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Abstract We document an exhumed plate boundary shear zone—a subduction channel—developed

at the contact between a fossil Cretaceous-Eocene accretionary prism (Ligurian Units) and the underlying
continent-derived nappes of the Northern Apennines. The subduction channel, referred to as the Norsi-Cavo
Complex (NCC), is continuously exposed for ~10 km along strike on the island of Elba. The NCC consists of
oceanic sediments and serpentinites, coupled at the base of the prism. In its northernmost exposures the NCC crops
out as a serpentinite mélange with blocks of sedimentary rocks. There, evidence of pervasive fluid-rock interaction
is present. We interpret this mélange as the result of material transfer from the upper plate to the subduction
channel through tectonic erosion at the base of the prism. The southern part of the NCC preserves a series of
tectonic slices of shales and limestones (Palombini shales) coupled with ultramatfic rocks through serpentinite shear
zones containing lenses of massive serpentinites, mafic rocks, and sediments. Since sedimentary slices preserve
the same structures of the overlying Ligurian Units, produced by accretionary prism deformation, we interpret this
complex as the result of material transfer from the prism to the subduction channel and its subsequent underplating
at the base of the prism. Based on our interpretation, the NCC fossil subduction channel formed during E-verging
deformation over the W-directed subduction of the Ligurian Ocean during the early development stages of the
Apennines. This deformation terminated when the continental margin entered the subduction.

Plain Language Summary Subduction is the process by which the ocean floor disappears, pushed
by plate tectonics to sink under a continental margin of another oceanic plate. Subduction produces the most
destructive earthquakes on Earth and large submerged chains of oceanic rocks called accretionary prisms. Here
we describe a belt of deformed rocks on the island of Elba Italy, which we interpret as the emerged analog

of a subduction zone that formed between 145 and 35 million years ago in the Northern Apennines of Italy.
Subduction produced a complex of intensely deformed rocks, derived from an extinct ocean, underneath a

pile of ocean-derived material—called the Ligurian Units. This complex, which we call Norsi-Cavo Complex,
witness the crushing of rocks in the subduction zone, which were folded, fragmented, and mixed up in an
environment rich in fluids. Deformation structures show that the rocks were transported toward the East, a
direction consistent with that of the subduction system. We also propose that during subduction, material was
scraped away from the accretionary prism and brought at depth in the subduction zone. At about 35 million
years ago, the margin of a continent (Adria) entered subduction and sealed this fossil subduction zone.

1. Introduction

At convergent plate boundaries strain is distributed within a shear zone of variable thickness that forms at the
contact between the subducting plate and the overriding plate and which is often referred to as the subduction
channel (Cloos & Shreve, 1988a, 1998b; Clift & Vannucchi, 2004; Gerya et al., 2002; Shreve & Cloos, 1986;
Vannucchi et al., 2012a; Zhang, 2020). The subduction channel, which may reach 2—3 km in thickness, consists of a
rheologically complex mixture of sediments, variably saturated by fluids, and blocks or lenses of different litholo-
gies offscraped from the undergoing slab or eroded from the overlying plate (Abers et al., 2006; Agard et al., 2018;
Bebout & Penniston-Dorland, 2016; Collot et al., 2011). At deep crustal levels (>30-35 km), serpentinites from
the mantle wedge are thought to become an essential component of the subduction channel (Blanco-Quintero
et al., 2011; Federico et al., 2007; Guillot et al., 2004; Schwartz et al., 2001; Wakabayashi, 2019). Understanding
the mechanical behavior of the subduction channel is a central objective in the geosciences, because this structure
releases some of the greatest magnitude earthquakes on Earth and produces a wide range of geodetically and

PAPESCHI ET AL.

1 of 29


https://orcid.org/0000-0002-5774-7119
https://orcid.org/0000-0001-5996-8743
https://orcid.org/0000-0002-5397-3346
https://orcid.org/0000-0001-9396-392X
https://doi.org/10.1029/2021TC007164
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021TC007164&domain=pdf&date_stamp=2022-07-13

Tectonics 10.1029/2021TC007164

seismically detectable slow earthquakes, characterized by slow creep and low- to very low-frequency seismic
signals (Ide et al., 2007; Obara, 2002; Obara & Kato, 2016; Rogers & Dragert, 2003; Schwartz & Rokosky, 2007;
Shelly et al., 2006). Moreover, the processes active in the subduction channel are responsible for several geolog-
ical phenomena that are only partially understood, such as the movement of fluids and fluid-rock interaction in
subduction zones (Bebout & Penniston-Dorland, 2016 and references therein; Taetz et al., 2018), the recycling of
crustal material and fluids into the mantle (Ayers, 1998; Clift et al., 2009; Okamoto et al., 2021; Peacock, 1990),
and the exhumation of deep-seated metamorphic rocks (Agard et al., 2018; Maruyama et al., 1996; Guillot
et al., 2009; and references therein, Agard et al., 2009; Plunder et al., 2015; Ring et al., 2020). All these processes
coexist and interact in the subduction channel, influencing the short- and long-term behavior of subduction zones
(e.g., Audet & Biirgmann, 2014; Fisher & Brantley, 2014; Locatelli et al., 2019).

Geophysical imaging and geodetic data provided a wealth of information about presently active subduction
channels, especially at shallow structural levels (<15-20 km) (Aoki et al., 1982; Bangs et al., 2009; Gao &
Wang, 2017; Kimura et al., 2010; Peng & Gonberg, 2010; Sage et al., 2006). For example, Collot et al. (2011)
investigated the subduction channel off the Ecuador coast constraining its thickness to 0.6—1.1 km and document-
ing its internal structure, characterized by coexisting normal faults, thrusts, and duplex structures developing in
response to the mechanical properties of the subducting material and the presence of asperities in the subducting
slab. In the same area, velocity models revealed that the subduction channel sediments are much more saturated
in fluids than the underlying slab and the overlying accretionary prism, suggesting that fluid drainage occurs
predominantly along the subduction interface (Calahorrano et al., 2008).

Unfortunately, our understanding of the subduction channel is limited by the resolution of the geophysical tech-
niques and the impossibility to access the internal structure of presently active subduction zones. Geological
investigations of exhumed subduction complexes are fundamental to bridge the scale gap between the geophysi-
cal record and geologic materials and obtain direct mechanical estimates from subducted rocks (e.g., Angiboust
et al., 2014, 2015; Bachmann, Oncken, et al., 2009; Fagereng, 2011; Kotowski & Behr, 2019; Meneghini &
Moore, 2007; Rowe et al., 2011, 2013; Ujiie et al., 2007; Vannucchi et al., 2008). However, the destructive
nature of subduction limits the availability of subducted rocks in present orogenic setting. Indeed, some of the
most complete inland exposures of ophiolite sequences derive mostly from fragments of back-arc crust that was
obducted onto continental margins (e.g., Pearce et al., 1981; Searle & Cox, 1999). The fragments of ocean-derived
rocks preserved in the suture zone of orogenic belts, and that witnessed the subduction process before continental
collision, are often strongly overprinted by orogenic deformation, metamorphism, and exhumation processes.
This limits our possibilities to investigate outcrops preserving fabrics attained during subduction.

In this sense, the Northern Apennines of Italy offer one of the best-preserved exposures of a fossil accretionary prism
that registered Alpine subduction before being thrust on top of a continental margin, during the subsequent orogenic
deformation (e.g., Boccaletti et al., 1971; Treves, 1984). Indeed, recent studies have shown that the base of the oceanic
units in the external area of the belt, deformed in a late Cretaceous to Eocene accretionary prism (preserved in the
so called Ligurian Units), exposes a full section through a fossil erosive subduction channel (Vannucchi et al., 2008).

In the present study, we investigated in detail a shear zone, namely the Norsi-Cavo Complex, NCC, that is pres-
ent at base of the Ligurian Units on the island of Elba (inner Northern Apennines). We interpret the NCC as a
fossil and now exhumed subduction channel developed in the hinterland of the orogenic belt. This subduction
channel consists of oceanic sediments, mafic and ultramafic material organized in intensely deformed—yet still
coherent—tectonic slices, and disrupted, tectonic mélanges. Here we describe in detail two different key sites
that show structures that can be referred respectively to processes linked to tectonic erosion from the base of the
prism, and underplating of material from the subduction channel to the overlying prism.

2. Geological Background
2.1. Geology of the Northern Apennines

The Northern Apennines (Figure 1) are an ENE-verging orogenic belt produced by the closure of the Alpine
Tethys Ocean and the subsequent involvement of the Adria continental margin in a westward subduction zone
underneath the European margin. Subduction was accompanied by eastward slab rollback which is linked to
the opening of the Tyrrhenian back-arc basin (Boccaletti et al., 1971; Coward & Dietrich, 1989; Elter, 1975a;
Faccenna et al., 1996, 2001; Kligfield, 1979; Malinverno & Ryan, 1986; Molli et al., 2018; Patacca et al., 1990;
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Figure 1. Geologic sketch map of the Northern Apennines (Italy), highlighting the main nappes and the tectonic lineaments of the belt. Based on Conti et al. (2020)

and Bonini et al. (2014).

Treves, 1984). The Alpine Tethys, also known as Ligure-Piemontese Ocean, was a Jurassic slow-spreading ocean,
with peridotites and gabbros tectonically exposed on the seafloor, locally overlain by basalts or covered by Teth-
yan sedimentary sequences (Abbate et al., 1986; Elter, 1975b; Elter et al., 1966; Lagabrielle & Cannat, 1990;
Le Breton et al., 2021; Marroni & Pandolfi, 2007). This ocean closed during the Cretaceous-Eocene producing
the W-vergent Alpine belt, exposed in Alpine Corsica to the west, and the E-vergent Apennine belt which extends
from Liguria and crosses the entire Italian peninsula from NNW to SSE. The two belts are interpreted as the result
of two subduction systems with opposite vergence (eastward and westward): some models argue for subduction
polarity reversal during the formation of the Alps and the Apennines (e.g., Molli, 2008; Marroni et al., 2017),
while others propose an along-strike change from an E-dipping to a W-dipping subduction system present since
the onset of convergence in the Cretaceous (e.g., Argnani, 2012; Vignaroli et al., 2008). In the Apennines side,
the Cretaceous-Eocene oceanic subduction produced an accretionary prism of ocean-derived nappes, collectively
known as the Ligurian Units (Figure 1; Elter & Marroni, 1991; Marroni & Pandolfi, 1996; Marroni et al., 2010;
Principi & Treves, 1984; Treves, 1984). From the Oligocene onward, the Ligurian Units were thrust onto the
Adria continental margin and currently occupy the highest structural level of the Apennine nappe pile (Figure 1;
Conti et al., 2020 and references therein). Sandwiched between the Ligurian and the continental Adria-derived
units, the Subligurian Units preserve the earliest foredeep deposits of the Apennines (Catanzariti et al., 2003;
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Elter et al., 1964, 1999) and tectonic mélanges produced by tectonic erosion in the subduction channel (Remitti
et al., 2011; Vannucchi et al., 2008; Vannucchi, Remitti et al., 2012). As the thrust front propagated toward the
ENE, the underthrust Adria-derived units (the Tuscan Units and various external units) were incorporated as
nappes in the orogenic wedge. These units are capped by foredeep deposits progressively younger toward the
external ENE areas of the belt (Boccaletti et al., 1990; Ricci Lucchi, 1986). In the Northern Apennines hinter-
land, the Tuscan Units (Figure 1) consist of the Tuscan Nappe, characterized by anchizone-facies passive-margin
sequences (e.g., Baldacci et al., 1967; Ciarapica & Passeri, 1994; Cerrina-Feroni et al., 1983), and the Tuscan
Metamorphic Units, that involve a series of thick-skinned nappes that registered subduction-related greenschist-
to blueschist-facies metamorphism (Franceschelli et al., 1986; Papeschi et al., 2022; Rossetti et al., 2002; Theye
et al., 1997 and references therein). Wedge-top basins (i.e., Epiligurian Basin; Figure 1) and intermontane basins
cover the orogen and show that the belt evolved primarily as an underwater wedge until emersion in the Pliocene
(Bonini et al., 2014 and references therein). Extrusive and intrusive rocks of predominant granitic composition
were emplaced during the Miocene—Quaternary in the hinterland of the belt (Figure 1; e.g., Serri et al., 1993).
The Miocene—Quaternary evolution of the belt is classically interpreted as a consequence of the Adriatic slab
rollback with propagation of the thrust front to the east followed by extension and the onset of magmatism in the
rear of the wedge (Faccenna et al., 2014; Le Breton et al., 2017; Malinverno & Ryan, 1986). In this framework,
the extension in the Northern Tyrrhenian area has been interpreted as continuous from the Miocene to present
(e.g., Bartole, 1995; Jolivet et al., 1998; Mauffret et al., 1999; Moeller et al., 2013, 2014) or as discontinuous
with a pulse of late Miocene contraction that interrupted the extensional tectonic regime (e.g., Bonini et al., 2014;
Molli et al., 2018; Viola et al., 2018). For more details on these different views, the reader is referred to Jolivet
et al. (2021) and Ryan et al. (2021).

To summarize, the Ligurian Units, accreted during oceanic subduction, are preserved at the top of the nappe
pile and have a very low- metamorphic grade (diagenesis—anchizone). Only the ophiolitic units on the island
of Gorgona and on the Argentario Promontory show a blueschist-facies imprint (Decandia & Lazzarotto, 1980;
Rossetti et al., 2001, Figure 1).

2.2. Geology of the Island of Elba

Located in the middle of the Tyrrhenian Sea, the Island of Elba represents the innermost exposure of the North-
ern Apennines hinterland (Figure 1). The Elba nappe stack (map in Figure 2 and detailed cross sections in
Figure 3) resulted from Cretaceous-Eocene oceanic subduction, which involved the Ligurian Units (Figure 2;
see below), and the subsequent Oligocene—early Miocene collision which caused underthrusting, exhumation,
and stacking of a series of Adria continental units underneath the Ligurian Units (Keller & Pialli, 1990; Massa
et al., 2017; Pertusati et al., 1993; Ryan et al., 2021). This early Miocene collision event is responsible for the
current architecture of the nappe stack, characterized by overall N-S striking and W-dipping thrusts and foliations
(Figures 3a and 3b) and general ENE-vergence (Figures 2 and 3; Barberi et al., 1969; Keller & Coward, 1996;
Massa et al., 2017; Perrin, 1975 and references therein). The continental units, stacked during the Oligocene—
early Miocene, comprise from top to bottom (Figure 3a): (a) the anchizone-facies Tuscan Nappe (illite crystallin-
ity/A20 = 0.25 — 0.39; Pandeli et al., 2001), (b) the greenschist-facies Rio Marina Unit (Deschamps et al., 1983),
and the amphibolite-facies (c) Ortano and (d) Calamita Units (Musumeci et al., 2011; Musumeci & Vaselli, 2012;
Papeschi & Musumeci, 2019; Papeschi et al., 2017, 2018). Amphibolite-facies metamorphism—at P < 0.2 GPa
and 7 < 650°C-700°C—developed during the late Miocene emplacement of the igneous rocks in the upper crust
which overprinted the structural and metamorphic fabric of the Ortano and Calamita Units (Duranti et al., 1992;
Papeschi et al., 2019). Nevertheless, parts of the Ortano Unit (Figures 2 and 3a) still preserve early Miocene
(19-20 Ma) blueschist-facies parageneses (P ~ 1.5-1.8 GPa at T = 320°C-370°C; Papeschi et al., 2020) and
blueschist-greenschist shear zones that accommodated top-to-W syn-orogenic extrusion within the E-vergent
nappe stack at 19-20 Ma (Figure 3a; Ryan et al., 2021), producing a normal metamorphic gradient with high pres-
sure units located at the bottom of the nappe stack (Figure 3a). Top-to-W shear zones, likely originally present at
the contacts between different nappes, were subsequently reactivated as top-to-E thrusts during the middle-late
Miocene tectonics of Elba (Massa et al., 2017; Musumeci & Vaselli, 2012; Ryan et al., 2021).

The Miocene to present tectonics of Elba was marked by the opening of the Northern Tyrrhenian Sea and the
emplacement of late Miocene intrusive rocks (e.g., Barboni et al., 2015; Dini et al., 2002; Gagnevin et al., 2011)
at high crustal level (P < 0.2 GPa; Rossetti et al., 2007; Papeschi et al., 2019). Plutons have been classically
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Figure 2. Geologic sketch map of NE Elba, showing the main units and tectonic structures of the area. Formations and lithodemes are shown only for the

Ophiolitic Unit of the Ligurian Units. All other units of the nappe stack appear undifferentiated in the map. Black lines, labeled from A to D highlight the location of
cross-sections, shown in Figure 3b. Based on Barberi et al. (1967), Perrin (1975), Principi et al. (2015), and Massa et al. (2017). The location of top-to-W shear zones,
related to exhumation of the blueschist-facies Ortano Unit and described by Ryan et al. (2021), is highlighted by blue hexagons.
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Figure 3. Cross-sections through Eastern Elba. (a) Block diagram showing the present-day relations between tectonic units and magmatic intrusions (laccoliths

not shown) (based on an unpublished, historical geologic sketch by Livio Trevisan, 1951-1953). (b) Composite geological cross-sections (a—d) though Eastern Elba
(location in Figure 2). Note the presence of a middle-late Miocene antiform (Rio Marina antiform; Massa et al., 2017), refolding the NCC. See text for further details.
NCC: Norsi-Cavo Complex; CN-MAT: Capo Norsi-Monte Arco Thrust; ZF: Zuccale Fault. Data: 4.90 + 0.27 Ma K/Ar age (Viola et al., 2018); 19-20 Ma Ar/Ar age
(Ryan et al., 2021 and references therein); metamorphic constraints: Papeschi et al. (2019, 2020) and references therein.

interpreted as emplaced in an extensional setting along low-angle normal faults (e.g., Jolivet et al., 1998, 2021;
Keller & Coward, 1996; Pertusati et al., 1993; Smith et al., 2011). Recent studies argue that pluton emplacement
in the late Miocene was coeval with out-of-sequence thrusting instead (Musumeci & Vaselli, 2012; Papeschi
etal., 2017, 2021; Viola et al., 2018). Despite these different interpretations (see Ryan et al., 2021 for a thorough
discussion), the latest faulting event that affected the nappe pile is represented by the Zuccale Fault (ZF; Collettini
& Holdsworth, 2004; Musumeci et al., 2015; Smith et al., 2011), a subhorizontal structure (Figure 3) that was
recently dated to the early Pliocene (Viola et al., 2018) and that is either interpreted as a low-angle normal fault or
a thrust. In this context, the architecture of the Elba nappe stack appears to have been only marginally reworked:
recent geophysical studies, indeed, do not document large-scale low-angle normal faults in the Northern Tyrrhe-
nian Sea, suggesting extension localized mostly on high-angle structures (Moeller et al., 2013, 2014), while
most of the proposed out-of-sequence thrusts appear localized on the margins of or within contact aureoles (e.g.,
Papeschi et al., 2017). The only significant reworking of the nappe stack appears to be a middle-late Miocene
out-of-sequence thrust, dated at 4.90 + 0.27 Ma by K/Ar fault gouge dating (Viola et al., 2018) associated with
an antiform of nappes in eastern Elba (the Capo Norsi-Monte Arco Thrust; CN-MAT), which brought the pack
of continental units on top of a slice of Ligurian-derived serpentinite (Massa et al., 2017), in turn juxtaposed to
contact aureole rocks (Figures 2 and 3).

The Ligurian Units on top of the wedge largely escaped the Miocene-present tectonics and their architecture is
widely regarded as related mostly to the oceanic subduction stage (Bortolotti et al., 2001; Keller & Pialli, 1990;
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Perrin, 1975; Principi et al., 2015). The Ligurian Units on Elba comprise, from top to bottom, (a) Cretaceous
terrigenous and carbonatic flysch deposits (Cretaceous Flysch Unit), (b) Paleogene carbonatic-terrigenous
flysch (Paleogene Flysch Unit), and (c) the Ophiolitic Unit, a tectonized sequence of Jurassic ophiolites and
their Jurassic-Cretaceous sedimentary cover (Figure 2; Barberi et al., 1969; Bortolotti et al., 2001; Perrin, 1975;
Reutter & Spohn, 1982; Nirta et al., 2005; referred to as Ligurian Unit in Massa et al., 2017). The ophiolitic
basement comprises a sequence of N-MORB pillow basalt, overlying rare and discontinuous lenses of gabbro
and a thick serpentinite complex consisting of serpentinites derived from peridotites with harzburgite to lherzolite
composition, ultramafic cumulates, and ophicarbonate rocks (Bortolotti et al., 1994; Tartarotti & Vaggelli, 1994;
Viti & Mellini, 1998). The Elba serpentinites consist of lizardite, chrysotile, magnetite, and carbonates produced
by mid-ocean ridge serpentinization and are associated with chrysotile vein and antigorite shear veins (Viti &
Mellini, 1996, 1997, 1998). The serpentinite complex preserves a wide range of structures, including mylonitic
fabrics related to the Jurassic spreading phase (Frassi et al., 2017) and serpentine-rich fault rocks reworked by
Apennine out-of-sequence thrusts (Papeschi et al., 2021; Viola et al., 2018). The oceanic sediments are Middle/
Upper Jurassic-Lower Cretaceous radiolarian cherts (Diaspri Fm.), Lower Cretaceous limestone turbidites
(Calpionelle limestones Fm.), and shales with limestone layers (Palombini shales Fm.). The Palombini shales
(Figure 2), referred to the Hauterivian-Albian (~133-100 Ma; Principi et al., 2015) are the youngest forma-
tion of the Ophiolitic Unit. Pandeli et al. (2001) investigated the metamorphism of the Ophiolitic Unit through
the analysis of the illite crystallinity on the Palombini shales, characterized by the illite 4+ chlorite + vermicu-
lite + quartz + feldspar + chlorite + calcite assemblage, obtaining A26 values between 0.41 and 0.51, indicative
of deep diagenetic to low anchizone conditions (T ~ 150-200°C).

3. Tectonics of the Ligurian Units on Elba

The Ophiolitic Unit consists of multiple basement-and-cover repetitions (or subunits) which share a common
ENE-vergence. Perrin (1969, 1975) recognized at least four subunits stacked on W-dipping top-to-E thrusts and
characterized by N-S to NNW-SSE striking upright to E-verging tight to isoclinal folds (Figures 2 and 3). Inter-
nally, these subunits largely preserve the stratigraphic relationships between sedimentary formations and the ophi-
olitic basement. Keller & Pialli (1990) and Keller and Coward (1996) ascribed these structures to the accretion of
oceanic units in the Ligurian prism during the Cretaceous-Eocene. A sudden change in deformation style marks
the base of the Ophiolitic Unit, where a series of Ligurian-derived tectonic slices lie at the contact between the
overlying ocean-derived nappes and the underlying continent-derived units (Figures 2 and 3b). These slices occur
under a top thrust, marked by intensely deformed serpentinites and comprise N-S striking and W-dipping lenses
of sedimentary formations—predominantly Palombini shales—surrounded by deformed serpentinites (Figures 2
and 3b). Perrin (1975) defined this structure as tectonic slices and interpreted them as a zone of strong tectonic
lamination in the reverse limbs of folds. Keller & Pialli (1990) interpreted them as duplexes, recognizing the pres-
ence of blocks and olistoliths of ophiolitic material in the Palombini shales at the base of the prism. Indeed, one
of the notable features of Eastern Elba is the occurrence of the Palombini shales, the youngest formation affected
by prism deformation, only at the base of the Ophiolitic Unit, mostly as tectonic slices or in the reverse limb of a
large fold in the northernmost part of the island (Figures 2 and 4). In the following text, we refer to this complex
of tectonic slices as the Norsi-Cavo Complex (NCC), named after the geographic names of its northernmost and
southernmost outcrops (Figure 2). The more recent (late Miocene—early Pliocene) Zuccale Fault locally inter-
rupts the NCC, displacing it 6 km to the east (Figure 3b). Nevertheless, the NCC can be traced from the footwall
of the Zuccale Fault in Norsi to the southwest to its hanging wall, from Porto Azzurro to the south to Cavo in the
north (Figures 2 and 3b). Along this interval, which exposes 10-12 km of along-strike variations of the NCC, the
NCC varies in thickness from some tens of meters to about half a km (30-600 m; Figure 3b). Overall, the style of
deformation varies from a tectonic mélange in Cavo to a complex of tectonic slices separated by shear zones in the
rest of the NCC, well exposed in the area of Norsi. In the following text, we, therefore, focus on the description
of the NCC in the excellent coastal outcrops of (a) Cavo, and (b) Norsi (Figure 2).

3.1. The Cavo Section

The ~1 km long coastal section between Capo Vita and Capo Castello exposes the contact between oceanic rocks to
the west (Palombini shales, part of the Ophiolitic Unit), and the underlying Tuscan Nappe, to the east (Figure 4a).
Here, the Tuscan Nappe consists of Upper Cretaceous-Eocene limestones and varicolored slates (Scaglia Toscana
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Figure 4. The cross section of Cavo. (a) Panoramic view of the contact between the footwall block (Scaglia Toscana) and the hanging wall block (Palombini shales) of
the top-to-E shear zone marked by the Norsi-Cavo Complex (NCC). The stereonets here (al, a2, and a3) and in the following figures are equal area, lower hemisphere
projections that show contoured poles to planar elements and linear elements. (b) Stratigraphic contact between the Palombini shales and the Calpionelle limestones at
Capo Vita and (c) detail of the rhythmic alternations of limestone, shale, and marls and parallelism between foliation and bedding in the Palombini shales therein.

Fm.) and Oligocene foredeep turbidites (Macigno sandstone) (Figure 4a; Perrin & Neumann, 1970; Keller &
Pialli, 1990; Massa et al., 2017). The rocks of Cavo were also interpreted as a separate unit from the Tuscan
Nappe (Grassera Unit; Principi et al., 2015). However, there is no difference in metamorphic grade between
the rocks of Cavo and the rest of the Tuscan Nappe, as shown by the illite crystallinity data of Pandeli et al.
(2001). The contact between oceanic and continental units occurs through a 30—40 m thick serpentinite mélange
zone, previously interpreted as a rotated top-to-E extensional shear zone (Bianco, 2020; see discussion), which
we re-assign to the Norsi-Cavo Complex (NCC; Figure 4a). Along the section, foliations, bedding planes, and
tectonic contacts dominantly strike N—S to NE-SW, dipping gently to moderately to the WNW-NNW (stereonets
al, a2, a3 in Figure 4a). The Tuscan Nappe shows WSW-dipping foliations (stereonet al in Figure 4a) with a scat-
tering related to the presence of type 3 interference folds sensu Ramsay & Huber (1987) (Elter & Pandeli, 2001).
The Palombini shales lie in the inverted limb of a km-scale fold, underneath the W-dipping contact with the older
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Figure 5. Deformation features in the Palombini shales broken formation in Cavo. (a-b) Disrupted limestone layer and broken fold hinges in outcrops with (a) low
limestone to shale ratio and (b) high limestone to shale ratio. The inset highlights a detail of boudinaged limestone with blocky calcite veins in the necks in (b). al: inset
stereonet showing the trend/plunge of fold axes in the Palombini shales. (c) Tight fold developed in a limestone layer surrounded by shale. Note the parallelism between
the foliation and the axial plane of the fold. (d) Detail of (b) showing complex folding of the shale between the limestone blocks (yellow dashed line = foliation). (e)
Plain view of a limestone layer, variably crosscut by white, blocky carbonate veins.

Calpionelle limestones exposed to the NW, in Capo Vita (Figure 4b). Illite crystallinity data reveals the presence
of a metamorphic step in the Cavo section, with the Palombini shales yielding A20 = 0.41-0.51 (high diagenesis/
anchizone), whereas the Scaglia Toscana Fm. marked by A20 = 0.25-0.39 (anchizone; Pandeli et al., 2001).

3.1.1. The NCC Hanging Wall: Deformation of the Palombini Shales in Cavo

The Palombini shales show variability in their structural style along the 1 km NW-SE oriented section from
the stratigraphic contact with the Calpionelle limestones (Figure 4b) to the tectonic contact with the underlying
NCC (Figure 4a). Close to the Calpionelle limestones, the Palombini shales preserve their lateral continuous
beds of alternating limestones, marls, and shales organized in a gently to moderately WSW-dipping monocline
(Figure 4c). The shales and the marls are characterized by a WSW-dipping scaly fabric/slaty cleavage generally
oriented parallel to bedding. Sets of blocky carbonate veins with variable orientation crosscut the limestone
layers. Bedding-parallel veins are also present at the contact between the limestones and shales/marls layers.

The lateral continuity of bedding is lost in the lower part of the section, approaching the tectonic contact with
the NCC (Figure 4a). There, and for ~500 m in thickness, most of the Palombini shales crop as a broken forma-
tion with blocks and lenses of disrupted limestone layers surrounded by shales with a scaly fabric (Figures Sa
and 5b). The deformation style appears to depend on the limestone to shale ratio. Where shales dominate, blocks
and lenses of limestone with a lateral continuity of a few meters occur isolated within a shaly matrix (Figure 5a).
On the other hand, where limestone is more abundant, the disrupted limestone layers are arranged into complex
folds, boudins, and inverted boudins (i.e., folded boudins), as the limestone blocks interacted during deformation
(Figure 5b). This structural variability also influences the geometry of folds, which range from non-cylindrical
folds affecting both limestone and shale in limestone-rich outcrops (Figure 5b) to isolated, rootless folds' hinges
developed in limestone where the shale matrix dominates (Figure 5a). In both situations, folds show constant
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N-S to NNW-SSE trending axes with moderate 0—15° plunge toward the N and the S (stereonet al in Figure 5a)
and tight to isoclinal geometry with recumbent to W-dipping axial planes (Figure 5c). Boudinage structures are
common where the limestone to shale ratio is high (Figure 5b). Boudins show variable geometry, ranging from
symmetric pinch-and-swell structures to asymmetric boudins (Figure 5d), with blocky carbonate veins concen-
trated in the necks (Figure 5b). In many cases, the boudins appear folded and slightly rotated (e.g., Figure 5b).
Passive, complex disharmonic folding of the scaly fabric characterizes the shale interlayers that occur between
the boudinaged limestone blocks and the localized shear structures that accommodated the relative movement
of the blocks (Figure 5d). A network of blocky carbonate veins, with thickness ranging from 1 to 2 mm to about
5-6 cm, affects the limestone layers (Figure 5e), independently from boudinage structures (Figure 5b). Carbonate
veins appear considerably rarer in outcrops dominated by shales (e.g., Figure 5a).

3.1.2. The Cavo Mélange Zone

In Cavo, the 3040 m-thick serpentinite-derived mélange belonging to the NCC corresponds to a shear zone
(Figures 6a and 6b) that separates the Palombini shale (hanging wall block) from the Scaglia Toscana Fm.
(footwall block; Figure 4a). In the field, the contact of the serpentinite mélange with the overlying Palombini
shales appears as a cemented hardground, consisting of strongly veined, ophicarbonate with fragments (range:
<1-20 cm) of limestone, shale, and marl (Figure 6a). At the base, the contact is marked by an abrupt transi-
tion between the mélange rocks and the underlying foliated metasandstone, slate, and metalimestone (Scaglia
Toscana and Macigno Sandstone Fms.; Keller & Pialli, 1990) (Figure 6b). The mélange shows a block-in-matrix
fabric with heterometric blocks and fragments of ultramafic, mafic, and sedimentary rocks surrounded by a
carbonate-rich serpentinite-derived matrix (Figures 6¢ and 6d). The foliation of the mélange matrix is defined by
subparallel serpentine-rich bands of various color (greenish to dark green/black), carbonate veins, trails of angu-
lar blocks, and whitish talc-rich bands (Figure 6d). Lineations are rare and highlighted by quartz or carbonate rods
and aggregates of phyllosilicates or opaque minerals, oriented NW-SE (inset in Figure 6d). The foliation varies
in spacing and intensity across the mélange, with strongly foliated bands (Figure 6¢) that alternate with domains
where the foliation is folded, irregular, and more spaced, as it bends around the blocks (Figure 6d). Despite these
irregularities, the foliation dominantly strikes NW-SE to E-W, dipping to the NNW (stereonet a2 in Figure 4a).
Boudinaged carbonate veins with millimetric thickness occur oriented parallel to the foliation, but we observe
also younger carbonate veins cutting through the mélange.

The blocks show variable size, shape, and composition. Fractured serpentinites form the largest blocks that we
observed ranging in size from 0.5 to 3—4 m (e.g., Figure 6¢), but the vast majority are between a few mm
and 20 cm (Figure 6d). The most abundant blocks are ultramafic (serpentinite and ophicarbonate rocks) and
sedimentary (limestone and subordinate marl and shale), while blocks of mafic rocks are the least common
(Figures 6e—6h). Irregular networks of mm- to cm-thick carbonate and serpentine veins (e.g., Figure 6d) and
discrete shear fractures break the larger (>0.5 m) ultramafic blocks. The smaller ultramafic fragments typically
show an angular outline (e.g., Figure 6f). Limestone, shale, and mafic blocks tend to display a rounded shape,
delimited by reaction rims and/or carbonate veins (Figure 6e): mafic blocks usually show light green rims, while
limestone blocks have dark green to black rims (Figures 6g and 6h). Carbonate veins, with mm- to cm-thickness,
are common around these rims, mantling the blocks and appearing thicker in the direction parallel to the folia-
tion, similar to mesoscopic pressure shadows (Figure 6¢). Limestone blocks often contain networks of blocky
carbonate veins crosscut by reaction rims, suggesting that these veins formed before the reaction rims and possi-
bly before the Cavo mélange (Figure 6g). The structural style of the veined limestone blocks and the observed
composition of the sedimentary fragments (limestone, marl, and shale) allows us to consider the sedimentary
blocks as derived from the overlying Palombini shales (Figure 5).

Several kinematic indicators within the mélange indicate a dominant top-to-SE sense of shear. Many limestone
blocks mantled by reaction rims shows an asymmetric shape that indicates an eastward sense of shear (Figure 6h).
Asymmetric boudinage structure occurs in some blocks that are displaced by several cm to the east along subhori-
zontal shear bands (Figure 61). Shear band structures (S-C fabrics) are also very common in the mélange matrix,
where the NNW-NW dipping foliation is cut and dragged eastwardly by subhorizontal C’ shears (stereonet il in
Figure 61). The angle between the S foliation and C’ shears is generally around ~30°. Since lineations are mostly
absent/not evident in the mélange, the strike of the plane perpendicular to the bisector of S and C’ structures is
the most reliable indicator of the direction of shearing, oriented NW-SE (stereonet il in Figure 6i). Additional
kinematic indicators are represented by asymmetric aggregates of talc and carbonates occurring in the mélange
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Figure 6.
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matrix, with o-like shape, consistent with top-to-SE sense of shear (Figure 6j). Independently, the study by
Bianco (2020) confirms the top-to-SE kinematics of the mélange documenting also the presence of late top-to-W
faults overprinting the top-to-SE structures.

3.2. The Norsi Section

The Norsi area offers a 1.5 km long coastal exposure across the NCC at the base of the Ligurian Units. The NCC
here consists of a series of tectonic slices of NW-dipping Palombini shales coupled with tectonized ultramafic
rocks (serpentinites, serpentinized peridotites, and ophicarbonate rocks; Figures 2 and 7). Their total thickness
varies between 100 and 500 m, while the shale slices range between a few meters to ~100 m. The contact between
the Palombini shales and the serpentinites (Figure 7) is marked by a network of anastomosing shear zones, that
range in thickness from less than a meter to several tens of meters. These shear zones overprint older deformation
features developed in both the Palombini shales and the serpentinites (described in the next paragraphs). These
shear zones, including foliations and tectonic contacts, dip generally to the NW, concordantly with the overlying
Ophiolitic Unit (Figure 7). The upper contact of the NCC fades within the serpentinites of the Ophiolitic Unit,
which in turn preserve primary contacts with gabbro and basalt sequences covered by sedimentary sequences
(Figure 7). At the cartographic scale, the Ophiolitic Unit and the NCC are involved in a series of open recumbent
folds with hundreds of meters wavelength and NNE-SSW trending axes (cross section in Figure 7).

The base of the NCC is locally crosscut by a NW-dipping top-to-E out-of-sequence thrust (the CN-MAT in
Figures 2 and 7; Viola et al., 2018) which in Norsi brings the NCC, originally outside of the contact aureole of
the Porto Azzurro pluton, in contact with cordierite-bearing aureole rocks of the Ortano Unit. Consequently, the
base of the NCC does not preserve its original relationships with the underlying continent-derived units in Norsi.
The NCC escaped contact metamorphism, but was locally affected by channelized, hydrothermal fluids with the
development of calcsilicates in reactive limestone layers within the Palombini shales and in some serpentinite
bodies (Zucchi, 2020).

3.2.1. Deformation of the Palombini Shales at Norsi

The Palombini shales show a heterogeneous distribution of deformation and an internal variation in struc-
tural style (Figure 8). The shales and marls are characterized by a slaty cleavage, that is generally parallel
or sub-parallel to the limestone layers. Limestones generally lacks cleavage planes, although locally they
show pressure solution surfaces and/or stylolites oriented parallel to foliation. Bedding-parallel blocky and
fibrous carbonate veins, showing extensional to hybrid mode of opening, are common. Fibers in carbonate
veins are oriented perpendicular to the vein walls, hence generally perpendicular to the foliation, and do not
mark a specific stretching direction. Furthermore, irregular networks of chocolate-tablet-like blocky carbonate
veins commonly crosscut limestone layers. The foliation generally strikes N-S to NE-SW and dip moderately
(10-50°) to the NNW-NW (stereonet al, a3, and a5 in Figure 7), with local southeastward dips caused by the
presence of late open folds with inclined to recumbent geometry shown in the cross section of Figure 7. Such
open folds correspond in structural style to those refolding the entire nappe stack (visible in Figure 3b) and are,
hence related to the post-nappe stacking (Miocene) deformation stage. The scattering of the poles to the foliation
(stereonet al and a5 in Figure 7) is consistent with roughly NW-SE trending axes of such late folds. Locally,
shaly layers show subhorizontal crenulations (stereonet a6 in Figure 7) that can be geometrically linked to the
axial plane foliation of these folds.

The structural style of the limestone-shale multilayer appears related to the thickness of the limestone beds and
the proportion of limestone over the surrounding shales. Bedding is well preserved in outcrops where thick lime-
stone layers (0.5-2 m) alternate with thin shale interlayers (Figure 8a). These outcrops are typically affected by
high wavelength open to tight folds and local, incipient boudinage of the limestone layers. Outcrops with thin

Figure 6. The mélange of the Norsi-Cavo Complex (NCC) in Cavo. (a) Detail of the upper contact between the mélange and the Palombini shales, marked by a
carbonate-rich zone (hardground). (b) Detail of the main body of the mélange and its basal contact with the Scaglia Toscana Fm. (Cavo Fm.) (c) Large block of
fractured and veined carbonate-rich serpentinite surrounded by the mélange matrix. (d) Detail of the mélange matrix, consisting of carbonates and serpentine and
showing a foliated fabric enveloping heterometric blocks of ultramafic, sedimentary, and mafic rocks. Carbonate veins are mostly folded or parallel to the foliation,

but some crosscut the mélange fabric. The inset highlights a foliation surface showing well-developed mineralogical lineations (phyllosilicate and opaque trails). (e~h)
Examples of blocks/fragments encased in the mélange, showing (e, g, h) reaction rims (yellow arrows), (¢) marginal carbonate veins (cyan arrows), and (g) internal
carbonate veins crosscut by the mélange matrix. (h, i, j) Top-to-E kinematic indicators: (h) asymmetric blocks, (i) blocks crosscut by C’ shears and S-C’ structures, and
(j) asymmetric aggregates of talc (yellow dotted line). il: S-C’ foliation planes.
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Figure 7. Geologic sketch map and composite cross sections of the Norsi area with (al—a7) stereonets to the main structural features. Map after Barberi et al. (1967),
improved based on field surveying carried out in the present work. The location of the fault gouge sample dated via K/Ar by Viola et al. (2018) is shown with a

yellow star.

limestone layers (<10 cm) and roughly equal proportion (i.e., rhythmic alternations) of shale and limestone show
disharmonic folds with thickened hinges and local boudinage of the limbs (Figure 8b). The hinges of these folds
commonly show extensional veins fanning through their outer arc. Moreover, these outcrops notably display
refolded folds and overprinting axial plane cleavages (Figure 8b), which are likely the result of progressive
deformation during the same deformation phase. Indeed, we note that the orientation of the axes, axial planes,
and geometry of these folds is identical (see below). Where, the Palombini shales are shale-dominated, the most
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Figure 8. The Palombini shales in Norsi. (a) N-dipping, thick limestone beds separated by thin shale layers. (b) Rhythmic alternations of tightly interbedded limestone
and shale with refolded folds (red dashed lines = traces of axial planes; yellow dashed line = foliation). (c) Rootless folds in partially disrupted limestone beds in a
shale-dominated outcrop. (d) Thickened hinge in limestone with refracted axial plane foliation and a carbonate vein cutting through (cyan arrow). (e) Contact between
intact and disrupted Palombini shales with (f) detail of folded limestone clast crosscut by networks of veins, surrounded by a shaly matrix.

common situation, disrupted lenses of limestone of variable thickness are laterally continuous only for some
meters up to some tens of meters (Figure 8c). In shale-dominated outcrops folds develop in limestone layers:
they are rootless (Figure 8c) and show overthickened hinges and tight to isoclinal interlimb angle (Figure 8d).
Cleavage refraction may be visible in clay-bearing limestone layers, and foliation-parallel veins may cut through
the hinge (Figure 8d). Despite the internal variability, these folds show remarkably similar orientation of fold
axes: they dominantly trend NNW-SSE and plunge gently to moderately (0-25°) to the NNW (stereonet a7 in
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Figure 9. Fabrics of the Norsi serpentinites. (a) Road cut showing the compositional variability within the ultramafics. (b) Outcrop of foliated serpentinite with lenses
of massive serpentinites. (c) Detail of strongly serpentinized peridotite preserving some pyroxene relics (likely bastites).

Figure 7), with axial planes inclined to the WNW (e.g., Figure 8b), recumbent or NE-dipping (Figures 8c and 8d).
At the contact with the serpentinites, the margins of the Palombini shales lenses are often characterized by metric
to tens of meters-thick zones of chaotic fabric resulting from intense deformation (Figure 7). The block-in-ma-
trix structures occur at the expense of the Palombini shales irrespectively of their limestone to shale ratio and
bed thickness. The example shown in Figure 8e documents the quite abrupt contact between intact rhythmic
alternation of limestone and shale (left) with a thickness of ~5-20 cm and disrupted, chaotic fabrics (right). The
orientation of the foliation is constant across the transition between the two fabrics (Figure 8e). Chaotic fabrics
contain heterogeneously sized blocks (mm- to dm) entrained in a shale matrix (Figures 8e and 8f). The blocks
consist of angular fragments of limestone that internally preserves several tectonic structures like networks of
blocky carbonate veins, and broken fold hinges (Figure 8f). Notably, fragments of blocky calcite, likely derived
from disrupted veins, occur in the mélange matrix (Figure 8f).

3.2.2. Structural Fabrics of the Serpentinites at Norsi

The serpentinites at Norsi show a wide range of different fabrics, all oriented parallel to the dominantly W to
NW-dipping regional foliation (Figure 7) as in the rest of the island (e.g., Papeschi et al., 2021), Specifically,
in the Norsi area the attitude of the serpentinites varies from NW- to NE-dipping, due to the presence of late
open recumbent folds affecting the sequence (stereonet a2 and a4 in Figure 7). As shown in Figure 9a, the
ultramafic rocks (sensu latu) consist of parallel bodies/lenses of serpentinite, serpentinized peridotite (preserving
a few pyroxene and spinel relics), and ophicarbonate rocks. The foliation in the ultramafic rocks is defined by
the preferred orientation of serpentine, olivine and pyroxene relics, and serpentine veins (e.g., Figure 9a). The
serpentinite foliation is often irregular or curvilinear, enveloping around lenses and bodies of unfoliated or poorly
foliated ultramafic rocks (serpentinite and strongly serpentinized peridotite), resulting in lens-like structures,
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Figure 10. The top-to-SE shear zone at Capo Pini. (a) Panoramic view of the shear zone with (al—-a5) stereographic projections showing the orientation of the main
structural elements. (b) Detail showing NE-verging folds and layers, boudinaged and drag along W-verging shear zones.

commonly observable at outcrop scale. Serpentinized peridotites/massive serpentinites can show a spaced foli-
ation, outlined by foliated serpentine-rich bands as in Figure 9a, but—more commonly in the Norsi area—they
occur as unfoliated bodies (Figure 9b) crosscut by serpentine veins and containing a few relics of mm- to cm-sized
pyroxene grains (Figure 9c).

3.2.3. Deformation in the NCC Shear Zones in Norsi

The anastomosing shear zones of the NCC that separate the slices of Palombini shales from the serpentinites
are well-exposed in several coastal sections in the Norsi area (Figure 7). In Figures 10 and 11, we show in
detail a complete section though one of these shear zones in the C. Pini—C. Marinaro area, coupling ultramafic
rocks (hanging wall block) with the Palombini shales (footwall block). This shear zone is ~40-50 m thick and
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Figure 11. The upper part of the Capo Pini shear zone (serpentinite shear zone in Figure 10). (a) Close up of the shear zone and detail of the lithologies involved. (b)
Contact between the Palombini shales (below) and the serpentinites (above). Note the strongly foliated fabric of the serpentinite. (c) Spherulites in the core of the mafic
block. (d—f) Top-to-E kinematic indicators with (d) deflected carbonate vein (cyan arrows), (e) S-C’ structures affecting mafic blocks, and (f) cataclastic bands oriented

parallel to C’ shears.

comprises an upper 5-10 m thick serpentinite-rich part, developed in contact with the hanging wall lithologies
(serpentinite and ophicarbonates), in sharp contact with a lower 20-30 m thick shale-rich part developed in
the Palombini shales (Figure 10a). Foliations, from the footwall to the hanging wall blocks concordantly dip to
the NNW-NW (stereonet al, a2, a3 in Figure 10a). The basal contact of the shale-rich part of the shear zone
(shale shear zone) truncates the Palombini shales, characterized by a NW-dipping slaty cleavage and shale/lime-
stone layering, locally refolded by ESE-verging tight to isoclinal inclined folds (visible to the right in Figure 10a).
As shown in Figure 10a, the contact with the overlying shale shear zone is marked by a top-to-NW drag of the
foliation in the Palombini shales and extensive boudinage of lenses of limestone and shales, whose asymmetric
shape is consistent with top-to-NW sense of shear (Figure 10b). The shale shear zone is characterized by a chaotic
block-in-matrix fabric with disrupted blocks of limestone surrounded by a shaly matrix with a penetrative scaly
fabric (Figure 10a). S-C’ structures and drag folds in the shaly shear zone indicate top-to-NW kinematics with C’
shear bands being statistically steeper to the NW than the shear zone foliation (stereonet a5 in Figure 10).

The overlying serpentinite-rich part of the shear zone (serpentinite shear zone) consists of a complex mixture
of deformed ultramafic, mafic and sedimentary rocks encased in foliated serpentinites (Figure 10a). We inves-
tigated in detail the outcrop of Figure 11a, which offers a full section from the top of the sheared Palombini
shales (shale shear zone) to the base of the hanging wall block. The foliation of the disrupted Palombini shales
at the base is generally sub-parallel to the shear zone foliation but limestone layers are locally truncated by the
overlying serpentinites (Figure 11a; detail in Figure 11b). Most of the shear zone consists of strongly foliated
serpentinites (Figure 11b) with S-C’ structures. Their foliation is defined by the preferred orientation of serpen-
tine and carbonate veins occurring in the serpentinites (Figure 11b). The serpentinites in this section envelope
a deformed mafic rock lens and a fractured, massive serpentinite body (Figure 11a). The mafic rock lens is
truncated by NW-dipping high-angle domino type boudinage structures that indicate top-to-E sense of shear
(Figure 11a). The mafic rock contains spherulitic textures (Figure 11c) in its core, which is mantled by foliated
mafic material (Figure 11a). The massive serpentinite body variably preserves serpentinized minerals (pyroxene/
olivine relics) and it is crosscut by serpentine and carbonate veins. The upper part of the shear zone consists of
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a foliated greenish clay—serpentine mixture (mixed layer) that contains lenses of limestone (Figure 11a). The
contact between serpentine-dominated and serpentine-clay lithologies is shown in Figure 11d. The mixed layer
is in sharp contact with the overlying ultramafics, consisting of serpentinites and unfoliated ultramafic breccias
rich in carbonate veins (ophicarbonates in Figure 11a). Figures 11d—11f show the complexity of the shear zone,
which include well-foliated serpentinites, mafic rocks, and layers of serpentine- and carbonate-rich breccias
and variably consolidated gouge/cataclasites (e.g., Figure 11f). S-C’ fabrics localized on C/C’ shear bands and
with cm to dm displacement are observable at all scales (Figure 11e). C/C’ shears are sub-horizontal to gently
NW-dipping, compared to the moderately NW-dipping shear zone foliation that marks the S-fabric (stereonet a4
in Figure 10a): the intersection lineation between S and C/C’ planes is well visible on the polished serpentinite
foliation planes. These structures are consistent with dominant top-to-SE sense of shear. Blocky and fibrous
carbonate veins with variable thickness (mm—cm) occur generally sub-parallel to the foliation (Figure 11d), and
they are commonly dragged eastwardly by C/C’ shears.

4. Discussion
4.1. Genesis and Significance of the Norsi-Cavo Complex: A Fossil, Alpine Subduction Channel?

Our field-based structural analysis allows to define for the first time the existence of a zone of intense deforma-
tion, characterized by severe tectonic slicing, mélanges, and broken formations that marks the contact between
the oceanic Ligurian prism and the continent-derived nappes in the Northern Apennines orogenic wedge on the
Island of Elba (Figure 2). Previously, several authors also recognized the intense tectonization at the base of the
Ligurian Units, suggesting this deformation to be related to the Cretaceous-Eocene subduction stage (Keller &
Pialli, 1990; Perrin, 1975). The nappe stack of Elba also recorded several events of extension, compression, and
out-of-sequence thrusting in the Miocene which modified the original architecture and that are currently object
of debate (see recent reviews in Ryan et al., 2021 and Jolivet et al., 2021). However, these events neither can be
responsible for the formation of the NCC neither substantially modified the architecture of the NCC, because:

1. The NCC consists solely of oceanic-derived material (serpentinites, ophicarbonates, limestone, shale, mafic
rocks; Figures 2, 3, 6, 7, 10 and 11). Even where the NCC is juxtaposed to continental units (e.g., the Tuscan
Nappe in Cavo and the Ortano Unit in Norsi; Figures 6 and 7), no material derived from the continental block
can be observed within the shear zone. This is an indication that the main structuration of the NCC occurred
when only ocean-derived material was available, pointing to its development during the oceanic subduction,
before the arrival of the Adria continental margin (hence before the Oligocene—early Miocene, based on the
age of the early Apennine foredeep deposits; Conti et al., 2020 and references therein). On Elba the youngest
sediments below the Ligurian Units are the Macigno Sandstone (Oligocene) in the Tuscan Nappe, and the
Spotted Schists of the blueschist-facies Ortano Unit, which recently yielded 31.6 + 0.5 Ma (Oligocene) detri-
tal zircon ages (Jacobs et al., 2018).

2. The youngest sediment incorporated in the NCC are the Palombini shales (Figures 6, 7, 10 and 11), which
in this area are Hauterivian-Albian (Lower Cretaceous) in age (Principi et al., 2015). This indicates that
the deformation observed in the NCC postdates the Lower Cretaceous. In the Northern Apennines the late
Cretaceous-Eocene interval corresponds to the timing of oceanic subduction (Molli et al., 2008; Vignaroli
et al., 2008; Marroni et al., 2010, 2017).

3. Younger structures, like the Zuccale Fault or the Capo Norsi-Monte Arco Thrust invariably crosscut the NCC,
affecting oceanic and continental units alike, as well as the Miocene magmatic rocks and their contact aureole
(Figures 2, 3 and 7; Collettini & Holdsworth, 2004; Jolivet et al., 2021; Keller & Coward, 1996; Keller &
Pialli, 1990; Smith et al., 2011; Musumeci & Vaselli, 2012; Musumeci et al., 2015; Papeschi et al., 2021).
Ar/Ar and K/Ar radiometric dating confirm the geological relationships observable at the outcrop scale,
constraining their activity to the late Miocene—early Pliocene (Viola et al., 2018 and references therein).
Furthermore, as shown in Figure 3a, the NCC is involved, together with the nappes above and below it, in an
antiform associated with the late Miocene activity of structures interpreted as out-of-sequence thrusts (Massa
etal., 2017).

4. The underlying continent-derived units show a prograde metamorphic gradient, with deeper units marked by
higher pressure orogenic metamorphism (Tuscan Nappe: anchizone; Rio Marina Unit: greenschists; Ortano
Unit: lawsonite blueschists at P > 1.5 GPa; Papeschi et al., 2020 and references therein). This situation can be
explained thanks to the presence of exhumation-related shear zones (shown in Figure 3a), which are parallel
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to orogenic thrusts, dip to the west, and have top-to-W sense of shear (Ryan et al., 2021). These shear zones
are observed in the continental wedge but are missing in the overlying Ligurian Units.

The previous interpretation of a segment of the NCC in the Cavo area as an earlier extensional shear zone that
was rotated by the more recent activity of the ZF (Bianco, 2020) is not consistent with the evidence, reported by
Musumeci et al. (2015), that foliations have identical attitude above and below the ZF and that, hence, no block
rotation linked to its activity is possible. We hereby discuss observations arising from the present study that
support the interpretation of the Norsi-Cavo Complex (NCC) as a fossil subduction channel in the inner part of
the Northern Apennines.

The structural position of the NCC in the nappe architecture, below the Ligurian prism and right above the
Adria-derived continental units, is a first-order observation. This position makes the NCC the internal analog
to the Sestola-Vidiciatico Unit, interpreted as a fossil subduction channel in the external Northern Apennines
(Remitti et al., 2007; Vannucchi et al., 2008). On Elba, the base of the Ligurian prism consist of an Ophiolitic
Unit, considered to be a coherent ophiolite-bearing unit accreted in the Ligurian prism (Keller & Pialli, 1990;
Perrin, 1975; Principi et al., 2015). Indeed, the Ophiolitic Unit, as shown in Figures 2 and 3b, is characterized
by large-scale tight to isoclinal folds that affect a more-or-less preserved succession and that are only locally
reworked by thrusts, largely localized in the reverse limbs of folds. The transition to the underlying NCC marks
an abrupt change in deformation style, as also noted by Perrin (1975) and Keller & Pialli (1990). The NCC is
indeed characterized by intense tectonic slicing that coupled and repeated lithotypes like Jurassic serpentinites
and Cretaceous sediments that were originally distant in the stratigraphy of the Ophiolitic Unit (Figure 3b). Nota-
bly, the deformation of the NCC is also characterized by the development of mélange bodies (Cavo; Figure 6) and
metric shear zones with mixed sedimentary and serpentinite-derived material (Norsi; Figures 10 and 11). A simi-
lar deformation style, with the formation of mélanges and complexes of tectonic slices derived from the upper
plate and from the subducting slab, has also been reported in subduction complexes exposed for example, in the
Shimanto Belt of Japan (Kimura et al., 2012; Kitamura et al., 2005) and in the Alps (Angiboust et al., 2014, 2015;
Bachmann, Oncken, et al., 2009; Bachmann, Glodny, et al., 2009; Ioannidi et al., 2020). Both in Norsi and in
Cavo, the deformation structures linked to these fabrics are invariably characterized by top-to-E kinematic indi-
cators, and N-S striking, E-vergent folds, associated with N-S to NE-SW striking and WNW-NNW dipping
foliations (Figures 4, 5, 7, 8 and 10). The trend and vergence of these structural elements, typical of Apennine
structures on Elba, are observed both in the Ligurian Units and the underlying continental units, and they are
linked to the oceanic to continental convergence stage D, (Keller & Coward, 1996; Keller & Pialli, 1990; Massa
et al., 2017, Pertusati et al., 1993).

The character of the widespread broken formations, largely derived from the Palombini shales (e.g., Figures Sa,
5b and 8e) and typical for subduction settings, suggests deformation started when the sediments were poorly lith-
ified and/or saturated in fluids (i.e., in the shallow plate boundary; e.g., Bettelli & Vannucchi, 2003; Vannucchi
& Bettelli, 2002). The variable orientation of carbonate veins in the Palombini shales (e.g., Figure 5) further
supports the presence of a fluid-saturated tectonic environment. Moreover, in addition to pervasive veining,
mélange rocks show reaction rims around sedimentary and mafic blocks indicating extensive availability of
fluids for chemical reactions during deformation (e.g., Figures 6e and 6h). The structures preserved within the
tectonic lenses of Palombini shales in Norsi, when they are not reworked by the NCC shear zones, are compa-
rable in orientation and deformation style with those recorded by the Palombini shales outside of the NCC in
Cavo. In particular, folds with comparable geometry occur in both localities (Figures 5 and 8), showing identical
subhorizontal axial planes, tight to isoclinal hinges, and N-S trending axes (stereonet al in Figure 5; stereonet
a7 in Figure 7). Folding is compatible with deformation within the accretionary prism and this style of folding is
well documented in the Palombini shales accreted in the Ligurian prism in the inner and outer Northern Apen-
nines (Bettelli & Vannucchi, 2003; Elter, 1975a; Marroni & Pandolfi, 1996). Finally, the thickness of the NCC,
between 30—40 m in Cavo and 500 m in Norsi, and its structure, marked by thick mélange zones and metric shear
zones with tectonic slices and cataclastic/foliated fabrics (e.g., Figures 6 and 11), requires an extremely high
cumulated strain, which is possible in subduction zones. Indeed, both geophysical studies from currently active
subduction channels (e.g., Calahorrano et al., 2008; Collot et al., 2011) and geological studies of fossil subduction
channels (e.g., Angiboust et al., 2015; Bachmann, Glodny, et al., 2009; Bachmann, Oncken, et al., 2009; Ujiie &
Kimura, 2014) document thick (hundreds of meters to kilometer-scale) zones of intense deformation of oceanic
ophiolites and sediments, compatible with the thicknesses we observe on Elba. Finally, the fluid-rich deformation
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Figure 12. Sketch showing the evolution of the nappe stack from

the Cretaceous to present, based on observations from Elba. (a)
Cretaceous-Eocene: development of a subduction channel (Norsi-Cavo
Complex [NCC]) above an E-verging subduction system. (b) Eocene—
Oligocene: arrival of the Adria continental margin in the subduction channel.
(c) Oligocene—early Miocene: accretion of continent-derived nappes and
deactivation of the oceanic subduction channel. The inset highlights top-to-W
extrusion wedge exhumation active in the underlying continental nappes at
this stage, producing a normal metamorphic gradient (Ryan et al., 2021).

(d) Miocene—present: outward migration of the compressional front of the
Apennines, extension, magmatism and out-of-sequence thrusting in the
Tyrrhenian Sea. Formation of a new subduction channel (Sestola-Vidiciatico
Unit; Vannucchi et al., 2008) at the Apennine front. In this scheme, the ZF is
shown as a low-angle normal fault (e.g., Smith et al., 2011), although other
authors interpret it as a thrust (e.g., Viola et al., 2018). See text for a detailed
commentary.

conditions of the NCC are consistent with the study by Collot et al. (2011)
and related papers that show that the subduction channel is a fluid-saturated
low-velocity layer. Thus, we suggest that the Norsi-Cavo Complex represents
a fossil subduction channel (Figure 13a), likely the internal counterpart of
other plate boundary structures recognized in the external part of the belt
(i.e., the Sestola-Vidiciatico Unit; Vannucchi et al., 2008).

In Figure 12, we show a conceptual model of the development, evolution,
and subsequent deactivation of the NCC subduction channel which shows
how this structure might have survived the later tectonic evolution. The NCC
developed at the subduction interface (Figure 12a), between the downgo-
ing oceanic plate and the overlying accretionary prism (Ligurian Units). It
is unclear how this structure might be related or passes to alpine-verging
structures (like Alpine Corsica), but all kinematic indicators in the Elba area
are associated with top-to-E deformation, consistent with the W-dipping
Apennine subduction, active between the late Cretaceous and the Eocene.
When the margin of the Adria microplate entered subduction in the Oligo-
cene (Figure 12b), it caused a change in behavior and deformation style of the
system (Figure 12¢). During this phase, coherent nappes were accreted from
the downgoing Adriatic lithosphere (Subligurian Units and Tuscan Units)
with some units experiencing subduction-related blueschist-facies metamor-
phism (Papeschi et al., 2020; Ryan et al., 2021), while the fossil accretion-
ary prism remained on top of the nappe pile, including the (now) inactive
NCC subduction channel. The subduction of continental rocks requires a
mature W-dipping subduction before the Oligocene—early Miocene (Rossetti
etal., 2002; Ryan et al., 2021). The inactivity of the NCC at this stage on Elba
is shown by the lack of continental material (sediments, tectonic slices or
blocks) within the NCC and by the presence of later structures—Ilike the Rio
Marina antiform, constrained to the middle Miocene and shown in Figure 3b
(Massa et al., 2017)—that folded and crosscut the pre-existing NCC. In the
latest stages of the Tyrrhenian tectonics (Miocene—present), magmatism was
accompanied by pulses of extension and compression (Figure 12d), but the
deactivated subduction channel (NCC) survived as a fossil structure, trun-
cated by younger shear zones. The outward propagation of the thrust front
and the hinge of the rolling subduction produced a younger subduction
channel (Sestola-Vidiciatico Unit) at the front of the Northern Apennines
(Vannucchi et al., 2008).

4.2. Conditions of Deformation of the Norsi-Cavo Complex

The Norsi-Cavo Complex consists of very low-grade rocks that recorded
deformation at diagenetic to anchizone conditions. According to Pandeli
et al. (2001), the metamorphism of the Palombini shales in Cavo does not
exceed the high diagenesis/anchizone (illite crystallinity, A26 = 0.41-0.51).
The ultramafic rocks of Eastern Elba are also low-grade rocks, character-
ized by lizardite-chrysotile parageneses (Viti & Mellini, 1998). There are
no direct temperature and pressure constraints, but overall, illite crystallin-
ity indicates temperatures around ~120°C-200°C. The blueschist-facies
parageneses preserved in the underlying continent-derived units on Elba
reached P = 1.5-1.8 GPa at T = 320°C-370°C before 20 Ma (based on phase

equilibria modeling and “°Ar/*°Ar dating; Papeschi et al., 2020; Ryan et al., 2021 and references therein). If we

assume that the geothermal gradient did not change substantially from the oceanic subduction to the continen-

tal convergence stage and assuming a density of the crust 2.8 g/cm?, we can estimate a subduction gradient of

6—8°C/km for these rocks. If the Palombini shales were subducted at similar gradients, they might have reached

around 15-20 km depth. This depth might be lower if the geothermal gradient was hotter, as it is common
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Figure 13.
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in the early stages of oceanic convergence, or the density of the overlying rocks was higher. We can estimate
independently the paleodepth of the observed structures within the subduction channel by applying the model
of Vannucchi, Sage, et al. (2012): at shallow depths (T up to 120°C-150°C, up to 5/15 km of burial), the verti-
cal o, produces widespread normal faulting and tensional veins within the subduction channel (see also Collot
et al., 2011). On the other hand, at greater depths (>5-15 km and T > 150°C), corresponding to the shallow
zone of seismogenesis, the subduction channel consists of a thick shear zone with ductile/cataclastic structures
and veins (Vannucchi, Sage, et al., 2012). The situation we describe on Elba is consistent with the latter case.
Although more precise P/T constraints are needed for these rocks, we note that the estimates from the geothermal
gradients of blueschist-facies rocks, T estimates from illite crystallinity, and the structural record we observe
are consistent with depths close to the shallow zone of seismogenesis (i.e., >5-15 km; Figure 13a). In this
sense, the Norsi-Cavo Complex likely represents a deeper portion of the subduction channel compared to the
Sestola-Vidiciatico Unit, which mostly deformed at depth <3-5 km (Vannucchi et al., 2008).

4.3. Cavo and Norsi: Two End-Members of Subduction Channel Processes?

The documented subduction channel of Elba is characterized by lenses of oceanic sediments (in large part Palom-
bini shales) within ultramafic rocks. We document two situations with remarkably different tectonic structures
and deformation features, although they are characterized by similar top-to-E kinematics: Cavo and Norsi.

Cavo is the only place on the island where the ultramafic rocks that commonly constitute a sequence of several
hundred meters at the base of the ophiolitic Ligurian Unit are reduced to a 30—40 m thick serpentinite mélange
zone with heterometric blocks of sedimentary rocks and ophiolites (Figure 6). Another situation that is unique
to Cavo is that the Palombini shales, which usually constitute the base of the Ligurian Units, here maintain
a stratigraphic contact with the older Calpionelle limestones (Figure 3). The mélange in Cavo consists of a
serpentine + carbonate-rich matrix with dominant top-to-E kinematics containing blocks of ultramafic rocks,
mafic rocks, and abundant fragments of limestone, marl, and shale. These latter sedimentary components come
from the overlying Palombini shales. Limestone blocks are surrounded by reaction rims; they typically contain
pre-existing tectonic structures, like veins, that are truncated by the mélange foliation (e.g., Figure 6g).

Instead, in Norsi and in most of the island, coherent lenses of Palombini shales occur tectonically intercalated
within ultramafic rocks, largely serpentinites, at the base of the Ligurian Unit. As shown in Figures 7 and 10, the
contact between the lenses of Palombini shales, the youngest oceanic sediments on Elba, and the ultramafic rocks
occurs through meter- to tens of meters-thick shear zones. These shear zones consist of material derived from
both the serpentinites/peridotites and the Palombini shales (Figures 10 and 11), and, to a lesser extent, from other
lithologies like mafic rocks. We observe a strain gradient in both rock types, marked by ductile deformation and
cataclasis of the serpentinites and an intense stratal disruption of the Palombini shales that increases toward the
contact between the two lithologies (Figure 8). Serpentinite shear zones, mixed with Palombini-derived material,
show constant top-to-E kinematics. Just in one outcrop we observe a top-to-W shear zone at the contact between
serpentinites and a lenses of Palombini shales (Figure 8a).

These geological observations imply that the Cavo-Norsi Complex represents a fossil, now exhumed, subduction
channel (Cloos & Shreve, 1988a, 1998b)—that is, a subduction boundary shear zone—that is preserved at the
base of the Ligurian Units. The subduction channel interpretation also allows us to reconcile the differences
observed between Cavo and Norsi (Vannucchi et al., 2012a). The situation observed in Cavo can be consid-
ered to be an erosive subduction channel, where the upward migration of the roof décollement has caused the
incorporation of material derived from the wedge into the subduction channel (Figures 13b and 13c). This inter-
pretation is based on (a) the relative thinner height of the peridotite/serpentinite sequence compared to the rest
of the island, (b) the formation of a tectonic mélange with mixed ophiolitic and sedimentary material, and (c)
the tectonically-driven incorporation of material derived from the Palombini shales into the serpentinite mélange.

Figure 13. The proposed subduction channel shear zone on Elba. (a) Schematic model of the fossil Apenninic subduction channel, based on Figure 1 of Vannucchi
et al. (2008). and with thermal constraints based on the Costa Rica Margin (Harris & Wang, 2002). The situations we document in Cavo and Norsi are representative,
respectively, of (b—c) the upward and (d—e) downward migration of the roof decollément (Vannucchi, Sage, et al., 2012; Vannucchiet, Remitti, et al., 2012). (b) The
upward migration of the decollément causes tectonic erosion of material from the wedge and its incorporation in the subduction channel. (c) The Cavo mélange is
here interpreted as a remnant of this process. (d) The downward migration of the roof decollément produces accretion of tectonic slices of underplated sediments and
serpentinites, likely eroded away from other parts of the wedge, at the base of the accretionary wedge, producing the duplex structure observed at Norsi. See text for

further details.
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The blocks of Palombini shales likely derive from the extensive exposures of Palombini shales in the nearby
hanging wall block. In fact, even though similar tectonic structures (veins, fractures) could have been also formed
at the top of the subducting slab, there is no indication of the composition of the original lower plate. At present
the footwall block is occupied by the Tuscan Units that reached the subduction zone only in the Oligocene (e.g.,
Keller & Pialli, 1990), while it appears unlikely that the original footwall also consisted of Palombini shales and
not of younger (Cretaceous—Paleogene?) trench sediments. The presence of other components, like blocks of
mafic rocks, can be explained either as material eroded (and therefore no longer present) from the overlying prism
or locally offscraped from the subducting slab. The process of tectonic erosion could also explain the limited
thickness and strong tectonization of serpentinites in Cavo, where they are only 30—40 m thick (vs > 500 m in
Norsi), since tectonic erosion is a destructive process that removes material from the wedge. It is likely that only
some of this material was preserved there when the Adriatic margin entered the subduction zone, halting tectonic
erosion and driving the downward migration of the decollément, to incorporate continent-derived nappes in the
early orogenic prism (Figure 13c).

On the other hand, in Norsi the youngest sediments of the oceanic sequence are in direct contact with oceanic
mantle rocks (serpentinite and ophicarbonate rocks) right at the base of the ophiolitic unit. This situation is
consistent with an accretionary subduction channel, in which the downward migration of the top décollement
allowed the accretion/underplating of material from the channel and at the base of the prism. In this model,
the top-to-E shear zones observed at the base of the ultramafic rocks and characterized by intense veining and
mixing of ultramafic, mafic, and sedimentary material formed at the subduction interface between the base of
the Ligurian Units and the subducting Palombini shales (Figures 13d and 13e). As discussed above, the slices of
Palombini shales preserve folds and other deformation structures that are comparable to those in the Palombini
shales occurring above the subduction channel in Cavo, and typical of the same formation in other outcrops of
the Apennine accretionary prism. Indeed, these structures have already been described in the Palombini shales
in other parts of the belt and are indicative of folding in a compressive domain (Bettelli & Vannucchi, 2003;
Vannucchi & Bettelli, 2002). This structural style differs from the deformation characterizing the plate boundary
shear zone outcropping in the outer zone of the Northern Apennines (e.g., Sestola-Vidiciatico), which is repre-
sented by bedding-parallel simple shearing and flattening (Vannucchi et al., 2008, Vannucchi, Sage, et al., 2012).
This difference in finite strain between the intra-prism and plate boundary deformation style has been noted
also in other settings, like Kodiak, the Alps, and Christalls Beach (Bachmann, Oncken, et al., 2009; Bachmann,
Glodny, et al., 2009; Fagereng et al., 2010; Fisher & Byrne, 1987).Therefore, we explain the presence of folded
lenses of Palombini shales at the base of the serpentinites as the result of incorporation of already deformed
material from the upper plate into the subduction channel. Norsi, therefore, has frozen a situation where slices
of sediment removed from the upper plate through a process of tectonic erosion have been re-accreted at the
top of the subduction channel (Figure 13e), likely at deeper structural levels. It is also possible that the serpen-
tinite slices themselves derived from the erosion of the overlying thick ophiolitic sequence, and that they were
entrained in the subduction channel before being re-accreted in Norsi. Indeed, if serpentinites were already pres-
ent in the subduction channel (Figure 13d), the downward migration of the roof decollément of the subduction
channel would have allowed the successive accretion of lenses (horses) of serpentinite and Palombini shales to
form a duplex structure (e.g., Raimbourg et al., 2019) (Figure 13e). This process might have occurred several
times during the geologic evolution of the Elba subduction channel, with tectonic erosion removing material off
some portions of the prism and underplating accreting the eroded material in other segments of the subduction
channel. Angiboust et al. (2015) also documented superimposed lenses of material (duplexes) derived from the
subduction channel in the western Alps, interpreting them as multiple episodes of accretion during the Alpine
subduction. In this scenario, the top-to-W shear zones occurring in the sediments (Figure 13e) could be explained
as later exhumation-related features, similar to the top-to-W shear zones described by Ryan et al. (2021) in
the nearby blueschist-facies rocks. However, since we do not observe cross-cutting relationships between the
top-to-W and the top-to-E shear zones, we prefer to interpret them as the result of compression at the interface
between serpentinite and Palombini shales bodies, which resulted in a deflection of the foliation (as large-scale
flanking structures; Passchier, 2001).

The scale of the transition between the situations of Norsi and Cavo, although possibly diachronous and docu-
menting different stages of the history of the Ligurian subduction, is on the order of tens of kilometers, consistent
with the transitions between accretionary and erosional margins observed in modern subduction zones when
trenches experience subduction of topographic highs or incipient collision (e.g., New Britain Trench; Galewsky
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& Silver, 1997; Honza et al., 1989; Riker-Coleman et al., 2006). Similar lateral changes in deformation style and
composition of mélange blocks and its fabrics have also been observed in Arosa by Bachmann, Oncken, et al.
(2009 and Bachmann, Glodny, et al., 2009) and are supported by numerical modeling, showing transient changes
between underplating and erosion (Angiboust et al., 2021).

5. Conclusions

Our detailed structural analysis of the Norsi-Cavo Complex, an ensemble of tectonic slices developed at the contact
between a fossil oceanic accretionary wedge and underplated continent-derived units documents a fossil—and
now exhumed -Alpine subduction channel in the hinterland zone of the Northern Apennines. Field relationships
suggest that this subduction channel developed between the Upper Cretaceous and the Oligocene, that is, between
the age of the youngest oceanic sediment involved in the Norsi-Cavo Complex and the age of the underlying fore-
deep deposits of the Northern Apennines. Structures and available metamorphic data indicate that the deforma-
tion recorded in this subduction channel is representative of the shallow zone of seismogenesis (5—15 km deep)
of a subduction zone. We analyzed in detail two key sites of this subduction channel, showing that it preserves
large-scale tectonic structures that may represent an example of (a) tectonic erosion of material from the base
of the wedge into the subduction channel and (b) underplating of material into the accretionary wedge from the
subduction channel. Future studies, directed toward the high-resolution analysis of the structures preserved on
Elba, could help constrain better the dynamics of the Alpine subduction and the mechanisms associated with the
subduction process in general.
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itory at the following https://doi.org/10.17632/d64m44ncrh.1.
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