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Abstract The evolution of topography in forearc regions results from the complex interplay of crustal and
mantle processes. The Southern Apennines represent a well-studied forearc region that experienced several
tectonic phases, initially marked by compressional deformation followed by extension and large-scale uplift.
We present a new structural, geomorphic and fluvial analysis of the Pollino Massif and surrounding
intermontane basins (Mercure, Campotenese and Castrovillari) to unravel their evolution since the Pliocene. We
constrain multiple tectonic transport directions, evolution of the drainage, and magnitude and timing of long-
term incision following base level falls. Two sets of knickpoints suggest two phases of base level lowering and
allow to estimate ~500 m of long-term uplift (late Pleistocene), as observed in the Sila Massif. On a smaller
spatial scale, the evolution and formation of topographic relief, sedimentation, and opening of intermontane
basins is strongly controlled by the recent increase in rock uplift rate and fault activity. At the regional scale, an
along-strike, long-wavelength uplift pattern from north to south can be explained by progressive lateral slab
tearing and inflow of asthenospheric mantle beneath Pollino and Sila, which in turn may have promoted
extensional tectonics. The lower uplift of Le Serre Massif may be explained as result of weak plate coupling due
to narrowing of the Calabrian slab. The onset of uplift in the Pollino Massif, ranging from 400 to 800 ka, is
consistent with that one proposed in the southern Calabrian forearc, suggesting a possible synchronism of uplift,
and lateral tearing of the Calabrian slab.

1. Introduction

The origin and evolution of topography in mountain belts result from the feedback between crustal tectonics,
mantle dynamics, and surface processes. However, due to the interaction and superimposition of shallow and deep
mechanisms, identifying the different contributions of processes acting at different temporal and spatial scales
may be extremely complex (Crameri et al., 2017; Faccenna & Becker, 2020; Royden, 1993; Wortel &
Spakman, 2000).

At convergent plate boundaries, crustal underplating and shallow accretion are considered as the main mecha-
nisms leading to surface uplift and producing an isostatically compensated topography (Beaumont et al., 2000;
Willett et al., 2001). Yet subduction processes can cause both positive and negative topography (Duretz &
Gerya, 2013). For instance, slab pull may produce negative topography on the forearc and backarc (Crameri
et al., 2017; Royden, 1993), but can be counterbalanced by crustal accretion and underplating, which promote
surface uplift and building of topographic relief (Willett et al., 2001). When slab break-off occurs, those slab pull
forces are released, resulting in large scale uplift (Buiter et al., 2002; Duretz & Gerya, 2013). In such context, a
reconstruction of the surface morphology evolution, obtained through the investigation of the topographic
wavelength and rate of surface processes, is a fundamental step to understand the dynamics of a subduction
system. More specifically, quantifying the relief denudation, exhumation and detecting the different geomorphic
features at the surface may help to decipher the processes at depth (topographic wavelength >100 km; Willett
et al., 2001).

The Southern Apennines of Italy are an ideal case study for deciphering the mutual influence between crustal and
deep processes in a forearc setting. The mountain range is located at the transition between active subduction of
the Calabrian arc and the Central Apennines, where slab is completely or partially detached (Lanari, Reitano,
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et al., 2023; Maesano et al., 2017; Wortel & Spakman, 2000). Here, a combination of crustal shortening, recent
extensional tectonic activity and large-scale regional uplift resulted in the complex topography of the Pollino
range (Brozzetti et al., 2017a; Cowie et al., 2017; Faure Walker et al., 2012; Ferranti et al., 2006; Roda-Boluda &
Whittaker, 2017; Schiattarella et al., 2003). However, the active geodynamic processes shaping the Southern
Apennines-Calabria are still under discussion, and several contrasting models have been proposed, from active
subduction causing underplating in the forearc (Minelli & Faccenna, 2010), to delamination or slab break-off and
slab edge upwelling (Ascione et al., 2012; Civello & Margheriti, 2004; Cucci, 2004; Faccenna et al., 2011;
Guillaume et al., 2010; Palano et al., 2017; Wortel & Spakman, 2000).

Previous works describe the presence of high-standing fluvial and marine terraces, and attempt to constrain the
landscape evolution of the different morpho-structural domains of the Southern Apennines (Caputo et al., 2010;
Cerrone et al., 2021; Ferranti et al., 2006; Robustelli et al., 2014; Santoro et al., 2009; Molin et al., 2002).
Overlaying to the regional signal, crustal processes control the evolution of relief and intermontane basins at
smaller spatial scale (Brozzetti et al., 2017a; Gioia et al., 2011, 2023; Robustelli et al., 2014; Schiattarella
etal., 1994). In this context, the link between topographic signal, drainage system and deep mechanisms is still not
well-defined, especially due to the difficulty of deciphering the contributions from both deep and shallow pro-
cesses, which are often coeval. We perform a structural and geomorphic analysis to decipher the topographic
evolution of the Southern Apennines since the Pliocene. We focus on the Pollino range and surrounding regions,
including the Castrovillari, the Mercure and the Campotenese basins, which represent key areas to constrain the
topographic and uplift history at both spatial and temporal scales. In particular, we investigate the Pliocene-
Quaternary topographic and crustal evolution of the range in connection with the Sila Massif, proposing a
model that may explain the concurrence of extensional tectonics and large-scale topographic uplift over the
Calabrian subduction zone.

2. Geological Setting
2.1. Tectonic Setting

The Southern Apennines represent an orogenic-scale duplex system with an overall eastward vergence induced by
the westward subduction of the Adria Plate (Corrado et al., 2005; Mazzoli et al., 2008; Patacca & Scan-
done, 2007). The structural edifice is composed of Meso-Cenozoic allochthonous (i.e., rootless) units derived
from the internal (i.e., western) paleogeographic domains that overlay the Apulian Platform. The roof of this
large-scale duplex, from the highest, more internal to the lowest, more external units, consists of: (a) ophiolites
and associated deep-marine sediments of the Ligurian and Sicilidi, locally presenting high-pressure meta-
morphism; (b) shallow-water marine deposits of the Apenninic Platform; and (c) basinal, deep-marine to slope
deposits of the Lagonegro, Molise and Sannio nappes (e.g., Liberi & Piluso, 2009; Ogniben, 1969; Patacca &
Scandone, 2007). The autochthonous Apulian Platform represents the lowermost units of the duplex system and
the orogenic foreland, and consists of a thick Meso-Cenozoic shallow-water carbonate succession, strati-
graphically overlain by younger continental deposits (Catalano et al., 2004; Monaco et al., 1998; Ogniben, 1969).
This structural architecture implies significant imbrication and telescopic shortening of the external allochthonous
sheets which, based on the age of the well-preserved thrust-sheet-top deposits, reached their current location
during the early-middle Pleistocene (Ascione et al., 2012; Bonardi et al., 2001; Patacca et al., 1990; Patacca &
Scandone, 2007; Tropeano et al., 2002).

While the Southern Apennines include continental units derived from the margin of the Adria plate, the Calabrian
arc consists of units belonging to the former southern European/Iberian margin (e.g., Bigi et al., 1989; Carminati
etal., 2012; Siravo et al., 2022; Van Dijk et al., 2000). The narrow Calabrian orogenic belt (<100 km) comprises:
(a) a pile of broadly east-verging nappes of Hercynian metamorphic and crystalline basement rocks locally
covered by Meso-Cenozoic deep-marine sediments (e.g., Santantonio et al., 2016); and (b) an Alpine ophiolitic
metamorphic complex (Rossetti et al., 2001). The rocks of both domains show different degrees of Tertiary
metamorphism ranging from low grade to high-pressure low-temperature conditions (Molli et al., 2020 and
references therein). The exhumation of this nappe stack started in the Oligocene during coeval contractional
deformation (top to the E) and extension (top to the W) in eastern and western Calabria, respectively, and
continued throughout the early Miocene (Mattei et al., 1999; Olivetti et al., 2017; Rossetti et al., 2001; Vignaroli
et al., 2012). Thereafter, widespread regional subsidence led to the deposition of unconformable late Serravallian
to Pleistocene, mostly marine, siliciclastic deposits, subsequently cut by normal faults (Corbi et al., 2009; Molin
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Figure 1. Digital elevation model of southern Italy (SRTM DEM, pixel size 90 m), with Quaternary normal faults and
associated syn-sedimentary basins (after Brozzetti et al., 2017a). Note, the Sila Massif and the Costal Range belong to the
Calabrian Arc while the Pollino Massif and adjacent mountain ranges are part of the Southern Apennines. Colored dots are
the major historical and instrumental earthquakes (Mw > 4.0 from 1000 to 2020; CPTI11, Rovida et al., 2011). Extensional
intermontane basins: (1) Crati; (2) Castrovillari; (3) Campotenese; (4) Mercure; (5) Noce; (6) Vallo di Diano; (7) Val d’ Agri.
Wedge-top basin: (8) Sant’ Arcangelo. The inset shows the general tectonic setting with the convergence vectors from GPS
pole of rotation and Nuvell A model between Nubia and Eurasia. The colored contour lines represent the depth of the
subducted slab and the blue arrow is the trajectory of the Ionian slab (D’ Agostino & Selvaggi, 2004).

et al., 2004). The eastward motion of the Calabrian arc started in the late Miocene due to trench retreat and
rollback of the Ionian oceanic lithosphere in association with the opening of the Southern Tyrrhenian Basin (e.g.,
Cifelli et al., 2007; Mattei et al., 1999, 2007). This led to the lateral juxtaposition of the Calabrian arc and the
Southern Apennines, most likely from the Pleistocene onward (e.g., Bonardi et al., 2001; Faccenna et al., 2004;
Malinverno & Ryan, 1986).

In the study area, mountain building processes were associated with the activity of WNW-ESE-striking, regional,
left-lateral strike-slip faults until the late Pliocene—early Pleistocene (Brozzetti et al., 2017a; Catalano et al., 1993,
2004; Dijk et al., 2000; Ferranti et al., 2009; Monaco et al., 1998; Schiattarella, 1998), and later superseded by a
more recent NE-SW-oriented direction of extension (Brozzetti et al., 2017a, 2017b; Schiattarella, 1998; Schiat-
tarella et al., 2003). The recent morpho-structural and sedimentary evolution of the Southern Apennines is
controlled by the activity of NW-SE-striking normal-oblique fault systems, making the Pollino region one of the
most active and seismogenic sectors of the Apennines, despite the seismic gap observed in the historical record
(Figure 1; Brozzetti et al., 2017a; Robustelli et al., 2014). The high-angle active and seismogenic normal faults are
usually located along the south-western flank of the Pollino, Lauria and La Fagosa Massifs and formed topographic
depressions and intermontane basins on the hanging-wall of the structural blocks (Figures 1 and 2). One of these
depressions includes the Mercure basin, which consists of an at least 300-m-thick fluvio-lacustrine sedimentary
succession recording deposition during glacial-interglacial climate cycles (Figure 3; GE.MLNA, 1963;
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Figure 2. Digital elevation model of southern Italy (TINITALY/01 DEM, pixel size 10 m), with Quaternary normal faults (black thin lines) and Middle Pleistocene—
Holocene marine terraces on the Ionian coast of northern Calabria (colored lines after Cucci, 2004; Santoro et al., 2009). PF: Pollino Fault. Swath profiles 1 and 2 show
the maximum, mean, minimum and standard deviation of elevations of the study area (window 5 km wide). Dashed black lines are the local drainage divide. (1) Crati

basin; (2) Castrovillari basin; (3) Campotenese basin; (4) Mercure basin.
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Mercure Campotenese Schiattarella et al., 1994; Robustelli et al., 2014). In particular, the base of the
19 = 10 Legend N sedimentary sequence may range between 1.07 and 0.7 Ma, as suggested by the
== Alluvial deposits source area of Castronuovo conglomerates in the Sant’Arcangelo basin
150 = — {10 B Lacustrine clay and marl attributable to the Apennine platform units located further southwest than the
= s Lo present day drainage divide (Capalbo et al., 2010). The lacustrine sediment at
=7 by Lignite . . .
{1100 | =— {204 B Deltaic and lacustrine the top of the sequence marks the last phase of evolution of the basin with the
| clay and sand endorheic-exorheic transition at 0.5 Ma (Figure 3; Robustelli et al., 2014). A
1150 F—4 {30 Alluvial and deltaic fluvio-lacustrine infill is also found in the smaller Campotenese basin,
conglomeratesand sand although the lack of significant fluvial incision and borehole data limits our
1200 140 B ‘Carontic bedrock knowledge on its stratigraphic characteristics (Figure 3; Brozzetti
{Z Tephra layer dated etal., 2017a)
407 /39 ’ :
- L ArAr (514 £ 16 ka) )
2.2. Morphological Setting
1300

Figure 3. Stratigraphic log and borehole data in the Mercure and
Campotenese basins, respectively (after Brozzetti et al., 2017a; Robustelli

et al., 2014; locations in Figure 2).

The study area is characterized by morpho-structural highs (e.g., Pollino
Massif), high-standing erosional surfaces dissected by fluvial incision and
Quaternary intermontane basins (e.g., Mercure, Campotenese among others;
Figure 1; Brozzetti et al., 2017a; Robustelli et al., 2014).

A series of flat erosional surfaces from 600 to 1,400 m a.s.l. have been

described by Robustelli et al. (2014) and Gioia et al. (2011) in the Mercure
and Auletta basins, with the highest planation erosional surface associated with a pre-Quaternary uplift stage
predating a previous left-lateral tectonic phase and the most recent topographic rejuvenation (Amato & Cin-
que, 1999; Schiattarella et al., 2003, 2017). During the Quaternary, such regional surfaces are displaced first by
strike-slip faults and afterward by the most recent extensional tectonics, which reactivated pre-existing structures
(Brozzetti et al., 2017a; Schiattarella, 1998; Schiattarella et al., 2003), and favored the development of inter-
montane basins (Brozzetti et al., 2017a; Gioia et al., 2011; Robustelli et al., 2014). Similarly, the Sila Massif, Le
Serre and the Aspromonte Mountains show a sharp variation in topographic relief and slope consistent with a
pattern of river knickpoints, reflecting the transient response of streams to a relative base level change caused by
regional uplift and crustal faulting (Olivetti et al., 2012; Roda-Boluda et al., 2019; Roda-Boluda & Whit-
taker, 2017). Along the Ionian coast, terraces are raised up to several hundred meters above sea level, indicating
late Pleistocene uplift (Cucci, 2004; Molin et al., 2002; Santoro et al., 2009). Terrace staircases with more than
eleven marine terraces are mapped and laterally correlated across the whole Sibari plain (Figure 2). The lateral
correlation is performed between terraces located at similar elevations and displaying analog diagnostic sedi-
mentary features (Santoro et al., 2009). However, in some cases only deeply incised remnants of terrace platforms
are found, and the available ages (summarized in Figure S1 in Supporting Information S1) are frequently
inconsistent, possibly because of multiple sedimentation and fossil reworking (Nalin et al., 2020; Santoro
et al., 2009). For this reason, we will only rely on the terraces attributed to the last interglacial (MIS 5e), which is
characterized by the distinctive Senegalese fauna (Santoro et al., 2009). The MIS 5e terrace is the most prominent
paleo-shoreline marker and provides an indication of regional uplift of up to 1 mm/yr in the last ~124 Myr
(Carobene, 2003; Cucci, 2004; Santoro et al., 2009). Since the terrace is found at progressively lower elevations
moving southward from the Pollino to Le Serre Massif, it has previously been suggested that this variation could
reflect a spatial variation in uplift rates (Faccenna et al., 2011). However, while direct age-dating for the MIS Se
terrace is available in correspondence of the Pollino and Sila Massifs (Nalin et al., 2020; Santoro et al., 2009), its
identification near Le Serre Massif is based only on geometrical cross-correlation (Cerrone et al., 2021; Cucci &
Cinti, 1998).

3. Methods
3.1. Structural Analysis

We carried out a structural analysis to define the geometry, kinematics and, where possible, timing of activity of
the main faults (based on morphologic and cross-cutting faulting relationships). The field survey was conducted
using available geological maps of the Southern Apennines at different scales and focused on the main structural
features. We systematically measured the faults strike and dip, the rake or azimuth of the slickenlines and the
sense of shear along the main faults and shear zones. We adopted common criteria to define fault kinematics, such
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as lunate and S/C structures, Riedel shears, calcite steps, bedding drag along faults and offset of geological
markers (Petit, 1987). In the case of multiple families of slickenlines, cross-cutting relationships were used to
determine their relative chronology. To distinguish between potential different slickenline populations, the tec-
tonic transport directions have been attributed after countouring the frequency azimuth of the measured slip
direction (Figure S2 in Supporting Information S1). We collected data preferentially on the faults bordering the
basins directly with a clear morphological expression, to unambiguously obtain information on the most recent
tectonic activity. On the map in Figure 2 we present the site of measurement, while in the supplementary material
(Figure S2 and Table S1 in Supporting Information S1) we show a list of structural data with their plots and
analyses obtained using the Daisy software (Salvini, 2004).

Our structural analysis can be compared with the large amount of previous works presenting similar analysis
along different portions of the investigated area. This is the case of structural surveys in the Mercure (e.g.,
Brozzetti et al., 2009; Filice & Seeber, 2019) and Castrovillari Basins (e.g., Brozzetti et al., 2017a; Cirillo
et al., 2022; Ferranti et al., 2009), in the southern sector of the Pollino range (Ferranti et al., 2009), or at the scale
of the Southern Apennines (e.g., Lavecchia et al., 2024; Papanikolaou & Roberts, 2007). It is worth noting that
those previous works provide different scenarios, including purely extensional tectonics to transition system from
extensional to compressional or left-lateral/extensional regimes.

3.2. Topographic Analysis

To investigate the topography and the main tectonic lineaments, we produced topographic slope and local relief
maps and performed a regional topographic analysis. Topographic and morphometric maps were obtained in
ArcGIS using the Spatial Analyst Toolbox. Local relief was calculated by arithmetically subtracting the
maximum and minimum topographic elevations within a circular moving window of 2.5 km. We used a Shuttle
Radar Topography Mission Digital Elevation Model (SRTM DEM, pixel size of 90 m; http://srtm.csi.cgiar.org) to
conduct the regional scale topographic analysis and TINITALY/01, with a spatial resolution of 10 m (Tarquini
et al., 2012; data source http://tinitaly.pi.ingv.it/download.html) to perform a detailed analysis of the stream
profiles, topography and knickpoints.

3.3. Stream Profiles and Knickpoint Analysis

The fluvial network and its channel gradient is highly controlled by climate, bedrock erodibility, and local and
regional vertical movements (Kirby & Whipple, 2012).

The slope of longitudinal river profiles under steady-state conditions, when erosion and rock uplift rates are
balanced (Flint, 1974; Kirby & Whipple, 2012), is well-described by a power law relationship, known as Flint's
Law. Assuming that river channels erode following a shear-stress based power law dependent on discharge
(drainage area) and channel slope (Hack, 1957; Morisawa, 1962), and that the river are subjected to steady-state
conditions, we can rearrange the Flint's Law as:

5o (U>*A—<%> ()

where (U/K)"" and m/n are the channel steepness index (k,), € is the concavity index, and A the drainage area,
respectively (Flint, 1974). In particular, under steady-state conditions and assuming n = 1, k, (with dimension m*?)
is linearly proportional to the ratio between rock uplift rate (U; mm/yr) and bedrock erodibility (K; m'~>™/yr). 6 is
the concavity index function of m and n, which are constants that depend on basin hydrology, channel geometry,
and erosion processes (Whipple & Tucker, 1999). The Equation 1 is valid above a critical upstream drainage area
of 0.1-5 km?, where fluvial processes dominate over debris flows (Montgomery & Foufoula-Georgiou, 1993;
Wobus et al., 2006). In natural channels, theoretical and empirical studies demonstrated that 6 usually falls within
a relatively restricted range of values between 0.4 and 0.6 (Kirby & Whipple, 2012 and reference therein).
To compare k, between rivers with greatly differing drainage areas, we calculated the normalized value of
channel steepness of the studied rivers (k,,) by using a reference concavity index (6,,p) of 0.45. The channels and
knickpoints were analyzed using the integral approach, which accounts for the integration of Equation 1, and
assuming spatially invariant uplift and erodibility (Perron & Royden, 2013):
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and z(x) and z(x,,) are the elevation along the channel profile at distance x and at the base level (x,), respectively,
and A, is the reference drainage area (Perron & Royden, 2013). The y approach allows us to visualize k, variation
along stream segments, revealing possible knickpoints, which can be used as geomorphic marker (e.g., Clem-
entucci et al., 2023a; Marder et al., 2023; Moumeni et al., 2023). Indeed, in the y-z plot, the slope of the trans-
formed river profile is the k

o considering the integral quantity y as independent variable. In a region with
minimal spatial variation in bedrock erodibility and precipitation, river steepness adjusts to the pattern of rock
uplift. In this term, the integral approach represents an effective tool to identify and discretize the knickpoints
(Perron & Royden, 2013; Royden & Taylor Perron, 2013). In particular, non-lithological knickpoints should
cluster in a narrow range of y values (Perron & Royden, 2013) and separate stream segments with different k,,
values (slope patches; Clementucci et al., 2023a; Royden & Taylor Perron, 2013; Schildgen et al., 2012).
Knickpoints associated with heterogeneities and lithological contrasts are expected not to migrate upwards (or
very slowly), and thus not show a significant break in y space (Kirby & Whipple, 2012). Similarly, minor
knickpoints usually show a small slope-break along the channels in y-space, without a significant variation of &,
values. By using this approach, knickpoints were divided into three categories: non-lithological, minor, and
lithological knickpoints (Table S2 in Supporting Information S1).

A detailed analysis of knickpoints was performed by examining the shape of river profiles in longitudinal and y-z
plots (i.e., knickpoints that experienced a similar rock uplift history should cluster in the y-z plot; Clementucci
et al., 2023b; Moumeni et al., 2023), using available geological maps (1:100.000 and 1:50.000 geologic map of
Italy; Brozzetti et al., 2017a; Ghisetti & Vezzani, 1983; lannace et al., 2004; Servizio Geologico d’Italia, 1971)
and satellite imagery on Google Earth. The fluvial network and channels were extracted and modeled using the
MATLAB software TopoToolbox (Schwanghart & Scherler, 2014) and a series of MATLAB functions (TAK -
Topographic Analysis Kit; Forte & Whipple, 2019).

3.4. River Projections

We quantified the magnitude of incision by reconstructing the river projection downstream of non-lithological,
transient knickpoints, and subtracting the modeled river elevation at the mountain front from the modern profile
elevation, assuming 6,,, = 0.45 (Table S3 in Supporting Information S1; e.g., Clementucci et al., 2023a;
Schildgen et al., 2012). This approach allows estimating the paleo-base level and hence the magnitude of incision
and/or surface uplift since the onset of knickpoint migration (Clementucci et al., 2023a; Heidarzadeh et al., 2017,
Moumeni et al., 2023; Schildgen et al., 2012). The amount of long-term incision represents the minimum value of
incision because long-term denudation and lowering of the uplifted low-relief landscape also occurred (although
it is assumed to be negligible).

3.5. Rock-Uplift History

We performed river linear inversions of six rivers draining the Castrovillari basin and the Cozzo del Pellegrino
Massif to estimate the rock-uplift rates over time. Under conditions of uniform erodibility (K), assumingn = 1, a
block uplift scenario, and no substantial changes in the drainage area over time (e.g., river capture), variations in
kg, values can be interpreted to reflect the fluvial response time to base level fall, following rock uplift variations
(Goren et al., 2014). Specifically, y can be converted into time allowing to explore the timing of upstream
propagation of transient knickpoints. Here, we used the MATLAB code provided by Goren et al. (2014) and
Racano et al. (2023), where the integral version of the stream power of Equation 2 can be inverted to define the
non-dimensional rock-uplift rate (U*). This corresponds to the slope of the y-plot and allows to infer the rock
uplift history of the catchment (Clementucci et al., 2023b; Goren et al., 2014; Racano et al., 2023). y and U* were
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then converted to fluvial response time (z) and rock-uplift rate (U) by using estimates of rock erodibility for our
study area (Goren et al., 2014):

U = KA Us (4)
X

—3 5

’ KAy )

We selected basins characterized by similar bedrock erodibility, primarily limestone and metalimestones (Bonardi
et al., 1988), and without any evidence of drainage area gain or loss. We tested two models by using m equal to
0.45, as used for the regional-scale fluvial analysis presented in this study, and 0.4 which represents a consistent
value for Southern Apennines, as used in previous studies (Gallen et al., 2023; Olivetti et al., 2012). Similarly, the
erodibility constant (K) for each drainage basin was estimated using the stream-power law (K = E/k,,") and
considering: n = 1, basin-averaged k, values for m = 0.45 and 0.4 (Table S4 in Supporting Information S1), and
for basin-average erosion rates (E), the long-term uplift rate recorded by the stepped marine terraces along the
Ionian side (Santoro et al., 2009). Specifically, we considered the oldest marine terrace (407 ka) which shows an
averaged uplift rate of 1.2 mm/yr. This value is then divided by the mean value of the six basin-averaged k,, as
summarized in Table S4 in Supporting Information S1, to quantify the K value. The rock-uplift histories were then
aggregated by computing mean and standard deviation values, providing a comprehensive representation of the
overall trend in rock-uplift rates over time, following the same approach of Clementucci et al. (2023b). Finally, the
rock-uplift history was critically assessed by comparing the linear inversion results with stratigraphical and
geomorphological constraints.

4. Results
4.1. Structural Data

Here, we present our structural results including new cross-cutting slickenline populations, providing additional
time constraints for the variations in the tectonic transport direction along the faults bordering the three main
basins: (a) the Castrovillari, (b) the Campotenese and (c) the Mercure (locations and data in Figure 2, Figure S2
and Table S1 in Supporting Information S1). The result will be compared with previous studies in the discussions.

1. The Castrovillari basin is bordered by the Pollino fault, which overall strikes NW-SE. On the southeastern tip
of the Pollino flank (Sites 25-30; PF in Figure 2), we measured a local fault plane striking slightly ~N280°,
with clear right-lateral kinematic indicators and highly oblique slickenlines suggesting a tectonic transport
direction oriented ~N140 (Figure 4; Site 28). Similarly, further southeast facing the Sibari Plain, we measured
a subvertical fault striking NW-SE with oblique slickenlines (Figure 4; Site 31). The Castrovillari basin is also
characterized by a system of faults cutting through the infilling sediments, with fault scarps striking
approximately N150°. Kinematic analysis on these faults reveals a tectonic transport direction oriented
~N220° (Figure 2, Figure S2 and Table S1 in Supporting Information S1; Sites 21-24).

2. The Campotenese basin is located further west than the Castrovillari basin (Figures 2 and 6a). It is bordered to
the north by the western continuation of the Pollino fault, which strikes E-W at this location (PF in Figure 2).
We measured fault planes striking ~N100° (Figures 2 and 4; Sites 8—15) with two slickenline populations with
cross-cutting relationships changing from oblique- (Site 8) to dip- (Sites 11-13-14) slip, with tectonic transport
directions oriented ~N280° and N160°/N200°, respectively. To the east, the Campotenese basin is also
bordered by a N-S-striking set of faults that apparently disconnect the Campotenese basin from the Cas-
trovillari basin. There, we measured fault planes striking ~N-S (Figure 2; Sites 16-19, 33; Figure S2 in
Supporting Information S1) with complex kinematics and a relative chronology indicating a swing from
oblique- (Figure 2 and Figure S2 in Supporting Information S1; Sites 19-17; Figure 4; Site 17) to dip-
(Figure 2; Sites 17-18-19) slip, in association with a tectonic transport directions oriented ~N340° and
~N270°, respectively.

3. The Mercure basin is the westernmost tectonic depocenter of the study area (Figure 2) bordered by a south-
westward dipping fault. In the northwestern tip of the Mercure basin, we measured different fault planes lying
at different elevations (Figure 2 and Figure S2 in Supporting Information S1; Sites 1, 2 and 3) and strik-
ing ~N130° with two different families of slickenlines, one oblique (Figure 4 and Figure S2 in Supporting
Information S1; Sites 1, 2 and 3) and one dip-slip (Figure S2 in Supporting Information S1; Site 2), with
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Figure 4. The upper part of the figure shows cumulative lower hemisphere Schmidt net of the slickenlines contour and fault poles contour merging all data collected in
the field. The first tectonic transport direction, oriented ca N120°/150°, is shown with dashed blue arrows, while the most recent tectonics transport direction, oriented ca
N200°, is shown with red arrow. Below, outcrop views for some stations of measurements (Stop 4, 17, 11, 28, 31, 1; see locations in Figure 2). For each structural
stations, we show details of kinematic indicator and/or slickenlines together with the stereoplot. Details of all measurement are reported in the supporting information.
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Figure 4. (Continued)
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Figure 5. Slope map with Quaternary normal faults (black thin lines). Middle Pleistocene—Holocene marine terraces on the
Tonian coast of northern Calabria are reported (after Cucci, 2004; Santoro et al., 2009). Dashed black lines are the main local
drainage divide. (1) Crati basin; (2) Castrovillari basin; (3) Campotenese basin; (4) Mercure basin. PF: Pollino Fault.

tectonic transport directions oriented ~N165°/180° and ~N200°, respectively (in agreement with previous
observation provided by Brozzetti et al., 2009). Conversely, in the eastern Mercure basin we measured a well-
exposed fault locally covered by hematite mineralization striking ~N150°, with overall dip-slip kinematics
and a tectonic transport direction oriented ~N225°, toward the center of the basin (Figure 4 and Figure S2 in
Supporting Information S1; Site 4). It is worth noting that this represents the first case of hematite fault in
carbonate described in the Apennines suggesting a circulation of hot fluid.

4.2. Regional Topographic Analysis

The Pollino Massif and surrounding mountains are characterized by high-relief, deeply incised morphology with
steep flanks. The maximum topography is locally constituted by low-relief upland surfaces alternating with
mountain peaks higher than 2,000 m (i.e., Pollino, Gada, Cozzo del Pellegrino and Lauria mountains; Figures 2
and 5; Figure S3 in Supporting Information S1). The intermontane basins at lower elevations (~400 and 1,000 m)
are characterized by low-relief paleosurfaces and depositional surfaces locally dissected by deep valleys (i.e.,
Mercure, Campotenese and Castrovillari basins; Figures 2, 5 and 6; Figure S3 in Supporting Information S1). The
highest peaks of the study area, range between 1,500 and 2,300 m in elevation and reach a maximum in the Pollino
Massif (2,248 m). The main mountain ridges (Pollino, La Fagosa, Lauria, Gada and Cozzo del Pellegrino Massifs)
show high values of slope and local relief, higher than 40° and 1,000 m, respectively, and are usually located in the
hanging-wall of the Quaternary normal faults (Figure 5 and Figure S3 in Supporting Information S1). The average
elevations of the Mercure, Campotenese and Castrovillari basins are 500, 1,000 and 400 m, respectively (Profile 1
in Figure 2). On the top of terrace surface and near the incised valleys the slope values range, respectively,
between 5°-10° and 30°—40° (Figures 5, 6d and 6e¢).
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Figure 6. (a) Topographic map of the Campotenese basin delimited by the dashed white lines. (b, c¢) Pictures of the northern and southern boundary of the Campotenese
basin (3), respectively. Note, the basin fill onlapping against the fault scarps. White lines denote the presence of wind gap. (d) Panoramic view of the Mercure basin from
Castelluccio Superiore (4). (e) Panoramic view of the Castrovillari basin (2). Note, the abrupt transition form steep incised valleys and flat top depositional surfaces of
the basin fill, now forming incised terraces. PL: Paleo-landscape. TS: Terrace surface. PF: Pollino Fault.
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Figure 7. k,, values with main knickpoints of the rivers draining the Castrovillari, Campotenese and Mercure basins. Dashed
black lines are the main local drainage divide. (2) Castrovillari basin; (3) Campotenese basin; (4) Mercure basin.

The basin infill is mostly composed of Quaternary (at least until ~515 ka in the Mercure; Robustelli et al., 2014)
continental and marine-continental sedimentary sequences in the Mercure-Campotenese and Castrovillari,
respectively (Figures 6b and 6¢; Chiarella et al., 2021; Robustelli et al., 2014). The flat topography within these
basins marks the top depositional surface (Chiarella et al., 2021; Schiattarella et al., 2003). Along the Ionian coast
and inland in the Sibari plain, well-preserved flights of late Quaternary marine terraces show up to eleven orders
of terraces (Luca et al., 2022; Santoro et al., 2009). Several wind gaps were recognized on the main local drainage
divide along the N and NE borders of the Campotenese and Mercure basins (Figures 6a and 6c¢).

4.3. River Morphology

We examined the river networks of the Mercure, Campotenese and Castrovillari basins (basin 2, 3 and 4 in
Figure 5), whose water divide is near the Pollino mountain range (dashed black lines in Figure 5). Specifically, we
analyzed the regional k,, patterns and longitudinal profiles of 47 main river segments (Figures 7 and 8 and Table
S2 in Supporting Information S1), with 25, 8 and 14 rivers draining the Castrovillari, Campotenese and Mercure
basins, respectively.

The regional k,,, pattern shows locally low values of k,,, (0 and 60 m®®) at the maximum topography, upstream of
the non-lithological knickpoints with a general increase k,,, moving downstream toward the basin fill (Figure 7).
The kg, of the streams in the intermontane basins show an overall decrease downstream toward the coastal plain.
Downstream of the minor knickpoints, at the transition between the basin fill and the coastal plain, &, locally
increases (Figure 7). The Castrovillari and Cozzo del Pellegrino rivers drain toward the Ionian Sea, with a NW—
SE flow direction (basin 2 in Figures 2 and 5). Longitudinal river profiles have an overall concave-up shape and
are characterized by minor knickpoints between 200 and 800 m, and major non-lithological knickpoints with a
mean elevation of 1,117 + 75 m (Figure 7 and Table S2 in Supporting Information S1). Minor and non-
lithological knickpoints cluster approximately at values of y of 5-15 and 12-16, respectively (Figure 7b). The
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Figure 8. Longitudinal river profiles (a, b) and x-z plot (c, d) with knickpoints for the Castrovillari-Cozzo del Pellegrino
(black rivers; basin 2 in Figure 5), Campotenese (red rivers; basin 3 in Figure 5) and Mercure (blue rivers; basin 4 in Figure 5)
basins. The non-lithological knickpoints are located at the slope-break zone separating segments with different k,, values.

rivers' longitudinal and y profiles are steep downstream of non-lithological knickpoints, and gentle and rectilinear
upstream (slope-break zone; Figures 7b and 7d). In particular, minor knickpoints are mainly lying above the
terrace surface associated with the basin infill (Figure 6e).

The Campotenese basin is a tributary of the Mercure basin, and its rivers exhibit transient longitudinal profiles. A
wide knickzone is located at ~800 m elevation. Non-lithological knickpoints lie between 1,000 and 1,250 m,
yielding an average of 1,000 £ 133 m, while minor knickpoints are found between 750 and 1,110 m (Figures 7a
and 7c; Table S2 in Supporting Information S1).

The Mercure rivers drain the Lauria, La Fagosa and Gada and the basin is characterized by a complex drainage
network, flowing toward the NW and sharply turning with a SW-directed flow into the Lao gorge (Figure 2).
Rivers show concave-up and transient longitudinal profiles and contain minor and lithological knickpoints
distributed across a wide range of elevations (Figures 7a and 7¢), while non-lithological knickpoints are localized
between 500 and 1,000 m, yielding an average of 756 + 57 m a.s.l. (Figure 7 and Table S2 in Supporting
Information S1).

Generally, non-lithological knickpoints of the study area are found at an average elevation of 960 = 100 m and
mark a sharp variation in k, values (Figure 8; Table S2 in Supporting Information S1). Conversely, we do not
observe significant variation in channel slope upstream and downstream of minor knickpoints, except for a local
slope break in the longitudinal profile (Figures 7 and 8).

4.4. Magnitude of Long-Term Incision

To estimate the long-term fluvial incision, we selected the highest non-lithological knickpoints described above,
which lie mainly above the carbonate bedrock (Figure 8).

The Castrovillari and Mercure-Campotenese river systems (here considered together as the same river system)
flow directly into the Ionian and Thyrrenian Seas, respectively. For the Campotenese and the Mercure basins, the
presence of wind gaps and sharp variations in the drainage pattern indicates a recent dynamic reorganization that
is likely tectonically controlled (Filice & Seeber, 2019). Conversely, the lack of such evidence in the Castrovillari
basin suggests that the Ionian Sea remained the base level of the Castrovillari river system at least since the last
base level fall (i.e., the one associated with the opening of the basin and the establishment of the current exorheic
conditions). Furthermore, the overall progradation direction of the Gilbert-deltas points toward the Ionian Sea,
suggesting the existence of reliefs in the Pollino and Campotenese area and a flow direction similar to the modern
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Figure 9. (a) Topographic map of the Pollino and Sila Massif. (b) Modern longitudinal profiles and projections of the relict
landscape (red segments) upstream of the highest knickpoints using 6,,,= 0.45 and the k,, of the relict portion of selected
rivers (bold rivers in panel a). The main values of long-term fluvial incision are at ~500 m for both Pollino-Cozzo del
Pellegrino and Sila range (see details in Table S2 in Supporting Informaion S1). Gray river projections are two rivers flowing
Castrovillari basin (see main text for details). Reported marine terraces from T11 to T1 reflect the oldest and the youngest,
respectively (Santoro et al., 2009). (c) Swath profile (details and location are shown in panel a) with data from river
projections and uplifted terraces from Santoro et al. (2009) and Olivetti et al. (2012). PF: Pollino Fault.
one (Chiarella et al., 2021; Colella, 1988; Colella et al., 1987). We therefore calculated the magnitude of fluvial
incision by reconstructing the paleo-channel profiles from the rivers flowing through the Castrovillari basin and
Cozzo del Pellegrino Massif (knickpoints in the slope-break zone in Figure 8d). Estimated values of fluvial
incision for these rivers based on 8 stream profiles range from 340 to 700 m, with an average of 527 £ 40 m
(Figure 9 and Table S3 in Supporting Information S1). Rivers 4 and 5 drain the highest peaks of the Pollino range
and show the highest incision values in the study area (gray projection in Figure 9b). For comparison, we
calculated fluvial incision on the northern margin of the Sila Massif, which should have experienced a similar
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Figure 10. (a) Hillshaded model with rivers selected for the linear inversion draining the Pollino and Cozzo del Pellegrino
Massif (River ID data are provided in Table S4 in Supporting Informaion S1). (b) Response time versus mean rock-uplift
rates and associated standard deviation values for two different concavity values, along with uplift rates from marine terraces
in the Pollino area (data of central sector from Santoro et al., 2009). Note the rock-uplift history using a reference concavity
(8, of 0.45 results slightly younger than 0.40. The colors of marine terraces reflect the order as mapped by Santoro

et al. (2009).

temporal topographic evolution. There, the magnitude of fluvial incision calculated by projecting 5 rivers is
between 360 and 600 m, with an average of 526 + 45 m (Figure 9 and Table S3 in Supporting Information S1).
Overall, our estimates of long-term river incision for the Pollino Massif are on the same order as those for the Sila
Massif. The topographic relief predating the long-term base level fall in the Pollino and surrounding ranges was
estimated by calculating the difference between the modern mean drainage divide elevation and the elevation of
the outlet of the reconstructed river profiles. We obtained maximum estimates of topographic peaks of ~1,700 m
and ~1,300 m for the Pollino and Sila Massifs, respectively (Figures 9b and 9c).

4.5. Rock-Uplift History

Our river inversion analysis has been performed by using n = 1, m/n = 0.45, and an erodibility K of
12.8 x 107® m®'/yr. We then compared these results with river inversion using m/n = 0.4 and K of
28.2 x 107 m®%yr (Figure 10b). The estimates of K values are consistent with those observed in other
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tectonically active regions (Stock & Montgomery, 1999) and higher than quiescent tectonic settings (Clementucci
et al., 2022). Interestingly, they are slightly higher but in the same order of magnitude of estimates from the
Northern Apennines and NE Sicily, respectively, where carbonate lithologies are also exposed (Fisher
et al., 2022; Pavano & Gallen, 2021). All the selected rivers show a similar rock-uplift history and U* (non-
dimensionalized rock-uplift rate) starting approximately from 800 ka, despite few minor knickpoints, which cause
spikes in the overall uplift trend (Figure S4 in Supporting Information S1). The highest mean uplift rates are
reached between 600 and 300 ka and range from 1 to 1.7 mm/yr despite the large variability (i.e., high standard
deviation; Figure 10b), which is due to localized variations in the y profile of the different rivers (Figure S4 in
Supporting Information S1). From 300 ka to present-day, the rock-uplift rates decrease gradually with a mean
value of 0.5 mm/yr, and a lower standard deviations (Figure 10b). The trend of rock-uplift modeled by
normalizing k,,, with reference concavity of 0.4 and using K = 28.2 X 107° m®?/yr, show a similar spatial pattern
with a slightly older history, starting from 1 Ma (Figure 10b). Overall, the modeled rock-uplift rates are consistent
with the uplift rates obtained from marine terraces for the 400 to 100 ka time intervals. From 100 ka, however, the
inferred rock-uplift rates do not match with those estimated from marine terraces (Figure 10b).

5. Discussion
5.1. Fault System: Kinematic Analysis and Timing of Deformation

Numerous studies have reported fault slip directions along various portions of the investigated area (see a recent
database published by Lavecchia et al., 2024), describing contrasting scenarios for the evolution of the Southern
Apennines. For example, Papanikolaou and Roberts (2007) averaged all the slip directions, merging different
slickenlines populations. They interpreted their oblique-slip direction as related to the shear stress generated at the
fault tips, and concluded that only extension was active in the region. In contrast, along the Mercure basin,
Brozzetti et al. (2009) documented a swing in the tectonic transport direction from left-lateral to dip-slip sug-
gesting that the opening of the basin was related to extensional activity. This observation contradicts the one
proposed by Filice and Seeber (2019), who suggested a transition from thrust to normal kinematics caused by a
tectonic collapse, leading to the opening of the Mercure basin. Moving southward, in the Pollino Range, Ferranti
et al. (2009) documented another complex scenario invoking a NE-SW direction of shortening, controlling the
left-lateral kinematics, along with a broad N-S direction of shortening, active up to 215 Kyr, as suggested by folds
measured within conglomerates.

Our cumulative structural analysis reveals two equal peaks of fault populations, primarily striking north-south and
east-west, dipping westward and southward, respectively (fault poles contour in Figure 4). Moreover, the tectonic
transport directions show a major peak at N210° (slickenlines contour in Figure 4) and a second minor tectonic
direction at ca. N120°/150° (slickenlines contour in Figure 4). Slickenlines cross-cutting relations suggest a swing
in the tectonic transport direction, changing from N120°/150° with a left-lateral component to N210° with a dip-
slip kinematics. Thus, the overall picture provided by our work is consistent with the findings of Brozzetti
et al. (2009, 2017a). However, the temporal relationship between these two tectonic transport directions remains
unclear and can only be inferred through independent stratigraphic constraints. An example is the right-lateral
fault striking E-W (Figure 2; Sites 28-30), which is sealed by late Pleistocene undeformed and horizontal con-
glomerates (Figure 4, see also Chiarella et al., 2021; Ferranti et al., 2009). We interpret this E-W fault strand as the
conjugate of the overall left-lateral deformation system occurring along NNW-SSE fault strands, associated with
the N120°/150° tectonic transport (e.g., Brozzetti et al., 2017a; Ferranti et al., 2009). Consequently, the timing of
the end of the initial tectonic regime (the one oriented N120°/150°) remains uncertain but likely occurred during
the middle Pleistocene. On the contrary, the second tectonic transport direction, oriented N210°, is likely more
recent, as it has been measured on faults with a clear morphological expression, such as the N-S faults within the
Castrovillari basin (Figure S2 in Supporting Information S1; Sites 21-24). Furthermore, this later tectonic regime
is still active, as deduced by seismological trenches and recent earthquake focal mechanisms (Brozzetti
et al., 2009, 2017a; Cinti et al., 1997, 2002; Michetti et al., 1997).

In summary, the kinematic change from left-lateral to dip-slip documented here, aligns with findings reported by
some of the previous authors (e.g., Brozzetti et al., 2009, 2017a). Interestingly, while the left lateral motion along
the Southern Apennines has been linked to the rollback migration of the Calabria arc (e.g., Hippolyte et al., 1994;
Monaco et al., 1998; Scandone, 1979; Schiattarella, 1998; Schiattarella et al., 1994), the origin of the N210° dip-
slip kinematic that led to the opening the intermontane basins, can be explained by both backarc extension and/or
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extensional collapse due to a gradient in potential energy acquired during regional uplift (D’Agostino
et al., 2014).

5.2. Drainage System: Fluvial Evolution and Correlation With Geomorphic Markers

The fluvial network and the examples of headwater captures, testified by observed wind gaps, record a tectonic
control on the morphological evolution of the study area (Figures 6-8; Robustelli et al., 2014; Willett et al., 2014).
The rivers show two main groups of transient knickpoints indicating two possible phases of base level fall
(Figures 7 and 8). The higher non-lithological knickpoints recorded the regional increase in the uplift rates
(cumulative amount of ~500 m; Figure 9 and Table S3 in Supporting Information S1), as indicated by a clear
slope-break zone and their clustering in a narrow range of y-values. They can be considered as the minimum
magnitude of rock uplift over at least ~400 ka, since they approximately correlate downstream with the MIS 11
oldest terrace (407 Kyr; Santoro et al., 2009; Figure 9c). On the other hand, the modeled rock uplift rates generally
increase from ~800 ka (Figure 10). These geomorphic markers allow us to better refine the timing for the onset of
uplift between 400 and 800 ka. Interestingly, some of the rock-uplift rates inferred from inversions are consistent
with the uplift rates obtained from marine terraces, indicating a good correlation with independent geological
constraints (Figure 10b). However, the rates did not match on the last 100 ka, where uplift rates are well-
constrained by the dated MIS Se terrace (Figure 10b). This discrepancy in the youngest rates of uplift between
rivers and marine terraces may reflect the lag time between an external perturbation on the river profile and the
onset of terrace cutting (e.g., Tofelde et al., 2019; Vandenberghe, 1995). In our study area, rates of uplift and
basin-wide denudation are very high (~900 m/Myr for the adjusted channel downstream of knickpoints; Olivetti
et al., 2012) and channels may exceed the hillslope threshold, indicating a nonlinear relationship between k, and
basin-wide denudation rates (e.g., Ouimet et al., 2009). Therefore, considering n > 1, our history of base level fall
may be contracted and/or dilatated due to faster migration upstream of steeper slope patches compared to flatter
ones, resulting in the loss of information into consuming knickpoints. This, in turn, can lead to a distorted inferred
uplift history when using n # 1 (Royden & Taylor Perron, 2013). Ultimately, our history of rock uplift represents a
plausible scenario, considering n = 1, providing a time boundary for the onset of topographic rejuvenation in the
Pollino and Sila regions (400—800 ka). A series of minor knickpoints lie at lower elevations, mostly on the top of
terrace surfaces of the intermontane basins' infill deposits (Figure 6¢). The break-point separates the deeply
incised valleys from the terrace surfaces, suggesting their migration following base level lowering after the
endorheic-exorheic transition (e.g., Struth et al., 2019). The drainage connection to the sea of the intermontane
basins is considered the youngest geological event, even if it might not have occurred coevally from north to south
(see the compilation of lacustrine deposits in Lanari, Reitano, et al., 2023). For instance, the external drainage
connection of the Mercure Basin is younger than ~500 Kyr (Robustelli et al., 2014), but it is reasonable to infer
that it occurred earlier than the external connection of the Castrovillari Basin, whose basin infill hasn't been fully
incised yet. Conversely, the timing of the internal/external drainage evolution of the Campotenese Basin is
difficult to determine due to a lack of age constraints.

Locally, the drainage divides present high-standing wind gaps, usually located in the footwall of the Plio-
Pleistocene major normal faults, as evidence of recent change in flow orientations and drainage capture (e.g.,
in Mercure basin from NE to SW). These features indicate the transition from internal drainage conditions, likely
due to fault activity, to the re-opening of the basins toward the sea following new pathways (e.g., Lanari
et al., 2021). The deep gorge of the Lao river is a clear example of incision promoted by the Mercure drainage
connection with the Tyrrhenian Sea (Robustelli et al., 2014).

In summary, our fluvial and geomorphic analysis reveals strong evidence of drainage re-organization and phases
of base level fall (i.e., two distinct patterns of knickpoints) and allows us to reconstruct the main steps of the
topographic evolution of the Southern Apennines.

5.3. Evolving Topography of Pollino Range and Surrounding Intermontane Basins

The Southern Apennines represent a complex region, where processes act at different spatial (from crust to
mantle) and temporal scales (from Kyr to Myr; Ferranti et al., 2006; Cuffaro et al., 2011; Faccenna et al., 2011)
and where markers of the last interglacial sea-level indicate a fast uplifting arc (Antonioli et al., 2006; Brozzetti
et al., 2017a; Ferranti et al., 2006; Santoro et al., 2009). Structural and geomorphic markers such as knickpoints,
high-standing marine and fluvial terraces, uplifted relict landscapes and river networks record the cumulative
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vertical movements at least over the last few million years (Cucci, 2004; Meschis et al., 2022; Pavano &
Gallen, 2021), offering the possibility to explore the magnitude and timing of the recent topographic rejuvenation
and its relationship with the tectonic activity. By comparing our findings with published geological and
geomorphological data, we propose possible stages for the structural and topographic evolution of the study area,
as summarized in Figure 11. We discuss hereafter the processes acting at different scales: (a) the Pollino Massif
and surrounding basins (<50 km); (b) the Southern Apennines and the Calabrian arc (>100 km; Sila and Pollino
Massifs).

Stage a: The Southern Apennines wedge was partially uplifted, and therefore eroded and exhumed since the late
Miocene due to orogenic accretion related to the subduction of the Adria-Ionian plate. This is well attested also by
low-temperature thermochronology data and syn-sedimentary deposits (Lanari, Boutoux, et al., 2023; Lanari,
Reitano, et al., 2023 and references therein Corrado et al., 2005; Invernizzi et al., 2008; Mazzoli et al., 2008;
Vignaroli et al., 2012; Olivetti et al., 2017). Subsequently, the uplifted range was progressively eroded, promoting
the development of low-relief topography, which may be diachronous from the inner to the outer portion of the
chain (Amato & Cinque, 1999; Ascione & Cinque, 1999; Olivetti et al., 2017). The maximum topography of
~1,700 and ~1,300 m for the Pollino and Sila Massifs, respectively, can be interpreted as the paleo-relief, similar
to that observed in the northernmost mountains of the Southern Apennines (Mt. Maddalena, Mr. Marzano;
Ascione & Cinque, 1999; Schiattarella et al., 2017). At this stage, the southeastward drift of the Calabria sub-
duction zone favored extensive left-lateral kinematics along NW-SE faults, as documented in the present and
previous studies (Brozzetti et al., 2017a; Catalano et al., 1993; Cinque et al., 1993; Ferranti et al., 2009; Knott &
Turco, 1991; Scandone, 1979; Schiattarella, 1998).

At the same time, the Castrovillari and Crati basins were dominated by the sedimentation of marine Gilbert-type
deltas (Chiarella et al., 2021; Colella, 1988). Conversely, the current shape of the Mercure and Campotenese
basins suggests that they were originally connected to the east, toward the foreland (Filice & Seeber, 2019).

Stage b: Since 800-500 ka, a regional increase in uplift rates and a major phase of extensional deformation
occurred in the Southern Apennines (Patacca & Scandone, 2007; Santoro et al., 2009; Tropeano et al., 2002).
Additional evidence of regional uplift during this stage includes shallowing of marine deposits and uplift of the
wedge-top basins in the Bradanic Trough (e.g., Sant’ Arcangelo basin) and marine Gilbert-type delta systems
deposited in the Castrovillari and Crati basins, and migration upstream of non-lithological knickpoints (Ascione
et al., 2012; Chiarella et al., 2021; Colella, 1988; Spina et al., 2011; Tropeano et al., 2002). Interestingly,
knickpoints and projections from the Pollino range (rivers 4 and 5 in Figure 9b) show a higher value of surface
uplift, on the order of 600-700 m, indicating that they may result from the superimposition of regional (~500 m)
and local footwall (100-200 m) uplift.

This uplift may have occurred during a changeover from left-lateral to normal faulting, likely coeval with the
switch in kinematics observed along the northern and eastern border faults of the Campotenese basin (see Figure
S2 in Supporting Information S1; Site 8 and Figure 4; Site 17). The new prevailing normal faulting (see Figure 4)
produced the fragmentation of Pollino and surrounding ridges, favoring the development of extensional, inter-
nally drained basins (Figure 11b; Brozzetti et al., 2017a; Russo & Schiattarella, 1992). The Mercure basin, and
likely Campotenese and Castrovillari basins, started to develop a structural depression accommodating the
deposition of asuccession of clastic sedimentary and lacustrine deposits (Robustelli et al., 2014; Spina
et al., 2011). The well-documented infill of the Mercure basin consists of thinly bedded marly clays, reflecting a
low-energy depositional setting such as a lacustrine system (Robustelli et al., 2014). The upper and lower age
limits of the Mercure basin infill are 700 and 500 ka. These ages are constrained by a tephra within the lacustrine
sediments (514 £ 16 ka) and the correlation with the well dated sediments of the nearby Sant’ Arcangelo basin
(~700 ka; Robustelli et al., 2014 and references therein).

Stage c: Between 500 and 400 ka, the Mercure basin may have experienced a base level fall, with the opening of
the drainage toward the Tyrrhenian Sea through the development of the deep gorge of the Lao river, likely due to
the headward erosion of knickpoints following the regional increase in uplift rates (Robustelli et al., 2014).

Stage d and e: From the late Pleistocene (<400 ka) to the present, the base level change recorded in the Cam-
potenese and Castrovillari basins marks a transition from endorheic toexorheic conditions (Figure 11d). The deep
incision of the basin fill deposits is the result of headward erosion of the external drainage systems or lake
overspill processes (Geurts et al., 2020; Heidarzadeh et al., 2017; Lanari et al., 2021). The upstream propagation

CLEMENTUCCI ET AL.

19 of 28

858017 SUOWIWOD SAEa.D 3|edl|dde auy Aq pausenob aJe S9joiie VO ‘88N JO S3IN1 10} ARIq1T 8UIUO A8]IAN UO (SUO R IPUOD-PUe-SWLBH W00 A3 1M ARRIq 1 U1 |UO//SONY) SUORIPUOD PUe Swie | 38U} 89S *[7202/50/.2] U0 AreiqiTauliuo AB|IM ‘Z49 Wepsiod Wwniusz-zioyweH Aq 2008000 1€202/620T 0T/I0p/wod A8 i Are.q put|uo'sgndnBe//sdny wiouy papeojumoq ‘S ‘v20g ‘eTerreT



. Yed N | .
Fa\C [%- Tectonics 10.1029/2023TC008002

ADVANCING EARTH
AND SPACE SCIENCES

a Tate Pliocene - W % St i middle Pleistocend
earl Pleistocene, ;ﬁ “'* b(SOO 500 ka)

20 30
Distance along profile (km)

20 30
Distance along profile (km) Distance along profile (km)

) sea ‘\\ .. Local drainage
~’  divide
@ Lacustrine deposit o Non-lithological
@  Minor knickpoints
> Tephra Iay_er, MIS 13 ~500 m
(Robustelli et al., 2014) 4} Surface uplift
% Marine terrace MIS 11
(Santoro et al., 2008) Yy(  Wind gap

Overspill process N
v FEP “XX*  Swath trace

o ‘\{ ;- Erosional wave —  Mean elevation

1000 (QL Young dip-slip faults ~—  Min/Max elevation
E Tectonic Transport Direction
_§5°° & Older left strike-slip <@ Ancient NW-SE
é . o faults <@ RecentN210° )

0 10 20 30 40 50 60
Distance along profile (km)
Figure 11.
CLEMENTUCCI ET AL. 20 of 28

a 'S 'v20z ‘YeT6v6T

Jwouy

85UB01 SUOWIWIOD 3AIRR.D) 3(edldde 8y Aq peuenob a1e 9l YO 8SN JO Sa|NJ 10) A%eiqiT BUIIUQ A8]IM UO (SUOTHPUOD-PUE-SLLBIALIOY A8 1M ATe.d1BUIIUO//STIY) SUORIPUOD PUe SWS 1 81 38S * [7202/50/22] U0 A%iq1Tauliuo A8 1M ‘Z49 uepsiod Wniuez-zioywipH Aq 2008000 1£202/620T 0T/10p/wod Ao Im A



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2023TC008002

of headward erosion through migration of minor knickpoints within the Castrovillari basin caused deep incision
of the basin infill, creating strong disequilibrium conditions of the river network (Figures 11d and 11e). In the
high-elevation Campotenese basin, the presence of wind gaps and a deep valley crossing the local divide may
indicate river deflection toward the west into the Mercure basin following the progressive growth of Mt. Cerviero
(i.e., river lateral migration; Figures 6a, 10d and 10e). However, the Campotenese basin is presently connected to
the Mercure basin by a wide knickzone and the alluvial deposits are still poorly incised, suggesting that the
erosional wave caused by the recent base level fall has not yet fully propagated upstream. Simultaneously, the
Mercure basin experienced the upstream propagation of the minor knickpoints to its present-day position in the
range foothill, leading to significant incision of the basin infills.

5.4. Uplift History and Mechanisms

The Southern Apennines result from the interplay between shallow and deep mechanisms. Within such domains,
the narrow arcuate Calabrian Arc subduction zone, which presently migrates southeastward at a rate of 2-3 mm/yr
(Palano et al., 2017), plays a critical role. Several phases of deformation occurred since the Miocene (e.g., Mattei
et al., 1999, 2007; Rossetti et al., 2001). In particular, two main deformation phases have been proposed for the
Southern Apennines and Sicily since the late Miocene.

5.4.1. Phase 1

The first tectonic phase results from the progressive rollback of the slab toward the SE, which produced
compressional deformation and uplift at the front of the accretionary wedge during the early phase of subduction.
The retrograde motion of the slab toward SE is attested in the Southern Apennines by the southeastward migration
and rejuvenation of the foredeep deposits from Ariano to Sant’ Arcangelo basins (Ascione et al., 2012; Patacca &
Scandone, 2007; Tropeano et al., 2002). During this phase, counter-clockwise rotation of the Southern Apennines
block and clockwise rotation of Sicily and Calabria is documented by paleomagnetic (Mattei et al., 2007) and
geodetic data (Palano et al., 2017).

5.4.2. Phase 2

The compressional phase is progressively substituted by long wavelength uplift and extension (Ascione
et al., 2012; Filice & Seeber, 2019; Schiattarella et al., 2017; Tropeano et al., 2002). In the Southern Apennines,
the second uplift phase is marked by the emergence of the Bradanic Trough, the previously formed wedge-top
basins and marine Gilbert-type deltas, with topographic wavelengths over 100 km (Ascione et al., 2012;
Colella, 1988; Tropeano et al., 2002). Similar kinematics and long wavelength signals have been suggested by
Pavano and Gallen (2021) in northern Sicily: here, rock uplift histories derived from stream profiles suggest SE-
directed migration of the Ionian slab (first peak of uplift due to crustal thickening), followed by a second peak of
uplift related to the eastward migration of a slab window.

The recent long wavelength signal describes a progressive uplift decreasing from north to south, as highlighted by
the elevation of MIS 5e marine terraces along the Ionian coast from 125 m in the Pollino area to 80 m in the Le
Serre Massif (Faccenna et al., 2011; Nalin et al., 2020), and by 19Be-derived denudation rates and uplifted
erosional surfaces (Olivetti et al., 2012; Roda-Boluda et al., 2019; Figure 11b). These inferences, however, need
to be confirmed, as the attribution of the terrace lying at 80 m to the MIS 5e highstand at Le Serre Massif is based
on a cross-correlation basis, and no absolute ages exist (Figure 12b; Cucci, 2004; Cerrone et al., 2021).
Furthermore, the entire terrace sequence of the Crotone peninsula, near the Sila Massif, is affected by extensive
normal faulting and lies on a well-studied megalandslide gliding toward the lonian sea (e.g., Mangano et al., 2020;
Minelli et al., 2013; Zecchin et al., 2018), which could justify the lower elevation (Figure S1 in Supporting

Figure 11. Schematic evolution of the Pollino range and surrounding intermontane basins. (a) Paleo-topography and drainage pattern during the late Pliocene—early
Pleistocene. The Campotenese and Mercure basins are characterized by NE direct drainage toward the Sant’ Arcangelo basin (Filice & Seeber, 2019; Robustelli

et al., 2014). (b) Increase in uplift rates with the onset of headward erosion (upstream migration of non-lithological knickpoints), extension mostly along NW striking
structures, and endorheic conditions (lacustrine succession) in the intermontane basins. Noteworthy, the formation of wind gaps in the northern border of the Mercure
and Campotenese basins. (c) Endorheic-exorheic transition of the Mercure basin and upstream propagation of knickpoints. (d) Endorheic-exorheic transition of the
Campotenese and Castrovillari basins due to headward erosion and/or lake overspill with theonset of migration of minor knickpoints from the local drainage divide
(after Robustelli et al., 2014). (e) Present-day configuration with fluvial dissection of the basin infill deposits caused by upstream migration of minor knickpoints. (2)
Castrovillari basin; (3) Campotenese basin; (4) Mercure basin.
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Figure 12. (a) Schematic representation of the topography and subduction zone of the southern Apennines and Calabria region Arc (after Civello & Margheriti, 2004;
Faccenna et al., 2011; Gvirtzman & Nur, 1999; Palano et al., 2017). The pattern of mantle flow (red arrows) at the retreating slab edges promotes the large-scale Plio-
Quaternary uplift in the Sila and Pollino Massif on the upper plate (white arrows). GPS-based direction and rotation around Euler pole are in yellow and dashed blue
lines (after Palano et al., 2017). The uplift and faulting occur mostly at the same time, triggered and sustained by toroidal mantle flow through the slab windows.

(b) Topographic swath profile (30 km window) with MIS 5e (after Ferranti et al., 2006) and data of basin-wide denudation rates (after Cyr et al., 2014; Olivetti

et al., 2012; Roda-Boluda et al., 2019).

Information S1; 90-110 m; Nalin et al., 2020) of the MIS 5Se terraces at this location with respect to those in the
Pollino area (Figure S1 in Supporting Information S1; 114-125 m; Santoro et al., 2009). Therefore, further
investigation is needed before considering this line of evidence with confidence.

Basin-wide denudation rates are up to 1,000 m/Myr in the Sila, Aspromonte and Etna areas (Figure 12b; Cyr
et al., 2014; Olivetti et al., 2012) and decrease abruptly along the flanks of the Le Serre Massif (downstream of
non-lithological knickpoints; Roda-Boluda et al., 2019). Given that the landscape lowering is balanced by the
present-day uplift conditions, the different denudation rates indicate that the two regions have been adjusting to
different magnitudes of uplift (gradually lower toward the Le Serre Massif; Figure 12b). This may in turn reflect
the second long wavelength uplift phase, acting since the middle Pleistocene.

Although still widely debated, two types of mechanisms can be considered in the Calabrian subduction setting: (a)
shallow scale processes related to crustal underplating and thickening of the forearc crust (Caputo et al., 2010;
Ferranti et al., 2009; Minelli & Faccenna, 2010); (b) deep scale processes due to rebound after slab break-off
(Buiter et al., 2002; Duretz & Gerya, 2013) or slab - upper plate decoupling (Gvirtzman & Nur, 1999, 2001)
and/or upwelling related to toroidal flow within a slab window, formed following slab break-off (Faccenna
et al., 2005, 2011; Palano et al., 2017). In the following paragraphs, we discuss the potential role of the afore-
mentioned mechanisms in the development and support of the topography in the Calabrian Arc subduction zone.
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The rejuvenation of topography can be driven by deep accretion at the base of the forearc crust, as observed in
other subduction settings, such as Cascadia (Darin et al., 2022; Menant et al., 2020), Crete (Ott et al., 2019). This
process can explain the rapid increase in surface uplift, high topography and extensional crustal deformation
(Darin et al., 2022). In our setting, tectonic underplating can play a role in the topographic growth of the Le Serre -
Sila Massif and the accretionary wedge offshore (Caputo et al., 2010; Ferranti et al., 2009). However, this process
alone may not explain the along-strike, long wavelength uplift affecting the northern and southern sectors of the
subduction zone, where compressional deformation terminated before the onset of large-scale uplift (Chiarabba
et al., 2005; Tropeano et al., 2002).

Slab break-off could be considered the driving mechanism of the uplift of the Apennines and at least part of the
Calabrian Arc, as it produces a sharp topographic and surface uplift signal, inducing a rapid isostatic rebound at
timescales of 10* years (Duretz & Gerya, 2013; Garzanti et al., 2018). In the areas of Sila, Pollino Massif and
Sicily, slab break-off is supported by the lack of shallow high-velocity anomaly and the lack of seismicity
(D’ Agostino & Selvaggi, 2004; Chiarabba et al., 2005), which indicate the absence of a deep subducting slab. At
the Calabrian-Sicily corner, SKS splitting data suggest a pattern of mantle flow around the narrow southern edge
of the Calabrian slab and possibly also the northern one (Civello & Margheriti, 2004; Faccenna et al., 2011;
Funiciello et al., 2006; Palano et al., 2017; Piromallo & Morelli, 2003). The volcanism associated with Mt. Etna,
in northern Sicily, is located on top of an uplifted region and presents alkaline magmatism that can be attributed to
the rising of asthenospheric material through a slab window (Barreca et al., 2020; Faccenna et al., 2011) or along
the plate contact (Gvirtzman & Nur, 1999, 2001). Interestingly, the beginning of Etna volcanism at about 500 ka is
consistent with the onset of uplift in the Sila and Pollino ranges between 400 and 800 ka, suggesting a possible
coeval mechanism of uplift and lateral tearing of the Calabrian slab to the south and to the north. Thus, the
southeastward propagation of regional uplift, and extensional tectonics can be attributed to the process of mantle
upwelling through a slab window, and related toroidal flow at the slab edge (Figure 12a; Faccenna et al., 2005,
2011). However, this process is inconsistent with the presence, beneath the Le Serre Massif, of a continuous slab,
as indicated by the occurrence of deep seismicity (Calo et al., 2013; Faccenna et al., 2011; Neri et al., 2009;
Piromallo & Morelli, 2003). In this context, the uplift of Le Serre Massif may result from weak plate coupling due
to the extreme narrowing of the Calabrian slab (Figure 12a; Gvirtzman & Nur, 2001). A detailed knowledge of the
crustal and mantle structures is necessary to distinguish between the possible acting processes and uplift-driving
mechanisms. In addition, a more systematic age dating of uplifted marine terraces would contribute to a better
understanding of the uplift trends, particularly along the coast of the Le Serre Massif.

The gradual transition of uplift trends from the southern Apennines to Calabria suggests a unique process at work,
possibly related to disruption and narrowing of the slab linked to mantle dynamics. Our topographic and
geomorphic analysis favors the model of slab detachment and decoupling followed by upwelling of the
asthenospheric mantle, which can be associated with toroidal flow around the subducting Ionian slab. The link
between regional uplift and extensional tectonics, currently active on the Southern Apennines, may be interpreted
as surface response of slab break off, as proposed for the Central Apennines (Faccenna et al., 2011; Fellin
et al., 2022; Lanari, Reitano, et al., 2023).

6. Conclusions

We reconstruct the evolution of topography at the convergent margin of the Calabrian Arc in the Southern
Apennines. The area is a key setting within the Mediterranean region where surface deformation, subduction and
volcanism coexist, producing a complex topography characterized by transient geomorphic features (e.g.,
knickpoints, marine and fluvial terraces and erosional surfaces). Our findings allow us to decipher the process that
drove the recent topographic rejuvenation. At the short spatial scale, the evolution of topographic relief and
formation, sedimentation and opening of intermontane basins is strongly controlled by the recent increase in rock-
uplift and faulting activity in the Southern Apennines. Geomorphic features and knickpoints distribution indicate
that the Pollino and Sila Massifs preserved an uplifted relict landscape that predates the age pulse of regional
uplift. The timing of endorheic-exoreic transition is well-constrained in the Mercure basin at least post 500 ka. On
the other hand, in Campotenese and Castrovillari basins, neither stratigraphic nor absolute ages are available.
However, we can attribute their closure to the normal faulting activity that is approximately coeval with the
topographic rejuvenation process. At the large scale, regional uplift can be driven by crustal underplating at the Le
Serre Massif and by mantle upwelling in the Pollino-Sila starting between 400 and 800 ka. However, we can also
consider a unique process of progressive lateral slab break-off and tearing, weak plate coupling and inflow of
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asthenospheric mantle from Pollino, Sila to Le Serre Massif to explain the decrease of uplift magnitude from north
to south and extensional tectonics. Interestingly, similar rates and timing of uplift has been observed in the
southern counterpart of the Calabrian-Arc (Aspromonte, Peloritani and Etna range in Sicily), suggesting a
possible coeval mechanism of slab tearing following by lateral inflow of mantle material.

Data Availability Statement

The Shuttle Radar Topography Mission (SRTM) obtained elevation data are provided by OpenTopography
(https://doi.org/10.5069/G9445]DF). All Supporting Information files and data are available from the OSF re-
pository at https://osf.io/b7uah/ (Clementucci et al., 2024). Structural and fluvial data are provided in Tables S1—
S4 in Supporting Information S1, and marine terraces are summarized in Figure S1 in Supporting Information S1.
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