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ARTICLE INFO ABSTRACT

Keywords: Shear zones are one of the most conspicuous structures in orogenic and rifting settings, accommodating high
Shear zones strain, rock displacement and influencing magma emplacement and fluid flow. Since shear zones may be
Mica fish

simultaneously or sequentially affected by multiple processes involving mineral reactions, variations in pressure-
temperature conditions, fluid-rock interaction, and diffusion, determining the timing of such structures has been
one of the major challenges for modern geochronology. Although low- (up to lower greenschist facies) and high-
temperature shear zones (above amphibolite facies) are well-dated through low- and high-closure temperature
minerals, medium-temperature shear zones developed within the critical temperature window of ~450-550 °C,
in which conventional chronometers such as *“*Ar/2°Ar and Rb-Sr applied to mica fish may or may not record the
timing of deformation for multiple reasons (e.g., grain size, cooling rate, mineral composition, fluid activity,
deformation, neo- and recrystallization). Here, we review the current knowledge on the evolution of mica fish
and the effect of deformation on its chemical and isotopic systems. We evaluate the effect on the widely deployed
in situ “*Ar/*°Ar technique. Furthermore, we demonstrate the potential to assess mica fish evolution applying
high-spatial resolution microstructural and chemical mapping techniques such as electron backscatter diffraction
(EBSD), time-of-flight secondary ion mass spectrometry (ToF-SIMS) and in situ Rb-Sr via triple quadrupole
inductively coupled plasma mass spectrometry (TQ-ICP-MS) to a case study of medium-temperature mylonites
from the well-characterized Taxaquara shear zone, SE Brazil. We show that mica fish display complex micro-
structures with variable strain intensity, commonly with low strain inner cores and high strain edges and along
kink planes. Strain shadows in mica fish are commonly characterized by low-strain fine-grained muscovite,
suggesting recrystallization coeval with ductile deformation. Despite being intensely deformed, muscovite fish
Rb-Sr retain the protolith age (c. 600 Ma), whereas recrystallized fine-grained muscovite yields the timing of
deformation (c. 550-540 Ma). Synthetic shear bands cross-cutting coarse-grained muscovite fish induce
muscovite recrystallization consistent with their distinct chemistry, with recrystallized muscovite characterized
by higher Fe-Mg and lower Na suggesting fluid-assisted recrystallization under lower temperature compared to
the muscovite fish host. We propose that these shear bands across mica fish play an important role by accom-
modating grain size reduction and subsequent deformation, leading to the formation of smaller individual mica
fish. Grain size reduction, likely enhanced by dynamic precipitation (i.e., coeval crystal-plastic deformation and
dissolution-precipitation creep), appears as the key recrystallization mechanism that allows low strain muscovite
in strain shadows and shear bands to record the timing of deformation in medium-temperature shear zones,
consistent with qualitative Sr diffusion modelling.
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Electron backscatter diffraction
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Mica recrystallization
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1. Introduction

Mineral fish, lozenge-shaped single crystal porphyroclasts embedded
in a recrystallized matrix, are one of the most conspicuous (micro)
structures in mylonites. Fish microstructures have been reported also for
garnet, leucoxene, quartz, sillimanite, plagioclase, amphibole, pyroxene
and olivine (Azor et al., 1997; Bestmann et al., 2004; Ji and Martignole,
1994; Mancktelow, 2002; Oliver and Goodge, 1996; Pennacchioni et al.,
2001), yet they are frequently reported in micas, specifically muscovite
(Lister and Snoke, 1984; Mukherjee, 2011; ten Grotenhuis et al., 2003).
Fish may be employed to determine the kinematics and timing of
mylonitization of shear zones (Oriolo et al., 2018; Passchier and Simp-
son, 1986; ten Grotenhuis et al., 2003). Shear zones are classically
defined as high-strain tabular zones that accommodate tectonic strain
and associated displacement (Ramsay, 1980), with an important struc-
tural control on the movement of fluids within the crust (e.g., aqueous
fluids or silicate melts), hence important for metal movement and con-
centration, and formation of ore deposits (Alsop and Holdsworth, 2004;
Carvalho et al., 2016, 2017; Fossen and Cavalcante, 2017; Oriolo et al.,
2018; Ramsay, 1980; Ribeiro et al., 2020b; White et al., 1980). There-
fore, constraining the timing of ductile deformation (i.e., mylonitiza-
tion) can be important to elucidate the behaviour of the continental
crust in a range of tectonic settings, with implications to economic ge-
ology. The timing of low-temperature shear zones developed in the
brittle-ductile transition (below greenschist facies) is commonly deter-
mined by wusing low-temperature thermochronometers such as
fine-grained illite K-Ar and apatite fission-track and (U-Th)/He (e.g.,
Glorie et al., 2019; Hueck et al., 2022, 2020; Mora et al., 2013; Wolfler
etal., 2010). The timing of deformation of high-temperature shear zones
may be determined by high closure temperature minerals crystallize-
d/recrystallized during deformation (e.g., zircon, monazite, titanite;
(Carvalho et al., 2017, 2016; Finch et al., 2017; Giraldo et al., 2019;
Oriolo et al., 2018, 2016, 2015). Yet, the timing of medium-temperature
shear zones is more contentious given the uncertain overlap between
deformation temperature and the closure temperature for key thermo-
chronometers, such as micas, which may vary significantly according to
the grain size (i.e., diffusion radius), cooling rate, and mineral compo-
sition, all of which affect diffusion parameters.

A range of mineral and isotopic systems have been used to constrain
the timing of mylonitization, with mica fish being one of the most dated
minerals in medium-temperature mylonites (see Oriolo et al., 2018 for a
review). Since both biotite and muscovite, dominant micas in crustal
rocks, have potassium (K) as a main constituent, they can be dated by
K-Ar and *°Ar/3°Ar due to the *°K radioactive decay to radiogenic “°Ar.
In addition, the electronic affinity between K and Rb allows micas to
assimilate Rb during crystallization, which opens an alternative possi-
bility to date micas using the Rb-Sr isotopic system (e.g., Freeman et al.,
1997; Hickman and Glassley, 1984; Jenkin et al., 1995). The availability
of these isotopic systems and the apparently syn-kinematic fish micro-
structure has led to widespread use of mica fish as analysed by K-Ar,
40Ar-39Ar, or Rb-Sr to determine the timing of mylonitization or at least
to place some temporal constraints on this fabric (Airaghi et al., 2018;
Cabrita et al., 2021, 2022; Challandes et al., 2008; Dunlap et al., 1991;
Freeman et al., 1997; Gutiérrez-Alonso et al., 2015; Kelley, 1995, 2002;
Kirkland et al., 2007; Mulch et al., 2002; Mulch and Cosca, 2004; Reddy
et al., 1996, 1997; Warren et al., 2012; Zhu et al., 2005).

Although fabric-forming micaceous microstructures in mylonites are
key for revealing the ductile events imprinted in mylonites, the
geochronological interpretation is still contentious (Challandes et al.,
2008; Jenkin, 1997; Larson et al., 2023; Ribeiro et al., 2023; Warren
et al., 2012). While most researchers interpret mica fish ages using the
principles of thermochronology, micas in mylonites are prone to deform,
recrystallize and to interact with fluids, which highlights the potential of
fluid mediated rather than thermally activated volume diffusion pro-
cesses dominating the recorded isotopic signal. Depending on the degree
to which recrystallization affected the isotopic record, it could
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invalidate the concept of closure temperature or even closure interval in
the sense of Dodson (1973). Despite great advances in understanding the
interplay between deformation-recrystallization and isotopic behavior
in a range of minerals (Erickson et al., 2015; Fougerouse et al., 2021b;
Gordon et al., 2021; Moser et al., 2022; Odlum et al., 2022; Reddy et al.,
2007, 2009a; Ribeiro et al., 2020a; Timms et al., 2011), microstructural
characterization of biotite and muscovite via high spatial resolution
electron backscatter diffraction (EBSD) and microstructurally-controlled
chemical and isotopic analysis have been comparatively poorly
explored. Recent analytical improvements in EBSD detectors that
enhance mica indexing and collision-reaction-cell inductively coupled
plasma mass spectrometers (CRC-ICP-MS) that resolve the Rb-Sr
isobaric interference (Hogmalm et al., 2017; Zack and Hogmalm, 2016),
have opened a new avenue to explore the interplay between mica fish
microstructures and in situ chemistry-isotopes in distinct micas textures
(Ribeiro et al., 2023).

Here, we review and expand the current knowledge regarding mica
fish microstructures, geochemistry, and geochronology in medium-
temperature mylonites by applying cutting-edge high-spatial resolu-
tion microstructural and chemical mapping via EBSD and time-of-flight
secondary ion mass spectrometer (ToF-SIMS). In addition, distinct
muscovite fish microstructures were dated via in situ Rb-Sr analysis. For
this purpose, we selected a range of mylonites in the medium-
temperature Taxaquara shear zone from the Neoproterozoic-Cambrian
Ribeira Belt (SE Brazil), which has a well-characterized structural,
metamorphic, and chronological evolution (Ribeiro et al., 2019, 2020a,
2020b), providing a key background to support a focused study on mica
fish. This contribution builds on the classic knowledge on the evolution
of mica fish (after Lister and Snoke, 1984; Mukherjee, 2011; ten Gro-
tenhuis et al., 2003) and the influence of deformation on mica isotopes
(Dunlap et al., 1991; Eberlei et al., 2015; Freeman et al., 1997; Glodny
et al., 2008, 1998; Jenkin et al., 1995; Kiihn et al., 2000; Mulch et al.,
2002; Mulch and Cosca, 2004; Reddy et al., 1996; Ribeiro et al., 2023;
Von Blanckenburg et al., 1989; among many others).

2. Mica fish: classification and microstructures

Mineral fish are a characteristic (micro)structure in mylonites, which
develop in a range of minerals such as micas (especially white micas),
tourmaline, K-feldspar, plagioclase, garnet and quartz (Lister and Snoke,
1984; Mukherjee, 2011; Passchier and Trouw, 2005; ten Grotenhuis
etal., 2003; Trouw et al., 2010). Here, we focus on the classification and
microstructures of mica fish (muscovite and biotite) from medium-to
high-temperature mylonites.

The pioneering study by ten Grotenhuis et al. (2003) proposed a mica
fish classification based on the shape and orientation of lattice planes
after analysing ~1500 muscovite fish from upper-greenschist facies
mylonitic quartzites (Fig. 1). Lenticular mica fish (group 1) are char-
acterized by curved sides ending in sharp tips with lattice planes (e.g.,
cleavage) subparallel to the long axis. Some lenticular fish can deflect
into the planes of mylonitic foliation (group 2), leading to curved lattice
planes at the tips. Rhomboidal mica fish display straight edges with the
longest side parallel to the shearing direction, with lattice planes parallel
(group 3) or oblique to shearing (group 4; less common). Mica fish may
also display small aspect ratio and smoothly curved shape with no clear
relationship between the lattice planes and the long axis (group 5).
Elongated thin mica fish have a high aspect ratio and are commonly
oriented with their long axis parallel or at a small antithetic or synthetic
angle to the mylonitic foliation, sometimes with star stepping shape
(group 6; ten Grotenhuis et al., 2003). A further mica fish classification
with 11 sub-types is proposed in Mukherjee (2011) based on sheared
rocks from the Karakoram Metamorphic Complex only with slight
modifications from previous proposal (ten Grotenhuis et al., 2003).

Initial thoughts about the evolution of mica fish relied on brittle
deformation, suggesting that they formed in rocks where pre-existing
large micas were boundinaged by a combination of brittle and crystal-
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Group 1
Lenticular mica fish
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Group 4
Rhomboidal fish shape
(001) oblique to shearing direction

Group 2
Lenticular fish inclined
towards shearing direction

Group 3
Rhomboidal fish shape
(001) parallel to shearing direction

Group 5
Fish with small aspect ratio
and curved tails

Group 6
Fish with high aspect ratio
and inverted stair stepping

Fig. 1. Morphology of mica fish from ten Grotenhuis et al. (2003). Dashed-black lines indicate the typical cleavage orientation of each mica fish group. Black arrows

indicate the relative dextral kinematics.

plastic processes, producing asymmetric clasts with (001) cleavage
planes sub-parallel to the C-surfaces (shearing planes) or tilted back
against the sense of shearing (Heisbacher, 1970; Lister and Snoke,
1984). According to these authors, the segregation of individual mica
fish is due to microfaults and microshear zones that transect the host
clast (Fig. 2A), which can form synthetically and antithetically
depending on the (001) cleavage plane orientation (Lister and Snoke,
1984). Those initial models on the evolution of mica fish provided the
grounds for further investigations, which considered a combination of
mechanisms including rigid body rotation, crystal-plastic deformation,
bending and folding, grain size reduction (recrystallization) and diffu-
sional mass transfer (Mukherjee, 2011; ten Grotenhuis et al., 2003).
After evaluating and discussing various generation mechanisms, ten
Grotenhuis et al. (2003) suggested that crystal-plastic deformation
combined with rigid body rotation were likely key mechanisms in the
evolution of mica fish (Fig. 2B). Despite great effort in elucidating the
mechanisms of mica fish formation, the roles of crystal-plastic defor-
mation, recrystallization, cataclasis, and diffusional mass transfer have
never been assessed by high-spatial resolution techniques, allowing a
complete crystallographic and chemical characterization of mica fish
and associated microstructures such as shear bands and strain shadows.

3. Dating mica fish

Determining the timing of ductile deformation in shear zones (i.e.,
mylonitization) has always been a geochronology challenge, particu-
larly because of relic isotopic systems of pre-shearing history, which are
variably reset (e.g., Kirkland et al., 2023). Since mylonitization is
strongly governed by thermal effects, the timing of shearing is
commonly constrained by thermochronology with ages obtained from a
range of isotopic systems and minerals, ideally allowing the recon-
struction of the thermal pathway for a rock (see Oriolo et al., 2018 for a

review). This approach critically relies on isotope diffusion controlled by
thermally-induced volume diffusion and, in such situation, the concept
of closure temperature is valid (i.e., whereby the date represents the
point in the temperature-time history at which the loss of daughter
isotopes from the crystal via diffusion became negligible; Dodson,
1973). However, mylonitization is commonly accompanied by meta-
morphic reactions, fluid flow and strain partitioning, which may het-
erogeneously affect the isotopic systems in most datable minerals such
as micas, monazite, titanite, apatite and zircon (Cioffi et al., 2019;
Dunlap, 1997; Dunlap et al., 1991; Erickson et al., 2015; Fougerouse
et al., 2021b; Freeman et al., 1997; Gordon et al., 2021; Kavanagh-Le-
page et al., 2022; Kirkland et al., 2017; Kirschner et al., 1996; Kohn,
2018; Moser et al., 2022; Mulch et al., 2002; Odlum et al., 2022;
Papapavlou et al., 2017; Reddy et al., 1996, 2007, 2009a; Ribeiro et al.,
2020a; Timms et al., 2011; Wawrzenitz et al., 2012; Williams et al.,
2011). Here, we focus on the relationship between mica fish micro-
structures (especially muscovite) and in situ Rb-Sr dating, one of the
most datable mineral microstructures in mylonites (Dunlap et al., 1991;
Freeman et al., 1997; Mulch et al., 2002; Reddy et al., 1996; Ribeiro
et al., 2020b, 2023; Sanchez et al., 2011). For a review about other as-
pects of geochronology within shear zones, we refer to Oriolo et al.
(2018), in which the authors addressed a range of thermal, isotopic, and
deformation-related processes relevant to determining the timing of
mylonitization in shear zones.

3.1. Isotopic methods

K-Ar, “°Ar/%%Ar, and Rb-Sr are the most commonly used isotopic
methods for dating mica fish from low-to medium-temperature shear
zones (Dunlap et al., 1991; Eberlei et al., 2015; Freeman et al., 1997;
Kelley, 2002; Kirschner et al., 1996; Kligfield et al., 1986; Mulch et al.,
2002; Reddy et al., 1996; Ribeiro et al., 2020b, 2022b; Van Daele et al.,
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@ Antithetic

Microshear
——— |

C-surface (shearing plane)

New fish

Evolution of rhomboidal

mica fish (group 4)

Fig. 2. Schematic evolution of mica fish (adapted from Lister and Snoke, 1984;
ten Grotenhuis et al., 2003). A) Model from Lister and Snoke (1984), which
initially considered brittle deformation as the main process in the evolution of
mica fish; B) Model from ten Grotenhuis et al. (2003) to describe the evolution
of rhomboidal mica fish considering rigid body rotation and shearing
deformation.

2020). The K-Ar system relies on the radioactive decay of *°K to *°Ar via
electron capture followed by y-ray emission following a*°K decay con-
stant of 0.581 x 107 2% yr~! (Steiger and Jager, 1977). In this method, K
isotopes are measured by conventional chemical methods (e.g., isotope
dilution and atomic absorption spectroscopy) and Ar isotopes measured
by an argon extraction line coupled to a static gas mass spectrometer in
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separate aliquots (Kelley, 2002). Due to instrument limitations, this
method does not allow in situ isotopic measurements, preventing a
texturally controlled investigation on the influence of mineral defor-
mation in the K-Ar isotopes.

Although similar to K-Ar, the “°Ar/3°Ar isotopic system relies on the
conversion of *°K to *°Ar after irradiation of the sample with fast neu-
trons in a nuclear reaction. The “°Ar/*°Ar age is then calculated
considering the “°Ar decay and the J-value (a parameter associated with
the irradiation process) (Renne et al., 2010). In this method, Ar isotopes
can be measured collectively in a single experiment by an incremental
stepwise heating approach, either excited by a laser or an oven coupled
to a mass spectrometer (e.g., ARGUS instrument, ThermoFisher). Such
approaches aim to sequentially release Ar from more tightly bound lo-
cations within the sample. Typically, such step heating spectra have
some relationship between apparent age, chemistry, microstructure, and
mineralogy (and potentially excess “°Ar) within the sample. Further-
more, spatially controlled “°Ar/3°Ar analysis is possible by ablation
using infrared (IR) of ultraviolet (UV) laser ablation approaches to target
specific mineral textures. The in situ UV-laser ablation technique pro-
vided the grounds to investigate excess radiogenic “°Ar distribution
within a single mineral grain in association with compositional varia-
tions (Kelley, 2002, 1995; Nteme et al., 2023; Sherlock and Kelley,
2002) and diffusion of 4OAr excess through the mineral lattice (Kelley,
2002; Reddy et al., 1996, 2001).

Thus, laser ablation approaches using infrared (IR) of ultraviolet
(UV) laser allow microstructurally-controlled in situ *’Ar/3°Ar analysis
with high spatial resolution and spotsize down to 10 pm (Challandes
et al., 2003; Chen et al., 2016; Mulch et al., 2002; Reddy et al., 1996;
Schneider et al., 2013). For this reason, most of the studies on the in-
fluence of deformation on isotopes within mica have relied on the
40Ar/%Ar system, which may not respond in a similar manner to the
Rb-Sr system. Since Ar is a gas entrapped in a K-bearing mineral va-
cancies that can be released during deformation through small
fast-diffusion pathways, “°Ar/3°Ar might be more easily impacted by
deformation compared to Rb and Sr, since the latter occupies a cationic
site in micas structure, imposing energetic barriers to be removed from
the crystal lattice (Cosca et al., 2011).

The Rb-Sr isotopic system relies on the radioactive decay of 8Rb to
radiogenic 2°Sr and by emission of B particles and anti-neutrino (Dickin,
2018), with modern 8Rb decay constant calculations of 1.397 x 10~ !
yr’l (Villa et al., 2015) and 1.393 x 1071 yr’11 (Nebel et al., 2011).
Due to similar mass/charge ratio (m/z), Rb and Sr isotopes cannot be
simultaneously measured by conventional mass spectrometers (quad-
rupole and multicollector ICP-MS), requiring isotope segregation via ion
chromatography separation, followed by further Rb and Sr isotopic
measurements in different aliquots (Garcia-Ruiz et al., 2008 and refer-
ences therein). Mica Rb-Sr has been widely used to tentatively constrain
the timing of mylonitization in several shear zones worldwide such as,
among many other examples, the Entrelor shear zone, Italian Alps
(Freeman et al., 1997), Aar Massif shear zones, Swiss Alps (Challandes
et al., 2008) and Zanskar shear zone, northwestern Himalaya (Inger,
1998). Despite producing highly precise isotopic measurements, this
method prevents microstructurally controlled isotopic analysis, which
are necessary to understand such data in deformed minerals such as
mica fish in mylonites. In order to overcome this issue, some researchers
have performed microstructurally controlled microsampling from thin
sections and subsequent Rb—Sr dating of pg-sized aliquots (Miiller et al.,
2000a, 2000b). However, this may be only applied to coarse-grained
microstructures. Thus, microstructures such as shear bands and mica
fish tails have been essentially impossible to be effectively analysed.

Recent advances in mass spectrometers, the so-called triple-quad-
rupole ICP-MS, including the addition of a collision-reaction-cell (CRC)
between two quadrupoles, allow the removal of m/z isobaric in-
terferences in response to isotopes reaction with oxidizing gases such as
O2(g), N2O(g), NH3(g) and SFg(g) injected in the CRC (Hogmalm et al.,
2017; Moens et al., 2001; Zack and Hogmalm, 2016). The removal of the
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Rb-Sr isobaric interference is promoted by the 87Sr oxidation reaction
with N0 producing 87Sr'%0" (103 amu, atomic mass unit) and 2°sr'60*
(102 amu), and with SF¢ producing and 876r19¢+ (106 amu) and
865r19F* (107 amu). Since ®’Rb is mostly inert under N2O(g) and SFg(g)
atmosphere (very slow conversion reaction), measurements of Rb and Sr
isotopes can be done simultaneously due to the Sr mass jump to higher
atomic mass units. This novel technique allows microstructurally
controlled collection of Rb-Sr isotopes via in situ laser ablation
triple-quadrupole ICP-MS with good spatial resolution (spotsize down to
50 pm) and sufficient precision (~1.5% on micas and feldspar; Zack and
Hogmalm, 2016). Additionally, it produces reliable and large datasets
constraining the timing of ductile deformation on regional scale (Cabrita
et al., 2021; Gyomlai et al., 2022; Kirkland et al., 2023; Larson et al.,
2023; Liebmann et al., 2022; Olierook et al., 2020; Ribeiro et al., 2022b,
2023; Van Daele et al., 2020; Zametzer et al., 2022), but also revealing
the relationship between microstructures and isotope composition
(Ribeiro et al., 2023; Tillberg et al., 2020). The in situ Rb-Sr method
opens a new avenue to explore the yet poorly understood influence of
deformation in isotopic behaviour during mylonitization with sensible
textural control.

3.2. Deformation influence on mica isotopes

The general understanding on the influence of deformation in min-
eral isotopes relies on the isotopic diffusion through fast-diffusion
pathways such as dislocation walls, commonly observed in high-
spatial resolution EBSD mapping, transmission electron microscopy
and atom probe tomography. The preferential loss (or gain) of specific
elements in a parent-daughter isotopic pair over time results in
measurably different isotopic signatures. This process has been reported
for a range of geochronometers such as zircon (Reddy et al., 2007,
2009a, 2009b; Timms et al., 2011), apatite (Odlum et al., 2022; Ribeiro
et al., 2020a), monazite (Erickson et al., 2015; Fougerouse et al., 2021b;
Wawrzenitz et al., 2012) and feldspar (Reddy et al., 1999, 2001). Iso-
topic diffusion through crystal-lattice defects may partially or
completely reset the mineral clock in response to a certain
tectonic-related deformation event. Such resetting process, driven by the
ability of fluids and a transport pathway (i.e., mass transfer phenom-
ena), thus records the timing of elemental mobility on the associated
microstructures. Therefore, identifying deformation microstructures in
minerals from mylonites can prove crucial to link any isotopic record
(containing age information) and mylonitization by establishing a direct
time-strain link instead of solely assuming thermal activated
volume-diffusion as the primary driver as in the sense of thermochro-
nology (Oriolo et al., 2018, 2022; Ribeiro et al., 2023).

The effect of deformation on mica chronometers has been well
investigated with in situ “°Ar/3°Ar experiments allowing to associate
isotopic measurements with specific microstructures (Cosca et al., 2011;
Hames and Cheney, 1997; Kellett et al., 2016; Mulch et al., 2002; Mulch
and Cosca, 2004; Nteme et al., 2023; Reddy et al., 1996, 1997, 2004;
Rogowitz et al., 2015). Aside from fluid and solid inclusions, Ar is
located in the mineral lattice defects (e.g., vacancies and interstitial) or
line defects such as partial or complete dislocations (Cosca et al., 2011).
Since micas (biotite and muscovite) often develop lattice defects (dis-
locations and line defects) in deformed rocks (Bell et al., 1986; Etheridge
et al., 1973; Etheridge and Hobbs, 1974; Wilson and Bell, 1979), Ar
might diffuse into or out of micas through those microstructural defects.
Studies on the *°Ar/3°Ar isotopic system in micas (biotite and musco-
vite) carried out with in situ analysis (via infrared and UV laser ablation
systems) indicate that mesoscopic and submicroscopic structural defects
lead to reduction in the effective diffusion length, favouring intragrain
radiogenic “°Ar diffusion and consequent isotopic loss (Cosca et al.,
2011; Kellett et al., 2016; Kramar et al., 2001, 2003; Mulch et al., 2002).
In experimentally deformed muscovite and biotite, radiogenic 40Ar
diffusion through structural defects leads to isotopic loss of up to 16 % in
muscovite and 32 % in biotite when measured by in situ UV laser
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ablation (Cosca et al., 2011). When looking at in situ 40Ar/39Ar dates of a
single muscovite fish from a Variscan pegmatite (c. 350 Ma) located in
the western Swiss Alpes, Kramar et al. (2001) identified a range of dates
spanning 387-115 Ma that were statistically correlated with two crystal
directions relative to the shear sense of deformation. Based on
one-dimensional diffusion modelling, Kramar et al. (2001) established
that apparently younger zones in mica fish represent incipient shear
band development, providing a network of fast-diffusion pathways for
radiogenic “°Ar diffusion leading to intragrain isotopic loss. Micro-
structural characterization via high-spatial resolution EBSD mapping
was not completed in this study, and would have further elucidated the
nature of this relationship.

While there are many Ar studies on deformed micas, very few studies
have focused on the Rb-Sr system, mostly due to analytical barriers to
conduct in situ measurements (Eberlei et al., 2015; Freeman et al., 1997;
Ribeiro et al., 2023). Using a combination of mineral chemistry,
high-spatial resolution EBSD mapping and in situ Rb-Sr isotopic ana-
lyses, Ribeiro et al. (2023) identified that muscovite fish in a
medium-temperature mylonite tend to preserve protolith crystallization
ages, whereas muscovite in shear bands recrystallized through
dissolution-precipitation creep tend to record the timing of mylonitiza-
tion. Similar to the Ar studies, Ribeiro et al. (2023) demonstrated the
role of deformation and recrystallization mechanisms for resetting iso-
topic systems, since these processes enhance mica grain size reduction
leading to shorter effective diffusion length and facilitate isotopic ex-
change through crystal-lattice defects. This study demonstrated that a
time-gap of ca. 1 Ga between mostly rigid mica fish with little evidence
of well-developed crystal-lattice defects and recrystallized fine-grained
micas in shear bands, with the latter establishing the direct time-strain
evolution of complex mylonites. In this review, we expand the knowl-
edge on mica deformation associated chemical and Rb-Sr isotopic
variations.

4. Methods
4.1. Electron microscopy

Mica fish textures were detailed through scanning electron micro-
scopy to collect high-resolution backscatter electron (BSE) images and
high-spatial resolution EBSD data. BSE images and EBSD data were
collected with a TESCAN Clara field emission scanning electron micro-
scope (coupled to an Oxford Symmetry EBSD detector) at the John de
Laeter Centre, Curtin University, Australia. Backscatter electron images
were collected in a high-resolution mode using a thin carbon coat to
mitigate charging (~2.5 pm thickness), low energy of 10 kV, beam
current of 1 nA and working distance of 10 pm.

EBSD analysis were conducted on polished thin sections cut parallel
to the kinematic plane (XZ plane in the finite strain ellipsoid). Thin
sections were polished on a Buehler VibroMet II for 4 h using a 0.05 pm
colloidal silica solution (ethylene glycol-based) prior to data collection.
A thin carbon coat was applied to mitigate charging (~2.5 pm thick-
ness). Analytical conditions include 20 keV voltage, 1 nA beam current,
20 mm working distance, 70° sample tilt, 40-50 ms exposure time to
enhance indexing and variable step-sizes as indicate in the EBSD maps.
EBSD data were processed with AZtecCrystal 2.1 and further colour-
formatted using Adobe Illustrator™ and Photoshop™. Monoclinic-
hexagonal pseudo-symmetry in muscovite (<-10-3>/120°, 5° angle
deviation) was quantified in the inverse pole figure (IPF) maps and
removed during post-processing. Details regarding each EBSD maps and
associated pole figures are presented in respective figures and captions.

4.2. ToF-SIMS
Mica fish grains with particular microstructures were selected for

detailed chemical-isotopic imaging via ToF-SIMS. The analyses were
carried out on a M6 instrument (IONTOF GmbH) at the John de Later
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Centre, Curtin University, Australia. The instrument was operated in
Fast Imaging mode with a 30 kV Bi{ primary ion source at a pulsed
current of 0.05 pA. Positive ions were collected using Delayed Extraction
mode for the mass analyser at a cycle time of 45 ps. with the analytical
conditions resulted in a lateral resolution of ~100 nm and a mass res-
olution of ~3000 M/AM. Maps were collected over a 300 x 300 pm field
of view with 2048 x 2048 pixels in each frame. The mass spectra
included all masses up to 200 m/z ratio. To remove surface contami-
nation, each field of view was pre-sputtered with a O ion source (2 kV,
479 nA) for 60 s. Surface accumulation of material from degassing/
adsorption during the long analyses was removed by sputter cleaning for
1 s after each analysis frame (every 210 s). Data was analysed using
IONTOF Surface Lab version 7.3.

4.3. In situ Rb-Sr geochronology

In situ Rb-Sr isotopes were collected in polished thin sections in the
GeoHistory Facility, Curtin University. The analytical setup includes a
RESOlution 193 nm ArF excimer laser with a Laurin Technic S155
sample cell coupled to an Agilent 8900 triple quadrupole mass spec-
trometer in MS/MS mode using the N2Og) as reaction gas in the collision
cell to enable measurement of Rb and Sr isotopes (Cheng et al., 2008;
Hogmalm et al., 2017; Zack and Hogmalm, 2016). The analytical con-
ditions for Rb-Sr are summarized in Table 1 following the method
described elsewhere (Liebmann et al., 2022; Olierook et al., 2020;
Ribeiro et al., 2023). Data reduction was performed in Iolite 4 (Paton
et al., 2011) using an in-house data reduction scheme adapted from
Redaa et al. (2021). Rb-Sr isochrons and ages were calculated using the
maximum likelihood model in IsoplotR (Vermeesch, 2018) with the
87Rb decay constant of Villa et al. (2015). Ages and uncertainties are
presented at 2 standard error from the mean (2 SE), with error propa-
gation and error correlation following Rosel and Zack (2022). Inverse
Rb-Sr isochrons are used to minimize the extreme error correlation
following Li and Vermeesch (2021). Rb-Sr isotopic dataset from refer-
ence materials and unknowns are presented in supplementary material
S1.

875r/865r and 87Rb/8®Sr ratios were drift-corrected and calibrated
against NIST610 (%7Sr/%%Sr = 0.709699 + 0.000018, ’Rb/%sr = 2.389
+ 0.005; Woodhead and Hergt, 2001). Matrix correction of
drift-corrected 8’Rb/%%Sr was applied to mica analyses using a frac-
tionation factor obtained from a pressed powder tablet of phlogopite
Mica-Mg that was analysed interspersed with the unknowns, assuming a
crystallization age of 519.4 + 6.5 Ma and %Sr/%°Sry of 0.72607 +
0.00070 (as described by Hogmalm et al., 2017). Mica-Mg isotopic data
yielded an anchored-isochron date of 515 + 3 Ma (MSWD = 0.7, N =
26), consistent with reference values. Unknowns were additionally
bracketed with in-house biotite reference material CKO01 (422 + 6 Ma;
Kirkland et al., 2007), which yielded an isochron age of 413 + 7 Ma
(MSWD = 0.2, N = 25).

Table 1
Analytical conditions for acquisition of Rb-Sr isotopes in muscovite.

Settings Agilent 8900 ICP-MS

In situ Rb-Sr

Laser system ASI RESOlution

Wavelength (nm) 193
Repetition rate (Hz) 5
Laser fluency (J.cm™2) 2.5
Ablation time (s) 60
Spot size (pm) 64
He flux rate (ml.min"') 320
He carrier gas (Lmin ™Y 0.32
Ar carrier gas (L.min~1) 1.0
N, addition (ml.min 1) 1.2

Reaction gas (collision cell) 30% N»O in He
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5. Case study
5.1. Geological background

We selected three medium-temperature mica fish-bearing mylonites
from the crustal-scale Taxaquara shear zone from the Neoproterozoic-
Cambrian Ribeira Belt, SE Brazil (Fig. 3a). This belt is commonly
interpreted as a NE-trending collisional orogen that formed in response
to the convergence between the Sao Francisco, Paranapanema, Congo,
Luis Alves and Rio de la Plata cratons during West Gondwana assembly
(Cabrita et al., 2021; Campanha et al., 2023; Campanha and Sadowski,
1999; Campos Neto, 2000; Caxito et al., 2022; Faleiros et al., 2011;
Heilbron et al., 2020; Ribeiro et al., 2022a), although alternative
intracontinental models have also been proposed (Meira et al., 2015,
2019). The Ribeira Belt comprises a series of terranes including the
Apiai, Sao Roque, Embu, Costeiro and Curitiba terranes, that are
dissected by a major crustal-scale shear zone system developed under
transpression between 900 and 530 Ma (Cabrita et al., 2022; Campanha
et al.,, 2023; Campanha and Brito Neves, 2004; Conte et al., 2020;
Egydio-Silva et al., 2002, 2005, 2018; Faleiros et al., 2022; Fore-
ro-Ortega et al., 2020; Ribeiro et al., 2019, 2020b).

The Taxaquara shear zone (TSZ) is a major dextral NE-striking shear
zone that structurally separates the NE-striking Statherian (c. 1750 Ma)
Sao Roque Group, located in the northernmost section of the TSZ, from
the NW-striking Calymmian (1490-1475 Ma) Votuverava Group and the
Ediacaran (615-585 Ma) Pilar do Sul granitic suites located southern of
the TSZ (Fig. 3b). Ductile deformation conditions in the TSZ achieved
480-530 °C and 2.2-5.0 kbar, based on phase-equilibria modelling
coupled with mineral chemistry and thermometry (Ribeiro et al., 2019,
2020a). At these conditions and under average 1071310712 57! strain
rates, quartz recrystallized through subgrain rotation with preferential
activation of ‘basal-<a>" and ‘rhomb-<a>’ slip systems (Ribeiro et al.,
2019, 2020a). Muscovite fish “°Ar/3°Ar and apatite U-Pb dates from
mylonites bracket the activation of the TSZ at c. 560-535 Ma (Ribeiro
et al., 2020b), coeval with the main shearing deformation of the Ribeira
Belt and African counterpart belts during West Gondwana assembly
(Faleiros et al., 2022; Goscombe et al., 2005; Gray et al., 2006; Schmitt
et al., 2023).

5.2. Medium-temperature mylonites

The selected samples from the TSZ vary from granitic mylonite
ultramylonite-phyllonite with variable content of micas (including mica
fish and fine-grained mica in the mylonitic matrix) (Table 2). The
ultramylonite (sample TGO1) is primarily composed of fine-grained Qz
-+ Fsp (90 vol. %) with fine-grained muscovite in the mylonitic matrix
and muscovite fish comprising ~10 vol %. Samples PS40A and PS40D
were collected in the same quarry, but present distinct mineralogy and
microstructures. The former is composed of Qz + P1 + Afs + Bt + Ms,
and apatite, rutile and oxides as accessory phases, and displays a fine-
grained granolepidoblastic mylonitic texture defined by recrystallized
Qz + Fsp matrix accompanied by fine-grained biotite with very few
porphyroclasts in addition to muscovite fish (up to 30 vol. %). Although
with similar mineralogy, sample PS40D displays garnet and tourmaline
as additional accessory phases and coarse-grained Qz + Fsp aggregates
with granoblastic textures and abundant large feldspar and muscovite
fish porphyroclasts (up to ~10 vol. %). For detailed description of the
mylonites from the TSZ, we refer to Ribeiro et al. (2019).

5.2.1. Microstructures

Muscovite fish grains from the mylonitic granite (sample PS40D)
display complex microstructures. They show common muscovite fish
shapes (e.g., group 1 from ten Grotenhuis et al., 2003) with kink bands
and tails composed of fine-grained muscovite (Fig. 4A). In domains with
high mica fish connectivity, the grains are more elongated with kink
bands sub-perpendicular to the cleavage planes (Fig. 4B). Additionally, a
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Summary of the selected samples for this study, including mineral assemblage, quartz and feldspar microstructures reported in Ribeiro et al. (2019)! and previous
muscovite fish “°Ar/?°Ar dates reported in Ribeiro et al. (2020b)2. Mineral abbreviations follow Whitney and Evans (2010).
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Published geochronology?

Quartz

Feldspar
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Sample Mineral assemblage’

TGO1 Qz, Pl, Afs, Ms

PS40A Qz, P, Afs, Bt, Ms (+Op, Ap, Rt)
PS40D Qz, Pl, Afs, Ms (+Grt, Ap, Rt, Tur)

Subgrain rotation
Subgrain rotation
Subgrain rotation

Fracture + intracrystalline deformation
Fracture + intracrystalline deformation
Fracture + intracrystalline deformation

549 £ 1 (Ms)*
536 + 3 (Ms)
541 + 2 (Ms)*

Total fusion
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microstructural domain composed of fine-grained elongated muscovite
oriented parallel to the mylonitic foliation define the boundary between
the feldspar porphyroclast and the high-interconnectivity muscovite fish
domain (Fig. 4B). One large muscovite fish displays microstructures
suggestive of boudinage, splitting into two fish with a low-pressure
domain (interboudin) filled with fine-grained muscovite (Fig. 4C). The
larger muscovite fish is enveloped by mostly elongated fine-grained
muscovite, developing an asymmetrical tail oriented parallel to the
mylonitic foliation. (Fig. 4D).

In the quartzofeldspathic ultramylonite (sample TG01), muscovite
fish grains display simpler microstructures such as undulose extinction,
rarer fine-grained muscovite tails, and grain-scale cracking at high-
angles to cleavage planes (Fig. 5A). Muscovite fish from sample PS40A
displays a series of microstructures including bent cleavage planes,
segregation planes between distinct muscovite fish domains (Fig. 5B),

grain-scale cracking at high-angle to cleavage planes, and fine-grained
margins and tails in most muscovite fish textures. A coarse-grained
muscovite fish also displays synthetic concave-shape shear bands high-
lighted by muscovite with multiple kink and deformation planes (Fig. 5C
and D), indicating a domain of localised deformation cross-cutting the
host muscovite fish. High-resolution backscatter electron (BSE) images
indicate that the highly deformed shear band (Fig. 5D) is bounded by
fine-grained elongated muscovite sub-perpendicular to muscovite fish
(001) cleavage (Fig. 5E), which is also present in the muscovite fish tails
delimiting it from the mylonitic matrix (Fig. 5F). These tails also
encompass muscovite grains with mostly random shape preferred
orientation and commonly associated with biotite patches.

5.2.2. EBSD
Selected muscovite fish grains with distinct microstructures from
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samples PS40A and PS40D were used in high spatial resolution EBSD
mapping. From sample PS40D, we selected one asymmetric muscovite
fish with kink bands and tails composed of fine-grained muscovite (see
Fig. 4A). From sample PS40A, we mapped one asymmetrical muscovite
fish with fine-grained muscovite along the grain boundaries and one
coarse-grained muscovite fish with oblique shear bands cross-cutting the
grain (see Fig. 5C and D).

In the kinked muscovite fish from sample PS40D, we observe higher
grain reference orientation deviation-angle (GROD, proxy for strain
quantification using EBSD data; Wright et al., 2016) values towards the
edges of the grain and along the kink planes that cross-cut the muscovite
fish parallel to its maximum elongation (Fig. 6A). The high GROD values
suggest a high density of dislocations due to crystal-plastic deformation
(i.e., high strain), resulting in a crystallographic spread as indicated by
the pole figures for <001> axis. On the other hand, fine-grained
muscovite in the tail and surrounding the muscovite fish has low
GROD values (suggestive of low strain) accompanied by an asymmet-
rical girdle-type CPO concordant with <100> sub-parallel to the
mylonitic foliation (plane X-Y) and asymmetrical distribution of <001>
axis between X-Z directions with higher concentration along the dia-
gram periphery (Fig. 6B). The <001> axis distribution suggests a dextral
kinematics consistent with field and petrographic observations (asym-
metric feldspar porphyroclasts; Ribeiro et al., 2019).

The asymmetric muscovite fish from sample PS40A displays large
GROD variation, increasing from the inner core towards the margins of
the grain in all directions (Fig. 7A) and suggesting variation from lower
to higher strain density due to higher amount of crystal-plastic defor-
mation along the edges of the grain. Despite this relative strain variation,
the muscovite fish presents a strong point-type CPO with <001> max-
ima in intermediate angle between X-Z directions (Fig. 7B). In contrary,
fine-grained muscovite grains along the muscovite fish boundaries have
lower GROD values (i.e., low internal strain) accompanied by an
asymmetrical girdle-type CPO concordant with dextral kinematics with
higher concentration of <001> along the diagram periphery between
X-Z directions (Fig. 7B).

In addition to the higher crystallographic misorientation and strain
towards the edges and the tips of the muscovite grain from sample
PS40A, another coarse-grained muscovite fish from this sample also
displays complex microstructures such as synthetic concave-shape
structures (shear bands) that cross-cut the fish sub-perpendicular to
the cleavage planes. The textural component map indicates that these
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Fig. 4. Muscovite fish microstructures from medium-
temperature mylonite from the TSZ. Photomicro-
graphs were undertaken under cross-polarized light.
Mineral abbreviations follow Whitney and Evans
(2010). Grey circles in © indicate laser spots from in
situ Rb-Sr analysis. White dashed-line in (A) indicate
kink planes, and in (B) it bounds the muscovite fish
aggregates from the fine-grained muscovite domain.
Muscovite fish from panel (A) was selected for
high-spatial resolution EBSD and in situ Rb-Sr iso-
topic analysis.

shear bands delimit the host fish and fine-grained muscovite with
distinct orientation in comparison to the host (Fig. 8A). The GROD map
indicates that some of these shear bands are characterized by low strain
fine-grained muscovite (Fig. 8B and C), suggesting low internal energy
likely due to recrystallization, whereas others display high strain likely
due to a higher amount of crystal-plastic deformation prior to achieving
complete recrystallization (Fig. 8B, D). As previously indicated through
high-resolution BSE images (Fig. 5F), we note the presence of finer
muscovite grains in the edges of the fish characterized by high crystal-
lographic misorientation compared to the host fish, but with low GROD
values suggestive of low-strain.

5.2.3. ToF-SIMS mapping

ToF-SIMS ion mapping was carried out on the low- and high-strain
shear bands of a coarse-grained muscovite fish from sample PS40A to
assess the potential relationship between mineral chemistry, deforma-
tion intensity and recrystallization mechanisms (see selected areas
indicated in Fig. 8A). A detailed EBSD map from the low-strain shear
band (area 1) indicate a clear distinction in maximum orientation spread
between the fine-grained muscovite in the shear band and the host
muscovite fish (up to 34°, Fig. 9A). Since orientation spread acts as a
measure of intragranular lattice distortion and a proxy for dislocation
density (Cross et al., 2017), the fine-grained muscovite is inferred as
mostly strain-free, yet is embedded within a muscovite fish that is
crystallographically deformed. ToF-SIMS ion mapping revealed that
those low-strain fine-grained muscovite regions have higher Fe-Mg-Ba
contents and lower Na. This geochemical difference delimits a sharp
compositional boundary between the low-strain shear band and the host
fish (Fig. 9B). High Fe-Mg grains correspond to biotite intergrowth
within the shear band.

Conversely, a detailed EBSD map from the high-strain shear band
(area 2) indicate that both host muscovite fish and the shear band are
characterized by high maximum orientation spread up to 66°, suggestive
of high intragranular distortion and dislocation density. Yet, the fine-
grained muscovite bounding the high-strain shear band previously
observed through high-resolution BSE images (Fig. 5E) displayed low
orientation spread, suggestive of low strain likely achieved through
recrystallization. The ToF-SIMS ion maps of these regions do not indi-
cate a clear compositional variation between the high-strain shear band
and the host muscovite fish (Fig. 9B). Yet, the low-strain fine-grained
muscovite aligned parallel to the microstructural boundary is enriched
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Fig. 5. Muscovite fish microstructures from medium-
temperature ultramylonite samples from the TSZ.
Photomicrographs were undertaken under cross-
polarized light. Mineral abbreviations follow Whit-
ney and Evans (2010). Blue circles in (F) indicate
laser spots from in situ Rb-Sr analysis. White
dashed-line in (B) indicates segregation planes be-
tween distinct muscovite fish ‘sub-domains’. Musco-
vite fish from panel (C) was selected for high-spatial
resolution EBSD and in situ Rb-Sr isotopic analysis.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

z Fig. 6. A) Grain reference orientation deviation angle
(GROD) maps of muscovite fish from sample PS40D
produced from EBSD data. B) Pole figures were
calculated using one-point-per-pixel for single

x  muscovite fish grain (contoured data), and one-point-
per-grain for fine-grained muscovite surrounding the
muscovite fish (blue squares). Poles figures are pre-
sented in lower hemisphere with equal area projec-

Ms fish (contour)
N = 224,628
Half width = 15°

Fine grained Ms (scattered)
! N=555

200pm 5 X
0°M Step-size: 1.5 ym | One-pole-per-grain

tion. The muscovite fish crystallographic data is
contoured with 15° half width. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

in Fe-Mg and depleted in Na, similar to those low-strain muscovite
grains, defining a sharp chemical boundary between the high-stain shear
band and the host muscovite fish.

5.2.4. In situ Rb-Sr geochronology

We targeted distinct muscovite textures during Rb-Sr analysis such
as muscovite fish and fine-grained muscovite in asymmetric tails and
shear bands. We collected 49 Rb-Sr measurements in muscovite fish

from sample PS40A, which yield an inverse isochron date of 592 + 26
Ma (MSWD = 1.8; Fig. 10A). From sample TG01, we collected 53 Rb-Sr
measurements in muscovite fish yielding an inverse isochron date of 588
+ 4 Ma (MSWD = 2.3; Fig. 10B). Asymmetrical tails with fine-grained
muscovite from samples PS40A and TGOl are too narrow to be ana-
lysed via in situ Rb-Sr.

The granitic mylonite sample PS40D displays muscovite fish sur-
rounded by tails composed by fine-grained muscovite and fine-grained
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Fig. 7. A) Grain reference orientation deviation angle
(GROD) maps of muscovite fish from sample PS40A
produced from EBSD data. Sample labels, colour
scales and step-size are indicated in each panel (lower
right corner); B) Pole figures were calculated using
one-point-per-pixel for single muscovite fish grain
(contoured data), and one-point-per-grain for fine-
grained muscovite surrounding the muscovite fish
(blue squares). Poles figures are presented in lower
hemisphere with equal area projection. The musco-
vite fish crystallographic data is contoured with 15°
half width. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 8. Textural component (A; relative to the white
cross) and grain reference orientation deviation angle
(GROD) maps of muscovite fish from sample PS40A
produced from EBSD data. C, D) Misorientation and
GROD profiles across the shear bands thar cross-cut
the muscovite fish (each profile is indicated in panel
B). Sample labels, colour scales and step-size are
indicated in each panel (lower right corner). Dashed-
white lines indicate boundaries between distinct mi-
crostructures within the muscovite fish. White rect-
angles in panel (A) indicate the areas selected for
ToF-SIMS ion mapping. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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muscovite bands. We collected 95 Rb-Sr measurements in muscovite
fish, yielding an inverse isochron date of 603 + 2 Ma (MSWD = 2.5)
with 15 analyses being overdispersed from the isochron trend (Fig. 10C).
We also collected 23 Rb-Sr measurements in fine-grained muscovite
domains, which yielded a younger inverse isochron date of 546 + 6 Ma
(MSWD = 2.4; Fig. 10C). The omitted overdispersed Rb-Sr data were
collected in domains with complex microstructural overlap (i.e., coarse-
and fine-grained muscovite; see Fig. 4B), in which relict and recrystal-
lized grains coexist. The overdispersed data may represent a mix be-
tween the two generations of muscovite or partial resetting due to
recrystallization.

10

6. Discussion
6.1. Forming and deforming mica fish

The early ideas from Heisbacher (1970) and Lister and Snoke (1984)
suggested that mica fish formed in rocks where pre-existing large micas
were boundinaged by a combination of brittle and crystal-plastic pro-
cesses, leading to mica fish segregation due to microfaults and micro-
shear that transected the host clast. Further studies suggested that
crystal-plastic deformation combined with rigid body rotation were
likely the key mechanisms in the evolution of mica fish (Mukherjee,
2011; ten Grotenhuis et al., 2003). Nonetheless, a lack of detailed
high-resolution  microstructural  information  has  hindered
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Fig. 9. High-spatial resolution EBSD and ToF-SIMS
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maps from shear bands cross-cutting a coarse-
grained muscovite fish from sample PS40A (see
Fig. 8 for reference). A) Maximum orientation spread
(based on EBSD data) and Fe-Mg-Na-Ba ion maps
from the low-strain domain; B) maximum orientation
spread (Max OS), Fe-Mg-Na ion maps and combined
Sr isotopes (i.e., sum of 878r and °Sr ion counts) from
the high-strain domain. The white scale bar in the
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understanding of this classic microstructure in mylonites.

High-spatial resolution EBSD maps from distinct muscovite fish
indicate a high deformation intensity towards the edge of the grain,
likely due to simple shearing deformation around a mostly undeformed
core as envisaged by Mukherjee (2011), contrasting with previous in-
terpretations that suggested mica fish formation mainly through body
rigid rotation (ten Grotenhuis et al., 2003). Here, the effect of simple
shear is inferred to be responsible for developing the lozenge fish ge-
ometry similar to those patterns obtained from crystal plasticity finite
element modelling (Sheikh et al., 2016). In this sense, pre-kinematic
muscovite would likely undergo plastic deformation similar to any
other porphyroclast in response to the competence difference between
the porphyroclasts and the matrix (commonly quartzofeldspathic in
crustal mylonites; Platt, 2015). Our observations suggest that the high
strain accumulated along the mica fish edges (i.e., intragrain and in the
grain-matrix boundary) enhances the development of fine-grained
muscovite (Fig. 4A-D, 5B, C, F) which commonly displays low strain
and has mostly well-defined synthetic asymmetrical <c>-axis single
girdles. These features imply recrystallization coeval with ductile
deformation/mylonitization in a process similar to c-porphyroclasts
development (Passchier and Simpson, 1986). As previously demon-
strated in Passchier and Simpson (1986), recrystallized material
continuously flows away from the porphyroclast which becomes
appended by the production of new grains and forms wedge-shaped
o-type tails at high recrystallization/deformation rates, which seems
to be the case for the development of mica fish geometries.

Despite being highly strained in some cases, mica fish tend to
accommodate deformation through low-angle basal slip in all investi-
gated textures (Fig. 11), similar to what has been demonstrated in
deformation analysis studies (Bell et al., 1986; Bell and Wilson, 1981;
Mares and Kronenberg, 1993; Meike, 1989; Wilson and Bell, 1979). The
lack of activation of multiple slip systems prevents the development of
microstructures such as subgrain boundaries like in minerals with
complex slip systems such as quartz and feldspar (Dell’angelo and Tullis,
1989; Prior and Wheeler, 1999; Schmid and Casey, 1986; Stipp et al.,
2002; Viegas et al., 2016). This structural mica characteristic greatly
affects the geochronology of mica fish, given that subgrain development
is one of the most efficient ways to mobilise trace elements and isotopes
through the establishment of fast-diffusion pathways (Erickson et al.,
2015; Fougerouse et al., 2021a, 2021b; Reddy et al., 2007, 2020; Ver-
berne et al., 2022).

6.2. Chemical-strain relationship

Since individual mica fish represents a snapshot of the microstruc-
tural evolution during mylonitization, it is rare to identify and charac-
terize the processes that lead to the segregation of new fish grains out of
primary coarse-grained mica fish. One coarse-grained muscovite fish
from sample PS40A displays exceptional microstructures (Fig. 5C-E)
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ToF-SIMS maps is equivalent to 50 pm. EBSD data
were collected using a step-size of 0.4 pm and 0.5 pm
(high-strain) shear band.

7Sr + %Sr

Counts

that might shed light on the mechanisms of mica fish segregation.

Based on detailed high-spatial resolution EBSD and ToF-SIMS ion
maps, we know that recrystallized muscovite grains are associated with
higher Fe-Mg-Ba and lower Na contents compared to the host muscovite
fish, defining clear chemical boundaries between the host and the shear
bands and indicating that recrystallization was accompanied by chem-
ical modification. In addition, these low-strain fine-grained muscovite
associated with shear bands and fish tails commonly display synthetic
asymmetrical <c>-axis single girdles, which is commonly attributed to
crystal-plastic deformation (see examples in Ribeiro et al., 2023). Yet,
the low-strain characteristics associated with chemical modification
suggest that reaction-controlled dissolution-precipitation creep is the
main mechanisms to generate recrystallized neoblasts in shear bands
and strain shadows with a reasonable asymmetric monoclinic crystal-
lographic fabric (Bons and Den Brok, 2000; Ribeiro et al., 2023). Since
muscovite crystallization temperature relies on the Na-K content
(Blencoe et al, 1994), muscovite recrystallization via
dissolution-precipitation creep may occur under medium-temperature
conditions, consistent with the deformation conditions of most
mid-crustal shear zones (Ceccato et al., 2022).

Based on the microstructural observations and chemical data, we
propose that these shear bands evolve from micro-cracks at high-angle
to the (001) cleavage plane, accumulating strain and allowing meta-
morphic fluids to infiltrate the microstructure. The combination of high
strain and fluid circulation in narrow microstructures induces mica
recrystallization through dynamic recrystallization which involves
coeval crystal-plastic deformation and dissolution-precipitation creep as
highlighted by the high-spatial resolution EBSD and ToF-SIMS ion
mapping, consistent with findings from Ribeiro et al. (2023). Thus,
high-angle micro-cracks evolve to shear bands that accommodate grain
size reduction and deformation which will likely evolve to micro shear
zones displacing individual sub-mica fish at higher finite strain (see
Fig. 5B).

6.3. Deformation impact on intragrain Rb-Sr single dates

Ar in deformed mineral grains such as feldspar and micas is known to
heterogeneously diffuse to “microstructural pockets” leading to signifi-
cantly distinct ages when analysed via in situ UV-laser “°Ar/3°Ar (Mulch
et al., 2002; Mulch and Cosca, 2004; Nteme et al., 2023; Reddy et al.,
1996, 1999, 2001; Reddy and Potts, 1999). It has only recently been
possible to acquire microstructurally controlled Rb-Sr isotopic mea-
surements on a suitable scale via LA-TQ-ICP-MS, so the relationship
between mica deformation and Rb-Sr single dates is unknown. We
selected one coarse-grained muscovite fish from sample PS40A dis-
playing a wide variation in strain from the core to the edge for gridding
multiple Rb-Sr single spots to observe if any relationship between strain
and Rb-Sr isotopes could be determined.

As explored previously, muscovite fish displays a mostly low strain
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inner core as indicated by low GROD values, with strain increasing to-
wards the grain edge (Fig. 12A). The Rb-Sr single spot contour age map
indicates a good relationship between single dates and strain, with older
dates preserved in the inner core (lower strain) and younger ages to-
wards the grain edge (higher strain) (Fig. 12B and C). Yet, the differ-
ences between dates are not sufficient to resolve Rb-Sr single dates
within the uncertainty of measurement for single muscovite fish in our
case study despite the high apparent precision for in situ Rb-Sr single
dates (up to 2.0 %). A similar relationship between muscovite fish in-
ternal strain and Rb-Sr single dates has been noted in Ribeiro et al.
(2023), demonstrating that Rb-Sr single dates from the fish edges tend
to rotate the Rb-Sr isochron towards younger ages disturbing the initial
878r/886r ratio. The modification to the initial 8Sr/%Sr ratio suggests
that muscovite fish deformation occurs in an open-system where fluids
are able to mobilise certain elements, as also inferred from secondary
fluid inclusion tracks in syn-deformation recrystallized quartz (Ribeiro
et al., 2023). However, the Rb-Sr single dates from coarse-grained
muscovite fish presented here do not indicate any significant modifi-
cation to the initial 8Sr/3%Sr ratio, implying less influence from fluids
during crystal-plastic deformation compared to fine-grained recrystal-
lized muscovite in specific microstructures (e.g., shear bands and pres-
sure shadows).

To further explore the relationship between internal strain and Rb-Sr
single dates, additional high spatial resolution analysis such as trans-
mission electron microscopy (TEM) or atom probe tomography (APT;
Cappelli et al., 2022; Reddy et al., 2020) could help in accessing isotopic
behaviour across dislocation boundaries. Although APT is a relatively
new technique to study micas and reveal sub-nanometric chemical
structures, it is challenging due to the complex interaction between the
mica structure and the laser pulse upon a high electric field (Cappelli
et al., 2022).

6.4. Rb-Sr isotopic behaviour in mica fish

Muscovite fish Rb-Sr dates from the medium-temperature Taxaquara
shear zone (TSZ) are inconsistent with the timing of mylonitization
previously constrained at c. 560-535 Ma based on apatite U-Pb and
muscovite fish “°Ar/?°Ar dates (Ribeiro et al., 2020b). Instead, musco-
vite fish Rb-Sr yields dates that constrain the crystallization of the
protolith (Fig. 13A). Although the recent literature suggests that defor-
mation is supposed to be the predominant factor in controlling the Rb-Sr
geochronometer within relict muscovite below ~500 °C (Eberlei et al.,
2015), this isotopic system within -crystal-plastically deformed
coarse-grained muscovite fish can remain unaffected by medium-grade
mylonitization at P-T conditions of 480-530 °C and 2.2-5.0 kbar
(Ribeiro et al., 2019, 2020a). Instead, recrystallized fine-grained
muscovite in narrow shear bands and strain shadows are the only
muscovite textures that yielded Rb-Sr dates consistent with the timing
of mylonitization (Fig. 13A), suggesting that thermally activated
volume-diffusion may be an inefficient way to isotopically reset the
Rb-Sr isotopes in muscovite fish, at the temperatures these rocks were
deformed at.

The lack of experimental data regarding Sr diffusion parameters in
muscovite such as activation energy (E,) and frequency factor (Do)
makes it difficult to estimate the Rb-Sr closure temperature using the
Arrhenius equation (following Dodson, 1973). A range of closure tem-
peratures between 450 and 600 °C have been proposed for muscovite
Rb-Sr based on comparative geochronology with U-Pb dates from
monazite, zircon and apatite, and K-Ar and “OAr/%Ar dates from
hornblende and micas (Eberlei et al., 2015; Freeman et al., 1997; Glodny
et al., 1998, 2008; Kirkland et al., 2023; Ribeiro et al., 2022b; Von
Blanckenburg et al., 1989). In cases where mylonitization temperature
was theoretically high enough to stimulate Sr isotopic resetting through
thermally activated volume diffusion, the isotopic system remained
intact (e.g., Glodny et al., 2008; Ribeiro et al., 2023). Kiihn et al. (2000)
also demonstrated that Rb-Sr isotopes in phlogopite from Norwegian
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eclogites were only disturbed at temperature conditions of ~650 °C,
higher than that typically expected (300-400 °C), which was attributed
to fluid absent conditions that prevented element transport and
re-homogenization. This literature and recent field examples suggest
that temperature alone is frequently insufficient to reset the Sr isotopic
memory of micas during ductile deformation via thermally activated
volume diffusion (Glodny et al., 2008; Kirkland et al., 2023; Ribeiro
et al., 2023).

Here, we infer the muscovite closure temperature for Rb-Sr isotopes
using estimates of Sr diffusion parameters from Jenkin (1997) to
empirically compare muscovite fish Rb-Sr and “°Ar/?°Ar in light of
thermochronology (i.e., isotopic-exchange mostly controlled by ther-
mally activated volume diffusion). As empirically suggested in the
literature, the inferred muscovite Sr closure temperature is systemati-
cally higher than muscovite Ar closure temperature using identical
cooling rates and diffusion geometry (Fig. 13B). Since muscovite fish
tend to be coarse-grained in most mylonites (up to ~1000 pm and me-
dian of ~800 pm in the medium-temperature mylonites from the TSZ),
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this simplistic closure temperature model implies a minimum defor-
mation temperature of ~600 °C to stimulate isotopic resetting via
thermally-activated volume diffusion. From this, we conclude that the
Rb-Sr isotopic system in coarse-grained muscovite fish is reset under or
above amphibolite facies conditions (600-700 °C), bracketed at higher
temperatures by the melt-in reactions due to muscovite breakdown. In
contrast, the Ar isotopic system in muscovite fish matches the myloni-
tization conditions of many crustal shear zones (450-500 °C; Ceccato
et al., 2022), suggesting it records the timing of deformation in many
cases (e.g., Dunlap et al., 1991; Mulch and Cosca, 2004; Zhu et al., 2005,
many others). However, the Ar isotopic system is extremely sensitive to
secondary processes (e.g., metamorphism and fluid-rock interaction)
and deformation-enhanced diffusion generally producing complex Ar
spectra, radiogenic Ar loss and cryptic Ar excess (Kramar et al., 2003;
Larson et al., 2023; Mulch et al., 2002; Nteme et al., 2023). Thus there
are problems with both approaches, since Rb-Sr isotopic behaviour
seems to be less affected by intragrain crystal-plastic deformation and
less sensitive to isotopic resetting, whereas *’Ar/2°Ar isotopic behaviour
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is typically reset through thermally-activated volume diffusion but is
also highly sensitive to deformation-enhanced diffusion, likely leading
to spurious data. This apparent impasse might be solved when targeting
specific muscovite microstructures linked to deformation and recrys-
tallization processes that promote grain size reduction in muscovite fish
(Ribeiro et al., 2023).

As demonstrated here, muscovite fish is typically surrounded by fine-
grained muscovite, mostly located in strain shadows (Fig. 5A, D; 6A, B),
along muscovite fish-feldspar interfaces (Fig. 5B-D) and (rarely) across
coarse-grained muscovite fish (Fig. 6C and D). Detailed EBSD mapping
characterized these grains as low strain, displaying an asymmetric
<001> single-girdle with dextral kinematics (Fig.. 7B and 9B), sugges-
tive of recrystallization coeval with mylonitization. This recrystalliza-
tion process led by crystal-plastic deformation and dissolution-
precipitation creep is key for Rb-Sr isotopes, developing neoblasts
with smaller effective diffusion length, which facilitate it to record the
timing of recrystallization during mylonitization below the estimate
closure temperature for coarse-grained mica fish, hence establishing a
direct time-strain link in complexly deformed rocks (this study; Ribeiro
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indicates the melt-in temperature (muscovite breakdown) from granitic
mylonites from the Taxaquara shear zone (Ribeiro et al., 2019, 2020a). Kernel
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quantified using the SPO freeware (Launeau and Robin, 2003). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

et al., 2023). Thus, the timing of mylonitization may be determined by
targeting muscovite microstructures associated with recrystallization
mechanisms during in situ Rb-Sr analysis using a LA-TQ-ICP-MS system,
which commonly yield Rb-Sr isochron and single dates associated with
deformation with less influence of secondary processes such as those
observed in the *°Ar/3°Ar system (see Larson et al., 2023 for a systematic
comparison between Rb-Sr and *°Ar/*’Ar in deformed Himalayan
rocks).

7. Conclusion

We provide a review on the evolution of mica fish and the effects of
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deformation in the chemical-isotopic systems, also providing advances
based on high-spatial resolution crystallographic (via EBSD) and
chemical mapping (via ToF-SIMS), and in situ Rb-Sr isotopic analysis.
The literature review combined with our new data highlight the
importance of intracrystalline deformation during fish shape develop-
ment, likely due to strain gradient from the mostly rigid muscovite core
to the edges commonly affected by synthetic simple shear. The stored
internal strain in muscovite also assist in the segregation of new and
smaller muscovite fish taking advantage of high-angle micro-cracks that
evolve to shear bands, accommodating grain size reduction, deforma-
tion and recrystallization, which evolve to micro shear zones displacing
individual sub-mica fish during progressive mylonitization. Despite high
degrees of intragrain crystal-plastic strain, mica fish accommodate
deformation solely through low-angle basal slip given its strong
anisotropy and the lack of multiple slip systems, which prevent it from
developing microstructures such as subgrains. The complex intra-
crystalline disarrangement in mica fish is known to disturb the “°Ar/3°Ar
isotopic system (e.g., cryptic “°Ar excess and °Ar loss), but our results
suggest that the Rb-Sr system is less disrupted by intracrystalline
deformation making it more suitable for dating complex deformed
grains. Yet, the combination of slow Sr diffusivity and commonly coarse
muscovite fish grain size push the Sr closure temperature towards
~600 °C or higher, thus muscovite fish may primarily date the protolith
rather than the timing of deformation. However, given its ability to
recrystallize through dynamic precipitation, mica is key to track time-
strain evolution of complexly deformed rocks with syn-kinematically
recrystallized micas along mica fish edges, strain shadows and shear
bands commonly recording the timing of deformation.
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