
1. Introduction
Structures and parageneses typical of deeply subducted units that form at high-pressure (HP) conditions are 
scanty in the geological record because they are commonly overprinted, and thus partly or fully obliterated 
along their exhumation path by younger fabrics and/or metamorphic reequilibration. Whenever possible, 
their identification and comprehensive characterization are, therefore, of great importance when aiming at 
reconstructing deep tectono-metamorphic processes in subduction zones. Interestingly, brittle and ductile 
deformation styles have been shown to alternate and repeat cyclically at comparable pressure-temperature 

Abstract The geological record of deep fossil seismogenesis in subduction zones is limited due to 
common rock overprinting during exhumation and only a few regions expose well-preserved deeply 
exhumed structures. We investigated a mesoscopic contractional duplex formed at blueschist facies 
conditions in continental metasediments in the Northern Apennines (Italy). Field observations reveal 
strain partitioning within the duplex between metapelite bands, corresponding to high-strain zones, and 
metaquartzarenite bands, which form low-strain, imbricated metric horses. Dilational shear veins occur in 
both lithotypes and are composed of quartz and carpholite fibers defining a stretching lineation parallel to 
the regional SW-NE transport direction. Geometrical, cross cutting and petrographic relationships suggest 
that veins formed broadly syn-mylonitization. Thermodynamic modeling constrains the formation of the 
mylonitic foliation to >0.7 GPa and ∼400°C and the dilational shear veins vein to ∼1.1 GPa and 350°C. 
Therefore, we document a top-to-the-E-NE thrust that formed at the deepest conditions recorded by this 
unit of the Northern Apennines. In the thrusted continental metasediments, aqueous fluid locally released 
by metamorphic dehydration reactions transiently increased pore pressure, in turn triggering brittle-
ductile cyclicity. We propose that blueschist facies dilational shear veins and mylonitic foliation represent 
a geological record of deep episodic tremor and slow slip events. To the best of our knowledge, this is the 
first time that these events are genetically associated with brittle and ductile structures of a mesoscopic 
duplex. We suggest that these structures could be common features of the high-pressure metamorphic 
units of the Apennine orogenic belt.

Plain Language Summary The rock record of deep seismic activity is scanty because 
subducted rocks commonly reequilibrate during exhumation enroute to the surface. The Italian 
Northern Apennines expose deeply subducted rocks exhumed back to the surface that still preserve 
deep mineralogical assemblages and structures. We studied a contractional structure (thrust) deforming 
metamorphosed Palaeozoic continental sediments. These rocks display evidence of coeval discontinuous 
and continuous deformation in the form of veins and foliation planes, respectively. By using mineralogical 
assemblages and thermodynamic modeling, we constrain the formation of both veins and foliation to 
pressure and temperature conditions of ∼1 GPa and 350°C. These results suggest depths of 30–40 km and 
cold geothermal gradients typical of subduction zones. We propose that episodic pulses of aqueous fluids 
released due to destabilization of hydrated minerals during subduction is responsible for the formation 
of the observed veins. We suggest that these geological structures can be regarded as a fingerprint of deep 
episodic tremor and slow slip events, peculiar seismic phenomena commonly indirectly documented at 
convergent margins by geophysical and geodetic techniques.
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(P-T) conditions in several deeply subducted units, which has noteworthy implications upon the deep seis-
mic cycle and subduction dynamics (e.g. Angiboust et  al.,  2012; Austrheim,  1987; Giuntoli, Brovarone, 
et al., 2020; Molli et al., 2017). This transient cyclic behavior is triggered and steered by the interplay of 
different chemical and physical parameters, including, but not limited to, strain rate and stress variations, 
pore pressure fluctuations between hydro- and lithostatic conditions, mineral reactions, and associated 
strain weakening or hardening of the deforming rock (Brander et al., 2012; Bukovská et al., 2016; Gerald 
& Stünitz,  1993; Giuntoli, Menegon, et  al.,  2020; Gueydan et  al.,  2003; Hyndman,  1994; Mancktelow & 
Pennacchioni,  2005; Marchesini et  al.,  2019; Menegon & Fagereng,  2021; Menegon et  al.,  2013; Prando 
et al., 2020; Putnis, 2015; Simpson, 1986; Torgersen & Viola, 2014; Viola et al., 2006; Wehrens et al., 2016).

In the last decades, episodic tremor and slow slip events (ETS) have been documented worldwide in several 
active subduction settings (Dragert et al., 2001; Obara, 2002; Shelly et al., 2006). Tremors are a persistent 
low-frequency seismic signal associated with slow slip, a geodetically detected slip larger than the average 
plate motion (e.g. Behr & Bürgmann, 2021; Beroza & Ide, 2011; Gomberg et al., 2010; Ito et al., 2007). Their 
seismological signature is characterized by high Vp/Vs ratios, where pore pressure may transiently reach and 
even exceed lithostatic values (e.g., Bernaudin & Gueydan, 2018; Saffer & Tobin, 2011). Recently, field-based 
studies have proposed broadly coeval brittle and ductile deformation features to be the physical expression 
of ETS (Angiboust et al.,  2015; Barnes et al.,  2020; Behr et al.,  2018; Compton et al.,  2017; Kotowski & 
Behr, 2019; Molli et al., 2017; Muñoz-Montecinos et al., 2020; Tarling et al., 2019). Notably, dilational shear 
veins (referred to as “dilational hydroshears” by Fagereng et al., 2010) in shallow subduction settings are 
currently considered as one key, diagnostic element of the geological record of episodic tremor and slow slip 
events (ETS; Fagereng et al., 2011). However, further characterization is needed to link these microscopic 
structures to meso- and macroscopic structures and to unravel the details of the deformation mechanisms 
and mineral reactions occurring during subduction at seismogenic depths (Behr & Bürgmann, 2021; Kirk-
patrick et al., 2021).

The Northern Apennines orogenic belt of Italy (NA) represents a natural laboratory to study exhumed 
structures originally formed at HP conditions aiming to unravel their tectonometamorphic history and seis-
mogenic role. Here, we present the results of the study of a thrust in the NA and an associated ∼30 m long 
contractional duplex. The duplex is formed by little deformed metaquartzarenite horses that are imbricat-
ed along higher strain zones localized along metapelite layers. Dilational hydroshear veins are common 
throughout. By field and microstructural analysis integrated with thermodynamic modeling and compo-
sitional X-ray mapping, we document that both mylonitic foliation and brittle dilational hydroshear veins 
formed broadly coevally during the Apennine orogeny at HP conditions corresponding to 30–40 km depth 
in the W-dipping subduction channel. We suggest that the thrust represents one of the deepest structures 
preserved in the Northern Apennines and that it is kinematically associated with the general E-NE vergence 
of the belt. We conclude that the documented fabrics formed by cyclic brittle-ductile deformation, likely 
triggered by fluctuating pore pressure due to metamorphic dehydration reactions. Moreover, we propose 
that they can represent a geological record of deep ETS in the NA fossil and exhumed subduction chan-
nel. Additionally, we speculate that this blueschist facies thrust may be correlated with blueschist fabrics 
described on Elba Island that record the opposite, top-to-the W, sense of shear (Ryan et al., 2021), although 
further geochronological work is needed to test that structures are coeval. Elaborating on this possible cor-
relation, we offer further evidence that the initial and deepest exhumation of the HP units of the NA was 
synorogenic and that it may have occurred in the kinematic framework of an extruding wedge system dur-
ing overall compression.

2. Geological Setting
The Apennines formed due to the convergence between and successive collision of the European and Af-
rican plates from the Late Eocene (e.g., Carminati & Doglioni, 2012; Molli,  2008; Vignaroli et  al.,  2009, 
Figure 1). The innermost NA offer the opportunity to study a unique setting made of oceanic and conti-
nental units that were subducted to high pressure-low temperature conditions (HP-LT) comprised between 
0.8–1.6 GPa and 300°C–500°C (Ligurian and Tuscan Metamorphic Units, respectively; summary of P-T and 
age data in Figure 1 of Bianco et al., 2019 and references therein). Successively, these tectonic units were 
exhumed, stacked, and juxtaposed below their nonmetamorphic counterparts (Ligurian Units and Tuscan 
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Nappe). In the NA, only few structures are directly related to HP paragen-
eses (Monticiano-Roccastrada Unit: Brogi & Giorgetti, 2012; Massa Unit: 
Molli et al., 2000; some evidence for the Acquadolce Subunit, Elba Island: 
Ryan et al., 2021), whereas most of the preserved ductile structures are 
defined by greenschist facies retrograde assemblages, with the relic HP 
parageneses only preserved in microlithons (Monte Argentario: Theye 
et al., 1997; Elba Island: Bianco et al., 2019; Papeschi et al., 2020; Monti 
Pisani: Lo Pò & Braga, 2014).

We studied a well exposed section in the Monticiano-Roccastrada Unit 
(MRU) of the Mid Tuscan Ridge (Figure 1). The MRU is internally sub-
divided by c. N-S trending thrusts into the Iano-, the Monte Quoio-Mon-
tagnola Senese- and the Monte Leoni-Farma subunits (form structur-
ally higher to lower and from internal to external; Figure 1, Costantini 
et al., 1988; Lazzarotto et al., 2003). The Monte Quoio-Montagnola Sen-
ese subunit is well exposed along the Farma River, where it appears to be 
composed of three metasedimentary formations, which, from oldest to 
the youngest, are: (a) the Risanguigno Formation (Lower Devonian based 
on Lazzarotto et al., 2003 and references therein; Middle Mississippian 
according to Capezzuoli et al., 2021), consisting of marine deposits com-
prising black phyllite intercalated with dolostone beds, radiolarian chert, 
green metasandstone, and quartzitic phyllite; (b) the Arenarie di Poggio 
al Carpino Formation (Late Permian-Early Triassic), the target of this 
study, which is composed of quartz-rich metasandstone, metaconglom-
erate, and minor metapelite deposited in shallow marine, inner shelf en-
vironments and shore deposits; (c) the Civitella Formation comprising 
green-gray metasandstone intercalated with lenses of metaconglomerate 
deposited in a alluvial fan system and belonging to the Verrucano Group 
(Lower-Middle Triassic; details and references in Aldinucci et al., 2008; 
Casini et al., 2008; Conti et al., 1991; Lazzarotto et al., 2003).

A mesoscopic contractional duplex deforms the Palaeozoic-Triassic 
quartz-rich metasandstones, metaconglomerates and minor metape-
lites of the Arenarie di Poggio al Carpino Formation. This structure is 
described in detail in Casini et al. (2007 and 2008); a detailed structural 
map is available in Figures 4 and 5 of Casini et al., 2008). The more com-
petent metarenite defines the duplex horses, each a few meters thick and 

enveloped by an up to one meter thick metapelite layer. Veins occur within the roof and floor thrusts and 
the connecting splays and contain quartz fibers that define a penetrative stretching lineation oriented W/
SW-E/NE and plunging gently in both directions. Kinematic indicators constrain an overall top-to-the-E/
NE sense of shear. No metamorphic minerals were reported associated with this structure, which has been 
traditionally interpreted as a series of metric boudins representing an extensional pre-Apenninic structural 
feature that became inverted during the Apennine orogeny to form the duplex associated with a E/NE-ver-
gent thrust (Casini et al., 2007, 2008).

Carpholite is a blueschist facies index mineral of metasedimentary rocks (e.g. Agard et  al.,  2005; Black 
et al., 1993; Bousquet et al., 1998; El-Shazly, 1995; Goffé & Oberhänsli, 1992; Rimmelé et al., 2003; Viswana-
than & Seidel, 1979). Carpholite is reported in the NA from the Verrucano Formation of the MRU, the 
Monte Argentario, and Giglio Island (Brogi & Giorgetti, 2012; Capponi et al., 1997; Giorgetti et al., 1998; 
Rossetti et al., 1999; Theye et al., 1997). However, carpholite therefrom is mostly preserved as mineral relics 
in microlithons and it does not mark any penetrative fabric, with a few exceptions (Brogi & Giorgetti, 2012). 
Evidence of several metamorphic and deformation stages is reported from the Verrucano Formation of 
the MRU, where isoclinal folds are reported to have initially formed leading to the development of an ax-
ial planar composite foliation (i.e., bedding + metamorphic foliation) under blueschist facies conditions 
(P ≥ 1.1 GPa and T 370°C–420°C; Monte Quoio-Montagnola Senese subunit; Brogi & Giorgetti, 2012; Conti 

Figure 1. (a) Geological setting of the Northern Apennines. MRU: 
Monticiano-Roccastrada Unit. (b) Tectonic map of the Monticiano-
Roccastrada Unit highlighting the three tectonic subunits and the location 
of the study area. Modified from Brogi and Giorgetti (2012) and Lazzarotto 
et al. (2003).
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et al., 1991; Costantini et al., 1988). Two generations of quartz-carpholite veins have been recognized and 
interpreted as broadly coeval with this composite foliation (Brogi & Giorgetti, 2012). These veins infill ten-
sion gashes arranged in en-échelon arrays, with the first generation carpholite growing perpendicular to 
the vein walls and parallel to their opening direction. The second generation has been shown to grow 
at the interface between veins and host-rock and defines the local stretching lineation. These veins were 
linked to progressive noncoaxial deformation in brittle-ductile shear zones deforming the MRU (Brogi & 
Giorgetti, 2012). A younger, W-verging, and E-facing folding episode is considered responsible for the for-
mation of a spaced discontinuous crenulation cleavage, which is more pervasive in the metapelite than in 
the metarenite. A later subvertical and discontinuous foliation is visible only in the metapelite and is pos-
sibly linked to regional, NNW-SSE oriented open and upright folds associated with the Mid Tuscan Ridge 
(Figure 2).

3. Material and Methods
Our approach integrates detailed fieldwork with microstructural and petrological investigations to describe 
the sequence of visible tectonometamorphic stages and to derive from those P-T constraints on the condi-
tions of their formation. Thin sections were prepared from representative samples and cut as XZ sections of 
the strain ellipsoid parallel to the stretching lineation (X = Ls in figures) and perpendicular to the foliation 
(Z parallel to the pole to the foliation). In the following, we describe in detail the analytical techniques that 
we relied on during this study.

3.1. Electron Probe Microanalyzer (EPMA) and X-Ray Compositional Map Elaboration

EPMA analysis was performed on carbon-coated thin sections using a JEOL JXA-8200 electron microprobe 
at the Department of Earth Sciences of the University of Milano (Italy). Backscattered electron images 
(BSE) were acquired using an accelerating voltage of 15 KeV, a beam current of 5 nA, and a working dis-
tance of 11 mm. Point analyses and X-ray compositional maps were acquired using wavelength-dispersive 
spectrometers. Point analyses were acquired before the acquisition of X-ray compositional maps on the 
same area. Analytical conditions of point analysis were a 15 KeV accelerating voltage, a 5 nA beam current 
and a beam ø of ∼1 μm. Nine oxide compositions were measured, using the following standards: grossular 
(SiO2/Al2O3/CaO), fayalite (FeO), forsterite (MgO), K-feldspar (K2O), omphacite (Na2O), ilmenite (TiO2), 
and rhodochrosite (MnO). Analytical conditions for X-ray map acquisition were a 15 KeV accelerating volt-
age, a 100 nA specimen current, and 50 ms dwell times. Nine elements (Si, Ti, Al, Fe, Mn, Mg, Na, Ca, and K)  

Figure 2. (a) Mesoscopic duplex along the Farma River at the locality “I Canaloni.” The dashed orange lines highlight some of its horses and the trend of the 
composite foliation, the arrows the sense of shear. The entire duplex is deformed by an open fold with subhorizontal axis and subvertical axial plane trending 
NNW-SSE (dashed black line in the stereoplots). (b) Stereographic plot of poles to mylonitic foliation planes within horse-bounding high-strain shear zones. (c 
and d) Stretching lineation in metapelite and metaquartzarenite, and in veins, respectively. Equal area, lower hemisphere projections (Stereo 32 software). Data 
from this study and from Casini et al. (2008).
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were measured at the specific wavelength in two passes. X-ray maps were processed using XMapTools  
(Lanari et al., 2014) and intensity X-ray maps were standardized to concentration maps of oxide weight 
percentage using spot analyses as the internal standard.

3.2. Thermodynamic Modeling

The Gibbs free energy minimization algorithm Theriak-Domino (de Capitani & Petrakakis, 2010) was 
used to compute isochemical equilibrium phase diagrams, mineral isopleths, and diagrams of H2O con-
tent in solids and modal amount of the hydrous mineral phases. The thermodynamic database of Pour-
teau et al. (2014), based on Berman (1988) was used (Table S1). All Gibbs free energy minimizations were 
computed with an excess in pure H2O fluid. Local bulk compositions were obtained using standardized 
X-ray maps, following the procedure described in Lanari and Engi (2017). Fe3+ was ignored because of 
its very low content or complete absence in the studied mineral phases (Table 1). Ca and Mn were re-
moved from the input composition because of their minor content (Table S2). Plots of volume percent 
(vol%) of the hydrous mineral phases and weight percent (wt%) of H2O in mineral phases were computed 
along a prograde P-T path valid for the Northern Apennines, based on data from this study and Bianco 
et al. (2019).

4. Results
4.1. Mesostructural Analysis

We studied a section of the Farma River at the locality “I Canaloni,” where river erosion and carving allow 
good exposure. There, an E-W striking, ∼30 m long and 5 m high contractional duplex is well exposed along 
the riverbank (Casini et al., 2007, 2008). Strain partitioning occurs within the duplex between metapelit-
ic layers, corresponding to 30–100 cm thick high-strain zones, and metaquartzarenite blocks and bands, 
which form either relatively low-strain metric horses or 10–20 cm thick, high-strain zones separating adja-
cent horses (Figures 2–4). The metapelite is gray to bluish in color and is affected by a pervasive mylonitic 
foliation defined by quartz- and phyllosilicate-rich layers (Figure 3d; see also the detailed description of 
the metamorphic foliation in the next section). A stretching lineation defined by quartz and phyllosilicates 
is visible on the foliation planes. Foliation and stretching lineation dips and plunges gently to the W-SW 
(stereonets in Figures 2b and 2c and Figure 5 of Casini et al., 2007 and Figure 3 of Casini et al., 2008). 
The metaquartzarenite exhibits a yellow to light gray color and contains grain size variations subparallel 
to the metamorphic foliation, with lenses and bands of metaconglomerate, a few meters thick, composed 
of quartz and metapelite clasts wrapped by phyllosilicate-rich layers (stereonet in Figure 2b; Figures 3b 
and 3c). Therefore, the main foliation visible in the field is a composite fabric, resulting from the transposi-
tion of the original bedding and its parallelization to the metamorphic foliation. A strain gradient is visible 
between the horses and toward the base of the duplex along the basal thrust, where the foliation becomes 
mylonitic (Figures 3c, 3f, 3d, and 3g, respectively).

Veins are common features at the outcrop and represent ∼1–2 vol% thereof. Veins are more abundant close 
to the metapelite-metaquartzarenite contact. In the metapelite, veins are subparallel to the foliation and 
are up to 1 m long and up to a few dm thick. Phyllosilicate-rich layers occur as inclusions and are oriented 
parallel to the foliation (Figure 4b). These veins are fully concordant with the foliation, similar to what re-
ported by Koehn and Passchier (2000). In the metaquartzarenite, veins are, instead, either highly oblique to 
the foliation forming extension veins or parallel to the foliation only in its most sheared domains, close to 
the highly sheared metapelites (Figures 3b and 4b). Extension veins in the metaquartzarenite are up to one 
dm thick and a few dm long and are thicker close to the foliation parallel veins and taper in the host-rock, 
similar to what described by Koehn and Passchier (2000).

Extension veins in the metaquartzarenite are genetically associated and coeval with the foliation parallel 
veins, as shown by the fact that, where these intersect, no consistent crosscutting relations are observed (red 
arrows in Figures 3b and 4b), similar to the striped-bedding veins of Koehn and Passchier (2000) and dila-
tional hydroshears of Fagereng et al. (2010). Koehn and Passchier (2000) suggest that variable displacement 
rates occurring along their striped-bedding veins induced local extension in the wall-rock and the formation 
of extension veins at high angle to the foliation, similar to horsetail cracks in Ohlmacher and Aydin (1997). 
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Given these analogies and the microstructural details reported in the next section, in the following we refer 
to foliation parallel veins as dilational hydroshear veins (Fagereng et al., 2010).

Some veins are deformed by noncylindrical folds lengthened parallel to the metapelitic high-strain shear 
zones (green dashed line in Figure 4b). Later quartz veins, a few m long and few cm thick (green arrow 
in Figure 4c), cut at high angle both the foliation and the veins that we describe in this study. These veins 
will not be discussed any further, as they document a later deformation stage that is unrelated to the story 
discussed in here.

The entire duplex is deformed by a decametric open fold with subhorizontal axis and subvertical NNW-
SSE-trending axial plane, which is associated with the regional antiform of the Mid Tuscan Ridge (Casini 
et al., 2007; black dashed line in the stereonets of Figure 2).

Table 1 
Representative Average Composition Analyses (wt%) of the Mineral Phases

Sample

Cld Car Ms

Metapelite Vein Metapelite

Wt%

Perp. to fol. Small angle to fol. Par. to fol. High XMg Low XMg High Si apfu Low Si apfu

Av Comp σ Av Comp σ Av Comp σ Av Comp σ Av Comp σ Av Comp σ Av Comp σ

SiO2
25.14 1.41 24.95 1.15 24.04 1.43 39.40 1.40 40.53 1.57 48.80 1.16 45.08 1.35

TiO2 0.07 0.03 0.08 0.10 0.08 0.03 0.16 0.06 0.19 0.06 0.28 0.22 0.14 0.05

Al2O3 43.29 0.87 43.51 0.90 43.83 0.82 33.92 0.90 33.20 0.87 34.85 1.43 35.98 0.91

FeO 24.46 0.80 23.53 0.90 23.36 0.65 8.10 0.61 8.90 0.60 0.55 0.27 0.86 0.16

MnO 0.20 0.07 0.19 0.06 0.20 0.08 0.08 0.04 0.09 0.04 0.04 0.02 0.04 0.02

MgO 3.17 0.37 3.53 0.32 3.67 0.34 8.01 0.48 7.64 0.46 0.75 0.15 0.58 0.16

CaO 0.01 0.00 0.01 0.00 0.01 0.00 0.03 0.03 0.03 0.03 0.06 0.02 0.05 0.01

Na2O 0.02 0.02 0.02 0.02 0.04 0.03 0.00 0.00 0.00 0.00 1.27 0.25 0.50 0.34

K2O 0.03 0.01 0.03 0.01 0.07 0.03 0.01 0.02 0.01 0.02 8.94 0.63 11.02 0.70

CO2 – – – – – – – – – – – – – –

Total 96.39 – 95.85 – 95.29 – 89.72 – 90.60 – 95.54 – 94.24 –

Formulae based on on 12 O on 8 O on 8 O on 11 O

Si 1.98 0.08 1.97 0.07 1.90 0.08 2.00 0.04 2.04 0.04 3.20 0.06 3.04 0.05

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00

Al 4.02 0.09 4.05 0.08 4.09 0.09 2.03 0.05 1.97 0.05 2.69 0.09 2.86 0.08

Fe3+ 0.01 0.00 0.01 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe2+ 1.60 0.06 1.54 0.06 1.46 0.05 0.34 0.03 0.38 0.03 0.03 0.01 0.05 0.01

Mn 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg 0.37 0.04 0.41 0.04 0.43 0.04 0.61 0.04 0.57 0.03 0.07 0.04 0.06 0.03

Ca – – – – – – – – – – 0.00 0.00 0.00 0.00

Na – – – – – – – – – – 0.16 0.03 0.06 0.04

K – – – – – – – – – – 0.75 0.05 0.95 0.06

∑ cations 8.00 – 8.00 – 8.00 – 4.98 – 4.97 – 6.92 – 7.03 –

XMg 0.19 0.02 0.21 0.02 0.22 0.02 0.64 0.02 0.60 0.02 0.70 0.12 0.54 0.09

Note. Fe3+ and Fe2+ contents of carpholite following Droop (1987). Fe3+ and Fe2+ contents of muscovite calculated assuming full tetrahedral site occupancy.
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4.2. Petro- and Microtectonics

In thin section, the metapelite contains a pervasive foliation marked by grain shape preferred orientation of 
white mica, quartz, pyrophyllite, chloritoid, rutile, and carbonate. This foliation wraps around microlithons 
of detrital quartz and white mica and chloritoid oriented at high angle to the main foliation (Figures 3g 
and 5; see next section for the characterization of chloritoid and white mica generations). The stretching 
lineation is defined by the same mineral assemblage, defining the foliation. S-C-C’ structures, asymmetric 
folds and microlithons with asymmetric strain shadows are visible both at the outcrop and in thin section 
and are compatible with a top-to-the E sense of shear (Figures 3d, 3g and 5). Locally, rootles isoclinal folds 
are defined by quartz-rich layers, with a crenulation cleavage parallel to the main foliation (Figures 5a–
5e). The white mica-rich layers appear turbid under plane-polarized light due to finely dispersed graphite, 
rutile, and pyrite, a few microns in size (Figures 5e and 5f). The metaquartzarenite contains numerous 
detrital monocrystalline or polycrystalline quartz clasts, from a few mm to cm in size and with sharp edges, 

Prl Cb

Vein Metapelite Vein Metapelite

High Si apfu Low Si apfu Core Rim

Av Comp σ Av Comp σ Av Comp σ Av Comp σ Av Comp σ Av Comp σ

47.97 1.27 46.63 1.57 68.79 1.65 66.92 1.75 – – – –

0.10 0.04 0.10 0.06 0.00 0.00 0.02 0.02 – – – –

36.03 1.29 37.35 1.08 28.55 0.92 29.76 0.73 – – – –

0.49 0.18 0.31 0.10 0.04 0.01 0.06 0.05 1.21 0.28 9.81 1.51

0.01 0.01 0.02 0.01 0.01 0.00 0.014 0.011 0.22 0.09 0.37 0.11

0.53 0.13 0.41 0.10 0.04 0.02 0.03 0.034 21.86 0.94 15.41 0.97

0.04 0.01 0.04 0.01 0.01 0.00 0.03 0.049 29.01 0.61 27.04 0.48

0.91 0.32 1.39 0.33 0.04 0.03 0.128 0.086 – – – –

9.31 0.36 8.70 0.36 0.16 0.08 0.051 0.13 – – – –

– – – – – – – – 47.51 – 44.27 –

95.39 – 94.95 – 97.64 – 97.01 – 99.81 – 96.89 –

on 11 O on 6 O

3.14 0.06 3.07 0.06 4.02 0.04 3.94 0.04 – – – –

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 – – – –

2.78 0.08 2.89 0.08 1.97 0.06 2.07 0.05 – – – –

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 – – – –

0.03 0.01 0.02 0.01 0.00 0.00 0.00 0.00 0.03 – 0.27 –

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 – 0.01 –

0.05 0.03 0.04 0.03 0.00 0.00 0.00 0.00 1.00 – 0.76 –

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.96 – 0.96 –

0.12 0.04 0.18 0.04 0.00 0.00 0.02 0.01 – – – –

0.78 0.03 0.73 0.03 0.01 0.01 0.00 0.00 – – – –

6.91 – 6.94 – 6.01 – 6.04 – 2.00 – 2.00 –

0.64 0.09 0.68 0.09 – – – – – – – –
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characterized by undulose extinction and wrapped by the main foliation (Figures 3e, 3f, 6a, and 6b). The fo-
liation is composed of grain shape preferred orientation of white mica, quartz, carpholite, chloritoid, rutile, 
and carbonate. As in the metapelite, chloritoid is visible both in microlithons oriented at high angle to the 
foliation or lengthened parallel to it (Figures 6a–6d).

Dilational hydroshears veins are composed of iso-oriented quartz grains, forming up to several cm long 
fibers interfingered with pale yellow-light green carpholite needles (Figure  4d). Quartz and carpholite 
fibers define a stretching lineation plunging at low angle to the W-SW and displaying the same orientation 
as that found in the metapelite and metaquartzarenite (stereonets in Figures 2c and 2d). In thin section, 

Figure 3. Detail of Figure 2. The dashed orange lines highlight some of the mayor horses and the trend of the composite foliation, the arrows the sense 
of shear. (a) Note the differential erosion of the harder metaquartzarenite and the weaker metapelite. (b) Metaquartzarenite horse (top) displaying a more 
pervasive foliation at its base in a high-strain zone close to the contact with metapelite (bottom; metapelite is visible in (a)). Extension vein oriented at high 
angle to the foliation in the horse and dilational hydroshear vein parallel to the foliation at the contact with the metarenite high-strain zone. The red arrow 
indicates the conjunction between extension and dilational hydroshear veins. Note the quartz fibers marking the stretching lineation oriented parallel to the 
pen. (c) Details of high-strain zone in metarenite between two horses. (d) Shear zone deforming metapelite at the base of the duplex. The red dashed lines 
indicate transposed quartz-rich layers. Overall top-to-the E-NE-sense of shear. (e–g) Thin section photos; plane (left) and crossed-polarized light. Thin sections 
were cut parallel to the stretching lineation (X = Ls) and perpendicular to the foliation (Z parallel to the pole of the foliation). (e and f) Metarenite containing 
clastic quartz grains with angular edges and a foliation marked by phyllosilicates (orange dashed lines). (g) Metapelite with rootless fold hinges and transposed 
quartz-rich layers (red dashed lines) wrapped by a phyllosilicate-rich foliation (orange dashed lines).
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quartz fibers appear as single-grain crystals with a length from several millimeters to centimeters, high 
aspect ratios (up to 1:15), undulose extinction, and incipient grain size reduction along grain boundaries 
(Figures 7b–7d). K-rich mica and pyrophyllite-rich layers occur as inclusions within the veins; they have a 
thickness of a few mm and are oriented parallel to the lengthening of the fibers (Figures 7a, 7b, 8a, and 8b). 
These layers appear murky due to graphite, rutile and pyrite inclusions, a few microns in size, and locally 
form rootless folds. Several fluid inclusion bands are present oriented at high angle to the lengthening of 
the fibers, with a spacing between bands of a few tens of microns and containing liquid + vapor phases 
(Figures 7c, 7d and 8c–8f). Carbonate occurs along layers parallelly to the fibers and along fractures cut-
ting through them.

Figure 4. (a) Metarenite bands and veins. (b) Detail of dilational hydroshear and extensional veins occurring in metapelite (bluish color) and 
metaquartzarenite (gray). The red arrows indicate the conjunction between dilational hydroshear and extension veins, the blue arrows the termination of 
extension veins. A few veins are deformed by noncylindrical folds (green dashed line). The dashed orange line indicates the foliation trace in metapelite. The 
pen is oriented subparallel to the stretching lineation. Phyllosilicate-rich layers included in dilational hydroshear veins are shown. (c) Extension veins in 
metaquartzarenite cut by younger quartz veins (green arrow). (d) Dilational hydroshear vein seen in a section parallel to the foliation with quartz and carpholite 
(greenish-yellowish) fibers oriented E-W (dashed blue line), parallel to the stretching lineation of the host-rock. Mineral abbreviations of this and following 
figures are from Whitney and Evans (2010).
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Figure 5. (a and b) Outcrop and thin-section photos of metapelite. The dark bands are composed of graphite and 
phyllosilicates, the bright bands of quartz. Locally, rootles fold hinges are preserved in microlithons and display a 
pervasive crenulation cleavage (see locations in Figure 3a). (c) Detail of S-C-C’ structures indicating a top-to-the-E 
sense of shear. (d and e) Detail of rootless fold hinges and crenulation cleavage. (f, g) Phyllosilicate-rich layer with a 
pervasive subhorizontal foliation wrapping around chloritoid (see locations in Figure 3d; detail of site in Figure 9). (b): 
plane (left) and crossed-polarized light; (c, d, f): plane-polarized light; (e, g): crossed-polarized light.
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Inclusion bands oriented perpendicular to the lengthening of the quartz fibers are invariably interpret-
ed as resulting from incremental crack-seal growth increments during progressive fracturing and veining, 
with repeated fracturing and sealing of the vein by mineral precipitation (sketch and cartoon in Figures 7e 
and 7f, Cox & Etheridge, 1983; Fagereng et al., 2011; Koehn & Passchier, 2000; Trepmann & Seybold, 2019; 
Ujiie et al., 2018). Additionally, included phyllosilicate-rich layers of variable thickness separating quartz 
and carpholite fibers allow for the opening of the dilational hydroshear veins at high angle to the foliation, 
exploiting weak foliation planes of the host-rock (called microtransforms, inclusion trails, and phyllosili-
cate inclusion bands in Fagereng et al., 2011; Koehn & Passchier, 2000; Ujiie et al., 2018, respectively; see 
Section 5.3 for discussion).

Figure 6. Metarenite thin section photos. (a and b) Low-strain horse displaying angular quartz detrital grains and chloritoid growing at high angle and parallel 
to the main foliation (see locations in Figure 3b). (c–f) High-strain zone between two horses with chloritoid in microlithon wrapped by the main foliation 
composed of white mica, chloritoid, carpholite, and rutile (see locations in Figure 3c). Plane (left) and crossed-polarized light. The dashed orange lines indicate 
the foliation traces.
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4.3. X-Ray Compositional Mapping and Mineral Chemistry

One X-ray compositional map was obtained from a metapelite sample and two from quartz and car-
pholite dilational hydroshear veins (mineral abundances and sample locations are shown in Tables S2 
and S3). In detail, the maps in the dilational hydroshear veins were acquired on a carpholite and pyroph-
yllite-rich layer and on a phyllosilicate-rich layer. In the metapelite, chloritoid displays the same compo-

Figure 7. Microphotographs of dilational hydroshear veins. (a and b) Thin-section scan with iso-oriented centimetric quartz fibers exhibiting undulose 
extinction, and acicular carpholite (location of thin section in Figure 4d). The dashed orange line indicates the trend of the phyllosilicate-rich layer, parallel to 
the host-rock foliation. Plane and crossed-polarized light, respectively. (c and d) Detail of interfingered quartz and carpholite. Note that the quartz fibers are 
monocrystalline, with incipient grain size reduction preferentially at the edges. Crossed-polarized light and crossed-polarized light with gypsum plate inserted. 
(e and f) Sketch and cartoon illustrating the progressive formation of dilational hydroshear veins. (e) Inclusion bands mark growth increments oriented 
perpendicular to the long dimension of the crystals and vein boundaries; the orientation of the greatest and least compressive stresses σ1 and σ3 is shown, 
t1 = time at stage 1, tn = time after n stages (based on Fagereng et al., 2010; Koehn & Passchier, 2000). (f) Note the phyllosilicate-rich layer between the two 
dilational hydroshear veins, suggesting that the opening of the dilational hydroshear veins occurred along the weak foliation planes.
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sition both in crystals arranged perpendicularly to the main foliation and in those parallel to it, with a 
XMg content comprised between 0.16 and 0.25 (Figure 9 and Table 1). In both metapelite and dilational 
hydroshear vein, muscovite grains are phengitic and generally characterized by a higher Si content in the 
core (3.2–3.3; XMg 0.6–0.7; Figures 9e, 9f, 10k, and 10l) and lower Si content around the cores and along 
grain boundaries (3–3.2; XMg 0.5–0.7), although more complex zoning locally also occurs (see discussion 
Section 5.1).

Figure 8. Thin section photos of quartz and carpholite dilational hydroshear veins (see locations in Figure 4d). (a and b) Phyllosilicate-rich layer, appearing 
turbid due to micrometer-sized graphite and rutile inclusions, and quartz and carpholite-rich layers. Quartz fibers display undulose extinction and grain size 
reduction at their edges. (c and d) Iso-oriented carpholite needles in quartz grain (blue dashed line). The black dashed line indicates the orientation of inclusion 
bands. (e and f) Inclusion bands perpendicular to the lengthening of the fibers, few tens of microns apart. The inclusions are composed of fluid and gas phases 
(arrow). Plane (left) and crossed-polarized light.
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In the dilational hydroshear vein, carpholite exhibits a subtle chemical variation in the XMg content, with 
values up to 0.7 in the core and 0.6 in the rims (Figure  10f). Carpholite is intergrown with quartz and 
pyrophyllite. Noteworthy, most carpholite grains in contact with pyrophyllite have lobate edges and pen-
insular features and some larger pyrophyllite grains are oriented at high angle to the fibers and foliation 

Figure 9. Detail and compositional maps of metapelite with phyllosilicate-rich layer wrapping around chloritoid microliths (see locations in Figures 3d 
and 5f). (a and b) Optical plane-polarized light photo and backscattered electron images (BSE) image displaying chloritoid grains parallel and at high angle 
compared to the foliation. (c–f) Compositional X-ray maps. (c) Mineral phases. (d) Chloritoid displays similar XMg content in all the different microstructural 
sites. (e and f) Si apfu and XMg content, respectively, of muscovite; high and low Si contents shown by the green and purple arrows, respectively.
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Figure 10. Detail and compositional maps of the quartz and carpholite dilational hydroshear vein: (a–f) quartz and carpholite-rich layer, (g–l) phyllosilicate-
rich layer. (a, d) Quartz and carpholite are interfingered; pyrophyllite overgrows carpholite at grain boundaries (light blue arrow in (d)) and at high angle to the 
fibers (red arrow in (d)). Optical plane-polarized light, crossed-polarized light, crossed-polarized light with gypsum plate inserted and BSE image, respectively. 
(e and f) Compositional X-ray maps. (e) Mineral phases. (f) Carpholite shows cores higher in XMg content than rims (see locations in Figures 4d and 7a). (g–i) 
Backscattered electron images (BSE) image and plane and crossed-polarized light thin-section photos displaying muscovite appearing turbid due to micrometer-
sized inclusions of graphite, rutile and pyrite and limpid pyrophyllite. Note the pyrophyllite growing at high angle compared to the foliation (red arrow in (g)). 
(j–l) Compositional X-ray maps. (j) Mineral phases. (k and l) Si apfu and XMg content, respectively, of muscovite; high and low Si contents shown by the green 
and purple arrows, respectively.
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(light blue and red arrows, respectively, in Figures 10d and 10g; see Section 5.1 for interpretation). In the 
metapelite, carbonate grains have a dolomite core and an ankerite rim.

4.4. Geothermobarometry

Local bulk compositions were extracted from the three compositional X-ray maps and used to compute 
isochemical phase diagrams (Table S2; see methods). In the metapelite, the predicted assemblage matches 
the observed paragenesis in the light-blue field of Figure 11a, with a minor discrepancy of 5 vol% lower 
pyrophyllite in the predicted assemblage than the observed assemblage (Table S2). The measured phen-
gitic muscovite Si and XMg isopleths and the chloritoid XMg isopleths intersect within the light-blue field. 
Additionally, chlorite was not observed in the sample, constraining the minimum P to values higher than 
∼0.7 GPa. Therefore, P-T conditions of the metamorphic stage recorded in the metapelite are between 0.7–
1 GPa and 350°C–400°C, which fit the observed paragenesis and the computed isopleths (red dashed ellipsis 
in Figure 11).

In the quartz and carpholite, dilational hydroshear vein two isochemical phase diagrams were computed: 
one for the carpholite and pyrophyllite-rich layer and one for the muscovite and pyrophyllite-rich layer (Fig-
ures 11b and 11c, respectively). In the first diagram, the predicted assemblage conforms with the observed 
paragenesis in the light-blue field, with a discrepancy of 10 vol% higher carpholite and 7 vol% lower py-
rophyllite content in the predicted assemblage than the observed assemblage (Table S2; see discussion Sec-
tion 5.1). The minimum value of predicted carpholite XMg is 0.72, which is 0.02 higher than the maximum 
measured value. In the phyllosilicate-rich layer, the total amount of the phyllosilicates in the predicted and 
observed assemblages (muscovite + paragonite + pyrophyllite) is similar, although pyrophyllite is modeled 
∼10 vol% lower than the observed value. Muscovite Si and XMg isopleths intersect in the field of the observed 
paragenesis. In summary, the inferred P-T conditions for the development of the dilational hydroshear vein 
are ∼1.1 GPa and 350°C.

In both the metapelite and the dilational hydroshear vein, muscovite rims, and grain boundaries character-
ized by lower Si apfu contents would indicate lower P-T conditions (orange isopleths in Figures 11a and 11c; 
see discussion Section 5.1).

Figure 11. Equilibrium phase diagrams and thermodynamic modeling of H2O content in solids (wt%), with mineral-out reactions highlighted (see legend). (a, 
d) Metapelite. (b, e) Carpholite-rich layer in the dilational hydroshear vein. (c, f) Phyllosilicate-rich layer in the dilational hydroshear vein.
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4.5. Dehydration Along the Prograde P-T Path of the NA

Diagrams of the H2O content in solids (wt%; Figures 11d–11f) highlight how H2O content drops in corre-
spondence of specific mineral destabilization reactions. This is also visible from Figure 12, where modal 
amounts of mineral phases (vol%) and H2O content of the mineral phases (wt%) are shown for a prograde 
P-T path characteristic for the Northern Apennines (from 0.5 GPa and 200°C to 2 GPa and 575°C, based 
on data from this study and Bianco et al., 2019, Figures 12 and 13 and Table S4). In detail, kaolinite dest-
abilization produces a decrease of ∼0.9 wt% of the total H2O content in the mineral phases in metapelite 
(from 4.6 to 3.5 wt%), 0.7 wt% in the carpholite-rich layer and 0.6 wt% in the phyllosilicate-rich layer 
of the dilational hydroshear vein between 0.5 GPa–200°C and 1 GPa–325°C (Figures 11d–11f and 13). 
Pyrophyllite-out produces a decrease of 0.4 wt % in metapelite, 0.8 wt % in carpholite-rich layer of the 
dilational hydroshear vein, and no variation in the phyllosilicate-rich layer of the dilational hydroshear 
vein between 1 GPa–325°C and 1.5 GPa–450°C. Carpholite destabilization is responsible for a progressive 
decrease of 3.3 wt% between 1.5 GPa–450°C and 2 GPa–575°C in the carpholite-rich layer of the dila-
tional hydroshear vein, despite contemporaneous chloritoid formation. In both metapelite and dilational 
hydroshear vein, chlorite destabilization does not coincide with an appreciable decrease in H2O content. 
This is seen well in the carpholite-rich layer of the dilational hydroshear vein, where chlorite decreases 
from 42 to 0 vol% and carpholite increases from 0 to 51 vol% between 0.7 GPa–250°C and 0.8 GPa–275°C 
(Figures 12f and 12h).

Figure 12. Modal amount of kaolinite, chlorite, pyrophyllite, carpholite, and chloritoid (vol%). (a–d) Metapelite. (e–h) Carpholite-rich layer in dilational 
hydroshear vein. (i–k) Phyllosilicate-rich layer in dilational hydroshear vein.
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Figure 13. Plot of the vol% of the hydrous mineral phases and wt% of H2O in solids (Total H2O) along the prograde P-T path of the Northern Apennines from 
0.5 GPa and 200°C to 1.9 GPa and 550°C (based on P-T data from this study and from Bianco et al., 2019). (a) Metapelite. (b) Carpholite-rich layer in dilational 
hydroshear vein. (c) Phyllosilicate-rich layer in dilational hydroshear vein. See Table S4 for further details.
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Summarizing, kaolinite, pyrophyllite, and carpholite destabilization reactions are the main releasers of 
aqueous fluid in the studied rocks (see discussion Section 5.3).

5. Discussion
5.1. P-T Conditions of HP Contractional Duplex Formation, Top-to-E Shearing and Geodynamic 
Implications for the HP Evolution of the NA

Our new field and microstructural data suggest that the described metamorphic foliation and extensional 
and dilational hydroshear veins exhibit mutually overprinting relationships (veins are from parallel to high 
angle to the foliation but are locally also deformed and transposed by ductile shear zones; Section 4.1) and 
thus are broadly coeval. Additionally, geometric and kinematic considerations indicate that they formed 
in response to the same stress field and that they constrain the same regional kinematic framework. Ther-
modynamic modeling constrains the development of the foliation in the metapelite to between 0.7–1 GPa 
and 350°C–400°C (Figure  11; Section  4.4). Quartz and carpholite dilational hydroshear veins formed at 
∼1.1 GPa and 350°C. These P-T estimates thus agree with our interpretation of a common structural origin, 
although the veins formed at slightly higher P and lower T conditions. The slightly lower P-T conditions 
estimated for the foliation may also indicate that the latter was partially re-equilibrated at the beginning of 
the retrograde path, thus during exhumation. This notwithstanding, the documented difference in P and T 
is well within the range of uncertainty of thermodynamic modeling (±0.2 GPa and 50°C).

In both the metapelite and dilational hydroshear veins, the X-ray compositional mapping of muscovite 
highlights complex zoning, with a generally lower Si content along rims and grain boundaries (Figures 9e 
and 10k, Section 4.3). This probably reflects the partial reequilibration and replacement of higher Si content 
muscovite during retrogression, as described by Airaghi et al. (2017) and Giuntoli, Lanari, et al. (2018). We 
thus interpret muscovite with lower Si contents to mark the incipient retrogression of the system, in agree-
ment with the thermodynamic modeling results (orange isopleths in Figures 11a–11c, Section 4.4). Addi-
tionally, partial retrogression is also evidenced by pyrophyllite overgrowing carpholite grains in dilational 
hydroshear veins, indicative of replacement processes occurring at lower pressure (Figures 10 and 11b,11c; 
e.g., Giuntoli, Menegon, et al., 2018; Putnis & Putnis, 2007). Finally, retrogression is also supported by ther-
modynamic modeling that predicts higher carpholite and lower pyrophyllite contents (vol%) in dilational 
hydroshear veins compared to the observed values.

In the metapelite, the two observed generations of chloritoid, oriented at high angle and parallel to the foli-
ation, respectively, are characterized by the same chemistry, thus suggesting that they formed at similar P-T 
conditions (Figures 9a–9d and light-blue isopleths in Figure 11a). A possible scenario for this contemplates 
a static growth for the first generation, followed by the development of the foliation and the second and 
synkinematic chloritoid generation, with partial reorientation of the first generation and its preservation in 
microlithons. Another possibility, however, is that the first generation of chloritoid also grew parallel to the 
foliation but was successively reoriented by a process of crenulation during which an axial plane foliation 
and the second syn-kinematic generation were formed. Although locally we do observe a crenulation cleav-
age (Figure 5 and Section 4.2), we never observed the first generation of chloritoid in microlithons marking 
fold hinges or oriented subparallel to the crenulation axial planes, and thus prefer the first scenario. Similar 
microstructural observation on chloritoid zoned in XMg are reported in the Apuane metamorphic units, 
where chloritoid formed during consecutive deformation stages (Molli et al., 2002 and references therein).

In summary, field observations integrated by thermodynamic modeling allow us to conclude that mylonitic 
foliation and dilational hydroshear veins both formed during the same top-to-the E-NE thrusting phase 
under blueschists facies conditions between 0.7–1.1 GPa and 350°C–400°C. Partial retrogression of both 
foliation and dilational hydroshear veins is suggested by the lower Si content of muscovite grain boundaries 
and pyrophyllite locally overgrowing carpholite, pointing to incipient exhumation recorded by the studied 
structures.

Our new P-T estimates confirm that also the Palaeozoic basement of the Tuscan Metamorphic Units was 
subducted to a depth corresponding to P-T conditions comparable to those experienced by the early Triassic 
Verrucano Formation metasediments, as described for the Monti Pisani, where the Paleozoic basement 



Geochemistry, Geophysics, Geosystems

GIUNTOLI AND VIOLA

10.1029/2021GC009805

20 of 27

has been shown to have been metamorphosed at 0.9–1 GPa and 470°C during the Apennine orogeny (Lo 
Pò & Braga, 2014). Comparable P-T conditions are described for the Verrucano Formation metasediments 
of the Monte Quoio-Montagnola Senese subunit and the Monte Leoni-Farma subunit of nearby sectors 
of the MRU, with P ≥ 1.1 GPa of and T 370–420°C and 0.8–1 GPa and 400°C–420°C, respectively (Brogi & 
Giorgetti, 2012; Giorgetti et al., 1998). Similar P-T conditions are also described for the Verrucano Formation 
metasediments of the Monte Argentario, with peak metamorphic conditions of >0.8 GPa and 300°C–400°C, 
retrograde conditions of <0.5 GPa and 350°C and a final stage below 300°C (Theye et al., 1997). Noteworthy, 
at Monte Argentario the mineral phases related to peak P-T conditions are only preserved in microlithons, 
while the main fabric visible in the field is related to retrograde greenschist facies conditions, confirming 
that HP fabrics are generally scanty and poorly preserved in the NA.

In the Apuane metamorphic units, similar P-T conditions are reported for the more internal Massa Unit, 
which records higher P-T (0.6–0.8 GPa and 420°C–500°C) than the more external Apuane Unit (0.4–0.6 GPa 
and 350°C–450°C; Franceschelli et al., 1986, 1997; Jolivet et al., 1998; Molli et al., 2000, 2002). A thrust 
is believed to have superposed the Massa unit onto the Apuane unit during retrograde HP conditions, in 
the stability field of chloritoid-pyrophyllite. This tectonometamorphic event possibly marked a stage of 
syn-collisional exhumation in the Apuane metamorphic units (Molli et al., 2000). Ryan et al. (2021) propose 
syn-collisional exhumation in the forming orogenic wedge within the Apenninic subduction channel based 
on kinematic evidence from the Eastern Elba Nappe Stack that accounts for upward extrusion of the Acqua-
dolce Subunit, a high-strain lithotectonic unit of the Tuscan Metamorphic Units, containing the Elba Island 
HP assemblages (Bianco et al., 2015, 2019; Papeschi et al., 2020), by coeval normal shearing and thrusting at 
its top and base, respectively. Based on similar P-T conditions, we speculate that the HP contractional fabrics 
of the Massa Unit and the MRU may represent the deepest tectonometamorphic structures preserved in 
the NA, recording the onset of synorogenic exhumation within the subduction channel, although absolute 
dating of these structures would be needed to confirm that they are cogenetic. Similarities between these 
two geological units were already suggested by Burgassi et al. (1979) and Rau and Tongiorgi (1974), sup-
porting the idea that these units represent the northern- and southernmost exposed portions of the same 
HP terrane.

Another scenario was proposed in literature for the exhumation of HP metamorphic units in the NA. Ac-
cording to it, the formation of HP units was closely followed by syn-orogenic exhumation by deeply reach-
ing top-to-the E low-angle normal faulting (detachment faults). During exhumation, pervasive greenschist 
facies re-equilibration of the HP fabrics occurred, and continuous underthrusting of cold Adriatic units 
maintained cold gradients in the subduction zone (e.g., Carmignani et al., 1994; Jolivet et al., 1998; Rossetti 
et al., 1999). Evidence of low-angle normal faulting is described from Gorgona and Giglio islands (Tuscan 
Archipelago). At Gorgona Island, metasediments belonging to a lower tectonometamorphic units record 
1.5 GPa and 350°C and locally preserve a HP stretching lineation defined by carpholite and quartz oriented 
N-S. An upper tectonic unit composed of metabasic rocks and serpentinites experienced 0.6–0.8 GPa and 
>300°C. The contact between the two units is marked by a greenschist facies, top-to-the E/SE ductile shear 
zone interpreted as an extensional detachment (Jolivet et al., 1998; Rossetti et al., 2001). At Giglio Island, 
the same authors ascribe the main fabrics of the Verrucano Formation metasediments to greenschist facies 
conditions, with HP relics only preserved in microlithons, and interpret those fabrics to reflect a top-to-the 
E/SE detachment (Jolivet et al., 1998; Rossetti et al., 1999).

We speculate that out-of-sequence thrusting or syn-orogenic extrusion of tectonic units preserving top-to-
the E contractional structures at their base and W-verging extensional structures at their top can be held 
responsible for the exhumation of HP metamorphic units to shallower crustal levels, as also proposed by 
Brogi and Giorgetti (2012), Molli, Carlini, et al. (2018), Molli et al. (2000), Montomoli et al. (2009), Stor-
ti (1995) for the Tuscan Metamorphic Units and Keller and Pialli (1990), Papeschi et al. (2020), Pertusati 
et al. (1993), and Ryan et al. (2021) for the Elba Island. However, future geochronological work is needed 
to test that the compared structures are coeval. Finally, exhumation to shallower structural levels and 
up to the surface was possible by both high- and low-angle normal faulting (Molli, Carlini, et al., 2018). 
We propose that subduction of continental units to the blueschist facies conditions documented for 
the NA can be favored by the limited thickness of these units (maximum of a few km, e.g., Azzaro  
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et al., 1976) before stacking, as recently proposed for continental units of the Sesia Zone in the Western Alps  
(Engi et al., 2018; Giuntoli & Engi, 2016; Giuntoli, Lanari, et al., 2018).

5.2. Quartz and Carpholite Veins in the Apennines

Brogi and Giorgetti (2012) reported quartz and carpholite veins from the Verrucano Formation metased-
iments of the Monte Quoio-Montagnola Senese subunit of the MRU (see geological setting for further 
details). They described two mutually overprinting generations of tension gashes arranged in en-échelon 
arrays and interpreted them as due to fracturing and veining during bulk progressive rotation within a 
noncoaxial brittle-ductile flow associated with thrusting with the overall Apennine east vergence. In the 
Arenarie di Poggio al Carpino Formation, we recognized only one generation of carpholite intergrown with 
quartz fibers in the dilational hydroshear veins. These are oriented parallel to the foliation in the metapelite 
and metaquartzarenite (Section 4.1). Moreover, carpholite invariably marks the stretching lineation record-
ed in the host-rock. Some veins are locally intensely folded, with the development of non-cylindrical folds, 
with geometries compatible with top-to-the E shearing. Therefore, our observations suggest that brittle and 
ductile deformation alternated at similar metamorphic conditions, mutually overprinting during top-to-the 
E thrusting (Figure 14).

The dilational hydroshear veins within the metamorphic MRU described in our work are similar to the 
veins described in the Verrucano Formation metasediments of the Giglio Island, where also similar P-T 
were found (Capponi et al., 1997; Rossetti et al., 1999). At the meso and microscale, the veins from both the 
MRU and Giglio Island are characterized by intergrown quartz and carpholite fibers and fluid inclusion 
bands in quartz fibers (Figure 7 of Rossetti et al., 1999; see Section 5.3). Quartz and carpholite intrafolial 
veins are also reported from metasediments on Gorgona Island, metamorphosed at 1.5 GPa and 350°C (Jol-
ivet et al., 1998; Rossetti et al., 2001; see section 5.1 for further details). Quartz fibers thereof have abundant 
bands-forming fluid inclusions containing liquid + vapor phases, similar to what reported from the veins 
described in this study. Additionally, fibrous quartz and carpholite veins are also present in the Southern 

Figure 14. (a) Tectonic sketch of the Apenninic wedge during subduction of the Tuscan Metamorphic Units (TMU; 
Modified after Molli, Brovarone, et al., 2018). (b) Summary sketch of the studied duplex. Dehydration reactions 
triggered transiently high pore pressure responsible for dilational hydroshear veins formation.
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Apennines, in metasediments belonging to the Ligurian Accretionary Complex that experienced P-T condi-
tions of 1.2–1.4 GPa and 350 °C (Frido Unit, Calabria; Vitale et al., 2013).

5.3. Carpholite Dilational Hydroshear Veins, Metamorphic Dehydration Reactions and Deep 
Episodic Tremor and Slow Slip (ETS) Events

The MRU blueschist facies dilational hydroshear veins share a number of close similarities with dilational 
hydroshear veins reported from sub-greenschist facies conditions typical of shallow accretionary prisms 
(Fagereng et al., 2011; Ujiie et al., 2018). In particular, the inclusion bands perpendicular to the lengthening 
of the fibers, which point to a crack-seal mechanism, and included layers of the host-rock, which represent 
weak planes exploited for the opening of the veins (Sections  4.1 and  4.2 and sketches in Figures  7e,  7f 
and 14b).

Dilational hydroshear veins in subducted metasediments are interpreted as a key evidence of fossil ETS, 
implying the presence of a pore pressure cyclically reaching supra-lithostatic values (Fagereng et al., 2011). 
The investigated continental HP metasedimentary unit was affected by several dehydration reactions dur-
ing prograde metamorphism. In these lithotypes, the main carriers and releasers of aqueous fluid are the 
kaolinite (0.6–0.9 wt%, for the dilational hydroshear vein and metapelite, respectively), pyrophyllite (0.4–
0.8 wt%, as above) and carpholite-out reactions (up to ∼3.3 wt% for the vein; Section 4.5, Figures 11d–11f 
and 13). These values constrain the amount of aqueous fluid released from the subducting rocks and not in-
corporated in newly formed minerals. Evidently, the average supply of aqueous fluid from subducting meta-
sediments depends on the relative proportions of metapelite and quartz and carpholite veins. Importantly, 
the carpholite-out reaction can produce up to ∼0.5–1 wt% aqueous fluid in metasediments rich in carpholite 
veins. In the MRU, carpholite is <1 vol% of the entire mineral assemblages. Therefore, the contribution of 
the carpholite-out reaction to the global fluid budget is low, even though it is likely relevant for local mineral 
reactions, mechanical weakening and deformation in proximity of the veins. Interestingly, in these rocks 
chlorite destabilization does not result in a decrease in the total H2O wt%, because that amount of H2O 
is promptly stored in the forming carpholite. We thus propose that local dehydration reactions triggered 
transient and cyclic fluid overpressure, reaching and exceeding lithostatic values (e.g. Condit et al., 2020; 
Muñoz-Montecinos et al., 2020; Peacock, 1990; Saffer & Tobin, 2011). As a result, a temporary shift from 
ductile to brittle deformation occurred (Figure 14b). Furthermore, part of the fluid released by metamor-
phic dehydration reactions can be stored in the newly formed veins, allowing aqueous fluid bounded in the 
crystal structure of neoblastic minerals, such carpholite, to reach greater subduction depths.

Summarizing, based on field and microstructural analysis integrated with thermodynamic modeling and 
compositional X-ray mapping, we suggest that the described blueschist facies dilational hydroshear veins 
and mylonitic fabrics represent a geological record of deep ETS and relate to transient cycles of pore pressure 
variation. Relatively low pore pressure and low strain rates caused diffuse deformation and aseismic creep, 
whereas high pore pressure and high strain rates embrittled the system producing localized deformation 
and ETS, as in the model of Bernaudin and Gueydan (2018). In particular, tremor bursts likely generated 
microfracturing and the formation of dilational hydroshear veins, as also hypothesized by Behr and Bürg-
mann (2021) and Kirkpatrick et al. (2021). Sealing of fractures rapidly produced a decrease in pore pressure 
and a new phase of aseismic creep and diffuse deformation at PT conditions dictated by the depth where 
this cyclic deformation occured. In dilational hydroshear veins, every incremental crack-seal step, marked 
by adjacent inclusion bands and spaced a few tens of microns, has been related to repeated tremors, with a 
recurring time of few years (Ujiie et al., 2018). The maximum length of c. 1 m of dilational hydroshear veins 
observed in this study is within the range described by Fagereng et al., 2011 (one meter to tens of meters), 
although in our study area it is difficult to define the lateral extension of the dilational hydroshear veins and 
estimate the rupture areas due to limited outcrop exposure. Nevertheless, in the MRU similar veins are also 
reported ∼7 km along strike from our study area, where they crop out on an area of ∼6 km2, as reported by 
the geological map of Figure 5 of Brogi and Giorgetti (2012; Sections 2 and 5.2). In the Cyclades, Kotowski 
and Behr (2019) estimated a maximum area of ∼0.8 km2 for the described heterogeneities and hypothesized 
that that area might represent the source of deep ETS. Therefore, based on the assumption that in the MRU 
ruptures leading to ETS occur broadly coevally, our estimate of potential source areas would represent 
the higher spectrum of source area values described for active and fossil subduction zones, as reported in 
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Figure 15 of Kotowski and Behr (2019) and Figure 11 of Behr and Bürgmann (2021). Future work aimed 
at describing the deformation mechanisms and estimating the differential stresses and strain rates of the 
studied structures could further constrain the proposed link with ETS (e.g., Fagereng et al., 2014; Kotowski 
& Behr, 2019; Molli et al., 2017; Platt et al., 2018)

In subduction settings, deep ETS occur along or close to the subduction interface (e.g., Behr & Bürg-
mann, 2021; Brown et al., 2009). The Tuscan Metamorphic Units represent continental rocks of the subduct-
ing Adriatic lower plate that reached HP conditions before being accreted and exhumed, thus representing 
the subduction interface, as shown in Section 2 and in the tectonic sketch of Figure 14a and as proposed 
by several authors (e.g. Carminati & Doglioni, 2012; Molli, 2008; Vignaroli et al., 2009). Additionally, the 
similarities observed between the quartz and carpholite veins described in this work and the examples dis-
tributed along the Apennines would suggest that deep ETS are common phenomena occurring at the scale 
of the entire orogen (Section 5.2).

5.4. Comparison With Reported Deep ETS in Modern and Ancient Geological Settings

Deep ETS occurring in subduction settings similar to the Northern Apennines are described in modern and 
seismologically active settings, such as New Zealand, Costa Rica, Alaska and SW Japan, and are interpreted 
to have occurred in ancient, exhumed geological settings, such as Cyclades (Behr et al., 2018; Kotowski & 
Behr, 2019), Western Italian Alps (Angiboust et al., 2015; Malatesta et al., 2018), and Alpine Corsica (Molli 
et al., 2017), Coast Ranges of northern California (Platt et al., 2018) as summarized in Figure 1 of Kirkpat-
rick et al. (2021) and Figure 3 of Behr and Bürgmann (2021; references therein). Additionally, Behr and 
Bürgmann (2021) in Figure 3 identify a depth range for deep ETS comprised between 0.7–1.7 GPa that is in 
perfect agreement with what we computed as P-T conditions of deformation in this study.

The peculiarity of the present case study is that in the Northern Apennines deep ETS are recorded in conti-
nental metasediments. A modern analogous to the Northern Apennines could be represented by the Taiwan 
orogenic system, where the Chinese continental margin experienced subduction to HP conditions below 
the Luzon Arc (Malavieille & Trullenque, 2009). HP units of Taiwan recorded metamorphic conditions of 
1–1.2 GPa and ∼550°C, corresponding to depths of ∼35–40 km, that were related to the transition from oce-
anic subduction to arc-continent collision (Beyssac et al., 2008 and references therein). Therefore, Taiwan 
experienced higher geothermal gradient compared to the Northern Apennines (for the latter, see P-T of this 
study and summary of P-T data in Figure 1 of Bianco et al., 2019). Similarities between the Alps-Northern 
Apennines and Taiwan orogenic systems were recognised by Molli and Malavieille (2011). In particular, 
these authors proposed that the two orogenic systems share several similarities such as obliquity of conver-
gence, opposite verging subduction, flip in subduction polarity with slab-breakoff and slab rollback with 
opening of back-arc basin (Figure 5 of Molli & Malavieille, 2011). Deep tremors are detected below the 
southern Central Range of Taiwan at depths between 15 and 45 km and are suggested to be associated to 
slow slips (Chen et al., 2018; Chuang et al., 2014; Ide et al., 2015). These authors related these phenomena 
to metamorphic dehydration reactions occurring within subducting continental crust producing high pore 
pressure and failure along low dipping thrust faults, similar to what is documented and proposed in this 
study for the Monticiano-Roccastrada Unit of the Northern Apennines.

6. Conclusions
We investigated a mesoscopic contractional structure developed at blueschist facies conditions in continen-
tal metasediments of the Northern Apennines (Italy). Field and microstructural analyses reveal a mylonitic 
foliation mutually overprinting with quartz and carpholite dilational hydroshear veins. Thermodynamic 
modeling constrains the formation of the mylonitic foliation to >0.7 GPa and ∼400°C and the high-pressure 
vein at ∼1.1 GPa and ∼350°C for. Our results suggest a cyclic brittle-ductile behavior occurring at high-pres-
sure conditions. This could potentially reflect the repeated alternation between aseismic creep and deep 
episodic tremor and slow slip events during contractional top-to-the-E-NE setting at blueschist facies condi-
tions. Moreover, the aqueous fluid locally released by metamorphic dehydration reactions is proposed to be 
able to produce fluctuating pore pressure and to sustain brittle-ductile cyclicity, resulting in episodic tremor 
and slow slip events. To the best of our knowledge, this is the first time that brittle and ductile fabrics of a 
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mesoscopic contractional duplex are associated with deep episodic tremor and slow slip events. We suggest 
that fossil and exhumed geological records of deep episodic tremor and slow slip events are common at the 
scale of the entire Apennines belt, based on the widespread occurrence of quartz and carpholite dilational 
hydroshear veins.

Data Availability Statement
All data generated or analysed during this study are available within this published article, in its Supporting 
Information and in the Mendeley Data repository (http://dx.doi.org/10.17632/mw7hwpgkc8.1).
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