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Abstract The Alpi Apuane (northern Apennines) represent a key area for understanding the processes
related to the Apennines building and geodynamic evolution of the central Mediterranean, but the timing of
tectono-metamorphic events is still debated. White mica from cover rocks of the Massa and Apuane units

was investigated by the “°Ar-*Ar in situ and step-heating techniques. Samples recorded several episodes

of deformation developed under low-grade conditions and resulting in a D1 composite schistosity followed

by a variably developed D2 retrograde crenulation. In the Massa Unit, D2 crenulation was accompanied by
replacement of muscovite-phengite by paragonite, whereas the composition of phengite from the Apuane Unit
does not vary noticeably, irrespective of whether phengite is aligned along D1 or D2 schistosities. Both units
exhibit a significant intrasample scatter of in situ ages and variably discordant age spectra from step-heating
data, due to partial reequilibration of white mica along a deformation path lasting >10 Ma, with dates
approaching the time of younger events as retrogression becomes more pervasive. The onset of deformation
has a minimum age of ~20 Ma, as documented by “’Ar-3°Ar data for the composite D1 foliation in the Massa
Unit. D2 deformation shows a common temporal evolution at the scale of the region and is recorded for at least
~2.5 Ma, starting not after ~12.5 Ma and ending at ~10.5 Ma. Results highlight the importance of a detailed
microscale characterization and of a careful preselection of samples, as compositionally different domains a few
millimeters apart may yield different results because of compositionally driven strain partitioning.

1. Introduction

Unraveling the timescale of deformation is one of the key topics in understanding mountain building processes.
Chronological data may provide estimates of the age, duration, and rate of deformation events, thus enabling
comparison with theoretical modeling. For these purposes, white micas are ideal minerals to be investigated.
They are among the most common minerals in metamorphic rocks, can (re)crystallize in response to defor-
mation events, and their fabrics provide an important means to establish the temporal relationship between
tectonic activity and growth of the index minerals. White micas exhibit a number of chemical substitutions (e.g.,
Guidotti, 1984), which make them stable under different P-T regimes. Additionally, the high potassium content of
potassic white micas allows analyses on comparatively smaller samples through the “°Ar-**Ar method, facilitat-
ing the application of laser extraction techniques for in situ dating at high spatial resolution. The potential of white
micas in deformation studies has even recently increased due to improved precision of “°Ar-3*Ar data, thanks to a
new generation of multicollector noble gas mass spectrometers (e.g., Jicha et al., 2016; Mark et al., 2009; Mixon
et al., 2022; Phillips & Matchan, 2013) together with efforts to improve accuracy by calibration of mineral stand-
ards through astronomical tuning (see e.g., Kuiper et al., 2008; Niespolo et al., 2017).

The argon-retentive properties of white mica are still rather debated. The most recent experimental work
(Harrison et al., 2009) has yielded diffusion parameters that give theoretical closure temperatures slightly higher
than previously thought (~350°C — McDougall & Harrison, 1999), ranging from ~400 to 460°C for white micas
with diffusive radii of 100-500 pm and which cool down at 10°C/Ma under a pressure of 0.5 GPa. More recently,
Nteme et al. (2022) using atomistic simulations have obtained theoretical diffusion parameters that yield closure
temperatures (for cooling rates ranging from 1 to 100°C/Ma and grain sizes from 0.1 to 1.0 mm) close to the
upper stability limit of muscovite (in the range of 560-800°C). Some authors have questioned the reliability of
laboratory diffusion experiments for hydrous mineral phases because of crystallographic changes during in vacuo
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heating and/or the presence of mineral impurities (Villa, 2021; Villa & Hanchar, 2017; Villa & Puxeddu, 1994).
These drawbacks inevitably lead to an underestimation of the true retentive properties of the pure and miner-
alogically stable mineral. Consistent with this view, several field-based studies have shown that white mica
that escaped successive recrystallization can preserve Ar isotope records of earlier metamorphic events even
if reheated under temperature conditions up to 500-550°C (e.g., Augier et al., 2005; Di Vincenzo et al., 2004;
Villa et al., 2014), in agreement with the observation that the intergranular cation diffusion in white micas is
insignificant below ~550°C (Dempster, 1992). Recent research has also shown that reequilibration of white mica
in low-to medium-grade metamorphic rocks, in response to superimposed tectono-metamorphic events, occurs
through dissolution-reprecipitation reactions, which typically result in complex submillimeter textural/chemical
heterogeneities due to incomplete equilibrium (Airaghi, Lanari, et al., 2017; Airaghi, Warren, et al., 2017; Akker
et al., 2021; Beaudoin et al., 2020; McAleer et al., 2021). Dating deformation in low-grade metamorphic rocks
may therefore be particularly challenging due to the surviving of mineral and/or compositional relicts, includ-
ing a detrital component, and to the potential high partitioning of superimposed deformation events between
quartzo-feldspathic and phyllosilicate-rich domains (e.g., Airaghi, Lanari, et al., 2017; Akker et al., 2021;
Beaudoin et al., 2020; Cardello et al., 2019; Di Vincenzo et al., 2016, 2004).

The Alpi Apuane region, with exposure of synorogenically exhumed low-grade metamorphic rocks, repre-
sents a key area for understanding the processes related to the Apennines building and the geodynamic
evolution of the central Mediterranean area (Carmignani et al., 1978; Carmignani & Kligfield, 1990; Jolivet
et al., 1998; Le Breton et al., 2017). Geochronological studies in the region dated back to the early 70s (Giglia &
Radicati di Brozolo, 1970) and were refined during the 1980s, with a first attempt to date superimposed structures
and fabrics related to the progressive deformation history that affected the region during the Tertiary (Kligfield
et al., 1986). While the most recent contributions focused on timing of the late- and postmetamorphic tectonic
evolution by low-temperature thermochronology (Abbate et al., 1994; Fellin et al., 2007), some problems related
to the timing of the early tectonic history were raised (Costa et al., 1998; Patacca et al., 2013). More specifically,
Patacca et al. (2013), on the basis of an interpretation of the micropaleontological and geological records of the
turbiditic metasandstones of the Pseudomacigno Formation (the youngest rock type of the Alpi Apuane metased-
imentary sequence), questioned the meaning of the oldest (~27 Ma) ages reported by Kligfield et al. (1986) and
considered the onset of the D1 deformation at the Rupelian/Chattian boundary geologically unrealistic. Accord-
ing to these authors, ages not older than ~13-14 Ma would be expected for the metamorphism in the Alpi
Apuane. The fact that the geochronological data are older than 30 years and the timing of tectono-metamorphic
events in the Alpi Apuane represents a first order constraint for kinematic interpretation of the Apennines further
led us to see the Alpi Apuane as an ideal case study for investigating the issues involved in “°Ar-*Ar dating
deformation of low-grade metamorphic rocks.

In this work, we take advantage of the analytical performance of the ARGUS VI multicollector noble gas mass
spectrometer in unraveling the deformation history of metasedimentary units of the Alpi Apuane (northern
Apennine), which were involved in the Adria continental margin subduction and syn- to post-contractional
exhumation. “°Ar-*Ar in situ data on rock chips, supplemented by a detailed structural, textural, and chemi-
cal characterization down to the microscale, are compared with step-heating data from bulk mineral separates,
which were completed through an old generation single-collector noble gas mass spectrometer. Results reveal a
complex picture that highlights the role of lithology and strain partitioning on the Ar isotope record of low-grade
metamorphic rocks and, from a broad perspective, reiterates the importance of microscale textural and chemical
characterization for a correct interpretation of “°Ar-*Ar data.

2. Geological Background and Rationale
2.1. Geological Framework

The Alpi Apuane represents the largest tectonic window in the inner northern Apennines, a Cenozoic stack of
oceanic Ligurian Tethys-derived units overthrusted with an eastward vergence on top of continental Adria-derived
tectonic units. These latter, exposed in and around the Alpi Apuane, represent the originally distal Adria conti-
nental margin of the so-called Tuscan domain, whereas the proximal margin is witnessed in the external zone
of the Umbria-Marche fold and thrust belt (Figure 1). Three major stratigraphic and tectono-metamorphic
continental-derived units are traditionally distinguished in the Alpi Apuane: (a) the Tuscan Nappe, (b) the Apuane
Unit, and (c) the Massa Unit, the latter two collectively known as Tuscan metamorphic units (Figure 1).
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Figure 1. Simplified geological map of the Alpi Apuane with sample locations (modified after Molli et al., 2018).

The Tuscan Nappe consists of Mesozoic carbonate rocks and Tertiary deep water and turbiditic sequences mainly
detached from their original basement along the décollement level of the former Carnian and Norian anhy-
drites and dolostones (Ciarapica & Passeri, 2002). The protolith was almost everywhere transformed during the
orogenic deformation into cataclastic carbonate-rich breccia, known as Calcare Cavernoso (Conti et al., 2020).
The post-Norian sequence continues with Rhaetian to Hettangian shallow water limestones (Rhaetavicula
Contorta and Calcare Massiccio), Lower Jurassic to Cretaceous pelagic limestones, radiolarites and shales (i.e.,
Calcare Selcifero, Marne a Posidonomya, Diaspri, and Maiolica), grading to hemipelagic deposits of the Scaglia
(Cretaceous-Oligocene), to end with the siliciclastic foredeep turbidites of the Macigno (late Oligocene-early
Miocene, Conti et al., 2020).

The Apuane Unit forms most of the Alpi Apuane tectonic window and is made up of a Paleozoic basement
unconformably overlain by an Upper Triassic-Oligocene metasedimentary sequence. The Paleozoic basement
consists of metasedimentary and metavolcanic rocks, including Cambrian-Lower Ordovician phyllites and
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quartzites, Middle Ordovician metavolcanics and metavolcanoclastics, Upper Ordovician quarzitic metasand-
stones and phyllites, Silurian black phyllites, and Orthoceras-bearing metadolostones (Conti et al., 1991). These
Paleozoic lithostratigraphic units were deformed and metamorphosed under low-grade conditions, during the
Variscan orogeny (Conti et al., 1991; Molli et al., 2020) and intruded during early Permian by subvolcanic felsic
bodies (Vezzoni et al., 2018). The Mesozoic cover rocks, where the sequence is complete, include thin Trias-
sic continental to shallow-water Verrucano-type deposits followed by Upper Triassic-Lower Jurassic carbonate
platform metasediments comprising dolostone (Grezzoni Formation), dolomitic marble, and marble (the Carrara
Marble), in turn covered by Lower Jurassic-Lower Cretaceous cherty metalimestone, cherts, and calcschists, and
Lower Cretaceous to lower Oligocene sericitic phyllites and calcschists with marble interlayers. Oligocene-early
Miocene (?) metasediments related to turbiditic systems (Pseudomacigno Formation) complete the sedimentary
succession (Conti et al., 2020).

The Massa Unit is exposed in the westernmost part of the Alpi Apuane tectonic window and includes a
litho-stratigraphic sequence formed by a Paleozoic basement similar to that of the Apuane Unit and a charac-
teristic and distinctive Upper Permian-Upper Triassic metasedimentary succession, including a Middle Triassic
continental (conglomerates and pelites) to marine (carbonate platform-derived deposits) successions, associated
with intraplate alkaline basalts (Martini et al., 1986; Patacca et al., 2011 and reference therein). Lithostratigraphic
units younger than the late Middle Triassic are locally found as tectonic lenses and decimeter-scale remnants
within a cataclastic fault zone below the contact with the overlaying Tuscan Nappe (Molli et al., 2018).

2.2. Tectono-Metamorphic Evolution

The deformation structures of the Tuscan metamorphic units of the Alpi Apuane were affected by two main
tectono-metamorphic regional events (see D1 and D2 phases of Carmignani & Kligfield, 1990), which
are regarded (Molli, Conti, et al., 2000, Molli, Giorgetti, & Meccheri, 2000; Molli et al., 2002) as recording
progressive deformation of the distal Adriatic continental margin during continental subduction and the syn- to
post-collisional exhumation (Carmignani & Kligfield, 1990; Jolivet et al., 1998; Molli, 2008; Molli et al., 2018).
The two main regional events, D1 and D2, were related to different fold generations or folding phases (Molli &
Meccheri, 2012). The D1 event, which can be associated with underplating and antiformal stacking of the meta-
morphic units, is defined by a main axial-plane foliation of recumbent isoclinal folds, observable on a millimeter
to a kilometer scale (Figure 2) and it is associated with a regionally NE-oriented stretching lineation interpreted
as recording the main transport direction of the inner northern Apennines (Carmignani et al., 1978; Molli, 2008).
During the D2 event, the D1 structures were reworked by different generations of folds and shear zones, related
to postpeak metamorphic exhumation (Molli, 2008). During the early stage of D2, crenulation folds with a char-
acteristic subhorizontal axial plane developed on a regional scale, while successive deformation was associated
with semibrittle and brittle structures, represented by kink and open folds, as well as low-angle normal faults
(Molli et al., 2018). The final stages of deformation and erosion-driven unroofing and exhumation are recorded
by systems of high-angle normal to oblique-normal and transcurrent faults, related with the recent to active defor-
mation regime affecting the area (Molli et al., 2021).

In the Tuscan metamorphic units of the Alpi Apuane, peak conditions reached ~0.4—1.0 GPa and ~350-500°C and
were attained during the D1 deformation (Figure 3). More specifically, peak conditions for the D1 kyanite + chlo-
ritoid + phengitic muscovite assemblage in metapelites of the Massa Unit varied within ~0.6-1.0 GPa and
420-500°C (Franceschelli et al., 1986, 1997; Franceschelli & Memmi, 1999; Jolivet et al., 1998; Molli, Giorgetti,
& Meccheri, 2000). Assemblages in D1 fabrics, consisting of pyrophyllite 4 chloritoid + chlorite 4+ phengitic
muscovite in metapelites of the Apuane Unit, gave peak metamorphic estimates in the range of ~0.4-0.6 GPa and
~350-450°C (Franceschelli et al., 1986; Jolivet et al., 1998; Molli, Giorgetti, & Meccheri, 2000).

In contrast to the Tuscan metamorphic units, the Tuscan nappe was accreted at a shallow crustal level within the
northern Apennines wedge, from the early Miocene (Cerrina Feroni et al., 1983; Molli, 2008). Burial occurred
under a sequence of thrust sheets now preserved in the overlying sub-Ligurian and Ligurian units (Figures 1
and 2). Early thrusting is documented by top-to-the-east decimeter-scale shear zones and an early generation
of east-vergent tight to isoclinal folds within incompetent layers, subsequently overprinted by small (decimeter
scale) to large (kilometer scale) refolding, and later low-angle normal faults (Carosi et al., 2003; Molli et al., 2011;
Storti, 1995). Very low-grade metamorphism, arisen in a temperature range of 250-300°C during burial and
deformation, has been documented by Raman spectroscopy on carbonaceous material (RSCM), illite crystallinity
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Figure 3. P-T estimates and paths for the Apuane and Massa units based

on literature data. Data used for boxes 1-3 are derived from quantitative
classical thermo-barometry (Franceschelli et al., 1997; Jolivet et al., 1998;
Molli, Giorgetti, & Meccheri, 2000). Data used to define box 4 also include
temperatures based on Raman spectroscopy on carbonaceous material (RSCM)
(Molli et al., 2018). Lines 5 are based on isochores obtained from CO, fluid
inclusions in barite and fluorite (see Franceschelli et al., 1997). Red and blue
lines (D1 and D2) outline the relative timing of deformation D1 and D2 fabrics
with changing metamorphic conditions. The univariant curves have been
calculated using the software THERMOCALC and an updated version (ds62)
of the thermodynamic data set from Holland and Powell (2011).

2.3. Previous Geochronology

Available geochronological data from the Alpi Apuane region are limited to
K-Ar data and some conventional **Ar-**Ar step-heating data, which date back
to the early 1970s and the late 1980s. Giglia and Radicati di Brozolo (1970)
obtained K-Ar ages on white-mica separates in the range of ~17-11 Ma.
Kligfield et al. (1986), using both the K-Ar and “°Ar-*Ar techniques,
reported a few tens of K-Ar analyses from fine-grained mica separates and
whole rocks from the Apuane Unit, yielding ages ranging from ~27 to
~10 Ma, with age decreasing along with grain size and with the degree of
crenulation of the older D1 structures and the progressive development of
the D2 structures. These data were used to constrain the major deformation
phase D1 to the lower Chattian (~27 Ma), with subsequent increments of
deformation ending in the middle Tortonian (~10 Ma). The termination of
metamorphism and ductile deformation in the middle Tortonian (~10 Ma)
has been confirmed by Fellin et al. (2007), who used low-temperature ther-
mochronology and considered a zircon fission-track closure temperature of
~240°C.

3. Analytical Procedures

Microstructural, microtextural, and microchemical investigations were
mainly carried out on polished thin sections derived from the opposite face
of rock chips used for “°Ar-3°Ar dating. Backscattered electron (BSE) images

and X-ray chemical element maps were obtained using a ZEISS Supra 55 VP scanning electron microscope

(SEM) at Ecce Terra laboratory (Université Pierre-et-Marie-Curie, Paris, France). Image processing was carried

out with Photoshop® (brightness/contrast adjustments and filtering) and ENVI® (principal component analysis

and mineral classification). Electron microprobe (EMP) analyses of individual minerals were carried out using
a Cameca SX-100 electron microprobe at Camparis laboratory in Paris (Table S1), in the following analytical
conditions: beam current of 10 nA; acceleration voltage of 15 kV; beam diameter of 3 pm; analyzed elements: B,
F, Na, Mg, Al, Si, CL, K, Ca, Ti, Cr, Mn, Fe, and Ba. Chemical formulas were calculated on the basis of O,,(OH,
F, CI), (micas), O,,(OH, F, Cl), (chloritoid), (CO,), (carbonates), 19 cations including B (tourmaline), O, (feld-
spar), or O, (magnetite). The mineral abbreviations used in the article are from Whitney and Evans (2010).

40Ar-3Ar data were completed at IGG-CNR (Pisa, Italy), using both the laser step-heating and the laser in
situ techniques. Data were first collected by step-heating experiments on white-mica separates (grain size

0.25-0.35 mm) obtained through standard separation techniques. In situ analyses were carried out at a later time
on rock chips ~8.5 mm in diameter drilled from polished thick sections (~400 pm thick). Rock chips and the
mineral separates, after cleaning by alternating methanol and deionized water, were wrapped in aluminum foil
and irradiated along with the Fish Canyon Tuff sanidine (FCs) in the core of the TRIGA reactor at the University
of Pavia (Italy) in two distinct batches, for 30 hr (irradiation PAV-69) for step-heating analyses and for 60 hr
(irradiation PAV-84) for samples analyzed by the in situ technique. Argon isotope compositions were determined
using either a MAP215-50 single-collector noble gas mass spectrometer (irradiation PAV-69) or an ARGUS
VI (Thermo Fisher Scientific) multicollector mass spectrometer (irradiation PAV-84). The neutron fluence
was monitored by analyzing grains of the FCs, which were melted using a continuous wave CO, laser (New

Wave Research MIR10-30 CO, laser system). Laser step-heating experiments were performed on white-mica

separates using a diode-pumped Nd:YAG infrared (IR) laser beam, defocused to a ~2 mm spot size and

homogenized by a beam-homogenizer lens. Steps were carried out at an increasing laser power until complete

melting. In situ “°Ar-*Ar analyses were mainly completed through an ultraviolet (UV) laser beam, produced by
a pulsed flashlamp Nd: YAG laser (frequency quadrupled and Q-switched). The UV laser, operating at 20 Hz and
0.5-1 mJ per pulse, was focused to ~10 pm and repeatedly rastered, by a computer-controlled x—y stage, over
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areas of ~0.009-0.012 mm? (typically ~100 pm X 100 pm) and a few 10 pm deep. In situ “°Ar-*Ar analyses were
also carried out using single laser shots (lasting 20-30 ms each) of the Nd:YAG laser operating at ~15 W, and
focused to produce melt pits ~100-150 pm in diameter. The IR laser spot fusion technique was locally preferred
over the UV laser ablation where, due to the fragility of some microdomains in sample R1b, the mica packets
tended to shatter during sampling with the UV laser. Argon isotope compositions for irradiation PAV-69 were
acquired by peak jumping through a single-collector noble gas mass spectrometer MAP215-50, fitted with a
secondary electron multiplier. Gas purification (10 min, including ~2 min of lasering) was achieved by two
SAES AP10 GP MK3 getters held at 400°C, one SAES C-50 getter held at room temperature and a liquid nitro-
gen cold trap. Blanks were analyzed every three to four analyses. A polynomial function was fit to the blanks
analyzed during the day of acquisition, and unknown analyses were corrected based on the time of measure-
ment. Line blank variation is given in Table S2. More details about mass spectrometer analysis can be found
in Di Vincenzo and Skala (2009). Argon isotope compositions for irradiations PAV-84 were instead acquired
simultaneously through a multicollector noble gas mass spectrometer ARGUS VI. Ar isotopes from 40 to 37
were acquired using Faraday detectors, equipped with 10'? Q resistors for “°Ar and *Ar and 10" Q resistors
for ¥Ar and 3’Ar. Faraday detectors were cross-calibrated for the slight offset using air shots. 3Ar was meas-
ured using a Compact Discrete Dynode (CDD) detector. Gas purification (4 min, including ~3 min of lasering)
was achieved using three SAES NP10 getters (one water cooled, held at ~400 C and two at room temperature).
Blanks were monitored generally every two runs and were subtracted from succeeding sample results. Line blank
variation is given in Table S2. More details about mass spectrometer calibration and analysis can be found in Di
Vincenzo et al. (2021). The correction factors for interfering isotopes from K and Ca were determined on K-rich
and Ca-rich glasses and are listed in Table S2. Ages were calculated using decay constants recalculated by Min
et al. (2000), an atmospheric “°Ar-3°Ar ratio of 298.56 + 0.31 (Lee et al., 2006) and an age of 28.201 + 0.046 Ma
for the FCs (Kuiper et al., 2008). Data corrected for postirradiation decay, mass discrimination effects, and blank
are listed in Table S2. Uncertainties on single runs are 2¢ analytical uncertainties, including in-run statistics
and uncertainties in the discrimination factor, interference corrections, and procedural blanks. Uncertainties on
the total gas ages and on error-weighted means also include the uncertainty on the fluence monitor (26 internal
errors). Cumulative probability plots and deconvolution of multiple age components for in situ data were realized
using the Isoplot/Ex program, v. 3.75 (Ludwig, 2012).

4. Results
4.1. Sample Descriptions, and Microstructural and Microchemical Data

We investigated five representative samples (three from the Massa Unit and two from the Apuane Unit) that
were selected among a set of more than 150 specimens collected from the metasedimentary successions. We
purposely avoided rock samples from the Paleozoic basement, in order to reduce the probability of encounter-
ing prealpine mineralogical relicts. The choice was guided by the presence of well-developed and sufficiently
thick phyllosilicate-rich layers and the occurrence of different foliations with clear overprint relationships. Addi-
tionally, all selected samples have been collected from areas that were well-known from a structural point of
view, with unambiguous overprinting relationships (Carmignani & Kligfield, 1990; Molli, Conti, et al., 2000;
Molli & Meccheri, 2012). Figure 2 illustrates, through geological cross-sections, the framework of the stud-
ied samples and their large (kilometer) to small (decimeter) scale relationships with the main interfering fold
structures.

4.1.1. Massa Unit

Samples 22, 265, and R1b are part of the Triassic metasedimentary sequence of the Massa Unit. They were
collected in two different sectors, toward the northernmost (22 and 265) and the southernmost (R1b) terminations
of the unit (Figure 1).

Sample 22 is part of the Mt. Brugiana sequence, which includes Ladinian carbonate-platform deposits with
marbles, calcschists/impure marbles, and metabreccias, formed of marble clasts within a phyllosilicate-rich
matrix (Martini et al., 1986; Patacca et al., 2011). Sample 22 is a metabreccia, which is characterized by a contin-
uous to spaced schistosity, defined by phyllosilicate layers distributed within a calcite and quartz-rich fine-to
coarse-grained matrix. Locally, a phyllosilicate-rich millimeter-thick compositional layering may be recognized,
in which the main foliation can be classified as differentiated crenulation (Figures 2 and 4a—4c¢), thus documenting
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Figure 4. Microstructures of the samples investigated in the present study. (a, d, g, j, and m) thin sections under plane-polarized light. (b, e, h, k, and n) thin sections
under cross-polarized light. (c, f, i, 1, and 0) photographs of the thick slices, counterfaces of sections; red circles indicate the drilled rock chips used for in situ “°Ar-*Ar
dating. (a—c) sample 22 from the Massa Unit; (d—f) sample 265 from the Massa Unit; (g—i) sample R1b from the Massa Unit; (j-1) sample 206 from the Apuane Unit;
and (m—o) sample AR9 from the Apuane Unit. D1 and D2 highlight the two foliations present in all the samples examined. The yellow rectangles in (a, d, g, j, and m)
indicate the position of the areas imaged by SEM and shown in Figures 5 and 7.

the composite origin of the main D1 foliation. The D1 foliation is crenulated by a D2 discrete millimeter-spaced
foliation, characterized by a reorientation/recrystallization of previous phyllosilicates associated with recrys-
tallization of fine-grained white micas. The spacing and orientation of the D2 crenulation are compositionally
controlled, being narrower and steeper in phyllosilicate-rich layers compared to the quartz-rich layers, as a result

DI VINCENZO ET AL.

8 of 25



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2022TC007248

of D2 strain partitioning and cleavage refraction. Sample 22 is mainly made up of quartz, phengite often associ-
ated with some paragonite, clinozoisite, calcite, and accessory minerals such as magnetite, ilmenite, tourmaline,
and apatite (Figures 5a—5f). A phyllosilicate-rich layer at the center of the sample (see Figures 4a—4c), more
pelitic in composition, is rich in micas and lacks calcite and clinozoisite (Figures 5a—5f). The deformation within
this layer is more penetrative, with a D1 schistosity strongly reworked by a differentiated D2 crenulation. Relative
to the other samples from the Massa Unit, the phengite of sample 22 shows a stronger celadonite substitution
(Figure 6: blue triangles; Si = 6.322 + 0.082 (+106) atoms per formula unit (apfu); XMg = Mg/[Mg + Fe?* + Mn]
=0.412 + 0.034) and a heterogeneity that results in a clear dispersion of the analyses in the diagrams of Figure 6
but it is hardly visible in Figure 5 (slight variations in grays and colors in Figures 5a and 5b, respectively). While
these phengite flakes are mainly concentrated parallel to the D1 schistosity, much of the paragonite lately grew
parallel to the D2 crenulation schistosity (Figures 5b and 5c). Replacement of potassic white mica by paragonite
is more pervasive in the phyllosilicate-rich layer with respect to the calcite and quartz-rich matrix (Figures 5a—5c
vs. 5d-5f).

Sample 265 (Figures 4d—4f) can be referred to as the Carnian Verrucano sedimentary cycle (Patacca et al., 2011),
which includes green to purple metapelites and metasiltites associated with metaconglomerates characterized
by the occurrence of pinkish quartz pebbles and tourmalinites (‘“anagenites” of the old literature—see Conti
et al.,, 2020 and references therein). Sample 265 is a chloritoid-bearing schist in which a millimeter spaced
quartz-rich compositional layering and a subparallel continuous D1 foliation is folded into a close centimeter-scale
D2 fold (Figure 4d). A millimeter-spaced crenulation cleavage defines the axial planar D2 foliation with the
millimeter long chloritoid laths observable as pretectonic porphyroblasts. The subhorizontal D2 crenulation is
the axial planar foliation of a hectometer-scale fold (Figure 2) affecting the two juxtaposed Massa and Apuane
units, and therefore constraining the relative timing of the thrusting of the Massa on top of the Apuane Unit
(Molli, Giorgetti, & Meccheri, 2000). Quartz, phengite, paragonite, and chloritoid are the main minerals in
sample 265, which additionally contains microcrystals of rutile, apatite, and tourmaline. The chloritoid occurs as
millimeter-sized porphyroblasts, with a pronounced zonation (Figure 5k), consisting of an increase in Xy, from
the core to the mantle (XMg: 0.17 — 0.29) and then a decrease at the edge of the crystals (XMg — 0.20), which
seems to reflect the prograde and retrograde evolutions of the rock. Some microinclusions of muscovite, quartz,
tourmaline, and titanomagnetite are visible in these porphyroblasts and would belong to an early paragenesis.
The matrix is mainly made up of quartz, phengite, and paragonite, which define the D1 schistosity, reworked by
the D2 crenulation. Paragonite is intimately associated with phengite in microlayers of micrometer-sized crys-
tals aligned along the schistosity (Figures 5g—51), preventing the separate analyses of the two minerals (violet
diamonds in Figure 6 are mixtures of phengite and paragonite). Locally, a phengitic muscovite, little substituted
in celadonite (Figure 6: violet triangles; Si = 6.103 + 0.042 apfu), forms flakes tens of micrometers thick and
hundreds of micrometers long with a nearly homogeneous composition, which seem preferentially concentrated
on the D1 schistosity.

Sample R1b is part of the Mt. Folgorito Formation, a fining- and deepening-upward sequence of alluvial
metaconglomerates and metasandstones of Middle Triassic age (Anisian-Ladinian, Patacca et al., 2011).
R1b is compositionally a quartz-rich schist, consisting of quartz, kyanite, and white micas, and characterized
by a millimeter-spaced zonal schistosity D1, with alternating quartz-rich and phyllosilicates-rich domains
(Figures 4g—4i). The local presence of relict domains with microfolded white micas documents the composite
origin of the main foliation D1, in agreement with microtextural and microchemical data that will be presented
below. The R1b sample shows a very week overprint of the D1 composite fabric by a D2 disjunctive crenula-
tion cleavage. Sample R1b is mainly formed of crystals of quartz, kyanite, and white micas, aligned along the
main schistosity (Figures 4g—4i and Sm-50). White mica, a phengitic muscovite poorly substituted in celadonite
(Figure 6: green triangles; Si = 6.038 + 0.066 apfu), appears to be preferentially concentrated between quartz and
kyanite (Figure 5n). Close to the contact with kyanite, muscovite flakes show irregular and discontinuous rims
of late paragonite up to few tens of micrometer thick (Figure 5n), which cannot be analyzed separately because
they are finely intergrown with muscovite (green diamonds in Figure 6 are mixtures of Ms + Pg). Some micro-
crystals of rutile, tourmaline, apatite, and svanbergite, a rare phosphate of some aluminous metamorphic rocks,
are included in quartz, muscovite, and kyanite crystals, where they are aligned according to an early schistosity
(Figures 5m and 5n).
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Figure 5. Mineralogy and microstructures of the studied samples from the Massa Unit. Samples 22 (a—f), 265 (g-1), and R1b (m-o0). (a, d, g, j, and m) BSE images; (b,
e, h, k, and n) images combining the first three principal components that result from the principal component analysis (PCA) of 10 chemical maps; and (c, f, i, 1, and 0)
images combining the chemical maps of Na (red), K (green), and Si (blue).
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Figure 6. Electron microprobe (EMP) data of the white micas (Al vs.

Si; Xy, vs. Si; and X, vs. Si). X, = Mg/(Mg + Fe + Mn) and Xy, = Na/

(Na + K + Ca). Ph + Pg means physical mixture of micrometer-sized crystals
of phengite and paragonite and Ms-Ph means solid solution varying between
muscovite and phengite compositions.

4.1.2. Apuane Unit

Samples 206 and AR9 are from the Apuane Unit and are representative of its
westernmost and easternmost zones, respectively (Figure 1). The protolith of
sample 206 is referable to the Scisti Sericitici Formation, which is a metamor-
phic equivalent within the Apuane Unit of the Cretaceous-Tertiary pelagic
Scaglia Formation of the Tuscan sequence (Conti et al., 2020). Sample 206
is a phyllosilicate, carbonates, and quartz-bearing slate, characterized by a
continuous cleavage folded in close to tight centimeter-scale folds, which
are revealed by a centimeter-thick quartz-dolomite-calcite folded vein. The
axial planar foliation of the microfolds is highlighted by a millimeter-spaced,
discrete, smooth, and parallel crenulation cleavage D2 (Figures 4j—41).
Sample 206 consists of white mica, quartz, dolomite, calcite, and the acces-
sory minerals magnetite, rutile, apatite, and tourmaline (Figures 7a—7f).
White mica, a phengite highly substituted in celadonite (Figure 6: red trian-
gles; Si=6.451 & 0.042 apfu; X, = 0.443 £ 0.022), defines with quartz and
dolomite the D1 schistosity. It has evolved without any noticeable change
in composition parallel to the cleavage planes of crenulation D2, enhanced
by magnetite microcrystals (Figure 7e). While this phengite is concentrated
in the matrix, the centimeter-thick vein folded by D2 is essentially made
up of quartz, calcite (CalysMgs,Sd,Rds;), and dolomite with a significant
Fe-content (Caly,Mgs,,Sd, Rds,).

The protolith of sample ARO is attributable to the Late Jurassic Marble
Formation, which includes the eastern Alpi Apuane widespread marbles
and breccias, and impure marbles (Conti et al., 2020). Sample AR9 is a
carbonate- and quartz-bearing calcschist, showing a millimeter-scale compo-
sitional layering (Figures 4m—40), with alternating pelitic (Figures 7g—7i)
and carbonate (Figures 7j—71) microlayers derived from the original bedding
and a subparallel continuous D1 schistosity. Layering and D1 schistosity are
folded into close to tight centimeter-scale microfolds, the axial plane of
which is underlined by a millimeter-spaced, discrete smooth, and parallel
D2 crenulation cleavage, well-developed in the phyllosilicate-rich domains
(e.g., Figure 7g). Sample AR9 is quite similar to sample 206 but richer in
carbonates. It shows an inherited layering (Figure 4m) with alternating peli-
tic (Figures 7g—7i) and carbonate (Figure 7j—71) layers, affected by D1 schis-
tosity and D2 crenulation (e.g., Figures 4m—4o0 and 7g). Phengite, highly
substituted in Mg-celadonite (Figure 6: brown symbols; Si = 6.434 + 0.089
apfu; Xy, = 0.826 + 0.027), does not show any notable variation depending
on whether it is parallel to the D1 and D2 schistosities (Figure 6: yellow
triangles and circles, respectively). Among the carbonates, calcite dominates
(Caly,Mgs,Sd,Rds,) and dolomite have a slightly variable amount of Fe
(Calg,Mgs,;,;Sds ;Rds).

4.2. YAr-¥Ar Data
4.2.1. Step-Heating Data on White-Mica Separates

A few milligrams of white-mica separates from the five selected samples
were laser step-heated and analyzed using a single collector noble gas mass
spectrometer. All white micas from both units gave variably discordant age
spectra, with overall sigmoidal shapes (Figure 8). However, three out of the
five samples analyzed (samples 22, 206, and AR9) yielded a concordant
segment representing more than 50% of the total **Ary released (Figure 8).
The age spectrum of white mica from sample 22 (Massa Unit), after a first
step at ~20 Ma, is characterized by an increasing age spectrum (from 9.3
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Figure 7. Mineralogy and microstructures of the studied samples from the Apuane Unit. Samples 206 (a—f) and AR9 (g-1). (a, d, g, and j) BSE images; (b, e, h, and k)
images combining the first three principal components that result from the PCA of 10 chemical maps; and (c, f, i, 1) images combining the chemical maps of Mg (red),

Ca (green), and Si (blue).

to 10.5 Ma), followed by seven consecutive steps indistinguishable within the analytical uncertainties (MSWD
2.03, probability 0.06) and representing 50.9% of the total **Ary released, yielding a weighted-mean age of
11.74 + 0.17 Ma. The final three steps gave increasing dates, up to ~30 Ma. The total gas age is 11.90 + 0.15 Ma,
slightly older than the mean age from the concordant segment. White-mica separate from sample 265 (Massa
Unit), gave a similar age spectrum as that of sample 22, with a concordant segment representing ~30% of
the total *Ar, released and yielding a weighted mean age of 15.33 + 0.18 Ma, close to the total gas age of
15.66 + 0.16 Ma. The final ~30% of the total **Ar released gave increasing step ages up to ~48 Ma (Figure 8a).
The sigmodal shaped age spectrum of sample R1b (Massa Unit) lacks a significant concordant segment at
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Figure 8. “°Ar-*Ar age spectra from step-heating analysis on white-mica

separates. Data were acquired in peak-jumping mode through a single-collector

noble gas mass spectrometer. (a) Data from samples of the Massa Unit. (b)

Data from samples of the Apuane Unit. Box eight corresponds to 2¢ analytical
uncertainties. Uncertainties given for total gas and weighted-mean ages are 26

and also include the uncertainty in the flux monitor.

representing ~98% of total *Ary released, scattering within ~2 Ma, in between
12.3 and 14.2 Ma (Figure 8b). Ten consecutive steps representing ~65% of
the total ¥Ar, released gave a weighted-mean age of 13.069 + 0.099 Ma,
slightly younger than the total gas age (13.370 + 0.080 Ma).

4.2.2. In Situ Data on Rock Chips

In situ UV laser-ablation and IR laser spot-fusion analyses are listed in
Table S2 and presented in the frequency diagrams along with the cumulative
probability plots of Figure 9. In addition, data for selected areas are reported
in Figure 10 to illustrate the intrasample distribution of Ar isotopes. The two
rock chips investigated in sample 22 (Massa Unit) gave ages mainly within
a narrow interval from ~9.7 to ~13.3 Ma (Figure 9a), with the exception
of one spot date characterized by a low K/Ca ratio (0.7 + 0.1, derived from
neutron-produced *Ar, and ¥Ar, isotopes—Table S2) that is suggestive of
contamination by a high-Ca and low-K mineral phase and yielding a very
old Upper Eocene date (~35 Ma). Only three spot ages from Chip-B, yield-
ing Burdigalian dates, exceed the range mentioned above, one of which is,
however, characterized by again a low K/Ca ratio (~0.03 — Table S2), incom-
patible with an analysis completed on a pure white mica. It is important to
note that fifteen of the eighteen data completed in the millimeter-thick pelitic
layer of Chip-A (Figure 10d) gave ages indistinguishable within analytical
uncertainties, with a mean age of 10.486 + 0.092 Ma (MSWD 0.78). A single
date, slightly but significantly younger than the weighted mean, is also from
the pelitic layer of Chip-A (analysis 81D, age 9.7 + 0.3 Ma—Figure 10d
and Table S2) but it shows a negative °Ar content after blank correction
and is therefore considered unreliable. Data from the calcite-quartz matrix
generally yield older ages, mainly within ~11-12.5 Ma. Chip-C exhibits an
age variation similar to that of Chip-A, eleven out of the twenty eight laser
pits yield ages matching the mean age of ~10.5 Ma (pooled weighted mean
of 10.566 + 0.092 Ma—MSWD 1.47 and probability 0.06), although the
data for the thinner mica layer of Chip-C are more variable with respect to
the mica layer of Chip-A (Figures 10a and 10c). Sample 265 (Massa Unit)
gave similar age variations for the two rock chips investigated (Figures 9b
and 10e—10h), extracted from the hinge (Chip-A) and the flank (Chip-B) of

the centimeter-sized fold included in the thick section, ranging mainly from ~11.2 to ~19.3 Ma (68 out of
the 75 laser pits analyzed), with a nearly continuous variation. The fourteen youngest dates in Chip-A overlap
within analytical uncertainties, with a weighted mean age of 11.84 + 0.17 Ma (MSWD of 0.88), which is in
close agreement with the mean age of 11.96 + 0.16 Ma (MSWD of 1.53) derived from the fifteen youngest
ages of Chip-B (pooled weighted mean of 11.91 + 0.11 Ma—MSWD 1.22 and probability 0.19). In a cumu-
lative probability plot of Ar ages from both rock chips (Figure 9b), the major peaks are all younger than the
Burdigalian (<16.0 Ma). Five laser pits from Chip-A and four from Chip-B yield ages within the Burdigalian
(16.0-20.4 Ma), and four from Chip-A and two from Chip-B are older (up to 61.7 Ma for Chip-A and as old as
37.4 Ma for Chip-B—Figure 9b and Table S2). Burdigalian or older ages are more commonly associated with
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Figure 9. Summary of in situ “°Ar-**Ar data on rock chips: cumulative probability distribution and ranked distribution. The ranked distribution of ages is given for each
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data for the Apuane Unit (Kligfield et al., 1986). In situ laserprobe data were acquired by a multicollector noble gas mass spectrometer. Uncertainties are 26.
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Figure 10. Age mapping of selected areas from the rock chips investigated by the Ar laserprobe. Numbers for each analysis refer to those listed in Table S2. Ages are
in Ma followed by +2¢ analytical uncertainties. (a—d) sample 22 from the Massa Unit. (e-h) sample 265 from the Massa Unit. (i-k) sample 206 from the Apuane Unit.
(1-n) sample R1b from the Massa Unit. (0—q) sample AR9 from the Apuane Unit. S1 (D1) and S2 (D2) highlight the two foliations present in all the samples examined.
Most analyses were completed through an UV laserprobe (laser ablation). A few analyses in sample R1b were realized using an IR laserprobe (spot fusion) and appear

as whitish circles (n).

chloritoid-bearing domains (Figures 10f~10h). In situ “°Ar-*Ar data from white mica defining the micaceous,
thicker, and crenulated continuous layers show a patchy age distribution, with the youngest ages not necessarily
located along the younger crenulation cleavage domains (Figures 10f and 10g). Two analyses carried out in the
chloritoid gave anomalous old ages, even exceeding in one case the time of the sedimentary protolith, suggesting
the presence of excess argon (parentless *“’Ar) hosted in chloritoid. Sample R1b (Massa Unit) yielded a signifi-
cantly different age distribution when compared to the previous two samples of the same unit, both in terms of
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dates and dispersion (Figure 9¢). “°Ar-*Ar data from white mica, after a young age of ~12.5 Ma, gave a nearly
smooth and continuous distribution of dates from ~14 to ~21 Ma, with a maximum distribution of ages within
the Burdigalian but without a discernable dominant peak. In this sample, due to the general whitish appearance
of the thick section and the lack of dark minerals, the microstructural and microtextural control on the positioning
of the laser pits were more complicated with respect to the previous samples. The age mapping reveals a rather
patchy distribution (Figure 101-10n).

In sample 206 (Apuane Unit), two rock chips were investigated, one (Chip-A) located in between the two
centimeter-sized folds included in the thick section and the second from the hinge of the larger fold (Chip-B)
(Figure 9d). Data from the two rock chips gave similar age variations, with ages ranging from ~9.8 to 13.3 Ma,
with an almost continuous variation (Figure 9d). A younger age (~9.4 Ma) in Chip-A is considered inaccu-
rate because of negative Ar after blank correction. One laser pit in Chip-B gave a significantly older date
of ~15.8 Ma (951, Table S2) but it is characterized by a low K/Ca ratio (~0.28) and it is therefore considered
unreliable. The youngest date from Chip-A is 9.8 + 0.4 Ma and is followed by four concordant ages with a mean
of ~10.8 Ma in Chip-A and three concordant ages with a mean of ~10.2 Ma in Chip-B. The pooled cumulative
probability curve for the two rock chips exhibits several peaks within the 9.8—13.3-Ma range, more specifically
at ~10.1, 10.9, 11.5, 12.0, and 12.7 Ma. Age mapping reveals no age variation between white micas aligned
along the D1 and D2 schistosities but a rather patchy distribution (Figures 10i—10k). In situ **Ar-3°Ar analyses of
sample AR9 (Apuane Unit) gave a nearly continuous variation of dates, from ~11.3 to ~14.4 Ma, which largely
overlap with the interval defined by sample 206 but with an older minimum age limit (Figure 9¢). The youngest
four analyses yield ages overlapping within uncertainties, with a weighted mean age of 11.45 + 0.22 Ma. In a
cumulative frequency plot, the data show discernable peaks at ~11.4, 12.3, 13.1, 13.5, and 14.4 Ma. Once again,
the age mapping does not reveal any systematic variation between white micas aligned along the D1 and D2
schistosities (Figures 100-10q).

S. Discussion
5.1. Interpretation of “Ar-*Ar Data and Timing of Deformation in the Alpi Apuane

All investigated samples from both units exhibit a significant internal scatter of in situ Ar ages and variably
discordant age spectra from step-heating data, which attest to a pronounced intrasample Ar isotope disequilib-
rium. This dispersion is paralleled by the development of paragonite after muscovite/phengite in samples from
the Massa Unit, which implies the mobility of alkalis (see below), but has no obvious counterpart in the much less
evident compositional variation of white mica in samples from the Apuane Unit. Based on (a) the microstructural
and microchemical features presented above, (b) the pronounced intrasample isotope disequilibrium observed in
all samples investigated and testified by both “°Ar-*Ar in situ data on rock chips and step-heating on bulk mineral
separates, and (c) the available P-T estimates and paths from the literature, we infer that syn-deformation white
mica growth and recrystallization took place under temperature conditions (<500°C) at which volume diffusion
produces negligible effects on the Ar isotope record that is at temperatures under which the rate of dissolution/
reprecipitation processes far exceeds that of volume diffusion (Di Vincenzo et al., 2004; Villa et al., 2014; Villa
& Hanchar, 2017). Empirical evidence from natural examples has been recently strengthen by a revaluation of
the “°Ar diffusion dependence to temperature via atomistic simulations (Nteme et al., 2022), which gave diffusive
parameters that, for cooling rates ranging from 1 to 100°C/Ma and grain sizes varying between 0.1 and 1.0 mm,
yield closure temperatures in the range of 560-800°C, close to the upper stability limit of muscovite.

The three metapelitic samples from the Massa Unit studied here recorded several episodes of deformation, typi-
cally resulting in a D1 schistosity followed by a D2 crenulation. The occurrence of relict domains testifies to the
composite nature of D1 deformation that is compatible with a protracted evolution over time. Importantly, the
development of D2 crenulation was compositionally controlled, with spacing and orientation being narrower and
steeper in the phyllosilicate-rich layers when compared to the quartz-rich layers. The D1 structures are only very
weakly reworked by the D2 crenulation in the southern sample R1b but they are pervasively overprinted in the
millimeter-thick pelitic layer of sample 22. In line with the above observations, the replacement of muscovite/
phengite by paragonite was much more pervasive in the pelitic layer of sample 22, compared to the coexisting
calcite- and quartz-rich layer or to the very local and discontinuous replacement along the rims of muscovite
in sample R1b. The P-T stability field of paragonite in metapelites is quite wide, as it extends toward high
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temperatures at most up to the univariant Pg + Qz = Ab + Als + H,O curve, which has a positive dP/dT slope,
with a concavity toward low T and high P (Figure 3). According to the P-T estimates available in the literature,
this implies that paragonite may have been stable over the whole P-T path underwent by the Massa Unit, includ-
ing during retrogression at upper crustal level. Microstructural data suggest that paragonite developed during
the D2 deformation without growing at the expense of another preexisting sodic phase, such as albite, which is
absent. Substitution of muscovite/phengite by paragonite (i.e., Ms + Na = Pg + K) may explain such a behavior,
and this mechanism is strongly supported by the paragonite microcoronas formed around muscovite in sample
R1b (Figures 5n and 50). We therefore infer that the variable replacement of muscovite/phengite by paragonite
occurred by fluid-assisted pseudomorphic replacement and was synchronous with the development of the D2
deformation. Nearly 90% of the total “*Ar-3*Ar in situ data completed within the millimeter-thick pelitic layer of
Chip-A from sample 22 gave homogeneous ages with a mean of 10.486 + 0.092 Ma (Figure 10d), which matches
remarkably the youngest dates found in the thinner pelitic layer of Chip-C (Figure 10c). Using the “Unmix-Ages”
procedure of the Isoplot software (Ludwig, 2012), which allows to deconvolute a population of data containing
multiple age components, the results from the two chips yield a mixture predominantly consisting of two compo-
nents, one representing 56% of the whole population with an age of 10.54 + 0.08 Ma and the other representing
34% yielding an age of 11.57 + 0.16 Ma. Most of the ages falling at the Serravallian/Tortonian boundary (i.e.,
~11.6 Ma), are from the calcite-quartz matrix and overlap within uncertainty with the concordant segment of
the step-heating data (11.74 + 0.17 Ma) derived from the bulk white mica separate. The ages at the Serravallian/
Tortonian boundary are also in line with the first discernable and highest peak defined by the thirty youngest
in situ dates of sample 265, yielding a mean age of 11.95 + 0.12 Ma. We therefore argue that samples 22 and
265 from the Massa Unit carry records of the development of D2 deformation, which was assisted by the intro-
duction of Na-rich aqueous fluids, starting from at least the Serravallian/Tortonian boundary and ending in the
middle Tortonian (at ~10.5 Ma). This inference is supported by: (a) the asymmetry of the cumulative probability
distribution of the in situ ages from samples 265 and 22, characterized by a marked steep flank at the young
age side; (b) the similarity in age between the youngest dates in sample 265 and those from the calcite-quartz
matrix of sample 22; (c) the age defined by the concordant segment of the step-heating data from sample 22, fall-
ing again at Serravallian/Tortonian boundary. Based on available data on muscovite-paragonite solvus (Guidotti
etal., 1994), the K content accommodated in paragonite is expected to be low, with K/(K + Na) within 0.06-0.09
for temperatures ranging from 300 to 500°C, respectively. This would imply a reduction of the gas yield from the
lasered volume consisting of pure paragonite by more than 10 times with respect to a phyllosilicate layer entirely
consisting of muscovite/phengite. Such a significant drop of beam intensities, however, was not observed during
the experimental work, reflecting the fact that the volume sampled by the laserprobe diffusely consisted of a
microscale mixture of paragonite and muscovite/phengite (Figure 5), the latter being either relicts in the newly
formed paragonite or, more likely, crystallized or reequilibrated during paragonite formation with the composi-
tion of coexisting micas defined by the paragonite-muscovite/phengite solvus. It is well known that the muscovite
limb of the muscovite-paragonite solvus is shifted to lower X, ratios as phengitic substitution increases (e.g.,
Guidotti et al., 1994), which explains the slight negative slope of the muscovite-phengite compositional trend in
the X, versus Si diagram of Figure 6 for at least two of the three samples (22 and R1b) from the Massa Unit.
This in turn suggests that most of these K-rich micas have likely reached a state of equilibrium with the coexisting
paragonite. It remains uncertain whether the deformation in the two samples with a prominent D2 fabric ended
diachronically, that is, ~1 Ma later in the southern sample (22) relative to the northern one (265) or whether this
difference in ages is simply due to a weaker rheological behavior of the pelitic millimeter-thick layer investigated
in sample 22.

The temporal constraints on the development of the D1 deformation remain on the contrary more uncertain,
even using the data from sample R1b, in which the D2 deformation had very limited microstructural and micro-
chemical effects. The oldest in situ ages from samples 22 and 265 mainly fall within the Burdigalian and are in
line with most in situ ages from sample R1b (Figures 9a-9c). A few older ages (Priabonian-Rupelian or even
older) from sample 265, typically associated with chloritoid-bearing domains, are of uncertain meaning as likely
contaminated by excess Ar. Sample R1b yielded twelve out of nineteen dates within the Burdigalian, six younger
(=12.5 Ma) and one older (~21 Ma). It is important to note that data exhibit a nearly continuous variation, with
no discernable dominant peaks in the cumulative probability distribution, even on the older age side. This hetero-
geneity is paralleled by step-heating data, which gave an internally disturbed age spectrum, lacking reproducible
step ages and with an overall staircase shape (Figure 8a). Unless we assume that the white mica R1b bears the
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record of a dynamic (re)crystallization, which is in any case difficult to demonstrate, data may be solely used to
constrain the minimum age for the onset of D1 deformation at the Aquitanian/Burdigalian boundary and a maxi-
mum age for the cessation of reequilibration during the D2 deformation at ~12.5 Ma. Coincidentally, the latter
age is close to the youngest in situ dates of sample 265 and to those from the calcite-quartz matrix of sample 22.

The two samples from the Apuane Unit show carbonate and pelitic centimeter-thick layers. The former are rich
in calcite and dolomite, whereas the latter are dominated by phengite highly substituted in celadonite but without
paragonite, in contrast to the samples from the Massa Unit. In both samples, the composition of phengite does
not vary noticeably, irrespective of whether it is aligned along the D1 or D2 schistosities. The white-mica flakes
of both samples show little evidence of internal strain, like kinking or grain segmentation with intragranular
fractures, which may produce zones of high defect density and act as intragrain fast diffusion pathways (see e.g.,
Mulch et al., 2002). This suggests that white-mica flakes most likely resulted from syn-deformation growth and
recrystallization that, in light of the small compositional variations, should have taken place under roughly similar
P-T conditions or evolving parallel to the Si** isopleths of white mica (e.g., Beaudoin et al., 2020) and likely in a
relatively short span of time. This hypothesis agrees with the quite limited scattering recorded by in situ analysis
in both samples (A7 of 3.5 + 0.5 and 3.1 + 0.3 Ma for sample 206 and AR9, respectively) and with the limited
disturbance of age spectra from step-heating analyses. Alternatively, white micas mostly reequilibrated during
the D2 deformation and the scatter in age is due to the partial survival of pre-D2 relicts. Although in situ data
from both samples define a relatively narrow range, it is significant and age mapping reveals that in both samples
no systematic variations between white micas aligned along the D1 and D2 schistosities. The age distribution of
sample 206, the most pelitic in composition, matches remarkably with that of Chip-A from sample 22 (Massa
Unit), although with a more continuous variation, the five youngest ages yielding a mean of 10.2 + 0.3 Ma,
in close agreement with the 10.49 + 0.09-Ma age from the pelitic layer of sample 22. The age distribution of
sample ARY, richer in quartz and carbonates than sample 206, is rather more similar to that of sample 265 (Massa
Unit), with the four youngest ages yielding a mean of 11.45 + 0.22 Ma. Step-heating results conform to in situ
data, with the concordant segment in sample 206 yielding a younger age (~2.3 Ma younger) than that of sample
ARO9 (Figures 8 and 9), thus recalling the role of lithology on strain partitioning and, consequently, on the Ar
isotope age record. It is important to note that both samples from the Apuane Unit gave in situ ages younger than
the Langhian, with a single older date at ~14.4 Ma in sample AR9. If on the one hand *’Ar-*Ar data from the
Apuane Unit suggest a common temporal evolution with the Massa Unit for the development of D2 deformation,
at least starting from the upper Serravallian, on the other hand the results allow us to constrain the minimum age
for the onset of the D1 deformation in the Apuane Unit at the Langhian/Serravallian boundary, which is signifi-
cantly younger (by ~6.5 Ma) than the age derived from the Massa Unit. However, results from the present study
do not clarify whether this difference arose from a true diachronism or simply from a more extensive reequilibra-
tion during the D2 deformation of the two samples investigated from the Apuane Unit.

5.2. Regional Implications
5.2.1. Comparison With Existing Geochronological Constraints

The first comprehensive geochronological investigation of deformation in the Alpi Apuane was presented by
Kligfield et al. (1986). They reported a total of thirty-nine K-Ar ages on different size fractions (ranging from
<0.6 pm to 6-20 pm) of white mica-chlorite mixtures and whole rocks from various lithologies of the Apuane
Unit, with continental Triassic to shallow-water Verrucano-type deposits, and of phyllites from the Paleozoic
basement of the Massa Unit. Twenty-seven K-Ar analyses of white mica-chlorite mixtures from cover rocks of the
Apuane Unit (including slates, cherty schists, and calcschists) yielded ages in the range of ~27.0-10.4 Ma, with
a cumulative probability distribution characterized by a major peak at ~12 Ma and minor peaks within 25-14 Ma
(Figure 9f). Most of these K-Ar ages were younger than the Burdigalian, with five out of twenty-seven being Chat-
tian. The latter were from samples characterized by an S1 foliation either uncrenulated or affected by a nonpene-
trative or a penetrative D2 crenulation and collected from the northeastern sector of the Alpi Apuane (Gorfigliano
and Arnetola areas, ~7—4 km to the north of sample AR9 investigated in the present study—Figure 1). Kligfield
et al. (1986) also reported “°Ar-*Ar furnace step-heating data on some of the same mineral separates, which gave
internally discordant age spectra, with overall staircase shapes with increasing temperature, and high-temperature
steps yielding ages up to ~30-107 Ma but with total gas ages in line with the respective K-Ar ages. Kligfield
et al. (1986) assigned the discordance to partial diffusive “°Ar loss related to thermal disturbance at ~14-12 Ma
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and the anomalously old high-temperature steps to the contribution of inherited “°’Ar hosted in minor detrital
white micas. The meaning of these step-heating experiments is, however, quite uncertain given the very fine grain
sizes of the analyzed material (0.6-2 pm, 2-6 pm, and 620 pm) and the presence of chlorite in the mineral sepa-
rates, which can cause analytical artifacts due to recoil loss/redistribution of Ar isotopes during sample irradiation
(see e.g., Di Vincenzo et al., 2003). In light of the depositional age of the Pseudomacigno (the youngest strati-
graphic unit involved in the Tertiary tectono-metamorphic events of the northern Apennines), which is believed
to have occurred during the Rupelian (within ~34-28 Ma) on the basis of temporal constraints brought by micro-
fossils (zones P18-20 of planktonic foraminifera—Dallan-Nardi, 1977), Kligfield et al. (1986) concluded that the
regional D1 foliation developed during a major folding event coeval with the regional greenschist facies meta-
morphism at ~27 Ma. D2 structures formed instead locally at ~12 Ma, when samples recorded a penetrative cren-
ulation of the D1 foliation. Additionally, a non-oriented post-tectonic white mica developed later at ~10-8 Ma.
The meaningfulness of the older ages (Rupelian/Chattian boundary), assigned by Kligfield et al. (1986) to the
onset of development of D1 structures, has recently been contended by Patacca et al. (2013) who inferred, on the
basis of paleogeographic restorations and palinspastic reconstructions, that deformation and metamorphism in
the Alpi Apuane cannot be older than the Aquitanian (~23.0-20.4 Ma) and most likely as young as ~12—-11 Ma.
Results from the present study define a temporal evolution for the D2 deformation in rough agreement with that
proposed by Kligfield et al. (1986) but our data are only partially conclusive regarding the dispute over the onset
of deformation. Although a dedicated ad hoc experimental study aimed at clarifying the onset of deformation in
the northeastern Alpi Apuane and at verifying its possible diachronic evolution with respect to the southwestern
sector is necessary, our data seem to favor a post-Chattian evolution but clearly exclude a post-Langhian age for
the whole tectono-metamorphic evolution of the Apuane region.

5.2.2. Implications

Results from the present study provide first-order constraints useful to clarify some general issues still debated
in the evolution of mountain belts (e.g., the rate of deformation, the duration of metamorphic events, and the
superimposed and/or composite foliation development within polyphase or progressive deformation history)
and, more specifically, address some open disputes concerning the regional geology of the northern Apennines.
Within the limits set in a previous section (5.1. Interpretation of “°Ar-*Ar data and timing of deformation in the
Alpi Apuane), key points arising from our investigation are summarized below, with their tectonic and regional
implications.

1. The onset of metamorphism and deformation in the Alpi Apuane region has a minimum age of 20-21 Ma
(Aquitanian/Burdigalian boundary), as documented by “’Ar-**Ar data for the composite D1 foliation and
related structures in the western parts of the Alpi Apuane (i.e., Massa unit).

2. The D1 deformation, consistently with its composite character, occurred during a protracted metamorphic
evolution, lasting at least ~6.5 Ma from the Aquitanian/Burdigalian to the Langhian/Serravallian boundary
(Figures 11a and 11b). A possible West-East diachronism for the development of D1 foliation cannot be
excluded and it is suggested by the minimum age of ~14.4 Ma obtained for the development of the D1 foli-
ation in the easternmost sample of the Apuane Unit. Such a diachronism in the development of D1 foliation,
although still to be verified, would be consistent with the West-East sense of transport, the stacking of the vari-
ous units, and their internal deformation within the Alpi Apuane (Figures 10a and 10b), and it could therefore
be significant from a tectonic viewpoint.

3. The D2 deformation shows a common temporal evolution at the scale of the entire Alpi Apuane region and is
recorded for a duration of at least ~2.5 Ma, starting not after the upper Serravallian and ending in the middle
Tortonian, at ~10.5 Ma, in the Massa Unit on the western side of the massif (Figure 11c).

4. The D2 deformation in the westernmost side of the Alpi Apuane (i.e., Massa Unit), was fluid assisted, with
the introduction of Na-rich aqueous fluids, favoring the growth of paragonite, apparently absent during the
D1 tectono-metamorphic event.

It is important to note that points (1), (2), and (3) weaken the arguments put forward by Patacca et al. (2013)
against the interpretation of geochronological data proposed by Kligfield et al. (1986), specifically concerning
their claim, based on paleogeographic reconstructions and geological restoration, of an age no older than 13—-14 Ma
for the tectono-metamorphic events in the Alpi Apuane. On the other hands, points (3) and (4) suggest that the D2
deformation structures, with kinematics features marking the switch from crustal contraction to crustal extension
(Carmignani & Kligfield, 1990; Molli et al., 2018), have developed since the upper Serravallian, thus constraining
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the onset of the genuine crustal extensional history in the inner northern Apennines at ~12.5-12.0 Ma. Moreover
microchemical, geochronological, and micro- and meso-structural data linked to point (4) can indirectly be used
to constrain the timing of the first coupling between the Massa Unit and the Tuscan nappe (Figures 2 and 11c¢),
which in the former is marked by the appearance of paragonite. These units, initially separated by a minimum gap
in pressure of ~0.2-0.3 GPa during the thickening stage (Molli et al., 2002, 2018), were then juxtaposed after
an early stage of syn-contractional exhumation of the footwall metamorphic unit, associated with the thinning
of the former nappe stack predating the development of D2 foliation in the Massa Unit (Figure 11c). It is impor-
tant to note that the Tuscan Nappe includes in its basal part ancient levels of evaporites, now represented by the
dolomite/carbonate-rich cataclasite of the Calcare Cavernoso, which acted as a major detachment surface (an
early thrust later reactivated as a regional normal fault) and channeled a flow of Mg- and Na-rich fluids (Carter
et al., 1994; Hodgkins & Stewart, 1994; Lugli et al., 2002), which could have provided the Na necessary for the
stabilization of paragonite during the D2 crenulation in samples from the Massa Unit.

5.3. Implications for “°Ar-*Ar Dating of Low-Grade Deformation

Complications arising from the surviving of diachronous white-mica generations in low-to medium-grade meta-
morphic rocks have been previously tackled through different analytical strategies, involving: (a) in situ dating of
rock chips (e.g., Cossette et al., 2015; Di Vincenzo et al., 2004; Schneider et al., 2013); (b) step-heating analyses
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of white-mica separates (e.g., Villa et al., 2014); and (c) conventional K-Ar dating of different grain sizes of
white mica (Akker et al., 2021; Berger et al., 2017). Dealing with low-to medium-grade metamorphic rocks,
characterized by superimposed deformation events, together with the coexistence of diachronous white-mica
generations at the submillimeter scale, in situ dating of rock chip seems in principle the best suited choice.
However, several studies (e.g., Airaghi, Warren, et al., 2017; Beaudoin et al., 2020; Di Vincenzo et al., 2016; Villa
& Hanchar, 2017) have shown that two main problems may potentially compromise the effectiveness of this tech-
nique: (a) the complex interplay between microstructures and microchemistry, which are not necessarily directly
correlated and inevitably affect the Ar isotope record; (b) the intimate coexistence (down to the microscale) of
diachronous white-mica generations, which would require in several cases a much higher spatial resolution than
that achievable by the in situ laserprobe technique. A different way to disentangle coexisting diachronous and
heterochemical white-mica generations exploits the step-heating extraction, which can potentially separate and
analyze diachronous phases within single samples by differential breakdown reactions; diachronous phases can
be qualitatively identified a posteriori using chemical information (K—Cl-Ca) from neutron-produced *°Ary,
37Ar,,, and 3Ar., in common-denominator three-isotope correlations plots (Villa & Hanchar, 2017) and whose
resolution is limited by the recoil distances of argon isotopes during sample irradiation (with mean depletion
depths by recoil in a semi-infinite medium of ~80 nm for *Ar, and ~1 nm for *¥Ar,—Onstott et al., 1995).
This analytical approach, combined with microtextural and microchemical data determined by the SEM and
EMP, was successfully used for deconvolving diachronous white-mica generations through the CI/K ratios (Villa
et al., 2014). However, the strength of this approach relies on the recognition of true mineralogical end-member
entities (in terms of CI/K ratios), which need to be univocally identified in thin section. Implicit is that diachro-
nous white-mica generations need to be characterized by significant chemical variations in order to produce
distinct release patterns during in vacuo heating. A slightly different analytical strategy, which compares with the
approach followed by O’Brien and van der Pluijm (2012) for deriving meaningful age from fault-generated pseu-
dotachylyte, was recently presented by McAleer et al. (2021). They exploited a combination of modal estimates
of two chemically distinct populations of coexisting muscovite from X-ray powder diffraction measurements
and “°Ar-3°Ar analyses. Data on different white-mica separates from a single hand specimen, characterized by
different magnetic susceptibility, defined a mixing line that allowed to resolve the ages of both end members,
relict versus newly formed white micas. However, such an approach is potentially effective only if the sample
includes solely two white-mica generations, each developed within a restricted time interval (within the analytical
uncertainty involved) and characterized by distinct chemical compositions. Other authors (e.g., Akker et al., 2021;
Berger et al., 2017) exploited a grain-size sensitive analytical approach, similar to that used to investigate fault
gouges (Zwingman et al., 2004), together with X-ray powder diffraction measurements, and microstructural and
microchemical analysis. The K-Ar method was preferred over the variant “°Ar-*Ar, to overcome analytical arti-
facts in very fine grain sizes due to *Ar, recoil during sample irradiation. Akker et al. (2021), investigating reset-
ting processes of detrital white mica in samples from a prograde sedimentary sequence (from ~200 to 330°C),
found that increasing recrystallization by dissolution-reprecipitation processes was the main factor inducing
chemical reset of the detrital isotopic record, but white-mica chemistry revealed no simple relationship between
isotopic reset and grain size along the prograde path. Geologically meaningful dates were obtained only for the
smaller grain sizes in the most deformed rocks under the highest metamorphic grade.

Based on the arguments presented above, none of the analytical approaches mentioned should be considered
ideal and effective for any experimental study aimed at reconstructing deformation histories, and the best analyt-
ical strategy should be evaluated on a case-by-case basis. In this study, similar to other works (e.g., Beaudoin
et al., 2020; Cardello et al., 2019; Di Vincenzo et al., 2016; Kellett et al., 2016), we combined the results of
both in situ and step-heating techniques, complemented by structural and chemical investigation at the micros-
cale. ClI contents of white mica determined by the electron microprobe were generally close or below the detec-
tion limit (Table S1), in agreement with low *Ar,, intensities in both step-heating and in situ data (CV/K ratios
from neutron-produced *’Ar, and *Ar,, <<0.001), and this made three-isotope correlation diagrams (based
on “Ar*, ¥Ar, , and 3Ar,, isotopes) useless. It is important to note that when comparing in situ and step-heating
data, results are not necessarily directly comparable. Indeed, in the present study the volume investigated by the
Ar laserprobe for a single in situ analysis (~1073 mm?) is nearly 1,500 times smaller than that of the mineral
separates that were analyzed by the step-heating technique. Likewise, the areas investigated by the Ar laser-
probe (10* pm?) are significantly larger than those analyzed by the electron microprobe (~10 pm?). If on the
one hand “°Ar-*Ar data from the two extraction techniques yield similar total gas ages, on the other hand the
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distribution of Ar ages is mostly different, and most of the concordant segments defined by step-heating data
have no correspondence in the distribution of in situ data and, with the only exception of sample 22, they are
geologically meaningless. More specifically, in samples 22 and 265 of the Massa Unit, step-heating data tend
to average the isotopic compositions of white mica and reflect the bulk composition of the whole hand speci-
men, losing important information on the evolution of the D2 crenulation. In the most retrogressed sample 22,
step-heating data yielded ages compatible with the in situ data performed in the quartz-calcite matrix but bear
no evident record of the concordant ages detected by in situ dating of the pelitic layers. The age spectrum of
sample 265 is instead likely plagued by an extraneous component, attributable to the isotope record of white mica
from the chloritoid-bearing domains identified by in situ analysis, and whose Ar ages are of uncertain meaning.
Step-heating data on white-mica separates of samples from the Apuane Unit gave slightly discordant age spectra,
with concordant segments representing more than 60% of the *’Ary released. In contrast in situ data from both
samples gave a nearly continuous variation, with a significant age interval of more than 3 Ma. A simple expla-
nation for this contrasting behavior can be found in the weak chemical variation of white mica from the Apuane
Unit, which may have prompted the step-heating technique to homogenize the small-scale isotope heterogeneity
that was, however, revealed by the “°Ar-*Ar spatially controlled analysis (cf. Kellet et al., 2016). The above
arguments therefore suggest that because of the lithological heterogeneity at the scale of the hand specimen
and of compositionally driven strain partitioning, together with the volumetrically different scale of the sample
investigated by the two extraction techniques, the in situ “°Ar-*Ar laser analysis gave more reliable and complete
results. Indeed, it is important to note that the presence of intrasample discordant ages implies that the isotope
disequilibrium, due to the presence of diachronous white-mica generation, was not entirely homogenized and
blurred by the Ar laserprobe, otherwise in situ data would have tended to intrasample concordant apparent ages.

From a broad perspective, the results from the present work reiterate the intrinsic difficulties involved in “°Ar-°Ar
dating of deformation in low- to medium-grade metamorphic rocks and highlight the great importance of a detailed
microscale characterization and of a careful preselection of samples, as compositionally different domains only a
few millimeters apart within the same specimen may yield significantly different results because of compositionally
driven strain partitioning. It is, however, evident, in agreement with previous studies (e.g., Akker et al., 2021), that
for partially retrogressed early fabrics, white mica only records minimum ages of the older deformation, whereas
the youngest age limit approaches the geologically meaningful age of the younger event as retrogression becomes
more pervasive. The pattern defined by the development of paragonite during the D2 crenulation in samples
from the Massa Unit demonstrates, as already noted in other studies (e.g., Airaghi, Lanari, et al., 2017; Beaudoin
et al., 2020), that chemical reequilibration followed a complex interplay among deformation mechanism, finite
strain, and dissolution-reprecipitation processes. Specifically, microstructural and microchemical data reveal that
although paragonite preferentially developed in the most pelitic domains, where the D2 crenulation schistosity is
more pervasive, it is also well-developed along the older D1 schistosity, indicating that chemical reequilibration
occurred along a front, likely proceeding from the D2 schistosity, rather than simply following the finite strain record.
Even though the complex interplay among deformation mechanism, finite strain, and dissolution-reprecipitation
processes mentioned above may explain why each schistosity in samples from Apuane Unit yielded internally
discordant rather than discrete ages, it remains uncertain whether the dispersion within the samples investigated is
at least partially due to dynamic closure, which occurred during a protracted deformation event.

Data Availability Statement

Data sets, including EMP data (Table S1) and “°Ar-3°Ar data (Table S2), are available in the Mendeley Data repos-
itory, at https://data.mendeley.com/datasets/b9d7kzfvcd/draft?a=30540da4-256e-4251-834f-35ecc4612811.
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