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ABSTRACT

We document the tectonic and metamorphic evolution of thrust nappes of the eastern island
of Elba. The area exposes a natural cross section of the Northern Apennines hinterland, from
the metamorphic basement units to the overlying continent- and ocean-derived nappes. We
integrated mapping, analysis of structures and microstructures, and the interpretation of
drill core logs with lithostratigraphic, metamorphic, and geochronological constraints,
producing a novel geological map of eastern Elba (1:5'000 scale). We show that the area
experienced polyphase Oligocene — Pliocene contractional tectonics marked by in-sequence
and out-of-sequence thrusting accompanied by folding and overprinted by faulting in the
Pliocene. Magmatism occurred during contraction with post-magmatic thrusting ultimately
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coupling HP-LT and LP-HT units. Drill core logs allow for the first time the reconstruction of
the N-dipping character of the Zuccale Fault, which represents the youngest (late Miocene -

early Pliocene) large-scale structure in the area.

1. Introduction

Thrust wedges are complex systems that originate
from the interplay between tectonics, surface pro-
cesses, and gravitational instabilities (Davis et al,
1983; Dominguez et al., 2000; Ellis et al., 2004; Platt,
1986; Wallis et al., 1993). Integrating geological map-
ping with metamorphic and geochronological con-
straints is key to unravel the complex evolution of
thrust wedges (e.g. Caso et al., 2021; Di Rosa et al.,
2017; Frassi et al., 2016). The Northern Apennines
are a classic case study for investigating wedge tec-
tonics (e.g. Clemenzi et al., 2014; Massa et al., 2017;
Papeschi et al., 2020a). This E-vergent belt originated
after the Neogene collision between Europe and the
Adria microplate (Carmignani et al, 1994; Conti
et al, 2020). The orogen experienced phases of
upper crustal extension and out-of-sequence thrust-
ing, whose contribution to the overall orogenic archi-
tecture is debated (Bonini et al., 2014 and references
therein).

We present a detailed geological map (Figure 1;
Main Map) of the hinterland sector of the belt (eastern
Elba) based on an integrated approach combining field
mapping with the analysis of drill core logs. We

document three different deformation phases (D; —
D;) related to in-sequence and out-of-sequence
thrusting that led to the coupling between HP-LT
and HT-LP metamorphic rocks. The geological data
synthetized here contributes to a redefinition of the
Oligocene to Pliocene tectono-metamorphic evolution
of the Northern Apennines hinterland.

2. Methods

The study area, located between Rio Marina and Porto
Azzurro on eastern Elba, covers ~9 km?. The topo-
graphic base is the Carta Tecnica Regionale — Regione
Toscana (year 1987; raster), which we line-drew to
vector format. We conducted a detailed structural-
geological survey of the outcropping thrust nappes at
the 1:5,000 scale. In order to better document the sur-
face distribution of basement rocks, we do not report
thin slope deposits in the resulting map. The mapping
workflow included (1) field recognition of lithotypes,
formations, and structures, (2) measurement of struc-
tural elements (foliations: S; lineations: L; folds: F; fold
axes: A), and (3) sample collection and microstruc-
tural observations on standard, oriented thin sections,
cut parallel to the lineation and perpendicular to the
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Figure 1. Tectonic sketch map of Elba, including a geological

cross section through the nappe stack. Modified after Ryan et al.,

2021. Geologic sketch map of the Isle of Elba in the Northern Tyrrhenian Sea.

foliation. We studied over 50 thin sections that
allowed us to constrain microstructures and diagnos-
tic metamorphic parageneses. Based on overprinting
criteria, metamorphic parageneses, geochronological
constraints and structures observed at the meso- to
microscale, we defined three deformation phases,
referred to as D;, D,, and D;. We refer to the struc-
tural elements related to these deformation phases
by using a progressive numbering label placed next
to the abbreviation of the structural element (e.g.
S1), as it is standard in structural geology (e.g. Ramsay
& Huber, 1987). The analysis of 21 commercial drill
core logs (location shown on the Main Map) acquired
from the Montecatini mining company and locally
reaching depths of several hundred meters allowed
for a full comparison of the exposed structures
(Figure 2) with the subsurface geology (Figure 3).
This allowed us to draw several incredibly well con-
strained cross sections through eastern Elba, where

formations have been locally projected down to
500 m below the sea level (Main Map).

3. Geology of eastern elba

The island of Elba (Figure 1) exposes a complete sec-
tion through the innermost part of the Northern
Apennines. Its structure is characterized by WSW-
dipping, and ENE-verging tectonic units, accreted
during the Oligocene — early Miocene and reworked
during the middle-late Miocene (Barberi et al., 1969;
Keller & Coward, 1996; Massa et al.,, 2017; Perrin,
1975; Pertusati et al., 1993; Principi et al., 2015). The
units are organized into an Upper Complex, with
low- to very-low-grade metamorphism, and a Lower
Complex, characterized by two high-grade meta-
morphic units, preserving relic blueschist-facies para-
geneses (Bianco et al, 2015, 2019; Papeschi et al,
2020b; Ryan et al., 2021). The two complexes are
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ships between different rock units in eastern Elba.

separated by the late Miocene Capo Norsi — Monte
Arco Thrust (CN-MAT; Viola et al., 2018), marked
by a slice of tectonized serpentinites (Figure 1).
Classic models frame the evolution of Elba and the
Northern Tyrrhenian Sea in a back-arc geodynamic
setting starting in the middle Miocene after early Mio-
cene contraction (Bartole, 1995; Keller & Coward,
1996; Mauflret et al., 1999). However, recent studies
show that the nappes recorded thrusting during the
late Miocene, after middle Miocene extension at shal-
low structural levels (Massa et al., 2017). A compre-
hensive discussion of the two models is beyond the
aim of the present study and the reader is referred to
Viola et al. (2018) and Ryan et al. (2021) for a more
detailed overview of the existing schools of thought.
During the late Miocene, plutonic bodies intruded
the nappe stack (Dini et al., 2002; Marinelli, 1959).
The Porto Azzurro Pluton, emplaced underneath east-
ern Elba, caused LP-HT metamorphism at P < 0.2 GPa
on the Lower Complex (Duranti et al., 1992; Musu-
meci & Vaselli, 2012). E-verging thrusts and coeval
late Miocene LP-HT metamorphism reworked the
nappe stack, leading to the coupling between the
Upper Complex, largely unaffected by contact meta-
morphism, with the Lower Complex (Figure 1;
Massa et al., 2017). The late Miocene — early Pliocene
Zuccale Fault (ZF) crosscuts this nappe stack,

displacing it by 6 km to the east (Figure 2). Early
authors classically interpreted the ZF as a low-angle
normal fault (Collettini & Holdsworth, 2004; Keller
& Pialli, 1990) but, more recently, Musumeci et al.
(2015) and Viola et al. (2018) proposed an alternative
view of it as an out-of-sequence thrust. High-angle
normal faults and strike-slip faults have formed since
the Pliocene (Figure 1; Main Map; e.g. Mazzarini
et al., 2019).

4. Lithostratigraphy, metamorphism, and
magmatism

4.1. Upper Complex

4.1.1. Ligurian Unit and Serpentinite Unit

The Ligurian Unit comprises several oceanic anchi-
zone-facies nappes (Barberi et al., 1967a, 1969; Conti
et al,, 2020; Perrin, 1975; Reutter & Spohn, 1982).
The unit preserves a Middle-Upper Jurassic ophiolite
complex overlain by Upper Jurassic — Lower Cretac-
eous pelagic sequences. In the study area, serpentinized
peridotite (Serpentinite; Figure 2) with lherzolite to
harzburgite composition (Viti & Mellini, 1998) occur
at the base of the Ligurian Unit and as a slice sand-
wiched between continental units (Serpentinite Unit;
Figure 2). Hauterivian — Albian shales with limestone
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Figure 3. Interpretation of the subsurface geology based on drill core logs. Abbreviations of formation are shown in Fig. 2. Cor-

relation and sketch the drill core logs from the study area.

layers (Argille a Palombini Fm.), originated from the
oceanic sequences, occur as slices within the serpenti-
nites to the south-west of the study area (Main Map).

4.1.2. Tuscan Nappe

The anchizone-facies Tuscan Nappe (Figure 2) con-
sists of Mesozoic-Cenozoic passive margin sequences
(e.g. Conti et al., 2020). In the study area, the Tuscan
Nappe is tectonically reduced (Serie Ridotta; Decandia
et al., 1993; Perrin, 1975; Trevisan, 1950). Massa et al.
(2017) recognized a Lower and an Upper Subunit, sep-
arated by a synorogenic low-angle normal fault
(Figure 2). The Lower Subunit consists of the Calcare
Cavernoso Fm. (Barberi et al., 1969), a limestone tec-
tonic breccia derived from original Norian evaporite
(e.g. Burckhardt, 1946). The Upper Subunit contains
the Scaglia Toscana Fm., a sequence of varicolored
slate, siltstone, and marl of hemipelagic environment
with Maastrichtian — Eocene microfauna (Keller &
Pialli, 1990; Perrin & Neumann, 1970).

4.1.3. Rio Marina Unit

The Rio Marina Unit (Figure 2) is a lower greenschist-
facies (Franceschelli et al., 1986) continental unit com-
prising (1) the Upper Carboniferous — Permian Rio
Marina Fm. and the (2) Middle-Upper Triassic Ver-
ruca Fm. (Figure 2; Barberi et al, 1967a; Perrin,
1975). The Rio Marina Fm. consists of interlayered
graphitic phyllite, metasiltstone, and metasandstone,
with lenses of metaconglomerate, referred to a coastal
— deltaic environment of Westphalian — Stephanian/
Autunian age (Bodechtel, 1964; De Stefani, 1914;

Deschamps et al., 1983; Perrin, 1975). The Verruca
Fm. consists of violet phyllite, quartzite and quartz-
rich conglomerate (Anageniti Auctt.) of alluvial plain
environment, belonging at regional scale to the Verru-
cano Group (Cassinis et al., 2018).

4.2. Lower Complex

4.2.1. Ortano Unit

The Ortano Unit (Figure 2) is a complex of tectonic
slices derived from a Paleozoic basement (Ortano Sub-
unit) and a Mesozoic — Cenozoic sequence (Acqua-
dolce Subunit), separated by the late Miocene
Felciaio Shear Zone (FSZ; Duranti et al., 1992; Musu-
meci & Vaselli, 2012). The Ortano Unit experienced
early Miocene blueschist-greenschist-facies meta-
morphism, preserved to the north (HP-LT Complex
in Main Map; Papeschi et al,, 2020b; Ryan et al.,
2021) and late Miocene amphibolite-facies meta-
morphism, pervasive over the rest of the Ortano
Unit (LP-HT Complex in Main Map).

The Ortano Subunit (Figure 2) comprises the
Ortano Porphyroid, a sequence of quartz-feldspar-
biotite-bearing metavolcanite and metasandstone,
and the Ortano Schist and Quartzite, cordierite-anda-
lusite-biotite-bearing schist, metasandstone, and
metaconglomerate. Lithostratigraphic features and
U-Pb zircon ages support the correlation of the
Ortano Porphyroid with Variscan Middle Ordovician
volcano-sedimentary sequences. The Ortano Schist
and Quartzite is correlated with Upper Ordovician
trangressive deposits, also based on Ordovician —


https://doi.org/10.1080/17445647.2021.1972854
https://doi.org/10.1080/17445647.2021.1972854
https://doi.org/10.1080/17445647.2021.1972854

early Silurian detrital zircon ages (Bortolotti et al.,
2001; Duranti et al., 1992; Musumeci et al., 2011; Sir-
evaag et al., 2016).

The Acquadolce Subunit (Figure 2) comprises the
Ortano Marble and the Acquadolce Schist (Duranti
et al., 1992; Massa et al., 2017). The Ortano Marble is
a mylonitized sequence with cataclasite at the base,
marking the FSZ and comprising: (1) lenses of dolomite
marble (Dolomitic Marble), (2) diopside-tremolite-
talc-bearing massive marble (Marble), and (3) calcs-
chist and cherty marble (Cherty Marble). The Ortano
Marble correlates with the Hettangian — Bathonian car-
bonate sequences of the Tuscan Domain (Barberi et al.,
1969; Duranti et al.,, 1992; Massa et al., 2017). The
Acquadolce Schist is a metapelitic-metapsammitic
sequence with bodies of metacarbonates (Acquadolce
Calcschist) and lenses of metabasites (Metabasite) of
unknown age (tentatively attributed to the Cretaceous
by Massa et al., 2017). The metabasic bodies preserve
relic lawsonite pseudomorphs, glaucophane, and
omphacite, indicating peak P>1.5 GPa (Papeschi
et al., 2020b). White mica from the associated calcs-
chists yielded early Miocene ages (Ryan et al., 2021
and references therein). South of Monte Fico — Il Por-
ticciolo (Main Map), LP-HT biotite-cordierite-andalu-
site parageneses in metapelites (Spotted Schists) and
tremolite-diopside-talc in metacarbonates (Contact-
metamorphosed Calcschist) replace the regional meta-
morphic assemblages (Duranti et al., 1992; Musumeci
& Vaselli, 2012; Papeschi et al., 2020b). The Spotted
Schists correlate with Oligocene foredeep deposits of
the Northern Apennines, based on U-Pb detrital zircon
ages (Jacobs et al., 2018; Massa et al., 2017).

4.2.2. Calamita Unit

The Calamita Unit (Figure 2), in the study area, consists
only of the Calamita Schists, a high-grade schistose
complex derived from Lower Carboniferous (Visean)
Flysch (Barberi et al, 1967b; Musumeci et al., 2011;
Papeschi et al., 2017, 2018). The Calamita Schists are
biotite + cordierite + andalusite + K-feldspar + plagio-
clase + white mica paragneiss, schist, and quartzite that
experienced peak T > 650-700 °C at P < 0.2 GPa in the
late Miocene (Duranti et al., 1992; Musumeci et al.,
2015 Musumeci & Vaselli, 2012; Papeschi et al,
2019). The outcrops on the eastern coast of the study
area, formerly known as the Capo d’Arco Schists,
were recently correlated with the Calamita Schists
(Massa et al., 2017; Mazzarini et al., 2011).

4.2.3. Porto Azzurro pluton

The Calamita Unit hosts the Upper Miocene Porto
Azzurro pluton (Figure 2). The main intrusive body
is buried at 100-200 m depth and crops out only as
scattered biotite-tourmaline monzogranite apophyses
and as a swarm of coeval leucogranite and pegmatite
dykes and sills (Marinelli, 1959; Mazzarini et al.,
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2011; Mazzarini & Musumeci, 2008). The distribution
of LP-HT metamorphism indicates a ~60 km? areal
extent of the pluton, supported by gravimetric profiles
(Musumeci & Vaselli, 2012; Siniscalchi et al., 2008).

4.3. Metasomatic rocks

Elba hosts several Fe-oxide deposits that have consti-
tuted an important mining district since ancient
times (Tanelli et al., 2001). The Fe production of the
entire district is estimated to be between 83 and 88
Mt of ore (Zitzmann, 1977). These deposits, dated to
~ 5-6 Ma, are roughly coeval with magmatism (Lip-
polt et al., 1995; Maineri et al., 2003). The Rio Marina
mine (immediately to the north of our study area) is
the largest of the district and contains massive hema-
tite-pyrite ore bodies hosted by the Rio Marina Unit
(Deschamps et al., 1983; Tanelli et al., 2001). The min-
eral association comprises minor magnetite, chalco-
pyrite, sphalerite, adularia, quartz, and rare fluorite.
The deposits of the Ortano Valley (Main Map) show
a peculiar pyrite + pyrrhotite + hematite + magnetite
association (Tanelli et al., 2001). The mineralizations
of Rio Marina and Ortano occur together with skarns
(Main Map), developed primarily in carbonatic lithol-
ogies and showing the distinctive hedenbergite +
ilvaite + epidote + quartz + chlorite assemblage. The
Terranera deposit (Main Map) consists of metric to
decametric lenses of hematite-goethite hosted within
the Zuccale Fault (Diinkel, 2002). Ore minerals and
secondary relict magnetite and pyrite occur within a
chlorite- and clay minerals-rich matrix. Between Ter-
ranera and Punta delle Cannelle, mineralizations are
associated with skarns in schistose lithologies.

5. Tectono-metamorphic evolution of
eastern elba

The tectonic lineaments (thrusts, shear zones, and
faults) and main foliation in eastern Elba strike dom-
inantly N-S to NNW-SSE and dip to the WSW, with
a local NNE-SSW strike in the study area (stereonets
on the Main Map). Fold axes show a dominant
NW-=SE Apenninic orientation with only local vari-
ations (Keller & Coward, 1996; Massa et al., 2017).
Stretching lineations trend E-W to NE-SW (Main
Map: stereonet f). We reconstruct a tectonic evolution
marked by three deformation phases, labeled D, to Ds.

5.1. Deformation phases

5.1.1. D; phase: early Miocene nappe stacking

and exhumation

Structures associated with the D; phase (Figure 4)
occur in the Upper Complex and in the HP-LT por-
tion of the Acquadolce Subunit. D; structures, related
to early Miocene nappe stacking (Massa et al., 2017),
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show a N-S striking and WNW-WSW-dipping pen-
etrative S; foliation (Main Map: stereonet a) associated
with anchizone to lower greenschist-facies meta-
morphism in the Upper Complex (Figure 4(a, b) and
greenschist-blueschist-facies metamorphism in the
Acquadolce Subunit (Lower Complex; Figure 4(c,
d)). A axes, striking NNW-SSE and plunging gently
to the NW and SE, are associated with tight to isoclinal
non-cylindrical intrafolial F, folds (Main Map: stereo-
net b). Calcite and quartz fibers and rods, and trails of
phyllosilicates mark the L; stretching lineations, which

n 42.8094°N:10-429/7E \

dominantly trend ENE-WSW. In the Upper Complex,
oriented white mica + chlorite + graphite and quartz-/
carbonate-layers in metapelites define the S, slaty clea-
vage (Figure 4(a)). In serpentinites, oriented serpen-
tine and elongated relics of olivine, clinopyroxene,
and orthopyroxene define the S; foliation (Figure 4
(b)), whereas the stretching lineation is marked by ser-
pentine fibers. Predominantly in the area of Monte
Arco (Main Map), serpentinites contain large bodies
of peridotite that preserve pre-orogenic HT fabrics
and mylonitic structures that we relate to the Jurassic

Figure 4. Deformation structures produced by D; and D, phases. (a) W-dipping S; foliation in quartzite and phyllite of the Ver-
rucano Fm. (b) Serpentinite showing a foliated fabric with lenses of less-foliated peridotite. The insert shows olivine and pyroxene
relics surrounded by foliated serpentine (CPL: crossed polarized light). (c) Foliated marble with chert nodules and top-to-the-W S-
C' structures (Acquadolce Calcschist). (d) Microphotograph of the Acquadolce Schist showing the S; foliation, defined by white
mica and chlorite, reworked by top-to-the-W S-C’ structures. (e) Mesoscale and (f) microscale image of crenulated fabric (S;-
S,) showing local SSW vergence in the Acquadolce Calcschist (CPL and PPL: Plane Polarized Light). Mineral abbreviations after
Siivola and Schmid (2007). Images of rock structures produced by the first and second deformation phases in the eastern Elba

nappe stack.
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oceanic spreading stage, recently documented in the
ophiolites of western Elba (Frassi et al., 2017).

In the Acquadolce Subunit, a continuous schistosity
defines the S;, marked by the metamorphic layering
(Figure 4(c)) and the preferred orientation of white
mica, calcite, glaucophane, actinolite, albite, and epi-
dote (Figure 4(d); Papeschi et al., 2020b and Ryan
et al., 2021). The Acquadolce Subunit recorded blues-
chist- to greenschist-facies W-directed shearing with
the development of mylonitic shear zones, containing
several kinematic indicators consistent with top-to-
the-W kinematics (Figure 4(d)), related to syn-oro-
genic exhumation that likely transposed pre-existing
underplating-related structures (Ryan et al, 2021).
F; folds in the Acquadolce Subunit are small intrafo-
liar to decimeter-scale structures with non-cylindrical
to sheath-like geometry, showing A; axes completely
scattered on foliation planes (Main Map: stereonet d).

5.1.2. D, phase: middle-late Miocene folding

The development of the Rio Marina Antiform, a km-
scale east-facing overturned nappe antiform (F,)
whose hinge zone is exposed further north, outside
of the study area, marks the D, deformation phase
(Massa et al., 2017). The study area exposes the reverse
limb of this structure, marked by a sheared tectonic
slice of serpentinite and peridotite (Serpentinite
Unit) derived from the overlying Ligurian Unit and
sandwiched between two middle-late Miocene thrusts
(RMT and CN-MAT; see below). S, foliation is an
axial plane crenulation cleavage with millimetric to
centimetric spacing that affects the less competent
lithologies of the Upper Complex and the Acquadolce
Subunit (Figure 4(e, f)). The S, generally strikes NW-
SE and dips gently to the W, with local northward,
eastward, and southward dips (Main Map: stereonet
e). It is associated with open to tight non-cylindrical
recumbent to inclined F, folds, developed in the
more competent layers (Figure 4(e)).

At the microscale, the S, foliation is a gradational to
discrete crenulation cleavage defined by opaque-rich
(pyrite, graphite) pressure solution surfaces and re-
oriented white mica and chlorite grains (Figure 4).
Local contact metamorphic parageneses, represented
by biotite, chlorite, and rare oligoclase are present in
dissolution seams and fractures that crosscut the S,
foliation or as static flakes overgrowing it, indicating
that D, folding and crenulation predates the LP-HT
event, in agreement with Massa et al., 2017.

5.1.3. D3 phase: late Miocene syn-magmatic
thrusting

D, structures (Figure 5) are linked to late Miocene LP-
HT metamorphism, pluton emplacement, and coeval
regional deformation in the Lower Complex (LP-HT
Complex), where they constitute its dominant mesos-
cale fabric. The S; foliation strikes dominantly N-S
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and dips to the W (Figure 5(a, b, ¢); Main Map: stereo-
net c), being parallel to the S; in the Upper Complex
and the HP-LT part of the Acquadolce Subunit (Figure
5). At map scale, the coupling between the D;-D,
structures in the Upper Complex and the Dj struc-
tures in the Lower Complex is through tectonic con-
tacts (ie. CN-MAT; Main Map). Within the
Acquadolce Subunit, extremely condensed meta-
morphic isograds related to ductile shearing, mark
the transition between the northernmost glauco-
phane-bearing and the southern andalusite-bearing
metamorphic rocks (e.g. Figure 5(a); Papeschi et al,
2020b). The S; foliation is a continuous schistosity
defined by the preferred orientation of medium- to
high-grade metamorphic assemblages (white mica,
biotite, cordierite, andalusite in metapelite: Figure 5
(d, e); diopside, tremolite, talc in marble and dolomitic
marble), the metamorphic layering (Figure 5(b)), and
deformed objects, such as clasts in metaconglomerate
(Figure 5(c)). Schistose lithologies commonly show
late NS-striking and W-dipping crenulations of the
S; foliation, formed during retrograde conditions
and marked at the microscale by opaque-rich surfaces.
These crenulations are associated, at map scale, with
large antiforms and synforms of foliation occurring
in the Monte Arco area (Main Map). Oriented mineral
grains and aggregates (biotite, white mica, andalusite,
cordierite, tremolite, and calcite), and stretched
objects (clasts in metaconglomerate: Figure 5(c); feld-
spar grains in the Ortano Porphyroid) outline NE-SW
trending L; stretching lineations (Main Map: stereonet
f). F; folds are non-cylindrical tight to isoclinal intra-
folial to decimeter-scale structures with dispersed A;
axes (Main Map: stereonet d) outlined by deformed
quartz-rich layers in metapelites and refolded carbon-
ate-rich layers in marbles. At map scale, the Ortano
marble defines large F; structures, isoclinally folded
within the Spotted Schists (Main Map). These struc-
tures likely represent earlier F; folds reworked during
the D3 phase. L; lineations show constant trends on
the surface of the folds, indicating sheath-like geome-
try. The competent Ortano Porphyroid preserves
coarse-grained K-feldspar, plagioclase, and quartz-
clast and layers associated with a very fine-grained
white mica + biotite foliation. We interpret this fabric
as a S; foliation only slightly overprinted by LP-HT
metamorphism, lacking evidence of significant late
Miocene deformation.

D; ductile shearing localized in the meter-thick
marble at the base of the Ortano Marble and in ana-
stomosing cm- to dm-thick shear zones in the
Spotted Schists and the Calamita Schists andalusite-
cordierite-bearing metapelites (e.g. Figure 5(d)).
Shear zones anastomose through low-strain lenses
that show poorly foliated to hornfels-like fabric
with relic folds (e.g. Figure 5(e)). Kinematic indi-
cators (i.e. S—C structures, oblique foliations,
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Figure 5. D3 structures. (a) Section through the Ortano Valley revealing major tectonic structures and the relationships between
the Upper and Lower Complexes. (b) Foliated Ortano Marble (Cherty Marble) with boudinaged metachert, truncated by synthetic
and antithetic top-to-the-E structures. (c) Metaconglomerate (Ortano Schist and Quartzite) displaying a strongly SW-NE-oriented
lineated fabric. (d) Spotted Schist with coarse-grained white mica, cordierite, and andalusite, crosscut by top-to-the-E mylonitic
bands (CPL). (e) Schist showing a folded, weakly foliated fabric, defined by quartz and biotite layers, associated with large grains of
cordierite and intense sericitization (CPL; Ortano Schist and Quartzite). Mineral abbreviations after Siivola and Schmid (2007)
Images of rock structures produced by the third deformation phase within the eastern Elba nappe stack.

asymmetric porphyroblasts, and mica fishes; e.g.
Figure 5) are all consistent with top-to-the-E kin-
ematics. Available age constraints indicate 6.1-6.7
Ma ages for the synkinematic minerals on the S;
foliation (Musumeci et al., 2015; Musumeci &
Vaselli, 2012; Viola et al., 2018).

5.2. Thrust faults and shear zones

5.2.1. Rio Marina thrust (RMT) and Capo Norsi-
Monte Arco thrust (CN-MAT)

The N-S striking and W-dipping RMT and CN-MAT
record a polyphase D, — D, activity that led to the

thrusting of the Upper Complex over the Lower Com-
plex. During the D, phase, these thrusts accommo-
dated shearing on the reverse limb of the Rio
Marina Antiform (Massa et al., 2017). They slipped
again in the late stages of the Dj;, superimposing
non-contact metamorphic rocks over the Lower Com-
plex (Musumeci & Vaselli, 2012; Viola et al., 2018).
North of Monte Arco, the two faults localize at the
top and the bottom of the Serpentinite Unit respect-
ively (Main Map). South of Monte Arco, the Serpenti-
nite Unit progressively tapers and the RMT and CN-
MAT splay into a series of minor thrusts affecting
the Serpentinite, the Spotted Schists, the Rio Marina
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Unit and the Calcare Cavernoso Fm. (Figure 6(a)). In
this area, a slice of medium grade Spotted Schists are
tectonically sandwiched between the Serpentinite
Unit and the Rio Marina unit (Figure 6(a)). Further
west, in the Fosso Reale creek (Main Map), the non-
metamorphic Calcare Cavernoso overlies and occurs
as slices within the metamorphic Spotted Schists
(Figure 6(b,c)). Serpentinites occur as tectonized
lenses within the Spotted Schists in Terranera, where
cataclasite (Figure 6(d)) and intense carbonate veining

(Figure 6(e)) overprint D; structures. Field
[a] ¢
m |[NW ARc21

250 {
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relationships are consistent with the latest brittle
movements of the CN-MAT, dated to 4.9 +0.27 Ma
by Viola et al. (2018).

5.2.2. Felciaio shear zone (FSZ)

The FSZ is a NS-trending and W-dipping D5 ductile
shear zone localized in the Ortano Marble (Figure 5
(a, b); Main Map), marking the contact between the
Acquadolce Subunit and the underlying Ortano Sub-
unit (Musumeci & Vaselli, 2012). The FSZ consist of
diopside-tremolite-bearing mylonitic marble and

Figure 6. Architecture of out-of-sequence thrust faults in eastern Elba. (a) Cross section through Monte Arco (Main Map). (b) Road
cut view with (c) detail of multiple horses of Calcare Cavernoso and Spotted Schists in the splay area of the CN-MAT and RMT. (d)
Exposure of the CN-MAT thrusting the Spotted Schists onto the serpentinite in Terranera. Note the strong cataclastic overprint of
both lithologies. (e) Cataclastic overprint of the serpentinite, marked by calcite-filled veins and fractures. The insert shows the
same features at the microscale (CPL). Mineral abbreviations after Siivola and Schmid (2007). Abbreviations of formations follow-
ing Fig. 2. Schematic cross section through Monte Arco and images of rock structures associated with brittle thrust faults.
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calcschist with sheared chert and calcsilicate nodules,
displaying top-to-the-E kinematics (folds, S—C struc-
tures, oblique foliations; Figure 5(b)). This structure
brings medium- to high-grade rocks (cordierite/anda-
lusite-schist; diopside/tremolite-marble) over the low-
medium grade Ortano Porphyroid (biotite + white
mica; Musumeci & Vaselli, 2012). Field relationships
and geochronological data (6.7 - 6.2 Ma) constrain
the activity of this structures to the late Miocene LP-
HT metamorphic event, indicating crustal shortening
during the emplacement of Porto Azzurro pluton.

5.3. Zuccale Fault (ZF)

The ZF (Figure 7(a)) is a top-to-the east subhorizontal
brittle fault truncating all previous tectonic structures
(post-Dj3) with a net slip of 6 km (Figure 2), based on
the displacement of earlier thrust faults in its footwall
and hanging wall (e.g. Keller & Pialli, 1990). We re-
interpret the ZF as an out-of-sequence thrust,

Ortano
Marble

Fault Core*

following Musumeci et al. (2015). The ZF was recently
constrained to the early Pliocene by K/Ar dating of
authigenic and synkinematic illite separated from a
variety of ZF rocks (post 4.9 Ma; Viola et al., 2018).
In the study area, the ZF brings the Upper and
Lower Complex in the hanging wall over the Calamita
Unit (Main Map). The fault zone crops out in Terra-
nera (Figure 7(a)). Here, the ZF is expressed by a
5 m thick fault core and separates the Spotted Schists
(hanging wall) from the Calamita Schists (footwall).
The fault core contains lenses of footwall and hanging
wall-derived lithologies (e.g. leucogranite, schist,
basalt), including a large lens of mylonitic marble
derived from the Ortano Marble (Figure 7(b)) preser-
ving structures related to the FSZ (dated to 6.7 Ma;
Musumeci et al., 2015). Fault rocks consist of poorly
lithified to loose fault-breccia, cataclasite and fault
gouge with heterometric fragments and slices of foot-
wall and hanging wall lithologies (schist, leucogranite,
marble, basalt, serpentinite), surrounded by a clay-rich

Debris of spotted schists

®

=
A Calamita'Schists
Lleucogranite/dyke

Figure 7. Zuccale Fault. (@) Panorama of the fault zone in Terranera. (b) Detail of the lens of mylonite marble, originated from the
Ortano Marble. Top-to-the-E shear bands are well visible. (c) Detail of the fault core, consisting of a heterogeneous foliated cat-
aclasite with fragments of schist, marble, and granite (predominantly). Images of rock structures associated to the Zuccale Fault in

Terranera (Elba).
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matrix (Figure 7(c)). They show a well-defined cata-
clastic foliation, outlined by a preferred orientation
of trails of fragments and a varicolor, foliated matrix,
locally crosscut by top-to-the-E synthetic shears
(Figure 7). E-W-trending slickenlines are visible in
the fault core as calcite, quartz, and hematite fibers,
and trails of phyllosilicates on sheared surfaces. Fe-
oxide and sulphide mineralizations permeate the
matrix overprinting the cataclastic fabric, indicating
that the fault acted as a preferential fluid pathway
(Gundlach-Graham et al., 2018).

5.3.1. Pliocene - Quaternary faults

Pliocene — Pleistocene tectonics (post-ZF) consist of a
dominant system of N-S striking, subvertical normal
faults that overprint earlier W-dipping thrusts with
displacements up to ~150 meters (Main Map). Most
faults show down-dip slickenlines, marked by calcite
and quartz fibers. Hydrothermal alteration often
permeates fault cores depositing iron oxides, chlorite,
and epidote. Locally, E-W trending, vertical, left-lat-
eral strike-slip shear zones show displacements ran-
ging from a few meters to several hundred meters, as
between Terranera and Punta delle Cannelle (Main
Map). At the latter locality, the deposition of skarn
deposits and mineralizations (Fe-pargasite skarn,
chloritite, and epidosite) accompanies strike-slip tec-
tonics and the regional foliation bends in parallelism
with transcurrent faults.

6. Drill core interpretation

Drill core logs highlight a W-dipping monoclinal
structure encompassing the entire study area down
to a depth of 500-600 m (Figure 3). Lateral variations
in unit thickness can be ascribed primarily to thrusts,
encountered by drillings and visible at outcrop scale.
For example, the Serpentinite Unit disappears as a
series of tectonic slices to the south, as observed in
the field (Figure 6) and in drill core logs (e.g.
ARC21, REA3, SCAL11; Figure 3). Normal faults have
limited control on the large-scale geometry, showing
limited displacements (~ 150 m) and mostly reactivat-
ing former thrusts (e.g. section B-B’ in Main Map).
The drillings to the south (e.g. ARC21, REA3;
SCA11; PIO1; Figure 3) document the contact between
the hanging wall (mostly Acquadolce Subunit) and
footwall (Calamita Schists) of the ZF. The depth of
the ZF increases regularly from S to N with a N to
NNE average dip of 7-11 °, based on both field
relationships and drill core log constraints (Figure 3).

7. Conclusions

Detailed field surveying, coupled with structural
analysis, petrographic investigations, and interpret-
ation of drill core logs, allowed the realization of a
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novel 1:5,000 scale geological map of the eastern
Elba nappe stack, providing new insights into its tec-
tono-metamorphic evolution. The geological map
offers an updated overview of the lithostratigraphic,
tectonic, and metamorphic features of eastern Elba.
Consistently with recent studies, we document:

1) early Miocene top-to-the-E nappe stacking and
top-to-the-W exhumation related structures,
defining the first-order nappe pile;

2) middle-late Miocene out-of-sequence thrusts, coe-
val with magmatism, that reworked the nappe
stack in a key sector of the inner Northern
Apennines;

3) the hierarchy and correlation of tectonic structures
across different tectonic units, leading to the
definition of three deformation phases;

4) the deep architecture of Elba.

Data

The list of the samples used in the present study is pro-
vided as supplementary material to the present article.
The list includes the sample name (registered as IGSN
on SESAR: www.geosamples.org), its assemblage,
accessories, and classification. Drill core logs, inter-
preted as an integral part of this study, are freely avail-
able on the repository of the Tuscany Region at http://
wwwb502.regione.toscana.it/geoscopio/geologia.html.

Software

The original raster has been geo-referenced on QGIS
3.16.0 and converted to vector format using Corel-
Draw X4. We used the software Stereonet 11
(https://www.rickallmendinger.net/) and OpenStereo
(Grohmann & Campanha, 2010) to plot the measured
structural elements in equal area, lower hemisphere
stereographic projections, shown on the Main Map.

Geolocation information

The study area is located on eastern Elba, between Rio
Marina and Porto Azzurro, in the Tuscan Archipelago
(Italy). The area lies within 615093mE — 4735873mN
and 617544mE — 4741376mN; coordinate system:
WGS84 / UTM Zone 32 T.
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