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A B S T R A C T

Shear zones play a major role in the deformation of the crust at a variety of scales, as expressions of strain
localization during orogeny and rifting, and also as reactivated structures. They influence the geometry and
evolution of orogenic belts and rifts, crustal rheology, magma ascent and emplacement, and fluid flow.
Consequently, assessing the timing of shear zone activity is crucial to reconstruct the tectonometamorphic
evolution of the lithosphere. The interpretation of thermochronologic data from shear zones is, however, not
straightforward. In the first place, closure temperatures depend on a number of factors (grain size, cooling rate,
mineral composition and pressure, among others). On the other hand, deformation-related processes such as
dynamic recrystallization, neocrystallization and fluid circulation seem to be crucial for isotopic systems and,
thus, the obtained ages cannot be solely interpreted as a function of temperature in sheared rocks. For this
reason, geochronologic data from shear zones might not only record cooling below closure temperature con-
ditions but may also be affected by neo- or recrystallization, fluid-assisted deformation and inheritance of the
protolith age(s). In order to robustly reconstruct P-T-ε-t paths of long-term crustal-scale shear zones, structural,
microstructural and petrologic data from mylonites need to be integrated with ages from different thermo-
chronometric systems. In addition, geochronologic data from associated intrusions and adjacent blocks can
provide further irreplaceable constraints on the timing of deformation and its regional implications. One of the
most challenging aspects that future lines of investigation should analyze is the quantitative evaluation of so far
poorly explored aspects of isotopic diffusion, particularly the coupling with deformation processes, based on
natural, theoretical and experimental data. Future works should also investigate the role of strain partitioning
and localization processes in order to constrain the timing of deformation in different parts of a shear zone or in
different branches of anastomosing shear zone networks.

1. Introduction

Shear zones are strain localization features that occur at all scales in
the lithosphere and significantly control magma emplacement, fluid
circulation, rift development and orogenic evolution, thus being one of
the main controls on lithosphere rheology (Ramsay, 1980; Sibson,
1990; Brown and Solar, 1998; Micklethwaite et al., 2010; Vauchez
et al., 2012; Montési, 2013; Clerc et al., 2015; Smeraglia et al., 2016;
Fossen and Cavalcante, 2017; Précigout et al., 2017). Assessing the
timing of shear zone activity is, therefore, critical to understand crustal
deformation behavior in different tectonic settings. However, most
shear zones have a complex evolutionary history under variable P-T

conditions that frequently involve strain partitioning and localization
processes, or even non-steady deformation (e.g., van der Pluijm et al.,
1994; Fossen and Tikoff, 1997; Carreras et al., 2010; Oriolo et al.,
2016a, 2016b). The complex nature and evolution of natural shear
zones largely prevents straightforward interpretation of geochronologic
data from such zones, and only integrated structural analysis and de-
tailed geochronology can help to unravel shear zone evolution through
time.

The timing of shearing is generally constrained by thermo-
chronology, i.e., by obtaining ages from different isotopic systems that
allow the reconstruction of a thermal history (e.g., Braun et al., 2006).
Since all isotopic systems are somehow affected by thermal effects, all
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isotopic dating can be regarded as thermochronology and, conse-
quently, it is difficult to establish a clear distinction between geo- and
thermochronology (Harrison and Zeitler, 2005; Reiners et al., 2005).
However, geochronology and thermochronology exhibit some differ-
ences, particularly in terms of their scopes. For instance, the crystal-
lization age of minerals is fundamental in geochronology, aiming to
provide an absolute temporal constraint on a magmatic or stratigraphic
age (Reiners et al., 2005). Such questions are rather irrelevant for
thermochronology which, instead, focuses on duration and rates of
processes (Reiners et al., 2005). In the case of shear zones, isotopic data
are mostly interpreted in the light of thermochronology, though other
factors may play a major role in isotopic diffusion as well (see below).
There is, therefore, a fuzzy boundary between geochronology and
thermochronology, which is intrinsically related to processes occurring
in shear zones.

In shear zones, thermochronologic data can be obtained directly
from mylonitic rocks or from blocks adjacent to the shear zone, whereas
crystallization ages of associated magmatic rocks may provide further
constraints (van der Pluijm et al., 1994; Oriolo et al., 2016a). Ther-
mochronologic methods consider isotopic diffusion to be primarily
governed by temperature and, hence, isotopic systems are interpreted
in terms of their characteristic closure temperatures (Dodson, 1973).
When combined with microstructural and/or thermobarometric data,
cooling and exhumation rates can be derived and, therefore, thermo-
chronology allows for reconstruction of P-T-ε-t (pressure-temperature-
strain-time) paths of sheared regions. Nevertheless, isotopic diffusion
might not be solely controlled by temperature, but may also be influ-
enced by solid-state processes such as recrystallization, fluid circulation
and metamorphic reactions (Dunlap, 1997; Villa, 1998; Mulch and
Cosca, 2004; Harley et al., 2007; Tagami, 2012; Harlov, 2015; Oriolo
et al., 2016a), all of which are ubiquitous in shear zones. In addition to
complex structural histories (e.g., Carreras et al., 2013; Druguet et al.,
2018), ambiguities concerning diffusion thus pose a challenge for the
interpretation of geochronologic data from shear zones.

A recent debate on the evolution of the Cap de Creus shear zone
network (eastern Pyrenees) has highlighted controversies about the
meaning of shear zone geochronologic data (Vissers et al., 2016;
Druguet et al., 2018), despite being one of the most well-known shear
zone systems in the world (Carreras and Druguet, 1994; Carreras, 2001;
Druguet, 2001; Carreras et al., 2005, 2013; Druguet et al., 1997, 2013).
40Ar/39Ar muscovite data from mylonites were presented by Vissers
et al. (2016), who interpreted these ages as the result of shear zone
activity during Jurassic extension. In contrast, Druguet et al. (2018)
emphasized structural evidence pointing to a Late Paleozoic deforma-
tion age related to the Variscan orogeny, arguing that muscovite ages
result from partial resetting of the 40Ar/39Ar system (i.e., partial Ar loss
due to thermal overprinting) during Meso-Cenozoic thermal events and
do not constrain the timing of shearing. Druguet et al. (2018) chal-
lenged the interpretation of Vissers et al. (2016), emphasizing that
diffusion parameters have to be calculated for a robust evaluation of
their 40Ar/39Ar data.

In recent years, several contributions have summarized and revised
structural, microstructural, geometric and rheologic aspects of shear
zones (Carreras et al., 2005, 2010; Xypolias, 2010; Platt and Behr,
2011a, 2011b; Law, 2014; Cao and Neubauer, 2016; Fossen and
Cavalcante, 2017; Passchier and Platt, 2017). On the other hand, robust
models of shear zone evolution based on combined structural, micro-
structural, geochronologic and petrologic data are still scarce, as re-
cently emphasized by Fossen and Cavalcante (2017). For this reason,
this contribution aims to provide guidelines and some “notes of cau-
tion” for the evaluation and interpretation of geochronologic data in
shear zones, based on a general background on diffusion-related pro-
cesses, closure temperature, and structural and microstructural aspects.
Details on particular geochronologic methods and systems are outside
of the scope of the manuscript, for which the reader is referred to more
specific contributions. Although several aspects of shear zone dating

presented herein are also valid for other metamorphic and even igneous
rocks, the focus is placed on ductile shear zones, regarded as high-strain
tabular zones following the classical definition of Ramsay, 1980 see also
(Fossen and Cavalcante, 2017). In this sense, geochronology of mylo-
nites recording ductile deformation (> 300 °C) is emphasized, though
some considerations regarding shear zone rocks related to brittle-duc-
tile and brittle deformation (e.g., fault gouge, pseudotachylites) are
presented as well (e.g., Sibson, 1977; Fossen and Cavalcante, 2017).

2. Introduction to geochronology and analytical methods

The basic principle of isotopic geology is the radioactive decay, i.e.,
the radioactive disintegration of a parent isotope to a daughter isotope.
Radioactive decay is independent of external physical and chemical
effects and occurs at a rate related to the amount of parent nuclide and
a decay constant λ that represents the likelihood that a radioactive
disintegration takes place in a certain unit of time (e.g., Vermeesch,
2015). In this contribution, two main groups of isotopic systems are
considered, due to their massive application in shear zone-related and
other metamorphic rocks: those related to the U-Th-Pb system, mostly
used for high-temperature thermochronology (> 600 °C), and those
associated with the K-Ar and Rb-Sr systems, applied to medium to low-
temperature conditions (Section 3, Table 1).

The U-Th-Pb system is one of the most used isotopic systems in
geochronology, due to the abundance of high-U minerals (e.g., zircon,
monazite, titanite, rutile, apatite), which are significantly resistant to
chemical and physical weathering (Schoene, 2014, and references
therein). This isotopic system is based on the U-Th-Pb decay series,
which comprise the decay of 238U, 235U and 232Th to 206Pb, 207Pb and
208Pb, respectively, with λ238= 1.551359× 10−10 y−1,
λ235= 9.845841× 10−10 y−1 and λ232= 4.933431× 10−11 y-1

(Vermeesch, 2015). In general, three main analytical techniques have
been applied to U-Th-Pb dating: ID-TIMS (isotope-dilution thermal io-
nization mass spectrometry), LA-ICP-MS (laser ablation inductively-
coupled plasma mass spectrometry) and SIMS (secondary ion mass
spectrometry), the latter of which also includes the SHRIMP (sensitive
high-resolution ion microprobe) method (e.g., Schaltegger et al., 2015,
and references therein). ID-TIMS is a high-precision, whole-grain
method, whereas SIMS and LA-ICP-MS present a higher spatial resolu-
tion and are thus more adequate to date crystals recording a polyphase
evolution (e.g., Schaltegger et al., 2015). In turn, SHRIMP requires a
smaller spot for analysis than LA-ICP-MS, thus being more adequate for
complex crystal zonation patterns, such as metamorphic zircons
(Kröner et al., 2014). In all cases, these methods require a mechanical
separation of the mineral fraction to be dated. In contrast, in situ
methods such as the electron microprobe (EMP) Th-U-Pb dating of

Table 1
Estimated closure temperature (Tc) for different isotopic systems, commonly
used (or potentially applicable) to date shear zones.

Tc (°C) References

U, Th, Pb zircon > 900 Lee et al. (1997), Cherniak and Watson (2000)
Th, Pb monazite > 900 Cherniak et al. (2004), Cherniak and Pyle

(2008)
Pb titanite 650 ± 50 Cherniak (1993), Dahl (1997), Frost et al.

(2000)
Pb rutile 600 ± 100 Cherniak (2000), Vry and Baker (2006),

Kooijman et al. (2010)
Sm, Nd garnet 600 ± 30 Mezger et al. (1992a)
Sr muscovite 500 ± 50 Jäger et al. (1967), Jäger (1977)
Ar hornblende 530 ± 40 Harrison (1981)
Pb apatite 450 ± 100 Chamberlain and Bowring (2000), Schoene and

Bowring (2007), Chew and Spikings (2015)
Ar muscovite 350–425 Purdy and Jäger (1976), Harrison et al. (2009)
Sr biotite 350 ± 50 Jäger (1977), Verschure et al. (1980)
Ar biotite 310 ± 40 Harrison et al. (1985), Grove and Harrison

(1996)
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monazite (Suzuki et al., 1991; Montel et al., 1996; Spear et al., 2009)
allow obtaining ages from polished thin sections, permitting to interpret
the resulting age in a microstructural context (see also Section 6.1).

On the other hand, the K-Ar system has been widely used to date
shear zones, since it can be applied within medium to low temperature
ranges, common in natural shear zones (Table 1, Section 3). This system
is based on the decay of 40K to 40Ar via electron capture followed by γ
decay or directly by electron capture, with a combined
λ40= 0.581×10-10 y-1 (Steiger and Jäger, 1977). In the K-Ar method,
K is measured by conventional chemical methods (e.g., flame photo-
metry, atomic absorption spectroscopy, isotope dilution), whereas Ar
isotopes are determined on a separate aliquot (e.g., Kelley, 2002, and
references therein). In contrast, the 40Ar/39Ar technique allows to
measure both in the same aliquot, since K is measured by irradiating the
sample in a nuclear reactor, creating 39Ar from 39K by neutron bom-
bardment (e.g., McDougall and Harrison, 1999; Kelley, 2002). In par-
ticular, the stepwise heating approach for 40Ar/39Ar permits to verify
premises of closed system, based on the presence of the so called
“plateau age” pattern (e.g., McDougall and Harrison, 1999). Similarly
to in situ monazite dating, in situ40Ar/39Ar dating also allows inter-
preting ages in their microstructural setting (e.g., Di Vincenzo et al.,
2001; Mulch et al., 2002; Mulch and Cosca, 2004). 40Ar/39Ar seems to
be, however, problematic in the case of fine-grained K-bearing minerals
(illite, white mica), essentially due to 39Ar recoil arising from neutron
flow during irradiation, for which K-Ar seems to be more adequate
(Clauer et al., 2012; Clauer, 2013). In this sense, the combination of K-
Ar dating of fine mineral fractions with X-ray diffraction (XRD) data
allows the quantification of the crystallinity index (Kübler Index),
which is useful in order to assess temperature conditions and to dis-
criminate between neoformed and inherited crystals (e.g., Kübler,
1964; Frey, 1987; Kisch, 1987; Löbens et al., 2011; Wemmer et al.,
2011; Doublier et al., 2015; Viola et al., 2016; Bense et al., 2017).

Finally, the Rb-Sr dating is based on the β- decay of 87Rb to 87Sr with
a λ87= 1.41× 10-11 y-1 (Steiger and Jäger, 1977), though some mod-
ifications to the decay constant have been suggested during the last
decades (Villa et al., 2015, and references therein). In terms of analy-
tical approaches, Rb-Sr isotopes have been classically separated using
standard cation exchange procedures and subsequently measured by
TIMS, though some attempts by LA-ICP-MS have been presented in the
last years (e.g., García-Ruiz et al., 2008; Hogmalm et al., 2017).

3. Isotopic closure, the Alpha and the Omega

3.1. Closure temperature

The first requirement for the interpretation of isotopic data is the
existence of a “closed isotopic system”, which implies that the host
mineral does not exchange isotopes with its surroundings (e.g., Villa,
1998), since diffusion rates are negligible. In thermochronology, iso-
topic closure can be understood by means of the closure temperature Tc,
which is defined as “the temperature of the system at the time re-
presented by its apparent age” (Dodson, 1973). Once a rock starts
cooling and achieves a certain temperature (i.e., open-system tem-
perature), the daughter isotope will start to be retained (Braun et al.,
2006). After further cooling, negligible diffusion rates allow retention
of the daughter isotope and a closed-system behavior is achieved. The
upper temperature limit of this closed-system behavior is the blocking
temperature, whereas Tc lies between the open-system and the blocking
temperature, within the partial retention zone (Braun et al., 2006). The
relationship between thermally activated diffusion D, which is re-
stricted to volume diffusion, and temperature T arises from the Ar-
rhenius equation (Eq. (1); Dodson, 1973; Harrison et al., 2009), where
D0 is the frequency factor, Ea the activation energy and R the gas
constant.

=
−D D e E RT

0
/a (1)

According to Dodson (1973), the Tc of a certain geochronologic
system can thus be calculated as:

=

( )
T E

R ln
c

a
AτD
as

0
2 (2)

where A is a constant depending on the geometry and decay constant of
the parent isotope, τ the time constant with which D diminishes, and as
is the characteristic diffusion size (Dodson, 1973). Though Eq. (2) is
only valid if T-1 increases linearly with time, a good approximation is
obtained by relating τ to the slope of the cooling curve at Tc (Dodson,
1973).

Table 1 presents a summary of several thermochronometers and
their closure temperatures which are widely applied to reconstruct
thermal histories of metamorphic rocks. The first limitation is that Ea
and D0 are experimentally determined and, depending of the applied
values for the Tc calculation, the obtained temperatures may vary (e.g.,
see compilations of Pb and Ar diffusion parameters by Dahl, 1997, and
Braun et al., 2006, respectively). Additionally, A takes different values
for a sphere, cylinder or plane sheet geometry (Dodson, 1973). For the
K-Ar system in muscovite, Harrison et al. (2009) highlighted differences
in diffusion parameters arising from the assumption of a plane sheet
(Robbins, 1972) or an infinite cylinder geometry (Hames and Bowring,
1994). Differences in A are related to the fact that diffusion depends on
the crystallographic structure and is thus strongly anisotropic, i.e.,
different crystallographic directions exhibit different D values (Hames
and Bowring, 1994; Cherniak, 1995; Ganguly et al., 2007; Reich et al.,
2007).

Besides values assumed for constants A, Ea and D0, Eq. (1) shows
that closure temperatures depend on the grain size as. For instance,
many experimental studies consider as to be equivalent to the physical
grain half width of prismatic minerals (e.g., Farley, 2000) On the other
hand, τ can be expressed as a function of cooling rate Ṫ (e.g., Dodson,
1973; Braun et al., 2006), as follows:

=

−τ RT
E Ṫa

2

(3)

Eq. (1) can thus be rewritten as shown in Eq. (4), which can be
solved by an iterative determination considering that Tc appears on
both sides (Dodson, 1973).

=

−( )
T E

R ln
c

a
ART D
a E Ṫ

c
s a

2 0
2 (4)

According to Eq. (4), it is evident that Tc also varies as a function of
the cooling rate Ṫ. In order to evaluate the influence of the different
parameters, variations of closure temperatures for the Ar diffusion in
different minerals that are commonly applied in shear zone studies are
illustrated in Fig. 1, considering a grain size range of 100-500 μm and
cooling rates within the range of natural shear zones (ca. 5-100 °C/my;
Grégoire et al., 2009; Webb et al., 2010; Bonamici et al., 2014; Oriolo
et al., 2016a). In the particular case of feldspars, vacuum experiments
on Ar diffusion reveal subparallel arrays in the log(D/as2) vs (10000/T)
diagram and, therefore, Ar diffusivity can be characterized in sub-
domains with different as (e.g., Lovera et al., 1989).

3.2. Further controls on isotopic closure

Besides closure temperature and its controlling parameters, other
factors might also influence isotopic closure. Some of the most im-
portant are pressure, mineral composition, neo-/recrystallization and
fluids (Dunlap, 1997; Villa, 1998; Mulch and Cosca, 2004; Tagami,
2012; Harlov, 2015; Oriolo et al., 2016a). Since the latter two are of
particular importance in shear zones, they are treated separately (see
Section 3.3).

The diffusion model of Dodson was formulated at isobaric
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conditions, and the influence of pressure on closure temperatures has
been poorly evaluated. However, Arrhenius parameters used for closure
temperature calculations may vary with pressure (Fig. 2; Harrison et al.,
1985, 2009; Villa et al., 2014). For instance, Harrison et al. (2009)
indicated D0= 4 cm2⋅s-1 for Ar closure in muscovite at 10 kbar, whereas
a value of D0= 20 cm2⋅s-1 was calculated for the same system at 5 kbar,
considering an activation volume of 14 cm3⋅mol-1. Predicted closure
temperatures show differences of ca. 20-30 °C (Fig. 2; Harrison et al.,
2009). In the same way, Lister and Baldwin (1996) indicated higher
closure temperatures for white mica in high-pressure than in low-
pressure rocks. An interesting attempt to quantitatively evaluate

pressure effects in diffusion process was recently presented by Liang
(2017), who modified Dodson’s (1973) formulation to obtain corrected
pressure-dependent equations for Tc calculations.

In addition to pressure, mineral composition might also affect
Arrhenius parameters used for Tc calculations. This is particularly re-
levant for biotite, which shows significant differences in D0 and Ea
values for Ar closure depending on the Fe/Mg ratio, which, in turn,
results in variations in Ar retentivity and significantly different closure
temperatures (Fig. 1; Harrison et al., 1985; Grove and Harrison, 1996;
Braun et al., 2006). Closure temperature of the Rb-Sr system in biotite is
also affected by mineral compositions, since it is influenced by Rb and
Sr contents and their partition coefficients (Jenkin et al., 2001). Ad-
ditionally, modal composition of the rock affects the closure tempera-
ture of Sr diffusion in both muscovite and biotite due to cation ex-
change processes (Jenkin, 1997; Jenkin et al., 2001).

3.3. Deformation-related processes

Deformation-related processes such as recrystallization, neocrys-
tallization and fluid circulation are well-documented solid-state phe-
nomena playing a major role in isotopic exchange (Villa, 1998). All
these variables are intimately related since, on one hand, fluids can be
released during breakdown of hydrous minerals, thus favoring strain
localization and deformation, whereas the latter promotes changes in
porosity and permeability that, on the other hand, affect fluid flow
(e.g., Kolb, 2008; Mittempergher et al., 2014; Fossen and Cavalcante,
2017; Violay et al., 2017). When present, fluid-assisted (re)crystal-
lization is a more efficient mechanism for isotopic exchange than
thermally activated diffusion and, hence, it will be the main controlling
factor (Villa, 1998). In addition, sub-microscopic and lattice defects
related to deformational microstructures may also play a major role in
isotopic diffusion, as shown for Ar in both naturally and experimentally
deformed micas (Mulch et al., 2002; Cosca et al., 2011). This means

Fig. 1. Variation of closure temperature as a function of cooling rate and effective diffusion radius (as) for different minerals. In the case of hornblende and biotite,
variations arising from different input parameters (frequency factor D0) are also shown. Variation of closure temperature with composition are illustrated by Fe-Mg
micas (i.e., phlogopite and biotite) based on Xannite. Closure temperatures were calculated using Closure 1.2 (Brandon et al., 1998; Brandon, 2007). a) Hornblende
(experimental data: Ea=268 kJ⋅mol-1, D0= 0.060 cm2⋅s-1, Harrison, 1981; experimental and geological data: Ea=268 kJ⋅mol-1, D0= 0.024 cm2⋅s-1, Harrison,
1981). b) Phlogopite, Xannite=0.04 (Ea=242 kJ⋅mol-1, D0= 0.075 cm2⋅s-1, Giletti, 1974). c) Muscovite (Ea=267.8 kJ⋅mol-1, D0= 20 cm2⋅s-1, Harrison et al., 2009).
d) Biotite, Xannite=0.55 (Ea=197 kJ⋅mol-1, D0= 0.075 cm2⋅s-1, Harrison et al., 1985; Grove and Harrison, 1996) and Xannite=0.71 (Ea=197 kJ⋅mol-1,
D0= 0.04 cm2⋅s-1, Grove and Harrison, 1996).

Fig. 2. Variation of closure temperature as a function of cooling rate and ef-
fective diffusion radius (as) for muscovite, considering Ea=267.8 kJ⋅mol-1 and
different frequency factor values for pressures of 5 (D0= 20 cm2⋅s-1) and
10 kbar (D0= 4 cm2⋅s-1) (modified after Harrison et al., 2009). Closure tem-
peratures were calculated using Closure 1.2 (Brandon et al., 1998; Brandon,
2007).
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that, in many cases, isotopic ages cannot be directly interpreted as
“cooling ages”, thus complicating the reconstruction of true T-t cooling
paths. Instead, ages might represent the timing of mineral (re)crystal-
lization and/or hydrothermal fluid circulation, as these deformation-
related processes lead to resetting of the isotopic system mostly at or
below Tc temperature conditions.

Combined 40Ar/39Ar diffusion experiments and thermal modelling
of K-feldspars with 40Ar/39Ar ages and an evaluation of diffusion
parameters of white mica ages reveal white mica neocrystallization
related to thrusting at ca. 250-350 °C in quartzite mylonites of the Ruby
Gap duplex (central Australia) (Dunlap, 1997). Fossen and Dunlap
(1998) found that the eastern part of the basal Caledonian thrust zone
under the Jotun Nappe (southern Norway) yielded two age groups: an
older (ca. 415-408Ma) for samples showing thrust-related kinematics,
and a younger (ca. 402-394Ma) for samples reworked by extensional
reactivation. Hence, the ages from these samples were interpreted as
recrystallization (deformation) ages. In the basement south of the Ca-
ledonian nappe front, Mulch and Cosca (2004) demonstrated fluid-as-
sisted synkinematic crystallization of muscovite under temperature
conditions of ca. 300 °C during deformation in the Proterozoic Pors-
grunn-Kristiansand Shear Zone (southern Norway). Microstructural
evidence suggests relatively low temperatures of deformation, whereas
homogeneous intragrain 40Ar/39Ar and δ18O data indicate neo- and
recrystallization of white mica in the presence of meteoric fluids (Mulch
and Cosca, 2004). Comparable results were reported by Mulch et al.
(2006) for the Columbia River Detachment (western Canada), based on
the lack of correlation between homogeneous 40Ar/39Ar apparent ages
and effective grain size and microstructural evidence of recrystalliza-
tion related to dissolution-precipitation, thus suggesting that 40Ar/39Ar
muscovite ages record neocrystallization and recrystallization in
quartzite mylonites. On the other hand, Oriolo et al. (2016b) obtained
40Ar/39Ar and K-Ar muscovite and fuchsite data in folded metasedi-
ments crosscut by strike-slip shear zones of the Dom Feliciano Belt
(central Uruguay). Regional cooling is recorded by foliation-parallel
mica ages of ca. 625-600Ma in metasediments, whereas mica fish in
sheared metasediments exhibit ages of ca. 600-580Ma. Since micas are
oriented parallel to the respective metamorphic and mylonitic foliations
and the same isotopic systems were evaluated in both folded and
sheared metasediments, it can be inferred that recrystallization and
strain-related processes during shearing favored isotopic exchange, re-
sulting in ages of sheared rocks that are younger than those of their
non-sheared counterparts.

Similarly to Ar, the Rb-Sr system is also likely to be significantly
affected by low-T deformation processes. Eberlei et al. (2015) found
that mean Rb-Sr muscovite–whole-rock apparent ages decrease from
weakly deformed to mylonitic samples that show significant composi-
tional changes along muscovite kink bands, microcracks and subgrain
boundaries. These recrystallization-related microstructures constituted
diffusion pathways that favored loss of Sr in white micas, suggesting
that diffusion in the Rb-Sr system at< 500 °C is controlled by de-
formation (Eberlei et al., 2015). This is in good agreement with
Freeman et al. (1997), who concluded that dynamic (re)crystallization
was the main controlling factor for Sr isotopic exchange below closure
temperature conditions in mylonites of the Entrelor Shear Zone
(northern Italy). Comparable results were obtained by Bozkurt et al.
(2011) for the Simav extensional detachment fault zone (Turkey), for
which Rb-Sr muscovite and biotite ages seem to record fluid-assisted
low-T deformation in mylonites and foliated cataclasites.

In addition to Ar and Sr diffusion in micas, strain- and fluid-related
processes can significantly influence isotopic exchange in high tem-
perature thermochronometers, i.e., those yielding closure temperatures
above ca. 600 °C (Table 1). Zircon shows the highest closure tempera-
ture for the U-Th-Pb system (Table 1; Dahl, 1997; Lee et al., 1997;
Cherniak and Watson, 2000), which, nonetheless, can be affected by
low-temperature hydrothermal fluids (Geisler et al., 2017; Harley et al.,
2007). Re-equilibration of zircon might occur essentially by diffusion-

reaction or coupled dissolution-reprecipitation processes, mostly in the
presence of fluids (e.g., Mezger and Krogstad, 1997; Geisler et al.,
2017). The latter mechanism was reported for mylonites of the Monte
Rosa granitic gneiss deformed at ca. 500 °C (Dempster et al., 2008). On
the other hand, recent electron backscatter diffraction (EBSD) data from
zircons hosted by a strike-slip shear zone in the Eastern Alps (Austria)
revealed that zircon may undergo crystal-plastic deformation under
amphibolite facies, which in turn may affect element diffusion and
zircon geochronology (Kovaleva et al., 2018). Furthermore, weighted
Burgers vectors data of MacDonald et al. (2013) indicate that shear
zone-related zircons underwent post-crystallization crystal lattice dis-
tortion due to plastic deformation, which also modified zircon trace
element composition and U-Th-Pb system, since crystal defects provide
effective pathways for cation exchange (Reddy et al., 2006).

As in the case of zircon, U-Pb titanite ages may also record the
timing of deformation and metamorphism below Tc (Table 1). Oriolo
et al. (2016b) obtained a U-Pb LA-ICP-MS concordant titanite age of
588.0 ± 7.1 Ma for mylonites recording sinistral shearing at ca. 550-
450 °C along the Sarandí del Yí Shear Zone (Uruguay, Fig. 3a). For the
same sample, a U-Pb LA-ICP-MS concordant zircon age of
2048.3 ± 11.0 Ma constrains the timing of the igneous protolith
crystallization (Fig. 3b; Oriolo et al., 2016a). Since the titanite age is,
within error, comparable to 40Ar/39Ar hornblende (Fig. 3c) and mus-
covite plateau ages of the shear zone recording shear zone deformation
(Oriolo et al., 2016a), it might reflect re-equilibration of the U-Th-Pb
system during shearing below Tc temperature conditions. In addition, a
few titanite ages around 2.0 Ga, which are comparable to the zircon
age, record the protolith age (Fig. 3a).

Monazite has a very high closure temperature due to its very low
diffusion rates for Th, U and Pb (Table 1; Dahl, 1997; Cherniak et al.,
2004; Cocherie et al., 2005; Dahl et al., 2005). When crystallized from
granitic melts, monazite can be considered as a highly refractory mi-
neral, but in contrast to zircon, inherited monazite is rarely found in
granitoids. In granitoids, the occurrence of magmatic monazite is re-
stricted to peraluminous types, such as two-mica and cordierite-bearing
granitoids (Barbarin, 1999). Depending on bulk rock compositions,
metamorphic monazite potentially crystallizes in Ca-poor and Al-rich
metapelites at temperatures above 300 °C (Spear and Pyle, 2002; Janots
et al., 2007; Spear, 2010). Apart from rock bulk composition and me-
tamorphic temperature at medium to low pressures, the (re)crystal-
lization of monazite is apparently controlled by the presence of various
fluids, as has been documented in field and experimental studies
(McFarlane and Harrison, 2006; Just et al., 2010; Budzyń et al., 2011,
2015, 2017; Harlov et al., 2011; Williams et al., 2011; Schulz and
Schüssler, 2013; Harlov, 2015). As a consequence, the Th-U-Pb dating
of monazite has a significant potential to constrain geological events in
shear zones and the involved protoliths, even below Tc.

Monazite Th-U-Pb dating is based on the observation that con-
centrations of common Pb in monazite are negligible when compared to
radiogenic Pb resulting from the decay of Th and U. As Th concentra-
tions in magmatic and metamorphic monazites are commonly high (ca.
3-14 wt. %), a sufficient amount of radiogenic Pb, detectable by elec-
tron microprobe analysis, can accumulate in monazite within a time
span of more than ca. 80 my. When the Pb concentrations are near the
detection limits, a considerable error arises on the ages (Jercinovic
et al., 2008; Montel et al., 1996; Pyle et al., 2005; Suzuki and Kato,
2008; Williams et al., 2006) and, therefore, the age resolution of the
method is limited in young orogens. In shear zones within Paleozoic
and older orogens, monazite ages can record a polyphase evolution
with several age generations below Tc conditions and even involving
the protolith history (Shaw et al., 2001; Tchato et al., 2009; Just et al.,
2010). For instance, Oyhantçabal et al. (2012) reported identical K-Ar
muscovite and Th-U-Pb monazite ages of 606 ± 10 Ma (Fig. 4a, c) for
mylonites deformed under greenschist facies conditions (ca. 400-
450 °C) in the Rivera Shear Zone (northern Uruguay), clearly below the
expected closure temperature of monazite (> 900 °C, Table 1). An older
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monazite population, however, also constrains a Paleoproterozoic am-
phibolite facies metamorphic event at ca. 1.98 Ga (Fig. 4b), succeeding
multistage magmatism and high-grade metamorphism at ca. 2.2-2.0 Ga
recorded by U-Pb zircon and titanite ages (Fig. 4a; Santos et al., 2003;
Oyhantçabal et al., 2012; Oriolo et al., 2016c). Despite its relatively
high closure temperature (Table 1), monazite may thus provide tem-
poral constraints in a wide temperature range, covering the spectrum of
high- (zircon, titanite) to medium-to-low-temperature (muscovite)
thermochronometers.

4. The significance of the protolith

The protolith of mylonitic rocks is typically examined in order to
evaluate variations in deformation mechanisms and conditions, and

volume-loss reactions (e.g., O’Hara and Blackburn, 1989; Fitz Gerald
and Stünitz, 1993; Stipp et al., 2002). In contrast, protoliths have re-
ceived much less attention in geochronologic studies, in spite of being
critical for age interpretations (Oriolo et al., 2016a). At first glance the
age of the protolith defines a maximum age for the deformation, which
may or may not be useful, depending on the specific case. However,
further valuable information might be extracted from a detailed pro-
tolith evaluation.

Fig. 5 shows the hypothetic evolution of a shear zone developed in a
granitic basement that underwent deformation at t2 and t4, assuming
that, for instance, t2 and t4 shearing events take place at ca. 400 and
300 °C, respectively. Since the granitic protolith I has a crystallization
age t1 that is older than the first deformation event t2, and t2 tem-
perature conditions are immediately below the closure temperature for

Fig. 3. Geochronologic data of mylonites of the Sarandí del Yí Shear Zone showing resetting of U-Pb titanite ages below Tc conditions during sinistral shearing. The
Sarandí del Yí Shear Zone recorded sinistral shearing at ca. 450-550 °C constrained by microstructural and textural data (Oriolo et al., 2015) and a cooling rate higher
than 10 °C⋅my-1 (Oriolo et al., 2016a). Closure temperature for Pb diffusion in titanite is above ca. 600 °C, particularly for grain sizes larger than 100 μm (see Fig. 8 for
comparison) and cooling rates higher than 10 °C⋅my-1 (Table 1; Cherniak, 1993; Dahl, 1997; Frost et al., 2000). a) U-Pb LA-ICP-MS titanite data (modified after Oriolo
et al., 2016b). Paleoproterozoic inheritance is recorded by few crystals, being similar to the protolith age (b), whereas the concordia age defined by most grains is
comparable to the Ediacaran 40Ar/39Ar hornblende age resulting from sinistral shearing (c). Inset shows SEM micrograph of a representative titanite crystal. b)
Paleoproterozoic protolith age recorded by concordant U-Pb LA-ICP-MS zircon data (modified after Oriolo et al., 2016a). Representative cathodoluminiscence image
of zircon exhibiting magmatic oscillatory zoning is presented in the inset. c) Timing of sinistral shearing constrained by an 40Ar/39Ar hornblende plateau age
(modified after Oriolo et al., 2016a). Boudinage of hornblende parallel to the stretching lineation direction is shown in the inset, supporting synkinematic de-
formation. Arrows indicate interboudin areas.
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Ar diffusion in muscovite, the timing of this event should be recorded
by a K-Ar muscovite age obtained from mylonites with this protolith.
Conversely, mylonites with a granitic protolith II would not record any
deformation prior to t3 and, hence, no cooling age would predate the
timing of protolith crystallization. This means that, for these mylonites,
K-Ar muscovite ages may record synkinematic crystallization during t4
but do not reflect the true thermal history of the shear zone. In other
words, true cooling paths can only be obtained from mylonites derived
from protolith I, which record the whole T-ε-t evolution of the struc-
ture.

An additional problem that may be introduced by intrusions is the
resetting of thermochronometers due to contact metamorphism (e.g.,
Siegesmund et al., 2004; Ayers et al., 2006). Within this framework, the
intrusion of granite II may also locally affect thermochronometers in

mylonites with the granitic protolith I close to the pluton. In the case of
synkinematic intrusions, the expected exponential temperature-dis-
tance function for an undisturbed aureole may be replaced by a linear
function, since strain may also influence the cooling pattern (Stipp
et al., 2004).

The example of Fig. 5 illustrates the importance of understanding
protoliths in mylonitic rocks, which is not trivial as deformation may
obliterate primary features, particularly when different protoliths are
lithologically similar. This was clearly shown for the Sarandí del Yí
Shear Zone (Uruguay), which is dominated by granitic mylonites,
formed by shearing of ca. 2.1-2.0 Ga granitoids (Oriolo et al., 2015).
First, coupled U-Pb and Lu-Hf zircon data allowed the recognition of the
Paleoproterozoic wall rock (Oriolo et al., 2016a), since both adjacent
blocks (i.e., the Piedra Alta and Nico Pérez terranes) present similar

Fig. 4. a) Geological map of the Isla Cristalina de Rivera (Uruguay), where the Rivera Shear Zone is exposed (modified after Oyhantçabal et al., 2012, 2018).
Geochronologic data after Santos et al. (2003), Oyhantçabal et al. (2012) and Oriolo et al. (2016c). Zircon U-Pb ages (white rectangles) constrain Paleoproterozoic
magmatism and associated high-grade metamorphism, and subsequent Neoproterozoic magmatism. In the Rivera Shear Zone Monazite, Th-U-Pb ages (black rec-
tangles, white text) record both retrograde Paleoproterozoic metamorphism, similar to ages recorded in the Paleoproterozoic Valentines-Rivera Granulitic Complex,
and late Neoproterozoic shearing, exactly matching the K-Ar muscovite age (black rectangle, yellow italic text). Record of both Paleoproterozoic (b) and Ediacaran
(c) tectonometamorphic events is also illustrated by histograms of monazite ages of the Rivera Shear Zone with distribution function of Sambridge and Compston
(1994) (modified after Oyhantçabal et al., 2012). (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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zircon crystallization ages but distinct Lu-Hf signatures (Oriolo et al.,
2016c). In a broad sense, Lu-Hf signatures permit to distinguish
magmas characterized by juvenile depleted-mantle sources (su-
prachondritic εHf values) from those dominated by reworking of older
crustal sources (subchondritic εHf values), allowing to discriminate
between zircon populations that may yield comparable crystallization
ages. Paleoproterozoic zircons of the Piedra Alta Terrane and mylonites
yield suprachondritic εHf values, thus contrasting with coeval zircons of
the Nico Pérez Terrane that yield subchondritic εHf values (Oriolo et al.,
2016a, 2016c). In addition, a second group of granitic protoliths
yielded crystallization ages of ca. 0.6 Ga, which are absent in the un-
deformed wall rock and are coeval with deformation (Oriolo et al.,
2016a). These Ediacaran granitic protoliths were thus essential for the
evaluation of U-Pb titanite and 40Ar/39Ar hornblende and muscovite
data (Oriolo et al., 2016a, 2016b), since they are problematic for ob-
taining true cooling paths (Oriolo et al., 2016a).

In a similar way, a 40Ar/39Ar muscovite plateau and U-Pb zircon
concordant ages of 585.8 ± 1.6 and 551.0 ± 4.4Ma, respectively,
were obtained for mylonites of the Sierra Ballena Shear Zone (Uruguay)
(Oyhantçabal et al., 2010, 2011a). These results may seem contra-
dictory if only closure temperatures for both isotopic systems are con-
sidered (Table 1). However, detailed mapping, microstructural analysis
and geochemical data reveal that the protolith of the zircon sample
corresponds to a rhyolitic dike (Fig. 6) that intruded the shear zone
after the onset of deformation, as recorded by its muscovite age, and
was subsequently sheared (Oyhantçabal et al., 2010, 2011a).

As in the case of igneous protoliths, ages of mylonites deriving from
sedimentary protoliths have to be carefully evaluated, due to possible
mixing of metamorphic and detrital ages (e.g.; Kirschner et al., 1996;
Dunlap, 1997). In the Western Alps, Villa et al. (2014) interpreted
40Ar/39Ar white mica ages as the result of mixing of different mica
generations (i.e., detrital, HP metamorphic and shearing-related). Ac-
cording to these authors, Ar inheritance in incompletely recrystallized
detrital white mica crystals might thus satisfactorily account for pre-
viously reported older ages for the HP event (Villa et al., 2014, and
references therein).

5. The brittle-ductile transition

Crustal deformation at depths below or above the brittle-ductile
(brittle-plastic) transition has been treated separately in most thermo-
chronologic studies. Methods presented in Table 1 are essentially ap-
plicable to ductile shear zones, linked to dynamic recrystallization
processes under low- to high-grade metamorphic conditions. In

contrast, frictional deformation mechanisms operate in the field of
brittle deformation and, therefore, other methods such as K-Ar in illite,
feldspar and pseudotachylite, and (U-Th)/He and fission tracks in both
apatite and zircon have been applied (e.g., Crone and Omdahl, 1987;
Sherlock and Hetzel, 2001; Streepey et al., 2002; Reiners and Brandon,
2006; Whitmeyer, 2008; Cassata et al., 2009; Carrapa, 2010; Löbens
et al., 2011, 2017; Wolff et al., 2012; Bense et al., 2014, 2017; Viola
et al., 2016; Süssenberger et al., 2017). On the other hand, shear zones
recording deformation under conditions close to those of the brittle-
ductile transition (ca. 300 ± 50 °C for quartz-rich rocks; e.g., Stipp
et al., 2002) typically encompass a complex lithological association
including ultramylonites, non-foliated and foliated cataclasites, pseu-
dotachylites, phyllonites, and breccias (e.g.; Sibson, 1977, 1983;
Simpson, 1986), thus sharing features of both ductile and brittle de-
formation. Distinct mineral reactions and deformation mechanisms to-
gether with processes such as hydrolytic weakening occur under these
conditions, triggering major rheologic changes (Simpson, 1986;
Wiberley, 1999; Gueydan et al., 2004; Jefferies et al., 2006;
Mancktelow, 2006; Bokuvská et al., 2016). In addition, there is a strong
coupling between fluids and deformation at brittle-ductile transition
conditions, since deformation may affect permeability and, conse-
quently, fluid flow, which in turn may influence the seismic cycle (e.g.,
Doglioni et al., 2014; Violay et al., 2017). The seismic cycle, on the
other hand, controls upper crustal exhumation, uplift and erosion, thus
being intimately related to thermochronology. For this reason, the ap-
plication of thermochronology in rocks recording shearing at the
brittle-ductile transition, so far poorly explored, is evaluated separately
in this work.

At first glance, K-Ar (40Ar/39Ar) and Rb-Sr biotite seem to be the
only methods in Table 1 that are applicable for conditions of ca. 350-
300 °C (Fig. 1d). However, both methods can be problematic, since
composition and fluids play a major role (Section 3; Jenkin, 1997;
Bozkurt et al., 2011; Harrison et al., 1985; Grove and Harrison, 1996;
Braun et al., 2006). In addition, biotite is frequently replaced by
chlorite under low- to very low-grade conditions (Parry and Downey,
1982; Eggleton and Banfield, 1985) and is more susceptible to Ar and Sr
loss than muscovite (Dahl, 1996), thus preventing massive application
of these methods to brittle-ductile shear zones. Nevertheless, some
contributions show robust 40Ar/39Ar biotite ages obtained from ultra-
mylonites recording brittle-ductile deformation (e.g., Whitmeyer,
2008). Since ultramylonites are fine-grained, they pose an analytical
challenge for isotopic dating and, therefore, in situ or microsampling
techniques (40Ar/39Ar, Rb-Sr) may be the most adequate tools (e.g.,
Müller et al., 2000a, 2000b; see also Section 2). On the other hand, K-Ar

Fig. 5. Example showing the hypothetic evolution of
a shear zone with two granitic protoliths. a)
Emplacement and crystallization of the granite I at
t1. b) Onset of shear zone deformation at t2. c)
Emplacement and crystallization of the granite II
within the shear zone at t3. d) Final shearing at t4.
Note that only those mylonites with the granitic
protolith I would allow reconstructing real T-ε-t
paths for the shear zone, since mylonites with the
granitic protolith II would not record any event prior
to t3.
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and 40Ar/39Ar ages can also be obtained for the matrix of pseudo-
tachylites, though the presence of extraneous Ar derived from clasts
may lead to geologically meaningless ages (Di Vincenzo et al., 2004).

Alternatively, several contributions have highlighted the potenti-
ality of K-Ar fine mineral fraction ages of white mica to assess the
timing of brittle-ductile deformation (e.g., Hunziker et al., 1986;
Wemmer and Ahrendt, 1997; Wemmer et al., 2011; Doublier et al.,
2015; Hueck et al., 2017; Maffini et al., 2017), although the closure
temperature for this system is poorly constrained. Hunziker et al.
(1986) indicated a closure temperature for white mica<2 μm of
260 ± 30 °C. However, data from the KTB (German Continental Deep
Drilling Program) borehole showed that in situ temperatures of ca.
270 °C are not high enough to reset Cretaceous K-Ar fine fraction
ages< 2 μm (Wemmer and Ahrendt, 1997) and, thus, a closure tem-
perature between 275-350 °C seems more likely (Wemmer et al., 2011).

Calculations considering muscovite parameters Ea=267.8 kJ⋅mol-1

and D0= 20 cm2⋅s-1 (Harrison et al., 2009) suggest closure tempera-
tures of ca. 240-335 °C and 270-360 °C for fine-grained white mica
fractions of 0.4-2 μm and 2-6 μm, respectively, and cooling rates be-
tween 0.1 and 100 °C⋅my-1 (Fig. 7). However, D0= 20 cm2⋅s-1 is valid
for a pressure of ca. 5 kbar (Harrison et al., 2009), which is unrealistic
for brittle-ductile transition conditions. According to KTB data
(Wemmer and Ahrendt, 1997), a depth of ca. 10 km would approxi-
mately coincide with the 300 °C isotherm, which can be assumed to be
the mean temperature value of the brittle-ductile transition. At depths
of ca. 10 km, a more likely pressure of ca. 2 kbar is to be expected, for
which Ar diffusion parameters should be thus recalculated. Following
the approach of Harrison et al. (2009), a pressure difference of 3 kbar
(from 5 to 2 kbar) would result in an increase of D0 of a factor of three

(i.e., 60 cm2⋅s-1) relative to that at 5 kbar (i.e., 20 cm2⋅s-1). Resulting
closure temperatures are only slightly different, with values of ca. 230-
325 °C and 260-350 °C for grain size fractions of 0.4-2 μm and 2-6 μm,
respectively (Fig. 7).

Calculated closure temperatures are in agreement with data of the
KTB borehole (Wemmer and Ahrendt, 1997) and outlines the strong

Fig. 7. Variation of closure temperature as a function of cooling rate and ef-
fective diffusion radius (as) for fine-grained white mica (Ea=267.8 kJ⋅mol-1,
Harrison et al., 2009). Calculations based on different frequency factor values
for pressures of 5 (D0= 20 cm2⋅s-1, red curves, Harrison et al., 2009) and 2 kbar
(D0= 60 cm2⋅s-1, blue curves) are shown. Closure temperatures were calculated
using Closure 1.2 (Brandon et al., 1998; Brandon, 2007). See Section 5 for
further details. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)

Fig. 6. Compilation of field, geochemical and microstructural evidence documenting the presence of rhyolitic dike intrusion in the Sierra Ballena Shear Zone,
Uruguay. See Section 4 for further discussion. a) Field relationships between porphyrytic (left) and granitic (right) mylonites (modified after Oriolo et al., 2018). b)
Total alkali vs silica diagram (TAS, Le Bas et al., 1986) with geochemical data of porphyrytic mylonites, showing their rhyolitic composition (data after Oyhantçabal
et al., 2011a). c) Photomicrographs (cross-polarized light) showing K-feldspar porphyroclast (relict phenocryst) in porphyrytic mylonite. d) Photomicrographs (cross-
polarized light) showing quartz porphyroclast (relict phenocryst) with engulfment in porphyrytic mylonite (modified after Oyhantçabal et al., 2010).
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potential of K-Ar fine fraction white mica geochronologic studies for
shear zones recording deformation close to brittle-ductile transition
conditions. Moreover, the combination of K-Ar dating with XRD data
allows the quantification of the crystallinity index (Kübler Index),
which is useful in order to assess temperature conditions and to dis-
criminate between neoformed and inherited crystals (e.g., Löbens et al.,
2011; Wemmer et al., 2011; Doublier et al., 2015). This can be parti-
cularly useful in fine-grained white mica-rich rocks such as ultra-
mylonites and phyllonites (Jefferies et al., 2006), and also in ore-
bearing brittle-ductile shear zones (Deckart et al., 2005; Harbi et al.,
2017; Maffini et al., 2017), which commonly exhibit associated hy-
drothermal sericite (e.g.; Zhu et al., 2011).

6. Discussion

6.1. Isotopic closure and deformation

Since shear zones result from a complex interplay of deformation,
metamorphism and/or associated fluids, active relationships between
deformation and metamorphism (Williams and Jercinovic, 2012) must
be understood for a correct interpretation of geochronologic data (Villa,
1998). Active relationships imply a direct coupling between these
processes (Williams and Jercinovic, 2012), among which one of the
most important interactions is the role that deformation plays in pro-
moting the removal of unstable phases and the growth of new stable
phases (Marsh et al., 2009; Goncalves et al., 2012; Williams and
Jercinovic, 2012). A good example is synkinematic recrystallization,
which results from a combination of dynamic recrystallization and
metamorphic reactions (Yund and Tullis, 1991; Stünitz, 1998). More-
over, strain localization and/or changes in deformation mechanisms
can strongly influence reaction rates and kinetic pathways in high strain
contexts (Mulch et al., 2002; Cosca et al., 2011), in contrast to regional
metamorphism, where diffusion and resulting reaction rates vary as a
function of temperature (Steffen and Selverstone, 2006). For instance,

localized fluid-assisted deformation gives rise to mylonite development
and, consequently, creates a chemical potential gradient between the
thermodynamically metastable undeformed wall rock and the mylonitic
belt (Goncalves et al., 2012). This chemical gradient, in turn, drives
further reactions and mass transfer processes (Goncalves et al., 2012).

In order to provide robust P-T-ε-t paths of shear zones, geochrono-
logic data need thus to be combined with independent P-T estimates
and microstructural and/or textural data constraining mineral de-
formation mechanisms and inferred deformation conditions (e.g.,
Steffen and Selverstone, 2006; Forster and Lister, 2009; Cosca, 2013;
Villa et al., 2014; Gasser et al., 2015; Oriolo et al., 2016a). As an ex-
ample, Fig. 8 shows closure temperatures for Pb and Ar diffusion in
different minerals as a function of the effective diffusion radius com-
bined with commonly used microstructural proxies to constrain de-
formation conditions, such as quartz and feldspar microstructures and
deformation mechanisms (Kruhl, 1996; Stipp et al., 2002). In the case of
monazite, for example, deformation mechanisms play a major role in
the U-Th-Pb system (e.g., Wawrzenitz et al., 2012). Feldspar-rich layers
governed by feldspar dislocation climb (Fig. 8) are more likely to host
monazites that record the pre-mylonitic history, whereas those domi-
nated by dissolution-precipitation processes, such as those recording
feldspar-to-muscovite reaction (Wiberley, 1999), may exhibit synkine-
matic monazites that yield ages related to the mylonitic event
(Wawrzenitz et al., 2012). In layers dominated by dissolution-pre-
cipitation, an increase in the alkali content favors a higher reactivity of
the fluid, which in turn leads to dissolution of old monazite grains and
nucleation of new synkinematic crystals (Wawrzenitz et al., 2012). On
the other hand, deformation mechanisms also play a major role in
isotopic diffusion in quartz (O’Hara et al., 1997, and references
therein), though their implications for geochronology have been so far
poorly explored. Based on natural shear zone data, Kirschner et al.
(1995) and O’Hara et al. (1997) proposed that dynamic recrystalliza-
tion, particularly when related to grain boundary migration, triggers
oxygen isotopic exchange in quartz, which can be used to constrain

Fig. 8. Compilation of Pb and Ar diffusion data of
different minerals used in thermochronology for a
cooling rate of 10 °C⋅my-1 and common micro-
structural proxies of deformation conditions. Pb dif-
fusion data (rutile, titanite, apatite) after Cherniak
et al. (2004) and references therein. Note that zircon
and monazite are not included due to higher closure
temperatures for Pb diffusion (Tc > 900 °C; Dahl,
1997; Lee et al., 1997; Cherniak and Watson, 2000;
Cherniak et al., 2004). Ar diffusion data recalculated
using Closure 1.2 (Brandon et al., 1998; Brandon,
2007), considering selected parameters of Fig. 1
(hornblende: Ea=268 kJ⋅mol-1, D0= 0.024 cm2⋅s-1,
Harrison, 1981; phlogopite: Ea=242 kJ⋅mol-1,
D0= 0.075 cm2⋅s-1, Giletti, 1974; muscovite:
Ea=267.8 kJ⋅mol-1, D0= 20 cm2⋅s-1, Harrison et al.,
2009; biotite: Ea=197 kJ⋅mol-1, D0= 0.075 cm2⋅s-1,
Harrison et al., 1985; Grove and Harrison, 1996). For
temperature conditions close to or below brittle-
ductile transition conditions (ca. 300 °C), isotopic
systems and methods are schematically shown (K-Ar
or 40Ar/39Ar fine-grained white mica data in phyl-
lonites, ultramylonites or sericitic alteration halos
associated with ore-bearing brittle-ductile structures;
K-Ar pseudotachylite; and K-Ar fault gouge). Quartz
dynamic recrystallization mechanisms and transi-
tional fields (yellow) after Stipp et al. (2002). BLG:
bulging recrystallization, SGR: subgrain rotation re-
crystallization, GBM: grain boundary migration re-
crystallization. In the GBM field (Stipp et al., 2002),

quartz chessboard extinction is observed at temperatures from ca. 600 to 800 °C at ca. 1 to 9 kbar, respectively (Kruhl, 1996). Mean grain size of dynamically
recrystallized quartz crystals is illustrated by the green curve (modified after Stipp et al., 2002). Onset of dislocation climb in feldspars after Pryer (1993). Ap-
proximate boundary between cohesive and incohesive fault zone rocks after Sibson (1983). See text for further discussion.
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temperature deformation conditions. In addition, crystallographic-pre-
ferred orientation arising from dynamic recrystallization further pro-
motes oxygen anisotropic diffusion (O’Hara et al., 1997), since diffusion
parallel to the c-axis is about two orders of magnitude faster than that
normal to it, as shown by experimental data on natural and synthetic
samples (Giletti and Yund, 1984). Experimental data of Giletti and
Yund (1984) also demonstrated a change in the slope on the Arrhenius
plot at the α-β transition, arising from variations of Arrhenius para-
meters D0 and Ea for α- and β-quartz. The occurrence of the α-β trans-
formation can be inferred by the presence of chessboard extinction
(Fig. 8; Kruhl, 1996; Stipp et al., 2002), which in turn can provide
constraints on P-T conditions (Kruhl, 1996).

Concerning metamorphic reactions, those involving minerals used
for geochronologic studies are of particular interest (Fig. 9), as they
might provide some hints of the coupled P-T and deformation history of
the rock (Apted and Liou, 1983; Berger and Stünitz, 1996; Wiberley,
1999; Janots et al., 2007; Kapp et al., 2009; Spear, 2010; Gasser et al.,
2015; Angiboust and Harlov, 2017). For instance, mylonitic gneisses of
the Central Cameroon Shear Zone (Fig. 10a) show apatite-allanite
corona structures around monazite (Fig. 10b, c) that are interpreted to
result from monazite decomposition, probably during decreasing pres-
sure and temperature (Finger et al., 1998). The stability fields of
monazite and allanite can be further constrained by whole-rock geo-
chemical data, since they vary as a function of Ca contents (Fig. 9).
Apatite-allanite coronas can thus be explained by pseudomorphic par-
tial replacement of the original monazite by apatite and allanite via
fluid-assisted dissolution-precipitation process (Budzyń et al., 2011;
Harlov et al., 2011). Satellite monazite may be present as well
(Fig. 10d), though its microstructures have so far been described only
by Finger et al. (2016). These monazite satellite grains may crystallize
during an increase in temperature after the formation of allanite-apatite
coronas surrounding the monazite, thus revealing a period of de-
creasing and then increasing P-T conditions. Similarly, the formation of

Fig. 9. P-T conditions for some metamorphic reactions involving minerals used
in thermochronology. Lower stability limit of hornblende (red) in mafic rocks
after Apted and Liou (1983). Rutile-titanite equilibrium (violet) for Ca-rich (ca.
3 wt. % of CaO) metagranitoids after Angiboust and Harlov (2017).
Qz+Rt+ 2Czo= 3An+Ttn+H2O equilibrium (light blue) in mafic rocks
after Kapp et al. (2009). Qz+Ms=Al2SiO5+Kfs+H2O equilibrium (green)
after Haselton Jr. et al. (1995). Stability fields of monazite and allanite at dif-
ferent bulk rock contents as a function of Ca molar content (bold orange line:
Ca= 0.71; dashed orange line: Ca=3.10), together with the xenotime stability
field (Janots et al., 2007; Spear, 2010). Lower limit for the appearance of
chessboard extinction in quartz (grey) after Kruhl (1996) is also shown. Qz:
quartz, Rt: rutile, Czo: clinozoisite, An: anortite, Ttn: titanite, Hbl: hornblende,
Ms: muscovite, Kfs: K-feldspar, Ky: kyanite, Sil: sillimanite, And: andalusite,
Mnz: monazite, Aln: allanite, Xtm: xenotime, Gln: glaucophane. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 10. a) Map of energy-dispersive X-ray (EDX)
spectra (GXMAP by automated SEM) from mylonitic
garnet gneisses of the Central Cameroon Shear Zone
in XZ section parallel to the stretching lineation, as
described by Tchato et al. (2009). Zoned garnet
porphyroblasts of the protolith are preserved in mi-
crolithons surrounded by a fine-grained mylonitic
foliation (Smyl), which is transected by a shear band
foliation (Ssb). The spectral mapping allows to iden-
tify the location and microstructural features of
monazite. b) Lenticular monazite corona structure
(Mnz-cor) in a mylonitic garnet gneiss (Smyl) with
garnet (Grt) and preserved monazite (Mnz) in mi-
crolithon; kyanite flasergneiss of the Austroalpine
basement (Schulz, 2017). c) Details of the apatite-
allanite-monazite (Aln, Ap, Mnz) corona structure in
micaschists from the Austroalpine basement. d)
Monazite satellite structure (Mnz-sat) with tiny
newly formed monazite grains in high temperature
mylonitic garnet gneiss of the Alpine External Mas-
sive (Schulz and von Raumer, 2011). e) Crystal-
lization of new monazite inside allanite (Aln) in
garnet micaschist of the Austroalpine basement
(Krenn et al., 2012).
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new tiny monazite grains within large allanite porphyroblasts (Fig. 10e)
seems to record increasing temperatures across the allanite-monazite
univariant reaction (Fig. 9; Janots et al., 2007; Spear, 2010).

Single mineral phases providing constraints on both P-T conditions
and timing of shearing may thus be particularly useful, as in the case of
amphiboles. Amphibole-bearing mafic igneous rocks and their meta-
morphic equivalents such as eclogites, blueschists and amphibolites
commonly occur as isolated lenses and pods within low- to medium-
grade shear zones. Crystallization and recrystallization of sodic, sodic-
calcic and calcic amphiboles occurs during shear zone development.
The distribution of Si, Al and Na in amphibole crystallographic sites
depends on the physical conditions of crystallization, with Si increasing
and Al decreasing from hornblende to actinolite compositions at de-
creasing temperatures. In addition, the lower stability limit of horn-
blende at ca. 500-550 °C also provides some constraints in the case of
mafic protoliths (Fig. 9). Ca-amphibole zonations are best described in
terms of IVAl, VIAl and Ti, which semiquantitatively monitor the tem-
perature and pressure changes and allow geothermobarometry within
amphibolite to lower greenschist facies conditions at intermediate to
low pressures (Zenk and Schulz, 2004). When combined with micro-
structural and K-Ar (40Ar/39Ar) data, the amphibole P-T-ε-t path can be
reconstructed in detail. This was exemplified by Stünitz (1998) for
shear zones of the Ivrea Zone (northern Italy), which host recrystallized
grains of hornblende with lower Al- and Ti-contents than the por-
phyroclasts, thus recording retrograde P-T conditions during deforma-
tion.

Within this framework, development of analytical methods allowing
in situmeasurements may also hold the key to correctly interpret ages in
terms of deformation processes and metamorphic reactions. In the case
of monazite, for instance, isotopic U-Pb analyses by TIMS, SHRIMP and
LA-ICP-MS are of limited application in shear zones due to the required
minimum grain size of ca. 50 μm. Smaller grain sizes are hard to extract
for grain mounts and hard to detect for such measurements. In this
situation, the total Th-U-Pb dating of monazite by the electron mi-
croprobe (EMP) provides a unique potential (Suzuki et al., 1991;
Montel et al., 1996; Spear et al., 2009). It allows in situ analysis of
monazite grains with a minimum size of 10 μm in distinct micro-
structural sites, which can be directly evaluated in terms of specific
reaction and deformation microstructures, and in the same thin sections
that can be studied by EBSD for textural analysis and/or for geother-
mobarometry. The EMP Th-U-Pb dating method requires a thorough
inspection of the polished thin sections by SEM. First, automated mi-
neralogical methods by SEM (e.g., the mineral liberation analysis,
Fandrich et al., 2007; Schulz, 2017) allow finding the location of tiny
monazite grains in backscattered images (Fig. 10a). In combination
with monazite mineral chemistry (e.g., LREE, Y, Ca, Si, Th, U), these
deformation-related and/or reaction microstructures provide irre-
placeable information for the geological interpretation of geochrono-
logic data in ductile shear zones (Fig. 10).

Since temperature is clearly not the only variable controlling iso-
topic systems, particularly in shear zones, isotopic ages of mylonitic
rocks should be interpreted in the light of several processes that control
isotopic diffusion (e.g.; Dahl, 1996; Dunlap, 1997; Villa, 1998; Mulch
and Cosca, 2004; Villa et al., 2014; Oriolo et al., 2016a), among which
the most important are:

− Cooling (below Tc)
− Neocrystallization
− Recrystallization
− Interaction with fluids
− Protolith age

The interpretation of cooling ages from thermochronologic data is
based on the assumption of thermally activated diffusion, which is not
necessarily valid in all cases (Sections 3.3 and 4). Alternatively, isotopic
data can be explained as the result of neo- or recrystallization triggered

by metamorphic reactions (Fig. 9). One of the most common reactions
in granitic mylonites is the fluid-assisted breakdown of K-feldspar and
plagioclase to white mica, which may also have a significant influence
in strain hardening/softening processes (e.g.; Williams and Dixon,
1982; Wiberley, 1999; Whitmeyer and Wintsch, 2005). Since these re-
actions occur below ca. 500 °C (Wiberley, 1999), they may overlap with
the muscovite closure temperature for Ar (Fig. 1; Harrison et al., 2009),
leading to ambiguities in data interpretation, i.e., cooling vs neocrys-
tallization (Dunlap, 1997). In a similar way, dynamic recrystallization
is commonly accompanied by metamorphic reactions that may give rise
to changes in mineral composition (Yund and Tullis, 1991; Stünitz,
1998) and, hence, different mineral compositions may yield different
ages associated with different processes (Di Vincenzo et al., 2001;
Mulch and Cosca, 2004). Minor and trace element contents seem thus to
be crucial to discriminate age populations, as in the case of monazite,
where PbO, ThO2, Y2O3 and UO2 have been proved to be extremely
useful to separate monazite generations related to distinct magmatic,
regional metamorphic and mylonitic events (Tchato et al., 2009; Just
et al., 2010; Schulz and von Raumer, 2011; Oyhantçabal et al., 2012).
Further complications arise from the presence of fluids, which in turn
may further promote neo- and recrystallization (e.g.; Wiberley, 1999;
Mulch and Cosca, 2004; Bozkurt et al., 2011), and inheritance of the
protolith age (Section 4). These phenomena can also lead to geologi-
cally meaningless ages, resulting from the presence of an open system
or mixing of different age populations, among others.

Therefore, the combined effects of all these factors can only be
disentangled by a careful examination of the P-T history, diffusion
parameters, mineral composition, reaction microstructures, and de-
formation mechanisms and conditions (Dunlap, 1997; Di Vincenzo
et al., 2001; Mulch and Cosca, 2004; Forster and Lister, 2009; Just
et al., 2010; Forster et al., 2014; Villa et al., 2014; Oriolo et al., 2016a;
Druguet et al., 2018). In addition, regional to outcrop-scale structural
data are crucial to correctly interpret geochronologic data.

6.2. Assessing the timing of shearing

Solid-state deformation-related processes play a major role in the
isotopic systems of different minerals in mylonitic rocks and, therefore,
age interpretation cannot be only based on a certain Tc value but also
needs a detailed evaluation of deformation mechanisms and P-T con-
ditions (Section 6.1). For this reason, a robust reconstruction of the
shear zone deformation history needs to combine geochronologic data
of pre-, syn- and post-kinematic minerals of mylonites together with
further geochronologic constraints on shear zone-related intrusions,
protolith age(s) and adjacent blocks (Fig. 11; Section 4; Mezger et al.,
1992b; van der Pluijm et al., 1994; Siegesmund et al., 2008; Cosca,
2013; Schneider et al., 2013; Oriolo et al., 2016a).

Intrusions that are spatially related to shear zones are commonly
used to provide temporal constraints on shear zone activity, particularly
since massive application of U-Pb zircon geochronology, which allows
obtaining a relatively precise crystallization age. All, pre-, syn-, inter-
and post-kinematic intrusions are of interest, as they provide in-
dependent constrains on the timing of shearing. Hence, a detailed
analysis of magmatic fabrics (Paterson et al., 1989) is critical to dis-
criminate between pre-, syn- and post-kinematic igneous bodies
(Fig. 11), based on either field mapping of magmatic foliations and
lineations or anisotropy of magnetic susceptibility data (e.g., Hutton
et al., 1990; Brown and Solar, 1998; Paterson et al., 1998; Steenken
et al., 2000; Rosenberg, 2004). In particular, intrusions do not only
provide constraints on the timing of shear zone activity, but also ad-
ditional valuable information on kinematics and strain (Ramsay, 1980;
Wheeler, 1987; Oyhantçabal et al., 2001; Vitale and Mazzoli, 2010;
Lisle, 2014). As shown by Sassier et al. (2009) for the Ailao Shan-Red
River Shear Zone (Southeast Asia), coupled strain analysis and U-Pb
zircon dating of different generations of syntectonic dikes allow cal-
culation of strain rate. In high-grade metamorphic settings,
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crystallization ages of anatectic melts formed during shearing constrain
deformation in shear zone-related migmatites (Bhadra et al., 2007;
Weinberg and Mark, 2008; Viegas et al., 2013; Carvalho et al., 2016).

On the other hand, thermochronologic data in adjacent blocks are
particularly interesting, as they have a great potential to resolve dif-
ferential cooling and/or exhumation histories along shear zones, which,
in turn, can be interpreted in the light of structural and kinematic data
(e.g., van der Pluijm et al., 1994; Siegesmund et al., 2008; Oyhantçabal
et al., 2009b). Additionally, the thermal stability of different blocks can
be assessed (e.g., cratonic vs. metacratonic areas, Black and Liégeois,
1993; Liégeois et al., 2013) and, consequently, the role of shear zones as
major crustal thermal boundaries can be evaluated (Oyhantçabal et al.,
2011b; Cao and Neubauer, 2016; Oriolo et al., 2016a).

As all these direct and indirect temporal constraints on shear zone
activity (Fig. 11) have some limitations and, if considered separately,
may lead to ambiguous interpretations (van der Pluijm et al., 1994;
Oriolo et al., 2016a), complex shear zone histories should be re-
constructed in the light of multiproxies. As an example, geochronologic
data of the Sarandí del Yí Shear Zone (Fig. 3; Oriolo et al., 2016a,
2016b) are integrated with information of adjacent blocks and asso-
ciated intrusions (Fig. 12). In the first place, deflected dikes yielding
crystallization ages of ca. 1.79 Ga (Halls et al., 2001) provide a max-
imum age constraint for shearing (Bossi and Campal, 1992;
Oyhantçabal et al., 1993; Oriolo et al., 2015). In this case, however, the
maximum age inferred from passive markers does not represent any
precise constraint, since shearing is much younger at ca. 0.63-0.58 Ga
(Oriolo et al., 2016a, 2016b). On the other hand, the Solís de Mataojo
Granitic Complex (584 ± 13Ma, Pb-Pb titanite stepwise leaching;
Oyhantçabal et al., 2007) presents magmatic fabrics that reveal a syn-
kinematic emplacement during sinistral shearing of the Sarandí del Yí
Shear Zone (Fig. 12a; Oyhantçabal et al., 2001) and, hence, constrain
the timing of shearing, which is comparable with the age inferred from
thermochronologic data of mylonitic rocks (Fig. 3; Oriolo et al., 2016a,
2016b). A second intrusion, the Cerro Caperuza granite, constrains the
end of ductile deformation, as it intrudes the mylonites but shows
macroscopically isotropic magmatic fabrics (Fig. 12a; Oriolo et al.,
2016a). Zircons of this granite yielded a U-Pb LA-ICP-MS crystallization
age of 570.9 ± 11.0Ma (Fig. 12a; Oriolo et al., 2016a), which is
younger than ages recorded in the mylonitic belt (Fig. 3; Oriolo et al.,
2016a, 2016b), thus confirming field relationships. Finally, K-Ar

muscovite data from adjacent blocks indicate that the Sarandí del Yí
Shear Zone represented a major thermal boundary during the late
Neoproterozoic Brasiliano–Pan-African orogeny, as it separates a large
Paleoproterozoic cratonic domain where Paleoproterozoic K-Ar and
40Ar-39Ar mica ages are preserved (i.e., the Río de la Plata Craton) from
a block that was reworked and thermally overprinted during the
Ediacaran (i.e., the Nico Pérez Terrane) (Fig. 12b; Oyhantçabal et al.,
2011b; Oriolo et al., 2016a).

Though out of the scope of this contribution, this multiproxy ap-
proach to assess the timing of shear zone deformation can be easily
extrapolated to the brittle field. Direct dating of shear zone rocks by
means of K-Ar and/or 40Ar/39Ar data of fine-grained white mica,
pseudotachylite and fault gouge (Fig. 8; Parry et al., 2001; Sherlock and
Hetzel, 2001; van der Pluijm et al., 2001; Whitmeyer, 2008; Löbens
et al., 2011; Wemmer et al., 2011; Tagami, 2012; Bense et al., 2014;
Torgersen et al., 2014; van der Pluijm and Hall, 2015; Ksienzyk et al.,
2016; Viola et al., 2016; Maffini et al., 2017; Süssenberger et al., 2017)
can be combined with thermal modeling of (U-Th)/He and fission
tracks in apatite and zircon and/or 40Ar/39Ar feldspar data in adjacent
blocks (e.g., Lovera et al., 1989; Streepey et al., 2002; White and
Hodges, 2002; Zwingmann and Mancktelow, 2004; Braun et al., 2006;
Reiners and Brandon, 2006; Cassata et al., 2009; Carrapa, 2010;
Zwingmann et al., 2010; Tagami, 2012; Chew and Spikings, 2015). This
integrated focus allows reconstructing the long-term evolution of faults
and associated exhumation, uplift and sedimentary processes (e.g.,
Zwingmann and Mancktelow, 2004; van der Pluijm et al., 2006; Löbens
et al., 2011, 2017; Tagami, 2012; Davids et al., 2013; Bense et al., 2014,
2017; Hnat and van der Pluijm, 2014; Fossen et al., 2016; Viola et al.,
2016; Hueck et al., 2017; Ring et al., 2017; Süssenberger et al., 2017).

Furthermore, several of the aforementioned aspects can be con-
sidered to date non-mylonitic deformation fabrics as well. The timing of
metamorphic foliation development, for instance, can be constrained by
obtaining ages on syn-metamorphic minerals, as in the case of white
mica and illite ages used to date the timing of cleavage development.
These minerals may lie parallel to cleavage planes and record local slip
along them, or alternatively occur within strain fringes, thus indicating
their contemporaneity with cleavage formation (Chan et al., 2000;
Sherlock et al., 2003; McWilliams et al., 2007; Wang et al., 2016;
Süssenberger et al., 2017). In the case of fold axial plane cleavage,
dating of cleavage can be further applied to quantify the age of folding

Fig. 11. a) Sketch with different approaches to assess the timing of shear zone activity. b) Dating pre-, syn- and post-kinematic minerals in mylonites. For a
hypothetic shear zone deformed under greenschist facies conditions, prismatic zircon, muscovite fish and randomly oriented biotite are schematically presented as
pre-, syn- and post-kinematic minerals, respectively. c) Obtaining crystallization ages of associated intrusions. d) Collecting thermochronologic data from adjacent
blocks.
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(Fitz-Díaz and van der Pluijm, 2013; Süssenberger et al., 2014; Wang
et al., 2016). On the other hand, dating of porphyroblasts, which
commonly exhibit microstructures that allow to constrain the timing of
one or more generations of metamorphic fabrics (e.g., Johnson, 1999),
can also provide robust temporal constraints. In particular, garnet
porphyroblasts have been of great interest, since both Sm-Nd and Lu-Hf
ages and P-T estimations can be obtained in garnet, even allowing to
track complex metamorphic and deformational histories and their
timescales based on crystal zonation patterns (Mezger et al., 1992a;
Ganguly and Tirone, 1999; Ducea et al., 2003; Caddick et al., 2010;
Pollington and Baxter, 2011; Skrzypek et al., 2011; Smit et al., 2013;
Cheng et al., 2016).

The integration of geochronologic data of shear zones, associated
igneous bodies and adjacent blocks is a powerful tool to disentangle
complex deformational histories involving strain partitioning and lo-
calization (Fig. 11). In orogens, strain is heterogeneously distributed at
all scales, leading to partitioning into different domains of relatively
homogeneous strain, which, as a whole, accommodate the total strain
(Tikoff and Teyssier, 1994; Jones and Tanner, 1995; Teyssier et al.,
1995; Fossen and Tikoff, 1998; Carreras et al., 2013). In addition to
these spatial heterogeneities, strain may also vary with time (Lister and
Williams, 1983; Hobbs et al., 1990; Platt and Behr, 2011b), which is
intrinsically related to strain hardening/softening processes (Vitale and

Mazzoli, 2008; Fossen and Cavalcante, 2017). For this reason, field-
based geological and structural observations at different scale are a
must to interpret geochronologic data from shear zones.

Based on combined 40Ar/39Ar muscovite, microstructural and
oxygen isotopic data of the Columbia River Detachment (western
Canada) and adjacent blocks, Mulch et al. (2006) inferred deformation
migration and strain localization, since younger ages associated with
decreasing deformation temperatures were progressively obtained to-
wards the footwall. In the Dom Feliciano Belt (central Uruguay), re-
gional metamorphism and cooling is recorded by K-Ar and 40Ar/39Ar
mica ages of ca. 625-600Ma in folded and thrusted metasedimentary
rocks, which are crosscut by shear zones yielding ages of ca. 600-
580Ma (Oriolo et al., 2016b). This suggests that deformation at ca.
600-580 Ma was mostly localized into shear zones, thus contrasting
with regional folding and thrusting at ca. 625-600Ma (Oriolo et al.,
2016b). In a similar way, coupled EMP Th-U-Pb monazite and ther-
mobarometric data of the Central African Fold Belt (eastern Cameroon)
allowed the recognition of low- and high-strain domains, recording
high-temperature metamorphism and subsequent mylonitization, re-
spectively (Tchato et al., 2009). Comparably, 40Ar/39Ar white mica
ages of contrasting microstructural domains recording the timing of
different HP metamorphic and mylonitic events were reported from the
Western Alps by Villa et al. (2014).

Fig. 12. a) Facies map of the Solís de Mataojo
Granitic Complex (SMGC), synkinematically em-
placed during sinistral shearing along the Sarandí del
Yí Shear Zone (SYSZ) (modified after Oyhantçabal
et al., 2001). Lower hemisphere equal area projec-
tions of magmatic foliation poles of the SMGC de-
fined by shape-preferred orientation (SPO) of K-
feldspar crystals (left) and solid-state mylonitic fo-
liations of the SYSZ (right), which present a similar
orientation (Oyhantçabal et al., 2001; Oriolo et al.,
2015). The photograph illustrates SPO of K-feldspars
in the porphyrytic granite. The SMGC presents an
age of 584 ± 13 Ma (Pb-Pb titanite stepwise
leaching, Oyhantçabal et al., 2007), which is com-
parable to U-Pb titanite, and 40Ar/39Ar hornblende
and muscovite data of the SYSZ of ca. 600-580Ma
(Fig. 3; Oriolo et al., 2016a, 2016b), supporting a
synkinematic emplacement. In contrast, the Cerro
Caperuza granite presents a crystallization age of
570.9 ± 11.0Ma (U-PB LA-ICP-MS zircon, Oriolo
et al., 2016a), which constrains the end of ductile
deformation since the granite lacks in field magmatic
fabrics and cross-cut mylonitic fabrics. b) Schematic
regional profile showing variation of K-Ar and
40Ar/39Ar muscovite ages across the Sarandí del Yí
Shear Zone (data after Oyhantçabal et al., 2009b,
2011b; Oriolo et al., 2016a, 2016b). Ages of ca. 2.0-
1.8 Ga in the Río de la Plata Craton point to a re-
lative thermal stability during the Neoproterozoic,
with only minor evidences of reworking close to the
SYSZ (Oriolo et al., 2015, 2016a). In contrast, sig-
nificant late Neoproterozoic crustal reworking is
evidenced by ages of ca. 0.60-0.58 Ga in the Nico
Pérez Terrane, which are similar to those of the
SYSZ. Note similarities with the model of exhumed
metamorphic core complex along major strike-slip
shear zones proposed by Cao and Neubauer (2016).
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7. Final remarks

The complexity that arises from the coupling between deformation,
metamorphism and fluid-rock interaction prevents straightforward in-
terpretation of geochronologic data of shear zones. In the first place,
closure temperature calculations depend on cooling rate and grain size,
but can also vary with pressure and mineral composition, among others.
Deformation-related processes such as neocrystallization, re-
crystallization, fluid circulation and changes in deformation mechan-
isms may also play a major role in isotopic systems in shear zones. For
this reason, thermochronologic data of mylonites have to be carefully
evaluated in the light of detailed structural, microstructural and pet-
rologic data and cannot be solely interpreted as a “cooling age” below
closure temperature. In this context, structural data at different scales is
critical. In addition to cooling, ages can record neo- or recrystallization,
fluid-assisted deformation and/or inheritance from the protolith age.
Hence, the concept of “closure temperature” has to be used with cau-
tion in shear zones.

Due to the ambiguity that may arise from isolated data, an in-
tegrated multiproxy approach is suggested to robustly assess the long-
term evolution of crustal-scale shear zones. Thermochronologic data of
mylonitic belts need to be combined with geochronologic data of as-
sociated intrusions and adjacent blocks, whereas structural and mi-
crostructural analysis is a must. For a certain structural domain, a
multithermochronometric approach may be particularly useful, com-
bining ages based on different thermochronometric systems. As a result,
the integration of all these data allows reconstructing detailed P-T-ε-t
paths of shear zones and neighboring areas, providing irreplaceable
constraints on the tectonothermal evolution of the entire crust.

Future lines of investigation should quantitatively evaluate so far
poorly explored aspects of isotopic diffusion, based on natural, theo-
retical and experimental data. In this sense, contributions such as the
one by Liang (2017), who provided pressure-corrected equations to
quantify the role of pressure in the diffusion model of Dodson (1973),
are particularly encouraged. When possible, closure temperatures
should be calculated for each particular case, based on independent
estimations of P-T conditions, cooling rate, and grain size, among
others. In this sense, in situ analytical methods seem to be extremely
powerful, since they allow for robust interpretation of geochronologic
data in the light of metamorphic and deformation microstructures (e.g.,
Fig. 10), which can be complemented with textural, mineral chemistry
and thermobarometric data. The combined effects of isotopic decay and
diffusion should be also considered, as shown by Blackburn et al.
(2011) for lower crustal xenoliths.

In the particular case of shear zones, it is fundamental to integrate
structural, microstructural and thermochronologic data of different
structural domains. This implies, for instance, an evaluation of marginal
vs. central areas of a shear zone, thus allowing to quantify which parts
of the shear zone where active when, and helping to address the long-
standing question of whether shear zones thicken or thin with time. A
similar approach needs to be applied in shear zone networks in order to
evaluate the timing of shearing in different parts of the network. Studies
dealing with these questions may shed light on the role of strain
hardening/softening processes, with deep implications for the under-
standing of strain partitioning and localization processes. In addition,
combined structural, microstructural and geochronologic data may
provide insights into the timescales and strain rates of shear zones, as
shown by Müller et al. (2000b) by Rb-Sr microsampling dating of strain
fringes.
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