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A B S T R A C T

Mapping and luminescence aging of raised marine terraces and aeolian ridges along an ~90 km coastal stretch
in southwestern Sicily provide the first quantitative assessment of vertical tectonic deformation in this region,
which spans the frontal part of an active thrust belt. We recognized a staircase of eleven terraces and nine related
aeolian ridges. The elevation profile of terraces parallel to the coast shows a >90 km long bell-shaped pattern,
onto which shorter-wavelength (~10 km long) undulations are superimposed. Luminescence ages from terraced
beach deposits and aeolian sediments constrain the position of paleoshorelines formed during MIS 5e, 7a and
7c, with a maximum uplift rate of ~0.75 mm/a, and indicate a late Middle-Late Pleistocene (80–400 ka) age for
the sequence of terraces. The elevation of Lower Pleistocene morpho-depositional markers points that uplift may
have occurred at similar rates at the beginning of the Early Pleistocene, but almost zeroed between ~1.5 and
0.4 Ma before the recent renewal. The uneven elevation of Middle-Upper Pleistocene paleoshorelines observed
moving along the coast documents that uplift embeds both a regional and a local component. The regional, sym-
metric bell-shaped uplift is related to involvement in the thrust belt of thicker crustal portions of the northern
African continental margin. The short-wavelength undulations represent the local component and correspond to
actively growing bedrock folds. The present study contributes to unravel the different spatial and temporal scales
of deformation processes at a collisional margin.

© 2021

1. Introduction

The analysis of displaced marine terraces along tectonically active
coasts can provide fruitful insights into tectonic processes occurring
at subduction (e. g., Plafker and Rubin, 1978; Jara-Muñoz et al.,
2015), transform (e. g., Gurrola et al., 2014; Muhs et al., 2014) or
collisional (e. g., Armijo et al., 1996) margins. Detailed geomorpho-
logical analysis, combined with geochronological constraints and mod-
els of coastal evolution, as this study show for the southwestern Sicily
coast in the central Mediterranean, can afford an accurate quantification
of the relative contribution of far-field and local tectonic sources to the
net vertical displacement of the coast.

Within the central Mediterranean setting, controlled by the inter-
action between the Adriatic-African and European continental margins
(inset in Fig. 1; e. g. Faccenna et al., 2001), several studies have
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used marine terraces to unravel the recent tectonic scenario. In south-
ern Italy and Sicily, a generalized increase of uplift started around the
Middle Pleistocene (e. g. Westaway, 1993; Miyauchi et al., 1994;
Ferranti et al., 2006; 2009; Santoro et al., 2009 among others).
Previous studies have shown that uplift was by far highest in Calabria
and eastern Sicily compared to surrounding regions, possibly in relation
to residual oceanic subduction of the steep Ionian slab beneath the Cal-
abrian forearc (Fig. 1; Westaway, 1993; Ferranti et al., 2010; Fac-
cenna et al., 2011).

Among the Pleistocene terraces observed in southern Italy, the ones
attributed to the Marine Isotopic Stage (MIS) 5e stand as a prominent
regional benchmark for coastal tectonics (Fig. 1; Bordoni and Valen-
sise, 1998; Ferranti et al., 2006). In Sicily, a progressive westward
and southward decrease in uplift rate of the MIS 5e shoreline is observed
moving away from the northeastern tip of the island (Fig. 1; Antonioli
et al., 2006). However, the pattern and time of vertical deformation
along the southwestern coast of Sicily is basically unknown because no
reliable constraints exist on the age of Pleistocene marine terraces in this
area (Antonioli et al., 2006; D'Angelo and Vernuccio, 1996).

https://doi.org/10.1016/j.quascirev.2021.106812
0277-3791/© 2021.
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Fig. 1. Main tectonic features of the central Mediterranean area. Solid red lines are main faults (triangles on the up-thrust side of thrust faults, tick on hanging-wall side of normal fault).
Dotted black lines are depth contours (km) to the Benioff-Wadati zone of the Ionian slab (after D'Agostino and Selvaggi, 2004). Orange lines are vertical deformation rates (mm/a)
since the Late Pleistocene: after Ferranti et al., 2006-Fe2006, and Antonioli et al., 2006-An2006 (dashed); for southwestern Sicily, after this work (dotted). Water depth in m. Labels:
GN, Gela Nappe; HY, Hyblean sector; SC, Saccense sector; SFTB, Sicily Fold and Thrust Belt. Inset show location of the figure in the tectonic context of the central Mediterranean; the thick
solid lines are the main frontal thrust faults deforming the Adriatic-north African continental margin (triangles on the upper plate). Dashed rectangle indicates area enlarged in Fig. 2.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Southwestern Sicily spans the transition from the front of the Sicilian
fold and thrust belt (SFTB) to the Pelagian foreland domain of northern
Africa (Fig. 1). The thrust belt is thought to be currently moving along
its basal thrust, although at relatively low displacement rate (Monaco
et al., 1996; Lavecchia et al., 2007; Ferranti et al., 2008). The seis-
motectonic activity of this sector of Sicily is testified by the recurrent
seismic destruction of the Selinunte Greek temples (Guidoboni et al.,
2002; Bottari et al., 2009) and by the 1968 Belice seismic sequence
(Fig. 2A; Azzaro et al., 2020, and references therein). Within this sce-
nario, the coastal morphotectonic analysis may offer a substantial con-
tribution to the understanding of active tectonic processes.

In this paper, we present the results of an integrated morpho-struc-
tural and geochronological analysis of the Upper Quaternary terraces
cropping out in southwestern Sicily (Fig. 2A). By providing detailed age
constraints and position for these ancient shorelines, the present study
unveils the crustal deformation pattern of the region and contributes to
a quantitative assessment of geodynamic models for the central Mediter-
ranean.

2. Geological setting

2.1. Regional tectonic and seismotectonic frame

Southwestern Sicily is located on the frontal sector of the Maghre-
bian-Apennines orogenic belt, which, together with the Ionian accre-
tionary wedge, forms the broad central-western Mediterranean colli-
sional boundary between the African and the European plates (Fig. 1;
Roure et al., 1990; Faccenna et al., 2001). The Sicilian segment
of the orogen (Sicilian fold and thrust belt, SFTB) consists of a pile of
thrust sheets developed at the expenses of paleogeographic domains of
the Tethys ocean and of the north African continental margin (Bello et
al., 2000; Catalano et al., 2000, 2013).

The foremost part of the SFTB indents around the Saccense and Hy-
blean sectors of the Pelagian foreland in the west and east, respectively
(Fig. 1). These two foreland blocks are made of stiff Mesozoic-Cenozoic
carbonate platform rocks, which acted as rigid salients and limited the
forward propagation of the thrust front. Conversely, Mesozoic-Cenozoic
basinal clays that are buried beneath central Sicily and its offshore, al-
lowed greater southward advancement of the frontal thrust belt (Gela
Nappe, Fig. 1) between the two foreland indenters (Lickorish et al.,
1999; Ghisetti et al., 2009).

The frontal thrust belt submerged beneath the northwestern Sicily
Channel (Adventure Thrust Front, Fig. 2A) steps onshore western
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Fig. 2. – A) Tectonic map of southwestern Sicily (see Fig. 1 for location of area illustrated in this map). Geology from Lentini and Carbone (2014). Structures adapted and reinter-
preted from Lentini and Carbone (2014), Montanari et al. (2017), Ferranti et al. (2019) (note that most thrust and reverse faults are buried). The epicentre of the mainshock of
the 1968 Belice seismic sequence (star) is from CPTI15 (Rovida et al., 2021). The bathymetric metadata and Digital Terrain Model data products have been derived from the EMODnet
Bathymetry portal - http://www.emodnet-bathymetry.eu (isobaths in m). P1 to P3 are the traces of profiles of Fig. 2B; A-A′ is the trace of SAR velocity profile of Fig. 15B. Erosional
surfaces: MV, Montevago; HA, Highest Abrasional surface (maximum elevation in m indicated by dots). Structures: ATF, Adventure Thrust Front; CA, Campobello Anticline; CCS, Castel-
vetrano-Campobello Scarp; CGFS, Capo Granitola Fault System; GA, Gazzera Anticline; GNF, Gela Nappe Front; MGA, Magaggiaro Anticline; MS, Menfi Syncline; PTA, Pizzo Telegrafo
Anticline; SFS, Sciacca Fault System; STF, Sciacca Thrust Front. Wells: CW, Campobello Well; CTW, Contrada Triglia Well; GW, Gazzera Well; MaW, Marinella Well; MeW, Menfi Well; OW,
Onda Well. BR, Belice River. B) Geological profiles across southwestern Sicily, adapted and reinterpreted from: P1, Montanari et al. (2017); P2 and P3, Vitale (1990), Di Stefano
and Vitale (1993). Basal thrust ramp drawn from Lavecchia et al. (2007). SPS, Selinunte Plain Syncline; other labels as in Fig. 2A.

Sicily where a system of NNE-SSW trending, east-verging thrust-ramp
anticlines are developed in the Mesozoic-Cenozoic Trapanese pelagic
carbonate platform and overlying Neogene cover strata (Campobello
and Gazzera anticlines, Fig. 2A and B; Montanari et al., 2017 and
references therein). North of Castelvetrano village, the frontal thrust

belt turns to the east and merges with ~ESE-WNW trending, south-to
southwest verging thrust structures in the Monte Magaggiaro and Pizzo
Telegrafo ridges (Fig. 2A and B). These structures are thrust ramp an-
ticlines, cored by thicker Mesozoic-Cenozoic carbonates of the Saccense
platform (Fig. 2B). The foremost part of the belt forms an imbricate

http://www.emodnet-bathymetry.eu/
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fan whose tip is thought to emerge near the coastline (Sciacca thrust
front; Fig. 2A). East of Sciacca, the frontal thrust structures step offshore
and give way to the NNW-SSE striking front of the Gela Nappe (Figs. 1
and 2A).

The frontal thrust-fold system in southwestern Sicily developed dur-
ing the Pliocene-Quaternary and is presently active, as highlighted by
seismicity, geodesy and archeoseismic studies (Monaco et al., 1996;
Bottari et al., 2009; Barreca et al., 2014, 2020). The forelimb of
the Campobello anticline is expressed by a ~60 m tall scarp developed
in Pleistocene deposits (CCS, Fig. 2A), and is characterized by archeo-
seismic and geodetic evidence of deformation (Barreca et al., 2014,
2020). Monaco et al. (1996) suggested that the Sciacca thrust an-
ticline involves Upper Quaternary marine deposits and lacustrine sedi-
ments and was responsible for the 1968 Belice seismic sequence (main-
shock Mw = 6.4, Fig. 2A).

Ahead of the thrust front, the offshore foreland domain is cut by
the ~NNE-SSW trending Capo Granitola and Sciacca left-transpressional
fault systems (Fig. 2A; Fedorik et al., 2017; Civile et al., 2018; Fer-
ranti et al., 2019). Significant displacement on the deep-seated tran-
scurrent faults mostly occurred during the Pliocene-Early Pleistocene
but decreased substantially afterwards (Ferranti et al., 2019).

2.2. Overview of quaternary stratigraphy and terraces

The southwestern Sicily landscape consists in a gently sloping coastal
plain floored by Quaternary deposits and locally by older rocks (Fig.
2A). Marine calcarenites and sands of the Agrigento Formation (Lower
Pleistocene Santernian substage, ~1.8–1.5 Ma) are found in scattered
patches in the more inland parts. In contrast, Lower Pleistocene (Emilian
p. p.-Sicilian substages, ~1.5–0.8 Ma) marine deposits form a continu-
ous blanket around the coast of western Sicily (Fig. 2A). They chiefly
consist of bioclastic calcarenites and calcirudites (Marsala Calcarenite:
Ruggieri et al., 1975; D'Angelo and Vernuccio, 1996; Di Mag-
gio et al., 2009) in the west, which gradually pass to silty clays in
the southeast and on the continental shelf (Ferranti et al., 2019). The
stratigraphic architecture of these deposits features a prograding system
developed in a wave-dominated shoreface setting (Di Maggio et al.,
2009).

A regional-scale abrasion surface, traditionally known as Grande
Terrazzo Superiore (GTS), “Great Upper Terrace”, is carved on top of
the Marsala Calcarenite (Ruggieri and Unti, 1974; Ruggieri et al.,
1975). Development of the GTS is correlated with the beginning of the
Middle Pleistocene (D'Angelo and Vernuccio, 1996), but its width
and variable elevation suggest a polycyclic origin. A surface higher than
the GTS, here labelled the Montevago surface, is perched at ~400 m on
the northern flank of the M. Magaggiaro anticline in the east, where it
levels deposits of the Agrigento Formation (Fig. 2A; 2B, profile P3). Fur-
ther inland, remains of older abrasion surfaces carved in Pliocene-Low-
ermost Pleistocene deposits are mapped up to an elevation of ~650 m
(Highest Abrasion surface, Fig. 2A; 2B, profile P3; Antonioli et al.,
2006).

The Middle-Late Pleistocene Series includes a flight of marine ter-
races. Seven terrace orders have been identified by D'Angelo and Ver-
nuccio (1996) at elevations ranging between 3 and 100 m above sea
level (a.s.l.). These terraces are mainly represented by abrasion plat-
forms, which are locally overlain by paleosols and by a thin cover of
shallow-water deposits overlain by aeolian dunes (D'Angelo and Ver-
nuccio, 1996). Through correlation between the relative position of
terraces and isotope-based curves of eustatic sea level change, D'Angelo
and Vernuccio (1996) attributed the seven terraces to MISs from 5e
(~125 ka) to 15 (~600 ka), and the GTS to isotopic stage 17 (~700
ka). Their scheme is benchmarked on the correlation of their lower-
most terrace with the MIS 5e shoreline, based on the reported find-
ing (Ruggeri and Unti, 1974) from this terrace sediments of speci-
mens of Strombus bubonius (LMK) (today identified as Strombus (=Per-
sististrombus) latus GMELIN; Nalin et al., 2012, with references), an

index fossil for the MIS 5e in the Mediterranean region. However, other
authors (Ruggieri and Unti; 1974; Antonioli et al., 2006) attribute
the fossiliferous deposits with Persististrombus to a terrace extending
from the coast to an inner margin at ~30–40 m elevation, which they
identify as the MIS 5e shoreline.

Moving inland, Quaternary deposits unconformably cover older
rocks (Fig. 2A). Upper Pliocene-Lower Pleistocene sandstone, clays
and calcarenites (Belice Marnoso-Arenacea Formation; Ruggieri et al.,
1975; Vitale, 1990) are exposed below the Marsala Calcarenites and
the Agrigento Formation. These sediments were deposited within a
deltaic-turbiditic setting controlled by active growth of basement folds
(Vitale, 1990). Older rocks outcropping in the coastal belt are Lower
Pliocene pelagic marl and calcilutite (Trubi Formation), the Upper
Messinian evaporite series deposited during the Mediterranean-wide
salinity crisis (Malinverno et al., 1981), and Middle-Upper Miocene
terrigenous deposits (Fig. 2A and B).

In several cases, river incision and denudation processes dismantled
the more resistant Marsala Calcarenites and unearthed easily erodible
pre-Quaternary rocks below. By these means, relief inversion processes
produced synclinal ridges and anticlinal valleys (Di Maggio et al.,
2017) as in the case of the Gazzera anticline (Fig. 2A).

3. Methods

3.1. Mapping

We integrated field and remote sensing techniques to map the Mid-
dle-Upper Pleistocene morpho-depositional units that include deposi-
tional terraces and abrasion platforms, and linear aeolian ridges, within
an area that extends ~90 km parallel to the coastline between Capo
Lilibeo near Marsala in the west and Capo Bianco in the east (Fig. 3A).
The study area was divided in a western, a central and an eastern sec-
tor based on morphology and elevation pattern of terraces and aeolian
ridges (Fig. 3B). We studied in higher detail the western and most of
the central sectors, where the terrace flight is more complete (Fig. 4A).
Within these latter sectors, detailed stratigraphic observations were car-
ried out at twenty-seven natural exposures (Table S1) to characterize
terrace and aeolian ridge deposits.

We distinguished eleven orders of marine terrace (T1-T11) and ten
orders of dune ridges (D1-D10; Figs. 3A and 4A). Because of limited
erosional or depositional modification of these features after their for-
mation, they are generally well preserved in the present landscape of
southwestern Sicily. Only along the entrenched course of coastal rivers
the terraces have been erased by the intense regressive fluvial erosion
(Figs. 3A and 4A).

The morpho-depositional units were mapped integrating field obser-
vations with aerial photogrammetry and Digital Elevation Model (DEM)
analysis. We used a dataset of 1/33k scale air photos taken in 1953/
1954 to draw a preliminary GIS map of the morphological features that
was then checked using topographic profiles, contour at 1 m spacing and
slope map analysis from a LiDAR digital surface model with a 2 m res-
olution downloaded from the Regione Sicilia web site (http://www.sitr.
regione.sicilia.it/). The position of morphological features was then sam-
ple checked through ground truthing during field work. We estimate a
maximum positioning plus elevation uncertainty of 5 m.

Inner margins of marine terraces typically stand in the field as small
steps in the gently sloping coastal plain, and they were traced with vari-
able continuity on aerial photographs and on the DEM. More or less ex-
tensive abrasion platform remnants carved on the Marsala Calcarenite
are genetically associated to terraces and were mostly observed in the
western part of the study area (Fig. 4A). Elongated linear ridges rep-
resenting aeolian dunes are widespread and are well delineated both in
the field and in remote images (Fig. 4A).

We used both the elevation of inner margins and the facies of ter-
raced marine deposits to establish the present day elevation of the pa-
leoshorelines. We applied bathymetric corrections (see Pascucci et al.,

http://www.sitr.regione.sicilia.it/
http://www.sitr.regione.sicilia.it/
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Fig. 3. A) Map of southwestern Sicily showing the inner margins of marine terraces T1-T11 and the innermost position of outcrops of the Marsala Calcarenite. The attribution of marine
terraces to Marine Isotopic Stages is indicated in parenthesis beside the terrace order. The dashed rectangle encloses the area shown in Fig. 4A. B) projection of terraces inner margins
and of Marsala Calcarenite innermost outcrops elevation onto a N135 striking profile (horizontal reference line for the rotated map). The solid line is the topographic profile (trace in Fig.
3A). Diamonds labelled SEL01 to SEL08 indicate position of luminescence samples (map location in Figs. 3A and 4A). The figure shows the subdivision of study area in western, central
and eastern sectors, and the schematic location of the Selinunte plain and M. Magaggiaro transects used for computation of uplift rates (see Fig. 12 and 14).

2018; 2019; Hamon-Kerivel et al., 2020) to the logged deposits de-
pending on the observed facies association (see Table S1 for the in-
terpretation of the lithofacies in terms of depositional environment and
for the adopted corrections). In general, marine deposits and abrasion
platforms were assigned to the nearest overlying inner margin. The ele-
vation of the sedimentary section corrected for the estimated paleo-ba-
thymetry was generally found to match and, in many cases was used,
to refine the paleoshoreline position estimated on the base of the inner
margin elevation.

3.2. Luminescence analysis

Deposits from marine terraces and aeolian ridges were sampled
and dated using both quartz, through Optically Stimulated Lumines-
cence (OSL), and k-feldspar, through Infra-Red Stimulated Lumines-
cence (IRSL) and post-IR IRSL measured at 290 °C (pIRIR290) methods
(Pascucci et al., 2014; Andreucci et al., 2017; Casini et al., 2020;
Sechi et al., 2020). Marine samples were taken at the shoreface/fore-
shore boundary to minimize the bathymetric correction. This boundary
is used as a paleo-sea level marker because, in the Mediterranean Sea, it
is normally placed at 0 ± 30 cm relative to the present sea level (Pas-
cucci et al., 2018, 2019).

3.2.1. Sample collection, preparation, and facilities
Nine samples (SEL01 to SEL09) were collected for luminescence dat-

ing (locations in Figs. 3A and 4A) and were taken from moderately ce-
mented sandstone with mixed carbonate-quartz cement. They were sam-
pled as blocks (40 × 40 × 40 cm) and sealed in black plastic bags to
avoid further exposition to sunlight. Blocks were treated at the Lumi-
nescence dating laboratory of the University of Sassari under subdued
red light. The outer part of each block (5 cm of thickness) was removed
to discard material possibly exposed to light during sampling. This

outer material was stored and used for water content and dose rate
(Dr) analysis. The inner part was treated following the standard proce-
dures for sand-sized samples (Porat et al., 2015). For all samples, the
90–180 μm grain-size fraction of quartz and K-feldspar grains was cho-
sen for luminescence dating. Samples SEL04 and SEL05 did not provide
enough quartz and K-feldspar grains to obtain a reliable luminescence
age. From sample SEL03, only quartz grains were sufficiently abundant
for further analysis.

The quartz and K-feldspar grains were mounted as multi-grain small
aliquots (approximately 200 grains) on stainless steel discs of 9.7 mm
in diameter and 0.2 mm in thickness using silicon spray as adhesive.
All luminescence measurements were performed using two Risø TL/
OSL-DA-20 readers provided with different calibrated sources (0.2343
and 0.1168 Gy/s) of beta radiations 90Sr/90Y (Bøtter-Jensen et al.,
2010). Quartz grains were stimulated with blue LEDs for 40 s at 125 °C
and OSL signal was detected through a 7.5 mm Hoya U-340 filter, while
infrared LEDs were used for stimulation of K-feldspar grains and the lu-
minescence signal was detected through a combination of Schott BG39
and Corning 7–59 filters.

3.2.2. Dose rate measurement
Dose rates (Dr) were calculated combining data measured with In-

ductively Coupled Plasma Mass Spectrometry (ICP-MS) and Low-level
beta GM multicounter system model Risø GM-25-5 (Bøtter-Jensen and
Mejdahln, 1988). The nine collected samples show similar deposi-
tional characteristics and source area. They could therefore be consid-
ered similar from a petrographic and sedimentological point of view.
Thus, the most representative samples (SEL03, SEL05, SEL06, SEL07)
were measured with ICP-MS to obtain the concentration of Uranium,
Thorium and Potassium (Table 1) and, subsequently element concen-
trations were converted in total dry Dr (Gy/ka) using the conversion
factor of Guèrin et al. (2011). The dose rate of samples (SEL01,
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Fig. 4. AA) Map of the western and central sectors of southwestern Sicily, showing the inner margins of marine terraces T1-T11 and associated abrasion surfaces, the aeolian ridges
D1-D10, and the innermost position of the Marsala Calcarenite outcrops. The attribution of marine terraces to Marine Isotopic Stages is indicated in parenthesis beside the terrace order.
Diamonds labelled SEL01 to SEL08 indicate position of luminescence samples. Dashed lines are traces of topographic profiles 1, 2, 3 shown in Fig. 4B. Location of stratigraphic logs and
pictures shown in Fig. 7–11 is indicated. 4B (continued) – B) Topographic profiles roughly perpendicular to the coastline showing the flight of marine terraces and associated aeolian
ridges in the Castelvetrano-Granitola Ridge (western sector) (profile 1) and in the western (profile 2) and eastern (profile 3) Selinunte Plain (central sector). Italic numbers below the pro-
files list the local elevation of inner margins. Terrace orders are color-coded according to colors used in Fig. 4A. The slope % value along each profile is reported below them. Prominent
spikes in most cases highlight the location of inner margin and associated riser dunes. Traces of profiles are in Fig. 4A. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

SEL02, SEL04, SEL08, SEL09) has been estimated with the beta counter
(Cunningham et al., 2018). For all samples, the dry dose rate was
corrected for moisture attenuation determined in the laboratory. The
averaged water content of completely dry and saturated material nor-
malized for the field saturation is considered as the life-time water con-
tent during burial time (Table 2). An absolute uncertainty of ±4%
was assumed based on this procedure. Attenuation factor due to the
grain size on beta dose rate was applied (Guèrin et al., 2012) and
the contribution of cosmic rays to the final dose-rate was calculated af-
ter Prescott and Hutton (1994). Moreover, the contribution of inter-
nal 4 K to the final K-feldspar (90–180 μm) grains Dr was calculated as-
suming 12.5 ± 0.5% of the total weight of K, and Rb concentration of
400 ± 100 ppm (Huntley and Baril 1997). All dose-rate information
is presented in Table 2.

3.2.3. Luminescence characteristics
The conventional single-aliquot regenerative dose (SAR) protocol

was applied to calculate the equivalent dose (De) of quartz samples
(Murray and Wintle, 2000, 2003). The presence of feldspar IRSL
response on OSL quartz net signal was tested using IR-depletion test
(Duller et al., 2003). All samples show a negligible IRSL feldspar con-
tribution (<10% of unity). In order to determine the most appropri-
ate thermal treatment to be adopted during the SAR protocol a dose re-
covery preheat plateau test was applied on sample SEL07. Twenty-four
aliquots were bleached twice inside the Risø TL/OSL-DA-20 reader at
room temperature with blue light stimulation separated by a pause
of 10 ks to let traps to recombine. An administered known dose of

~118 Gy was given to all aliquots and measured at eight different
temperatures of preheat from 180 to 320 °C, with three aliquots be-
ing measured at each temperature (Fig. 5A). The cutheat temperature
was set 20 °C lower than the respective preheat temperature (Roberts,
2006). A dose recovery preheat plateau between 180 °C and 320 °C
was observed and the measured/given dose (dose recovery) ratio is
0.99 ± 0.02 on average (Fig. 5A). Thus, the SAR protocol for the nine
samples was set with temperatures of 260 °C for preheat, 240 °C for
cutheat and a clean-out at the end of each SAR cycle at 280 °C for 40 s.

At least 24 aliquots were analyzed for equivalent dose (De) determi-
nation. The dose response curve was always fitted with a single saturat-
ing exponential function. The early background method was applied and
the first 0.72 s of the stimulation curve used for OSL signal integration,
after subtracting the background signal derived from the subsequent
0.72–2.9 s integral to minimize contamination from the medium and
slow components (Cunningham and Wallinga, 2010). Samples show
bright quartz signal and a fast-component dominated decay shine-down
curve, except for samples SEL 04 and SEL05 that show no or extremely
dim natural signals. Thus, SEL04 and SEL05 were not considered fur-
ther for dating. A decay and a dose response curve for sample SEL03
are shown in figure Fig. 5B. Recuperation and recycling ratios based on
all measured aliquots are in average 0.98 ± 0.003 and 0.04 ± 0.01%
(on natural signal) respectively (Fig. 5C and D). To confirm reliabil-
ity and reproducibility of the SAR protocol, a dose recovery test was
performed on samples SEL03 and SEL09. Ten aliquots for each sam-
ple were sunlight bleached for 10 Sardinian sunny days, and an ad-
ministered known dose of 80 Gy was given before any thermal treat-
ment. The derived equivalent doses were calculated using the SAR pro-
tocol set with the above determined parameters. The average dose re
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Fig. 4. Continued

Table 1
ICP-MS concentrations of elements for measured samples.

Sample K (%)ˆ ± U (ppm) ± Th (ppm) ±

SEL03 0.07 0.01 0.7 0.1 0.7 0.01
SEL05 0.10 0.01 0.6 0.1 1.0 0.01
SEL06 0.06 0.01 0.9 0.1 1.2 0.01
SEL07 0.15 0.01 0.7 0.1 1.5 0.01

ˆ% of the total weight of K.

covery ratio based on all the measured aliquots is of about 0.96 ± 0.02
(Fig. 6A). Thus, the protocol is considered suitable for dating those sam-
ples.

The natural signal saturation limits (not greater than 85% of 2Do) of
quartz grains was used as a rejection criterion and only those aliquots
with saturation value (2Do) greater than the average equivalent dose
(De, derived from all aliquots) were used for final sample De determi-
nations and the derived “true” ages are considered reliable (Thomsen
et al., 2016; Yi et al., 2016). Conversely, samples showing a natural
luminescence signal close or beyond the limit of laboratory saturation
(>85% of 2Do) cannot be used for “true” age determinations. However,
using as final equivalent dose the derived 2Do, a minimum age can be
calculated (Wintle and Murray, 2006; Robert et al., 2008). The other
standard rejection criteria for measured aliquots were recycling and re-
cuperation (Wintle and Murray, 2006). Table 2 summarizes the re-
sulting final De values along with “true” and minimum quartz SAR-OSL
ages.

A pIRIR225 protocol was employed for K-feldspar analysis (Buylaert
et al., 2009; Thiel et al., 2011) with a preheat temperature at 250 °C
and a pIRIR stimulation at 225 °C (pIRIR225) for 200 s after a IR at
50 °C stimulation for 200 s. During the routine analysis test dose was
kept around 50% of natural dose in order to avoid underestimation of
De value (Li et al., 2014; Lui et al., 2016; Yi et al., 2016; Co-
larossi et al., 2018; Carr et al., 2018). The initial 2 s of pIRIR sig

nals were subtracted by the last 50 s of the respective signals to de-
termine the signal intensity. Dose response curve was fit with a single
exponential function. At least 20 aliquots for each samples were mea-
sured. The dose response and pIRIR225 natural shine-down decay curves
signal of sample SEL 01 are shown in Fig. 6B. Recycling and recu-
peration ratios based on all the measured aliquots are 0.996 ± 0.001
and 0.048 ± 0.03% respectively (Fig. 6C and D). Dose recovery test
and residual dose (RD) measurements were conducted to evaluate the
suitability and reproducibility of pIRIR protocol. Twelve aliquots for
all samples were naturally bleached for ten Sardinian sunny days. Six
aliquots were used to measure the amount of unbleachable residual dose
(RD; Kars et al., 2014; Andreucci et al., 2017) and listed in Table 2.
The other six aliquots were utilized for dose recovery test and an admin-
istered beta dose of ~160 Gy was given prior to any thermal treatment
and then the equivalent doses were measured using the pIRIR225 pro-
tocol. To each sample, the measured residual dose was subtracted from
the derived average De value and subsequently the dose recovery ratio
was calculated. The average dose recovery ratio based on all measured
aliquots is 0.96 ± 0.01 (Fig. 6D). Altogether, these results demonstrate
that the pIRIR225 protocol is suitable for dating the collected samples.

Six aliquots for each sample were used to quantify the athermal sig-
nal loss during time (fading) according to Auclair et al. (2003) using
2 days storage times. Fading rate (g2days, %/decade of time) was deter-
mined following Huntley and Lamothe (2001). As expected, the fad-
ing rates are relatively low for all samples (g2days-values < 2%/decade;
Table 2). Despite the fact that the fading-uncorrected and the fad-
ing-corrected ages are in general within the errors of both (Table 2)
we decide to use as final “true” ages the fading-corrected ones because
better representative of the natural behavior of the K-feldspar grains
through time.



UNCORRECTED PROOF
Table 2
- Equivalent doses and associated age estimates for K-feldspar pIRIR225 quartz SAR. (WC) moisture expressed in percentage, (n) number of aliquot measured to estimate the palaeodose, (Sat): level of saturation of signal, (De) natural equivalent dose palaeo-
dose, (OD) overdispersion of palaeodose measured, (Dr) environmental dose rate, (RD) residual dose, g2days (fading g-value). (a): paleodose estimated on 2Do, (b): minimum age calculated on 85% of 2Do, (#) feldspar ages corrected for fading. Sample SEL04
has not detectable signal. Sample SEL05 yielded insufficient feldspar material for dating. Final ages in last column are the selected ages. See text for details.

Quartz SAR-OSL K-feldspar pIRIR225

Sample
Code Depth (cm)*

wc
% n Sat De (Gy) OD (%)a Dr tot (Gy/ka)# Q-Age (ka) n De (Gy) RD (Gy) g2days (%/dec) Dr tot (Gy/ka)# Age (ka) Age# (ka)

Preferred
Age (ka)

SEL01 100 8.2 5 yes 123a – 0.56 ± 0.04 220b 19/22 210 ± 3 5.7 ± 1.6 1.2 ± 0.1 1.02 ± 0.03 200 ± 7 218 ± 8 218 ± 8
SEL02 100 9.9 5 yes 86a – 0.63 ± 0.04 136b 19/21 208 ± 2 7.1 ± 2.8 1.19 ± 0.07 1.09 ± 0.03 184 ± 6 200 ± 7 200 ± 7
SEL03 100 2.8 28/31 70 ± 4 29 0.56 ± 0.04 125 ± 11 – – – – – – – 125 ± 11
SEL04 100 12.2 4 ns – – – – – – – – – – – –
SEL05 200 4.4 3 ns – – – – – – – – – – – –
SEL06 100 7.2 25/32 83 ± 4 21 0.57 ± 0.04 145 ± 11 11/12 176 ± 6 5.3 ± 2.2 1.41 ± 0.13 1.03 ± 0.03 166 ± 8 184 ± 8 145 ± 11
SEL07 100 7.2 24/35 close 100 ± 5 23 0.61 ± 0.04 163 ± 12 21/22 136 ± 5 4.5 ± 1.6 2.09 ± 0.13 1.07 ± 0.03 123 ± 6 144 ± 7 144 ± 7
SEL08 100 9.5 5 yes 67a 0.53 ± 0.04 126b 21/21 240 ± 3 4.4 ± 0.5 0.91 ± 0.18 0.99 ± 0.03 242 ± 9 259 ± 9 259 ± 9
SEL09 100 11.2 30/34 67 ± 3 20 0.57 ± 0.03 118 ± 9 19/21 123 ± 1 3.0 ± 0.2 1.4 ± 0.15 1.03 ± 0.03 117 ± 4 129 ± 5 118 ± 9
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Fig. 5. A) Performance of dose recovery pre-heat plateau test of SAR-Protocol. B) Quartz OSL signal decay of the shinedown curve of sample SEL03. Signal decays in the first second of
blue stimulation and thus it is dominated by fast component. Inset shows the saturation exponential fitted dose response curve (DRC) for sample SEL03. The OSL sensitivity corrected
natural signal Lx/Tx is plotted on DRC and the equivalent dose is determined. C) Frequency distribution of recycling ratio obtained performing the SAR protocol set for this work; dashed
lines highlight the rejection criteria values for aliquots. D) Frequency distribution of recuperation (% of signal after zero given dose on natural De) obtained performing the SAR protocol.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

4. Results

4.1. Distribution and analysis of marine terraces

Both the elevation and the morphological characteristics of marine
terraces changes in the three sectors of the study area (Fig. 3A and B).
In the western sector, the elevation of the terraces inner margins steadily
increases eastward from Capo Lilibeo to Capo Granitola. At the latter lo-
cation, the trend of inner margins changes from NW-SE to E-W following
the present coastline trend. The central sector extends from Capo Gran-
itola to Capo S. Marco near Sciacca and includes the terrace maximum
elevations (up to ~250 m). The western part of this sector between Capo
Granitola and the mouth of the Belice River is referred to as the Selin-
unte Plain, and the eastern part from the Belice River to Capo S. Marco
as the Menfi Plain. Finally, within the ~40 km long eastern sector that
stretches from Capo S. Marco to Capo Bianco, the terraces show again a
NW-SE trend and their elevation decreases in a manner anti-symmetri-
cal respect to the western sector (Fig. 3B).

Like the inner margin elevations, also the width of terraces changes
along the coastal plain. Moving from west to east, the average width of
terraces increases from ~0.5 km in the western sector, to 1–2 km from
Mazara area to the Belice River, and again narrows to ~0.5–1 km fur-
ther east (Fig. 3A).

A thin (up to ~2–3 m) veneer of shallow-marine deposits, which
generally consist of small to medium grained mixed carbonate-quartz
sands, was observed above the wave-cut basal unconformity of the lower
nine terraces (Table S1). The sand grains are composed of carbonate
marine bioclasts (red algae, molluscs, echinoids, benthic foraminifera,
and bryozoans) and variable amounts of quartz and feldspar. The sands
are locally cemented to a degree that generally increases in higher
and older deposits. Marine deposits are chiefly repre

sentative of a wave-dominated beach environment and include back-
shore, foreshore and shoreface facies associations deposited in a regres-
sive barrier ridge system.

4.1.1. Terrace T1
The lowermost terrace, T1 has an inner margin between ~15 and

30 m elevation in the west and up to 33 m in few outcrops in the Seli-
nunte Plain. The terrace is not mapped for 40 km between central and
eastern sectors, where it briefly reappears at ~25 m (Fig. 3A and B).
Deposits referred to T1 are exposed along the 2–3 m high coastal cliff
by modern abrasion processes particularly in the western sector (logs
#6, 7, 52, 65, 66, Table S1). The section logged at Torre Scibiliana
(log #65; Fig. 4A) includes, above an abrasion platform carved in the
Marsala Calcarenite and bored by Lithophaga, a rhodolith-rich calcaren-
ite cemented by red calcareous (Lithophyllum spp.) algae (unit A; Fig.
7A–D). This unit is overlain by a bioclastic calcarenite with shelly lay-
ers (Arca noae, Glycimeris glycimeris, Conus cfr. testudinarius, Bitta spp.,
Murex spp., Ostrea spp., Spondylus spp.) and clumps of Cladocora co-
espitosa corals in life position (unit B; Fig. 7A, B, 7E, 7F). This upper
calcarenite deposit includes 2-3 mm-thick laminar algal layers (Lm1 to
Lm3, Fig. 7A) pointing to periodic oscillations of the sea-level. A spec-
imen of Persististrombus cfr. latus was found not in situ above the de-
scribed stratigraphic section (Fig. 7G). The fossil was highly fragmented
and included in coarse clastic matrix, and this suggests reworking.

The Faro Granitola section exposed at the lighthouse near Capo
Granitola (log #6; Fig. 4A; Table S1) has a basal unit that is not found
at Torre Scibiliana. This basal unit (unit X, Fig. 8A–D) is composed of
bi-directional cross-laminated quartz-carbonate sandstones (mixed sili-
ciclastic carbonate deposits, sensu Chiarella et al., 2017). Unit X is
followed by an algal calcarenite (unit A, Fig. 8E), by bioclastic sand



UN
CO

RR
EC

TE
D

PR
OO

F

10 F. Luigi et al. / Quaternary Science Reviews xxx (xxxx) 106812

Fig. 6. - A) Radial plot of measured dose recovery ratio estimated for quartz samples using the SAR-OSL protocol. B) Radial plot of measured dose recovery ratio distribution and values
of analyzed k-feldspar mineral measured with the pIRIR225 protocol. C) Typical pIRIR225 signal decay of shinedown curve of sample SEL01. Signal decays slower than OSL quartz signal.
Inset shows the dose response curve (DRC) for sample SEL01. The IRSL sensitivity corrected natural signal Lx/Tx is plotted on saturation exponential fitted DRC and the equivalent dose
is determined. D) Frequency distribution of recuperation (% of signal after zero given dose on natural De) obtained performing the pIRIR225. E) Frequency distribution of recycling ratio
obtained performing the pIRIR225 protocol set for this work; dashed lines highlight the rejection criteria values for aliquots.

stones with shelly layers (unit B, Fig. 8F) and by calcretized sandstones
with a basal conglomerate that contains bored clasts and blocks (unit C,
Fig. 8G). Unit X and B are interpreted as being deposited in the upper
shoreface and in the foreshore environment, respectively.

Based on the lithofacies association, we correlate units A to C ex-
posed at Capo Granitola to units A-B at Torre Scibiliana. The section ob-
served at Faro Granitola denotes higher environmental energy than the
section found at Torre Scibiliana. Unit X instead is the oldest exposed
unit considering both outcrops.

Well-sorted cuneiform, parallel-laminated and cross-laminated sand-
stones attributed to T1 are found in the Selinunte Plain (central sector)
up to ~20 m and are referred to the fair-weather berm-backshore tran-
sition (log #29, Table S1; Fig. S1A).

4.1.2. Terrace T2
The inner margin of T2 is traced quite continuously from ~30 to

~40 m in the western sector and more sparsely in the central sector be-
tween ~30 and 60 m. In the eastern sector, the inner margin descends
from ~50 to 35 m elevation (Fig. 3A and B). Due to intense anthropic
activity (particularly quarrying), the terrace is not easily visualized in

the topographic profiles (Fig. 4B). No deposits referred to this terrace
have been observed.

4.1.3. Terrace T3
The inner margin of this terrace is mapped in the west at elevations

ranging from ~35 to ~55 m. In the central sector, the inner margin rises
from ~55 to ~80 m, whereas in the east it descends from ~50 to ~25 m
(Fig. 3B). Although the terrace is poorly preserved, its inner margin is
well detected in the western sector (Fig. 4B, profile 3).

In the western sector, an abrasion platform carved in the Marsala
Calcarenite between ~20 and 45 m elevation is associated to T3. The
platform stretches for nearly 20 km from Mazara in the southeast to
Marsala in the northwest and has a rather constant ~1 km width (Fig.
4A). In addition, both maximum and minimum elevation of the platform
decreases progressively to the northwest mirroring the pattern of its in-
ner margin.

Locally, 1–2 m of regressive deposits attributed to T3 are found in
both western and central sectors between ~40 and 50 m elevation, and
consist of shoreface massive bioclastic sandstones (logs #32, 49, 71,
Table S1; Fig. S1C). Within the incision of the Modione River in the
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Fig. 7. Deposits of marine terrace T1 at Torre Scibiliana location (western sector): A) stratigraphic log; B) field stratigraphic relations, showing location of sample collected for lumines-
cence dating; C) to F) details of units A and B; G) displaced specimen of Persististrombus cfr. latus found at the top of the outcrop. Here and in Fig. 6–10, the hashtag with number refers
to the logs listed in Table S1 and located in Fig. 4A. Scale bar in D-E is 5 cm long and the pen in C is 12 cm long. On the right side of figure, general symbols key for stratigraphic logs
in Fig. 7–10.

Selinunte Plain, 3 m of sands with basal fossil lags and calcarenites are
found above the terrace at ~40 m elevation. The marine deposits pass
upward to matrix supported fluvial conglomerates, plane laminated al-
luvial plain siltstones and high angle cross bedded aeolian sandstones
(log #24; Table S1; Figs. S1B).

4.1.4. Terrace T4
The terrace has an inner margin whose elevation increases from ~50

to ~70 m in the west and from ~65 up to ~110 m in the central sector
(Fig. 3B). After a 12 km gap, T4 is mapped again with fair continuity in
the eastern sector where the margin smoothly descends from 75 to 55 m.
The inner margin is readily identified in the Selinunte Plain, where the
terrace is among the widest of the flight (Fig. 4B, profiles 2 and 3). In
the west, T5 is associated with isolated remnants of an abrasion platform
(Fig. 4A).

Several outcrops of deposits, whose thickness ranges between 1 and
6 m, are associated to this terrace at maximum elevations of between
60 and 70 m. In the western sector, they are represented by coarse bio-
clastic calcarenites with corals and mollusk shells, locally cemented by
red algal concretions (logs #55, 58, 73, Table S1; Fig. S1D). In the
central sector, at log #27 east of Campobello village (Fig. 4A), the up-
ward transition from bi-directional cross-laminated coarse sandstones to
plane-laminated coarse to medium sandstones is observed (Fig. 9A–C).
These deposits are interpreted as the upper shoreface to foreshore parts
of the barrier ridge system (Fig. 9A).

4.1.5. Terrace T5
The inner margin of T5 is mapped in the western sector at el-

evations increasing eastward from ~65 to ~100 m. After a ~10 m
drop in the Selinunte Plain, elevation increases eastward from ~90
to ~135 m at the projection of M. Magaggiaro culmination. Only few

remnants of T5 are mapped at ~125 m in the eastern sector and, at
Capo Bianco at the termination of the study area, the terrace is found at
~80 m (Fig. 3B). The terrace is generally well identified in the Selin-
unte Plain (Fig. 4B, profile 2), less elsewhere. Few remnants of an abra-
sion platform are associated to this terrace near Marsala (Fig. 4A).

Deposits associated to T5 were only logged in the Selinunte Plain at
up to ~75 m elevation and reach of thickness of 2.7 m (log #28, Table
S1; Fig. 10A). Here, bioturbated fine sandstones form the lower unit A,
and are covered by a paleosol (unit B). The overlying unit C is formed
by locally channelized plane laminated sandstones, which are capped by
high angle cross-bedded aeolian sandstones of unit D (Fig. 10A and B).
Marine deposits of unit A are interpreted as being deposited in the lower
shoreface, and those of unit C are assigned to the foreshore-backshore
of a regressive barrier ridge. The occurrence of the paleosol between the
two units and their inferred depositional environments suggest a minor
sea-level oscillation. The aeolian sandstones of unit D are referred to
dune order D4 that forms an evident ridge above this site (Fig. 4A).

4.1.6. Terrace T6
The terrace is traced continuously in the western sector, with an in-

ner margin that increases in elevation from ~75 to ~125 m. The terrace
elevation drops to ~110 m at Capo Granitola and increases again up to
~160 m south of M. Magaggiaro in the central sector. T6, as well as the
overlying terraces were not observed in the eastern sector (Fig. 3A and
B). North of Mazara (wester sector), T6 is characterized by remnants of
an up to ~1 km wide abrasion platform (Fig. 4A).

Deposits of T6 are well exposed in the western part of the Selin-
unte Plain, where they reach up to ~110 m elevation and a thickness
of ~2–2.5 m (logs #34, 36, 45, Table S1). At log #34, they are rep-
resented by bioturbated sandstones (unit A), overlain by trough-cross
beds with
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Fig. 8. Deposits of marine terrace T1 at Faro Granitola location (Selinunte Plain, central sector): A) stratigraphic log; B) and C) field stratigraphic relations, showing location of sample
collected for Luminescence dating (also in inset D); D) to G) details of units A to D. Location in Fig. 4A.

bi-directional lamination sets (unit B) and plane laminated sandstones
(unit C), which in turn grade into aeolian sands (unit D) (Fig. 10C
and D; S2E). East of this location, fossiliferous pebble conglomerates fol-
lowed by laminated bioclastic sandstones characterize a 2 m thick out-
crop of T6 deposits, which sharply truncates above a ravinement surface
deposits of an older terrace (log #100; Fig. S2A to S2C). In the western
sector, 2 m of well sorted mixed bioclastic sands represents the terrace
deposits (logs #59, 78; Table S1).

These deposits share similar characteristics in the different sectors,
and are referred to the shoreface and foreshore parts of the barrier ridge
system. The aeolian sandstones of unit D at log #34 represent the lower
part of dune D5 that forms an evident ridge above this site (Fig. 4A).

4.1.7. Terrace T7
Few outcrops of T7 were mapped in the western sector, where the

inner margin elevation rises from ~95 to ~140 m. In the central sector,
the elevation increases from ~125 to ~170 m (Fig. 3B).

Scattered outcrops of marine deposits associated to T7 were observed
in the Selinunte Plain (central sector). Here, at log #100 (Table S1),
they are represented by 4 m of alternating fine and massive laminated
sands that evolve to bioturbated sands (Fig. S2A to S2D). These de-
posits, which lie at ~115 m elevation can be correlated to 2 m of coarse
bioclastic sands and conglomerates observed up to 125 m elevation at
log #102; (Table S1). This lateral transition is interpreted as the pas-
sage from shoreface to foreshore deposits (Fig. S2E). The foreshore de-
posits outcrop further to the east in the Menfi Plain where they are rep-
resented by massive bioclastic sands (log #126, Table S1).
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Fig. 9. Deposits of marine terrace T4 at Atria location (Selinunte Plain, central sector): A) stratigraphic log; B) field stratigraphic relations; C) detail of units A and B with location of
sample collected for Luminescence dating. Location in Fig. 4A.

Fig. 10. Deposits of marine terraces T5 and T6: A) stratigraphic log and B) field stratigraphic relations of terrace T5 with location of sample collected for Luminescence analysis at Atria
location (Selinunte Plain, central sector); C) stratigraphic log and D) field stratigraphic relations, with location of sample collected for Luminescence dating of terrace T6 at Baglio Sparacia
location (Selinunte Plain, central sector). Location of both logs in Fig. 4A.
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Fig. 11. Morphodepositional features of aeolian ridges: A) panoramic view and B) detail of dune D3b with location of sample collected for luminescence analysis at Timpani Nero location
(Selinunte Plain, central sector); C) detail location of sample collected for OSL analysis from dune D4 at Timpone Maranzano (western sector); D) panoramic view of dune D4 at Timpone
Maranzano; E) panoramic view of dune D8a with location of sample collected for luminescence dating at Case Pardo (western sector). Location in Fig. 4A.

4.1.8. Terrace T8
The inner margin of T8 ranges from ~105 to 145 m in the west and

from ~150 to 210 m in the central sector (Fig. 3B). Sparse deposits are
found on this terrace north of Mazara village (western sector) between
~130 and 150 m elevation and are represented by loose fossiliferous
calcarenites and locally well cemented pebble conglomerates (logs #70,
76 and 119, Table S1; Fig. S3A, S3B). These deposits have been in-
terpreted as upper shoreface and beachface deposits, respectively, of a
barrier ridge system.

4.1.9. Terraces T9 to T11
Remnants of the higher terraces are preserved unevenly in the cen-

tral sector only (Fig. 4A). The inner margin elevation of T9 increases be-
tween ~175 and 250 m from the Selinunte Plain to the M. Magaggiaro
culmination. Conversely, the inner margin of the highest terraces is only
mapped at ~190–220 m (T10), at ~240 m (T11) in the Selinunte Plain
and not in the sector of maximum uplift (Fig. 3A and B).

Deposits associated to these higher terraces were only observed on
T9 north of Mazara village (central sector). Here (log #62, Table S1),
high angle, bioturbated cross-bedded sandstones and nodular bioclastic
calcarenites resting on a basal paleosol, are developed on different Pleis-
tocene and Pliocene units (Fig. S3C to S3E). These deposits have been
interpreted as lower foreshore and upper shoreface deposits.

4.2. Distribution and analysis of aeolian ridges

One of the most prominent features of the southwestern Sicily coast
is represented by narrow and long ridges standing above the surround-
ing landscape. They are readily identified both in map view (Fig. 4A)
and in profiles, where they are evidenced by peaks in the slope % value
(Fig. 4B). Ridges have lengths up to ~10 km (Fig. 4A), and height and
width of tens and hundred meters (Fig. 4B), respectively. Generally,
height and width increases with elevation of ridges. Their trend progres-
sively changes to keep sub-parallel to the present coastline and to the
inner margins of terraces (Fig. 4A).

As outlined before, geomorphology, facies analysis and stratigraphic
relationships with the underlying marine deposits document that the
ridges represent former coastal dunes (e. g. Andreucci et al., 2010;
Sloss et al., 2012). Individual ridges are composed of single dune bod-
ies or, more commonly, by several prograding and aggrading bodies of-
ten separated by erosive surfaces (Fig. 11A and E). The dunes consist
of planar or trough cross-bedded, well sorted, medium to coarse-grained
pale brown sandstones (Fig. 11A, B, 11E). They are moderately to
well cemented; cementation degree increases landward, suggesting a
concurrent increasing age of the ridges. The sand grains mostly con-
sist of reworked marine carbonate bioclasts with subordinate occur-
rence of quartz and feldspar. Occasionally, terrestrial gastropods and
rhizoliths, some of which are moulds and others are calcified root
casts, occur. At several locations, these cross-bedded deposits overlie
with a gradual transition the underlying beach deposits (Fig. 10A–C).
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Fig. 12. – Luminescence age results and dating of marine terraces and dunes. Global sea-level curves from Waelbroeck et al. (2002) and Shackleton (2000); MIS nomenclature from
Railsback et al. (2015). Elevation of inner margin of marine terraces refers to the Selinunte Plain transect (Fig. 3B); the horizontal bar for each terrace data point is proportional to
estimated sea-level stand duration, the vertical bar is the estimated positioning uncertainty. Luminescence ages (1σ errors, Bateman et al., 2015) of marine deposits are plotted at the
sample elevation beneath the related terrace. Estimated ages of aeolian dunes along with luminescence ages for dunes D3b, D4 and D7a are shown below the sea-level curves.

Locally, the contact is marked by caliche or by carbonate concretions.
Observed paleo-wind directions are mostly aligned from NW-SE to
NE-SW.

In addition to the modern and recent loose dunes, we mapped nine
orders of dune ridges (D1-D9) between ~10 and 230 m of elevation
(Fig. 4A and B). The ridges are best preserved in the Selinunte Plain,
more scattered in the western sector, and almost missing east of the Be-
lice River, where the coastal plain is narrower. Dunes D3 and D7 are
further subdivided in two sub-orders (D3a, D3b and D7a, D7b).

As a first step, we correlated the dune ridges based on their lateral
continuity, size and the elevation of the ridge toe. We choose the toe and
not the top because tops of aeolian ridges display uneven natural eleva-
tions and are more subject to erosion. The major change in trend of the
dune ridges occurs at the transition between western and eastern sectors
(Fig. 4A).

4.3. Luminescence chronology

We collected six samples from marine deposits of terraces T1, T4,
T5, T6, and three samples of aeolian sands from dune ridges D3b, D4
and D8a (Tables 1–4). The luminescence chronology was established
using both quartz SAR-OSL and pIRIR225 dating luminescence proto-
cols. Reliability of ages were based on laboratory tests and depositional
characteristics and stratigraphic relationship. Calculated ages with ad-
ditional information are summarized in Table 2. With no specific age

model being applied, all luminescence ages are derived from mean
equivalent doses after rejection criteria application, divided by the dose
rate determined for the specific sample. Quartz samples SEL01, SEL02
and SEL08 showed the natural sensitivity OSL signal beyond the satu-
ration limit of reliability and, therefore only minimum ages were calcu-
lated (Table 2). Quartz Samples SEL04 and SEL05 from terrace T1 show
OSL signal characteristics that do not allow age calculation. Quartz sam-
ple SEL07 gave an OSL-age of about 163 ± 12 ka but it shows a nat-
ural sensitivity OSL signal very close to the saturation limit, thus, the de-
rived age may be over or underestimated (Wintle and Murray, 2006).
The remaining quartz samples SEL03, SEL06 and SEL09 gave reliable
SAR-OSL ages of 125 ± 11 ka, 145 ± 11 ka and 118 ± 9 ka respec-
tively.

The pIRIR225 dating protocol on K-feldspar grains was applied on
all samples except for SEL03, SEL04 and SEL05 because no suitable
material was obtained after the laboratory treatments. The pIRIR225
fading-corrected derived ages are 218 ± 8 ka (SEL01), 200 ± 7 ka
(SEL02), 184 ± 8 ka (SEL06), 144 ± 7 ka (SEL07), 259 ± 9 ka (SEL08)
and 129 ± 5 ka (SEL09).

To define the most precise chronological framework for the studied
paleoshorelines, either quartz or K-feldspar derived ages were selected
based on the following criteria:
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Table 3
– Luminescence age, MIS attribution, and estimation of the uplift amount and rate for marine samples. The luminescence ages are either from quartz SAR-OSL (#) or feldspar pIRIR225 (ˆ)
analysis (Table 2). The uplift has been computed by adding to the present sample elevation the estimate of the global sea-level position at the related MIS highstand (from Waelbroeck
et al., 2002).

Sample
code Coordinates

Sample
elevation
(m)

Luminescence
Age (ka) MIS

Global
sea level
(m) Uplift (m)

Uplift rate
(mm/a) Average uplift rate

SEL01 37°38′39.79″N
12°47′16.80″E

99.5 ± 2 218 ± 8ˆ 7c −4±13 104 ± 15 0.48 ± 0.07 0.48 ± 0.14

SEL02 37°37′48.70″N
12°47′38.68″E

73 ± 2 200 ± 7ˆ 7a −10 ± 13 83 ± 15 0.42 ± 0.08

SEL03 37°37′35.00″N
12°47′40.02″E

65 ± 2 125 ± 11 # 5e 6 ± 13 61 ± 15 0.49 ± 0.12

Table 4
- Luminescence age results, MIS attribution and estimation of the elevation above the coeval sea-level for aeolian samples. The luminescence ages are either from quartz SAR-OSL (#)
or feldspar pIRIR225 (ˆ) analysis (Table 2). Global sea-level position from Waelbroeck et al. (2002). The uplift has been computed using the luminescence age and an average uplift
rate of 0.5 mm/a (see Table 3). The paleo-elevation has been estimated combining present elevation, computed uplift and estimated lowermost sea level during correlative MIS based on
Waelbroeck et al. (2002).

Sample
code Location Coordinates

Elevation (m
a.s.l.)

Dune
order

Luminescence age
(ka) MIS

Global sea level
(m) Uplift (m)

Paleo-
elevation (m)

SEL08 C.se Pardo 37°40′13.38″N
12°45′38.17″E

152 ± 2 D7a 259 ± 9ˆ 8a-8c −85 ± 13 130 ± 15 107 ± 15

SEL06 Timpone
Maranzano

37°40′40.62″N
12°36′35.39″E

65 ± 2 D4 145 ± 11 # 6b-6a −104 ± 13 73 ± 15 96 ± 15

SEL09 C.se Ferracano 37°35′36.71″N
12°46′37.18″E

27 ± 2 D3b 118 ± 9 # 5d −45 ± 13 55 ± 15 13 ± 15

1) natural OSL signal is zeroed under the sun-light faster than the
pIRIRSL signal, thus quartz derived ages are selected if the signal is
not close or fully saturated because less prone to partial-bleaching
phenomenon compared to the pIRIRSL;

2) if the natural quartz OSL signal is close to saturation the K-feldspar
derived age is selected because quartz OSL-derived ages may over or
underestimate the “true” age (e.g. Wintle and Murray, 2006; Buy-
laert et al., 2012);

3) if the natural quartz OSL signal is fully saturated the K-feldspar de-
rived age is selected because its range usually extends beyond the
limits of quartz-derived ages (e.g. Buylaert et al., 2012; Andreucci
et al., 2014; 2017; Pascucci et al., 2014; Sechi et al., 2020).

Based on the above criteria seven over nine samples are considered
appropriate to build a chronological framework of the studied deposits.
Four of them are from marine (SEL01; SEL02; SEL03; SEL07) and the re-
maining three (SEL06, SEL08, SEL09) from aeolian deposits.

4.3.1. Marine deposits
The preferred luminescence ages allowed assigning the dated de-

posits and the related terraces to highstands and interstadial stillstands
of the Middle-Late Pleistocene. The lowermost dated sample (SEL07)
from the basal unit X exposed at the Faro Granitola site yielded a lumi-
nescence final age of 144 ± 7 ka (Fig. 8A; Table 2) indicating that the
sands were deposited during MIS 6b (Table 3).

Samples SEL01, SEL02 and SEL03 come from the terrace staircase
of the Selinunte Plain (Figs. 3B and 4A) and yielded stratigraphically
ordered results. Sample SEL03 comes from the base of the foreshore
sandstones of terrace T4 and yielded an age of 125 ± 11 ka (Fig. 9A;
Table 2). Thus, T4 is assigned to the last interglacial, MIS 5e (Table
3). Sample SEL02 from the base of the foreshore sandstones (unit B) of
T5 yielded an age of 200 ± 7 ka (Fig. 10A; Table 2), allowing to as-
sign this terrace to MIS 7a (Table 3). Finally, sample SEL01 from the

foreshore sandstones of T6 yielded a final age of 218 ± 7 ka (Fig. 10C;
Table 2), and constrained the age of this terrace to MIS 7c (Table 3).

4.3.2. Aeolian deposits
Sample SEL09 from dune ridge D3b in the Selinunte Plain (Fig. 4A)

provided a final age of 118 ± 9 ka (Fig. 11A and B; Table 2), docu-
menting that these dunes formed soon after the last interglacial high-
stand, and specifically during substage 5d (Table 4). Sample SEL06
from dune ridge D4 north of Mazara (Fig. 4A) yielded a final age of
145 ± 11 ka (Figs. 10C, D; Table 2), and thus was deposited in the last
part of MIS 6 (Table 4). The sample was collected from the upper part
of the dune (Fig. 11C and D), suggesting that dunes D4 span the MIS 6.

Finally, sample SEL08 comes from dune ridge D7a west of Castelve-
trano (Fig. 4A). This composite dune system is one of the largest in the
study area and includes several aeolian bodies. The sample was collected
in one of the highest and youngest body of the ridge and provided a fi-
nal age of 259 ± 9 ka (Fig. 11E; Table 2). This age documents that the
dunes formed during MIS 8 (Table 4).

5. Interpretation

5.1. Correlation of terraces with sea level highstands

The existence of a staircase of marine terraces attests that coastal
uplift has occurred in southwestern Sicily and that the age of terraces
should increase with their elevation. By combining mapping, sedimento-
logical analysis and luminescence dating results for same of the terraces,
it is possible to suggest a correlation with MISs for all the terraces of the
staircase (Fig. 12).

Specifically, we use the uplift rate computed from the position of
dated samples to match the observed elevation of undated terraces and
the elevation predicted for highstand shorelines of the sea-level curve
(following the nomenclature of Railsback et al., 2015). We com-
pute the sample uplift by adding to their present elevation the paleo
sea-level position of related highstands from the curve of Waelbroeck
et al. (2002). We have selected this curve, because a large number of
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coastal studies have referred to it (e. g., de Gelder et al., 2020, and
references therein).

The adopted uplift uncertainty combines the uncertainty in estima-
tions of global sea-level (±13 m during the last ~250 ka according to
Waelbroeck et al., 2002) and the error in field positioning (±2 m, see
Method section). We do not include the uncertainty deriving from lumi-
nescence ages to avoid unrealistic estimates of paleo sea-levels. Results
indicate that dated samples have been uplifted on average at a rate of
0.48 ± 0.14 mm/a (Table 3).

Because three (SEL01, SEL02, SEL03) out of four dated marine sam-
ples come from the Selinunte Plain and are distributed along a single
transect when projected on the coast-parallel profile of terraces inner
margin, we infer the age of undated terraces along the Selinunte Plain
transect (Fig. 3B; Table 5). To this end, we extract the inner margin
elevation of all terraces along the transect to evaluate the deviation of
this elevation with respect to the predicted position of Middle-Late Pleis-
tocene highstands using the computed average uplift rate of 0.5 mm/a
as a constraint. In addition to dated marine samples, we use the lumines-
cence age of aeolian dunes to place an upper age limit on the underlying
terrace.

We estimate that terraces T1 to T11 have Middle-Late Pleistocene
ages ranging between ~80 and 400 ka (Table 5; Fig. 12). In detail, ter-
races T1 and T2 are assigned to MIS 5a (~80 ka) and 5c (~100 ka), re-
spectively. The 118 ± 9 ka (MIS 5d) age of dune D3b, which rests above
T2, supports the attribution of this terrace to MIS 5c (Figs. 4A and 12).

The luminescence age of sample SEL07 (144 ± 7 ka), which comes
from the upper shoreface sandstones (unit X) at the base of the sedi-
mentary section exposed at Faro Granitola, creates an apparent conflict
with the MIS 5a age (~80 ka) assigned to terrace T1 based on the ex-
trapolated uplift rates. The age of SEL07, although correct from both a
luminescence and a stratigraphic perspective, complicates the otherwise
consistent chronological scheme and the estimated uplift history of the
area and, therefore, it is not considered realistic.

Using an uplift rate of 0.5 mm/a, we refer terrace T3 to MIS 6d
(~165 ka), the major interstadial occurring during the sea-level fall that
followed MIS 7. In support of the age attribution, we recall that T3 is
surmounted by dune D4, whose upper part has been dated at 145 ± 11
ka (MIS 6b-6a; Fig. 11C and D; Table 4).

Luminescence age of sample SEL03 document that terrace T4 formed
during MIS 5e (~125 ka). Terraces T5 and T6 have deposits with lumi-
nescence ages that document their formation during MIS 7a (~200 ka)
and 7c (~215 ka), respectively (Fig. 12). Overlying terraces T7 and T8
are assigned to MIS 7e (~240 ka) and MIS 9a (~290 ka), respectively.
The age attribution for these two terraces based on the uplift rate de-
termined from samples coming from lower terraces is supported by the
luminescence age result (259±9ka, MIS 8) for the upper part of dune
D7a, which, together with dune D7b, is interposed between the two ter-
races (Fig. 4A; Fig. 12).

No direct or indirect luminescence age constraints are available for
higher and older terraces. Using the uplift rates from lower terraces, T9,
T10 and T11 are assigned to MIS 9c (~310 ka), MIS 9e (~330 ka) and
MIS 11c (~400 ka) highstands, respectively (Table 5; Fig. 12).

5.2. Model of aeolian dunes formation

Luminescence age results from aeolian dunes indicate that they
formed during both major and minor lowstands of the global sea-level
curve (Fig. 12; Table 4). With sea-levels lower than the present and
a gentle shelf bathymetry, large amounts of sands were available to
wind transport inland from the shelf. This process was enhanced by
dry and cold climatic conditions that favored the reworking of marine
sediments and the growth of aeolian bodies as documented at several
Mediterranean coasts (Nielsen et al., 2004; Fornos et al., 2009; An-
dreucci et al., 2010, 2017; Thiel et al., 2010; Pascucci et al.,

2014, 2019; Elshazy et al., 2019; Casini et al., 2020; Sechi et al.,
2020).

The intimate spatial relation between terrace inner margins and
dunes, locally supported by luminescence ages, supports the contention
(e. g., Andreucci et al., 2010; Sechi et al., 2020) that lowstand
dune bodies formed above the previous highstand terrace. More in de-
tail, the locally observed gradational transition between beach deposits
and overlying aeolian deposits (Fig. 10A–D) indicate that dunes mostly
formed during the regression following interglacial stages.

Bearing the above in mind, we argue that each terrace and overly-
ing dunes located at its inner margin or seaward of it are part of the
same transgressive-regressive cycle. Fig. 13 is a schematic representa-
tion of this evolutionary model. During an interglacial period, a marine
terrace forms and hosts a thin shallow-water deposit likely because of
the relatively limited sediment supply at this coast (Tn, Fig. 13A). Dur-
ing the ensuing relative sea-level fall, aeolian sediments buttress against
the slope above the terrace inner margin and a dune ridge develops
above and often continuously with the marine deposits (riser dune; Fig.
13B). Some dunes, usually of lesser size, continue developing seaward
of this position as the sea level progressively drops, possibly by growing
upon pre-existing bathymetric features such as submarine bars (terrace
dune; Fig. 13B). The process regularly repeats during younger trans-
gressive-regressive cycles (Fig. 13C).

Although simplistic, the model satisfactorily reproduces the observed
sub-parallelism between terraces inner margins and dunes and predicts
that in an uplifting coast, terraces and dunes belonging to individual
transgressive-regressive cycles are sequentially preserved and not ran-
domly distributed. Using the luminescence constraints on aeolian de-
posits and the model of dune formation, we infer that the ages of the
nine dune orders spans between ~60 ka (MIS 4) and ~400 ka (MIS 11)
(Fig. 12; Table 6).

Dunes D1 and D2, which are developed to a lesser extent than over-
lying dunes (Fig. 4A), are attributed to minor lowstands (MIS 4 and 5b)
of the last sea-level fall. Dunes D3a and D3b appear better developed in-
stead and represent in our reconstruction the riser and terrace dunes, re-
spectively, which grew following the last interglacial. The attribution of
D3b to MIS 5d is constrained by the luminescence age of sample SEL09
(Fig. 12). We checked the reliability of our model by computing the
elevation of D3b above the coeval sea level using its present elevation,
the amount of its uplift, and the eustatic sea-level position at the time
it formed. Results agree with the model and only impose to adjust the
nominal age of sample SEL09 in Figs. 12 to 110 ka (within the lumines-
cence age uncertainty, 118 ± 9 ka) to avoid an estimation that would
locate the dune beneath the coeval sea-level. On this basis, and because
sample SEL09 comes from near the base of the dune (Fig. 11A and B),
we infer that D3b started forming 15 m above sea level during MIS 5d in
a backshore position and then evolved within a coastal plain as sea level
progressively dropped (Table 4). The ensuing transgression related to
the MIS 5c rise flooded the coast just below this aeolian ridge, which
was thus preserved (see Fig. 13C). The more inward dune D3a is devel-
oped onto the riser of the last interglacial terrace, and thus it has a 5e-5c
assigned age.

Dunes D4 are mostly developed inward of T4 and thus are older than
the last interglacial. A dune of this order is preserved near Mazara above
the inner margin of terrace T3 (Fig. 4A), and is related to MIS 6 by
the luminescence age of sample SEL06 that was collected from the top
of the aeolian succession (Fig. 11C and D). The position of the sam-
ple suggests that the dune may have started growing onto the riser of
T3 some (ten?) thousand years before, at the end of MIS 6d, and be-
came a relict dune when sea-level dropped to a point that the dune was
no longer connected to the coastal sector. Based on this, the dune is at-
tributed to MIS 6, with its top having an age likely constrained by the
maximum age of SEL06 (Table 4; Fig. 12). Dunes D4 in the Selinunte
Plain have grown gradually above deposits of terrace T5 attributed to
MIS 7a (Fig. 10A and B), further supporting the contention that this
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Table 5
– Chronology of marine terraces based on correlation with Marine Isotopic Stages, and estimation of the average and time-partitioned uplift rate in the Selinunte Plain and M. Magaggiaro transects. Global sea-level highstands age and depth relative to present
from Waelbroeck et al. (2002). The last four columns are valid for both transects and list: the terrace couplets used to calculate the time-partitioned uplift rate; the average uplift uncertainty, deriving from errors in positioning and uncertainty in global
sea-level estimation; the related average and time-partitioned uplift rate uncertainty.

Marine Isotopic Stage
Terrace
order Selinunte transect Magaggiaro transect Magaggiaro & Selinunte transects

Stage
Age
(ka)

Paleo
sea
level
(m)

Inner margin
eevation (m
a.s.l.)

Average
uplift
(m)

Average
uplift rate
(mm/a)

Incremental
uplift rate
(mm/a)

Inner margin
eevation (m
a.s.l.)

Average
uplift
(m)

Average
uplift rate
(mm/a)

Incremental
uplift rate
(mm/a)

Terrace
couplets

Average
uplift
uncertainty
(m)

Average uplift
rate uncertainty
(mm/a)

Incremental uplift
rate uncertainty
(mm/a)

11c 406 6 T11 234 228 0.56 0.53 T11/T10 ±18 ±0.04 ±0.24
9e 331 5 T10 193 188 0.57 0.33 T10/T9 ±18 ±0.05 ±1.00
9c 313 −16 T9 166 182 0.58 0.57 241 257 0.82 1.19 T9/T8 ±18 ±0.06 ±0.69
9a 287 −16 T8 151 167 0.58 0.76 210 226 0.79 0.90 T8/T7 ±18 ±0.06 ±0.35
7e 236 −9 T7 132 128 0.54 0.76 171 180 0.76 0.90 T7/T6 ±18 ±0.08 ±0.86
7c 215 −4 T6 108 112 0.52 0.33 157 161 0.75 0.83 T6/T5 ±18 ±0.08 ±1.00
7a 197 −10 T5 96 106 0.54 0.20 136 146 0.74 0.53 T5/T3 ±18 ±0.09 ±0.60
5e 124 6 T4 70 64 0.51 0.62 110 104 0.84 1.19 T4/T2 ±18 ±0.14 ±0.86
6d 167 −50 T3 50 100 0.60 0.84 80 130 0.78 0.60 T3/T4 ±18 ±0.11 ±0.42
5c 103 −21 T2 30 51 0.50 0.62 58 79 0.77 1.29 T2/T1 ±18 ±0.17 ±0.86
5a 82 −19 T1 19 38 0.46 33 52 0.63 ±18 ±0.22
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Fig. 13. Sketch showing formation of a coastal dune above the inner margin or the surface of a previous marine terrace during land uplift and eustatic sea-level cycles. See text for expla-
nation of the illustration.

Fig. 14. Uplift history for southwestern Sicily: A) Middle-Late Pleistocene average and in-
cremental uplift against age along the M. Magaggiaro and Selinunte transects for marine
terraces T1 to T11 during the last ~400 ka; B) Pleistocene average uplift against age ap-
proximately spanning the area of maximum uplift rate (M. Magaggiaro transect). See text
for details.

order developed during the regression following the penultimate inter-
glacial (Fig. 12).

Similarly, dunes D5 in the Selinunte Plain are found inward of T5
and have grown gradually above marine deposits of T6 attributed to

MIS 7c (10C, 10D), indicating that they formed during the regression
leading to stillstand 7b (Fig. 12). Although stratigraphic relation with
underlying marine deposits are not observed for dunes D6, they are
found just sea-ward of the inner margin of T7 (MIS 7e) and are thus re-
lated to MIS 7d (Fig. 4A).

The wider-developed dunes D7a and D7b are interpreted as riser and
terrace dunes, respectively, formed above terrace T8 (MIS 9a). The in-
terpretation is supported by the luminescence age of sample SEL08 from
dune D7a, which constrains within uncertainty the attribution of this
dune system to MIS 8c. We estimate that D7a, one of the largest of the
area and composed of several generations of dunes (Figs. 4a and 11E)
started forming in the backshore of T8 and continued growing when the
sea-level progressively fell. This estimation is supported by position and
age of sample SEL08 that was collected from the upper part of the ae-
olian section and returned a lowstand-peak age, with an estimated ele-
vation of ~100 m above the coeval sea-level (Table 4; Figs. 11E and
12).

Direct or indirect age constraints are not available for higher dune
orders, but their position relative to terrace inner margins (Fig. 4A), and
extrapolation of observations and interpretations for lower dunes indi-
cate a similar age relation with terraces (Table 6). Specifically, D8 is
developed above the riser of terrace T9 (MIS 9c) and is thus assigned to
MIS 9b-9d. Similarly, D9 develops on T11 riser (MIS 11c) and we refer
it to MIS 11a-10a (Fig. 12).

6. Discussion

6.1. Timing and rates of Middle-Late Pleistocene uplift

As illustrated above, the direct and indirect dating of raised marine
terraces demonstrates that southwestern Sicily has experienced tectonic
uplift at a significant pace. Although previous coastal studies did docu-
ment that uplift has occurred in this region, contrasting views exist re-
garding the timing and amount of displacement.

Based on the previously reported findings of Persististrombus speci-
mens at elevations near present sea-level at Torre Scibiliana and Mazara
del Vallo sites in the western sector (Ruggieri and Unti, 1974),
D'Angelo and Vernuccio (1996) argued that their lowermost ter-
race (corresponding to our T1) formed during MIS 5e. Their conclu-
sion together with the observation that seven additional terraces in
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Fig. 15. – A) Inner margins elevations of terraces T4 to T8 and maximum elevation of Marsala Calcarenite innermost outcrops projected onto a N135 striking profile (see Fig. 3B), with
linear regressions showing a southeastward increase of overall uplift scaled with terrace age. Assigned average ages in parenthesis. This southeastward increase in uplift highlights the
regional tectonic signal. The elevation of the MIS 5e terrace (Ferranti et al., 2006; Antonioli et al., 2018) and of the Marsala Calcarenite (from official geological maps: https://
www.isprambiente.gov.it/Media/carg/sicilia.html) in the Favignana and Levanzo islands to the northwest is also reported. B) Profile of the Line Of Sight (LOS) mean velocity data ob-
tained from Interferometric Synthetic Aperture Radar (InSAR) observations (redrawn from Barreca et al., 2014). The InSAR profile is roughly parallel (see Fig. 2A for the trace) to the
terrace displacement profile (top). Differential elevation profile between mapped and expected elevation of the inner margins of terraces T4 to T8, highlighting local tectonic signals with
a wavelength of ~10 km (bottom). A spatial correspondence between peaks and lows of InSAR and differential elevation of terraces is apparent. The peaks correspond to the Gazzara,
Campobello and Magaggiaro anticlines, and the low to the Selinunte Plain Syncline (SPS) (see Fig. 2A and B for location of tectonic structures). A drop in interferometry and terrace data
occurs across the Castelvetrano-Campobello Scarp (CCS). In both Fig. 15A and B, the solid line is the topographic profile (trace in Fig. 3A).

cluding the GTS lay above the lowermost terrace implies that uplift oc-
curred but ended by the Late Pleistocene. However, Antonioli et al.
(2006), following Ruggieri et al. (1968) and Ruggieri and Unti
(1974), related the same fossiliferous deposit, attributed to MIS 5e, to
a terrace with a shoreline angle at ~35 m (our T2), which implies Late
Pleistocene uplift at 0.25 mm/a.

We found at the Torre Scibiliana site a Persististrombus specimen in-
cluded within the sedimentary section of terrace T1 (Fig. 7A and G).
The specimen is heavily eroded suggesting that it was displaced from a
higher terrace. The finding of dislodged Persististrombus specimens is not
uncommon in the last interglacial terraces in southern Italy (e. g., Nalin
et al., 2012), and allows to us to assert that terrace T1 is younger than
MIS 5e. This conclusion, coupled to the luminescence age results for the
Selinunte Plain transect (Fig. 12), challenges previous attributions and
suggests that: 1) terrace T1 formed during MIS 5a; 2) the Persististrom-
bus specimen was resedimented within T1 from a higher terrace; 3) the
terrace at ~35 m (our T2) is assigned to MIS 5c; 4) terrace T4 formed
during MIS 5e.

Antonioli et al. (2006) did not find evidence that the coast east
of Capo Granitola experienced Late Pleistocene uplift. They suggested
that the poor resistance of the prevailing pelitic rocks therein has led to
erosion of any uplifted remain but preferred the alternative view that
the MIS 5e terrace is submerged below modern sea level. In this latter
scenario, they linked the coastal subsidence to tectonic loading of the
Gela Nappe at the frontal thrust system of central Sicily (Figs. 1 and
2A), a sector of recognized Pleistocene tectonic subsidence (Lickorish
et al., 1999). The subsidence hypothesis was challenged by Di Maggio
et al. (2017), who suggested instead the occurrence of uplift related to

crustal thickening and isostatic compensation. However, they calculated
a minimal Late Pleistocene uplift (0.032 mm/a) in the area between
Marsala and Sciacca, and a much higher rate (0.55 mm/a) east of Sci-
acca.

In contrast with the existing views, our results indicate that: 1) uplift
did not cease by the Late Pleistocene and its rate was significantly higher
than previously thought; 2) it occurred along the entire southwestern
Sicily coast between Marsala and Capo Bianco, and likely further east as
well. We will discuss at length the spatial pattern of uplift in a later sec-
tion, and focus in this and the following section on its timing and rate.

Results presented here document that uplift occurred along the Seli-
nunte Plain transect, where we assigned the terraces in the flight to spe-
cific MISs based on luminescence age constraints, at an average rate of
0.55 mm/a during the last ~400 ka (Table 5; Fig. 14A). Considering
that the elevation of terraces continues to increase eastward of this loca-
tion, we computed the maximum uplift rates along the M. Magaggiaro
transect (Fig. 3B). We estimate an average uplift rate of 0.76 mm/a dur-
ing the last ~313 ka based on displacement of terraces T1-T9 only, be-
cause higher terraces are missing (Table 5, Fig. 14A). Both estimates
have an uncertainty that decreases with increasing age from ±0.22 (82
ka) to ±0.06 (313 ka) and to ±0.04 (406 ka) (Table 5).

The presence of a staircase of terraces offers the opportunity to cal-
culate uplift rates over specific time intervals. Results for both transect
show a variability of incremental uplift rates from ±0.2 to ±0.76 in the
Selinunte transect and from ±0.53 to ±1.29 in the Magaggiaro tran-
sect (Table 5). Likely, much of this variability is not natural but de-
pends on errors on inner margins and paleo sea-level positioning es

https://www.isprambiente.gov.it/Media/carg/sicilia.html
https://www.isprambiente.gov.it/Media/carg/sicilia.html
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Table 6
- Chronology of aeolian ridges based on luminescence age constraints and on the genetic
relation with dated marine terraces.

Dune
order Dune toe elevation (m) Age attribution

Western
sector

Central
sector
(Selinunte
Plain)

Luminescence
age constrain

Stratigraphic
relation MIS

D9 – 195–225 – grown on T11 (MIS
11c) terrace

11a-10a

D8 – 165–200 – grown on T10 (MIS
9e) terrace & T9
(MIS 9c) riser

9b-9d

D7a 155–160 150–175 242 ± 9
(SEL08)

grown on T8 (MIS
9a) riser

8c

D7b 145–150 135–145 – grown on T8 (MIS
9a) terrace

8a

D6 110 110–120 – grown on T7 (MIS
7e) terrace

7d

D5 110 100–115 – grown on T6 (MIS
7c) deposits

7c-7b

D4 60–75 70–80 145 ± 11
(SEL06)

grown on T3 (MIS
6d) terrace and on
T5 (MIS 7a)
deposits

7a-6

D3a 60 60–65 – grown on T4 (MIS
5e) riser

5e-5d

D3b 35 30–35 118 ± 9
(SEL09)

grown on T4 (MIS
5e) terrace

5d

D2 20–25 25–30 – grown on T2 (MIS
5c) riser

5b

D1 10–15 – – grown on T1 (MIS
5a) riser

4

timates, as reflected in relatively high uncertainties in incremental up-
lift rates (Table 5). When uncertainties in uplift estimates are consid-
ered, the net trajectory of uplift would be likely be straighter and more
aligned to the average trend (Fig. 14A).

6.2. Long-term uplift history

To assess the timing of uplift at longer timescales we compare the
maximum displacement of Middle-Late Pleistocene terraces T1 to T11
with indicators of older paleoshorelines provided by higher abrasion sur-
faces and marine deposits. We develop this issue in the sector of max-
imum elevation of the terraces, broadly coinciding with the M. Magag-
giaro culmination (Fig. 3B).

The Lower Pleistocene (Emilian p. p.-Sicilian substages,
~1.5–0.8 Ma; Di Maggio et al., 2017) Marsala Calcarenite forms
a prograding bioclastic carbonate succession that blankets the shore
and shelf of western Sicily (Fig. 2A). The succession includes stacked
para-sequences of offlapping clinoforms consisting of topsets, foresets
and bottomsets that pinch out landward and seaward. The stepped, sea-
ward-dipping erosional surface that levels out the clinoforms represents
a composite and time-transgressive toplap surface that was formerly
grouped into a single abrasion surface, the GTS (Ruggieri and Unti,
1974), dated to the beginning of the Middle Pleistocene (MIS 17, ~700
ka; D'Angelo and Vernuccio, 1996). Because the GTS is best rec-
ognized as a polycyclic surface (Ruggieri and Unti, 1974; Di Mag-
gio et al., 2017), the age of different segments is predicted to scale
with their elevation. Indeed, the abrasion surfaces that are found below
200–300 m elevation are associated in our view to Middle Pleistocene
terraces that reworked the previous toplap surfaces (Fig. 3C).

The highest toplap surface of the Marsala Calcarenite, where it con-
verges up-dip with the basal onlap surface and marks the oldest pre-
served outcrops of this formation, lay in the M. Magaggiaro sector at

~280 m elevation. Even allowing a ~30 m paleobathymetry correction
for the depth of the toplap surface, we estimate null or minimal (0.04
mm/a) uplift rates between ~1.5–0.4 Ma (Fig. 14B). A relative tectonic
quiescence during Emilian-Sicilian is consistent with development of the
continuous prograding calcarenite body and with development of the in-
ner part of the GTS above it. Although these estimates have to be con-
sidered minimum values because of possible erosional removal of older
parts of the calcarenite and because of uncertainty on its basal age, the
inference of significant tectonic quiescence holds during the time frame
during which the calcarenite was deposited and most likely until ~400
ka.

A chronologic gap whose temporal extent is poorly constrained sep-
arates the Marsala Calcarenite from older marine calcarenites, sands
and pelites of the Agrigento Formation (Lower Pleistocene Santernian
substage) that are found north and west of M. Magaggiaro (Fig. 2A).
Near Montevago, the Agrigento Formation is represented by < 100 m
of pelites and calcarenites, which are bevelled by an abrasion surface
at ~400 m elevation (Montevago surface, Fig. 14B; Di Maggio et al.,
2017). This surface developed during a proposed regional erosional
phase in western Sicily (Di Maggio et al., 2017) and prior to the de-
position of the Marsala Calcarenite. The current elevation difference of
the Montevago surface and of the Marsala Calcarenite points to the pos-
sibility that Late Santernian-Early Emilian uplift may have been high,
possibly up to 0.9 mm/a (Fig. 14B).

Higher abrasion remnants are mapped (Antonioli et al., 2006) at
elevations of up to ~650 m in the uppermost reaches of the Belice River
valley (Highest Abrasion Surface in Fig. 2A). These surfaces level the
Upper Pliocene-Lowermost Pleistocene Belice Marnoso-Arenacea Forma-
tion and underlying rocks and could track the onset of uplift in the re-
gion prior to deposition of the lower-lying Agrigento deposits. Thus, the
interval of high uplift rates could have extended back to ~1.8 Ma, the
age of the top of the Marnoso-Arenacea Formation (Fig. 14B). The ele-
vation difference between scattered outcrops of this surface from east to
west could be cautiously taken to suggest that Earliest Pleistocene uplift
was already asymmetric as it was during the Middle Pleistocene (Fig.
2A).

Summarizing, although substantial uncertainties exist on the
pre-Middle Pleistocene uplift history, it appears that uplift during the
initial part of the Early Pleistocene might have been as high as during
the late Middle-Late Pleistocene, and these phases were separated by a
~1 Ma long interval of minimal or null uplift.

The displacement history reconstructed onshore appears consistent
with results of marine geophysical investigations offshore this coast.
Based on seismic reflection profiles analysis on the shelf between Capo
Granitola and Sciacca, Ferranti et al. (2019) documented that growth
rate of transpressional folds associated to the Capo Granitola and Sciacca
transcurrent fault systems mapped offshore this coast (Fig. 2A) halved
respectively from ~0.2 to 0.4 during Pliocene-Earliest Pleistocene to
~0.1–0.2 mm/a afterwards. The limited resolution of seismic profiles in
the shallowest reflector packages did not allow the authors to assess the
most recent (Mid-Late Pleistocene) deformation. Nonetheless, high-reso-
lution seismic profiles and bathymetry data published by Lodolo et al.,
2020 suggest that uplift of the shelf was substantial at least since the
Latest Pleistocene. These authors documented that the Sicily Channel
sector between Mazara del Vallo and Sciacca was uplifted at 0.6 mm/
a after the Last Glacial Maximum, a value matching the uplift rate esti-
mated by us for the late Middle-Late Pleistocene interval.

6.3. Spatial pattern of uplift

Detailed mapping of the terraces documents that Mid-Late Pleis-
tocene uplift is not uniform spatially but changes along the coast accord-
ing to a bell-shaped pattern culminating on the coastal projection of the
M. Magaggiaro anticline (Figs. 3B and 15A).



UN
CO

RR
EC

TE
D

PR
OO

F

22 F. Luigi et al. / Quaternary Science Reviews xxx (xxxx) 106812

In the west, the present coastal plain north of Marsala sharply trun-
cates the terraces elevation profile, but published information from the
Egadi Islands (Fig. 2A) provides a pinpoint for the western termination
of significant uplift. Indeed, the MIS 5e terrace stands at near-eustatic el-
evation (~8–12.5 m) in the archipelago starting from Levanzo and Fav-
ignana islands ~15 km off mainland Sicily (Fig. 15A; Ferranti et al.,
2006; Antonioli et al., 2006; 2018). Thus, the Late Pleistocene and
by extension the late Middle Pleistocene uplift profile tapers to mini-
mal values within a maximum distance of 15 km westward of Marsala,
i.e. 65 km west of the M. Magaggiaro culmination. Although some re-
cent vertical deformation may be present within the archipelago to ac-
count for meter-scale difference between Glacial Isostatic Adjustment
(GIA)-predicted models and observed position of the MIS 5e shoreline
(Antonioli et al., 2018), we regard these deformations as negligible
for the sake of our study.

The eastern termination of uplift is not constrained in the present
work, because no terrace was found at or close its eustatic elevation
in the eastern sector. However, we estimate that uplift extends for up
to ~15 km east of the M. Magaggiaro culmination. At Capo Bianco,
~35 km east of the culmination (Figs. 2A and 3B), we traced the MIS
5e terrace at 55 m elevation. Our result is consistent with the work of
Vattano (2008), who mapped in this area five shoreline orders at el-
evation of up to 400 m and assigned the lowermost one (28–55 m) to
the MIS 5e. The elevation of the MIS 5e shoreline at Capo Bianco would
fit the progressive elevation decrease of the same shoreline, which de-
scends from ~110 m at the M. Magaggiaro culmination. By extrapolat-
ing this trend eastward, the MIS 5e shoreline would be at its original eu-
static elevation after additional ~20–30 km, implying a near symmetric
uplift profile.

Outcrops of the highest toplap surface of the Marsala Calcarenite lay
at elevations that increase from west to east from ~30 to 50 m at Favi-
gnana Island in the Egadi Archipelago, to ~130 m on the western coast,
up to ~280 m at or near the Magaggiaro culmination, and decrease fur-
ther eastward, mimicking the deformed shape of younger paleo-shore-
lines (Fig. 3B). Because the present elevation of the highest outcrops of
the Marsala Calcarenite has a minimal elevation difference with the in-
ner margin of T11 (Fig. 3B) the calcarenite was largely uplifted during
formation of the Middle-Late Pleistocene terraced sequence.

Furthermore, we observe that the longitudinal topographic profile
matches fairly well the deformed shape of the Marsala Calcarenite and
of the oldest Middle Pleistocene terraces (Figs. 3B and 15A). The topo-
graphic profile was constructed following the highest elevation of the
Marsala Calcarenite and projecting them onto a N135 striking direction,
parallel to the mean strike of the marine terraces inner margin between
Capo Lilibeo and Capo Bianco (Fig. 3A). The shape of the topographic
profile suggests that the coastal landscape is a result of Mid-to Late Qua-
ternary uplift.

6.4. Regional and local source contribution to uplift

A closer inspection of the elevation profile of the terrace inner mar-
gins and of the Marsala Calcarenite reveals that uplift embeds two com-
ponents with different wavelength and amplitude that give insights into
the combined effects of tectonic processes at different spatial scales. In-
deed, two short-wavelength, low-amplitude undulations culminating at
~20–25 and 45–50 km, respectively, are separated by a low centered at
~35 km (Fig. 15A). These undulations that we refer to as local, are su-
perimposed on the larger bell-shaped elevation profile, which we label
as regional. The undulations have a-wavelengths, defined as the hinge
distance from one culmination to the next, on the order of ~10 km (Fig.
15A). The local undulations are also found in the Marsala Calcarenite,
supporting the notion that the calcarenite was deformed during the Mid-
dle-Late Pleistocene.

The regional profile instead, as discussed above, has a half-wave-
length, from the pinpoint at the Egadi Island to the M. Magaggiaro cul

mination, of ~65 km and an inferred ~130 km maximum wavelength.
Similar wavelength dimensions for regional and local components to
those established here were found in the uplift profile of Middle-Late
Pleistocene terraces on the Ionian coastline of northern Calabria by San-
toro et al. (2013).

A plausible hypothesis on the origin of the short-wavelength undu-
lations comes from appraisal of structural features mapped in south-
western Sicily. The western undulation spatially coincides with the ag-
gregated Gazzera and Campobello anticlines, which form a faulted an-
ticlinorium cored by the Trapanese pelagic platform carbonates (Figs.
2B and 15A). We do not regard this as a fortuitous coincidence and
argue that the two folds deformed the Marsala Calcarenite and con-
tinued growing during the Middle-Late Pleistocene, leading to bulging
of the terraces. The eastern undulation coincides with the location of
the Magaggiaro anticline (Fig. 15A) that represents a south-verging,
thrust-ramp related fold in the Saccense Platform carbonates (Fig. 2A
and B). Unlike the western folds, the terrace profile follows the Magag-
giaro anticline along-strike and thus image its along-axis size. The Mag-
aggiaro anticline together with the shorter-size Sciacca anticline to the
south, which is not sampled by our analysis, are viewed as the most re-
cent structures of the Sicilian frontal thrust belt (Fig. 2A; Monaco et
al., 1996). According to Monaco et al. (1996), the marine terrace at
~100 m (our T4, MIS 5e) is offset by faults related to the Sciacca anti-
cline. Finally, the low between the two undulations at ~35 km, where
the terraces profiles exhibit a sharp drop, corresponds to the CCS (Fig.
15A). As described previously, the CCS is a tectonic scarp that borders to
the east the ridge that stretches north from Capo Granitola between the
villages of Campobello and Castelvetrano (Fig. 2A) and represents the
frontal limb of the Campobello anticline (Fig. 2A). According to Bar-
reca et al. (2014; 2020), the scarp is associated to archeoseismic and
geodetic evidence of deformation.

Disentangling the relative contribution to the uplift given by regional
and local sources requires the assessment of the differential elevation
distribution of the paleoshorelines. To extract the regional signal, we
computed a linear regression of the elevation data for the terraces T4
to T8, for which we have a relatively well-distributed number of data
points (Fig. 15A). The regression was calculated over a ~50 km long
stretch between Marsala and a position slightly eastward of the pro-
jected M. Magaggiaro culmination. A linear regression was also carried
out through the innermost and most elevated outcrops of the Marsala
Calcarenite. We then subtracted from the inner margin elevations the
expected values calculated from the equation of the linear regression,
obtaining in this way a graph showing the effects of the Gazzera, Cam-
pobello and Magaggiaro folds (Fig. 15B).

This analysis highlights a northwestward regional tilt of the coast
with a mean gradient that regularly increases with terraces age (see
slope values in Fig. 15A), and a tilt rate (gradient of the coastline di-
vided by the terrace age) of ~6 × 10−3 m km−1 ka−1. Results for the
Marsala Calcarenite profile are consistent with those for the older Mid-
dle Pleistocene terraces when the 406-ka age of T11 is adopted for the
onset of deformation, and indicate that regional uplift had a self-consis-
tent shape.

To compute the displacements accommodated by the local struc-
tures, we measured the elevation difference between the regional up-
lift trend and the inner margin of selected terraces. The residual ob-
tained by subtracting the regional signal to the observed terrace posi-
tion yields the location, amplitude, and growth rate of local structures.
Specifically, the undulation related to the Gazzera anticline stands out
in the residual profile of terrace T6 with an amplitude of ~20 m (Fig.
15B), pointing to a growth rate of ~0.1 mm/a. Older terraces do not
image the anticline because they have been eroded, and younger ter-
races probably run at the southern periclinal termination of the fold
(Fig. 2A) and thus fail to reproduce its occurrence. The Campobello an-
ticline is not evidenced in the differential elevation profile of terraces
and probably its effects are mixed with those of the nearby Gazzera an-
ticline, with which it forms a broad anticlinorium (Fig. 2B). The resid
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ual profiles of terraces T4 to T8 show an eastern asymmetry of the un-
dulation, consistent with the long-term fold vergence (Fig. 2B).

The west to east drop of the terraces inner margins across the CCS
is imaged in the differential profiles of all terraces. The residual profiles
show the syncline developed in the footwall of the Gazzera-Campobello
anticlinorium, with an amplitude of between 15 and 20 m for terraces
T5 to T7 (Selinunte Plain syncline, Fig. 15B). By considering the ages of
the terraces, these estimations yield a growth rate of 0.07–0.08 mm/a.

Support for the syn-depositional growth of the CCS and of its foot-
wall syncline comes from facies analysis of marine deposits associated
with terraces T1 to T5 (last ~200 ka), which show higher energy envi-
ronments just east of the scarp relative to the regions further west, sug-
gesting the scarp might have fostered a local increase in wave energy
(see section 2.1 and Table S1). In addition, the CCS stands across the
major change in trend of marine terraces and dunes across the study
area. Admittedly, the scarp existed before and during the formation of
terraces and dunes and controlled their trend and sedimentary environ-
ment.

Finally, the Magaggiaro anticline is imaged by residual profiles of
terraces T6 to T8, with an amplitude of ~10–15 m, resulting in a growth
rate of ~0.06–0.07 mm/a (Fig. 15B). The residual profiles of terraces
T4 and T5 do not evidence the anticline, instead they have negative val-
ues along the anticline axis. We believe that this pattern is related to
their location in the syncline interposed between the M. Magaggiaro and
the Sciacca anticlines (Menfi syncline, Fig. 2A and B).

By considering the average uplift rate calculated for the Selinunte
Plain and the Magaggiaro transects (Table 5), the ratio of the verti-
cal deformation accommodated by folds in the western (Gazzera-Cam-
pobello anticlines and Selinunte Plain syncline) and central (Magaggiaro
anticline) sectors is estimated at 15% and 10% of the total uplift, respec-
tively. The remaining displacement ensues from the regional process.
These results are consistent with the ratio between fold growth and re-
gional displacement estimated from analysis of uplifted marine terraces
in the Ionian side of northern Calabria (Santoro et al., 2013).

The folds outlined by the displacement of the terraces show a clear
spatial coincidence with differential deformations revealed by Synthetic
Aperture Radar (SAR) Interferometric observations (Barreca et al.,
2014). To outline this coincidence, we projected on the terrace profile
the Line Of Sight (LOS) mean velocity (Fig. 15B) from SAR data re-
drawn from Barreca et al. (2014). The SAR profile is sub-parallel (Fig.
2A) to the longitudinal terrace profile. The interferometry data were ob-
tained with the A-DInSAR StaMPS method (Stanford Method for Persis-
tent Scatterers, Hooper, 2008), using image data from the ESA ENVISAT
satellite spanning the time period 2003–2010. Although LOS velocities
may be affected by non-tectonic amplifications that preclude compari-
son with uplift rates provided by terraces, the SAR profile, exhibits peaks
that coincide with the location of the Gazzera, Campobello and Magag-
giaro anticlines and nicely reproduces the current activity of these folds
that we argue have caused displacement of Middle-Late Pleistocene ter-
races (Fig. 15B). The SAR profile also highlights the eastward asymme-
try of the Gazzera and Campobello anticlines, consistent with the resid-
ual profiles of terraces and with geological reconstructions. Finally, the
SAR profile reveals the sharp offset across the CCS and the low coincid-
ing with the Selinunte Plain syncline (Fig. 15B).

6.5. Significance of the regional uplift

In contrast to the deformation accommodated by folds, the regional
uplift hints at larger scale processes that in our opinion are shared by
the whole front of the Sicilian thrust belt. Late Quaternary uplift rates
in excess of 1 mm/a are documented in northeastern Sicily and in Cal-
abria (Ferranti et al., 2006, and references therein), where they are
related to residual subduction of the Ionian oceanic slab and concurrent
asthenosphere inflow (e. g. Westaway, 1993; Ferranti et al., 2010;

Faccenna et al., 2011). Although in the remaining part of Sicily uplift
rates outlined by displacement of the MIS 5e terrace are lower, the lack
of recognition of significant uplift at the front of the thrust belt in west-
ern Sicily so far contrasts with the pattern observed in the eastern part
of the island (Fig. 1).

Results of the present study help bridging this gap. We argue that the
regional uplift results from continental indentation between the fold and
thrust belt and thicker crustal sections of the Pelagian Foreland (Fig.
1). We suspect that the involvement of thick Mesozoic carbonate suc-
cessions of the Saccense platform at the collision front in western Sicily
is the cause for large uplift. Indeed, the culmination of the regional up-
lift profile in the Sciacca area and its progressive decrease east and west
from there possibly reflects the position of the thicker part of the plat-
form which passes laterally to thinner pelagic carbonate platform (PCP)
domains (Basilone, 2020, and references therein). Although the ex-
act subsurface transition between the two crustal domains is unknown,
the Gazzera-Campobello anticlinorium is likely cored by the Trapanese
PCP bedrock, in contrast with the Magaggiaro-Pizzo Telegrafo and Sci-
acca anticlines that are developed in the Saccense carbonate platform
bedrock.

The situation portrayed in western Sicily is akin to what occurs in
eastern Sicily, where the thrust belt impinges upon the similarly thick
Hyblean carbonate platform. Not surprisingly, the uplift rate inferred
since the Last Interglacial at the thrust front in eastern Sicily is ~0.6–0.8
mm/a (Fig. 1), a value similar to that estimated here for the western
Sicily front during the last ~400 ka (Fig. 15A). This reconstruction sup-
ports the contention that active shortening characterizes the entire front
of the SFTB and may be accommodated by steep thrust ramps (Fig. 2B;
Lavecchia et al., 2007; Ferranti et al., 2008; Visini et al., 2010).

7. Conclusions

Staircases of marine terraces between ~5 and 250 m elevation in
southwestern Sicily document that uplift has occurred in this region,
which displays seismic and geodetic evidence of deformation but lacks a
detailed seismotectonic model.

Although in the area the morphological signature of the terrace
flights is more subdued than in crustal sectors of high uplift rate in
southern Italy, like the Calabrian Arc, our detailed mapping constrains
the existence of twelve marine terraces whose elevation profile parallel
to the coast shows a bell-shaped, near symmetric pattern for a length of
~80 km and probably up to ~130 km.

Luminescence dating of terraced beach barrier ridges and extrapola-
tion of sample uplift rates to undated terraces document that the flight
formed during Middle-Late Pleistocene (400 ka) highstands and subor-
dinately interstadial stillstands of the global sea-level curve. In contrast
with previous views, our results indicate that displacement has occurred
at a fast rate that culminates at average values of 0.75 mm/a in the cen-
tral part of the uplifted region.

Aeolian ridges that run sub-parallel and are spatially associated to
the inner margin of terraces have luminescence ages that document their
formation during eustatic lowstands. The aeolian ridges formed as ob-
stacle dunes overlaying a previous inner margin during the regression
that followed formation of the underlying terrace. Luminescence ages of
aeolian deposits integrated with the proposed model of their formation
additionally constrain the chronology of marine terraces.

A closer look at the terrace elevation profile suggests that displace-
ment of terraces embeds both a regional and a local component. The lo-
cal source reflects active growth of bedrock folds with a half-wavelength
of ~10 km and growth rates of up to ~0.1 mm/a, which accounts for
~10–15% of the total uplift. The folds detected in the terraces profile
spatially coincide with undulations retrieved in published SAR interfer-
ometric data.

The regional component has a vertical tectonic rate similar to the
one determined at the collisional front in eastern Sicily. This consis-
tency supports the contention that the Sicily thrust belt is active along
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its whole front. Development of these 100-km scale uplift regions is
likely related to continental collision between the thrust belt and thick
crustal portions (Saccense and Hyblean carbonate platform domains) of
the Pelagian foreland of the north African continental margin.

The marine terraces formed above the Early Pleistocene
(1.5–0.8 Ma) Marsala Calcarenite that was deposited during a period
of relative tectonic quiescence. Remnants of abrasion surfaces carved
in progressively higher and older Pleistocene and Late Pliocene rocks
suggest that uplift also occurred in the first part of the Pleistocene at
rates similar to those estimated for the Middle-Late Pleistocene interval,
pointing to alternation of rapid uplift with substantial quiescence.

Analysis of uplifted terraces provides a link between bedrock struc-
tures and current geodetic deformation and contributes to bridge the
gap between long-term and recent coastal tectonics. The present study
highlights the capability of integrated high-resolution mapping and lu-
minescence geo-chronology in detecting pattern and rates of coastal
tectonics and in contributing to test geodynamic models and mitigate
coastal geo-hazards.
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