common (dark grey) slip systems
in quartz. Modified after Neumann (2000).

Figure 3. Microstructures of the investigated sample collected at crossed polarizers. The yellow‐cyan boxes highlight the location of EBSD maps. And: andalusite;
Chl: chlorite; Q: quartz; Ser: sericite. (a) Domain 1: recrystallized subparallel quartz layers interlayered with mica domains and containing large quartz
porphyroclasts. The gypsum plate insert highlights the c axis orientation. (b) Domain 2: relic lens of quartz porphyroclasts surrounded by smaller recrystallized
grains and crosscut by conjugate shear bands (C′1 andC′2). (c) Domain 3: large quartz porphyroclasts surrounded by recrystallized grains, eastwardly dragged along
numerous synthetic C′ shear bands.
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internally homogeneous microstructures. Three different domains have been identified, described individu-
ally and mapped by EBSD: Subparallel quartz layers (Domain 1; Figure 3a), (2) quartz porphyroclasts with
conjugate shear bands (Domain 2; Figure 3b), and (3) quartz layers with synthetic shear bands (Domain 3;
Figure 3c).

4.2. Subparallel Quartz Layers

Subparallel quartz layers (Domain 1), ranging in thickness between 50 and 500 μm, are continuous and
stretched parallel to the mylonitic foliation (Figure 3a). Thin sericite bands (≪5‐μm grain size) and ellipsoi-
dal phyllosilicate aggregates, the latter representing pseudomorphs over cordierite, occur interlayered with
quartz (Figure 3a). C′ shear bands are uncommon and, when present, are localized in the phyllosilicate‐
rich interlayers.

The quartz layer microstructure is dominated by small (10–100‐μm) recrystallized grains with serrated grain
boundaries enveloping sparse quartz porphyroclasts (up to 500 μm) with lobate boundaries and amoeboid
shape variably stretched parallel to the foliation (Figure 3a). Undulose to patchy extinction patterns are com-
mon in quartz porphyroclasts. Small white mica inclusions display evidence for pinning of quartz grain
boundaries. Large areas of recrystallized grains appear extinct at the same polarizer orientation, indicating
the presence of a c axis CPO (see gypsum plate insert in Figure 3a).

The EBSD analysis, carried out in an area representative of Domain 1 (Map 1 in Figure 3a), images larger
grains (100–300‐μm grain size), interpreted as relic grains and showing amoeboid shape and relatively high
aspect ratio (2–4), defining a shape‐preferred orientation parallel to the foliation (Figure 4a). Such grains are
surrounded by smaller new grains (10–50 μm) with equidimensional shape and serrated grain boundaries
(Figure 4a). Discontinuous low‐angle boundaries with lobate shape are contained in old grains and, to a les-
ser extent, in some of the new grains. Irregular Dauphiné twin boundaries are present in all grains.

Figure 4. EBSD analysis of Domain 1. (a) Grain size map colored in respect to the legend shown in the lower right
corner. (b) Contoured one‐point‐per‐grain pole figures showing the distribution of <c> and <a> axes and poles to {m},
{r}, and {z} planes for the complete data set. (c, d) Contoured misorientation axis distribution (c) in crystal (MOCC) and (d)
sample (MOSC) coordinates for 2–10°, 10–20°, and 20–30° of misorientation angle for the complete dataset. (e)
Misorientation angle distribution (MAD) for correlated (light blue curve), uncorrelated (red curve), and theoretically
random (black curve) distributions.
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Figure 5. Microstructures of shear bands. Chl: chlorite; Lim: limonite; Q: quartz; Wm: white mica (a) conjugate shear bands hosted in large quartz porphyroclasts
with small grains with similar c axis orientation (white arrow) and slightly misoriented damaged areas of the host grains (crossed polarizers, gypsum plate). (b) SEM
BSE‐image of grains localized on conjugate shear bands showing trails of fluid inclusions (yellow arrows) and pitted grain boundaries (red arrow). (c) Quartz
porphyroclast in Domain 3 mantled by recrystallized grains and phyllosilicate‐rich strain caps (purple arrows) showing evident internal microfracturing (crossed
polarizers). (d) Shear band reactivated as a shear fracture (marked by yellow arrows) with 0.5‐mm offset cross cutting the main foliation through several quartz and
mica domain. The insert highlights a portion of the same shear fracture where different segments are bridged by en echelon fractures (parallel polarizers). (e)
Architecture of a synthetic shear band (C′1; yellow dashed line) characterized by an inner core defined by small quartz grains and a well‐defined band of chlorite +
white mica (crossed polarizers). The red dashed line traces the foliation. (f) SEMBSE‐image of a shear band core showingmica inclusions, a straight mica + chlorite
+ limonite band, and pitted grain boundaries (red arrows).
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The bulk c axis distribution defines a Y‐max with limited tails on the XZ plane, associated with <a> axes on
the periphery, distributed along six regular maxima every 60 ° (Figure 4b). The correlated distribution in the
misorientation angle distribution (MAD) shows two strong maxima, one at low‐angle misorientations (2–
10°; Figure 4e) and the other for 55–60° (Figure 4e). In crystal coordinates the misorientation axes for low
misorientation angles (2 up to 30°) are clustered in correspondence of the c axis (Figure 4c). In sample coor-
dinates, the maximum for low misorientation angles is localized defines a strong Y‐max (Figure 4d).

4.3. Conjugate Shear Bands

This domain (Domain 2) is represented by quartz lenses (grain size: 100–1,000 μm; thickness: 100–200 μmup
to some mm) constituted by large quartz porphyroclasts, surrounded by recrystallized quartz grains belong-
ing to Domain 1 (Figure 3b). Such lenses represent boudins of competent material (i.e., coarse‐grained
quartz) laterally bound by swells where the foliation is necked (Figure 3b). Porphyroclast quartz grains
feature extensive patchy to undulose extinction and host conjugate and roughly orthogonal C′ shear bands
associated with irregular patterns of fractures (Figure 3b). Conjugate shear bands are strictly localized in
coarse‐grained quartz porphyroclast and do not affect the neighboring fine‐grained quartz layers and
phyllosilicate domains, as shown in Figure 3b. As shown in Figure 5a, conjugate shear bands are defined
by very fine grained (<10–20‐μm) trails of quartz. The host porphyroclast grains are fractured and feature
fragments that have slightly different orientation (Figure 5a). The contact between host grains and shear
bands is marked by slightly misoriented areas and by small quartz trails with different orientation with
respect to the host and often displaying a c axis‐preferred orientation (Figure 5a). At the SEM, the shear
bands are characterized by fluid inclusion planes enclosing grains and cracks (Figure 5b). Pitted grain
boundaries, indicative of fluid‐present conditions during deformation (e.g., Mancktelow et al., 1998), are
widespread (Figure 5b). Small chlorite and white mica inclusions are locally present.

A representative EBSD area was selected at the intersection of two conjugate C′ shear bands hosted by quartz
porphyroclasts (Map 2 in Figure 3b). The misorientation angle distribution shows high values of relative fre-
quency for the correlated distribution, corresponding to 2–15° and 55–60° of misorientation, respectively
(Figure 6h). The EBSDmap images large (>500‐μm) grains (i.e., host grains) that contains two nearly ortho-
gonal shear bands (dextral and sinistral as shown in Figure 6a) defined by grains smaller than 50 μm (i.e.,
shear band grains) and characterized by variable along‐strike thickness from 150 to 10 μm (Figure 6a).
Minor shear bands decorated by few tiny grains and oriented parallel to the larger ones are also present, like
the small dextral band marked by a yellow arrow in Figure 6a.

Host grains display wavy grain boundaries, locally associated with tiny grains and bulges (5–20 μm), and
irregular Dauphiné twin boundaries that are crosscut by conchoidal fractures (Figure 6a). In the pole figures,
they display single crystal orientations, with c axes randomly clustered and <a> axes and rhombs drawing
small (20–40°) rotations, highlighting the internal distortion of the crystal lattice (Figure 6b). Shear band
grains range in size between 3 and 30 μm, forming heterogeneous aggregates that envelope larger grains
with variable shape and size up to 100 μm. In pole figures, shear band grains are broadly characterized by
host control, as they mimic the host grains orientation, and display a c axis maximum in the upper right
quadrangle of the pole figure (Figure 6c). As shown by misorientation profiles, large areas of shear band
grains are slightly misoriented with respect to the host grains (less than 20–30°; Figures 6d and 6e) and just
some grains are characterized by high misorientation with respect to the host (Figure 6e).

In crystal coordinates, host grains display a moderate clustering on the c axis associated with minor scatter-
ing toward the rhomb, corresponding to a weak maxima developed in the lower left quadrangle of the pole
figure in sample coordinates (Figure 6f). Shear band grains show clustering of the misorientation axis in
sample coordinates close to <c> with a wider spreading toward the rhombs and the prism (Figure 6g). In
sample coordinates a weak maximum is present, close to Y in the upper right quadrangle of the pole
figure (Figure 6g).
4.3.1. Relationships Between Shear Bands and Host Grains
The attitude of the shear bands in Map 2 was compared with the orientation of the major lattice planes
within selected host grains adjacent to shear bands (subsets numbered from 1 to 4 in Figure 7a). The crystal-
lographic orientation of the selected host grains was also compared with the crystallographic orientation of
the grains associated with the dextral and sinistral shear bands (subsets highlighted in Figure 7d). The dex-
tral shear band separates the adjacent grains 1, 2, and 3, whereas the sinistral is localized between grains 3
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Figure 6. EBSD analysis of Domain 2. (a) Orientation map with color coding according to the inverse pole figure in the upper left corner and grain boundaries
colored according to the key on top. A and B white lines correspond to misorientation profiles Figures 6d and 6e. The yellow arrow flags a small trail of recrys-
tallized grains. White arrows mark the shear sense of conjugate shear bands. The area bound by a yellow line marks the shear band grains subset. (b, c) Pole figures
showing the orientation of <c> and <a> axes and poles to {r} for (b) host grains and (c) shear band grains (contoured, one point per grain). (d, e) Misorientation
profiles for (d) profile A and (e) profile B (location in Figure 6a). Relative misorientation with respect to the starting point plotted against distance (μm). (f, g)
Contoured misorientation axis distribution in crystal (MOCC, above) and sample (MOSC, below) coordinates for 2–15° of misorientation angle for (f) host grains
and (g) shear band grains subsets. (h) Misorientation angle distribution (MAD) for correlated (light blue curve), uncorrelated (red curve), and theoretically random
(black curve) distributions.

10.1029/2019GC008270Geochemistry, Geophysics, Geosystems

PAPESCHI AND MUSUMECI 9



Figure 7. Relationships between host grains and shear band grains. IPF and grain boundary coloring after Figure 6a. (a) Orientation map indicating four host
grains subsets, numbered from 1 to 4. (b) Pole figures showing the orientation of <c> and <a> axes and poles to {r} for the host grains subsets. The trace of
shear bands is shown with red dashed lines. Crystallographic planes that are subparallel or closely oriented to shear bands are highlighted with black dashed lines.
(c) Contoured misorientation axis distribution in crystal (MOCC, above) and sample (MOSC, below) coordinates for 2–15° of misorientation angles related to the
host grains subsets. (d) Orientation map highlighting the dextral and sinistral shear band subsets. (e) Comparison between <c> axis pole figures of host grains
(left) and contoured one point per grain pole figures for shear band grains (right) relative to the dextral shear band (above) and the sinistral shear band (below). Red
dashed lines mark the trace of C′ shear bands.
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and 4. Two grains with identical crystallographic orientation are present on the opposite sides of the sinistral
shear band and interpreted to be originally part of the same grain (grain 4; Figure 7a).

Host grains display c axes oriented halfway between the periphery and the center of the pole figure
(Figure 7b). The trace of the shear bands does not evidently match most of the crystallographic planes of
the selected host grains. A slight parallelism exists only between the trace of the sinistral shear band and
the positive and negative rhomb planes of grain 3 and the basal plane of grain 4 (Figure 7b). Other major
crystallographic planes are oblique to shear bands. In crystal coordinates, the misorientation axis clusters
in correspondence of the c axis and the acute rhombs, with minor spreading close to {m} and (c), as in grains
1 and 4 (Figure 7c). In sample coordinates, host grains display clustering away from Y with faint girdles
(grain 1) and secondary maxima (grains 3 and 4; Figure 7c).

The comparison of the c axes of the sinistral and dextral shear band subsets (Figure 7d) with that of their
respective host grains shows that the c axes of shear band grains cluster in the same orientation of those
of their hosts (Figure 7e). The distribution of the c axes of shear band grains with respect to the host suggests
a clockwise rotation consistent with the local, dextral (Figure 7e, above), and sinistral (Figure 7e, below)
sense of shear. Considering the sinistral shear band, a third cluster is located in the upper right quadrant
of the pole figure, parallel to the sinistral shear band (Figure 7e). This latter is not related to any orientation
observed in the neighboring host grains and is related to grains characterized by relative misorientation up
to 70–90° with respect to the hosts, that is, as the grains intercepted by misorientation profile B (Figure 6e).

4.4. Synthetic Shear Bands

Large areas of the sample are characterized by a single set of synthetic top‐to‐the‐E C′ shear bands (Domain
3), oriented ~30–35° with respect to the foliation. Differently from conjugate shear bands, synthetic shear
bands do not appear restricted to coarse‐grained quartz lenses but invariably affect quartz and
phyllosilicate‐rich layers (Figure 3c). With respect to the subparallel quartz layers (Domain 1), the quartz
layers where C′ shear bands are more developed appear richer in large quartz porphyroclasts (grain size:
100–500 μm)with lensoidal shape and lobate grain boundaries that are surrounded bymantles of equigranu-
lar, recrystallized grains (5–50 μm) with serrated boundaries (Figure 3c). Quartz porphyroclasts feature
undulose extinction and serrated contacts with the recrystallized grains surrounding them and are often
wrapped by strain caps rich in phyllosilicates or opaque mineral grains (Figure 5c). Sometimes irregular
intragranular cracks are well developed in quartz porphyroclasts, dissecting angular subareas (Figure 5c).
Lens‐shaped quartz aggregates are commonly dragged synthetically with the shear bands, defining an S‐C′
fabric (Figure 3c). Synthetic shear bands are often developed within or at the contact with quartz porphyr-
oclasts with spacing lower than the millimeter and offsets that may reach several hundreds of micrometers
(Figure 5d). Sometimes they are partially reactivated as small‐scale shear fractures that are continuous for
several millimeters through multiple mica and quartz layers characterized by millimetric offsets
(Figure 5d) and bridged by en echelon subsidiary sets of fractures (Figure 5d; see insert). The shear band
architecture is characterized by a 50–100‐μm‐thick core zone containing very fine grained quartz grains
(i.e., shear band grains), locally with a shape‐preferred orientation parallel to the band and a preferred
orientation of the c axis, associated with bands of tiny, platy white mica and chlorite grains oriented par-
allel to the shear band (Figure 5e). As shown by the SEM image, the core of the shear band displays cracks
and fractures associated with fluid inclusion planes and pitted quartz grain boundary surfaces (Figure 5f).
Chlorite and white mica are locally associated with oxides (i.e., limonite; Figure 5f) and found as single
grains included in quartz (Figure 5f). These features are indicative of fluid‐rock interaction during defor-
mation (e.g., Mancktelow et al., 1998).

The area to map by EBSD (Map 3 in Figure 3c) has been positioned within two paired, synthetic, dextral
shear bands crosscutting quartz and characterized by a total offset of ~500 μm. Since quartz is the only phase
indexed, phyllosilicate‐rich cores appear black (Figure 8a). The large porphyroclast grains hosting the shear
band (grain size >100 μm; host grains in Figure 8; appearing gray in Figure 8d) are surrounded by small
grains displaying grain size in the range 3–65 μm. The MAD shows high correlated frequencies for low
angles of misorientation (<10°) and for 55–60° of misorientation (Figure 8g).

Host grains display lobate to serrated boundaries with small bulges and are characterized by wriggly
Dauphiné twin boundaries and relatively straight low‐angle boundaries that separate subgrains of about
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10–50‐μm grain size (Figure 8a). The c axis of the host grains subset displays several single grain orientations
scattered on the pole figure and slightly clustered close to Y (Figure 8b). Host grains are in first ordermantled
by new grains with equigranular shape, serrated boundaries, grain size ranging between 20 and 60 μm, and
aspect ratio between 1 and 1.5–1.6 (Figure 8d).

The smaller grains of the data set (<5–20 μm; shear band grains in Figure 8) occur localized on shear bands,
largely associated with bands of phyllosilicates and characterized by an equigranular shape (Figure 8d). In
the pole figure two trends are recognizable in shear band grains: (1) a contouring generally inherited from
the crystal orientation of the host grains (Figure 8c; compare with Figure 8d) and (2) a strong maximum
developed in the upper left quadrangle of the pole figure parallel to the shear band, in an orientation where
no corresponding maximum associated with the host grains subset exists (Figure 8c).

In crystal coordinates host grains display a strong clustering for 2–15° of misorientation angles around <c>,
which corresponds in sample coordinates to a misorientation axis maximum clustered on Y (Figure 8e).
Shear band grains are characterized in crystal coordinates by a weaker maximum with respect to the host
grains clustered on <c> and a wider scattering toward the rhombs and the acute rhombs for 2–15° of mis-
orientation angles (Figure 8f). In sample coordinates they display clustering loosely centered on
Y (Figure 8f).

Figure 8. EBSD analysis of Domain 3. (a) Orientation map with IPF and grain boundary coloring as in Figure 4a. The yel-
low lines delimitate the shear band grains subset (in the center). (b, c) Pole figures showing the orientation of <c>, <a>
axes and poles to {r} for (b) host grains and (c) shear band grains (contoured, one point per grain). Red dashed lines
outline the trace of the shear bands. (d) Grain size distribution map showing grains with equivalent circle diameter
between 0 and 100 μm, colored as in the lower left corner key. (e, f) Contoured misorientation axis distribution in crystal
(MOCC, above) and sample (MOSC, below) coordinates for 2–15° of misorientation angle for (e) host grains and (f) shear
band grains subsets. (g) Misorientation angle distribution (MAD) for correlated (light blue curve), uncorrelated (red
curve), and theoretically random (black curve) distributions.
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5. Discussion
5.1. From Dynamic Recrystallization to Strain Localization in the Semibrittle Regime

The data set presented here documents the progressive development of deformation structures in a quartz‐
rich system at the transition from purely plastic to purely brittle deformation under fluid‐rich conditions (see
also Papeschi et al., 2017, 2018). The structural evolution, controlled in first order by the decreasing tempera-
ture during deformation, is conceptually summarized in Figure 9. The discussion of deformation mechan-
isms and processes is detailed in par. 5.2 and 5.3. At relatively high metamorphic‐grade conditions
(amphibolite facies; Caggianelli et al., 2018; Musumeci & Vaselli, 2012) quartz recrystallized producing
stretched mylonitic ribbons (Figure 9a). Deformation concentrated in first order in recrystallized portions,
leaving behind large quartz porphyroclasts, where dislocation creep was recorded as intracrystalline

Figure 9. Sketch diagram showing the reconstructed evolution of the investigated sample in function of time and tem-
perature decrease (dark grey to light gray arrow). BDT: brittle/ductile transition. BPT: brittle/plastic transition (defini-
tions after Kohlstedt et al., 1995) Steps are (a) dynamic recrystallization on mylonitic ribbons leaving behind quartz
porphyroclasts, (b) development of conjugate shear bands in quartz porphyroclasts, (c) strain localization on synthetic C′
shear bands, and (d) reactivation of C′ shear bands in the brittle regime. See text for a detailed comment.
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deformation (Figure 9b). As temperature progressively decreased, large quartz relics underwent hardening
with respect to the surrounding soft quartz + phyllosilicate matrix, fracturing along conjugate shear bands
(Figure 9c). Opening of intragranular cracks allowed fluid infiltration and the consequent authigenesis of
new quartz and phyllosilicate grains. This occurred under greenschist facies conditions, as indicated by
the white mica + chlorite + opaque assemblage that is invariably found on shear bands (Figure 5), although
early precursory cracking might have opened even earlier. Fluid ingress may also have aided fracture propa-
gation by mechanisms such as stress corrosion cracking or microplasticity (Atkinson, 1984; Kerrich, 1986;
Stünitz & Fitz Gerald, 1993). Transient surges in pore fluid pressure or strain rate may have also promoted
fracturing and fluid ingress, followed by recrystallization and precipitation of new grains, as shown, for
example, by Kjøll et al. (2015). Slip on antithetic shear bands was hindered by their steeper orientation with
respect to the mylonitic foliation, promoting strain localization on the synthetic set (Figure 9d). As slip accu-
mulated on synthetic C′ shear bands, more fluids were called in, activating a positive feedback mechanism
that enhanced lubrication by continuous authigenesis of soft phyllosilicates organized in subparallel bands
(Figures 3c and 3d). A similar process was documented in quartz‐feldspathic rocks of the South Armorican
Shear Zone by Bukovská et al. (2016), who described shear band propagation by fluid infiltration promoting
reaction softening at lower greenschist facies conditions.

Finally, following the embrittlement of the system below the brittle‐ductile transition for quartz (i.e., 310 ±
30 °C; Stöckhert et al., 1999; 280 ± 30 °C; Stipp et al., 2002), the presence of bands of phyllosilicates in shear
bands oriented obliquely to the mylonitic foliation formed a weak network acting as ductile precursors
(Figure 1c) for faults and shear fractures (Figure 1d), as documented by Papeschi et al. (2018) and, in the stu-
died sample, by shear fractures locally connecting and reactivating shear bands (Figure 5d). At this stage, slip
on the mylonitic foliation is halted and top‐to‐the‐E deformation starts to be accommodated by non‐
Andersonian faults, discordant over the foliation.

5.2. Grain‐Scale Strain Partitioning in the Different Domains

Our data set documents an example of strain partitioning at the thin section scale in a quartz‐dominated
sample that was sheared during retrograde metamorphism from upper amphibolite to lower greenschist
facies conditions. Close to peak metamorphic conditions, deformation was likely accommodated by grain
boundary migration recrystallization, as indicated by relic amoeboid grains and dissection microstructures
(see in detail Papeschi et al., 2017). During cooling, dynamic recrystallization by subgrain rotation and bul-
ging led to the development of a heterogeneous microfabric generally characterized by large quartz porphyr-
oclasts and lenses embedded in a relatively fine grained recrystallized quartz‐richmatrix (Figure 3). The high
frequencies shown by the correlated MAD curve for low‐angle misorientations are consistent with fabric
development under dominant dislocation creep (Figures 4e, 6h, and 8g). The 55–60° peak, observed in all
investigated maps, is related to Dauphiné twinning. The c axis clustering with limited spreading toward
the rhombs of the misorientation axis in crystal coordinates observed for both host grains and recrystallized
grains in the investigated EBSD areas (Figures 4c, 6f, 6g, 8e, and 8f) is consistent with the prevailing activity
of the prism <a> slip system, associated with secondary rhomb <a> slip (see Figure 2 for reference). Y‐max
textures, related to the activity of prism <a> slip, are consistent with upper greenschist‐lower amphibolite
facies deformation, assuming normal geologic strain rates and water content (e.g., Schmid & Casey, 1986).
Though dislocation creep by prism <a> slip is witnessed in all the investigated domains, very different
microstructures evolved during temperature decrease in the different domains. Two major mechanisms
are believed to have controlled the development of such diverse microstructures: (1) grain‐scale strain par-
titioning leading to a completely different microfabric evolution within the different domains and (2) fluid
ingress and fluid‐rock interaction, as documented by the abundant pitted grain boundaries, trails of fluid
inclusions, and secondary phases trapped in quartz (Figure 5; e.g., Drury & Urai, 1990; Mancktelow et al.,
1998; Mancktelow & Pennacchioni, 2004).

Domain 1, for example, is characterized by straight and parallel recrystallized quartz layers with large
areas that are extinct at the same time (Figure 3a), corresponding to portions where relic and recrystal-
lized grains contribute to define a typical Y‐max texture (Schmid & Casey, 1986; Figure 4b). In this
domain large relic grains were compliant during deformation developing a high aspect ratio and a pre-
ferred orientation parallel to the foliation, as it is expected for grains with c axis parallel to Y under con-
ditions of dominant prism <a> slip (e.g., Ceccato et al., 2017; Muto et al., 2011). The favorable orientation
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of the recrystallizing material assisted recrystallization at low stresses favoring the development of a
strong c axis CPO (Figure 3a).

On the other hand, Domains 2 and 3 are characterized by coarse‐grained relic porphyroclasts containing sets
of synthetic and conjugate shear bands (Figures 3b and 3c). We suggest that such relic porphyroclasts sur-
vived during upper greenschist‐amphibolite facies dynamic recrystallization, as their c axes were oriented
orthogonal or oblique to Y (Figures 6b and 8b), disadvantaging dislocation creep by dominant prism <a>
slip. Secondary slip systems, such as rhomb <a> (e.g., grains 2–3 in Figure 7c) or basal <a> slip (e.g., grain
1 in Figure 7c), might have been locally activated during temperature decrease, triggered by a favorable
orientation of the slip system misorientation axis with respect to the vorticity axis Y (e.g., Michels et al.,
2015). Nevertheless, the activation of slip systems differing from prism <a> slip was energetically unfavored
at medium to high temperature and grains with c axis oriented far from Y were less stress compliant during
dynamic recrystallization compared to the Y grains of Domain 1. Therefore, deformation likely concentrated
in the softer, recrystallized layers that acted as the main strain‐supporting framework leaving behind har-
dened coarse‐grained porphyroclasts and lenses (Figures 3b and c).

During temperature decrease, large quartz porphyroclasts experienced a progressive embrittlement, concen-
trating strain along conjugate and synthetic shear bands.

The development of conjugate sets of shear bands in quartz has been described by several authors as a result
of fracturing along planes of weakness such as the rhombs (van Daalen et al., 1999; Kjøll et al., 2015;
Vernooij, Kunze, et al., 2006; Vernooij, den Brok, et al., 2006). The analysis of the shear band attitude per-
formed by Papeschi et al. (2018) indicates a nearly constant orientation through the sample, which is not
compatible with the local orientation of quartz rhomb planes. Moreover, the investigated conjugate shear
bands show an orientation that is just locally parallel to the rhomb planes (Figures 7a and 7b), indicating
little host control during shear band development. Conjugate shear bands in coarse‐grained quartz domains
may develop after deformation partitioning, as a result of coaxial deformation localizing in hard domains
surrounded by a noncoaxially deforming matrix, as suggested by Menegon et al. (2008) in the Arolla Unit.
Alternatively, they might be produced during general shear close to the direction of maximum shear stress
or to the eigenvectors of the flow (e.g., Bobyarchick, 1986; Gillam et al., 2014; Kurz & Northrup, 2008;
Simpson & de Paor, 1993), as suggested for the Calamita Schists by Papeschi et al. (2018). In this sense,
the conjugate sets may preferentially nucleate in large and relatively isotropic quartz lenses, as the presence
of a strong mechanical anisotropy (i.e., the mylonitic foliation) outside inhibits the development of the stee-
per set, as shown by Cobbold et al. (1971), Cobbold (1976), and Platt and Vissers (1980).

Propagation of shear bands outside of the coarse and stiff quart porphyroclasts might have been promoted by
temperature decrease. The presence of strong Y‐max textures possibly hindered dislocation creep by basal
<a> slip, which should be energetically favored at low‐temperature conditions (geometric hardening;
Poirier, 1980; Toy et al., 2008), forcing early strain localization in phyllosilicate‐rich layers and shear bands.
This might be a local effect in the Calamita Schists, as several papers documented that in retrograde shear
zones, domains that deformed by basal <a> and rhomb <a> slip tend to be relatively narrow compared
to the domains, which registered higher‐temperature prism <a> deformation, as a result of strain localiza-
tion during decreasing temperature (see, e.g., Shigematsu & Yamagishi, 2002; Shigematsu et al., 2009;
Czertowicz et al., 2019). Therefore, domains that deformed by basal <a> slip might be present in the
Calamita Schists and possibly have registered a different evolution at low metamorphic‐grade conditions.

5.3. Role of Fluids and Dynamic Recrystallization in Shear Band Development

Formation of shear bands at greenschist to amphibolite facies conditions has classically been associated with
a combination of brittle and crystal‐plastic processes (Berthé et al., 1979; van Daalen et al., 1999; Gapais &
White, 1982; Gapais, 1989; Passchier, 1984; Nishikawa & Takeshita, 1999; Vernooij, Kunze, et al., 2006;
Vernooij, den Brok, et al., 2006). In the present study case, evidence for intragranular microcracking is
invariably found as fractures and fluid inclusion planes (Figures 3b, 5b, 5c, and 5f) in quartz porphyroclasts
that occur in strict association with conjugate and synthetic shear bands. Cataclasis, accompanied by rigid‐
body rotation of host quartz grains fragments, may explain the weak misorientation of shear band grains
with respect to the host, highlighted by pole figures (Figures 6c and 8c) and by misorientation profiles
(Figures 6d and 6e), and the inhomogeneous grain size of shear band grains (Figures 6a and 8d). Rigid‐
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body rotation is also consistent with the local clockwise and anticlockwise rotation of shear band grains with
respect to the host in sinistral and dextral shear band respectively (Figure 7e). Host grains are characterized
by a distorted lattice with clustering on <c> in crystal coordinates, indicative of dominant prism <a> slip,
centered on Y in sample coordinates (Figures 6f and 8e). These patterns are largely inherited as intracrystal-
line features by shear band grains, although there is evidence of an increased activity of rhomb <a> slip
(Figures 6g and 8f; see Figure 2 for reference). After microcracking and rigid‐body rotation, fluid ingress
might have favored dynamic recrystallization and healing of microcracks, sealing deformation in the shear
band. Evidence for fluid‐accompanied fracturing is supported by the presence of pitted grain boundaries and
trails of fluid inclusions (Figure 5b), as well as many secondary phases trapped in quartz (Figures 5e and 5f;
see, e.g., Drury & Urai, 1990; Mancktelow et al., 1998; Mancktelow & Pennacchioni, 2004). Fracturing and
dynamic recrystallizationmight have possibly interplayed cyclically within shear bands (see, e.g., Kjøll et al.,
2015), with cracking assisting fluid ingress and rapidly followed by dynamic recrystallization as described by
van Daalen et al. (1999) in the Glarus Nappe and experimentally by Vernooij, Kunze, et al. (2006), Vernooij,
den Brok, et al. (2006). Contrarily to van Daalen et al. (1999), however, we observed a sequence of fracturing
followed by recrystallization under decreasing temperature starting from previous, higher metamorphic‐
grade conditions. This sequence suggests that localized fracturing was caused by strain hardening in the first
place, while subsequent softening, localized on the shear bands and caused by fluid ingress, allowed recrys-
tallization to take place.

Nevertheless, dynamic recrystallization under low‐grade conditions is unable to explain the nucleation of
very fine grained new grains showing c axis CPOs oriented parallel to the shear bands (Figures 6c and 8c).
Such a c axis CPOwould require the dominant activity of prism<c> slip, which is not supported by tour data
set and that is not typical under lowmetamorphic‐grade conditions (Mainprice et al., 1986; Schmid & Casey,
1986). Furthermore, this c axis CPO is observed in grains that are strongly misoriented with respect to the
host (up to 70° in misorientation profiles; Figures 6d and 6e) and does not appear to be inherited from the
host grains population (Figure 7e). Strong c axis CPOs have been documented in quartz aggregates deformed
at low to very low metamorphic grade, for example, in slates and schists (Stallard & Shelley, 1995; Takeshita
& Hara, 1998), phyllonites (Hippertt, 1994), and veins (Cox & Etheridge, 1983). These authors explained the
presence of c axis CPOs oriented parallel to the stretching lineation as a result of competitive growth during
dissolution and precipitation with quartz grains growing faster along the c axis and hence showing a ten-
dency to mark the stretching direction (Bons & den Brok, 2000; Frondel, 1962; Hippertt, 1993; Stallard &
Shelley, 1995). At the same time, pressure solution preferentially removes grains with c axis parallel to the
shortening direction (Becker, 1995; Hippertt, 1994). Furthermore, Stallard and Shelley (1995) and van
Daalen et al. (1999) suggested that the rigid‐body rotation of quartz grains, which are naturally elongated
along the c axis, may help to produce a c axis CPO parallel to the foliation and/or the stretching lineation.
On the other hand, c axis CPOs perpendicular to micro shear bands have been interpreted as evidence of
basal <a> slip following or assisting fracturing and rigid‐body rotation (e.g., van Daalen et al., 1999;
Domain 2 of Kjøll et al., 2015; DAV shear zone example of Trepmann et al., 2017).

We suggest that the c axis CPO in our investigated sample was caused by the preferred growth of quartz
grains with c axes parallel to shear bands, likely controlled by the opening of small dilatant sites during
deformation, as shown, for example, by Hippertt (1993) and Stallard and Shelley (1995). Rigid‐body
rotation might have assisted the development of such a CPO (e.g., van Daalen et al., 1999). The process
might have been assisted by coeval pressure solution (e.g., Figure 5c), which might have preferentially
removed small quartz grains with c axis perpendicular to the shear bands (e.g., Hippertt, 1994) and readily
redeposited new quartz grains sealing the shear bands. In our study case, evidence supporting extensive
basal <a>slip, which might have led to c axis CPOs perpendicular to the micro shear bands, is weak
(Figures 6g and 8f).

This interpretation extends previous data gathered by Takeshita and Hara (1998) and Takeshita and El‐
Fakharani (2013), who observed the development of weak c axis CPOs and random textures by dissolution
precipitation, showing an example where precipitation of new grains from fluids may have caused the devel-
opment of a c axis CPO.

The precipitation of very fine grained quartz and, in particular, weak phyllosilicates may have assisted pro-
gressive strain softening of shear bands, enhancing grain size reduction (e.g., Behrmann &Mainprice, 1987;

10.1029/2019GC008270Geochemistry, Geophysics, Geosystems

PAPESCHI AND MUSUMECI 16



Fliervoet et al., 1997; White et al., 1980) and reaction softening (e.g., Bukovská et al., 2016; Stünitz & Tullis,
2001; White et al., 1980). In particular, inclusions of phyllosilicates organized in bands (Figure 5e) are wide-
spread along synthetic C′ shear bands that occur indeed not restricted to large quartz porphyroclasts
(Figure 3c) and show larger eastward displacements with respect to the conjugate set. The feedback between
deformation, fluid‐rock interaction, and chemical processes controlled the progressive organization of phyl-
losilicate grains in bands on the synthetic set, promoting slip.

To summarize, the observed quartz microstructure of C′ shear bands can be explained as resulting from the
combination of two mechanisms: (1) microfracturing and rigid‐body rotation of fragments separated from
the parent grain and (2) dynamic recrystallization and healing associated with (3) authigenesis of quartz
and phyllosilicate grains from circulating intergranular fluids with the development of c axis CPOs in quartz
parallel to the shear bands.

5.4. Strain Localization at the Brittle/Ductile Transition

This study illustrates the complex interplay between deformationmechanisms (brittle versus crystal‐plastic),
recrystallization, and fluid/rock interaction that characterizes quartz‐rich mylonitic rocks at low
metamorphic‐grade during cooling and/or exhumation. We have shown how cooling promotes general
strain hardening forcing deformation partitioning between the mylonitic foliation and sets of shear bands.
Such evolution is typical of low‐grade quartz‐feldspathic and schistose rocks and has been largely described
in the recent geologic literature (Berthé et al., 1979; Bukovská et al., 2016; van Daalen et al., 1999; Gapais &
White, 1982; Gapais, 1989; Gillam et al., 2014; Nishikawa & Takeshita, 1999; Vernooij, Kunze, et al., 2006;
Vernooij, den Brok, et al., 2006). Other authors also documented the important role played by shear bands
in crystalline basements and large shear zones that act as ductile precursors for the development of misor-
iented, non‐Andersonian, faults (Bistacchi et al., 2012; Bolognesi & Bistacchi, 2018; Butler et al., 2008;
Ikari et al., 2015; Massironi et al., 2011). However, brittle deformation is generally described as a separate
event that overprints an earlier, ductile stage. We document an example of ductile‐brittle shear zones, where
the progressive evolution from (1) west dipping mylonites to (2) S‐C mylonites with subhorizontal shear
bands reactivated as faults occurred in a very short time span (<1 Ma; Musumeci et al., 2015; Papeschi
et al., 2017). The described example provides clear evidence that temperature decrease forces deformation
on the mylonitic foliation to concentrate into narrower and narrower domains, while slip on shear bands
becomes progressively promoted in the semibrittle and brittle regime. Quartz‐rich domains, which are hard
during dynamic recrystallization at low metamorphic grade, may start to fracture, becoming the sites where
shear band develop. At this stage, the positive feedback mechanism between fracturing, fluid ingress, and
deposition of soft phases controls the evolution of shear bands. As the system undergoes progressive embrit-
tlement, shear bands propagate as shear fractures and finally join up to develop discrete, non‐Andersonian,
fault zones (e.g., Papeschi et al., 2017, 2018).

Such a progressive evolution, starting already in the ductile regime, would be facilitated under fluid‐rich
conditions by mechanisms such as stress‐corrosion cracking (Atkinson, 1984; Kerrich, 1986; Stünitz &
Fitz Gerald, 1993) and by local recrystallization (e.g., van Daalen et al., 1999). Failure along shear bands
would be progressive and hence require even lower differential stress than those suggested, for example,
by Bistacchi et al. (2012). We suggest that the progressive (i.e., continuous deformation) development of fault
zones starting from the reactivation of ductile structures in the semibrittle regime could be a common
mechanism in natural, exhuming crystalline basements, responsible for the development of non‐
Andersonian faults.

6. Conclusions

The microstructures presented in this paper contribute to the understanding of the switch from purely
crystal‐plastic to semibrittle deformation in quartz, showing how shear bands may develop and act as pre-
cursors for brittle structures. The data shown here support previous studies on the subject and add further
constraints by showing the following:

• At high metamorphic‐grade conditions, the dominant activity of a slip system, in this case prism <a> slip,
promotes deformation in grains that are efficiently oriented for slip, leaving behind porphyroclasts that
remain relatively undeformed, wrapped by the soft mylonitic matrix.
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• In the semibrittle regime, deformation partitioning causes early fracturing, assisting the development of
conjugate and synthetic shear bands in hard quartz porphyroclasts. The direction exploited for fracturing
is not necessarily coincident with crystallographic planes of weakness but may be predetermined by the
vorticity of the flow.

• Under fluid‐rich conditions, fluid ingress assists propagation, healing of fractures by recrystallization, and
authigenesis of new quartz and phyllosilicate grains in microfractures. The process may assist slip on
shear bands, enhancing strain softening with the formation of bands of soft tiny quartz and phyllosili-
cates. The opening of dilatant sites during slip promoted fluid infiltration and authigenesis of quartz
grains.

• Growth of quartz grains from fluids is an important mechanism for development of c axis CPOs parallel to
shear bands under low metamorphic‐grade conditions. Faster growth parallel to the c axis and passive
rotation and dissolution of grains with unfavorable orientation together contribute to CPO development.

• Progressive strain localization on shear bands was likely favored by the geometric hardening of mylonitic
ribbons and the progressive interconnection of shear band segments. In the brittle regime, slip on the
mylonitic foliation is halted and deformation concentrates on the shear bands, reactivated as fault zones,
discordant over the foliation.
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