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Abstract 9 

The landscape morphology of the Aspromonte Massif, southern Italy, shows hanging low-relief surfaces that correlate 10 

with uplifted landsurfaces which are preserved all around the massif. The drainage network has deeply incised the high-11 

standing low-relief landscapes, seen here as being the remnants of phases of relief smoothing prior to strong uplift that 12 

has affected the area since the Middle Pleistocene. GIS-aided estimation of the rock volumes eroded since the late Early 13 

Pleistocene indicate high variability in denudation rates between the gently rolling landscapes and the river valleys. In 14 

this framework, longitudinal river profiles are examined for 42 river channels to constrain multiple non-equilibrium 15 

conditions and to reconstruct the long-term uplift history of the massif. Most profiles consist of three/four segments 16 

separated by knickpoints and suggest a complex incision pattern. Longitudinal profiles reveal two upper, low gradient 17 

channel segments, a zone of steep channels further down the low relief landsurface margin, and a very steep lower channel 18 

segment, particularly in the western quadrant. Upper channel segments correspond to the Relict Landscape (RLandscape 19 

– a high-standing landsurface on top of the massif) and the Hanging Landscape (HLandscape – a landsurface surrounding 20 

the RLandscape), respectively. Steeper middle and lower segments are the result of two-phase river incision that is linked 21 

to changes in regional uplift rates, and, subordinately, to rock strength properties. Indeed, analysis of river longitudinal 22 

profiles could indicate, initially, relatively slow Aspromonte uplift during the early Pleistocene and, then, pulses of rapid 23 

uplift during the Middle-Late Pleistocene. Multi-segment river longitudinal profiles are, therefore, evidence of the 24 

transient landscapes of Aspromonte in response to pulsed massif uplift. 25 
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1. Introduction 1 

Interaction between tectonics, climate and erosion has led researchers to search for mathematical models to analyse the 2 

evolution of the Earth’s topography (Howard, 1994; Howard et al., 1994; Whipple and Tucker, 1999; Mayer, 2000) by 3 

extracting river landscape metrics from DEMs.  4 

Although river systems are viewed as sensitive indicators of tectonic forcing on a landscape, channel profiles may have 5 

a typical concave-up shape despite rock uplift rates (Snyder et al., 2000; Kirby and Whipple, 2001). Whenever rivers 6 

experience steady and uniform tectonic, lithologic and climatic conditions, a dynamic equilibrium between uplift and 7 

erosion is established ( Whipple, 2001; Willett and Brandon, 2002), generating smooth, concave-up and steady-state river 8 

profiles (Willgoose et al., 1991; Sklar and Dietrich, 1998; Whipple and Tucker, 1999). However, since base level changes 9 

and climatic signals are  transmitted throughout the landscape (Howard et al., 1994; Whipple and Tucker, 1999, 2002; 10 

Ouimet et al., 2009), river networks may be in a transient state. In this respect, convexities or knickpoints are deemed as 11 

evidence for disequilibrium conditions (Snyder et al., 2000; Kirby and Whipple, 2001; Kirby et al., 2003; Molin et al., 12 

2004; 2012; Schoenbohm et al., 2004; Wobus et al., 2006; Ouimet et al., 2009; Cyr et al., 2010, 2013; Olivetti et al., 13 

2012). 14 

Most of the stream-power family of incision models argue that bedrock incision is a function of drainage area and channel 15 

slope (Howard and Kerby, 1983; Seidl and Dietrich, 1992 Howard, 1994; Sklar and Dietrich, 1998; Stock and 16 

Mongomery, 1999; Whipple and Tucker, 1999, 2002). Longitudinal profiles of bedrock rivers may therefore yield 17 

valuable information about allocyclic mechanisms through variations in channel slope (e.g. Schoenbohm et al., 2004; 18 

Duvall et al., 2004; Wobus et al., 2006 and references therein). Indeed, slope-area analysis of channel profiles have served 19 

as important means of exploring landscape evolution and active tectonics in a number of studies (Snyder et al., 2000; 20 

Kirby and Whipple, 2001; Kirby et al., 2003, 2007; Schoenbohm et al, 2004; Ouimet et al., 2009; Weggmann and 21 

Pazzaglia 2009; Olivetti et al., 2012; Cyr et al, 2010, 2013). 22 

In this paper, geomorphic and geologic data are combined with analysis of downstream changes in the longitudinal 23 

profiles of rivers draining the southern tip of the Calabrian Arc in order to understand aspects of Plio-Quaternary 24 

geomorphic evolution of the Aspromonte Massif. This approach may provide a useful tool with which to infer the long-25 

term river response to external forcing and, particularly, spatial and temporal gradients in uplift rates. In this framework, 26 

low-relief landscapes, high variability in erosion rates, and reconstruct river profiles have allowed to constrain multiple 27 

non-equilibrium conditions which are useful to evaluate the history of Aspromonte uplift. Changes in the channel profile 28 

gradient of rivers draining the Aspromonte massif provide constraints on (i) the link between tectonics and landscape 29 

evolution in the region, and (ii) the role played by varying uplift, lithology and drainage area in geomorphic indices and 30 

knickpoint distribution. 31 



 1 

2. Geological background of the Calabrian Arc 2 

The Calabrian arc in the central Mediterranean (Fig. 1) is the product of different tectonic events relating to the formation 3 

of the Alpine Chain (Cretaceous-Paleogene), the Kabilo-Calabride Chain (Upper Oligocene–Lower Miocene), and the 4 

South-Apennine-Maghrebian Chain (Upper Miocene–Present) (Amodio-Morelli et al., 1976; Bonardi et al., 2001). It 5 

constitutes the forearc belt of the active subduction of the Ionian basin, which deepens to the northwest beneath the 6 

Tyrrhenian Sea (Amato et al., 1993; Piromallo and Morelli, 2003; Montuori et al., 2007). 7 

Over the Neogene-Quaternary, the evolution of the Calabrian subduction zone is related to the subduction and trench 8 

rollback of the Ionian lithosphere which caused the opening of the Tyrrhenian basin and the formation of the Calabrian 9 

accretionary wedge (Malinverno and Ryan, 1986; Kastens et al., 1988; Patacca et al., 1990; Gueguen et al., 1998; 10 

Faccenna et al., 2001; Minelli and Faccenna 2010). As a result of the progressive increase in continental collision, the 11 

presence of lateral slab discontinuities and the ongoing decrease in the width of the trench induced slab breakup which 12 

led to clockwise rotation of the Calabrian belt (Van Dijk and Scheepers, 1995; Gueguen et al., 1998; Speranza et al., 13 

2000; Faccenna et al., 2004; Chiarabba et al., 2008; Cifelli et al., 2008; Minelli and Faccenna, 2010) 14 

During the Quaternary, the Calabrian Arc experienced extensional deformation that has resulted in the most impressive 15 

tectonic feature of the Calabrian Arc, the Siculo-Calabrian rift zone (SCRZ in Tortorici et al., 1995). This forms a N-16 

trending fault belt of about 370 km in length that runs more or less continuously along the inner side of the Calabrian arc, 17 

extending through the Strait of Messina and along the Ionian coast of Sicily (Fig. 1). Many seismological, geodetic and 18 

structural data demonstrate that the SCRZ accommodates an almost uniform extension-rate of about 3.0 mm/yr along a 19 

ESE-WNW direction (D'Agostino and Selvaggi, 2004; Neri et al., 2005; Scarfì et al., 2007; Serpelloni et al., 2010).  20 

This region experienced one of the most intense uplifts in the Mediterranean area during the Quaternary (Fig. 1) 21 

(Westaway, 1993; Miyauchi et al., 1994; Antonioli et al., 2006; Ferranti et al., 2006). In particular, late Quaternary uplift 22 

along with sea-level changes caused the development of flights of marine terraces (Valensise and Pantosti, 1992; Bordoni 23 

and Valensise, 1998; Dumas et al., 2000; Catalano and De Guidi, 2003; Ferranti et al., 2006; Bianca et al., 2011; Monaco 24 

et al., 2017).  25 

 26 

2.1. Geologic setting 27 

The Aspromonte Massif consists of a stack of nappes (Calabrian Arc Auct.) which include distinct tectonic slices of both 28 

crystalline terrains and Mesozoic–Cenozoic sedimentary sequences (Bonardi et al., 2001). 29 



The basement units are composed of the remnants of both Variscan and Alpine metamorphic rocks (Bonardi et al., 2001; 1 

Pezzino et al., 2008). Three tectono-metamorphic units (Fig. 2) constitute the core of the massif. These are, from bottom 2 

to top and from north to south, the Lower Metapelite Unit, the Aspromonte Unit, and the Stilo Unit (Cirrincione et al., 3 

2008). 4 

Late Oligocene-Quaternary siliciclastic sediments (Fig. 2) up to 2000 m thick and deposited in the Ionian forearc basin 5 

unconformably overlie the pre-Cenozoic basement (Cavazza and Ingersoll, 2005). This sedimentary succession forms an 6 

overall E-dipping monocline characterised by a very apparent progressive unconformity, forming a wide range of 7 

homoclinal structures along the Ionian side of Aspromonte (Robustelli and Sorriso-Valvo, 2017).  8 

The base of the forearc succession consists of discontinuous outcrops of conglomerates (Palizzi Fm.) and biocalcarenites 9 

(Pignolo Fm.) upon which the Stilo–Capo d’Orlando Formation (uppermost Chattian–Burdigalian) rests unconformably 10 

(Cavazza and Ingersoll, 2005); during this time span, fission track analysis show a phase of increased cooling rates relating 11 

to exhumation, crustal extension and subaerial erosion events (Thomson 1994a, 1994b, 1998). The Stilo–Capo d’Orlando 12 

Formation is composed of coarse and fine-grained deposits that are conformably overlain by the chaotic melange 13 

informally named ‘‘varicolored clays’’ (Cavazza and Ingersoll, 2005). A siliciclastic unit of Serravallian–Tortonian age 14 

composed of conglomerate, sandstone, and mudrock disconformably overlies the melange and passes upward to 15 

diatomaceous shales that are equivalent to the Tripoli Formation (Tortonian–Messinian boundary). The overlying 16 

Messinian siliciclastic deposits consist of a threefold succession that lies unconformably on the underlying sequence with 17 

an angular unconformity (Cavazza and DeCelles, 1998). The coccolith–foraminiferal marls of the Trubi Formation 18 

(Zanclean) onlap the Messinian deposits, as well as all older units, and indicate an abrupt change in sediment source; the 19 

Trubi Formation is paraconformably or disconformably overlain by a 200 metre thick succession (7 in Fig. 2) composed 20 

of weakly cemented sandstone and pelite passing to calcarenite sand-wave deposits (Calcareniti di Vinco Formation in 21 

Critelli et al., 2016, 2017a, 2017b).  22 

Fission track analysis indicates little erosion during the Neogene-Quaternary (Thomson, 1994b), that is the present‐day 23 

landscape is the result of the recent uplift of the belt. Indeed, a complex system of marine and alluvial terraced sediments 24 

discontinuously covers older formations. These terraces are found at elevations reaching to more than 1.000 m a.s.l., thus 25 

indicating a dramatic uplift of the Calabrian block over the last 700 ka (Tortorici et al., 1995). Furthermore, along the 80 26 

km of coastline from Palmi to Melito di Porto Salvo (Fig. 1), fourteen marine terraces form a staircase between the present 27 

sea-level and 520 m a.s.l. (Dumas et al., 2000).  28 

The foremost Quaternary tectonic feature of the region is the Siculo-Calabrian rift zone (Tortorici et al. 1995), a N-striking 29 

normal fault belt about 370 km in length that stretches along the inner side of the Calabrian arc as far as the Ionian coast 30 

of Sicily. This fault belt is made up of many segments, locally showing an en-echelon arrangement, that articulate the 31 



Aspromonte Massif (Catalano et al., 2008). Many of the active segments exhibit apparent fault scarps that, on land, define 1 

the fronts of the Aspromonte Massif (Robustelli and Sorriso-Valvo, 2017) and, offshore, bound syntectonic basins. 2 

Although the seismicity of Calabria is among the highest in the whole of the Mediterranean, it is not well known on its 3 

Ionian side. However, Scarfì et al. (2009) indicate primarily a normal faulting mechanism along NE striking planes 4 

affecting eastern Aspromonte, which is consistent with the overall WNW–ESE extension direction also affecting the 5 

Straits of Messina (Del Ben et al., 2008; Scarfì et al., 2009; Polonia et al., 2012). 6 

 7 

2.2. Geomorphologic setting 8 

Aspromonte is a cone-shaped massif that rises from sea level to an average elevation of approximately 1,600 m a.s.l. at 9 

the highest plateau. Montalto is the highest peak (1,956 m) at a distance of only 20 km from the sea.  10 

Noteworthy aspects include relics of landsurfaces hanging at elevations of between 500 and 1300 m a.s.l. and forming 11 

apparent step-like distributed landsurfaces around Aspromonte (Fig. 3). Albeit with some exceptions, the Ionian 12 

Aspromonte flanks decrease more regularly toward the Ionian Sea even though a segmented ENE-trending fault system 13 

is clearly apparent in the southeast. Instead, the landscape of the western side is highly influenced by the tectonic activity 14 

of the NE-striking normal fault belt (Figs. 2,  3) (Tortorici et al., 1995; Catalano et al., 2008; DISS Working Group, 2015; 15 

ISIDe working group, 2016; Rovida et al., 2016). This fault belt forms primarily west-facing, steep, straight fault scarps 16 

above which relics of the hanging landsurfaces, such as Piani d’Aspromonte, dominate the landscape (Robustelli and 17 

Sorriso-Valvo, 2017). These surfaces are considered to be stepped marine terraces of the Early Pleistocene (Miyauchi et 18 

al., 1994). However, scattered coverings of fluvial deposits with a similar degree of maturity affect most of relics, so 19 

suggesting that the landsurfaces in question could have partly developed through fluvial-denudational relief smoothing 20 

processes (Critelli et al., 2016, 2017a, 2017b; Robustelli and Sorriso-Valvo, 2017). 21 

In the west, low-relief landscape patches are generally between 500 and 1350 m a.s.l., but average elevations are closer 22 

to 1000 m in the north (Fig. 3). These low-relief landsurfaces are best preserved in the west and in the north, but they can 23 

also be found in very discontinuous remnants in the east where they developed on a variety of rocks (Figs. 2, 3). Indeed, 24 

according to the lithology the landscape is shaped onto, the southern and eastern sectors show an undulating topography 25 

whose tops are locally characterised by thick saprolite horizons and Quaternary deposits (Calcaterra and Parise, 2010; 26 

Critelli et al., 2016, 2017a, 2017b). Here, NE-trending fault systems form high morphological scarps (Tripodi et al., 2018), 27 

the result of differential weathering and erosion. 28 

The gently-rolling topography of the perched landsurfaces contrasts sharply with the deeply incised river network (Fig. 29 

3). Rivers flowing into the Tyrrhenian Sea are short, steep bedrock rivers that flow straight and are approximately 30 

perpendicular to the coastline. Most rivers have their headwaters on the low-relief upland and are steep bedrock rivers in 31 



their upper reaches, but one or more knickpoints separate them into a number of channel-segments. In the west and, 1 

particularly, in the south and east, low-gradient alluvial channels are typical of river lower reaches (called Fiumara in 2 

Sorriso-Valvo and Terranova, 2006). Hillslopes along the main rivers and in the tributary valleys are very steep, with 3 

frequent landslides and deep-seated mass-movement helped by rock mass strength and weathering (Greco et al., 2007; 4 

Calcaterra and Parise, 2010 and references therein).  5 

The presence of widespread flights of marine terraces is characteristic of lower Aspromonte slopes (e.g. Dumas et al., 6 

2000; Monaco et al., 2017). These are the result of interaction between tectonics and eustasy, and provide constraints for 7 

the late Quaternary uplift that the region experienced. In particular, raised marine shorelines associated with the MIS 5e 8 

high stand indicate non-uniform uplift rates (Fig. 1) moving eastward (Cosentino and Gliozzi, 1988; Valensise and 9 

Pantosti, 1992; Westaway, 1993; Miayuchi et al., 1994; Bordoni and Valensise, 1998; Dumas et al., 2000; Catalano et al., 10 

2003; Ferranti et al., 2006; Bianca et al., 2011; Monaco et al., 2017). Moreover, Holocene beaches, terraces and tidal 11 

notches indicate an increase in short-term uplift- rates up to 2.2 mm/yr (Fig. 1) (Pirazzoli et al., 1997; Antonioli et al., 12 

2004, 2006; Ferranti et al., 2007, 2008; Scicchitano et al., 2011). 13 

 14 

3. Material and methods 15 

3.1. Geomorphological analysis  16 

A detailed geomorphological survey was performed with the aim of detecting landscape features of different types and 17 

ages. Geomorphological analysis focused on identifying gently rolling erosional and/or depositional landsurfaces as key 18 

elements for the reconstruction of the morpho-tectonic evolution of the Aspromonte massif and its uplift history. The 19 

combined use of topographic data, river profiles, slope and relief data, and aerial photographs was particularly useful for 20 

identifying low- and high-slope areas. Slope and elevation maps allowed identification of low-relief landscapes of less 21 

than ~10° in slope throughout the study area. Relative chronologies, altitudinal ranges and cross-cutting relationships 22 

between tectonic landforms and landsurfaces were used to group the relict landscapes into different orders. To better 23 

constrain the landscape evolution of the Aspromonte Massif, geological data (Critelli et al., 2016, 2017a, 2017b) were 24 

integrated with data derived from a geomorphologic analysis of the spatial and altimetric arrangement of relict landscapes. 25 

Age constraints on terraced landsurfaces were provided by morphostratigraphic correlations and regional considerations. 26 

3.2. Long-term denudation rate 27 

GIS-aided estimations of long-term denudation rate in river valleys have been attained through the reconstruction of 28 

gently rolling landsurfaces, following some approaches adopted in literature (Amato et al., 2003; Perez-Pena et al., 2009; 29 

Gioia et al., 2014). The methodology consists of reconstructing palaeotopography through analysis of the spatial and 30 



altimetric distribution of the relics of an irregular surface prior to river entrenchment of the middle segment of river 1 

profiles as detected through the longitudinal profile analysis. Specifically, the aim is to quantify the erosion that occurred 2 

in the area after the shaping of the HLandscape (see section 4.1.) and its tectonic fragmentation (see section 4.1). The 3 

middle segment of longitudinal river profiles developed over a time span of about 400/500 kyr resulting in deep dissection 4 

of the HLandscape. Therefore, each relic or group of relating relics with similar degrees of maturity was extended to 5 

cover those fault scarps responsible for the displacement of the HLandscape relics. To do this, the landsurface relics were 6 

mapped, first by analysing topographic maps and aerial photographs and then by comparing and overlaying the polygons 7 

enclosing the best-preserved relics on slope maps obtained by a raster Digital Elevation Model (DEM) with a 20-m 8 

resolution. I thereby isolated the pixels (cells) representing the relics in question and excluded those pixels with slopes 9 

greater than 8°, as well as river valley-floor pixels. To reconstruct the presumed topography, the mapped relics were 10 

interpolated with a triangulated irregular network (TIN) that included all the relics of the upland landscape. 11 

By comparing topographic profiles made for both present-day and reconstructed topography, the restored landsurface 12 

appears to account well for the relict landscape morphology. However, the erosion rates that were calculated likely contain 13 

a certain underestimation of denudational rate due to the possible presence of divide areas within the ancient landscape 14 

that might, therefore, not be included in the GIS interpolation. 15 

The difference between the orographic volume from the modern topography and that underlying the reconstructed 16 

palaeotopography allows computation of the eroded volume. Its conversion to denudation rates was attained by dividing 17 

the eroded volume and the total area above the reference surface. Relative age constraints are obtained from integrating 18 

geological, geomorphological and longitudinal profile analysis data.  19 

3.3. Longitudinal profile analysis 20 

Bedrock river incision rate is expressed as a power law function of contributing drainage area and local channel gradient 21 

(Howard and Kerby, 1983; Sklar and Dietrich, 1998; Whipple, 2004). The change in height (dz/dt) over time of channel 22 

elevation depends on competition between uplift, U, and erosion, E, such that:  23 

 24 

δz/δt = U – E = U – KAmS                  (1) 25 

 26 

where U is rock uplift rate, A is upstream drainage area (proxy for discharge), S is local channel gradient, K is a 27 

dimensional erosion factor dependent on lithology, climate, and sediment load, and m and n are positive constants related 28 

to basin hydrology, hydraulic geometry, and erosion process (Howard et al., 1994; Sklar and Dietrich, 1998; Stock and 29 

Montgomery, 1999; Whipple and Tucker, 1999, 2002; Snyder et al., 2000). 30 



At steady-state landscape (δz/δt = 0), Equation (1) can be solved for equilibrium slope (Se) (Tarboton et al., 1989; Sklar 1 

and Dietrich, 1998; Snyder et al., 2000): 2 

 3 

Se = ksA–θ                                (2) 4 

 5 

where: 6 

 7 

ks = (U/K)1/n θ                          (3) 8 

θ = m/n θ                                (4) 9 

 10 

The coefficients ks and θ set the equilibrium channel steepness and channel concavity, respectively, and can be determined 11 

by regression of channel-gradient and drainage-area data (Wobus et al., 2006; Kirby and Whipple, 2012; Whipple et al., 12 

2013 and referenced therein). 13 

Detachment-limited models claim that a power law relationship exists between the steepness index and rock uplift rate, 14 

and that the concavity index (θ) is dependent on many factors, including erosion and rock uplift rates (Sklar and Dietrich, 15 

1998; Howard, 1998; Snyder et al., 2000; Kirby and Whipple, 2001; Sklar and Dietrich, 2001; Whipple and Tucker, 2002; 16 

Tucker and Whipple, 2002; Duvall et al., 2004; Whipple, 2004; Wobus et al., 2006; Kirby and Whipple, 2012; Whipple 17 

et al., 2013). 18 

Although theoretical considerations indicate that the concavity index (θ=m/n) spans a narrow range of values between 19 

0.35 and 0.7, the observed values range from ~0.3 to 1.2 (Whipple and Tucker, 1999; Tucker and Whipple, 2002; 20 

Whipple, 2004). Many key factors influence the large range of observed concavity indices (Sklar and Dietrich, 1998, 21 

2001; Howard, 1998; Kirby and Whipple, 2001; Roe et al., 2002; Tucker and Whipple, 2002; Whipple and Tucker, 2002; 22 

Whipple, 2004; Zaprowski et al., 2005). Indeed, moderate concavities (0.4–0.7) are associated with rivers equilibrated to 23 

uniform rock uplift. Low concavities (<0.4) suggest downstream increases in either incision rate or rock strength. High 24 

concavity indices (0.7–1.0) indicate downstream decreases in rock uplift rate or rock strength (Kirby and Whipple, 2001; 25 

Kirby et al., 2003). Extreme concavity values (negative or >1) are associated with abrupt knickpoints, and indicate marked 26 

differences in uplift rates and along-stream changes in rock erodibility (Duvall et al., 2004; Whipple, 2004; Schoenbohm 27 

et al., 2004; Hoke et al., 2007)  28 

Equation (2) indicates that rivers equilibrated to tectonic and climatic conditions show a smooth longitudinal profile and 29 

no knickpoints. Changes in boundary conditions induce variations in the slope-area scaling that cause the development 30 

of a transient-state profile and abrupt changes in channel slope (knickzones and/or knickpoints). Although there is no full 31 



understanding of fluvial incision processes (Whipple, 2004; Wobus et al., 2006; Kirby and Whipple, 2012; Whipple et 1 

al., 2013), knickpoints have been interpreted in terms of changes in either rock uplift rate or in rock strength. Hence, 2 

slope-area analysis of channel profiles is deemed a powerful qualitative tool for extracting information on tectonics, uplift 3 

and rock erodibility (Kirby and Whipple, 2001; Kirby et al., 2003; Duvall et al., 2004; Schoenbohm et al., 2004; Spagnolo 4 

and Pazzaglia, 2005; Wobus et al., 2006; Hoke et al., 2007; Haviv et al., 2010; Olivetti et al., 2012; Cyr et al., 2013; 5 

Andreani et al., 2014; Gioia et al., 2014; Andreani and Gloaguen, 2016; Roda-Boluda and Whittaker, 2016, 2017) 6 

Hence, using a 20 m resolution DEM, longitudinal profiles were extracted for 42 river channels dissecting the Aspromonte 7 

Massif. Topographic data were extracted through the Stream Profiler Arc and MATLAB tool kit (Wobus et al., 2006; 8 

Whipple et al., 2007) to generate power law regression analysis of river slope against drainage area in log–log space. The 9 

resulting log S-log A diagrams yield estimates of the concavity (θ, the slope of the regression) and steepness indices (ks, 10 

the regression y-intercept). Due to the great covariance of ks with θ (Sklar and Dietrich, 1998), the steepness index was 11 

normalized (ksn) using a reference concavity index of θref= 0.45 (the same in Cyr et al., 2013) to compare streams from 12 

catchments of varying sizes (Wobus et al., 2006; Kirby and Whipple, 2012). In so doing, along-channel patterns of ksn 13 

mark one or more channel segments separated by knickpoints, and provide a clearer picture of equilibrium or 14 

disequilibrium in river longitudinal profiles around the Aspromonte massif. 15 

 16 

4. Results 17 

4.1. Relict, hanging and terraced landscapes 18 

The morphology of the Aspromonte massif, characterised by deeply incised low-relief landsurfaces, is a key issue in 19 

constraining surface uplift associated with development of these paleolandscapes. The Apromonte Massif shows a 20 

truncated cone-shape with flanks which are highly controlled by fault systems, showing very sharp rectilinear 21 

escarpments, and dissected by deep gorges that are considered the main geomorphic response to uplift. The low-relief 22 

landsurfaces of the study area can therefore be used as a datum to appraise tectonic influence on landscape evolution. In 23 

this respect, the rolling topography and the deep weathering mantle that characterise the low-relief surfaces reflect very 24 

different conditions from the rugged and uneven topography of the incised river valleys whose modelling is closely linked 25 

to tectonics, river and slope processes.  26 

In order to distinguish the different conditions under which landscape developed, I use the name “Relict Landscape” 27 

(RLandscape) to refer to the low-relief upland landscape, “Hanging Landscape” (HLandscape) to refer to landsurface 28 

relics between 550 and 1300 m a.s.l. and “Terraced Landscape” (TLandscape) to describe the flight of marine terraces 29 

(Dumas et al., 2000) between the present sea level and 400 m a. s. l. (Fig. 4).  30 



The top of the Aspromonte Massif consists of hanging relics of a low-relief, gently rolling landscape representative of the 1 

most ancient phases of relief smoothing. The RLandscape extends over an area >100 km2 at an altitude exceeding 1400 2 

m a.s.l. and exhibits a hummocky topography. This rolling topography alternates with low-sloping hanging valleys and 3 

wind gaps. Footslope cross-profiles appear concave and inclined by up to 20-25°. This landsurface is dominated by 4 

transport-limited erosion and has been markedly affected by weathering responsible for a great thickness of quartz-rich 5 

regoliths (Le Pera and Sorriso-Valvo, 2000; Calcaterra and Parise 2010; Greco et al., 2007; Robustelli and Sorriso-Valvo, 6 

2017).  7 

Although the lack of deposits prevents the determination of any chronological constraint, fission-track thermochronologic 8 

data indicate progressive exhumation through crustal extension and subaerial erosion between 25 Ma and 15 Ma 9 

(Thomson, 1994a, 1998). This was followed by the sedimentation of the Stilo-Capo d’Orlando Fm. (Cavazza and 10 

DeCelles, 1993; Cavazza and Ingersoll, 2005), whose basal strata indicate a palaeo-relief of ≥2 km (Thomson, 1994b). 11 

However, apatite fission-track data from the Stilo-Capo d'Orlando Fm. (Thomson, 1994b) coupled with other analytical 12 

techniques (Cavazza and Dahl, 1990) indicate a post-depositional re-heating between 10 and 5 My (late Miocene- 13 

Pliocene?), which matches well with tectonic and depositional events that occurred during the late Messinian (Cavazza 14 

and DeCelles, 1998). In this interpretation, it is assumed that the rear of the wedge experienced erosion leading to an 15 

earlier phase of relief smoothing. Hence, the RLaldscape is not older than late Messinian and is also consistent with 16 

regional considerations that indicate a Late Miocene-Pliocene age for the development of this gentle upland landsurface 17 

in the southern Apennines (Brancaccio et al., 1991; Amato and Cinque, 1999; Ascione and Cinque, 1999; Amato, 2000; 18 

Schiattarella et al.,, 2003, 2006; Ascione et al., 2012; Olivetti et al., 2012; Robustelli et al., 2014; Robustelli and Muto, 19 

2017). Moreover, the age of the RLandscape can be constrained by stratigraphic data and their relationships with the 20 

lower HLandscape. Indeed, the HLandscape, in particular the relics which coincide with the Piani d’Aspromonte (Fig 4), 21 

certainly developed during the late Early Pleistocene as Calabrian sediments deposited on the HLandscape and lie 22 

unconforrmably on Piacenzian-Calabrian deposits (Calcarenini di Vinco Fm.; Fig. 1). The RLandscape is, therefore, 23 

undoubtedly older and its development must have occurred between the late Messinian and the Calabrian. However, some 24 

other matters need to be considered. After the Messinian, during the opening of the Vavilov back‐arc basin (Kastens et 25 

al., 1988), the accretionary wedge experienced a forward propagation accompanied by uplift of the belt onto which 26 

Pliocene sediments were progressively deposited (Minnelli and Faccenna, 2010). During this time span, the onlap of the 27 

Trubi Formation (Zanclean) sealed all major pre-existing sedimentary accumulations, as well as the late Messinian fold 28 

and thrust structures (Cavazza and DeCelles, 1998). This reduced the land area and the terrigenous input to the basin 29 

(Cavazza and Ingersoll, 2005), yet the subsequent arkosic detrital component of the Calcareniti di Vinco Fm. (Monte 30 

Narbone and Calcarenites Fms. in Cavazza and Ingersoll, 2005) suggests a renewed erosion of the crystalline basement. 31 



The Pliocene–Early Pleistocene deposits are, particularly, deemed to result from indentation of Calabria caused by the 1 

strike-slip and extensional tectonics responsible for the generation of WNW–striking palaeostraits that connected the 2 

Tyrrhenian area to the Ionian Sea (Tripodi et al., 2013; 2018), where the Calcarenite di Vinco Fm. was deposited during 3 

Piacenzian-Calabrian time span. The dominance of sandy deposits may support the possibility of a source area 4 

characterised by local relief in the order of a few hundred metres, but the presence of an older (late Messinian) low-relief 5 

landscape that has continued to weather, erode, and evolve  cannot be ruled out. In any case, it is reasonable to assume 6 

that the RLandscape developed in the foregoing sedimentary scenario, during which fluvial-denudational relief smoothing 7 

processes (e.g. Amato and Cinque, 1999; Ascione and Cinque, 1999) also re-shaped the older, late Messinian 8 

paleolandscape. Therefore, the age of the RLandscape is constrained to Pliocene-Early Pleistocene, in agreement with 9 

age constraints provided by Schiattarella et al. (2013). 10 

Moving downslope, the apparent N- to NNE-trending fault scarps of the Siculo-Calabrian rift zone (Tortorici et al., 1995) 11 

bound hanging remnants of low-sloping landsurfaces facing the sea between 500 and 1300 m a.s.l. (HLandscape in Fig. 12 

4). The best example is the Piani d’Aspromonte, ranging in altitude from 900 to 1300 m a. s. l. The Hlandscape is 13 

widespread throughout the study area, even though mainly preserved in the north and northwest (Fig. 4). Here, in spite of 14 

the dearth of exposures, clastic deposits can be seen blanketing the landsurface locally. The overall effect is a smooth 15 

inselberg (the RLandscape atop Aspromonte) bounded by a piedmont low-relief landscape that is strongly dissected by a 16 

drainage network to the South. The origin of this inselberg is still being debated (Miyauchi et al., 1994; Robustelli and 17 

Sorriso-Valvo, 2017) and the depositional systems of the sedimentary cover are also as yet not well understood (Critelli 18 

et al., 2016; 2017a; 2017b), but the presence of both depositional and erosional surfaces suggests that the area experienced 19 

partial planation through relief smoothing processes (e.g. Amato and Cinque, 1999). In this interpretation, the RLandscape 20 

was surrounded by the slightly undulating topography (pediment) of the HLandscape, in agreement with the pre-existing 21 

relief invoked by Roda-Boluda and Whittaker (2017). This was the result of long-lasting erosional and depositional 22 

processes during long intervals of tectonic quiescence and developed during the Calabrian until it was displaced at 23 

different elevations across the active faults forming the Siculo–Calabrian Rift Zone (Tortorici et al., 1995). Clear step-24 

like distributed surfaces were therefore scattered throughout the area between 500 and 1300 m a.s.l..  25 

Downslope of the HLandscape, mid-Pleistocene uplift affected the study area is spectacularly documented by flights of 26 

marine terraces (TLandscape in Fig. 4). Along the 60 km of coastline from Scilla to Mèlito, fourteen marine terraces form 27 

a staircase between the present sea-level and 400 m a. s. l. (Dumas et al., 2000).  28 

 29 

4.2. River Profile Analysis  30 



Channel profiles of 17 river basins (Fig. 5) were extracted from digital topographic data. Linear regressions of the stream 1 

segments in slope-area plots allow the relative steepness (ksn) and concavity (θ) indices reported in Table 1 to be found. 2 

Averaged data for each set of segments are presented for the entire drainage network and by quadrant (Table 2). The 3 

quadrants are (1) west and northwest of the Montalto summit (western side; Fig 4), within the core of the Siculo-Calabrian 4 

rift zone of Tortorici et al. (1995), and (2) east and southeast of the Montalto summit (eastern side). 5 

Although the sample size is small, the concavity and steepness indices for the uppermost segments are rather uniform. 6 

The average concavity index for the 1st segment (0.34±0.20) falls within the range of commonly observed values (Tucker 7 

and Whipple, 2002), whereas the steepness index values are lower than 42 (Table 2).  8 

Steepness and concavity from lower channel segments increase and, at times, show fair variability (Table 1). In particular, 9 

data analysis suggests (i) geographic variation in concavity index mostly for the 3rd segment, (ii) increasing steepness and 10 

concavity indices from the 1st to the 3rd segment, and (iii) significant variability in the 4th segment (Table 2). More 11 

precisely, the average concavity index for the 2nd channel segment (0.61 ± 0.27) also falls within the typically observed 12 

range (Tucker and Whipple, 2002). Average 3rd segment concavity indices are high (0.90 ± 0.35), but they decrease from 13 

northwest to southeast, whereas steepness index values are reasonably consistent among all segments (Table 2). 14 

The rivers that drain the Aspromonte Massif exhibit a wide variety of profile forms (Fig. 6) that are very different from 15 

the equilibrium channel longitudinal profiles These profiles consist of two or more concave-up, knickpoint-bounded 16 

segments that were analysed according to their parameters and their position within each profile. Knickpoint elevations 17 

show three altitude ranges (300-500, 900-1300 and 1400-1650 m a.s.l.; Fig. 7). Field analysis indicates that many of the 18 

lower, minor knickpoints (not included in Fig. 7) facing to the SSW are undoubtedly affected by a number of lithologic 19 

contrasts.  20 

River profiles show considerable similarities, even though they appear quite different at times. In general, the dominant 21 

profile form consists of two or three segments (Fig. 6). The segmented profile morphology is consistent with observations 22 

of the different landscapes characteristic of the study area. Longitudinal profiles that have no discernible or minor 23 

knickpoints, exhibiting an almost complete concave-up shape, are subordinate and concentrated in the West and in the 24 

south (Table 1). 25 

Only 7 of the 17 river basins show an uppermost flat reach (1st segment) that stretches over the RLandscape with a low 26 

concavity index (<0.35 on average) and steepness index (<45 on average) (Table 2). These segments are bound 27 

downstream by a major knickpoint (Santagata, Bonamico 1, Laverde 1 and Catona 1 rivers in Fig. 6) that marks the edge 28 

of the upland RLandscape hanging over the gently sloping, sea-facing HLandscape.  29 

For many profiles, the upper segment is absent, but minor knickpoints or convex channel segments are apparent (Gallico 30 

River in Fig 6). Upper segments (2nd) lie over the HLandscape with almost uniform concavity (mean θ ~ 0.61) and low 31 



steepness (mean ksn ~ 61) indices (Table 2; Santagata, Catona1, Favazzina 1 and Laverde 1 rivers in Fig. 6). Middle 1 

segments are generally steeper and can contain small convex knickzones; the highest concavity (mean ~ 0.90) and 2 

steepness (mean~121) values are found in these segments (Fig. 6). Lower segments, except on the Tyrrhenian side, mostly 3 

reflect the transition between bedrock reaches and alluvial plains. These segments show high variability in concavity 4 

(from 0.37 to 3.8) and steepness indices (from 22.7 to 267). They are steeper and linear in the northwest with sharp convex 5 

knickzones marking their upper limits (Favazzina 1 and Sfalassà 1 rivers in Fig. 6). In the west and southeast, their 6 

variability and the presence of abrupt knickpoints are the result of evident along-stream changes in rock erodibility, where 7 

rivers cross alternating low and high erodible Late Oligocene-Quaternary siliciclastic sediments (Laverde 1 river in Fig. 8 

6; Fig. 2) as well as transitions to fully depositional conditions (Table 2; Fig. 2). 9 

 10 

4.3. Eroded volumes and denudation rates 11 

For the calculation of average denudational rates, the timespan had to be chronologically constrained between the onset 12 

of the HLandscape dissection and of TLandscape development. This period is not easy to establish definitively, since it 13 

falls between the end the Early Pleistocene (Calabrian) and the Middle Pleistocene.  14 

By correlating the average elevation of the 3rd knickpoint (430 m. a.s.l.) to that of marine terraces, the time interval 15 

between MIS 8.5 and MIS 9 (290-330 kyr; Dumas et al., 2000; Monaco et al., 2017) may postdate the dissection of the 16 

HLandscape.  17 

As regards the HLandscape, it definitely developed during the middle-late Calabrian, being carved into the Calcareniti di 18 

Vinco Fm. (upper age limit between 1.2 and 1.7 Myr) and locally blanketed by clastic sediments (Critelli et al., 2016, 19 

2017b). However, since the onset of the HLandscape dissection cannot be known precisely, the erosion rates were 20 

calculated for the minimum (~0.5 Myr) and the maximum values (~0.9 Myr) of the inferred age of dissection, considered 21 

not older than ~0.8 Myr (Early-Middle Pleistocene boundary) and ~1.2 Myr (uppermost age limit of the Calcareniti di 22 

Vinco Fm., respectively. 23 

Fig. 8a shows altitude differences between the reconstructed paleotopography and the present-day topography.  24 

GIS-aided analysis data of the study area indicate an average erosional downwearing of 157m. In particular the amount 25 

of erosion along river valleys is much higher on the Aspromonte massif flanks than on relict landsurfaces. Major river 26 

valleys show 450m and more of downcutting, particularly in the south and southeast. 27 

The average erosion rate calculated since the dissection of the hanging landscape is 5.25x105m3/yr. In terms of 28 

downwearing, the average erosion rate is between 0.18 mm/yr-1 and 0.33 mm/yr-1, depending on the age assigned to the 29 

beginning of the dissection of the HLandscape. The data gathered are quite consistent with the mean denudation rate in 30 

the Southern Apennines (0.22/0.30 mm/yr-1 in Amato et al., 2003; mean erosion rates of 0.23 mm/yr-1  in Martino et al., 31 



2009; 0,16/0,24 mm/yr-1 in Gioia et al., 2011) and along the southern and eastern slopes of Aspromonte (0.21 mm/yr-1 in 1 

Ibbeken and Schleyer, 1991), and are higher than mean denudation rates in the foreland of the Southern Apennine 2 

(0.03/0.15 mm/yr-1 in Gioia et al., 2014). 3 

To compare the previous data with cosmogenic 10 Be erosion rate data provided by Cyr et al. (2013), the estimation of 4 

missing orographic volumes within river basins were also computed by removing hanging low-sloping areas just below 5 

the edge of Relict (R) and Hanging (H) Landscapes (Fig. 8b). The resulting mean denudation rate values are between 0.39 6 

and 0.71 mm/yr-1 for the above quoted time interval and exceed 0.80 mm/yr-1 for the Amendolea River basin (Fig. 8c) if 7 

the minimum age of 0.5Myr is considered. High values of denudation rates along river valleys on the massif flanks 8 

suggest, therefore, low rates on low-sloping landsurfaces ranging from 0.045 and 0.082 mm/yr-1. 9 

Cosmogenic 10Be erosion rates range between 0.62 and 2.01 mm/yr (Cyr et al., 2013) and match well the estimated short-10 

term erosion rate data (from 0.9 and 2.7 mm/yr-1) provided by Ibbeken and Schleyer (1991), which are higher than the 11 

long-term (1 Myr) mean erosion rates (0.21 mm/yr-1).  12 

As a whole, the time-independent topography of the study area and the faster erosion rates of the river valleys are 13 

consistent with a disequilibrium between uplift and erosion and suggest transient conditions of the Aspromonte massif. 14 

However, it can be reasonably assumed that the long-term model of denudation of the study area provides information on 15 

alternating periods of relief-smoothing processes and river dissection. 16 

 17 

5. Discussion  18 

Unlike equilibrium channel longitudinal profiles that reflect uniform and steady U and K, Aspromonte river profiles have 19 

marked convex knickpoints in their longitudinal profiles (Fig. 6). This apparent discontinuity in the slope-area data leads 20 

to a downstream increase in ksn values. Indeed, local ksn values show a clear pattern with respect to the elevation of channel 21 

segments and geographic variation within the study area (Table 2). Furthermore, Cyr et al. (2013) stated that high local 22 

ksn values and high erosion rates are primarily the result of increased incision rates in response to higher uplift rates. 23 

Therefore, the Aspromonte massif becomes a key site for the investigation of landscape evolution through the analysis of 24 

the fluvial longitudinal profile morphology. 25 

The local ksn values of channels draining the Aspromonte Massif show a distinct spatial pattern and a good correspondence 26 

to active tectonic structures (Table 2, Fig. 9). The average normalized steepness of the uppermost channel segments shows 27 

low values, typically <45, whereas on the massif flanks, local ksn values increase from ~63 to >100 (Tables 1, 2). These 28 

areas of different local ksn are separated by prominent knickpoints (Fig. 6). Indeed, where river catchments show no 29 

changes in substrate erodibility, the erosion factor can be deemed spatially uniform. Consequently, the along-channel 30 

patterns of local ksn values indicate that steeper channels result from increased incision rates in response to higher uplift 31 



rates. In this sense, raised marine terraces provide the best constraint to evaluate long-term uplift rates (Cosentino and 1 

Gliozzi, 1988; Miayuchi et al., 1994; Bordoni and Valensise, 1998; Dumas et al., 2000; Ferranti et al., 2006; Bianca et 2 

al., 2011; Monaco et al., 2017), as high as 1.63 mm/y since the Middle Pleistocene on the western part of the Aspromonte 3 

massif.  4 

The observed patterns of local ksn which are similar to disequilibrium profiles in Cyr et al. (2013), are consistent with at 5 

least a four-stage channel evolution with knickpoints generated by unsteady rates of base-level fall. Indeed, the majority 6 

of river profiles exhibit three/four segments separated by two/three major knickpoints (Fig. 6). The uppermost segments 7 

that stretch over the relict landscape highest reach, located on the low-relief highest landsurface, are smooth, concave-up, 8 

have concavity indices of between 0.2 and 0.6 and low values of ksn (see table 1 for averaged data). Moving downslope, a 9 

1st knickpoint marks the change in channel slope and steepness index from the RLandscape to the low incised river 10 

segments dissecting the HLandscape. Steepness indices are still low (< 63), and concavity indices are between 0.2 and 0.9. 11 

The second stream profile segment (upper segment) shows a  locally straight, concave-up profile and is bounded at the 12 

downstream end by the 2nd knickpoint, below which steepness indices are on average the highest in the study area. The 3rd 13 

segment has concavity indices of between 0.26 and 2.5. The 4th third stream segment (lower segment) shows a variable 14 

profile from a concave-up to straight or even convex-up shape, and has moderate steepness indices (~ 109) and concavity 15 

indices of between 0.55 and 3.8. 16 

Therefore, river analysis indicates (i) a high mean concavity index (θ) for the lower channel segments (Table 1), and (ii) 17 

geographic variation in normalized steepness and concavity indices. The average concavity index for the first two 18 

segments, running over the Relict (0.34 ± 0.20) and Hanging (0.61 ± 0.27) Landscapes, falls within the range of commonly 19 

observed values (Tucker and Whipple, 2002). In the study area, the average normalized steepness index increases from 20 

the uppermost to the middle channel segments. To the east, the 3rd channel segment has the highest average normalized 21 

steepness index value, largely due to the contribution of the south-eastern sector. To the northwest, steepness and 22 

concavity index values for the middle and lower channel segments are the highest. 23 

The average concavity index (θ = 0.34 ± 0.20) and normalized steepness index (ksn = 41.94) for the uppermost segments 24 

are consistent with a relict landscape which developed during stable or slowly lowering base level conditions (Robustelli 25 

and Sorriso-Valvo, 2017; see section 4.1.). Beyond the upland surface (RLandscape), two or three major knickpoints are 26 

typical of river profiles. The 1st knickpoint marks a slight early change in channel slope and steepness index from the top 27 

of Aspromonte to the gently rolling landsurfaces of the HLandscape. Indeed, river profiles show an intermediate flat reach 28 

that stretches over the HLandscape, which is still marked by a low concavity index (θ = 0.61 ± 0.27) and a normalized 29 

steepness index (ksn = 61.46). To the south, relics of this landscape become isolated because of river network dissection 30 



(e.g. Piani di Bova and Mt. Scafi landsurfaces in Figs. 3 and 4). The 2nd knickpoint marks the abrupt change in channel 1 

parameters from the flat reaches (1st and 2nd channel segments) at a higher altitude to the deeply incised fluvial valleys.   2 

The onset of uplift-driven river incision triggered a regressive wave of incision that produced the abandonment of the 3 

HLandscape and the development of the 3rd channel segment (middle segment). The average steepness index values are 4 

basically the same throughout the study area, and contrasts with variability in concavity indices (Table 2). These values 5 

are highest in the northwest. 6 

Several factors are believed to influence the variability in the concavity index in natural streams (Kirby and Whipple, 7 

2012; Whipple et al., 2013 and references therein). Given that the middle segments run across the HLandscape, which is 8 

tectonically fragmented by fault systems of the Siculo–Calabrian Rift Zone, it is reasonable to assume that differences in 9 

the concavity of middle segments is the result of downstream change in rock uplift rates, primarily in the western quadrant 10 

(Kirby and Whipple, 2001; Whipple, 2004; Schoenbohm et al., 2004; Hoke et al., 2007). However, the high mean values 11 

of the concavity index may also reflect adjustments in the channel gradient in response to spatial variations in substrate 12 

erodibility (Whipple and Tucker, 1999, Kirby and Whipple, 2001; Sklar and Dietrich, 2001; Whipple and Tucker, 2002; 13 

Duvall et al., 2004; Whipple, 2004). Differences in rock erodibility from the study area, mostly in the south and southeast 14 

(Fig. 2), provide confirmation of this interpretation. In this regard, if channel segments with lithologic contrasts are 15 

excluded, concavity values are between 0.5 and 0.7, hence within the range of steady state profiles. River segments 16 

flowing from resistant (Aspromonte unit) to less resistant (Lower Metapelite unit) exhibit the highest concave profiles 17 

(e.g. Duvall et al., 2004) 18 

Another key observation is geographic variation in both the normalized steepness index and the concavity index for the 19 

lowermost channel segments. Channels are steepest to the north of Aspromonte and become less steep when moving 20 

anticlockwise. Variations in the channel steepness index may reflect different uplift conditions, as this is consistent if one 21 

compares long-term uplift rates to steepness indices. Indeed, the highest values of the steepness index are in the 22 

northwestern quadrant, where uplift rates increase from 1 to 1.4 mm/yr-1 (Ferranti et al., 2006; Monaco et al., 2017). In 23 

the west, uplift rates are as high as 1.31 mm/y r-1, and then decrease as we move eastward to as low as 0.63 mm/yr-1 24 

(Cosentino and Gliozzi, 1988; Miayuchi et al., 1994; Bordoni and Valensise, 1998; Dumas et al., 2000; Ferranti et al., 25 

2006; Monaco et al., 2017). However, there are some other matters that need to be considered in terms of the role of 26 

lithology in determining the channel steepness index. Many of the segments facing the Tyrrhenian Sea dissect the 27 

Aspromonte Unit (amphibolite facies metamorphic rocks intruded by granitoid bodies; Cirrincione et al., 2008) and are 28 

capable of supporting steep channels. Farther east, the influence of high erodibility bedrocks is clearly noticeable (Stilo 29 

and lower Metapelite Units in Cirrincione et al., 2008: metapelite, from low-greenschist to lower amphibolite facies 30 

metamorphic rocks; Oligocene-Quaternary sediments of the Ionian forearc basin in Cavazza and Ingersoll, 2005), and 31 



channel steepness indices are lower accordingly (Tables 1, 2).  As further support for this, the steepness index values 1 

decrease markedly in the southeast (Table 2) where Varicoloured Clays Fm. (a melange composed of thinly bedded red, 2 

greenish, and bluish clays enclosing beds of quartzarenite and limestone; Cavazza et al., 1997) extensively outcrops.  3 

Regarding the concavity index, a range of perspectives may account for the variability of lowermost channel segments 4 

(Schoenbohm et al., 2004; Kirby and Whipple, 2012; Whipple et al., 2013). Since the lithology is fairly uniform to the 5 

northwest, temporal and spatial variations in uplift rate may influence the concavity index (Whipple and Tucker, 1999; 6 

Schoenbohm et al., 2004; Whipple, 2004). Indeed, if uplift rates decrease with time (e.g. Monaco et al., 2017), channel 7 

segments formed earlier will be steeper than later-formed channel segments, thus resulting in high concavity index values 8 

(Table 2). However, the rectilinear to convex profiles of the Sfalassà 1 and Favazzina 1 lower segments (Fig. 6) indicate 9 

that fluvial dissection does not keep up with uplift rates, as uplift rates increased in the Late Pleistocene-Holocene 10 

(Antonioli et al., 2004, 2006; Ferranti et al., 2007). Moreover, the southward increase of late Pleistocene and Holocene 11 

uplift rates (Ferranti et al., 2007 and references therein) match the variability in concavity index values between Palmi 12 

and Villa S.Giovanni quite well.  13 

Although climate can be a key factor in channel geometry (Hijmans et al., 2005; Wobus et al., 2006; DiBiase and Whipple, 14 

2011; Champagnac et al., 2012; Bookhagen and Strecker, 2012), D’Arcy and Whittaker (2014) argued that southern 15 

Calabria lacked the orographic coupling of elevation with the precipitation rate signal. This results in uplift rate having a 16 

great influence upon channel geometry, and particularly on the steepness index.  17 

Along the western flank of Aspromonte, the average value of the concavity index is still high (1.41 ± 0.37). Although 18 

high concavities depend on a number of factors (Kirby and Whipple, 2012; Whipple et al., 2013), along-stream changes 19 

in substrate properties (e.g. Duvall et al., 2004) and the extent of the river bed alluvial cover (e.g. Sklar and Dietrich, 20 

2004, 2006) are the key factors for increasing in-channel concavity. 21 

To the south and southeast, poor outcomes arise from the power-law regression analysis of river slope against drainage 22 

area because of the stepped profile of lowermost segments due to the apparent along-stream changes in lithology and the 23 

extent of the river bed alluvial cover. However, it is noteworthy that some channels (Elia 2, Elia 3, Elia 4 and Palizzi 1 in 24 

Table 1) showed equilibrium channel longitudinal profiles that reflect uniform and steady U and K, even though minor 25 

knickpoints in longitudinal profiles occur. Moreover, some river segments flowing from resistant to less resistant bedrock 26 

(Bruzzano 1; Careri 1 and 2 in Table 1) exhibit highly concave profiles. 27 

 28 

5.1. Aspromonte Uplift and River Incision 29 

The existence of gently rolling landscapes at high elevations is a remarkable clue to the significant surface uplift of their 30 

margins. These step-like distributed surfaces also indicate that relief dismantling was discontinuous and characterised by 31 



alternating phases of downcutting and of base-level stability; the role of climate changes is considered to be secondary 1 

because in mountainous areas close to the sea such variations have minor influence on aggradation and/or dissection 2 

(Robustelli et al., 2005 and references therein). Indeed, as changes in tectonic forcing appear to be responsible for slope-3 

break knickpoint development (Kirby and Whipple 2012; Whipple et al., 2013), the three/four-segment river morphology 4 

of the study area (Fig. 6) could be the result of pulsed surface uplift affecting the Aspromonte uplift. Therefore, river 5 

profile analysis together with hanging remnants of gently rolling landsurfaces and geological data provide constraints for 6 

reconstructing the main stages of landscape evolution of the Aspromonte Massif. 7 

Despite some uncertainty about the timing of the onset of Aspromonte geomorphological history (see section 4.1.), it can 8 

be reasonable assumed that the RLandscape developed during the Piacenzian-Calabrian time span (Fig. 10). It was the 9 

result of fluvial-denudational relief smoothing processes acting during a period of relative stability in the erosional base-10 

level, which led to the development of concave-up, low gradient footslopes and shallow-sloping valleys. The highest 11 

channel segment of longitudinal river profiles and the presence of low-relief landscape atop Aspromonte suggest the most 12 

ancient phase of relief smoothing, contrary to the claim of Pirrotta et al. (2016).  13 

In the subsequent stage, uplift rate increased, caused isolation of the uppermost channels and allowed the development of 14 

the 1st knickpoint and the upper concave-up river profile segments. (Fig.10). Despite the unclear marine or continental 15 

origin of clastic sediments locally blanketing the HLandscape, the upper segment of longitudinal profiles appears well-16 

graded to this landsurface. The age of clastic sediments allows us to limit the formation of the relict landscapes to the late 17 

Early Pleistocene (Calabrian). What is more, it also provides time constraints on the main dissecting phase and, very 18 

importantly, predates the active faulting that took place during the Middle-Late Pleistocene (e.g. Roda-Boluda and 19 

Whittahker, 2017), in the context of the crustal extension which produced the so-called Siculo-Calabrian rift zone 20 

(Tortorici et al., 1995; Monaco and Tortorici, 2000; Catalano et al, 2008). 21 

Indeed, the Middle Pleistocene marks a significant change in the geomorphological scenario of the study area. The ESE–22 

WNW trending regional extension allowed the development of the Siculo-Calabrian Rift Zone (Tortorici et al., 1995), the 23 

major Late Quaternary tectonic feature of the Calabrian Arc that outlined the shape of the massif.  The SCRF caused the 24 

most significant and marked vertical fragmentation of the HLandscape, and reduced the width of the massif, especially 25 

to the northwest (Fig. 10). In this regard, by considering the analogous degree of maturity between the lower (Piani della 26 

Melia, Solano and Vermeni) and the higher (Piani d’Aspromonte) relics of the landsurface in question (Fig.3), and similar 27 

associated deposits on both downthrown and raised blocks, it would appear that the NE-trending S. Eufemia-Calanna 28 

Fault (Fig. 3) was responsible for an offset of up to about 500 m. During this period, extensional tectonics created horst-29 

and-graben structures with N-S and NE–SW trends (Capo Vaticano, Serre and Aspromonte highs; Mesima, Gioia Tauro, 30 

Reggio Calabria and Siderno basins; Tortorici et al., 1995). While grabens suffered marked subsidence, horst structures 31 



underwent uplift and river dissection, and a marked increase in the local relief took place accordingly. Due to dissection, 1 

large volumes of bedrock were dismantled, leading to the development of the thick epiclastic Middle Pleistocene 2 

successions (Ghisetti, 1984; Barrier, 1986; De Rosa et al., 2008; Carbone et al., 2008; Di Stefano et al., 2007; Di Stefano 3 

and Longhitano, 2009; Critelli et al., 2016; 2017, 2017a). 4 

It was within this framework that the isolation of the upper river segment and the development of the concave-up middle 5 

channel segment took place. High concavities of the middle-segment (the average value is between 1.12 ± 0.36, in the 6 

West, and 0.80 ± 0.34, in the East; table 2) may suggest declining uplift rates with time (e.g. Whipple and Tucker, 1999; 7 

Schoenbrohm et al., 2004). This claim appears consistent with the decreasing subsidence rates of marine basins (Reggio 8 

Calabria, Siderno, and Mesima), leading to their sedimentary filling (e.g. Ghiaie e Sabbie di Messina Fm. in Carbone et 9 

al., 2008), and with the evolution of the Catona and Petrace rivers as well (Pirrotta et al., 2016). It, therefore, may place 10 

the end of this phase in the late Middle Pleistocene, and predates the development of Middle-Late Pleistocene flights of 11 

marine terraces (I to VI order in Monaco et al., 2017) carved into the above mentioned gravel and sand deposits (Fig. 10). 12 

Furthermore, there are some other matters that need to be considered since the age of the onset of marine terracing is still 13 

being debated (Westaway, 1993; Miyauchi et al., 1994; Dumas et al., 2000; Catalano et al., 2008; Monaco et al., 2017). 14 

Firstly, due to the strong vertical fragmentation of the HLandscape (e.g. Roda-Boluda and Whittaker, 2017), the 15 

downthrown blocks (Piani della Melia, Solano and Vermeni landsurfaces in Fig. 3) experienced further reshaping by 16 

subaerial processes, as suggested by the presence of conglomerate and sand cover, which is locally overprinted by 17 

pedogenetic features. Secondly, the silt and reddish sand cover of the highest terraces (VII to X order in Monaco et al., 18 

2017; TM290 to TM510 order in Dumas et al., 2000) allow us to reinterpret them as having partly developed during 19 

periods of subaerial landscape modelling. Moreover, cross-cutting relationships between tectonic landforms and flat lying 20 

surfaces (VII to X order in Monaco et al., 2017) help us to argue that some switches between aggradation or degradation 21 

occurred during the late Middle Pleistocene, up until the filling of sedimentary basins. Indeed, biostratigraphical and 22 

geomorphologic data in the Straits of Messina area (Catalano and Cinque, 1995; Catalano and Di Stefano, 1997; Carbone 23 

et al., 2008) suggest a complex depositional architecture of the Reggio Calabria basin fill resulting from the interplay of 24 

tectonics and eustatically induced base-level changes. 25 

Clearly, more data are needed before a reliable comparison of terracing and stream profile development during the late 26 

Middle Pleistocene can be made. However, the relict profile was reconstructed by projecting the middle river segment 27 

downstream (Fig 11), following the suggestions of Andreani et al. (2014) and Andreani and Gloaguen (2016). The 28 

projection of the relict profile provides a measure of the surface uplift and of its starting age by finding the correspondence 29 

between flat morphological surfaces and the modeled river profiles. To do this, the middle segments of Catona 1 and 2 30 

were chosen and modeled because terraced surfaces (Dumas et al., 2000; Pirrotta et al., 2016; Monaco et al., 2017) are 31 



best preserved between Catona and Gallico. Projection of the middle segments of the Catona River (Fig. 11) appears quite 1 

well-graded to the elevation of VII/VIII terrace orders by Monaco et al. (2017), which corresponds to TM 290/TM320 by 2 

Dumas et al. (2000). Based on absolute dating provided by Balescu et al. (1997) and correlation between terraces and 3 

high stands of the eustatic curve (Dumas et al., 2000), the age that predates the further abrupt increase in uplift rate, which 4 

generated the 3rd knickpoint and the lower channel segment, is robustly limited to being between 200kyr (MIS 7.1) and 5 

290kyr (MIS 7.5). In this interpretation, tectonics had a marked influence on accommodation space for the deposition of 6 

the Reggio Calabria Basin fill and the Ghiaie e Sabbie di Messina fm. Therefore, during the late Middle Pleistocene, 7 

regional uplift was not counterbalanced by hanging-wall subsidence in the Reggio Calabria and Armo faults as argued by 8 

Roda-Boluda and Whittaker (2017). 9 

The youngest stage of landscape evolution is the flight of marine terraces down from 300m a.s.l., partly carved onto the 10 

previous clastic successions. The estimated uplift rates range from 0.8 to 1.7 mm/yr (Westaway, 1993; Dumas et al, 2000, 11 

Valensise and Pantosti, 1992, Monaco et al., 2017), even though Dumas et al. (1988) refer to an accelerated uplift between 12 

140-115 kyr Similarly, Catalano et al. (2003) account for a significant change in uplift rates from 3.7 mm/yr (125-100 13 

kyr) to 1-1.1 mm/yr (100-60 kyr). Recent dating of raised Holocene shorelines (Antonioli et al., 2006; Ferranti et al., 14 

2007) indicates that uplift rates increased from 1.3 to 2.1 mm/yr from the late Pleistocene to the late Holocene: indeed, 15 

Ferranti et al. (2007) argue that uplift rates changed over time during the Late Pleistocene. Despite the preceding survey, 16 

a new increase in uplift rates caused the development of the 3rd knickpoint and the lowermost river profile segment (Fig. 17 

10). The rectilinear to convex profiles of some segments facing the Tyrrhenian sea (Favazzina1 and Sfalassà 1 channel 18 

segment; Fig 6) suggest an imbalance between uplift and erosion.  19 

Fault activity accompanying the last phase of uplift increase relates locally and markedly to the spatial distribution of the 20 

steepness index. Indeed, rivers facing to the northwest suggest that a clear and consistent tectonic influence is responsible 21 

for local convexities and increase in the steepness index (Table 1). In the west, though the activity of the NE- and WNW-22 

striking fault systems is well constrained (Ghisetti, 1992; Monaco and Tortorici, 2000; Catalano et al., 2008), the role of 23 

lithologic controls is believed to produce an average decrease in the steepness index that significantly diminishes as we 24 

move anticlockwise to the southeast. Similarly, the wider range of the concavity indices from the west to the southeast 25 

(table 2) reflects significant along-stream changes in lithology as well as the extent of alluvial cover of the bed (Duvall et 26 

al., 2004; Sklar and Dietrich, 2004, 2006, Kirby and Whipple, 2012; Whipple et al., 2013). Indeed, alluvial floodplains 27 

(Sorriso-Valvo and Terranova 2005) are widespread to the west and, particularly, to the south and east. 28 

Analysis of knickpoint elevations around the Aspromonte massif shows different spatial patterns. The 2nd knickpoint 29 

elevation (Figs. 12a, 12 b) increases roughly linearly from the northwest as we move anticlockwise around the 30 

Aspromonte massif, whereas elevations of the 3rd knickpoint exhibit an undulatory pattern (Fig. 12c), reaching a 31 



maximum elevation along the western and southeastern flanks of the Aspromonte. Although bedrock incision models 1 

argue that the vertical knickpoint velocity is constant (Niemann et al., 2001; Kirby and Whipple, 2012), a range of 2 

perspectives influences the variability in knickpoint elevation and retreat rate (Hayakawa and Matsukura, 2003; Bishop 3 

et al., 2005; Berlin and Anderson, 2007; Haviv et al., 2010). As regards the spatial and vertical distribution of the 2nd 4 

knickpoint, its geographic variation appears to match the progressive increase in rock erodibility quite well due to the 5 

increasing presence of Late Oligocene-Quaternary sediments and the Lower Metapelite Unit (Fig. 1). Furthermore, 6 

variations in the 2nd knickpoint distribution also appear to depend on changes in the drainage basin area, with many of the 7 

largest basins located above the regression line. The undulatory pattern of the 3rd knickpoint may indicate that differential 8 

uplift influenced the distribution of knickpoint elevations (e.g. Olivetti et al., 2012), as no significant influence emerges 9 

from rock strength properties and the drainage area. To the northwest, the maximum elevation matches the highest middle-10 

late Pleistocene uplift rates (Valensise and Pantosti, 1992; Bordoni and Valensise, 1998; Dumas et al., 2000; Ferranti et 11 

al., 2006; Monaco et al., 2017) and the activity of the Scilla, Reggio Calabria and Armo fault systems (Ghisetti, 1992; 12 

Tortorici et al., 1995; Monaco and Tortorici, 2000; Catalano et al. 2008). The high average knickpoint elevation in the 13 

southeast, for which no uplift data are available (Fig. 1), could indicate the role played by the NE-striking fault systems 14 

(Capo Spartivento faults in Figs. 3, 9). Based on the above statements, the role of tectonic uplift is believed to be still 15 

noticeable over short timescales (up about 400-500 kyr), but over long timescales (> 800 kyr, the upper age limit of the 16 

HLandscape dissection), rock strength properties and drainage area appear to be the key factors on knickpoint distribution. 17 

In summary, the Aspromonte Massif experienced non-uniform or unsteady regional uplift overlapping by local tectonics. 18 

The hypothesis of this type of uplift is primarily supported by (i) the presence of two orders of gently rolling landscapes 19 

that belong to uncompleted cycles of erosion that occurred during the Aspromonte uplift, and (ii) the segmented nature 20 

of many river profiles. In particular, the 2nd knickpoint and the related HLandscape mark the rapid onset of uplift-driven 21 

river incision. River profile morphology is driven by changes in the uplift rate over time, while climate control is ruled 22 

out. As an interesting side note, some key factors influence the distribution of knickpoint elevations. The 2nd knickpoint 23 

migration rate is sensitive to rock erodibility and drainage area, while the rectilinear to convex profiles of the lower 24 

segment in the western quadrant suggest that erosion does not balance rock uplift during the  late Middle Pleistocene-25 

Holocene. 26 

 27 

6. CONCLUSION 28 

Relict landscapes (erosional and/or depositional surface) and raised marine terraces have served as important markers of 29 

tectonic uplift in the study area, which underwent the most marked regional uplift in southern Italy. Given that drainage 30 

systems can be very sensitive to variations in rock uplift rates, Aspromonte has been a suitable site to investigate the 31 



effects on the spatial distribution of bedrock channel gradients, assess the uplift history of the massif and improve 1 

knowledge of Quaternary landscape evolution along this margin of the Southern Apennines. 2 

In this paper, two low-relief landscapes in the study area are described: Relict and Hanging Landscapes. The HLandscape 3 

is quite continuous and well developed along the western margin of Aspromonte. These landscapes developed under 4 

nearly stable base-level conditions. Both landscapes are cut by the active fault systems of the Siculo-Calabrian rift zone 5 

and are deeply incised by the drainage network. Rivers record two phases of river dissection since the Early-Middle 6 

Pleistocene boundary and tectonic deformation of the region, including ~1000 m surface uplift. 7 

In this context, morphometric analysis of hydrography has been performed, along with the estimation of mean denudation 8 

rates during the late Early-Middle Pleistocene, which are higher on the flanks of the Aspromonte massif (up to 0.71 mm/y-9 

1 in average). Analysis of stream longitudinal profiles reveals (1) a three/four-segment channel morphology for most 10 

rivers, (2) high mean steepness (ks) and concavity (θ) index values for the middle and lower channel segments, 11 

respectively, and (3) geographic variation in steepness (ks) and concavity (θ) indices. The highest reaches (1st and 2nd 12 

segment), stretching over the R and HLandscapes, are concave-up and characterised by low average values of steepness 13 

index and average concavity indices. The 2nd knickpoint marks the edge between the gently rolling landscapes and the 14 

Aspromonte flanks. The highest steepness indices (middle and lower segments) are spatially associated with the flanks 15 

of the massif, but channel profile concavity throughout the study area appears to be partly related to the steepness index. 16 

The steepening appears to be locally dependent upon uplift rates, but differences in concavity indices yield information 17 

about rock erodibility and the extent of alluvial cover. 18 

Variable rates of knickpoint migration may have locally overtaken the upstream knickpoints, thus contributing to the 19 

presence of rivers with fewer channel segments. Analysis of knickpoint elevations indicates that their spatial and vertical 20 

distributions depend on a variety of key factors. What is more, the variability in knickpoint elevation and geographic 21 

distribution has proved to be a useful tool for understanding the timescale of landscape response to rock uplift (shorter 22 

timescale) or to rock strength properties and drainage area (longer timescale). 23 

Differences in the amount of erosion between river valley and low-relief landsurfaces, and disequilibrium longitudinal 24 

profiles indicate a transient landscape where the three/four channel segment morphology can be simply interpreted as the 25 

result of pulsed surface uplift: relatively slow uplift during the development of gently rolling landscapes, then pulses of 26 

rapid uplift during the third (Middle Pleistocene) and fourth geomorphological evolutionary stage (since late Middle 27 

Pleistocene).  28 
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Figure Captions  1 

 2 

Fig. 1 - Tectonic sketch map of southern Calabria and northeastern Sicily (after Scicchitano et al., 2001; modified): its 3 

location in the western Mediterranean framework and crustal thickness along a NW-SE profile across central Calabria 4 

(top insets). The map shows the Quaternary fault segments of the Siculo-Calabrian rift zone and Late Pleistocene-5 

Holocene uplift rates.  6 

 7 



 1 

Fig. 2 - Geological sketch map of Aspromonte. (1) Stilo Unit. (2) Aspromonte Unit. (3) Lower Metapelite Unit. (4) Serre 2 

Unit. (5) Late Oligocene-Miocene sediments. (6) Late Miocene-Zanclean sediments. (7) Calcareniti di Vinco Formation. 3 

(8) late Early Pleistocene clastic deposits. (9) Middle Pleistocene sediments (Marine terraced and fluvial-deltaic deposits). 4 

(10) Late-Pleistocene-Holocene marine and fluvial deposits. (11) Fault segment. (a) Scilla fault. (b) Reggio Calabria-5 

Calanna fault. (c) S.Eufemia fault. (d) Armo fault. (e) Cittanova-Delianuova fault (fault segments after Tortorici et al. 6 

(1995) and Catalano et al. (2008); modified). 7 

 8 



 1 

Fig. 3 – Hillshade and 100 m contour maps indicating the main relics of low-relief landsurfaces of the Aspromonte Massif. 2 

Their step-like distributed pattern is linked to the activity of fault segments of the Siculo-Calabrian rift zone (after DISS 3 

Working Group, 2015; ISIDe working group, 2016; Rovida et al., 2016; modified) 4 

 5 



 1 

Fig. 4 - Topographic map of the Aspromonte Massif (100 m contour interval). The landscape is characterised by a stair 2 

of Late Plliocene-Quaternary landsurfaces representing the geomorphic response to the interaction among relief-3 

smoothing processes (Relict and Hanging Landscapes; 1 and 2), Middle-Late Quaternary sea level changes (Terraced 4 

Landscape; 3) and tectonic uplift experienced by the study area. A NW-SE profile across the massif showing the active 5 

fault system of the Siculo–Calabrian Rift Zone and the distribution of the three orders of landsurfaces (bottom inset). (1) 6 

Relict Landscape. (2) Hanging Landscape. (3) Terraced Landscape. (4) Fault segment (see Fig. 3). 5) Trace of NW-SE 7 

topographic profile. 8 
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 1 

Fig. 5 – Hillshade map of the Aspromonte Massif showing channels examined in this study and the distribution of 2 

knickpoints. Identification numbers are keyed to Table 1. Areas shaded in blue, green and yellow refer to the major 3 

drainage basins.  4 
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 1 

Fig. 6 - Longitudinal profiles and gradient-area data for selected rivers in Aspromonte. Gradients are plotted against 2 

upstream area for each channel (insets). The main channel segment of river profiles is also shown.  3 

 4 

 5 



Fig. 7 - Elevation of the knickpoints from each river analyzed are plotted from the Northwest to the Southeast. The 1st 1 

(filled circle) and 2nd (square) knickpoint mark the edge of the low-relief surface atop Aspromonte (RLandscape) and 2 

HLandscape, respectively. The 3rd knickpoint (filled triangle) mark the inner edge of Terraced Landscape developed since 3 

Middle Pleistocene. 4 

 5 

 6 

Fig. 8 – (a) Elevation differences between the reconstructed and the DEM topography. Note how the amount of erosion 7 

is low in the high-standing low-relief landsurfaces, whereas high values of erosion concentrate along the incised fluvial 8 

valleys on the Aspromonte massif flanks. Removal of low-relief surfaces by applying a 100m buffer to the edge of Relict 9 



(R) and Hanging (H) Landscape (b)  results in an increase of denudation rate up to 0.80 mm/yr-1 for the Amendolea River 1 

(c).  2 

 3 

 4 

Fig. 9 - Map of steepness index (ksn) values of all rivers analyzed in the Aspromonte Massif, generated automatically 5 

according to the operating procedures of Whipple et al. (2007). Yellow dots indicate major knickpoint locations. A large 6 

region of low ksn values located in the central region of the map matches the rolling topography of the perched landscapes, 7 

limited by minor knickpoint and/or convex slope (blue crosses). Tectonic features from DISS Working Group (2015), 8 

ISIDe working group (2016), and Rovida et al. (2016). Note the high steepness indices adjacent to the edge of 9 

landsurfaces, and narrow belts of higher ksn where rivers cross active normal faults.  10 
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 1 

Fig. 10 – Schematic profiles of morpho-tectonic scenarios of the Aspromonte Massif resulting in three-phase incision. 2 

Evolutionary stages show the uplift history of the massif. Stage 1 – Low-relief landsurface (RLandscape) develop through 3 

fluvial-denudational relief smoothing processes during a long lasting period of slow uplift balanced by erosion. Crystalline 4 

rocks of the Aspromonte provide sediment supply for the Calcareniti di Vinco Fm.. Stage 2 -  HLandscape development; 5 

Calabrian clastic deposits rest erosively on the Calcareniti di Vinco Fm and locally blanket the HLandscape. Changing 6 

scenario during the Middle Pleistocene: the ESE–WNW trending regional extension allows the development of the Siculo-7 

Calabrian Rift Zone (Tortorici et al., 1995) responsible for the fragmentation of previous landscapes. Pulses of rapid uplift 8 

(Middle-Late Pleistocene) are directly translated to river morphology leading to the development of the 2nd and 3rd first 9 

knickpoint. First increase in uplift rate (Stage 3) causes channels to adjusts to plateau uplift by changing their gradient 10 

and dissecting low-relief landsurfaces (Stage 3a); Falling uplift rate produces a highly concave channel profile (middle 11 

segment) and sets out the conditions for the deposition of the Ghiaie e Sabbie di Messina Fm. (Carbone et al., 2007). 12 

Second increase in uplift rate (Stage 4) leads to the formation of the 3rd knickpoint. The rectilinear to convex profiles of 13 

lower segment in the NW suggest an imbalance between uplift and erosion (see text for details). 14 
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 1 

Fig. 11 – Relationship between elevation of the MIS 7.1-7.5 marine terraces (Monaco et al., 2017) and modeled middle 2 

channel segments of Catona 1 (dashed line) and Catona 2 (dotted line) rivers. The modeled profiles are reconstructed 3 

using interpolation of the slope–distance relationship from segments above knickpoints (e.g. Andreani et al., 2014; 4 

Andreani and Gloaguen, 2016). 5 

 6 



 1 

Fig. 12 – Elevation of the 2nd and 3rd knickpoints from each river analyzed. Elevation of major knickpoints (a) are 2 

supplemented by minor knickpoints (b) that mark the edge of the HLandscape. Both plots in (a) and (b) show linear 3 

regression through all data points (correlation coefficient ~ 0.6). This pattern may indicate the key role of rock strength 4 

and drainage area on knickpoint distribution. An undulatory pattern characterizes the distribution of 3rd knickpoint 5 

elevations (c); differential uplift is believed to be the key factor influencing its distribution.  6 


