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ABSTRACT

In steady-state tectonic-climate systems, the fluvio-karst processes attain a stable base level, whether it be local
or global. In contrast, in an uplifting region, relative base-level changes force river incision processes and a con-
current lowering of the karst water-table. Even at local scales (e.g., single fault-controlled valley), combined
tectonically- and climatically-driven base-level drops induce geomorphic and hydrogeological disequilibrium.
Thus, the karst system develops vertically and the water-table lowers trying to attain the new local base level.
Conversely, the paleo-karst network dries, and becomes abandoned as a hanging relic with aligned karst mor-
phologies. They are exhumed by the entrenchment of the fluvial network, as base-level fall related knickpoints
migrate upstream. We propose a geomorphic approach to build fluvio-karst age models, based upon the analysis
of river long-profiles. This approach is complementary to altimetric correlation between karst horizons and
coastal paleo-sea level markers. Our approach is useful for an inland study area that is far from the marine ter-
raced coast or where active faulting cuts off the coastal area from the inland landscape. We tested the approach
in the eastern sector of the Hyblean Plateau (Sicily, Italy), where a carbonate sequence experienced Middle-Late
Pleistocene tectonic uplift combined with active faulting. Specifically, we investigated the Cassibile River basin, at
the footwall of the active Cassibile-Noto Fault. By reconstructing river paleo-long profiles we fixed time-space
reference lines, connecting the abandoned and hanging fluvio-karst levels to the correlative marine strandlines
carved along the fault-controlled coastal landscape.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

et al., 2008b; Canora et al., 2012; Columbu et al., 2017; Meschis et al.,
2020). The age determinations for karst processes and their related

Dating the beginning and the evolution of karst systems is one of the
main targets of speleologists and researchers of karst processes. Previ-
ous studies carried out in carbonate bedrock settings suggest that
karst cave initiation is rapid and in the order of <100 kyr, whereas the
development of a complete surface and subsurface karst system needs
hundreds of thousands of years (White, 1988; Palmer, 1991; Korpas,
1998; Dreybrodt and Gabrovsek, 2000; Granger et al., 2001; Bosak,
2002). Karst system-related processes (e.g. karst widening and deepen-
ing; karst infilling with sediment; karst conduit speleothem develop-
ment) often depend on changes in base level (Ford and Williams,
2007). These changes can result from a combination of climatic cycles
(e.g. glacial-interglacial alternation) and vertical crustal motions
(e.g., Westaway, 1993; Bosi et al., 1996; Tortorici et al., 2003; Catalano
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morphologies are commonly based on bio- and geochronological dating
of the infilling sediments and speleothems in karst caves and conduits
(White, 1988; Ford and Williams, 1989; Geyh and Schleicher, 1990;
Colman and Pierce, 2000; Dumitru, 2000; Forman et al., 2000; Noller
et al., 2000; Bosak, 2002; Meyer et al., 2011; Szanyi et al., 2012; Audra
and Palmer, 2013; Hauselmann et al., 2015; Columbu et al., 2017;
Engel et al., 2020; Dumitru et al., 2021). For karst systems lacking direct
geochronological constraints, alternative indirect dating methods are
often based on either the correlation of karst morphologies with inde-
pendently dated fluvial (Hromas, 1968; Harmand et al., 2017) or marine
(e.g., Florea and Vacher, 2006; Canora et al., 2012) terraces. These indi-
rect methods imply short distance and/or a physical continuity between
the fluvial or karst forms and the coastal area, where the signals of Qua-
ternary eustatic oscillations are morphologically expressed as marine
terraces and paleo-shorelines.

However, the larger the distance from the coastal areas, the larger
the uncertainties for any direct lateral correlations. These correlations
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can be further problematic due to active tectonics which can deform the
primary geometry of the marine terrace features of the coastal belt and
the correlative fluvial landforms of the inland continental landscape
(Catalano et al., 2003; Tortorici et al., 2003; Pavano et al., 2015). In
this situation, correlations simply based on the altimetry of landforms
can be unreliable, with the reconstruction of almost continuous dated
reference morphological levels being required. Along the coast, marine
strandlines provide good, dated reference levels to depict both cumula-
tive uplift and deformation (Catalano and De Guidi, 2003; De Guidi et al,,
2003; Catalano et al., 2008a). River long profile reconstruction
(e.g., Gallen et al., 2013; Regalla et al., 2013; Pavano et al., 2016;
Castillo et al., 2017) is a powerful and reliable method for connecting
these sea level markers to their correlative fluvial levels of the inland
continental landscape. The combined use of marine strandlines and
river long profiles could thus provide a 2D framework of almost contin-
uous dated space-time reference lines, allowing for the indirect dating
of paleo-karst levels both along the coast as well as inland. We demon-
strate this approach for dating abandoned and exhumed fluvio-karst
horizons in the south-eastern sectors of the Hyblean Plateau region
(SE Sicily, Italy). Our study area extends across two adjacent sites, the
Floridia Basin and the Cassibile River canyon (Fig. 1). These two sectors
show different morphological settings, allowing linkage of the paleo-
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karst features with marine and fluvial landforms. In the Floridia Basin,
geochronological data, coupled with the lateral continuity of almost un-
disturbed marine strandlines, are sufficient to reconstruct an age-model
based on altimetric correlation of the landforms. The Cassibile River can-
yon refers to an actively deforming region, which is located at the foot-
wall of the Cassibile-Noto normal fault (Bianca et al., 1999; Catalano
etal,, 2008b, 2010; Pavano et al., 2019) (Fig. 1). In this area, we take ad-
vantage of the reconstruction of river long-profiles, shaped by the re-
treat of knickpoints, as a tool to obtain hypothetical reference lines
that connect fluvial features to downstream sea level markers (in the
range of 10°-10? km; Crosby and Whipple, 2006; Kirby and Whipple,
2012; Gallen et al., 2013; Pavano et al., 2016; Jaiswara et al.,, 2019). In
order to rule out any connection between the knickpoints locations
and the occurrence of faults, we explore their relative spatial distribu-
tion. The analyzed knickpoints are transient, upstream-migrating geo-
morphic expressions of base-level lowering events along the coast
(Howard, 1994; Kirby and Whipple, 2001; Wegmann and Pazzaglia,
2002; Bishop et al., 2005; Crosby and Whipple, 2006; Wobus et al.,
2006; Brocard et al., 2016; Pavano et al., 2016; Robustelli, 2019;
Boulton, 2020; Bhattarai et al., 2021; Pavano and Gallen, 2021), re-
corded by the difference in elevation between marine strandlines of
successive eustatic highstands. The correlation between the knickpoints
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Fig. 1. Map showing the geological and structural setting of the Hyblean region (SE Sicily, Italy). The map also shows the drainage basin of the Cassibile River, analyzed in the present study.
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and the eustatic highstands is the tool we use to date the paleo-river
long profiles. This timing is validated by the compatibility of the result-
ing knickpoint travel times, namely the geomorphic response time to
base-level falls, mostly depending on rock erodibility and climate.

We also document the wave-like migration (e.g., Loget and Van Den
Driessche, 2009) of knickpoints and the related entrenching processes
by exploring valley shape metrics (e.g. Vf distribution). By comparing
the estimated incision rate with the uplift rate at the footwall of the
Cassibile-Noto Fault, we validate the assumption of the steady state con-
ditions of paleo-rivers, done to perform the river long profile analysis.

Finally, we propose a comprehensive time-space model for the
fluvio-karst features, considering the combined effects of regional tec-
tonic uplift and active fault-related deformation, via comparison of the
age models obtained in the Floridia Basin and in the adjacent Cassibile
River area, respectively.

2. Geological-structural and geomorphological setting

In the general geodynamic framework of the NNW-SSE oriented
Nubia-Eurasia convergence (Serpelloni et al., 2007), the Hyblean Pla-
teau in SE Sicily, represents an emerged sector of the African foreland
domain (Burollet et al., 1978) separated from the lonian Basin by the
Malta Escarpment (Fig. 1). This comprises a Late Cretaceous-Late
Tortonian carbonate succession comprising shallow water facies to the
east, and deeper water basin facies to the west. During the Neogene,
the ~30 km-thick African continental crust flexured under the load of
the SE-verging allochthonous Sicilian thrust belt (Ben Avraham et al.,
1990; Roure et al., 1990). Consequently, the Hyblean region was
affected by extensional tectonics (Grasso and Reuther, 1988; Ben
Avraham and Grasso, 1991). The northern sector of the plateau col-
lapsed to form the NE-SW oriented Scordia-Lentini Basin (Ghisetti and
Vezzani, 1980; Grasso and Reuther, 1988). To the west these exten-
sional features are linked to the Scicli Line, a N10 degree trending, dex-
tral fault zone (Catalano et al., 2008b) (Fig. 1). To the south, the tectonic
boundary of the plateau is represented by two NE-SW oriented, SE-
dipping normal faults, the Ispica and Cassibile-Noto faults (Catalano
et al., 2008a; Pavano et al., 2019). In the general contractional frame-
work of eastern Sicily (Monaco et al., 2002; Catalano et al., 2017), in
the Middle Pleistocene (<850 ka), the tectonic configuration of the
Hyblean region was reactivated by a deep-seated mantle intrusion
(Catalano et al., 2010). The mantle upwelling resulted in positive tec-
tonic inversion of the former extensional Neogene faults controlling
the Scordia-Lentini Basin (Bousquet and Lanzafame, 2004; Catalano
et al., 2010). Along the southern border of the Scordia-Lentini Basin
(Pedagaggi-Agnone Fault system; see Fig. 1), NE-SW oriented, SE-
dipping reverse faults were developed at a mesoscale across the previ-
ous N60 degree oriented, NW-dipping normal faults (Bousquet and
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Lanzafame, 2004). The remobilization by reverse motions along the
northern border of the plateau produced a generalized SE-ward tilting
of its eastern sector (Bonforte et al., 2015). Concurrently, in the western
sector of the plateau, the Scicli Line was partially reactivated by sinistral
motions (Catalano et al., 2008b, 2011), while extensional dynamics
characterized the southeastern border of the plateau (Catalano et al.,
2008a). Here, the extension was accommodated by the NNE-SSW-
trending Cassibile-Noto and Ispica faults (Catalano et al., 2008a;
Pavano et al., 2019). In addition, crustal stretching led to the develop-
ment of the basin bounding NW-SE-oriented normal faults of the
Floridia and Augusta Basins (Fig. 1).

The geological setting of the study area is almost uniform. The
Floridia Basin is a tectonic depression infilled by Lower Pleistocene
marly-clays passing laterally and upwards into calcarenites and sands.
In the footwall of the border faults algal biolitites and calcarenites of
the Monti Climiti Formation (Pedley, 1981; Carbone et al.,, 1987) exten-
sively outcrop. To the south, most of the Cassibile River drainage basin is
uniformly underlain by Miocene calcarenites and calcirudites of the
Palazzolo Formation (Fig. 2). In the study area, the Palazzolo Formation
is largely represented (~85%) by thick beds of white-yellowish crumbly
calcarenites (Rigo and Barberi, 1959; Di Grande et al., 1982; Carbone
et al., 1987). Almost 12% of the drainage basin is developed into alter-
nating grey and marly limestone of the Palazzolo Formation, while
only ~3% drains carbonates of the Monti Climiti Formation. At the drain-
age basin outlets, a very narrow coastal belt hosts Late Pleistocene ma-
rine terraces and alluvial fans (Pavano et al.,, 2019) fed by deeply incised
canyons (Fig. 2).

The late Quaternary tectonic evolution of the Hyblean Plateau gave
rise to its current geomorphological setting. The Hyblean Plateau is
characterized by an elevated low-relief (~50 m) landscape (maximum
elevation of ~980 m a.s.l.) (Fig. 3a) tilted to the SE (Bonforte et al.,
2015). Some 90% of the drainage area of the Cassibile River lies between
350 ma.s.l.and ~700 m a.s.l. (Fig. 3b), with no local climate changes. The
Cassibile River basin homogeneously receives an average annual rainfall
of 650 mm (Osservatorio delle Acque, 2005; Regione Sicilia) (Fig. 3a),
under fairly constant temperatures throughout the year (Liuzzo et al.,
2017).

This summit landscape is deeply dissected by fluvial canyons
(e.g., Cassibile River) which host a series of upstream migrating
knickpoints along their main streams. These knickpoints have been gen-
erated by relative base-level falls linked to the long-term tectonic defor-
mation of the Cassibile-Noto Fault (Pavano et al., 2019).

The Hyblean Plateau is bordered by several levels of marine terraces.
These consist of wave-cut surfaces sometimes capped by thin sediment
covers. The landwards inner edges represent the paleoshorelines that
can be linked to the main interglacial Oxygen Isotope Stages (OISs) rep-
resented in the global eustatic curve (Chappel and Shackleton, 1986;

[_] Alluvial and marine deposits (Quaternary)
[ Palazzolo Fm. - Calcarenites and calcirudites (Miocene)
[ "] Tellaro Fm.: marls and marly limestones (Miocene)

B Monti Climiti Fm. - Algal biolitites and calcarenites
(Oligo-Miocene)

A Cassibile-Noto normal Fault (CNF) .~ Fault
(barbed on the downthrown side)

*  Field survey, area

Fig. 2. Geological map of the Cassibile River basin area (see its location in the frame of the Hyblean Plateau in the inset map), showing the uniform distribution of lithologic units within the
basin (modified from Lentini et al., 1984). CNF: Cassibile-Noto Fault (Pavano et al., 2019) (see the text for a detailed description of the geological units). The yellow box indicates the field

survey location.
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Fig. 3. a) Hillshade of the DEM of the Hyblean Plateau (see inset in Fig. 1 for location), showing the location of the Cassibile River basin. The blue numbered lines represent the contouring of
the annual rainfall in mm/yr (source: Osservatorio delle Acque, 2005) (solid lines = 100 mm/yr, dotted lines = 50 mm/yr). Note that annually the Cassibile basin receives a uniform
amount of rainfall of ~675 mm/yr; b) distribution of elevations through the Cassibile River basin, showing an average elevation of about 494 m a.s.l. (dotted grey line). Note that most

of the basin area is at elevations higher than 350 m a.s.l.

Chappell et al., 1996; Waelbroeck et al., 2002; Siddall et al., 2003;
Rohling et al.,, 2014).

Several age models have been proposed for the marine terraces and
paleo-shorelines of the Hyblean Plateau (Antonioli et al., 2006; Ferranti
et al., 2006; Catalano et al., 2008a; Dutton et al., 2009; Spampinato et al.,
2011; Pavano et al., 2019). Although built by adopting different refer-
ence eustatic curves, the most complete works concerning the age attri-
bution of the marine features of the study area have been provided by
Bianca et al. (1999), Catalano et al. (2010) and Meschis et al. (2020).
These models are based on radiometric and biostratigraphic dating of
only a few terrace deposits.

The most spatially extended and complete age model has been pro-
posed by Catalano et al., (2010), and is based on the analysis of 11 levels
of marine terraces (Fig. 4). Two key dating approaches have enabled
correlation of the flight of marine terraces to the main late Quaternary
OISs of the Oxygen Isotope Timescale (Fig. A of supplementary material)
(Bassinot et al., 1994). Firstly, Elephas falconeri teeth found in the
infilling deposits of the Spinagallo karst cave (q in Fig. 4) were dated
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B 3 520 ;
B O 410
Bl 93 330
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Fault segment
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to 455 4 90 ka using the isoleucine epimerization method (Bada et al.,
1991; Bianca et al., 1999). The cave lies on a 125 m-high paleo-
shoreline that has been attributed to OIS 13 (520 ka). Secondly,
coarse-grained deposits overlapped by a marine terrace deposit contain
117 ka old mammal relics (Rhodes, 1996) and suggest an OIS 5.3
(100 ka) association. In addition, the uppermost marine terrace com-
prises an inner edge that has been assigned to the OIS 21 eustatic
highstand (850 ka) (Catalano et al., 2008b), and is inset by the 520
kyr-old paleo-shoreline. Collectively, these marine terrace levels en-
compass a time span ranging from 850 ka to 570 ka. Consequently, an
Early Pleistocene age (>850 ka) is inferred for the summit landscape
of the plateau (Catalano et al., 2008b) (Fig. 4).

The onset of marine terracing has been associated with the early
stages of tectonic uplift of the Hyblean region (Catalano et al., 2008a,
2010). The inferred long-term uplift-rates range from ~0.3 mm/yr in
the Floridia Basin and Cassibile River area, to 0.7 mm/a, in the northern
sector of the plateau (Fig. 1) (Catalano et al.,, 2010), thus confirming the
southeastwards tilting of the region.

lonian Sea

- 37°07

- 37°03

I 36°59

- 36°55

Fig. 4. Distribution of the Middle-Late Pleistocene marine terraces (data from Catalano et al., 2010) and paleo-shorelines (data modified from Di Grande and Raimondo, 1982) detected in
the Floridia Basins and along the Cassibile-Noto Fault area (data from Pavano et al., 2019), draped on a high-resolution Digital Elevation Model (DEM). The location of the main karst caves
(asterisks and triangles) documented in the region is also reported; the long-dashed red line represents the Cassibile River's drainage basin.
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To the south, in the Cassibile River area, the ~300 m-high scarp of the
Cassibile-Noto Fault hosts remnants of Late Pleistocene marine terraces
(OISs 11-to-7) (Pavano et al., 2019). The younger marine terraces
(OISs < 7) are widely preserved in the coastal plain (Bianca et al.,
1999; Catalano et al., 2010; Pavano et al., 2019).

The Cassibile River watershed is dominated by a WNW-ESE-oriented
canyon, which shows a narrow (2-3 km-wide) and deeply incised (up
to 200-300 m) valley (Fig. 2). The most distinct geomorphic feature of
the main channel of the Cassibile River is a 250 m-high and 7-8 km-
long main knickpoint (Pavano et al., 2019). Along the entrenched portion
of the valley, the deep incision has not preserved any fluvial terraces along
the canyon, thus inhibiting any reconstruction of the paleo-streambed.
Conversely, remnants of paleo-karst horizons are still preserved along
the valley flanks, mainly represented by several cave entrances.

More generally, the carbonate sequences of the eastern sector of the
Hyblean Plateau host a karst system arranged into different horizons.
This system comprises both water-table and vadose epigenic caves
(sensu Audra and Palmer, 2015) that have been documented by
Ruggieri et al. (2007) for the Anapo River Valley, in the Floridia Basin
(see location in Fig. 1). The authors recognized at least two main karst ho-
rizons located at elevation ranges of 210-260 m a.s.l. and 100-145 m a.s.l.
These levels are considered to be associated with different stages of
fluvio-karst stability, characterized by low rates of karst incision and by
the infilling of conduits with continental sediments (e.g., “Grotta del
Conglomerato”; | in Fig. 4). These two periods separate three stages of
karst system deepening, represented by three arrays of karst morphol-
ogies distributed at elevation ranges of 260-550 m a.s.l., 145-210 m a.s.
l. and <100 m a.s.l. (Ruggieri et al., 2007). Furthermore, Ruggieri et al.
(2007), also attribute the cave system complexes characterized by differ-
ent karst levels to a polyphase evolution associated with late Quaternary
(<330 ka) marine transgression-regression episodes.

3. Methods
3.1. Cassibile River drainage basin

The analysis carried out in this study is focused on exploring the geo-
morphic features along the Cassibile River canyon (Hyblean Plateau)
(Fig. 1) and their relationships with the karst forms developed along
its valley walls. The uniform climate of the Cassibile River region
(e.g., Osservatorio delle Acque, 2005; Liuzzo et al., 2017) rules out any
major impact of local climatic variations on the geomorphic develop-
ment. Additionally, we test if the locations of the knickpoints along
the fluvial network of the Cassibile River have any dependency on the
structural arrangement of the study area (Lentini et al., 1984). For this
purpose, a density map of the fault segments mapped in the Cassibile
River area has been created by using the Kernel density (Silverman,
1986) tool in ArcGIS 10.6 (search radius: 1 km) and compared with
the ks, map (Section 3.1.1).

Geomorphic analysis of the canyon has been supported by satellite
image interpretation (e.g., Google Earth). Additionally, we carried out
field surveys, aimed at documenting some specific karst morphologies
configured into the canyon walls. Particular attention has been paid in
the area surrounding the main knickpoint. Here, the uncertainty associ-
ated with the reconstructed paleo-profile is minimal, thus allowing cor-
relation with the karst caves.

The morpho-tectonic evolutionary age model available for this sector
of the eastern border of the Hyblean Plateau (Pavano et al., 2019) has
been used as a space-time reference for the projection of the recon-
structed river paleo-long profiles. Although the bedrock channel of the
Cassibile River catchment (Fig. 1) is mostly underlain by carbonates
(Rigo and Barberi, 1959), and although karst processes are active in
the wider Hyblean region, the Cassibile River flows as a perennial river.
Previous studies of river incision into karstified rocks (e.g., Anthony
and Granger, 2007), has demonstrated that the stream power incision
model can also be applied in such a geological setting. In cases where
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rivers experience a marked reduction of water discharge due to karst
processes (Anthony and Granger, 2007), the values of the exponent of
the channel slope of the stream power incision model (i.e. n) (Howard
and Kerby, 1983) should be larger than 1. This is not the case for the
Cassibile River, which shows no marked reduction in water discharge
or disappearance of the stream into a karstic sub-surface.

3.1.1. Drainage system analysis

Along-stream fluvial geomorphic features (e.g., knickpoints) repre-
sent the most common geomorphic response of tectonic uplift pulses
transiently shaping a stream's long profile. With uniform rock uplift,
rock-type and climate setting, knickpoints represent mobile, time-
dependent geomorphic markers. They migrate through a landscape at
a rate inversely proportional to the drainage area (Wegmann and
Pazzaglia, 2002; Kirby et al., 2003; Wobus et al., 2006; Pavano et al.,
2016). The stream power incision model (Howard and Kerby, 1983) is
most commonly used for describing the erosion (E) of a bedrock channel

E=KA"S" (1)

where K (m!™2™ yr~!) is the erosion coefficient linked to both climatic
and lithological factors (Snyder et al., 2000), A (m?) is the drainage area
and S (dimensionless) is the channel slope. m and n are positive con-
stants depending on the incision processes, hydrology and channel ge-
ometry (Whipple and Tucker, 1999; Whipple et al., 2000).

The model in Eq. (1) is usually expressed as a power law (Hack, 1957;
Flint, 1974; Snyder et al., 2000; Kirby and Whipple, 2001) where the
channel slope is positively correlated to the drainage area, a proxy for
drainage discharge:

S=ks-A"’ 2)

ks (m?°) represents the steepness index and 6 is the dimensionless
concavity index, that, in a logS-logA space, correspond to the y-intercept
and the slope of the data regression line, respectively (Fig. 5a). 6 was
found varying between 0.3 and 0.6 (Whipple and Tucker, 1999; Snyder
et al., 2000; Whipple, 2004; Wobus et al., 2006) and results from the ratio
between m and n. This latter is reported to be ~1 (Whipple et al., 2000) for
detachment-limited plucking erosion process (Hancock et al., 1998) in
bedrock channels. A theoretical value of § = 0.45, is commonly applied
as a reference (6ref) to normalize the steepness index (ks,) (Snyder
et al., 2000; Kirby and Whipple, 2001; Wobus et al., 2006), as also used
in the present study for the Cassibile River,

S =k AT 3)

Eq. (1) can be solved for local channel slope and rearranged into a
similar form as per Eq. (2):

E\" n
S:<R>A 4)

The comparison of Eqs. (1), (3) and (4), reveals ks, (m?°), when n =
1, is a function of erosion rate (E; mm/yr) and rock erodibility (K;
m!~2™ yr~—1) (Kirby and Whipple, 2001; Snyder et al., 2000; Wobus
et al., 2006). Assuming steady state conditions, where rock uplift (U)
equals channel erosion (E) and n = 1 (Hancock et al., 1998), results in
a simple relationship between ks,, U and K:

ksn = U/K (5)

In the present study, ks and 0 values were extracted from the river
long profile plotted in logS-logA space (Fig. 5a). The purpose of the
river long profile analysis is the reconstruction of the paleo-thalwegs
downstream from a knickpoint (Fig. 5a). The trunk of the channel lo-
cated upstream from a knickpoint is assumed to be the remnant of a
previous steady paleo-river profile. Thus, knickpoint identification is
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Fig.5.a) Top: hypothetical logS-logA plot (blue circles) of a river profile with a migrating knickpoint (kp). The main elements considered for the identification of a knickpoint, its modelling
and the paleo-long profile reconstruction are also reported; bottom: theoretical river long profile (black solid line) hosting a knickpoint (kp) and showing the reconstructed paleo-thalweg
(dotted grey line), projected downstream to the location of remnants of marine terraces' strandlines (red star); MT: Marine Terrace. b) logS-logA space used to analyze river long profiles of
the Cassibile River, modelling the channel trunks lying upstream of the identified knickpoints. The purple circles (linear regression: dashed pink line) refer to the modelled channel trunk
upstream the minor knickpoint (min kp), whereas the light blue circles (linear regression: dashed blue line) refer to the modelled channel trunk upstream the main knickpoint (Main kp).
The values of ks and 6 obtained for each trunk are also reported; c) Cassibile River's current and reconstructed long profiles with uncertainties (dotted light grey lines) plotted together with
the long profiles of the main stream's tributaries. The location of the Cassibile-Noto Fault and the position of the remnants of marine terraces associated with the OIS 7.5 (Pavano et al.,
2019) are also reported; d) map showing the distribution of the ki, for the Cassibile River's fluvial network. In the background the distribution map of the fault line density is shown.

an important aspect of this analysis, and it has been determined accord-
ingly from the logS-logA plot (Fig. 5a). In the same logS-logA space, we
picked the ks and 6 values by regressing linearly the portion of the
channel upstream from each knickpoint (Fig. 5a and b).

In this study, we reconstruct the profiles down to the Cassibile
canyon's outlet (Fig. 5¢), where several levels of marine terraces
(OIS < 13) are developed into the scarp of the Cassibile-Noto normal
fault (Pavano et al., 2019) (e.g., the marine terrace level associated
with OIS 7.5). As well as the main channel profiles, we also plot the
profiles of their minor tributaries. This allows us to identify minor
knickpoints that could match the reconstructed paleo-thalweg. Thus,
we can document the upstream propagation of the base-level-fall signal
through the entire drainage network. In addition, given the uniform rock
type, a ks, (6ref = 0.45) distribution map, has been created to help locate
knickpoints (Fig. 5d). To generate this map, we use the Matlab-based
tools Topotoolbox (Schwanghart and Scherler, 2014, 2017).

The long profile analysis has been carried out by using a Digital
Elevation Model (DEM) with a resolution of 2 x 2 m (derived and pre-
elaborated from LiDAR data; ATA 2009 flight - Sicily Region). We
chose such a detailed DEM for the high qualitative and quantitative
landscape resolution provided. In fact, in deeply incised landscapes
characterized by steep slopes, coarser resolution (e.g., 10-30 m) DEM
products could have accuracy issues with the derived fluvial network
and the river long profile analyses (e.g., Boulton and Stokes, 2018).

Using ArcGIS 10.6, we filled the DEM and extract the river long pro-
file data using the Hydrology Tools. We apply a threshold reference for
the drainage area of 0.5 km?, which provides a resulting fluvial network
that matches well the portion of the drainage system characterized by
fluvial processes. We smooth the collected data within the SigmaPlot
software using a ‘loess’ filter with a moving linear regression window
one-tenth of the entire data set. Then, we analyze these data in

Microsoft Excel, where we perform calculations for reconstructing the
eroded portion of the long profiles located downstream from any
knickpoint. Based on Flint's law in Eq. (2), these reconstructions are pos-
sible since we know the increments in river's distance (x) and in drain-
age area (A). Then, we obtain the channel slope (S) by using the
extracted ks and 6. The distance and slope values allow us to calculate
the elevation of the paleo-thalwegs that we reconstructed from the
knickpoint edges down to the coast. The uncertainties related to these
projections have been evaluated using a bootstrap sampling approach
of the slope and area data of the modelled channel trunk located up-
stream from each knickpoint.

To determine the along-channel migration rate of the detected
knickpoints, we applied a celerity model based on the stream power
law of incision, according to Berlin and Anderson (2007). In this
model, the knickpoint's retreat rate is a power function of the drainage
area and erodibility (K) (with n = 1). We perform this evaluation ac-
cording to the following steps. Firstly, we considered that throughout
the study area the climate is uniform and assumed a constant drainage
discharge. Thus, simplifying Eq. (1) and assuming E = dz/dt, the applied
celerity model can be expressed by the following equation (Berlin and
Anderson, 2007):
dx/dt =K - A™ (6)
where the ratio dx/dt is the migration rate of an upstream moving
knickpoint. From Eq. (6), we derive the knickpoint's travel time (t)

t=3[dx/(K-Al")] )

where dx; represents along-channel discrete distance intervals, with
constant length, and A; is the corresponding drainage area at that
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distance. This means that the argument of the summation in Eq. (7)
represents the time that a knickpoint spends to cover an along-
channel distance equal to dx;. The travel time t is the time that the
knickpoint spent to move from the valley's outlet to its current
position, thus indicating the fluvial response time to a tectonic
perturbation (Whipple and Tucker, 1999). This time span provides an
approximation for the age of the paleo-long profile modelled before
the base level dropped and that is still preserved upstream of the mi-
grating knickpoint. To solve Eq. (7), we derived the value of the
detachment-limited erosion coefficient (K) of 2.25 x 10~ (m'~?™yr—1)
from Eq. (5). We use the maximum uplift rate (~1.8 4 0.05 mm/yr) es-
timated for the Cassibile-Noto Fault (Pavano et al., 2019) and the expo-
nent of drainage aream = 045 (n = 1).

3.1.2. Valley shape analysis

An array of topographic sections transverse to the main axis of the
canyon has been performed to obtain a geomorphological record
(e.g., valley shape, width and depth) of the impact of the upstream,
along-channel transit of the knickpoint. An equidistance of ~1 km be-
tween the sections has been chosen taking into consideration the occur-
rence of different geomorphic features along the valley (e.g., landslides,
meanders, sinuosity, tributaries confluences). The length of the section
corresponds to the distance, side by side, between the two opposite
margins of the canyon and consists of twins of points located at the to-
pographic cutoff that separates the almost flat summit surface of the
plateau and the steep valley walls. To quantitatively trace the upstream
propagation of knickpoint transit, and to document its ongoing migra-
tion, we also calculate the Vfindex (Bull and McFadden, 1977; Bull,
1978). This index allows us to map the current location of i) the steady,
ii) the already adjusted and iii) the rejuvenating sectors of the main val-
ley across the knickpoint. The Vfindex is represented by the ratio be-
tween the valley floor width and the average valley height

Vf =2V /(Hig +Hyg — 2Hsc) (8)

where Vj,, is the valley floor width, H;; and H,q are the elevations of the
left and right sides of the valley, respectively, whereas Hsc is the
averaged elevation of the valley floor. Vf < 1 are associated to V-
shaped valleys due to entrenched channels, whereas Vf> 1 corresponds
to drainage system steadiness and fluvial aggradation (Keller, 1986;
Keller and Pinter, 2002).

3.2. Floridia basin: marine terrace and karst cave correlation

Many studies have shown that speleogenesis and surficial geomor-
phological processes are connected (e.g., Palmer, 1987; Stock et al.,
2005; Despain and Stock, 2005; Springer et al., 2015). Their relation-
ships are influenced by many factors, such as eustatic variations, cli-
matic changes, tectonic motions (uplift and subsidence) and fluvial
dynamics (e.g. knickpoint retreat, fluvial discharge and/or sediment
load, etc.) (Ambert and Ambert, 1995; Audra et al., 2001; Harmand
et al., 2004; Wang et al., 2004; Mocochain et al., 2009; Guifang et al.,
2011; Ortega et al., 2013; Tassy et al., 2013). For the Floridia Basin
area, we distinguish two sectors, characterized by different types of
karst cave arrangement: the coastal sector and the hill sector. Along
the coastal plain (up to 150 m a.s.l.), water-table caves have formed
near to the paleo-sea level and/or carved along a paleo-shoreline
(Ruggieri et al., 2007). Thus, the analyzed karst features are considered
as the product of dissolution near the base level. For this reason, for the
coastal sector of the Floridia Basin, we followed the approach that Florea
and Vacher (2006) and Canora et al. (2012) applied in Florida (USA) and
in Apulia (southern Italy), respectively. These authors correlate the
mapped paleo-karst caves with the marine terrace levels and their
paleo-shorelines located at similar elevations. For the Floridia Basin
area, although different marine terrace age models are available, we
used the model proposed by Catalano et al. (2010). Firstly, this is
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because the model defines a tectonic setting responsible for the defor-
mation of the onshore Hyblean region supported by field-based struc-
tural geological evidence. Secondly, the model proposes uplift-rates
that are in good agreement with other studies (Bianca et al., 1999;
Scicchitano et al., 2008; Spampinato et al.,, 2011).

Conversely, in the case of the hill sector, where the karst caves are lo-
cated along the steep flanks of entrenched valleys, we follow the per
descensum evolutionary model of karst systems (Palmer, 1987; Audra
et al,, 2001; Abel et al., 2002; Harmand et al., 2017), proposed for re-
gions like the Hyblean Plateau. This model considers the speleogenesis
to be related to the subsequent lowering of base level (local or global).
In this context, the inland water-table consistently deepens. The
model also considers that the horizontal development of a karst level
occurs during stages of relative base level stability. The evolution of
the karst system is governed by eustatic variation of sea level. Flooding
and filling of karst caves and conduits occur during base level
highstands. Coupled with water-table lowering is the entrenchment of
the fluvial network that erodes towards the new lowered base level.
As for the inland Hyblean region, the lowering of the karst system was
coupled along the coastal area by the formation of paleo-shorelines
and marine terraces. These processes are sustained by persistent, re-
gional tectonic uplift and modulated by climatically forced eustatic os-
cillations (Fig. 6a-c).

By applying this model, we dated the karst caves of the Floridia Basin
described by Ruggieri et al. (2007). We associate the karst caves to phases
of rising sea level, testified by the marine terraces dated by Catalano et al.
(2010). We chose the Floridia Basin region because of the absence, unlike
the Cassibile River area, of a tectonic disturbance in the lateral continuity
between the karst horizons and the dated marine terraces and paleo-
shorelines along the coast. Data regarding these caves (e.g., location, ele-
vation, etc.) are available in the catalogue of the caves located in the
Siracusa territory (Piano Paesaggistico Ambiti 14-17 Siracusa - Schede
Geotopi of the Regione Siciliana, 2018; https://www2.regione.sicilia.it/
beniculturali/dirbenicult/bca/ptpr/documentazione_siracusa/ALLEGATI/
schede_geotopi%20SR.pdf).

4. Results

From the geomorphic analysis of the Cassibile River's long profile we
recognized and analyzed two knickpoints (Fig. 5b-c), a prominent one
(main knickpoint - topographic relief in the order of 10> m) down-
stream, and a minor knickpoint (relief in the order of 10! m) located up-
stream in the upper portion of the basin.

The main knickpoint is located at about 15 km upstream from the
coastline, at an elevation of about 380 m a.s.l. (Fig. 5¢). The main drop
in elevation across the knickpoint occurs relatively close to the coast
within a distance of <10 km where the major Cassibile-Noto Fault is
located. The position of this knickpoint is also well documented by
the distribution of ks, values (Fig. 5d). This metric shows its highest
values, up to ~750 m?®, in correspondence with the knickpoint,
dropping downstream to values of <250 m?°. Lower ki, values of
<50 m?® are widespread, extensively characterizing the entire
upstream sector of the fluvial network (Fig. 5d). The geomorphic
analysis also reveals a spatial mismatch between the ks, metric and
the distribution of fault segment density (Fig. 5d). The intensely
fractured sectors of the Cassibile River basin, potential sites of
fault-related rock weakening or fault scarps, not necessarily show
spikes in kg, along the adjacent fluvial network.

The channel's relict reach, located upstream from the main
knickpoint, projects downstream close to the location of the hanging
fluvio-karst morphologies (e.g., caves in Fig. 7). Along the coast, the re-
constructed paleo-thalweg intercepts the Cassibile-Noto fault scarp at
an elevation of ~260 4+ 10 m a.s.l. Along the fault scarp, remnants of
the OIS 7.5 (240 ka) marine terrace occurs at an elevation of ~245 m a.
s.l. (Pavano et al., 2019) (Fig. 5¢). The applied celerity model provides
a travel time for this knickpoint of ~210 & 7 kyr.
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Fig. 6. Conceptual model of river entrenchment with formation of different karst levels
during the earliest phases of the late Quaternary tectonic uplifting of the Floridia Basin
area; a) during a first interglacial phase, the forming caves are located originally at the
position of the paleo-valley's bottom. At the same time, a shoreline develops at the sea-
level along the coast; b) during the subsequent cooling phase, combined with persistent
tectonic uplift, the fluvial vertical entrenchment and lateral erosion produce a
separation between the relict caves and the active valley's bottom, while the former
shoreline is abandoned; c¢) during a second interglacial phase new karst caves develop
at the river's bottom, while the older caves rests hanging on the valley's flank. In the
coastal area, a younger shoreline is modelled at the new sea-level, while the older
paleo-shoreline is preserved at higher elevation along the sea cliff.

Furthermore, using the minor knickpoint recorded at ~500 m a.s.l.,
some ~30 km from the coastline, we reconstructed a paleo-thalweg
projecting downstream to a higher elevation of ~375 4+ 17 m ass.l.
(Fig. 5¢). The applied celerity model provides an estimate of this
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minor knickpoint's travel time of ~482 + 16 kyr. For both reconstructed
paleo-thalwegs, the long profiles of most of the Cassibile River's tribu-
taries show minor knickpoints (kp, in Fig. 5¢).

The entire sector of the Cassibile River valley coincident with the
main knickpoint (Fig. 8a) is deeply entrenched (Fig. 8b and c), with a
maximum local relief of ~330 m (Fig. 8d). In addition, while the drain-
age basin narrows downstream, the entrenched canyon becomes
wider downstream. In particular, the sector of the canyon hosting the
main knickpoint is wider and more deeply entrenched than that located
upstream. Similar results are derived from the along-channel distribu-
tion of Vf (associated uniform uncertainty of 0.01) (Fig. 8c). Along the
valley, although Vf tends to be below 1, relatively higher values of up
to ~0.35 £ 0.01, characterize the channel trunk upstream from the
main knickpoint. Conversely, the lower portion of the canyon, located
downstream from the main knickpoint, shows very low values in Vf,
up to and close to 0 near the location of the caves (Fig. 8c). Further
downstream, close to the valley outlet, Vf increases again, reaching
values of ~0.25 £ 0.01 and ~0.4 4 0.01.

Moreover, near the valley mouth and where the maximum topo-
graphic relief (TR) has been measured (Fig. 8d), the entrenched Cassibile
River canyon shows a width of ~1 km, reducing to ~0.7-0.5 km in the
proximity of the knickpoint and finally passing to lower values of up
to ~0.15 km width in the upstream trunk of the valley. Proceeding fur-
ther upstream, the topographic relief passes from ~330 m, near the can-
yon outlet, to ~250 m in the knickpoint sector, with values of up to
<100 m in the upland region (Fig. 8d).

The field survey carried out along the central sector of the Cassibile
River valley (Fig. 2), close to the current position of the main knickpoint,
enables the identification of an array of karst caves. These features rep-
resent a karst horizon consisting of two main caves (Caves A and B, pro-
ceeding upstream) with entrances visible along the northern walls of
the canyon (Figs. 4, 7a-b and 9). They are located near the knickpoint's
edge, at elevations of ~340-350 m a.s.l. (Figs. 4 and 7a), ~20-30 m above
the modelled paleo-thalweg associated with the OIS 7.5 (240 ka). In
particular, the horizon along which the caves are positioned slopes
slightly towards the east and does not parallel the nearly horizontal car-
bonate stratigraphic layering (Fig. 9). About 1 km upstream from these
caves, in the opposite canyon wall, an additional karst cave (Cave C in
Fig. 7a), widely exploited as rupestrian housing system (Nastasi et al.,
2014), occurs. The lowest layer of this multi-level complex occurs at
an elevation of ~365 m a.s.l,, consistent with the karst horizon of Caves
A and B.

To the north, in the Floridia Basin, where a complete flight of marine
terraces occurs without any fault disturbance (Fig. 4), we tentatively de-
veloped an age model for the mapped karst features using the method-
ologies outlined in Section 3.

Most of the considered caves (e.g. the San Micidiario, Scale, Massi,
Conglomerato, Tunnel and Pipistrelli caves; e, g, i, |, m, n, o in Fig. 4

\f/Relict drainage system. b

Low-relief
summit surface

* ' Cassibile River’

Fig. 7. a) Location of the detected karst morphologies (caves A and B, red star, and Cave C, yellow star) plotted against the long profile reconstructed from the main knickpoint detected
along the Cassibile River; b) location of the karst morphologies (caves A and B) plotted in (a) along the left wall of the Cassibile River valley (source: Google Earth). The relicts of a paleo-
drainage system imprinted into the summit low-relief landscape and the paleo-flow direction are also reported.
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Fig. 8. a) Distribution of the topographic sections, spaced about 1 km from each other, transversally to the Cassibile River valley; b) topographic sections stacked top to bottom from the
valley outlet to the upstream sector. The different colors refer to the different sectors of the valley: black refers to the sector of the valley downstream from the main knickpoint, pink to the
main knickpoint interference zone and light grey to the channel trunk upstream the main knickpoint; c) distribution through the valley of the Vfvalues. The different colors of the circles'
edges correspond to those of the section in a. The location of caves is also reported; d) along-valley variation of topographic relief (TR) (triangles) and valley width (Vy) (diamonds). The
position of the main knickpoint is also indicated in the plot. Note that in ¢) and d) the associated uncertainties are too small (Vf= +0.01; Vw and TR = 44 m) to be clearly visualized in the
plot.

Fig. 9. Picture showing the relationships between the upstream migrating knickpoint along the Cassibile River canyon and the paleo-water-table associated with the OIS 7 (200-240 ka),
which emerges at about 350 m a.s.l. as hanging karst caves (Cave A and Cave B) along the northern flank of the valley. Relict drainage system is also indicated in the picture.
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and Table 1, respectively) are developed at elevations ranging from
530 m a.s.l. to 210 m a.s.l.,, along the highest sector of the Anapo River
valley. Using the available models of karst level evolution in entrenching
rivers of tectonically uplifted plateaus (Audra et al., 2001; Abel et al.,
2002; Harmand et al., 2017) (Fig. 6) these karst caves are likely to
have been associated with a succession of glacial-interglacial cycles
and/or sub-cycles. In the absence of absolute dating, we cannot assign
these highest caves to specific OISs. Thus, we tentatively correlate
them across a range of OISs occurring in age between 850 ka (OIS 21),
which marks the beginning of the tectonic uplift of the region
(Catalano et al., 2008a, 2010), and 570 ka (OIS 15) (Fig. 4 and
Table 1), when the marine terracing along the coastal plain commenced
(Catalano et al., 2010). During this time span, the highest paleo-
shorelines recognized in the Floridia Basin, which have been assigned
to the main interglacial peaks of the eustatic curve, developed between
5 and 8 km distance from these caves. A more convincing correlation is
between the “Grotta del Covo” (cave h in Fig. 4 and Table 1), at the
outer-edge of the summit low relief surface of the Hyblean Plateau,
and the adjacent inner-edge of the upper marine platform assigned to
850 kyr.

The other karst caves included in Table 1 develop at lower elevations
in the Floridia Basin coastal plain. These caves are located at elevations
consistent with those of the marine terraces and paleo-shorelines
mapped by Catalano et al. (2010) (see Section 3), thus allowing their di-
rect correlation. The “Grotta Spinagallo” (cave q in Fig. 4 and Table 1)
has already been correlated by Catalano et al. (2010) to the 125 m-
high paleo-shoreline, assigned to OIS 13 (520 ka) (see Section 2 for de-
tails). To the north, the “Grotta Chiusazza” and “Grotta Monello” (caves
rand s in Fig. 4 and Table 1, respectively), located at about 100 m as.l.,
can be correlated with the marine platform lying at 90 m a.s.l. (Table 1),
assigned to OIS 9.3 (330 ka; Catalano et al., 2010).

Further to the east, in the Maddalena Peninsula, the “Grotta del
Pellegrino” (cave t in Fig. 4 and Table 1) is developed at an elevation
of 10 m, on the notch level associated with OIS 5.1 (80 ka).

5. Discussion
In this study, we constrained an age model of karst features, combin-

ing their morphological relationships with both marine terraces and re-
constructed river long profiles. We test a new approach that considers

Table 1
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the cumulative effects of active deformation through time. Strandlines
of a flight of marine terraces provide continuous space-time reference
lines that are geographically restricted to the coastal area. In contrast,
river long profiles form space-time reference lines that extend inland,
connecting the related karst caves system to the correlative marine
paleo-shorelines. In tectonically active regions, these reference lines
progressively deform. They represent an important tool for the visuali-
zation and the partitioning in time of the cumulative effects of the tec-
tonic processes. They thus provide the necessary constraints for lateral
correlation of deformed landforms.

We tested our approach on the spatially extensive Hyblean carbon-
ate region in southeastern Sicily, that experienced a Middle-Late Pleisto-
cene (<850 ka) tectonic uplift (Catalano et al., 2010; Bonforte et al.,
2015). This uplift is documented by marine terracing along the coastal
slope, and by deep river entrenchment inland. The Floridia Basin was
subjected to almost spatially uniform uplift related to a regional tectonic
signal that, interacting with the eustatic changes, produced wide flat
marine terraces. In the adjacent area of the Cassibile River valley, the
marine strandlines are strongly deformed giving rise to an antiform
fold geometry. This antiform marks the footwall of the NE-trending
Cassibile-Noto normal fault. Strandlines culminate at the Cassibile
River and converge towards the northern tip of the fault in the direction
of the Floridia Basin (Pavano et al., 2019).

The age model of marine terraces (Catalano et al., 2010) and a reli-
able altimetric correlation of the karst features with the elevation of
the continuous marine strandlines (Florea and Vacher, 2006; Canora
et al.,, 2012), was firstly obtained in the Floridia Basin. For the correla-
tion, we considered the per descensum evolutionary model of karst sys-
tems (Audra et al,, 2001; Abel et al., 2002; Harmand et al., 2017), linking
the deepening of the karst network to the base-level fall and river en-
trenchment. The karst cave levels mapped in the Floridia Basin lie
below the oldest summit surface dated back to age > 850 ka (Catalano
et al., 2010; Bonforte et al., 2015) (Fig. 10). The uppermost levels, ex-
posed along the northwestern margin of the basin (i.e., upper Anapo
River valley), pre-dates the 520 ka (OIS 13) marine strandline. The low-
ermost levels, exposed within the flight of marine terraces, correlate
with marine strandlines ranging in age from 520 ka (OIS 13) and
80 ka (OIS 5.1) (Fig. 10 and Table 1).

The altimetric correlation, as performed for the Floridia Basin, does
not apply to the tectonically-controlled Cassibile River area. The local

Distribution of the karst caves, paleo-shorelines and marine terraces mapped in the eastern sector of the Hyblean Plateau. The karst caves from a to p have been correlated to the paleo-
shorelines ranging in age between 850 ka (OIS 21) and 570 ka (OIS 15), whereas the caves from q to t have been assigned to single paleo-shorelines and/or marine terraces <520 ka in age
(<OIS 13). The location of the caves (coordinates GAUSS-BOAGA expressed in meters) are from the “Piano Paesaggistico Ambiti 14-17 Siracusa - Schede Geotopi of the Regione Siciliana”
(https://www2.regione.sicilia.it/beniculturali/dirbenicult/bca/ptpr/documentazione_siracusa/ALLEGATI/schede_geotopi%20SR.pdf). The corresponding OIS and modelled age (ka) are

also reported.

Karst caves Name Latitude Longitude Paleoshorelines Marine terraces OIS Age (ka)
(m as.l.) (m as.l) (m as.l)
a (530) Signore 2 4104893 2517368 -
b (525) Anapo 2 4106895 2516726 250
¢ (500) Signore 1 4104585 2516504
d (425) Anapo 1 4102644 2516783 21 850
e (375) San Micidiario 4109408 2521674
f(350) Anapo 4 4107235 2519047 230
g (305) Scale 4109592 2522444
h (300) Covo 4099348 2526359 19 770
i(295) Massi 4109717 2522694
1(280) Conglomerato 4110460 2522773 205
m (260) Tunnel 4110532 2522650 -
n (250) Trovata 4110300 2522930 - 17 690
0(225) Pipistrelli 4110683 2522715 175 -
p (210) Vignale 4110596 2526252 -
15 570
q (125) Spinagallo 4095263 2536149 125 125 13 520
r(110) Chiusazza 4097786 2534193 90 90 9.3 330
s (105) Monello 4096863 2534738 90 90 9.3 330
t (10) Pellegrino 4097452 2548376 10 10 5.1 80
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Fig. 10. Topographic section showing the entire flight of marine terraces within the Floridia Basin. The location and elevation of the marine terraces’ inner-edges (labelled upside-down
triangles), the location of the dated terraces (labelled spirals) and the projection of the karst caves (asterisks) and their elevations (m a.s.l.) are also reported.

contribution of the footwall uplift along the Cassibile-Noto normal fault
caused lateral variability in the elevation of morphological features of
the same age (Fig. 11a). In this circumstance, the reconstruction of
paleo-long profiles of the river network provided isochronal lines bridg-
ing the coeval marine features cut into the fault scarp and the inland flu-
vial paleo-landforms (Crosby and Whipple, 2006; Kirby and Whipple,
2012; Gallen et al., 2013; Pavano et al., 2016; Jaiswara et al., 2019)
(Fig. 11b). Inland, as suggested by the mismatch between k;, map and
faults density, the detected knickpoints cannot be associated neither
with the location of secondary fault scarps nor with fault-related rock
erodibility changes (rock weakening). We based the age model of our
reconstructed paleo-long-profiles on the matching of their downstream
projection to the Cassibile-Noto Fault scarp with the elevation of the
marine strandlines (Fig. 5¢). We validate the age model applying the ce-
lerity model of knickpoint migration responsible for the progressive en-
trenchment of the analyzed long profiles. The reconstructed paleo-long
profiles and the resulting ages suggest that the paleo-thalwegs were
formed between 520 ka and 200-240 ka. The lower paleo-long profile,
reconstructed from the main knickpoint, can be associated with the
OIS 7 (200-240 ka) highstand. In fact, its downstream projection to
~260 4 10 m a.s.l. matches the elevation of the corresponding marine
terraces' strandlines, currently preserved along the Cassibile-Noto
Fault scarp at an elevation of 245 m a.s.l. The paleo-thalweg that was re-
constructed by modelling the trunk channel above the minor knickpoint
projects downstream to an elevation of ~375 4+ 17 m a.s.l, and it has
been associated with OIS 13 (520 ka) (Fig. 5¢). This projected elevation
is compatible with the alignment of the tributary confluences. These
confluences are now truncated and abandoned on the summit of the
low-relief landscape of the Hyblean Plateau at the rim of the canyon
(Figs. 7b and 9). Furthermore, the tributary channel long profiles show
knickpoints that approach the position of both the paleo-thalwegs,

reconstructed using both the main and minor knickpoints. These tribu-
tary channel knickpoints are also evident in the ks, distribution (Fig. 5d).
Locally, these tributary knickpoints show a recessed position with
respect to the location of the main channel confluence. This would
suggest that the erosion related to knickpoint migrations along the main
channel of the Cassibile River is propagating upstream along the entire
fluvial network (Fig. 5¢). In the context of the tectonic deformation
model of the eastern Hyblean Plateau, the paleo-long profile recon-
structed from the minor knickpoint could be associated with an early
stage of river incision. This is similar to that reconstructed for the upper
sector of the Anapo River Valley in the Floridia Basin (Fig. 11c). Further-
more, this paleo-long profile was entrenched as a consequence of the
early (<850 ka; Catalano et al,, 2010) stages of uplift experienced by the
eastern Hyblean Plateau's crustal block (Catalano et al., 2010). This
would imply that most of the local relief along the upstream portion of
the Cassibile River (Fig. 7d) (i.e. accumulated between the top of the pla-
teau summit surface and the 520 ka paleo-long profile) was likely devel-
oped between 850 ka (Catalano et al., 2010) and 520 ka (OIS 13).

By combining the two reconstructed paleo-long profiles, the maxi-
mum discrepancy in elevation between the two is ~100 m. This would
result from a channel lowering stage that occurred between 520 ka
and 200-240 ka. Thus, given the 280-320 kyr time span, the resulting
incision rate is ~0.31-0.35 mmy/yr. This value approaches the 0.3 mm/
yr regional long-term uplift rate reconstructed for this sector of the
Hyblean region during the last 850 kyr (Catalano et al., 2010; Bonforte
et al,, 2015). First of all, these results validate the assumption we did
for the river long profile analysis about the steady state conditions for
the paleo-rivers at the footwall of the Cassibile-Noto Fault. These data
suggest that the Middle-Late Pleistocene uplift rate was balanced by
the long-term incision rate prior to the occurrence of the main base
level drop at about 200-240 ka. This base-level lowering subsequently
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(filled where active) Yol Yot Yrte
Marine Terraces: (Mt) m—ty = t, =—t, —t, g »NO FAULT CONTROL
Incised Canyon pxd
Summit Surface Upstream sector
(projected where dashed
and in light color)
28 Mty e\
---------- r‘=
Mtp N ___/ Mty Coastal belt
i |
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Upstream sector
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Long Profile \
River Long Profile FauN level

Fig. 11. a) Schematic section across the study area, from the fault-controlled (normal fault) sector of the Cassibile River, to the Floridia Basin, which uniformly recorded the regional
component of uplift. FW: Footwall; HW: Hanging Wall; b) schematic river long profile showing the relationships between knickpoints, reconstructed paleo-river long profiles and
exhumed karst horizons, in the context of a fault-controlled landscape setting (Cassibile R.); ¢) schematic section across the Floridia Basin, showing the relationship between the
upstream sector and the lowland one, in the context of a uniformly elevated landscape according to the regional component of uplift.
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caused the deep entrenchment of the canyon and the development of
the main knickpoint. The geomorphic analysis highlights that, since
the Late Pleistocene, the Cassibile River valley is still experiencing chan-
nel lowering and canyon widening, due to the upstream transit of the
main knickpoint (Fig. 7). This is corroborated by both the along-valley
changes in Vfindex, close to 0 in the canyon-like sector of the valley,
and by the spatial distribution of the topographic relief and canyon
width. Indeed, these metrics markedly decrease upstream, proceeding
from the canyon outlet to the upland region of the Hyblean Plateau
(Fig. 7). This change in valley width in response to fault-related increase
in uplift rate has also been documented for other areas, including the
Mediterranean region (e.g., Whittaker et al., 2007, 2008). Our data indi-
cate that early channel entrenchment, due to tectonic uplift, and the re-
sulting channel narrowing are processes that migrate upstream coupled
with the moving knickpoint. This leaves space downstream for the
channel to reduce its slope angle (Whittaker et al., 2008), adjusted to
a constant (steady) uplift rate.

Moreover, the base-level lowering caused the deepening of the
water-table and the incision of the paleo-riverbed by the migration of
the knickpoint towards the upstream sectors of the Cassibile River
catchment (Fig. 9). Consequently, during the upstream-migrating
wave of fluvial erosion, the abandoned paleo-karst system, which is be-
lieved developed around the paleo-water-table related to the corre-
sponding eustatic highstand, was exhumed. Thus, Caves A-C would
represent evidence for an exhumed paleo-water-table position devel-
oped during OIS 7 (240 ka) in the Cassibile River area (Fig. 9).

Finally, by applying the celerity model we also estimated the cave
exhumation age due to the transit of the main knickpoint. This age cor-
responds to the travel time needed for incision to migrate from the
Cassibile-Noto Fault up to the location of karst cave complex. The
karst morphologies recorded along the northern wall of the Cassibile
River canyon are located at ~9 km from the Cassibile-Noto Fault and
the celerity model suggests that the caves were exhumed ~110 kyr
ago. This infers a knickpoint migration rate of ~82 & 3 m ky~'. This
value is in good agreement and in the same order of rates (10'-
102> m ky ") proposed in previous published data collected globally, in-
cluding the Mediterranean area (e.g., Hayakawa and Matsukura, 2003;
Bishop et al., 2005; Anthony and Granger, 2007; Whittaker and
Boulton, 2012). It also well fits the average distribution of knickpoint
migration rate for bedrock channels as a function of the drainage area
(e.g., Loget and Van Den Driessche, 2009).

6. Conclusions

In this study we apply an age model to karst systems using recon-
structed space-time reference lines, including paleo-river long profiles
and marine strandlines. We analyze two adjacent areas of the Hyblean
region (SE-Sicily, Italy), a plateau that experienced Late Quaternary dif-
ferential tectonic deformation. In the Floridia Basin, which recorded an
almost constant background signal of regional tectonic uplift, the ma-
rine strandlines represent the key linear space-time reference lines.
These are important to extrapolate the resulting age model to the
laterally-correlated karst features (Fig. 11), assigned to various OISs
ranging between 21 (850 ka) and 5.1 (80 ka). In contrast, in the Cassibile
River basin, the paleo-sea level markers are deformed in the footwall of
the Cassibile-Noto normal fault (Fig. 11). Here, in the absence of geo-
chronological dating, we take advantage of the reconstruction of
paleo-river long profiles to extrapolate the marine terrace-derived age
model to the inland landforms. We thus build a 2D framework of
space-time reference lines to assign ages to the paleo-karst features
now abandoned and hanging along the Cassibile River valley flanks.
Specifically, we attribute this karst horizon to OIS 7 (200-240 ka) and,
calculate an estimated knickpoint migration rate of ~80 m ky~1,
allowing us to infer that karst caves exhumation occurred at ~110 ka.

Even if applied to a small area, our geomorphic approach has wider
applicability to other tectonically deformed regions, especially where
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there is limited access to abandoned caves and/or where the infilling
sediments or the occurrence of speleothems are absent or too poorly
preserved for geochronology.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2021.108095.
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