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Abstract
Most of the tectonic units cropping out in Western Tuscany are fragments of the Jurassic oceanic crust, ophiolitic successions, overlaid
diachronously by Upper Cretaceous-middle Eocene carbonate and siliciclastic flysch successions with their Cenomanian-lower Eocene shaly-
calcareous basal complexes. These units, so called Ligurian, have been emplaced during the closure of the Ligurian-Piedmont Ocean.
Ophiolite bearing debris flows are common in the flysch basins and their relationship with ophiolitic tectonic slices points to a strong relation
between tectonics and sedimentation from the early compressive events of the Late Cretaceous. The tectonic activity reflects in a rough morphology
of the ocean floor. It progressively influences the distribution and sedimentology of the turbidites. During middle Eocene this relationship begun
very important and a paleogeographic reconstruction with prominent linear ophiolitic reliefs that bounded some turbiditic basins can be done.
In our reconstruction the sedimentary and structural evolution can be framed in the context of strain partitioning, developed during the
ocean closure, between subduction processes and ancient weakness zones crosscutting both the ocean and the Adria continental margin
and reactivated in compressive regime. These weakness zones can be interpreted as transform faults of the Ligurian-Piedmont Ocean
with prolongations in the Adria passive margin.
The weakness zones crosscut the oceanic lithosphere and the Adria continental margin and interfered with the subduction processes. The
activity of the weakness zones is reflected in the Ligurian Units architecture where two main structural strike trends of thrusts and folds axial
planes occur. The first trend is WSW-ENE oriented and it is connected with the reactivation of the weaknesses zones. This first orientation
developed progressively from Late Cretaceous to Pliocene, from oceanic to ensialic convergence (D1, D2, and D4 deformation phases).
The second trend is NNE-SSW oriented and is related to the late Eocene continental collision and the subsequent translation to the NE of
the oceanic units onto the Adria continental margin (D3 deformation phase).

© 2007 Lavoisier SAS. All rights reserved

Keywords: lithospheric lineaments, fracture zone, oblique convergence, strain partitioning, transpression, ligurian units, northern apennines

1. Introduction European and Adriatic plates as a NE prolongation of the
Central Atlantic basin [1-7]. The Western Tethys was cha-

In the Middle Jurassic the Ligurian-Piedmont Ocean, racterized by extensive exposure of mantle ultramafics and

a part of the Western Tethys, started to open between the ophiolitic breccias, while effusive products were minor
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Fig. 1 — Tectonic sketch map of the Northern Apennines.

The Northern Apennine Thrust Front is traced according to [35].
Calvana mountains area (CM), Lupicaia Creek Tectonic Unit (LC),
Livorno hills area (LH), Montaione area (MN), Sillaro area (SL),
Sassa area (SS), Sestri-Voltaggio area (SV), Voltri Group (VG),
Val Marecchia area (VM), Vara Tectonic Unit (VU).

[6, 8, 9]. These characters have been interpreted as indicative
of a slow spreading ocean dominated by amagmatic processes
[10-13]. In this scenario, the extension that brought to the
growth of the ocean has been thought to be accommodated by
the development of significant discontinuities, as transform
faults, cutting through the lithosphere [14, 15]. During the
Late Cretaceous the ocean opening had stopped and extension
was replaced by contraction. The switch from the extensional
to the compressional regime is inferred to have caused reac-
tivation of the transform faults as they represented weakness
zones [16]. The sedimentation of high amounts of turbidites
deposited on top of the deep water shaly-calcareous succes-
sions testifies continental uplift triggered by the beginning of
subduction processes [17]. Stratigraphic, sedimentologic and
petrographic studies carried out in the Northern Apennines on
the turbidites reveal heterogeneous sources for the terrigenous
material [18-30] and these characters suggest that they repre-
sent different sedimentation areas of the ocean that followed,
also, distinct paths as they were involved in the subduction
complex. In fact, simple paleogeographic reconstructions,
with cylindrical back-deformation of the oceanic units in a
direction orthogonal to the chain axis, bring several problems
due to stratigraphic incongruence. Indeed a pure compressional
model for the shortening of the Ligurian-Piedmont Ocean fails
to explain the observed juxtaposition of the Ligurian Units,
that, as it will be shown in this paper, have very different
tectono-stratigraphic evolution. In our kinematic model,
the emplacement of the Ligurian Units in Western Tuscany
requires a significant transcurrent component active during
the build up of the Ligurian subduction complex [31]. This
hypothesis agrees with the kinematic reconstruction of the
Late Cretaceous oblique convergence between Africa and
Eurasia [5, 32].

2. Geological setting

The Northern Apennines orogenic belt is formed by a
pile of thrust units verging to the NE-NNE - i.e. toward the
Adria foreland [33]. The orogenic front is convex toward the
NE (Fig. 1) with directions that vary from WNW-ESE in the
northern sector (Ligurian-Emilian Apennines) to NNW-SSE in
the southern sector (Umbrian-Marchean Apennines) [34, 35].
However the convex shape is not involving the whole belt, but
it is most evident in the external sector, where compression is
presently active. In fact, the SW sector, apart from the virgation
correspondent to the Mid-Tuscan-Ridge (MTR), maintains
straight directions of principal structures (Fig. 1). Because of
this different geometry, that has been developed starting from

the late Miocene, the Cretaceous-Eocene structures described
in the present paper do not maintain a constant trend from
the internal to the external sector.

The Northern Apennines Thrust Front is well defined by seismic
reflection profiles and well data in the Po Plain subsurface and in
the Adriatic Sea and is characterized by several undulations convex
toward the foreland separated by transfer zones [34-36].

Within the Apennines pile the lower units are those deposited
on the continental Adria crust, while the top units are the so
called “Ligurian Units” representing sediments and portions
of igneous oceanic crust. The Ligurian Units have been distin-
guished in Internal and External Ligurian Units on the basis of
their lithostratigraphic and tectonic setting [37] (Fig.2).

The Internal Ligurian (IL) Units, generally located to the
west of the chain, are formed by ophiolitic successions with
a basement represented by serpentinized mantle peridotites
intruded by gabbroic bodies and topped by both N-MORB
lavas [38 and reference therein] and sedimentary ophiolitic
breccias [39]. The extensive exposure of ultramafic rocks
and ophiolitic breccias and the poor development of effusive
products imply slow spreading and amagmatic processes
with development of rough seafloor topography [13]. This
basement is covered by the Jurassic-Lower Cretaceous pelagic
sequence that includes cherts - Mt Alpe Chert - Limestones
- Calpionella Limestone — and shales - Palombini Shale [6].
The mantle peridotites and gabbroic rocks have been exposed
on the ocean floor as denudated ophiolitic basement. This
exposure was associated with a widespread, high tempera-
ture (600°-750°C) ocean floor metamorphism that produced
ductile deformations as isoclinal folds and mylonitic bands
[39, 40]. The ductile structures have been later cut by frac-
tures associated to sea water circulation and amphibolite to
greenschist facies overprint [41, 42].

In the “classic” IL unit succession cropping in the Ligurian-
Emilian Apennines, the ophiolitic basement and related pelagic
sediments are overlaid by siliciclastic turbidites of Campanian-
early Paleocene age (Manganesiferi Shale, Mt Verzi Marl,
Zonati Shale, Mt Gottero Sandstone [43]).

The External Ligurian (EL) Units are most common on
the eastern sector of the Apennines and in Western Tuscany
where they are placed beneath the IL Units. The EL Units
generally lack the oceanic basement and consist mainly of
detached pre-flysch units and calcareous-marly turbidites called
Helminthoid Flysches. A trace of the ophiolitic basement is
preserved as olistoliths and olistostomes [9] within the flysch
sequences. The detachment is regionally cutting through pela-
gic, pre-flysch units and there are evidences of the detachment
occurring before accretion on the Adria passive margin [16].
The pre-flysch-units, also called basal complexes, consist
of clay-rich pelagic and hemipelagic successions of Early
Cretaceous - early Eocene age. The Helminthoid Flysches
of the EL units are progressively younger moving both from
western Tuscany, Campanian-middle Eocene ages, to the
Liguria-Emilia Apennines, Maastrichtian-middle Eocene,
and from west to east where their age of inception is early
Eocene [3, 17, 28, 44, 45].
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Fig. 2 — Schematic stratigraphic columns and age of the Ligurian Units
of Western Tuscany. AMO: Montecatini Sandstone; APA: Palombini
Shale; CAA: Lanciaia Formation; CCL: Calpionella Limestone;
DSA: Monte Alpe Chert; A: Basalts; I': Gabbros; X: Serpentinites;
MTYV: Monteverdi Marittimo Formation; RCH: Poggio Rocchino
Formation; MLL: Monte Morello Formation; SIL: Sillano Formation;
PTF: Pietraforte Formation.

The Ligurian Units are unconformably covered by slope and
apron sediments called Epiligurian Successions. They either
postdate many of the tectonic contacts present in the Ligurian
Units or are deformed together during their NE thrusting on
top of the Adria continental margin [46]. Also the Epiligurian
Successions have a younging direction to the NE, so that they are
late Paleocene-early Eocene in western Tuscany, early Eocene in
the Liguria-Emilia Apennines, and early Miocene in the eastern-
most sector of the chain [16; 47 with reference therein].

3. Lithostratigraphy of the Ligurian Units
in Western Tuscany

In Western Tuscany the IL units are represented by the
Lupicaia Creek Tectonic Unit and the Montignoso Tectonic

Unit (Table 1). The Lupicaia Creek Tectonic Unit is formed by
isolated outcrops of Maastrichtian-Paleocene sandstone, related
to the IL units flysches of the Ligurian-Emilian Apennines, and
here called Montecatini Sandstone (Fig. 2). The Montignoso
Tectonic Unit is formed by the Lower Cretaceous clay-rich
formation of the Palombini Shale. This latter unit is extensively
cropping out in Western Tuscany, while it is totally absent in
other sectors of the Northern Apennines (Fig. 1).

The EL units can be divided in three sub-groups: EL1 units,
which includes Campanian to Danian carbonatic turbidites
deposited in the western portion of the Ligurian basin and
associated with middle Campanian ophiolitic olistoliths and
breccias; EL2 units, characterized by lower-middle Eocene
carbonatic turbidites and upper Paleocene—lower Eocene
ophiolitic debris in the basal complexes; and ophiolitic units,
structured as a tectonic pile of thrust sheets of variable sizes
lying on top of the EL1 units and unconformably covered by
the Epiligurian Successions, as the Lanciaia Formation.

3.1 Internal Ligurian Units

Lupicaia Creek Tectonic Unit. The Montecatini Sandstone
of the Lupicaia Creek Tectonic Unit [16, 48] occupies the
topmost geometric position in the Ligurian tectonic pile. The



Downloaded by [University of Nebraska, Lincoln] at 09:45 10 April 2015

Giuseppe Nirta et al. /| Geodinamica Acta 20/1-2 (2007) 71-97 75

LIGURIAN NAPPE

TECTONIC UNITS

proposed nomenclature

synonyms

Lupicaia Creek Unit

Montecatini Sandstone Subunit [139]

Palombini Shale Ophiolitiferous Unit [140]

Internal Ligurian Units (IL)

Montignoso Unit

Upper Ophiolitic Unit [55; 139]

Palombini Shale Ophiolitiferous Unit [135]

External Ligurian

Ophiolitic tectonic slices

Vara Unit [16]

Lower Ophiolitic Unit [55; 139]

Monteverdi M.mo-Lanciaia Ophiolitiferous Unit [135]

Units (EL)

Castelnuovo Val di
Cecina Unit

Marly-Calcareous Flysch Unit [141];
Monteverdi M.mo-Lanciaia Ophiolitiferous Unit [135]

EL1

Castelluccio Unit

Montaione Ophiolitiferous Unit [135]

EL2 Morello Unit

Calvana Supergroup [23]; Santa Fiora Unit [142]

Table 1 — Proposed nomenclature for the Ligurian Units in western Tuscany.

Montecatini Sandstone, in fact, shows evidence of thrusting on
top of the Montignoso Tectonic Unit, even though the exposure
is so poor that the Montecatini Sandstone could also represents
a tectonic wedge within the Montignoso Tectonic Unit.

The Montecatini Sandstone, Maastrichtian- late Paleocene
[48, 49], is formed by frequently amalgamated strata of
medium to coarse-grained arkosic sandstones, with siltstones,
shales and a lower amount of marls. Clay chips and slumping
events are common.

Montignoso Tectonic Unit. The Montignoso Tectonic
Unit is formed by the Lower Cretaceous Palombini Shale.
This formation is characterized by a block-in-matrix style of
deformation of the original layered sequence of alternating
shales and fine-grained calcareous or siliciclastic turbidites
[50]. They also contain dismembered portions of the ophiolitic
sequence which rarely maintains stratigraphic contacts with
the Palombini Shale themselves (Fig. 3a).

3.2 External Ligurian Units

External Ligurian 1 — EL1 — units. They include the
Castelnuovo-Val di Cecina and the Castelluccio tectonic units.
These units have the same stratigraphy, but they are divided
by a regional out-of-sequence-thrust into two distinct tectonic
units [16]. They are both formed by an upper Santonian-lower
Paleocene Helminthoid Flysch, Monteverdi M.mo Formation,
that lies on a Cenomanian—lower Turonian pelitic-calcarenitic
basal complex, Poggio Rocchino Formation. The age hiatus

between the flysch and the basal complex (Fig. 2) could be
explained as a sedimentation gap, even though the poor expo-
sure of contacts hampers a precise age calibration [45].

The flysch succession contains cohesive and granular debris flow
deposits, hyperconcentrated flows and slide blocks of Campanian
age. These deposits are represented by polymictic breccias (Fig.
3b) and coarse grained arenites and rudites with clasts and matrix
from the ophiolitic succession (ultramafics, basalts, cherts and
limestones). The slide blocks are generally monolithologic, while
the biggest bodies are commonly polylithologic.

Some of these bodies, that can have sizes of few km, can
also represent blocks emplaced by tectonic mechanisms, as thrust
sheets. These blocks were able to modify the depositional systems
in the sedimentary basin acting as obstacles, and suggesting a
hypothesis to the end of sedimentation of the Monteverdi M.mo
Formation as related to the diachronous (late Maastrichtian-
Paleocene) emplacement of ophiolitic tectonic slices.

External Ligurian 2 — EL2 — units. EL2 units are here
represented only by the Morello Tectonic Unit. From the bottom
to the top this is formed by: a Upper Cretaceous-lower Tertiary
clay-rich, basal complex, the Sillano Formation, an Upper
Cretaceous turbidites, commonly intercalated in the Sillano
Formation, and called Pietraforte Formation, and an Eocene
Helminthoid Flysch, the Monte Morello Formation [51, 52].

Ophiolitic debris flows deposits and slide blocks, similar
to those in the EL1 units, are present also here and located
between the Sillano and Monte Morello formations, implying
deposition during the early Eocene. As in the EL1 units, some
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of these slide blocks have sizes and geometrical setting that
suggest tectonic mechanisms of emplacement.

Ophiolitic tectonic slices. The ophiolites of Western
Tuscany crop as discontinuous assemblages of tectonic slices
on top of EL1 units. They are represented by: serpentinized
peridotites (spinel lherzolites), olivine bearing gabbros, covered
by ophiolitic breccias interlayered with MOR-type basalts,
and by the pelagic sedimentary succession with radiolarites,
limestones and shaly-calcareous formation (Mt. Alpe Chert,
Calpionella Limestone, Palombini Shale, respectively).

The attribution of the ophiolites of Western Tuscany to
the EL is due to their geometrical and tectonic setting rather

Fig. 3 — a: The Montignoso Tectonic Unit; tectonic contact between the
Palombini Shale (APA) with block-in-matrix style of deformation and a
portion of the ophiolitic sequence; b: ophiolitic breccia (bc) interbedded
in the Monteverdi Marittimo Formation; ¢: tectonized slump in the
Sillano Formation; the scaly cleavage developed during the D3
deformation phase; d: fold of the D1 deformation phase in the Poggio
Rocchino Formation; e: parallel fold of the D2 deformation phase in
the Monte Morello Formation; f: decimetric spaced fractures associated
with the angular hinge of a pluri-decametric fold in the Monte Morello
Formation; g: interference pattern between D3a and D3b folds developed
during the D3 deformation phase in the Sillano Formation; h: pluri-
decametric open fold developed during D4 deformation phase in the
Monte Morello Formation.

Fig. 4 — Distribution of the ophiolitic slide blocks and breccias in the Monte
Morello Formation (EL2) and in the Monteverdi Marittimo Formation

and relationships with the Livorno — Prato — Sillaro (LPS), Cecina

— Impruneta — Faenza (CIF) and Donoratico — Siena — Val Marecchia
(DSM) tectonic lines. 1: Monteverdi Marittimo Formation outcrops;

2: Morello Unit outcrops; 3: Lanciaia Formation outcrops;

4: ophiolitic slide blocks and breccias in the Monteverdi Marittimo Formation;
5: ophiolitic slide blocks and breccias in the Monte Morello Formation.

different from the Vara Unit, located on top of the tectonic
pile as coherent remnants of the original oceanic crust.

On the regional scale, the outcrops of the ophiolitic debris
of the EL2 units are organized on WSW-ENE trends (SW-NE
in the external sector of the chain) following defined tectonic
lineaments that cross cut the Northern Apennines from the
Tyrrhenian to the Adriatic sea (Fig.4). These lineaments are
also the northern and the southern boundaries of the Monte
Morello Formation cropping area (Fig.4).

3.3 Epiligurian Succession

The Epiligurian sequences were originally defined by
Ricci Lucchi and Ori [46] in the Emilia-Romagna Apennines
as the middle Eocene to Miocene sediments uncomforma-
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mation phase do not have the same orientation in the internal (western) and
external (eastern) sector of the Northern Apennines (see text for details).

Data from the Viano area are from [50].

Fig. 5 - Equal area, lower hemisphere stereographic representation of the

D1, D2, D3 and D4 structural data. As a consequence of the post-Messinian

differential rotation [60-63], the structures developed during the same defor-
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bly deposited on top of the already accreted Ligurian Units
during their translation toward the Adria foreland. In Western
Tuscany the Lanciaia Formation (late Paleocene to middle
Eocene) could be considered the first Epiligurian sequence
(i. e. a “proto Epiligurian sequence”), in fact it has been
interpreted as a syn-tectonic deposit [33, 53] uncomformably
overlying the deformed ophiolitic tectonic complex and the
EL1 [54-56]. However, it is worth to point out that the Lanciaia
Formation and the more external Epiligurian sequences have
been deposited in very different tectonic contexts, in fact,
while the first were deposited in the ocean after the Late
Cretaceous tectonic phase, the second have been deposited
after the middle Eocene Ligurian tectonic phase when the
ocean was already closed.

The Lanciaia Formation is formed by a basal ophiolitic
sedimentary mélange with blocks, breccias and sandstones,
that evolves to a thin sequence of calcarenite, marlstone,
sandstone and siltstone, irregularly alternating with ophiolite
bearing debris flows deposits.

4. Deformation history of the Ligurian Units
in Western Tuscany

Detailed field mapping and structural analyses on key
areas of Western Tuscany allowed the identification of four
main deformation phases in the Ligurian Units. The age of the
deformation is deduced from both the age of the formations
involved and from the relationships with the Epiligurian
succession and the late-orogenic sediments, while cross-cut-
ting of structures suggests relative timing. The deformation
events will be described in both EL1 units and EL2 units,
even though D1, in particular, involved only EL1 units, pro-
ducing a geometric setting not directly comparable between
the two sets of units.

The oldest perturbations detected in the EL1 units are
soft-sediment and they are testified by debris flows and slide
blocks, diffuse slump folds and intraformational breccias
implying Late Cretaceous instability of the ocean floor.
This instability can be associated to the emplacement of
the restricted ophiolitic tectonic slices due to the beginning
of the orogenesis.

4.1 D1 deformation phase

The syn-sedimentary deformation structures of the EL1
units are involved by widespread and well developed D1
folding (Fig. 5). The folds are asymmetric with inclined
to recumbent setting, round hinges and class 1B, 1C and 2
geometry according to Ramsay [57] (Fig. 3d). The interlimb
angle ranges from 0° to 30° and their size varies from the
centimeter to the kilometer scale. Fold trend maintains a SW-
NE to WSW-ENE direction and a SE to SSE vergence, even
though later deformation locally scatters the D1 fold axes (Fig.
5). A well developed axial plane cleavage is present only in
the siltstone — shale succession of the basal complexes. Shear

zones parallel to the fold axes (A1) and with tectonic transport
toward SSE are associated with this folding event.

The development of D1 is restricted to EL1 units, even
though also EL2 units show some perturbation (Fig. 6). In
particular D1 has an effect on the sedimentary processes
active in EL2 units and produced syn-sedimentary deforma-
tion related with the emplacement of local ophiolitic tectonic
slices (Fig. 3c).

The direction of the maximum shortening, deduced from
the D1 structures in the EL1, is NNW-SSE oriented with
tectonic transport toward SSE.

4.2 D2 deformation phase

D2 is associated with the development of a new generation
of folds. The D2 phase lead to a D1 coaxial refolding event
in the EL1 units while the same tectonic pulse gave the most
pervasive deformation identifiable on the EL2 units (Fig. 6).

In EL1 units, D2 produced close to tight [58] asymmetrical
folds with generally parallel geometry, upright attitude and
a SSE vergence (Fig. 3e). The superposition of this event on
the D1 folds produced interference patterns referable to the
type 3 of Ramsay & Huber [59].

In EL2 units, D2 is represented by asymmetrical (gene-
rally recumbent) tight to isoclinal folds with roughly parallel
geometry (classes 1B, 1C and 2 of Ramsay [57]) and rounded
hinges. Flexural slip folds with well developed striations on
the bedding surfaces are observable in the well bedded cal-
careous sequences of the Helminthoid flysches. The folds are
SW-NE oriented and SE vergent in the internal sector of the
chain while are NNE-SSW oriented and ESE vergent in the
external sector (Fig. 5). Axial plane cleavage is common in
the alternating shale and siltstones of the Sillano Formation,
the basal complex of EL?2 units.

D2 affected also the Epiligurian Succession, developing
the oldest and most widespread deformation detected in these
deposits. In the Epiligurian Succession, the deformation is
represented by open to close folds with upright to inclined
attitude; their axes trend WSW-ENE and axial planes dip
toward NNW (Fig. 6).

All the D2 kinematic indicators point to a shortening
direction NNW-SSE oriented with tectonic transport toward
SSE in the internal sector of the chain while a WNW-ESE
shortening direction with ESE tectonic transport is recogni-
zable in the external sector of the chain.

4.3 D3 deformation phase

D3 develops structures quite different in EL1 units with
respect to EL2 units. In the EL1 units the structures are
represented by large scale (decametric to kilometric) gentle
to open folds with vertical axial planes and rounded hinges
(Fig. 6). In the EL2 units, the folds have an inclined to recum-
bent attitude with interlimb angles ranging from 30° to 70°
in the Monte Morello Formation, and from 0° to 70° in the
Sillano Formation. In the Monte Morello Formation the D3
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Fig. 6 — Sketch of the
structural evolution

of the Ligurian Units

in Western Tuscany.

D?: pre-middle Eocene
deformation phase in the
Montignoso Unit;

A1, D1 fold axes;

A2, D2 fold axes;

A3a, first generation

of fold axes of the D3
deformation phase in
the EL2 cropping out in
internal (western) sector
of the chain;

A3Db, second

generation of fold axes
of the D3 deformation
phase in the

EL2 cropping out in
internal (western) sector
of the chain; A4, D4
fold axes. The orientations
of the structures in

the figure refers to the
internal (western)
sector of the Northern
Apennines.
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folds are metric to decametric and show a brittle behavior
that produced centimetric to decimetric spaced fractures
(Fig. 3f) associated with angular hinges. Instead the Sillano
Formation D3 folds have a similar geometry and are centi-
metric to metric in size. D3 folds trend NNW-SSE and have
an ENE vergence in the internal sector of the chain while are
WNW-ESE oriented with NNE vergence in the external sector
(Fig. 5). West dipping shear zones marked by S-C structures
are commonly developed at the interface of horizons with
strong competence contrast.

The overprinting of the D3 folds onto D2 folds produced
interference patterns of the type 2 according to Ramsay & Huber
[59]. Mesoscopic evidence of this interference is rare, because
of the brittle disruption developed in the D3 hinges that strongly
tectonized the zone of interference with the D2 hinge zones.

In the EL?2 units of westernmost Tuscany, the progressive
deformation lead to a coaxial refolding event within D3 cha-
racterized by close to tight asymmetrical similar-parallel folds
with axial surfaces steeply dipping toward WSW (Fig. 3g).

In the present study, the Montignoso Tectonic Unit and
the Lupicaia Creek Unit (IL) have been involved in the
same, D3 deformation event, even though the recognition
of structures related to this event is very difficult, especially
in the Montignoso Tectonic Unit. In fact the chaotic assem-
blage of the Montignoso Tectonic Unit records a complex
deformation history before the D3 deformation event and
also the following D4 phase altered the geometry quite
complexly. Nevertheless the NNW-SSE alignment of the
ophiolitic body scattered in the chaotic pelitic matrix of the
Palombini Shale, the S-C structures and the most evident
scaly cleavage can be referred to the D3 event. The tectonic
transport as recognizable from these structures points to
movements toward ENE.

The structural data collected in the Montecatini Sandstone
(Lupicaia Creek Tectonic Unit) are poor due to the scarce and badly
exposed outcrops. Nevertheless this Unit shows a little deformation
degree and the few fold axes have scattered orientations.

4.4 D4 deformation phase

The D4 deformation phase produced large (km) and wides-
pread gentle to open folds with upright attitude, trending
WSW-ENE and with axial planes steeply dipping toward either
NNW or SSE (Fig. 3h, Fig. 5). D4 also produced high angle
faults, commonly oriented N30°E and cross-cutting the D3
folds. Foliated cataclasites are commonly present along the
faults in the Helminthoid flysches. In the cataclastic zones,
the kinematic indicators, mainly S-C structures, show an
alternation of dip-slip and strike-slip movement.

Since Messinian all the orientations of the above des-
cribed structures have been modified by the countercloc-
kwise rotations occurred in the eastern/external sector of the
Northern Apennines, as visible also from the clear convex shape
[60, 61]. During the event that brought to the increasing

curvature, all the structures jointly rotated counterclockwise.
The internal sector, instead, lacks evident rotation and in fact
the Cretaceus-Eocene structures [62, 63] roughly maintain
their original parallelism. As a consequence of this diffe-
rential rotation, the structures developed during the same
deformation phase do not have the same orientation in the
internal (western) and external (eastern) sector of the Northern
Apennines (Fig. 5). This late rotation, furthermore, lead to the
amplification and reactivation of the D4 faults, even though a
precise reactivation rate is never clearly observable.

5. The evidence for transverse lithospheric
tectonic lineaments

Thrusts, folds and the pervasive deformation recorded
in the Ligurian Units show persistent WSW-ENE orienta-
tions (SW-NE in the external sector). Also the outcrops of
the ophiolitic debris in the EL1 and EL2 units, and both
the northern and the southern boundaries of the Monte
Morello Formation cropping area are aligned on WSW-ENE
directions (SW-NE in the external sector; Fig. 4). These
structural and stratigraphic characters of the Ligurian Units
in Western Tuscany, well match deep crust geophysical data
[35, 64, 65] that allow the identification of three lineaments
cutting through the study area: the Livorno-Prato-Sillaro
(LPS) Line, the Cecina-Impruneta-Faenza (CIF) Line and
the Donoratico-Siena-Val Marecchia (DSM) Line (Fig 1).
WSW-ENE (SW-NE in the external sector) discontinuities
are detected in the Northern Apennines as lithospheric tecto-
nic lineaments that cross cut orthogonally the chain from the
Tyrrhenian to the Adriatic sea. Tectonic lineaments oriented
perpendicularly to the Northern Apennines chain axis have
been described by many authors [66-72], which interpreted
them with different kinematics (e.g. as normal faults, transfer
faults, thrusts lateral ramps and strike-slip faults). As matter
of facts some of these lineaments probably experienced
different kinematic behaviours during the evolution of the
Northern Apennines controlling strain localization in both
oceanic and continental units, with evidence that they were
active since the Late Cretaceous and during the oceanic and
the collisional orogenic phases. The Cretaceous/Eocene
deformation of the Ligurian Units has been concentrated
along these oceanic transverse lineaments and, quite puzzling,
the same lineaments persisted onto the Adria lithosphere,
implying that they are inherited structures [73-75]. This
situation will be discussed through the new stratigraphic
and structural data acquired from the Ligurian Units of
Western Tuscany integrated by geological and geophysical
data already available for the Northern Apennines.

Stratigraphic data

The tectonic activity of the transverse lineaments in the
oceanic lithosphere had influenced both the turbiditic sedimen-
tation and the emplacement of ophiolitic slide blocks, since the
Campanian. EL2 units, in particular, show ophiolitic olistoliths
only along the LPS line, the CIF line and the DMS line (Fig. 4)
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Fig. 7 — Distribution of the Neogene and Quaternary basins (grey) in the
Northern Apennines. 1: main thrust front; 2: main tectonic lines transverse
to the chain axis; 3: main tectonic lines transverse to the chain axis partly
matching the Livorno — Prato — Sillaro (LPS), Cecina — Impruneta

— Faenza (CIF) and Donoratico — Siena — Val Marecchia (DSM) linea-
ments; 4: main normal faults bordering the Neogene and Quaternary
basins (modified and redrawn after [83]).

testifying a tectonic control on the deposition [16]. Moreover the
middle Eocene Monte Morello Formation and the Epiligurian
Lanciaia Formation crop out clearly confined between the LPS
and DSM lines suggesting a bounding role of these lineaments
during the last stage of the oceanic closure (Fig. 4). Also, the
ophiolitic debris in the Helmintoid flysch of the EL1 “Castelluccio
Unit” has been found in outcrops and through drilling [16] only
between the LPS and DSM lineaments [Fig. 4].

Summarizing, during the subduction phase the tectonic
control of the transverse lines on the oceanic sedimentation
grew gradually more important till the middle Eocene where
the lineaments probably had a morphologic expression working
as boundaries of the turbiditic basins.

Structural data

The LPS and the DSM lines ubiquitously bound to the north
and to the south the area where the Ligurian Units are characte-
rized by WSW-ENE structural trends. Outside from this area,
a prominent chain-parallel, NW-SE trend is recognizable in the
tectonic structures, and NE-SW trends have been interpreted as
the result of strongly non-cylindrical folds [50] (Fig. 5). On the
other hand, the continental units of the Adria margin have been
interested only partially by the chain-transverse, WSW-ENE,
structural trend and only where they are adjacent to the LPS and
DSM lines. In particular the bedding of the foredeep deposits
and their thrusts are generally oriented NW-SE, but close to the
LPS lineament they rotate becoming NNE-SSW, i.e. parallel to
the lineament itself, forming lateral ramps [70, 76].

The structural analysis carried out in the area between
the LPS line to the north and the DSM line to the south is

Fig. 8 - Gravity map of the Northern Apennines. Bouguer isoanomalies in
mGal. Livorno-Prato-Sillaro (LPS) and Donoratico —Siena-Val Marecchia
(DSM) tectonic lines are shown (redrawn after [35]).
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Fig. 9 — Map of the
geothermal gradient

in western Tuscany
(redrawn after [90]).
1: outcropping Plio

— Quaternary igneous
rocks;

2: geothermal gradient
isolines (C°/km);

3: location of the
DSM lineament. The
inlet shows the map of
the depth of the high
reflective seismic horizon
(K-horizon [143])
related with the top of
the Larderello Pluton
(redrawn after [144]).

Note how both the [RARAAAY 1
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particularly indicative of their interaction with the tectono-
stratigraphic evolution of the Ligurian Units. From the Late
Cretaceous to the Miocene, the tectonic structures developed
in the Ligurian Units show shortening oriented NNW-SSE in
the internal sector and WNW-ESE in the external sector.

Data from other geological studies

On the basis of geophysical data and regional scale map
observation many authors emphasized the presence of trans-
verse tectonic discontinuities in the Northern Apennines [68,
71, 77]. For example, on the Adriatic side of the Apennines,
the LPS and the DSM lines are the most evident since they
represent the boundaries between the Ligurian Units and the
foredeep deposits of the Marnoso-Arenacea Formation [46,
68-70] (Fig.1). A geomorfological evidence of the LPS and
DSM lineaments is their matching with first order elevation
lows of the Northern Apennines water divide. Moreover,
according to Salustri Galli et al. [78] this first order elevation
lows of the Apennines water divide could reflect compressive
transfer zones formed along inherited Mesozoic structures of
the passive continental margin which have been reactivated
during the subduction rollback of the Adriatic-Ionian lithos-
phere [77, 79-82]. On the Tyrrhenian side of the Apennines,
instead, the lineaments worked as extensional transfer faults,
as they partially match the borders of some Neogene basins
[72, 83, 84] (Fig. 7). According to Liotta [72] and Pascucci
et al. [84], in the Neogene basins separated by the lineaments
the stratigraphy and the thickness of their sedimentary sequen-
ces are different. In particular the LPS lineament testifies a
post-Miocene strike slip kinematic that locally deformed the

sedimentary sequences of the intersected basins and shifted
left-laterally the pre-Neogene substrate, (i.e. the MTR) for
about 15-20 km [84] (Fig. 1).

These lines can also change their surface kinematic expres-
sion, the LPS line, for example, shows a strike slip — trans-
pressive tectonic record of Neogene age in the Adriatic sector
[69, 85, 86] and a brittle extensional deformation of early
Pleistocene age in the Tyrrhenian sector [64].

Geophysical data

Some geophysical observations can be re-assessed in the
light of the described field data supporting the lithospheric
character of the lineaments. The Apennine surface geology
can, in fact, trace deep seated geological processes and the
configuration of the descending plate [77]. Recent studies on
the Central Apennines, for example [87], describe an important
segmentation of the thrust front (Tremiti Transfer zone) as a
consequence of a differential slab retreat between two sectors
of the subducting Adria plate. In the surface it is also possible
to recognize a different tectonic evolution of areas of the upper
plate correspondent to this segmentation [87].

The gravity maps of the Northern Apennines [35, 64], for
example, show abrupt variations in density and trend of the
Bouguer iso-anomalies near the transverse lineaments, and
particularly in the vicinity of the LPS and DSM lines (Fig. 8)
as already recognized by [68, 71, 88] These variations could
reflect a flexure or a step in the basement [70]. However, if this
hypothesis is correct, it is difficult to explain the pervasive nature
of the WSW-ENE (SW-NE in the external sector) deformation
structures in the Ligurian Units as the effect of a vertical offset
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Fig. 10 - Map

of the depth of

the Mohorovicic
discontinuity in the
Northern Apennines.
From [96] and
reference therein.
The location of the
Livorno — Prato

— Sillaro (LPS) and
Donoratico — Siena
— Val Marecchia
(DSM) lineaments
is shown.

Kilométres

in the Adria basement. Moreover the absence of significant post-
Oligocene transverse structures in the Adria margin Units (i.e.
Tuscan and Umbrian-Marchean Units) near the LPS, CIF and
DSM lines lead to reject the hypothesis of a recent evolution of
the transverse structures cutting through the Ligurian Units.

Another piece of evidence is coming from the earthquakes
distribution in the Italian peninsula [89] showing how along
the Apennine axis the depth of the seismogenic layer varies not
only in proximity of the southern and northern boundaries of the
Northern Apennines (Ancona-Anzio Line and Sestri-Voltaggio
Line respectively), but also near the LPS and DSM lines. This
behavior suggests a segmentation of the Adriatic lithosphere
[77] that influences the dynamic of the large scale surface
deformation affecting both sides of the Apennine orogen.

In the Tyrrhenian sector, westernmost Tuscany, the location
of both the CIF and the DSM lines fits the occurrence of the

maximum heat flow associated to the anomalous geothermal
gradient [90]. This widespread heat flow anomaly has been refer-
red to crustal thinning related to the opening of the Tyrrhenian
Sea and to the late Miocene — Quaternary magma emplacement
at a shallow crustal level [91, 92]. Geological and geophysical
data suggest that the emplacement of shallow-level intrusions
could have been driven by the activity of strike-slip and normal
faults [93]. Recent interpretation of transcrustal seismic lines
of the CROP Project [94] clearly shows the Larderello Pluton
intruded in the upper crust along a transurrent fault that well
fit the position of the DSM lineaments. In this overview the
emplacement of the Larderello and nearby intrusions could
be related to the DSM line (Fig. 9). This hypothesis is also
supported by the analysis of seismic fault plane solutions in
the Larderello geothermal field that show the activity of a main
strike slip tectonic structure oriented roughly NE-SW [95].
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Fig. 11 — The Gagua ridge and the geodynamic
setting of the Philippine Sea Plate (modified
after [136]). The thick solid arrow represents
the convergence of the Philippine Sea Plate
relative to the fixed Eurasia Plate after [137].

The Moho map of the Northern Apennines
[96, 97] shows two important steps in corres-
pondence of the eastern portion of the LPS
and DSM lineaments (Fig. 10). These steps
can also be seen both in the Bouguer anomaly
map [35] and in the map of the depth of the
Apennine seismogenic layer [89].

[~ 20°

6. A model for the evolution
of the Ligurian Units
in Western Tuscany

The geological and geophysical data
indicate how the DSM; CIF and LPS lines
are lithospheric discontinuities active from
the Cretaceous, when they were cutting the
crust of the Ligurian-Piedmont Ocean, to
the collisional phase of the orogenesis in the
continental crust of Adria.

The evolution of the transverse lineaments

*Manila Trench
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and their influence on the architecture of the
Ligurian subduction complex have to be
explained through successive tectonic cycles and through the
association of shallow crustal structures reflecting a pervasive
deformation of the deeper lithosphere.

Transverse lithospheric lineaments occur in most orogens,
[98-101] and some of them have acted throughout a com-
plete Wilson cycle. In particular, Thomas [98] considered
the transform faults of the eastern North America margin
as long-living wide zones of pervasive deformation in the
lithosphere. In this reconstruction they have been acting as
weakness zones as they show repeated tectonic inheritance
through successive Wilson cycles and so influencing and
driving the evolution of oceanic and continental units since
the Cambrian time [98].

In the same way, to explain how during subduction the
DSM, CIF and LPS lineaments penetrated from the ocea-
nic to the continental downgoing lithosphere, we have to
admit their activity already in the continental crust of Adria
before the Middle Jurassic opening phase of the Ligurian-
Piedmont Ocean. In this scenario the tectonic activity along
these lineaments started at least during the Triassic break-
up stage of the Pangea both influencing the opening of the
ocean and driving the nucleation of transform faults [74].
The successive convergent tectonic phase inherited and used
these same transform faults — fracture zones.

Modern analogues of fracture zone reactivation in
compressive tectonic regimes are the Gagua Ridge in
the west part of the Philippine Sea plate [102, 103] and

the Puysegur Ridge, south of New Zealand [104, 105].
Their reactivation is caused by the tectonic reorganization
following the Eulerian poles migration of the Philippine
sea-Eurasian plates and Pacific-Australian plates res-
pectively [102, 104]. Particularly the Gagua Ridge is a
prominent fracture zone reactivated as transpressive fault
in the Eocene, that is now oriented almost orthogonally
(N-S oriented) to the Ryukyu Trench (E-W oriented)
where it subducts in a strongly oblique mode (Fig. 11).
In this context the NW-SE motion of the Philippine Sea
plate favors the development of thrusts along the Gagua
Ridge [102]. The superposition of these structures and
the subduction of the ridge itself has a dominant control
in the accretionary wedge dynamics [103] resulting in a
complex structural evolution of the sediments involved
in the subduction zone [106].

The architecture of the Northern Apennines is histori-
cally interpreted as the result of “cylindrical” subduction
models [33, 107-109]; however these cylindrical models
leave many uncertainties as, for example, the polarity of
the subduction [33, 108, 110-112]. In our view an overall
oblique subduction that lead to a great amount of strain par-
titioning can explain the complex evolution of the oceanic
closure. Many of the debated characters of the Northern
Apennines, as the lack of a Late Cretaceous-Eocene vol-
canic arc and the long residence time of turbidites in the
trench, could be associated with the oblique convergence
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scenario [31]. The combination of the oblique convergence
and the reactivation of oceanic weakness zones may well
explain the dynamic of the Apennine subduction proces-
ses. The sedimentary and structural evolution of the units
involved in the oceanic closure reflects the strain parti-
tioning connected with the oblique subduction/transverse
reactivation (OS/TR).

6.1 Reactivation of the Lineaments in the ocean:
the DI deformation phase
(Upper Cretaceous — late Paleocene)

The Atlantic magnetic anomalies, the paleomagnetic data
on Adria, Iberia, Eurasia and Africa plates and main geolo-
gical constrains allowed reconstructions of the major plates
movements during the early phases of the Western Tethys
opening in the Middle Jurassic [5, 32, 113-116]. From these
reconstructions, the continental margins of Iberia and Adria
plates are commonly oriented ~NE-SW, while the transform
faults were probably parallel to the principal E-W wrench
structure of the Azores — Gibraltar fracture Zone (AGFZ), that
connected the Western Tethys to the Central Atlantic [4, 7, 9,
74, 117-119] (Fig. 12). In this geometric frame, and starting
from the Campanian, the motion of the Africa/Adria plate
changed from eastward to northward, causing the beginning of
the closure of the Ligurian-Piedmont Ocean [5, 115] (Fig. 12).
Paleomagnetic data point to an oblique convergence between

the Adria and the Iberia plates from the Late Cretaceous [31].
In this scenario the European margin was presumably activated
accompanied by a large amount of strain partitioning expressed
by an important role of strike-slip faulting, while, at the same
time, some oceanic fracture zones were reactivated in compres-
sive/transpressive regime (Fig. 13). During middle Campanian
the tectonic activity along the inner (western) portions of the
reactivated LPS, CIF and DSM fracture zones focalized tec-
tonic pulses that produced syn-sedimentary deformations and
emplacement of ophiolitic slide blocks in the adjacent flysches
of the EL1 units (Fig. 6).

The second strong strain focalization along the fracture
zones happened during the late Paleocene (D1) and lead
to an effective reactivation of the LPS, CIF and DSM in a
compressive regime. This event lead to the development of
southward verging thrust sheets formed by portions of the
oceanic crust with their sedimentary cover. In the internal
sector of the lineaments (north-western portion of the ocean),
thrusting of multiple ophiolitic tectonic slices prevent suc-
cessive sedimentation in the EL1 flysch basin. In the external
sector (south-eastern portion of the ocean), the reactivation
of the lineaments produced only a localized emplacement of
slide blocks in the sedimentary basin of the EL2 flysches.

At the same time, the active margin of the European plate
was presumably affected by strain partitioning due to the high
oblique plate convergence. According to Martinez et al. [120],
an oblique convergence of at least 30° is required before strain
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Fig. 13 — Proposed geodynamic model for the evolution of the
Ligure-Piedmontese Ocean and its continental margins during Late
Cretaceous. Thick solid arrows show the transcurrent component
of movement along the transpressive active margin.

partitioning occurs. With this condition the deformation in an
accretionary wedge is accommodated by two main domains: an
internal zone of wrenching and an external wedge of imbricate
thrusts [120]. Moreover, in our model, the Ligurian accretionary
wedge interferes with the reactivated fracture zones and this
tectonic combination is traceable in the pre-?middle Eocene
structural evolution of the Montignoso Tectonic Unit in the
frontal zone of the accretionary wedge.

6.2 Tectonic and sedimentation between the lineaments
(late Paleocene — middle Eocene)

During the late Paleocene-middle Eocene, the European
plate active margin accommodated the major of the tectonic
activity, while along the LPS, CIF and DSM lineaments
occurred only scattered tectonic pulses.

The D1 deformation phase (Late Cretaceous-late Paleocene)
brought ophiolitic tectonic slices on top of the EL1 flysch, since
late Paleocene sedimentation started again with the Lanciaia
Formation. The Lanciaia Formation was deposited in small
piggy back basins parallel to the LPS, CIF and DSM linea-
ments (Fig. 14). The boundaries of the Lanciaia Formation
were tectonically unstable and fed the basin with ophiolitic
olistoliths and olistostromes.

From the early Eocene, the sedimentation of the EL2 units is
represented by the Monte Morello Formation. Both the present
distribution of the Lanciaia and the Monte Morello formations
are confined between the LPS and DSM lineaments and the
outcrops are elongated parallel to them (Fig. 4). The control of
the lineaments on the sedimentation from the late Paleocene to
the middle Eocene can be related to the damming of the turbidity
currents exerted by the prominent fracture zones, testifying their
morphological elevation also during this period (Fig. 14). As
a modern example, this scenario resembles the relationships
between tectonics and sedimentation in the West Philippine
Sea, where the Gagua Ridge traps most of the sediments from
the margins of eastern Taiwan [121].

6.3 The last tectonic pulsation along the oceanic
lineaments: the D2 deformation phase (middle Eocene)

In the middle Eocene, the last oceanic stage of the oro-
genesis produced a tectonic pulse localized along the LPS,
CIF and DSM lineaments responsible for the D2 deformation
phase. This tectonic pulse caused the end of the sedimentation
in both the Epiligurian Lanciaia basin and in the EL2 units
flysch basins. In the internal sector of the lineaments, in fact,
the Lanciaia Formation was locally overthrust by south-verging
ophiolitic tectonic slices and then by a regional out-of-sequence
thrust represented by EL1 terrain (Castelluccio Unit, [16]).
In the external sector the compression and uplifting of the
areas between the lineaments was responsible for the end of
the sedimentation in the EL2 units basin.
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The onland prolongation of the LPS, CIF and DSM
lineaments within the Adria plate was newly activated in
compressive/transpressive regime during middle Eocene,
after being active in the Jurassic time [75], because of the
spreading processes. This reactivation is associated with
the coarse deposits recognized in the continental pelagic
deposits of the Adria plate (i.e. Scisti Policromi) during
middle-late Eocene [122]. These deposits are represented by
coarse calcareous turbidites (i.e. Montegrossi Calcarenites
and Dudda Calcarenites) and breccias containing clasts
from carbonate and siliceous rocks of the Triassic to lower
Tertiary Tuscan-Umbrian lithotypes and locally from low
to medium grade metamorphic rocks [122-124].

6.4 The accretion of the External Ligurian Units: the D3
deformation phase (middle Eocene — Oligocene)

During the final, middle-?late Eocene stage of oceanic
consumption, the External Ligurian Units were detached from
their ophiolitic substratum and accreted onto the European
active margin (Fig. 15). The ocean-ward portion of the LPS,
CIF and DSM lineaments was subducted. Throughout the
stage of oceanic closure and subsequent continental collision,
all the Ligurian Units were involved in the D3 deformation
phase. This phase, conversely to D1 and D2, is characte-
rized by NNW-SSE trending structures (i.e. parallel to the
active margin) testifying the main role carried out by the
subduction during the last stages of the Ligurian-Piedmont
oceanic closure. During D3 the portion of the lineaments not
yet subducted and, later, their continental prolongation acted
as passive trails for the progressive westward movement of

Fig. 14 - Proposed geodynamic model for the evolution of the Ligure-
Piedmontese Ocean during early Eocene. LPS: Livorno — Prato — Sillaro
lineament; CIF: Cecina — Impruneta — Faenza lineament;

DSM: Donoratico — Siena — Val Marecchia lineament.

the accreted Ligurian Units onto the continental margin with
the development of localized deformations.

During D3, the EL1 units, the ophiolitic tectonic sli-
ces and the overlying Epiligurian unit were emplaced on
top of the EL2 flysch units through east-verging thrust.
Successive to this configuration, the emplacement of both
the Montignoso Tectonic Unit and the other IL onto the more
external units (Fig. 14, Fig. 15) testifies the development
of east-verging, out-of-sequence thrusts in the internal part
of the accretionary wedge. It is noteworthy that, before the
D3 phase, only the Montignoso Tectonic Unit was involved
in the accretion, while the EL units were deformed only
by the reactivation of the oceanic lineaments. On the other
hand the D3 deformation phase is the first recorded in the
other IL (i.e. Lupicaia creek Unit).

In the external part of the accretionary wedge, the more inter-
nal Ligurian Units do not overthrust the EL2 units and the D3
deformation phase developed progressive tectonic emplacement
of the whole edifice onto the Adria continental margin.

6.5 The counter clockwise rotation of the Apennine
Chain and the ensialic reactivation of the lineaments
(Oligocene — Present): the D4 deformation phase

From the late Oligocene, backarc rifting is present in the
Apennine chain. According to [80-82] the backarc rifting
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Fig. 15 — Sketch of the tectonic stack of the Ligurian Units.
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is resulting from the retreat of the NW dipping subduction
plane of the Adria lithosphere. Since the early Miocene
the rifting was followed by the formation of new oceanic
crust [125], which caused a counter-clockwise rotation
of the Sardinian-Corsican continental block and of the
Apennine orogen [126].

In this context the continental portions of the LPS, CIF
and DSM, that in the Triassic age controlled the opening
of the Ligurian-Piedmont Ocean, represented once more
weakness zones. Their new reactivation accommodated the
movement between different lithospheric blocks during
rotation. These lines acted as passive elements that focused
the deformation producing the D4 folding associated with
strike-slip and dip-slip faulting in the adjacent oceanic and
continental units. The D4 structural trend is parallel to the
lineaments, and D4 structures are clearly recognizable
throughout the Northern Apennines from Tyrrhenian Sea

Fig. 16 — Post-Messinian rotations in the Northern Apennines

from paleomagnetic data. 1: outcrops of the Morello Unit;

2: tilt corrected paleomagnetic declination from Eocene to late Oligocene
sediments, data from [129; 138]; 3: tilt corrected paleomagnetic
declination from late Miocene to Pleistocene sediments, data from

[60; 62; 63]; 4: boundary between the internal sector (no tectonic rotations
after late Miocene) and the external sector (tectonic rotations after late
Miocene); 5: location of the Livorno — Prato — Sillaro, Cecina-Impruneta-
Faenza and Donoratico-Siena—Val Marecchia tectonic lineaments; 6: rotations
inferred from geological data of the LPS, CIF and DSM lineaments

in the external sector respect to the internal sector after late Miocene.

to the Adriatic Sea. At the same time and far from the
lineaments, the D4 structures are organized as NW-SE
trending structures, parallel to D3, associated with the
ongoing eastward migration of the thrust front.

From the early-middle Miocene, the progressive eas-
tward migration of the Apennine front caused the opening of
the Northern Tyrrhenian Sea. This migration is accompanied
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by crustal thinning of the internal sector of the Apennine
chain [80]. The result is a bipartition of the Apennines in
an internal extensional domain and in an external compres-
sive domain. The lithospheric discontinuities of the Adria
basement played a role also during this phase. They acted
as strike-slip/transpressive faults in the compressive areas
[86] and as transfer faults in the extensional areas [72, 83,
84]. The different behavior of the lineaments along strike is
clearly recognizable analyzing the activity of LPS during
the Neogene. This lineament, in fact, is associated with
strike-slip/transpressive deformation in the compressive
sector [69, 85, 86] and with brittle extensional deforma-
tion in the extensional sector [64]. Where the lineaments
worked as transfer faults, they also partially separated the
Neogene basins leading to an independent sedimentary
evolution for each one of them (Fig. 7).

The prolongation of the lineaments from the oceanic to
the continental lithosphere is the most intriguing point of
the proposed model. In fact the today preservation of the
oceanic deformation of the Ligurian Units along the linea-
ments implies a cylindrical shortening that maintains the units
between the lineaments through the oceanic and continental
deformation phases. Also some stratigraphic characters are
preserved in a cylindrical way. The outcrops of the oceanic
Eocene sediments, as the Monte Morello Formation and
Lanciaia Formation, for example, are confined between the
LPS and the DSM lineaments and the upper Paleocene-lower
Eocene ophiolitic inputs in the Monte Morello Formation are
uniquely aligned along the LPS, CIF and DSM lineaments
(Fig. 4). This “conservative evolution” could be explained only
admitting a strong long-living control by the LPS, CIF and
DSM lineaments on the structure of the Northern Apennines,
throughout the oceanic and continental tectonic phases. In
the proposed model the lineaments, reactivated in the Adria
lithosphere during the collision, produced significant vertical
offsets that maintained the Ligurian units in a lithospheric-
scale structural low during their thrusting over the continental
units (Fig. 15). Later on, these large vertical offsets may have
influenced also the sedimentation and structural evolution of
the foredeep deposits [77]. However, this hypothesis requires
further stratigraphic, structural and geophysical testing along
the entire length of the lineaments.

Summarizing, the current surface appearance of the LPS, CIF
and DSM lineaments on the Northern Apennines seems to reflect
segmentation and tearing of the subducted oceanic slab.

A modern analogue of slab tear mechanism with strong
influences on the surface geology is the subduction of the
Gagua fracture zone in the Ryukyu trench [127]. Here,
the subduction of lithospheric slabs with different dipping
angles creates vertical offsets that drive the surface tectonic
processes [128]. Similarly, in our model, it is possible to
explain the persistence on the continent of the structures
evolved in the oceanic domain, postulating the existence
of lithospheric vertical offsets that worked as trails for
the westward migration of the Ligurian Units onto the
Adria continental crust.

6.6 The oroclinal bending of the chain
(late Miocene — present)

Since the Messinian thrusting in the compressive Apennine
sector was accompanied by complex rotations, resulting in
a convex thrust front toward the Adriatic foreland [60, 129]
(Fig. 15). In the internal sector the extension went on without
significant rotations [62, 63]. During the oroclinal bending
the LPS, CIF and DSM lineaments were also involved
maintaining a parallel trend in the extensional internal sector,
while diverging in the external compressional sector with
differential counter-clockwise rotations. Accordingly with the
oroclinal bending of the chain, the counterclockwise rotation
of the lineaments has angles that increase from the DSM to
the LPS. In fact, the amount of rotations deduced from the
paleomagnetic data shows a striking correspondence with
the differential rotations between the internal and external
sector of the LPS, DSM and CIF lineaments inferred from
the geological data (Fig. 16).

According to Lucente & Speranza [61], the convexity of
the Northern Apennines reflects the bending of the subducting
Adria plate beneath the orogene [130]. In this hypothesis the
lithospheric nature of the lineaments is confirmed pointing
to a genetic relationship between surface deformations and
deep subduction processes.

During the oroclinal bending some structures formed in the
previous deformation phases could have been reactivated with
strike slip/transtensive movement in order to accommodate
the convex geometry of the compressive front.

7. Concluding remarks

Long living lithospheric lineaments can experience
different kinematics through time, according to the tectonic
regime in which they are involved. Lithospheric tectonic
lineaments characterized the Northern Apennines area from
the ? Triassic age, and some of them represents weakness
zones which were reactivated during the complex history
that characterized this sector of the Western Tethys. For
the LPS, CIF and DSM lineaments three main activity
phases can be recognized:

1. During the Jurassic opening of the Ligurian-Piedmont Ocean
some lithospheric lineaments of Adria have been probably used,
as nucleation points for oceanic fracture zones/transform faults.
During this phase on the Adria continental margin the development
of isopic zones is linked with the activity of the lineaments.

2. The evolution of the Ligurian Units during the Late
Cretaceous — middle Eocene closure phase of the Ocean
could be framed in a structural setting where longitudinal
transpression along the European active margin is coupled with
reactivation of the fracture zone of the ocean in compressive
regime. The polyphasic structural evolution of the Ligurian
Units evidences a large scale strain partitioning between
the transpressive subduction complex and the intraoceanic
reactivation of the lineaments.
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3. With the beginning of the ensialic phase of the
orogenesis, the LPS, CIF and DSM lineaments are likely
to have been inherited as passive elements in the Adria
continental crust. They accommodated the movements
among the sectors of the chain with different strain rate
during the Miocene rotation of the Apennines Chain and
the subsequent Tyrrhenian Sea opening.

During their activity the LPS, CIF and DSM lineaments
influenced the sedimentation and the structural evolution of
the adjacent unit in both the Ocean and the Adria continental
crust. Particularly in western Tuscany the Ligurian Units record
the influence of such lineaments in the Upper Cretaceous
to middle Eocene turbiditic sequence as emplacement of
ophiolitic slide blocks and breccias.
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