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Dating deformation: the role of atomic-scale processes
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Abstract: Dating deformation is difficult, as textures and petrogenesis of deformed rocks are complex. Moreover,
geochronometer categories are pursued by communities that often do not communicate.

Hygrochronology dates the retrograde metasomatic/metamorphic reactions caused by aqueous fluid circulation events.
Thermochronology models time-temperature histories by assuming that mineral ages can be uniquely assigned to a ‘closure

temperature Tc’, the only process occurring in rocks being Fick’s Law diffusion. Diffusion by definition produces a bell-shaped
concentration profile. In contrast, patchy intra-grain isotope concentration profiles denounce aqueous retrogression, whose rate
is orders of magnitude faster than diffusion.

Petrochronology is based on opposite assumptions, as the mobility of structure-forming major cations is higher than that of
radiogenic Pb, Ar, and Sr. Whenever the formation of a mineral occurs at T < Tc, its apparent age dates its formation.

Nanochronology analyses samples at the nanometre-scale. These analyses illuminate atomic-scale processes, e.g. open-
system transport of soluble ions along self-sealing networks of nanopores.

The key to dating deformation and producing correct, regional-sized (up to hundreds of kilometres) tectonic models is the
realization that minerals consist of atoms, whose behaviour is only firmly constrained by nanometre-scale analyses.

Thematic collection: This article is part of the Isotopic Dating of Deformation collection available at: https://www.
lyellcollection.org/cc/isotopic-dating-of-deformation
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A century ago, Arthur Holmes’ (1913) geochronology was still a
single discipline, devoted to assigning absolute ages to fossil-
iferous sedimentary successions, as well as to heretofore
undatable ‘crystalline’ rocks (metamorphic and magmatic).
Today it has mutated into a plethora of apparently unrelated
subdisciplines, pursued by non-interacting communities. The
problem is that the diverging paths followed by the different
subdisciplines may end up jeopardizing the credibility of
geochronology as a whole, as the predictions and implications
provided by geochronology must stand up to independent
scrutiny provided by other disciplines of the Earth Sciences.
The goal should be instead to restore a context capable of taking
into account all facets of the isotopic systems, with the ultimate
aim of providing an accurate tool for geological problems whose
time-scale ranges from a few ka to several Ga.

The various subdisciplines of geochronology bear names, which
highlight one property of the mineral geochronometer that is used
by the authors of a study, partly also exploiting different behaviours
of the parent-daughter pair(s) that allow the dating of that mineral
geochronometer. Thermochronometers (e.g. Malusà and Fitzgerald
2019) are minerals whose age exclusively depends on the
temperature, at which the diffusive loss of daughter isotopes (or,
in the case of fission tracks, the annealing of the latent tracks with
attending resetting of the chronological information) ceased. Their
cooling age can be translated to an exhumation rate by assuming a
geothermal gradient, constraining a (P)-T-t (pressure – temperature –
time) point. Hygrochronometers (Villa and Hanchar 2013) are
minerals whose recrystallization, assisted by the circulation of
aqueous fluids, dates the episodes of chemical open-system
modification of a rock, providing a-X-t (water activity – molar
concentration – time) information. If fluid inclusion measurements
can constrain the trapping temperature of the fluid, a point in P-T-a-

X-t space can be calculated. Petrochronometers (Kylander-Clark
et al. 2013) are minerals, on which chemical and isotopic
compositions can be simultaneously measured. This enables
thermodynamic models (e.g. Holland and Powell 1998; Powell
and Holland 2010; Lanari and Duesterhoeft 2019) to relate their
chemical composition to the P-T-a-X prevailing during their (re)
crystallization. Examples are garnet, rutile, titanite, and especially
micas (Bosse and Villa 2019). The age given by their isotopic
composition yields a point in P-T-a-X-t space. Nanochronometers
(Valley et al. 2015) are mineral chronometers (to date, mostly
zircon) in which the position of individual atoms is imaged in a
three-dimensional map of a few thousand nm3.

Most prefixes are mutually exclusive. An ideal geochronometer
in the sense of Holmes (1913) must be completely retentive of
daughter isotopes, otherwise the age of the mineral crystallization is
overprinted by later isotope transport processes (be they chemical or
thermal, or a combination of both). A hygrochronometer must be a
mineral that can be modified by aqueous fluids, and whose retention
of radiogenic daughters during chemical modifications was
obliterated, as was all other petrological, volcanological and
thermal information. A thermochronometer must only record
thermally activated, diffusive loss of daughter isotopes, any other
temperature-independent process leading to isotope mobility being
negligible, as otherwise the inversion of isotope concentrations to
infer the ambient temperature is illegitimate. A petrochronometer
records metamorphic conditions at the time of its formation without
later modifications of the major element composition, and at the
same time records its formation age. A nanochronometer can be any
of the above, provided it is analysed at the nanometre scale.

One and the same mineral can fulfill contrasting requirements
according to the dating method. As an example, apatite can be a
thermochronometer when He diffusion is considered (Farley 2002),
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a hygrochronometer when hydrothermal circulation is studied
(Harlov 2015), and a petrochronometer when it is studied in the
context of its paragenesis (Kirkland et al. 2018).

For about two thirds of the twentieth century, chronostratigraphy
was the most important application of isotopic dating. Dating a
‘point-like event’ (sensu Begemann et al. 2001), such as a volcanic
eruption and the dispersion of volcanic ash, can be addressed at
different scales of accuracy.

If the intended purpose is only the dating of a volcanic sequence,
any subsequent fluid circulation events are a nuisance. In submarine
and subaerial environments minerals can be weathered, causing
systematic age inaccuracy. However, alteration can be turned to
advantage, if mineral chronometers are mutated to hygrochron-
ometers (Fuentes et al. 2005; cf. also Bosio et al. 2020). As mineral
alteration is best quantified by electron probe microanalysis
(EPMA), it could be argued that the use of petrogenetic/
microchemical criteria to support the age assignment of a
hygrochronometer falls (strictly speaking) under petrochronology.

The reliability of age assignments can be increased by analysing
individual mineral grains (e.g. Bossart et al. 1986; Deino and Potts
1992). When calculating the age of a collection of single grain
analyses, it is essential to ensure that the analysed grain population
is unimodal. A straightforward criterion is the comparison between
the external reproducibility of individual grain analyses and the
overall standard deviation of the entire population. If the latter is
larger than the former, it is highly probable that the population is not
unimodal; this is also reflected by the statistical dispersion
parameter, MSWD (McIntyre et al. 1966), which exceeds the
expected value of 1. It must also be pointed out that whenMSWD>
1 the probability that the assumed hypothesis (cogeneticity and
contemporaneity of the analysed samples) is correct becomes
excessively small; in their figure 2, Wendt and Carl (1991)
graphically display that this probability becomes 30% if MSWD
= 1.1, and drops to 6–20% if MSWD = 1.5. A practical example is
taking the average of a collection of values, whereby averaging is
only legitimate for a unimodal, random (Gaussian) distribution and
illegitimate for a multimodal one. If the dated mineral is
monogenetic, the repeat analyses will define a Gaussian distribu-
tion. The standard deviation of the latter is expected to be the same
as the standard deviation of the repeat analyses of reference
materials if the ion beam intensities are the same; this translates to
MSWD = 1. If MSWD is high (from 1.6 to 2.5, increasing as the
number of degrees of freedom decreases) then the probability that
that average be correct is 5%, which obviously means that the
contrary hypothesis is 95% likely to be true: the average is
meaningless because the distribution is not Gaussian. If this occurs,
a systematic bias has exceeded the statistical noise by a factor 19 and
it would be a good idea to investigate the cause of this bias so as to
remove it. It is a fact that many mineral chronometers are partly
retrogressed. Removing devious data points must never be viewed
as ‘filtering’ meant to make the data distribution look Gaussian;
what first needs to be understood are the reactions that operated, in
order to disentangle primary minerals from secondary retrogression.
Whenever a sample is not perfectly unaltered, and its constituent
minerals are not strictly monogenetic, the bias is removed by
eliminating the petrogenetic outliers (xenocrysts: Deino and Potts
1992; Mana et al. 2015; retrograde reaction phases: Glodny et al.
2008).

One issue arising when dating metamorphism is that mineral
formation could have lasted for a ‘long’ time. Unlike regional
metamorphism, most faults presently exposed have had a ‘short’
history. Retrogression may well continue after fault movement and
deformation have ceased, but the point made here is that peak
conditions (forming the main schistosity near the fault plane) are
limited to the time duration given by the total displacement divided
by the displacement rate.

In the following sections the boundaries between the different
flavours of geochronometer minerals will be linked to the geological
context, in order to derive the most robust approach for dating
deformation.

Thermochronometers

The task of thermochronology is providing numeric inputs for
tectonic modelling (including the subsidence history of hydrocar-
bon-bearing basins). To the extent that the age of a mineral
chronometer is exclusively controlled by temperature, it is possible
to link the mineral age to the ambient temperature at the time of its
isotopic closure. The most widespread thermochronometer is
apatite, whose retention of fisson tracks and of radiogenic He
occurs around or below 100°C (Farley 2002). To be useful as a
thermochronometer, a mineral must have a stability field that does
not extend as far down as its ‘closure temperature’, above which
radiogenic daughters are lost from the inert mineral structure. (The
concept of the stability field hs two aspects that need to be carefully
deistinguished. New growth of a mineral is only allowed in its
stability field. Metastable preservation of minerals is allowed even
outside the respective stability fields. As an example, garnet does
not form at room temperature and pressure, but is metastably
preserved in museum collections and jewellers’ shops.) If no new
mineral can recrystallize, the only process capable of removing
radiogenic daughters all while leaving the mineral extant is
diffusion. This led Bosse and Villa (2019) to identify this property
in their definition of ‘Class I’ thermochronometers. Fission tracks in
apatite are only annealed by temperature, and apatite loses helium
only by volume diffusion (sometimes the effective grain size can be
reduced by microcracks: Danišík et al. 2017). Annealing of fission
tracks in, and He loss from, zircon occur at higher temperature and
are therefore more prone to additional, albeit mostly subordinate,
mechanisms that favour annealing and He loss (Danišík et al. 2017;
Malusà and Fitzgerald 2019, and references therein).

At even higher temperatures a fundamental problem occurs,
which is all too often overlooked for the sake of simplification and
convenience. In addition to ‘Class I’ there exist a very large number
of ‘Class II’ (Bosse and Villa 2019) mineral chronometers, whose
lowest stability temperature is lower than their ‘closure tempera-
ture’, above which radiogenic daughters are lost from the inert
mineral structure. A Class II mineral that forms much above its
‘closure temperature’ does not retain radiogenic daughters, so that
its age dates the time when it has cooled down to achieve isotopic
closure. However, a Class II mineral can also form below its
‘closure temperature’, in which case its age dates its formation. If its
composition can be associated to the P-T-a-X-d conditions at the
time of its crystallization, a Class II mineral is an efficient
petrochronometer (see below).

The empirical determination of ‘closure temperatures’ is
problematic both in the laboratory and in the field. In laboratory
experiments it is almost impossible to block diffusion, but other
artefacts are possible and even likely, such as superimposing
dissolution/reprecipitation onto diffusion. Since the dissolution rate
constant, kdiss, is orders of magnitude higher than the diffusion rate,
D (Villa 2016), it follows that laboratory experiments that are not
perfectly anhydrous result in a massive overestimation of the true
diffusivity (Hess et al. 1987; Villa 2010, 2021). As a result,
hydrothermal laboratory experiments give an upper limit for
diffusivity but are inadequate to estimate its accurate value.

As a viable alternative to artefact-prone hydrothermal laboratory
experiments, the retentivity of a mineral chronometer can be
estimated from field relations. If the P-T-a-X conditions of a rock are
independently known, the preservation or removal of isotopic
inheritance in a mineral chronometer constrain its retentivity. An
essential note of caution is that the temperature-dependent
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retentivity can only be estimated if retrograde reactions were
completely absent throughout the rock’s history. Unless this is
carefully monitored, one can obtain apparently very discrepant field
estimates for the same mineral. Examples are monazite (which can
retain radiogenic Pb at very high T and lose it at low T – if water
promoted retrogression: Seydoux-Guillaume et al. 2012), musco-
vite (which completely retained radiogenic Ar at 560°C but was
rejuvenated by fluids below 300°C: Villa et al. 2014), biotite (which
retained Ar above 500°C: Allaz et al. 2011; Airaghi et al. 2018, but
can be rejuvenated by chloritization in the prehnite-pumpellyite
facies), and microcline (which retained Ar at 450°C: Villa and
Hanchar 2013, but can be rejuvenated by kaolinitization near room
temperature). In summary, empirical retentivity assessments should
not take into account an unsupervised average of all field estimates,
but only those giving the highest ‘closure temperatures’, Tc. Lower
estimates for Tc usually stem from retrograde reactions, which had
not previously investigated using petrological tools to detect major
element disequilibrium.

One decisive mathematical argument when examining natural
minerals is that Fourier-Fick equations predict that volume diffusion
must always result in a bell-shaped concentration gradient (Villa
2016), often referred to as an erf (error function) profile. For
multicomponent diffusion in garnet, where charge compensation is
involved, Carlson (2017) calculated and observed that REE
concentrations deviated from an erf profile. Most studies dealing
with concentration gradients in connection with thermochronology
address the daughter isotope 40Ar, to which Carlson’s (2017)
formalism is not applicable. Reported Ar concentration gradients
differing from erf profiles contrast with volume diffusion being the
process causing isotopic mobility (Phillips and Onstott 1988;
Hodges et al. 1994). As for the radiogenic Pb isotopes, to this date
no Pb concentration profiles with sufficient spatial resolution have
been published (cf. Villa 2016). The spatial resolution required for a
rigorous identification of a true erf profile is very high (Labotka
et al. 2004), usually much higher than that achievable with laser

microprobes (Villa 2016, fig. 2). The burden of proving the
existence of a true erf profile lies on the proponents of the
improbable assertion that volume diffusion was the one and only
mechanism controlling the isotope record of a mineral chronometer.

If a mineral is entirely enclosed in another mineral, whose
diffusivity is extremely low (‘armoured inclusion’), the isotopic
exchange between the mineral and its surrounding is negligible. In
the examples discussed here, and in sheared rocks in general, this
armouring did not occur, and the boundary conditions of the
diffusion equations do permit isotopic exchange.

The ultimate ground truth test for any theory is whether its
predictions are always respected. One single counter-example is
sufficient to disqualify a theory as proposed (Popper 1959).
Thermochronological modelling applied to micas leads to grossly
incorrect tectonic reconstructions (e.g. Steck and Hunziker, as
discussed by Bosse and Villa 2019). Observations highlighting the
internal inconsistency of thermochronological modelling were
discussed, for example, by Balogh and Dunkl (2005) and Airaghi
et al. (2018). Even past supporters of ‘diffusionist’ modelling have
now come to review the observations and concluded that ages
cannot simply be inverted to give a ‘cooling history’ (e.g. Popov
et al. 2021). What is observed instead is that someminerals formerly
believed to be thermochronometers are in actual fact hygrochron-
ometers, such as K-feldspar (Villa and Hanchar 2013; Chafe et al.
2014) and titanite (Holder and Hacker 2019), or petrochronometers,
such as monazite (e.g. Villa andWilliams 2013), muscovite (Tartes̀e
et al. 2011), and biotite (Montemagni et al. 2019).

As illustrated in Figure 1c (see the discussion below), if suitable
conditions (low water activity and high temperature) prevail, it is
possible in principle that diffusion be observable in micas. Indeed,
there is one example of biotite in the Oligo-Miocene monometa-
morphic minerals from the Alps that probably records cooling and
not recrystallization, as the rock that contains it is free from
retrogression (Allaz et al. 2011, fig. 5). There may be another
example, a muscovite from the Western Alps, which shows only

Fig. 1. (a) Transport rate of a radiogenic isotope, Rloss, v. the energy threshold that an ion of that element must overcome to move in the crystal structure,
E0. Energetically less costly processes have a higher rate unless limited by external factors. (b) Transport rate v. the variation in time of reactant availability,
d(aX)/dt, at constant temperature. The reactant supply limits or enhances the reaction rate and therefore transport, whereas diffusion always occurs at the
same rate for constant boundary conditions. When no reaction occurs, diffusion is the fastest process; as water activity increases, the two processes cross
over and reaction effects a faster ion transport than diffusion. (c) Combined dependence of Rloss on E0 and d(aX)/dt at constant temperature and boundary
condition. The dashed line qualitatively marking the intersection of the two sloping planes separates the regime where diffusion is the fastest process from
that where reactions (including dissolution) are faster than diffusion. (d) Temperature dependence of the dissolution rate and the diffusion rate for biotite
(modified after Villa 2016). The dissolution rate data by Wood and Walther (1983) were obtained between room temperature and 710°C.
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limited amounts of chemical variation between its different sieve
sizes; this is compatible with only subordinate retrogression (Villa
et al. 2014, p. 816). Most other micas from the literature record a
plurality of isotopic perturbations, from inheritance to alteration.

Hygrochronometers

Hygrochronology did not arise by design from a consciously asked
question about hydrogeological systems, but was the unexpected
result of mineralogical observations. The first realization that intra-
grain diachronism could be due to heterochemical retrograde
reactions was stimulated by cathodoluminescence (CL) observa-
tions of zircon grains (Gebauer et al. 1988). Another mineral
chronometer that records metasomatic events is monazite. Extensive
studies by EPMA of the link between monazite microstructures,
their composition, and their age (Williams et al. 1999) has
established it as a bona fide recorder of metasomatism and of
fluid circulation events in general (Villa and Williams 2013 and
references therein).

Ever since Goldich (1938) the qualitative observation that
minerals can and do interact with aqueous fluids can be
quantitatively systematized. One of the most labile minerals with
respect to aqueous alteration is the feldspar family (cf. also Smith
1974; Smith et al. 2013). When attempting to characterize the
petrogenesis of an Oligo-Miocene feldspar from the Central Alps,
Villa and Hanchar (2013) observed striking variations in its CL
emission. This initially surprising analogy to zircon and monazite
can be understood by noting that feldspar, much like zircon and
monazite, can react with aqueous fluids and recystallize at virtually
any temperature, substantially below its purely temperature-
controlled diffusivity (Villa and Hanchar 2013).

Recrystallization occurs in different steps, each of which has
independent limiting factors. First, dissolution takes place; its rate
depends on water activity aH2O, oxygen fugacity fO2, and
temperature T (Wood and Walther 1983). Then, reprecipitation
can occur if the solution becomes saturated (by a change in aH2O,
and/or fO2, and/or T, and/or a change in the overall fluid composition
and the molar fraction X of all cations). Therefore, even if the
recrystallization rate R does depend on T, it is not solely dependent
on it and the R(T ) function cannot be inverted to estimate the
ambient T.

The point that the recrystallization rate is not necessarily identical
to the dissolution rate is illustrated by the laboratory experiment by
Labotka et al. (2004). From their figure 2 it can be calculated that the
former is lower by almost an order of magnitude than the dissolution
rate predicted by Wood and Walther (1983), suggesting that
reprecipitation was the slower, rate-limiting process (Villa 2016).

Petrochronometers

Petrochronology endeavours to quantify the ‘stratigraphic’ sequence
of petrogenetic events. One could say that it has come full circle
from the goals set by Holmes (1913), by changing the focus on what
sequence of geological events one is considering: a century ago, the
frontier was dating the sedimentation of a fossiliferous bed; in recent
years, the focus has shifted to understanding the passage of a rock
through a certain point in P-T-a-X-d-t space (d being deformation,
not truly a petrogenetic indicator sensu stricto, but a necessary
ingredient to our understanding why a particular chemical reaction
came to occur).

The main discriminant between reliable and unreliable petro-
chronologic inferences is the extent to which it can be unambigu-
ously proved that the P-T-a-X information pertains to a
thermodynamic equilibrium state that has not been subsequently
modified by retrogression reactions or thermally-induced diffusive
reequilibration. Even if full re-equilibration is exceptional, it is vital

to distinguish between ‘mostly equilibrated’ and ‘vastly
retrogressed’. Such disturbances manifest themselves as discrepant
P-T-a-X estimates (see, e.g. Allaz et al. 2011, fig. 5c). Lanari and
Duesterhoeft (2019) extended the use of equilibrium thermody-
namics to unequilibrated rocks. They noted that even in rocks that
were not fully re-equilibrated during metamorphism it was possible
to exploit local bulk compositions at the scale of one mineral pair to
calculate P-T-a-X conditions.

One analytical conundrum in the chemical and isotopic analyses
of samples in internal petrologic disequilibrium is the scale of the
textures revealing disequilibrium compositions. If the analysed
sample volume is excessively large (i.e. larger than natural intra-
grain heterogeneity), the measurement will smooth away the
difference between generations and produce a meaningless
‘average’ of unrelated subsystems.

Nanochronometers

The possibility to obtain trace element and isotope data with a
radically new instrument, the atom-probe (Valley et al. 2014), has
opened up a new avenue for petrochronological studies. It had long
been observed by TEM that below 1 µm, the resolution of the
EPMA at the time, there occurred phenomena that were not
anticipated in the last century. Especially the formation of clusters of
‘parentless Pb’ was reported (Seydoux-Guillaume et al. 2003;
Utsunomiya et al. 2004; Kusiak et al. 2013). With the possibility to
image individual atoms, the transport behaviour of daughter
isotopes gains unprecedented clarity (Peterman et al. 2019;
Seydoux-Guillaume et al. 2019). Both radiogenic Pb4+ and trace
elements such as Y3+ do diffuse (as do all atoms at all temperatures
above 0 K). The question then became, how far do they diffuse, and
why do they form clusters? The length scale travelled by the
diffusing ions was a few nanometres, much smaller than the
analysed grain size. This means that radiogenic Pb is not ‘lost’ from
a grain but simply redistributed within it: once it has reached an
extended defect, where the crystal structure has been damaged by
the recoiling α particles, it finds itself in a local potential energy well
that ensures its subsequent immobilization. The migration can be
enhanced by deformation (Reddy et al. 2016).

The formation of clusters of radiogenic daughters trapped in
different sites from their radioactive parents thus can give
excessively high ages when the resulting heterogeneity is larger
than analysed sample volumes. This may seem to prevent
geochronologists from obtaining accurate ages at the sub-µm
scale. This problem occurs for the opposite reason as the analytical
conundrum mentioned above, namely that excessively large sample
volumes result in spurious averages. Thus, there appears to be a
‘Goldilocks zone’ for dating a mineral with a complex microstruc-
ture: the analysed volumemust be neither larger nor smaller than the
microstructures that have previously been characterized. However,
the essence of observations of nanometre-sized structures is that
geochronologists obtain a direct window for observing the
processes at the atomic scale. Fluid flow, with attending chemically
open-system transport of soluble ions, was calculated and observed
to occur along self-sealing networks of nanopores (Plümper et al.
2017). In the absence of pervasive fluid flow, no reequilibration at
the µm scale occurs, and chemical and isotopic heterogeneity is
preserved.

Atomistic considerations

The assumption that minerals consist of atoms has implications
(Lasaga 1981) that have not always been taken into account. Any
process involving atoms has a threshold energy, unlike the
continuum mechanical approach by Fourier (1822) and Fick
(1855). The threshold (‘activation energy’) that a migrating atom
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or ion must overcome in its jump from one unit cell to the next one is
inverserly proportional to the rate of that process. This is
qualitatively illustrated in Figure 1a. The threshold energy for
diffusion in phyllosilicates is around 250 kJ mol -1 (Villa 2010),
that for dissolution 25 kJ mol -1 (Smith et al. 2013). This alone
would ensure that dissolution rates are faster than volume diffuson
(Fig. 1d); however, dissolution (as any chemical reaction) is limited
by the availability of reactants (Fig. 1b). If enough water is
available, the reaction quickly (Wood and Walther 1983) goes to
completion and the entire mineral is dissolved. Otherwise, there will
remain restitic patches interspersed with dissolved and reprecipi-
tated patches. Combining Figures 1a and b into a three-dimensional
plot (Fig. 1c) illustrates the fact that there can exist instances in
which fast dissolution is disabled, and slow diffusion remains the
predominant process.

Dating deformation: adding ‘d’ to P-T-a-X-t

If one wants to model the tectonics of a continental mass at the scale
of tens or hundreds of kilometres one must first observe the
behaviour of minerals at the nanometre scale (Villa 2006). Dating
faults is based precisely on the nanometre-scale manifestations of a
kilometre-scale stress field. Contrary to older tectonic models of
faulting as a purely thermal process affecting petrologically inert
rocks (e.g. England and Molnar 1993), faults act, albeit often
episodically (Caine et al. 1996; Gomila et al. 2021), as a preferential
conduit for aqueous fluids, with attending mineral recrystallization
(Kerrich et al. 1980; Proyer 2003). On a fault plane the fluid-
induced recrystallization is usually nearly complete and mineral
chronometers mostly were reset (Tartes̀e et al. 2012). Near the fault,
where relicts of the minerals predating deformation are more
abundant, it is essential to perform microchemical and petrological
groundwork, without which mass spectrometric measurements are
meaningless. The necessity lies in recognizing how many
generations of a mineral geochronometer are observable, to what
extent each is retrogressed, and which minerals belong together to a
single paragenesis. Far from the fault, the earlier mineral
generations will be predominant or even exclusive. Similarly,
coarser grain sizes will be preferentially more enriched in detrital
relicts than the finest grains. In the approach proposed by Árkai et al.
(1995); cf. Viola et al. (2016, 2018), the mixed age obtained from
analysing different modal proportion of authigenic and detrital clay
generations on a brittle fault plane is plotted as a function of grain
size, i.e. of the relicts’ proportion. The observed correlation is used
to infer the age of the newly crystallized clay component that dates
the fault movement.

In higher-grade ductile deformation the authigenic mineral
generation dating the deformation phase matures to a grainsize of
several tens of µm, very often consisting of a mosaic of intergrown
authigenic plus restitic aggregates, and the grain-size approach is
much less efficient. However, deconvolving the different generation
is still the prerequisite for successful dating. In most deformed
rocks, a dedicated microtextural search for heterochemical mineral
generations allows a distinction between pre-, syn- and post-
deformation minerals. Whenever this petrologic groundwork is not
done, analysing random mixtures of diachronous minerals can only
yield geologically meaningless average ages. Instead, the identifi-
cation of microtexturally and compositionally distinct mica
generations can be tied to 39Ar-40Ar systematics (as described in
detail by Montemagni and Villa 2021) to extract ages for each of
them. A failproof discriminant between a Class I thermochron-
ometer and a Class II petrochronometer is provided by the ages of
microstructurally different generations of one and the same mineral
chronometer (monazite, muscovite, biotite…). If the ages are all
different, then at most one of them can be a true cooling age, all
lower ages being due to complete (or at least high) retention of

radiogenic daughters by mineral generations that (re-)crystallized
later than the onset of daughter retention in the oldest generation. If
one were to interpret all mica ages as ‘cooling ages’, inconsistencies
become immediately clear (Airaghi et al. 2018). If one assumes
excessively low retentivity for Ar retention in their biotite (as e.g.
their samples from Longmen Shan), and moreover neglects the
microstructural observation that biotite-1 predates muscovite-3,
then one would be forced to invoke wholesale excess Ar, and all
biotite ages would become meaningless; but since biotite gives the
same age as allanite, with which it forms contemporaneously, one is
forced instead to conclude that biotite retains Ar above 500°C, and
that muscovite-3 does not conform to a modelled ‘cooling history’,
since (being a Class II petrochronometer) it records a formation age
and not a ‘cooling age’. The time-temperature evolution inferred
from inaccurate modelling is incorrect and the tectonic reconstruc-
tion based on such modelling would be equally incorrect.

In summary, what is required for a reliable dating of deformation
is the establishment of a context between microtexture, microchem-
istry and geochronology. In practical terms, a ‘best practice’ for
dating deformation consists in a well-defined sequence: firstly,
microstructurally chart the different textural generations of
deformed minerals; then determine the chemical compositions,
and their variation, of the observed microstructures; finally, select a
dating method that fulfills two essential requirements: allowing a
‘Goldilocks’ disentanglement of the intergrown mineral genera-
tions, and providing control on the effectively achieved disen-
tanglement by the chemical fingerprint (such as, e.g. the
208Pb/206Pb or the 38Ar/39Ar ratios: Villa and Hanchar 2017). All
these analyses are labour-intensive, but the reward is a clearer
understanding of a superposition of the processes that control the
chronological information hidden in deformed rocks.
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