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Abstract: Based on the review of the available stratigraphic, tectonic, morphological, geodetic, and
seismological data, along with new structural observations, we present a reappraisal of the potential
seismogenic faults and fault systems in the inner northwest Apennines, Italy, which was the site,
one century ago, of the devastating Mw ~6.5, 1920 Fivizzano earthquake. Our updated fault catalog
provides the fault locations, as well as the description of their architecture, large-scale segmentation,
cumulative displacements, evidence for recent to present activity, and long-term slip rates. Our work
documents that a dense network of active faults, and thus potential earthquake fault sources, exists
in the region. We discuss the seismogenic potential of these faults, and propose a general tectonic
scenario that might account for their development.

Keywords: active faults; earthquakes; inner northwest Apennines; current deformation; satel-
lite geodesy

1. Introduction

Earthquake data, including instrumental and historical earthquakes, are critical infor-
mation to constrain seismic-hazard assessment [1–4]. However, these data cover periods
of time that are generally much shorter than the recurrence times of large earthquakes
(i.e., with Mw ≥ 6.0) on a given fault and regionally, especially in areas of low deformation
rates [5–7], as is the case in Italy. Paleoseismological data [8] may complete and comple-
ment the seismic catalogs, but paleoseismological studies are generally difficult to conduct
extensively—as is the case in Italy at the present moment—and they generally recover
partial information on the past earthquakes. Nevertheless, earthquakes result from the
rupture of tectonic faults that are generally long-lived features, and it has been shown that
documenting these long-term faults provides critical insights to anticipate some of the
properties of the large earthquakes these faults may produce in the future [5,6,9]. On the
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other hand, identifying where seismogenic faults are in a region is key to anticipate where
earthquakes might occur in the future (e.g., [9]).

Faults have intrinsic properties, such as a 3D overall architecture, a lateral segmenta-
tion of their principal trace, a certain degree of structural maturity, a given average slip
rate, etc., and these properties have been shown to control, at least partly, the earthquake
behavior [10–12]. In particular, the fault structural maturity, which relates to the fault slip
longevity and rate over geological time, markedly impacts the geometrical and mechanical
properties of the fault, which in turn controls the earthquake rupture size (rupture length
and slip amplitude) and “energy” (i.e., stress drop); the more immature a fault, the greater
its capacity to produce large stress drop, and hence highly damaging earthquakes [11,13,14].
Therefore, identifying seismogenic faults in a given region and documenting their general
properties (lateral segmentation, connection to other faults, cumulative displacements, slip
rates, etc.) constitutes a fundamental basis to implement and improve the seismotectonic
models that are used as input for seismic hazard estimates [9].

In the present study, we conduct this work in the inner northwest Apennines region
of Italy. That region was the site, one century ago, of a major devastating earthquake, the
1920 Fivizzano event, the magnitude of which is estimated at Mw 6.5, similar to that of
the dramatic main shock of the 2016 Central Italy earthquake sequence [15]. This region
also hosted several other moderate to large historical earthquakes over the last few cen-
turies. Despite the occurrence of all these earthquakes, the Italian database of seismogenic
structures (DISS-INGV) [16] includes only two seismic sources in the whole region. We doc-
ument here that many more potential earthquake fault sources exist in the region (some
are referred in the Ithaca fault catalog, ISPRA [17]), and should be taken into account in
seismic-hazard evaluation.

Based on a comprehensive review of the available geological, tectonic, chronological,
morphological, geodetic, and seismological (instrumental and historical) data for the inner
northwest Apennines, along with new tectonic data from our own work, we present a
reappraisal of the active or possibly active seismogenic faults and fault systems in the
internal Apennines north of the Arno river. Our updated fault catalog provides the
fault locations, as well as the description of their architecture, large-scale segmentation,
cumulative displacements, evidence for recent to present activity, and long-term slip rates.
It also includes the offshore domains of the northern Tyrrhenian coast so far ignored in
previous compilations [16,17]. Our work eventually allows us to discuss the seismogenic
potential of the identified faults, while proposing a general tectonic scenario accounting for
these faults.

2. Main Structural Domains in the Northern Apennines

The northern Apennines (Figure 1) are the result of the Neogene subduction of the
Adria continental crust and the overlying remnants of a former intraoceanic accretionary
wedge [18–20]. The latter is represented by the so-called Ligurian and sub-Ligurian units,
which may be observed superimposed to the Tuscan and Romagna–Umbria continental-
derived cover and basement of the distal to proximal Adria margin [18–21]. After the
inception of the continental subduction during the Oligocene, parts of the Adria continental
margin were imbricated and incorporated into the orogenic wedge at a shallow crustal
depth (e.g., the Tuscan Nappe), whereas other portions were underplated at deeper crustal
levels (e.g., the Tuscan Metamorphic units) and lately exhumed at the surface within
tectonic windows in the internal, Tyrrhenian side of the orogen [19–21].

The Neogene-to-recent tectonic evolution of the Apennines has been characterized by
contractional tectonic activity in the foreland, accompanied by extension in the internal
domain [22–24]. This deformation has produced a great density and variety of fault systems
with different kinematics, which may be seen as defining different morphostructural
domains (Figure 1), as described below [25–29].
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Figure 1. Simplified geological and structural map of the northern Apennines emphasizing the Neogene tectonics in the 
investigated area. Structural domains (SDs) discussed in the paper are shown in the Google Earth inset. AA: Alpi Apu-
ane; LEF: Livorno–Empoli Fault; MG: Mt. Gottero; MP: Mt. Pisano; TAL: Taro Line. TAL and LEF bound the region of 
study. Offshore sediment thickness are after [30,31], and earthquakes and focal mechanisms are from the INGV archive 
[2,32]. 

The major fault systems in the external domain are the contractional fronts, divided 
into the northern Apennines Deformation Front (ADF) and the Apennines Range Front 
(ARF). The northeast Apennines Deformation Front is presently primarily buried be-
neath the Po Valley and extends offshore in the western Adriatic Sea [23,24,28,29]. Recent 
seismicity, including the 2012 Emilia Mw 5.9 thrust earthquake [4,33], along with geo-
morphic studies [29], clearly show that folding and thrusting associated with the ADF are 
currently active. The Apennines Range Front [25,27–29] lies some 60 km to the southwest 
of the ADF. The ARF front is marked by a transition from gently dipping alluvial strata in 
the Po basin to uplifted bedrock in the Apennines, presently standing up to 2000 m above 
the Po plain near the orographic divide. Different authors have provided evidence that 
the topography of the range front represents the forward-dipping limb of an anticline 
overlying a fairly steeply dipping blind reverse fault [29,34]. Similarly to the ADF, the 
ARF is currently active, as documented by GPS measurements of ongoing crustal de-
formation [25] and instrumental seismic activity including some recent moderate earth-
quakes, such as the 1983 Mw 5.0 “Parma” and the 2003 Mw 5.2 “Monghidoro” thrust 
ruptures [1,2,4,35,36]. Historical earthquakes are also reported on the ARF, such as the 
1501 Mw 5 “Modenese”, the 1547 Mw 6 “Reggiano”, and the 1688 Mw 5.8 “Romagna” 
earthquakes [37]. 

The inner Apennines are characterized by a lower frequency of earthquakes, yet of 
significant magnitude, with most of them showing a normal faulting slip mode. Among 
the several large earthquakes that have occurred in the region, there are the 1542 and the 
1919 “Mugello” events (Mw 6.0 and Mw 6.4, respectively), the 1584, 1661, 1768, and 1918 
events in the “Forlivese” region (all ~ Mw 6), and the 1920 ~Mw 6.5 Fivizzano earthquake 
[35,37,38]. This latter earthquake will be discussed in some detail in the following. 

Figure 1. Simplified geological and structural map of the northern Apennines emphasizing the Neogene tectonics in the
investigated area. Structural domains (SDs) discussed in the paper are shown in the Google Earth inset. AA: Alpi Apuane;
LEF: Livorno–Empoli Fault; MG: Mt. Gottero; MP: Mt. Pisano; TAL: Taro Line. TAL and LEF bound the region of study.
Offshore sediment thickness are after [30,31], and earthquakes and focal mechanisms are from the INGV archive [2,32].

The major fault systems in the external domain are the contractional fronts, divided
into the northern Apennines Deformation Front (ADF) and the Apennines Range Front
(ARF). The northeast Apennines Deformation Front is presently primarily buried beneath
the Po Valley and extends offshore in the western Adriatic Sea [23,24,28,29]. Recent seis-
micity, including the 2012 Emilia Mw 5.9 thrust earthquake [4,33], along with geomorphic
studies [29], clearly show that folding and thrusting associated with the ADF are currently
active. The Apennines Range Front [25,27–29] lies some 60 km to the southwest of the ADF.
The ARF front is marked by a transition from gently dipping alluvial strata in the Po basin
to uplifted bedrock in the Apennines, presently standing up to 2000 m above the Po plain
near the orographic divide. Different authors have provided evidence that the topography
of the range front represents the forward-dipping limb of an anticline overlying a fairly
steeply dipping blind reverse fault [29,34]. Similarly to the ADF, the ARF is currently
active, as documented by GPS measurements of ongoing crustal deformation [25] and
instrumental seismic activity including some recent moderate earthquakes, such as the
1983 Mw 5.0 “Parma” and the 2003 Mw 5.2 “Monghidoro” thrust ruptures [1,2,4,35,36].
Historical earthquakes are also reported on the ARF, such as the 1501 Mw 5 “Modenese”,
the 1547 Mw 6 “Reggiano”, and the 1688 Mw 5.8 “Romagna” earthquakes [37].

The inner Apennines are characterized by a lower frequency of earthquakes, yet of
significant magnitude, with most of them showing a normal faulting slip mode. Among the
several large earthquakes that have occurred in the region, there are the 1542 and the 1919
“Mugello” events (Mw 6.0 and Mw 6.4, respectively), the 1584, 1661, 1768, and 1918 events in
the “Forlivese” region (all ~ Mw 6), and the 1920 ~Mw 6.5 Fivizzano earthquake [35,37,38].
This latter earthquake will be discussed in some detail in the following.
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3. Faulting in Main Morphostructural Domains

The characteristics of the faults described in this section are summarized in Table
S1. The fault and geological maps described below are derived from the combination of
available studies to which we refer, and from our work.

The study area extends over more than 6000 km2 on the Tyrrhenian side of the
northern Apennines (Figure 1). From a morphostructural point of view, it is limited by the
main Apenninic orographic divide to the east/northeast, and by the northern Tyrrhenian–
Ligurian Sea to the west/southwest. More precisely, the northern boundary of the region
coincides with an alignment of reliefs with a transversal, nearly east–west trend bounding
the Taro valley, whereas to the South, the region is bounded by the shallow hilly reliefs
between Livorno and Empoli (Figure 1).

These northern and southern boundaries represent the surface expression of crustal/lithospheric
discontinuities [39,40], corresponding to the westernmost part of the Taro Line (TAL) to the
north [18,41–44] and to the westernmost part of the Livorno–Sillaro Line [45–47], called the Livorno–
Empoli Fault (LEF in Figure 1), to the south. The Taro Line, already recognized in early studies
(refs. in [39,41,42,48]), has been described in different contributions due to its prominent morphologi-
cal signature [41–43] and seismic activity [4,35,49]. In the most recent interpretations, its westernmost
segment, within our region of interest, is associated with a lateral ramp of a basement thrust, named
the Taro lateral ramp, that would accommodate a NE–SW crustal shortening [42–44,50]. On the
other hand, the Livorno–Empoli Fault coincides with a significant lateral change in the thickness of
the crust, with the northern Tuscany crust being ~28 km thick north of the fault and ~20 km thick
south of it [47,51,52]. The geology also changes across the LEF, with the base of Late Miocene marine
basins exposed at the surface south of the fault (in the southern Tuscany Tectonic Province), while the
same horizons are buried in the subsurface north of it (e.g., in the Viareggio basin). Both the Taro
Line and the Livorno–Empoli Fault are associated with well-documented deformations within the
Neogene–Quaternary deposits [44,46,47]. Their activity is still ongoing, as attested by historical and
instrumentally recorded seismicity [49,51,52] (Figure 1).

In between the TAL and LEF, first-order physiographic and structural features allow
the definition of six principal structural domains (SDs) (Figure 1). These are related to a set
of ranges with a dominant NW to NNW trend (Apenninic trend) separated by intramontane
or continental/marine morphotectonic depressions. The division into domains mainly
aims to simplify their description.

The structural domain SD1 is bounded toward the Apenninic divide by the upper
Lunigiana and Garfagnana grabens, which form the structural domains SD2 and SD3
to the north, and by the Lucca plain and the Montecarlo–Vinci hills (structural domain
SD4) to the south. West of SD1 in the southern part of the Alpi Apuane–Mt. Pisano, the
structural domain SD5 corresponds to the Versilia and Pisa plains, which are parts of a
major submarine half-graben, the Viareggio basin. The latter grades northward to the
structural domain SD6, a mixed on-land/offshore domain hosting the Vara Valley–lower
Lunigiana tectonic depressions and the western promontory of La Spezia. Plio-Quaternary
stratigraphic units form the sedimentary filling of the intramontane or continental/marine
domains in all these zones (Figure 2). These Plio-Quaternary sedimentary records will be
used to document the neotectonic activity of the principal faults and systems in each of the
six structural domains.



Geosciences 2021, 11, 139 5 of 31
Geosciences 2021, 11, x FOR PEER REVIEW 5 of 31 
 

 

 
Figure 2. Schematic frame and correlations of continental–marine Plio-Quaternary sedimentary successions in the dif-
ferent structural domains described (MGV and MAC mean Magra Valley and Macigno-rich conglomerates, respectively). 

4. Plio-Quaternary Stratigraphic Units, Fault Systems, Time of Activity and Dis-
placements 
4.1. Structural Domain SD1: The Mt. Gottero–Alpi Apuane–Mt. Pisano 

The present-day large-scale geomorphology of the structural domain SD1 is domi-
nated by the sharp relief of the Alpi Apuane (AA in inset of Figure 1), with its highest 
summits (~2000 m) only a few kilometers away from the Tyrrhenian coastline. North of 
the Alpi Apuane, the relief reaches ~1600 m on Mt. Gottero, whereas to the south Mt. 
Pisano stands at an elevation of ~900 m. The metamorphic units of the Alpi Apuane and 
the southernmost Mt. Pisano have been the object of low-temperature thermochrono-
logical investigations [53,54], which constrained the latest stages of exhumation as oc-
curring in the last 4–5 myrs. This exhumation is taken to have resulted from erosion as-
sociated with normal faulting along the steep bounding faults (Figure 1) separating the 
exposure of the metamorphic rocks from the surroundings [50,54]. The estimated exhu-
mation rates are about 0.5–0.8 mm/yr [54,55]. Within this SD1 domain, few remnants of 
continental deposits of Pleistocene (or Middle Pleistocene?) age (Figure 2) may be found 
locally, at an elevation of ~1000 m in the southeast Alpi Apuane [56,57]. 

4.2. Structural Domain SD2: Upper Lunigiana 
Structural domain SD2 includes the upper Lunigiana, a valley hosting the upper 

course of the Magra River (Figure 3). Continental stratigraphic sequences are observed in 
the northwest part close to Pontremoli and in the central-southeast area close to Aulla 
(Figures 2 and 3). The deposits in these two areas show the same sedimentary evolution 
with a transition from fluvio-lacustrine to fluvial environments, and a diachronous 
sedimentation (Figure 2). 

In the southernmost sector, the Aulla clays, with an estimated thickness of 70–80 m 
[58,59], mainly consist of fine-grained lithofacies, with medium to thick coarse-grained 
interbeds of sandstones and conglomerates. The overlaying coarse-grained Collecchia 
conglomerates, interpreted as alluvial fan deposits formed in a braided fluvial environ-
ment, directly cover the bedrock in the marginal zone of the former basin and overlay the 
Aulla clays in the depocentral area, where they show a thickness of ~150 m [58,59]. 
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4. Plio-Quaternary Stratigraphic Units, Fault Systems, Time of Activity
and Displacements
4.1. Structural Domain SD1: The Mt. Gottero–Alpi Apuane–Mt. Pisano

The present-day large-scale geomorphology of the structural domain SD1 is dominated
by the sharp relief of the Alpi Apuane (AA in inset of Figure 1), with its highest summits
(~2000 m) only a few kilometers away from the Tyrrhenian coastline. North of the Alpi
Apuane, the relief reaches ~1600 m on Mt. Gottero, whereas to the south Mt. Pisano
stands at an elevation of ~900 m. The metamorphic units of the Alpi Apuane and the
southernmost Mt. Pisano have been the object of low-temperature thermochronological
investigations [53,54], which constrained the latest stages of exhumation as occurring in
the last 4–5 myrs. This exhumation is taken to have resulted from erosion associated with
normal faulting along the steep bounding faults (Figure 1) separating the exposure of
the metamorphic rocks from the surroundings [50,54]. The estimated exhumation rates
are about 0.5–0.8 mm/yr [54,55]. Within this SD1 domain, few remnants of continental
deposits of Pleistocene (or Middle Pleistocene?) age (Figure 2) may be found locally, at an
elevation of ~1000 m in the southeast Alpi Apuane [56,57].

4.2. Structural Domain SD2: Upper Lunigiana

Structural domain SD2 includes the upper Lunigiana, a valley hosting the upper
course of the Magra River (Figure 3). Continental stratigraphic sequences are observed
in the northwest part close to Pontremoli and in the central-southeast area close to
Aulla (Figures 2 and 3). The deposits in these two areas show the same sedimentary evolu-
tion with a transition from fluvio-lacustrine to fluvial environments, and a diachronous
sedimentation (Figure 2).

In the southernmost sector, the Aulla clays, with an estimated thickness of 70–80 m [58,59],
mainly consist of fine-grained lithofacies, with medium to thick coarse-grained interbeds
of sandstones and conglomerates. The overlaying coarse-grained Collecchia conglomerates,
interpreted as alluvial fan deposits formed in a braided fluvial environment, directly cover the
bedrock in the marginal zone of the former basin and overlay the Aulla clays in the depocentral
area, where they show a thickness of ~150 m [58,59].
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Figure 3. Main fault systems and geology in structural domain SD2 (Lunigiana). The map is derived
from [57–60] and our work. Fault identification numbers are as reported in Table S1. HAF: steep
normal faults (thicker lines for those described); LANF: low-angle detachment faults; Ar: Arzengio;
Au: Aulla; Ba: Bagnone; Co: Comano; Col: Coloretta; Com: Compione; Cs: Castagnola; Fiv. Fivizzano;
Gr: Groppodalosio; Li: Licciana; Mont: Montereggio; MtL: Mt. Lupacino; O: Olivola; Pa: Parana;
Po: Podenzana; Pont: Pontremoli.

The Olivola conglomerates unconformably overlay the Collecchia conglomerates and
are only preserved close to the Olivola village. The sequence starts with clay–sandy deposits,
containing the Olivola mammals remains of Late Villafranchian age [59–62], followed by
clast-supported and well-cemented conglomerates and sandstones (Figures 2–4). The con-
glomerates, with a thickness of about 60 m in the type-area, include clasts of metamorphic
rocks belonging to the Tuscan metamorphic units.

The sequence exposed close to Pontremoli starts with a ~10 m thick polygenic conglom-
erate followed by the Case Corvi clays, which mainly consist of blue-grey clays and silty
clays with lignite fragments, grading to sandstones and conglomerates, which become more
abundant and coarser-grained in the upper portion. The land fossil remains and pollen in
the finer-grain deposits allow attributing the unit to the Late Villafranchian [63–65].

The following Dozzano conglomerates mainly consist of coarse-grained sediments and
subordinate lenses of sandstones and clays. The sequence, etheropic with the Case Corvi
clays, is characterized by channel-shape deposits of well-sorted polygenic conglomerate
with poor matrix and with thin sandstone and clay levels. It is followed by a polygenic
conglomerate with clay matrix and a thickness of ~20 m. The sedimentary facies suggest
debris-flow processes that prograded from the margins basinward. The unit is suggestive
of Early Pleistocene, since its deposition occurred between that of the Case Corvi clays and
that of the Magra Valley Conglomerates [58,66].

The two continental Villafranchian sequences of the Aulla–Olivola and Pontremoli areas
have been related by some authors to independent and distinct basins [59,65–67], whereas
other authors have interpreted them as being connected to a single “Lunigiana basin” with a
diachronous development and a later segmentation during the post-Villafranchian time [58].
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Figure 4. Evidence of Plio-Quaternary faulting and deformation: (a) LiDAR-derived DTM showing
the fault scarp offsetting a Late Pleistocene–Holocene alluvial fan along the Mulazzo Fault in the
structural domain SD2 (Lunigiana). This site has been recently trenched for paleoseismological
studies [68,69]; (b) fault scarp offsetting Late Pleistocene alluvial fan deposit along the southernmost
splay of the Corfino Fault, in structural domain SD3 (Garfagnana); (c) normal fault offsetting the
Late Villafranchian Olivola Conglomerates, in structural domain SD2 (Lunigiana); (d) Ruscinian
Sarzanello–Caniparola sands and clay tilted by the Sarzana–Carrara fault, in the northern part of the
West Alpi Apuane Fault system in the structural domain SD6 (La Spezia–lower Lunigiana). Locations
of these sites are shown in the Figures related to the different SDs.

From a structural point of view, domain SD2 represents a ~40 km long, NW-trending
graben with a maximum width of about 15–20 km in the south of the basin and decreasing
northwestwards (Figure 3). The graben is bounded by antithetic high-angle normal fault
systems overprinting a polydeformed contractional thrust stack and a later system of
low-angle extensional detachments [50,68,69].

To the east, the west-dipping faults form 3 subparallel, NW-trending, closely spaced
(a few km) fault systems running over a total length of more than 40 km along the entire
upper Lunigiana extensional domain [58,70,71]. From east to west these systems are the
Groppodalosio–Compione–Comano, the Arzengio–Bagnone, and the Mocrone–Licciana
strands (Figure 3). Each of these fault systems is segmented laterally into a few major
segments (whose names constitute the system names), most of 10–15 km length. Some of
these segments have been studied in detail. The Groppodalosio fault segment runs over
~18 km from the Passo del Righello (west of Cisa Pass) to the southwest of Mt. Sillara.
It has a strike from N 130◦ to N 170◦ and shows a steep dip and normal slip kinematics
with a cumulative displacement of ~400 m near Groppodalosio. The Compione–Comano
fault segments [59,66,70–74] form a ~20 km long fairly connected strand dipping 60–70◦ to
the SW. The Groppodalosio and Compione–Comano fault segments show a right-stepping
“en échelon” pattern suggestive of a left-lateral component of slip on the whole system, in
addition to the dominant normal one. On the Compione–Comano fault zone, a cumulative
vertical displacement of more than 2000 m has been inferred from surface and subsurface
data [50,59,75]. This suggests that the cumulative vertical slip decreases from south to north
along the whole Groppodalosio–Compione–Comano fault system. The Late Pleistocene era
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conglomerates appear vertically displaced across of the Groppodalosio and the Compione–
Comano faults [59,66], attesting for their slip motions in the last 100 kyrs.

The Arzengio–Bagnone and the Mocrone–Licciana faults extend over a total length of
~25 km. Their largest cumulative vertical displacement is estimated at ~600 m [59,72,73].
The Arzengio fault is considered to have been active mainly in the pre-Middle Pleistocene
times [59,66,67]. The Mocrone–Licciana Fault, which is closest to the graben axis, has a
maximum throw of ~400 m. It is taken to have been active during and after the Middle
Pleistocene [66,67]. Two small adjacent faults, Fivizzano and Minucciano, have been
suggested to be inactive since the Middle Pleistocene [66].

The antitethic NE-dipping fault system that bounds the graben to the west includes
the Coloretta–Parana–Podenzana–Tendola and the Arzelato–Mulazzo–Tresana–Aulla fault
zones [50,59,73,74]. The former has a total length of about 35 km, while each segment is
about 10–15 km long. The maximum cumulative vertical throw, ~700 m, is observed in
the northernmost part of the fault system, where a dip-slip normal kinematics and a Late
Pleistocene, possibly Holocene activity are inferred [59,73].

The Arzelato–Mulazzo–Tresana–Aulla fault system bounds the upper Lunigiana
graben (Figures 3 and 4a). In its northern part, its normal dip-slip kinematics are attested
by various indicators (some close to Mulazzo), while a cumulative vertical displacement of
~1000 m is observed. The fault system has been suggested to be active in the Holocene [59,
66,74], which paleoseismological trenching has confirmed recently [68,69].

Both the Coloretta–Parana–Podenzana and the Arzelato–Mulazzo–Tresana–Aulla
faults have their strike changing from the NW–SE to W/NW–E/SE toward their south-
ernmost termination, where they seem to connect to the North Apuane Fault System
(described below, Fosdinovo–Tenerano–Marciaso–Aiola–Equi Terme Faults in Figure 3).

Recent geomorphic analysis have been locally performed in the upper Lunigiana [66,73]
with the aim to estimate the cumulative fault throws and their variations along strike,
the fault segmentation pattern, and the possible linkages among the fault segments and
systems [59,66,68]. Among others, these studies have derived late Quaternary throw rates
in the range of 0.4–0.8 mm/year, in fair agreement with displacement rates suggested in
earlier works from geological studies (Table S1).

4.3. Structural Domain SD3: The Garfagnana

Structural domain SD3 includes the Garfagnana, an intramontane depression where
the Serchio valley is developed (Figure 6). The Plio-Quaternary stratigraphic units exposed
in the area (Figure 2) are characterized by:

(a) Basal, fine-grained lithofacies, mainly clays and silty clays locally interbedded with
coarse-grained conglomerates alternating to thin beds and lenses of sands and organic-rich
horizons [56,76–78]. Thin dark grey paleosols are also present, at different levels of the
clayed–sandy sediments and related to local emersion of the depositional area [56,79–81].
These dominantly fine-grained basal lithofacies, called Fornaci di Barga clays, have a maximum
thickness of 170–200 m (inferred in exploration wells near Pieve di Fosciana and Barga [56]).
According to the paleontological contents, the formation is attributed to Middle–Late Pliocene;
in particular the lower portion could be assigned to the Ruscinian–Early Villafranchian, while
the upper portion could reach the Late Middle Villafranchian [56,79–81];

(b) Barga conglomerates, which are dominated by coarse-grained lithofacies with sub-
ordinate silty to sandy interbeds mainly distributed into the lowermost portion where
organic-rich horizons also are observed. In contrast with the conglomerates interbedded
within the Fornaci di Barga clays, the Barga conglomerates are formed more than 50% by
Mesozoic carbonate clasts sourced from both the unmetamorphic and the metamorphic Tus-
can units. The thickness of the sequence ranges from 70 to ~170 m and can be referred to the
Late Villafranchian, based on its correlation with the similar Olivola conglomerates [79–81].

Commonly, the sedimentary record of the Villafranchian sequences is interpreted to
attest to a depositional environment with a transition from lacustrine to fluvial [76–78].
More recently, however, some authors [79,80] have related its formation to an alluvial
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system with NW–SE flow direction developed in a humid subtropical climate regime,
followed by the development of a gravel bed-load braided system.

(c) Post-Villafranchian deposits are represented by: (i) Macigno-derived conglomerates;
and (ii) terrace alluvial deposits, with decreasing altitude above the present riverbed [66,77,78].

The distribution of the Villafranchian and post-Villafranchian deposits along the
present Garfagnana and their internal structural setting document significant syn- and
post-Villafranchian [66,81–83] vertical movements and deformations related to the activity
of fault systems described hereafter (Figures 5 and 6).
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(southernmost part of the structural domain SD5). Stereonets show microtectonic measurements we
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ing northwestward (Figure 5). As with SD2, it is bounded by antithetic steep normal fault 
systems overprinting the contractional thrust stack and a set of low-angle extensional 
detachments, mainly located at the base and within the Tuscan unmetamorphic unit [50]. 
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Figure 6. Main fault systems and geology in structural domain SD3 (Garfagnana). The map is
derived from [56,57,77,84] and our work. Fault identification numbers are as reported in Table S1.
HAF: steep normal faults; LANF: low-angle detachment faults; Ba: Barga; BM: Borgo a Mozzano;
Bo: Bolognana; Ca: Casciana; CG: Castelnuovo Garfagnana; Cs: Castagnola; Corf: Corfino; Ga:
Gallicano; Gi: Gioviano; Go: Gorfigliano; MtL: Mt. Lupacino; PaS: Piazza al Serchio; Pe: Pescaglia;
PF: Pieve Fosciana; Si: Sillicano; SR: San Romano; Va: Vagli; VCM: Villacollemandina; Ve: Vergemoli.

From a structural point of view, domain SD3 represents a ~30 km long, NW-trending
graben with a maximum width of about 20 km in the SE, slightly decreasing northwestward
(Figure 6). As with SD2, it is bounded by antithetic steep normal fault systems overprinting
the contractional thrust stack and a set of low-angle extensional detachments, mainly
located at the base and within the Tuscan unmetamorphic unit [50]. SD3 is divided in its
center by the Mt. Perpoli high (between Castelnuovo Garfagnana and Barga), a normal fault
bounded horst trending subperpendicular to the graben faults (Figure 5d). This transverse
relief divides SD3 into two subdomains, Garfagnana North and Garfagnana South.

The Garfagnana North subdomain is bounded to the East by three west-dipping
fault systems: the Verrucole–S. Romano, the Sillano–Corfino, and the Mt. Prado systems.
Each fault forming any of these systems is 10–15 km long. The Verrucole–S. Romano
Fault has a total vertical throw of ~400 m, with offset recorded in the Late Pleistocene
Macigno-rich conglomerates [56,66,82]. The fault also offsets by ~18 m more recent alluvial
terraces toward its southern prolongation represented by the Pontecosi fault [66,82,83].

The Sillano–Corfino fault (Figures 4b and 5c) shows slickensides that are interpreted
to suggest a right-lateral component of slip in addition to the dominant normal one [74].
The total vertical offset of the Corfino fault is ~600 m, with deformation in the Villafranchian
and post-Villafranchian deposits. Smaller vertical displacement of ~250 m is measured in
its southern part [66,77,82,83], between Villa Collemandina and Castiglione Garfagnana
(Figure 4b).

The M. Prado fault, close and at the straddle with the orographic divide, is a ~10 km
long structure with a maximum cumulative vertical offset of ~300 m and evidences of post
Last Glacial Maximum (LGM) activity [56,66].

To the west, the graben is bounded by two major NE-dipping normal fault systems,
the Gorfigliano–Vagli and the Casciana–Sillicano systems. Both seem to continue beyond
the transverse Mt. Perpoli high, in the form of the NE-dipping Vergemoli–Fabbriche di
Vallico–Pescaglia and the Bolognana–Gioviano–Borgo Mozzano fault zones, respectively.
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All these fault systems are segmented laterally, with each identified fault being one of these
segments, 10–15 km long.

The Casciana–Sillicano and Bolognana–Gioviano faults bound the present graben
axis. Along these faults, the cumulative vertical displacement increases from north to
south, up to ~400 m west of Castelnuovo Garfagnana (Casciana–Sillicano Fault), and up to
1.5 km across the Tuscan units around the Gallicano village (Bolognana–Gioviano Fault).
There, the Barga conglomerates are vertically offset by about 39 m [56,66].

In the Garfagnana South subdomain, the eastern border faults are represented by the west-
dipping Foce a Fobi/Mt. Uccelliera and the Foggeta–Mt.Coronato–Mt.Memoriante normal
faults. The former is ~18 km long and shows well-expressed topographic scarps [56,66]. The
latter is a ~20 km long structure with more than 300 meters of cumulative vertical displacement
that bounds the Mesozoic carbonatic inlier of the Lima Valley to the west [84].

Further west, the Barga fault closely bounds the graben. It is a segmented fault
about 10 km long with a NW–SE trend that bends to nearly N–S toward its southern
termination close to Borgo a Mozzano, where it abuts against the east-dipping Gioviano
fault. The distribution of the Late Pleistocene alluvial deposits has been related to the
activity of the Barga Fault [56,66,73,77].

The Mt. Perpoli high that divides SD3 is bounded to the north and south by NE-
trending faults with an oblique dextral and normal slip locally well constrained in bedrock
minor faults [66,72,83] (Figure 5d). Deformation of Villafranchian and post-Villafranchian
deposits has been described across the faults [56,66,82,83], which document a minimum
of ~250 m of vertical displacement during Plio-Quaternary and ~150 m in the Middle
Pleistocene–Holocene. An intermittent historical activity of the Pieve di Fosciana sinkhole-
related lake has been related to the activity of the Mt. Perpoli faults [85].

4.4. The Lunigiana and Garfagnana Linkage Zone

The northern part of domain SD3 includes an area where a structural linkage seems
to occur between the major fault systems of domains SD2 and SD3 (Figure 7). In this
linkage zone, the oldest Plio-Quaternary continental deposits are largely eroded, although
they are observed in three major exposures close to Canova–Ceserano and S. Terenzo in
the Lunigiana and between Minucciano and Piazza al Serchio in Garfagnana [57,59,86].
The oldest levels, represented by clays, sands, and mainly polygenic conglomerates [56,57,86],
may be compared with the Aulla clay–Collecchia conglomerates in Lunigiana and with the
Fornaci di Barga fm. in Garfagnana [56,57,60]. These deposits are unconformably covered
by ~200 m thick Mg-dominant conglomerates (called M. Lupacino conglomerates), which
are considered of Early Villafranchian age [57], or more likely Late Villafranchian–Middle
Pleistocene from correlation with similar deposits in Lunigiana and Garfagnana [58,60]
(Figure 2). The original flat erosive base of these Plio-Quaternary deposits is vertically
displaced by about +30, +50, and +500 m at the Canova–Ceserano, S. Terenzo, and Castagnola–
M. Lupacino exposures, respectively, compared to similar deposits exposed in Lunigiana
and Garfagnana.
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the North Apuane Fault System. (a) Simplified tectonic and geological map of the Lunigiana–Garfagnana linkage domain
(location in Figure 3) with breakthrough surface faults (Fosdinovo–Tenerano–Marciaso–Aiola–Equi T.–Gramolazzo and
splays). HAF: steep normal faults; LANF: low-angle detachment faults. The contours are depths (in TWT) of the seismic
basement identified in the seismic profiles, down to 5000 m; they image the North Apuane fault plane in the subsurface, as
shown in (b). Numbers c.000 m indicate the elevation of the base of Plio-Pleistocene deposits. (b) Interpreted seismic section
across the North Apuane fault (ENI: Equi Terme–Monti migrated line; more details in [50]). (c) Fault data (main fault planes
and secondary faults with striations) showing kinematics of Aiola–Equi Terme Fault (1) and fault slip data inversion, PT
kinematic diagrams (2, 3). All kinematic indicators attest to an oblique slip, both normal and right-lateral. Ca: Canova; Ce:
Ceserano; Mi: Minucciano; Mt.L: M. Lupacino; P.S: Piazza al Serchio; S.T: S. Terenzo Monti.

The Lunigiana and Garfagnana linkage domain is related to the North Apuane fault
system (Figures 3, 6 and 7). This fault zone, trending about ENE, is the most prominent
structure in the morphology (Figure 5b) and the best constrained both at the surface and
in the subsurface (Figure 7), thanks to Eni seismic lines [50,66,87]. In the seismic profiles,
the North Apuane fault is well imaged down to a ~5 km depth (~2s in TWT, Figure 7b).
Dipping by ~50◦ toward about the north, it separates a metamorphic footwall domain
(Apuane metamorphic units in subsurface) from the unmetamorphic cover units of the
nappe stack [50,87]. At the surface, the fault extends over more than 30 km long and
is divided into three connected, ~10 km long segments: from west to east: the ~E–W
trending Fosdinovo fault, the central ~NE-trending Tenerano–Marciaso fault, and the
~E–W trending, Aiola–Equi Terme fault. Its total vertical slip is 2–3 km.

The Aiola–Equi Terme fault shows clear evidence of recent activity, such as bedrock fault
scarps, triangular facets, and hydrothermal springs along the fault trace (Figure 5b) [17,66,87–89].

The overall architecture of the North Apuane fault zone and adjacent faults suggests
that the Ponzanello–Tendola, Gorasco, and Olivola–Soliera faults are secondary splay
faults of the major North Apuane fault. Altogether, these secondary faults form a large
horsetail at the western termination of the North Apuane fault zone, in keeping with its
right-lateral component of slip (Figure 7c). To the east, the Gramolazzo fault may also
be a secondary fault connected to the North Apuane fault, although this has to be better
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investigated. It displaces Plio-Quaternary deposits and a set of alluvial Late Pleistocene-
Holocene terraces [86], which attests to its recent activity.

4.5. Structural Domain SD4: Lucca–Mt.Albano

Structural domain SD4 has been described as the “Montecarlo basin” [90–94] filled
with up to ~2000 m of Neogene to Quaternary continental and marine stratigraphic se-
quences (exposed at surface and revealed in exploration wells; Figure 8).
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More precisely, SD4 includes two sub-basins, the Lucca and the Monsumanno plains,
bounded by the hills of Montecarlo–Le Cerbaie and of Vinci. The basal terms of the
filling sequence (Figure 2) are only known in subsurface at the Cerbaie 1 and Certaldo 2–
3 boreholes, and tentatively referred to Late Miocene [90]. They consist of fluvio-lacustrine
marls, clay and silty sands.

Their thickness is about 600 m in the Certaldo 2 and 3 boreholes, while the levels
pinch out northward as documented in the Cerbaie 1 borehole. In outcrops, the lowermost
terms are represented by the Marginone Fm. [90,91], which is formed by clays, silty clays,
and sands locally associated with conglomerates. Fossil remnants and sedimentological
features [92,95] document a transitional environment related to an alluvial plain grading
southward to a marine environment. With a maximum thickness of ~400 m, the Marginone
Fm. is dated to the Late Pliocene to Early Pleistocene (Early to Late Villafranchian) [95,96],
although a possible Ruscian age has been suggested based on the presence of mammal
remnants (Alephis lyrix) in its northermost part [92].

The overlaying Montecarlo conglomerates dominantly consist of a red gravelly deposit
composed of quartzites and phyllites mainly sourced from the Triassic Verrucano Formation
of the close Mt. Pisano. The unit, with a maximum thickness of 150–200 m, can be attributed
to late Early Pleistocene, and is unconformably overlain by the Cerbaie Formation (Figure 2),
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which displays the same composition as the Montecarlo Formation, although with a finer clast
size.

The Cerbaie Formation, with a maximum thickness of 20–30 m, is dated at the Middle
Pleistocene through a regional correlation with deposits cropping out on the southern side of
the Arno Valley and containing a tuff layer radiometrically dated at about 0.5 Ma [91,93,95–98].

From a structural point of view, SD4 represents a rhomb-like graben (Figure 8). To the
south it is bounded by the ENE-trending Livorno–Empoli fault, and to the east by the Mt.
Albano west-dipping normal fault. While that fault extends over 20 km with a NNW-strike,
it bends anticlockwise at its northern termination so as to form the WNW-trending Ponte a
Moriano–Montecatini normal fault. The connection between the two NNW- and WNW-
trending normal faults suggest oblique slip on both of them, left-lateral on the Mt. Albano
fault and right-lateral on the Ponte a Moriano–Montecatini fault. The Mt. Albano fault
seems to extend further south beyond the Livorno–Empoli Fault (Figure 1).

The western boundary of SD4 is marked by the east Mt. Pisano Fault, which is well
defined in the subsurface [93] along the eastern side of Mt. Pisano. The interior of the SD4
fault-bounded basin is also dissected by a few faults, mainly the west- and east-dipping
Cerbaie normal faults, which bound the Montecarlo–Cerbaie horst in the center of the basin.
A few other faults (Bientina, S. Croce sull’Arno, and Tinaia) are inferred in the south of the
basin from subsurface data [90,93,94,99], possibly connected to the Livorno–Empoli fault.
Although the tectonic studies of the SD4 basin faults are still few, the available works show
that the cumulative vertical displacement on the Mt. Albano fault is about 1000 meters
in its northern part (around Monsummano–Montecatini), including ~250 m and at least
~150 m of vertical slip since the Early-Middle Pliocene and the Gelasian, respectively [94].
Southeast of the Cerbaie and Vinci hills, “erosional” scarps may represent the expression of
the subsurface S. Croce sull’Arno and Tinaia faults [91–93]. Their post-Middle Pleistocene
vertical displacement is estimated at ~110 m [91–94].

The WNW-trending Ponte a Moriano–Montecatini normal fault steps to the left in
the western part of the basin, resulting in the south-dipping, ~E-W-trending North Lucca
normal fault. The left-stepping arrangement of the two normal faults suggests a right lateral
component of slip along the whole transverse fault system. The activity of this northern
basin-bounding fault system is recorded in the Plio-Quaternary deposits where deformation
postdating the Late Pliocene is well documented, as well as in the morphotectonic evolution
of the footwall domain represented by the reliefs of Le Pizzorne [78,92,94].

4.6. Structural Domain SD5: The Viareggio Basin

Structural domain SD5 includes the northernmost of the Tuscany and Northern Tyrrhe-
nian Neogene basins [30,31,50,100]. It is made of an onshore part with the coastal plains
of Versilia and Pisa and of an offshore domain with a basin-depocenter west of Viareggio
(Figure 9). The coastal plains of Versilia and Pisa are formed by Quaternary deposits
mainly sourced from the major rivers, Magra, Serchio, and Arno, and their tributaries.
The offshore Viareggio basin is known thanks to industrial seismic profiles and exploration
wells offshore and onshore, which described a Neogene–Quaternary sedimentary filling up
to ~3500 m thick [30,31,46,47]. According to [30,100], the sedimentary sequence starts with
300 m of marine clay and sandstone (Seq. 2+3 of [30,100]) considered to be Late Messinian
by [30]. The Pliocene succession shows a thickness of about 1500 m and is subdivided
into two sequences (Seq. 4 and 5) from seismic facies and unconformities [47,100,101].
The succession is mainly formed by outer neritic marine clay associated with sandy layers.
The following Quaternary deposits include ~600 m of open marine to littoral-brackish
alternations of clay and sand (Seq. 6a) with inclined and well-defined reflectors indicating
a westward prograding sandy mouth-bar related to the development of the paleo-Arno
river. Deposits related to a marine ingression define the bottom of an uppermost, ~100 m
thick sequence (Seq. 6b) referred to the Middle Pleistocene–Holocene. This upper sequence
is formed by marine to brackish sands associated with gravel layers and covered by 40 m
thick clays.
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From a structural point of view, the Viareggio basin is an asymmetric, NNW-elongated
graben, about 70 km long and 35–40 km wide (Figures 1 and 9). It is bounded to the
north by submarine highs shaped by ~E–W trending faults offshore, Marina di Massa and
Marina di Carrara, and to the south by the ENE-trending Meloria Shoal fault, which is
the western offshore segment of the Livorno-Empoli fault. To the west, a submarine high,
Maestra, forms the structural boundary of the basin, whereas to the east, the basin margin
is made of a series of closely-spaced, west-dipping, steep normal faults that are part of
the West Apuane Fault System (Figure 9). Seismic images and surface geology document
the asymmetry of the basin controlled by the southwest-dipping master faults forming
the West Apuane Fault System [50,87,99–102]. The relationships between faults and the
sedimentary infill document deformation with total vertical offsets of more than 3500 m
on the West Apuane system, and of ~200 m since the Middle Pleistocene. They provide
evidence of activity of both the west- and east-dipping faults in Early Pliocene and Middle
Pleistocene [100,101,103,104]. Although most of the available industrial seismic profiles do
not have sufficient resolution to identify fault offsets within the Late Pleistocene–Holocene
deposits, a few displacements are locally documented [46,105–107].

The kinematics of basin-margin high-angle faults is well constrained in some of the
exhumed segments observable at the surface, as the Pietrasanta fault (Figures 5e and 8).

Close to Pisa, in the Mt. d’Oltre Serchio, a kilometer-wide relay zone between
two NNW normal faults shows fault scarps up to 10 m high, likely formed in the Late
Pleistocene–Holocene [103–105].

4.7. Structural Domain SD6: La Spezia–Lower Lunigiana

Structural domain SD6 is an on-land/offshore domain shaped by the Vara Valley–
lower Lunigiana tectonic depression in which the Vara and the lower course of the Magra
flow (Figure 10). The western promontory of La Spezia and the Vezzano–Pta. Bianca reliefs
bound the depression. Continental stratigraphic sequences are scatterly observed in this
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domain, and are especially known in the northwest near Sesta Godano, and along the
eastern flank of the lower Lunigiana, from S. Stefano Magra to Sarzana [58,106–109].
Small sedimentary remnants between Sesta Godano and La Spezia [55,105,108] mark a
paleohydrographic setting with record of the paleo-Vara now captured by the Magra
river [55,108] (Figure 10).
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Figure 10. Main fault systems and geology in the structural domain SD6 (La Spezia–lower Lunigiana).
The map is derived from [58,107] and our work. Fault identification numbers are as reported in
Table S1. HAF: steep normal faults; LANF: low-angle detachment faults; A: Ameglia; BdM: Bocca di
Magra; Be: Beverino; BV: Borghetto Vara; PB: Pian di Barca; PBt: Piano Battolla; Po: Ponzano Magra;
SG: Sesta Godano; S.St: Santo Stefano Magra; U: Usurana; V: Vezzano.

The deposits of the lower Magra valley are related to a former Neogene–Quaternary
“Sarzana basin” [58,107,108] associated with a continental sequence exploited in the past
for clays and lignite deposits and containing rich flora and mammal remnants, and the
object of investigations since the mid-19th century [107,109]. The sequence includes:

(a) Basal fine-grained lithofacies, mainly formed by clays and silty clays interbedded
by thin beds and lenses of sand and lignite-bearing horizons grading and alternating
upward with medium- to coarse-grained conglomerates. The dominantly fine-grained
basal lithofacies, called Sarzanello–Caniparola clays [58,107–109], has been documented in
the old mines around Caniparola and in less visible outcrops along the Albachiara creek
south of Sarzanello [106,108,109]. The thickness of this unit is ~40 m and its depositional
environment has been considered as related to lacustrian–palustrian in transition to a
fluvio-deltaic setting developed in subtropical to temperate conditions. The paleontological
contents allowed, with some debate, an attribution to the Early Pliocene, with its lower
portion assigned to the Ruscinian age [108,109].

(b) Ponzano Magra clays and conglomerates, which are dominated by coarse-grained
lithofacies with subordinate silty to sandy interbeds and fine-grained clay lithofacies mainly
distributed in the lowermost portion, where organic-rich horizons are also present. In a
quarry close to Ponzano Magra, the fine-grained lithofacies were used for industrial pottery
until the mid-1980s. The Ponzano Magra clays and conglomerates, with a thickness of
~120 m [58,106,107], have been related to an alluvial plain environment and are charac-
terized by a paleontological content which allows their dating to the Early–Middle (?)
Villafranchian [61,106–109].

(c) Darma–Faggiada conglomerates, which are mainly formed by polygenic coarse-
grained conglomerates associated with sands and silty-sand layers locally observable
in fining-upward sequences. This unit is interpreted as related to alluvial fans resting
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unconformably on top of the Ponzano Magra conglomerates. From relative chronology
evidence, the unit is suggested of Middle–Late Villafranchian age [58,106–109].

(d) Fan deposits and alluvial terraces. The oldest of these units, collectively called
the “lower Val di Magra system” [107], includes alluvial terraces and related fan deposits
mainly observable in the eastern flank of the lower Magra valley (between S. Stefano
di Magra and Sarzana). The sequences are represented by polygenic unsorted gravels
and boulders with minor sands and clays, and are referrable to an evolving braided
fluvial system and lateral fans. The oldest of this group of deposits, which may be found
at about 50 m above the present Magra river, is well developed between nearby Santo
Stefano di Magra and is related to an early stage of development of the present drainage
system [107,109]. Collectively these units are attributed to the Middle–Late Pleistocene.
The recent alluvial terraces and alluvial deposits are related to the present-day Magra–Vara
river system and include two levels of terraces formed by conglomerates, sands, and silts.
The oldest of these deposits have been dated to the Late Pleistocene–Holocene, while the
youngest are of the Bronze and Iron Ages (due to the presence of a human-made “Statua
Stele” found during sand quarrying near Sarzana [107]).

The deposits of Sesta Godano include conglomerates grading to coarse- to fine-grained
sands interbedded with clay and silty clays. The sequence has a thickness of about 60 m
and is related to a lacustrine–alluvial depositional system [58,107]. Pollen contents allowed
its dating to the Early Villafranchian [106,108,109]. Noteworthy are the scattered coarse-
grained deposits, mainly conglomerates and sands, observable NW of La Spezia in Pian
di Barca surroundings. These deposits are interpreted as related to the confined alluvial
systems [58,106] of Pliocene–Early Villafranchian age [58,107,108]. They thus attest to a past
drainage of the paleo-Vara river flowing to the proto-La Spezia Gulf before its diversion
toward the present-day course track [58].

The central graben—lower Lunigiana—of domain SD6 is bounded by antithetic nor-
mal fault systems (Figure 10). Overall, the width of the fault-bounded graben decreases
from SE to NW. To the east, the major west-dipping Sarzana–Carrara fault, the northermost
part of the West Apuane Fault System, extends over ~25 km from Carrara to S. Stefano di
Magra, where it steps to the right to continue through the Mt. Grosso–Mt. Cornoviglio–M.
Vruga fault [50,58,60]. The step has developed so that the fault system is intersected by a
NE-trending short fault, the S. Stefano Magra fault. From the step toward the northwest,
the Sarzana–Carrara fault splays into a network of curved normal faults, forming a sort
of horsetail at the northern end of the Sarzana–Carrara fault. This horsetail suggests a
left-lateral component of slip on the main NW-trending Sarzana–Carrara fault, in addition
to its dominant normal one.

To the west of the graben, the east-dipping, NW-trending bounding normal fault sys-
tem includes La Spezia fault, about 20 km long, and the Piano Battolla–Vezzano–Ameglia
fault on the eastern side of the Punta Bianca promontory. With a total length of about
40 km, the Piano Battolla–Vezzano–Ameglia fault bends counterclockwise in its northern
section, likely to connect the La Spezia fault.

The Quaternary vertical displacements on the Sarzana–Carrara fault exceed 700 m,
as recorded in tilted lower levels of the “Sarzana Basin” [50,58,72,107,110], and are esti-
mated to ~75 m during Mid-Pleistocene–Holocene. Deformations of Holocene alluvial
terraces are also documented across the Ameglia–Piana Battolla fault [72,107,109].

5. Geodetic Data, and Historical and Instrumental Seismicity
5.1. Geodetic Data

We used GPS data recorded in 1998–2020 by continuous Global Navigation Satellite
System (GNSS) stations operating in Italy and surroundings, along with GPS data collected
in repeated temporary campaign measurements during the RETREAT project [25] in the
northern Apennines, to calculate new horizontal velocity and strain-rate fields.

We processed the data following the same procedures as described in [111], to which
we refer for more technical details. The main result of our GPS data processing was a set
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of ground surface velocities, represented in Figure 11 relative to a fixed Eurasia reference
frame [25,112]. The discrete velocities at each station, weighted by their uncertainties,
were used to estimate a continuous velocity field, and its spatial gradients, using the
multiscale method described in [113,114]. Figure 11 also shows the total strain-rate field
(i.e., the second invariant of the strain-rate tensor), defined as the square root of the sum of
squares of all its components, along with the horizontal principal strain axes (grey arrows).
The diverging and converging arrows thus represent the directions of extensional and
contractional deformation, respectively.
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respectively, with 95% confidence error ellipses) and total strain-rate field (color scale). The diverging
and converging grey arrows show the axes of the principal strain rates, indicating extensional and
contractional deformation, respectively.

Beyond the general characteristics of the velocity and strain fields, reported in earlier
works [25,112], several interesting features were revealed.

First, surface velocities and strain rates abruptly changed across two zones trending
about NW–SE: in the southwestmost part of the area, they increased significantly across a
curved line that roughly coincided with the westernmost major fault systems of the SD2
and SD3 domains; whereas, further to the northeast, they decreased significantly across a
curved line that runs in the Apennines northern flank, about 30–50 km east of the SD2 and
SD3 easternmost fault systems. These pronounced changes might result from the current
locking of active faults. In the region of concern here, this provides further support for the
seismogenic activity of the westernmost SD2 and SD3 normal faults.

Another observation was the existence of a ~E-W narrow zone north of the Firenze
graben, where the strain vectors suggest a strike-slip deformation. The zone roughly
extends in the eastern prolongation of the ~E-W North Lucca–Ponte a Moriano–Montecatini
fault zone that bounds the SD4 basin to the north. This is consistent with this fault zone,
which currently has a right-lateral component of slip.
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5.2. Historical and Instrumental Seismicity Within the Investigated Areas

The studied area is dominated by shallow earthquakes of low to moderate magnitude
and normal to oblique focal mechanisms [1,2,4,27,115–118]. Figure 12 reports instrumental
earthquakes with magnitude Mw >1 and historical earthquakes derived from the CPTI15 v.3
catalog [35,37]. Although instrumental and historical seismicity is widespread throughout
the study area, only two seismogenic sources (in Lunigiana and Garfagnana, our SD2
and SD3 domains) are included in the national database of seismogenic areas. Figure 12
shows, however, that clusters of recent seismicity and historical earthquakes did occur in
all the structural domains in the region of interest. Structural domain SD2 shows shallow
crustal earthquakes, with hypocenter depths ≤ ~10 km, and focal mechanisms attesting
to normal or oblique slips [116,117]. It is noteworthy that historical seismicity in this
area includes different earthquakes with an estimated magnitude Mw > 5 (Figure 12c);
among them, the “Val di Taro” (1545, Mw ~5.2) and “Bagnone” (1903, Mw ~5.3) events.
Similar to upper Lunigiana, SD3 (Garfagnana) is an active seismic region, even though
the distribution of instrumental seismicity is quite heterogeneous. Like in Lunigiana, the
hypocenters are shallow (≤10 km) and earthquakes have both extensional and oblique-
slip kinematics. Leaving aside the 7 September 1920 earthquake (Mw ~6.5), which will
be discussed below, at least five historical earthquakes with severe damages have been
reported in Garfagnana [35,37] (Figure 12c): the “1740 Piastroso”(Mw ~5.2), the “1746
Barga” (Mw ~5), the “1902 Barga”(Mw ~4.9), the “1919 Piastroso” (Mw ~4.9), and the “1939
Vagli”(Mw ~4.9) earthquakes. The other structural domains described in this study show
an instrumental seismicity less dense and of smaller maximum magnitudes (Mw < 3.5)
than those recorded in the SD2 and SD3 domains. However, in all domains there is a
significant seismicity, including clusters and/or alignments of epicenters, both onland and
offshore (Figures 12 and 13). It is worthy to report here the offshore events that occurred
along and off the coast of Pisa and Viareggio in 2013. Some occurred in clusters, which
superimpose fairly well to the surface traces of some of the major faults we described
earlier (Figure 13). Cross-sections across these faults and clusters support that the former
may be the sources of the earthquake clusters (Figure 13). This confirms that the bounding
faults of the Viareggio basin are currently active, as those north of SD4 and east of SD6.
The focal mechanisms are too few to derive any significant information, but they confirm
that earthquakes on NNW-trending faults have normal or normal and left-lateral slip.
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At least 11 historical moderate earthquakes with significant damages occurred within
the structural domains SD4, SD5, and SD6 (Table S2): the 1168 “Pisa” (Mw ~4.5), the 1322
“Pisa”(Mw ~4.5), the 1414 “Villa Basilica” (Mw ~5.2), the 1481 “San Giuliano Terme”
(Mw ~4.5), the 1630 “Pescia” (Mw ~4.5), the 1891 “Villa Basilica” (Mw ~4.5), the 1814
“Livorno” (Mw ~5.1), the 1861 “Varese Ligure” (Mw ~4.6), the 1897 “lower Val d’Arno”
(Mw ~4.6), the 1914 “Ponte a Moriano” (Mw ~5.8), and the 1955 “Sarzana” (Mw ~4.5)
earthquakes. Furthermore, an important earthquake occurred in the Viareggio–Pisa area
in 1117 that caused large damages [37]. The significant magnitudes of these earthquakes
attest that they ruptured fault lengths of kilometer scales. Altogether, these earthquake
records thus confirm that at least several of the faults we have described in the region are
currently active and seismogenic.
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5.3. The 2013 Seismic Activity

During 2013, a series of seismic events occurred within the investigated area, soon
after the end of the Emilia 2012 seismic sequence [4,33,74]. The 2013 events affected domain
SD3 (Garfagnana) in January and the transition zone between SD2 and SD3 in June and
August. A few other events occurred in the plain of Pisa and in the close offshore area,
as well as in the lower Val di Magra (SD6) in April, June, and October (Figures 12 and 13).

On January 25 at 3:48 p.m., an earthquake with Mw 4.8 occurred in mid-Garfagnana
at a depth of ~15 km (Figure 12b). The main shock was followed by about 300 aftershocks
in the following days, with magnitudes that rarely exceeded Mw 3 [32]. The distribution of
the aftershocks roughly draws a NE–SW trend, and the aftershocks migrated away from
the main shock toward the NE. The location of the main shock and of the aftershocks
appears unrelated to the two seismic sources recognized in the area by the DISS project [16].
The focal mechanisms suggest right-lateral slip on a NE–SW-trending plane or a left-lateral
slip on a NW–SE-trending plane. As the cluster of January 2013 geometrically fits the area
of the transversal, NE-trending fault zone (Mt. Perpoli high and related faults) that divides
SD3 into two parts, the event provides support to the current activity of this fault zone.

On 21 June 2013 (10:33 UTC), an earthquake of Mw 5.2 hit southern Lunigiana, with
its epicenter close to Monzone (Figures 1 and 12b). The main event was preceded by a
foreshock on June 15 (Mw 3.4), and was followed by more than 2450 aftershocks, 4 of
them having a magnitude Mw ≥ 4 and 27 with Mw ≥ 3 [32]. The data show that most
aftershocks extended NE from the epicenter [4] (Figure 12b). INGV calculated two solutions
for the focal mechanism of the main shock, with the one noted as (2) in Figure 12b being
the best constrained. Both solutions are consistent with a N–S extension, while the best
constrained mechanism suggests a normal left-lateral or a normal right-lateral slip on a NW-
or NE-trending plane, respectively. The seismic source was initially constrained through
the measurement of the coseismic surface deformation field with DInSAR interferometry,
which defined a rupture on a normal fault dipping NNW by about 50◦ [119]. Refined
results were later presented based on a combination of DInSAR and seismological data
and hypocenter relocation [120]. These identified the source as a ~N 70◦ E striking normal
fault, ~45◦ NNW-dipping fault with a main dip-slip mechanism, but combined with a
small right-lateral strike-slip component [120]. This is consistent with our observations on
the transverse faults.

The year 2013 was also marked by a series of small earthquakes throughout western
Tuscany and eastern Liguria. While these earthquakes are sparse, some form clusters
coinciding with the traces of some of the faults identified in the western flank of the
Alpi Apuane, including offshore in the Viareggio basin, but also with the transversal
NE–SW-trending faults offshore of SD6 (Figures 10 and 13).

6. The 1920 Mw ~6.5 Fivizzano Earthquake: Hypothesis on its Fault Source

On 7 September 1920 at 05:55, the area between southern Lunigiana and Garfagnana
(SD 2 and SD3) was struck by a devastating earthquake with an estimated Mw of 6.4–
6.5 [35,37].

The mainshock was preceded by some foreshocks on the previous day, and was
followed by aftershocks that lasted until August 1921 [38]. The earthquake induced a vast
area of severe damages throughout Lunigiana and Garfagnana and their surroundings,
over an area of about 160 km2 (Figure 14). The mainshock was felt up to the Côte d’Azur in
southern France, Aosta in northwestern Italy, the Friuli region in the northeast, and south
of Perugia in central Italy [38].
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inferred from Figure 7.

From the interpretations of the macroseismic field (Figure 14a) (which in some zones
reached I 10 MCS) [37,38], different causative faults were proposed as the source of the
1920 Fivizzano earthquake. Among them, the most commonly proposed faults are the
NW-trending, ~10 km long Minucciano fault in Lunigiana (SD2, Figure 3) and the NW-
trending, ~15 km long Casciana–Sillicano fault in Garfagnana (SD3, Figure 6), which are
among the seismogenic faults recognized in the national hazard map [16,17,116,117]. As a
matter of fact, in the area between Lunigiana (SD2) and Garfagna (SD3) different historical
earthquakes with Mw > 4 have been reported [37] (Figure 12c): the 1481 “Fivizzano”
(Mw ~5.5), the 1767 “Monzone” (Mw ~5.3), the 1790 “Tendola” (Mw ~4,9), the 1837
“Alpi Apuane” (Mw ~5.8), and the 1878 “Olivola” (Mw ~5.1) earthquakes. Moreover, the
epicenter of the 15 October 1995 Mw 4.9 earthquake [116–118,121], as that of the 21 June
2013 earthquake, are located in the same zone. Figure 14d shows the surface projection
of the North Apuane Fault System that we described earlier (Figure 7). We suggest that
this source may account for some of the recorded historical and instrumental events, and
moreover, that its rupture produced the 1920 earthquake. As the North Apuane Fault
System forms the northern termination of the NNW-trending, east-dipping westernmost
faults of SD3, we hypothesize that the earthquake ruptured both the northern part of the
NNW trending faults (Gorfigliano–Vagli or Casciana–Sillicano faults; Figure 6), and its
ending oblique North Apuane fault. Coseismic slip might have been greater on this ending
oblique fault, as observed elsewhere, such as in the 1999 Mw 7.6 Chichi earthquake [122].
Therefore, while some NNW-trending faults of the SD3 domain likely ruptured in the
1920 earthquake, we suggest that the ~E-W North Apuane fault extending at the northern
tip of the SD3 NNW faults also ruptured during the earthquake, and actually likely
produced the largest slips and ground accelerations [49,66,74,87]. This hypothesis will of
course need to be validated by future fieldwork analyses.
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7. Discussion

We have provided a review of most available knowledge on Cenozoic geology/stratigraphy,
faulting, seismicity, and current surface strain in the inner northwest Apennines. This compilation
allows us to discuss two major issues.

7.1. Fault Distribution and Evolution

Our work shows that the region of study is densely dissected by large faults of 10 to
40 km lengths. The dominant faulting trends NW–NNW, and has normal slip, however
with an additional component of left-lateral slip. The faults are steep and commonly
combine in conjugate pairs of antithetic faults bounding grabens. Figure 15 presents a
simplified map of the principal grabens with their sedimentary Plio-Quaternay filling in
yellow. These grabens are disconnected from each other or nested within one another,
and their width is narrowing northwestward. Furthermore, collectively, they form an
overall area that tapers northwestward. Graben tapering has been described elsewhere
and shown to result from the propagation of extensional faulting in the direction of graben
narrowing [123]. This architecture might thus suggest the northwestward propagation of
extensional faulting in this part of the Apennines. Such a northwestward propagation of
extensional faulting has already been proposed in earlier works [5,124]. It is consistent with
the northwestward decrease of the total vertical slip along most of the major NW–NNW
normal faults, indicative of faults becoming younger in the northwestward direction [125].
Furthermore, we note that the total vertical slips accommodated on the graben-bounding
faults decrease overall from west (~3.5 km in the Viareggio basin) to east, where total slip
on the easternmost faults is half that on the westernmost faults. This might suggest a mi-
gration of extensional strain over time from west to east, in addition to the northwestward
propagation.
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Although most NW–NNW faults are likely to interact (as shown in central Italy,
e.g., [5,126]), they are disconnected, sometimes en échelon disposed, so that each principal
fault is at most 40 km long, and more generally 10–15 km.

Another fault set exists in the region, trending almost perpendicular to the dominant
NW–NNW normal faults. The origin of these transverse faults is not yet fully investigated.
As similar ENE faults exit throughout most of Italy, they might likely arise from structural
inheritance from earlier phases of deformation [127–130]. In the region of study, the most
important of these ENE faults are the TAL and LEF, which may act at depth as major shear
zones. They actually have a right-lateral component of slip. Some of these faults might
be reactivated by the NW–NNW normal, left-lateral faults. This might be the case for the
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North Apuane and the Mt. Perpoli faults. Being strongly oblique to the major NW–NNW
west-dipping faults of the SD2 and SD3 domains, and located at their tips, they sustain
extension due to the left-lateral component of slip on these principal NW–NNW faults.

More work is needed to confirm the fault organization and evolution suggested in
Figure 15, and to validate whether this architecture results from the overall propagation of
extensional faulting toward the northwest, along with a possible eastward migration of the
strain locus. Whatever it is, the architecture of the faults depicted in this study markedly
differs from the seismotectonic model proposed so far in [131], in which faulting would be
mainly related to a major low-angle, east-dipping active detachment [47,131,132]. Rather, we
show that faults are steep, paired in conjugate sets bounding grabens, and disconnected,
although forming a kinematically coherent overall fault system.

7.2. Evidence for Recent Fault Activity and Implications for Seismic Hazard

One of the most important results of this work was to document that the majority of
faults described in the study have been active over the Quaternary. Most show displace-
ments post-800 ka, and in some cases clear slips across Late Pleistocene and Holocene
deposits [59,66,69,72,83]. In addition, some of these faults show evidence of recent to
current activity. Yet, most of these seismogenic faults are not considered in the national and
local hazard evaluations. While most of the faults we identified are shorter than 35–40 km,
they may have the potential to produce strong earthquakes. Most are indeed immature
(as defined in [11]), and it has been shown that, while immature faults are shorter than
more mature faults, they produce more energetic earthquakes (i.e., larger stress drops), gen-
erating greater displacements at depth and surface [11], and stronger ground motions [14].
Therefore, it is possible that some of the faults we identified can generate one to several
meters of slip when they rupture, and large ground accelerations. Furthermore, immature
faults tend to rupture in cascade, each of their major segments rupturing individually at
successive times [5,11,126]. Such cascading earthquakes have been reported elsewhere
in Italy on other similar normal faults (e.g., [5,126]). We have shown that most of the
NW–NNW normal faults in northwest Apennines are segmented laterally in generally 3–4
major segments, each 10–15 km length. According to the available earthquake slip-length
scaling laws [11], the rupture of one of such segments might produce up to 1–3 m of slip at
the ground surface, likely accompanied with strong ground accelerations. As shown in
Central Italy, such earthquakes might have a magnitude between 6 and 7, and can follow
in close time successions [5,126].

Therefore, our study emphasizes that seismic hazard is significant in the inner north-
west Apennines and should be considered [133,134], especially as the presence of thick,
soft alluvial deposits in the Viareggio, Pisa, and lower Arno valleys [97,134] may lead to
the amplification of ground movements and accelerations. The hazard might even be more
complex as some of the seismogenic faults extend offshore where their dip-slip rupture
might generate tsunamis, as already recorded in the past in La Spezia and Livorno [135].
Onland, the large vertical slips expected in the faults might trigger significant landsliding.

8. Conclusions

Using the rich information in the literature, along with field observations we made, we
propose a reappraisal of the active fault identification and mapping in the inner northwest
Apennines. We showed that faults active in Quaternary times are numerous in the region
and dominated by NW–NNW antithetic normal faults bounding a series of disconnected
grabens. Most of the faults show evidence of Quaternary activity up to the present time.
Most of the faults identified in this work are thus likely seismogenic, i.e., potential sources
of forthcoming earthquakes. The properties of the faults are such that these earthquakes
are expected to be potentially large (Mw ≥ 6.0), to produce up to several meters of slip
at the ground surface, and to possibly occur in temporal cascades. The seismic hazard is
thus significant in the region, and even greater than expected if cascading earthquakes are
the norm.
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Therefore, our study calls for the need to evaluate in greater detail the recent activity
and the earthquake potential of the many faults we identified as potentially seismogenic.
We claim that the majority of them should be included in the Italian seismic hazard
evaluation. We hope that our work will encourage the national and regional authorities to
support the needed geological, tectonic, and seismological research studies in the inner
northwest Apennines. These should include tectonic fault analysis with remote sensing
and fieldwork, seismological recording and analysis, densification of the GPS network,
paleoseismological trenching, and fault-scarp dating, among others. These future studies
are critical to assess seismic hazard more accurately in the densely populated areas from
La Spezia to Lucca–Pisa–Livorno, which presently have low seismic protection codes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-326
3/11/3/139/s1, Table S1: Fault systems, timing of activity, displacements, displacement rates, and
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CPTI-DBMI15 databases.
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