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Abstract The evolution of subduction forearcs as archived in the tectonic and geomorphic

record serves to constrain geodynamic models of many convergent plate margins. This paper presents
geomorphic stream channel metrics and river longitudinal profile modeling to assess geodynamic models
describing the late Cenozoic horizontal translation of a Mediterranean forearc. The northern flank of
Sicily is drained by roughly parallel north-flowing streams arranged across the hypothesized west-to-east
migration path of the Calabrian forearc high. These streams present a snapshot of current geomorphic
processes driven by spatiotemporal variations in crustal deformation, including river incision and
landscape steepness. A stream power rule-based numerical modeling of the fluvial response time and
knickpoint migration provides an independent prediction for the history of rock uplift associated with the
translating forearc over the past ~4 Myr. The results serve as a test for two, crustal wave versus transform-
fault, end-member geodynamic models for the Calabrian forearc evolution, suggesting that our modeling
supports the former. The river profile modeling shows that northern Sicily rivers experienced two pulses
of time-transgressive rock uplift that progressively sweeps west to east. This analysis suggests the most
rapid contemporary rock uplift rates are focused in NE-Sicily, where the forearc is currently located and
where Pleistocene marine terraces indicate the highest rock uplift rates. These results are consistent with
the west-to-east passage of a forearc high embedded in the subduction wedge, followed by a dynamic wave
of rock uplift in its wake similar to what has been proposed for slab windows in other plate boundary
settings.

1. Introduction

The tectonic setting of the Mediterranean basin features several convergent plate boundaries with small,
highly arcuate subduction zones. Slabs in several of these subduction zones are rapidly rolling back (e.g.,
Doglioni, 1993), resulting in diverse kinematics of upper plate deformation, including paired compression
and extensional fronts in overlying forearcs (Elter et al., 1975). The Calabrian Peninsula in southern Italy
represents one such forearc where only the extensional domain is exposed above sea level today (D’Agos-
tino et al., 2011; Tortorici et al., 1995). Calabria is widely thought to have rifted away from Sardinia 6 Ma,
and rapidly translated eastward as the leading edge of a wave of the backarc extension that opened the
Tyrrhenian Sea, following rollback of the Ionian subduction slab (Amodio Morelli et al., 1976; Rosenbaum
& Lister, 2004; Figure 1). Several geodynamic and tectonic models, based largely on geophysical observa-
tions (e.g., Amodio Morelli et al., 1976; Bigi et al., 1991; Dewey et al., 1989; Finetti, 2005), have emerged to
describe the rapid translation of Calabria and associated dynamic response of the asthenosphere to the sub-
ducted lithosphere. While some differences exist among these models, all predict a transient wave of crustal
thickening and rock uplift in the forearc (Carminati & Doglioni, 2012; Faccenna et al., 2014), followed by
extension in the back-arc region.

Existing, competing models for translation of Calabria make different predictions regarding the style and
spatio-temporal history of crustal deformation recorded on the island of Sicily, which lies along the south-
ern margin of Calabria’'s west to east migration track. Northern Sicily offers access to the structural and
morphological record left behind in the passing wake of forearc migration, that is, otherwise submerged in
the Tyrrhenian and Ionian seas. Despite numerous studies, it has proven difficult to link onshore structures
to those recognized offshore that are associated with the forearc translation (Bianchi et al., 1987; Cata-
lano et al., 2000, 2013; Finetti et al., 1996; Ghisetti & Vezzani, 1984; Lentini & Carbone, 2014; Lentini
et al., 1994, 1996; Nigro et al., 2000; Renda et al., 2000).
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Figure 1. Geological sketch map of Sicily showing the main geological-structural setting of the island (modified from Lentini & Carbone, 2014 and after
Pavano et al., 2015, 2019; Romagnoli et al., 2015). The inset frames the study area in the context of the Nubia-Eurasia Plates convergence. HP: Hyblean Plateau;
SM: Sicanian Mountains; MdP: Palermo Mountains; GCF: Gela-Catania Foredeep; CtP: Catania Plain; TH: Terreforti High; ME: Malta Escarpment; (b) regional
annual rainfall (mm/yr) gradient (yellow lines) averaged over 80 yr (1921-2003; Osservatorio delle Acque, 2005) overlapped to the elevation data. The main
drainage basins are evidenced by blue lines. The main watersheds of the Island are labeled. PB: Piano Battaglia; (c) map showing the contouring of both the
Moho depth (Dashed bold lines; modified from Giustiniani et al., 2018) and the Bouguer gravimetric anomaly (modified from Ferri et al., 2005); (d) Nubia
referenced GPS velocity field of Sicily (modified from Mastrolembo Ventura et al., 2014).

PAVANO AND GALLEN 2 of 20



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006692

Late Cenozoic geodynamic evolution models used to explain the migra-
tion of the Calabrian forearc can be summarized by two end-members
(Figures 2a-2e and 3a-3d). One end-member model (hereafter Model A)
proposes that forearc migration proceeds through advection of crustal
material through the subduction wedge (e.g., a crustal wave), accreting in
the pro-wedge and stretching and fragmenting the forearc crust in the ret-
ro-wedge (Figures 3a and 3b; Catalano et al., 2008; Meschis et al., 2019;
Monaco & Tortorici, 2000; Pavano et al., 2015). The southern lithospher-
ic boundary of this crustal wave system would consist of W-E-oriented
shear zones (e.g., Kumeta-Alcantara Line, Sicanian-Etna Line; Catalano,
Pavano, et al., 2018; Ghisetti & Vezzani, 1984). The other end-member
(hereafter Model B) proposed in several studies suggests that there are
lithospheric-scale, NW-SE-oriented, right-lateral, transform faults em-
bedded in the Sicilian mainland that are accommodating the migration
Model B of the Calabria forearc (Figures 3c and 3d; Barreca et al., 2016, 2019; Gal-

lais et al., 2013; Gutscher et al., 2015; Polonia et al., 2011, 2016; Sgroi

Figure 2. Sketch maps showing the primary end-members geodynamic et al., 2012)
models for the central Mediterranean area, emphasizing the migration v '
of the Calabrian forearc. (a-c) Main stages of the Neogene-Quaternary These two end-member models make specific and distinct predictions

evolution of the eastward migrating Calabrian forearc (CF) and the
opening of the Tyrrhenian Basin showed together with the main volcanic
centers development (Vavilov, Marsili; modified from Conti et al., 2017).

of the spatial and temporal patterns of deformation and rock uplift due
to forearc migration. The crustal wave end-member scenario (Model A)

The orange shaded area represents the PMNPM belt. The snapshots of the ~ predicts a smooth west-to-east migration of high uplift that progressively
final stages are represented according to the two different end-members decays as the locus of deformation migrates with the rolling-back slab. In
tested in the present study: (d) Model A and (e) Model B (see the text for contrast, the transform-fault end-member scenario (Model B) suggests

more detail). Legend: 1: Right-lateral fault system of the STEP fault and
Ionian accretionary wedge (Gutscher et al., 2019; Polonia et al., 2016);

rock uplift progressively steps west-to-east as old transforms become in-

2: Kumeta-Alcantara Line (Ghisetti & Vezzani, 1984); 3: Sicanian-Etna active and new ones take over as the dominant structure accommodating
Line (Catalano, Pavano, et al., 2018); 4: Normal fault system of the rift- forearc translation. Because landscapes transiently respond to changes in
like extensional belt (Catalano et al., 2008; Monaco & Tortorici, 2000); tectonic boundary conditions, the history of deformation, as expressed
5: Front of the European crystalline units; 6: Front of the allochthonous by changes in rock uplift rate, is encoded in the geomorphology of north-

Apenninic-Maghrebian units; 7: Volcanic centers (A: Aeolian Archipelago;
E: Etna Volcano; U: Ustica); 8: Focal mechanisms (modified from Barreca

ern Sicily and specifically recorded in river profiles. A DEM-based geo-

et al., 2016; Loreto et al., 2012; Musumeci et al., 2005; Pondrelli et al., 2006; morphic analysis of northern Sicily's river network evolution has been
Scarfi et al., 2016). TB: Tyrrhenian Basin; SC: Sicilian Channel; CF: designed to identify rock uplift signals that can be used to test different
Calabrian Forearc; CT: Cornaglia terrace; IAW: Ionian Accretionary Wedge ~ models of the evolution of crustal structures and the geodynamics related

(g: eastern lobe; w: western lobe).

to the hypothesized translation of the Calabrian forearc. A stream power

rule-based numerical modeling of the fluvial response time and transient

knickpoint migration provides independent estimates for time-transgres-
sive rock uplift over the past 4 Myr. Based on our river profile modeling results, we are able to discriminate
between the competing geodynamic models. Within the context of these findings, we further analyze the
topography to better characterize and constrain the geomorphic response to this time-transgressive tectonic
forcing.

2. Tectonic and Geological Background

Sicily is situated in the Central Mediterranean at the boundary of African-European plate convergence
(Dewey et al., 1989; Figure 1). The subduction-collisional complex of Sicily mostly consists of the SSE-ver-
gent Sicilian fold-and-thrust belt (SFTB), an accretionary wedge composed of Tethyan and African-affin-
ity crust that covers most of the island. To the south, these terranes were imbricated and thrusted during
the Neogene over an African-affinity foreland carbonate platform (Pelagian Block; Burrollet et al., 1978)
that outcrops in southeastern Sicily (Hyblean Plateau; Bianchi et al., 1987; Boccaletti et al., 1990; Roure
et al., 1990; Figure 1a). This deformed sector (Bonforte et al., 2015) is separated from the subducting oceanic
crust of the Ionian Basin by the Malta Escarpment (ME in Figure 1a), a Mesozoic lithospheric boundary. To
the north, the internal sectors of the SFTB are overlain by European-affinity terranes (Lentini et al., 1995;
Lentini & Vezzani, 1975).
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Figure 3. (a-d) Schematic cartoon simplifying, both in map view

and cross-section, the two end-member models: Model A (a and b)
and Model B (c-d). The two divergent white arrows in b indicate the
extension in the area of the Messina Strait. TB: Tyrrhenian Basin; IB:
Tonian Basin; SC: Sicily Channel; STB: Sicilian Thrust Belt; CF-IAW:
Calabrian forearc-Ionian accretionary wedge; IS: Ionian Slab; AC:
African Crust; MU: Mantle Upwelling due to the Ionian slab window.
Below is a cartoon showing the spatial (west-to-east) and temporal (t1,
t2, t3) distribution of the rock uplift rate predicted for the northern
belt of Sicily by (e) Model A and (f) Model B. Fm;: Forearc migration
at stage i; (g and h) predicted west-to-east distribution of the onset

of the rock uplift, both in the case of a uniform migration of tectonic
pulse (g) and in the case of fault-controlled accommodation of non-
uniform (“stepping” eastward) tectonic deformation (h). Every set of
data (BLF1-3) shows the evolution of a single base level fall signal, both
when uniformly migrating or when unsteadily controlled by faults.
BLF: base level fall.

Emplacement of the accretionary wedge occurred during the Miocene
opening of the Tyrrhenian Basin and east-southeastward migration of
the Calabrian forearc (Amodio Morelli et al., 1976; Boccaletti et al., 1990;
Dewey et al., 1989; Lentini et al., 1994; Malinverno & Ryan, 1986; Sartori
et al., 2001). The Calabrian forearc moved obliquely across the carbonate
platform (Faccenna et al., 2004), such that from west to east along the
northern mountain belt of Sicily (PMNPM: Palermo-Madonie-Nebro-
di-Peloritani Mts.), the deformed platform-to-wedge domains are juxta-
posed (Figure 1a). Deformed carbonate platform and pelagic basin depos-
its of Africa affinity are widely exposed in the Palermo Mts. area in the
west (Catalano & D’Argenio, 1982; Lentini et al., 1994), Meso-Cenozoic
accretionary wedge chaotic terrains (e.g., Sicilide Unit) and Paleogene
terrigenous deposits (e.g., Numidian Flysch) are exposed in the Mado-
nie-Nebrodi Mts. in the middle (Lentini et al., 1994; Roure et al., 1990),
and the Europe-affinity Hercynian crystalline basement terranes are ex-
posed to the east in the Peloritani Mts (Ben Avraham et al., 1990; Cata-
lano, Cirrincione, et al., 2018; Lentini et al., 1994, 2000; Figure 1a). To
the south of the PMNPM, progressive emplacement of the accretionary
wedge includes several Miocene-to-Pleistocene wedge-top basin sedimen-
tary sequences (Decima & Wezel, 1971; Di Grande & Giandinoto, 2002).

Geophysical (Bianchi et al., 1987; R. Catalano et al., 2013; Chironi
et al., 2000; Ferri et al., 2005; Giustiniani et al., 2018) and geodetic data
(e.g., Mastrolembo Ventura et al., 2014; Figures 1c and 1d) show that the
main lithospheric structural architecture of the SFTB is characterized by
E-W- to ENE-WSW-oriented, regional, oblique dextral thrust ramps (Cat-
alano, Pavano, et al., 2018; Ghisetti & Vezzani, 1984). In northern Sicily,
the PMNPM crudely corresponds to the axial zone of the thrust-ramp an-
ticlines related to the Kumeta-Alcantara Line (Ghisetti & Vezzani, 1984;
Gueguen et al., 2002; Renda et al., 2000; Figure 1a).

Since the late Miocene, NW-SE-trending right-lateral shear zones progres-
sively propagated eastward, following the translation of Calabria (Finetti
et al., 1996; Lentini et al., 1995, 2000), and accommodated the Plio-Pleis-
tocene opening of the Tyrrhenian Basin (i.e., Vavilov and Marsili stages;
Kastens et al., 1988; Malinverno, 2012; Rosenbaum & Lister, 2004; Fig-
ures 2a-2c). After the early development of the Cornaglia Terrace (CT) to
the east of Sardinia and the deposition of the Messinian salts (Malinverno
et al., 1981; Figure 2a), the E-W-trending rifting processes shifted east-
ward (7-5 Ma; Figure 2a), and the spreading center of the Vavilov basin
developed (4-3 Ma; Conti et al., 2017; Kastens et al., 1988; Figure 2b).
Starting from 2 Ma, the NW-SE-oriented spreading (Sartori, 2003) fur-
ther shifted toward the southeast to the younger Marsili Basin (Kastens
et al., 1988; Figure 2c), influencing the dynamics of the peri-Tyrrhenian
belt also during the late Pleistocene (Antonioli et al., 2006; Catalano & Di
Stefano, 1997; Ferranti et al., 2010).

2.1. Competing Tectonic Models and Their Geomorphic
Predictions

In the framework of the general Neogene-Quaternary geodynamic evolu-
tion of the study region described above, two end-member tectonic models
(Model A and Model B) have emerged to explain late Pleistocene-Holo-
cene faulting and active seismicity in Sicily (Figures 2d and 2e). Model A
suggests that the Calabrian forearc migrated as a crustal wave to its current
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position in eastern Sicily. The early stage of the forearc migration was supposedly accommodated along its
southern edge by W-E-trending shear zones (Figure 2d; e.g., Kumeta-Alcantara Line, Sicanian-Etna Line;
Catalano, Pavano, et al., 2018; Ghisetti & Vezzani, 1984). Starting in the late Pleistocene, the forearc was
fragmented by a NNE- to NNW-striking extensional belt (Catalano et al., 2008; Monaco & Tortorici, 2000; Fig-
ures 2d, 3a, and 3b), thought to be related to mantle upwelling processes at depth (e.g., Catalano et al., 2010;
Figure 3b), that accommodates ongoing eastward translation of the forearc.

In contrast, Model B predicts dominant NW-SE-trending strike-slip (dextral) fault systems (Figures 2e, 3c,
and 3d). Since the Pliocene, these shear zones cut across major topographic and geologic boundaries on-
shore from the Tyrrhenian to the Ionian side of the Island, especially across NE-Sicily (Argnani & Bonaz-
zi, 2005; Barreca et al., 2016, 2019; Gallais et al., 2013; Gutscher et al., 2015; Polonia et al., 2011, 2016; Sgroi
et al., 2012; Figures 2e, 3c, and 3d). These hypothesized structures are argued to continue in the Ionian
offshore, where they have been imaged in the bathymetry and accretionary wedge sediments (e.g., Argnani
& Bonazzi, 2005; Barreca et al., 2019; Nicolich et al., 2000; Polonia et al., 2016).

Each of these end-member tectonic models predicts distinct spatio-temporal rock uplift histories along
northern Sicily (Figures 3e and 3f). Importantly, these different uplift histories elicit diagnostic landscape
responses that can be measured and tested through analysis of river profile geometries (e.g., channel steep-
ness index, and knickpoints). The W-E distribution of a series of N-S-oriented drainage systems is ideally
situated to record the spatial and temporal history of tectonically driven rock uplift capable of distinguish-
ing between these end-members. The fluvial networks will record this history as geomorphic transience,
including variations in steepness, drainage divide mobility, and modeled age of base level fall-related knick-
points, which we evaluate in this study.

Model A (Figures 2d, 3a, and 3b) predicts the transit of a wave of rock uplift; thus, the theoretical age of the
onset of a base level fall (measured by the river response time; see the Section 3 for details) is predicted to
young progressively toward the east. Assuming that more than one base level fall event is triggered in this
scenario, we expect similar west-to-east time transgressive patterns of knickpoint migration paced by the
rate of forearc migration. When plotted in time since base level fall versus distance along the coast, multiple
events will plot as parallel sloping lines, where the slope of each line equals the rate of forearc migration
(Figure 3g). Conversely, Model B (Figures 2e, 3c, and 3d) predicts non-uniform, repeatedly interrupted
patterns in rock uplift from west to east (Figures 3f and 3h) associated with the location of hypothesized
NW-SE-trending strike-slip faults cross-cutting the entire PMNPM belt and progressively activating east-
ward (Figures 3c, 3d, 3f, and 3h).

3. Methods

ArcGIS 10.6 was used to analyze a 20-m resolution digital elevation model (DEM) provided by ISPRA (2004;
www.sinanet.isprambiente.it). An upslope area of 1 km? was set as the channel-head threshold in defining
the drainage network (Montgomery & Foufoula-Georgiou, 1993; Wobus et al., 2006). Channels were ex-
tracted from the drainage network and modeled using the Matlab-based TopoToolbox and TAK software
packages (Forte & Whipple, 2019; Schwanghart & Scherler, 2014, 2017).

3.1. Drainage System Analysis: k,, X-Map and River Profile Response Time (7)

Empirical observations from river channels thought to be graded or near equilibrium demonstrate a pow-
er law relationship between channel slope (S) and drainage Area (4; m?), a proxy of drainage discharge
(Flint, 1974; Hack, 1957; Kirby & Whipple, 2001; Snyder et al., 2000),

S =kA? ey

where k; is the channel steepness index and 6 is the concavity index. This relationship, commonly referred
to as Flint's law, provides a framework for interpreting tectonics from topography based on the stream pow-
er incision rule (Howard & Kerby, 1983). The stream power rule describes long-term bedrock channel ero-
sion (E) as power functions of drainage area and local channel slope scaled by a constant of erodibility (K):
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E = KA"S". 2

where m and n are positive constants that reflect incision process, hydrology, and channel hydraulics (e.g.,
Whipple et al., 2000; Whipple & Tucker, 1999). Equation 2 can be solved for local channel slope and rear-
ranged into a similar form as Equation 1 where:

1/n
S = [%J A—m/n' (3)

Comparison of Equations 1 and 3 shows that the steepness index k; (m?°) is a function of erosion rate, or at
steady state rock uplift rate (U; mm/yr), and rock erodibility (K; m'~™ yr™'; Kirby & Whipple, 2001; Snyder
et al., 2000; Wobus et al., 2006). 6 is related to the ratio of m and n, which under steady-state conditions,
assumes a theoretical value of 0.45 (Whipple, 2004; Whipple & Tucker, 1999). Assuming that rock uplift (U)
equals channel erosion (E) and n = 1, which is consistent with plucking-dominated, detachment limited
channel erosion processes (Hancock et al., 1998), a simple relationship between channel steepness (ks), U,
and K emerges:

k= (U 1K) 4)

This relationship is useful because k; is readily determined from analysis of digital topography, and, if the
above assumptions are reasonably correct, one can interpret kg in terms of changes in rock uplift rate or
erodibility. Equation 4 is used here to calibrate the basin per basin distribution of coefficients of rock erod-
ibility along the northern belt of Sicily. We used the k; averaged at a basin-scale and assume that the long-
term rock uplift rate, varying west to east along north Sicily (e.g., Arisco et al., 2006), is consistent with
the marine terraces-derived long-term uplift rate, and uniform for each catchment, as well as equal to the
catchment's long-term rate of erosion. Despite the timing and the location of the knickpoints along the
drainage network, the averaging of ks responds to the occurrence of all the transients distributed along the
channels, an approach reliable for the scope of the paper. We use the estimated K as constant throughout
each drainage basin following the unification of almost similar rock types or comparable lithological units.

A complementary approach to model stream long profiles (Perron & Royden, 2013) accounts for the inte-
gration of a rearranged version of Equation 1 with respect to distance (x):

Z(X) — Z(-xb) + kSAO—m/MZ’ (58.)
where
N A( min
= 0 dx’, 5b
x Xb(A(x,)J (5b)

and z(x) and z(x;,) are the elevations at distance x and at base level (x,), respectively, and A, is an arbitrary
scaling area. The integral term, x (Chi), is a transformed coordinate along the river network with units of
length (Perron & Royden, 2013). The m to n ratio is equivalent to the concavity index, 6, in Equation 1.
Assuming uniform U and K (Giachetta & Willett, 2018), Equation 5a is related to Equation 2 and, being
integrated, provides a prediction of the steady-state channel elevation z(x) (Gallen & Thigpen, 2018). Note
that Equation 5a is that of a line where the slope of plots of  versus elevation, or x-plots, is proportional to
the steepness index, ks (Perron & Royden, 2013).

Because k; and 6 covary and because 6 is thought to be insensitive to uniform vertical tectonic forcing,
the steepness index (k) is commonly normalized (ks,) according to a reference concavity (6y), usually
corresponding to the average value of 0.45 based on empirical studies and theoretical considerations (Wo-
bus et al.,, 2006). In the present study, a normalized channel steepness map was generated using a refer-
ence concavity of 0.45 (Snyder et al., 2000; Wobus et al., 2006) with Topotoolbox-2 (Schwanghart & Scherl-
er, 2014, 2017). The ks, map was then interpolated by kriging in ArcGIS to maximize its lateral continuity,
and it was spatially compared with mapped geology (e.g., Lentini & Carbone, 2014), Plio-Pleistocene rock
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Figure 4. (a) Cartoon showing how the main geomorphic metrics

(e.g., ks, x) and features distribute across a mountain range preserving
summit low-relief landscape and how the drainage system numerically
responds to cross-divide differential morphodynamics. The schematic
drainage network in the main frame shows a color ramp according to

the ideal changes in k,. The plot at the bottom shows the ideal along-
stream distribution of y at the two sides of the mountain ridge. In the

inset is the relationship between the aggressor and victim drainage

basins, in a non-steady state (divide roaming) conditions. AF: Alluvial

Fan; Mt: Marine terrace; Kp: Knickpoint; L: Landslide; (b) distribution
pattern of the normalized channel steepness index (ks,) interpolated by
kriging technique. The drainage basins of the northern side of Sicily are
also shown (outlined in white). The dashed lines represent the main
geomorphic boundaries. PMNPM: Palermo-Madonie-Nebrodi-Peloritani
Mts.; SM: Sicanian Mts.; HP: Hyblean Plateau; CT: Caltanissetta Trough;
PB: Piano Battaglia; SMdA: San Marco d’Alunzio; (c) Spatial distribution of
x-map. The main drainage divides of the Island are also reported (drawn in
white). The inset shows a x-map detail for the central eastern Sicily, framed
by the dashed box in the main map. The red lines indicate southward
roaming divides (solid: main basin divides; dotted: tributaries divides).

uplift rates obtained from the elevation of marine sediments above sea lev-
el (Arisco et al., 2006; Catalano & Di Stefano, 1997; Ferranti et al., 2010),
and regional rainfall distributions (Osservatorio delle Acque, 2005).

Under uniform rock type and climate conditions, variations in kg, can be
interpreted to reflect the channel response to base level fall (rock uplift)
as transient knickpoints. Under these conditions, x predicts how the tran-
sient signal of the base level fall impact the dynamics of drainage divides,
which are predicted to move in the direction of the higher x values for
opposing channel heads (Forte & Whipple, 2018; Whipple et al., 2017;
Willett et al., 2014; Figure 4a). The x analysis for Sicily, as applied else-
where (e.g., Willet et al., 2014), can be used to test the drainage network's
response to tectonic deformation.

Under conditions of uniform erodibility and when n = 1, x is a proxy for
the fluvial response time (t; Whipple & Tucker, 1999), which is the time
it takes for a signal (e.g., base level fall or change in erosivity) to propa-
gate upstream based on the kinematic wave equation represented by the
stream power model (Rosenbloom & Anderson, 1994; Whipple & Tuck-
er, 1999). With these assumptions, when calibrated using estimations of
bedrock erodibility (K), x can be transformed into T (Equation 6) and uti-
lized along with channel elevation data to provide base level fall histories
(Fox et al., 2014; Gallen, 2018; Goren et al., 2014; Pritchard et al., 2009;
Roberts & White, 2010). In this case, the T position of a knickpoint along a
river network represents the time since the perturbation (e.g., a change in
tectonic rock uplift rate) affected the outlet of the drainage basin.

We perform the linear river profile inversions based on the “block uplift”
method of Goren et al. (2014; described below) using Matlab code (Gal-
len, 2018) that leverages TopoToolbox-derived stream networks available
in the Zenodo repository publisher (see Acknowledgements section for
references). Assuming spatially uniform but temporally varying rock up-
lift rates (e.g., block uplift), the history of base level fall will be manifest as
upstream migrating patches of variable steepness in plots of T versus ele-
vation (Goren et al., 2014; Pritchard et al., 2009; Roberts & White, 2010).
Importantly, when n = 1, this block uplift model can be discretized by
increments of x or T and organized into a linear system of equations in
X% or T-z space that can be inverted for the relative or calibrated histo-
ry of rock uplift, respectively (see Goren et al., 2014 for a complete dis-
cussion). We want to emphasize that this inversion is effectively using
linear inverse theory to calculate the average ks, in discretized bins of x;
assumptions related to n = 1 and spatially and temporally uniform erod-
ibility allow interpretation of these changes in terms of uplift rate (see
Equation 4) and time when properly calibrated. With this in mind, spikes
in plots of U versus ) or T represent locations of elevated steepness in
the -transformed river network that are interpreted as genetically related
knickpoints propagating upstream through the river system.

Following Goren et al. (2014), we assume that n = 1 in the studied basins
and inverted x-transformed river long profiles to derive relative rock up-
lift histories for each of the basins draining the northern coast of Sicily.

x and the relative rock uplift history (U*) were converted to scaled units of fluvial response time and rock
uplift rate using an erodibility term calculated independently for each drainage basin. The erodibility term
(K) was calculated using Equation 4 and the average drainage basin steepness (defined as the basin average
ksn) and the average long-term rock uplift rate from uplifted marine sediments for each basin draining the
northern Sicilian coastline (Figure S3 and Table S3).
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The fluvial response time is determined by dividing the x by the erodibility constant and the reference
drainage area raised to the m:

4
r= m’ (6)
)
and the relative rock uplift history (U¥) is converted to dimensional units (e.g., mm/yr) through:
U= U*(K )) )

We perform the inversion by discretizing the long profile for equal intervals of y (~500) because it allows for
easier comparisons between adjacent basins. A sensitivity test (Figure S1) indicates a broad low misfit zone
when the long profiles are inverted using 5-20 increments, which on average correspond to a x-interval of
1,150 to 300. Thus, since the adopted y interval of 500 falls within this range, it can be considered reasonable.

We carefully select basins that meet the below-listed assumptions. Under the assumption that spatial varia-
tions in K are mostly related to changes in rock type, we only chose drainage basins with uniform or compara-
ble rock types to maximize the likelihood that variations in kg, are related to base level fall change rather than
spatial changes in rock type. H, the small size of the analyzed basins (at most several tens of km?) suggests
that spatial variations in rock uplift rate within each basin are minimized in this setting. We also assume
that drainage networks are relatively static and do not suffer from substantial drainage area gain or loss. Un-
der these assumptions, knickpoints are assumed to be transient, and the result of changes in base level fall
rate (e.g., rock uplift rate) are identified as breaks in slope between two linear segments in x-plots as well as
spikes in inverted x-kg, and 7-U plots. Furthermore, these assumptions, along with maps of the long term (e.g.,
Plio-Pleistocene) rock uplift (U; e.g., Arisco et al., 2006), allow us to get rough approximations of K, assuming
U and E are roughly balanced over the long term, using Equation 4 and basin average k,. Uncertainties in kg,
and E were propagated into calculations of K and t using a bootstrap analysis sampled 1,000 times within a
range of 20% around the average values.

4. Results

The geomorphic analysis enables quantitative characterization of landscape dynamics in Sicily (Figure S2)
and allows us to detect those portions of the landscape experiencing geomorphic transients. The regional
morphometric analysis (Figures 4, S4, and S5-S10) shows an E-W trending belt of high kq,, up to 27 m®?, for
streams draining the Tyrrhenian (northern) flank of the PMNPM (Figure 4b). This high kg, belt stands out
from the low background values of 4 m*’ characterizing the rest of the Island, in particular its westernmost
edge and the whole southern side of Sicily, including part of the south-flowing drainages (Figure 3b). Other
ks hotspots include the Piano Battaglia area (PB in Figure 4b), where limestones locally outcrop, and the
area around S. Marco D’Alunzio (SMdA in Figures 4b and S8), where active faulting has been documented
(Meschis et al., 2018; Pavano et al., 2012, 2015). To the east, moderate kg, values of up to 15 m®°, charac-
terize the channels draining the Ionian slope of the Peloritani Mts. (Figure 4b), whereas to the west, in the
Palermo Mountains, kg, is rather low (10 m®®). The patterns observed for northern Sicily in maps of other
morphometrics, including topographic dissection (Tp), local relief (Lg), and hypsometric integral (HI), gen-
erally mimic the patterns of kg, and are thus discussed in detail in the supplement for brevity (Figures S4
and S5-S10). To the south, along the entire central belt of Sicily, a geomorphic boundary, defined by a band
of moderate kg, values between 6 and 15 m®’, can be drawn from the Sicanian Mts. region in the west up to
the southern flank of Mt. Etna to the east (Figure 4b).

Variations in X values along divides are co-located with changes in kg, and the relief indices (Lg, Tp, and
HI; Figures 4b, 4c, S4, and S5-S10). High cross-divide X contrasts (up to 9; Figure 4c) are noted across the
PMNPM main divide, with higher values along channel heads that drain the southern flank. The high X
drainages roughly correspond with the area between the two main E-W-oriented lineaments detected in the
ks, map. Here, the main rivers are optimally oriented (E-W) to record the impact of the eastward translation
of the Calabrian forearc (inset of Figure 4c, see dashed box for location). Although minor, contrasts in X (up
to 3; red lines in inset in Figure 4c) systematically occur on the northern flanks of the headwaters of the
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main WNW-ESE-trending tributaries of the Simeto and Gornalunga rivers, depicting a general southward
valley asymmetry.

Rivers draining the Tyrrhenian (northern) flank of Sicily show two knickpoints (Figures 5{-51). Knickpoints
are demarcated in Figure 5 as abrupt increases in U (or k,) as a function of t (Figures 5a-5e) and changes in
the slope of best-fit forward models of the inversion results in x-elevation space (black line in Figure 5f-51).
Based on the inverse modeling of river profiles, these features emerge as two peaks in uplift rate (or ky,) and
represent two distinct west-to-east time transgressive base level fall events (BLF; g and BLF o). Although
not directly quantifiable due to the bias imposed by the Tikhonov regularization used for the inversion,
the uncertainties associated with the best-fit curve in the -elevation plots reflect the uncertainties in the
reconstructed rock uplift signals. Since the best-fit profile is the integral of the uplift history, uncertainties
on the predicted elevation increase with increasing age. Some of the knickpoints are more prominent than
others, so we classify them as principal knickpoints; the more subtle, minor knickpoints are labeled mkp in
Figure 5. The minor knickpoints are distinguished from the principal ones because of their less pronounced
change in kg, (Figures 5a-5e and S11). The sets of knickpoints are laterally correlated among the catch-
ments on the basis of comparable y-values ranges (i.e., 1,000-2,000; 2,000-4,000), but are at systematically
higher x and t in the western drainages in the Palermo Mts. than in the eastern drainages of the Peloritani
mountains (Figures 5a-5e and S11).

Several general inferences can be drawn from the analysis of these two knickpoint sets as a function of time
and distance along the coastline moving from west-to-east (Figure 6¢). First, the general magnitude of the
rate of inferred base level fall generally increases for both knickpoint sets moving from west to east (circle
size in Figure 6c). Second, the timing of both inferred base level fall events declines from west to east (Fig-
ure 6¢). BLF,4 (first pulse of rock uplift) is modeled to have started 4 Ma in the west and 1 Ma in the east,
whereas BLFy,,, youngs eastward from 2 to 0.5 Ma (Figures 5a-5e, 6a—6¢, and S11). Third, the time range
between base level fall events systematically declines from west to east from 2 to 0.3 Myr (inset in Figure 6¢).
Finally, the rate at which the transient perturbations that generated each knickpoint set traveled along the
northern coast of Sicily can be determined by the slope of a linear regression fit through t-distance along
the coast data (Figure 6¢). This analysis suggests that the older perturbation represented by the upper, older
knickpoints traveled at a rate of 4 cm/yr, and the younger perturbation traversed the coastline at a rate of
10 cm/yr (Figure 6c¢).

To better illustrate the west-to-east time transgressive patterns, we calculate the cumulative rock uplift from
the river profile inversions in one million year increments from 4 to 1 Ma and plot the results as a function
of basin outlet distance eastward of the reference point noted in Figure 6a. This way, the results are anal-
ogous to the pattern of cumulative rock uplift and deformation of marine terraces of 4 to 1 Ma. Further,
we plot the rock uplift rate along this west-to-east transect in increments of 4-1 Ma (Figure 6b). Both plots
illustrate a rock uplift signal increasingly located towards the east along Northern Sicily.

5. Discussion

The geomorphic analyses collectively indicate that the northern Sicily landscape is the most dynamic por-
tion of the entire region; the drainage system and topography are characterized by larger and more promi-
nent geomorphic transients than the rest of the Island. As in all landscapes, climate, rock-type, and tecton-
ics collectively contribute to the observed geomorphic processes and topography. However, along northern
Sicily, the alignment of transient fluvial knickpoints and the related distribution of topographic metrics
are most consistent with a history of time-transgressive base level fall driven by spatially variable and tem-
porally unsteady crustal deformation. Below we outline the assumptions in the river profile inversion and
further describe justifications for why a specific assumption is met within the studied drainage basin. We
then proceed with a detailed interpretation of the recovered signal in the context of the competing geody-
namic models for Calabrian forward translation during the late Cenozoic. This is followed by a discussion of
the geomorphic response to the interpreted tectonic forcing inferred from topographic proxies for drainage
divide dynamics. We conclude with a discussion of the study implications for understanding the geodynam-
ic evolution of this region since 4 Ma.
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5.1. River Profile Inversion Assumptions

In order to reliably interpret the river long profile inversions, we must ensure that some assumptions are
reasonably justified. Here, we are mainly concerned with spatial variations in rock-type and rock uplift rate
across the study region, but we also consider the potential impact of sea level variations and divide motion
rate on interpretation of the results. In northern Sicily, precipitation and rock-type distributions show little
evidence of large changes coincident with topographic metrics variations (e.g., Figure 1b). At least on the
catchment scale, rock-type is relatively uniform, suggesting spatial changes in rock erodibility (K) are min-
imal. We note that studies have shown that K can co-vary with rock uplift on the regional scale, but here,
even though this is the case (Figure S3), we assume these variations are negligible at the catchment scale
(e.g., Pavano et al., 2016; Snyder et al., 2000). Along PMNPM, rock uplift rate changes spatially from west to
east at a regional scale and through time. The spatial variations are assumed to be large relative to the small
size of the drainages considered here. We thus make the simplifying assumption that the temporal history of
rock uplift recorded in each basin can be approximated with a block uplift scheme. Given that the assump-
tions of spatially and temporally invariant K and spatially uniform U appear justified for each individual
basin, we can interpret river profile geometry changes as primarily reflecting the history of base level fall
(rock uplift) and use the block uplift inverse model of Goren et al. (2014) to recover the uplift history. The
consistency of the rock uplift histories obtained for adjacent basins provides support that these assumptions
are reasonable (Table 1).

The calibrated response time of the rivers is short enough (maximum typically of 4 Myr; Table 1) such that
they do not record the drastic drawdown during the Messinian Salinity Crisis at ca. 5-6 Ma recorded in the
offshore bathymetry (e.g., Micallef et al., 2019). In addition, we do not see evidence of relatively high-fre-
quency base level fluctuations associated with mid-late Pleistocene glacio-eustatic sea level rise and fall in
the river profiles (e.g., many small knickpoints moving through the drainage networks). This observation
is perhaps not surprising given the modeling results of Snyder et al. (2002) that during the Quaternary, the
rate of sea level rise and fall is typically too fast relative to the fluvial response time to generate a suite of
upstream migrating knickpoints related to sea level oscillations. This finding was echoed by Gallen and
Fernandez-Blanco (2021), who showed that even under circumstances designed to amplify a sea level signal
in river profile morphology, the impact of sea level change is secondary to longer-term changes in tectoni-
cally driven rock uplift rate. Furthermore, the time and space scale of observation and modeling resolution
are not sensitive to <1 Ma glacio-eustatic base level changes (cf., Pavano et al., 2016). We, therefore, inter-
pret the signals of base level fall recorded in the northern Sicily river networks as the result of geodynami-
cally driven variations in rock uplift.

The inverse modeling of river profiles as conducted here assumes static drainage network configurations.
However, there is evidence of active divide motion indicated by the cross-divide asymmetries in x (Fig-
ure 4c), suggesting that this assumption is not correct. Nonetheless, the divide migration rates are probably
slow as there is little evidence of large-scale river captures. Furthermore, it has been demonstrated that
when the divide migration rate is slow, as appears to be the case in Sicily, relative to the fluvial response
time, river profiles remain faithful recorders of tectonic activity (e.g., Whipple et al., 2017). However, we
acknowledge that divide migration introduces an unconstrained amount of uncertainty in the analysis,
which we infer is small relative to the tectonic signals recovered.

Figure 5. (a—e) River response time (1)-rock uplift/kg, plots showing the results of five of the 11 long profile inversions performed for the northern Sicily's
drainage basins, stacked according to a west-to-east distribution. The uncertainties associated to the rock uplift signals increase with age, as suggested by the
increase in the uncertainties of the best-fit curve (black line) in (f-1). The y values are reported in the x axis at the top, and the kg, values in the y axis to the right.
Red and yellow stars indicate knickpoints (mkp stands for minor knickpoint) paired with young and old base level fall events, respectively. The white star in the
Pollina basin's plot indicates a third peak, not detected in the other profiles, suggesting either an earlier base level pulse or a local change in rock type; The red
star in the Fiumedinisi basin's plot indicating the younger base level fall could be related to the activation of the Taormina normal fault bounding the Ionian
coast of the Peloritani ridge; (f-1) x-elevation plots showing the observed and the modeled (x-transformed) long profile (black line). The colored arrows indicate
the location of knickpoints associated with the corresponding peaks (colored stars) in the U-t plots; the red circles indicate the location of the slope change in
the modeled (sometimes smoothed) long profile (black line) associated to the knickpoints (dotted red circle for the mkp); (m) map showing the location of the
drainage profiles of figure (a—e).
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Figure 6. (a) Rock uplift and (b) Rock uplift rate histories of northern
Sicily reconstructed by inverting the long profiles of the different analyzed
basins, distributed west-to-east. The data are shown for subsequent 1Myr
steps of the last 4 Myr evolution of the area. In (b), the dashed lines
indicate the location where the maximum value of rock uplift has been
modeled for the different landscape evolutionary stage; (c) west-to-east
distribution of the response time (t) values of the main peaks (BLFq,
gray circles, and BLFng, yellow circles) recognized along the different
inversion curves of the analyzed basins. The circles (black line) are sized
according to the modeled rock uplift; the values in the inset in the left
bottom corner of the figure are references for the minimum (small circle)
and the maximum (large circle) rock uplift value. The circles are also
buffered according to the estimated uncertainties (see Table S3). The inset
at the top shows the west-to-east distribution of the time gap between
any Tyyq and Tyoung couple. Basins: SL: San Leonardo, I: Imera, P: Pollina, T:

Tusa, S: Santo Stefano, C: Caronia, F: Furiano, In: Inganno, Z: Zappulla, N:

Naso, F: Fiumedinisi.

5.2. Rock Uplift Signal Interpretation

Along the northern belt of Sicily, the modeled, time-averaged long-term
rock uplift rate changes from 0.15-0.45 mm/yr, in the west, to 0.4-
0.9 mm/yr, in the east, varying temporally as well, over the Quaternary
(Figure 6b). The data presented in Figures 6a and 6b illustrates a rock up-
lift signal progressively moving from west to east across northern Sicily.
This generally smooth, progressively eastward migrating pattern is most
consistent with the crustal wave hypothesis summarized by Model A (Fig-
ure 3e). We note that the general eastward increase in the magnitude of
these signals likely reflects the slightly oblique trajectory of the Calabrian
forearc approaching the African paleo-margin (Figures 2a and 2c). Minor
variations in the along-coast uplift patterns probably reflect local defor-
mation along minor upper-crustal faults. In particular, at 1 Ma, the sharp
drop in uplift rate at the eastern end of the study area would coincide
with the fault system at the transition between the Nebrodi and the Pelo-
ritani Mts. (Figure 6b; e.g., Cammarata et al., 2018; Pavano et al., 2015).

The tectonic imprint along northern Sicily is evident in the distribution of
high channel steepness (ks,) values (Figure 4b), depicting a W-E-trend-
ing alignment of knickpoints along the PMNPM (Figure 4b), and of the
other geomorphic metrics (e.g., Lg, HI, and channel slope; Figure S4).
Overall, the values of these geomorphic metrics progressively increase
toward the east (Figures S5-S10). Most importantly, the W-E pattern of
the timing of knickpoint genesis (i.e., base level fall events) of the rivers
draining the northern flank of the PMNPM shows a uniformly eastward
decreasing trend (Figure 6c). This finding provides crucial support for
Model A's predictions (Figures 2d, and 3e, and 3g). Interestingly, the ob-
servations diverge slightly from some predictions of Model A; the two
observed knickpoints become systematically more closely spaced in time
moving eastward rather than maintaining a consistent time difference as
predicted by Model A (Figures 3g and 6). Furthermore, the magnitude
of rock uplift appears to systematically increase eastward (circle's size in
Figure 6¢), matching coastal rock uplift patterns recovered by Pleistocene
marine terraces (Antonioli et al., 2006; Catalano & De Guidi, 2003; Cata-
lano & Di Stefano, 1997; Sulli et al., 2013).

In addition to the general distribution parallel to the main regional-scale
tectonic boundaries (Catalano, Pavano, et al., 2018; Ghisetti & Vezza-
ni, 1984; Figure 4b), locally, within the PMNPM, the geomorphic pat-
terns highlight some discontinuities between adjacent sectors (Figures S4
and 4b). Although, these disruptions in the patterns are subtle, and they
do not seem to have a regional-scale importance and sothward lateral
continuity beyond the PMNPM (e.g., Figures S8-S10). Collectively the
uplift pattern as recorded by river profiles draining the northern coast of
Sicily is most consistent with the crustal wave model presented in Fig-
ures 3e and 3g.

5.3. Interpretation of the Geomorphic Response

The patterns observed in the x analysis can be interpreted in the context
of the inferred spatial and temporal rock uplift history (Figure 4c). The
x map suggests that the PMNPM's divide should be moving south, away
from the coast, but such differences in ) could be driven by non-uniform
uplift (Figure 4c; e.g., Forte & Whipple, 2018). However, application of
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Table 1

Main Estimations of the Response Time (t) and Rock Uplift Rate (U)
History Results Coming From the Inversion of the Long Profiles Performed

for the Main Drainage Systems Draining Northern Sicily

To U, Ty Uy =T, K
Basins (Myr) (mm/a) (Myr) (mm/a) (Myr) (m™yr™)
SanLeonardo  3.97 0.15 1.63 0.12 2.34  2.56E—06
Torto 2.46E—06
Imera 3.07 0.28 1.45 0.38 1.62 3.01E—-06
Pollina 2.67 0.32 1.35 0.22 1.32  2.72E-06
Tusa 2.20 0.26 1.09 0.39 1.11  2.90E—-06
Sstefano 1.70 0.51 3.32E—-06
Caronia 1.87 0.56 0.78 0.36 1,09 3.12E-06
Furiano 1.65 0.48 3.10E—06
Inganno 1.27 0.56 0.42 0.56 0.85 4.00E—06
Zappulla 1.06 0.77 0.58 0.79 0.48 6.48E—06
Naso 0.86 0.81 0.58 0.79 0.28  7.06E—06
Fiumedinisi 0.5 0.69 0.15 0.70 0.35 6.91E—06

Note: ,and , refers to BLF,q and BLFy,,,,, base level fall episodes accounted for

the different curves.
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Figure 7. (a) Geomorphic metrics sampled by swath profile across the

PMNPM (trace in Figure 7b). LR: Local Relief; Max E: maximum elevation;

Min E: minimum elevation. The empty black arrow indicates the sense
of the divide's migration as suggested by the x-analysis; (b) map showing
the location of the 12 km-wide swath profile (SwP) of Figure (a) and the

regional drainage divide of eastern PMNPM (yellow line).

the Gilbert metrics, which are argued to be better metrics for divide mo-
bility (Forte & Whipple, 2018; Whipple et al., 2017), with the addition
of ks, Tp, and HI (Figures 7a, 7b, 4b, and S4), are consistent with divide
motion directions inferred from x. Based on this consistency, we interpret
that the divide is migrating southward in response to base level fall at the
coast.

That base level fall is time transgressive, moving from west to east (Fig-
ure 6¢), and this dynamic history of uplift should affect PMNPM divide
motion in space and time. Guided by results from a landscape evolution
model experiment by Forte and Whipple (2018), a migrating wave of rock
uplift, as inferred to have impacted northern Sicily, would result in an
early northward migration of the divide, corresponding to northward en-
largement of southern drainage basins. Once the tectonic perturbation
passes, the rock uplift gradient across the PMNPM divide drops. The re-
laxation of the across-divide rock uplift gradient would then result in the
southward migration of the main divide to regain equilibrium. A snap-
shot of this process is perhaps what is observed today along the PMNPM
and depicted by the west-to-east distribution of the main relief metrics
(Figures S6-S10).

The transit of the Calabrian forearc high would have also impacted the
region south of the PMNPM, in eastern Sicily (inset in Figure 4c). Here,
the cross-divide x-contrasts characterizing the Gornalunga and Simeto
basins suggest a southward migrating divide (Figure 4c), consistent with
valley asymmetry due to crustal accretion, associated with the active east-
ward migration of the Calabrian forearc high. We highlight that the pat-
terns of divide migration observed along the PMNPM divide and basins
to the south are generally consistent with expectations of the wave of
rock uplift predicted by Model A.

5.4. Tectonic Interpretations

There is a general consistency in the W-E patterns observed in the geo-
morphic analyses conducted here (Figures 4b, 5, 6, S4, and S5-S10) and
both the Bouguer gravimetric anomalies and the Moho depth gradient in
northern Sicily (Ferri et al., 2005; Giustiniani et al., 2018; Figure 1c). The
similarity in spatial patterns supports the idea that the roughly W-E-ori-
ented crustal structures (e.g., Kumeta-Alcantara Line; Ghisetti & Vezza-
ni, 1984) played a role in accommodating the eastward migration of the
Calabrian forearc high. Nevertheless, the PMNPM shows local variations
(e.g., Figure 4b) in basin average geomorphic metrics that correspond
with local distributions in the total rock uplift signal (Figure 6a). We as-
sociate these variations with minor, subsidiary Riedel shear faults conju-
gated along major W-E-trending regional-scale tectonic boundaries and
partially accommodating crustal fragmentation and extension, as corrob-
orated by earthquake focal mechanisms confined in the northern belt of
Sicily (Billi et al., 2010; Cammarata et al., 2018; Scarfi et al., 2016).

Within the context of the crustal wave model (Model A, Figure 3), the
two tectonic rock uplift pulses (BLF;q and BLFyqune), affecting northern
Sicily during the last 4 Myr (Figures 5a-5e, 6c, and S11; Table 1) can be
interpreted as a result of coupled, diachronous crustal and asthenospher-
ic responses associated with the eastward-migrating Calabrian forearc.
The older pulse of uplift is interpreted as a result of crustal accretion and
thickening on the leading edge of the migrating forearc that is followed
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Figure 8. Schematic model of both trench and slab window/tearing
retreat focusing on their relative distance (d) according to (a) low

and (b) high slab pull; (c) schematic NW-SE-oriented section across
Mt. Etna, showing the kinematic threshold corresponding to the
extensional belt of the Etna Fault System (EFS) that accommodates
the faster migration of the Ionian Accretionary Wedge (IAW);

(d) schematic geodynamic model compatible with the presented
geomorphic data. 1: Strike-slip fault (dashed where hypothesized);
triangles indicate the vertical component of movement; 2: minor
crustal fault; 3: Reactivated Malta Escarpment; 4: normal faults serving
as a kinematic threshold accommodating the eastward escape of the
Sicilian accretionary wedge; 5: extensional belt of the Calabrian forearc
high; 6: Calabrian forearc; 7: Front of the allochthonous units; 8:
Volcanic centers (A: Aeolian Archipelago; (e) Etna Volcano; U: Ustica);
9: estimated position (and modeled age) of the tectonic pulses (dashed
outline where hypothesized) linked to the Plio-Pleistocene transit

of the Calabrian forearc; 10: approximate trajectory of the southern
termination of the Calabrian arc; 11: Focal mechanisms (modified
from Barreca et al., 2016; Loreto et al., 2012; Musumeci et al., 2005;
Pondrelli et al., 2006; Scarfi et al., 2016). KAL: Kumeta-Alcantara

Line (Ghisetti & Vezzani, 1984); SEL: Sicanian-Etna Line (Catalano,
Pavano, et al., 2018); IF: Ionian Fault (Polonia et al., 2016); AEF:
Alfeo-Etna Fault (Gallais et al., 2013; Polonia et al., 2012); IAW: Ionian
Accretionary Wedge, : eastern lobe, w: western lobe.

uplift pulse (BLFyoun,) at the western Madonie Mts. (Figure 6¢) is con-
sistent with the occurrence of early Pliocene deposits found by Abate
et al. (1991) at an elevation of about 1.6 km a.s.l. This observation sug-
gests a long-term rock uplift rate of about 0.3-0.45 mm/yr, consistent
with the river profile inversion results presented here (Table S3).

Based on the discussion above, we view the geomorphic observations in
northern Sicily as analogous to the crustal conveyor models proposed for
the migration of the Mendocino Triple Junction (MTJ) in the western
USA (e.g., Furlong & Govers, 1999). In the MTJ, a northward migrating
wave of rock uplift is thought to be related to ephemeral crustal thick-
ening-thinning cycles due to the passage of the MTJ. Here, we infer that
the first base level fall signal is associated with crustal thickening as the
forearc approaches a given point along the coastline. Uplift rates then
slowly decline as the crustal wave passes. The second pulse of uplift is in-
terpreted to be associated with asthenospheric convection at depth (e.g.,
Neumann et al., 2015) that occurs as the hydrated, low-viscosity mantle
wedge encroaches beneath a given point along the coast.

The river profile inversions allow us to determine migration rates of the
two modeled waves of rock uplift, traveled eastward at nearly steady rates
of 4 and 10 cm/yr (Figure 6¢), matching the available independent es-
timates for the Calabrian trench's rollback (Malinverno & Ryan, 1986;
Rosenbaum & Lister, 2004) and the main spreading rates of the Tyrrhe-
nian Basin (i.e., Vavilov and Marsili volcanic stages; Figures 2b and 2c;
Guillaume et al., 2010; Marani & Trua, 2002; Nicolosi et al., 2006). With
the support of previous work, we speculate on the cause of the progres-
sively decreasing time range between the two rock uplift pulses (inset in
Figure 6¢). We can link this decreasing time gap to the acceleration of
the eastward propagating slab tearing and narrowing processes (Faccen-
na et al., 2005, 2007; Scarfi et al., 2018; Wortel et al., 2000), likely due to
the increase in the slab pull force during the progressive slab collapse in
the asthenosphere (Figures 8a and 8b; Faccenna et al., 2004, 2011; Schel-
lart, 2004; Wortel et al., 2009).

5.5. Final Remarks on the Geodynamic Model

The geomorphic setting depicted in the present work, framed in the con-
text of the west-to-east migration of the Calabrian forearc, allows spec-

ulation on the relationships between the main shear zones of the region, as well as a revision of their
importance and role in controlling three main sectors of eastern Sicily. To the north, the stretching of the
NE-Sicily corner is directly affected by the upper plate dynamics connected to the transit of the Calabrian
forearc high and consequent mantle dynamics at depth. The area immediately to the south (inset in Fig-
ure 4c) corresponds to the accreting and eastward-migrating (Figure 1d) wedge of central-eastern Sicily,
interpreted as a thickened crustal domain roughly confined between two major dextral shear zones: the
Kumeta-Alcantara Line (Ghisetti & Vezzani, 1984), to the north, and the Sicanian-Etna Line (Catalano,
Pavano, et al., 2018), to the south (Figures 4b and 8d). The extension affecting the eastern edge of this re-
gion can be envisioned as resulting from a spatially fixed kinematic threshold accommodating the wedge
squeezed between the forearc and the buoyant Hyblean crustal spur and finally free to move faster to the
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southeast onto the subducting Ionian slab (Figure 8c). Such dynamics would be accommodated by known
NW-SE-oriented dextral strike-slip faults and roughly N-S-trending normal faults (Bousquet et al., 1988;
Catalano et al., 2004, 2017; Hirn et al., 1991; Monaco et al., 1997, 2005; Tortorici et al., 2013, 2021) cur-
rently affecting the eastern flank of Mt. Etna. Here, these relatively shallow kinematics would overlap
the lithospheric WNW-ESE-trending crustal stretching of the Ionian near offshore of SE-Sicily (Catalano
et al., 2008; Monaco & Tortorici, 2000), which accommodate the differential slab-pull between the Ionian
slab and the buoyant Hyblean lithosphere (lithospheric tear fault; Figure 8d). Overall, these inferences
would suggest that the inland prolongation of the faults detected in the Ionian offshore (e.g., Ionian Fault;
IF in Figure 8d) could be sought along major E-W-oriented shear zones.

6. Conclusion

Two tectonic rock uplift cycles, occurring in the last 4 Ma, are inferred from long profile inversion analysis
performed for the main drainage basins of northern Sicily. The results indicate west-to-east time transgres-
sive polycyclic tectonic pulses that are inferred to have occurred in response to crustal thickening-thinning
cycles due to mantle dynamics following the transit of the Calabrian forearc. Asthenospheric convection re-
organization in the upper plate mantle wedge and subduction slab tearing dynamics appear a likely cause of
later stage isostatic rebound and subsequent crustal fragmentation. The geomorphic transience recorded in
the topography of northern Sicily is well depicted by relatively high kg, values, distributed along belts paral-
lel to the mountain belt of northern Sicily, and by the strong cross-divide y-contrast related to the southward
roaming of the regional divide, as corroborated by the distribution of other relief metrics (e.g., Lg, Tp, and
HI). Discrete changes in landscape morphology and topographic metrics are not observed. This suggests
that the main NW-SE-oriented shear zones, and the minor NE-SW-trending faults, would represent poly-
cyclic Neogene-Quaternary crustal lineaments conjugated to major W-E-oriented tectonic boundaries. The
resulting kinematic model emphasizes these latter as leading, at a lithospheric scale, the eastward migra-
tion of the Calabrian forearc's system. Thus, the structural architecture reconstructed by previous studies
for the adjacent Ionian Basin's area should be extended inland along these W-E-trending major structures.
Importantly, the geomorphic approach used in the present work might serve as a model that can be more
broadly applied to explore collisional and subduction zone boundaries in other geodynamic settings around
the globe.

Data Availability Statement

The digital elevation model data that support the findings of this study are available through ISPRA (www.
sinanet.isprambiente.it). The Matlab codes that support this research are archived in the Zenodo reposi-
tory publisher, https://doi.org/10.5281/zenod0.431796510.5281/zenodo.4317965, and are available through
GitHub at https://github.com/sfgallen/Block_Uplift Linear Inversion_Models. Additional plots, figures,
and small tables are published with the manuscript as supporting information.
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