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Abstract

Late Quaternary crustal uplift is well recognized in northeast Sicily, southern Italy, a

region also prone to damaging earthquakes such as the 1908 “Messina” earthquake

(Mw 7.1), the deadliest seismic event reported within the Italian Earthquake Cata-

logue. Yet it is still understudied if, within the Milazzo Peninsula, crustal uplift rates

are varying spatially and temporally and whether they may be either influenced by

(i) local upper-plate faulting activity or (ii) deep geodynamic processes.

To investigate the long-term crustal vertical movements in northeast Sicily, we have

mapped a flight of Middle-Late Pleistocene marine terraces within the Milazzo Penin-

sula and in its southern area and refined their chronology, using a synchronous corre-

lation approach driven by published age controls. This has allowed a new calculation

of the associated crustal uplift rates, along a north–south oriented coastal-parallel

transect within the investigated area. Our results show a decreasing uplift rate from

south to north across the Milazzo Peninsula and beyond, and that the associated

rates of uplift have been constant through the Late Quaternary. This spatially varying

yet temporally constant vertical deformation helps to constrain the amount of uplift,

allowing us to explore which is the driving mechanism(s), proposing a few related

scenarios.

We discuss our results in terms of tectonic implications and emphasize the impor-

tance of using appropriate approaches, as such applying a synchronous correlation

method, to refine chronologies of undated palaeoshorelines when used for tectonic

investigations.
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1 | INTRODUCTION

A combination of concurrent processes such as crustal uplift, volca-

nism, continental collision, strike-slip lithospheric faults, subduction

process and mantle flow through lithospheric slab windows, along

with the associated uncertainty, makes it difficult to properly assess

the cause of crustal deformation and the associated rates through

time. The herein investigated uplifting Milazzo Peninsula, northeast

Sicily in southern Italy, lies within a zone of active continental colli-

sion, close to a complex lithospheric strike-slip fault zone, that is, the

Aeolian-Tindari-Letojanni Fault System (ATLFS), a distributed dextral

transtensional region extending from the back-arc Aeolian Islands

(Figure 1) down to the Ionian coast of northeast Sicily (Cultrera, Bar-

reca, Ferranti, et al., 2017b; De Guidi et al., 2013). Middle-Late Pleis-

tocene to Holocene uplift within and close to the investigated area

are documented by a preserved flights of palaeoshorelines and tidal
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notches (Ferranti et al., 2006; Hearty, 1986; Hearty et al., 1986;

Scicchitano et al., 2011). Indeed, a few different uplift scenarios have

been debated for the Milazzo Peninsula with uplift rates ranging

between �0.3 and �0.7 mm/yr (Antonioli et al., 2006; Hearty, 1986;

Hearty et al., 1986; Scicchitano et al., 2011), and yet the cause and

timing generating Late Quaternary uplift, and its relationship either

with the upper-plate faulting or crustal geodynamic processes is still

poorly constrained. Additionally, it is still understudied if one or more

Quaternary Sea level highstands, identified by the presence of a flight

of marine terraces, are preserved and if the associated uplift rates are

spatially and temporally changing within the investigated area.

Within the study area, active crustal deformation is also con-

firmed by the presence of historical seismic events and moderate

crustal seismicity with oblique and strike-slip kinematics likely occur-

ring within ATLFS as shown by previous investigations (Barreca

et al., 2014; Billi et al., 2006; Frepoli & Amato, 2000; Neri et al., 2005;

Palano et al., 2015; Scicchitano et al., 2011). Indeed, active faulting is

implied by the occurrence of historical damaging seismic events with

estimated Mw > 6 (e.g. Guidoboni et al., 2019 Jacques et al., 2001;

Rovida et al., 2020). Additionally, some authors have proposed that

raised Late Holocene tidal notches may be formed as the result of

coseismic uplift associated with damaging seismic events of estimated

Mw > 6 (Scicchitano et al., 2011). However, it is understudied

whether long-term Quaternary crustal uplift affecting the Milazzo

Peninsula may be either controlled by active crustal faulting or some

subcrustal deep processes associated with the ongoing continental

collision/subduction.

The above-mentioned controversies may be addressed and

refined rates of crustal uplift over the Quaternary can provide the

base for future works leading to a better understanding of tectonic

and geodynamic processes controlling the active crustal deformation

pattern of the investigated region.

F I GU R E 1 Simplified tectonic map of Sicily and Southern Calabria. (a) Inset of Italian territory with location of the investigated area. (b) Inset
showing tectonic lineaments and the location of the investigated area; violet, green and red arrows represent compression, lateral and extension
crustal deformation, respectively. (c) Red lines represent tectonic faults/lineaments from several previous investigations (e.g. Jacques et al., 2001;
Meschis et al., 2018, 2020; Roberts et al., 2013). Red arrows show the direction of regional extension derived by GNSS investigations (Serpelloni
et al., 2005). Violet stars show historical seismic events (Rovida et al., 2020). Dark blue squares indicate values of Holocene uplift rates from
several investigations (e.g. Antonioli et al., 2006; Scicchitano et al., 2011). Orange circles identify GNSS stations used in this study. Abbreviations
are as following: VMF, Vulcano-Milazzo Fault; CF, Cittanova Fault; SF. Scilla Fault; SEF, Sant’Eufemia Fault; MTF, Messina-Taormina Fault; AF,
Armo Fault; RCF, Reggio-Calabria Fault; CDF, Capo D’Orlando Fault; TNF, Tindari-Novara Fault; ATLFS, Aeolian-Tindari-Letojanni Fault. (d) Inset
showing Moho depth (Grad & Tiira, 2009) beneath northeast Sicily with a dashed white profile trace to study the correlation between uplift rates
and Moho depth.
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Here, we carry out observations of the raised palaeoshorelines to

refine rates of uplift spatially and temporally. Our results are used to

discuss if a correlation exists between crustal uplift, subcrustal deep

processes associated with the ongoing Africa-Eurasia collision/Ionian

subduction process and active crustal faulting.

2 | BACKGROUND

2.1 | Geological and tectonic setting

Northeast Sicily, at the southern edge of the Calabrian-Peloritani Arc,

consists of a crustal fragment separated from the Sardinian domain in

response to the Neogene evolution of the Ionian subduction system

and the opening of the Tyrrhenian Basin (Faccenna et al., 2004;

Malinverno & Ryan, 1986). The structural architecture of northeast

Sicily (Peloritani Mountains) is characterised by the juxtaposition of

different tectonic nappes composed by Variscan crystalline basement

rocks discontinuously covered by Meso-Cenozoic sedimentary

deposits (Cirrincione et al., 2015). Early Oligocene-Quaternary-aged

siliciclastic and carbonate syn- to post-orogenic sedimentary

sequences unconformably overlie the nappe edifice (Lentini &

Carbone, 2014).

From a tectonic point of view (Figure 1), northeast Sicily is

located within the interaction zone between the �Northwest-

Southeast oriented compression occurring along the Sicilian margin of

the southern Tyrrhenian Sea (Pondrelli et al., 2004) and the Late Qua-

ternary NW-SE crustal extension affecting the Calabrian-Peloritani

Arc (Catalano & De Guidi, 2003; Meschis, Roberts, et al., 2022a;

Monaco & Tortorici, 2000), also confirmed by geodetic measurements

(D’Agostino et al., 2011; Devoti et al., 2017; Meschis, Teza,

et al., 2022b; Palano et al., 2015; Serpelloni et al., 2010). Those

domains are also affected by northnorthwest–southsoutheast

trending right-lateral transtensional deformation (ATLFS; Barreca

et al., 2014; Billi et al., 2006; Palano et al., 2012) extending from the

Vulcano Island to the mainland of Northeast Sicily (Figure 1). GNSS

measurements revealed a dextral motion of 3.6 mm/yr occurring

along the ATLFS (Palano et al., 2012, 2015). Moreover, this area is

marked by a persistent and shallow (depth <40 km) seismicity showing

a mixture of normal and oblique focal mechanisms (Palano

et al., 2012). The largest earthquakes (i.e. the 1786, Mw = 6.2; 1978,

Mw = 6.1, (Rovida et al., 2020) are inferred to have occurred along

the major lineaments of the ATLFS (Cultrera, Barreca, Ferranti,

et al., 2017a, 2017b).

Although the active deformation pattern of the Tyrrhenian margin

of northeast Sicily has been largely investigated over the last few

decades (Billi et al., 2006; Cultrera, Barreca, Ferranti, et al., 2017b; De

Guidi et al., 2013), only a few historical investigations deal with the

structural and geomorphological configuration of the Milazzo Penin-

sula (Fois, 1990; Lentini et al., 2000), where normal faults, mostly

showing Northeast-Southwest trends, were documented. The Vari-

scan basement is widely exposed along the Milazzo Peninsula

(Figure 2). It is composed of medium- to high-grade metamorphites

including micaschists and migmatitic paragneisses with minor amphib-

olites and marbles, locally intruded by late Variscan granitoid dykes

(D’Amico et al., 1972). Post-orogenic sediments crop out in the north-

ern sector of the Peninsula (Fois, 1990). The oldest sedimentary cycle

(Late Miocene) consists of a basal conglomerate horizon formed by

crystalline clasts, followed by tens of meters of carbonate edifices sur-

rounded by large breccias derived from the dismantling of the small

reef complex. During the Plio-Pleistocene age, yellow and grey marls

were deposited within paleo-morphological depressions (Fois, 1990).

The top of the sedimentary succession is represented by littoral

gravels and pebbly sands indicating a Late Pleistocene sea-level

F I GU R E 2 Geological maps of the
investigated area. (a) A simplified
geological map of Milazzo Peninsula (red
dashed square) and surrounding area in
the south is shown. (b) A more detailed
geological map of the Milazzo Peninsula,
with red-coloured tectonic lineaments is
shown.
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highstand, overlaid by cineritic “Brown Tuffs” younger than �80 ka,

generated by explosive volcanic eruptions likely produced by the

Island of Vulcano (Borghi et al., 2014; Lucchi et al., 2008).

2.2 | Late Quaternary uplift in Northeast Sicily

The Ionian subduction beneath the Calabrian-Peloritani Arc is framed

in the more general context of the continental collision between Africa

and Eurasia plates (Malinverno, 2012), likely controlling the regional

uplift recorded in Calabria and northeast Sicily (Gvirtzman &

Nur, 1999a, 1999b; Malinverno & Ryan, 1986; Westaway, 1993). In

particular, the investigated region lies within the uplifting and seismi-

cally extending Calabrian-Peloritani forearc, suggested by the presence

of (i) uplifted Quaternary palaeoshorelines and (ii) historical damaging

earthquakes (Balescu et al., 1997; Bianca et al., 2011; Cucci

et al., 2006; Doglioni et al., 2001; Dumas et al., 1993; Ferranti

et al., 2007; Lucente et al., 2006; Miyauchi et al., 1994; Roberts

et al., 2013; Stewart et al., 1997; Westaway, 1993). Furthermore, as

observed previously, the Calabrian-Peloritani forearc offers prominent

geological evidence in the landscape of the interaction between sea-

level changes and tectonic uplift processes over the Late Quaternary

testified by the presence of sequences of preserved and raised

palaeoshorelines (Bianca et al., 2011; Catalano & De Guidi, 2003;

Giunta et al., 2012; Pavano et al., 2016; Tortorici et al., 2003;

Valensise & Pantosti, 1992). Moreover, the Late Quaternary activity of

normal faults accommodating the regional northwest-southeast exten-

sional deformation affects the geometry of preserved palaeoshorelines

and the associated crustal uplift rates within both the hangingwall and

footwall of active faults (Catalano & De Guidi, 2003; Meschis

et al., 2018; Meschis, Roberts, et al., 2022a; Pavano et al., 2016). GNSS

measurements confirm crustal deformation with an ongoing active

extension and uplift occurring in this area (Chiarabba & Palano, 2017;

Mastrolembo Ventura et al., 2014; Serpelloni et al., 2010).

It is important to note that over the last decades, several studies

on the Late Quaternary palaeoshorelines outcropping along the Sicil-

ian and Calabrian coasts, identifying the Messina Strait, have been

carried out to constrain the crustal uplift (Catalano & De Guidi, 2003;

Catalano & Di Stefano, 1997; Meschis et al., 2018; Meschis, Roberts,

et al., 2022a; Pavano et al., 2016). Coeval normal faulting over the

Late Pleistocene has been affecting the crustal uplift with active faults

showing throw-rates ranging between 0.32 and 2.34 mm/yr (Meschis

et al., 2018; Meschis, Roberts, et al., 2022a).

Concerning the Milazzo Peninsula, the absence of Senegalese

fauna such as Thetystrombus latus (also known as Strombus bubonius)

makes it difficult to identify the elevation of the Marine Isotope Stage

(MIS) 5e (125 ka) and the associated uplift rates. For instance, some

previous investigations (Hearty, 1986; Hearty et al., 1986) attributed

the coarse to sandy deposits, outcropping at elevations between 40 m

and 60 m to the 125 ka marker on the basis of aminostratigraphical

data collected on Glycymeris and Arca. This scenario was supported by

Bordoni & Valensise (1998). On the other hand, Antonioli et al. (2006)

reinterpreted the geomorphological pattern of the Milazzo Peninsula

associating the 125 ka highstand to a wide and unique marine terrace

occurring at 90 m above the present mean sea level. In addition, two

uplifted Holocene palaeoshorelines, represented by tidal notches,

marine deposits and balanid rims, take place at �2.1 and �0.8 m above

the mean sea level (Rust & Kershaw, 2000). According to Scicchitano

et al. (2011), the origin of those palaeoshorelines might be linked with

abrupt coseismic uplift due to the occurrence of historical major earth-

quakes (M � 6–7), even though there is no agreement on which

fault(s) may have seismically ruptured.

3 | METHODS

In this section, we present methodologies and approaches applied to

refine long-term rates of vertical crustal movements within the inves-

tigated area of the Milazzo Peninsula.

3.1 | Digital elevation model topographic analysis
and palaeoshorelines field mapping

Here, we have followed approaches applied by some previous geosci-

entists when deformed marine terraces are used to depict tectonic

and geodynamic implications within the Mediterranean realm

(Meschis et al., 2018, 2020; Meschis, Roberts, et al., 2022a; Meschis,

Teza, et al., 2022b; Roberts et al., 2013; Robertson et al., 2019, 2023).

In particular, we have carried out detailed geomorphological and topo-

graphic analysis by means of both 1 m and 10 m high resolution Digi-

tal Elevation Model (DEM) kindly provided by (i) the Italian Ministry of

Environment and (ii) TINITALY from INGV (Tarquini et al., 2012),

together with field mapping of marine terraces (Figures 3 and 4).

Wherever possible, we have mapped prominent breaks of slope iden-

tifying inner edges (or shoreline angles) of marine terraces along their

strike, both on the DEM and in the field. By using high resolution

DEMs, we have traced eight topographic profiles across the current

coastline and intercepting flights of marine terraces outcropping on

the Milazzo Peninsula and nearby (Figure 3). Note that we have con-

structed seven topographic profiles (Profile 1–7) on 1 m high resolu-

tion DEMs provided by the Italian Ministry of Environment and

1 topographic profile (Profile 8) on 10 m high resolution DEM by

TINITALY (Tarquini et al., 2012). The latter has been already used

by previous geoscientists for marine terraces investigations assessing

its reliability (Meschis et al., 2018; Meschis, Roberts, et al., 2022a;

Meschis, Teza, et al., 2022b; Roberts et al., 2013). We have mapped

inner edges (or shoreline angles) of marine terraces, which identify

glacio-eustatic palaeo mean sea-level associated with warm periods

(or highstands from sea level curves) as proposed by some authors in

the past (e.g. De Santis et al., 2021, 2023; Ferranti et al., 2021; Jara-

Muñoz & Melnick, 2015; Meschis, Teza, et al., 2022b; Robertson

et al., 2019, 2023; Saillard et al., 2009) (Figures 3 and 4). It is impor-

tant to note that topography and GIS-based evidence of

palaeoshorelines are used to depict locations of each topographic pro-

file; for example, we have avoided areas affected by fluvial incision

produced by the combined action of uplift and river incision to ensure

that we have properly studied geomorphological marine (not fluvial)

characters. For this reason, our topographic profiles are produced

along interfluvial areas where palaeoshorelines are well preserved

(Meschis et al., 2020; Meschis et al., 2022b). As shown by previous

investigations (De Santis et al., 2021, 2023; Meschis et al., 2020; Mes-

chis, Roberts, et al., 2022a; Meschis, Teza, et al., 2022b; Robertson

et al., 2020), field mapping was essential to corroborate (i) our DEM-

4 MESCHIS ET AL.
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based analysis and (ii) that some palaeoshorelines were less clear on

the DEMs to be resolved and mapped (Figure 4); indeed, in places,

marine terraces show small palaeo sea cliffs in height updip sloping

terraced flat surfaces (a few meters), associated with their limited geo-

graphic extent (Figures 3 and 4). In particular, locations of marine ter-

races are mostly identified as palaeorocky shorelines which are

depicted by (i) flat surfaces carved into bedrock by erosion of wave

action and in places overlaid by shallow marine deposits lithified by

early marine diagenesis (Roberts et al., 2013; Robertson et al., 2019,

2020), (ii) marine erosion pans (also known as millholes) formed by the

scouring action of marine pebbles/gravels resulting from the action of

sea waves (e.g. Miller & Mason, 1994; Robertson et al., 2019, 2020,

2023) and (iii) caves and lithophagid borings at the updip terminations

of wave-cut platforms (Ferranti et al., 2006; Firth & Stewart, 1996;

Meschis et al., 2020; Robertson et al., 2019, 2020, 2023). Note that

inner edges elevations have been mapped mostly directly on the

wave-cut platforms at the junction between the seaward sloping ter-

raced surface and the palaeo-cliff as shown in Figure 4. Yet, it is

important to note that in places a few terraced surfaces are overlain

by either shallow marine deposits or volcanic deposits, with thick-

nesses that have been taken into account to derive correct inner edge

elevations.

By combining the above-mentioned geomorphological and sedi-

mentary sets of characters, we interpret gently sloping seaward ter-

raced surfaces as palaeoshoreface surfaces carved by the action of

sea waves and bounded updip by palaeo sea-cliffs, identifying

palaeoshorelines as shown by previous investigations on marine ter-

races (Armijo et al., 1996; Gallen et al., 2014; Giunta et al., 2012;

Meschis et al., 2020; Ott et al., 2019; Pedoja et al., 2018; Roberts

et al., 2009, 2013). The dual approach of mapping of palaeoshoreline

elevations from fieldwork and DEMs analysis allows us to obtain a

wide coverage. Note that our field mapping of palaeoshorelines was

corroborated by obtaining topographic elevations using a handheld

GPS with a built-in barometric altimeter to constrain palaeoshoreline

locations in terms of x, y, and z coordinates as previously proposed by

some (Meschis et al., 2018; Roberts et al., 2009, 2013; Robertson

et al., 2019, 2023).

3.2 | Ages modelling for undated palaeoshorelines
using a synchronous correlation approach

Here, we have applied a synchronous correlation approach that has

been largely used and described in the last few decades when marine

F I GU R E 3 Digital terrain models (DTMs) of the study area. (a) A map with locations of serial topographic profiles along the Milazzo Peninsula
is shown. Coloured dots represent inner edges of marine terraces and associated refined ages along each serial topographic profile. Serial
topographic profiles are constructed on a 1-meter high resolution DTM, kindly provided by “Regione Siciliana” government. (b) A map is shown

with a location of a serial topographic profile south of Milazzo Peninsula, where a 10-m resolution DTM is used (e.g. Tarquini et al., 2012).
Coloured dots represent inner edges of marine terraces and associated refined ages along the topographic profile. Black lines represent the
profile used to (i) correlate refined uplift rates and Moho depth and (ii) construct an almost 25 km long topographic profile to show the
topography from north to south.
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terraces are used to derive tectonic implications and for improved

seismic hazard investigations in the Mediterranean realm and else-

where (De Santis et al., 2021, 2023; Houghton et al., 2003; Meschis

et al., 2018, 2020; Meschis, Roberts, et al., 2022a; Meschis, Teza,

et al., 2022b; Pedoja et al., 2018; Roberts et al., 2009, 2013;

Robertson et al., 2019, 2023). Here, we recall some of its key princi-

ples. Indeed, it is built on the concept that glacio-eustatic sea level

highstands over the Quaternary are not evenly spaced in time mean-

ing that the consequential raised marine terraces will not be evenly

spaced in elevation when an uplift constant through time is hypothe-

sized (Roberts et al., 2009, 2013; Robertson et al., 2019, 2023;

Westaway, 1993). It is important to highlight that this approach may

be applied when rates of uplift are either constant or fluctuating

through time as discussed by previous investigations (e.g. Meschis,

Roberts, et al., 2022a; Roberts et al., 2009, 2013). Furthermore, this

method allows us to overcome the problem of assigning erroneous

ages to undated palaeoshorelines if the “re-occupation” of older

palaeoshorelines by younger ones is not taken into account when rel-

atively slow uplift rates may occur for both constant and fluctuating

uplift scenarios (e.g. De Santis et al., 2023; Meschis, Roberts,

et al., 2022a; Roberts et al., 2009). This has been recently proved by a

study in southern Italy where two raised palaeoshorelines have been

numerically dated showing that the older palaeoshoreline associated

with the MIS 7c (217 ka) were re-occupied by the younger one associ-

ated with the MIS 5e (125 ka) and previously predicted by the syn-

chronous correlation approach (De Santis et al., 2023). Moreover, this

F I GU R E 4 Field evidence of our mapped marine terraces. (a) a sequence of marine terraces mapped along Profile 1 in Capo Milazzo, northern
part of the investigated area is shown where the MIS 5e (125 ka) at 43 m is mapped. (b) Evidence of lithophagid boring on limestones in places
with preserved shelf in Profile 1 suggesting the presence of the palaeo mean sea-level. (c) Evidence of a lithophagid boring “band” on limestones
identifying a palaeoshorelines along Profile 2. (d) Sketched stratigraphic sequence in the field close to Capo Milazzo, P. Mazza, where marine
deposits belonging to the MIS 5e are overlaid by the younger “Brown Tuff”. Location is shown in Figures 1 and 2. (e) A sequence of marine
terraces mapped along Profile 7 is shown. (f) A sequence of marine terraces mapped along Profile 8 is shown, south of Milazzo Peninsula and
within the Nebrodi-Peloritani chain.

6 MESCHIS ET AL.
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approach is also based on the fact that at least one palaeoshoreline

needs to be dated in order to firstly test the simplest hypothesis of a

constant uplift rate through time and evaluate the best match

between the iteratively calculated sea level highstand elevations and

the mapped palaeoshoreline elevations from DEMs and field measure-

ments (De Santis et al., 2021, 2023; Roberts et al., 2009, 2013;

Robertson et al., 2019). If a robust correlation is not found for the sim-

plest hypothesised scenario of constant uplift rate through time, then

a fluctuating uplift rate scenario is examined, iterating rates of uplift

driven by age controls aimed to find the best match between

expected and DEM/field mapped palaeoshoreline elevations

(e.g. Meschis, Roberts, et al., 2022a; Roberts et al., 2009). It is impor-

tant to note that we calculate elevations of glacio-eustatic sea-level

using well-known Quaternary sea level curves for our marine terrace

modelling (Rohling et al., 2014; Siddall et al., 2003) (Table 1), with neg-

ligible alterations in terms of uplift rate derivation if different sea-level

curves are used (Robertson et al., 2019).

We perform our synchronous correlation between multiple

mapped and predicted palaeoshoreline elevations using a “Terrace
calculator” built in Excel (Table SI 1) where values of uplift rate

(UR) and sea-level highstands are used as input elements (De Santis

et al., 2021, 2023; Meschis et al., 2020; Roberts et al., 2013;

Robertson et al., 2019). In particular, by following the formula: PE =

(UR � T) + SLT, where T is the age of the highstand and SLT is the

sea-level elevation of the highstand relative to the current sea-level

position, we calculate PE which is the current predicted elevation of

each sea-level highstand (De Santis et al., 2023; Meschis et al., 2020;

Meschis, Roberts, et al., 2022a; Meschis, Teza, et al., 2022b). Our out-

puts from the “Terrace Calculator”, a set of predicted palaeoshoreline

elevations (PE), are tentatively matched with our mapped pal-

aeoshoreline elevations allowing us to allocate undated

palaeoshorelines to sea-level highstands (Meschis et al., 2020; Mes-

chis, Roberts, et al., 2022a; Meschis, Teza, et al., 2022b; Roberts

et al., 2013). We stress that iterations of uplift rates have been carried

out using the only age control available in literature (Table 2), which

suggests that palaeoshorelines mapped between 40 and 60 m in ele-

vations belong to the MIS 5e (125 ka). We then produce linear regres-

sion analysis, quantifying the relationship between measured and

predicted palaeoshoreline elevations for all the topographic profiles,

trying to maximize the coefficient of determination R2. Finally, we cal-

culate root-mean-square (RMS) deviation to identify the best fit and

consequently the best uplift rate value, following an approach already

used by some previous investigations (Meschis et al., 2018, 2020;

Robertson et al., 2019). In particular, we attempt to obtain accurate

values of uplift rates for each topographic profile by iterating uplift

rate values from 0 to 1 mm/yr at intervals of 0.05 mm/yr. We then

apply the uplift rate values with the lowest RMS deviation to each

topographic profile (Figure 5). It is important to note that the margin

of error associated with the palaeoshoreline elevations mapped on

DEMs is of ± 1 m (Profile 1–7) and ± 10 m (Profile 8). Field measure-

ments were affected by the margin of error associated with the hand-

held GPS with values of ±4 m. Regarding the used sea level curves,

margin of errors of ± 12 m and 6 m are reported for Siddall et al.

(2003) and Rohling et al. (2014) respectively. Margin of errors associ-

ated with ages of sea level highstands are of ± 4 kyr for both the sea

level curves used in this paper (Rohling et al., 2014; Siddall

et al., 2003).

4 | RESULTS

In this section, we firstly provide evidence that our synchronous cor-

relation approach elucidated in the Methods section permits us to

model our mapped elevations of inner edges (or shoreline angle) of

marine terraces, identifying palaeoshorelines, by finding the best fit

with the predicted and iteratively calculated sea-level highstand eleva-

tions. We correlate our mapped palaeoshoreline elevations along the

N-S elongated Milazzo Peninsula deriving (i) temporal and spatial con-

straints associated with the geometry of palaeoshorelines, (ii) related

Middle-Late Pleistocene uplift rates and (iii) how these rates are linked

with the tectonics of the investigated area.

Table 3 presents all our mapped palaeoshorelines with ages allo-

cated by applying a synchronous correlation technique as shown in

Figure 6; note that the table confirms that we were able to corrobo-

rate many palaeoshoreline locations mapped on DEMs yet some of

them have not been identified in the field because of limited access

on private land.

T AB L E 1 Sea level highstands values obtained from Siddall et al.
(2003) and Rohling et al. (2014) that are used to calculate “predicted”
palaeoshoreline elevations by iterating uplift rates driven by age
controls.

Age (ka) Elevation of highstands (mm)

0 0

30 �80,000

50 �60,000

76.5/80 �30,000

100 �25,000

115 �21,000

119 �5,000

125 5,000

175 �30,000

200 �5,000

217 �30,000

240 �5,000

285 �30,000

310 �22,000

340 5,000

410 �5,000

478 0

525 20,000

550 10,000

560 3,000

590 20,000

620 20,000

695 10,000

740 5,000

800 20,000

855 20,000

980 25,000

MESCHIS ET AL. 7
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For our synchronous correlation modelling we iterate values of

uplift rates to find the best match between multiple palaeoshoreline

elevations mapped on DEMs and in the field and multiple predicted

sea-level highstand elevations. Following approaches applied by pre-

vious investigations using marine terraces (Meschis et al., 2020;

Roberts et al., 2013), we have applied two criteria when uplift rates

were iterated: (i) we have attempted to correlate the

geomorphologically clearest mapped palaeoshorelines with the most

prominent sea-level highstands observed in the Mediterranean realm

such as the MIS 5e (125 ka), MIS 7e (240 ka) and MIS 9e (340 ka)

and, (ii) by linear regression, we have tried to maximize the R2 value

(coefficient of determination) to show the robustness and reliability

for other less prominent mapped palaeoshorelines, which have

matched the iteratively calculated sea-level highstand elevations

such as the MIS 5c (100 ka), MIS 7a (200 ka) and MIS 11c (410 ka).

Indeed, this allows us to assign for the first-time ages to previously

undated palaeoshorelines along the Milazzo Peninsula as shown in

Table 3. Our geomorphological analysis with observations of eleva-

tions and locations of palaeoshorelines produced using high resolu-

tion DEMs have been assessed to test its robustness and reliability.

Indeed, we have carried out linear regression analysis between

our DEMs-based mapping and our field observations where the

coefficient of determination, R2, is measured and maximized with

values of >0.99 indicating very robust correlation (Figure 7a and b);

this suggests that our DEMs-based geomorphological analysis

shows a reliable robustness to be used for deriving tectonic

implications.

We have also assessed by linear regression analysis our synchro-

nous correlation approach between multiple mapped palaeoshoreline

elevations and multiple predicted sea-level highstand elevations

(Figure 6 and Table 3). In particular, Figure 7c and d present a promi-

nent correlation with R2 values >0.99 suggesting that we have gained

trustworthy estimates of uplift rates for the investigated area. This is

an essential observation because it also indicates that uplift rates

mapped along the north–south oriented Milazzo Peninsula have been

constant over the Late Quaternary. Note that error bars shown on

this regression analysis are allocated taking into account that DEMs

have a 1 m resolution and palaeoshoreline elevations mapped in the

field have errors of ±4 m associated with the GPS barometric

altimeter.

Moreover, we highlight that we have mapped eight orders of

marine terraces associated with sea-level highstands between 100 ka

and 410 ka, similarly to previous investigations within the Mediterra-

nean realm (De Santis et al., 2021, 2023; Meschis et al., 2018, 2020;

Meschis, Roberts, et al., 2022a; Meschis, Teza, et al., 2022b; Roberts

et al., 2009, 2013; Robertson et al., 2019, 2023). Note that not all

mapped orders of marine terraces, identifying the MIS 5c (100 ka),

MIS 5e (119 ka and 125 ka), MIS 7a (200 ka), MIS 7e (240 ka), MIS 9c

(310 ka), MIS 9e (340 ka) and MIS 11c (410 ka), have been mapped

within a single topographic profile.

Figure 8 shows differential uplift along the north–south ori-

ented Milazzo Peninsula and south of Milazzo town area, recorded

by the geometry of the mapped palaeoshorelines (Figure 8a). Conse-

quently, we have derived uplift rates that are constant over time

but that change spatially between 0.27 mm/yr in north of the

Milazzo Peninsula, increasing towards south where the derived

uplift rate is 0.8 mm/yr (Figure 8b). It is important to highlight that

the “kink” shown along profiles, between 2 km and 3 km in distance

in Figure 8a and b lies within the margin of error associated with

the uplift rate values usually up to the 25% of the estimated values

(e.g. Meschis et al., 2018; Roberts et al., 2013; Robertson

et al., 2019). Furthermore, we have also examined whether the

tilting process affected the geometry of palaeoshorelines (Figure 8a)

is either coeval or asynchronous to the palaeoshorelines formation.

To do that, we have followed an approach proposed by previous

studies (Meschis et al., 2018, 2020; Meschis, Roberts, et al., 2022a;

Meschis, Teza, et al., 2022b; Roberts et al., 2013; Robertson

et al., 2019, 2023) where tilting values of palaeoshorelines are

calculated along the north–south oriented Milazzo Peninsula. If

the tilting process is coeval to the palaeoshoreline formation, we

would hypothesize that older palaeoshorelines should have higher

tilting angle values if compared with younger ones. This is

confirmed in Figure 8c where higher and older palaeoshorelines

show higher tilt angle values suggesting that they have experienced

a longer history of crustal deformation with a constant rate

through time.

We infer differentially spatially uplifted palaeoshorelines and the

temporally changing values of tilting angles as evidence to show

crustal deformation with constant rate through time along the investi-

gated north–south oriented Milazzo Peninsula over 25 km.

T AB L E 2 Age constraints derived from amino acid racemisation (AAR) on Glycymeris and Arca from palaeoshoreline elevations between 40
and 60 m available in the literature. 1 — reference; 2 — dating method; 3 — dated sample description; 4 — profile number; 5 — reported age (kyrs);
6 — assigned Sea-level Highstand (ka); 7 — palaeoshoreline elevations (meters above sea level).

1 2 3 4 5 6 7

Hearty et al., 1986 AAR “Using the calibrated amino acid ratios and palaeontological

evidence, we correlated the 40–60 m, strandline at Capo Milazzo

with the late interglacial Eutyrrhenian or Isotopic Stage 5 …
The amino acid data support a last interglacial age for the

deposits at Capo Milazzo.”

1,2, 3 100 125 40–60

Lucchi et al., 2008 K/Ar Dating “Brown Tuffs occur with thickness up to 12 m at the head of the

Capo Milazzo promontory on the northern coast of Sicily. They

overlay marine conglomerates attributed to last interglacial on

the basis of palaeontology and amino-stratigraphy evidence

(135–117 ka; Bordoni & Valensise, 1998, and references

therein).”

1,2, 3 67 ± 8–80 - 40–50

8 MESCHIS ET AL.
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In the next section, we discuss our results in terms of tectonic

implication and which mechanism(s) may be claimed to explain spa-

tially changing yet temporally constant uplift rates within the

investigated area.

5 | DISCUSSION

In this paper, our results show a constant uplift rate through time,

spanning about the last 0.5 Myr, spatially increasing from north to

F I GU R E 5 Root-mean-square deviation calculation. Root-Mean-Square (RMS) deviation values for all uplifted rate scenarios from 0 to
1.2 mm/yr at intervals of 0.05 mm/yr for each topographic profile. By following previous investigations applying RMS deviation calculations
(e.g. Meschis et al., 2020; Robertson et al., 2019), such values unveil the misfit between measured and predicted palaeoshoreline elevations
during iteration of the uplift rates, where the lowest RMS misfit is preferred. It shows the best match between “measured” and “predicted”
palaeoshorelines elevations. Details of these calculations are shown in Supplementary Material 1.

MESCHIS ET AL. 9
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south along the north–south oriented Milazzo Peninsula (Figure 8).

In this section, we briefly discuss our results in terms of tectonic

implications, possible mechanism that may explain the spatially dif-

ferential uplift and if there is any kind of correlation between geo-

logical and geodetic crustal deformation rates.

5.1 | Possible mechanism(s) controlling the Late
Quaternary uplift of the Milazzo Peninsula

Our results show a constant through time yet spatially varying uplift

along the north–south oriented Milazzo Peninsula over the Late Qua-

ternary. Here, we discuss some possible mechanism(s) driving the

uplift process of the investigated area.

5.1.1 | Upper plate faulting activity

Previous investigations have identified a few active faults that are

close and within the investigated area. These include the Capo D’Orl-

ando Fault (Meschis et al., 2018) and the Messina-Taormina Fault

(Meschis, Roberts, et al., 2022a) (Figure 1), which have produced a

“local” yet prominent vertical deformation consisting of both footwall

uplift and hangingwall subsidence over the Late Quaternary. How-

ever, the effect of fault deformation decreases with distance from any

given fault trace (DeMartini et al., 2004; Ward & Valensise, 1989).

Indeed, footwall uplift happens for an across strike distance equiva-

lent to about the half of the fault rupture length (e.g. DeMartini

et al., 2004; Meschis et al., 2020; Ward & Valensise, 1989). For

instance, the 1983 Borah Peak earthquake (Ms 7.2) generated a cos-

eismic surface rupture of �30 km along the Lost River Fault, with an

associated footwall uplift deformation of �15 km (Stein &

Barrientos, 1985). Similar active faults in terms of their fault geometry

(e.g. dip angle, fault activity, etc.) such as the � 22 km long Capo

D’Orlando Fault and the �58 km long Messina-Taormina Fault are

located approximately 40 and 30–35 km, respectively, from the

Milazzo Peninsula. For this reason, we exclude the possibility that

the uplift process of the investigated area is influenced by the activity

of those faults.

Furthermore, the Milazzo Peninsula lies next to the deep-rooted

transtensional ATLFS, which activity is testified by the widespread

release at the Earth’s surface of mantle-derived fluids (Giammanco

et al., 2008; Italiano et al., 2019) and radon (Romano et al., 2023). One

may argue that the ATLFS could influence the crustal vertical move-

ment with its activity over the Late Quaternary. However, the promi-

nent component of this fault system is lateral (strike-slip) with no

evidence of restraining bends along-strike, and previous investigations

have already proved that the effect of the vertical component may be

negligible (e.g. Meschis et al., 2019). However, we cannot completely

rule out this scenario, since the uplifted Late Holocene

paleoshorelines outcropping at Capo Milazzo have been attributed to

coseismic deformation by Scicchitano et al. (2011). This is not surpris-

ing if we take into account that in other tectonically active regions the

overall mechanism(s) of uplift might be more complex, possibly involv-

ing unmapped active faults contributing to the uplifted Holocene tidal

notches (e.g. Robertson et al., 2023; Scicchitano et al., 2011). For this

reason, more investigations are needed to better define if unmapped

active faults may play a role for the Late Holocene co-seismic uplift.

In particular, we stress that future surveys, focussed on a geochemical

approach to assess the role of fluids-related mechanism, have to be

taken into account. For instance, measurements of gas fluxes from

the soils of the entire Milazzo Peninsula and the surrounding area

might unveil buried and/or unknown active faults possibly influencing

the vertical crustal movement. Moreover, chemical and isotopic

T AB L E 3 All mapped palaeoshoreline elevations from digital
elevation models and fieldwork with age refined by applying a
synchronous correlation are shown. 1 — profile number (sea level
highstand referred to Figure 3); 2 — UTM coordinate (Easting); 3 —
UTM coordinate (Northing); 4 — barometric altimeter palaeoshoreline
elevations (this study) (m); 5 — DEMs elevations (m); 6 — predicted
elevations (m); 7 — our proposed age (ka).

1 2 3 4 5 6 7

1 (1) 0519664 4,235,783 4 4 2 100

1 (2) 0519731 4,235,724 22 25 27 119

1 (3) 0519807 4,235,712 43 39 39 125

1 (5) 0519891 4,235,750 - 59 60 240

1 (6) 0520203 4,235,792 62 65 62 310

2 (1) 0520937 4,235,882 - 6 8 100

2 (2) 0520795 4,235,528 35 36 34 119

2 (3) 0520676 4,235,451 49 46 46 125

3 (1) 0520685 4,234,918 - 5 7 100

3 (2) 0520715 4,234,912 37 33 33 119

3 (3) 0520723 4,234,912 - 45 45 125

3 (4) 0520742 4,234,919 - 62 59 200

4 (1) 0520708 4,233,722 - 14 11 100

4 (2) 0520730 4,233,734 - 35 38 119

4 (3) 0520738 4,233,742 - 48 50 125

4 (5) 0520769 4,233,781 - 83 81 240

4 (6) 0520777 4,233,790 91 90 90 310

4 (7) 0520848 4,233,850 - 123 127 340

4 (8) 0520862 4,233,901 142 142 143 410

5 (1) 0520700 4,233,362 - 7 7 100

5 (3) 0520714 4,233,385 - 42 45 125

5 (5) 0520732 4,233,415 - 71 72 240

5 (7) 0520982 4,233,619 - 113 114 340

6 (1) 0521263 4,232,164 - 13 16 100

6 (2) 0521306 4,232,152 - 44 44 119

6 (3) 0521313 4,232,149 - 58 56 125

6 (5) 0521350 4,232,146 - 92 93 240

7 (1) 0520933 4,231,524 15 12 13 100

7 (2) 0520955 4,231,535 - 42 45 119

7 (3) 0520966 4,231,542 50 51 53 125

7 (4) 0520975 4,231,548 - 70 71 200

7 (5) 0521046 4,231,549 - 90 86 240

7 (6) 0521060 4,231,540 - 95 96 310

8 (1) 0527262 4,227,791 - 53 55 100

8 (2) 0527044 4,226,722 95 91 90 119

8 (3) 0526859 4,225,907 110 104 105 125

8 (4) 0526676 4,225,101 157 155 150 200

8 (5) 0526604 4,224,780 - 186 187 240

8 (6) 0526575 4,224,654 225 231 226 310

8 (7) 0526540 4,224,499 270 278 277 340

10 MESCHIS ET AL.
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characterization of released fluids might clarify the input of deep-

sourced fluids as a potential engine involved in the differential uplift

mechanism.

5.1.2 | Regional geodynamic processes

Other explanations for the spatially varying uplift may be related to

the Ionian subduction/continental collision and back-arc spreading

processes with associated mantle flow around the southeastward ret-

reating Ionian slab (e.g. Barreca et al., 2016; Faccenna, 2011;

Faccenna et al., 2004; Lucente et al., 2006; Palano et al., 2017),

together with isostatic rebound in response to slab detachment

(e.g. Gvirtzman & Nur, 1999a; Neri et al., 2012; Westaway, 1993).

Roughly speaking, a slow subduction coupled with mantle upwelling

would impose vertical stresses on the overlying crust and may uplift

the Earth’s surface by hundreds of metres over wavelengths of hun-

dreds to thousands of kilometres (Braun, 2010 and references

therein). Such a pattern is clearly observed over the Calabrian Arc,

where Meschis et al. (2020) reported an uplift bulge with a wave-

length of �250–300 km and highest values located along the axial

part of the orogenic arc. The uplift pattern observed along the Milazzo

Peninsula can be well-framed within the orogenic-related one. We

show that higher values of uplift rates are mapped where deeper

values of Moho discontinuity depth are depicted (Figure 9a and b).

Furthermore, higher topography with prominent relief energy, defined

as the maximum difference in altitude between the peaks and the val-

ley bottoms inside of a defined local space, is mapped where the crust

beneath is thicker (Figure 9c). This suggests that crustal thickness may

be one of the controlling components of the spatially varying uplift

process of the investigated area. This is not surprising if we consider

that similar differences in crust thickness (�4 km) over a few tens

kilometres have produced similar spatially varying uplift process in

southeast Sicily, with values of uplift rates varying from 0.41 mm/yr

to 0.16 mm/yr (Meschis et al., 2020).

Finally, we have also tested whether the uplift process may be

controlled by viscous deformation where strain rate (ε) is proportional

to the driving stress (σ) raised to an exponent n, which is typically in

the range of 2–4 with a power law (Cowie et al., 2013; Mildon

et al., 2022). Taking into account a correlation in the form of “ε / σn”,
we may hypothesize viscous deformation if the driving stress (σ)

would be the forces resulting from thick crust raised to an exponent

n between 2 and 4 and the strain rate (ε) would be the uplift rate.

However, Figure 9d shows that the power law is not well-defined,

with the n exponent of 9.9, suggesting that viscous deformations are

not the principal control of the spatially varying uplift process.

Based on the considerations here discussed, we suggest therefore

that a primary role in driving the observed surface uplift is played by

mantle and crustal processes which imposing vertical stresses largely

influence the landscape of the study area. The contribute to the

F I GU R E 6 Topographic profiles both derived by using (i) 1-m high resolution DTMs for Profile 1-7 and 10-m resolution DEM for Profile
8 (Tarquini et al., 2012) showing mapped and modelled palaeoshoreline elevations. Coloured lines represent the sea-level highstands, which
identify the predicted palaeoshoreline elevations, calculated by iterating rates of uplift aimed to find the best fit with the mapped (numbered
black arrows) palaeoshorelines. Note that palaeoshoreline elevations are also shown in Table 3.
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surface uplift coming from active faults cutting the study area can be

considered as negligible or of small entity.

5.2 | Tectonic implications for the landscape
evolution of the Milazzo Peninsula

By applying a synchronous correlation approach, we are able to sug-

gest that a constant uplift rate through time explains the mapped geo-

morphology in terms of palaeoshoreline elevations and number of

palaeoshorelines. In particular, we map a N-S oriented differential

uplift with values varying up to four times from 0.27 mm/yr to

0.8 mm/yr along a few tens of kilometres (Figure 8). Indeed, this spa-

tially varying uplift is also confirmed by the tilting process affecting

our mapped palaeoshorelines (Figure 8). This suggests that the forma-

tion of our mapped palaeoshorelines is temporally coeval with the

likely crustal thickening mechanism producing the tilting of

the Milazzo Peninsula crust since MIS 11c (410 ka) (Figure 10). This is

slightly in contrast with previous investigations where a spatially con-

stant value of �0.7 mm/yr along the Milazzo Peninsula (no spatial var-

iations along the north–south oriented peninsula) was proposed

(Antonioli et al., 2006).

It is also important to note from our results that an uplift rate

value of 0.8 mm/yr is mapped in the Tyrrhenian flank of the Peloritani

Mountains (Figure 3b), where palaeoshorelines are carved and pre-

served in the uplifting northeastern Sicily affected by crustal uplift sig-

nal with no “local” upper active faulting influence. This is not

surprising if we take into account that similar crustal uplift rate values

ranging between 0.89 and 1 mm/yr were mapped where a more

“regional” component of uplift is mapped in NE Sicily (Meschis

et al., 2018; Meschis, Roberts, et al., 2022a). Furthermore, by combin-

ing detailed geomorphological mapping in the field with high-

resolution DEMs we identify up to eight09 sea level highstands over

410 ka preserved within the Milazzo Peninsula and south of Milazzo

town (not in each topographic profile). This is not surprising if we con-

sider that a similar geomorphology (up to nine mapped

palaeoshorelines) and associated spatially varying uplift rates (0.41 to

0.16 mm/yr over a few tens kilometres) were mapped in the relatively

tectonically stable SE Sicily (Meschis et al., 2020). Finally, it is also

important to note that our youngest mapped palaeoshoreline belongs

to the MIS 5c (100 ka). This suggests that our proposed new uplift

chronology agrees with the fact that the “Brown Tuffs” deposits, with

the base of this rock formation dated 80 ka and where outcropping,

are overlying all our older and mapped palaeoshorelines.

F I GU R E 7 Calculation of R2, coefficient of determination. (a) and (b) correlations between field-based and DEM-based palaeoshoreline
elevations are shown by linear regression analysis. (c) and (d) correlations between “measured” and “predicted” palaeoshoreline elevations are
shown. It is important to note that “measured” elevations represent palaeoshoreline elevations mapped using DEMs. “Predicted” palaeoshoreline
elevations identify the iteratively calculated sea-level highstands by using a synchronous correlation approach and applying a constant uplift rate
over the Middle-Late Pleistocene.
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These features suggest that after the slowing/cessation of the

Ionian subduction/roll-back and the back-arc Tyrrhenian extension

(e.g. Goes et al., 2004; Westaway, 1993), the ongoing

tectonic reorganization of this sector of the south-central Mediter-

ranean is occurring at constant tectonic rates, at least over the last

0.5 Myr.

F I GU R E 8 (a) Palaeoshoreline elevations tilted along the investigated area (Profile A–C shown in Figure 3b), with ages refined by our
modelling shown in Figures 6 and 7 obtained from our topographic profiles. (b) Graph showing how uplift rates derived by applying a synchronous

correlation approach (see Figures 6 and 7) change along the investigated area (Profile A–C shown in Figure 3b). (c) Values of tilt angles measured
along the investigated area (Profile A–C shown in Figure 3b) showing that tilting process increases with ages for palaeoshorelines, suggesting that
their deformation is temporally coeval to the crustal deformation.
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F I GU R E 9 (a) Values of uplift rates obtained along the investigated area (profile A-C shown in Figure 3b) shown in the context of crustal
thickening (profile D-D0 shown in Figure 1d) (b) and higher energy of relief (higher topography) (c). Note that the continental collision shown in
“b” is not scaled. It is important to note that higher uplift rates are mapped where thicker crust is depicted. (d) Correlation between uplift rate and

Moho depth. Graphs showing linear regression analysis of Moho depth and uplift rates aimed to test if a power law with an exponent “n”
between 2 and 4 which would suggest viscous deformation. However, exponent “n” of 9.9 suggests that a power law for viscous deformation is
not well-defined.
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5.3 | Vertical deformation rates at different
timescales

In the last decade, estimates of vertical deformation rates for the

whole Italian region have been provided by long-term GNSS measure-

ments (Piña-Valdés et al., 2022; Serpelloni et al., 2013). In such a

framework the continuous GNSS stations installed on the northern tip

of the Milazzo Peninsula (Figure 1) is characterised by a long-term

vertical uplift of ca. 0.25 mm/yr (Billi et al., 2023) in good agreement

with previous geodetic estimations (Piña-Valdés et al., 2022;

Serpelloni et al., 2013) as well as with the geological estimations

(0.27 mm/yr over 410 kyrs) performed in this study. Northward,

ca. 30 km from the study area, a marked subsidence with rates up to

9.5 mm/yr has been observed for the southernmost sector of the

Aeolian Islands. This subsidence would be related to the cumulative

effect between a general contraction of local magmatic bodies as

recently inferred for the Lipari-Vulcano complex (e.g. Cintorrino

et al., 2019 and references therein) and the relative sea level changes

caused by the regional glacio-hydro-isostatic adjustment (Anzidei

et al., 2016). Southward, few kilometres from the Milazzo Peninsula

(Figure 1), the few available GNSS stations show a subsidence with

rates up to 0.7 mm/yr, in contrast with the general uplift of 0.8 mm/yr

constrained by the geological data analysed in this study.

Nonetheless, Holocene vertical deformation rates have been pro-

posed by investigating coseismically uplifted tidal notches in Capo

Milazzo area, in the northern part of the investigated area in this

paper, with an averaged value of 0.65 mm/yr (Scicchitano

et al., 2011). This is in contrast with our uplift rate value of 0.27 mm/

yr averaged over a longer period of time (few thousand years vs. few

hundred thousand years) in the same area.

More in general, our results would stress for more investigations

to better understand if a correlation may exist between rates of

crustal deformation over the Middle-Late Pleistocene (few hundred

thousand years) and those over different and shorter timescales such

as the Holocene (few thousand years) in comparison with geodetic

ones (few decades). Indeed, the observed discrepancy could be

F I GU R E 1 0 Not-scaled cartoon
showing the temporal evolution of the
Milazzo Peninsula with a constant uplift
rate through time over the Middle-Late
Pleistocene. Location of P. Mazza is
where shallow marine deposits belonging
to the MIS5e are overlaid by the younger
80 ka-aged “Brown Tuff” as shown in
Figure 4d.
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related to the different time windows identifying short-term (geodetic

and Holocene timescales) fluctuations within a long-term (Middle-Late

Pleistocene) behaviour.

6 | CONCLUSIONS

In this paper, by applying a synchronous correlation approach we are

able to (i) assign ages to undated palaeoshorelines and (ii) refine the

uplift chronology, with constant rates through time of the Milazzo

Peninsula, in northeast Sicily. In particular, this allows us to show new

and improved rates of uplift over the Late Quaternary, overcoming

the “overprinting problem” when we investigate regions such as the

Milazzo Peninsula affected by relatively low uplift rates. We show

that (i) elevations of palaeoshorelines decrease from south to north

and (ii) lower uplift rates are mapped in the northern part of the inves-

tigated area. Furthermore, we have calculated tilt angle values for

raised palaeoshorelines showing higher values for higher and older

palaeoshorelines. This suggests that the formation of marine terraces

is temporally coeval to the spatially differential uplift of the Milazzo

Peninsula. We finally show that highest uplift rates obtained in the

southern part of the investigated area are mapped where deeper

values of Moho discontinuity are depicted. This suggests that crustal

thickness and deep geodynamic processes may be controlling the

mapped spatially differential uplift throughout the investigated area.

Finally, our study stresses future works to reconcile crustal defor-

mation rates at different timescales, which may lead to a better

(i) understanding of tectonic implications and (ii) assessment of associ-

ated seismic hazard for northeast Sicily. Moreover, future works are

needed to better understand the relationship between deep geo-

dynamic processes, mantle-derived fluids releasing exploiting poten-

tially active faults and the geomorphology of the NE Sicily. This

cannot be carried out if a multidisciplinary approach with geological,

geomorphological geochemical and geophysical investigations is not

applied.
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