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Abstract

An integrated structural, anisotropy of magnetic susceptibility (AMS) and paleomagnetic study was carried out on Plio-Pleistocene

sedimentary basins in eastern Sicily. These basins belong to three main tectonic domains: the Tyrrhenian hinterland domain, the Catania

foredeep domain, and the Hyblean foreland domain. We sampled 329 oriented samples from 25 sites in selected areas from the different

tectonic domains. The AMS is typical for weakly deformed sediments, with a magnetic foliation sub-parallel to the bedding plane, and a

well-defined magnetic lineation. The orientation of the magnetic lineation is strongly controlled by the main tectonic deformation recorded in

the basins. Structural and AMS data define a transition from NW–SE extension in the Tyrrhenian hinterland domain, to E–W compression in

the Catania foredeep domain, to E–W extension in the Hyblean foreland domain, respectively. Reliable paleomagnetic results have been

obtained in 12 out of 25 sampled sites. Data show that no significant rotations occurred in any of the studied basins at least since the middle

Pleistocene. These results allow us to define an upper limit to the large rotations about vertical axes that have been previously found in the

Calabria and Sicily regions.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of anisotropy of magnetic susceptibility

(AMS) in sediments represents a rapid and valid tool to

detect either the depositional processes (Rees, 1965;

Schieber and Ellwood, 1988; Kissel et al., 1997) and the

deformation pattern related to different tectonic settings

(Kissel et al., 1986; Borradaile, 1988; Aubourg et al., 1991;

Rochette et al., 1992; Housen et al., 1993; Tarling and

Hrouda, 1993; Pares and van der Pluijm, 2002). In

undeformed sediments generally the magnetic susceptibility

ellipsoid (with K1 . K2 . K3) is oblate with the foliation

plane (K1–K2) that coincides with the bedding plane; this

fabric is attributed to depositional and/or compaction

processes (Lowrie and Hirt, 1987; Lee et al., 1990; Paterson

et al., 1995). If these sediments undergo tectonic defor-

mation, progressively a tectonic AMS subfabric will

develop modifying the primary sedimentary magnetic fabric

according to the nature and extent of deformation. Several

studies have shown that the magnetic fabric can reflect the

early stages of deformation (Sagnotti et al., 1994, 1998;

Mattei et al., 1999). In such cases Kmax aligns perpendicular

to the shortening direction or parallel to the stretching

direction in relation to the existing tectonic regime (Kissel

et al., 1986; Mattei et al., 1999 and references therein). In

both cases Kmin remains perpendicular to the bedding plane,

still marking the primary magnetic fabric acquired during

compaction. Furthermore, the AMS fabric has distinctive

character in extensional and compressional tectonic settings

(Kissel et al., 1986; Lowrie and Hirt, 1987; Mattei et al.,

1997) and, consequently, it constitutes a valid tool in

defining the deformative pattern in weakly deformed fine-

grained sedimentary sequences, where other classical strain

markers are poorly developed or absent.

In eastern Sicily, Plio-Pleistocene sedimentary basins
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related to the foreland, foredeep and hinterland tectonic

domains are juxtaposed in a small area. The presence of the

Malta escarpment and of the Etna volcano also contributes

to the tectonic setting and generates a complicated pattern of

Quaternary deformation (Fig. 1). As a consequence, in the

last few years a large number of alternative tectonic models

have been proposed, which suggest the prevalent role of

either the Malta escarpment (Adam et al., 2000), gravita-

tional spreading of the Etna volcano (Borgia et al., 1992,

2000), or regional extensional tectonics related to the

Siculo–Calabrian rift (Monaco et al., 1997).

Eastern Sicily thus represents an ideal test site to apply

the paleomagnetic approach to unravel the recent structural

and tectonic evolution of the region, and to discriminate

between the different proposed tectonic models. Magnetic

fabric, structural and paleomagnetic studies on Plio-

Pleistocene sedimentary sequences exposed in the different

tectonic domains of eastern Sicily are combined to obtain

insights into the structural architecture and deformation

style of each of these domains. The AMS on the relatively

undeformed sedimentary deposits is used as a principal tool

to detect the deformation pattern in the basins. Where the

relationships between sedimentation and faulting are better

exposed such information is combined and integrated with

structural observations on the brittle deformation features

(joints and faults). Integration of such data allows us to

describe the recent tectonic evolution of eastern Sicily as

occurring into a non-rotational tectonic regime, dominated

by NW–SE extension in the Tyrrhenian hinterland domain,

by E–W compression in the Catania foredeep domain, and

E–W extension in the Hyblean foreland domain.

2. Geological settings

The present day tectonic setting of the Mediterranean

region results from the plate convergence between

Eurasia and Africa that leads to the formation of a

complex pattern of arcuate orogenic belts and extensional

back arc basins (Dewey et al., 1989; Horvàth, 1993). The

Calabrian Arc and Sicily are examples of this complex

geodynamic evolution. During the Neogene, the Calab-

rian Arc migrated toward the southeast, leading to the

opening of the Tyrrhenian back arc basin (Malinverno

and Ryan, 1986). The tectonic evolution was mainly

controlled by south-eastward roll-back of the subducting

Ionian plate, a small fragment of oceanic lithosphere that

intervenes between the African continental lithosphere,

towards the west, and the Apulian continental litho-

sphere, towards the east (Malinverno and Ryan, 1986;

Faccenna et al., 1997; Catalano et al., 2001) (Fig. 1). In

the Calabrian Arc the subduction process is well defined

by seismicity (Isacks and Molnar, 1971) and seismic

tomographic images (Lucente et al., 1999). In the

northern part of the Calabrian Arc, where the subducting

plate is oceanic, we observe the largest southeastern

displacement of the accretionary wedge. Conversely, in

eastern Sicily the orogenic wedge describes a huge syntaxis,

corresponding with the location of the Malta escarpment

(Fig. 1), which marks the boundary between the present day

deforming continental African plate, to the west, and the

Ionian oceanic plate to the east, actively subducting below

the Calabrian arc (Adam et al., 2000; Nicolich et al., 2000

and references therein) (Fig. 1). In eastern Sicily different

structural domains are consequently exposed over a short

distance, from south to north: (i) the emerged foreland

domain, which outcrops in southern-eastern Sicily and is

mostly represented by the Hyblean Plateau; (ii) the orogenic

domain, a east- and south-eastward verging thrust belt

which includes the Plio-Pleistocene foredeep; and (iii) the

hinterland domain, represented by the Tyrrhenian back-arc

basin (Lentini et al., 1996).

2.1. The Hyblean foreland domain

The Hyblean Plateau dominates southeastern Sicily (Fig.

1), where it is part of the emerged foreland of the Neogene–

Quaternary Maghrebian thrust belt, which was deformed by

extensional and strike slip tectonics that are still active

(Grasso et al., 1992; Gardiner et al., 1995; Torelli et al.,

1998; Monaco and Tortorici, 2000). These fault systems

bound and control the development of major Plio-Pleisto-

cene basins such as the Gela–Catania foredeep, located at

the western and northwestern edge of the Hyblean Plateau

(Fig. 1). Minor basins developed on the Ionian side of the

Hyblean Plateau and have been related to the activity on the

Malta Escarpment (Grasso and Lentini, 1982; Adam et al.,

2000), in a general framework of ESE–WNW regional

extension (Tortorici et al., 1995; Monaco and Tortorici,

2000). The Early – Middle Pleistocene sedimentary

sequences that fill these depressions are represented by

marine sediments distributed along the border of the

Hyblean Plateau and become progressively thicker to the

north (Torelli et al., 1998).

The study area (Fig. 2) corresponds to the northeastern

part of the Hyblean plateau, where Quaternary basins occur

along NW–SE-trending tectonic depressions, controlled by

normal fault segments such as the Mt Climiti fault. This

fault system bounds the Floridia and Augusta basins (Fig.

2), which are filled by a Lower–Middle Pleistocene

sequence of basal biocalcarenites, capped by 200–300-m-

thick clays and marly clays (Di Grande and Raimondo,

1982). This sequence is unconformably covered by Upper

Pleistocene calcarenites (Bordonaro et al., 1984). Several

strands of marine terraces developed on top of this sequence

on both the tectonic depressions and ridges, which indicates

that this area underwent uplift since at least the Middle

Pleistocene (Hirn et al., 1997; Bianca et al., 1999). The

NW–SE-trending extensional fault system interferes with

the younger roughly NNW–SSE-trending normal fault

segments recognized in the Ionian offshore zone. This

extensional fault system mostly develops in the thinned
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Fig. 1. (a) Schematic map of Sicily and its surrounding areas showing the main structural features (modified after Gardiner et al., 1995); the boxed areas include the study zones. (b) Schematic profile crossing the

main structural domains in eastern Sicily (from Lentini et al., 2000).
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crust of the Ionian domain reactivating the Malta Escarp-

ment south of Augusta (Bianca et al., 1999).

2.2. The foredeep domain

The foredeep domain flanks the collapsed margin of the

Hyblean Plateau and runs from Catania to Gela (Fig. 1). It is

a SW – NE-trending, narrow and weakly deformed

depression. In the study area the foredeep domain

corresponds to the Catania foredeep basin (Fig. 2); the

transition between the northern part of the Hyblean Plateau

and this area is related to a NE–SW-trending normal fault

system, which defines the Lentini Graben and the San

Demetrio Horst. Sediments in the basin are represented by

biocalcarenites, which outcrop in the structural highs that

grade into blue marly and silty clays in the depressions

(Torelli et al., 1998).

From the southern border of the Mt. Etna volcano to the

Ionian coast, the foredeep deposits are made up of a

succession of bluish silty–marly clays up to 600 m thick

with rare intercalation of yellowish fine-grained sands, that

grade upward to some tens of meters of sands and

conglomerates. The marly clays, which are affected by

compressional structures, contain fauna indicating a

Lower–Middle Pleistocene age (Wezel, 1967; Di Stefano

and Branca, 2002). However, the tholeiitic composition of

the volcanic clasts, contained in the conglomeratic levels

(Monaco, 1997), indicates that the age of sands and

conglomerates are related to the early stage of the Etnean

volcanic activity (Romano, 1982), dated 365–235 ka in the

area to the west of Catania (Gillot et al., 1994). As the sands

and conglomerates are, in turn, covered by tholeiitic lava

flows west of Catania, their age is thus constrained between

365 and 235 ka. Terraced deposits overlie unconformably

the sediments of the Lower–Middle Pleistocene cycle at

different elevations. They form coastal sedimentary wedges

that pinch landwards (Bosi et al., 1996), with thin alluvial

and/or colluvial caps and basal contacts usually marked by

erosional surfaces and levels of paleosoils.

In the Catania foredeep basin the deformation history of

the Quaternary sediments was previously studied by means

of fault slip analysis along the southern margin of Mt. Etna

(Labaume et al., 1990). These results indicated a multistage

deformation history, deduced from syn-sedimentary fold-

ing, and subsequent eastward-directed brittle shear, which is

related to a compressional event. On the other hand, Borgia

et al. (1992, 2000) interpreted this deformative pattern as

related to gravitational spreading of the Etna volcano, which

should produce extensional structures in the summit region

of Mt. Etna and radial compressive structures at the base of

the volcano.

2.3. The hinterland domain

The northern Sicily continental margin has been affected

by shortening and thrusting during the Tertiary formation of

the Sicilian–Maghrebian and Kabilian–Calabria fold-and-

thrust belts (Catalano et al., 1985). Widespread normal

faulting, clearly imaged by seismic data, demonstrates,

however, the importance of thinning and extensional

processes in the tectonic evolution from Neogene to Recent

(Lentini et al., 1995; Pepe et al., 2000). The age of inception

of extensional tectonics in this area is still debated, and has

been proposed to be Serravallian (Lentini et al., 1995) or

late Tortonian times (Catalano et al., 1996; Pepe et al.,

2000). According to Lentini et al. (1995), extensional

tectonics is accompanied by the deposition of thick

sedimentary sequences, starting with Serravallian siliciclas-

tic deposits. The Lower Pliocene Trubi Formation rep-

resents a marine transgressional phase that, following the

Messinian salinity crisis, re-established the marine environ-

ment at normal salinity over a large area, previously

characterized by emersion or deposition of evaporites

(Catalano et al., 1996). These units are overlain by Upper

Pliocene–Middle Pleistocene transgressive sequences,

characterized by a gradual vertical transition from calcar-

enites to sands and clays. Finally, since the Middle

Fig. 2. Schematic geological map of SE Sicily showing the main tectonic

features of the region and location of paleomagnetic sites. (For the location

of area see Fig. 1.) Fault pattern after Bianca et al. (1999) and references

therein.
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Pleistocene the entire northern Sicilian hinterland domain

underwent a strong regional uplift (Catalano and Di Stefano,

1997; Bordoni and Valensise, 1998).

The investigated area in this study extends from Capo

Tindari to Villafranca Tirrena (Figs. 1 and 3). The structural

architecture of this region is mainly controlled by NE–SW-

trending major fault systems. This system is intersected by

NW–SE oriented steeply-dipping fault strands, which are

orthogonal to the main ‘Tyrrhenian’ structural trend

(Lentini et al., 2000).

3. Sampling and laboratory methods

We sampled 329 oriented cylindrical samples from 25

sites in different tectonic units. Two sites were sampled in

the foreland Augusta Basin (CI01, CI02) on the Hyblean

Plateau (Fig. 2); three sites in the Catania foredeep basin

(CI03, SN01 and SN02) (Fig. 2) and 20 sites were located in

the hinterland domain of the Tyrrhenian Peloritani margin

(Fig. 3). Sixteen sites were sampled in the Middle–

Pleistocene clays; seven sites in the Lower Pliocene Trubi

Formation, the latter only in the hinterland domain, where

also two sites were sampled in Serravallian marls.

At each site, cores were drilled with an ASC 280E petrol-

powered portable drill and oriented in situ by a magnetic

compass. From each core one to three standard (25 mm

diameter £ 22 mm height) cylindrical specimens were cut.

Most of the magnetic measurements were carried out at

the paleomagnetic laboratory of the Department of Geo-

logical Sciences of the “Roma Tre” University. Measure-

ments on a Princeton Measurement Corporation vibrating

sample magnetometer (VSM) and AF demagnetization were

performed at the paleomagnetic laboratory of the Institute of

Geophysics (ETH) in Zurich.

The nature of the magnetic carriers was investigated for

one sample from each site, using different rock magnetic

techniques. The stepwise acquisition of an isothermal

remnant magnetization (IRM) was carried out using a

pulse magnetizer to apply magnetic fields up to 2 T. The

coercivity of remanence (Bcr) was then estimated by

stepwise application of a back-field up to 2 T to remove

the forward-field of 2 T IRM. In order to discriminate the

ferrimagnetic mineralogy, we also applied 0.12, 0.6 and

1.7 T fields along the three orthogonal specimen axes and

the three-component IRM was subsequently thermally

demagnetized (Lowrie, 1990). The relative contributions

of the paramagnetic clay matrix and the ferrimagnetic

minerals to the magnetic susceptibility were evaluated by

measuring hysteresis properties in one sample per site using

a VSM. The low-field magnetic susceptibility for one

specimen from each core was measured with an AGICO

KLY-3 bridge and the AMS at both the specimen and the

site levels was evaluated using Jelinek statistics (Jelinek,

1977, 1978). The NRM (natural remnant magnetization) of

the samples was analysed both by means of progressive

stepwise thermal demagnetization using small temperature

increments (30–50 8C) and stepwise alternating field

demagnetization. Data were analyzed using orthogonal

vector diagrams and directions of the remanence com-

ponents were estimated using principal component analysis

(Kirschvink, 1980).

4. Magnetic mineralogy

Low coercivity ferrimagnetic minerals were identified in

most of the clay sites (Fig. 4a and b). In three sites (CI04,

SN03, SN15) the maximum unblocking temperature spectra

is in the range of 320–360 8C, which suggests that the

magnetic mineralogy is dominated by iron sulphides (Fig.

4c). Furthermore, these sites display high saturation

isothermal remnant magnetization (SIRM) to low field

magnetic susceptibility (K) ratios (SIRM/K . 10 kA/m),

and hysteresis ratios typical for the single domain grains

(Mrs/Ms . 0.5 and (Bo)cr/(Bo)c . 1.5, where Mrs is the

saturation remanence, Ms is the saturation magnetization,

(Bo)c is the coercive force and (Bo)cr is the coercivity of

remanence. The combination of unblocking temperature

and magnetic ratios suggests that greigite (Fe3S4) is the

dominant ferrimagnetic phase, although the presence of

pyrrhotite cannot be precluded (Roberts, 1995; Sagnotti and

Winkler, 1999).

In other clay sites (CIO3, SN02, SN10, SN14), the

maximum unblocking temperature is about 580 8C, which

indicates magnetite as the main magnetic carrier (Fig. 4d).

All the other clay sites display intermediate behavior,

suggesting the presence of magnetite associated with iron

sulphides.

In contrast, high-coercivity magnetic carriers were

identified at most of the sites in the Trubi Formation (Fig.

4a and b). In these sites (SN09, SN11, SN12 and SN16) the

multi-component IRM is characterized by the prevalence of

medium and hard coercivity fraction (above 0.6 T) with a

maximum unblocking temperature of about 600 8C, indi-

cating hematite as a main magnetic carrier (Fig. 4e).

The mean magnetic susceptibility (Kmean) values range

between 30 and 75 £ 1026 SI (Fig. 5a and Table 1) for the

Pliocene marls, and between 100 and 500 £ 1026 SI (Fig.

5b and Table 1) for the clays. In site CI04 Kmean reaches up

to 1180 £ 1026 SI. These susceptibility values confirm the

different magnetic mineralogy of marls and clays, also

suggesting a significant contribution of iron-sulphides to the

clay magnetic mineralogy.

Hysteresis properties were also measured in one sample

per site in order to estimate quantitatively the ferrimagnetic

versus the paramagnetic contribution to the low-field

susceptibility. All the sites from the Trubi formation

(SN08, SN09, SN11, SN12, SN16, SN17 and SN18) show

a typical paramagnetic behavior (Fig. 5c). In contrast, clay

sites show different behavior. In CI01, CI05, SN06, SN07

and SN13 sites, a small hysteresis loop is observed,

F. Cifelli et al. / Journal of Structural Geology 26 (2004) 29–46 33



Fig. 3. Geological setting of the northern margin of the Peloritani Mountains (modified after Lentini et al., 2000) and location of sampling and structural analysis sites. (For the location of the area see Fig. 1.)
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Fig. 4. IRM (a) and HCR (b) acquisition curves for all the examined sites. Thermal demagnetization of a composite IRM produced sequentially in fields of 1.7,

0.6 and 0.12 T for samples from sites SN03 (c), SN14 (d) and SN09 (e).

Fig. 5. Frequency distribution of the mean susceptibility (Kmean) values in the marls of Trubi Formation (a) and in the clays (b). Hysteresis loops measured for

marl samples (c) (no ferrimagnetic contribution to the susceptibility) and for clay samples (d) (significant ferrimagnetic contribution to the susceptibility).
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indicating a possible small contribution of ferrimagnetic

minerals to the magnetic susceptibility. In the remaining

examined sites (CI03, CI04, SN03, SN04, SN05, SN10,

SN14 and SN15), the ferrimagnetic contribution seems to be

significant with an open hysteresis loop (Fig. 5d); in these

sites iron-sulphides have been generally identified.

5. AMS results

The measurement of the low-field anisotropy of magnetic

susceptibility (AMS) represents a cheap, rapid and non-

destructive technique for the characterization of the mineral

fabric of rocks (Hrouda, 1982). AMS is defined by a second

rank tensor and represented geometrically by an ellipsoid in

which the greatest intensity of magnetization is induced

along the long axis Kmax and the weakest intensity along the

short axis Kmin (with principal axes Kmax . Kint . Kmin).

Several parameters have been defined both for the

quantification of the magnitude of anisotropy and for

defining the shape of the ellipsoid (see Table 1; Jelinek,

1981; Hrouda, 1982). The magnetic lineation L (Kmax/Kmin)

is defined by the orientation of Kmax, while the magnetic

foliation F (Kint/Kmin) is defined as the plane perpendicular

to Kmin. The anisotropy degree is expressed by the

parameter Pj (Jelinek, 1981).

In eastern Sicily, all the examined sites (clays and

marls) have AMS parameters typical for weakly

deformed sediments, with Pj values less than 1.12 (Fig.

6a and Table 1), and oblate to triaxial ellipsoid shapes

(i.e. F @ L; Fig. 6b and Table 1). The L parameter has a

small range of values within all the sampling sites (site

SN17 was not considered), regardless of the magnetic

mineralogy (1.003 , L , 1.015 for the clays and

1.003 , L , 1.011 for the marls). On the other hand, a

larger variation of F is noted for the clays, suggesting

that both the paramagnetic and ferrimagnetic minerals

contribute to the susceptibility anisotropy. In particular,

the sites that exhibit the largest mean F values are

characterized by the presence of iron-sulphides and have

the highest values of Kmean. In summary, the magnetic

fabric for most of the sites is well defined and both

magnetic foliation F and magnetic lineation L are

observed (Table 1 and Fig. 7).

In the Augusta area (foreland domain) the two sites (CI01

and CI02), both sampled in Pleistocene clay units, exhibit

similar fabrics. The magnetic foliation is sub-parallel to the

bedding plane and shows a well-defined magnetic lineation

with a mean E–W orientation (Fig. 7a).

In the Catania area (foredeep domain), the Pleistocene

clay sites (CI03, SN01 and SN02), exhibit a quite shallow-

dipping magnetic foliation and a consistent magnetic

Table 1

List of anisotropy factors computed at each site

Site Lithology N km L F Pj Tj S0 D, I (Kmin) D, I (Kmax) E122

CI01 Clays 11 173.8 (15.0) 1.003 (0.001) 1.019 (0.002) 1.024 (0.003) 0.762 (0.096) 116, 6 296, 84 266, 25 32

CI02 Clays 7 134.5 (7.4) 1.002 (0.001) 1.007 (0.002) 1.009 (0.001) 0.486 (0.235) 0, 0 216, 51 88, 26 27

CI03 Clays 11 392.2 (51.3) 1.015 (0.004) 1.020 (0.002) 1.036 (0.004) 0.154 (0.138) 214, 31 99, 41 5, 4 3

CI04 Clays 11 788.6 (272.6) 1.013 (0.008) 1.045 (0.018) 1.061 (0.025) 0.563 (0.170) Variable 173, 80 328, 9 18

CI05 Clays 9 93.0 (3.2) 1.005 (0.001) 1.032 (0.005) 1.040 (0.006) 0.743 (0.065) 0, 0 324, 86 297, 24 29

SN01 Clays 5 217.3 (9.8) 1.005 (0.001) 1.023 (0.005) 1.030 (0.005) 0.631 (0.080) 30, 10 157, 70 174, 15 13

SN02 Clays 5 236.4 (11.6) 1.009 (0.002) 1.022 (0.009) 1.032 (0.009) 0.376 (0.287) 340, 15 118, 78 347, 8 26

SN03 Clays 8 373.9 (71.3) 1.012 (0.004) 1.064 (0.014) 1.083 (0.019) 0.687 (0.068) 0, 0 270, 87 297, 23 9

SN04 Clays 10 235.2 (47.7) 1.005 (0.003) 1.033 (0.007) 1.041 (0.009) 0.766 (0.131) 91, 43 270, 50 334, 220 25

SN05 Clays 12 481.9 (281.1) 1.006 (0.004) 1.040 (0.005) 1.050 (0.009) 0.732 (0.161) 301, 15 334, 79 324, 211 35

SN06 Clays 9 179.7 (33.9) 1.014 (0.006) 1.050 (0.007) 1.069 (0.010) 0.557 (0.154) 0, 0 240, 78 69, 12 39

SN07 Marls 11 177.8 (9.5) 1.005 (0.002) 1.050 (0.009) 1.062 (0.012) 0.804 (0.048) 0, 0 220, 78 323, 3 20

SN08 Marls 10 37.5 (6.2) 1.008 (0.005) 1.011 (0.002) 1.019 (0.006) 0.245 (0.319) 0, 0 37, 66 314, 23 53

SN09 Clays 13 39.2 (3.5) 1.005 (0.005) 1.005 (0.003) 1.010 (0.007) 0.115 (0.397) 0, 0 39, 77 343, 27 28

SN10 Clays 15 428.6 (125.7) 1.007 (0.003) 1.040 (0.007) 1.051 (0.008) 0.701 (0.116) 0, 0 48, 88 271, 1 12

SN11 Marls 14 51.0 (4.8) 1.005 (0.006) 1.009 (0.006) 1.015 (0.012) 0.401 (0.272) 125, 30 307, 64 54, 8 40

SN12 Marls 14 70.8 (7.5) 1.003 (0.003) 1.017 (0.002) 1.022 (0.003) 0.725 (0.236) 60, 15 255, 58 16, 18 21

SN13 Clays 14 112.0 (7.3) 1.005 (0.001) 1.010 (0.002) 1.015 (0.003) 0.382 (0.100) 0, 0 116, 62 66, 219 9

SN14 Clays 11 221.8 (28.5) 1.004 (0.002) 1.031 (0.005) 1.039 (0.006) 0.761 (0.094) 182, 16 359, 77 11, 213 29

SN15 Clays 9 342.9 (71.9) 1.008 (0.003) 1.027 (0.004) 1.037 (0.003) 0.526 (0.165) 250, 9 269, 85 307, 24 10

SN16 Marls 14 46.6 (4.3) 1.011 (0.002) 1.007 (0.003) 1.018 (0.002) 20.238 (0.261) 0, 0 228, 72 107, 10 10

SN17 Marls 12 49.7 (25.7) 1.028 (0.024) 1.033 (0.101) 1.121 (0.132) 0.343 (0.269) 0, 0 203, 72 352, 15 40

SN18 Marls 8 50.7 (4.6) 1.003 (0.001) 1.004 (0.001) 1.008 (0.002) 0.213 (0.202) 0, 0 72, 58 344, 22 30

SN19 Marls 10 197.2 (10.3) 1.015 (0.002) 1.046 (0.004) 1.065 (0.005) 0.502 (0.045) 0, 0 22, 45 101, 11 15

SN20 Marls 9 208.0 (11.5) 1.006 (0.002) 1.053 (0.006) 1.066 (0.007) 0.791 (0.068) 0, 0 71, 34 340, 7 19

N ¼ number of specimens; km ¼ ðkmax þ kint þ kminÞ=3 (mean susceptibility, in 1026 SI units); L ¼ kmax=kint; F ¼ kint=kmin; Pj ¼ exp{2½ðh1 2 hÞ2 þ

ðh2 2 hÞ2 þ ðh3 2 hÞ2�}1=2 (corrected anisotropy degree; Jelinek, 1981); Tj ¼ 2ðh2 2 h3Þ=ðh1 2 h3Þ2 1 (shape factor; Jelinek, 1981); S0 ¼ bedding attitude

(azimuth of the dip and dip values); h1 ¼ lnkmax; h2 ¼ lnkint; h3 ¼ lnkmin; h ¼ ðh1 þ h2 þ h3Þ=3; E122 ¼ semi-angle of the 95% confidence ellipses around

the principal susceptibility axes. For each locality the line shows the arithmetic means of the individual site mean values (standard deviation in parentheses).
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lineation that is N–S to NNW–SSE in trend (Fig. 7b and

Table 1).

In the hinterland domain, the magnetic foliation is sub-

parallel to the bedding plane. The magnetic lineation trends

NNW–SSE to WNW–ESE (Fig. 7c and d) in most of the

sites (CI04, CI05, SN03, SN04, SN05, SN07, SN08, SN09,

SN15, SN16, SN17, SN18, SN19, SN20). Sites SN06,

SN11, SN12 and SN13 are characterized by a magnetic

lineation oriented ENE–WSW, site SN10 has E–W

oriented magnetic lineation, and site SN14 shows a N–S

magnetic lineation (Table 1).

Several studies show that, when the magnetic lineation is

controlled by the paleoflow, Kmax generally extend over a

wide range of azimuths, both within a single layer and

throughout a stratigraphic sequence, corresponding to

temporal changes of the flow direction within the basin

(Hamilton and Rees, 1970; Hailwood and Sayre, 1979;

Kissel et al., 1997). On the contrary, in all the sites we

measured, the trend of the magnetic lineation is maintained

through sequences that differ in sedimentological characters

and age. Furthermore, a correlation between the orientation

of the brittle deformation pattern and the magnetic

lineations has been systematically noted. These obser-

vations support a tectonic origin of the magnetic lineation.

6. Paleomagnetic results

The natural remnant magnetization (NRM) of the

samples was analyzed both by means of progressive

stepwise thermal demagnetization and alternating field

demagnetization. Thermal demagnetization is usually better

in isolating the components of magnetization in the marine

marls and clays (Ouliac, 1976). The thermal demagnetiza-

tion technique, however, may cause possible mineral

alterations, especially at high temperatures, that may lead

to the production of new ferrimagnetic phases.

The NRM was measured using an AGICO JR5-A spinner

magnetometer. Samples were thermally demagnetized with

small temperature increments (30–50 8C). AF demagneti-

zation was done incrementally up to 120 mT, using a 2G

cryogenic magnetometer in the shielded room of the

paleomagnetic laboratory of the Institute of Geophysics

(ETH) in Zurich. Similar results for AF and thermal

demagnetization were obtained on sister samples from the

same cores. Magnetic cleaning treatment was stopped when

NRM decreased to the limit of the instrument sensitivity or

when random changes of the paleomagnetic directions

appeared.

Fig. 6. (a) Degree of anisotropy Pj vs. mean susceptibility Kmean.; (b) F–L

plot for all the samples investigated in this study: white and dark gray spots

represent marl and clay samples, respectively.

Fig. 7. AMS results from the most significant investigated sites plotted on equal area, lower hemisphere projections. (a) Augusta area (foreland domain);

(b) Catania Plain (foredeep domain); (c) and (d) Northern margin of the Peloritani Mountains (back arc domain).
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The NRM at seven sites (CI02, CI05, SN07, SN10,

SN13, SN19 and SN20) was found to be too weak

(NRM , 1025 A/m) or unstable after the first demagnetiza-

tion steps. These sites were excluded from further

paleomagnetic evaluation.

In most of the remaining clay samples a characteristic

remanent magnetization (ChRM) has been isolated after the

removal of a small viscous component of magnetization.

Most of the sites were completely demagnetized at 300–

350 8C or at 550–580 8C, confirming iron-sulphides and/or

magnetite as the carriers of remanence (Fig. 8). Site-mean

directions were obtained using Fisher (1953) statistics

where stable components of magnetization were isolated

and McFadden and McElhinny’s method (1988) was

applied to data fitted with great circles (Table 2). The

mean directions are well defined for most of the sites and

a95 rarely exceeds 108. The mean ChRM for all the clay

sites is D ¼ 360.08; I ¼ 47.98; K ¼ 30.3; a95 ¼ 10.88,

which indicates that no significant rotation occurred in

eastern Sicily since the middle Pleistocene. After bedding

correction, all the sites have northward declination (normal

polarity). The data show a positive fold test at 99%

confidence level (jin situ ¼ 4.88; junfolded ¼ 3.88;

j99% ¼ 5.62) (McFadden, 1990). This indicates both

satisfactory magnetic cleaning and the primary nature of

the ChRM.

Sites from Trubi Formation were sampled only in the

Tyrrhenian margin of the Peloritani Mountains. Marls of the

Trubi Formation have generally weak NRM and show

unstable results in both thermal and AF demagnetization, as

observed in other paleomagnetic studies on these rocks

(Grasso et al., 1987; Scheepers and Langereis, 1994;

Speranza et al., 1999). It is difficult to remove the secondary

component of magnetization that overprint the primary

component, which is thought to be of chemical origin,

acquired immediately after deposition or during the

diagenesis (Grasso et al., 1987). For this reason, it was not

possible to isolate the primary paleomagnetic direction in

six of the seven analyzed sites. Only SN12 gave reasonable

results (Table 2) and was used for tectonic evaluation. This

site has a reversed polarity with mean ChRM D ¼ 177.38;

I ¼ 250.28; K ¼ 58.4; a95 ¼ 7.08, which is almost anti-

podal to the mean of the normal polarity clay sites. The

McFadden (1990) fold test, however, is indeterminate.

7. Structural data

Structural data were collected in the foredeep and in the

hinterland domains, where brittle deformative features were

recognizable at outcrop scale. Conversely, no visible

deformation was observed in the clay sequences of the

foreland domain, exposed in the Augusta area. Conse-

quently, the deformation pattern of these clay sequences

was investigated exclusively by means of AMS.

7.1. Hinterland domain

The main deformation recognized along the northern

shoulder of the Peloritani chain consists of NE–SW-

trending extensional faulting of regional importance. The

NE–SW main extensional trend is locally segmented by N–

S- to NW–SE-trending fault strands with extensional to

transtensional kinematics (Fig. 3).

The NE–SW extensional fault systems that affect the

Mio-Pliocene and Pleistocene deposits show consistent

NW–SE-trending slickenlines. The general architecture of

the overall fault arrays can be adequately described in terms

of domino faulting with a mean dip towards the NW (e.g.

Wernicke and Burchfield, 1982).

Fig. 8. Vector component diagrams for the progressive thermal demagne-

tization of samples from clay deposits. Demagnetization step values are in

degrees Celsius. Open and solid symbols represent projection on the

vertical and horizontal planes, respectively.
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The main NE–SW-trending fault planes are shallow to

moderate dipping (from 15 to 408), with centimeter width

fault cores (Fig. 9). Accordingly, the faulted sedimentary

strata are tilted towards the southeast, with a mean dip of

15–208. An overall thickening of the sedimentary strata can

be observed approaching the major fault planes (Fig. 9a),

which attests to their syn-sedimentary activity. Antithetic

fault systems are systematically steeply dipping, with dip

angles from 60 to 808. Extensional conjugate systems are

often developed at the hanging wall of the major north-

westward-dipping extensional faults. Southeastward rotated

(antithetic with shear) conjugate systems are observed with

southeastward steeply dipping fault planes (808 to vertical).

Also unrotated conjugate systems occur, with dips on the

order of 60 – 708, thus roughly compatible with !

Andersonian @ conjugate shear in an extensional setting

(e.g. Price and Cosgrove, 1990). The deformation pattern is

completed with the occurrence of steeply dipping ENE–

WSW-trending fracture arrays in less deformed shear lenses

(Fig. 10). A cross-section normal to the main NE–SW

structural trend reveals that extensional block faulting

controls the present tectonic setting of the area, with normal

offset increasing as one moves towards the coast (Fig. 11).

The Mio-Pliocene sequences show a similar deformation

pattern along the cross-section as described above. Con-

jugate NE–SW-trending extensional faults and similarly

oriented steeply dipping fractures bisect the dihedral angle

between the conjugate fault systems. Fault population

analysis indicates a general NW–SE-trending maximum

extension direction for both the Pleistocene and Mio-

Pliocene sedimentary sequences (Fig. 11).

7.2. Foredeep domain

In the foredeep domain, structural data were collected at

the paleomagnetic site CI03 (site 6 in Fig. 2), whereas sites

SN01 and SN02 have already been investigated by Labaume

et al. (1990). At site CI03, fault surfaces are scarce and

slickensided surfaces are poorly preserved. Fault systems

consists of roughly N–S-trending reverse faults. When

present, slickenlines on polished fault surfaces are E–W-

trending. Compressional deformation at site CI03 thus

records a mean E–W-trending shortening direction, in

agreement with the N–S oriented magnetic lineation (Fig.

12). Such data are in agreement with those of Labaume et al.

(1990), derived from the Misterbianco area.

8. Discussion

Integration of the combined AMS, paleomagnetic and

structural data can provide first-order constraints on the

Plio-Pleistocene tectonic regimes of eastern Sicily, moving

from the hinterland domain to the foreland domain, passing

through the foredeep domain.

In both the hinterland and foreland domains, magnetic

foliation is sub-parallel to the bedding, which suggests a

primary sedimentary magnetic fabric (e.g. Graham, 1966;

Kissel et al., 1986; Lee et al., 1990; Sagnotti and Speranza,

1993; Scheepers and Langereis, 1994; Mattei et al., 1999).

Magnetic lineations in sedimentary rocks can be of

depositional or tectonic origin. Based on the arguments

given above, a sedimentary origin appears unlikely. On the

other hand, the orientation of the magnetic lineations

derived from the different sedimentary sequences strictly

reflects the main tectonic features of the individual

sedimentary basins. The magnetic lineation shows remark-

able coherence within each tectonic domain and strongly

correlates with the main structural features either in

compressional or extensional regimes.

In the hinterland domain a mean NW–SE-oriented

direction of extension was inferred from orientation of the

Table 2

Paleomagnetic directions from eastern Sicily

Site Age N1, N2/N Dbtc (8) Ibtc (8) a95 (8) Datc (8) Iatc (8) k a95 (8) S0 (8)

CI01 Middle Pleist. 2, 6/8 5.8 40.9 9.9 10.90 42.80 37.58 9.9 116, 6

CI03 Middle Pleist. 10, 0/10 14.5 34.8 5.0 357.50 62.60 95.25 5.0 214, 31

CI04 Middle Pleist. 10, 1/11 30.3 55.0 16.5 14.60 45.60 30.81 8.1 Variable

SN01 Middle Pleist. 5, 0/5 353.4 38.7 8.1 357.33 30.46 89.80 8.1 30, 10

SN02 Middle Pleist. 1, 5/6 356.7 62.9 16.7 351.40 48.40 23.26 16.7 340, 15

SN03 Middle Pleist. 14, 0/14 16.7 45.3 3.3 16.70 45.30 144.97 3.3 0, 0

SN04 Middle Pleist. 11, 2/13 332.2 53.9 5.9 34.60 51.70 50.16 5.9 91, 43

SN05 Middle Pleist. 13, 0/13 358.2 46.4 5.0 347.60 37.10 68.42 5.0 301, 15

SN06 Middle Pleist. 1, 3/4 348.30 40.2 22.0 348.30 40.20 33.17 22.0 0, 0

SN10* Middle Pleist. 3, 7/10 241.5 277.7 11.0 241.50 277.70 22.24 11.0 0, 0

SN12 Early Pliocene 5, 4/9 158.5 254.9 7.0 177.33 250.20 58.44 7.0 60, 15

SN14 Middle Pleist. 5, 4/9 343.4 47.1 9.9 335.00 60.10 32.52 9.9 182, 16

SN15 Middle Pleist. 10, 1/11 355.5 49.7 4 344.70 50.80 150.9 4 250, 9

Mean for all the sites but SN10 (N ¼ 12): before tectonic correction D ¼ 358.28; I ¼ 48.58; k ¼ 35.6; a95 ¼ 7.48 after tectonic correction D ¼ 359.88;

I ¼ 48.18; k ¼ 33.2; a95 ¼ 7.6. N1, N2/N number of stable directions, number of great circles/total number of studied samples at a site. D, I site mean

declinations and inclinations calculated before (Dbtc, Ibtc) and after (Datc, Iatc) tectonic correction. k and a95, statistical parameters after Fisher (1953). S0

bedding attitude (azimuth of the dip and dip values).
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Fig. 9. Brittle deformation registered in the Middle Pleistocene clays of site 2. (a) Main conjugate systems of extensional faults; (b) plot showing systems of fault planes and relative striae. (c) AMS ellipsoid

measured for site SN05, showing the orientation of the maximum (square), intermediate (triangle) and minimum (circle) of the principal axes coherent with the direction of extension recognized through

structural analysis.
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magnetic lineations. Such a trend, which can be recognized

both in Serravallian and Plio-Pleistocene sites, is confirmed

by the structural data as it corresponds to the main extension

direction derived from the fault population analysis on the

NE–SW syn-sedimentary extensional fault system. A NW–

SE extensional direction was already proposed by Catalano

and Di Stefano (1997) for the Serravallian early syn-rift

sedimentary sequences. The small number of sites that

record an ENE–WSW- to E–W-directed magnetic linea-

tion are associated with minor faults, which segment the

main NE–SW extensional fault system with extensional to

transtensional kinematics (Fig. 3). These fault strands, N–S-

to NW–SE-trending, fit into the framework of the main

NE–SW-oriented extensional fault system as transfer fault

systems.

NW–SE-extension recorded by both the Serravallian and

the Pliocene–Quaternary deposits attests that extensional

processes in northeastern Sicily progressed during a

continuous NW–SE extension direction. The Serravallian

extensional basins recognized in northern Sicily are related

Fig. 10. Steeply-dipping ENE–WSW-trending fractures measured in site 3 ((a) and (b)) and maximum axis of the AMS ellipsoid oriented nearly perpendicular

to these features (c).

Fig. 11. Schematic profile crossing perpendicularly the main tectonic features recognized within the area (for the location see Fig. 3).
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to the early stages of Tyrrhenian rifting, and represent the

corresponding of the extensional basins that have been

recognized both offshore of Sardinia (Sartori et al., 2001)

and onshore in northern Calabria (Mattei et al., 2002).

Although the number of sites is limited, AMS and

structural results from the foredeep domain investigated in

the Catania basin indicate a compressional fabric, with

magnetic lineation sub-parallel to the tilt axis. The N–S

oriented magnetic lineation suggests a mean E–W short-

ening direction, which is in agreement with the fault-slip

analyses carried out in the Misterbianco area by Labaume

et al. (1990) and with our structural data in the eastern

Catania foredeep at site 6 (Fig. 12). E–W shortening

inferred from these data both in eastern and southern

margins of Mt Etna is not compatible with a radial

compression expected for the Etna volcano gravitational

spreading, as suggested by Borgia et al. (1992, 2000).

Conversely, our structural and AMS data support the idea of

a regional scale compressive tectonics related to eastern

transport of the Catania foredeep units. On the other hand,

the E–W shortening direction is in contrast with the general

south-eastward migration of the Gela nappe, recognized in

southern Sicily (Butler et al., 1992). Based on the evidence

that the present day geometry of the thrust front is not

related to vertical axis rotations, we interpret this sector of

the Gela nappe as a lateral ramp, whose geometry and

orientation is controlled by the presence of the continental

Hyblean foreland. A similar mechanism for the thrust

emplacement has been proposed along the western border of

the Gela nappe by Speranza et al. (1999).

It is worth noting that extensional tectonics is presently

occurring along the eastern part of the Catania foredeep

(Monaco and Tortorici, 2000), and that this tectonic

deformation is not recorded in AMS fabric. These data

confirm that AMS fabric in clay-rich units is mostly related

to the early stages of deformation, and show that

compressive tectonics in the eastern Catania foredeep

occurred during lower-middle Pleistocene times (Di Stefano

and Branca, 2002).

AMS results from the foreland domain in the Augusta

area show a sub-horizontal magnetic foliation, sub-parallel

to the bedding and an E–W-trending magnetic lineation.

These data demonstrate that, in the Ionian foreland, the

development of the sedimentary basins during Quaternary

occurred and progressed under an E–W-trending extension,

at least since the Middle Pleistocene. This provides a major

constrain to the activity of the N–S-trending extensional

system linked to the Malta escarpment in the onshore

Hyblean Plateau. This also suggests that the NNW–SSE

fault systems detected in the Ionian off-shore domain by

Bianca et al. (1999), constitutes, during the Middle

Pleistocene, the main tectonic feature of the study area,

prevailing with respect to the NW–SE normal faulting

related, in turn, to the northward sinking of the Hyblean

foreland structure (Bianca et al., 1999; Adam et al., 2000;

Monaco and Tortorici, 2000).

A large number of paleomagnetic data were previously

collected in Mesozoic to Neogene sequences of the Sicilian

Maghrebides chain, cropping out in central and western

Sicily (Channell et al., 1980, 1990; Besse et al., 1984; Aifa

et al., 1988; Scheepers et al., 1994; Duermeijer and

Langereis, 1998; Speranza et al., 1999). A complex pattern

of mainly clockwise rotations during the Neogene and the

Quaternary have been determined, which contributed to the

present day arcuate shape of the external front of the chain

(Nairn et al., 1985; Channell et al., 1990; Scheepers and

Langereis, 1994; Butler and Lickorish, 1997; Speranza et al.,

2000). On the other hand, comparably fewer data have been

collected in eastern Sicily. In the northern Tyrrhenian

margin, clockwise rotations of about 208 have been

measured in the Lower Pliocene of the Madonie Mts and

in the Messina strait (Grasso et al., 1987; Aifa et al., 1988;

Scheepers, 1994), whereas two sites collected in the Middle

Fig. 12. (a) N–S-trending reverse faults measured in site 6 (Fig. 2). (b) The

N–S oriented magnetic lineation for the paleomagnetic site CI03 (Fig. 2)

suggests a mean E–W shortening direction, in agreement with the fault-slip

analysis.
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Pleistocene sediments in the Milazzo region show no

appreciable rotations (Scheepers, 1994). In the Hyblean

foreland paleomagnetic data have been mainly collected in

Mesozoic sequences (Grasso et al., 1983; Besse et al., 1984)

and in few Early Pleistocene sites (Scheepers, 1994). All the

data collected converge to show no significant rotations of

the Hyblean foreland. Our paleomagnetic results demon-

strate that no significant vertical axis rotations occurred in

the Tyrrhenian back-arc, the Catania foredeep and the

foreland basins (Fig. 13). The timing of the non-rotational

tectonic regime can be constrained to the middle Pleistocene

and, according to the result of site SN12 in the hinterland

domain, could be extended back to the lower Pliocene.

Counterclockwise rotations have been reported, however, in

the Lower Pliocene Trubi Formation areas east of

Villafranca and along the Messina Strait (Aifa et al.,

1988; Scheepers et al., 1994). Our data concur with the

results obtained by Scheepers and Langereis (1994) in

middle Pleistocene units of the Milazzo area (Fig. 3),

allowing extension of the no rotational regime in the

hinterland domain back to Lower Pliocene.

Paleomagnetic results demonstrate that, independently

from the different tectonic domains, non-rotational tectonic

regimes are present in the whole region, at least since

middle Pleistocene. This suggests that the progressive

curvature of the Calabrian Arc and of the Sicilian nappes

does not extend into the Middle Pleistocene. As a

consequence, Pleistocene paleomagnetic rotations that

have been measured in the Sicilian Maghrebides of western

and central Sicily (Speranza et al., 1999) do not extend to

the different tectonic domains of eastern Sicily. These

rotations in western and central Sicily are most likely to

local scale tectonic structures, which are related to the thrust

and fold emplacement (Speranza et al., 2000).

9. Conclusions

AMS, paleomagnetic and structural data from eastern

Sicily provide new constraints on the Quaternary tectonic

evolution of the region. The magnetic lineation suggests that

moving northward, the tectonic regime changed during the

Quaternary, from E–W extension in the foreland domain, to

E–W compression in the foredeep domain and NW–SE

extension in the hinterland domain. The NW–SE extension

orientation in northern Tyrrhenian margin is distinct from

the E–W extensional direction in the eastern Hyblean

plateau. The former is related to the extensional processes

affecting the Tyrrhenian Sea, whereas the latter is mainly

controlled by Quaternary activity of the Malta escarpment.

Our results confirm that AMS is a valid tool for defining the

deformation history in recent and undeformed sediments at

the outcrop and regional scale. In conclusion, no paleo-

magnetic rotations have been found in the three tectonic

domains of eastern Sicily since the Middle Pleistocene, and

possible Lower Pliocene. These data allow us to define the

upper limit to the curvature of the Calabrian Arc.
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Geologica Italiana 51, 179–195.

Lentini, F., Catalano, S., Carbone, S., 2000. Carta geologica della Provincia

di Messina, S.EL.CA. (Eds.), scale 1:50,000.

Lowrie, W., 1990. Identification of ferromagnetic minerals in a rock by

coercivity and unblocking temperature properties. Geophysical

Research Letters 17 (2), 159–162.

Lowrie, W., Hirt, A.M., 1987. Anisotropy of magnetic susceptibility in the

Scaglia Rossa pelagic limestone. Earth and Planetary Science Letters

82, 349–356.

Lucente, F.P., Chiarabba, C., Cimini, G.B., Giardini, D., 1999. Tomo-

graphic constraints on the geodynamic evolution of the Italian region.

Journal of Geophysical Research 104, 20307–20327.

Malinverno, A., Ryan, W.B.F., 1986. Extension in Tyrrhenian sea and

shortening in the Apennines as result of arc migration driven by sinking

of the lithosphere. Tectonics 5 (2), 227–254.

Mattei, M., Sagnotti, L., Faccenna, C., Funiciello, R., 1997. Magnetic fabric

of weakly deformed clayey sediments in the Italian peninsula:

relationships with compressional and extensional tectonics. Tectono-

physics 271, 107–122.

Mattei, M., Speranza, F., Argentieri, A., Rossetti, F., Sagnotti, L.,

Funiciello, R., 1999. Extensional tectonics in the Amantea basin

(Calabria, Italy): a comparison between structural and magnetic

anisotropy data. Tectonophysics 307, 33–49.

Mattei, M., Cipollari, P., Cosentino, D., Argentieri, A., Rossetti, F.,

Speranza, F., Di Bella, L., 2002. The Miocene tectono-sedimentary

evolution of the southern Tyrrhenian Sea: stratigraphy, structural and

palaeomagnetic data from the on-shore Amantea basin (Calabrian Arc,

Italy). Basin Research 14, 147–168.

McFadden, P.L., 1990. A new fold test for paleomagnetic studies.

Geophysical Journal International 103, 163–169.

McFadden, P.L., McElhinny, M.W., 1988. The combined analysis of

remagnetisation circles and direct observations in paleomagnetism.

Earth and Planetary Science Letters 87, 161–172.

Monaco, C., 1997. Tettonica pleistocenica nell’area a sud dell’Etna (Sicilia

orientale). Il Quaternario 10 (2), 393–398.

Monaco, C., Tortorici, L., 2000. Active faulting in the Calabrian arc and

Eastern Sicily. Journal of Geodynamics 29, 407–424.

Monaco, C., Tapponier, P., Tortorici, L., Gillot, P.Y., 1997. Late

Quaternary slip rates on the Acireale–Piedimonte normal faults and

tectonic origin of Mt. Etna (Sicily). Earth and Planetary Science Letters

147, 125–139.

Nairn, A.E.M., Nardi, G., Gregor, C.B., Incoronato, A., 1985. Coherence of

the Trapanese units during tectonic emplacement in western Sicily.
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