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ABSTRACT

Temperature-dependent clay mineral as-
semblages, vitrinite reflectance, and one-
dimensional (1-D) thermal and three-

dimensional (3-D) geological modeling of 
a Neogene wedge-top basin in the Sicilian 
fold-and-thrust belt and its pre-orogenic sub-
stratum allowed us to: (1) define the burial 
history of the sedimentary succession fill-
ing the wedge-top basin and its substratum,  
(2) reconstruct the wedge-top basin geom-
etry, depocenter migration, and sediment 
provenance through time in the framework 
of a source-to-sink system, and (3) shed new 
light into the kinematic evolution of the 
Apennine-Maghrebian fold-and-thrust belt.

The pre-orogenic substratum of the Scil-
lato basin shows an increase in levels of ther-
mal maturity as a function of stratigraphic 
age that is consistent with maximum burial 
to 3.5  km in deep diagenetic conditions. In 
detail, Ro% values range from 0.40% to 
0.94%, and random ordered illite-smectite 
(I-S) first converts to short-range ordered 
structures and then evolves to long-range or-
dered structures at the base of the Imerese 
unit. The wedge-top basin fill experienced 
shallow burial (~2 km) and levels of thermal 
maturity in the immature stage of hydrocar-
bon generation and early diagenesis. Vitrin-
ite reflectance and mixed-layer I-S values 
show two populations of authigenic and in-
herited phases. The indigenous population 
corresponds to macerals with Ro% values 
of 0.33%–0.45% and I-S with no preferred 
sequence in stacking of layers, whereas the 
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reworked group corresponds to macerals 
with Ro% values of 0.42%–0.47% and short-
range ordered I-S with no correlation as a 
function of depth.

Authigenic and reworked components of 
the Scillato basin fill allowed us to unravel 
sediment provenance during the Neogene, 
identifying two main source areas feeding the 
wedge-top basin (crystalline units of the Eu-
ropean domain and sedimentary units of the 
African domain), and to detect an early phase 
of exhumation driven by low-angle extensional 
faults that predated Neogene compression.

INTRODUCTION

Source-to-sink systems consist of areas that 
contribute to erosion (e.g., hillslopes), trans-
portation (e.g., rivers), and deposition (e.g., 
river floodplains, deltas, deep marine basins) 
of sediments within a denudation-accumulation 
system (Allen, 2008; Sømme et al., 2009; Allen 
and Allen, 2013; Michael et al., 2014). Fold-
and-thrust belts and their foreland basin systems 
(DeCelles and Giles, 1996) represent source-to-
sink systems closely linked in space and through 
time (Barnes and Heins, 2008). Their burial evo-
lution, uplift, and exhumation are recorded by 
the sedimentary successions and architecture of 
associated basins. In particular, wedge-top ba-
sins, lying on top of orogenic belts, are affected 
by paleotopographic and structural variations 
related to synorogenic deformation (Butler and 
Grasso, 1993; Pinter et al., 2016). Thus, the 
study of wedge-top basins provides essential 
pieces of information on vertical movements 
and tectonic evolution of the source areas for 
sediments (e.g., orogenic belt).

However, the amounts and timing of vertical 
motion in frontal parts of fold-and-thrust belts 
are not easily quantifiable because burial is gen-

erally limited to a few kilometers, and very few 
techniques may be applied to sedimentary rocks 
to detect tectonic thickening and exhumation 
(e.g., fission track and U-Th/He on apatite, or-
ganic matter optical analysis, X-ray diffraction 
of clay minerals; Garver et al., 1999; Jolivet 
et al., 2007; Corrado et al., 1998, 2009, 2010; 
Zattin et al., 2011; Whitchurch et al., 2011; 
Izquierdo-Llavall et al., 2013; Di Paolo et al., 
2014; Caricchi et al., 2015; Aldega et al., 2017, 
2018; Schito et al., 2018).

Recently, the timing and modes of deformation 
of the Sicilian fold-and-thrust belt in the study 
area were unraveled by combining sedimento-
logical and stratigraphic data from the wedge-top 
basins succession with structural analysis of its 
deformed substratum (Gugliotta, 2012; Gugliotta 
and Gasparo Morticelli, 2012; Gugliotta et al., 
2013, 2014). Nevertheless, this approach pro-
vided only hints on the kinematic evolution of the 
Sicilian fold-and-thrust belt without quantifying 
and validating tectonic thickening, sedimentary 
loads, and amounts of exhumation.

Thus, we combined paleothermal indicators 
(e.g., vitrinite reflectance and illite content in 
mixed-layer illite-smectite [I-S]) and organic 
petrographic studies of the fine fraction of sedi-
ments from the Scillato wedge-top basin and 
its deformed substratum with one-dimensional 
(1-D) thermal and three-dimensional (3-D) 
geometrical modeling to: (1) define the burial 
and thermal history of the sedimentary succes-
sion filling the Scillato wedge-top basin and its 
substratum, (2) reconstruct the wedge-top ba-
sin geometry, depocenter migration, and sedi-
ment provenance through time, and (3) shed 
new light into the kinematic evolution of the 
Apennine-Maghrebian fold-and-thrust belt, 
suggesting an early phase of exhumation driven 
by low-angle extensional faults, which predated 
Neogene compression.
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In the end, we propose that the integration of 
the aforementioned approach with reconstruc-
tion of vertical motions of wedge-top basin mar-
gins can be a useful tool for unraveling source-
to-sink systems in fold-and-thrust belts.

GEOLOGICAL SETTING

Sicily is located in the central Mediterranean 
area as a segment of the Apennine-Maghrebian 
chain (Fig.  1), which originated from the tec-
tonic inversion of the African continental pas-
sive margin (Catalano and D’Argenio, 1982; 
Roure et al., 1990; Catalano et al., 1996; S. 
Catalano et al., 2008). The Sicilian fold-and-
thrust belt has been developing since the early 
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Figure 1. (A) Geological map of Sicily (modi-
fied and redrawn after Gasparo Morticelli et 
al., 2015). The black rectangle indicates the 
study area. Palaeomagnetic data are from 
Channell et al. (1990), Grasso et al. (1987), 
and Speranza et al. (2003). (B) Tectonic 
map of central Mediterranean area (modi-
fied and redrawn after Gasparo Morticelli 
et al., 2015). (C) Simplified structural map 
of the central-northern Sicily showing ma-
jor Miocene–Pliocene basins and large-scale 
tectonic structures (modified after Gugliotta 
and Gasparo Morticelli, 2012). Dashed rect-
angle indicates the areal extent of the three-
dimensional geological model. Traces of 
preexisting (gray lines) and new geological 
section (thick and thin black lines) built us-
ing Move software are also indicated. Preex-
isting cross sections are from Catalano et al. 
(2011). U.—Upper; L.—Lower.

Figure 2. Regional cross section (for location, see Fig. 1) showing the overall architecture of the Sicilian wedge (modified and redrawn after 
Catalano et al., 2013). Interpretation at depth is from the seismic reflection profile of the SI.RI.PRO (Sismica a Riflessione Profonda) proj-
ect. Black lines indicate reverse faults; thick black line indicates the sole thrust; white lines indicate normal faults.

Miocene as a SSE-verging chain resulting from 
the postcollisional convergence between Af-
rica and Europe (Dercourt et al., 1986; Dewey 
et al., 1989; Catalano et al., 1996, 2000; Fac-
cenna et al., 2004) and the rollback of the sub-
duction hinge of Ionian lithosphere (Caputo et 
al., 1970; Doglioni et al., 1999; Faccenna et 
al., 2001). These processes are responsible for 
deformation and tectonic transport of different 
paleogeographic domains, now stacked to form 
the tectonic wedge (Fig. 2; Finetti et al., 2005; 
Catalano et al., 2013; Di Paolo et al., 2012, 
2014; Gasparo Morticelli et al., 2015). From the 
innermost to the outermost domain, they are:  
(1) the European domain, exposed in the NE 
part of Sicily (e.g., Peloritani Mountains), which 
is mainly constituted by crystalline and meta-
morphic units (Vignaroli et al., 2008; Aldega 
et al., 2011); (2) the Tethyan domain (Sicilide 
Complex), which corresponds to Cretaceous–
Lower Miocene pelagic successions detached 
from their substratum (Ogniben, 1960; Bianchi 
et al., 1989; Catalano et al., 1996; Corrado et al., 
2009); and (3) the African domain, composed of 
different tectono-stratigraphic units subdivided 
into deep-water (Imerese and Sicano units), 
shallow-water (Panormide unit), and carbon-
ate-pelagic platforms (Trapanese and Saccense 
units; Catalano and D’Argenio, 1982; Catalano 
et al., 2000; Nigro and Renda, 1999; Zarcone et 
al., 2010).

A foreland basin developed from the latest 
Oligocene to early Miocene, which was subse-
quently filled by the Numidian Flysch (Catalano 
et al., 1989; Nigro and Renda, 2000; Grasso, 
2001). The foreland basin system progressively 
migrated toward the Hyblean foreland, which 
is exposed in southeastern Sicily and extends 
offshore along the Sicily Channel in the Medi-
terranean Sea (Catalano et al., 1989; Butler and 

Grasso, 1993; Nigro and Renda, 2000; Grasso, 
2001; Gasparo Morticelli et al., 2015).

Since the middle Miocene, the study area 
has recorded a polyphase deformation. Dur-
ing the Serravallian, the emplacement of al-
lochthonous units (Numidian Flysch, Sicilide 
Complex, Imerese-Sicano units) onto the 
Trapanese-Hyblean foreland through low-
angle regional thrusts produced shallow-seated 
structures (Event I in Fig.  3) with a present-
day southwestward tectonic transport direc-
tion (Catalano et al., 2000; Avellone et al., 
2010; Gasparo Morticelli et al., 2015). During 
the latest Tortonian–early Pleistocene, ongo-
ing compressional deformation gave rise to 
the nucleation of deep-seated thrusts, which 
refolded and breached the previously stacked 
thin-skinned tectonic units along high-angle 
transpressive faults (Event II in Fig. 3; Bello et 
al., 2000; Catalano et al., 2000; Gasparo Mor-
ticelli et al., 2015).

Structures generated as a consequence of 
these two tectonic events are strongly non-
coaxial, and their present-day setting can be 
explained by the occurrence of large vertical-
axis clockwise rotations (Fig.  1; Channell et 
al., 1980, 1990; Grasso et al., 1987; Oldow et 
al., 1990; Speranza et al., 1999, 2003, 2018; 
Avellone and Barchi, 2003; Guarnieri, 2004; 
Monaco and De Guidi, 2006; Avellone et al., 
2010; Cifelli and Mattei, 2010; Barreca and 
Monaco, 2013), which decrease from the in-
ternal units (e.g., Imerese and Panormide units 
~130°) toward the foreland (e.g., no rotation in 
the Sciacca area). Part of this rotation (~25°) is 
post–early Pliocene in age (Grasso et al., 1987). 
Wedge-top basins, including the Scillato Ba-
sin, record these two tectonic events with their 
shape, internal architecture, and sedimentary fill 
(Gugliotta et al., 2014).
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Figure 3. Tectonic sketch map of the study area with sampling sites (modified after Catalano et al., 2011). Locations of cross sections in 
Figures 7 and 8 are shown. U—Upper; L—Lower.
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Deformed Pre-Orogenic Substratum of  
the Scillato Wedge-Top Basin

The substratum of the Scillato wedge-top ba-
sin is made up of thrust sheets mainly deform-
ing the Imerese unit (Upper Triassic–Eocene), 
the Numidian Flysch (Upper Oligocene–Lower 
Miocene), the Sicilide Complex (Cretaceous–
Lower Miocene), and the Lercara unit 
(Permian–Triassic) exposed in the northwestern 
part of the study area (Fig.  3; Mount Rasolo-
collo-Cerda area; Di Stefano and Gullo, 1997; 
Giunta et al., 2000).

The Imerese marly-cherty-calcareous suc-
cession in pelagic basin facies is exposed along 
the Mount Cervi–Rocca di Sciara–Sclafani 
Bagni and the Mount San Calogero structures 
(Fig. 3). From the bottom, the Imerese succes-
sion (Fig.  4) is subdivided into: the Carnian 
Mufara Formation (~300 m thick); the Carnian–
Rethian cherty limestones (Scillato Formation, 
~650  m thick); the Lower Jurassic dolostones 
of the Fanusi Formation up to 200 m thick; the 
Lower Jurassic–Upper Cretaceous shales, lime-
stones, and radiolarites of the Crisanti Forma-
tion, with a thickness of 350 m, and the Eocene–
Lowermost Oligocene marls and limestones of 
the Caltavuturo Formation, which are ~150 m 
thick. Upper Oligocene–Langhian Numidian 
Flysch (from 300 m up to 2,000 m thick) cov-
ers the Caltavuturo Formation, and it is mainly 
composed of claystones/siltstones with subor-
dinate quartzarenites evolving to quartzarenites 
alternating with thin-bedded claystones and silt-
stones toward the top.

The Sicilide Complex is made up of Creta-
ceous–Lower Miocene highly deformed clay-
stones, marls, and limestones up to 300 m thick. 
The Imerese and Sicilide successions (Fig.  4) 
also show strong vertical and lateral varia-
tions in mechanical proprieties (Avellone et al., 
2010), which affect the geometry of the Sicilian 
fold-and-thrust belt, generating detachment lev-
els and disharmonic and/or polyharmonic folds. 
Major detachment levels occur in the Mufara 
Formation, in the basal portion of the Numidian 
Flysch, and in the Sicilide Complex.

The Lercara unit has been drilled in several 
wells in the Sicilian fold-and-thrust belt (e.g., 
Cerda 1, Cerda 2, Vicari 1, Roccapalumba 1; 
Miuccio et al., 2000; Basilone et al., 2016) and 
consists of a Permian–Triassic siliciclastic and 
carbonate succession. Various authors (Catalano 
et al., 1991; Flügel et al., 1991; Kozur et al., 
1996; Di Stefano and Gullo, 1997; Di Stefano et 
al., 2012; Basilone et al., 2016) have described 
the Lercara unit as made up of turbidites pass-
ing upward into deep-water limestones and si-
liciclastic deposits with a minimum thickness 
of ~2.1 km.

The subsurface extent of the Triassic deposits 
in the Cerda 1 well (for location, see Figs. 2 and 
3) is ~3 km (probably due to tectonic thicken-
ing, since the maximum thickness evaluated 
for the Mufara Formation is ~300 m; Basilone 
et al., 2016), where they are mainly composed 
of claystones locally rich in organic matter, 
limestones, calcareous breccias, and quartz-rich 
sandstones. The Lercara unit in western Sicily 
shows the juxtaposition of the Numidian Flysch 
onto the Mufara Formation (Fig. 3). This bound-
ary has been interpreted either as an extensional 
detachment (Giunta et al., 2000) or a younger-
on-older thrust (Di Stefano and Gullo, 1997). In 
the study area, the boundary between the Mu-
fara Formation and the Numidian Flysch is not 
well exposed and understood, and the Mufara 
Formation is bordered to the east and west by 
NNE-SSW–trending high-angle faults (Fig. 3).

Scillato Wedge-Top Basin

The Scillato wedge-top basin is located in 
the central-northern sector of the Sicilian fold-
and-thrust belt, along the western edge of the 
Madonie Mountains (Figs. 1 and 3). It consists 
of a local NNE-SSW–oriented structural trough 
~3.5  km wide and ~6  km long. The basin is 
bounded by the Mount Cervi–Rocca di Sciara–
Sclafani Bagni structural highs to the SE and 
the Mount San Calogero structure to the NW. 
The Upper Serravallian–Upper Tortonian basin 
fill is composed of ~1250-m-thick open-marine 
and delta-river siliciclastic sediments (Gugliotta 
and Gasparo Morticelli, 2012; Gugliotta et al., 
2014). The sedimentary succession is subdi-
vided into the Castellana Sicula and Terravec-
chia Formations (Fig. 4).

The Castellana Sicula Formation is consti-
tuted by 50-m-thick hemipelagic clays, silt-
stones, gravity-flow sandstones, and conglom-
erates of late Serravallian–early Tortonian age 
deposited in an outer-shelf to slope setting.

The Terravecchia Formation (Upper Tor-
tonian) is up to 1200 m thick, and it is consti-
tuted by a coarsening-to-fining-upward and then 
fining-to-coarsening upward sedimentary suc-
cession made up of different lithotypes: (1) con-
glomerates and sandstones (alluvial and paralic 
facies), (2) sandstones, and (3) marls and clays 
(transitional to shallow-marine facies). In detail, 
it is subdivided into three members bounded by 
unconformities, namely, from bottom (Figs.  3 
and 4): Terravecchia 1, Terravecchia 2–3, and 
Terravecchia 1b (TS1, TS2, and RS, respec-
tively, in Gugliotta and Gasparo Morticelli, 
2012). The Terravecchia 1 member, ~300  m 
thick, is mainly composed of red conglomerates 
with metamorphic pebbles and sandstones pass-
ing upward to claystones/siltstones indicating a 

gravelly braided fluvial system. The Terravec-
chia 2–3 member, up to 800 m thick, is mainly 
composed of interbedded siltstones, cross-
bedded sandstones to siltites, and clayey siltites. 
The Terravecchia 1b, 100  m thick, is mainly 
composed of silts and clays interbedded with 
conglomeratic bodies passing to cross-bedded 
sandstones and conglomerates.

METHODS AND MATERIALS

Organic Matter Optical Analysis

Organic matter optical analysis was per-
formed on dispersed organic matter from 
twenty-three samples. Eleven samples were 
collected from claystones/siltstones of the Cas-
tellana Sicula Formation and the sandy por-
tions of the Terravecchia Formation. Twelve 
samples were collected from the deformed 
substratum of the Scillato wedge-top basin 
(Fig. 3), and they pertain to claystones/siltstones 
of the Mufara Formation located in the Mount 
Rasolocollo-Cerda area, to the Crisanti or-
ganic-rich shales, and to the Numidian Flysch 
sandstones/claystones exposed along the Mount 
Cervi–Rocca di Sciara–Sclafani Bagni struc-
ture. Samples were collected at distance >1 m 
from major faults in order to avoid potential 
temperature increase due to frictional heating 
(Balsamo et al., 2014). Whole-rock samples 
were crushed in an agate mortar, mounted in 
epoxy resin, and polished according to standard 
procedures (Bustin et al., 1990). Vitrinite re-
flectance (Ro%) measurements were performed 
on randomly oriented grains using a Zeiss Ax-
ioplan microscope, under oil immersion (n = 
1.518) in reflected monochromatic nonpolarized 
light, equipped with a J&M reflectance system. 
Various reflectance standards (Ro% = 0.426%, 
0.595%, and 0.905%) were used for calibration. 
The number of measurements ranged from 15 in 
samples with small amounts of organic matter to 
50 for organic matter–rich specimens. On each 
sample, measurements were carried out on un-
altered, nonoxidized, and unfractured fragments 
of humite-vitrinite macerals and coal seams. 
Mean reflectance values were calculated using 
the arithmetic mean of these measurements.

X-Ray Diffraction (XRD) Analysis

A suite of twenty-seven samples (Fig.  3) 
was collected from the wedge-top succession 
(11 samples) and its substratum (16 samples). 
In the Scillato wedge-top basin, samples were 
collected from claystones/siltstones of the Cas-
tellana Sicula and Terravecchia Formations. In 
the substratum, samples were from the Mufara 
Formation, the shales of the Crisanti Formation, 
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the reddish marls of the Caltavuturo Formation, 
and the Numidian Flysch cropping out along the 
Mount Cervi–Rocca di Sciara–Sclafani Bagni 
structure. Qualitative and semiquantitative anal-
yses of the <2 µm grain-size fraction (equiva-
lent spherical diameter) were performed using 
a Scintag X1 X-ray system (CuKα radiation). 
After centrifugation, the suspension containing 
the <2 µm grain-size fraction was decanted, pi-
petted, and dried at room temperature on glass 
slides to produce a thin, highly oriented aggre-
gate. Oriented air-dried samples were scanned 
from 1° to 48° 2θ with a step size of 0.05° 2θ and 
a count time of 4 s per step at 40 kV and 45 mA.  
The presence of expandable clays was deter-
mined for samples treated with ethylene gly-
col at 25 °C for 24 h. Ethylene glycol–solvated 
samples were scanned at the same conditions as 
air-dried aggregates, with a scanning interval of 
1°–30° 2θ. Expandability measurements were 
determined according to Moore and Reynolds 
(1997) by using the Δ2θ method after decom-
posing the composite peaks between 9°–10° and 
16°–17° 2θ with Pearson VII functions.

3-D Geological Modeling

Twenty-eight original geological cross sec-
tions (for locations, see Fig. 1C) were used to 
build the 3-D basin geometry of the Scillato 
wedge-top basin and its pre-orogenic substra-
tum. Geological cross sections were first recon-
structed using Move software (Midland Valley, 
Glasgow, UK). From older to younger, the rep-
resented horizons are: top Mufara, top Scillato, 
top Crisanti, top Caltavuturo, and top Numidian 
Flysch, which describe the Imerese substratum, 
and top Castellana Sicula, top Terravecchia 1, 
and top Terravecchia 2–3, which refer to the 
wedge-top basin units.

The Imerese succession was modeled assum-
ing a layer-cake geometry, as lateral heteroge-
neities of the pelagic facies in the study area 
can be neglected. Stratigraphic horizons and 
faults after a first check of consistency (e.g., 
no overlaps and intersections) were exported as 
pointsets (.dat file) and imported in Skua-Gocad 
software to construct a more-refined watertight 
3-D geological model. A 3-D model is said to 
be water tight when every stratigraphic horizon 
is continuously defined over the area of interest 
and has clean intersections with lateral boundar-
ies, faults, unconformities, or erosion surfaces 
(Caumon et al., 2004).

Only major faults with vertical displace-
ments >500 m and longer than 3 km were ex-
ported. Smaller faults geometrically close and 
belonging to the same set were merged (e.g., 
faults bounding the Mount Cervi–Rocca di 
Sciara–Sclafani Bagni structure), in order to 

reduce the complexity of the model and its 
simulation time.

Stratigraphic horizons and faults were in-
terpreted individually by Move software (e.g., 
Tanner et al., 2003) and simultaneously by the 
Skua software (Jayr et al., 2008). Skua technol-
ogy is based upon the definition of stratigraphic 
horizons as values of a parametric function on 
a tetrahedral support (e.g., Frank et al., 2007). 
A chronostratigraphic scale was built using the 
selected horizons to guarantee that no horizon 
crossing occurred. The software offers the pos-
sibility to choose different types of geological 
boundary: conformable, unconformable, base-
lap, and erosive. Stratigraphic horizon tops for 
the Imerese unit were selected as conformable, 
whereas boundaries between the wedge-top ho-
rizon tops were selected as unconformable. A 
volume of interest (VOI = 26 × 38 × 8 km), which 
indicates the amount of three-dimensional space 
occupied by faults and horizons, was defined to 
include the interpreted structures. The first step 
in the 3-D model construction resulted in a fault 
network that interpolates the fault points and de-
fines the branching relations of the various sets 
of faults. Once the VOI is split into fault blocks 
bounded by the interpreted faults, the horizons 
are constructed for each stratigraphic sequence. 
Horizons are defined as isovalues of a spatial 
varying function representing the stratigraphic 
time in the faulted blocks. As a consequence, 
horizon-fault definitions are consistent, and 
geometrical cuts on faults are clean. Building a 
watertight model is also a good test on the qual-
ity of the data. Whenever some data points are 
incorrectly interpreted, for example, if they are 
assigned to the wrong side of a fault, the result-
ing time function becomes geologically incor-
rect. Thus, consistently interpreting and build-
ing a watertight model represent the first step in 
the quality control of the resulting model.

RESULTS

Organic Matter Optical Analysis

Deformed Pre-Orogenic Substratum
Samples from the Mufara, Crisanti, and Nu-

midian Flysch Formations provided suitable 
results for the organic matter optical analysis 
(Fig.  5). No significant variations in levels of 
thermal maturity and trend were recognized in 
the Mount Cervi–Rocca di Sciara–Sclafani Ba-
gni structure. The Mufara Formation contains 
small maceral fragments (10–20 µm) that belong 
to the huminite-vitrinite and inertinite groups. 
Ro% values ranging between 0.82% and 0.94% 
(sites 28–24, Table 1) indicate middle-late ma-
ture stages of hydrocarbon generation. Organic 
matter in the Crisanti Formation is abundant 

and mainly made up of maceral fragments be-
longing to the huminite-vitrinite and inertinite 
groups. Ro% values of 0.68% and 0.74% (sites 
22 and 23, Table 1) indicate early-middle ma-
ture stages of hydrocarbon generation. Organic 
matter in the Numidian Flysch is mainly made 
up of macerals that belong to the huminite-vi-
trinite and subordinately the inertinite groups. 
Vitrinite fragments, 30–60 µm in size, are typi-
cally fractured. Pyrite, either finely dispersed or 
in small globular aggregates, is locally present. 
Ro% values ranging between 0.40% and 0.57% 
indicate immature to early mature stages for hy-
drocarbon generation. In conclusion, the succes-
sion shows an increase in levels of thermal ma-
turity as a function of stratigraphic age (Fig. 4).

Scillato Wedge-Top Basin
Organic matter dispersed in the Castellana 

Sicula and Terravecchia Formations is het-
erogeneous and mainly composed of macer-
als belonging to the huminite-vitrinite and 
subordinately to the inertinite groups. Pyrite, 
either finely dispersed or in small globular 
aggregates, is locally present, associated with 
both groups of macerals. The Castellana Sicula 
Formation (site 11, Table 1) has an Ro% value 
of 0.45%. The Terravecchia 1 member shows 
Ro% values of 0.38%–0.39% (sites 09–10, Ta-
ble 1), and the Terravecchia 2–3 member dis-
plays Ro% values ranging between 0.42% and 
0.47% (sites 04–08, Table 1). The Terravecchia 
1b member has macerals with Ro% values be-
tween 0.33% and 0.47% (sites 01–03, Table 1). 
In particular, two samples (PA10 and PM22 in 
Fig. 4) show two separate clusters of Ro% val-
ues indicating both indigenous (0.33%–0.42%) 
and reworked (0.49%–0.55%) populations of 
vitrinite fragments.

The Castellana Sicula Formation and the 
Terravecchia 1 member are characterized by a 
thermal maturity increase as a function of strati-
graphic age. On the contrary, the Terravecchia 
2–3 and Terravecchia 1b are characterized by a 
reverse trend, showing an increase in Ro% val-
ues moving upward in the succession (Fig. 4), 
interpreted as due to reworked organic frag-
ments. Generally, the entire succession experi-
enced the immature stage of hydrocarbon gen-
eration (Fig. 5).

X-Ray Diffraction Analysis on  
Fine-Grained Sediments

Deformed Pre-Orogenic Substratum of  
the Scillato Wedge-Top Basin

XRD analysis of the Numidian Flysch and 
the Imerese succession is listed in Table 1. Clay 
mineral assemblages for the Mufara Formation 
(sites 24–28, Table 1) are mainly constituted by 
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illite ranging from 25% to 44%, mixed-layer 
I-S (16%–37%), and chlorite (up to 36%). In 
the basal portion of the Mufara Formation (sites 
26–28, Table  1), mixed-layer chlorite-smectite 
(13%–36%) and kaolinite (3%–11%) occur. 
The Crisanti Formation is characterized by il-
lite (65%–76%), mixed-layer I-S (12%–33%), 
and subordinate amounts of chlorite. Kaolinite 
occasionally occurs in sample PA39 (site 23, Ta-
ble 1). The Caltavuturo Formation (sites 18–19, 
Table 1) contains illite (20%–47%), mixed-layer 
I-S (13%–19%), chlorite-smectite (21%–32%), 
and chlorite (19%–29%). The Numidian Flysch 
(sites 13–17, Table 1) is mainly constituted by 
a kaolinite-rich assemblage with contents be-
tween 13% and 83% and subordinate amounts 
of illite (from 7% to 37%), mixed-layer I-S 
(6%–23%), and chlorite (up to 28%). XRD pat-
terns of the Numidian Flysch and the Mufara 
Formation display the first-order superstructure 
reflection of rectorite (sites 15, 16, 25, and 28).

Random-ordered I-S (R0) with high expand-
ability (50% of illite layers, which characterize 
the upper portion of the Numidian Flysch) con-
verts into short-range ordered structures (R1) 
with an illite content of 55%–78% in the lower 

portion of the Numidian Flysch and Caltavuturo 
Formations (sites 12–19, Table 1) and evolves 
to long-range ordered structures (R3) in the 
Crisanti and Mufara Formations (sites 20–28, 
Table 1) with an illite content of 83%–86%. The 
Numidian Flysch and the Caltavuturo Forma-
tion experienced levels of thermal maturity con-
sistent with early diagenetic conditions, whereas 
the Crisanti and Mufara Formations underwent 
deeper burial in late diagenesis (Merriman and 
Frey, 1999; Aldega et al., 2007).

Scillato Wedge-Top Basin
XRD analyses of the <2 µm grain-size frac-

tion for the Terravecchia and Castellana Sicula 
Formations are shown in Table 1. The Castellana 
Sicula Formation (site 11, Table  1) is mainly 
constituted by mixed-layer illite-smectite (35%) 
and kaolinite (39%) and subordinate amounts 
of illite (24%). Chlorite does not exceed 2%. 
Mixed-layer I-S is composed of randomly or-
dered structures with an illite content of 50% 
(Fig. 5).

Terravecchia 1 member (sites 09–10, Table 1) 
is composed of kaolinite (36% mean value), 
illite (31% mean value), mixed-layer illite-

smectite (23% mean value), and chlorite (10% 
mean value). Similar mineralogical assem-
blages and contents were observed in the Ter-
ravecchia 2–3 member (sites 04–08, Table  1), 
which is constituted by kaolinite (33%–37%), 
illite (25%–30%), mixed-layer illite-smectite 
(19%–24%), and chlorite (14%–18%). In the 
Terravecchia 1b member (sites 01–03, Table 1), 
kaolinite is the most abundant clay mineral, with 
contents up to 43%, followed by illite (24%–
31%), mixed-layer illite-smectite (18%–24%), 
and chlorite (10%–12%).

Two populations of mixed-layer I-S with 
different compositions and stacking orders 
have been recorded in the Terravecchia Forma-
tion and have been interpreted as a mixture of 
diagenetic and inherited phases. I-S with no 
preferred sequence in stacking of layers (R0) 
shows a slight increase of illite content as a 
function of stratigraphic age from 40% to 50%, 
indicating burial diagenesis (Fig.  5), whereas 
short-range ordered I-S (R1) with illite contents 
of 70%–80% shows no correlation with depth 
and has been interpreted as an inherited phase. 
Both in the Terravecchia 2–3 and in the Ter-
ravecchia 1b members, XRD patterns show the 

TABLE 1. ORGANIC MATTER MATURITY AND X-RAY DIFFRACTION DATA FOR THE SCILLATO WEDGE-TOP BASIN AND ITS PRE-OROGENIC SUBSTRATUM

Site Sample Latitude
(°N)

Longitude
(°E)

Formation Age Ro%
(±s.d.)

X-ray analysis
(<2 mm)

%I in I-S and 
stacking order

%C in 
C-S

01 PM22 37°53′12.78″ 13°53′34.20″ Terravecchia 1b Up. Tortonian–Low. Messinian 0.33 ± 0.04 I26 I-S24 K40 Chl10* R0 40 + R1 78
02 PM23 37°52′56.28″ 13°53′16.55″ Terravecchia 1b Up. Tortonian–Low. Messinian 0.42 ± 0.04 I31 I-S18 K40 Chl11* R0 42 + R1 78
03 PM28 37°52′37.18″ 13°52′58.36″ Terravecchia 1b Up. Tortonian–Low. Messinian 0.47 ± 0.05 I24 I-S21 K43Chl12* R0 42 + R1 78
04 PM29 37°53′4.24″ 13°52′11.28″ Terravecchia 2-3 Up. Tortonian–Low. Messinian 0.46 ± 0.03 I28 I-S21 K36 Chl15* R0 42 + R1 78
05 PM25 37°51′58.04″ 13°52′33.68″ Terravecchia 2-3 Up. Tortonian–Low. Messinian 0.44 ± 0.02 I29 I-S22 K35 Chl14* R0 42 + R1 78
06 PM14 37°53′13.90″ 13°51′43.15″ Terravecchia 2-3 Up. Tortonian–Low. Messinian 0.47 ± 0.03 I30 I-S19 K33 Chl18* R0 40 + R1 78
07 PA10 37°51′35.30″ 13°52′23.52″ Terravecchia 2-3 Up. Tortonian–Low. Messinian 0.42 ± 0.06 I25 I-S24 K37 Chl14* R0 50 + R1 80
08 PM18-

19
37°51′44.71″ 13°53′25.29″ Terravecchia 2-3 Up. Tortonian–Low. Messinian 0.42 ± 0.03 I26 I-S22 K36 Chl16 R0 45 + R1 70

09 PA08 37°50′56.37″ 13°52′42.47″ Terravecchia 1 Up. Tortonian–Low. Messinian 0.38 ± 0.05 I28 I-S24K34Chl14 R0 50 + R1 80
10 MF5 37°50′58.33″ 13°52′34.42″ Terravecchia 1 Up. Tortonian–Low. Messinian 0.39 ± 0.06 I34 I-S22K38Chl6 R0 50 + R1 80
11 MF6 37°50′44.98″ 13°53′14.10″ Castellana Sicula Up. Serravallian–Low. Tortonian 0.45 ± 0.03 I24 I-S35 K39 Chl2 R0 50
12 PA44 37°49′50.00″ 13°51′49.20″ Numidian Flysch Up. Oligocene–Low. Miocene 0.46 ± 0.05
13 PA60 37°48′53.8′′ 13°55′36.8′′ Numidian Flysch Up. Oligocene–Low. Miocene 0.40 ± 0.07 I9 I-S14 K73 Chl4 R0 50 + R1 78
14 PA43 37°48′44.40″ 13°51′10.80″ Numidian Flysch Up. Oligocene–Low. Miocene I7 I-S10 K83 R1 55
15 PM35 37°50′22.40″ 13°54′34.50″ Numidian Flysch Up. Oligocene–Low. Miocene 0.57 ± 0.07 I24 I-S23 K52 Chl1* R1 70
16 PM34 37°50′3.51″ 13°53′50.35″ Numidian Flysch Up. Oligocene–Low. Miocene 0.54 ± 0.04 I37 I-S22 K13 Chl28* R1 76
17 MF4 37°49′52.81″ 13°53′36.23″ Numidian Flysch Up. Oligocene–Low. Miocene 0.57 ± 0.04 I16 I-S6 K70 Chl8 R1 72
18 PA45 37°49′37.70″ 13°53′36.23″ Caltavuturo Up. Paleocene–Low. Oligocene I47 I-S13 C-S 21 Chl19 R1 78 80
19 PA41 37°49′4.40″ 13°51′19.70″ Caltavuturo Up. Paleocene–Low. Oligocene I20 I-S19 C-S 32 Chl29 R1 78 80
20 PA46 37°51′36.70″ 13°54′50.60″ Crisanti Up. Toarcian–Albian I72 I-S12 Chl16 R3 83
21 PA40 37°49′13.80″ 13°51′23.90″ Crisanti Up. Toarcian–Albian I69 I-S23 Chl8 R3 83
22 PA47 37°51′38.20″ 13°54′52.20″ Crisanti Up. Toarcian–Albian 0.74 ± 0.08 I65 I-S33 Chl2 R3 85
23 PA39 37°49′22.90″ 13°51′23.30″ Crisanti Up. Toarcian–Albian 0.68 ± 0.08 I76 I-S16 K7 Chl1 R3 86
24 PM1 37°54′19.59″ 13°50′39.61″ Mufara Middle–Upper Carnian 0.83 ± 0.05 I38 I-S26 Chl36 R3 86
25 PM2 37°54′23.67″ 13°51′10.38″ Mufara Middle–Upper Carnian 0.82 ± 0.05 I40 I-S28 Chl32* R3 84
26 PM6 37°54′37.82″ 13°50′19.79″ Mufara Middle–Upper Carnian 0.92 ± 0.04 I44 I-S37 C-S 13 K3 Chl3 R3 84 60
27 PM7 37°54′34.72″ 13°49′59.63″ Mufara Middle–Upper Carnian 0.83 ± 0.05 I30 I-S16 C-S 19 K11Chl24 R3 83 80
28 PM5 37°54′43.68″ 13°50′30.19″ Mufara Middle–Upper Carnian 0.94 ± 0.05 I25 I-S16 C-S 36 K10 Chl13* R3 84 80

Note: Ro%—vitrinite refl ectance; s.d.—standard deviation; I—illite; I-S—mixed-layer illite-smectite; C-S—mixed-layer chlorite-smectite; K—kaolinite; Chl—chlorite; R 
parameter—mixed-layer illite-smectite stacking order; %I in I-S—illite content in mixed-layer illite-smectite; %C in C-S—chlorite content in mixed-layer chlorite-smectite; 
Up.—Upper; Low.—Lower. Subscript numbers correspond to mineral weight percentage.

*Rectorite.
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first-order superstructure reflection (d-spacing: 
~2.7 nm) that corresponds to mixed-layer clay 
minerals with alternating layer types of illite 
and smectite (rectorite).

3-D Geological Modeling

Reconstructed geological cross sections 
(Fig. 1C) were oriented both NE-SW (perpen-
dicular to main thrust direction) and NW-SE 
(perpendicular to the high-angle transpressive 
fault direction) in order to build the 3-D model 
extrapolating thrusts and high-angle faults both 
laterally and at depth. The main constraint for 
depth came from the seismic reflection profile 
of the SI.RI.PRO (Sismica a Riflessione Pro-
fonda) project (Fig. 2). According to the seismic 
profile interpretation (Catalano et al., 2013), the 
Imerese unit reaches depths of 5–6 km. Thrust 
geometry and their lateral connections were re-
constructed using field data and geological maps 
(Broquet, 1968; Mascle, 1979; Catalano et al., 
2011; Gugliotta and Gasparo Morticelli, 2012; 
Barreca and Monaco, 2013). NE-dipping thrust 
sheets characterizing the Mount Cervi–Rocca di 
Sciara–Sclafani Bagni and the Mount San Calo-
gero structures were exhumed and emergent due 
to the high-angle transpressive faults activity.

Between these structures and toward the SW, 
folds are observed showing the same orientation 
as the emerging thrusts (NW-SE) affecting the 
Numidian Flysch. Blind thrusts were interpreted 
and reconstructed at the base of these folds. 
Conversely, the thrust fault affecting the Lercara 
unit shows a different orientation (WNW-ESE).

Based on reconstructed cross sections, the 
geological model for the study area was first 
built using the Move software, which allowed 
us to obtain a 2.5-dimensional model (Fig. 6A), 
and then using Skua-Gocad software, which 
allowed us to reconstruct the 3-D geometry 
(Figs.  6B and 6C). The Move model allows 
two main fault sets with clear intersection re-
lationships to be detected: (1) NW-SE–striking 
thrusts with southwestward tectonic transport 
(blue faults in Fig. 6A), and (2) NE-SW high-
angle transpressive faults (red faults in Fig. 6A). 
The 3-D representation creates a geometrically 
consistent model, where seven major high-angle 
faults displace four main thrusts (Fig. 6B).

In general, NE-dipping thrusts (labeled N1, 
N3, and N4 in Fig.  6B) deform the Imerese 
succession and the Numidian Flysch, creating 
hanging-wall ramp open anticlines. The NNE-
dipping thrust (N2 in Fig. 6B) branches against 
the N1 thrust and involves the Lercara unit. 
Thrust dip angles vary from almost zero along 
the basal detachment level (Mufara Formation) 
up to ~40° close to N1 thrust emergence (SW 
edge of Mount Cervi). These faults describe 

an imbricate thrust system (Boyer and Elliott, 
1982). Reconstructed thrust displacement and 
dip angles increase toward the NE. In the south-
western sector, deformation is accommodated 
by major folds, and the Scillato wedge-top basin 
depocenter is located within the synform gener-
ated between the N1 and N3 thrusts (Fig. 6B).

High-angle faults (red faults in Fig. 6B) strik-
ing NE-SW are almost vertical and cut the pile 
of thin-skinned thrusts, involving deeper crustal 
levels. Fault displacement increases toward the 
NE across the Mount San Calogero and along 
the Mount Cervi–Rocca di Sciara–Sclafani 
Bagni structures, as shown in the official geo-
logical map of the area (Catalano et al., 2011). 
In the northeastern portion of the study area, 
the interaction between thrusts and high-angle 
faults generates a non-coaxial fold system (axes 
show two preferential distributions, NW-SE 
and NE-SW), which is recognized in the gentle 
dome of the Mount Cervi structure (Barreca and 
Monaco, 2013). The second fault set generates 
a main depocenter located between the Mount 
Cervi–Rocca di Sciara–Sclafani Bagni and the 
Mount San Calogero structures. The 3-D model 
in Figure  6C shows the geometry of the Scil-
lato wedge-top basin, characterized by: (1) de-
pocenter migration toward the north through 
time, recorded by the decreasing dip angles 
of the evolving Terravecchia Formation, from 
~40° (Terravecchia 1 member) to ~10° (Ter-
ravecchia 1b member), and (2) a NNE-SSW–
elongated synform.

DISCUSSION

Thermal Maturity of the Scillato Wedge-
Top Basin and its Pre-Orogenic Substratum

Burial and thermal modeling of the Scillato 
wedge-top basin and its deformed substratum 
was carried out using Basin Mod (1996) 2-D 
software, calibrated against the indigenous 
population of vitrinite reflectance data and au-
thigenic mixed-layer I-S. For this reason, we 
considered: a Ro% value of 0.45% and I% in 
mixed-layer I-S of 50% (site 11, Table 1) for the 
Castellana Sicula Formation; Ro% values rang-
ing between 0.38 and 0.42 (sites 07–10, Table 1) 
and I% in I-S ranging between 40% and 50% 
(sites 04–10, Table 1) for the Terravecchia 1 and 
2–3 members; and a Ro% value of 0.33% (site 
01 in Table 1) and I% in I-S ranging between 
40% and 42% (sites 01–03, Table 1) for the Ter-
ravecchia 1b member.

The main assumptions for modeling in-
cluded the following: (1) the rock decompac-
tion factors applied only to clastic deposits, 
according to the method of Sclater and Christie 
(1980); (2) sea-level changes were neglected, 

Figure  6. (A) Geological model recon-
structed using Move software and con-
strained by original geological cross sections 
(for location, see Fig.  1C). Blue surfaces 
indicate thrusts related to the first tectonic 
event; red surfaces indicate high-angle 
transpressive faults related to the second 
tectonic event. Horizons representing tops 
of different formations are shown along 
the cross sections. (B) Three-dimensional 
(3-D) geological model extracted by Skua-
Gocad software. The model to the left shows 
fault surfaces, where blue surfaces indicate 
thrusts, namely, N1, N2, N3, and N4, and 
red surfaces indicate high-angle transpres-
sive faults. In the model to the right, hori-
zons representing tops of formations and 
the locations of the Scillato wedge-top basin, 
Mount San Calogero and Cervi, preserved 
from erosion, are shown. (C) Detailed 3-D 
geological model for the Scillato wedge-top 
basin. Surfaces for the Castellana Sicula 
Formation and the Terravecchia members 
are reconstructed above the deformed sub-
stratum made up of the Sicilide Complex 
and Numidian Flysch.

as thermal evolution is mainly affected by 
sediment thickness rather than by water depth 
(Butler, 1992); (3) thermal modeling was per-
formed using the Lawrence Livermore Na-
tional Laboratories (LLNL) Easy %Ro method 
based on Burnham and Sweeney (1989) and 
Sweeney and Burnham (1990); (4) thrusting 
was considered instantaneous when compared 
with the duration of sedimentation, as gener-
ally suggested by theoretical models (Endig-
noux and Wolf, 1990); (5) present-day heat 
flow of 60–70 mW m–2 was extracted from 
borehole data sets and available maps (Geo-
Thopica [Banca Dati Nazionale Geotermica, 
Consiglio Nazionale delle Ricerche, http://
geothopica.igg.cnr.it/]; Granath and Casero, 
2004), whereas paleo–heat flow values were 
evaluated using the correlation between vitrin-
ite reflectance and mixed-layer I-S data based 
on the kinetic model of vitrinite maturation of 
Burnham and Sweeney (1989) and the kinetics 
of the I-S reaction determined by Hillier et al. 
(1995); and (6) thickness, lithology, and age of 
sediments were obtained from geological maps 
(Broquet, 1968; Catalano et al., 2011).

Burial history reconstructed for the Scillato 
wedge-top basin (Fig. 7A) began during the late 
Serravallian with deposition of the Castellana 
Sicula marls (50 m), followed by the 1200-m-
thick sequence of conglomerates, sandstones, 
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and claystones of the Terravecchia Formation 
during the Tortonian. A regional unconformity 
between the Castellana Sicula and Terravecchia 
Formations (Figs. 7B and C) marks a first epi-
sode of subaerial exposure. From the Messinian 
until the early Pliocene, deposition of gypsum-
arenites, calcarenites, and marls pertaining to 
the Gessoso-Solfifero Group and Trubi Forma-
tion occurred, with a minimum thickness of 
800 m (Fig. 7). A comparable thickness of Mes-
sinian–Lower Pliocene deposits (~550 m) is ex-
posed in the Ciminna wedge-top basin, located 
at ~20 km west of the Scillato wedge-top basin 
(see Fig. 1C; Gugliotta et al., 2014).

Thermal modeling shows a maximum sedi-
mentary burial of ~2  km for the base of the 
Castellana Sicula Formation during Messin-
ian–early Pliocene time and related maximum 
temperature of 78  °C (Fig.  7A). Exhumation 
started during the late Pliocene after the end of 
the Trubi Formation deposition, and erosion re-
moved ~0.8 km of sediments (Fig. 7).

The reconstructed evolution for the Imerese 
unit began during the Middle Triassic with the 
deposition of claystones, sandstones, and lime-
stones of the Mufara Formation and continued 
until the earliest Oligocene with the deposition 
of limestones, dolostones, calcilutites, and marls 
of the Scillato, Fanusi, Crisanti, and Caltavuturo 
Formations (Fig. 8A). During the Oligocene, a 
depositional hiatus occurred, associated with the 
end of carbonate sedimentation and the onset of 
the Numidian Flysch deposition. Modeled sedi-
mentary thickness for the Numidian Flysch is 
~1.3 km. During the Serravallian, the Imerese 
unit and Numidian Flysch were incorporated 
into the advancing orogenic wedge (Gugliotta 
et al., 2014) and stacked up into thrust sheets 
buried by ~0.8 km of more internal units (made 
up of part of the Numidian Flysch and Sicilide 
units). At that time, the base of the Imerese 
unit along the Mount Cervi–Rocca di Sciara–
Sclafani Bagni structure experienced maximum 
burial to a depth of ~3.5  km with maximum 
temperatures of ~150 °C (Fig. 8). From the lat-
est Tortonian, exhumation of the Imerese unit 
occurred (Fig.  8), driven by activity of high-
angle faults (Event II in Fig. 3). U-Th/He dating 
on apatite crystals was tentatively performed on 
samples from the Mufara and Numidian Flysch 
Formations in order to obtain quantitative con-
straints for the exhumation age of the Imerese 
unit. Unfortunately, very few (three crystals for 
the Numidian Flysch and one for the Mufara 
Formation) and highly broken apatite crystals 
(<60 µm of diameters) were separated. Only 
two apatite grains from the Numidian Flysch 
(site 15, Fig.  3) provided reliable results, in-
dicating different ages for their closure tem-
perature: 113.94 ± 2.7 Ma and 5.13 ± 0.22 Ma  

(M. Zattin, 2017, personal commun.). The older 
age clearly indicates an inherited apatite grain, 
as it is older than the Numidian Flysch strati-
graphic age, whereas the Pliocene age could re-
fer to the exhumation phase of the Imerese unit, 
and this indication was taken into account in 
the performed models. Nevertheless, the small 
number of crystals and the wide age interval 
did not allow a statistical analysis of the results 
(Reiners and Ehlers, 2005).

Evolutionary Scenarios for  
the Lercara Unit

A different tectonic evolutionary scenario is 
proposed for the Lercara unit, because its origin 
and emplacement mechanism are still a mat-
ter of debate. In the Mount Rasolocollo–Cerda 
area, the Mufara Formation is surrounded by the 
Numidian Flysch and the Sicilide Complex with 
a contact of uncertain nature. For the Mufara 
Formation, Ro% values ranging from 0.82% to 
0.94% and R3 I-S with an illite content of 83%–
86% indicate levels of thermal maturity consis-
tent with the late mature stage of hydrocarbon 
generation. The Numidian Flysch in surround-
ing areas shows random-ordered (R0) and/or 
short-range ordered I-S (R1) and Ro% values 
ranging from 0.40% to 0.57%, indicating lower 
levels of thermal maturity, in the immature to 
early mature stages of hydrocarbon generation. 
Thus, a gap in levels of thermal maturity is ob-
served between the two formations.

Three evolutionary scenarios may be consis-
tent with this present-day configuration. Never-
theless, geological features, and mineralogical 
and paleothermal data allow us to discriminate 
the most likely among them. Such scenarios 
differ in amount of burial, timing, and mode of 
structural thickening and exhumation.

In the first model (Fig.  9), the Lercara unit 
represents an extensional structural high de-
veloped in earliest Jurassic time and inherited 
during chain building. In this scenario, after 
the sedimentation of the Mufara Formation 
(1.4 km), only a few meters of sediments of the 
Imerese succession were deposited on it until the 
early Oligocene (Fig. 9A). During Oligocene– 
Langhian times, in front of the orogenic wedge, 
a foredeep developed on top of this structure, 
and an ~1.3-km-thick succession of the Nu-
midian Flysch was deposited. Shallow-seated 
thrusts developed after the Serravallian, as a 
consequence of the advancing orogenic wedge, 
leading to tectonic thickening of the foredeep 
deposits and the emplacement of the Sicilide 
Complex onto the Numidian Flysch (Fig. 9A). 
Subsequently, the Castellana Sicula Formation 
was deposited (~0.2 km) onto the deformed sub-
stratum in a wedge-top setting until the end of the 

Serravallian. At that time, the Mufara Formation 
experienced its maximum burial to 4.2 km, in 
agreement with thermal modeling constrained 
by paleothermal data (Fig.  9B). In the latest 
Tortonian, the onset of the activity of high-angle 
transpressive faults (Event II) uplifted the area, 
leading to the erosion of 3.2 km of the Tertiary 
to Triassic units (Fig. 9B). This process led to 
the exhumation of the Mufara Formation, where 
the Numidian Flysch currently lies stratigraphi-
cally on top of the structural high and locally 
on the footwall of transpressive faults (Fig. 9A).

This scenario is consistent with 3.2 km of ex-
humation of the Lercara high (located NW of 
Scillato wedge-top basin), whereas only 1.8 km 
of exhumation occurred for the Mount Cervi–
Rocca di Sciara–Sclafani Bagni high (located 
SE of Scillato wedge-top basin; Fig. 8). These 
amounts of exhumation are not supported by 
paleocurrent directions reconstructed for the 
Scillato wedge-top basin, which indicate a main 
source area for the wedge-top sediments located 
to the east and southeast (Gugliotta and Gasparo 
Morticelli, 2012; Gugliotta et al., 2013), where 
low exhumation amounts have been calculated.

In the second model (Fig. 10), the Lercara unit 
experienced continuous deposition of pelagic fa-
cies deposits of the Imerese succession (~2 km) 
in a passive-margin setting until Langhian time, 
and of Numidian Flysch in foredeep facies. After 
the Serravallian, the advancing orogenic wedge 
induced the development of shallow-seated 
thrusts, which led to the emplacement of thin 
thrust sheets made up of the Sicilide Complex 
(~0.3 km) onto the Numidian Flysch (Figs. 10A 
and 10B). The Castellana Sicula Formation was 
deposited (~0.2 km) in a wedge-top setting onto 
this deformed substratum. From latest Torto-
nian time, high-angle transpressive fault activity 
drove the exhumation of the Mufara Formation, 
resulting in 2.65 km of erosion (Fig. 10B) and 
the present-day configuration where Triassic de-
posits tectonically overlie the younger Numid-
ian Flysch succession (Fig. 10A). Also, in this 
scenario, mean paleocurrent directions do not 
support the exhumation amounts depicted in the 
previous scenario.

In the third scenario (Fig.  11), the Lercara 
unit experienced two different phases of ex-
humation. Continuous sedimentation of the 
Imerese succession occurred until the early Eo-
cene in a passive-margin setting, and the Mu-
fara Formation experienced maximum burial 
of ~2.35 km at that time (Fig. 11A). During the 
Oligocene, an early orogenic low-angle normal 
fault removed 1.35 km of the Triassic–Eocene 
succession, inducing isostatic footwall rebound 
responsible for the exhumation of the Mufara 
Formation (Figs. 11A and 11B). Subsequently, 
the Numidian Flysch was deposited both on the 
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hanging-wall and footwall blocks with chang-
ing thickness. In the hanging wall, where the 
Numidian Flysch is thicker, it was locally fed 
by the erosion of the Mufara Formation. During 
the Serravallian, the Sicilide Complex (0.3 km 
thick) was thrust over the Numidian Flysch, fol-
lowed by deposition of the Castellana Sicula 
Formation (0.1  km), burying the Mufara For-
mation to a depth of 2.2 km (Fig. 11B). Begin-
ning in the latest Tortonian, final exhumation 
occurred, driven by high-angle transpressive 
faults (Event II), resulting in 1.2 km of erosion 
(Figs. 11A and 11B).

This scenario is consistent with the distribu-
tion of paleocurrent directions and XRD analy-
ses of the <2 µm grain-size fraction of sedi-
ments. In detail, the mineralogical assemblage 
of the substratum units highlights the occurrence 
of rectorite both in the Mufara Formation and in 
the Numidian Flysch (Table 1), suggesting that 
the Mufara Formation was exhumed in the Oli-
gocene, partially feeding the Numidian Flysch.

Source-to-Sink System: Insights into  
the Kinematic Evolution of the Belt

Paleothermal indicators, coupled with sedi-
mentological and structural data (Gugliotta 
and Gasparo Morticelli, 2012; Gugliotta et al., 
2013), allow us to describe the evolution of a 
source (deformed substratum) to sink (wedge-
top) system for the Scillato Basin, identifying 
two main source areas feeding the wedge-top 
basin since Serravallian time.

The basal part of the wedge-top basin suc-
cession (Castellana Sicula Formation and Ter-
ravecchia 1 member) shows depocenter migra-
tion toward the NW (Event I), coherent with 
the main thrust transport direction to the SW 
and subsequent deformation as a result of ac-
tivity of the NE-SW–directed transpressive 
faults during Event II (Figs. 6B and 6C). The 
latter event generated an approximately NE-
SW–trending asymmetric synform where the 
top of the succession (Terravecchia 2–3 and 

1b members, late Tortonian) is accommodated 
(Fig. 6C).

The Terravecchia 1 member contains pebbles 
mainly made up of igneous and metamorphic 
rocks, indicating a continental source area for 
sediments filling the basin. According to pa-
leocurrent reconstruction, the source area was 
located to the NW of the Scillato basin, and 
pebbles belong to the European domain, most 
likely Sardinia and Kabilo-Calabride crystalline 
basement (Gugliotta and Gasparo Morticelli, 
2012; Gugliotta et al., 2013). The sandy-shaly 
portion of the Terravecchia 1 member contains 
indigenous fragments of organic matter and two 
populations of mixed-layer phases. The popula-
tion with low expandable mixed-layer I-S (R1 
80%) represents the inherited fraction of sedi-
ments probably coming from the dismantling of 
the Numidian Flysch that was exhumed during 
Serravallian–Tortonian times in more internal 
areas, originally located to the NW (Di Paolo et 
al., 2014).
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A different source area fed the late Tortonian 
deposits of the Terravecchia 2–3 and 1b mem-
bers. They contain high amounts of reworked 
organic and inorganic material. The inorganic 
fraction of sediments displays minerals com-
ing from the Scillato Basin margins, such as 
mixed-layer I-S with high illite content (R1 
70%–80%) and rectorite, which represent the 
detrital minerals filling the basin during the late 
Tortonian. Such a mineralogical assemblage has 
been detected in the Numidian Flysch succes-
sion exposed to the SE of the Scillato wedge-top 
basin along the Mount Cervi–Rocca di Sciara–
Sclafani Bagni structure that has been exhuming 
since the late Tortonian (Fig. 8). Reworked vi-
trinite macerals also show Ro% values between 
0.42% and 0.55%, similar to those measured 
for the Numidian Flysch (0.40%–0.57%) from 
surrounding areas, strengthening this hypoth-
esis. In addition, paleocurrent analysis identi-
fied a source area for sediments during the lat-
est Tortonian located to the SE of the Scillato 

wedge-top basin, corresponding to the Mount 
Cervi–Rocca di Sciara–Sclafani Bagni structure 
(Gugliotta and Gasparo Morticelli, 2012) and 
consistent with the detrital mineral supply iden-
tified by XRD analysis.

Coupling paleothermal and mineralogical 
data with 1-D thermal and 3-D geological mod-
eling of both the Scillato wedge-top basin and 
its substratum, a new kinematic evolutionary 
scenario for this part of the Sicilian fold-and-
thrust belt can be proposed (Fig. 12). From the 
Triassic to the early Eocene, passive-margin 
conditions led to the deposition of the Imerese 
succession. Jurassic normal faults probably gen-
erated horst and graben structures (Fig. 12A). In 
the Oligocene, early orogenic low-angle exten-
sional faults developed in the foreland region, 
detaching the Triassic–Eocene section of the 
Imerese succession from the Mufara Formation 
(Fig.  12B). Isostatic footwall rebound led the 
Mufara Formation to be exhumed, partially pro-
viding clasts and detrital minerals to the Numid-
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Figure 12. Tectonic evolutionary model for the Sicilian fold-and-thrust belt (not to scale). 
(A) Passive-margin setting during the late Eocene. (B) Low-angle extensional tectonics 
generating exhumation of the Upper Triassic Mufara Formation, which fed the Numid-
ian Flysch during the Oligocene. (C) Thin-skinned thrust tectonics affecting the Imerese 
unit and onset of wedge-top basin sedimentation in late Serravallian–Tortonian times. 
(D) High-angle transpressive faults driving exhumation of the Imerese unit and control-
ling wedge-top basin deposition during the latest Tortonian. Dotted lines indicate inactive 
faults. CRSSB structure—Mount Cervi–Rocca di Sciara–Sclafani Bagni structure.

ian Flysch deposited in the hanging-wall block. 
As a result, the hanging-wall block corresponds 
to the Mount Cervi–Rocca di Sciara–Sclafani 
Bagni structure where the Numidian Flysch 
is 1.8 km thick, and the footwall block corre-
sponds to the Lercara unit where the Numidian 
Flysch is 0.4 km thick.

We interpret such low-angle normal faulting 
in the Sicilian fold-and-thrust belt as a result of 
early orogenic extension occurring during the 
Oligocene in the foreland region and anticipat-
ing the onset of contractional deformation. At 
that time, in more internal areas to the NW, the 
Peloritani Mountains were already involved in 
the tectonic wedge, recording a first phase of ex-
humation (Thomson, 1994; Aldega et al., 2011; 
Di Paolo et al., 2014).

Early orogenic normal faulting in the Cen-
tral and Northern Apennines has been in-
terpreted by several authors as the response 
to flexural bending of the lithosphere (e.g., 
peripheral bulge; Bradley and Kidd; 1991; 
Doglioni, 1995; Tavani et al., 2015, and refer-
ence therein) and has been highlighted by field 
evidence and imaged in seismic cross sections 
(Tavarnelli and Peacock, 1999; Scisciani et 
al., 2002; Mirabella et al., 2004; De Paola et 
al., 2006; Carminati et al., 2014). These faults 
differ from similar extensional structures that 
triggered exhumation in the adjacent Southern 
Apennines part of the same orogen (Corrado et 
al., 2005; Mazzoli et al., 2006, 2008) and also 
controlled the development of early wedge-
top basins (Vitale et al., 2011; Ciarcia et al., 
2012; Corrado et al., 2019). In fact, these latter 
faults were induced at shallow crustal levels by 
gravitational readjustment within the tectonic 
wedge associated with thick-skinned shorten-
ing at depth during orogen building (e.g., Maz-
zoli et al., 2008).

Beginning in Serravallian time, the advanc-
ing orogenic wedge generated shallow-seated 
thrusts that brought the Sicilide Complex 
to thrust over the Numidian Flysch and de-
formed the Imerese substratum succession 
(Figs.  6B and 12C). At that time, sediment 
fluxes moved parallel to the main thrust direc-
tion (NW-SE), indicating a main source area 
for sediments located to the NW of the Scil-
lato Basin. As a result, the Castellana Sicula 
Formation and Terravecchia 1 member were 
deposited in a wedge-top setting. Since latest 
Tortonian time, high-angle transpressive faults 
have cut the shallow-seated thrusts (Fig. 6B), 
leading to the differential exhumation of the 
Imerese unit along the Mount Cervi–Rocca di 
Sciara–Sclafani Bagni structure (Fig. 8A) and 
the Lercara unit in the Rasolocollo-Cerda area 
(Fig. 12D). At that time, a shift in source area 
for sediments from NW to E-ESE is recorded 
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by the Terravecchia 2–3 and Terravecchia 1b 
members, which were mainly fed by the ero-
sion of the Sicilide Complex and Numidian 
Flysch located along the Mount Cervi–Rocca 
di Sciara–Sclafani Bagni structure.

CONCLUSIONS

The burial and thermal history of the Scillato 
wedge-top basin and its pre-orogenic substra-
tum allows us to define levels of thermal ma-
turity in the Triassic to Tortonian succession of 
the Sicilian fold-and-thrust belt. The wedge-top 
basin fill experienced shallow burial (~2  km) 
and levels of thermal maturity in the immature 
stage of hydrocarbon generation and early dia-
genesis, whereas the pre-orogenic substratum 
experienced a maximum burial of 3.5  km in 
deep diagenetic conditions.

The integration of mineralogical and paleo-
thermal data with 1-D thermal and 3-D geologi-
cal modeling allowed us to reconstruct the Scil-
lato wedge-top basin geometry and evolution 
through time in the framework of a source-to-
sink system, unraveling the kinematic evolution 
of the Apennine-Maghrebian fold-and-thrust 
belt. In particular, low-angle normal faulting oc-
curred during early orogenic extension predat-
ing contractional deformation.
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