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Key Points:

e A new “OAr/3*°Ar date on tuff from bathyal marine claystone in northeast Sicily yields an
age of 0.481 + 0.019 Ma.

e The claystone and age-equivalent marl in southern Calabria formed during regional
forearc subsidence between ~ 1.0 and 0.5 Ma.

e Widespread post-0.5 Ma marine terraces at elevations up to 1.3 km above sea level
record long-term uplift rates faster than 2.5 mm/y.
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ABSTRACT

Long-term rates of crustal uplift in southern Calabria and NE Sicily are incompletely
understood due to limited information about the age of marine terraces at 1.0-1.3 km above sea
level (asl). This study provides a new constraint on high-elevation terrace ages through integrated
analysis of geochronology, stratigraphy, shoreline modeling, and fault-zone morphology.
40Ar/39Ar step-heating experiments on glass from a tuff in marine claystone of the Argille di
Spadafora, NE Sicily, yield reproducible age spectra with a mean age of 0.481 + 0.019 Ma (+ 20).
The Argille di Spadafora and equivalent marl in southern Calabria are overlain by Pleistocene
marine terrace deposits, indicating the terraces are younger than 0.50 Ma. Paleoshoreline
modeling at Campo Piale, southern Calabria, suggests an age of 525-590 ka for a terrace at 600—
630 m asl: this is an overestimate because it assumes no fault offsets, tilting or structural warping
despite geomorphic evidence for these processes. We correlate the 630-m terrace to the marine
terrace at 1.0-1.3 km asl based on recognition of a relay ramp between the Cittanova and
Sant’Eufemia faults, and geomorphic evidence for fault offset of the terrace. We conclude that
marine terraces up to 1.0-1.3 km asl are all < 0.50 Ma, roughly half the widely cited estimate of
1.0+ 0.2 Ma. The revised age suggests an average uplift rate of > 2.5 mm/y for the highest terrace,

and variable throw rates up to 1.0 mm/y on normal faults that cut the terraces.

Plain Language Summary

Tectonic extension in southern Calabria and NE Sicily has produced a network of seismically active
normal faults that generate frequent earthquakes accompanied by mantle-driven regional uplift.
The timing and rates of uplift in this region are poorly understood due to limited knowledge about
the age of Pleistocene marine terraces, up to 1.3 km above sea level, that are cut and offset by
normal faults. Because terrace sediments are difficult to date directly, we used “°Ar/3*°Ar isotopic
methods to date a volcanic tuff interbedded with marine claystone in NE Sicily that lies
stratigraphically below —and is older than —the marine terrace deposits. Laser argon experiments
show that the tuff is 0.481 + 0.019 million years old, providing a precise reliable age of deposition
for the claystone. Prior works show that the claystone in Sicily correlates to widespread marine
clay and marl in southern Calabria that are overlain by the marine terrace deposits. We therefore
conclude that the terraces are younger than 500,000 years old, and the highest terraces are being
uplifted at rates > 2.5 mm per year. These results provide a new constraint on models for
Pleistocene tectonic evolution, fault interactions, and distribution of uplift in this active region.



1 INTRODUCTION

Southern Italy is a tectonically active region where southeastward retreat of the lonian
subduction zone and migrating tears in the subducting slab drive rapid extension, rifting, and uplift
(Fig. 1) (Catalano et al., 2008; Clementucci et al., 2024; Faccenna et al., 2011, 2014; Gallen et al., 2023;
Palano et al., 2017; L. Tortorici et al., 1995; Westaway, 1993; Wortel & Spakman, 2000). In southern
Calabria, a regional sequence of marine terraces at elevations up to 1.3 km above sea level (asl) are
cut and offset by a complex network of seismically active normal faults (Figs. 1, 2). The highest-
elevation marine terrace remnants at 1.0-1.3 km asl (Fig. 1) were named SCA terrace for the Serre,
Cittanova and Armo faults that cut them (Roda-Boluda & Whittaker, 2017). Several studies have
dated terraces at lower elevations (< 200 m asl) using luminescence and radiocarbon methods (e.g.,
Antonioli et al., 2021; Balescu et al., 1997), but no conclusive independent ages exist for the SCA
terrace above 1,000 m asl. As a result, the long-term rates and drivers of uplift in this region remain
incompletely understood. Prior studies found that fault-related uplift rates have varied in time and
space (Meschis et al., 2022; Quye-Sawyer et al., 2021; Roda-Boluda & Whittaker, 2017), but direct
age constraints for Pleistocene marine terraces at elevations > 1.0 km asl remain scarce.

Geomorphic study of extending regions in coastal areas requires testing of alternate
hypotheses for the origins and relative ages of marine terraces (Fig. 3). Steep slopes between flat
marine terraces may be interpreted as either: (1) paleo-sea cliffs cut by wave action during uniform
uplift of an intact crustal block (Fig. 3a); or (2) normal faults that offset a single original terrace where
steeper slopes represent fault scarps, the base of each scarp is a hanging wall cut-off, and uplift rate
increases landward across each successive fault (Fig. 3b) (Robertson et al., 2020). Most prior studies
of marine terraces in southern Calabria have assumed the first model by invoking changes in sea level
superposed on an un-faulted uplifting region (Antonioli et al., 2021; Dumas et al., 1981, 1987, 1988,
2005; Miyauchi, 1994; Monaco et al., 2017), despite published evidence that many slopes separating
flat terrace surfaces are active normal faults (Figs. 1, 2) (Catalano et al., 2008; Ghisetti et al., 1983;
Jacques et al., 2001; Monaco & Tortorici, 2000; Pirrotta et al., 2021, 2022; G. Tortorici et al., 2003; L.
Tortorici et al., 1995). In two important exceptions, Catalano et al. (2008) noted offset of the SCA
terrace by ~300 m on the Sant’Eufemia fault east of Scilla, and Roda-Boluda and Whittaker (2017)
recognized that the SCA terrace is offset up to 500-600 m on the Armo fault southeast of Reggio

Calabria (Fig. 1). Other studies describe fault control on variations in elevation of marine terraces



below 200 m asl near Reggio Calabria (Aloisi et al., 2013; Meschis et al., 2022; Monaco et al., 2017),

but little progress has been made on this problem at the regional scale since 2017.
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EXPLANATION Figure 1. Geologic map of southern Calabria and NE Sicily on hillshade topography
|:’ Holocene sediments base, showing marine‘ terraces (colored by elevation bins) and location of the
0 | ) Spadafora tuff. Red lines are normal faults. Note the large relay ramp that
arine terraces (elevation, m) accommodates transfer of extensional strain between the Cittanova and

[] 900 - 1300 Sant’Eufemia faults. Inset: regional tectonic setting (Aloisi et al., 2012) with
[ 500 - 900 location of map (red box). Abbreviations: CaF, Calanna Fault; MSF, Messina Strait
|:| 50 -500 fault; RCF, Reggio Calabria fault; SEF, Sant’Eufemia fault; VSG, Villa San Giovanni;

Miocene-Pleistocene WAF, Western Aspromonte fault. SCA Terrace is named for the Serre, Cittanova,
sediments & sedim. rocks and Armo faults that cut it (Roda-Boluda and Whittaker, 2017). Geology and faults
metamorphic & plutonic compiled from Ghisetti et al. (1983), Lentini et al. (2000), Bucci et al. (2022),
basement rocks Lavecchia et al. (2024). Cross sections A-A’ and B-B’ in Figure 6.
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Figure 2. Topography of southern Calabria and NE Sicily, extracted from Tinitaly 10-m digital elevation
model (Tarquini et al., 2023). (a) Color Digital Elevation Model (DEM). (b) Slope Map: bright areas
represent low slopes, dark areas are steep slopes. Location and abbreviations as in Fig. 1.
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Figure 3. Alternate hypotheses to explain the origin and relative ages of uplifted marine terraces. (a)
Paleo-sea cliffs cut by wave action during uniform uplift of an intact, un-faulted crustal block during
multiple cycles of glacioeustatic sea-level change. MIS is marine isotope stage. (b) Offset of a single
original terrace by multiple normal faults: steep slopes are interpreted as fault scarps, the base of each
scarp is a hanging wall cut-off, and uplift rate (red block arrows) increases landward across successive
fault strands. Modified from Robertson et al. (2020).

This study uses the *°Ar/3°Ar laser method to temporally constrain emplacement of a volcanic
tuff interbedded in Pleistocene marine claystone (Argille di Spadafora) of NE Sicily, which correlates
to bathyal marine marl (Argille di Vito Superiore) in southern Calabria. The regional claystone-marl
unit is overlain by the Messina Gravels and Sands Formation (MGS), which is capped by Pleistocene
marine terrace deposits. We integrate the tuff age with regional stratigraphy, paleoshoreline
modeling in southern Calabria, and structural-geomorphic analysis of the normal fault network to

derive a reliable maximum age for the marine terraces. Our data indicate that the high SCA terrace is

< 0.50 Ma, providing a new constraint on the timing and long-term rates of uplift in this region.

2 TECTONIC and GEOLOGIC SETTING
2.1 Tectonic Overview

Southern Calabria and NE Sicily lie within a region of rapid NW-SE extension driven by slab
rollback and southeastward retreat of the lonian subduction zone (Fig. 1) (Faccenna et al., 2011, 2014;
Palano et al., 2017; Rosenbaum & Lister, 2004; Wortel & Spakman, 2000). These tectonic motions
have produced a complex network of active normal faults that are sources of frequent earthquakes,
making this one of the highest seismic hazard areas in the Mediterranean basin. Rapid uplift, erosion
and extension in Calabria are widely interpreted to be driven by mantle processes such as migrating

slab tears and mantle convection (Clementucci et al., 2024; Faccenna et al., 2011; Gallen et al., 2023;



Quye-Sawyer et al., 2021; Westaway, 1993). Forearc crust in the study area consists of metamorphic
and plutonic rocks that form thrust nappes and ophiolite-bearing tectonic units of the Alpine internal
zone (Cirrincione et al., 2015; Rossetti et al., 2001; Vitale & Ciarcia, 2013). Crystalline basement and
overlying Miocene to Pleistocene sedimentary rocks are cut by normal faults of the Siculo-Calabrian
rift zone (Brutto et al., 2016; Catalano et al., 2008; Jacques et al., 2001; Monaco et al., 1997; Monaco
& Tortorici, 2000; Pirrotta et al., 2021, 2022; G. Tortorici et al., 2003; L. Tortorici et al., 1995). The
modern Messina Strait is a narrow marine connection between the Tyrrhenian and lonian seas that
is maintained by extension and opening between Sicily and Calabria at a rate of ~3 mm/y (Catalano
et al., 2008; Serpelloni et al., 2010). Normal faults bounding the Messina Strait define an active
conjugate relay zone (sensu Childs et al., 2019), where extensional strain is transferred from NW-
dipping normal faults in the northeast (southern Calabria) to the SE-dipping Messina-Taormina fault
offshore eastern Sicily in the south (Fig. 1; Dorsey et al., 2024).

The Siculo-Calabrian rift zone is a complex network of NE-striking seismically active normal
faults in southern Calabria and NE Sicily that accommodate NW-SE extension in the upper plate of
the southeast-migrating lonian subduction zone (Figs. 1, 2) (Catalano et al., 2008; Catalano & De
Guidi, 2003; Cavazza & Longhitano, 2023; Jacques et al., 2001; Monaco et al.,, 1997; Monaco &
Tortorici, 2000; Neri et al., 2020; Palano et al., 2012, 2017; Pirrotta et al., 2021, 2022; Presti et al.,
2019; G. Tortorici et al., 2003; L. Tortorici et al., 1995). Tortorici et al. (1995) proposed that modern
normal faulting may reflect a new rifting process that has developed since Middle Pleistocene time,
and that subduction of the lonian plate is no longer active. The 60-km long Messina-Taormina fault
forms the steep western margin of the Messina Strait and likely was the source of the 1908 M7.1
Messina earthquake (Meschis et al., 2019, 2022; Pavano, 2025; Stewart et al., 1997), though some
workers propose different models (Aloisi et al., 2013; Argnani, 2021, 2022; Argnani et al., 2009;
Barreca et al.,, 2021). Crystalline basement rocks in the Peloritani Mountains of NE Sicily are
undergoing rapid uplift and erosion in the footwall of the Messina-Taormina fault (Catalano & De
Guidi, 2003; Monaco & Tortorici, 2000; Pavano, 2025; Pavano et al., 2016, 2024). In contrast to the
Messina-Taormina fault, faults in southern Calabria are shorter (1 to 26 km), more numerous, and
more closely spaced (0.5 to 5 km) (Fig. 1). The larger faults in southern Calabria (Armo, Reggio
Calabria, Scilla, Cittanova, and Sant’Eufemia faults) display along-strike slip gradients with offset
increasing toward fault centers and decreasing toward fault tips to produce domal footwall uplifts

and lateral throw gradients (Dorsey et al., 2024). Pleistocene to Holocene uplift in southern Calabria



is recorded in Pleistocene marine terraces at elevations up to 1.3 km asl (Antonioli et al., 2006; Dumas
et al., 1988, 2005; Dumas & Raffy, 2006; Faccenna et al., 2011; Ferranti et al., 2006, 2007; Ghisetti,
1981; Miyauchi, 1994; Roda-Boluda & Whittaker, 2017; Westaway, 1993).

Southern Calabria has experienced many destructive historical earthquakes on seismically
active normal faults, including 19 events of magnitude 26 since 91 B.C. (Andrenacci et al., 2023; Galli
et al., 2008; Galli & Bosi, 2002). The seismic sequence of 1783 included 5 mainshocks with Mw > 6 in
less than 2 months, followed by numerous smaller events spanning 3 years (Andrenacci et al., 2023;
Sgambato et al., 2023). The 1783 sequence started on the 5th of February with surface ruptures of
magnitude M~7 on the Cittanova and Sant’Eufemia faults, with coseismic displacements stepping
across a relay ramp that accommodates transfer of strain between the two faults (Fig. 1; Jacques et
al., 2001; Sgambato et al., 2023). The February 5 event increased stresses on the nearby Scilla fault
and triggered the M-6.5 Scilla earthquake on February 6. The combined effect of the first two
earthquakes produced further stress loading that triggered M6 to M7 earthquakes on the Serre and
Vibo faults (~¥25-45 km north of the study area) in February and March of 1783 (Jacques et al., 2001;
Sgambato et al., 2023). In 1908 during the most recent major cycle, the Mw 7.1 Messina earthquake
destroyed the cities of Messina and Reggio Calabria inflicting a death toll of >80,000 (Baratta, 1910;
Boschi et al., 1989; Monaco & Tortorici, 2000). The damage was amplified by coseismic subsidence
and a regional tsunami that inundated coastal areas on both sides of the Messina Strait (Argnani et
al., 2009; Barreca et al., 2021; Billi et al., 2008, 2009; Comerci et al., 2015; Favalli et al., 2009). A
macroseismic analysis of strong earthquakes in southern Calabria identified three distinct earthquake
cycles since 1600 that have produced ~2—4 m of total displacement on regional normal faults in the
past ~400 years (Andrenacci et al., 2023). Uplifted Holocene shorelines record four earlier earthquake
cycles involving at least 16 strong earthquakes between ~ 6.5 and 1.0 ka (Ferranti et al., 2017). These

studies demonstrate rapid fault-slip rates and high seismic hazard in the region.

2.2 Neogene Stratigraphy

Neogene deposits exposed on the Sicilian and Calabrian sides of the Messina Strait (Fig. 1)
record the tectonic and sedimentary response to southeast migration of the lonian subduction zone
and related opening of the southern Tyrrhenian basin (Di Stefano et al., 2007; Di Stefano & Lentini,
1995; Lentini et al., 2000; Ogniben, 1960; Vitale & Ciarcia, 2013). Cenozoic terrigenous successions of

the Messina Strait region form depositional cycles bounded by regional unconformities that mark



distinct phases in a polyphase tectonic evolution (Fig. 4; Guarnieri et al., 2004; Lentini et al., 1995;

Monaco et al., 1996; Zecchin et al., 2015). Upper Oligocene to Miocene turbidites occupy perched

forearc and trench-slope basins separated by metamorphic and plutonic basement highs (e.g., Rohais

etal., 2021). These strata are overlain along an angular unconformity by Messinian evaporite deposits

(on the Sicilian side only), transgressive Lower Pliocene marls (Trubi Fm), and mid-to-upper Pliocene

marls and sands (Fig. 4).
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Figure 4. a. General stratigraphy of Miocene — Pleistocene sediments in NE Sicily and southern Calabria,
showing position of sample 24MS-01 (this study) and correlation across the Messina Strait (Fig. 1). Not
to scale. “Older units” in NE Sicily include the Capo d'Orlando Formation and Floresta Calcarenites. b.
Expanded view of Argille di Vito Superiore in southern Calabria with summary of existing age constraints
from paleomagnetism (Aifa et al., 1987, 1988; Barrier, 1987) and K-Ar dates on glass from interbedded
tuffs (Cornette et al., 1987). GPTS is geomagnetic polarity timescale (ages from Ogg, 2020).



The Vinco Calcarenite in southern Calabria consists of up to 250 m of cross-stratified bioclastic
and siliciclastic tidal sandstones with minor conglomerates, breccias, and mudstones (Fig. 4a; Barrier,
1987; Chiarella et al., 2021; Di Stefano et al., 2007; Di Stefano and Lentini, 1995; Lentini et al., 2000;
Longhitano, 2018; Ogniben, 1960). This unit and correlative deposits in NE Sicily (Di Stefano et al.,
2007; Di Stefano & Longhitano, 2009; Messina et al., 2009) record tide-dominated sedimentation in
the Messina Strait region that persisted from the Gelasian (~2.5 Ma) to mid—late Calabrian (Emilian—
Sicilian, ~1.2 Ma) (Barrier, 1984; Di Stefano et al., 2007; Di Stefano & Longhitano, 2009; Lentini et al.,
2000; Longhitano et al., 2012; Mercier et al., 1987).

Pleistocene calcarenites are conformably overlain by a widespread 40—-80 m thick unit of
bathyal marine claystone and marl with interbedded tuffs in the upper part, known as Argille di
Spadafora in NE Sicily (Carbone et al., 2022; Lentini et al., 2000) and Argille di Vito Superiore in
southern Calabria (Fig. 4b) (Barrier, 1987; Carbone et al., 2022; Di Geronimo et al., 1997; Ghisetti,
1981; Jacques et al., 2001). The clays and marls accumulated during a period of accelerating
subsidence, deepening, and widening of the basin (Longhitano, 2018) in water depths of ~500-700
m for the Argille Spadafora (Messina et al., 2009; Di Stefano et al., 2007; Violanti, 1989; Violanti D. et
al., 1987) and 500-1000 m for the Argille di Vito Superiore in Calabria (Di Geronimo et al., 1997;
Girone, 2003). Calcareous nannofossils include Pseudoemiliania lacunosa, Gephyrocapsa oceanica,
and Gephyrocapsa sp.3 indicative of biozone MNN19f (Di Stefano et al., 2007; Di Stefano & Lentini,
1995; Lentini et al., 2000; Pino, Baldanza, et al., 2007; Pino, Belfiore, et al., 2007; Rio et al., 1990).
This biozone was recently revised to subzone MNQ19d with an established age range of 960-460 ka
in the Mediterranean region (Di Stefano et al., 2023).

Cornette et al. (1987) dated volcanic tuffs in Argille di Spadafora and Argille di Vito Superiore
using radioisotopic methods. They obtained K—Ar ages from ~1 to 5 Ma on plagioclase separates from
tuffs in both formations, but concluded that these ages were unreliable due to low K contents and
the likely presence of extraneous Ar. They also obtained a mean K—Ar age of 0.72 + 0.08 Ma on glass
from a tuff in Argille di Vito Superiore at Archi near the coast in southern Calabria, which they
assigned a higher level of confidence. Aifa et al. (1988, 1987) conducted paleomagnetic analysis of
clays and marls in Argille di Vito Superiore from several sections southeast of Reggio Calabria (Barrier,
1987). They recognized a stratigraphically defined normal-polarity interval at the base of this unit that
they interpreted as the Jaramillo subchron (1.12 to 0.99 Ma; Ogg, 2020), and a reversed-to-normal

polarity transition near the top that was assigned to the base of the Brunhes chron (0.77 Ma; Fig. 4b).
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Regional correlation of interbedded tuff sequences in the upper part of the clay-marl unit, combined
with its limited thickness (< 100 m) and results of this study (below), indicate that bathyal conditions
prevailed over a large region between ~ 1.0 and 0.5 Ma.

The Messina Gravels and Sands Formation (MGS; Fig. 4) unconformably overlies older
deposits and records a subsequent period of coarse sediment input from adjacent mountains and
progradation of gravelly fan deltas into the Messina Strait (Barrier, 1987; Di Stefano & Lentini, 1995;
Ghisetti et al., 1983; Mercier et al., 1987; Ogniben, 1960). Pavano et al. (2024) obtained luminescence
ages of ~¥330-200 ka for MGS near the coast of NE Sicily ~25 km south of our sample site 24MS-01
(Fig. 1). MGS Gilbert deltas range from 12 to 180 m thick and include dipping foresets that prograded
over bottomsets of the underlying marine clay and marl units (Barrier et al., 1986; Barrier &
D’Alessandro, 1985). MGS foresets are overlain by flat-lying topset facies of fossiliferous shallow
marine to coastal and terrestrial sands and gravels. The age of MGS is widely attributed to the late
Middle Pleistocene, with field evidence indicating that deltaic units become younger toward the strait
axis (Longhitano, 2018). The amount of time missing at the unconformable base of MGS is not known,
while the conformable contact between MGS and overlying marine terrace sediments suggests

continuous deposition.

2.3 Pleistocene Marine Terraces

Marine terraces cap Neogene sediments in southern Calabria at elevations from ~50 m to
1,300 m asl (Figs. 1, 4; Antonioli et al., 2021; Miyauchi, 1994; Monaco et al., 2017; Roda-Boluda and
Whittaker, 2017). Terrace deposits vary from fossiliferous sands to non-fossiliferous gravels and
sands that rest on older units ranging from crystalline basement rock to Miocene, Pliocene and
Pleistocene sedimentary deposits (Fig. 1). Balescu et al. (1997) dated marine terrace deposits from
several localities in the Reggio Calabria area using thermoluminescence methods. They obtained an
age of 64 + 8 ka for non-fossiliferous eolian sand from a raised marine terrace ~40 m asl in Villa San
Giovanni (Fig. 1). This terrace most likely corresponds to Marine Isotope Stage (MIS) 3c (50 ka; Siddall
et al., 2003; Rohling et al., 2014), suggesting an uplift rate of ca. 0.8 mm/y since 50 ka, generally
consistent with other investigations in the Campo Piale area (Antonioli et al., 2021; Monaco et al.,
2017). Marine terraces assigned to MIS 5e (125 ka) that formed during the Last Interglacial Maximum
have been mapped at elevations of ~100 to 200 m asl from Villa San Giovanni to Reggio Calabria

(Balescu et al., 1997; Dumas et al., 1988, 2005; Ferranti et al., 2006, 2007; Meschis et al., 2022;
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Miyauchi, 1994). Marine terraces of this age contain fossils including Persististrombus latus,
previously known as “Strombus bubonius” (Cerrone et al., 2021). These fossils are considered
diagnostic of MIS 5e (125 ka; Balescu et al., 1997) and are common in terraces between 120 and 180
m asl south of Reggio Calabria (Balescu et al., 1997; Dumas et al., 1988, 2005). The large variability in
elevation of the MIS 5e terrace over short distances has been attributed to Late Pleistocene fault
offsets on the Reggio Calabria and Armo faults (e.g., Aloisi et al., 2013; Meschis et al., 2022).

A review of previous studies in paleontology (Barrier et al., 1986; Miyauchi, 1994),
geochronology (Cornette et al., 1987), and coastal terraces (Dumas et al., 1981, 1987, 2005)
suggested that the high SCA terrace has a likely age of 1.0 £ 0.2 Ma (Roda-Boluda & Whittaker, 2017).
Subsequent studies have used this age to constrain the timing and distribution of regional uplift,
calculate fault-throw rates, calibrate model-based erosion rates, and interpret landscape response to
active faulting in southern Calabria (Clementucci et al., 2024; Quye-Sawyer et al., 2021; Robustelli,
2019; Roda-Boluda et al., 2018, 2019; Roda-Boluda & Whittaker, 2017; Sgambato et al., 2023). Some
studies find that extension and normal faulting started after deposition of the marine terrace
sediments (Catalano et al., 2008; Jacques et al., 2001; L. Tortorici et al., 1995), while others conclude
that normal faults were active earlier during deposition of the Vinco Calcarenite and MGS (e.g.,
(Barrier, 1986; Chiarella et al., 2021; Ghisetti et al., 1983). Our review of the literature indicates that
normal faults initiated during deposition of the Vinco Calcarenite and likely were active before,

during, and after deposition of Pleistocene marine terraces in the study area (Fig. 1).

3. METHODS
3.1 “°Ar/*°Ar Geochronology

Tuff unit VU7 was identified in the field using the published base map and stratigraphic
nomenclature of Di Bella et al. (2016), and a fresh sample of the tuff was collected for *°Ar/3*°Ar
geochronology. “°Ar/*°Ar analyses were performed at IGG—CNR (Pisa, Italy) using both the laser step-
heating and the laser total fusion techniques. Glass and plagioclase separates were obtained using
standard separation techniques followed by careful handpicking under a stereomicroscope.
Plagioclase separate was leached for a few minutes in an ultrasonic bath using HF 7% at room
temperature. Glass separate was cleaned by alternating methanol and deionized water. Back-
scattered electron imaging of the glass separate was acquired at IGG—CNR by a field emission

scanning electron microscope (FE-SEM) Zeiss Sigma 360 VP, using an acceleration voltage of 10 kV

12



and a working distance of 8.5 mm. Separates were wrapped in aluminum foil and irradiated along
with the Alder Creek sanidine (ACs) in the core of the TRIGA reactor at the Universita di Pavia (Italy)
in two distinct batches of 3 hours in duration: PAV-95 in September 2024 and PAV-96 in February
2025. The neutron fluence was monitored by analyzing single grains of the ACs reference material,
which were melted using a continuous wave CO; laser (ESL MIR10% CO, laser system). The laser beam
was homogenized using a beam expander and a top-hat beam shaper lens. Total fusion analyses were
completed on individual crystals of plagioclase from the 0.5-1.0 mm fraction and on three grains of
glass (0.25-0.50 mm fraction), which were placed onto the bottom of 1.5-mm diameter holes of a
copper holder. Aliquots of 10-20 mg for plagioclase and of ~5—-6 mg for glass were also laser step
heated using the same CO; laser as above. Samples were placed onto the bottom of 6-mm diameter
holes of a copper holder as a single layer and the laser beam, defocused to 2-mm spot size, was
automatically slowly rastered (at 0.2 mm/s) over the separate. Steps were carried out at increasing
laser power until complete melting. Prior to “°Ar/*°Ar analyses, the copper holder was loaded into a
vacuum chamber comprising a laser port consisting of a ZnSe window fitted with a differentially
pumped flange, and baked for 15 h at 150°C. In order to reduce atmospheric Ar contamination, total
fusion analyses of separates from the second irradiation were pre-heated for 30 s at 0.15 W laser
power and using the laser beam defocused to 2-mm spot.

Argon isotope compositions were acquired simultaneously using a multi-collector noble gas
mass spectrometer ARGUS VI (Thermo Fisher Scientific). Ar isotopes from 40 to 37 were acquired
using Faraday detectors, equipped with 103 Q amplifier resistors. Faraday detectors were cross
calibrated for the slight offset using air shots. 3®Ar was measured using a low-noise CuBe Compact
Discrete Dynode (CDD) detector. Gas purification for total fusion experiments was achieved using one
water cooled SAES NP10 getter held at ~400° C and one SAES C-50 getter held at room temperature.
For step-heating analyses, gas purification included an additional AP10 getter held at ~400° C and a
cryogenic condensation trap using an ethanol-dry ice mixture. Blanks were monitored every two runs
and were subtracted from succeeding sample results. Line blanks are given in the data repository (Di
Vincenzo et al., 2025). More details about mass spectrometer calibration and analysis can be found
in Di Vincenzo et al. (2021) and Di Vincenzo (2022). Ages were calculated using decay constants
recalculated by Min et al. (2000), an atmospheric *°Ar/?®Ar ratio of 298.56 + 0.3160 (Lee et al., 2006)
and an age of 1.1848 + 0.0012 Ma for the Acs (Niespolo et al., 2017). Data corrected for post-

irradiation decay, mass discrimination effects and blanks (relative abundances) are listed in the online
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data repository (Di Vincenzo et al., 2025). Uncertainties on the ages from single runs are 2o analytical
uncertainties, including in-run statistics and uncertainties in the discrimination factor, interference
corrections and procedural blanks. Uncertainties on error-weighted means also include the

uncertainty on the fluence monitor (2o internal errors).

3.2 Synchronous Correlation Approach to Paleoshoreline Modelling

The synchronous correlation method was developed by Houghton et al. (2003) and Roberts
et al. (2009, 2013) and applied in several investigations to derive terrace ages and uplift rates in the
Mediterranean realm and elsewhere (Cerrone et al., 2025; De Santis et al., 2023; Meschis et al., 2018,
2020, 2022; Pedoja et al., 2018; Robertson et al., 2019, 2023; Varzi et al., 2024). This approach has
been explained previously (Houghton et al., 2003; Roberts et al., 2009, 2013) and is summarized here.
The synchronous correlation method is based on the idea that late Quaternary sea-level highstands,
which produce uplifted sea-level indicators such as marine terraces and coastal notches, are
unequally spaced in time. This implies that sea-level indicators should be unequally spaced in
elevation for uniform uplift rates, which enables the user to test scenarios for constant versus variable
uplift rates through time (Cerrone et al., 2025; Meschis et al., 2022, 2024; Roberts et al., 2009, 2013;
Robertson et al., 2019, 2023). This approach also addresses the “re-occupation” problem where
younger sea-level indicators may be superposed on older ones, and thus avoid assigning erroneous
ages to undated sea-level indicators in regions of relatively slow uplift. In this method, the simplest
hypothesis for constant uplift rate is examined by iterating uplift rates constrained by one or more
age controls from literature or newly obtained with absolute dating. We iteratively calculate
predicted sea-level highstand elevations and assess whether the predicted elevations match the
elevations of observed (mapped) terraces. If a robust match is not obtained, then scenarios with
changing uplift rate through time are explored to minimize the mismatch between predicted and
observed terrace elevations (e.g., Meschis et al., 2022; Roberts et al., 2009).

Paleoshoreline modelling for this study assumes sea-level highstand ages and elevations from
well-established Quaternary sea-level curves (Rohling et al., 2014; Siddall et al., 2003) (Table 1). We
execute synchronous correlation of mapped and predicted paleoshoreline elevations using a “Terrace
Calculator” built in Excel (Table S1) where uplift rate, sea-level highstand ages, and elevations are
used as input data (e.g., Cerrone et al., 2025; De Santis et al., 2025, 2023, 2021; Roberts et al., 2013;

Robertson et al., 2023, 2019). We seek to correlate the geomorphologically most distinct inner edges
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of marine terrace treads (picked at slope inflections from the 10-m DEM) with the most prominent
sea-level highstands mapped in the Mediterranean region, including MIS 5e (125 ka), MIS 7e (240 ka)
and MIS 9e (340 ka). We also assess the presence of other less prominent marine terraces such as
MIS 3c (50 ka), MIS 5a (77 ka), MIS 5¢ (100 ka), MIS 9¢ (310 ka), MIS13-15 (478-590 ka). In this study,
we use two reliable age controls available in the Campo Piale area: (1) a paleoshoreline at ~40 m asl
in Villa San Giovanni (Balescu et al., 1997) that we assign to 50 ka based on the Mediterranean sea-
level chronology (Rohling et al., 2014; Siddall et al., 2003); and (2) a prominent terrace at ~125 to 180
m elevation with a widely accepted age of 125 ka (MIS 5e) (e.g. Dumas et al; Monaco et al., 2017,
Antonioli et al., 2021). We then produce linear regressions to assess the correlation between
measured and predicted paleoshoreline elevations, seeking to maximize the R? value. The margin of
uncertainty associated with paleoshoreline elevations mapped with the DEM is + 10 m. Sea-level
curves used in this study have a margin of uncertainty of £ 12 m (Siddall et al., 2003) and 6 m (Rohling
et al., 2014). The margin of error for the age of sea-level highstands is + 4 ky for both sea-level curves

used in this study (Meschis et al., 2024; Rohling et al., 2014; Siddall et al., 2003).

3.3 Geomorphic Analysis of Normal Faults
Normal faults were compiled from published geologic maps (Bucci et al., 2022; Ghisetti et al.,
1983) and a digital fault database (Lavecchia et al., 2024). We used the Tinitaly/1.1 10-m digital

elevation model (Tarquini et al., 2023; https://tinitaly.pi.ingv.it/) to plot geomorphic features in QGIS,

supplemented with field observations and 3D visualization in Google Earth Pro®. Our analysis is based
on existing knowledge of the geometries, interactions, and evolution of extensional normal fault
networks. Geometries indicative of deformation and erosion processes include triangular facets,
wineglass-shaped canyons, relay ramps, conjugate relay zones, along-strike changes in fault throw,
strain gradients, and transfer faults (Childs et al., 2019; Cowie et al., 2000; Cowie & Roberts, 2001;
Finch & Gawthorpe, 2017; Fossen & Rotevatn, 2016; Goldsworthy & Jackson, 2000, 2001; Holtmann
et al., 2023; Khalil & McClay, 2017; Mearns & Sornette, 2021; Pan et al., 2022; Peacock & Sanderson,
1991, 1994; Petit et al., 2009; Roche et al., 2021; Rotevatn et al., 2019; Tucker et al., 2011, 2020;
Walsh et al., 2001). Identification of fault-related geomorphic features such as triangular fault facets
and intervening steep wineglass canyons (e.g., Stewart and Hancock, 1988; Tucker et al., 2020, 2011;
Wallace, 1977) allows us to test alternate hypotheses for the origins and relative ages of uplifted

marine terraces (Fig. 3; Robertson et al., 2020).
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4. RESULTS
4.1 Geology of Pleistocene Marine Terraces

Pleistocene terraces form large low-gradient surfaces that occupy a wide range of elevations
from ~100 to 1,300 m asl in southern Calabria, with smaller scattered erosional remnants in NE Sicily
(Figs. 1, 2). Terrace deposits rest either on older sediments or an erosional strath beveled on
crystalline basement, and consist of ~5—-50 m-thick deposits capped by a thin red soil and truncated
by steep eroding valleys and canyons (Fig. 5a). Sedimentary lithofacies include uncemented well-
sorted beach sands (Fig. 5b), stratified pebbly gravels and sands (Fig. 5c), variably cemented shelly
fossiliferous sands (Figs. 5d, 5e), carbonate-cemented shell beds (sandy limestone) interbedded with
less well cemented siliciclastic sands and gravels, red fluvial sands and gravels, and minor poorly
sorted matrix-rich gravels close to fault scarps. In some areas, Gilbert-delta topsets of MGS are
conformably overlain by — and indistinguishable from — Pleistocene terrace deposits (Fig. 5c).
Pleistocene terrace deposits and underlying units are offset by numerous active normal faults in the
study area (Figs. 1, 6). In NE Sicily, the faulted section consists of metamorphic and plutonic basement
overlain by Miocene sedimentary rocks, Pleistocene marine calcarenites, Argille di Spadafora, MGS,
and capping marine to fluvial terraces that are down-dropped ~300 m in a fault-bounded graben in
the Rometta area (Fig. 6a). The presence of nhumerous young normal faults, combined with partial
preservation to absence of sedimentary rocks in uplifted footwall blocks, suggests the Cenozoic
succession has been removed by erosion along the crest of the Peloritani Mountains. The sediments
could have onlapped metamorphic basement if topography was present during deposition, but no
evidence for this relationship is preserved in the rock record. In southern Calabria, the geologic cross
section reveals ~1,000 m total displacement on the Armo fault with a 300—-400-m thick Cenozoic
section in the hanging wall that is absent in the footwall. The capping Pleistocene marine terrace is
offset ~500 m on the Armo fault (Fig. 6b), as previously documented by Roda-Boluda and Whittaker
(2017). East of the Armo fault in the footwall, SCA terrace deposits rest on crystalline basement rock
and a thin discontinuous interval of Vinco Calcarenite. The SCA marine terrace in the hanging wall of
the Armo fault dips ~3-5° west, away from the fault, and projects down-dip toward sands at ~100 m

asl that were dated at ~125 ka by Balescu et al. (1997) (Fig. 6b).
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Figure 5. Field photos of Pleistocene marine terraces and related deposits in southern Calabria. (a) View
looking south at the high SCA terrace at ~1,000 m elevation in the footwall of the Armo fault. (b)
Uncemented well sorted beach sands at ca. 375 m elevation in a small erosional remnant of the
Pleistocene marine terrace in the Reggio Calabria fault zone north of Reggio Calabria. (c) Well stratified
beach gravels and sands in topsets of the Messina Gravels and Sands Formation directly beneath
capping soils of the Pleistocene terrace at ~150 m elevation east of Villa San Giovanni. (d) Close-up of
fossiliferous sands in a terrace remnant at 375 m elevation in the Reggio Calabria fault zone. (e) Close-
up of fossiliferous sands at 955 m elevation in footwall of the Armo fault, showing strong resemblance
to other Pleistocene terrace sands at elevations ranging from 100 to 1,000 m asl in southern Calabria.
Referenced locations in Fig. 1.
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Figure 6. Geologic cross sections across NE Sicily (a) and southern Calabria (b), constructed from map
data in Ghisetti et al. (1983), Lentini et al. (2000), Di Stefano et al. (2007). Location shown in Fig. 1. R2
and R3 are units of the Rometta succession (Fig. 4a; Di Stefano et al., 2007).
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Figure 7. Outcrop photos of tuff interbedded in marine claystone of the Argille di Spadafora (location in
Fig. 1). a. Stratigraphic column modified from Di Bella et al. (2016), showing position of volcanic unit
VU7. b. Field photo of collection site for Sample 24MS-01 in a recently active clay quarry. c, d. Photos
of the sampled tuff showing stratified white lapilli and fresh volcanic glass shards.

4.2 Ar/33Ar geochronology of the Spadafora Tuff

Sample 24MS-01 is from a laterally extensive ~0.8-m thick volcanic tuff, VU7, in the upper
part of Argille di Spadafora (Figs. 4, 6; Di Bella et al., 2016). The tuff contains stratified white lapilli
with abundant fresh volcanic glass shards (Figs. 7, 8) and was deposited by a submarine turbidity
current from a single volcanic eruption (Di Bella et al., 2016). Dating of tuff 24MS-01 was particularly
challenging because of the low K content of plagioclase and high vesicularity of the glass (despite its
excellent freshness; Fig. 8), which translate into high atmospheric Ar contents and high analytical
uncertainties. A first attempt was completed on a plagioclase separate using the total fusion
technique, which yielded for a total of twenty-two grains analyzed individually, ages ranging at face
value from ~0.4 to ~0.8 Ma but overlapping within analytical uncertainties, with a weighted-mean

age of 0.52 £ 0.11 Ma (Fig. 9a). In a second attempt, both plagioclase and glass separates were
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irradiated and analyzed by both the laser total fusion and laser step-heating techniques. Fifteen
crystals of plagioclase analyzed individually gave a weighted-mean age of 0.514 + 0.075 Ma,
indistinguishable from the mean obtained in the first irradiation (Fig. 9b). Eighteen total fusion
analyses of splits consisting of three grains of the glass shard separates, yielded a similar but more

precise mean age due to higher gas yield of 0.517 + 0.029 Ma (Fig. 9c).

Figure 8. Back-scattered electron images collected by the FE-SEM from the glass separate of tuff 24MS-
01 (unit VU7). The separate was analyzed by the laser step-heating technique. Note the excellent
freshness and the very high vesicularity of the glass. (a) Several pieces of glass. (b) Closer view of one
piece at the top-center of image in a.

Duplicate step-heating runs were completed on both plagioclase and glass multigrain splits
(methods described above). Plagioclase yielded concordant heating steps in both runs (Fig. 9d), with
weighted mean ages of ~0.46 and ~0.48 Ma, and a pooled mean age of 0.472 + 0.022 Ma, slightly

younger but still within uncertainties (at 2o level) with age results from total fusion experiments.

Unlike plagioclase, the two aliquots of glass shards yielded reproducible discordant age spectra (Fig.
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9e), characterized by an initial concordant segment representing ~80-90% of the total 3°Ar released
with nearly constant K/Ca ratios (from neutron-produced 3°Arx and 3’Arc, isotopes) and yielding
indistinguishable mean ages of 0.480 = 0.031 and 0.481 + 0.024 Ma. The concordant segments are
followed in the final heating steps by rising ages, up to 0.8-2.5 Ma (Fig. 9e) and lower K/Ca (generally
lower than 1), that is suggestive of contamination by an extraneous Ar component (either excess or
inherited Ar; Kelley, 2002) most likely hosted in a distinct phase (Di Vincenzo et al., 2025). As a
consequence, the total gas ages are slightly to significantly older than the concordant segments (up
to ~120 ka older), with the implication that K—Ar dates of glass from the literature (Cornette et al.,
1987) most likely represent a maximum age limit for emplacement of the tuffs in the Argille di

Spadafora and Argille di Vito Superiore.
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Figure 9. (a-c) Ranked distribution of 40Ar/39Ar ages from total fusion experiments on plagioclase and
glass shard separates of tuff 24MS-01 (unit VU7, upper part of Argille di Spadafora — Di Bella et al.,
2016). Bars represent 20 analytical uncertainties. (d-e) Age release spectra of plagioclase (d) and glass
(e) separates. Concordant segments in the step-heating experiments on glass (e) yield a pooled mean
age of 0.481 + 0.019 Ma (481 + 19 ka) (+25). Box heights indicate the 2¢ analytical uncertainty. Errors
on weighted-mean ages are 20 internal uncertainties. MSWD indicates the mean square of weighted
deviates.

21



In light of the higher K contents of the glass, which translate into higher gas yield and lower
analytical uncertainties, and the higher resolving power of the step-heating technique, the
concordant segments from step-heating experiments on glass are considered to yield the most
reliable estimate for the time of emplacement of tuff 24MS-01. The pooled mean age of 481 + 19 ka
(x20) corresponds to the youngest part of subzone MNQ19d (960—-460 ka; Di Stefano et al., 2023),
which has recently replaced biozone MNN19f with a previously reported age range of 990-580 ka (Di
Stefano et al., 2007; Di Stefano & Lentini, 1995; Di Stefano & Longhitano, 2009; Lentini et al., 2000;
Pino, Baldanza, et al., 2007; Pino, Belfiore, et al., 2007).

4.3 Correlation of the Spadafora Tuff to Southern Calabria

Prior studies show that the Argille di Spadafora in NE Sicily correlates to bathyal marine clays
and marls of the Argille di Vito Superiore in southern Calabria (Figs. 4, 6; Carbone et al., 2022; Di
Geronimo et al., 1997; Di Stefano et al., 2007; Ghisetti et al., 1983; Jacques et al., 2001; Lentini et al.,
2000) whose age ranges from ~ 1.0 to 0.5 Ma based on paleomagnetism of clays and K-Ar ages of
interbedded tuffs (Aifa et al., 1988; Cornette et al., 1987). Deep marine clays and marls in both areas
conformably overlie shallow marine bio-calcarenites and record a period of accelerated subsidence,
deepening, and transgression. Based on similar lithology, stratigraphic position, age, and limited
thickness, we conclude that the marine clays and marls correlate in time with little or no diachronism
across the Messina Strait (Carbone, et al., 2022). We tried to test this correlation by dating tuffs
reported from southern Calabria (Cornette et al., 1987; De Rosa et al., 2008; Jacques et al., 2001), but
the tuff beds were not accessible due to recent residential development, agriculture, or cover. The
claystone-marl unit is overlain by two younger units: (1) MGS gravels and sands; and (2) capping
Pleistocene marine terrace deposits (Fig. 4). The regional stratigraphic correlation, “°Ar/3°Ar age of
the Spadafora tuff (481 + 19 ka), and recognition that an unknown amount of time is represented by

the MGS deposits, all indicate that the capping marine terraces are younger than 0.50 Ma.

4.4 Paleoshoreline Modeling of Marine Terraces

We performed paleoshoreline modeling of marine terraces at Campo Piale (Fig. 10; Table 1,
2) using the synchronous correlation method described above. A widespread surface preserved at
~125-190 m asl from Arghilla district to Piale is assigned to the last interglacial highstand at 125 ka

(MIS 5e). This terrace is displaced ~100 m down to an elevation of 80—90 m asl in the hanging wall of
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a strand of the Scilla fault in the Cannitello area (Monaco et al., 2017). Assuming the Campo Piale
profile follows an intact un-faulted ridge between faulted areas to the north and south (Fig. 10), we
assign higher-elevation terraces to successively older sea-level highstands following the precedent of
previous studies (Antonioli et al., 2021; Dumas et al., 2000, 2005; Meschis et al., 2022; Miyauchi,
1994; Monaco et al., 2017). Higher-elevation surfaces are more deeply incised and less continuous,
except for the 600-630 m surface in the Piani di Melia (Fig. 10). Distinct terrace levels and assigned
sea-level highstands include: MIS 5e (125 ka) at 195 m asl; MIS 7e (240 ka) at 280 m asl; MIS 9¢ (310
ka) at 330 m asl; and MIS 9e (340 ka) at 406 m asl (Fig. 10). Less well-defined terraces are picked at
520 m asl (MIS 13a; 478 ka) and 590 m asl (MIS 13c; 525 ka) (Fig. 10; Table 2). The highest widespread
surface at the top of the Campo Piale profile is the Piani di Melia, in the footwall of the Scilla fault
(Figs. 1, 2), to which we assign an age of <590 ka (MIS 15e) (Fig. 10; Table 2). This age falls within the
range of previous estimates (Miyauchi, 1994; Monaco et al., 2017; Antonioli et al.,, 2021), thus
replicating the results of prior studies. Figure 11 shows strong correlation between predicted and
observed terrace elevations. The results of our shoreline modeling imply that the uplift rate in this
area accelerated from 0.97 mm/y before 50 ka to 2.2 mm/y after 50 ka, similar to results of previous
investigations (Antonioli et al., 2021; Meschis et al., 2022).

In summary, paleoshoreline modeling suggests an age of ~525-590 ka for the high marine
terrace in the footwall of the Scilla fault at 600—630 m elevation (Figs. 10, 11; Table 2). This is an
overestimate because it assumes no fault offsets, tilting or fault-related warping, despite abundant
evidence for these processes in the study area. Difficulty of correlating the highest surface in the
profile to a unique sea-level highstand produces added uncertainty. We therefore infer an age of
~500-600 ka for the 630-m terrace, which implies a time-averaged uplift rate of ~1 mm/y for the

Piani di Melia terrace in the footwall of the Scilla fault.
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Figure 10. (a) Map of uplifted marine terraces and inferred ages on Campo Piale ridge (location in Fig.
1). Terraces at and below 200 m elevation are known from prior studies (e.g., Balescu et al., 1997;
Dumas et al., 2005; Antonioli et al., 2021). Terrace ages above 200 m are derived from shoreline
modeling (this study). (b) Topographic profile extracted from 10-m DEM in QGIS (profile line in A).
Inflections in the profile (T1 - T10) represent “measured” palaeoshorelines assigned to marine isotope
stages (MIS) and corresponding sea-level highstands based on shoreline modeling. Modern erosional
valleys at higher elevations add some uncertainty to shoreline picks. Horizontal lines are “predicted”
shoreline elevations derived from an uplift model that minimizes the misfit between measured and
predicted elevations (Fig. 11). Shoreline picks in this model assume no faults, tilting, or warping, so that
each higher surface records a successively older global sea-level highstand. Under these assumptions,
the 630-m surface is bracketed between 525 and 590 ka. Introduction of fault offsets, tilting, or fault-
related warping (red dashed line) would imply a younger age for the 630-m surface.

Table 1. Ages and heights of global marine highstands used in this study.
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Age (ka) *

Marine Isotope

Height of Highstand (m)

Stage (MIS)

0 1 0
30 -80
50 3c -60

76.5/80 5a -30
100 5c -25
115 5 -21
119 5 -5
125 Se 5
175 6 -30
200 6 -5
217 6 -30
240 7e -5
285 8 -30
310 9¢ -22
340 9e 5
410 11 -5
478 13a 0
525 13c 20
550 14 10
560 14 3
590 15e 20
620 16 20
695 17 10
740 18 5
800 19 20
855 21 20

* Sea level ages and highstands from Rohling et al. (2014) and Siddall et al. (2003)

Table 2. Mapped inner edges and proposed refined ages.

Terrace Name UTM UT™m Measured Predicted Proposed Marine
Coordinate Coordinate Elevation Elevation Age (ka) Isotope
(Easting) (Northing) (m) (m) Stage (MIS)
T1 0556082 4231183 40 50 50 3c
T2 0556285 4231713 105 106 77 5a
T3 0556690 4231154 130 134 100 5¢c
T4 0557894 4231107 195 188 125 Se
T5 0558301 4231073 280 289 240 7e
T6 0559206 4231041 330 340 310 9c
T7 0559928 4231158 406 396 340 9e
T8 0561063 4231156 520 525 478 13a
T9 0561704 4230991 590 591 525 13c
T10 0566007 4232440 630 654 590 15e
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4.5 Fault Zone Morphology

Compilation of regional faults and geomorphology shows that uplifted marine terraces in
southern Calabria are cut and offset by active normal faults across a wide range of elevations and
displacement magnitudes (Figs. 1, 2; Aloisi et al., 2013; Catalano et al., 2008; Meschis et al., 2022;
Roda-Boluda and Whittaker, 2017). The fault network displays many features characteristic of active
normal fault systems, including triangular facets and wineglass canyons (Catalano et al., 2008;
Ferranti et al., 2007; Tortorici et al., 1995), a large conjugate relay zone that forms the narrow passage
of the Messina Strait (Dorsey et al., 2024); curved faults with pronounced slip gradients from fault
center to tip; NW-striking transfer faults that connect NE-striking normal faults (e.g., faults that link
the Calanna and Armo faults); a complex group of NNE-striking short fault segments in the 2-km wide
Reggio Calabria fault zone; and a prominent relay ramp that accommodates transfer of strain from
the Cittanova to the Sant’Eufemia fault (Fig. 1).

A 3D oblique view looking southwest at the slope map reveals deep incision into the relay
ramp and a decrease in elevation of the SCA terrace down the ramp between the two bounding
normal faults (Fig. 12a). The dipping terrace correlates across a 250-300 m deep canyon as it
descends from 850-1100 m at the top of the ramp to 500-600 m at the bottom (Fig. 12b). A cross-
strike profile shows minimal offset of the SCA terrace across the Cittanova fault near its southwest

termination, gentle NW dip down the broad Piani d’Aspromonte from ~1200 to 1000 m elevation,
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and ~400 m offset across two strands of the Sant’Eufemia fault which drops the SCA terrace down to

~500-600 m elevation in the footwall of the Scilla fault (Fig. 12c).
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Figure 12 (a) Oblique view looking southwest at normal faults and marine terraces on slope map
extracted from 10-m DEM (Fig. 2b). SCA is the SCA marine terrace at a wide range of elevations (labeled
with blue numbers). A large relay ramp transfers extensional strain from the Cittanova fault in the
north to the Sant’Eufemia fault in the south. (b) Along-strike topographic profile (B-B’) down the relay
ramp shows gradual decrease in elevation from >1 km to 500-600 m, and correlation of the SCA marine
terrace down the ramp. (c) Cross-strike topographic profile (C-C’) showing fault offset of the SCA terrace
which correlates across the Sant’Eufemia fault (parts a, b).
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A closer view of the relay ramp (Fig. 13) reveals evidence for active fault growth, fault-tip
propagation, and transfer of strain between the Cittanova and Sant’Eufemia faults. The inclined
terrace surface climbs from ~500 m asl at the bottom of the ramp to >1,000 m at the top, and from
there it is displaced across the Sant’Eufemia and Calanna faults from the high Piani di Aspromonte
down to the Piani di Melia terrace at 500-600 m elevation. The Piani di Aspromonte is incised by deep
canyons arranged in a quasi-radial pattern emanating from the Aspromonte Mountains in the
footwall of the Western Aspromonte and Gambarie faults. Two modern channels are deflected
around the NE tip of the Sant’Eufemia fault, revealing the dynamic surface response to active NE

propagation of the Sant’Eufemia fault (Fig. 13).
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Figure 13. Oblique 3D view looking southeast at 10-m color DEM highlighting the relay ramp, which
transfers extensional strain between the Cittanova and Calanna-Sant’Eufemia faults. Note modern
channels deflected around the NE tip of the Sant’Eufemia fault at the lower end of the ramp, indicating
active landscape response to fault propagation and growth of the relay ramp.
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Figure 14. Oblique 3D view looking ~ east at the geomorphic expression of normal fault network in
southern Calabria (plotted on slope map from 10-m DEM, overlaid in Google Earth) with uplifted marine
terraces colored by interpretation of this study (Figs. 10, 11). Presence of a large relay ramp, and
seismically active faults separating terrace remnants at different elevations, indicate that the terrace at
500-600 m elevation (Piani di Melia) correlates to the high SCA terrace at elevations up to 1.2-1.3 km
asl (Piani di Aspromonte). MIS is marine isotope stage.

Figure 14 shows more diagnostic fault features including a steep 500-600 m high scarp in the
footwall of the Scilla fault, common triangular facets and intervening wineglass canyons in footwalls
of the Scilla, Sant’Eufemia and Cittanova faults, abrupt downstream decreases in erosional relief
across active normal faults, and numerous remnants of the structurally dismembered and incised SCA
terrace. In summary, diagnostic fault geometries (Figs. 12—14), geochronologic and stratigraphic data
(Figs. 4, 9), and paleoshoreline modeling of marine terraces (Figs. 10, 11), all support an interpretation
that marine terrace remnants in the Piani di Melia and Piani di Aspromonte represent a once-
contiguous geomorphic surface that has been offset, uplifted, tilted and eroded in the past ~500 ky

(as noted by Catalano et al., 2008). Previous studies established that the Argille di Spadafora in NE
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Sicily correlates to similar clays and marls of the Argille di Vito Superiore in southern Calabria (Fig. 4;
Carbone et al., 2022; Cornette et al., 1987; De Rosa et al., 2008; Di Geronimo et al., 1997; Ghisetti,
1981; Jacques et al., 2001). Applying these constraints, we conclude that all Pleistocene terraces up
to 1.3 km asl in a large area between the Aspromonte Mountains and Messina Strait coastline (Fig. 1)

are younger than the Argille di Spadafora and Argille di Vito Superiore, and therefore are < 0.50 Ma.

5. DISCUSSION
5.1 Age of the SCA Marine Terrace

The %Ar/*°Ar age of the Spadafora tuff (0.481 + 0.019 Ma) is the first modern isotopic age
determination for Pleistocene tuffs in NE Sicily and is consistent with existing biostratigraphy for the
Argille di Spadafora, falling at the young end of nannoplankton subzone MNQ19d (960-460 ka; Di
Stefano et al., 2023). The Argille di Spadafora correlates stratigraphically and in time with Argille di
Vito Superiore in Calabria, which ranges from ~ 1.0 to 0.5 Ma and is unconformably overlain by MGS
gravels and capping marine terrace sediments (Fig. 4). When integrated with regional stratigraphy
and fault-zone morphology, our results indicate an age of < 500 ka for the high SCA marine terrace at
1.0-1.3 km asl (Piani di Aspromonte) in the footwall of the Cittanova, Sant’Eufemia and Armo faults
(Fig. 14). This age is consistent with prior estimates for the Piani di Melia at ~ 500—600 m asl (Catalano
et al., 2008; Monaco et al., 2017) and is roughly half the widely cited age of 1.0 £ 0.2 Ma for the high
SCA terrace (Miyauchi, 1994; Roda-Boluda & Whittaker, 2017). Because this revised age is important
for constraining crustal uplift and fault slip rates, we explore it in more detail below.

Previous age estimates for the high SCA terrace were based on: (1) presence of cool-water
foraminifers Globorotalia truncatulinoides excelsa and Hyalinea balthica, and the mollusk Arctica
islandica, which are often called “northern guests” because they first appeared in the Mediterranean
region during onset of northern hemisphere glaciation at ca. 1.8 Ma (Barrier et al., 1986; Crippa et
al., 2016; Miyauchi, 1994); (2) K—-Ar age of ~0.72 Ma from a tuff in Argille di Vito Superiore which is
older than the terrace deposits (Fig. 15a) (Cornette et al., 1987); and (3) paleoshoreline models that
assume sea-level changes superposed on an intact, un-faulted uplifting region (e.g., Dumas et al.,
2000, 2005; Miyauchi, 1994). Barrier et al. (1986) stated that the presence of cool-water species in
the terrace deposits means the sediment accumulated at the time of faunal first appearances in the
region. However, this claim must be rejected because the species are all extant (alive today), which

means the deposit could have formed any time after ca. 1.8 Ma. Miyauchi (1994) adopted the age
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assignment of Barrier et al. (1986) and used it to construct a detailed chronology that assumed higher
terraces are older, concluding that the high SCA terrace is ca. 1.0— 1.2 Ma. This age model has become
widely accepted in the modern literature without challenging the flawed logic of the original age
determination. Age assignments based on paleoshoreline models are subject to uncertainties that
arise from a common but unstated assumption that the terraces are not offset by faults (Fig. 3). A
recently obtained maximum depositional age of 750-900 ka for the SCA terrace based on *°Ar/*°Ar
dating of detrital sanidine (Perez et al., 2024) represents an upper age limit consistent with our result.
In summary, all attempts to date the SCA marine terrace using direct age constraints, including this
study, rely on methods that yield a maximum upper age limit, not a true depositional age. While it is
often tempting to interpret maximum depositional ages as true depositional ages, this inference is
not credible without independent corroborating data which currently are lacking.

Figure 15a shows the simplified stratigraphy of southern Calabria compiled from prior studies
(Ghisetti et al., 1983; Barrier, 1987; Jacques et al., 2001), as shown to scale in the geologic cross
section (Fig. 6b). Paleomagnetism, biostratigraphy, K-Ar tuff ages, and correlation to the Spadafora
tuff (this study) show that Argille di Vito Superiore ranges in age from ~ 1.0 Ma at the base where it
gradationally overlies Vinco Calcarenite, to ~ 0.5 Ma at the top where it is unconformably truncated
at the sharp base of MGS (Fig. 4b; Aifa et al., 1987, 1988; Barrier, 1987; Cornette et al., 1987). Because
Argille di Vito Superiore is not preserved beneath the high SCA terrace in the east, the age of terrace
sediments is not directly constrained in that area, suggesting they could be older. However, an age
of ca. 1 Ma for the high SCA terrace (e.g., Miyauchi, 1994) would require that these deposits correlate
to the 1.0-Ma base of Argille di Vito Superiore in the central and western blocks, an idea that is not
supported by observed stratigraphic relationships (Fig. 15a). Two previous studies correlated the SCA
terrace across the Armo fault in southern Calabria (Roda-Boluda and Whittaker, 2017; Quye-Sawyer
et al., 2021), and we concur with this interpretation. Correlation of the terrace deposits is supported
by: (1) recognition of an active relay ramp and tracing of the terrace up the ramp from ~ 600 m to >
1.0 km elevation (Figs. 12 — 14); (2) stratigraphic superposition that shows the terrace sediments are
everywhere younger than Vinco Calcarenite and Argille di Vito Superiore (Fig. 15a); (3) absence of
uncemented fossiliferous sands in older sedimentary units; and (4) striking similarity of uncemented
shallow marine sands and beach deposits capped by thin immature red soils (inceptisols) in terrace
sediments across a wide range of elevations (Fig. 5). The hypothesis for older terraces at higher

elevations predicts longer duration of subaerial exposure that should produce deeper, more mature
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soils at the highest elevations. Our field observations and other studies instead reveal a similar weak
degree of soil development across the full range of elevations in the study area (Costantini & Dazzi,

2013; Rivieccio, 2020), further supporting the terrace correlation.
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= =
Coastal Area o & Central Block 5 High SCA Surface
(~50-200 m) §§ (~100-450 m) 0 (~900-1,300 m)
X S Argile di Vito Z
Capping SoilD 8 Superiore (~ 0.5 Ma) Capping Soil

= Marine
Terrace

EXPLANATION (Part b)

o~ modern coastline
/ modern normal faults

E deep offshore marine

shallow marine shelf

low-gradient alluvial
coastal plain

small islands

Figure 15. a. Simplified stratigraphy of Cenozoic deposits in SW Calabria, east of Messina Strait (Fig.
1). Numbers in parentheses are the range of elevation for marine terrace deposits in each fault
domain (Fig. 2a). Terrace sediments rest on an unconformity in the eastern and central blocks
(footwall of Armo and Reggio Calabria faults), and they conformably overlie MGS in the western
coastal area (expanded section). b. Proposed paleogeographic reconstruction for Pleistocene
marine terrace deposits, after 0.5 Ma and prior to onset of differential uplift on modern normal
faults. Terrace sediments accumulated in a wide shallow marine shelf with small isolated islands
flanked by low-gradient coastal plains, and later were uplifted and dissected by modern normal
faults.
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Other hypotheses for an older age of the high SCA marine terrace are similarly inconsistent
with data and observations. In one idea, Argille di Vito Superiore may have accumulated at bathyal
water depths in hanging-wall basins adjacent to syn-depositional normal faults, while coeval SCA
terrace deposits formed in a shallow marine shelf on nearby footwall uplifts. This is potentially
supported by stratigraphic evidence for faulting during deposition of the Vinco Calcarenite (e.g.,
Barrier, 1986; Chiarella et al., 2021), and map relations that show Pleistocene deposits thicken into
hanging-wall blocks and thin onto footwall uplifts (Figs. 1, 6b; Ghisetti et al., 1983). However, this
hypothesis predicts lateral thickening and coarsening of the clay-marl unit into conglomeratic base-
of-scarp facies near normal faults, yet these relationships are not observed. Instead, the uniformly
fine-grained Argille di Vito Superiore is eroded and truncated by an angular unconformity at the base
of the younger terrace unit (Fig. 15a). The regional claystone-marl unit and older calcarenites may be
time-transgressive with ages changing laterally across the Messina Strait, but this model predicts
shoreline migration toward paleo-topography in the Aspromonte Mountains which would make clay
and marl in Calabria younger, not older, than the Spadafora tuff in NE Sicily. In short, the marine
terrace sediments cannot be older than 0.5 Ma because they overlie and are younger than Argille di
Spadafora, Argille di Vito Superiore, and MGS everywhere in the study area (Figs. 4, 6b, 15a).

Building on the above analysis, we propose a paleogeographic reconstruction that restores
the SCA marine terrace sediments to their depositional position, sometime after 0.5 Ma and prior to
the onset of differential uplift on modern normal faults (Fig. 15b). Sediments accumulated in a wide
shallow marine shelf with small, isolated islands (future Aspromonte and Peloritani mts.) that were
flanked by low-gradient fluvial coastal plains (e.g., Quye-Sawyer et al., 2021). Other known examples
of Pleistocene extension-related uplift and inversion of a former marine shelf include: (1) northern
Peloponnese, south of the modern Gulf of Corinth, in response to normal fault migration and rift
localization (Armijo et al., 1996; de Gelder et al., 2019; Fernandez-Blanco et al., 2019; Ford et al.,
2017); (2) Kythira Island in the Hellenic arc where uplift may be driven by propagation of the North
Anatolian Fault, incipient collision with the African plate, or mantle dynamics (de Gelder et al., 2022;
Gaki-Papanastassiou et al., 2011; van Hinsbergen et al., 2006; Veliz-Borel et al., 2022); and (3) the
southern Anatolian plateau where uplift and extension are driven by asthenospheric upwelling
through tears and breaks in the subducting Aegean slab (Aykut et al., 2025; Ogretmen et al., 2018;
Racano et al., 2021; Schildgen et al., 2012).
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5.2 Regional Tectonic Implications

The young age of the Spadafora tuff has important implications for understanding the
Pleistocene tectonic development of NE Sicily and southern Calabria. With a paleo-water depth of
500-700 m, presence of Argille di Spadafora at 500 m elevation in Rometta (Fig. 6a) means the crust
there has been uplifted ~ 1000-1200 m in the past 0.50 My, suggesting an average rate of 22 mm/y.
This represents a minimum estimate for adjacent areas because the Rometta succession is down-
dropped ~ 300 m in a normal fault-bounded graben (Fig. 6a), so post-500 ka rock uplift southeast of
there is greater by at least 300 m. If a Cenozoic sedimentary section similar to the Rometta succession
was eroded off the crest of the Peloritani Mountains (1,000 m asl; Fig. 6a), the Argille di Spadafora
would restore to ~ 1,300 m elevation at the crest of the range and the eroded sediments would likely
be recycled and stored in adjacent modern basins of the Messina Strait and Tyrrhenian Sea (Fig. 1).
In this case, the implied rock uplift would be ~ 1800-2000 m in the past 500 ky for an uplift rate of
~4.0 0.2 mm/y at the crest of the Peloritani Mts. (Fig. 1). This is faster than uplift rates of 1-2 mm/y
based on elevations and ages of marine terraces (Catalano & De Guidi, 2003; De Guidi et al., 2003)
and constraints from a study of MGS deposits near the Messina Strait coast in NE Sicily (Pavano et al.,
2024), and needs to be tested in future work.

Our analysis of fault-controlled stratigraphic architecture (Fig. 15a), integrated with prior
studies (Ghisetti et al., 1983; Barrier, 1986; Jacques et al., 2001; Chiarella et al., 2021), suggests
multiple phases of normal faulting in southern Calabria. A complex deformation history is supported
by the observation that the base of the marine terrace unit changes laterally from an unconformity
in the eastern and central footwall blocks where it rests on basement rock, Vinco Calcarenite and
Argille di Vito Superiore, to a conformable contact in the western coastal area where terrace
sediments overlie MGS in an expanded section produced by hanging-wall subsidence (Fig. 15a). The
first phase of faulting initiated during deposition of the Vinco Calcarenite and produced distinctive
base-of-scarp facies and fanning-dip sections that record fault-related tilting during deposition (e.g.,
Chiarella et al., 2021). We infer that a combination of footwall erosion, hanging wall deposition, and
slow fault-slip rates may have generated subdued topographic relief across the Armo fault during this
phase. The area was then submerged by increased subsidence, relative sea-level rise, and a change
to bathyal conditions recorded in Argille di Vito Superiore (1.0 — 0.5 Ma). Later, renewed slip on the
same family of faults drove rapid delta progradation, base-level fall, erosional stripping of footwall

uplifts, and deposition of Messina Gravels and Sands (MGS). Fault slip resumed or continued after
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deposition of post-0.5 Ma sediments, progressively isolating terrace remnants by fault displacements,
footwall uplift, and erosion that continues to the present day (Fig. 1).

Applying our new age constraint yields an average uplift rate of > 2.5 mm/y in the past ~500
ky for the high SCA marine terrace at ~1.2 km asl, which is similar to our post-50 ka rate for the Campo
Piale transect (2.2 mm/y; Figs. 10, 11) and maximum post-125 ka uplift rates determined for the Capo
Vaticano Peninsula (~1.8-2.0 mm/y; Bianca et al., 2011; Roberts et al., 2013). The terrace surface is
displaced by up to ~500 m on the Cittanova and Armo faults (Fig. 2) (Roda-Boluda & Whittaker, 2017),
implying variable throw rates up to ca. 1 mm/y. These are minimum rates because the SCA terrace
unconformably overlies and is younger than the 0.5-Ma Argille di Vito Superiore (Fig. 15a). Uplift in
Calabria is widely considered to be driven by toroidal flow of the upper mantle into migrating tears
in the lonian slab (e.g., Clementucci et al., 2024; Faccenna et al., 2011, 2014; Gallen et al., 2023). Our
results are consistent with this model and suggest that the surface response to mantle processes may
be faster than commonly inferred.

Based on joint inversion of bedrock thermochronology, °Be-derived erosion rates, river
channel modeling, and prior studies of marine terraces, Gallen et al. (2023) concluded that rock uplift
rates in southern Calabria were slow (<0.4 mm/y) from ~ 15 to 2 Ma, and increased at 1.5-1.0 Ma to
current rates of ~ 0.5-1 mm/y. Data presented above suggest an alternative history in which the
forearc region of southern Calabria and NE Sicily was undergoing accelerated subsidence, not uplift,
between 1.0 and 0.5 Ma. This period of regional subsidence and deepening is recorded in well dated
bathyal marine claystone (Argille di Spadafora and Argille di Vito Superiore) that conformably overlie
shallow marine calcarenites in most areas where Miocene-Pleistocene sediments are preserved (Figs.
1, 4). The claystone-marl unit is documented throughout southern Calabria and NE Sicily with geologic

mapping (Carbone et al., 2022; Ghisetti et al., 1983; Lentini et al., (Barrier, 1986; Barrier et al., 1987; Di
Stefano et al., 2007; Di Stefano & Longhitano, 2009; Jacques et al., 2001; Longhitano et al., 2012; Messina et al.,

2009), biostratigraphy (Di Stefano et al., 2007, 2023; Di Stefano & Lentini, 1995; Lentini et al., 2000;
Pino, Baldanza, et al., 2007; Pino, Belfiore, et al., 2007), and paleobathymetric study (Di Geronimo et
al., 1997; Girone, 2003; Di Stefano et al., 2007; Violanti, 1989; Violanti D. et al., 1987). The lateral
extent of the claystone-marl unit, its limited thickness (~40—-80 m), and conformable contact with
older shallow marine calcarenites indicate that deep marine conditions initiated around the same
time over a large region. The claystone-marl unit thus records a short-lived period of accelerated

subsidence and deepening that affected a large area of forearc crust between ~ 1.0 and 0.5 Ma.
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The widespread extent of the change to rapid deepening requires a regional mechanism to
draw down the crust that likely was related to dynamics of the lonian subduction zone. Global sea-
level rise is not a viable cause since the magnitude of documented deepening (500-1000 m) is much
greater than the magnitude of Cenozoic sea-level fluctuations (100-150 m; Rohling et al., 2014;
Siddall et al., 2003; Spratt and Lisiecki, 2016). Geodynamic processes that could have driven
accelerated regional subsidence at ~ 1 Ma include crustal extension and thinning due to southeast
retreat of the trench, increased density and related loading of the subducted lonian slab, or
intensification of convection in the mantle wedge above the descending slab. The subsequent change
from regional subsidence to rapid post-0.5 Ma uplift may have been driven by laterally propagating
slab tears and related toroidal flow in the upper mantle (Clementucci et al., 2024; Faccenna et al.,

2011, 2014; Gallen et al., 2023).

5.3 Assessment of Paleoshoreline Modeling

Paleoshoreline modeling of uplifted marine terraces at Campo Piale ridge suggests an age of
~500-600 ka for the Piani di Melia terrace at 600—630 m elevation (Figs. 10, 11). Our analysis of fault-
zone morphology shows that the Piani di Melia terrace correlates to the high SCA terrace at 1,000—
1,200 m asl in the Piani di Aspromonte, and therefore the two terraces are the same age (Figs. 12-
14). The terrace age inferred from shoreline modeling is slightly older than the maximum age
permitted by “°Ar/3°Ar dating of the Spadafora tuff (0.48 Ma) and thus represents an overestimate
that may be due to several factors. First, the small difference between the isotopic age constraint
(481 + 19 ka) and shoreline model-based age (500—-600 ka) could reflect the margin of error associated
with highstand ages, since the age of each sea-level highstand has an uncertainty of ~+ 5-10 ka
(Rohling et al., 2014). When compounded over 8 sea-level highstands (Table 2), these uncertainties
could potentially explain the difference between the “°Ar/*°Ar age of the Spadafora tuff and the age
estimate based on paleoshoreline modeling. Second, the paleoshoreline model does not account for
any fault offsets, structural tilting, or fault-related warping along the modeled profile despite ample
evidence for these processes in the study area (Figs. 1, 2, 12-14) and instead assumes uplift of a
structurally intact undeformed crustal block. For each steep slope interpreted as a paleo-sea cliff that
is instead a fault scarp, two adjacent terrace remnants would become the same age (Fig. 3), and the
model age of the Piani di Melia surface would be reduced by the time span between highstands in

the global sea-level record (Table 2; Rohling et al., 2014; Spratt & Lisiecki, 2016). Finally, Pavano et al.
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(2024) obtained luminescence ages of ~330-210 ka in MGS deposits that underlie marine terrace
sediments in NE Sicily, consistent with relative ages documented in the study area (Fig. 15a).
However, this is not a compelling constraint because the luminescence ages are from a site located
25 — 30 km from dated sections southeast of Reggio Calabria (Fig. 4b), and the MGS in southern
Calabria could be older than MGS in Sicily (Carbone, et al., 2022).

5.4 Summary

Our results challenge a long-standing assumption that higher-elevation terraces in southern
Calabria are older, lower-elevation terraces are younger, and steep slopes between them are paleo-
sea cliffs, not faults (Fig. 3). It can be difficult to interpret terraced landscapes using DEM analysis
alone, because topographic scarps and risers are often rapidly degraded by the effects of uplift,
erosion and local deposition in weakly consolidated sediments (e.g., Petit et al., 2009; Stewart and
Hancock, 1988; Wallace, 1977). Future field-based studies that integrate geology, stratigraphy,
geochronology, and tectonic geomorphology are needed to evaluate the relative role of paleo-sea
cliffs versus fault scarps in shaping the structurally complex landscape of southern Calabria. This work
is important for understanding Pleistocene paleogeography, drivers of crustal uplift and erosion,

landscape response to faulting, and related geologic hazards in this seismically active region.

6 CONCLUSIONS
This study provides a new constraint on the age and uplift rates for faulted Pleistocene marine

terraces in southern Calabria at elevations up to 1.0-1.3 km asl, as summarized below.

(1) “°Ar/*°Ar dating of plagioclase and glass separates from a tuff in marine claystone of the Argille di
Spadafora yield indistinguishable mean ages, with a more precise and more reliable age from step-

heating experiments on glass of 0.481 + 0.019 Ma (+ 20).

(2) The Argille di Spadafora and equivalent Argille di Vito Superiore in southern Calabria, previously
dated at~1.0—0.5 Ma, are overlain by Messina Gravels and Sands Formation and capping Pleistocene

marine terraces, and thus the marine terrace deposits are younger than 0.50 Ma.
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(3) Paleoshoreline modeling at Campo Piale, Calabria, suggests an age of 525-590 ka for a terrace at
630 m asl. This is an overestimate because it assumes no fault offsets, tilting, or structural warping

despite abundant geomorphic evidence for these processes in the study area.

(4) The 630-m terrace is correlated to the high SCA marine terrace at 1.0-1.3 km asl by tracing it up
an active relay ramp between the Cittanova and Sant’Eufemia faults, and with geomorphic evidence

for offset of the terrace across the Sant’Eufemia fault.

(5) The high-elevation SCA marine terrace is therefore < 0.50 Ma, roughly half a widely cited estimate
of 1.0 £ 0.2 Ma. Our results suggest a time-averaged uplift rate of > 2.5 mm/y for the highest terrace

and throw rates up to 1.0 mm/y on active normal faults.

(6) These findings challenge a common assumption that high-elevation terraces are older than lower-
elevation terraces in southern Calabria, and suggest that the surface response to upper mantle

processes may be faster than predicted in prior studies.
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