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The proclivity of river networks to progressively carve mountain surfaces and preserve markers of landscape ad-
justments has made analyses of fluvial systems fundamental for understanding the topographic development of
orogens. However, the transient nature of uplift and erosion has posed a challenge for inferring the roles that tec-
tonics and/or climate have played on generating topographic relief. The Mt. Alpi region in the southern Apen-
nines has a heterogeneous distribution of elevated topography, erosionally-resistant lithology and uplift,
making the area optimal for conducting topographic and river analyses to better understand the landscape devel-
opment of a transient orogen. Stream length-gradient, normalized channel steepness, stream convexity and first-
order channel gradient indices from 10 m digital elevation data from the region exhibit stream profile inconsis-
tencies along the current drainage divide and a dominance of high values subparallel but inboard of the primary
chain axis irrespective of known transient landscape factors, suggesting that the current river network may be in
a state of transition. The location of these stream profile anomalies both near the modern drainage divide and
subparallel to an isolated swath of high topography away from catchment boundaries is thought to be the topo-
graphic expression of an imminent drainage divide migration driven primarily by the ~northeast-vergent exten-
sion of the western chain axis.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Tectonic and climatic processes are generally accepted as the prima-
ry drivers for building mountainous landscapes (e.g., Molnar and
England, 1990), but isolating the role of individual processes responsi-
ble for creating orogens that operate at varying spatial and temporal
scales has proven to be challenging. The ability of river networks to pre-
serve distinct topographic features created in response to local short-
lived surface changes and/or regional long-term external processes
has helped in identifying factors that modulate mountainous topogra-
phy (Whipple and Tucker, 1999; Snyder et al., 2000; Whipple, 2004;
Wobus et al., 2006; Whittaker et al., 2008; Di Biase and Whipple,
2011; Whittaker, 2012). River network development primarily depends
on how much sediment discharge (climate), large-scale vertical motion
(tectonics), and river substrate strength (lithology) affect the river sys-
tem (Whipple and Tucker, 1999; Snyder et al., 2000; Whipple, 2001;
Whipple, 2004; Wobus et al., 2006; Whittaker et al., 2008; Di Biase
and Whipple, 2011; Whittaker, 2012), which ultimately characterizes
a river as being detachment-limited (i.e. more prone to incision due to
minimal sediment coverage), transport-limited (i.e. less prone to
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incision due to maximal sediment coverage) or a mixture of these two
end-members (e.g., Howard, 1994; Willgoose, 1994; Tucker and
Slingerland, 1996; Tucker and Whipple, 2002; Whipple and Tucker,
2002; Attal et al., 2011). Profiles of individual rivers provide a first-
order snap-shot of the entire river path from headwater to outlet,
with deviations from a steady-state graded profile (i.e. concave-up;
Flint, 1974) signifying that river incision has not kept pace with external
forces such as tectonics and/or climate (e.g., Whipple et al., 1999; Kirby
and Whipple, 2001; Lavé and Avouac, 2001; Whipple and Tucker, 2002;
Kirby et al., 2003; Duvall et al., 2004; Zaprowski et al., 2005; Wobus et
al,, 2006).

The transmission of surface perturbations along bedrock rivers due
to local or external forcing can collectively alter drainage networks at
the catchment scale, ultimately affecting the stability of drainage di-
vides as demonstrated by modelling studies (e.g., Willett et al., 2001,
2014; Pelletier, 2004; Bonnet, 2009; Perron et al., 2012). Drainage di-
vides may experience short-term horizontal mobility in response to
changes in base-level (e.g., Prince et al., 2011) or climatic forcing (e.g.,
Stark, 2010), as well as long-term migration due to normal faulting
propagation at rift margins (e.g., Summerfield, 1991; Gilchrist et al.,
1994; Tucker and Slingerland, 1994), topographic advection (e.g.,
Willett et al., 2001; Willett and Brandon, 2002; Miller and Slingerland,
2006; Ramsey et al., 2007) and/or orographic precipitation (e.g.,
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Willett, 1999; Roe et al., 2003; Anders et al., 2008). The differential influ-
ence of tectonic and erosional processes may lead to a drainage divide
migration that is out-of-phase with the main topographic crest of a
mountain belt, leading to a physical separation of the two at the orogen
scale. The movement of the drainage divide away from the crest of max-
imum peak elevations, where the primary orogen drainage divide is ex-
pected, has been shown to be induced by the propagation of
deformation within extensional settings and fold and thrust belts (e.g.,
D'Agostino et al., 2001; Forte et al,, 2015).

The decoupling of topographic and drainage network development
has also been observed in the southern Apennines of Italy (Amato et
al., 1995; Salustri Galli et al., 2002), which has been subject to both
NE-verging orogenic transport and extensional faulting. The goal of
this study is to help understand the progressive development of the
drainage divide in the Mt. Alpi area of the southern Apennines through
the interpretation of gross topographic and stream profile features to-
gether with analyses of stream profile gradient, steepness and
convexity.

2. Tectonic background

The southern Apennines in the Mt. Alpi region are a northeast driven
fold-and-thrust belt created by the subduction of the Adria Plate be-
neath Eurasia (Malinverno and Ryan, 1986) that represent the sum of
compressional and extensional tectonics controlled by both thin- and
thick-skinned deformation (e.g., Patacca et al., 1990; Cello and
Mazzoli, 1998; Patacca and Scandone, 2001; Butler et al., 2004; Shiner
et al., 2004; Scrocca et al., 2005; Schiattarella et al., 2006; Mazzoli et
al., 2008, 2014). In the late Miocene, back-arc extension of the
Tyrrhenian Sea (e.g., Kastens et al., 1988; Faccenna et al., 1996, 1997)
occurred concurrently with thin-skinned thrust faulting of the
Lagonegro, Apennine Platform and Ligurian Units currently exposed in
the Mt. Alpi area, which generated a tectonic wedge (e.g. Sgrosso,
1988; Cello and Mazzoli, 1998; Mazzoli et al., 2014). Back-arc extension
trending ~eastward caused down-faulting of blocks, leading to the for-
mation of large coastal grabens that punctuated the southwestern mar-
gin of the southern Apennines in the Early Pleistocene (e.g., Sartori,
1990; Savelli and Schreider, 1991).

Starting in the Messinian, the formerly submerged wedge was thrust
onto the Apulian Platform (e.g., Butler et al., 2004), above sea level
(Ascione and Cinque, 1999), followed by the formation of shallow-
water to continental wedge-top basins on top of the Apennine alloch-
thonous units starting in the late part of the Early Pliocene (Mazzoli et
al., 2012). Basin subsidence due to slab tear within the down-going
Apulian lithosphere followed a progressive southeastward path from
c. 4 to c. 2.8 Ma, when the youngest basin (Sant'Arcangelo basin) was
formed (Ascione et al., 2012). Uplift of the Nocara anticlinal ridge from
the contraction of the structurally lower Apulian Platform (Zuppetta et
al., 2004; Capalbo et al., 2010; Mazzoli et al., 2012; Ascione et al.,
2012; Giano and Giannandrea, 2014) ultimately separated the
Sant'Arcangelo wedge-top basin from the Bradanic foredeep, leading
to a change from marine to lacustrine deposition in the basin from
1.0-0.7 Ma (Zavala, 2000; Mattei et al., 2004; Sabato et al., 2005;
Capalbo et al., 2010). Subsequently, the Pliocene to Pleistocene
Sant'Arcangelo wedge-top basin units were uplifted along with the
Nocara ridge in response to progressive post-orogenic (<0.7 Ma) south-
ern Apennines uplift to the southeast (e.g., Cinque et al., 1993; Amato
and Cinque, 1999; Ascione et al., 2012). Thin-skinned denudation
(Schiattarella et al., 2006; Mazzoli et al., 2008) was generated in re-
sponse to upper crustal collapse and is believed to have occurred con-
temporaneously with the compressional deformation of the Apulian
Platform carbonates at depth (e.g., Cello and Mazzoli, 1998; Shiner et
al., 2004; Mazzoli et al., 2014). At around 0.7 Ma (e.g. Patacca and
Scandone, 2001), the southern Apennines were dominated by exten-
sion along high-angle normal faults (e.g., Cello et al., 1982; Cinque et
al.,, 1993; Hippolyte et al., 1994; Ascione and Cinque, 1999) that is

believed to have overprinted the entire tectonic sequence at depth as
well as in the near surface, cutting across the low-angle extensional
faults in the upper crust (Mazzoli et al., 2014). Coeval with the onset
of extensional deformation, the northeastern side of the southern Apen-
nines experienced uplift starting in the Middle Pleistocene, which is be-
lieved to be due to the slab detachment and rebound of the Apulia
lithosphere (e.g., Cinque et al., 1993; Ascione et al., 2012, and references
therein). Middle to late Pleistocene marine terraces from the Ionian
coastal belt point to post-orogenic uplift increasing from NE to SW
(e.g., Bordoni and Valensise, 1999; Amato, 2000).

3. Study area
3.1. High topography architecture and development

The topographic framework of the western part of the Mt. Alpi re-
gion is defined by high isolated carbonate peaks and ridges (elevations
>1600 m) bound by well-developed semi-elongate to elongate inter-
montane basins (Fig. 1a). The high topography along the western
chain axis primarily consists of Apennine Platform carbonates (e.g.
Mts. Raparo, La Spina and Pollino), while Mts. Alpi and Sirino are
made up of Apulian Platform and Lagonegro carbonates, respectively,
that are typically found structurally lower in other locations of the
southern Apennines (Fig. 2) (Mazzoli et al., 2001; Aldega et al., 2003;
Corrado et al., 2005). The morphology of these high peaks is typically
defined by steep peaks >30° and distinct high-angle normal faults
(Mazzoli et al., 2014), reflective of the most recent thick-skinned exten-
sion. This is especially evident at Mt. Alpi, where a steep (~50°) high-
angle fault scarp controls the morphology of the western flank of the
mountain (Fig. 3a) (Mazzoli et al., 2014). Three of these high peaks
(Mts. Sirino, La Spina and Pollino) extend along the southern Apennines
drainage divide trending ~NW-SE with the chain axis, while two isolat-
ed peaks (Mts. Alpi and Raparo) located east of the drainage divide fol-
low a ~N-S trend and stand above the surrounding topography despite
being located away from the drainage divide and line of maximum ele-
vation (Fig. 1a). Topographic profiles both along and across the chain
axis reveal a locus of high topography between Mts. Sirino, Alpi, La
Spina and Raparo peaks, with elevation decreasing progressively to
the east and west but dropping more sharply north of Mt. Raparo,
south of Mt. Alpi and west and south of Mt. Sirino (Fig. 1b). The
Cogliandrino River valley extending ~N-S between Mts. Sirino and
Alpi also stands notably higher than surrounding basins as part of the
local topographic high.

Complementing the topographic evidence for surface uplift, low-
temperature thermochronometry data from bedrock samples show
that the pattern of recent exhumation also coincides with the local topo-
graphic high. Young apatite (U-Th)/He (AHe) and fission track (AFT)
cooling ages (ranging from 1.6 to 1.9 Ma and 1.5 to 3.2 Ma, respectively)
from Mt. Alpi and Mt. Sirino (Corrado et al., 2005; Mazzoli et al., 2006,
2008, 2014; lannace et al., 2007; Invernizzi et al., 2008), located in the
footwall of the ~ESE-vergent Cogliandrino low-angle detachment
fault, reflect rapid exhumation (~1 mm/yr) of these units, with rates de-
creasing to <0.6 mm/yr starti'ng at ~1.5 Ma (Fig. 1) (Mazzoli et al.,
2014). Bedrock cooling ages north and south of the Mt. Alpi area are no-
tably older than those from Mts. Alpi and Sirino (AHe = 3.4 to 5.9 Ma
and AFT = 3.8 to 9.2 Ma), with exhumation rates inferred to be
<0.6 mm/yr from at least 4 Ma to the Present (Mazzoli et al., 2014). De-
spite the close proximity of Mt. Raparo to Mts. Alpi and Sirino, this peak
is believed to have experienced a different exhumation history because
it is located in the hanging wall of the Cogliandrino detachment fault
(Mazzoli et al., 2014).

3.2. Intermontane basins

The intermontane basins interspersed between the high carbonate
peaks collectively formed in response to ~NE-SW Quaternary extension
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Fig. 1. (a) Shaded relief map of the Mt. Alpi region created in ArcGIS using 10 m digital elevation model (DEM) data from the Istituto Nazionale di Geofisica e Vulcanologia (INGV) (Tarquini
etal,, 2007, 2012), showing streams analyzed in this study. Stream numbers on map correspond to respective stream profiles in Fig. 4. Fault data modified from Bonardi et al. (1988) and
Papanikolaou and Roberts (2007). Stars represent measured (1) and estimated (2, 3) epicenter locations for past earthquakes: 1 = M,, 5.6 Lauria earthquake in 1998, 2 = M,, 7.0 Val d'Agri
earthquake in 1857 and 3 = M,, 6.4 Vallo di Diano earthquake in 1561. Figure modified from Buscher et al. (2015). Parameters chosen for shaded relief map based on suggestions at
gisdgeomorphology.com (b) Elevation swath profiles trending roughly perpendicular (AA’ & BB’) and parallel (CC’' & DD’) to the chain axis and primary tectonic structures. Swath
profiles figure modified from Mazzoli et al. (2014). Abbreviations: MA = Mt. Alpi, MS = Mt. Sirino, MR = Mt. Raparo, MLS = Mt. La Spina, MP = Mt. Pollino, MM = Maddalena
Mountains, VNB = Valle del Noce Basin, MEB = Mercure Basin; MOB = Morano Basin, CB = Castrovillari Basin, RV = Raganello Valley, CR = Cogliandrino River, SAB =
Sant'Arcangelo Basin, NR = Nocara Ridge, V.E. = vertical exaggeration, numbers 1-14 correspond to low-temperature thermochronometry data in table.
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Modified from Buscher et al. (2015). Photo location symbols include figure number (e.g. 3a is Fig. 3a).

documented throughout the region and each reflect a distinct stage of
extension (Figs. 1a and 3b) (e.g., Cello et al., 1982; Hippolyte et al.,
1994; Montone et al., 1999; Frepoli and Amato, 2000; Caiazzo et al.,
2006; Ascione et al., 2007, 2013; Spina et al., 2008; Devoti et al., 2011;
Pierdominici and Heidbach, 2012; Faure Walker et al., 2012; Candela
et al., 2015). The Vallo di Diano located west of the Agri catchment is a
well formed elongate ~NNW-SSE-oriented half-graben (e.g.,
Santangelo, 1991; Ascione et al., 1992; Cello et al., 2003; Barchi et al.,
2007; Amicucci et al,, 2008), bound to the northeast by a relatively lin-
ear mountain front formed by three high-angle normal fault segments
that are believed to have been active from the early Pleistocene to the
Present (Cello et al., 2003; Galli et al., 2006; Papanikolaou and Roberts,
2007; Spina et al., 2008; Villani and Pierdominici, 2010).

Roughly aligned with the Vallo di Diano is the notably smaller and
less developed Valle del Noce basin, which hosts a deeply eroded and
dissected lacustrine succession from the late part of the Early Pleisto-
cene to the early Middle Pleistocene (La Rocca and Santangelo, 1991).
A faceted scarp on the northeastern side of the Noce valley suggests
that formation of the Noce basin could be related to a fault trending
~NW-SE (Valente, 2009). Basin formation likely followed the develop-
ment of the Vallo di Diano, causing streams originally flowing north-
ward to reverse course (L.S.P.R.A,, in press).

Southeast of the Noce valley lies the Mercure basin, an
equidimensional extensional lacustrine basin believed to have been active
from the early part of the middle Pleistocene (Schiattarella, 1998;
Schiattarella et al., 2003, 2006; Capalbo et al., 2010; Robustelli et al.,
2014), which is framed on the northeast by a high-angle fault system
trending ~WNW-ESE. The Mercure basin is thought to have formed
with the Morano and Castrovillari basins in the hanging wall of the Pollino
fault system, which initiated as a sinistral fault in the lower Pleistocene
and ultimately became a normal fault system in the middle Pleistocene,
with extension directed ~NE-SW (Schiattarella, 1998; Robustelli et al.,
2014). Cessation of activity of the Mercure lacustrine basin at ~500 ka
(Petrosino et al., 2014; Robustelli et al., 2014) and the Noce basin occurred
from the progressive incision of rivers flowing towards the Tyrrhenian

Sea, triggered by down-faulting and associated eastward coastline migra-
tion generated in response to the extension of the Tyrrhenian back-arc
basin (e.g., La Rocca and Santangelo, 1991; Robustelli et al., 2014). Based
on ages from marine terrace deposits (Filocamo et al., 2009, 2010), the
present-day Tyrrhenian coastline was established at around the begin-
ning of the middle Pleistocene.

The Val d'Agri in the upper reach of the Agri catchment is a well-de-
veloped elongate intermontane basin (Fig. 3b) considered to be rela-
tively nascent based on the presence of two isolated depocenters
(Morandi and Ceragioli, 2002; Colella et al., 2004) and segmented Qua-
ternary faults (Cowie et al., 2000; Cowie and Roberts, 2001). However,
extensional faulting along the Val d'Agri basin dates back to the Middle
Pleistocene (e.g., Di Niro et al., 1992; Boenzi et al., 2004) and has been
documented only until 40-20 ka (Giano et al., 2000; Candela et al.,
2015).

In addition to sedimentary basins, numerous polje (basins formed by
karstic processes) are found at catchment boundaries, especially along
the main drainage divide (Figs. 1a and 3c). Features like these are
quite ubiquitous throughout the Apennines, with polje basins and tufa
and travertine deposits being typically found close to large normal faults
(e.g., Minissale, 2004; Santo et al., 2011; Brogi et al., 2012; Ascione et al.,
2014). The formation of these features near active faults is believed to be
related to the transfer of CO,-rich fluids along fault zones that leads to
precipitation of the fluid at the surface (e.g., Kerrich, 1986; Toutain
and Baubron, 1999; Sibson, 2000; Cello et al., 2001; Ciotoli et al., 2007;
Ascione et al., 2014).

3.3. Seismicity

The high-angle normal faults that define many of the steep moun-
tain fronts in the southern Apennines have also been the sources of sig-
nificant historical earthquakes (Fig. 1a). Seismic data interpretations
and the distribution of surface perturbations from the Mw 5.6 Lauria
earthquake in 1998 showed that the rupture was triggered along a
northwest-trending fault at the northwestern end of the Mercure
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Fig. 3. (a) Looking ~NE at Mt. Alpi and Cogliandrino valley. (b) Looking ~NW at Val d'Agri.
(¢) Looking ~N at SE end of Magorno polje valley. See Fig. 2 for photo locations.

fault, as part of the Pollino fault system (Michetti et al., 2000), or alter-
natively along a transverse shear zone (Galli et al., 2001). In 1857, the
Val d'Agri experienced a Mw 7.0 earthquake (Rovida et al,, 2011-
CPTI11) believed to be attributed to structures trending NW-SE that
frame the Val d'Agri to the northeast (Fig. 1a) (Pantosti and Valensise,
1988; Benedetti et al., 1998; Borraccini et al., 2002; Michetti et al.,
2000). Relatively close to the Val d'Agri epicenter, a Mw 6.4 earthquake
occurred in 1561 near the northern end of Vallo di Diano (Working
Group CPTI, 2004). This correlation between earthquake data and
mountain peak morphology suggests high-angle faults common to the

Mt. Alpi region connect to deeper structures and exhibit late Quaternary
activity (e.g., Michetti et al., 2000; Macchiavelli et al., 2012), illustrating
that surface features may reflect recent extension (Mazzoli et al., 2014).

4. Methods

To help document the landscape development of the Mt. Alpi area,
individual tributary and trunk stream profiles from the Agri, Sinni,
Noce, Mercure and Pollino catchments were analyzed and compared
with features exhibited by the topographic framework of the region
(Pollino catchments = Morano and Castrovillari basins and Raganello
valley adjacent to Mt. Pollino). Stream profiles were created from each
catchment to show 1st-order variations in concavity and convexity
along the stream path from source to sink (Fig. 4). Stream profile inflec-
tions observed in the field and/or by remote sensing (e.g., DEMs, Google
Earth) and not associated with human-made structures were classified
as knickpoints and labelled on the lithologic map (Fig. 2).

To provide quantitative constraints on the geometric framework of
the region, stream profiles were analyzed using four different ap-
proaches: (1) stream length-gradient (SLG), (2) normalized channel
steepness (ks,) (3) stream convexity and (4) first-order channel gradient
indices (Hack, 1957; Flint, 1974; Merritts and Vincent, 1989; Demoulin,
1998; Snyder et al., 2000; Zaprowski et al.,, 2005; Spagnolo and
Pazzaglia, 2005; Wobus et al., 2006). The SLG, ks, and stream convexity
analyses were conducted using 10 m digital elevation model (DEM)
data obtained from the INGV (Tarquini et al.,, 2007, 2012) and the first-
order channel gradient analyses utilized 90 m SRTM data (NASA).

The SLG index quantifies stream profile steepness at the reach scale by
multiplying the ratio of the local slope (AH/AL) centered around a mid-
point of a given reach by the stream length (L) measured from the head-
waters to the reach midpoint (Fig. 5a) (S = (AH/AL)*L; Hack, 1957). This
approach is typically used to distinguish variations in stream gradient
generated by changes from such factors as tectonic uplift, rock type, or
surface processes. In this study, the SLG index values were determined
by measuring the change in stream length and height between 25 m con-
tours generated in ArcGIS for the 10 m DEM and multiplied by the up-
stream length from the midpoint of the stream reach between contours.
The 25 m contour interval was chosen to be consistent with the original
25 m topographic map contour interval used to create the 10 m DEM
data (Tarquini et al., 2007) and to help reduce the amount of extraneous
data that may be inadvertently introduced during the process of
converting the cartographic data to digital form (e.g., Wobus et al., 2006).

The kg, index expands on the fundamentals of the SLG index by com-
paring the reach slope (S) with the catchment area (A) upstream of the
reach midpoint to the power of the concavity index (0) to ultimately
obtain the channel steepness index ks (Fig. 5a) (S = k¢A™; Hack,
1957, Flint, 1974, Snyder et al., 2000, Wobus et al., 2006; Kirby and
Whipple, 2012). Because slight deviations of the concavity index
(slope of the gradient-area data) can produce a wide range of values
of channel steepness index (y-intercept of the slope) when comparing
streams from catchments varying in size, the data need to be normal-
ized using a reference concavity (0,.f) calculated from the error-weight-
ed mean concavity of the streams analyzed (Wobus et al., 2006; Kirby
and Whipple, 2012). For the Mt. Alpi area, the normalized steepness
index (ks,) was determined following the automated ks, procedure of
the stream profile tool created by Whipple et al. (2007) and found at
www.geomorphtools.org, using the following parameters:
Oref = —0.48, smoothing window = 250 m, sampling interval =
25 m, minimum catchment size = 10® m?. The O, of —0.48 represents
the error-weighted mean concavity determined from the best-fit slope
of select gradient-area data (Snyder et al., 2000; Wobus et al., 2006)
from each of the 30 streams analyzed in this study (see Appendix).
The smoothing window size was chosen based on suggestions by
Whipple et al. (2007) to use 250 m for USGS DEMs, which have a similar
resolution to those downloaded from the INGV. The 25 m contour inter-
val was selected to be consistent with the SLG index analyses and the
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Fig. 4. Stream profiles extracted in ArcGIS from 10 m DEM data obtained from INGV (Tarquini et al., 2007, 2012), showing difference in steepness, length, and general character between

streams from the Tyrrhenian and lonian catchments.

minimum catchment size of 10% m? was chosen to allow for analyses of
the same stream lengths as by the other techniques in the study and to
reduce the potential for clutter from a high density of streams.

Knickpoints were also identified based on inflections observed along
stream profiles and the vertical clustering of points on gradient-area
plots generated from the stream profile tool (Whipple et al., 2007).
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Fig. 5. Diagrams illustrating measurement and calculation of (a) stream length-gradient and channel steepness indices and (b) stream convexity. See Methods section for details.
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The method for quantifying stream convexity, representing an ex-
tension of methodologies applied by Demoulin (1998) and Zaprowski
et al. (2005), compares the original DEM stream profile with two nor-
malized reference profiles: one represented by a natural log curve plot-
ted between the upstream and downstream endpoints (high concavity
end-member), and a second rectilinear curve plotted through these
same points (high convexity end-member) (Fig. 5b). Unlike the
methods of Demoulin (1998) and Zaprowski et al. (2005) that inferred
the stream concavity index from the ratio of observed incision with
maximum incision, the measurement of stream convexity compares
the difference between the DEM stream profile and theoretical steady-
state profile represented by the natural log curve (observed convexity)
with that between the rectilinear and natural log curves (‘maximum’
convexity). Therefore, the higher the DEM profile-natural log values rel-
ative to the rectilinear-natural log values, the higher the stream convex-
ity. These ratios can become more variable closer to the upstream and
downstream ends of the profiles due to the convergence of the three
curves, but these variations are not considered problematic since recent
uplift changes are best expressed in the middle reaches of bedrock-
floored rivers, not masked by hillslope and alluvium processes observed
in upper and lower river reaches, respectively (e.g., Sklar and Dietrich,
1998; Montgomery and Foufoula-Georgiou, 1993; Whipple and
Tucker, 2002; Stock and Dietrich, 2003). Sample spacing was set at
250 m to be consistent with the smoothing window size used for the
stream profile tool for the gradient-area analyses (Whipple et al.,
2007) and to help reduce data noise.

In addition to stream profile analyses of high-order trunk and tribu-
tary rivers, first-order channel gradient analyses were conducted on Pli-
ocene to Pleistocene Sant'Arcangelo basin units. The comparatively low
energy setting of low-order rivers allows for longer preservation of
slope perturbations (Merritts and Vincent, 1989; Spagnolo and
Pazzaglia, 2005), thereby making first-order channel analyses a good
proxy for quantifying differential uplift. Because lithology can be a pri-
mary control on the profiles of first-order streams, analyses were only
applied to the Sant'Arcangelo basin units representing the largest ho-
mogeneous rock unit in the field area, which extend across both the
Agri and Sinni catchments. First-order channel gradient analyses were
calculated using 90 m SRTM data (NASA).

5. Results

Stream profiles from the study area show that profile steepness and
convexity are generally higher in the Noce and Mercure catchments
followed by medium values in the Sinni and Pollino catchments and
low values in the Agri catchment, while stream lengths are greatest in
the Agri and shortest in the Noce (Fig. 4). The steep short reaches
along the western flank of Mt. Sirino in the Noce catchment form a dis-
tinct radial pattern compared to the longer less steep reaches east of the
peak (Figs. 1a, 4, 63, and b). In contrast, streams surrounding the Pollino
massif from the Mercure catchment and upper reaches of the Pollino
and Sinni catchments are all characterized as steep (Figs. 4 and 6c).

Numerous knickpoints, found primarily in the western part of the
field area, can be categorized into two groups based on the apparent
correlation, or lack thereof, between lithology and knickpoint location
(Fig. 2). The first group consists of knickpoints in the Noce, Mercure
and Pollino catchments and along tributaries leading to the Val d'Agri
that are located within 200 m of lithologic contacts. The second group
is found primarily in the more erodible rocks of the central part of the
study area along Mts. Alpi and Raparo and the northern flank of Mt.
Pollino with no obvious influence from lithology (i.e. >200 m away
from the nearest lithologic contact).

For the quantitative profile analyses, the SLG, kg, and stream convex-
ity data generally exhibit a similar distribution of high and low values
relative to the high topography of the chain axis and lithology but also
show localized deviations unrelated to these factors. The SLG index
data for the Agri and Sinni catchments increases eastward as rock type

transitions from carbonates to conglomerates, with low values in the
western upper reaches and medium to high values in the middle
reaches to the east (Fig. 7a). The relatively abrupt transition from low
to medium-high values occurs along a ~N-S trend that roughly coin-
cides with the alignment of Mts. Alpi and Raparo. The lowest values of
the dataset are found along the Agri and Cogliandrino River valleys,
while the highest values are along the northern flank of Mt. Pollino,
with lithology being surprisingly more erosive in all of these localities
relative to other areas with moderate values. SLG index values vary in
the Noce catchment but are primarily medium to high at locations
along middle reaches that coincide with lithologic changes from resis-
tant carbonates (Lagonegro/Apennine Platform carbonates) to more
easily erodible rock (Lagonegro basin strata/Ligurian accretionary com-
plex units). The Mercure and Pollino catchments exhibit a mixed distri-
bution of SLG index values, with the highest values found along the
upper reaches of streams originating from Mt. Pollino.

The map of kg, index data displays values generated by the automat-
ed ks, application of the stream profile tool (Whipple et al., 2007) for
tributaries and trunk streams from catchments with areas >108 m?
(Fig. 7b). Since streams were analyzed based on a minimum catchment
area of 10 m? and were not individually selected, significantly more
streams were generated by the kg, index procedure than by the other
methods used in this study. Analyses from the stream profile tool are
based on calculations for bedrock-substrate rivers (Snyder et al., 2000;
Kirby and Whipple, 2001, 2012; Wobus et al., 2006), so values from
reaches where hillslope and alluvial processes are expected to dominate
(typically upper and lower reaches, respectively) are shown for refer-
ence but are not considered for interpretation (Sklar and Dietrich,
1998; Montgomery and Foufoula-Georgiou, 1993; Whipple and
Tucker, 2002; Stock and Dietrich, 2003).

A map of the kg, values reveals an ~E-W gradient in the Agri catch-
ment and northern part of the Sinni catchment, with low to medium
ks, values in the upper and lower reaches of the catchments and medi-
um to high values in the middle reaches (Fig. 7b). An approximately
5 km wide band of high ks, values in the middle reaches of the Agri
and Sinni catchments extends adjacent and subparallel to the ~N-S
swath of high topography that includes Mts. Alpi and Raparo. For the
southern part of the Sinni catchment, high ks, values are found along
the northern flank of Mt. Pollino. The Noce catchment exhibits a mix
of medium to high ks, values, with high values located primarily at
the contacts between erosionally resistant carbonates and detrital rock
units as was observed from the SLG index data. The Mercure and Pollino
catchments have primarily high ks, values at the boundary with the Agri
catchment, especially along the flanks of Mt. Pollino.

For the stream convexity analyses, the Agri and Sinni catchments
generally exhibit an ~E-W change comparable to the previous analyses,
with relatively low convexity values in the upper and lower reaches and
medium to high values centered along the high topography of Mt. Alpi
and Mt. Raparo (Fig. 7c). However, some streams from the Agri and
Sinni catchments are in stark contrast to the stream gradient data,
with high convexity values found along reaches that have low SLG and
ks, index values (e.g., A2, S2, S5), which is especially evident when com-
pared to kg, averages calculated for bedrock reaches (Fig. 7d). Interest-
ingly, the upper reaches of streams M1 and P1 show the opposite trend,
with high overall SLG and kg, index values but low convexity values. In
the Noce catchment, high convexity values are most common in the
upper reaches while high ks, values are more confined to the middle
reaches (N1, N4, N5, N6). The same relationship is also observed along
other reaches (A5, A9, S3, S6), where the high convexity values are
found just upstream of the high ks, values. This variation in reach loca-
tion for the same knickzone feature may be explained by the different
approaches of the two techniques. The stream convexity approach doc-
uments the stream profile deviations from a natural log concave refer-
ence curve, so the highest values are likely going to be atop a
knickpoint as well as the area immediately upstream of the knickpoint.
The kg, index displays stream profile deviations associated with the
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downstream component of a knickpoint and therefore appears down-
stream of some high convexity index zones. However, it should be
noted that the ky,, index can yield low values for streams that are clearly
convex as is the case for streams A2, S2 and S5, so it may be helpful to
use both techniques in conjunction.

First-order channel gradient analyses show a distinct increase in
value from north to south, with the highest values located at ridges
straddling the middle reach of the Sinni River (Fig. 7d). The lowest
values are found primarily along ridges north of the Agri River but
also at ridges bounding the Agri River. First-order channel values also
generally increase to the west-southwest towards Mts. Alpi and Raparo.

6. Discussion

Stream network analyses from catchment to reach scale suggest that
incision varies along the drainage boundary. The relatively large, elon-
gate, ~E-W orientated Agri and Sinni catchments east of the primary
Apennine drainage divide contrast with the smaller, ~N-S oriented
Noce and Mercure catchments to the west and south, respectively, im-
plying that incision may generally differ between Tyrrhenian- and Ioni-
an-directed catchments (Fig. 1). The lack of significant incision of the
~NW-SE oriented Val d'Agri basin compared to the moderately incised
~N-S Cogliandrino valley may reflect a general trend of increased
upper-reach incision in the south compared to that in the north (Fig. 1).

The apparent correlation between steep and convex stream profiles
and catchment location appears to reflect a distinction between catch-
ments located ~E or ~W of the drainage divide and possibly a more sub-
tle ~N-S gradient between the Agri and Sinni catchments (Fig. 4). This
contrast in stream profile steepness and convexity at the drainage di-
vide is exemplified at Mt. Sirino (Figs. 4, 6a, and b), indicating that
stream incision may vary along this stretch of the drainage divide,
while the consistently steep reaches flanking Mt. Pollino suggest inci-
sion is at a relatively more mature stage (Figs. 4 and 6¢). The presence
of internally drained basins with active polje features along the crest
of the drainage divide (Figs. 1 and 3c) generally reflects a lack of stream
incision and upper hillslope erosional processes controlling the forma-
tion of these polje basins, suggesting that variable factors may influence
the formation of the drainage divide. The correlation between karstic
features and fault zones found in other areas of the southern Apennines
(e.g., Santo et al., 2011; Ascione et al., 2014) suggests that faults may
play a role in establishing and/or stabilizing drainage divides for a peri-
od of time before incision becomes more dominant. Taken together,
these gross topographic and drainage network features appear to indi-
cate that a transient drainage divide exists in the Mt. Alpi region, but
more in-depth analyses of stream network patterns at the catchment
scale and stream profile surface changes at the reach scale are needed
to better constrain the landscape response to localized uplift.

Analyses of bedrock-floored stream reaches in the Agri and Sinni
catchments show that high SLG, ks, and stream convexity indices
trend ~N-S with Mts. Alpi and Raparo and the northern flank of Mt.
Pollino. A swath of high values of SLG and ks, indices in the Agri and
Sinni catchments are located immediately east of Mts. Alpi and Raparo
that coincides with the ~N-S alignment of the Pietra del Pertusillo and
Latronico gorges (e.g., Giano and Giannandrea, 2014), the fault scarp
bounding the southern flank of Mt. Raparo and a distinct knickpoint
along stream A8 (Figs. 2 and 6d). High stream convexity values are
also focused along the same ~N-S trend but follow a wider swath on
both sides of Mts. Alpi and Raparo (Fig. 7c). High values of SLG and kg,
indices also dominate the upper stream reaches of Mt. Pollino, but sur-
prisingly one of the most convex streams in the entire field area (S5)
originates from a lower elevation peak to the northwest of Mt. Pollino

Fig. 6. (a) Looking ~NE at west side of Mt. Sirino with village of Rivello seen in the
foreground. (b) Looking ~SW at NE side of Mt. Sirino. (c) Looking ~S at tributary
streams along northern flank of Mt. Pollino. (d) Looking ~NW at SE flank of Mt. Raparo,
with village of Castelsaraceno seen in middleground. See Fig. 2 for photo locations.



J.T. Buscher et al. / Geomorphology 276 (2017) 37-50 45

15°45'0°E 16°0'0°E 16715

15°300°E

drained basins

B + Resistant
A |:| - Resistant

. 5 X e 5 % catchments & internally

15°450°E

"30'0°E 16°45'0°E

40M150°N

o 0.184525)

< 0.042507)

Fig. 7. Map view of (a) stream length-gradient, (b) normalized channel steepness, (c) stream convexity and (d) first-order channel gradient indices data. Normalized channel steepness
data were created by stream profiler tool developed by Whipple et al. (2007). Key tributaries were individually selected for stream length-gradient index and stream convexity data while
normalized channel steepness index streams were selected based on a watershed threshold (10° m?) that yielded significantly more stream analyses. The area used for the first-order
channel gradient analyses follows the mapped Pliocene-Pleistocene Sant'Arcangelo basin unit (Bonardi et al., 1988; Ascione et al., 2012 and Mazzoli et al., 2012). Included in Fig. 7d are
the traces of bedrock stream reaches estimated by the distribution of gradient-area data (see Appendix) and remote sensing observations (DEMs, Google Earth). The length of each
stream reach in Fig. 7d correlates with the best-fit line shown in the gradient-area plots and the value reflects the average channel steepness index value for each reach analyzed (see
Appendix). Stream length-gradient index, normalized channel steepness and convexity analyses were conducted with 10 m DEMs obtained from the Istituto Nazionale di Geofisica e
Vulcanologia (INGV) (Tarquini et al,, 2007, 2012) and the first-order channel gradient index data was analyzed using 90 m SRTM data.

that flows roughly perpendicular to the ~N-S oriented Pollino and
Mercure streams (Fig. 7c). The low kg, but high stream convexity values
of this and two other tributary streams analyzed near the drainage di-
vide (A2 and S2) suggest that uplift may have been generated without
a notable vertical response detectable by kg, analyses at the local
reach level. In contrast, streams originating from Mt. Pollino generally
have high values of SLG and ks, indices as well as convex profiles,
with the exception of streams M1 and P1 that have considerably
lower convexity values, suggesting perturbations along the stream
channel may be more localized and not reflective of broad regional up-
lift as can be interpreted from the distribution of high values between
the SLG and K, indices for these streams.

Fluvial and karstic features west of the Tyrrhenian-lonian catchment
boundary also suggest that the drainage divide is in a transient state. In
the Noce catchment, stream analyses along the western flank of Mt.
Sirino reveal convex upper reaches and steep (high kg,) middle reaches
along the same streams similar to those in the Pollino area, suggesting
that the surface expression of uplift may be more localized. This is sup-
ported by the presence of hanging stream valleys along the southeast-
ern section of the Noce catchment (e.g., very steep reach of N6).
Active polje features in the region may reflect a drainage divide that is
currently stable but steep stream reaches located adjacent to these fea-
tures suggest that stability of the current drainage divide should be
short-lived. Wind gaps found at ~800 m a.s.l. that dissect carbonate
rocks at the boundary between the Vallo di Diano and Noce catchments
lend further support for a transient drainage divide.

The fact that the majority of the Apennines has an out-of-phase
alignment between the trend of the highest peaks and the primary
drainage divide (e.g., Amato et al.,, 1995; Salustri Galli et al., 2002) sup-
ports the possibility that drainage divide migration is also occurring in
the Mt. Alpi region.

Considering the distribution of gross topographic features,
knickzones, and high convexities coupled with the known tectonic his-
tory of the region, the modern landscape appears to be the expression of
concurrent tectonic and geomorphic drivers that trend both along and
across the chain axis. The presence of the Val d'Agri (e.g., Cello et al.,
1982; Montone et al., 1999; Frepoli and Amato, 2000; Caiazzo et al.,
2006; Ascione et al., 2007, 2013; Spina et al., 2008; Devoti et al., 2011;
Pierdominici and Heidbach, 2012; Faure Walker et al., 2012; Candela
et al., 2015), Vallo di Diano (Ascione et al., 1992; Cello et al., 2003;
Galli et al., 2006; Papanikolaou and Roberts, 2007; Spina et al., 2008;
Villani and Pierdominici, 2010) and Mercure (Michetti et al., 1997;
Papanikolaou and Roberts, 2007) intermontane basins may suggest
that upper crustal extension has generally migrated both towards and
along the Apennine chain axis. Steep convex streams radiating away
from Mt. Sirino in the Noce catchment are found adjacent to streams
in the Agri and Sinni catchments with low ks, and stream convexity
values, suggesting that stream capture is more likely to occur from
west to east towards the area of localized uplift, as has been demon-
strated at other localities (e.g., Clark et al., 2004; Willett et al., 2014).
For example, the >90° turn of stream S1 in the Sinni catchment adjacent
to Noce catchment streams N5 & N6 with steep reaches and hanging
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valleys around a small polje feature may possibly be the location for
stream capture in the near future (Figs. 1 and 8). Evidence for ~-
eastward-driven stream capture in the region is supported by the pres-
ence of the Castelluccio and Castronuovo Conglomerates, which are
located along the northern rim of Mercure basin east of Mt. La Spina
and contain pebbles believed to be sourced from bedrock units to the
west, signifying that streams may have flowed to the east in early Mid-
dle Pleistocene (Capalbo et al., 2010; Mazzoli et al., 2014). These east-
ward-flowing rivers were subsequently captured by Mercure Basin
extension later in the middle Pleistocene at ~700 ka (Mazzoli et al.,
2014; Robustelli et al., 2014). Stream S5 located along the northern
rim of the Mercure Basin may represent a remnant of these eastward-
flowing streams that became abandoned between the active incision
of the Mercure Basin and that of the northern flank of Mt. Pollino. Far-
ther north, stream S2 appears to be in the initial stage of adjustment
due to continued ~eastward migration and piracy of the Noce streams
and uplift of Mt. Alpi and surroundings, which may ultimately lead to
the capture of the Cogliandrino valley and eastward migration of the
drainage divide (Fig. 8).

Eastward migration of the main divide has already been proposed
for the area north of the Mt. Alpi region, related to the growth of catch-
ments in response to Quaternary block faulting along the Tyrrhenian
back-arc basin margin and subsequent capture of westward flowing riv-
ers (Amato et al., 1995). For this scenario, limited surface lowering due
to the presence of more resistant rocks along the southwestern part of

15°30'0°E 15°45'0°E

16°0'0"E

the mountain chain allowed the topographic crest to remain as an ele-
vated ridge west of the main drainage divide (Amato et al., 1995). In
the Mt. Alpi region, topographic observations and analyses and con-
straints on exhumation inferred from cooling age data all suggest that
the Mt. Alpi region has been the locus of significant uplift (Corrado et
al., 2005; Mazzoli et al., 2006, 2008, 2014; lannace et al., 2007;
Invernizzi et al., 2008). As a result, uplift of Mt. Alpi and the surround-
ings have likely kept pace with westward fluvial incision, thus allowing
the drainage divide and maximum elevation to overlap.

In addition to ~E-W across-strike activity, topographic and stream
features appear to reflect a ~N-S component of differential uplift. First-
order channel gradient analyses of the Sant'Arcangelo basin show a dis-
tinct southward increase in steepness across the Agri and Sinni catch-
ments extending to the northern flank of Mt. Pollino, with no
apparent influence by lithology given that analyses were applied only
to the Pliocene to Lower Pleistocene Sant'Arcangelo basin units (Fig.
7d). Mt. Pollino streams with high SLG and ks, indices appear to reflect
a southward continuation of this trend, with the presence of steep val-
leys in more easily erodible substrate (Fig. 6¢) supporting higher inci-
sion in the south. Analyses of river terraces along the Agri and Sinni
Rivers in the Sant'Arcangelo basin show a regional southward increase
in block tilting starting at ~400 ka (Giano and Giannandrea, 2014), in
line with the block tilting inferred from stream and topographic analy-
ses. The southwestward increase in marine terrace uplift along the Ioni-
an Coast supports the patterns exhibited by the Agri and Sinni River
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Fig. 8. Schematic diagram illustrating potential past and future scenarios of landscape development in the Mt. Alpi region. Based on the trends of the current drainage divide and maximum
elevation (thin blue and black lines with yellow outlines, respectively), topography, cooling age data and stream analyses data, it would appear that exhumation and subsequent surface
uplift of Mts. Alpi and Sirino and surroundings (outlined by red circle) may likely lead to river capture of the upper reaches of the Sinni River (S1) and Cogliandrino River (S2) by the Noce
catchment (green dashed line). Two streams with high stream convexity but low stream length-gradient and kg, values along the drainage divide (A2 and S5, orange dashed lines) appear
to be close to abandonment as a transient stage before the northeastward progression of drainage capture by the Vallo di Diano and Mercure basin, respectively. This restructuring of river
geometry may lead to the northeastward migration of the drainage divide and quite possibly the axis of high topography. Red arrows show likely range of directions of increased uplift
generated from the tear of the Apulian slab (Ascione et al.,, 2012 and references therein). See text for details.
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terraces and first-order channel analyses. In fact, the trend of increasing
uplift inferred by this study is roughly aligned with a region along the
Ionian Coast that has recorded a late Pleistocene uplift rate of ~1 mm/
yr (Bordoni and Valensise, 1999; Amato, 2000), which may represent
an upper limit of recent uplift in the region. However, the lack of anom-
alies in the core of the Sant'Arcangelo basin and other areas in the east
suggest that incision may be keeping pace with relatively slower recent
uplift in these areas.

The transient nature of the Mt. Alpi landscape makes the region sus-
ceptible to hillslope instability that can be expressed as end-member
surface processes such as upper reach incision by debris flows (e.g.,
Stock and Dietrich, 2003, 2006) or landslides (e.g., Ouimet et al., 2007;
Korup et al., 2010). Although these processes can affect stream profiles
in the short term, both of these processes are not expected to have
played a dominant role in controlling profile anomalies observed in
this study. Debris flow incision would be expected to be limited to the
steep upper stream reaches (i.e. upper flanks of the high peaks) where
hillslopes are less stable and most stream anomalies in the region
show no correlation with reach position.

Landslides are pervasive throughout the Mt. Alpi region, but analy-
ses by Santangelo et al. (2013) show that modern-day landslides are
primarily reactivated parts of large landslides generated from the Mid-
dle Pleistocene to Holocene (Corrado et al., 2002; Schiattarella et al.,
2006) that appear to affect only low-order rivers. Considering the dom-
inance of subdued topography in the region (aside from the isolated
high peaks), the location of stream profile anomalies irrespective of
stream order or reach location, and the systematic increase in first-
order gradient indices to the south, it would appear that incision and de-
position by mass movements might possibly produce only secondary ef-
fects on stream profiles.

7. Conclusions

The modern Mt. Alpi landscape appears to reflect the surface re-
sponse to tectonically-driven uplift and concurrent basin subsidence
as well as erosionally-resistant lithology. The regional cooling age pat-
tern (Corrado et al., 2005; Mazzoli et al., 2006, 2008, 2014; lannace et
al,, 2007; Invernizzi et al., 2008) and distribution of elevated topography
(Fig. 1) (Mazzoli et al., 2014) reveals a locus of rapid exhumation and
subsequent uplift in the Mts. Alpi-Sirino area (Fig. 8). Stream length-
gradient (SLG), normalized channel steepness (Ks,) and stream convex-
ity indices from the Agri and Sinni catchments show an abrupt ~west-
to-east change in value occurring at a ~N-S trend following the align-
ment of Mts. Alpi and Raparo and a general increase in values to the
southeast along the drainage divide (Fig. 7) with no apparent influence
from lithology. The Noce catchment to the west has high values occur-
ring at rock unit contacts in numerous locations, suggesting lithology
may be a contributing factor for these profile anomalies. Three streams
near the drainage divide in the Agri and Sinni catchments exhibit high
convexity values despite having low SLG and kg, indices values, suggest-
ing that these streams may be close to abandonment (A2, S5) or capture
(S2) due to the northeastward drive of basin subsidence and incision
(Fig. 8). The presence of a distinct hanging valley in the Noce catchment
(N6) adjacent to a polje feature also suggests that the current drainage
divide is unstable.

Considering topographic variations at the orogen scale and stream
disturbances at the reach scale, there appears to be evidence for a sys-
tematic and possibly trackable landscape expression of tectonic exten-
sion (basin subsidence and uplift) and erosionally-resistant lithology
that have worked together to maintain both a swath of elevated topog-
raphy and a separate drainage divide. The most expressive landscape
features of extension in the region are the extensional basins, which
have acted to force migration of the drainage divides (Amato et al.,
1995), sometimes away from the chain of high topography, by creating
localized base levels that have trapped and ultimately redirected east-
ward flowing rivers to the west. The presence of Vallo di Diano between

a swath of maximum elevation and the drainage divide would appear to
reflect this scenario, while the apparent step in the overlapping maxi-
mum elevation-drainage divide lines bounding the Mercure basin may
represent a jump of both trends to the northeast due to the uplift of
Mt. Pollino, the highest peak in the southern Apennines (Fig. 8).
Surface uplift of the Mts. Alpi-Sirino area likely forced a reconfigura-
tion of the river network at a certain point, with Mt. Sirino acting as the
primary headwater source for surrounding streams. Mt. Sirino repre-
sents the only junction point for the three primary catchments analyzed
in the study area, a characteristic that may reflect relative peak stability
as has been shown for major peaks across the globe (Spotila, 2012). In
the near future, it is conceivable that the current locus of uplift at Mts.
Alpi and Sirino may shift ~eastward based on the notably sharper
range front and similar elevation of Mt. Alpi relative to Mt. Sirino. The
rivers currently located between Mts. Alpi and Sirino (S1 and S2) may
be captured by Noce catchment rivers (e.g., N5) when incision starts
to outpace uplift of Mt. Alpi, thereby forcing a drainage divide jump to
the northeast (Fig. 8). The progression of northeast-driven basin subsi-
dence and accompanying block uplift along with subsequent drainage
divide migration may continue north of Mts. Alpi and Sirino. Concurrent
with extension and drainage divide migration in the western part of the
study area, the more subdued and easily erodible topography in the east
has recently experienced moderate uplift progressing to the southwest
subparallel to the Ionian coast (Bordoni and Valensise, 1999; Amato,
2000), likely due to the tear of the Apulia slab (e.g., Cinque et al.,
1993; Ascione et al., 2012 and references therein), adding another con-
tributing factor to the uplift pattern of the southern Apennines.
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Appendix

Stream profile (top), drainage area vs. distance (middle) and gradi-
ent-area (bottom) figures are shown for the 30 streams analyzed in
this study. In the stream profile figures, blue crosses along stream pro-
files represent knickpoints and the blue lines correlate with the best-
fit lines in the gradient-area plots. Some pairs of blue crosses represent
the starting and ending points of convexities (A9, S2, N5, and M1) and
some knickpoints were not shown in Fig. 2 because the locations were
away from the bedrock reaches. In the gradient-area plots, blue circles
represent knickpoints that correlate with the blue crosses in the stream
profile figures and the blue lines represent the best-fit lines through the
gradient-area data for the bedrock reaches of the streams. These blue
lines from both the stream profile and gradient-area figures are
shown in map view in Fig. 7d. The calculated © and ks, values for the
best-fit lines are also shown in the plots. Labels in gradient-area plots
correlate with those in the maps except for the following: acat = al,
ncat = n1, scat = s1,cl = p1, 2 = p2,d1 = p3.
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