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ARTICLE INFO ABSTRACT

Keywords: This paper discusses the response of topography and river networks to non-uniform lithology and tectonic forcing
Swath profile in the Umbria-Marche sector of the Apennines fold and thrust belt. We ruled out the role of variable erosion of
Chi-plot

rock types and interpret channel steepness data in terms of rock uplift, discovering a southward increase in the
total amount of uplift. Such a trend appears as the large-scale response to uneven vertical motions of different
sectors of the mountain ridge and foothills. The general coincidence between sector boundaries and transversal,
NE-SW striking faults mapped by seismic interpretation in the outer zone of the fold and thrust belt, suggests that
such faults extend to the SW, beneath the allochthonous thrust sheets of the mountainous area. Therefore, it may
be inferred that such transversal faults represent long-lived, deeply rooted basement structures compartmen-
talizing both the axial and the outer zones of the fold and thrust belt. We suggest that differential uplift was
essentially controlled by variable amounts of basement thrust displacement characterizing the compartmental-
ized belt. This interpretation deviates from a more conventional view that uplift of the central Apennines,
particularly prominent in the south, is dynamically supported. Our results, besides shedding new light into the
active tectonic behavior of a large portion of the Italian peninsula, also provide general insights into the surface
response to the differential behavior of crustal blocks produced by along-strike segmentation of active mountain
belts.
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and Fisher, 2022). Quantitative analyses of the topography and river
network have been applied to the reconstruction of the orogenic growth

1. Introduction

Morphotectonic studies are focused on unraveling the topographic
and river network signature of vertical motion distribution (Bishop,
2007; Bull, 2008; Bull and McFadden, 1977; Burbank and Anderson,
2011). The morphotectonic approach has been adopted in different
tectonic settings of the world (e.g., Di Biase et al., 2010; Keller and
Pinter, 2002; Lanari et al., 2022; Obaid and Allen, 2019; Schildgen et al.,
2012; Scotti et al., 2014). The recent development of several GIS and
MATLAB based analyses on digital elevation models (Jaiswara et al.,
2020; Schwanghart and Kuhn, 2010; Schwanghart and Scherler, 2014;
Whipple et al., 2007) has strongly contributed to the large diffusion of
morphotectonic analysis at the orogen scale. Several indicators and
parameters, such as swath profiles, Ksn index, river long profile and chi
plots, have been used to infer the spatial distribution of surface motion
in mountain belts (Basilici et al., 2020; Eizenhofer et al., 2019; Forte
et al., 2014; Gallen and Wegmann, 2017; Racano et al., 2021; Pazzaglia
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of the Apennines (e.g., Ascione et al., 2008; Calderoni et al., 2010;
D’Agostino et al., 2001; D’ Alessandro et al., 2003; Delchiaro et al., 2024;
Della Seta et al., 2008; Ferrarini et al., 2021; Lanari et al., 2023; Mayer
et al., 2003; Miccadei et al., 2017; Pazzaglia and Fisher, 2022; Piacentini
and Miccadei, 2014; Racano et al., 2020; Sembroni et al., 2020; Vannoli
et al., 2004). Among the main findings of these works is the identifica-
tion of an uneven uplift along the strike of the mountain range. Multiple
datasets and observations point out that the central Apennines are
uplifting faster than the northern sectors of the belt, at least since
Quaternary times. These datasets include stable isotopes (San Jose et al.
(2020), U-Th-He cooling ages (Fellin et al., 2022), geophysical and
geodetic datasets (Faccenna et al., 2014; Serpelloni et al., 2013) and
linear inversion of river long profiles (Pazzaglia and Fisher, 2022;
Racano et al., 2024). The uneven uplift in the Apennines is related to
deep processes (e.g., Lanari et al., 2023; Racano et al., 2024). This
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suggests that the topography of the Apennines is dynamically sustained,
thus implying a major role of deep (i.e., mantle-related) geodynamic
processes (D’Agostino et al., 2001; Faccenna et al., 2014; Fellin et al.,
2022). In this study, we challenge the idea that large-scale geodynamics
is driving non-uniform uplift in the Apennines and suggest that litho-
spheric, rather than sub-lithospheric mantle processes, are dominant in
this active plate boundary setting.

With the aim of obtaining further constraints on the pattern of the
long-term uplift of the central Apennines, we performed a large-scale
morphotectonic analysis of the topography and river network features
of the Adriatic slope of the Umbria-Marche Apennines. The Umbria-
Marche Apennines and Foothills (UMAF) are characterized by a
marked lithological variability and an almost systematic association of
carbonate rocks and arenaceous-marly-clayey deposits with the main

Tectonophysics 891 (2024) 230527

ridges and topographic lows, respectively. Bearing in mind that the
recognition of active tectonic perturbations rests on the identification of
the control exerted by lithology on the parameters of topography and
drainage network (e.g., Bernard et al., 2019; Clementucci et al., 2022;
Pazzaglia et al.,, 1998; Seagren and Schoenbohm, 2019; Stock and
Montgomery, 1999), we compared the results of our morphotectonic
analysis with the spatial distribution of outcropping rock types and
tectonic structures. The comparison allowed us to define the extent to
which the lithological inhomogeneity affects the morphometric pa-
rameters of the drainage network. The resulting, unmasked tectonic
signal reveals much of the pattern of the large scale along-strike vari-
ability of vertical motions. This, in turn, may have implications on
seismicity distribution, thus providing new insights into the active tec-
tonic behavior of a large sector of the Italian peninsula.

oRimini I -7 _
S

&

Quaternary fluvial and coastal deposits
Pleistocene conglomerate deposits
Pliocene clay-sandy deposits
Messinian arenaceous deposits
Mesozoic-Paleogene succession

Ligurian Domain - Val Marecchia unit

1
13°00° pr

%,
.
.
°
L
~
/
o Prgmoxtory

n Be }d\
deNron

Umbria-Marche-Sabina Thrust Zone

Normal and/or transtensive fault system

£+ DEEON0]

Thrust and/or reverse fault system

/
|

Transversal fault system

Syncline axis

Anticline axis

S e s v e

Fig. 1. Structural map of the UMAF and offshore area (modified from Costa et al., 2021 and Pierantoni et al., 2019). Cross-section traces of Fig. 2 are shown (A-A’, B-

B’ and B’-B’ segments).
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2. Tectonic framework of the study area

The study area is located in the central-eastern sector of the Italian
peninsula (Fig. 1), within the UMAF, which forms part of the peri-
Mediterranean Alpine orogenic belt. The Apennines are an arcuate,
mostly NW-SE striking fold and thrust belt (Calamita et al., 1994), which
evolved during the Neogene in the frame of Africa-Eurasia plate
convergence since the Late Cretaceous (Dewey et al., 1989; Mazzoli and
Helman, 1994; Turco et al., 2021). Since the Late Miocene, back-arc
extension in the hinterland (Tyrrhenian Sea) was coeval with
thrusting in the frontal part of the belt (e.g., Butler et al., 2004).
Therefore, the Apennines represent a mountain belt characterized by
diverse, active geodynamic processes. Defining the relative importance
of dynamic (circulating sub-lithospheric, ductile mantle) and tectonic
(lithospheric) processes to the building of topography may be difficult
(Faccenna et al., 2014). Extension and crustal thinning in the western
side of the orogen are well established, as are tectonic accretion and
crustal thickening in the eastern side (Butler et al., 2004). However,
variable uplift rates and building of topography along the strike of the
mountain belt appear to be associated with differential vertical motion
of crustal blocks bounded by transversal faults (Calamita et al., 1994;
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Calamita and Pizzi, 1994). These, in turn, could be variably related with
deeper geodynamic processes such as the lateral and vertical propaga-
tion of lithospheric tears, slab segmentation and break-off (Ascione
et al., 2012; Cinque et al., 1993; Lucente et al., 1999; Mele et al., 1998;
Montuori et al., 2007; Spakman, 1990; Spakman and Wortel, 2004;
Westaway, 1993; Wortel and Spakman, 2000; Piromallo and Morelli,
2003).

2.1. Geological and morphostructural setting
The tectonic evolution of the study area consists of three main stages:

(1) Pre-orogenic stage (Trias-Paleogene): the Adria rifted continental
margin hosted a carbonate platform that was dissected by fault-
ing during the second part of the Early Jurassic, leading to the
development of a series of horsts and grabens/half grabens
accompanied by transversal oblique-slip transfer faults seg-
menting the extensional system (Centamore et al., 2002; Cen-
tamore and Rossi, 2009; Mazzoli et al., 2005; Pierantoni et al.,
2013; Scisciani et al., 2014). Rifting followed by thermal subsi-
dence allowed the deposition of the well-bedded, calcareous-
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Fig. 2. Regional geological sections across the UMAF. Northern section (A-A’) modified after Santini et al., 2016. The composite southern section includes segments
B-B’ (modified after Barchi et al., 1998) and B’-B" (modified after Pace et al., 2015). Section traces are in Fig. 1.
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marly Umbria-Marche sedimentary succession (Centamore et al.,
2002).

(2) Syn-orogenic stage (Miocene-Pliocene): the various sectors of the
study area were progressively involved in the fold and thrust belt
from west to east, as shown by synorogenic siliciclastic deposits
filling a migrating foreland basin system (Centamore et al.,
2002). The basement is also involved in the thrust system (e.g.,
Coward et al., 1999). Transversal faults (probably inherited from
the pre-orogenic stage) also controlled differential shortening in
adjacent crustal sectors (Calamita et al., 1994; Calamita and
Pizzi, 1994).

(3) Late-orogenic stage: a general eastward migration of the thrust
front towards the foreland characterized the Pliocene to present
time (Barchi et al., 2012; Patacca et al., 1990). The hinterland
and then the axial zone of the Umbria-Marche Apennines were
affected by extension generating NW-SE-striking crustal normal
faults (Barchi and Mirabella, 2009; Dewey, 1988; Doglioni, 1995;
Keller et al., 1994). Extensional basins host continental deposits
(e.g. Gubbio, Norcia and Colfiorito basins; Brogi et al., 2014;
Cipollari et al., 1999; Cosentino et al., 2017; Doglioni et al., 1998;
Galadini and Messina, 2001; Mancini et al., 2005; Martini and
Sagri, 1993), while active thrusts in the Adriatic offshore are
buried by thick Pliocene-Quaternary foreland basin deposits (e.
g., Santini et al., 2021; Fig. 2) whose sedimentation rate largely
exceeds thrust slip rates (e.g., Basili and Barba, 2007; Pezzo et al.,
2023).

The western (i.e., inner) sector of the UMAF includes two anticlinal
ridges known as the Umbria-Marche ridge (UMR) and the Marche ridge
(MR) (Fig. 1). These ridges expose the Mesozoic-Paleogene Umbria-
Marche succession (a calcareous and marly succession with thickness
ranging between 1000 and 2000 m) at elevations locally exceeding
2000 m. The intervening valley is a broad synclinorium cored by Upper
Miocene terrigenous deposits (Fig. 1). In the eastern (i.e., outer) sector of
the UMAF, folds and thrusts exposed at the surface involve mainly the
Messinian siliciclastic succession (ranging in thickness from a few
hundred meters to the north to 3000 m to the south) and marine to
continental Plio-Pleistocene terrigenous deposits of the Marche foothills
(Fig. 2).

Located along the eastern edge of the MR, the Apennines Mountain
front is bounded eastward by the Umbria-Marche-Sabina Thrust Zone
(UMSTZ; Fig. 1). The UMSTZ is a major thrust fault consisting of several
WNW-ESE to NE-SW striking, right-stepping en-échelon segments.
Generally, the UMSTZ is composed of two main thrust portions with an
overlap zone 10 to 20 km wide between the Potenza River and the
Chienti River valleys (Fig. 1). The northern, Belforte-Urbino thrust
segment has a general NW-SE trend, changing to WNW-ESE north of the
Metauro River valley (Fig. 1). The Belforte-Urbino thrust is imaged in
two seismic profiles (including the CROP03 deep seismic reflection
profile; Barchi et al., 1998; Calamita et al., 1991). It shows offsets
ranging from 2 km to 4.5 km (Mazzoli et al., 2005). The latest thrust
activity in this section is attributable to the late Messinian (Deiana et al.,
2003). The southern, Sibillini Mts. - Accumoli segment (Fig. 1) experi-
enced the maximum horizontal displacements along the UMSTZ, with
values of about 10 km (Mazzoli et al., 2005; Fig. 2). This thrust
controlled the mountain front during the Messinian deposition of the
Laga Fm. The late stages of activity of this thrust occurred during post-
evaporitic late Messinian time, with local slip continuing into the Plio-
cene (Mazzoli et al., 2005, and references therein).

The foothills and coastal areas are traversed by nearly equally-space
transverse rivers with headwaters that are subsequent to structure. The
river network consists of NE-SW oriented, NE flowing main trunks and
related tributaries, flowing within a couple of kilometers to tens kilo-
meters spaced transverse valleys. Most of the NE-SW trending rivers cut
the anticline carbonate ridges forming very deeply incised gorges, and
locally follow the syncline structures (e.g., the upper Esino River valley)
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for several kilometers. The long-term evolution of the river network was
characterized by superimposition and stream-piracy phenomena in the
axial zone of the fold-and-thrust belt, and in the formation of a staircase
of strath and fill terraces in the outer zone (i.e., the foothills; Mayer
et al., 2003; Nesci et al., 2012; Wegmann and Pazzaglia, 2009). Valley
evolution in the foothills followed the mechanism of diverging drainage
initially formed on either the top depositional surface of fans or the
correlative erosional glacis, whose cone-shaped morphology caused the
divergence from the primitive channel (Nesci and Savelli, 2003). Qua-
ternary normal faults are well known to exert a major control on the
topography of the study area, particularly in the southern part of the
region (e.g., Gentili et al., 2017). Indeed, Della Seta et al. (2008) has
highlighted the role of tectonics in shaping the landscape, as several
structurally controlled landforms (e.g., rectilinear ridges and valleys,
fluvial capture, beheaded valleys, faceted spurs) and offset alluvial ter-
races suggest a Late Pleistocene activity of NW-SE, WNW-ESE and NE-
SW striking fault segments.

2.2. Seismicity

The UMAF are the locus of moderate to intense tectonic activity, as
shown by (i) instrumental baseline seismicity, (ii) the occurrence of
several historical strong earthquakes (e.g. the Mw 6.92, 1703 Valnerina
earthquake, which formed part of a 3-earthquakes sequence that struck
the whole central Italy; the Mw 6.17, 1741 Fabriano earthquake; the Mw
6.51, 1781 Cagli earthquake and the Mw 6.18, 1799 Camerino earth-
quake - Castelli and Monachesi, 2001; Monachesi et al., 1991; Rovida
et al., 2022; Stucchi et al., 1991), and (iii) recent seismic sequences (e.g.
the 1997-1998 Colfiorito seismic sequence with Mw 6.0 main shock -
Chiaraluce et al., 2004; the 2016-2017 Amatrice-Visso-Norcia seismic
sequence with maximum magnitude 6.5 - Civico et al., 2018; EMERGEO
Working Group, 2016). Some of these earthquakes, including the recent
Amatrice-Visso-Norcia seismic sequence, are clearly linked to normal
faults in the topographic axis of the chain while others, like the Cagli
earthquake or Fabriano earthquake that are located further east, are not
associated with any clear emergent fault.

The seismicity of the Marche foothills and Adriatic offshore is char-
acterized by moderate historical events. The seismotectonic behavior of
this sector is consistent with the activity of a highly segmented thrust
system (Coward et al., 1999) dominantly including NW-SE striking
thrust faults and WSW-ENE striking strike-slip faults (e.g., Basili and
Barba, 2007; Costa et al., 2021; Mazzoli et al., 2014; Vannoli et al., 2015;
Fig. 3).

3. Material and methods

A GIS-aided analysis of both topography and river network has been
carried out to unravel vertical motion distribution within the UMAF. The
30 m NASA ASTER GDEM V2 (https://asterweb.jpl.nasa.gov/gdem.asp,
last access on 8 December 2022) provided the dataset for morphotec-
tonic analysis through ArcGis 10.8 © and Matlab © software. To
compare the results of the morphotectonic analysis with the lithological
and active tectonics framework of the UMAF, we constructed a litho-
logical map of the study area and analyzed seismicity distribution using
all available instrumental seismic data.

3.1. Topography analysis

Topography is quantified using topographic envelope and sub-
envelope maps, which have been coupled with the analysis of seven
swath profiles. The spatial distribution of elevation depends on both the
resistance to erosion of the outcropping rocks and tectonics (e.g., surface
uplift). The maximum elevation mainly reflects the spatial distribution
of rock-types, while mean elevation is representative of surface uplift
distribution (England and Molnar, 1990) and minimum elevation re-
flects valley floor distribution (Valente et al., 2019). In addition, spatial
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variations in uplift may be revealed by local relief distribution, espe-
cially in areas where rock types with homogeneous resistance to erosion
outcrop (Di Biase et al., 2010). Maximum, mean and minimum elevation
maps have been derived by applying a 5 x 5 km large moving window to
the 30 m DTM, whereas relief map has been derived as the difference
between maximum and minimum elevation.

Swath profiles analysis has been carried out using the SwathProfiler
ArcGIS add-in tool (Pérez-Pena et al., 2017). Seven swath profiles, 20 km
in width and with different orientations were constructed: five profiles,

with SW-NE orientations, are roughly perpendicular to the trend of the
UMAF; one profile follows the bending of the UMAF arc, thus including
both chain and foreland units; one profile, NW-SE trending, moves
within the foothills underlain by foredeep units.

3.2. Analysis of the river network

River network analysis included the construction of river longitudi-
nal profiles and transformed river long profiles (chi-plot), which have
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been coupled with the slope/area analysis to derive the spatial distri-
bution of the normalized channel steepness index (Ksn). Analyzed rivers
are 18 main trunks that drain from the SW to the NE across the UMAF.

We analyzed the river network by means of the Topotoolbox scripts
of Matlab (Schwanghart and Kuhn, 2010; Schwanghart and Scherler,
2014) and the Run-Chi profiler script (Gallen and Wegmann, 2017).
Slope/area analysis relates channel slope with the drainage area
following the equation:

S=kA™® (€D)]

where S is the channel slope, ks is the steepness index, A is the drainage
area and 0 is the concavity index. The analysis is synthesized in a log-log
slope vs area diagram with 6 being the angle of the regression line and
the ks being the y-intercept. Because small variation in 6 may provide
significant variation in the y-intercept, to compare basins with different
drainage areas a reference concavity must be defined. We determined a
reference concavity (0r.f) of 0.59 that derives from averaging concavity
values between each of the 18 analyzed drainage basins. Furthermore, a
smoothing window of 500 m and a reference drainage area Ay = 1 km?
have been adopted. The resulting steepness index is named Ksn
(normalized steepness index).

The dependence of the Ksn index from bedrock lithology is well
established in various climatic environments (e.g., Bernard et al., 2019;
Das et al., 2022; Fadul et al., 2022). We evaluated such dependency by
means of a statistical analysis of the Ksn values as a function of lithology
and presented the results as a box and whisker plot. The lithological
control on parameters of topography and river network may be quan-
tified by defining erodibility value (K) of eq. 2. Assuming a simple
stream power model where n = 1, the Ksn values could be converted to
erodibility values (K) using K = E/Ksn. This analysis would require
compiling all available erosion rate data for the study area (Pazzaglia
and Fisher, 2022).

Bedrock variability at the drainage basin scale may also control the
formation of convex upward reaches in the long profiles named knick-
point. These have been classified according to their proximity to con-
tacts between different rock types following the method proposed by
Buscher et al. (2017): knickpoints that are less than 200 m far from
lithological contacts have been classified as “lithology-controlled
knickpoints”, whereas knickpoints that are more than 200 m far from
lithological contact have been classified as “non-lithology-controlled
knickpoints”.

Further information about the rivers’ response to external pertur-
bations (i.e., tectonics) may be revealed by transformed river long
profiles (Perron and Royden, 2013; Royden and Perron, 2013). Trans-
formed river long profiles dissecting a uniform rock-type and equili-
brated with uplift have a linear shape, with ks being the slope of the
transformed profiles. To obtain transformed river long profiles (chi
plots), Eq. 1 can be rewritten as follows:

U\l m
S = (f) nA™ n 2)

where U is the rock uplift rate, K is an erodibility coefficient, A is the
drainage area, and m and n are constants. Under constant U and K,
separating variables in Eq. 2 and integrating them, produces

2(x) = 2(x) + (K%BJ %)( 3

with
_ * AO 7%
= [ ({) o @

where z(x) is the elevation of an observation point along the river
long profile, z(xp) is the elevation of the local base level, A(x) is the
drainage area at the observation point z(x), Ag is a reference drainage
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area, and m/n is the reference concavity. We set the reference drainage
area (Ap) to 1 km? whereas the smoothing window is 500 m.

In the chi-plot analysis it is crucial the recognition of the best-fit m/n
ratio (0, reference concavity) at the drainage basin scale, whereas to
compare rivers with different drainage areas a reference concavity must
be defined, which derives from averaging the m/n values of all the
analyzed rivers (Perron and Royden, 2013). The best fit m/n ratio at the
basin scale has been derived by the Bayesian optimization script of
Topotoolbox (Schwanghart and Kuhn, 2010; Schwanghart and Scherler,
2014). To compare chi-plots among the 18 investigated rivers we
derived an average reference concavity value of 0.59.

4. Results
4.1. Distribution of seismicity in the UMAF

The instrumental seismic data recorded since 1985 from the Italian
Seismological Instrumental and Parametric Data-Base (http://terremoti.
ingv.it/iside ISIDe -INGV, last access on 24 January 2023) and the re-
localized earthquakes by INGV Ancona (Cattaneo et al., 2017) have
been downloaded and merged together in a new database to analyze
seismicity distribution. In this regard, a dataset of 4016 earthquakes
data have been selected among more than 70.000 events upon the
horizontal error (erh < 2.5 km), vertical error (erz < 2.5 km) and
number of phases of the seismogram (> 8), which are considered reli-
able to avoid uncertainties due to epicenters position. In this dataset the
2016-2017 Amatrice-Visso-Norcia seismic sequence and the 1997 Col-
fiorito seismic sequence are also present and differentiated from the
baseline seismicity (Fig. 3) through the ZMAP decluster algorithm
(Wiemer, 2001).

The map of Fig. 3 shows that earthquakes are mainly clustered in the
SW sector of the UMAF (i.e., the Sibillini Mts.), which was struck by the
2016-2017 Amatrice-Visso-Norcia seismic sequence. Both the location
of the major historical earthquakes and the spatial distribution of
instrumental seismicity confirm the intense tectonic activity along the
UMR and the MR. Here, the highest magnitude concentrated in the
southern sector, as highlighted by the 2016-2017 seismic sequence.
Seismic events with magnitude ranging between 3 and 6.5 are generally
located along the chain axis and associated with NW-SE striking normal
faults, including the Monte Vettore and Monte Gorzano faults. The
2016-2017 aftershocks are confined between the Chienti River valley to
the north and the Vomano River valley to the south. Earthquake focal
mechanism solutions available from the ISIDe database (ISIDe Working
Group, 2007) indicate a predominant normal faulting along the Apen-
nines (Fig. 3), with NE-SW oriented T-axis in agreement with the Qua-
ternary tectonics of this sector (Frepoli and Amato, 1997).

The Marche foothills and Adriatic offshore are characterized by
moderate historical events and low to moderate instrumental seismicity
(e.g., Mw 5.83, 1930 Senigallia earthquake, Mw 4.68, 1972 Ancona
earthquake, Mw 4.90, 1987 Porto San Giorgio earthquake, Mw 4.00,
2022 Costa Marchigiana-Picena earthquake; ISIDe Working Group,
2007; Monachesi et al., 1991; Rovida et al., 2022). Earthquake focal
mechanism solutions include NW-SE striking thrust faulting and WSW-
ENE oriented strike-slip faulting (e.g., Basili and Barba, 2007; Costa
et al., 2021; Costa et al., 2023; Mazzoli et al., 2014; Vannoli et al., 2004,
2015; Fig. 3).

4.2. Lithological map of the UMAF

Detecting the lithological signature on topography and drainage
network metrics is crucial to avoid errors in interpreting the spatial
distribution of these parameters as due only to tectonics. For this reason,
we modified the 1:250.000 geologic map of the northern Apennines
(Conti et al., 2020), and lithostratigraphic units have been grouped in
eleven categories according to their lithology and stratigraphical posi-
tion. The derived simplified geological map (Fig. 4) has been used as a
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reference frame for interpreting the results of topography and river
network analyses.

In the northernmost sector of the UMAF, highly allochthonous tec-
tonic units belongto the Ligurian domain. These units are represented by
the Val Marecchia ‘chaotic’ units (unit 11 in Fig. 4; Cornamusini et al.,
2017; Veneri, 1986). In the footwall of the Valmarecchia ‘chaotic’ units,
rock types exposed to the west of the UMSTZ (refer to Fig. 1) include the
carbonate to marly deposits accreted within the orogenic wedge. The
outcropping stratigraphic succession starts with the Calcare Massiccio
Fm. (carbonate platform limestone, Upper Triassic - Lower Jurassic) that
represents the oldest formation exposed within the study area. This unit
(unit 10 in Fig. 4) is overlain by the Jurassic-Lower Cretaceous series
that is mainly composed of cherty limestone (Corniola Fm; unit 9 in
Fig. 4) and pelagic micritic limestones (Maiolica Fm; unit 8 in Fig. 4).
Calcareous-marly sediments deposited during the Late Cretaceous to
Oligocene consist of marls (Marne a Fucoidi Fm; unit 7 in Fig. 4) and the
Scaglia Group (unit 6 in Fig. 4). These sediments are covered by

Miocene, hemipelagic deposits of the Bisciaro Fm. (Aquitanian -Burdi-
galian) and the Schlier Fm. (Langhian-Tortonian), both of which are
mainly composed of alternating marly limestones, marls and shales (unit
5 in Fig. 4). Unit 4 includes turbiditic deposits that represent the fill of
the Messinian foredeep, which developed to the east of the UMSTZ in
response to the eastward migration of the thrust front (Ricci Lucchi,
1986). The deformed Messinian foredeep basin fill is presently preserved
in the Marche foothills (Fig. 4). To the east, Plio-Quaternary strata
composed of clays and sands (unit 3) and conglomerates (unit 2) cover
the Messinian foredeep deposits, or locally rest unconformably directly
on the calcareous-marly succession (Bigi et al., 1997; Cantalamessa
et al., 1986; Cantalamessa and Di Celma, 2004; Ori et al., 1991). The
contact between the Plio-Quaternary foreland basin succession and the
older stratigraphic units is locally controlled by high angle faults
(Deiana et al., 2002; Fig. 4).
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4.3. Features of topography

In the UMAF, the low elevation and low-gradient foothills (to the east
of the UMSTZ) pass to the mountainous landscape of the chain (to the
west of the UMSTZ, Fig. 5). The location of the UMSTZ is marked, in the
swath profiles of Fig. 6, by the sudden drop in the maximum, mean and
the minimum elevation curves. This drop occurs at around 40 km in
profiles 1, 2 and 3, and at around 30 km and 20 km in profiles 4 and 5,
respectively. The foothills exhibit a smooth topography in the north
(Fig. 5 and profiles 1-2 in Fig. 6) and a relatively rugged topography in
the south (Fig. 5 and profiles 3 to 5 in Fig. 6). Valleys to the south are
narrower and Pleistocene conglomerate deposits (unit 2 in Fig. 4), that
are the stratigraphic cap of the foredeep section, are preserved in some
remnants of paleosurfaces. Parallel to the foothills, the chain exhibits
lower elevations and a smooth topography in the north. Here the highest
peaks (e.g., Mt. Paganuccio, 976 m a.s.l.; Mt. Catria, 1702 m a.s.l.; Mt.
Cucco, 1566 m a.s.l.; Mt. Murano, 882 m a.s.l.; Fig. 5 and profiles 1-2 in
Fig. 6) correspond with the MR and the UMR formed by the Scaglia
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carbonate units (unit 6 in Fig. 4). The ridges are aligned along two
distinct NNW-SSE trends that are separated by a large area where
arenaceous and calcareous, marly, and clayey units crop out (units 4 and
5, respectively, in Fig. 4). Towards the south, the chain is more elevated
and rugged. The MR and the UMR are separated by the Camerino Basin,
where Messinian arenaceous deposits crop out, in the area spanning
from the Esino R. to the Chienti R. valleys (Fig. 5 and profiles 2-3 in
Fig. 6). The ridge to the NE (the MR) is carved in the Scaglia units (unit 6
in Fig. 4) and reaches a maximum elevation of 1021 m a.s.l. at Mt.
Letegge (Fig. 5 and profile 3 in Fig. 6). To the SW, the UMR is carved
both in the Scaglia and the Calcare Massiccio units (units 6 and 10,
respectively, in Fig. 4) and its highest peak is Mt. Pennino (1571 m a.s.l.,
Fig. 5 and profile 3 in Fig. 6). Towards the south (from the Chienti R. to
the Aso R. valleys) the MR and the UMR converge, and the chain exhibits
its highest elevation with the peaks of Mt. Priora (2333 m a.s.l.) and Mt.
Vettore (2467 m a.s.l., Fig. 5 and profiles 4-5 in Fig. 6), which are carved
in the Scaglia and the Calcare Massiccio units (units 6 and 10, respec-
tively, in Fig. 4). To the west of Mt. Vettore peak (profile 5 in Fig. 6),
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Fig. 5. Elevation map of the UMAF with location of the investigated main trunks, and correlative hydrographic basin. Black dotted boxes are the traces of swath

profile in Fig. 6.
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Fig. 6. Swath profiles within the Umbria-Marche Apennines and foothills (see Fig. 5 for the location). Swath profiles 1 to 5 are SW-NE trending and run perpen-
dicular to the chain. Swath profiles 6 and 7 are parallel to the mountain front and perpendicular to river valleys. Black line indicates maximum elevation curve, gray
line indicates mean elevation curve, light gray line indicates minimum elevation curve, and red line indicates relief curve. The colored bars above long river profiles
represent the lithology of the bedrock reported in Fig. 4. Red crosses in swath profile 7 indicate location of the transverse faults mapped in Fig. 1. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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high values in the maximum, mean and minimum elevation curves are
coupled with low values in the relief curve. This feature is associated
with the Castelluccio Quaternary basin in the hanging wall of the Mt.
Vettore normal fault (Pierantoni et al., 2013). The southernmost portion
of the investigated area (e.g., from the Tronto R. to the Vomano R.
valleys), where Messinian arenaceous deposits crop out (unit 4 in Fig. 4),
exhibits high to very high elevations that culminate in the peak of Mt.
Gorzano (2458 m.a.s.l., Fig. 5).

Comparison of the profiles of Fig. 6 points to an overall increase of
the elevation values towards the south (i.e., from swath 1 to swath 5).
Such a trend is also evident by swaths 6 and 7 (Fig. 6), which run parallel
to the foothills and to the outer sector of the orogenic belt, respectively.
The highest peaks in the maximum elevation curves correspond with
carbonate units, and this trend is mirrored by the mean elevation curves.
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The minimum elevation curve is smooth in the north (swaths 1, 2 and 3)
with values not exceeding 500 m a.s.l., whereas in the south (swaths 4
and 5) it exhibits two relevant peaks exceeding 1000 m a.s.l. These peaks
correspond with Mt. Priora (swath 4) and with the area to the west of Mt.
Vettore (swath 5).

The relief curve mirrors the elevation curves, with the relief peaks
that correspond with the highest elevation peaks, and with increasing
local relief towards the south (i.e., from profile 1 to profile 5).
Furthermore, swath profile 7 enhances the occurrence of three asym-
metric, down to the north, broad paleovalleys that are now dissected by
the more narrowly spaced transverse river valleys. The paleovalley to
the north is centered around the Foglia River basin, the central one spans
from the Metauro River basin to Mt. San Vicino, and the southernmost
one extends from the Potenza River basin to Mt. Vettore.
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Fig. 7. Elevation maps of the study area. (a) Maximum elevation map. (b) Minimum elevation map. (c) Mean elevation map. (d) Local relief map.
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The above-described topography setting is also highlighted by the
maximum (Fig. 7a), minimum (Fig. 7b), and mean (Fig. 7c) elevation
maps, as well as the local relief map (Fig. 7d). All these maps point to the
presence of a locus of high elevations and high relief to the south of the
investigated area (e.g., in the area between Mt. Vettore and Mt. Gor-
zano). This high elevation area spans from the west of the UMSTZ to the
east of it and includes different rock-types, such as the carbonates of the
Calcare Massiccio (unit 10 in Fig. 4) and the Messinian arenaceous de-
posits (unit 4 in Fig. 4).

4.4. River long profiles and chi-plot analysis

Figure 8 shows river long profiles and chi-plots of the eighteen
investigated rivers. To construct the chi-plots, we adopted the best fit m/
n ratio at the basin scale (Section 3.2). River long profiles and chi-plots
exhibit variable features along the strike of the UMAF. In the northern
sector, e.g., in the area between the Uso River and the Foglia River
(rivers 1 to 5 in Fig. 8), chi-plots are rectilinear to slightly convex up-
ward with the only exception of the Foglia River that exhibits a concave
upward chi plot. Several knickpoints are identified. Using as a reference
the lithological map of Fig. 4, some of the knickpoints have been clas-
sified as lithology-controlled knickpoints because of their proximity to
contacts. These knickpoints occur along the Uso River, the Marecchia
River and the Marano River (river 1, 2 and 3 in Fig. 8, respectively). On
the opposite, knickpoints along the Conca River and the Foglia River
(rivers 4 and 5 in Fig. 8) are not associated with lithological contacts
(Figs. 8 and 9).

In the central sector of the investigated area, between the Metauro
River and the Potenza River (rivers 6 to 10; Fig. 8), the chi plots are
characterized by convex shapes with knickpoints that appear not asso-
ciated with lithological contacts. However, a control by lithology may be
hypothesized for the knickpoint that occurs along the Candigliano River
(a right tributary of the Metauro River, 6; Fig. 8) to the west of Mt.
Nerone (Fig. 9). Here the Calcare Massiccio (unit 10) outcrops in a deep
gorge and passes laterally to marls, marly limestone and clay deposits of
the Bisciaro, Schlier and Cinerea Fms. (unit 5).

Rivers in the southern sector of the study area (rivers 11 to 18 in
Fig. 8) show chi-plots with shapes that vary from rectilinear and steep
(11 - Fiastra River, a tributary of the Chienti River), to convex or slightly
convex (15 - Vibrata River, 11 - Chienti River; 14 - Tronto River) and to
rectilinear in the lower reach to convex upward in the upper reach
(rivers 12, 13, 16, 17 and 18 in Fig. 8). Most of the widespread knick-
points identified along these rivers have been classified as non-lithology
controlled knickpoints. Among the non-lithology controlled knick-
points, some in the upper reaches of the Chienti, Salinello, Tordino and
Vomano Rivers (rivers 11, 16, 17 and 18 in Fig. 8), occur at short dis-
tances from normal faults. Knickpoints classified as lithology controlled
are located along the Chienti (river 11, east of Mt. Letegge) and Aso
(river 12, northeast of Mt. Vettore) rivers at contacts between units 6
and 4, and along the Tenna River (river 13, east of Mt. Priora) at the
contact between units 5 and 6.

Figure 9 shows the spatial distribution of knickpoints. Most of the
non-lithology controlled knickpoints are clustered in the southern sector
of the UMAF (e.g., in the area spanning from the Tenna River to the
Vomano River), and are mainly located to the east of the UMSTZ, where
the Messinian arenaceous rocks (unit 4) crop out. Non-lithology
controlled knickpoints located in the chain units to the south of the
UMATF occur only along the Tenna River and the Aso River (number 12
and 13, respectively, in Figs. 8 and 9). On the opposite, to the north of
the Chienti River valley, non-lithology controlled knickpoints are clus-
tered to the west of the UMSTZ. Such knickpoints occur within the
carbonate units, whereas knickpoints to the east of the UMSTZ affect just
the Uso, Foglia and Musone rivers (number 1, 5 and 9, respectively, in
Figs. 8 and 9).

Figure 10 shows chi-plots obtained with the average m/n value of
0.59. Chi-plots of rivers in the northern UMAF (sector A in Fig. 10) have
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mainly rectilinear shapes (rivers 1 to 6) with some slight convex upward
segment in the upper reaches of rivers 2 and 4. In the central UMAF
(sector B in Fig. 10, and rivers 7 to 10), chi-plots have rectilinear to
slightly convex upward shapes. Rivers to the south of the UMAF (sector
Cin Fig. 10, and rivers 11 to 18) are characterized by overall steeper chi-
plots, which show enhanced convex upward segments that locally pass
to steep rectilinear segments in the lower reaches (rivers 11, 12, 13, 14,
16 and 17). By the diagrams it is evident that in sector C non-lithology
controlled knickpoints occur at elevations >750 m and, however, higher
than knickpoints in sectors A and B.

We have also derived a y map of the study area, which is shown in
Supplementary Fig. 1. Details on the spatial distribution of this index are
reported in the caption of this figure.

4.5. Ksn index

Ksn values tend to increase towards the southwest, i.e., from the
coastline to the foothills and to the mountain range (Fig. 11). Overall,
the spatial distribution of the Ksn values follows the main features of the
regional-scale topography. Low values are associated with the less
elevated and low relief foothills, while the highest values are associated
with areas characterized by high elevation and high local relief (Figs. 6
and 7). High Ksn values in the northern part of the study region are
associated with the MR and the UMR. Between the ridges, areas with low
Ksn values occur locally in correspondence of some tectonic depressions
where arenaceous and Quaternary continental deposits outcrop.

Considering the dependence of the Ksn on bedrock erodibility
(Section 3.2), and to better investigate the relationship between the
outcropping rocks and drainage properties inferred from the long-profile
analyses (Section 4.2), we constructed box plots of the Ksn values as a
function of lithology, using as a reference the rock groups distinguished
in Fig. 4 (Fig. 12).

By the compared box plots it appears that Ksn values respond to the
lithological variability (Fig. 12). Although a net signature of each rock
type is not identified, an association of the Ksn values with the litho-
logical groups is evident. Overall, very low values are associated with
the clastic deposits that outcrop in the foothills (units 2 and 3), with the
lowest median value being associated with the clays and sands. Higher
values characterize the mountain range units. For instance, in the entire
study region, the highest Ksn values are associated with the carbonate
rocks of the Maiolica and Corniola Fms. (units 8 and 9) and particularly,
with the massive limestones of the Calcare Massiccio Fm. (unit 10). The
marly and clayey rock-types (namely, units 5, 6 and 7) that are part of
the Mesozoic-Cenozoic succession are coupled with lower Ksn values.
The Messinian arenaceous deposits (unit 4) exhibit low Ksn values that
are comparable with those of the marls, marly limestone, and clays of
the Schlier, Bisciaro and Cinerea. Fms. (unit 5).

The map of Fig. 11 also shows that the Ksn values are affected by an
along-strike variability and, particularly, increase from sector A to sector
C. To analyze the pattern of the along-strike Ksn variability, we applied
the box plot analysis as a function of lithology to each of the three sectors
identified by the chi plot analysis (Fig. 13). The comparison of box plots
constructed for sectors A, B and C indicates that, substantially, the sta-
tistical distribution of Ksn as a function of the lithological groups
outcropping in the entire study area (and, particularly, the trend of the
median values) is maintained in each of the sectors. In addition, the
comparison between sectors A, B and C indicates that, for each rock
type, the median value increases from sector A to sector C.

4.6. Spatial variation of the erodibility parameter (K)

Values of the erodibility parameter (K) are reported in Table 1 and
Fig. 14. This index has been calculated only for the drainage basins for
which erosion rate estimation are reported in literature. The analysis
points to a similar average Ksn value from the Marecchia River to the
Chienti River (i.e., Ksn between 30 and 40), with the only exception of
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The colored bars above long river profiles represent the lithology of the bedrock reported in Fig. 4.
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the Musone River that exhibits the lowermost value (Ksn value of 10.8).
The Tronto River is characterized by the highest average Ksn value, this
being almost double the value of rivers to the north of it. Erosion rate
values range between 0.2 mm/yr (Musone R.) and 0.38 mm/yr, with the
highest values in the Tronto River basin (0.6 m/yr ). The erodibility
(K) parameter exhibits similar values among all the analyzed drainage
basins except for the Musone River, where it doubles the other values.

5. Discussion

In our study, we performed an analysis of topography and river
network of the Adriatic slope of the Umbria-Marche Apennines using
multiple metrics and indices. We calculated the spatial distribution of
elevation and parameters of the drainage network, i.e., river steepness
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and y index, and compared these metrics with the outcropping rock
types. Such an approach provided us with a key to unravel the tectonic
vs. lithological signals and to identify areas with different behaviors in
terms of vertical motions.

5.1. Lithological control on topography and drainage network features

The spatial coincidence of high vs. low values of parameters such as
elevation and local relief with outcrops of carbonate rocks (e.g., along
the MR and the UMR) and clayey and/or arenaceous rocks (e.g., the
Camerino basin; Figs. 6 and 7), respectively, is a feature that the UMAF
share with other sectors of the Apennines. Like the central and southern
Apennines (Ascione and Cinque, 1999; Ascione et al., 2008; Buscher
et al., 2017; Lanari et al., 2023; Pazzaglia and Fisher, 2022), it appears
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that bedrock lithology exerts a strong control on the features of topog-
raphy of the UMAF mountain range.

The same is also inferred from the analysis of river long-profiles,
which are well known to respond to the control exerted by lithology
(e.g., Duvall et al., 2004; Pazzaglia et al., 1998; Stock and Montgomery,
1999). The extent to which the nature of the bedrock affects the features
of the drainage is inferred from the statistical analysis of the Ksn values
(Fig. 12). This analysis, consistently with findings from various mor-
phoclimatic and morphotectonic settings (Bernard et al., 2019; Clem-
entucci et al., 2022; Seagren and Schoenbohm, 2019), indicates that
such a parameter is influenced by the resistance to erosion of the
bedrock. In our instance, the Ksn box-plot analysis allows a net
distinction between the carbonate rocks of the Maiolica, Corniola and
Calcare Massiccio Fms. (units 8, 9 and 10; Fig. 12), which are all char-
acterized by high Ksn values, and rocks composed of arenaceous and
marly-clayey lithologies (unit 4; Fig. 12). Therefore, it is evident that the
carbonate rocks of the Mesozoic-Paleogene Umbria-Marche succession
(namely, the Maiolica, Corniola and Calcare Massiccio Fms.) respond to
erosion as hard rocks relative to the softer marly-clayey portion of the
same succession (namely, the Schlier, Scaglia, and Bisciaro Fms.) and
the Messinian sandstones. The only exception is the very low Ksn values
associated with the Calcare Massiccio (unit 10) in sector A. These low
values are due to the limited areal distribution of the Calcare Massiccio
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that outcrops at low elevation just in some gorges carved by the Metauro
river (river 6). This implies that the low Ksn values associated with the
Calcare Massiccio in sector A are mainly affected by elevation and local
relief rather than lithology.

The coupled variations of the Ksn, elevation and relief parameters
with lithology are indicative of the main role exerted by differential
erosion in the formation of the landscape of the uplifting UMAF, as it has
been inferred for the northern Apennines (Erlanger et al., 2021) and
Crete (Ott et al., 2019). However, the variability of bedrock lithology in
the UMAF is much greater across than along the strike of the investi-
gated region (Fig. 4). This suggests that the along-strike variation in
topography and river network features may be considered as less
affected by outcropping rock types.

Consistently, the erodibility parameter (K) exhibits similar values
from north to south despite the southward increase in the erosion rate
and in the average Ksn at the basin scale (Table 1 and Fig. 14). There-
fore, the jump in Ksn values towards the south appears not merely
correlated with variable bedrock types. The only exception is the
Musone River basin that exhibits low Ksn value, erosion rate like the
other investigated basins and the highest erodibility (Fig. 14). This
feature relates to the occurrence of a bedrock mainly composed of
foredeep units (Fig. 4) in contrast with the other investigated basins,
which are mainly carved in the chain units.
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5.2. Along strike variation of uplift

Elevation and its derivative parameters described in Section 4.3 all
increase towards the south, with maximum values occurring in the
Sibilini Mts. and the Laga Mts (Figs. 5, 6 and 7). This area corresponds
with the high Ksn area shown in Fig. 11. The locus of high elevation,
high relief and high Ksn values to the south of the UMAF includes both
carbonate rocks (units 8, 9 and 10 in Fig. 4), which culminate with the
peak of Mt. Vettore, and arenaceous rocks that peak with Mt. Gorzano
(unit 4 in Fig. 4). The southward increase in Ksn values is clearly imaged
by the box plots in Fig. 13, which show a jump of this metric for all rock
types in the southern portion of the UMAF. Noteworthy, Ksn values
associated with the Messinian arenaceous units (unit 4) in sector C,
besides being much higher than the correlative values in sectors A and B,
approach the Ksn values of calcareous and marly units (units 5, 6, 7 and
8).

This, in turn, supports the idea that lithology is not the first con-
trolling factor in the southward increasing elevation and in the steepness
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of the rivers (and chi plot patterns), consistent with analyses by Lanari
et al. (2023)that demonstrated that lithology alone cannot explain the
remarkable differences reported along the Apennines (e.g., elevation,
river steepness, etc.). Therefore, by our datasets it can be inferred that
the southern portion of the study area experienced larger uplift. This
agrees with the findings of Racano et al. (2024) that recognized a
southward increasing trend in rock uplift in the central Apennines, with
a maximum in the area around the Sibillini Mts.

Focusing on the tectonic evolution of the UMAF (Section 2), the
larger uplift recorded in the southern part of the study area bears
components related to both syn-orogenic shortening and post-orogenic
extension (e.g., the high elevation of Mt. Vettore peak). These two
components are not easily isolated, although the distribution of hori-
zontal displacement associated with the UMSTZ, which shows a marked
maximum in the southern Marche region (~ 10 km in the Mt. Vettore
area) and values not exceeding 5 km in the northern Marche region
(Mazzoli et al., 2005), suggests that thrusting played a major role in
producing structural elevation. Therefore, the larger uplift experienced
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Fig. 12. Box plots showing distribution of the Ksn value as a function of lithology. The mean of the distribution is shown by the horizontal line within the box and it
is repeated as the number above the top whisker. The top and bottom of the box are the 75th and 25th percentiles and the whiskers are the 95th and 5th percentiles.
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Fig. 13. Box plots showing Ksn value as a function of lithology. Numbers on top of each box plot indicate the median value.

by the southern UMAF is partly inherited from pre-Quaternary times, as
it is also observed in the central Apennines more to the south (Ascione
et al., 2008). However, parameters of the drainage net, which is
particularly sensitive to recent/active tectonic perturbations (Kirby and
Whipple, 2001; Racano et al., 2021; Whittaker et al., 2008), all support
the idea that the southward increase in surface uplift has continued
during the Quaternary times. Collectively, parameters such as non-
lithology controlled knickpoints and Ksn index and their spatial

distribution, and chi-plots (Figs. 9, 10, 11 and 13), all indicate that rivers
in the southern portion of the UMAF are more perturbed relative to other
rivers. Within such a regional-scale trend, the stepped positions — in-
dependent from bedrock lithology - of the bottoms of the three broad
paleovalleys identified in swath profile 7 (Fig. 6; Section 4.3) suggest a
discrete more than gradual elevation increase towards the south.
Discrete jumps in elevation occur at the boundaries between sectors (A,
B, C; Fig. 10) of the UMAF that feature different drainage net metrics.

16



S. Teloni et al.

Tectonophysics 891 (2024) 230527

Table 1
Values of the erodibility parameter (K) for some of the investigated drainage basins.
Drainage basin Average Ksn (m%18) Erosion rate (mm/yr) Error K Error Source
(ml’m/yr X 10’3)
Marecchia River 31.25 0.21 + 0.03 0.00672 4+ 0.00096 Guerra and Lazzari (2020)
Metauro River 39.65 0.38 +0.03 0.009584 + 0.000757 Nesci et al. (2012)
Esino River 34.13 0.25 + 0.05 0.007325 + 0.001465 Nesci et al. (2012)
Musone River 10.8 0.2 + 0.002 0.018519 4+ 0.000185 Wegmann and Pazzaglia (2009)
Chienti River 38.44 0.35 + 0.03 0.009105 4+ 0.00078 Wegmann and Pazzaglia (2009); Coltorti et al. (1991)
Tronto River 60.69 0.6 + 0.02 0.009886 + 0.00033 Sembroni et al. (2020)
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Fig. 14. Distribution of the Ksn, erosion rate and erodibility (K) among the selected drainage basins. Drainage basins are listed from north to south.

Sector A is characterized by the lowest values of Ksn index (Fig. 13) and
by rivers (rivers 1 to 6; Figs. 8 and 10) that feature smooth long-profiles
and rectilinear chi plots (Fig. 10), which suggest that those rivers are
substantially keeping pace with subdued uplift. In sector B the Ksn index
is characterized by mean values and river chi-plots (rivers 7 to 10; Figs. 8
and 10) that register only some minor perturbation and are not far from
keeping pace with moderate uplift. Sector C includes the high Ksn area
(Figs. 11 and 13) and river chi-plots that are either overall convex up-
ward or with convex upper reaches that pass to steep rectilinear lower
reaches (Fig. 10). Considering the large sizes of the convex upward
reaches, the variable nature (carbonate and arenaceous) of the bedrock
that is incised, and the abundance of non-lithology controlled knick-
points, the nature of the transient signals in the rivers that dissect sector
C is reasonably correlated with tectonic signals. These are not merely
correlated with extensional faulting, as the across-strike size of the area
subject to faster uplift encompasses the area affected by normal faulting
and extends eastwards to involve the deformed foredeep. The trans-
formed profiles of rivers in Sector C, relative to those located more to the
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north in the UMAF, are generally steeper even in their straight lower
reaches. Such a feature would suggest (e.g., Perron and Royden, 2013) a
tendency of rivers 11 to 18 to the attainment of equilibrium with uplift
faster than those one affecting the area to the north of sector C., This is
consistent with estimates for the Chienti and Tronto rivers basins by
Sembroni et al. (2020) and Pazzaglia and Fischer (2022). Accordingly,
transient signals in Fig. 10 are clustered at higher elevation (> 750 m) in
sector C compared to sectors A and B. Assuming that knickpoints record
the same unsteady base level fall history, the difference of elevation of
transient signals in sectors A and B compared to sector C is indicative of
uplift of sector C greater than uplift of sectors A and B.

Overall, our results are consistent with findings of recent works (e.g.,
Faccenna et al., 2014; Fellin et al., 2022; Lanari et al., 2023; Serpelloni
et al., 2013; Racano et al., 2024) pointing to a southward increase of
uplift. These papers interpret the uneven uplift in terms of deep geo-
dynamic processes, without discussing the role of crustal transverse
structures. Dynamic support may not have a unique topographic
fingerprint and if anything, the more parsimonious explanation is that
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crustal structure changes significantly across NE-SW oriented zones, and
it is this crustal structure and crustal processes that are a better expla-
nation for the observed geomorphology. Our data provide new insights
in the uplift pattern, being indicative of a compartmentalization of the
UMAF that is consistent with the occurrence of transversal lineaments
controlling differential uplift. Crucial to unravel such a behavior of the
UMAF were the (i) analysis of the along-strike features of elevation (i.e.,
swath n. 7 of Fig. 6), (ii) mutual comparison among river network
metrics, in particular chi-plot shapes and elevations of transient signals
(Fig. 10), (iii) box plots and whisker plots of Ksn values as a function of
lithology (Fig. 13), and (iv) recognition of the net jumps of those metrics
at the well-identified positions.

5.3. The role of transversal structures

Transversal structures are well known to occur in orogenic systems
all over the world, including the Apennines (Pascucci et al., 2007). The
scale of these structures varies from the common tear faults associated
with individual thrust sheets and confined within thrust hanging-wall
blocks (Dahlstrom, 1970), to plate-scale transform faults. Within this
wide range of scales, fold and thrust belts may be compartmentalized by
crustal or even lithospheric structures that are not manifested by
discrete fault zones at the surface but are unraveled by geophysical data
and/or geomorphological evidence. Tearing of the subducting slab and
related focusing of the slab pull force could result in transversal litho-
spheric structures impacting fold and thrust belt geology and geo-
morphology (e.g., Handy et al., 2019, and references therein). This may
be the case of the northern-central Apennines, where a southward
increasing uplift rate has been attributed to local slab detachment
beneath the central Apennines since late Pliocene/early Pleistocene
times (Faccenna et al., 2014; Fellin et al., 2022). Marked along-strike
variations of relief evolution could also result from delamination of
the Adria lithosphere, a process recently inferred by Menichelli et al.
(2023) based on seismic tomography. In this model, belt topography is
dynamically sustained by mantle substitution generated during the
delamination process. According to the latter authors, delamination
proceeded with different retreat velocity along the mountain belt. The
resulting irregular geometry could have triggered belt segmentation,
producing different sectors bounded by transversal structures.

The geodynamic processes discussed above may well play a role in
along-strike segmentation of the northern-central Apennines. However,
greater uplift in the southern sector of the UMAF, evidenced by recent
literature and the analysis completed here, appears to be essentially
controlled by inherited (Late Miocene to Pliocene) crustal scale short-
ening rather than dynamic support. The basement-involved thrust ar-
chitecture of the mountain belt (Fig. 2) is fully consistent with such an
interpretation. Within our study area, the boundaries among sectors (A,
B, C) characterized by different active tectonic behavior, roughly coin-
cide with major transversal faults segmenting the outer portion of the
fold and thrust belt in the Marche foothills and adjacent offshore area
(Fig. 1). This correlation suggests that such transversal ‘lineaments’
mark the loci of long-lived, deep-seated fault zones that exert a major
control on the active tectonic behavior of large crustal blocks. The recent
reactivation of inherited, transversal crustal faults in the foreland plate
has been unraveled in the southern Apennines by Bitonte et al. (2021).
The latter authors also documented fault propagation into the foreland
basin deposits as a result of basement fault reactivation. A similar pro-
cess is envisaged to have occurred also in the present study area, where
pre-existing, deep-seated transversal faults of the foreland plate appear
to have controlled fold and thrust belt propagation and related seg-
mentation of the deformed Plio-Pleistocene foredeep (Centamore and
Nisio, 2003; Costa et al., 2021; Costa et al., 2023; Pierantoni et al.,
2019). Long-term activity of such transversal faults likely involved: (i)
their development during Triassic to Early Jurassic times as extensional/
oblique-slip faults within the framework of continental rifting (e.g.,
Tavarnelli et al., 2019); (ii) their reactivation as strike-slip/oblique-slip
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faults compartmentalizing the fold and thrust belt during forelandward
migration of shortening (Calamita et al., 1994; Calamita and Pizzi,
1994); and (iii) their reactivation as extensional/oblique-slip faults in
the hinterland of the eastward migrating fold and thrust belt. Stages (ii)
and (iii) above are both Neogene-Quaternary in age, extension following
shortening in both space and time. The results of this study document
the influence of the transversal lineaments on the drainage network and
topography of the study area.

The fact that the crustal sectors (A, B, C) characterized by different
active tectonic behavior extend SW-ward into the axial zone of the
mountain chain (i.e., also in the hanging wall of the major thrust — the
UMSTZ - that defines the mountain front), further suggests that the
transversal ‘lineaments’ mapped in the frontal part of the fold and thrust
belt mark major crustal structures extending beneath the high mountain
chain. As the latter area is presently dominated by ongoing extension, it
may be envisaged that the deep-seated transversal structures interact
with the active normal faults, thus segmenting the Quaternary exten-
sional system in the axial zone of the chain. This is consistent with
seismicity distribution, and with the abrupt northward truncation of the
events associated with the 2016-2017 Amatrice-Visso-Norcia and the
1997 Colfiorito seismic sequences (Fig. 3) along the boundary between
block C and block B in Fig. 10. Moreover, recent studies based on
instrumental seismicity (Mazzoli et al., 2014, 2015), seismic interpre-
tation (Costa et al., 2021) and paleoseismological evidence (Materazzi
et al., 2022) highlight that major transversal structures can also host
moderate to significant seismic events (e.g., the Mw 6.17, 1741 Fabriano
earthquake; the Mw 4.68, 1972 Ancona earthquake). The transversal
structures are a likely source of these large Marche earthquakes that
have no obvious correlation to emergent normal or thrust faults.

6. Conclusions

A morphotectonic analysis of the topography and drainage network
features was applied in this study to discern the lithological and tectonic
signatures on landscape evolution in the Umbria-Marche Apennines and
Foothills (central Italy). Topography and river network features exhibit
along-strike variations that are consistent with a southward increase of
surface uplift rather than bedrock variability. Differential uplift associ-
ated with three major crustal blocks was identified, with surface uplift
reaching its maximum in the southernmost one (Sibillini Mts. — Laga
Mts. area). Crucial to the detection of the UMAF uplift pattern was the
identification of discrete variations in the metrics we analyzed.

In the Marche foothills and Adriatic offshore, the boundaries among
crustal blocks characterized by different active tectonic behavior
roughly coincide with major transversal faults recently mapped by
seismic interpretation. Our study indicates that the crustal blocks dis-
playing differential surface uplift extend westward into the axial zone of
the mountain chain, which is characterized by active extension and
associated intense seismicity. Seismicity distribution, including the
pattern of the 2016-2017 earthquake sequence, is consistent with a
compartmentalization of the active extensional fault system in the axial
zone of the mountain chain. Therefore, it may be envisaged that the
boundaries among the three major blocks identified by morphotectonic
analysis consist of long-lived, deep basement structures extending
beneath the allochthonous tectonic units located in the hanging wall of
the main thrust fault that controls the mountain front in the region. Such
transversal basement structures interact with extensional seismogenic
faults at hypocentral depths, thus playing a major role in the seismo-
tectonic behavior of the study area. The UMAF are clearly segmented
and traversed by crustal-scale faults. These faults may be seismogenic
and responsible for large, deadly earthquakes that have been historically
difficult to attribute to known, emergent faults.

The fact that the more uplifted area extends well beyond the footwall
blocks of active normal faults is consistent with the relief pattern being
the result of regional tectonic processes occurring on a much larger scale
with respect to footwall uplift. This large-scale pattern of relief evolution
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has been interpreted in terms of deep geodynamic processes affecting
the segmented subducting slab (e.g., Faccenna et al., 2014; Menichelli
et al., 2023). Indeed, most of the recent literature is all about dynamic
support of the Apennines, with too little attention afforded to crustal-
scale processes including active extension and shortening. Although
the two types of ‘deep’ vs. ‘shallow’ processes are not mutually exclu-
sive, the crustal structures discussed in this study suggest that the uplift
pattern of the UMAF is mostly the result of lithosphere deformation —
and particularly along-strike variations of crustal shortening mostly
inherited from Late Miocene to Pliocene times — rather than dynamic
support.

Our results, besides challenging the prevailing paradigm for recent
Apennines uplift and surface strain by providing new insights into
crustal-scale, along-strike segmentation of the belt (including the axial
zone and the extensional system active there), may contribute to a better
understanding of the complex tectonic behavior of active mountain belts
in the Mediterranean region and elsewhere.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tecto.2024.230527.
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Maps have been created using Arcgis © (https://www.esri.
com/it-it/arcgis/products/arcgis-online/overview), Matlab (https://it.
mathworks.com/products/matlab.html) and CorelDraw (https://www.
coreldraw.com/it/product/coreldraw/?topNav=it).
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