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[1] The Tyrrhenian margin of central Italy has
undergone Plio-Quaternary extension, developing
NW-SE normal faults and NE-SW faults. The NE-
SW faults decrease in frequency toward NE with the
stretching factor b, becoming negligible for b < 1.3.
Plio-Quaternary volcanoes, aligned NW-SE, formed at
the intersection among NE-SW and NW-SE faults;
fissure eruptions are mostly controlled by NE-SW
faults. Structural field data show normal motions for
76% of NW-SE Quaternary faults and transtensive for
73% of NE-SW Quaternary faults. Analogue
experiments simulating the NE-SW Tyrrhenian
extension show that transverse transtensive faults
form with differential extension Db > 0.21. These
data suggest that the NE-SW transtensive structures
are transfer faults of the NW-SE normal faults due to
relevant differential extension (Db > 0.21) within a
stretched crust (b > 1.3). The minor dip-slip and strike-
slip components of the NE-SW and NW-SE faults,
respectively, possibly result from the NW-SE
extension due to the southeastward slab retreat
beneath the Calabrian arc. The NE-SW and NW-SE
extensions in the central southern Tyrrhenian Sea
account for the composite kinematics of the NE-SW
structures, which, in turn, exert a twofold role in
controlling volcanism. Where their dip-slip component
forms basins, the associated decompression induces
magma accumulation (developing central volcanoes)
at the intersection among NW-SE and NE-SW
systems. Where transfer faults are mainly strike slip,
their inferred subvertical attitude enhances their
permeability to magma, accounting for the observed
NE-SW fissure eruptions. Regional extension, forming
NW-SE faults, enhances the overall generation and
rise of magma along the margin, but NE-SW structures
focus magma rise and emplacement at shallower
levels. Citation: Acocella, V., and R. Funiciello (2006),
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1. Introduction

[2] Rift zones are characterized by subparallel seg-
ments (with strike variations lower than few tens of
degrees) of normal faults, perpendicular to the least
compressive stress. This is commonly observed in vari-
ous continental and oceanic settings, such as the East
African Rift System [Morley, 1988; Ebinger, 1989a,
1989b; Ebinger et al., 1989; Morley et al., 1990; Nelson
et al., 1992], the Rio Grande Rift [Cordell, 1978; Mack
and Seager, 1995], the Rhine Graben [Illies, 1975; Brun
et al., 1991], the Baikal Rift [Sherman, 1978; Hutchinson
et al., 1992], the Basin and Range [Anders and
Schlische, 1994; Ferrill et al., 1999], and the Icelandic
Ridge [Acocella et al., 2000].
[3] However, additional fault systems, with a remarkably

different strike, may form simultaneously to the main set of
normal faults. In many cases, these systems, when subpar-
allel to the extension direction, have been interpreted as
transfer faults of the normal faults, such as at the North Sea
[Gibbs, 1984], the Atlantic margin of Brazil [Milani and
Davison, 1988], of Newark [Schlische, 1992], Galicia
[Boillot et al., 1995], West Africa [Clemson et al., 1997;
Watts and Stewart, 1998], Norway [Dorè et al., 1997;
Tsikalas et al., 2001], the Suez Rift [McClay and
Khalil, 1998], the Basin and Range [Martin et al., 1993;
Duebendorfer and Black, 1992], and the East African Rift
System [Rosendahl, 1987; Faulds and Varga, 1998]. In
other cases, three-dimensional strain [Reches, 1978; Krantz,
1989] and viscosity or density instabilities [Watterson et al.,
2000] have been proposed to explain the development of
transverse faults under a constant extensional regime. In
several settings, such as along the Mexican Volcanic Belt
[Tibaldi, 1992], the central Andes [Riller et al., 2001;
Matteini et al., 2002], the Ethiopian Rift [Acocella et al.,
2002], the Western Branch of the East African Rift System
[Ebinger, 1989a; Ebinger et al., 1989], and the Rio Grande
Rift [Cordell, 1978], the transverse systems also control the
location of volcanic activity and the shape of volcanoes.
This suggests that transverse systems may significantly
control the evolution of rift zones and associated magma-
tism. Previous studies investigated the relationships
between transverse systems and magmatism. Analogue
models highlighted the role of extensional tectonics,
responsible for developing transfer faults and controlling
the localized rise of melts [Acocella et al., 1999; Corti et al.,
2002, 2004]. Other studies suggested that conversely,
the emplacement of magma at depth may influence the
development of transverse zones at surface [Ruppel, 1995;
Faulds and Varga, 1998].
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[4] The Tyrrhenian margin of central Italy has been
characterized by Plio-Quaternary back-arc extension, with
the development of NW-SE normal faults; coeval NE-SW
transverse systems are also present and the margin exhibits
orthogonal fault sets simultaneously developed under an
extensional setting. Moreover, the NE-SW structures are
predominant at volcanic edifices and control eruptive fis-
sures, showing an important influence on Plio-Quaternary
back-arc volcanism, despite its overall NW-SE alignment
[Acocella and Funiciello, 2002]. Therefore among the most
interesting features of the Tyrrhenian margin are the devel-
opment of orthogonal structures under extension and their
control on volcanic activity.
[5] Within this framework, this paper aims at defining (1)

the structural features (geometry and kinematics) of the
orthogonal systems characterizing the extension of the
Tyrrhenian margin, as well as their relationships and (2)
their possible control on the Plio-Quaternary magmatism.
With these aims, field structural data have been collected at
selected locations (outside the volcanic areas) along the
margin; these have been integrated with results from previ-

ously performed analogue experiments simulating the Tyr-
rhenian extension, as well as with an original overview of
the structure of the volcanic areas. The results suggest that
different structures control magmatism at different crustal
levels along the Tyrrhenian margin, similarly to other areas
worldwide (Tuscan Magmatic Province, in Italy, Ethiopian
Rift, central Andes, Mexican Volcanic Belt, Western Branch
of the African Rift System).

2. Structural Setting of the Tyrrhenian

Margin of Central Italy

[6] Extensional processes have been affecting the Tyr-
rhenian margin of the Italian peninsula since the upper
Miocene [Jolivet et al., 1998, and references therein].
Extension occurred at the back of the eastward migrating
Apennine orogen, as a consequence of the progressive
eastward shifting of the Apennine subduction, largely
driven by the subducting oceanic lithosphere beneath the
Calabrian arc (Figure 1 inset) [Malinverno and Ryan, 1986;
Royden et al., 1987; Patacca et al., 1990; Jolivet et al.,

Figure 1. Digital elevation model of the central Apennines, showing the present tectonic divide (heavy
black dashed line) between the eastern portion, undergoing compression, and the western portion,
undergoing extension. Inset shows a structural sketch of the Italian peninsula, characterized by arcuate
thrust fronts (distinguished on the base of their age) and, to the back, in the Tyrrhenian area, extension
and volcanism. TMP, Tuscan Magmatic Province. Figures 6 and 7 refer to the areas of southern Latium
and Campania Plain, respectively.
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1998]. Along the Tyrrhenian margin of central Italy, active
extensional tectonics migrated eastward, from the Tyrrhe-
nian area (mostly during the Miocene-Pliocene) to the
Apennines divide (Present), where the boundary between
the extensional and compressional domains is approximately
located (Figure 1) [D’Agostino et al., 1998; Ghisetti and
Vezzani, 2002]. While the eastern part of the divide is
characterized by active compression, the western part is
presently marked by extension and associated with seismic
activity due to NW-SE normal faulting [Montone et al.,
1999; Valensise and Pantosti, 2001, and references therein;
D’Agostino et al., 2001; Roberts and Michetti, 2004]. The
development of these NW-SE normal faults is interpreted as
resulting from the retreat of the westward dipping slab,
highlighted by tomography data [Spakman and Wortel,
2005], beneath the central northern Apennines, in an overall
context of back-arc extension [Faccenna et al., 1997;
Jolivet et al., 1998]. The NW-SE normal faults responsible
for the extension of the area between the Tyrrhenian Sea and
the Apennines divide are also responsible for the develop-
ment of several subparallel Plio-Quaternary basins
(Figure 1) [Mariani and Prato, 1988; Cavinato et al.,
1994]. Many of the NW-SE normal faults reactivate preex-
isting thrust planes, mostly SW dipping, formed during the
buildup of the Apennines [Faccenna et al., 1995;
D’Agostino et al., 1998]. Balanced cross sections from
published works [e.g., Spadini and Podladchikov, 1996;
Faccenna et al., 1997; Mele and Sandvol, 2003] permit
estimation of the stretching factor b across the Tyrrhenian
margin. Assuming an overall symmetric extension across
the Tyrrhenian basin [Jolivet et al., 1998], the stretching
factor in these balanced sections is evaluated as b = ti/tf
(where ti is the initial thickness of the crust and tf is the
thickness of the stretched crust), that is, the thickness

difference between a stretched portion of the margin and
the portion in correspondence with the tectonic divide, which
represents the preextension crustal thickness (Figure 1). This
procedure, which neglects any possible Moho destabilization
process [Ziegler andCloething, 2004], shows that theNW-SE
faults are responsible for a crustal stretching b increasing from
the divide (where b = 1) to the Tyrrhenian coastline
(where b � 1.5) (Figure 2). Along the margin, crustal
stretching is not constantly distributed, for several rea-
sons. On a general scale, extension migrates eastward and
is driven by the arcuate configuration of the compressive
front, whose shape is, in turn, controlled by the different
nature of the subducted lithosphere: this is continental in
the northern and central Apennines, oceanic in the south-
ern Apennines [Malinverno and Ryan, 1986; Royden et
al., 1987]. As a result, the southern Tyrrhenian area
(Figure 1) is characterized by larger amounts of extension
with regard to the northern Tyrrhenian area [Royden et al.,
1987; Patacca et al., 1990; Doglioni et al., 2004]. This
process has its repercussions, at a more local scale, also
along the Tyrrhenian margin of central Italy. In fact, the
subducting front during Miocene was located to the east of
Sardinia and Corsica, with an overall N-S trend (Figure 1)
[Faccenna et al., 2001, and references therein]. Consider-
ing the present NW-SE orientation of the Tyrrhenian
margin of central Italy, subparallel to the present subduct-
ing front to the east of the central Apennines, it appears
that its southern part underwent a much larger amount of
back-arc extension, resulting from the larger slab retreat in
the southern Tyrrhenian area. Along the Tyrrhenian margin
of central Italy, the variable amount of stretching is
highlighted by (1) the structural and topographic variations
in the lateral continuity of the extensional basins and
(2) the different width of the extended area between the
axis of the volcanic chain and the divide (Figure 1); this
implies a different distribution of the amount of extension
across the margin.
[7] NE-SW fractures often interrupt the continuity of

adjacent NW-SE extensional basins on the margin
(Figure 3) [Acocella and Funiciello, 2002]. In general,
surface and subsurface data show that the NE-SW and the
NW-SE systems crosscut each other at high angles
(Figure 3) [Acocella and Funiciello, 2002, and references
therein]. In many cases, NE-SW systems form transverse
extensional basins [Mariani and Prato, 1988]. Seismic
profiles suggest that these basins are bordered by several
subparallel faults with a normal component, which join and
become shallower at depths �2–3 s (two-way traveltime,
TWT); the basins are filled by Plio-Quaternary sedimentary
and volcanic deposits, which in some cases, form rollover-
like structures dipping toward the border faults [Mariani
and Prato, 1988; Faccenna et al., 1994a]. The frequency
(normalized to the NW-SE normal faults) of the transverse
structures, widespread along the margin, decreases signifi-
cantly northeastward (Figure 2). In fact, immediately NE of
the volcanic chain, few significant NE-SW structures are
observed; these mostly formed as tear faults or lateral ramps
during the compressional phase, possibly related to block
rotations around vertical axes [Mattei et al., 1995], and have

Figure 2. Variation of the stretching factor b (grey) and
frequency of the NE-SW systems across the Tyrrhenian
margin (normalized to the NW-SE normal faults in the area
between the two parallel solid lines in Figure 1; these faults
are shown in Figure 3).
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Figure 3
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been moderately reactivated as strike-slip faults during
extension (Figure 3) [Ghisetti and Vezzani, 1997, 1999].
[8] The coeval activity of NW-SE and NE-SW fractures,

as well as their joint eastward migration, has been recog-
nized in sedimentary and volcano-tectonic depressions
along the Tyrrhenian margin [Acocella and Funiciello,
2002, and references therein]. While the NW-SE systems
are responsible for crustal extension along the margin, the
role of the NE-SW systems is more debated. Transverse
structures along the Apennines may result from the reacti-
vation of lateral ramps developed during the previous
compressional phase [Ghisetti and Vezzani, 1997, 1999].
Transverse structures have also been interpreted as the result
of longitudinal extension due to the curvature of the
Apennines [Oldow et al., 1993]. This mechanism may
easily account for orogen-parallel extension along the
southern Apennines, where the orogen curvature is signif-
icant; however, it may not be easily applied to the central
Apennines, where the curvature of the arc is much lower
and the transverse structures are mostly restricted to the
back-arc domain. Alternatively, NE-SW fractures, being
coeval to NW-SE systems, have been interpreted as transfer
systems of the NW-SE normal faults [Liotta, 1991;
Faccenna et al., 1994a; Acocella et al., 1999], but this
hypothesis is not confirmed by robust data. A further
possibility is that the NE-SW faults are the effect of the
NW-SE extension in the southern Tyrrhenian area, resulting
from the Quaternary SE retreat [Patacca et al., 1990] of the
oceanic Ionian slab subducting beneath the Calabrian arc.
This hypothesis is consistent with the Quaternary age of
most of the transverse basins along the margin [Mariani and
Prato, 1988], even though some formed during the Pliocene
[Faccenna et al., 1994a]. The lack of published geometric
and kinematic data on transverse structures does not
currently permit to discriminate among these hypotheses.
[9] In addition to NE-SW and NW-SE systems, the

Quaternary evolution of the Tyrrhenian margin has been
partly accompanied by N-S trending structures. These are
much less represented and of more limited extent, even
though are scattered throughout the margin [Funiciello et
al., 1976; Alfonsi et al., 1991; Faccenna et al., 1994b, and
references therein; Acocella et al., 1996; Marra, 2001; Sani
et al., 2004].

3. Plio-Quaternary Volcanoes and Their

Structural Features

[10] Potassic volcanism accompanied extension [Serri et
al., 1993]. The Plio-Quaternary volcanoes are NW-SE
aligned, parallel to the regional normal faults. The volcanic
arc consists of (1) central edifices, characterized by calderas
with negligible topographic relief (Vulsini, Sabatini, Campi
Flegrei) and stratovolcanoes with summit calderas (Vico,

Colli Albani, Roccamonfina and Vesuvio), and (2) major
fissure eruptions (extent larger than a few kilometers:
Amiata, Vulsini, Cimini, Colli Albani, Roccamonfina,
Campi Flegrei and Vesuvio; Figure 3a). Fissure eruptions
refer to the alignment of vents, with common composition,
not necessarily active contemporaneously, although active
within a limited time span compared to the life of the related
volcano. Several of these major eruptive fissures are related
to the activity of the nearby central edifices. The mean
spacing of the volcanoes is 42±13 km; the low standard
deviation (13 km) implies a quite regular distribution.
However, this does not correspond to an uniform distribu-
tion of the erupted volumes, with most magma being
usually (Colli Albani is the exception) erupted at Quaternary
calderas with negligible relief (Vulsini, Sabatini, and Campi
Flegrei; Figure 3b).
[11] On the basis of the distinction between central

edifices and fissure eruptions, an overview of the structural
features of the volcanoes, resulting from published surface
and subsurface data, is proposed.

3.1. Main Volcanic Edifices

[12] Vulsini District (0.80–0.15 Ma) erupted undersatu-
rated leucite bearing magmas and differentiates [Nappi et
al., 1987]. The main feature is the down-sag Bolsena
Caldera (Figure 4a), along a NW-SE trending graben
(Figure 3a). A NE-SW graben-like structure partly controls
volcanic activity within the NE-SW elongated Latera Cal-
dera (0.60–0.10 Ma) (Figure 4a) [Vezzoli et al., 1987;
Nappi et al., 1991]. Vico District (0.80–0.09 Ma) erupted
alkaline potassic lavas, forming a caldera at the intersection
between NW-SE and NE-SW faults (Figure 3a) [Locardi et
al., 1976; La Torre et al., 1981]. Sabatini District (0.60–
0.08 Ma) mainly erupted trachytic-phonolitic products,
forming the down-sag Bracciano caldera (along a NE-SW
graben) and the Sacrofano Caldera (Figure 4b) [De Rita et
al., 1993]. The district lies at the intersection among swarms
of NW-SE and NE-SW structures [Funiciello et al., 1976;
Locardi et al., 1976; De Rita et al., 1996]. Colli Albani
District (0.60–0.02 Ma) mainly erupted leucititic magmas
at the intersection among swarms of NW-SE normal faults,
NE-SW structures and N-S dextral faults (Figure 4c) [De
Rita et al., 1995]. A NE-SW Plio-Quaternary basin lies to
the SW; the NE continuation of its border faults marks the
caldera rim, feeding NE-SW aligned vents [Faccenna et al.,
1994a]. Roccamonfina District (0.60–0.05 Ma) erupted
strongly undersaturated leucite-bearing rocks and LK mag-
mas, forming a summit caldera at the intersection between
NW-SE and NE-SW Plio-Quaternary grabens associated
with hydrothermal circulation (Figure 4d) [Mariani and
Prato, 1988; Giordano et al., 1995; De Rita and Giordano,
1996; Bosi and Giordano, 1997]. The NE-SW elongated
Campi Flegrei District includes the Campi Flegrei Caldera

Figure 3. (a) Structural sketch of the Tyrrhenian margin of central Italy, showing the main fault systems and the Plio-
Quaternary volcanoes. (b) Spacing of volcanoes and related erupted volumes (estimates from Barberi et al. [1994], De Rita
et al. [1992], Orsi et al. [1996], Santacroce [1987], van Bergen and Barton [1984], and Bruno et al. [2004]) along a NW-
SE section.
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and Ischia and Procida islands (Figure 4e) [Carrara et al.,
1973; Finetti and Morelli, 1974; Fedi and Rapolla, 1987;
Rapolla et al., 1989; Orsi et al., 1996; Piochi et al., 2005,
and references therein]. The erupted magmas (0.15 Ma to
Present) range from trachytes and alkali trachytes to trachy-
basalts, and latites [Rosi and Sbrana, 1987]. NE-SW and
subordinate NW-SE extensional structures predominate,
controlling the shape of the Caldera and resurgence at Ischia
[Orsi et al., 1996; Acocella and Funiciello, 1999]. NE-SW
systems border the Plio-Quaternary Acerra Depression,
�3 km deep, to the west of the Caldera [Scandone et al.,
1991; Berrino et al., 1998]. Somma-Vesuvio District
(0.3 Ma to Present) mainly erupted phonolites and trachy-

basalts at the intersection among NW-SE, NE-SW, and,
subordinately, N-S structures (Figure 4e) [Santacroce, 1987;
Piochi et al., 2005, and references therein]. These control
the emplacement of the fissures on the volcano slopes.
Gravity and seismic data show that Vesuvio lies along a
major NE-SW structure, offsetting NW-SE normal faults
[Berrino et al., 1998; Bruno et al., 1998].
[13] The strike distribution of the fracture systems in the

central volcanic edifices (Figure 4f) shows that the longest
systems trend NE-SW (N40�E–N60�E); NW-SE structures
(N30�W–N50�W) constitute 46% of the NE-SW systems.
The volcanic edifices show therefore a common structural
control, mainly at the intersection between swarms of NE-

Figure 4. Structural sketch of the main volcanic edifices along the margin: (a) Vulsini District;
(b) Sabatini District; (c) Colli Albani District; (d) Roccamonfina District; (e) Neapolitan volcanic area;
and (f) strike distribution of all the fault systems located in the areas of the volcanic edifices.
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SW and subordinate NW-SE fractures; minor N-S systems
are seldom present (Figure 4f). Edifices with lower amount
of emitted products are usually associated with a single NE-
SW trending set (Vico, Vesuvio; Figure 3). Edifices with
higher amount of emitted products are usually associated
with multiple transverse fractures, controlling the shape of
calderas and bordering transverse basins (Vulsini, Sabatini,
Colli Albani, Campi Flegrei; Figure 3). The transverse
basins lie to the SW of the volcanoes (Vulsini, Sabatini,
Colli Albani, Roccamonfina), except Acerra, to the NE. The
known depth of the transverse basins is 1.3–3 km [Mariani
and Prato, 1988; Berrino et al., 1998] and the onset of
sedimentation is 2–3 Ma older than the onset of the nearby
volcanic activity [Mariani and Prato, 1988; Faccenna et
al., 1994a].

3.2. Main Fissure Eruptions

[14] Amiata volcanic edifice mainly results from a NE-SW
fissure, erupting, at various points, rhyodacitic and minor
mafic latitic lavas between 0.29 and 0.18 Ma [Calamai et
al., 1970; Ferrari et al., 1996]. The NE-SW structural
control, possibly related to strike-slip faults [Fazzini and
Gelmini, 1982], is highlighted by the NE-SW trending
gravity anomalies (Figure 5a) [Orlando et al., 1991] and
elongation of the K seismic horizon isobaths [Gianelli et
al., 1997]. At Vulsini, several vents at Latera form a NE-SW
trending eruptive fissure, subparallel to the elongated Vepe
Caldera (Figure 5b) [Capaccioni et al., 1987; Vezzoli et al.,
1987; Nappi et al., 1991]. The related products are the most
primitive within the Vulsini District [Peccerillo et al., 1987].
The earthquakes within the Latera Caldera are related to NE-
SW subvertical sinistral faults [Buonasorte et al., 1987].
Cimini District (Figure 3) is characterized by rhyolites to
olivine-latites, mostly emplaced as lava domes aligned
NW-SE [Baldi et al., 1974; Barberi et al., 1994]. Tolfa-
Ceriti District consists of upper Pliocene silicic products,
erupted from two fissures along NE-SW trending normal
faults and, subordinately, N-S structures (Figure 5c) [De
Rita et al., 1994a, 1994b). The SE rim of the Colli
Albani Caldera belongs to a 15 km long, NE-SW fissure
(Figure 3) [De Rita et al., 1995]. Ernici District consists
of alkali basalts, latites, trachytes, and leucitites pyroclas-
tic and lava vents (0.7–0.1 Ma [Civetta et al., 1981, and
references therein]), located along NW-SE, NE-SW, and
N-S fractures [Angelucci et al., 1974; Acocella et al.,
1996]. The longest fissure (�20 km, Latina Valley
Fissure), N-S trending, is associated with dextral faults
(Figure 5d) [Acocella et al., 1996; Sani et al., 2004] and
erupted the lowest 87Sr/86Sr ratios of the NW Campania-
Latium region [Civetta et al., 1981; Beccaluva et al.,
1984; Turi et al., 1991]. Ponza island (Figure 3) mainly
consists of lower Pleistocene submarine silica-rich hyalo-
clastites and rhyolitic dikes, emplaced along a NE-SW
direction, consistently with the recognized fracture pattern
[Carmassi et al., 1983; De Rita et al., 2001]. Roccamon-
fina District has a major eruptive fissure (Figure 3), fed
by a�600 ka old NE-SW dike (Presenzano dike, Figure 4d),
with the most primitive magmas in the district [Acocella and
Funiciello, 2002]. At Campi Flegrei, several vents and dikes

form a composite NE-SW fissure �15 km long, associ-
ated with primitive magmas, from Ischia to Campi Flegrei
Caldera (Figure 3) [Di Girolamo and Rolandi, 1975;
Beccaluva et al., 1984; Poli et al., 1987; Vezzoli, 1988;
Civetta et al., 1991; Acocella et al., 1999; D’Antonio et
al., 1999]. Somma-Vesuvio has two main historical flank
fissures, trending NE-SW and N-S (Figure 4e) [Santacroce,
1987; Marzocchi et al., 1993]. The longest NE-SW
fissure erupted the most primitive products in the district
[Santacroce, 1987].
[15] The major eruptive fissures on the margin are

NE-SW trending (Figure 5e), showing a common struc-
tural control; the NE-SW fissures at Latera, Ernici, Campi
Flegrei, and Vesuvio also erupted the most primitive
products.

4. Definition of the NE-SW and NW-SE

Fault Systems

4.1. Investigated Areas

[16] Structural field analysis was carried out to define the
geometric and kinematic features of the NW-SE and the
NE-SW structures along the margin. For this purpose, two
sites have been selected in correspondence with major NE-
SW and NW-SE lineaments: the southern Latium area and
the NE portion of the Campania Plain (Figure 1). In
particular, the area of southern Latium consists of a transect
across the margin, along which measurements were made in
correspondence of three areas: the Fondi Plain, The Giu-
liano di Roma (GDR) Basin, the Alatri area (Figure 6).
These sites have been chosen because (1) they display
evidence of major Quaternary tectonic activity, coeval to
most volcanoes, related to both orthogonal systems; (2) they
are distant from the main volcanic edifices, their geometry
and kinematics should not be influenced by magmatic
activity; and (3) the transect in southern Latium permits
appreciation of any variation in the structural style across
the margin.
4.1.1. Southern Latium Area
[17] This area is characterized by two main Quaternary

depressions, the Fondi Plain and the GDR Basin, as well as
by the Alatri area, where the deformations are of Pliocene-
Quaternary age. The Fondi Plain consists of a �20 � 10 km
rhomboidal depression, elongated NE-SW (Figure 6). The
depression is surrounded by Mesozoic limestones and
filled by Quaternary deposits; these mainly consist of
lower and middle Pleistocene marine and continental
deposits [Antonioli et al., 1990]. Gravity data suggest a
depth of �1 km for the central part of the depression [Di
Filippo and Toro, 1980]. Its most striking structural
feature is the NW border, marked by a �20 km long
NE-SW trending fault scarp, juxtaposing the Mesozoic
limestones with the Quaternary deposits, largely respon-
sible for the development of the nearby plain. This fault
zone is one of the best exposed NE-SW trending struc-
tures along the margin and, to the SW, it probably
continues to the Pontine Islands (Figures 1 and 3). It
interrupts the continuity of the NW-SE normal fault
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system that borders the NE part of the Fondi Plain
(Figure 6); its morphology (Figure 6) suggests Quaternary
activity, as confirmed by the different elevation of the
middle Pleistocene deposits at the sides of the fault
[Antonioli et al., 1990]. No volcanism occurred within
the Fondi Plain, which is therefore the most notable
nonvolcanic transverse basin along the margin (Figure 3).

[18] Field work in the Fondi Plain was mainly focused
along the NE-SW trending fault zone. The faults were
mostly measured within Mesozoic limestones. Nevertheless,
their association with major scarps with a young morpho-
logical expression, along which subsurface data indicate
post-middle Pleistocene faulting [Antonioli et al., 1990],
suggests a Quaternary activity. The collected structural data

Figure 5. Structural sketch of the main fissure eruptions along the margin: (a) Amiata; (b) Latera;
(c) Ceriti and Tolfa, (d) Ernici; and (e) strike distribution of the main fissure eruptions along the margin.
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and their locations are displayed in Figure 6. The data
consist of NW-SE and NE-SW faults systems which,
despite the morphological evidence of the NE-SW faults
interrupting the NW-SE faults (Figure 6), are repeatedly
crosscutting each other. These fault systems are often
associated with tectonic breccias and their mean displace-
ment is of several tens of m.
[19] The GDR Basin is a NW-SE elongated Quaternary

intramontane basin. The basin is bordered by Cretaceous
limestones and filled with lower to middle Pleistocene
lacustrine deposits and middle Pleistocene volcanics,
produced by scattered vents of the Ernici District
(Figure 6) [Acocella et al., 1996]. The basin consists
of a half-graben structure, with a maximum downthrow
of �800–1000 m. Its SW side is characterized by a

major NW-SE normal fault, approximately 15 km long,
partly controlling volcanic activity (Figure 6) [Acocella
et al., 1996]. The northern portion of this structure is
partly interrupted by a �2 km long NE-SW fault zone.
The NE side of the basin is characterized by a �4 km
long NW-SE normal fault, controlling volcanic activity
(Figure 6) [Acocella et al., 1996]. Quaternary N-S
dextral structures are also present, controlling part of
the volcanic activity in the GDR Basin and the nearby
Latina Valley (see section 3.2) [Acocella et al., 1996;
Sani et al., 2004].
[20] Field work in the GDR Basin was focused along

its SW border fault and the NE-SW structure in the
northern part (Figure 6). The faults were mostly measured
within Cretaceous limestones. Nevertheless, their associa-

Figure 6. Simplified structural map of the southern Latium area (location in Figure 1), showing the
major structures at the Fondi Plain, the GDR Basin, and the Alatri area. Sites of structural analysis and
related plot (Schmidt’s lower hemisphere) are also shown.
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tion with major scarps with a young morphological expres-
sion, developing a basin filled by Quaternary deposits,
suggests a Quaternary activity. The collected structural data
and their locations are displayed in Figure 6. The data
consist of NW-SE and NE-SW faults associated with
tectonic breccias, with a mean displacement of several tens
of m.
[21] The Alatri area lies on the NE border of the Latina

Valley, a NW-SE trending piggyback basin formed in upper
Miocene [Cipollari and Cosentino, 1993], partly reactivated
with extensional motions during Plio-Quaternary [Acocella
et al., 1996]. The Plio-Quaternary structure of the area is
mostly characterized by NW-SE trending normal faults,
bordering the NE part of the Latina Valley and separating
the upper Miocene-Quaternary sedimentary and volcanic
deposits, within the Valley, from the Cretaceous and middle
Miocene limestones [Cavinato et al., 1993]. Field work in
the Alatri area was thus focused along this NW-SE trending
border fault system (Figure 6). The faults, mostly measured
within Cretaceous limestones and upper Miocene sedimen-
tary deposits, crosscut the upper Miocene compressive

structures [Cavinato et al., 1993], suggesting Pliocene-
Quaternary activity. The collected structural data and their
locations are displayed in Figure 6. The data consist of NW-
SE and subordinate NE-SW faults associated with tectonic
breccias, with a mean displacement of several tens of
meters.
[22] While in the Fondi area the NE-SW systems (map in

Figure 6) constitute �55% of the Quaternary faults (total
length �60 km), in both the GDR Basin and the Alatri area
the frequency of the NE-SW systems lowers to 14% (total
length of 5–6 km). The map in Figure 6 also shows that
across the margin, the control of the NE-SW structures on
morphology sharply decreases toward NE. Despite the
sharp NE decrease of the NE-SW systems, the extent and
frequency of the NW-SE systems remain quite constant.
These are in fact widespread and show a similar control on
the morphology, bordering NW-SE basins, even though
their estimated throw decreases toward NE [Acocella et
al., 1996, and references therein]. Recent structural studies
in southern Latium suggests that north of the GDR Basin,
Plio-Quaternary extension is moderate (5–15%), whereas

Figure 7. Satellite image of the Campania Plain (location in Figure 1) and its main fault systems (data
are modified after Acocella et al. [2004, and references therein] and Bruno et al. [2004, and references
therein]). Inset in the NE portion of the plain shows the area of structural analysis. Sites of structural
analysis and related plot (Schmidt’s lower hemisphere) are also shown.
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this is inferred to become much more significant to the SW
[Sani et al., 2004].
[23] The geometric and kinematic features of the fault

systems in southern Latium (Fondi, GDR, and Alatri areas)
are discussed in section 4.2.
4.1.2. NE Campania Plain
[24] The Campania Plain (southern Italy) is a NW-SE

trending graben-like structure bordered by Mesozoic car-
bonate platforms, which subsided up to 5 km during the
Plio-Quaternary (Figure 7) [Carrara et al., 1973; Finetti
and Morelli, 1974; Fedi and Rapolla, 1987]. The overall
structure of the Plain, inferred from remote sensing, field,
magnetic, gravity and seismic data [Acocella et al., 2004,

and references therein; Bruno et al., 2004; Piochi et al.,
2005, and references therein], is shown in Figure 7. Most of
the known and inferred fault systems in the Campania Plain
have a NE-SW and NW-SE trend; these faults are respon-
sible for the significant downthrown of the Mesozoic
carbonates below the Plain. In particular, the continuity of
the widespread NW-SE systems is interrupted by the NE-SW
structures at the border (Monte Massico, Monti Lattari,
Figure 7) and inside the Plain (areas of the Campi Flegrei
and Somma-Vesuvio districts) (Figure 7). A major swarm
of NE-SW structures inside the Plain, mostly revealed by
geophysical data, is located along the Campi Flegrei
Caldera and the volcanic islands of Procida and Ischia
[Carrara et al., 1973; Rapolla et al., 1989; Acocella et
al., 2004; Piochi et al., 2005, and references therein]. Its
surface expression, in the Neapolitan volcanic area, is
characterized by NE-SW trending faults, extensional frac-
tures and dikes, as well as by the alignment of eruptive
vents. The investigated area, in the NE portion of the
Campania Plain, is located on the NE continuation of
these transverse systems, where the Quaternary deposits
of the Plain are juxtaposed to the Mesozoic limestones
(Figure 7). Here NE-SW, NW-SE and subordinate E-W
trending faults are outcropping, separating the limestone
from Quaternary slope deposits. The stratigraphic posi-
tion of these slope deposits with regard to dated volcanic
products from the Campi Flegrei District suggests that
the former have an age of 100–120 ka [Acocella et al.,
2003], implying an upper Pleistocene age for the faults
within them. The mean displacement of these fault
systems is a few tens of meters (Figure 8).
[25] Several NW-SE faults are found at this location;

even though these have a strike which is not consistent with
the local geomorphology (Figure 7 inset), the faults are
parallel to the NW-SE margin of the Campania Plain
(Figure 7). Therefore they may be considered as represen-
tative of the Quaternary faults bordering the NE margin of
the Plain. Conversely, the observed NE-SW faults may be
considered, for location and orientation, as the NE contin-
uation of the transverse systems present along the Ischia-
Campi Flegrei volcanic zone. The general geometric and
kinematic features of these faults systems are discussed in
section 4.2.

4.2. Geometry and Kinematics

[26] The faults zones measured at the areas of southern
Latium and Campania Plain outcrop widely in large quarries
and are associated with cataclastic breccia; when evaluated,
their minimum displacement is in the order of tens of m.
Therefore these faults are interpreted as forming large
structures, representative of the Quaternary (except for the
Alatri structures, of Pliocene-Quaternary age) regional set-
ting of the margin.
[27] Both the NE-SW and the NW-SE faults in the areas

of southern Latium and Campania Plain are arranged in
parallel segments, and usually similarly dipping; the fre-
quent uniform and moderate tilt of the layers within
(opposite to the dip of the faults) highlights a domino-like
style of faulting, at the scale of 101–102 m.

Figure 8. Fault systems on the NE edge of the Campania
plain: (a) NE-SW trending fault juxtaposing Mesozoic
limestones with upper Pleistocene slope deposit; and
(b) NW-SE trending fault juxtaposing Mesozoic limestones
with upper Pleistocene slope deposits. Displacement is of
several tens of meters in both cases.
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[28] The dip values of the NE-SW and NW-SE trending
faults measured in the areas of southern Latium and
Campania Plain are shown in Figure 9a. The mean dip of
the NE-SW faults (73�) is similar to that of the NW-SE
faults (64�).
[29] The kinematics of these faults is shown in Figure 9b,

where the pitch of the fault is reported as a function of the
fault strike. The data have been divided as a function of
their location; in particular, the data relative to the area of
southern Latium are divided for the Fondi Plain, GDR and
Alatri areas. Lighter and darker grey horizontal bars are
shown as reference for the NW-SE trend (135� ± 20� and
315� ± 20�) and the NE-SW trend (45� ± 20� and 225� ±
20�), respectively.
[30] It can be observed from the diagram that while most

(76%) of the NW-SE faults have a dip-slip motion (60� <
pitch < 120�), the majority (73%) of the NE-SW faults
displays oblique to strike-slip motions (pitch < 60� and
pitch > 120�). In particular, as far as the NW-SE faults are

concerned, the faults dipping toward NE (uppermost hori-
zontal grey bar) display, with few exceptions, dip-slip
motions, whereas several faults dipping toward SW (third
horizontal grey bar from above) display oblique motions.
[31] To highlight the kinematic features of Figure 9b,

the kinematic distribution of the NW-SE (Figure 9c, left)
and NE-SW (Figure 9c, right) faults is summarized in
Figure 9c. The NW-SE faults with dip-slip motions (60� <
pitch < 120�) are 76%; the NW-SE faults with oblique-slip
motions (30� < pitch < 60� and 120� < pitch < 150�) are
9%; the NW-SE faults with strike-slip motions (0� < pitch <
30� and 150� < pitch < 180�) are 15% (Figure 9c).
Conversely, the NE-SW faults with dip-slip motions (60� <
pitch < 120�) are 27%; the NE-SW faults with oblique-slip
motions (30� < pitch < 60� and 120� < pitch < 150�) are
37%; the NE-SW faults with strike-slip motions (0� < pitch
< 30� and 150� < pitch < 180�) are 36% (Figure 9c). In
general, Figure 9 indicates that the NW-SE systems mainly
consist of high angle normal faults, whereas most of the

Figure 9. (a) Variation in dip of the (top) NE-SW and (bottom) NW-SE faults shown in Figures 6 and 7.
(b) Variation of pitch values of the faults as a function of their strike (the dip direction of a fault is 90�
larger than its strike). Lighter and darker grey horizontal bars are shown as reference for the NW-SE trend
(135� ± 20� and 315� ± 20�) and the NE-SW trend (45� ± 20� and 225� ± 20�), respectively. (c) Frequency
distributions of the (left) NW-SE and (right) NE-SW faults as a function of their dip-slip, oblique-slip, and
strike-slip kinematics.
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high angle to subvertical NE-SW systems are transtensive,
characterized by a significant left-lateral or right-lateral
component of shear.

5. Results From Analogue Models

[32] In order to better understand the meaning of the
deformation pattern observed on the Tyrrhenian margin of
central Italy, previous [Acocella et al., 2005a] analogue
experiments were used. These aimed (1) to simulate the
extensional evolution of the crust of the Tyrrhenian margin,
characterized by orthogonal structures, with predominant
normal (NW-SE systems) and transtensive (NE-SW sys-
tems) motions and (2) to define, through such a simulation,
the possible conditions leading to the formation of trans-
verse transtensive systems within an extensional context. A
more detailed description of the experiments is reported by
Acocella et al. [2005a].
[33] The extending crust of the Tyrrhenian margin has

been simulated in its brittle and ductile components. The
magmatic processes accompanying extension have not been
taken into account; in fact, since the aim of the experiments
is the definition of the conditions leading to the formation of
the transverse structures of the extensional margin, the
simulation of a magmatic component is not required.
Moreover, experiments considering the conditions of em-
placement of magma within extensional transfer zones have
been previously done [Corti et al., 2002, 2004].

[34] The considered parameters imposed in our experi-
ments are: the initial thickness of the crust and of its brittle
and ductile portions, the amount of extension, the tectonic
strain rate and the presence of differential extension of
adjacent crustal portions. These parameters have been
scaled accordingly to our knowledge of the values of their
equivalent in the Tyrrhenian area. In particular, the overall
thickness of the crust, as well as its brittle and ductile
portions, are evaluated from geophysical data [Nicolich,
1989; Valensise and Pantosti, 2001]. The amount of exten-
sion and the tectonic strain rates have been previously
estimated [Faccenna et al., 1997] and are reported in
section 5.1. The occurrence of differential extension along
the margin [Royden et al., 1987; Patacca et al., 1990] was
described in section 2. However, since no data are available
for a quantification, we simulated a wide range of possible
values (see section 5.1).

5.1. Experimental Procedure

[35] A detailed description of the scaling procedure is
reported by Acocella et al. [2005a]. Accordingly with the
imposed length ratio (L* = 10�6), density ratio (r* � 0.5)
and gravity ratio (g* = 1) between model and nature, the
stress ratio is s* = r*g*z* � 5 � 10�7. Cohesion c has the
dimensions of stress; assuming a Mohr-Coulomb criterion
and natural cohesion c � 107 Pa, a material with c � 5 Pa is
required to simulate the brittle crust of the Tyrrhenian area:
for this purpose, we use dry sand, with c � 0 Pa. Silicone
putty with Newtonian behavior simulates the ductile crust.
To reproduce different amounts of extension, we use two
adjacent silicone layers (viscosities of 7.9 � 104 Pa s and
4.5 � 105 Pa s; Figure 10). The more viscous silicone was
obtained by adding Ba sulphate powder, with a similar
density (�1310 kg/m3) to that of the silicone; the less
viscous silicone is a pure silicone.
[36] The following relation applies to Newtonian ductile

materials [Benes and Davy, 1996]:

s1*� s3* ¼ m*e* ð1Þ

where m* and e* are the viscosity and the strain rate ratios
between model and nature, respectively. Being s1* �
s3*�5 � 10�7, the m* and e* ratios have to be scaled
accordingly. Considering the viscosities of silicone and the
viscosity of the lower crust (1020–1021 Pa s [Ranalli,
1995]), m*�10�16 and, as a result (from (1)), e* � 5 �
109. An extensional strain rate en�10�15 s�1 has been
inferred in the Tyrrhenian area [Faccenna et al., 1997]; to
have e* � 5 � 109, an experimental strain rate em � 5 �
10�6 s�1 is required. Being e* = 1/t*, 1 s in our experiments
corresponds to 2 � 1010 s in nature. Consequently, the mean
duration of the experiments (200–300 min) corresponds to
7–11 Ma in nature, consistently with the duration of the
ongoing extension along the margin.
[37] The experimental setup consists of a 1–2 cm thick

sand layer, a 1–2 cm thick silicone layer (two adjacent
silicone portions with different viscosities) and a basal plate
(Figure 10); these values simulate the original thickness of
the Tyrrhenian-Apennines area before extension [Faccenna

Figure 10. Sketch of the experimental apparatus of the
analogue models. (a) Frontal section view; (b) map view;
and (c) lateral section view. Modified after Acocella et al.
[2005a] with permission from Elsevier.
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et al., 1997]. The silicone layer is confined on three sides
and has a free boundary along the fourth side. Extension is
obtained by means of a tilt (4� to 6�) of the basal plate
toward the free boundary (Figure 10c). The flow of silicone
induces the thinning and extension of the sand pack. As the
silicone has different viscosities, it undergoes different flow
velocities and therefore stretching. Since the amount of
extension within the sand is proportional to the amount of
stretching of the underlying silicone, this setup permits to
simulate the interaction of adjacent upper crust sectors with
differential extension. The use of silicone with different
viscosities does not simulates different types of ductile
crust, and is only meant to simulate a differential extension.

5.2. Experimental Results

[38] All the experiments are consistent with a similar
evolution, summarized in Figure 11. Experiment 7 in
Figure 11 has Tb = 1.5 cm, Td = 2 cm, (Tb and Td are the
sand and the silicone thicknesses, respectively), silicone
viscosities of 7.9 � 104 (left plate) and 4.5 � 105 Pa s (right
plate). At t = 00 (minutes) the experiment is undeformed
(Figure 11a). The tilt of the rigid base induces the flowing of
silicone and extension in the two plates. At t = 600 several
depressions form (Figure 11b). Their lateral termination
along the contact between the adjacent plates is marked
by relay ramps or accommodation zones. These consist of a
broad deformed area, delimited by normal faults, whose
strike is almost perpendicular to the extension direction,
even though displaying arcuate shapes. At t = 2000 the
depressions are wider and deeper (Figure 11c). The normal
faults bordering these grabens now interact with different
modalities. Far from the free boundary, the interaction still
occurs through relay ramps. Near the free boundary, the
normal faults bordering the grabens are interrupted by left-
lateral faults subparallel to the extension direction (Figure
11d). The transition between these two interaction styles
consists of a narrow zone with left-lateral faults oblique to
the extension direction (Figure 11d). Increasing the exten-
sion, the experiment does not show significant differences.
[39] The mean percentages of extension measured for

each plate during the experiment are given by:

bm ¼ Lm � Lið Þ=Li

where Li is the initial length of the plate and Lm is its
incremental length at a given time; these percentages
represent average values for each plate. The displacement
vectors due to the extension of the reference grid along the
plates contact (t = 3000) show that the differential extension
increases toward the free boundary (Figure 11e). The

percentages of extension (b1 and b2) related to each couple
of nodes (origin of the dotted arrows) at the border between
the plate contact are given, for each node, by (Figure 11e)

b ¼ Lf � Lið Þ=Li

where Li is the initial length of the model and Lf is the
incremental length of the node plus the initial length of the
model Li. The difference (b1 � b2) between the percentages
of extension for each couple of nodes at the sides of the
contact gives the local percentage of differential extension
Db (Figure 11e). The shades of grey show that the left-
lateral faults connecting the two extending plates are limited
to a differential extension Db > 24% (Figure 11e). Below
this threshold, the extending plates are connected by relay
ramps. The differential extension of 24% represents there-
fore, in this experiment, the threshold between two types of
interaction among extensional structures, characterized by
relay ramps and transtensive faults. This behavior is a direct
consequence of the relative (differential) extension, rather
than the absolute values of extension.
[40] The remaining experiments show a deformation

pattern similar to experiment 7, given by relay ramps far
from the free boundary and strike-slip faults near to the
boundary. The values of differential extension associated to
the presence of strike-slip faults parallel to the extension
direction in all the experiments give a mean threshold of
21% ± 3% [Acocella et al., 2005a].
[41] Some basins on the plate with lower viscosity

silicone appear, at the detailed scale, significantly stretched,
resembling core complexes analogues (Figure 11c). How-
ever, despite these possible local variations, it has been
demonstrated that the overall amount of extension along the
length of each plate increases uniformly toward the free
boundary, displaying a general constant behavior [Acocella
et al., 2005a].

6. Discussion

6.1. Definition of the Transverse Systems in
Experiment and Nature

[42] The collected structural data in southern Latium and
Campania Plain refer to a minor portion of the Tyrrhenian
margin and any general interpretation should take into
account for this limitation. However, multiple evidence
suggests that the collected data may be useful in under-
standing the Quaternary tectonic evolution of the margin. In
fact, the structural data collected in the areas of southern
Latium and Campania Plain are characterized by the fol-

Figure 11. Evolution of analogue experiment 7 (modified after Acocella et al. [2005a] with permission from Elsevier).
Map views of (a) undeformed stage; (b) experiment at t = 600; (c) experiment at 2000; (d) enlargement of the plate contact
area at 2000: transition from relay ramps, strike-slip faults oblique to the extension direction and strike-slip faults subparallel
to the extension direction; and (e) enlargement of the plate contact area at 3000: displacement vectors of the nodes of the
reference grid. The initial position of the nodes coincides with the origin of the arrows; b1 and b2 are the percentages of
extension related to each couple of nodes (origin of the dotted arrows) at the two sides of the plate contact. The difference
between the percentages of extension for each couple of nodes (origin of the dotted arrows) at the sides of the contact gives
the percentage of differential extension Db, represented as shades of grey.
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lowing important features: (1) are associated to first-order
morphological features along the margin; (2) appear to be
mostly Quaternary in age, coeval to most volcanoes; (3)
have minimum displacements in the order of tens of m; (4)
are outside the volcanic areas; and (5) permit to appreciate
any structural variation across the margin (southern Latium
transect). These features suggest that the measured NE-SW
and the NW-SE faults are major structures, largely active
during Quaternary. Moreover, the geometry, kinematics and
age of the studied structures is consistent with what is
known (see sections 2 and 3) for the other NW-SE and NE-
SW structures along the margin. For these reasons, we
suggest that the structural features of the studied systems in
southern Latium and the Campania Plain may be repre-
sentative of the overall Quaternary tectonic setting of the
margin.
[43] The collected structural data on Quaternary faults

show that while the NW-SE systems mainly consist of
normal faults, the NE-SW faults are mostly transtensive;
both fault systems have a similar overall high dip (Figure 9).
The frequency of NE-SW faults across the margin decreases
significantly toward the Apennines, becoming negligible
immediately to the NE of the volcanic chain. This can be
observed both at the large scale, along the margin (Figure 3),
and at a detailed scale, across the margin, in southern Latium
(Figure 6). The area of sharp decrease of NE-SW structures
corresponds to a stretching factor b� 1.3 (Figures 12a and 2).
To the NE, relay ramps and accommodation zones are the
dominant type of interaction among NW-SE normal faults
(Figure 12a) [Morewood and Roberts, 2000, and references
therein].
[44] Results from balanced cross sections (Figure 2)

suggest that in southern Latium, this transition zone with
b � 1.3 lies along the Latina Valley (Figure 12a). Sani et al.
[2004] suggest that here the stretching may be �1.15,
increasing significantly immediately to the south of the
GDR Basin. Despite these possible minor discrepancies,
both data sets point out to a significant variation in a limited
area, the Latina Valley-GDR Basin. Also, the fact that few
NE-SW faults are still observed to the north (Alatri area)
suggests that the transition area, where b � 1.3, is broad and
the dashed line in Figure 12 has to be considered, at least
locally, a simplification of this transition zone.
[45] The analogue models have been performed to sim-

ulate the upper Miocene-Quaternary crustal extension along
the Tyrrhenian margin, aiming at defining the modalities of
formation of the transtensive transverse structures within an
extensional context. The models show that transverse trans-
tensive structures form only imposing a certain amount of
differential extension. In particular, transverse transtensive
structures form only when the differential stretching be-
tween two adjacent extending plates is large enough (Db >
21%). If the extension is not significant (Db < 21%),
the interaction between nearby extensional structures occurs
through relay ramps or accommodation zones (Figure 11b).
The transition between these two behaviors consists of a
narrow zone with strike-slip faults oblique to the extension
direction (Figure 11d). This deformation pattern suggests
that relay ramps, usually characterized by a moderate

component of strike slip, accommodate minor differential
displacements between adjacent extensional structures.
Conversely, larger differential displacements are accommo-
dated by predominant strike-slip systems, at first oblique
(transition zone) and then parallel to the extension direction.
The minor scatter (21% ± 3%) of the threshold in the
various experiments suggests that the variations in
the imposed parameters (ratio between the thickness of
the brittle and ductile materials, the slope angle and the
lateral dimensions of the models) do not significantly affect
the modalities of deformation, the types of interaction and
their threshold value [Acocella et al., 2005a]. Therefore the
main result of the experiments is that transtensive transverse
structures can form within an extensional context only for
certain values (Db < 21%) of differential extension.
[46] The experimental results have an important applica-

tion to the structural setting of the Tyrrhenian margin, where
the occurrence of differential extension has been previously
highlighted (section 2). Even though no information is
available on the amount of differential extension along the
margin, it is noteworthy that transverse transtensive struc-
tures on the margin are observed for b > 1.3. It is evident
that significantly lower values of extension (such as those
found on the Apennines side of the margin) may not permit
to have a differential extension Db > 21%. Conversely,
values of extension b > 1.3 (such as those found on the
Tyrrhenian side of the margin) may reasonably permit to
locally achieve values of differential extension Db > 21%,
developing transtensive transverse structures, such as the
NE-SW systems observed along the margin. Therefore, for
b > 1.3, both the field and the experimental data show the
coexistence of normal faults responsible for extension and
transtensive structures, subparallel to the extension direc-
tion. Conversely, for b < 1.3, both the field and the
experimental data show that the differential extension, and
therefore the interaction between extensional structures, is
accommodated by relay ramps or accommodation zones.
Such a consistency is also found in the transition zone,
characterized, in the experiments, by strike-slip structures
oblique to the extension direction and, on the margin, by N-
S trending dextral faults (Sabina Fault, Latina Valley Fissure
[Alfonsi et al., 1991; Acocella et al., 1996; Sani et al.,
2004]), immediately to the NE of the NE-SW structures
domain (Figure 12a). In addition to previous interpretations
of the N-S structures as lithospheric systems able to channel
deep melts to the surface [Sani et al., 2004], these N-S
dextral faults may be therefore related to the larger amount
of extension of the southern Tyrrhenian area.
[47] The interaction styles of the extensional structures

observed on the Tyrrhenian margin and in the experiments
thus appear qualitatively and quantitatively consistent. Both
the experiments and the data along the margin show in fact
distinct features as a function of the amount of differential
extension: relay ramps, under lower differential extension,
strike-slip faults, subparallel to the extension direction,
under higher differential extension, and strike-slip faults,
oblique to the extension direction, in the transition area.
This similarity allows to interpret the overall pattern of the
extensional structures in the central Apennines, as well as
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their different modalities of interaction, as due to the b
increase and the related variations in the differential exten-
sion (Figure 12a).
[48] Because of their geometric and kinematic features,

these transverse transtensive faults on the margin and in the
experiments may be largely be interpreted as transfer
systems of the normal faults, consistently with their kine-
matic role in the evolution of extensional domains [Gibbs,
1984, 1990]. Different evidence permits to interpret the NE-
SW systems as transfer faults of the NW-SE normal faults:
(1) their orthogonal orientation; (2) their coeval activity; (3)
their kinematics; and (4) the frequency of the NE-SW
structures across the margin, with a threshold (b � 1.3)
explainable by the experimental data. The interpretation of
the NE-SW structures along the margin as transfer faults
is consistent with previous interpretations [Liotta, 1991;
Faccenna et al., 1994a; Acocella et al., 1999].

[49] The NE-SW faults mostly display transtensive mo-
tion, which is both left- and right-lateral. This apparently
contradictory kinematics is explained by the fact that
adjacent crustal portions may undergo both dextral and
sinistral shearing, depending on their location along the
transfer fault with regard to the acting normal faults [Gibbs,
1984]. However, 27% of the transfer faults are characterized
by dip-slip (normal) motions. In many cases, the dip-slip
component develops transverse extensional basins, whose
amount of subsidence is usually of very few kilometers
[Mariani and Prato, 1988; Faccenna et al., 1994a; Berrino
et al., 1998]. In a similar way, 24% of the NW-SE faults
display oblique to strike-slip motions. The minor dip-slip
motions on NE-SW faults and the oblique to strike-slip
motions on NW-SE faults do not easily reconcile with the
proposed model and additional factors have to be taken into
account. One possibility is that the variable kinematics of

Figure 12. (a) Simplified structural map of central Italy to the west of the tectonic divide (that is the
current limit between areas in compression and areas in extension), in the extensional domain. Dotted line
shows the transition (corresponding to a stretching factor b � 1.3) between an area where the interaction
among normal faults is characterized by transverse faults (to the west) and an area where the interaction is
characterized by relay ramps or accommodation zones (to the east). (b) Simplified tectonic sketch of the
Italian peninsula, showing the arcuate subduction front and, to the back, the main extension directions
due to slab retreat. As a result, the northern Tyrrhenian margin is mainly characterized by NE-SW
extension and the southern Tyrrhenian margin by NW-SE extension.
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the NW-SE and NE-SW systems is related to the reactiva-
tion of preexisting compressional structures, such as NW-
SE thrusts and NE-SW tear faults [Faccenna et al., 1995;
D’Agostino et al., 1998; Ghiestti and Vezzani, 1997, 1999]).
However, such a reactivation, when generating NW-SE
strike-slip faults and NE-SW normal faults, has to take into
account for the presence of minor stress variations along the
margin. In this frame, a possibility to explain the observed
kinematic variations is to consider the effect of the Quater-
nary southeastward retreat of the slab of oceanic lithosphere
subducting below the Calabrian arc (Figure 12b). The NW-
SE oriented extension related to the slab retreat (since
middle Miocene [Faccenna et al., 2001]) has been respon-
sible for the development of the south Tyrrhenian basin,
with higher rates of deformation (5 cm/yr) than those
inferred for the north Tyrrhenian basin (2 cm/yr [Patacca
et al., 1990; Turco and Zuppetta, 1998]). The south Tyr-
rhenian basin started to develop, as a result of back-arc
extension, since upper Miocene, as suggested by studies on
extensional basins along the western Calabrian coast [Mattei
et al., 2002]. This process has been continuing until present,
with the development of NE-SW trending Quaternary
basins, associated with an overall NW-SE extension direc-
tion, along the Tyrrhenian coast of Calabria [Patacca et al.,
1990; Monaco et al., 1997;Monaco and Tortorici, 2000]. In
this frame, the minor kinematic variations observed in the
NW-SE and NE-SW faults along the Tyrrhenian margin of
central Italy can be interpreted as the effect of this signif-
icant extension (NW-SE oriented) associated with the slab
retreat in the southern Apennines (Figure 12).
[50] This scenario is supported by (1) laboratory experi-

ments, showing that the extended area behind a retreating
slab is equivalent to the slab depth [Funiciello et al., 2003];
in the Tyrrhenian case, the �670 km deep slab may
influence the extension in the north Tyrrhenian area, con-
sistently with the fact that the northernmost transverse basin
on the margin is found at the Vulsini District, at �650 km
from the slab (Figure 1); (2) bathymetric data, showing NE-
SW trending ridges in the central southern Tyrrhenian Sea
[Gamberi and Marani, 2004]; (3) numerical simulations,
highlighting the effect of the NW-SE extension in the south
Tyrrhenian Sea [Bassi and Sabadini, 1994]; and (4) bore-
hole breakout data, consistent with a NE-SW extension
direction along the margin [Montone et al., 1999]; however,
in the southern portion of the margin, a minor NW-SE
direction of Shmin (least horizontal stress) is repeatedly
measured [Amato and Montone, 1997].
[51] The proposed tectonic model (Figure 12) explains

the development of the coeval and variously oriented
structures (NW-SE, NE-SW, and N-S) along the margin
within a back-arc extension setting. In fact, the local
structural variations, including the Quaternary NE-SW,
NW-SE, and N-S strike-slip faults [Marra, 2001; Sani et
al., 2004; Piochi et al., 2005] are here interpreted as the
result of orthogonal extension to the back of the arcuate
thrust front of the Apennines (Figure 12).
[52] Despite the possible control of the processes in the

southern Tyrrhenian area, no evident strain gradient, asso-
ciated to the NW-SE extension, is observed along the

margin. This is suggested by the quite regular distribution
of the transverse basins, implying a substantial uniform
amount of NW-SE extension along the margin. The lack of
a clear strain gradient may be explained by the fast SE
migration of the Ionian slab, which allows quite consistent
kinematic conditions along the margin.
[53] The reactivation of preexisting NE-SW faults

(formed as lateral ramps or tear faults in the compressional
phase) as transfer faults during extension is a likely possi-
bility in the polyphased tectonic history of the Apennines
[Faccenna et al., 1995; D’Agostino et al., 1998, and
references therein]. As a consequence, the reactivation of
the NE-SW faults may occur also for lower values of
differential stretching than predicted (Db < 21%). The
experimental threshold has thus to be considered as an
uppermost limit.

6.2. Relationships Between NE-SW Systems
and Volcanism

[54] Despite the width of the portion of the Tyrrhenian
margin characterized by the presence of NW-SE and NE-
SW structures (Figure 12a), the Plio-Quaternary volcanoes
are mainly aligned along a narrow NW-SE belt. It is
proposed that such a focusing of volcanic activity across
the margin is the result of subcrustal dynamics, related to
the selected rise of melts above the subducting slab. At a
detailed scale, the structural data from the volcanic areas
show that (1) the main volcanic edifices are located at the
intersection among NE-SW (predominant) and NW-SE
(subordinate) fault systems and (2) the eruptive fissures
occur almost exclusively along NE-SW trending systems
(Figure 5e).
[55] Two lines of evidence shows that transverse systems

predate and control volcanic activity and should not be
considered a mere effect of volcanism: (1) the onset of
sedimentation within the transverse basins is 2–3 Ma older
than the onset of volcanic activity and (2) transverse
systems are coeval with the NW-SE structures responsible
for the tectonic evolution of the margin that enhances the
generation and uprise of magma.
[56] These considerations show that NE-SW structures

locally control shallow magmatic processes along the
Tyrrhenian margin. This control has to include the develop-
ment of magma chambers, at the intersection among NW-SE
faults and NE-SW structures, and the shallower uprise of
magma, mostly in correspondence with transverse systems.
Such a control occurs regardless of the compositional differ-
ences among the various volcanic districts. Results of ana-
logue models of magma emplacement in extensional settings
have also highlighted the importance of the accumulation of
magma below extensional transfer zones [Corti et al., 2002,
2004]. Within this frame, a twofold influence of the NE-SW
transfer systems on volcanic activity is proposed, depending
on their spacing and predominant kinematics.
[57] As far as the central volcanoes are concerned, these

mostly lie at the intersection between NE-SW and NW-SE
trending depressions. Central volcanoes consist of low-
topography calderas and stratovolcanoes with summit cal-
deras, the former usually showing higher erupted volumes
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(Figure 3b). These two typologies may result from minor
variations of a similar structural setting. Low topography
calderas appear to be mainly controlled by widespread
(delocalized) swarms of NE-SW and NW-SE trending
structures, which allow larger magma storage in the crust,
as well as its extrusion over a larger area; conversely,
stratovolcanoes with summit calderas appear to be mainly
controlled by focused (localized) swarms of NE-SW and
NW-SE structures, allowing limited magma storage in
the crust, focused below the conduit of a stratovolcano
(Figure 4). These considerations are consistent with
analogue models of magma emplacement, showing that
focused deformation at surface enhances the localized rise
of magma [Corti et al., 2002].
[58] Three main processes may explain the accumulation

of magma below both types of central volcanoes. In one
case, the intersection between NE-SW and NW-SE struc-
tures increases the permeability of the crust and focuses the
rise and emplacement of magmas. In the second case, the
NW-SE normal faults along the volcanic chain are respon-
sible for an overall crustal thinning of �5 km (�1.5 kbar):
of these, �4 km are due to the westward shallowing of the
Moho and �1 km is related to the difference in topography
[Locardi and Nicolich, 1988; D’Agostino et al., 1998]. The
multiple and widely spaced sets of NE-SW faults respon-
sible for transverse basins also have a significant dip-slip
component. An additional decompression associated to
these structures can be roughly estimated, largely from
topography differences, as �1 km (�0.3 kbar). This further
decompression (�20% of the one induced by NW-SE
faults) is enough to locally enhance Rayleigh-Taylor insta-
bilities [Turcotte and Schubert, 1982], inducing the selec-
tive uprise of magmas along the margin; this in turn
enhances regularly spaced magma accumulation in the
upper crust, developing shallow reservoirs and, conse-
quently, the volcanoes at surface. Such a mechanism of
decompression induced by the development of orthogonal
basins plays a major role in enhancing the selected rise of
magma along the margin, as also suggested by the larger
erupted volumes (Figure 3b). The decompression associated
with highly asymmetric basins (fault controlled on one
side) may be significantly lower, as at the Fondi Plain,
which lacks a volcanic edifice and shows magmatic activity
only along the offshore continuation of its NE-SW trending
border fault (Figure 3). A third mechanism is suggested by
analogue models of magma emplacement in rift zones
[Corti et al., 2004, and references therein]; this mechanism
does not require significant dip-slip transfer faulting and
therefore is best applied to those central volcanoes where
the decompression induced by the transverse basin may be
too low to induce significant melting. Accordingly with the
experimental results, the uprising magma in extensional
settings may be subject to rift parallel migration toward the
transfer zones by lateral pressure gradients generated by
rifting at surface; these gradients may result in the accu-
mulation of magma below transfer zones [Corti et al.,
2004].
[59] In the case of eruptive fissures, these are usually

related to single sets of NE-SW structures (even though

Ernici shows a major N-S fissure) with little or no evidence
of significant dip-slip component of motion (Figure 3); In
these cases, magma, in the form of dikes, may intrude the
NE-SW (and, subordinately, N-S) structures because of
(1) the drop in tensile strength along the fault planes,
(2) their high angle to subvertical attitude and (3) the above
mentioned along-rift lateral pressure gradients [Corti et al.,
2004]. In particular, point 2 can be appreciated in Figure 9a
and is suggested by the kinematics of the collected structural
data (Figure 9c) and by previously reported structural
data [Fazzini and Gelmini, 1982; Buonasorte et al., 1987;
Acocella et al., 1996]. Moreover, since strike-slip faults
often form flower-like structures, it is likely that the dip of
the NE-SW (and N-S) systems observed at surface
increases at depth, conversely to what expectable from
the NW-SE normal faults, often reactivating preexisting
low-angle thrusts in the Apennines [Faccenna et al., 1995;
D’Agostino et al., 1998]. Subvertical fractures can be
penetrated more easily by magma than high angle normal
faults [Acocella et al., 1999]. At depths of very few km, the
possibility to penetrate high angle or subvertical fractures
also depends on their orientation with regard to the differ-
ential horizontal stress (shmax � shmin). Nevertheless, the
difference in the required magmatic pressure p to penetrate
subvertical faults and high angle normal faults increases
with the depth z (Figure 13) [Acocella et al., 1999]. Such a
difference, at a certain depth, becomes larger than the
differential horizontal stress [Vigneresse, 1995]; when this
occurs (grey area in Figure 13), the possibility to intrude
magma along a fracture becomes primarily controlled by its
dip, rather than its direction with regard to the horizontal
tectonic stresses. Also, for a given magmatic pressure,
subvertical fractures can be tapped more deeply than
normal faults, being potentially intruded by more mafic
magmas and enhancing the emission of the primitive
components [Acocella et al., 1999]. This might explain
the common association of NE-SW and N-S eruptive
fissures with the most primitive magmas along the margin,
such as at Latera, Ernici, Campi Flegrei, and Vesuvio.
[60] The collected data suggest that different structures

control magma generation, uprise and emplacement at
different crustal levels (Figure 14). The generation and
uprise of magma to upper crustal levels is mainly controlled
by the NW-SE normal faults, responsible for regional
extension, crustal thinning, decompression and rise of the
isotherms (Figure 14). Conversely, the uprise and emplace-
ment of magma at upper crustal levels, as suggested by the
structures associated with volcanic activity, is mainly con-
trolled by transverse structures (Figure 14b). The specific
modalities of such control depend largely on the kinematics
of the NE-SW faults (Figure 14b insets), which, in turn, is
influenced by the superimposed extension directions in the
central and southern Tyrrhenian Sea. Therefore extension
plays a twofold role, direct (through the NW-SE struc-
tures) and indirect (creating the NE-SW transfer structures
associated to the NW-SE faults) on the rise and emplace-
ment of magma along the Tyrrhenian margin.
[61] The control of different structures, acting at different

crustal levels, on the generation, uprise and emplacement of
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magma inferred for the Tyrrhenian margin has been previ-
ously proposed in other magmatic provinces. In the nearby
Tuscan Magmatic Province (Figure 1), mostly characterized
by intrusives, the rise and emplacement of Mio-Pliocene
plutons has been controlled by different structures active in
the lower and upper crust [Acocella and Rossetti, 2002]. In
the Ethiopian Rift, the location of felsic calderas along the
axis of the rift is controlled by reactivated prerift transverse
structures [Acocella et al., 2002]; also, the clustering of
volcanoes at transfer zones along the Western Branch of the
Eastern African Rift System is interpreted to be controlled
by shallow transverse structures within an extensional
context [Acocella et al., 1999; Corti et al., 2004]. Volcanism
in the central Andes is similarly controlled by different
structures acting at different crustal levels [Riller et al.,
2001; Matteini et al., 2002; Acocella et al., 2005b]. Volca-
nic activity along the transtensive Mexican Volcanic Belt is
also controlled by transverse systems [Tibaldi, 1992; Norini
et al., 2005]. Even though these cases provide isolated spots
in the frame of the global magmatic processes, it is
noteworthy that a common mechanism may explain the rise
of magma through the crust in different geodynamic set-
tings, as at back arcs (Tyrrhenian margin, Tuscan Magmatic
Province), continental rifts (Ethiopian Rift) and arcs (central
Andes, Mexican Volcanic Belt). This common mechanism
consists of the fact that while the extensional or the arc-
parallel structures are responsible for the regional genera-

tion and rise of magma, the selective location of volcanoes
is mainly related to the presence of transverse structures.
Therefore the rise of magma through the crust seems to
focus, along volcanic zones in extensional and compres-

Figure 14. Structural control on magmatism along the
Tyrrhenian margin of central Italy. (a) Early stage of
evolution of the Tyrrhenian margin. Extension due to NW-
SE normal faults is moderate and focused; the associated
decompression allows the formation of a NW-SE trending
area of partial melting in the lower crust. (b) Mature stage.
Extension is more intense and widespread and has migrated
to the present Apennines divide. Transfer faults form in the
more stretched crust (b > 1.3), controlling the uprise and
emplacement of magma at shallower crustal levels; to the
east, the lower amount of extension hinders the develop-
ment of transfer faults and fault interaction occurs by means
of relay ramps. Insets show the twofold control of NE-SW
structures on volcanism. Not to scale.

Figure 13. Difference in the magmatic pressures required
to penetrate a subvertical (dip of 90�) and a high angle (dip
of 60�) fracture (solid line) and difference between the
horizontal tectonic stresses (shmax � shmin; dashed line) as a
function of the depth of the fracture. Equation for solid line
is derived from Acocella et al. [1999]; the vertical dashed
line assumes no significant variation of the difference in the
tectonic stresses with depth. Grey area shows the depth
above which the penetration of a fault is mainly controlled
by its dip, rather than its strike.
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sional settings, at the intersection between the rift (or arc-
parallel) structures and the transverse systems. Depending
on their kinematics (strike-slip or extensional), these
transverse systems may play different roles on the rise
and emplacement of magma, as proposed for the Tyrrhenian
margin. Where transverse structures are lacking, any local
increase in extension along the rift may enhance volcanic
activity, as proposed for the moderately oblique rifting
along the Taupo Volcanic Zone, New Zealand [Spinks et al.,
2005].

7. Conclusions

[62] The agreement among the collected data suggests the
following points.
[63] 1. The NE-SW transtensive structures along the

margin are transfer faults of the NW-SE normal faults,
developed within a significantly stretched (b > 1.3) crust,
which allows sufficient differential stretching (Db > 0.21).
Where the stretching is lower (b < 1.3), relay ramps are
the common type of interaction between normal faults in the
Apennines; here the few NE-SW faults are due to the
reactivation of preexisting faults. The transition between
these two behaviors may coincide with the major N-S
dextral faults to the NE of the volcanic axis.
[64] 2. The minor (<30%) NW-SE strike-slip faults and

NE-SW normal faults measured on the margin are the result
of the NW-SE extension due to the SE slab retreat beneath
the Calabrian arc.
[65] 3. The proposed tectonic model (Figure 12) explains

the development of the coeval and variously oriented
structures (NW-SE, NE-SW, and N-S) along the margin as
the result of orthogonal extension to the back of the arcuate
thrust front of the Apennines.
[66] 4. The different stress conditions in the central

(NE-SW extension) and southern (NW-SE extension)
Tyrrhenian Sea, as well as the reactivation of preexisting
compressional structures, can account for the composite
(dip-slip to strike-slip) kinematics of the NE-SW struc-

tures, which, in turn, exerts a twofold role in controlling
volcanism.
[67] 5. Where the dip-slip component of the transfer

faults forms transfer basins, a local increase of �20% in
the regional decompression can occur. This results in the
regularly spaced distribution of the main volcanic edifices,
at the intersection among NW-SE normal faults and NE-SW
transfer systems. Possible additional mechanisms to explain
magma accumulation below transfer basins include along-
rift lateral pressure gradients [Corti et al., 2004].
[68] 6. Where the strike-slip component of the transfer

faults is predominant, their subvertical attitude can enhance
their permeability to magma, especially at moderate depths,
accounting for the compositionally primitive NE-SW fissure
eruptions. Possible additional mechanisms to explain mag-
ma accumulation below transfer faults include along-rift
lateral pressure gradients [Corti et al., 2004].
[69] 7. The Tyrrhenian margin provides therefore a case

of twofold control of extension on volcanism. Even
though NW-SE faults, related to regional extension,
control the generation and uprise of magma (as shown
by the alignment of volcanoes), NE-SW transfer structures
control magma ascent and emplacement at shallower
levels (as shown by the structural setting of single
volcanoes). The fact that different structures control
magmatism at different crustal levels has close similarities
with other areas worldwide (Tuscan magmatic province,
in Italy, East African Rift System, central Andes, Mexican
Volcanic Belt).
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