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[11 The Sila Massif in the Calabrian Arc (southern Italy) is a key site to study the response
of a landscape to rock uplift. Here an uplift rate of ~1 mm/yr has imparted a deep imprint on
the Sila landscape recorded by a high-standing low-relief surface on top of the massif,
deeply incised fluvial valleys along its flanks, and flights of marine terraces in the coastal
belt. In this framework, we combined river longitudinal profile analysis with hillslope
erosion rates calculated by '°Be content in modern fluvial sediments to reconstruct the
long-term uplift history of the massif. Cosmogenic data show a large variation in erosion
rates, marking two main domains. The samples collected in the high-standing low-relief
surface atop Sila provide low erosion rates (from 0.09 £ 0.01 to 0.13 4+ 0.01 mm/yr).
Conversely, high values of erosion rate (up to 0.92 4+ 0.08 mm/yr) characterize the incised
fluvial valleys on the massif flanks. The analyzed river profiles exhibit a wide range of
shapes diverging from the commonly accepted equilibrium concave-up form. Generally, the
studied river profiles show two or, more frequently, three concave-up segments bounded
by knickpoints and characterized by different values of concavity and steepness indices. The
wide variation in cosmogenic erosion rates and the non-equilibrated river profiles indicate
that the Sila landscape is in a transient state of disequilibrium in response to a strong

and unsteady uplift not yet counterbalanced by erosion.
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1. Introduction

[2] Convergent margins are ideal sites to recognize the
evolution of Earth’s topography as a result of interacting
tectonics, climate and erosion. The presence of a mountain
chain suggests a dominance of tectonics in building topog-
raphy until erosion compensates uplift. This tendency of
geomorphic systems to counterbalance tectonic input could
generate a negative feedback. Indeed, as a low-relief land-
scape is uplifted by tectonics, erosion rates increase over time
in response to channel and hillslope steepening, enhanced by
orographic precipitation [Whipple, 2001]. This increase in
erosion rate tends to decrease excess elevation produced by
tectonics [Ahnert, 1970] and simultaneously leads isostatic
exhumation and an increase in the mean elevation [Molnar
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and England, 1990; Burbank, 2002; Champagnac et al.,
2007]. Regardless, if climatic, tectonic and lithologic condi-
tions are constant, a dynamic equilibrium between uplift and
erosion is established, generating a steady state landscape
[Hack, 1960; Willett and Brandon, 2002]. If the time scale of
tectonic perturbation is sufficiently long compared with
landscape response time (0.25-2.5 Ma), then tectonic forcing
could be considered constant [e.g., Schumm and Lichty,
1965]. Conversely, climatic perturbation, especially during
the Quaternary, may be too rapid to allow for steady state
conditions [ Whipple, 2001]. In an actively uplifting chain the
landscape may be in a transient state of disequilibrium in
response to climatic and tectonic inputs. Although hydrog-
raphy occupies a small percentage of land surface it plays an
important role in landscape evolution because it transmits
tectonic and climatic signals throughout the landscape and
dictates the slope processes that denude the land surface
[Whipple and Tucker, 1999]. This sensitivity of river systems
to climatic, and particularly to tectonic, perturbation makes
the fluvial network a potential source of information about
tectonic forcing on a landscape. At the catchment scale,
evidence of the landscape response to climatic, and particu-
larly tectonic, perturbation is present in the shape of stream
longitudinal profiles [e.g., Wobus et al., 2006, and references
therein]. In this respect, bedrock channels are good targets for
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Figure 1. (a) Topography, bathymetry and main tectonic features of southern Italy (square: study
area). Purple dashed lines are depth contour lines of the Wadati-Benioff zone associated with the
Calabria subduction zone. (b) Crustal thickness along a NW-SE profile (indicated in Figure 1a) across
central Calabria. Crustal thickness is from receiver function [Piana Agostinetti and Amato, 2009] and
seismic [Suhadolc and Panza, 1989] data. (c) Geologic map of the Sila Massif.

longitudinal profile analysis because they provide the pri-
mary mechanism of incision in non-glaciated tectonically
active areas [Hancock et al., 1998] and are the best expres-
sion of the feedback between tectonics and erosion, regis-
tering changes in base level (tectonic or eustatic) by
variations in channel slope.

[3] One example of a transient landscape characterized by
bedrock channels is the Sila Massif in the Calabrian Arc
(southern Italy). The Calabrian Arc is an orogenic wedge

seated on top of a narrow subduction zone (Figure 1a). Here
the uplift/erosion process likely started at a slow rate in the
late Tertiary and underwent a strong acceleration in the
middle Pleistocene [Westaway, 1993; Tortorici et al., 2003;
Molin et al., 2004, and references therein]. Indeed, apatite
and zircon fission track and Ar-Ar radiometric data show a
major exhumation phase from 25 to 15 Ma [Thomson, 1994;
Rossetti et al., 2001]. Pliocene alluvial deposits record that at
least part of the Sila and the surrounding ridges (Catena
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Costiera, and Le Serre) were already emerged and shaped by
surface processes [Colella, 1995; Cavazza and DeCelles,
1998]. Relicts of the landscapes that served as a source of
these alluvial deposits are probably represented by the low-
relief surfaces located on top of the main Calabrian moun-
tains [Ghisetti, 1981; Sorriso-Valvo and Sylvester, 1993;
Molin et al., 2004]. These surfaces developed during stable
or slowly lowering base level conditions [Molin et al., 2004,
and references therein]. During the Quaternary, the Calab-
rian Arc was affected by a strong regional uplift, character-
ized by high uplift rates (~1 mm/yr) and locally enhanced
by extensional tectonics [e.g., Dumas et al., 1987; Cucci and
Cinti, 1998; Tortorici et al., 2003; Molin et al., 2004;
Zecchin et al., 2004; Robustelli et al., 2009]. However, only
during the last 200—400 kyr uplift rates are relatively well
constrained by paleontological and radiometric dating
[Ogniben, 1973; Barrier et al., 1986; Miyauchi et al., 1994;
Balescu et al., 1997; Pirazzoli et al., 1997; Antonioli et al.,
2006; Ferranti et al., 2009], whereas the time and rate of
uplift during its early stages remain poorly constrained.

[4] In this study we coupled the analysis of the longitu-
dinal profiles of streams draining the Sila Massif with ero-
sion rates calculated from the '°Be concentrations in modern
fluvial sediments. The concentration of cosmogenic '’Be
isotopes reflects the averaged erosion rate of a drainage basin
measured over the time required to erode cosmic ray pene-
tration length, i.e., ~60 cm of rock of density of 2.6 g/cm’
[Masarik and Reedy, 1995]. This time depends exactly on the
erosion rate itself and vary from 600 yr for high erosion rates
(i.e., 1 mm/yr) to 6 ka for low erosion rate of 0.1 mm/yr. The
main goal of this paper is to compare new bedrock channel
morphology and late Pleistocene-Present erosion rates to
existing uplift rates from thermochronology and radiometric
dating of marine terraces to investigate the history of Sila
Massif upheaval in the context of the tectonic and geody-
namic evolution of the Calabrian Arc.

2. Geologic Setting

[5] The Calabrian Arc zone in the Central Mediterranean
constitutes the forearc belt of the active subduction of the
Ionian basin. The Wadati-Benioff zone extends for only
200 km, dipping toward the northwest at about 70° down to
~500 km depth (Figure la) [Selvaggi and Chiarabba,
1995; Chiarabba et al., 2008]. The history of the Calab-
rian subduction zone is related to the southwestward ret-
rograde motion of the trench, leading first to the backarc
extension of the Liguro-Provencal basin and then of the
Tyrrhenian basins [Malinverno and Ryan, 1986; Patacca
et al., 1990; Royden, 1993; Rosenbaum and Lister, 2004;
Casero and Roure, 1994; Faccenna et al., 2004]. Pulses of
oceanic spreading in the Tyrrhenian formed the Vavilov
basin (4-5 Ma) and then the Marsili Basin (2.1-1.6 Ma)
[Kastens et al., 1988; Sartori et al., 1989; Nicolosi et al.,
2006] during 15°-25° clockwise rotation of the Calabrian
belt [Speranza et al., 2000; Mattei et al., 2007; Cifelli et al.,
2007a]. The last pulse of Marsili basin spreading has been
related to a re-organization of the plate system, reducing the
width of the subduction zone to its present-day narrow
configuration [Goes et al., 2004, Giardini and Velona,
1991; Faccenna et al., 2005; Billi et al., 2007; Chiarabba
et al., 2008]. Geodetic data show that spreading of the
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Tyrrhenian basin is no longer active [D’Agostino and
Selvaggi, 2004], however, arc perpendicular extension is
active within Calabria and is accommodated by a system of
N-S trending normal faults [Cello et al., 1982; Tortorici
et al., 1995; Monaco and Tortorici, 2000; Galli and
Scionti, 2006]. The onset of the regional uplift of the Calab-
ria arc probably occurred at that time, between early and
middle Pleistocene [Colella et al., 1987; Dramis, 1992;
Miyauchi et al., 1994; Westaway, 1993; Ferranti et al.,
2006], during the narrowing and deformation of the sub-
duction system [Westaway, 1993; Gvirtzman and Nur, 1999;
Faccenna et al., 2011].

[6] A wealth of marine terraces are spectacularly sculp-
ted on the flank of the Calabria massif, making Calabria a
key site in the Mediterranean for analysis of coastal sea
level change [Gliozzi, 1987; Cosentino and Gliozzi, 1988;
Westaway, 1993; Miyauchi et al., 1994; Cucci and Cinti,
1998; Amato and Cinque, 1999; Molin et al, 2002;
Carobene, 2003; Zecchin et al., 2004; Ferranti et al.,
2006; Robustelli et al., 2009]. In particular, the most
widely represented and well preserved terraces order along
the entire Calabrian coastline [Westaway, 1993; Ferranti
et al, 2006; Antonioli et al., 2006] is associated to
Marine Isotope Stage (MIS) 5.5, 132 £ 16 ka in age
[Stirling et al., 1995], giving an uplift rate of c. 1 mm/yr.
This value is confirmed by the littoral deposits dated to
Isotope Stage 31-35, 1000-1200 ka, associated to highest
terrace on top of the Aspromonte and Le Serre at an ele-
vation of about 1050 m a.s.l. [Barrier et al., 1986;
Miyauchi et al., 1994; Balescu et al., 1997]. Therefore,
although some authors proposed a pulsing uplift [Miyauchi
et al., 1994], the average estimate of the uplift rate over the
last million year seems to be remained constant, suggesting a
long-lasting evolution for the same geodynamic process.

[7] Despite several studies devoted to understanding the
rate and distribution of costal uplift, disagreement still exists
about its cause, and very few data are available on the early
stage of uplift. The origin of the uplift has been ascribed to
mechanisms as variable as slab break off [Westaway, 1993;
Wortel and Spakman, 2000; Buiter et al., 2002], inflow of
asthenospheric material [ Gvirtzman and Nur, 1999; Doglioni
et al., 2007], and lithospheric rebound over a low friction
subduction fault [Giunchi et al., 1996]. Our study focused on
the northern portion of the Calabria Arc, the Sila massif, to
provide constraints on the long-term history of uplift and in
turn, to the geodynamic evolution of the area.

[8] The Sila is a box-shaped massif characterized by a
plateau standing at an average altitude of 1200 m as.l,
representing an impressive relief in central Calabria. It is
composed of Paleozoic intrusive and low to high-grade
metamorphic rocks with a remnant of Mesozoic sedimentary
cover [Ogniben, 1973; Amodio-Morelli et al., 1976; Dietrich,
1976; Lanzafame et al., 1979; Critelli, 1990] (Figure 1¢). The
massif is surrounded by low-standing basins filled by several
Miocene—Holocene depositional sequences composed of poorly
consolidated marine and fluvial conglomerate, sand and clay
(Figure 1c¢) [Vezzani, 1968; Ogniben, 1973; Lanzafame and
Tortorici, 1981; Colella et al., 1987; Critelli, 1990; Colella,
1995; Tortorici et al., 1995]. Along the eastern and south-
ern borders of Sila, a Tortonian-Messinian clastic marine
sequence unconformably lies on the Paleozoic bedrock,
dipping outward with respect to the massif [Henderson,
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1970; Guérémy, 1972; Bonardi et al., 2005]. These
deposits are unconformably overlain by upper Pliocene-
lower Pleistocene transgressive marine deposits [Vezzani,
1968; Ogniben, 1973; Lanzafame and Tortorici, 1981;
Colella et al., 1987, Critelli, 1990; Colella, 1995; Tortorici
et al., 1995; Robustelli et al., 2009]. Large Gilbert deltas, in
the Crati R. valley, mark the progressive and strong sea level
change during Pliocene-Holocene time [Colella, 1988].
Along the northern flank of the Sila the largest number of
marine and alluvial terraces orders, including the remarkable
MIS 5.5 terrace, have been recognized and mapped. Marine
terraces have been associated from stages MIS 5.1, ca 80 ka
in age, to stage MIS 11-9, ca 287—407 ka in age although the
lack of numeric dating brings to uplift rates spanning between
0.4 to 1 mm/yr [Ciaranfi et al., 1983; Amato and Cinque,
1999; Cucci and Cinti, 1998; Molin et al., 2002; Carobene,
2003; Corbi et al., 2009; Robustelli et al., 2009]. In the
Crotone region several marine terraces have been identified
and correlated to stage from MIS 3 to MIS 7. The resulting
average uplift rate spans between 0.8 and 1 mm/yr [Gliozzi,
1987; Cosentino and Gliozzi, 1988; Palmentola et al.,
1990; Zecchin et al., 2004].

[v] The Sila Massif is bounded by straight flanks,
locally related to recent faults (Figure 1c) [Colella, 1988;
Tansi et al., 2007; Robustelli et al., 2009]. To the north,
the basement units of the massif are separated from an upper
Pliocene - upper Pleistocene coastal plain sequence by
an E-W oriented, north-dipping normal to oblique-fault
(Corigliano-Rossano fault) (Figures 1c and 4b) [Tortorici,
1981; Ciaranfi et al., 1983; Knott and Turco, 1991;
Moretti, 2000; Robustelli et al., 2009]. The eastward con-
tinuation of this fault, the NW-SE oriented S. Nicola faults
system, is retained to be active mainly during Miocene [Van
Dijk et al., 2000]. The eastern flank of the Sila decreases
regularly toward the Crotone basin, without evidence of fault
scarps while tectonic structures (i.e., Fuscaldo Mountains
fault of Figure 4c) are concentrated within Crotone basin.
The Sila southern flank is marked by a segmented, E-W
oriented, fault system bounding the Catanzaro trough
(Figures lc and 4b) [Moretti, 2000; Faccenna et al., 2011].
To the west, the Sila Massif topography slopes regularly but
with steeper angle than eastern flank producing a general
east—west asymmetric topography [Molin et al., 2004]. The
west flank decrease toward the Crati Valley, a N-S oriented
extensional basin filled up by a Miocene-to-recent marine
and continental sedimentary succession characterized on the
west side by an important seismogenic faults system (West
Crati faults System) (Figures 1 and 4b) [Tortorici, 1981;
Lanzafame and Tortorici, 1981; Ghisetti and Vezzani, 1982,
Colella, 1988; Colella et al., 1987; Tortorici et al., 1995; Moretti
and Guerra, 1997; Cifelli et al., 2007b; Spina et al., 2011].
Along the eastern side of the Crati valley the occurrence of
tectonic structures is limited to only two discontinuous faults
system: the Piano Lago fault (Figure 1 and 4b), located in
the high Crati valley is marked by morphological evidences
and it is retained active [ Galli and Bosi, 2003; Moretti, 2000];
the East Crati faults System (Figure 1 and 4b), located in the
lower Crati Valley, providing few morphologic and field
evidences has been constrained mainly by seismic profiles
[Spina et al, 2011]. Besides the most evident tectonic
structures located along the basin surrounding the massif,
two active faults cut the inner sector of the massif (Lake fault
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and Cecita Lake fault) [Galli and Bosi, 2003;] showing nor-
mal to transtensional kinematics and trending NW-SE [Spina
et al., 2007] (Figure 4c¢). This faults system is retained active
crosscutting Olocene deposits in the easternmost portion
[Galli and Bosi, 2003]. The NNW-SSE directed Sellia-
Decollatura faults system and the fault bounding southeastern
massif margin do not have evidence of recent activity and
probably constitute old and inactive structures [Bigi et al.,
1990; Van Dijk et al., 2000].

[10] The exhumation history of the Sila Massif as con-
strained by apatite fission track analysis (AFT) that shows
rapid cooling of the crystalline basement rocks between 35 Ma
and 15 Ma as aresult of crustal extension and subaerial erosion
[Thomson, 1994, 1998].

[11] The Quaternary uplift of the Sila is recorded by
flights of fluvial and marine terraces located in the Crati
R. Valley and along the Ionian coast [Ciaranfi et al., 1983;
Colella et al., 1987; Gliozzi, 1987; Cosentino and Gliozzi,
1988; Palmentola et al., 1990; Cucci and Cinti, 1998,
Molin et al., 2002; Carobene, 2003; Zecchin et al., 2004,
Robustelli et al., 2009; Ferranti et al., 2009]. The uplift
rates have been approximately calculated between 1 and
0.4 mm/yr [Gliozzi, 1987; Molin et al., 2002; Carobene,
2003; Ferranti et al., 2009].

3. Morphology of the Sila Massif

3.1. Methods

[12] We carried out geomorphological analysis and river
longitudinal profile analysis over the entire Sila Massif using
a 25 m resolution DEM coupled with field analysis. We
analyzed the longitudinal river profiles to obtain information
on the competition between rock uplift and erosion. In
general terms, the progressive downstream decrease of the
channel slope results in a smooth concave up shape that
reflects lithologic uniformity and steady tectonic and climatic
conditions [Mackin, 1948; Leopold et al., 1964; Pazzaglia
et al., 1998].

[13] River longitudinal profiles can be described by an
empirical power law relating local channel slope and drain-
age area taken as a proxy for discharge [Flint, 1974]:

S = ked™? (1)

where S is the local channel slope, 4 is the upstream con-
tributing drainage area, and k; and 6 are morphological
indices known as the steepness index and concavity index,
respectively.

[14] Because 6 and k; could vary widely depending upon
an assemblage of many factors, their significance and rela-
tion with tectonics, climate and lithology are still debated.
Regardless, the relationship between k, and rock uplift rate is
widely accepted, although strongly influenced by geologic
setting and climate [Wobus et al., 2006, and references
herein]. Uplift undoubtedly steepens rivers, and the steep-
ness index should vary accordingly [Snyder et al., 2000;
Lague et al, 2000; Schorghofer and Rothman, 2002,
Dietrich et al., 2003; Kobor and Roering, 2004]. The con-
cavity index spans a large range of values and its relation-
ship to boundary conditions is ambiguous. Moderate values
range between 0.4 and 0.7 have been found in rivers equil-
ibrated to uniform moderate rock uplift rates. If lithology is
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uniform, then low and high concavity indices may be asso-
ciated with a downstream increase or decrease in incision rate,
respectively. Extreme values (negative or >1) indicate strong
differences in uplift rates in time or space and are usually
associated with the formation of knickpoints [ Whipple, 2004,
Schoenbohm et al., 2004; Hoke et al., 2007].

[15] When ariver is equilibrated with tectonic and climatic
conditions, the river longitudinal profile may be modeled by
a unique combination of k, and 6 values. If boundary con-
ditions change, a river system assumes a transient state; its
profile presents abrupt changes in channel slope that form
convex reaches, called knickpoints. Knickpoints generated
by a perturbation of the steady state tend to migrate head-
ward. So equation (1) is a useful tool to extract information
on regional tectonics and on uplift patterns [Kirby and
Whipple, 2001; Wobus et al., 2006].

[16] We conducted geomorphologic and morphometric
analysis using ArcGIS to generate a hydrographic network
and a free routine for MATLAB called Stream Profiler
[Snyder et al., 2000; Kirby et al., 2003; Whipple, 2004;
Wobus et al., 2006] to extract and analyze stream long pro-
files, to generate log-log diagrams of slope versus area data,
and to calculate steepness and concavity indices. We chose
to remove spikes from river profiles by applying a smooth-
ing window of 100 m and a contour interval of 25 m. In the
slope versus area plots the linear regression was performed
between the transition from steep debris flow dominated
channels, marked by a nearly horizontal pattern of slope-area
data, to fluvial channels, marked by linear slope-area scal-
ing, and downstream to the bedrock-alluvial channel transi-
tion [Montgomery and Foufoula-Georgiou, 1993; Snyder
et al., 2000]. Moreover, knickpoints manually chosen at
abrupt changes in channel slope have been used to separate
stream profiles into segments. In order to extract the relative
steepness and concavity indices, we performed the linear
regression from the slope and drainage area data of these
reaches.

[17] Because k, and 6 are autocorrelated [e.g., Sklar and
Dietrich, 1998], we normalized the steepness index values
(ks) by a reference concavity value of 0..¢ = 0.4, selected
within theoretical range (0.3 to 0.6) [Hack, 1957; Howard
et al., 1994; Whipple and Tucker, 1999; Snyder et al., 2000;
Kirby and Whipple, 2001]. The normalized steepness values
have been extracted following two procedures. In Method 1,
they have been calculated for each river profile among the
same regression limits of the concavity indices in order to
matching directly the two values (Table 1) for the same river
segment. In Method 2, the Stream Profiler tool generates
automatically a map of steepness index by calculating the
values of &, for short segments (0.5 km) of the all rivers in a
catchment above a minimum drainage area, which we set to
10° m?. This method allow to analyze all the rivers and to
detect little variations along short segments unraveled by
Method 1.

3.2. Results

[18] In plan view, the Sila Massif appears as a box-shaped
relief with straight flanks, locally controlled by fault sys-
tems. The top of the Sila Massif is constituted by a low-relief
upland surface, covering 600 km? and lying at an elevation
of 1000-1600 m above sea level (Figures 2a and 2b).
This high-standing landscape is characterized by small
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plains and gently incised valleys which separate rolling
topography 400-600 m higher than the valley bottoms
(Figure 2b). The crystalline bedrock is strongly affected by
weathering, which has generated saprolite up to a few tens
of meters thick [Le Pera and Sorriso-Valvo, 2000]. Fluvial
incision is very limited and weathering and areal erosion
are the dominant processes presently affecting the upland
landscape [Dramis et al., 1990; Sorriso-Valvo, 1993].
Along the northeastern flank of Sila, Miocene shallow
marine conglomerate deposits composed of rounded crys-
talline clasts crop out on the upland surface at a maximum
elevation of 1200 m [Henderson, 1970; Sarti, 2010]. The
high-standing surface has been interpreted as the relict of
an old landscape formed at stable or slowly lowering base
level conditions; indeed, it is only partially reached by the
strong fluvial incision presently affecting the Sila flanks as
a consequence of Quaternary uplift [Dramis et al., 1990;
Molin et al., 2004]. The stream integration into the massif
interior is still poor, and the abundance of wind gaps as
well as some examples of fluvial piracy are representative
of a still slowly developing landscape or of very recent
deformation not yet pointed out by river longitudinal pro-
files or '°Be content. The extension of the shallow dipping
surface envelope is marked in Figure 2a.

[19] The rolling topography of the perched relict land-
scape contrasts with the fluvial valleys that deeply incise the
massif flanks. Wide valleys and very gentle channel slopes
characterize streams flowing over the low-relief upland
surface. Valleys get narrower and steeper as they cross the
rim of the relict landscape, below which they expose bed-
rock with thin alluvial cover (Figure 2c). These valleys,
characterized by steep slopes widely affected by landslides,
cut down hundreds of meters with respect to the interfluves.
The presence of step-pool and pothole channel bed
morphologies are limited to very small reaches, and very
steep knickpoints, such as waterfalls or rapids, have not been
observed. Locally, fluvial strath terraces, rarely covered by a
veneer of deposits, have been mapped out a few meters
above seasonal flood level. Downstream, within Miocene to
Quaternary basin deposits, river valleys get very wide and
are filled with alluvial deposits (Figure 2d). The drainages
are organized in a nearly radial pattern. The basins are
elongated suggesting a very recent evolution [Molin et al.,
2004].

[20] We extracted the longitudinal profile of 35 rivers
draining the entire Sila Massif (Figure 2a and Figure S1
in the auxiliary material), comprised of 29 main trunks and
6 tributary basins.' The river name, its concavity and steep-
ness indices, and the minimum and maximum drainage
areas of the regression limits are reported in Table 1.
Figure 3 reports one representative river profile for each
massif flank. Most of the studied rivers exhibit longitudinal
profiles far from the smooth concave up shape typical
of streams in equilibrium conditions. Conversely, they
exhibit knickpoints or knickzones, separating reaches with
different morphometric parameters (Figures 3 and 4). The
distribution of knickpoint elevations shows two maxima
at around 1100 m and at 800 m a.s.l. (Figure 4c). Field

'Auxiliary materials are available in the HTML. doi:10.1029/
2011TC003037.
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Table 1. Results of Morphometric Analyses of the Sila Rivers

Name River Number Segment Amin (km?) Amax (km?) 0+ 20 (6)° ksn® + ksn2o
Coriglianeto 1 1 0.01 0.4 0.27 £0.33 5.7 + 13.46
Coriglianeto 1 2 0.59 20.75 031 +0.14 26.5 +£252
Coriglianeto 1 3 26.9 51.93 0.02 + 1.04 37.35 + 34.48
Cino 2 1 0.03 15.82 0.34 £0.14 18.08 + 19.18
Cino 2 2 14.53 21.47 —4.19 £ 2.6 63.87 £ 72.8
Cino 2 3 22.98 43.06 2.12 £0.84 4734 £ 51.15
Colognati 3 1 0.04 6.88 0.43 £ 0.07 30.11 + 30.94
Colognati 3 2 6.43 20.06 —0.92 £+ 0.64 63.23 £ 69.2
Colognati 3 3 17.22 53.7 22+04 38.68 + 43.42
Coserie 4 1 0.02 0.96 039 £0.11 22.48 +23.45
Coserie 4 2 1.65 6.11 1.08 + 0.39 54.33 + 63.52
Coserie 4 3 8.73 84.92 0.96 £ 0.31 30.47 + 32.23
Trionto 5 1 0.02 25.44 0.21 +0.14 5.01 £5.69
Trionto 5 3 70.46 293.28 0.69 + 0.24 552 £ 44.28
Ortiano 6 1 0.68 55.51 0.39 + 0.1 47.61 + 4837
Laurenzana 7 1 0.24 8.3 0.29 £ 0.15 35.12 4+ 36.63
Laurenzana 7 2 7.49 14.28 —0.58 £ 1.77 38.08 £ 41.11
Laurenzana 7 3 12.9 105.9 0.72 £ 0.22 32 £3332
Lese 8 1 1.01 11.65 0.84 + 0.44 16.54 + 19.81
Lese 8 2 19.13 53.58 049 £ 1.2 34.62 + 38.89
Lese 8 3 53 172.96 0.04 £ 0.57 56.16 + 58.29
Lese tribl 9 1 7.75 20.06 0.35 £0.12 48.98 + 50.84
Lese tribl 9 3 21.37 46.42 0.01 £ 0.76 51.92 + 56.98
Lese trib2 10 1 0.17 1.08 0.76 £ 0.63 27.59 £ 33.92
Lese trib2 10 2 1.57 7.49 1.2 +£0.38 29.9 £ 35.07
Lese trib2 10 3 7.88 15.55 0.19 £ 1.27 48.99 + 51.86
Neto 11 1 0.01 82.09 0.39 £ 0.17 5.18 £ 6.96
Neto 11 2 71.66 205.33 —2.24 £ 1.27 39.77 + 44.73
Neto 11 3 288.34 456.02 239+ 1.8 90.62 + 95.39
Neto trib 12 1 0.07 86.81 0.55 £ 0.08 16.09 + 17.84
Neto trib 12 2 76.7 115.28 —6.71 £5.56 48.43 £+ 52.93
Ampollino 13 1 0.17 61.74 0.79 £ 0.11 11.87 + 16.93
Ampollino 13 2 61.74 75.13 —2.29 £ 3.05 106.69 + 110.41
Tacina 14 1 0.02 16.93 0.46 £ 0.08 8.94 + 9.68
Tacina 14 2 3227 55.55 2.48 +2.06 57.27 + 62.88
Tacina 14 3 47.31 81.89 0.27 £ 1.56 8222 £ 852
Soleo 15 1 0.13 6.32 —0.07 £ 0.08 7.47 £11.72
Soleo 15 2 6.88 16.93 0.36 £ 1.31 59.08 + 66.99
Soleo 15 3 30.56 46.64 —0.11 £ 1.41 85.5 + 87.56
Mesoraca 16 1 0.08 3.32 0.34 £0.15 27.09 + 28.16
Mesoraca 16 2 4.16 21.39 0.57 £ 0.52 51.54 4+ 54.25
Mesoraca 16 3 21.38 26.66 —1.98 £ 3.68 93.67 + 97.11
Crocchio 17 1 0.02 1.96 0.12 £ 0.66 27.72 + 35.39
Crocchio 17 2 1.96 8.5 —0.2 £0.16 50.96 + 53.52
Crocchio 17 3 10.34 48.5 —0.03 £ 0.56 80.34 + 83.49
Simeri 18 1 0.24 20.75 0.38 £ 0.08 13.32 + 13.83
Simeri 18 3 21.33 58.58 —0.07 £ 045 83.92 £+ 87.15
Simeri trib 19 1 0.87 7.24 0.03 £0.28 59.87 + 62.66
Forestale 20 1 0.22 2.06 0.23 £0.31 20.54 £ 23.09
Forestale 20 2 2.72 11.01 0.45 £+ 0.53 71.95 + 73.89
Forestale 20 3 11.11 29.72 0.9 + 0.62 52.84 &£ 57.2
Alli 21 1 0.14 25.01 0.46 £+ 0.15 8.19 £9.16
Alli 21 2 29.47 38.51 —7.88 £ 5.12 52.27 + 64.3
Alli 21 3 39.08 89.72 1.47 £ 0.63 54.49 + 58.21
Melito 22 1 0.05 8.16 0.61 £0.14 11.53 + 13.46
Melito 22 2 10.92 37.88 1.15 +£ 0.45 29.85 + 32.91
Melito 22 3 38.36 40.9 —145.49 £ 170.15 177.29 £ 199.01
Corace 23 1 0.01 0.99 0.41 +0.19 16.27 + 18.22
Corace 23 2 1.35 60.47 0.88 £0.11 18.14 + 20.18
Corace 23 3 107.46 172.07 1.27 £ 2.35 63.6 £71.77
Amato 24 2 1.38 69.63 0.99 +0.33 842 + 12.25
Amato 24 3 76.02 109.1 —-133£25 47.8 £+ 50.09
Savuto 25 1 0.12 68.62 0.38 £0.13 13.96 + 14.78
Savuto 25 2 68.61 80.96 12.35 £ 3.12 93.29 + 105
Savuto 25 3 118.68 201.85 0.7 +£2.33 46.28 £ 50.01
Craticello 26 2 0.02 5.71 0.2 £0.11 28.97 £ 32.18
Craticello 26 3 5.89 99.6 0.79 £ 0.15 55.26 + 58.66
Cardone 27 2 0.03 6.17 —0.02 £0.17 21.75 £ 25.17
Cardone 27 3 6.19 50.4 0.76 = 0.17 65.02 + 67.16
Padula 28 2 0.01 6.98 0.24 + 0.07 28.1 &+ 29.65
Corno 29 2 0.01 0.81 0.29 £ 0.18 31.58 + 33.31
Corno 29 3 0.77 10.94 0.07 £0.18 49.29 + 51.57
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Name River Number Segment Amin (km?) Amax (km?) 0+ 20 (6)° ksn® + ksn2o
Arente 30 2 0.02 17.51 0.35 £ 0.07 36.87 + 37.98
Arente 30 3 47.31 69.85 —-0.02+£25 61.08 = 64.95
Gidora 31 2 0.02 4.13 0.29 £+ 0.09 49.09 + 50.64
Gidora 31 3 8.47 11.82 1.73 £ 1.43 46.08 + 48.78
Mucone 32 1 0.1 30.96 0.29 £0.13 25.74 £ 27.01
Mucone 32 2 193.81 217.49 12.75 £ 8.67 80.44 £+ 91.21
Mucone 32 3 226.42 298.11 —0.19 £2.32 55.73 + 58.85
Duglia 33 1 0.02 591 0.42 £+ 0.26 13.3+16.2
Duglia 33 3 5.67 56 —0.14 £ 0.32 36.09 + 38.47
Galatrella 34 1 0.06 2.62 0.55 £ 0.16 18.78 + 20.55
Galatrella 34 2 2.49 4.58 —0.78 £ 3.55 26.09 + 30.42
Galatrella 34 3 5.71 40.16 0.52 £0.26 21.92 + 23.15
Mizofato 35 1 0.06 3.49 0.47 +£0.12 33.74 + 35.36
Mizofato 35 3 421 26.77 1.03 £ 0.54 29.63 + 31.48

“Best-fit channel concavity.
"Normalized channel steepness index calculated using 6,.¢ = 0.40.

analysis confirms that knickpoints are not related to changes
in susceptibility to erosion or in rock type.

[21] In spite of their variability, river profiles share some
common features: 23 among the 35 analyzed river profiles
rise within the high-standing landscape and they are char-
acterized by a higher, flat reach bounded downstream by a
major knickpoint (herein referred as first knickpoint) that
marks the edge of the upland surface (type A). The
remaining 12 river profiles rise along the outer massif flanks
and lack an upper flat segment (type B). In addition, most of
the rivers (29 among 35), regardless of their source location
rising point, show an intermediate major knickpoint (type *).
In the rivers that originate from the upland surface, the
presence of an intermediate knickpoint produce a three-
segment profile (A*), composed by an upper flat reach, an
intermediate steep reach, and a lower reach. The intermedi-
ate reach, downstream of major knickpoints, shows a vari-
able shape that can be characterized by either a concave-up
shape (9 rivers) or by a wide knickzone (20 rivers). For the
rivers rising only along the flanks, the intermediated knick-
point separates an upper steep reach from a lower reach
(B*). Downstream of the second knickpoint, the lower
reach, which shows a straight or convex shape, extends for
several hundreds of meters in elevation, starting from 600 to
700 m a.s.l., down to the transition to alluvial channels and
does not correspond to variations in lithology, basin drain-
age area or to tectonic structures.

[22] The profiles of four rivers that have their source in the
upland are characterized by only one knickpoint (river n5,
18, 21, 33, type A) that bounds the upper flat reach, down-
stream of which occurs an apparently equilibrated profile
without knickpoints. The majority of the rivers draining the
western flank of the massif lack the flat segment at their
heads and can be categorized in B*. Indeed, with the
exception of the Duglia River (n33) and Mucone River (n32)
which drains a large portion of the high-standing low-relief
topography, these westward draining rivers are not inte-
grated into the old landscape. Instead, they all show the
second knickpoint and discernable short rectilinear lower-
most reach.

[23] The values of concavity index for river reaches
draining the upland relict landscape range from 0.3 to 0.6,
attaining typical values for longitudinal profiles close to

equilibrium conditions. The intermediate segments display a
relatively wide range of concavity indices (from —7.88 to
12.75). The concavity index of lower reaches fall in a wide
range of values (from —0.14 to 2.2). The values lower than
0.3 are consistent with the straight/convex reach shape. In
general, low concavity indices distinctly mark lowermost
reaches of the rivers (Figure 2). A particular case is repre-
sented by the Crocchio River, in the southeastern tip of the
massif, because it is characterized by negative concavity
index for the whole length of the profile (Figure 3c¢).

[24] Steepness values have been calculated by two meth-
ods. By Method 1 the steepness is calculated along each
morphological river segment and it can be compared with
the concavity index over the same river segment. The values
of steepness index are normalized by reference concavity
value of 6, = 0.4, and reported in the Table 1. Method 2
allows us to distinguish little variation on steepness index in
the order of 50 m and can be calculated for the all of the
rivers. The steepness values extracted by Method 2 are dis-
played in the map of Figure 4. This map reveals a distinct
spatial pattern: high values constitute a belt around the edge
of the upland relict landscape, marking the transition to the
modern deeply incised landscape of the Sila flanks. Along
this belt, the normalized steepness indices vary from 50 to
232, reaching the highest values in the southeastern portion
of the massif. Moreover steepness index spatial distribution
(Figure 4b) shows a good correspondence between local high
values and some active tectonic structures, as Corigliano-
Rossano fault, Catanzaro fault, East Crati fault and Piana
Lago fault. In the upland relict landscape the rivers are defi-
nitely less steep with index values lower than 50, values
typical of alluvial reaches.

4. Cosmogenic Analysis

4.1. Methods

[25] We determined catchment-averaged erosion rates from
the concentrations of cosmogenic beryllium-10 ('°Be) in
quartz-bearing alluvial sediments. Beryllium-10 accumulates
in quartz near the Earth’s surface proportional to its local
production rate and inversely proportional to the surface ero-
sion rate [e.g., von Blanckenburg, 2005]. The cosmogenic
nuclide method averages erosion rates over the time required
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Figure 2. (a) Slope map of the Sila Massif. Rivers analyzed are traced in blue, rivers not analyzed in
black. Patterned polygons represent a low slope area (<5°) covering crystalline rocks with an altitude >
200 m a.s.l. Low slope areas of Miocene deposits and valley bottoms have been ruled out. Stars indicate
locations of the pictures. The name of the rivers with relative identification number is shown. Letter in
parentheses corresponds to river type: (A) river rising within the upland, (B) river rising along the flank,
(*) river with intermediate knickpoint. (b) View of the low-relief upland developed on the top of Sila
Massif. (c) An example of one incised valley reach looking upstream of the Trionto River. (d) View to
the east (upstream) of the incised broad valley of the Trionto River at the confluence of its main tributary
Laurenzana River. Low-relief upland surface can be seen in the far distance.

to erode one cosmic ray penetration length, or ~60 cm in rock
of density 2.6 g/em® [Lal, 1991; Masarik and Reedy, 1995].
In most landscapes this is anywhere from 10° to 10° years.
[26] In order for '’Be concentrations to accurately indicate
catchment-averaged erosion rates, several conditions must
be met. Quartz must be uniformly distributed within the
catchment, or else erosion rates will be biased toward areas
with higher quartz content. Sediment samples must be rep-
resentative of the entire watershed, as opposed to being

dominated by a single landslide. If erosion does occur pri-
marily by landsliding, then the catchment should be large
enough that a sample of sediment is likely to contain grains
from many different landslides [Niemi et al., 2005; Yanites
et al., 2009]. The catchment should not have been glaci-
ated, because glaciation may disrupt sediment transport
paths, making stream sediment unrepresentative of the
catchment as a whole [von Blanckenburg, 2005; Wittmann
et al, 2007; Stock et al., 2009]. Finally, erosion must
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Figure 3. Longitudinal profiles and area-slope plots relative to five rivers, each representative of a flank
of the massif (see locations in Figure 2a). Colored squares evidence the main three segments of river lon-

gitudinal profiles. The rest of the profile analysis is in the auxiliary material.

occur at a nearly constant rate over the time taken to erode
through several secondary cosmic ray penetration lengths
(a few meters). If erosion rates have changed through
time, then '’Be concentrations will provide an average
erosion rate [Schaller and Ehlers, 2006].

[27] We calculated catchment-averaged erosion rates from
'%Be concentrations in quartz-bearing alluvial sediments
[von Blanckenburg, 2005]. We collected 24 samples from 7
different catchments from either the active channel or from
fluvial sediment in freshly exposed sandy bars. In each of

these 7 catchments, we collected sediment at the bottoms of
upstream flat reaches draining the low-relief upland of the
Sila, from one or more locations along the middle reach, and
from just upstream of the transition from bedrock-dominated
to fully alluviated stream channels. We also collected sedi-
ment from major tributaries in three catchments (Trionto,
Lese, and Simeri Rivers), sampling from just upstream of
channel confluences. Quartz was physically separated from
the 0.5 to 1.0 mm size fraction, and '°Be chemically isolated
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Quartz Mass ['°Be] 10° Production Rate Erosion Rate Catchment
Sample Name (g) (at/g) Quartz® Catchment Average® (at/g) Average® (mm/yr)

Cino 116,999 68 + 5.1 11.6 + 0.81 0.1 £0.01
Trionto 1b 79,528 68.4 + 4.5 11.8 £ 0.83 0.13 £ 0.01
Trionto 3 (Laurenzana) 202,857 26.1 £ 1.8 8.9 £ 0.62 0.25 + 0.02
Trionto 4 (Laurenzana) 175,470 26.8 £ 1.7 9.7 £ 0.68 0.26 £ 0.02
Trionto 5 (Ortiano) 226,920 121 £ 1.3 10.7 £ 0.75 0.63 + 0.07
Trionto 6 607,275 143 +£ 0.6 11.9 £ 0.83 0.57 £ 0.04
Trionto 7 (no name trib) 209,152 10.2 £ 0.7 13.3 £0.93 0.92 £ 0.08
Trionto 8 389,670 483 £ 19 12.4 £ 0.87 0.19 £ 0.01
Lese 1 265,800 187+ 1.3 11.7 £ 0.82 0.44 + 0.04
Lese 3 330,112 91.5 £ 4.6 16.1 £ 1.13 0.12 £ 0.01
Lese 5 459,279 22.6 £3.1 10.1 £0.71 0.32 + 0.04
Lese 6 (Lese Trib2) 202,796 148+ 1.3 10.2 £ 0.71 0.36 + 0.05
Tacina 167,210 1143 + 4.1 163 + 1.14 0.1 £0.01
Crocchio 1 572,784 524 +£2 145 £ 1.02 0.19 £ 0.01
Crocchio 2 617,219 432+ 1.6 12.7 £ 0.89 0.21 £ 0.01
Simeri 1 252,866 19.5+3 10.5 £ 0.74 0.38 + 0.05
Simeri 3 168,437 11.6 £1 13.6 £ 0.95 0.82 + 0.08
Simeri Trib 305,372 1002 £ 3 10.9 £ 0.76 0.08 +0

Forestale 1 169,965 122 £ 1.1 11.3 £0.79 0.65 + 0.06
Alli 1 300,507 1063 £ 3.4 13.4 £ 094 0.09 £ 0.01
Alli 2 366,016 159 +£09 12.5 +£0.88 0.55 £ 0.04

a10B¢ measured by accelerator mass spectrometry at PRIME Lab, Purdue University, against standards prepared by K. Nishiizumi. Concentrations have
been decreased by 14% to correct for a '°Be half-life of 1.34 Myr [Nishiizumi et al., 2007].

Production rate is the spatially averaged production rate over the catchment, scaled for elevation and latitude according to Stone [2000], using a sea-
level, high-latitude production rate of 5.1 at/g quartz/yr decreased by 14% based on a '°Be half-life of 1.34 Myr [Nishiizumi et al., 2007].

“Quoted uncertainty is the analytical uncertainty only and does not include a ~7% uncertainty in the sea-level, high-latitude '°Be production rate.

from that quartz, according to the standard operating proce-
dures of PRIME Lab. Beryllium-10 concentration was deter-
mined from '’Be/’Be, measured at PRIME Lab against
standards prepared by K. Nishiizumi [ Nishiizumi et al., 2007].

[28] We calculated catchment-averaged erosion rates, &,
from the concentrations of '°Be, N, according to [Granger
et al., 2001]

Pn P/tl
1 Pe +
(/7 +re/y) (1/T+P6/L])
P;l}

(/7 +vels,)

P;Ll

(/7 +rels,)

+ )

where P, P,,,, P,», and P, are the production rates of 108
by spallationa and muon processes (at/g quartz/yr), 7 is the
radioactive mean life of '°Be (yr "), p is the material density
(g/cm?), A is the attenuation length for '°Be production by
spallation (g/cmz), and L;, L, and L3 are the attenuation
lengths for '°Be production by muon reactions (g/cm?).
We calculated '°Be production rates as an area-weighted
catchment-averaged production rate scaled from sea level,

high latitude according to Stone [2000] using the constants
from Granger and Smith [2000].

4.2. Results

[29] Erosion rates calculated from cosmogenic '°Be
concentrations are presented in Figure 4a and Table 2.
Catchment-averaged erosion rates in the Sila massif reveal an
order-of-magnitude variation between the upland surface and
the incised valleys (Figure 4a and Table 2). The overall pattern
shows erosion rate values that are lower in the upland and
increase downstream before slightly decreasing in the low-
ermost segments (Figure 4a and Table 2). Indeed, samples
collected on the low-relief high-standing landscape (italic
in Figure 4a) show erosion rates between 0.09 + 0.01 and
0.13 + 0.01 mm/yr. Conversely, samples collected along the
massif flanks show a large range of erosion rates, with values
between 0.08 £ 0.01 to 0.92 + 0.08 mm/yr. This wider range
could be related to different processes delivering sediment
from hillslopes to stream channels. For example, the Simeri
River and one of its tributaries, both of them draining only the
flank of the Sila Massif, have completely different erosion
rates (0.08 £ 0.01 and 0.82 £ 0.08 mm/yr). Also, the erosion
rates from samples collected along the Crocchio River, which
is characterized by a convex longitudinal profile and a poorly

Figure 4. (a) Slope map of the Sila Massif showing the distribution of best fit concavity indices for the rivers analyzed.
Note that the lower reaches tend to have low concavities (red and pink colored), whereas the upper segments show moderate
values. Numbers indicate '°Be catchment-averaged erosion rates in mm/yr (circles indicate sample location); the limits of the
relative catchment are shown. (b) Particular of the high Trionto River valley where erosion rates have been deconvolved by
the different contributions areas. (c) Topographic map of the Sila Massif showing the distribution of normalized steepness
indices calculated for short segments (0.5 km) of all rivers with drainage area larger than 10° m*. Tectonic features from
Tortorici et al. [1995], Galli and Scionti [2006], and Bigi et al. [1990]. (d) Histogram of knickpoint elevation. Note the clus-
tering at around 800 and 1100 m of elevation.
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incised valley, are anomalously low relative to other samples
collected along the massif flanks. In contrast, erosion rates as
high as 0.92 + 0.08 mm/yr and 0.65 + 0.06 mm/yr are
observed in small tributary catchments developed only within
the massif flank (Trionto7 and Forestalel respectively).

5. Discussion

[30] Quantifying rock uplift rates, hillslope erosion rates,
and the fluvial longitudinal profile morphology are all pos-
sible methods of investigating mountainous landscape evo-
lution. However, the utility of these tools is limited by our
incomplete knowledge of how these different processes
interact to produce a non-transient landform. Most of the
uncertainties derives from a poor understanding of the
timescale of landform response to a change in the rate of
rock uplift (base level fall).

[31] As a way to address this issue, we concentrated our
analysis on a key site, the Sila massif, a small but litholog-
ically homogenous structure interested by relevant uplift
rate. We used cosmogenic '°Be to measure basin-scale ero-
sion rates, and river profile analysis to unravel the interplay
between transient landscape evolution and tectonic uplift.
Our main results can be summarized as follows.

[52] 1. Cosmogenic '’Be data show a large variation in
erosion rates but can be divided into three main domains.
The highest elevation, low-relief domain shows low erosion
rates, between 0.09 + 0.01 and 0.13 £ 0.01 mm/yr. High
erosion rates, up to 0.92 + 0.08 mm/yr, characterize the
incised fluvial valleys on the flanks of the massif. In the
lower portions of the rivers, erosion rates show medium
values, between 0.25 4+ 0.02 and 0.36 £ 0.05 mm/yr.

[33] 2. The majority of river longitudinal profiles are char-
acterized by three segments separated by two major knick-
points. The highest reach, located on the low-relief surface
atop Sila, is smooth, concave-up, and characterized by con-
cavity indices between 0.3 and 0.6 and low values of k;,,. The
downstream limit of this highest segment, the “first” knick-
point, is located at the boundary between the old upland
landscape and the Sila flanks. The second, shorter, stream
profile segment shows a variable profile from a concave-up to
straight or even convex-up shape and is bounded at the
downstream end by the “second” knickpoint. Here steepness
indices are higher than anywhere else on the Sila, and con-
cavity indices are between —7.88 and 12.75. Below this sec-
ond knickpoint, the third stream segment shows a rectilinear
profile, and has moderate steepness indices and concavity
indices between 0.14 and 2.2.

[34] The low-relief landscape on top of Sila, where nor-
malized steepness indices are low, represents a relict land-
scape probably developed during stable or slowly lowering
base level conditions [Dramis et al., 1990; Molin et al.,
2004; Scarciglia et al., 2005]. This landscape is not yet
reached by the headward fluvial incision presently affecting
the Sila flanks. Accordingly, cosmogenic '’Be erosion rates
are low and comparable to the highest erosion rates reported
from tectonically stable areas [Schaller et al., 2002; von
Blanckenburg, 2005]. Outside of the upland surface, on the
Sila Massif flanks, the steeper river profiles show distinct
signs of tectonic perturbation as they are characterized by
two major knickpoints.
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[35] The upper, first, knickpoint marks the abrupt change
in channel slope and steepness index from the flat reach on
top of the Sila to the deeply incised fluvial valleys on the
massif. It represents a regressive wave of incision that,
migrating upstream in response to uplift, has isolated the
low-relief landscape on top of the Sila and has generated a
river profile now represented by the intermediate reach. This
is bounded downstream by the second knickpoint, which
could be interpreted as a record of a subsequent regressive
wave of incision produced by a change in regional uplift
rate. This variation is indicated by the different values of
concavity index between the lowermost and the intermediate
reaches. Indeed, detachment-limited river incision models
predict that steepness and concavity indices tend to be
equilibrated with uplift rate, such that changes in index
values indicate channels equilibrated to different uplift rates
[Stock and Montgomery, 1999; Kirby and Whipple, 2001,
Wobus et al., 2006]. Finally, the rectilinear channel segment
below the second knickpoint indicates that fluvial incision
rates are slower than the present-day uplift rate.

[36] Cosmogenic '’Be erosion rate data along the river
valleys show faster erosion rates on the Sila massif flanks
with respect to erosion rates of the relict landscape, consis-
tent with the transient condition of the whole massif. The
cosmogenic erosion rates along the river valleys display a
large variability, from 0.08 £ 0.01 to 0.92 £+ 0.08 mm/yr.
The erosion rates of 0.92 &+ 0.08 mm/yr of sample Trionto 7
and 0.65 £ 0.06 of Forestale, a Simeri tributary, come from
a small tributary basin developed only within the massif
flank, and located beneath the unique knickpoint and the
second knickpoint respectively. For these reasons these
values are probably closer to the “true” erosion rate acting
on the modern landscape represented by the Sila massif
flanks. Lower erosion rates of 0.13 4= 0.01 and 0.19 + 0.01,
from the main stem of the Trionto River upstream of the
confluence with the sampled tributary basin, probably reflect
mixing of sediment coming from the low-relief upland sur-
face and sediment coming from other small tributary catch-
ments to the Trionto. Based on a two-end-member mixing
model, we calculate the proportion of sediment from the
upland landscape of the Sila relative to the amount of sedi-
ment contributed from the massif flanks at the location
Trionto 8, just below the first knickpoint, where the erosion
rate is 0.19 & 0.01. Based on this model, 94% of sediment
is sourced from the relict landscape (0.13 £ 0.01 mm/yr)
and 6% of sediment from the modern landscape (0.92 +
0.08 mm/yr). This proportion changes downstream, with
an increase in the amount of sediment supplied from the
rapidly eroding massif flanks. Therefore in the intermedi-
ate reach of the Trionto river, cutting across the modern
landscape, the erosion rate increases at 0.59 £+ 0.04 mm/yr
(sample Trionto 6). This is caused by the increased contri-
bution of sediment from the rapidly eroding massif flanks
that reach the 53% of the entire sediment supply.

[37] In the lower portions of the rivers the cosmogenic
9Be erosion rates, even though far from the relict upland,
decrease relative to erosion rates in the middle parts of
catchments. We interpret this as an increased contribution of
sediments from slowly eroding landscape fragments located
on interfluves at low altitude [Molin et al., 2002]. An
example is from the Simeri River tributary (sample named
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Figure 5. Schematic diagram showing the uplift history of the Sila massif. (a) Formation of a low-relief
landscape during a long lasting period of limited or slow uplift balanced by erosion. Crystalline rocks of
the Sila contribute to clastic deposits along the neighboring basins. (b) First increase in uplift rate produces
the first knickpoint and isolates the low-relief landscape. (c) Second increase in uplift rate leads to the for-
mation of the second knickpoint and consequent lower fluvial segment characterized by a rectilinear to
convex shape. The increased uplift rate is amplified by normal fault activity.

Simeri Trib), which has a very low erosion rate of 0.08 +
0.01 mm/yr.

[38] Although this small catchment is restricted to the
massif flank, it is mainly constituted of low-gradient hill-
slope (<5°), with a minor proportion of high-gradient hill-
slope area. This erosion rate may indicate that patches of low
eroding surface not yet reached by the present headward
fluvial incision stand at low altitude along the massif flanks.
We propose that this slow eroding surface corresponds to
relict surface, maintaining a topographic continuity from the
upland atop the massif. Here, the large variation in cosmo-
genic '“Be erosion rates and non-equilibrated river profiles
indicate a disequilibrium state related to a strong uplift not
yet counterbalanced by erosion.

5.1.

[39] River profile analysis and cosmogenic 1Be erosion
rate data provide constraints on the evolution of the land-
scape, but the age of the relict landscape and timing of the
onset of uplift remain a matter of debate. In this section we try
to integrate our data with geological and geochronological
constraints to unravel the evolution of the Sila landscape.

[40] Cosmogenic '°Be erosion rates from the upland surface
are low (0.09 £ 0.01 to 0.13 4= 0.01 mm/yr) and, although they
are effective for the last 10* yr, indicate that the relict land-
scape preserves the pre-uplift erosion rates. This is supported
by the observation that the regressive stream incision has not
reached the low-relief upland, based on the position of the first
knickpoint. Moreover, the low erosion rates are similar to
denudation rates from apatite fission track thermochronology,
which shows denudation rates of 0.1-0.2 mm/yr over the last
15-20 Ma [Thomson, 1994]. The presence of Sila crystalline
rock clasts in Tortonian continental and marine sediments in

Tectonic Implications

the basins surrounding Sila [Ogniben, 1973; Amodio-Morelli
et al, 1976; Ortolani et al., 1979; Romeo and Tortorici,
1980; Sorriso-Valvo and Sylvester, 1993; Colella, 1995;
Argentieri et al., 1998; Critelli and Le Pera, 1998] indicates
a middle Miocene emersion of the present upland surface,
which probably underwent a slow base level lowering and
allowed the development of a low-relief landscape [Molin
et al., 2004]. Moreover, the weathering of the upland
surface resulting in saprolite tens of meters thick [Matano
and Di Nocera, 1999; Le Pera and Sorriso-Valvo, 2000;
Scarciglia et al., 2005], and the smooth concave geometry
of river longitudinal profiles, are consistent with the antiquity
of the relict landscape.

[41] After a long period of stability or very slow uplift, an
initial abrupt increase in uplift rate allowed the isolation of
the relict landscape, the development of the first knickpoint,
and the intermediate segment in the stream longitudinal
profiles (stage B of Figure 5). This event could have occurred
between late Pliocene and the beginning of the Pleistocene,
as lower Pleistocene alluvial and deltaic sediments that out-
crop around the Sila document its erosion [Carobene and
Damiani, 1985; Colella, 1988; Robustelli et al., 2009].

[42] A new increase in uplift rate generated the “second”
knickpoint and the lower straight river profile segments
(stage C in Figure 5). The rectilinear to convex profiles of
these segments suggests the new uplift rate is not yet coun-
terbalanced by erosion, maybe because the uplift is too
recent and/or fast. Although a decrease in river incision rate
could be attributed to climate change, this seems improbable
as it would imply a persistent, long-term shift toward drier
conditions, which have not been reported during the last
million years. We made an attempt to set this uplift event in
the Quaternary history of Sila by reconstructing the ancient
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Figure 6. Relationship between modeled profiles of the intermediate segment of the Coriglianeto River
and elevation of close marine terraces [Molin et al., 2002; Carobene, 2003; Cucci, 2004; Ferranti et al.,
2009; Robustelli et al., 2009]. Two portions of the intermediate segment have been modeled to provide
upper and lower limit to segment projection. The elevation of alluvial and marine terraces located east
and west of the Coriglianeto River valley are reported to the right.

longitudinal profile of the Coriglianeto River located in
northern Sila, where several order of marine terraces have
been reported and dated (Figure 6) [Molin et al., 2002;
Carobene, 2003; Cucci, 2004; Ferranti et al., 2009;
Robustelli et al., 2009]. The knickpoint-bounded interme-
diate segment is a portion of the ancient river now perched
by a renewal erosion wave propagating upstream from sea
level and triggered by recent uplift. We reconstructed the
entire ancient river profile before the abrupt increase in uplift
rate by projecting the intermediate river segment down-
stream. To project the paleo-river we applied power law
curve fitting of the actual intermediate segment following
suggestion of Hoke et al. [2007]. The matching between
dated marine terraces and the reconstructed ancient river
profiles allowed us to suggest a possible age for the uplift
event. Projection of the intermediate segment of Cor-
iglianeto River matches the elevation between terrace T11
by Ferranti et al. [2009], which corresponds to MIS 11
(407 ka), and T9, which corresponds to MIS 9.3 (313 ka),
indicating that an abrupt increase in uplift rate along the
northern edge of the Sila massif occurred between 400 and
300 ka. Although the timing of the terrace orders appears
very different, probably because of local tectonics and/or
authors’ interpretation (Figure 6), we argue for an abrupt
increase in uplift rate occurred between 400 and 300 ka. This
results in an uplift rate of 0.6—1 mm/yr, in agreement with
the uplift rates calculated from terraces. This acceleration in
the uplift rate around 400-300 ka agrees with previous
models [Carobene, 2003; Bigazzi and Carobene, 2004;
Robustelli et al., 2009] and with recent OSL ages from the
Bisignano Gilbert-fan delta in the Crati River valley, the most
elevated fan delta terrace in the Sila region [Dewez et al.,
2008]. Alternatively, the marker for regional uplift could be
assigned an early Pleistocene age (~700 ka), based on pre-
vious work that documented the transition from shelf-type to
Gilbert-type to fan delta architecture [Colella, 1988] and fluvial

sediment deposited along the Coriglianeto river [Molin et al.,
2012] could be used as a marker for the regional uplift.

[43] The last phase of uplift increase was probably
accompanied by fault activity which can be detected by the
spatial distribution of steepness index. Rivers draining across
active normal faults were perturbed by the fault slip that
produced local convexities and increasing in steepness index.
Corigliano-Rossano faults, Catanzaro fault, Eastern Crati
fault and Piano Lago fault mark narrow belts of higher
steepness indices (Figure 4b). Recent papers [Whittaker
et al., 2008; Cowie et al., 2008] pointed out that signifi-
cant changes in river profile shape are due by increasing in
slip rate and not only by fault activity supporting for the Sila
massif a coeval increasing of slip rate and regional uplift rate.

[44] Analysis of knickpoint elevations around the Sila
massif further constrains the style of Sila massif uplift.
Figure 7 shows the elevations of the two knickpoints around
the Sila exhibit an undulatory pattern, reaching a minimum
elevation along the northwestern flank of the Sila and a
maximum elevation in the southeastern sector, supporting the
uplift was not symmetric. Detachment-limited incision models
predict that knickpoints propagate upstream following the same
vertical velocity so that when knickpoints are generated by the
same event they should have the same elevation [Whipple and
Tucker, 1999; Niemann et al., 2001]. As a consequence, this
undulation may indicate that knickpoints underwent to differ-
ential uplift after their generation. In the northwestern corner of
Sila a lower uplift rate could be related to the northward con-
tinuation of Cecita Lake fault, which downthrew the area
[Molin et al., 2012]. High uplift rates in the southeast are indi-
cated by the morphology of the Crocchio River; its network is
poorly developed, it is not deeply incised, its basin has a very
elongated shape, and its longitudinal profile has a convex-up
shape. These hydrographic features are consistent with a
fluvial system in an early stage of development probably as a
consequence of a recent strong uplift.
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Figure 7. (a) Elevation of the knickpoints from each river analyzed (numbers as in Figure 3). Knickpoints
have been separated into major knickpoints (blue circles), that mark the edge of the low-relief surface, inter-
mediate knickpoints (purple squares), and rare minor knickpoints (yellow triangles). Elevations are plotted
from the northwest (Coriglianeto River, n. 1) continuing clockwise around the massif. (b) Four swath pro-
files of elevation along the edge of the low-relief upland surface (see in the inset map), representing the pat-
tern maximum, minimum and mean topography. Reference points are to match the elevation profiles with
the knickpoints in Figure 7a. (c) Slope map of the Sila massif showing the trace of the swath profiles.

[45] In summary, in the case of the Sila Massif, a spatially
uniform uplift alone is inadequate to account for the regional
uplift signal preserved by geomorphic (or hydrographic)
features. Instead, dome-style uplift, partially disturbed by
local tectonics, is more appropriate. Indeed, many geological
and morphological observations on Sila are consistent with
this style of uplift, particularly (1) the tilting recorded by the
Miocene to Pliocene sedimentary succession overlying the
basement along the northern, eastern and southern flanks;
(2) the presence of the old low-relief landscape not only atop
Sila, but also on its flank interfluves, as shown by geomor-
phology and cosmogenic analysis; (3) rectilinear to convex
longitudinal profiles of the lowermost bedrock segments of
rivers, although increased uplift rates could also be related to
the onset of fault activity along structures bordering the Sila
Massif [Colella, 1988; Robustelli et al., 2009; Spina et al.,
2011; Faccenna et al., 2011]; and (4) west to east asym-
metric topography revealed by longitudinal river profiles.

6. Conclusions

[46] The Sila massif, along with the entire Calabrian Arc,
underwent strong regional uplift constrained by well studied
marine terraces. This uplift is likely related primarily to
northwest-dipping subduction of the Ionian crust. For this
reason the Sila Massif represents an ideal site where the
study of landscape evolution may provide constraints on the
uplift history of the Sila Massif and allows a reconstruction
of the tectonic history of the region.

[47] The morphology of the Sila Massif is characterized by a
high-standing low-relief landscape developed in nearly stable
base level conditions. It contrasts with the fluvial valleys that
deeply incise the massif flanks and represents, together with
landsliding, the landscape response to a more recent uplift. In
this morphological framework, we calculated hillslope erosion

rates by the content of the cosmogenic '°Be in modern fluvial
sand sampled in several sectors of the massif, and we carried
out morphometric analysis on hydrography (river longitudinal
profiles, and steepness and concavity indices). Our results are
summarized as follows.

[48] (1) The lowest erosion rates (0.09 & 0.01 to 0.13 £+
0.01 mm/yr) are located in the high-standing low-relief
landscape while the highest values (up to 0.92 £ 0.08 mm/yr)
are constrained (or ‘limited’) to the incised fluvial valleys
on the massif flanks.

[49] (2) Most of the river longitudinal profiles are charac-
terized by three segments separated by two major knick-
points. The highest reach, corresponding to the low-relief
surface on top of Sila, is concave-up, smooth, and charac-
terized by low values of normalized steepness index and
concavity indices between 0.3 and 0.6. The “first” knickpoint
corresponds to the boundary between the old upland landscape
and the Sila flanks. The intermediate, shorter, stream profile
segments show a variable shape, from a concave-up to
straight, and sometimes convex-up. These intermediate stream
segments are bounded at the downstream end by the “second”
knickpoint. Downstream, the third stream reach has a nearly
rectilinear profile, characterized by moderate steepness indices
and concavity values between 0.14 and 2.2.

[s0] Large variations in cosmogenic '’Be erosion rates as
well as disequilibrium river longitudinal profiles indicate a
landscape in a transient state in response to a strong uplift not
yet counterbalanced by erosion. More in detail, on the basis
of the results we propose that: (1) the relict landscape, not yet
reached by headward river incision, preserves the erosion
rates of the pre-uplift stage; (2) the highest erosion rates (up
to 0.92 £+ 0.08 mm/yr) from small tributaries draining the
massif flanks are representative of the current erosion pro-
cesses acting on that part of the massif; (3) the intermediate
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values of erosion rates are the result of sediment mixing
between these two domains; (4) the downstream decrease in
erosion rates that occurs in the Trionto and Lese rivers could
testify to a component of sediment derived from slowly
eroding relict landscape located on interfluves of Sila flanks
that stand at lower altitude than the Sila top; (5) the “first”
knickpoint indicates a sudden increase in uplift rate from
stable base level conditions; (6) the “second” knickpoint is
generated by a subsequent increase in uplift rate that occurred
at 300—400 ka as indicated by marine terrace stratigraphy and
paleo-longitudinal profile modeling; and (7) the regional
uplift pattern of the Sila Massif is best explained as having a
domal pattern that is locally disturbed by tectonic features.
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