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1. Introductioauuscript received 29 January 2023, revised 9 May 203eposiped synehrozously with folding on top of pre-

Fold-and-thrust belts (FTBs hereinafter) are impor-
tant features of almost all modern convergent oro-
gens. FIBs mark the boundary between the orogen
(hinterland) and its foreland basin and correspond
to the zone of frontal tectonic accretion of shallow
crustal rocks (Figure 1A). In FTBs, the migration of
deformation through time in response to the growth
of the orogenic wedge usually involves the proxi-
mal parts of the foreland basin and causes folding
of the pre-orogenic and syn-flexural sedimentary se-
quences. In most cases, sedimentation occurs con-
tinuously during deformation and growth strata are
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folding strata.

In order to understand the rates and mechanisms
of orogenic growth, it is important to determine the
age and longevity of structures such as folds and
thrusts. Such chronologic constraints are critical for
defining the timing, duration and rate of shortening,
fold growth and deposition [Suppe et al., 1992, But-
ler and Lickorish, 1997] and more generally the se-
quence of deformation. In FIBs, the general case is
a foreland younging sequence of thrusts and related
folds (“in-sequence” thrusts), but thrusts can also vi-
olate this trend (“out-of-sequence” thrusts), and the
sequence may even be erratic in case of strong struc-
tural inheritance. In order to reconstruct the tectonic
evolution, it is therefore critical to determine the ages
and duration of the involved folds and thrusts as
well as the associated local and regional deformation
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Figure 1. (A) Definition of the various domains
of the fold-and-thrust belt-foreland basin sys-
tem. (B) Sketches of the 3 deformation stages
defining the folding event, on which develop-
ing structures used for dating deformation are
represented in red.

rates.

The age of shallow-crustal thrusts and folds is usu-
ally constrained either by indirect bracketing, rely-
ing on the age of the formations that are thrusted
and/or folded and of those sealing the thrust or the
fold, or by direct dating of syn-orogenic sedimenta-
tion. Efforts have been made to provide age con-
straints on the deposition of growth strata or on up-
lifted/deformed fluvial or marine terraces. How-
ever, in addition to the uncertainties inherent to
stratigraphic correlation, this approach is obviously
limited where no record of syn-orogenic sedimen-
tation is preserved. It is therefore of prime interest
to directly date either folding or faulting whenever
possible. The absolute age of activity for shallow-
crustal faults can be obtained by geochronology of
fault-generated materials such as fault gouge, slip-
surface hematite or opal, pseudotachylyte and slick-

enfibers [e.g., Nuriel etal., 2012, 2019, Aultet al., 2015,
Tillberg et al., 2020]. More common minerals suit-
able for radiometric dating include the K-bearing il-
lite [van der Pluijm et al., 2001, Vrolijk et al., 2018]
or the U-bearing calcite [Roberts and Walker, 2016,
Roberts et al., 2017].

Direct dating of folding requires preliminary iden-
tification of datable mineral-bearing mesostructures
(e.g., calcite-filling veins or slickensides/calcite steps
along faults or bedding-parallel slip surfaces) that de-
veloped contemporaneously with folding. For a given
contractional event leading to folding, mesoscale
structures may form before, during and after folding,
i.e.,, in a sequence than encompasses layer-parallel
shortening (LPS), fold growth and late stage fold
tightening (LSFT) [Tavani et al.,, 2015; Figure 1B].
This sequence defines the folding event [Lacombe
etal.,, 2021]. The identification and absolute dating of
early-, syn- and late-folding mesostructures provides
a time bracket for fold growth and allows for an un-
precedented assessment of the timing and duration
of fold-related contraction.

Because a wealth of absolute dates have been
gained from various techniques over the last 15 years
in contractional settings worldwide, it is timely to re-
view the classical approaches and recent advances
on dating folding and thrusting in FTBs, and to show
how geochronology may help better constrain the se-
quence, duration and rates of shortening and propa-
gation of deformation. We first provide a brief review
of the classical approaches to date fold growth and to
constrain folding rates. Second, by focusing on brittle
deformation, we show (1) how direct dating of illite
from fault gouges provides first-order information of
the timing of thrusting, and (2) how direct dating
of calcite mineralization associated with the devel-
opment of mesostructures within folded strata help
constrain the timing and duration of folding and/or
of shortening preceding and following folding. We fi-
nally discuss how geochronology has paved the way
toward a better appraisal of the sequence and rates of
deformation in FTBs.

2. Dating fold growth using the sedimentolog-
ical record
2.1. Growth strata

Over timescales of 100 kyr to My, the timing and
rate of fold development can be obtained from syn-



Olivier Lacombe and Nicolas Emmanuel Beaudoin 469

orogenic formations if they are preserved and dat-
able. Syn-folding growth strata depositing on top of
pre-folding strata often show a first-order charac-
teristic pattern: decreasing dips up section toward
the fold flanks; fan-like geometry, with thickening
of beds away from the fold limb/crest; conformable
bedding except at the edges of the fold where un-
conformities are observed along with tapering bed
thicknesses (Figure 2A). Syn-tectonic unconformities
may be either progressive or angular, respectively
resulting from either slow or rapid tilting of the de-
positional surface with respect to sedimentation rate
[Riba, 1976]. The transition from conformable beds
to unconformities is usually interpreted as represent-
ing a change from stable to tectonically active con-
ditions where the fold may begin to emerge above
the land surface [Poblet et al., 1997]. Because of the
competition between sedimentation and fold uplift
which may vary over time, growth strata may exhibit
variable geometries: onlap, offlap, overlap, with vari-
able or constant thickness. For instance, growth beds
that overlap the fold crest and thin over it indicate
that sedimentation rates outpaced fold growth rates
during their deposition; overlapping beds with con-
stant thickness indicate that no fold uplift occurred
during their deposition. Growth strata are variably
preserved in the sedimentary record depending on
the amount and rate of erosion [Vergés et al., 2002].
The geometries and sedimentological characteris-
tics (e.g., changes in vertical facies succession and
provenance) of growth strata associated with a given
fold are key to understanding its kinematics. Several
factors such as axial surface activity, fold uplift, limb
rotation and limb lengthening rates, deformation
mechanisms within the syntectonic sediments, to-
gether with sedimentation and erosion rates, control
growth strata patterns. Because the evolutionary
path of most of these parameters depends on the
fold kinematics, different growth strata architectures
are expected for different thrust-related folds [Suppe
et al., 1992]. Growth strata have been extensively
documented [e.g. Lickorish and Ford, 1998, Butler
and Lickorish, 1997, Schneider et al., 1996, Zapata
and Allmendinger, 1996, Saura et al., 2011, Heer-
mance et al., 2008, Chen et al., 2022]. Dating the base
of the growth strata defines the youngest initiation
age for fold growth, while the end of folding is marked
by deposition of post-growth strata concealing the
final fold geometry. As a result, it is of the utmost
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Figure 2. (A) Photograph of growth strata (Fars,
Iran). (B) Summary of dating techniques ap-
plied to growth strata and terraces and usual
workflow to estimate shortening or fault-slip
rates.

importance to provide absolute age constraints on
growth strata deposition, with the currently available
techniques to do so being summarized hereinafter
(Figure 2B).

2.1.1. Magnetostratigraphy

Magnetostratigraphy relies upon collecting sam-
ples from fine-grained lithotypes along a strati-
graphic section and analyzing them to determine
their characteristic depositional remanent magneti-
zation (ChRM). The ChRM direction usually repre-
sents a primary magnetization acquired at, or shortly
after, rock deposition and is used for the calcula-
tion of the Virtual Geomagnetic Pole (VGP) latitude
at each stratigraphic level. Positive and negative
VGP latitudes are interpreted as normal and reverse
polarity, respectively, and used to construct a local
magnetic polarity stratigraphy of the section. When
combined with independent anchor absolute ages,
the local magnetostratigraphic column is correlated
with the Global Magnetic Polarity Time Scale, which
ultimately yields the absolute age of the stratigraphic
section, including the growth strata of interest. The
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main issue is related to variations in the deposition
rate, which can cause the thickness of a given polar-
ity zone to vary from one area to another. This tech-
nique is well suited to date non marine sequences
that generally lack fossiliferous contents.

2.1.2. Biostratigraphy and strontium isotopes

In the case of carbonates, time constraints on the
age of growth strata come from either classical bios-
tratigraphy or strontium isotope stratigraphy. The
latter method relies on the comparison of the Sr-
isotope ratio Sr®/Sr®0 of the samples with the refer-
ence curve documenting the evolution of the value
of the Sr®7/Sr® ratio of the ocean through geological
time [McArthur et al.,, 2012] to derive the age of the
sample.

2.1.3. U-Pb detrital thermochronology

Dating of detrital zircons from clastic sedimentary
rocks provides information about provenance, hence
source areas. The dating of the detrital component
of growth strata allows the analysis of the different
source areas through time, which in turn would indi-
cate successive uplift and exhumation of the recog-
nized morphostructural systems. U-Pb detrital ther-
mochronology also may provide direct chronostrati-
graphic information on the growth strata of inter-
est. DeCelles et al. [2007] reported the study of clas-
tic sedimentary rocks in the Puna plateau (Argentina)
where, in addition to older zircon grain populations,
the age of a small population of detrital zircon ages
overlaps with biostratigraphic ages and helped refine
the stratigraphic age of the formation.

2.1.4. Pairing 2°Al/'°Be burial dating and magne-
tostratigraphy

Because magnetostratigraphic dating fails in
coarse-grained growth strata and in areas with few
interbedded volcanic layers and sparse biostratig-
raphy, burial dating has emerged as a new way to
date such strata in late Cenozoic basins. Thomp-
son Jobe et al. [2018] combined magnetostratigra-
phy with 26A1/1°Be cosmogenic burial age dating in
growth strata of the Tarim Basin to place age con-
straints on depositional sequences and to define fold
initiation. Burial ages are most reliable when de-
rived from slowly eroding source terranes that have
been (1) deeply and rapidly buried, and (2) only very
recently exhumed.

2.1.5. Cyclostratigraphy

Sedimentary rocks often record Milankovitch-
scale cyclicity, which can be revealed by rock-
magnetic methods. Cyclostratigraphic records re-
lated to magnetic-mineral concentration variations
modulated by astronomically forced climate changes
can be used to date growth strata [e.g., Carrigan et al.,
2016]. Cyclostratigraphy provides temporal reso-
lution on the order of 10*-10° years in clastic and
carbonate marine [Hinnov, 2013] and fluvial [Na-
dor et al., 2003] deposits. Foreland basins are well
suited for cyclostratigraphy as they have sufficiently
high sediment accumulation rates and large accom-
modation space to record high frequency orbital
signals.

2.2. Terraces

Fold geometry and short term rates of deformation
over a timescale of ~10 kyr can be determined using
geomorphic studies of uplifted terraces and dated
terrace fill or strath surfaces across active structures
[Delcaillau, 2001]. Nearly isochronous fluvial or ma-
rine terraces can be used as geomorphic strain mark-
ers linking underlying structures to surface deforma-
tion, in order to deconvolve the shortening and uplift
of a fold. Fluvial terraces provide important records
of river incision, rock uplift, and climatic perturba-
tions [e.g. Pazzaglia and Brandon, 2001]. Remnants
of warped and tilted fluvial terraces preserved along
rivers in active orogens reflect the long-term incision
history of a river and can be used as geomorphic
markers to interpret active folding, provided the river
profile does not change through time [e.g. Lavé and
Avouac, 2000]. If the age of the terraces can be as-
sessed, fluvial terraces provide information on rock
uplift rates (and on folding rates if rock uplift is re-
lated to folding). Marine terraces can also be used
to unravel vertical deformation. In contrast to fluvial
terraces, their initial elevation and geometry are usu-
ally affected by less ambiguity and provide a more
accurate tectonic signal, although their restricted
areal extension limits their use to the shorelines of
coastal orogens.

The derivation of rock uplift rate from dated flu-
vial terraces requires that the geometry and elevation
of the river remain constant during incision. Rock
uplift is equal to river incision, as measured from
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the elevation of terrace remnants above the modern
river channel. However, a river can also incise due
to climatically-induced channel geometry and base
level changes, so that local incision does not neces-
sarily equal local tectonic uplift. It is generally con-
sidered that fluvial terraces forming a level at a con-
tinuously varying elevation above the modern river
bed are isochronous [e.g., Molnar et al., 1994].

Terraces may be laterally correlated according to
the thickness, grain size and degree of weathering of
their fill. The age of the terraces can be assessed us-
ing different methods such as “C dating of organic-
carbon rich material in the terraces, minimum expo-
sure ages determined from in situ produced cosmo-
genic radionuclides (\°Be, 3¢Cl) on pebbles and clasts
from the terrace surfaces [Cerling and Craig, 1994,
Gosse and Phillips, 2001] or luminescence of feldspar
or quartz [Rizza et al., 2019]. Terrace exposure ages
correspond to the time since terrace abandonment,
when fluvial incision resumed.

Finally, uplifted quaternary coral reef terraces
(constructional or erosional) have also been used to
derive rate of late Quaternary folding [Taylor and
Mann, 1991, Cox, 2009].

2.3. From depositional patterns and age of
growth strata and terraces to fold growth
rate and from fold growth rate to shortening
rate

Depositional patterns and ages of growth strata al-
lows to constrain how and how fast fold attributes
(fold uplift, limb rotation) have been progressively
acquired through time. The crestal structural re-
lief of a fold can be defined as the elevation of a
given stratigraphic horizon in the anticline crest with
respect to the same horizon off the fold [McClay,
1992]. Knowing the crestal structural relief at differ-
ent times makes it possible to estimate the fold up-
lift during deposition of a particular growth bed as
well as fold uplift rates if beds can be dated [Masa-
ferro et al., 2002]. Kinematic models of fault-related
folding consistent with the pattern of growth strata
can subsequently be used to derive shortening rates
and fault-slip rates (Figure 2B).

The Zagros belt case illustrates how the timing,
regional in-sequence fold development and rates of
fold/thrust propagation have been constrained us-
ing magnetostratigraphy [Khadivi et al., 2010, Ruh
et al., 2014, Pirouz et al., 2017, Najafi et al., 2021].

Also, the duration of some fold growth was con-
strained thanks to the dating of both the base and
top of the growth strata [Changuleh syncline: 5 Myr,
Homke et al., 2004; Jarik syncline: 5.8 Myr, Lash-
gari et al., 2020; Dowlatabad syncline: 2.85 Myr, Na-
jafi et al.,, 2021]. The mean rates of folding front
propagation (20 mm/yr in the Fars and 15 mm/yr
in the Lurestan, varying with time between 8 and
34 mm/yr) are about one order of magnitude larger
than the coeval shortening rates (~4 mm/yr in the
Fars and ~2 mm/yr in the Lurestan). The fast prop-
agation is possibly related to either the reactivation
of pre-existing faults in the Arabian basement or the
presence of an efficient decollement at the base of
the deformed Arabian sedimentary cover (Hormuz
evaporites).

Uplifted and tilted fluvial or marine terraces also
can be used to reconstruct the pattern of vertical
movements related to folding. Terrace ages can be
combined with estimated terrace uplift and terrace
height profiles to evaluate the average uplift rates.
Considering a fold model accounting for the pattern
of uplift rates allows for conversion of the (vertical)
uplift rate into an (horizontal) shortening rate. For
instance, Lavé and Avouac [2000] used a fault bend
fold model to estimate the shortening rates associ-
ated with folding in the Himalaya foreland. The rock
uplift rate of up to 1.5 cm/yr derived from river in-
cision was converted into a mean shortening rate of
21 + 1.5 mm/yr over the Holocene, which indicates
that thrusting along the Main Frontal Thrust accom-
modates most of the shortening rate across the whole
Himalaya. More applications can be found in the
literature [e.g., Thompson et al., 2002, Simoes et al.,
2007, Haghipour et al., 2012, Hu et al., 2017]. Rock-
well et al. [1988] investigated the late Quaternary flu-
vial terraces uplifted and folded over the Ventura Av-
enue anticline (California) and showed that the mini-
mum possible average uplift rate in the axial region of
the fold has decreased from ~14 mm/yr to 2 mm/yr
during the past 200 ka. Interval uplift rates for the pe-
riods ~200-100 ka, ~100-30 ka and 30 ka-present are,
respectively, about 20 mm/yr, 9 mm/yr, and 5 mm/yr.
Based on the mechanics of flexural slip folding, these
data indicate a relatively constant shortening rate of
~9 mm/yr since the fold inception. Interestingly,
a constant shortening rate can produce systematic
changes of the rate of uplift and tilting over time as
aresult of local time-dependent fold mechanics.
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To sum up, short-term and long-term shortening
rates can significantly differ, and variable short-term
fold uplift rates may be consistent with a constant
shortening rate. Average deposition and fold growth
rates are often derived by assuming a steady shorten-
ing rate. Assuming both rates were constant through-
out the fold history, a tentative time of fold incep-
tion can be assessed. However, fold growth has a
highly discontinuous character through time, with
deformation being episodic at all timescales with
tectonic uplift pulses of different duration and in-
tensity interrupted by periods of variable extent in
which no fold growth occurred [e.g., Masaferro et al.,
2002, Livio et al., 2007, Anastasio et al., 2017]. The
growth of some fault-related folds may be related to
earthquake-related slip on active faults, which is by
essence discontinuous. Recent studies combining
magnetostratigraphy and cyclostratigraphy suggest
highly variable deformation rates [Carrigan et al.,
2016]. This emphasizes the difficulty to extrapolate
back in time the short-term fold uplift and shorten-
ing rates, and questions the true meaning of average
fold uplift rates. The age of fold initiation obtained
by assuming steady shortening, deposition, and fold
growth/uplift rates is therefore at best strongly biased
and at worst false, so the duration of fold growth re-
mains poorly constrained.

3. Dating thrust timing and quantifying slip
rates using low- T thermochronology
coupled with thermal-kinematic-
thermochronometric modeling

Low-T thermochronological techniques such as fis-
sion tracks or (U-Th)/He dating of apatite have the
potential to resolve the timing of activity of thrusts
and related slip rates averaged over long timescales in
FTBs. That is done by deriving cooling ages recording
erosion associated with the activity of the structures.
Low-T thermochronology also has been used to con-
strain the age of initiation of a thrust belt and/or
the timing of individual thrust sheets by identifying
“steps” in the cooling age across thrust sheets [e.g.,
Arne et al., 1997, Viola et al., 2003, McQuarrie et al.,
2005, Sobel et al., 2006]. Lock and Willett [2008] pro-
posed a systematic study of the patterns of low-T
thermochronometric ages generated in material ex-
humed by thrust-driven erosion across a FTB en-
compassing a complex series of faults. They also in-

vestigated how these patterns change with fault ge-
ometry and thrusting rate. The comparison of the
cooling age patterns associated with individual and
multiple thrusts derived from thermal-kinematic—
thermochronometric modeling with natural cooling
age patterns provides a tool to help quantify and in-
terpret the amount, timing and rates of thrust-related
deformation.

4. Recent progress in using geochronology for
dating thrusts and folds (1): K-Ar and Ar-Ar
geochronology of syn-kinematic authigenic
illite

4.1. Principle of the technique (Figure 3A)

The clay fraction of clay-rich rocks is composed
of a mixture of clays with multiple origins (detri-
tal and authigenic). In low-grade shales and mud-
stones, the detrital mica component is character-
ized by 2M1 polytype, whereas the authigenic form
is the 1M/1Md polytype (typically mixed-layer illite—
smectite (I-S) [Velde and Hower, 1963, Clauer et al.,
1997, Srodon et al., 2002]. 2M1 mica-discrete illite is
considered to be the detrital phase because its crys-
tallization temperature exceeds 280 °C [Srodon and
Eber], 1984]. In contrast, the 1Md polytype is thought
to form at significantly lower temperatures (7) be-
low 200 °C during diagenesis [Velde, 1965]. The finer
(<1 um) fractions of shales tend to be more enriched
in authigenic mixed-layer illite—smectite than coarser
fractions.

A fault gouge forms by a combined process of me-
chanical comminution and in situ neocrystallization
of phyllosilicates during fluid-assisted faulting. Dat-
ing of a fault gouge relies upon textural arguments to
deduce that the formation of the gouge is associated
with instantaneous neoformation of illite that is re-
lated to strain rate in the fault zone (i.e. more neofor-
mation during higher shear strain rate), because the
energetics of faulting and fluid flow promotes growth
of authigenic illite. Illite can form by illitization of
fragmented smectite [Altaner and Ylagan, 1997], by
hydration reactions of mica or by neocrystallization
from a fluid phase [Mancktelow et al., 2015], and pos-
sibly by breakdown of K-feldspar [Zwingmann et al.,
2010]. Thus, K-Ar or Ar-Ar isotopic dating of illites in
fault gouge provides a powerful tool to directly date
fault slip.
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A. K-Ar or Ar-Ar dating of illite-bearing fault gouge
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Figure 3. (cont.) (A) K-Ar/Ar-Ar illite geochronology. Al: example of clay-bearing thrust fault zone;
A2: schematic fault gouge with wall-rock derived clay and authigenic clay [after Haines and van der
Pluijm, 2023]; A3: electron microscope image of 2M1 and 1M illite assemblage; A4: polytype quantifi-
cation using XRD: fit of sample size fraction pattern and synthetic pattern of a mixture of 2M1 and 1Md
illite; A5: Ar-degassing age spectra; A6: plot of % 2M1 illite versus age of size fractions. (B) U-Pb calcite
geochronology. Examples of dated mesostructures (B1: calcite steps along a flexural slip surface; B2: tec-
tonic vein; B3: calcite along slip surfaces in a brittle shear zone). Principle of dating of syn-kinematic cal-
cite mineraization using LA-ICP-MS (B4: laser ablation spots in a calcite vein; B5: map of the 233U /207Pb
ratio within a calcite step; B6: Tera—Wasserburg diagram).

However, shallow crustal fault gouges as encoun-
tered in FTBs consist in a mixture of low T, au-
thigenic 1M/1Md illite generated by fault activity
and of a higher T, detrital 2M1 illite derived from
cataclasis of wall rocks during slip (note that in
high T fault gouges, 2M1 also forms as a syn-
kinematic/authigenic polytype). The physical mixing
between the inherited host rock fragments and the
authigenic phases formed during faulting is a chal-
lenge when interpreting K-Ar illite results from brit-
tle fault rocks, as it is necessary to discriminate the
radiogenic isotopic signature of both components.
Unfortunately, the lower the shear strain rate and
the temperature, the greater this challenge, because
of the only partial isotopic resetting of the inherited
components and limited authigenesis. Careful sam-
ple characterization and data reduction and analysis
from multiple grain size fractions are thus necessary
to produce dates that are not spurious due to mixed
radiogenic signatures.

As the growth kinetics of large clay crystallites
at low T is unfavorable, authigenic clays in shallow
crustal fault gouges are typically very fine-grained
(<1 wm) and thus tend to preferentially concen-
trate in the finest size fraction. The age of the finer
(<0.1 um) illite fraction is likely to be the closest to
the latest episode of faulting recorded by the fault
rock through the growth of syn-kinematic authigenic
illite. In contrast, the age of the coarsest fractions
represents a protolithic component, i.e., an inherited
input to the fault rock derived from the host rock [Vi-
ola etal., 2016]. However, although the finest fraction
is expected to provide the closest age to the age of
authigenic mineralization and, thus, to faulting [Age
Attractor Model, Torgersen et al., 2015b], it still gen-
erally contains some detrital material, and therefore
the age of that fraction will be a mixing age. The
ability to extract geologically meaningful neoforma-

tion ages from clay-rich fault rocks therefore requires
careful characterization of the clay populations and
the accurate quantification of the amounts of detrital
and authigenic phases.

The first step of the dating procedure consists in
characterizing the relative abundances of the authi-
genic 1Md polytype and the cataclastically-derived
2M1 polytype of illite in several (3 at least) size frac-
tions of the fault gouge. After separation of the dif-
ferent size fractions (coarse: 2-even up to 6-10-pm-—
0.2 um; medium: 0.2 um-0,05 pm; fine: <0.05 wm),
the amounts of detrital and authigenic illite are quan-
tified in each fraction by measuring the amounts
of discrete illite and interlayered illite—smectite (I-S)
[van der Pluijm et al., 2001]. The authigenic/detrital
ratio is determined through X-ray analysis of the clay
fraction. Illite polytypism can alternatively be quan-
tified by modeling X-ray powder diffraction patterns
[Reynolds, 1993]. The percentage of detrital illite
in each size fraction can be established by match-
ing the sample XRD pattern with synthetic XRD pat-
terns of mixed 2M1 and 1Md components [Haines
and van der Pluijm, 2023]. It is also possible to de-
termine the concentration of the 2M1polytype by
measuring the area of peaks that are unique to the
2M1 polytype and finding the ratio of them against
the area of a peak which is common to both poly-
types [Grathoff and Moore, 1996, Solum and van der
Pluijm, 2007, Aldega et al., 2019]. In a second step, the
different size fractions of the gouge are dated using
40K /40Ar or *°Ar/39Ar methods [Clauer et al., 2012].
If samples consist of different mixtures between the
two polytypes, and assuming a two-end member
mixing model, the radiogenic *°Ar/K ratio of each
mixture (i.e., each different clay size fraction) that
contain different relative percentages of each clay
polytype should fall on a binary mixing line between
the two end-member ratios. A fitted line through
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the data points of a fault rock samples with multi-
ple grain-size fractions containing various percent-
ages of detrital clay can therefore be extrapolated to
0% detrital illite to obtain an estimate for the age of
the pure authigenic component [Illite Age Analysis,
Pevear, 1999].

For further details, the reader is referred to the
papers by Clauer [2013], Viola et al. [2016], Boles et al.
[2018], Vrolijk et al. [2018] and Song and Sim [2021].

4.2. Limitations and way forward

Fault ages calculated using the two-end member
mixing model correspond to discrete events that rep-
resent either the timing of short-lived faulting or a
finite period of fault slip in the presence of fluids
[Haines and van der Pluijm, 2008, Solum et al., 2005,
van der Pluijm et al., 2006]. Therefore, capturing
the entire history of fault activity from a single fault-
gouge age remains challenging and unlikely. The po-
tential for wall rock inheritance and multiple clay-
generating slip events generally results in a positive
correlation between K-Ar illite age and clay grain size
[e.g., Torgersen et al., 2015a,b], which can be chal-
lenging to deconvolve.

The conditions under which authigenic clay forms
in a fault zone are critical to the interpretation of
illite ages. One can wonder how reliably the obtained
age of authigenic illite can be interpreted in terms of
the fault-zone development, particularly within the
framework of thermo-tectonic evolution.

Temperature is likely to be one of the key pa-
rameters controlling its growth. The potential tem-
perature control on illite growth has implications
for the interpretation of authigenic illite ages and
their relationship to deformation episodes within
fault zones [Duvall et al., 2011]. Zwingmann and
Mancktelow [2004] proposed that illite grows at tem-
peratures in the range 120 °C-150 °C. The range of
temperature for 1Md authigenic illite formation has
been assessed by Haines and van der Pluijm [2008]
between 110 °C and 160 °C. For Duvall et al. [2011],
the growth of authigenic illite is rather restricted to
a narrow thermal window, 108 + 10 °C. On the one
hand, the K-Ar age of authigenic illite records the
time elapsed since its in-situ mineralization within
the fault zone. Any increase in temperature related
to any secondary heating episode up to the closure
temperature of illite K-Ar empirically estimated as

260 °C for a grain size of ~2 um [Hunziker et al.,
1986] will cause the opening of the illite K-Ar system
[Tagami, 2012]. On the other hand, if the tempera-
ture window of authigenic illite growth is relatively
narrow, then the range of fault depths where illite
formation can occur is also limited, which allows for
targeted sampling of clay gouges that correspond to
particular periods of fault motion if the exhumation
history of sample sites is known. However, capturing
the record of the entire fault activity implies that fault
slip occurred within the illite crystallisation temper-
ature window and that the corresponding fault rocks
are available for surface sampling. In addition, one
can wonder about the possible formation of illite
due to shear heating out of the expected geothermal
temperature window [Rattez and Veveakis, 2020].
This means that the assumption that new authigenic
illite growth occurs with each successive faulting
event and completely overprints illite grown during
the earlier phases of deformation—so that illite ages
determined for faults with prolonged histories repre-
sent the last major period of fault slip [Solum et al.,
2005, Haines and van der Pluijm, 2008]—may be
wrong. The fault-formed illite age therefore does not
always represent the latest phase of fault slip if the
rocks sampled at the surface did not deform in, or
where not exhumed from, this temperature windows
or equivalent depth range, so that the recorded event
could well be the initiation of faulting. Along distinc-
tively buried and/or exhumed fault segments, the
record of the stage of faulting along a given fault may
therefore vary among sampling sites depending on
the thermal history. Herndndez-Vergara et al. [2021]
reported Eocene illite ages for folding and thrust-
ing in the Chiapas FTB (Mexico), but noticed the
nearly complete absence of illite formed during the
Miocene Chiapanecan Orogeny. Most of their sam-
ples still contain smectite, which did not fully morph
into illite upon diagenesis as illite only has grown
on secondary foliation planes. This suggests that
the samples were moderately buried, and that only
the most deeply buried ones recorded the Eocene
folding. Erosion during the Eocene and Miocene oro-
genies may have brought all samples to temperatures
too low for illite generation during the Chiapanecan
folding. It thus follows that considering the tempera-
ture/depth at the time of faulting or folding is of pri-
mary importance for the interpretation of illite ages.
The comparison of thermal histories with gouge ages
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from a single fault or multiple faults offers inde-
pendent information on the timing of discrete fault
events along specific structures. The determination
of thermal histories from thermochronometers like
apatite fission track (closure temperature ~110 °C)
places important constraints on the interpretation of
gouge ages.

The first ways of improvement for the dating of
fault gouges using K-Ar illite geochronology is related
to the better characterization of illite. The habit and
morphology ofillite crystallites can be determined by
scanning or transmission electron microscopy to dis-
criminate different illite populations. The actual pro-
cess responsible for illite authigenesis often remains
unclear. Illite may grow during slip localization, but
pre- or post-deformational hydrothermal alteration
[Viola et al., 2013], diagenesis [Lanson et al., 2002]
or deep weathering [Fredin et al.,, 2017] may also
contribute to the crystallization of K-bearing phases
[Scheiber et al., 2019]. Stable isotope studies [Manck-
telow et al., 2015] and the determination of illite crys-
tallinity [Verdel et al., 2011] may help constrain the
influence of specific processes on the authigenesis
of illite. The second way is to very closely link il-
lite age to the detailed architecture and chronology
of structural development of the fault zone, in other
words, to conduct microstructurally-constrained il-
lite geochronology. Studies aiming at dating fault
slip generally focus on syn-kinematic authigenic il-
lite from the fault cores. Strain during fault reactiva-
tion is confined to the fault core due to strain local-
ization leading to fault narrowing. The fault core is
characterized by incohesive fault rocks, large amount
of secondary clay mineral assemblages, and large age
spreads in K-Ar age-versus-grain-size spectra. Con-
sidering the so-called Brittle Structural Facies, i.e.,
commonly tightly juxtaposed, although not coeval,
deformed volumes of rock within a fault zone, char-
acterized by a given fault rock type, texture, colour,
composition, and age of formation [Tartaglia et al.,
2020], has been a step forward in the investigation
of the diachronic evolution of fault cores and the
resolution of multiple slip events along long-lived
faults.

Despite these improvements, it remains a diffi-
cult task to fully constrain the timing of fault ini-
tiation and to decipher the complex reactivation
history of long-lived brittle fault cores [Scheiber
et al., 2019]. Alternatively, provided that a carefully

microstructural characterization of damage zone
samples is performed, narrow K-Ar age ranges and
even age plateaus can be obtained, which can be in-
terpreted as recording fault initiation. Samples from
cohesive damage zones therefore have the potential
to preserve structural and mineralogical character-
istics from the earliest stages of fault zone activity,
even if the fault core was subsequently repeatedly
active through time [Scheiber et al., 2019]. Torgersen
et al. [2022] showed that it is even possible to ob-
tain geologically significant K-Ar ages from several
generations of syn-kinematic authigenic illite within
the same fault gouge if careful field sampling and
structural characterization is combined with de-
tailed mineralogical characterization, including illite
crystallinity analysis.

Finally, attention must be paid to the nature of the
protolith at the expense of which the gouge forms. In
the case of low T gouge material formed at the ex-
pense of siliciclastic turbidites or pelites, the prob-
lem of contamination by K-bearing minerals derived
from the host rock of even the finest illite fractions,
where the amount of contaminant is expectedly the
least, may be striking [Carboni et al., 2020, Viola et al.,
2018, 2022].

5. Recent progress in using geochronology
for dating thrusts and folds (2): U-Pb
geochronology of syn-kinematic calcite

LA-ICP-MS has been applied to U-series dating [Eg-
gins et al.,, 2005], and successful applications of U-
Th dating to striated fault planes have been reported
[Nuriel et al., 2012]. However, the usually very low
Z0Th concentration in carbonates severely hampers
the applicability of LA-ICP-MS to U-series calcite
geochronology [e.g., Lin et al., 2017], which is more-
over restricted to ages younger than ~500 kyr [An-
dersen et al.,, 2008]. U-Pb calcite geochronology
does not suffer this limitation and allows dating of
syn-kinematic carbonate mineralization as old as 10®
yrs. Because the U-Th dating method has large
uncertainties and requires relatively high U contents
compared to U-Pb, we focus hereinafter on U-Pb cal-
cite geochronology which is more applicable in most
settings. We exclude from this review the recent ap-
plication of LA-ICP-MS to U-Pb dating of dolomite
[Bar et al., 2021, Elisha et al., 2021].
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5.1. Principle of the technique (Figure 3B)

In FTBs, tectonic veins are very often filled with cal-
cite, and mesoscale slip surfaces are also often coated
with calcite. Dating the calcite mineralization di-
rectly associated with fracturing or faulting [i.e., tec-
tonic carbonates sensu Miiller, 2003], may therefore
provide valuable constraints on the timing of devel-
opment of the set of structures the veins/faults be-

long to.
Polished sections of vein-filling calcite,
cataclasite-cementing calcite or fault plane-

decorating calcite are analyzed by LA-ICP-MS using
standard methods for calcite U-Pb geochronology
[e.g., Roberts et al., 2017, 2020, Godeau et al., 2018,
Rasbury et al., 2021]. Although technically challeng-
ing because of usual low U concentrations (<10 ppm)
in calcite, the biggest benefit of LA-ICP-MS comes
from the spatial resolution (less than ~100 pm) at
which data can be obtained. Laser ablation spots on
the order of 50-200 um can be accurately placed to
target single structural and compositional domains
and combined to calculate a single date [Roberts and
Holdsworth, 2022]. The current detection limit of U
and Pb is low, ~0.1 ppm, and efforts are being made
to still expand the limits of LA-ICP-MS detection
[Kylander-Clark, 2020]. Generating ages and relating
these ages to geological processes requires the com-
bination of spatially resolved variations in composi-
tion (micron-scale elemental and isotopic mapping)
and U-Pb isotopic concentrations. The integration
of compositional image-based data with U-Pb data
can be used to interpret and refine age data, either
(1) by using independent imagery and analysis to
target, refine, and interpret the U-Pb analyses that
are based on static spot ablations, or (2) by using
mapping tools to extract age data directly from the
map itself, i.e., ages calculated from the pixel val-
ues [Drost et al., 2018, Hoareau et al., 2021a]. Ages
are determined from isochrons in Tera-Wasserburg
diagrams (e.g., by determining the lower intercepts
using free regressions). For more details, the reader
is referred to the papers by Guillong et al. [2020] and
Roberts et al. [2020].

5.2. Limitations and way forward

A striking advantage of the U-Pb calcite dating tech-
nique applied to deformed rocks from FTBs and sed-
imentary basins is that it is not fraught with closure

temperature issues. Experimental data by Cherniak
[1997] suggest that Pb diffusion in calcite is essen-
tially slow enough to be non-existent below 300 °C, so
recent LA-ICP-MS dating studies rely upon the idea
that diffusion is unlikely in low- T calcite. However, at
temperatures >400 °C, Pb diffusion is possible if en-
countered for long periods (>20 Myr) [Roberts et al.,
2020]. Cruset et al. [2020] reported that U-Pb dating
may fail in calcite cement from samples which have
temperatures >110 °C and too high initial Pb/U con-
tents, suggesting that temperature somehow could
be a limiting parameter in the U-Pb dating method.

A key requirement for calcite geochronology is
that detailed field (micro)structural and petrographic
observations need to be carried out in order to un-
ambiguously link the calcite growth history to the
tectonic history. If some structures hosting syn-
kinematic calcite mineralizations seem to be more
consistently prone to return a reliable U-Pb age, such
as crack-seals [Roberts and Holdsworth, 2022] or stri-
ated calcite steps along mesoscale faults [Beaudoin
et al., 2020], it remains unclear, to date, what kind
of parameters favors the success of U-Pb dating of
a given tectonic structure. Only, one can say that
some areas, or some lithotypes or stratigraphic lay-
ers are easier to date by U-Pb geochronology, regard-
less of the tectonic event the structure belongs to [e.g.
Cruset et al., 2020, Mottram et al., 2020, Bilau et al.,
2023]. At minimum one needs to ascertain the unam-
biguous coevality between calcite precipitation and
deformation. In the case of veins, the timing of open-
ing and cement precipitation may not be perfectly
identical, and full cement precipitation may slightly
postdate vein opening. The petrological outline of
veins can help constrain the relative timing of open-
ing and precipitation. For antitaxial veins, the pre-
cipitation rate equals or exceeds the opening rate, re-
flecting undoubtedly precipitation coeval with open-
ing [Bons et al., 2012]. In contrast, blocky calcite in-
dicates free precipitation of fluids in a void, due ei-
ther to a fluid precipitating after joint development
or to a fluid precipitating at slower rate than the rate
of opening. The latter case can nevertheless reflect a
coeval opening/precipitation timing if the precipita-
tion is directly triggered by the opening of the veins.
Within a vein set related to a given tectonic event,
each vein may have developed at any time during the
entire duration of the tectonic event. Thus, blocky
calcite veins can reasonably be considered as reflect-
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ing coeval vein opening/precipitation over the time
span corresponding to the tectonic event that devel-
oped a given fracture set. However, one need to en-
sure that the calcite filling did not precipitate during
a subsequent deformation stage. A way to do so is to
investigate the geochemical signature of the past flu-
ids the calcite precipitated from, as the past fluid sys-
tem usually evolved during deformation [Beaudoin
et al.,, 2022]. In any case, one generally considers the
oldest age gained from a vein population to provide
a minimum bound for the onset age of the deforma-
tion stage the veins belong to.

The U-Pb dating of calcite-bearing mesostruc-
tures intrinsically suffers from several limitations.
First, calcite does commonly incorporate more Pb
than U, making it often difficult to date [Mottram
et al.,, 2020]. Second, diagenetic and vein-fill calcite
usually displays more variable and lower contents of
U and higher contents of Pb than other types (e.g.,
speleothems), so U-Pb dating has a lower chance of
success in this material [Roberts et al., 2020]. Third,
there is still a lack of understanding of calcite recrys-
tallization processes in the case of multiple stages
of deformation and complex fluid history [Roberts
et al., 2021]. The role of diagenesis on the incorpo-
ration of U and Pb in carbonate minerals remains de-
bated [Roberts et al., 2020]. Thus, the diagenetic state
of the calcite vein cement has to be systematically
studied, along with its elementary content, in or-
der to properly perform the analysis [Beaudoin et al.,
2022]. U and Pb mobility assisted by fluid-flow in the
fault zone is a common potential issue, so the age de-
termined may not correspond to the true period of
fault slip. Indeed, the age of the calcite mineraliza-
tion can be younger than the fault activity because of
asubsequent fluid flow. While Roberts et al. [2021] re-
ported a reliable ~250 Ma age of slip along the Oc¢kov
thrust (Prague basin), another cross-cutting slicken-
fiber yielded an apparent age at ~95 Ma which likely
reflects a later Cretaceous fluid flow. This study il-
lustrates that the careful geochemical, compositional
and microstructural characterization of the calcite
mineralization is a prerequisite to ensure that the cal-
cite, and in particular, the dated isotopic system, has
remained undisturbed by later structural, thermal or
fluid-related activity [Roberts et al., 2021], hence for
the safe tectonic interpretation of U-Pb dates. In the
Bighorn basin (USA), Beaudoin et al. [2018] reported
analytically reliable Mio-Pliocene ages for some veins

which geometry and relative chronology with respect
to folding was consistent with the late Cretaceous-
Paleogene Laramide contraction. This discrepancy
was tentatively related to resetting linked to hot fluid
circulation coeval with Yellowstone hotspot activity
and Basin-and-Range extension. To check whether
the U-Pb age legitimately represents that of calcite
precipitation, a recent approach has coupled A*'CO,
paleothermometry to U-Pb geochronology to check
the temperature of precipitation and a potential di-
agenetic alteration recorded by A*’CO, temperature
history reordering [Pagel et al., 2018, Hoareau et al.,
2021b].

Should it be hampered by a primary lower
U/higher Pb content or a possible complex his-
tory of fluid circulation, the reliable and meaningful
dating of a given tectonic vein and mesoscale fault
population is challenging and may require a large
number of samples. For instance, the ages obtained
from vein cements might not be straightforwardly
interpreted as representative of the entire duration
of the deformation event that developed the veins, so
a certain number of data might be required to cover
the entire timespan during which a deformation
phase affected the rock [Beaudoin et al., 2018]. Over-
all, this questions the strategy of sampling a popu-
lation of veins related to a given contractional stage,
e.g. LPS, and the way to interpret the few, potentially
scattered, discrete ages obtained from some individ-
ual veins out of this population when one aims at
constraining the duration of the stage that expect-
edly largely exceeds the uncertainties on the U-Pb
ages of individual veins. In other words, one can
hardly reliably define the duration of a continuum of
deformation from few discrete ages of some related
mesostructures, except by dating a huge number of
samples in order to reach a statistical representativity
and to expect to be able to define the limits of the
statistical distribution, hence the age of the onset
and end of the fracturing event, which is practically
not feasible.

The difficulty of interpreting ages from a neces-
sarily limited number of analyses may also be en-
countered in fault zones. In repeatedly reactivated
fault zones, which may consequently display multi-
ple generations of cemented veins and cataclasites, a
range of ages can be obtained from dating of a sin-
gle fault. For instance, Corréa et al. [2022] docu-
mented the Eocene reactivation as strike-slip fault of
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aformer Cretaceous normal fault in southern France.
The eleven Eocene ages obtained from cements of
veins and breccia from 3 samples from the fault zone
range from 50 to 40 Ma (and even 55 to 35 Ma consid-
ering uncertainties). This scattering may be accept-
able at first glance if one aims at placing the fault slip
event within a long-lasting regional tectonic evolu-
tion. Alternatively, the range of ages is possibly in-
formative of the duration of fault activity, here 10—
20 Ma. The scattering of ages obtained from succes-
sive mesoscale fault or vein populations in a given
area may however lead to overlapping ages despite a
well constrained sequence of mesostructural devel-
opment, so the interpretation of these ages may be
challenging when one aims at dating folds in a recent
and fast propagating FTB [Lacombe et al., 2021].

6. Discussion: how geochronology helps con-
strain the timing, sequence and rate of de-
formation in FTBs

K-Ar and U-Pb geochronology has been successfully
applied in FTBs and broken forelands worldwide to
date large-scale faults or microstructure alike from
Paleozoic to Cenozoic [e.g., K-Ar: Lyons and Snellen-
burg, 1971, Vrolijk and van der Pluijm, 1999, van der
Pluijm et al., 2001, Ylagan et al., 2002, Lobens et al.,
2011, Duvall et al., 2011, Hnat and van der Pluijm,
2014, Pana and van der Pluijm, 2015, Curzi et al.,
2020, Viola et al., 2018, Carboni et al., 2020, Fitz-Diaz
et al., 2014, Wang et al., 2016, Herndndez-Vergara
et al.,, 2021, Haines and van der Pluijm, 2023; U-
Pb: Rasbury and Cole, 2009, Ring and Gerdes, 2016,
Hansman et al., 2018, Parrish et al., 2018, Beaudoin
et al., 2018, 2020, Carminati et al., 2020, Smeraglia
et al., 2021, Cruset et al., 2020, 2021, Looser et al.,
2021, Hoareau et al., 2021b, Parizot et al., 2021, La-
combe et al., 2021, Pavlovskaia et al., 2022, Mufioz-
Loépez et al., 2022, Bilau et al., 2023]. The direct com-
parison of U-Pb carbonate and K-Ar illite fault dat-
ing methods [Mottram et al., 2020] shows the co-
incidence of periods of fracturing, calcite cementa-
tion and fluid flow with intervals of gouge-generating
slip. The recognition of similar slip events from dis-
tinct fault-generated materials using different dat-
ing techniques supports the complementarity and
the reliability of these methods for dating brittle
fault slip. Keeping the limitations and pitfalls of
each method in mind, K-Ar/Ar-Ar and U-Pb dating

of syn-kinematic illite and calcite, respectively, can
be considered as providing reliable ages of tectonic
(meso)structures.

While K-Ar illite dating requires suitable outcrop
conditions and lithotypes to sample fault gouges,
U-Pb calcite dating only needs very small calcite-
bearing features that are nearly ubiquitous consider-
ing the abundance of calcite in sedimentary basins
and FTBs. It thus becomes appearant that notwith-
standing the cost of analyses, one can theoretically
date as many calcite-bearing brittle mesostructures
as needed to obtain a good coverage of ages for
the different generations of mesostructures at several
structural locations of a fold and for the entire strati-
graphic section. In addition, one can expectedly ob-
tain ages from poorly deformed domains devoid of
any large-scale fault zones, including domains in be-
tween spatially separated large thrusts which activity
can be dated using illite geochronology.

When dealing with the folding event, only the fold
growth itself is associated with macroscopic defor-
mation that could be reflected in depositional pat-
terns, or linked with slip along a fault zone that can
be dated using illite K-Ar geochronology. LPS and
LSFT stages typically are not associated with signif-
icant amounts of deformation and are characterized
by micro- and mesoscale deformation patterns only.
As a result, the age of the onset and end of these
stages, hence their duration, can only be assessed
by means of dating related mineralized mesostruc-
tures with techniques such as U-Pb geochronology.
In addition, the published fold dates obtained us-
ing K-Ar or Ar-Ar illite or muscovite geochronology
mainly consist of single ages considering uncertain-
ties and do not allow for estimating a duration of fold
growth. In contrast, the dating of a population of syn-
folding mesostructures may reveal a certain duration
of fold growth despite uncertainties. The bracketing
of fold growth age by the age of the youngest early-
folding and of the oldest late-folding mesostructures,
respectively, may provide an additional information,
which altogether, grants access to the time period of
fold growth even in the absence of growth strata.

The calcite U-Pb and illite K-Ar dating techniques
are therefore complementary and the ages can be
combined to constrain the timing of structural de-
velopment in FTBs. It is important to note that from
these dates, further information can be derived about
the dynamics of FTBs [e.g. Cruset et al., 2021]. First,
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the dates of different folds and thrusts in FTBs help
constrain the sequence of structural development.
Second, the dates can be used to derive the dura-
tion of fold growth but also of LPS and LSFT, which,
in the case of LPS, is of prime interest since LPS is
associated with substantial small-scale rock damage
and corresponds to a key period for large-scale fluid
flow and ore deposition in FTBs [Beaudoin et al.,
2022]. Third, combined with estimates of shortening
from section balancing across FTBs, these dates al-
low for calculating rates of shortening as well as rates
of fold/thrust front propagation.

6.1. Dating natural folding and thrusting events
(1): sequence of deformation and orogenic
wedge dynamics

The absolute dating of folds and thrusts across FIBs
reveals different sequences of structural develop-
ment, and even the absence of any clear sequence in
some places. Looser et al. [2021] reported U-Pb dates
of calcite veins associated with a thrust branching
off from the basal décollement in the distal Alpine
Molasse Basin and slickenfibers from thrusts and
strike-slip faults in the eastern Jura Mountains (Fig-
ure 4G,H). The ~15-4.5 Ma ages suggest earlier prop-
agation of Alpine deformation into the distal fore-
land along the basal décollement than previously
thought. Younger deformation ages (~11-4.5 Ma)
support simultaneous tectonic activity along the
Jura Mountains and the Subalpine Molasse thrust
fronts. Smeraglia et al. [2021] reported thrust ages
between ~12 and ~7 Ma in the central Jura Moun-
tains which point to a thrust activity younging west-
wards and therefore to an in-sequence thrust propa-
gation; the authors also documented the reactivation
of pre-orogenic strike-slip faults as tear faults during
Jura imbrication between ~10 and 5 Ma. Pana and
van der Pluijm [2015] linked the tectonic history de-
duced from thrust dating in the Canadian Rockies
to depositional patterns in the Western Canadian
Sedimentary Basin, and proposed a forelandward
sequence of thrusting from the late Jurassic until the
Eocene (Figure 4A,B). Fitz-Diaz and van der Pluijm
[2013] and Fitz-Diaz et al. [2014] have dated folds and
shear zones within the Mexican FTB (Figure 4C,D).
Ages indicate (1) shearing at ~84 Ma on the western
edge of the Zimapdn basin, then folding at ~82 Ma
and localized shearing at ~77 Ma within the basin

and (2) folding at ~64 Ma and ~44 Ma on the western
and eastern side of the Tampico-Misantla basin, re-
spectively. These results are consistent with the age
and distribution of syn-tectonic turbidites and indi-
cate a forelandward propagation of the deformation.
In contrast, Rahl et al. [2011] carried out integrated
fault gouge dating with apatite fission-track ther-
mochronometry in the southern Pyrenees to unravel
the complex sequence of deformation that includes
out-of-sequence thrusting. In the Western Alpine
FTBs, U-Pb thrust ages of ~15 Ma to the east and
8 Ma to the west at the contact with the Miocene
Molasse basin [Bilau et al., 2023] support an overall
in-sequence thrust activation. However, in detail,
younger ages in the innermost Bauges massif and in
the Vercors massif indicate a later out-of-sequence
activity. The concomitance between the eastern
thrust activity and the period of rapid exhumation
of the Belledonne External Crystalline Massif hints
towards a possible effect of basement tectonics on
the development of cover thrusts.

Beaudoin et al. [2018] reported U-Pb ages of cal-
cite veins related to the Laramide contraction from
the Rattlesnake Mountain anticline (RMA) in the west
of the Bighorn basin and from the Sheep Mountain
anticline (SMA) and the Bighorn Mountains (BM) in
the east (Figure 4E,F). In SMA+BM, LPS lasted 72—
50 Ma while fold growth occurred between 50 and
35 Ma. In RMA, LPS lasted 60-35 Ma and folding was
active atleast at 35-29 Ma. Even though the age of the
onset of LPS is poorly constrained, these dates show
that LPS and folding occurred earlier in the east,
hence propagated in a westward sequence, thus vio-
lating the commonly accepted large-scale sequence
of forelandward (eastward) younging deformation as
deduced from syn-tectonic stratigraphy of sedimen-
tary basins [e.g., Thacker and Karlstrom, 2019]. Inter-
estingly, this opposite sequence of deformation is in
line with low-T thermochronologic ages of rocks of
the surrounding basement arches, with development
of the earliest Laramide veins in the folded sedimen-
tary cover being synchronous with the rapid phase of
exhumation of their closest arches [Beaudoin et al.,
2019]. This study reveals that the local sequence of
thrusting/folding may change owing to strong struc-
tural inheritance. In contrast to thin-skinned oro-
genic wedges that often propagate/ accrete progres-
sively outwards through time, thick-skinned systems
may display a more irregular and erratic sequence
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possibly linked to the heterogeneous and complex
transmission of stress and accommodation of short-
ening through the crystalline basement with inher-
ited weaknesses and anisotropies [Lacombe and Bel-
lahsen, 2016]. Despite distinctive characteristics of
basement involvement in shortening in the Laramide
province and the Zagros, these results are consistent

with numerical experiments of basement-involved
FTB development with or without inherited base-
ment faults [Najafi et al., 2021]. Both the experiments
show in-sequence folding advancing toward the
foreland. In the model without inherited faults, the
onset of folding is roughly continuous whereas the
experiment with inherited basement faults displays a
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more complex scenario with discontinuous onset of
folding and local out-of-sequence propagation of de-
formation, probably related to the fact that inherited
faults concentrate shortening in the basement.

Absolute ages of folds and thrusts in FTBs are in-
formative on the past dynamics of the thrust wedge.
The dating of thrusts reveals that (parts of) a FTB
may have a complex internal dynamics, behaving
either as a critically-stressed or a stable wedge during
its growth. In the Jura, the seemingly continuous
forelandward younging sequence of thrusting sup-
ports that the wedge moved stably above the weak
Triassic evaporite decollement; however, the wedge
dynamics was possibly more complex as revealed by
the late reactivation of strike-slip faults related to the
same contraction in the inner part of the wedge. Age
dating also reveals that a FTB might not evolve as a
single orogenic wedge that was at failure everywhere
as the wedge grew. In some instances, rocks in the
inner wedge deformed first, and after shortening
and thickening, locked up and became the backstop
that deformed rocks in the outer part, giving birth
to a composite orogenic wedge made of spatially
and temporally distinct successive belts and fronts.
This results in some kind of pulse-like development
of the orogenic wedge, the pulses corresponding to
temporally discrete periods—lasting a few million
years—characterized by rapid and temporally over-
lapping activity of spatially separated thrusts [Haines
and van der Pluijm, 2023]. For instance, the ages
obtained by van der Pluijm et al. [2006] from gouges
of several thrusts in the Canadian Rockies reveal
orogenic shortening in two distinct pulses (~72 and
~52 Ma) within a forelandward sequence, thrusting
being episodic rather than gradual across the belt,
which resulted in spatially and temporally distinct
front ranges. These results show that large domains
of FTBs underwent contraction at about the same
time, which supports a critically-stressed, internally
deforming, thrust wedge. Similarly, the K-Ar ages
(50-46 Ma) of thrusts in the Sevier FTB of Wyoming
[Solum and van der Pluijm, 2007] suggest that the
thrusts deformed more or less synchronously, hence
without clear sequence. The significance of these
similar ages is demonstrated by the older age of the
altered host rock along the frontal thrust, which in-
dicates that the 50-46 Ma ages are not related to
a regional fluid-flow event which would have ho-
mogenized isotopic signatures. Clay gouges of sev-

eral thrusts in the Appalachian foreland also exhibit
identical ages within error [276-280 Ma, Hnat and
van der Pluijm, 2014]. In the central Mexico FTB, the
progressive but episodic (pulse-like) forelandward
younging deformation and the absence of any out-
of-sequence deformation ages also support that seg-
ments of the tectonic wedge may have remained
relatively undeformed once incorporated into
the wedge.

The pulse-type progression of deformation view
challenges that of a continuous progression of de-
formation as in the Jura, leading authors to infer
episodic deformation separated by periods of tec-
tonic quiescence. Although the duration of the in-
ferred quiescence periods is long and often cannot
be accounted for by uncertainties associated with
the age of the individual thrusts, one can wonder
whether this signal is geologically significant or sim-
ply reflects the time needed for stress transmission
and strain localization in a possibly hardening ma-
terial, with possibly missed minor but continuous
mesoscale deformation in between the major thrusts,
that possibly would have been revealed by a more
continuous sampling and U-Pb dating of distributed,
mesoscale calcite-filled fractures. Alternatively, the
quiescence may well be an artifact of the discontinu-
ous sampling of fault gouges or even the difficulty for
the technique to record all the stages of fault activ-
ity, possibly revealing a particular faulting increment
only. Finally, one should not neglect the occurrence
of aseismic deformation, hence strain being accom-
modated without discrete localization, thus without
rupturing [e.g., Gratier and Gamond, 1990, Zuccari
etal., 2022].

6.2. Dating natural folding and thrusting events
(2): duration of contractional stages at the
fold scale and emplacement of thrust sheets

Capturing the duration of a given continuous defor-
mation stage is challenging and the safest way to do
that is to bracket this stage by dating mesostructures
that unambiguously preceded and postdated the de-
formation stage of interest as constrained by relative
chronology. Indeed, it would be theoretically possi-
ble to capture the duration of a given deformation
stage, e.g., LPS, by dating the syn-kinematic calcite
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mineralization related to this stage. However, be-
cause the related mesostructures can develop quasi-
instantaneously at any time of the LPS stage, it is
practically impossible to ensure—and it is statisti-
cally unlikely as well—that the ages obtained from
the necessarily limited number of samples cover the
entire timespan during which the deformation stage
affected the rock. In other words, it is impossible
to ensure the oldest and youngest dated LPS-related
veins correspond with certainty to the onset and end
of LPS, respectively. The ages obtained might not
be straightforwardly interpreted as representative of
the entire duration of the deformation stage and one
can at best consider that the oldest age obtained pro-
vides a minimum age for the onset of LPS, hence
a minimum duration of LPS. U-Pb dating can also
be applied to syn-folding mesostructures, and the
difference between their oldest and youngest ages
should be considered as the minimum duration of
fold growth. To that respect, the discrete fracture
time record of folding is much more discontinuous
and fragmented than the growth strata record. Lastly,
U-Pb dating can be used to constrain the time and
duration of LSFT, but with the same limitation than
for the other stages. The timing of fold growth can
however be refined by considering the entire range
of ages of the syn-folding mesostructures together
with the youngest and oldest dates for LPS- and LSFT-
related structures, respectively.

As emphasized by Lacombe et al. [2021], strata
from which mesostructures are usually dated are
mainly pre-folding strata and there have been few at-
tempts at directly dating mesostructures developed
within growth strata [Cruset et al., 2020]. The rea-
son is that the often poorly indurated syn-folding
formations are less prone to fracturing and calcite
cementation at the time of deformation compared
to pre-folding, well-indurated rocks. More gener-
ally, fracture studies in syn-tectonic strata are few,
but a nice check of the ability of the U-Pb dating of
syn-folding structures to capture the duration of fold
growth would be to date syn-folding mesostructures
in a fold for which the growth strata record is pre-
served and dated, and even to date fractures devel-
oped during growth strata deposition if any.

Beaudoin et al. [2018, 2020] and Lacombe et al.
[2021] provided estimates of the duration of each
stage of the folding event for various folds from dif-
ferent settings, using a combination of time mark-

ers like U-Pb ages from calcite-filling fracture sets
and growth strata. For the Laramide SMA forced
fold, LPS and fold growth lasted 20-25 Myr and
~15 Myr, respectively; the duration of the LSFT
was bracketed between 35 Ma and ~17 Ma. For
the Pico del Aguila detachment fold (southern Pyre-
nees), U-Pb ages combined with biostratigraphic
dating of growth strata revealed that LPS, folding and
LSFT lasted ~19 My (61-42 Ma), ~7 My (42-35 Ma)
and ~17 My (35-18 Ma), respectively. In the San
Vicino-Cingoli fault-bend fold pair (Apennines, Fig-
ure 5), U-Pb ages of veins related to LPS, folding
and LSFT combined with existing time constraints
[e.g., Calamita et al., 1994, Labeur et al., 2021] indi-
cate that LPS lasted ~1 My (~6.5-5.5 Ma) for both
anticlines, followed by fold growth lasting ~1.5-3 My
(~5.5-~3.5 Ma). LSFT started ~5 Ma in the Camerino
syncline [Beaudoin et al., 2020], ~4 Ma in San Vicino
and ~3 Ma in Cingoli. The entire folding event lasted
~3-4 My [Lacombe et al., 2021; Figure 5]. Mufoz-
Lépez et al. [2022] reported U-Pb dating of calcite
veins from the Boixols-Sant Corneli anticline (Pyre-
nees). Dates coeval with (~71-57 Ma) and postdating
(55-27 Ma) growth strata deposition mark the em-
placement of the Boixols thrust sheet and the growth
of the Boixols-Sant Corneli anticline along its front,
then the fold tightening during its late tectonic trans-
port, respectively. These dates indicate that LPS +
folding lasted ~14 My and that LSFT lasted ~28 My.
U-Pb ages of fibers from beefs, veins and faults in the
Neuquén Basin (Argentina) indicate that LPS lasted
from 79 + 10 to 61 + 10 Ma, followed by two peri-
ods of syn-to post-folding contraction, 52 + 3 to 42
+19Maand ~14 + 3 to 6 + 1 Ma [Cruset et al., 2021].
Taking into account the rather large age uncertain-
ties, the inferred durations are ~20 (—40?) My for LPS
and 8-12 My to 10 (-30?) My for folding+LSFT.

U-Pb calcite geochronology therefore reveals that
the growth of the studied folds lasted between 1.5
and 20 My, in line with estimates based either on
growth strata [Holl and Anastasio, 1993, Anastasio
et al., 2017, Najafi et al., 2021] or mechanical mod-
eling [Yamato et al.,, 2011, Najafi et al., 2021]. This
suggests that most folds would expectedly develop
in less than 20 Ma regardless of the setting. The
rapid growth of the San Vicino and Cingoli anti-
clines is consistent with the high rates of contrac-
tion and migration of deformation above a weak
decollement in the Apennines, as observed in the
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Zagros [Najafi et al,, 2021]. In contrast, fold growth
lasted longer in the case of forced folding above
a high angle basement thrust (SMA) compared to
fault-bend folding (San Vicino and Cingoli) along a
flat-ramp decollement and detachment folding (Pico
del Aguila) above a weak decollement. These results
are consistent with the numerical experiments of
basement-involved orogenic wedge development
[Najafi et al., 2021], in which the propagation of the
onset of folding is continuous and anticlines grow
for a limited time period of a few million years in
the model without inherited faults, whereas the ex-
periment with reactivated inherited basement faults
reveals a longer duration of anticline growth.

Concerning LPS, its longer duration in SMA com-
pared to Pico del Aguila, San Vicino, Cingoli and
Boixols-Sant Cornelli reflects to some degree the
longer duration of the stress/strain accumulation re-
quired to initiate forced folding of the undetached
sedimentary cover above an inverted high angle
basement normal fault than to initiate cover folding
above a weak decollement. The longer LPS at Pico
del Aguila with respect to San Vicino, Cingoli and
Boixols-Sant Cornelli may be related to its develop-
ment oblique to the regional compression in contrast
to the other folds which instead developed perpen-
dicular to it [Lacombe et al., 2021].

Finally, LSFT appears to last longer when folding
is anchored to a high angle basement thrust (SMA),
but also when the fold is located at the front of the

orogenic wedge, i.e., when the later propagation of
deformation is limited or slow, or when folding oc-
curs in a complex sequence (Pico del Aguila, SMA,
Boixols-Sant Cornelli). The relatively short LSFT
in San Vicino and Cingoli folds is, like their rapid
growth, in line with the high rate of migration of
deformation [Lacombe et al., 2021]. These results
suggest that the duration of each deformation stage
of the folding event depends on the structural style
and/or the regional sequence of deformation.
Information about the duration of thrust sheet
emplacement and thrust activity from U-Pb
geochronology is scarce. In the SE Pyrenees, the
Late Cretaceous to Oligocene piggy-back thrust se-
quence consists of the stacking, from top-and-older
to bottom-and-younger, of the Béixols-Upper Pe-
draforca, the Lower Pedraforca and the Cadi thrust
sheets, and the Ebro foreland basin. The U-Pb ages
of veins collected within the thrust sheets or in the
damage zones of the sole thrusts [Cruset et al., 2020]
fit with the timing of deformation as constrained by
growth strata, but also provide further information
on the duration of emplacement of thrust units. In
this sense, dates from the Bé6ixols-Upper Pedraforca
unit reflect its emplacement (~71-55.3 Ma) as well
as it subsequent deformation (~49-26 Ma) when the
Lower Pedraforca unit, then the Cadi unit emplaced
in sequence. Similarly the Lower Pedraforca unit
deformed during its emplacement (48-41 Ma) but
also during the emplacement of the Cadi unit. The
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39-26 Ma dates from the Cadi unit are coeval with
growth strata within the foreland. Durations of thrust
sheet emplacement are in the ranges 15.3-18.8 My,
7.3-11.6 My and 12.9-14.3 My for the Bé6ixols-Upper
Pedraforca, Lower Pedraforca and Cadi units, respec-
tively. This 8-19 My range of values compares well
to the 1.5-20 My range of duration of folding, which
may indicate a similar order of magnitude of du-
ration for folding and thrust sheet emplacement in
FTBs. Interestingly, even though its kinematics is still
a matter of debate (thrust versus low-angle normal
fault), the recent K-Ar illite dating of the fault rocks
of the exhumed Zuccale fault (Elba, Italy) also reveals
a similar ~20 Myr long kinematic history during the
Tertiary evolution of the Northern Apennines.

Attempts at estimating the duration of the thrust
activity itself from direct dating of structures within
the fault zone using U-Pb face the large variabil-
ity in the ages of syn-kinematic mineralizations in a
given part of the fault zone, i.e., following the verti-
cal extension of the fault, where a number of discrete
slip events can be recorded [e.g. Corréa et al., 2022].
This kind of results gives hope that geochronology
will help better constrain the entire timespan during
which the fault was active, even though the cumu-
lated duration of the discontinuous (co-seismic?) slip
increments may be much shorter than this times-
pan. Because (thrust) faults are also commonly seg-
mented, the absolute age of activity of a fault (i.e. in
map-view) also show some variability (Figures 4A,B
and 6). The precise appraisal of the duration of thrust
activity remains a challenging task to date.

6.3. Dating natural folding and thrusting events
(3): shortening rate and thrust/fold front
propagation rate

Absolute ages of folding and thrusting can be com-
bined with kinematic constraints and shortening es-
timates from the sequential restoration of local or
regional balanced cross sections to constrain in-
dividual fold growth rates and regional shortening
rates. Deformation front propagation rates can be
constrained as well if the successive frontal thrusts
can be both dated and restored through time. Very
few shortening rate estimates have been obtained to
date from combined sequential restoration of bal-
anced cross sections and U-Pb dating of deformation
along these sections. The more recent campaigns

of fold and thrust absolute dating in FIBs have fo-
cused on the timing and sequence of structural de-
velopment and were unfortunately very rarely con-
ducted in parallel with sequential restoration of the
investigated cross section. The U-Pb dates ob-
tained by Cruset et al. [2021] in the SE Pyrenees
nappe stack combined with previous shortening es-
timates by section balancing and restoration indi-
cate maximum shortening rates of 0.6-0.7 mm/yr
for the Béixols-Upper Pedraforca, 3.1-4.9 mm/yr for
the Lower Pedraforca and 1.1-1.3 mm/yr for the
Cadi thrust units. These estimates well compare to
earlier estimates based on stratigraphic constraints,
e.g., the initial emplacement of the Pedraforca thrust
sheet (58-54 Ma) and development of the Pedraforca
breakback thrusts (47.5-40 Ma) at a mean shorten-
ing rate of 2.4 mm/yr [Burbank et al., 1992]. U-
Pb ages of successive thrusts across the Vercors re-
cently acquired by Bilau et al. [2023] allow calcu-
lation of a local shortening rate (Figure 6). Us-
ing serial restored cross sections independently con-
structed by Philippe [1995] across the Vercors, one of
those incidentally being limited by two in-sequence
thrusts of which the activity was successfully dated,
we calculated a shortening rate of ~2.2 mm/yr (from
1.4 mm/yr to 5.4 mm/yr when considering uncer-
tainties on U-Pb ages). The two estimated mean
shortening rates above (0.6-5 mm/yr) are roughly of
the same order of magnitude than the short-term
shortening rates either across individual folds [e.g.,
Simoes et al., 2007] or determined at a more regional
scale using distributed faults and folds [Thompson
et al., 2002], keeping in mind that local short-term
rates may only reflect part of the total rates as derived
from GPS and may not be representative of longer-
term average shortening rates [Fu et al., 2017; see also
Section 2.3].

We wish to draw the attention onto the paucity
of available shortening rates so far. While this is
partially explained by the relatively recent democ-
ratization of geochronology in this context, an ef-
fort still needs to be done by the community. Ob-
taining the shortening rate a posteriori by com-
bining studies is arguable and quite complicated,
as ages along a fault in map view can vary and
the restoration of a cross section is valid only lo-
cally. Then, we invite future researchers to go
beyond simple dating of folds and thrusts and
to provide restored cross sections when possible
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to provide rates of deformation processes which
are key to understanding how the (upper) crust
deforms.

7. Conclusion

This review emphasizes how geochronology ap-
plied to absolute dating of folds, faults and frac-
tures in fold-and-thrust belts complement classi-
cal approaches mainly based on the sedimentary
record and provides new key insights into the timing,
sequence, duration and rate of deformation. Increas-
ing the regional absolute age datasets helps unravel
the main faulting and folding episodes, thus bridg-
ing the gap that the study of only a single structure
could be leading to. Clearly the more we date, the
clearer the pattern of regional thrusting and folding.
The extensive combination of absolute dates of fold-
ing and thrusting with independent studies using
classical time markers makes it increasingly easier to
depict a full picture of the main events forming and
deforming a FTB.

Absolute dates for folding and thrusting not only
support and refine a regional tectonic history, but

also enable us to quantify the duration and rate of
shortening accommodated at the mesoscale and the
macroscale, as well as the rate of propagation of de-
formation. This information, available by multiply-
ing the data collection in mesoscale and large-scale
thrusts and folds, should allow to more precisely ad-
dress the rheological behavior of the upper crust and
to either feed or validate quantitatively the predic-
tions of analogue and numerical models of crustal
deformation. Efforts should be made to still im-
prove the resolution of the techniques and to en-
sure a sound tectonic interpretation of the dates ob-
tained by conducting prior crystallographic, petro-
logical, geochemical and microstructural character-
ization of the dated material. Despite their limita-
tions, the absolute dating techniques are undoubt-
edly quantitative tools of primary importance that
need to be combined with the often more continu-
ous sedimentary record for a better description and
understanding of the deformation processes at work
in the shallow crust.
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