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Abstract: Drainage basin-scale morphometric analysis and morphological evidence of tectonics
represent helpful tools to evaluate and investigate morphoneotectonic processes in tectonically active
regions. In this perspective, we applied an integrated analysis to the Abruzzo Periadriatic Area,
between the Tronto and Sinello rivers (Central Italy). It involved morphometric analysis, structural
geomorphological field mapping, and detailed analysis of fluvial terraces. Geomorphic indexes and
markers (e.g., Irta, SL index, ksn, and knickpoints) were used in this study to detect the response
of landscapes to drainage systems’ unsteadiness and tectonic deformation processes, possibly in-
duced by the ongoing activity of the buried tectonic structures. Furthermore, the investigation of
morphological field evidence of tectonics, integrated with the analysis of fluvial terraces’ spatial and
temporal arrangement, was performed to assign relative, geomorphologically-based, age constraints
of the landscape evolution. The resulting data allowed us to define domains affected by different
morphostructural and morphoneotectonic processes, related to the impact and ongoing activity of
the five detected families of structural elements (S1, F1, F2, F3, and F4), mainly characterized by
compressive, extensional, and transtensive kinematics. Finally, this study could represent a scientific
basis for integrating morphometric, fluvial, and tectonic geomorphology analysis to better define the
main phases of the landscape evolution and the impact of morphoneotectonic processes on fluvial
environments in uplifting piedmont areas.

Keywords: drainage basins; GIS analysis; fluvial terraces; morphotectonics; Abruzzo Periadriatic
Area; Central Italy

1. Introduction

The drainage basin-scale analysis and the investigation of morphological field ev-
idence of tectonics provide insights for understanding both passive and active tectonic
control prevailing in an area. Drainage networks evolve as dynamical systems, adjusting
themselves in response to changes in the landscape, generally associated with tectonic
activity [1,2]. Attempts to deduce tectonic information from landscape analyses have been
performed for decades, e.g., [3–10], mostly concerning the quantitative measurement of
the landscape through the calculation of geomorphic indexes using topographic maps
or Digital Elevation Models (DEMs), aerial photographs or satellite imagery, and field-
work. Moreover, in recent times, interactions between tectonics and drainage networks
were widely investigated in natural examples [5,11–19], experimental modeling [20–25],
and/or numerical modeling [26–29], and the rapid development of GIS techniques offered
powerful and efficient tools to compute, calculate, and analyze geomorphic indexes across
different geographical environments and scales of investigation, e.g., [30–35].

The Abruzzo Periadriatic Area is demarked by the eastern slope of the Apennine
Chain, to the west, and the Adriatic Sea, to the east. Bedrock lithologies are constituted
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by siliciclastic deposits, pertaining to Plio–Pleistocene marine successions, unconformably
overlain by a complex sequence of Upper Pleistocene–Holocene superficial continental
deposits. In detail, the area is characterized by clayey–sandy and conglomeratic deposits
related to the sin– and late–orogenic phases of the Central Apennines and by post-orogenic
Quaternary continental deposits [36]. The present-day landscape configuration is the result
of a long–term geomorphological evolution, controlled by the combination of different
factors: Plio–Quaternary tectonics, regional uplift (connected to sub-lithospheric dynamics
and responsible for the long-wavelength bulging of the Apennine chain—since Early
Pleistocene), climate changes, and eustatic variations [37–39].

In such a tectonically active region, outcropping lithologies rarely preserve evidence
of tectonic deformation; consequently, the morphometric analysis and the investigation
of geomorphological features become significant tools in the assessment of the morpho-
neotectonic setting. In particular, morphological field evidence of tectonics (i.e., triangular
facets, hanging and beheaded valleys, river bends, rectilinear fluvial segments, and 90◦

and counterflow confluences) outline the main morphotectonic features, even in areas
where non-conservative lithologies (e.g., clays and sands) do not allow for a good in-field
conservation of tectonic elements [40–46].

Previous studies highlighted the influence of neotectonics on the geomorphological
development of this area [38,39,47–55]; however, most of them were carried out at a lo-
cal scale, missing a geomorphological characterization at the drainage basin-scale. One
of the first extensive studies, performed by Castiglioni [56], initially defined the main
landscape features through detailed morphological analyses of the main fluvial valleys.
Demangeot [57] described and identified a hilly relief landscape in the piedmont sectors,
characterized by different levels of erosional surfaces and fluvial terraces, closely related to
Quaternary climate changes. In the 1970s, the C.N.R. (Italian National Research Centre,
Rome, Italy) project “Progetto Finalizzato Geodinamica (Neotectonic subproject)” was de-
veloped to analyze the area from a morphotectonic viewpoint. It discriminated landforms
and related deposits that could be considered as evidence of tectonics [58]. Moreover, the
foredeep–foreland system of the Abruzzo Region, belonging to the Adriatic petroleum
province [59,60], is characterized by a complex geological–structural setting, as testified by
deep-seated buried structures highlighted by the geophysical/geognostic investigations
carried out within an extensive oil exploration since ‘70–‘80 [61].

Starting from this general framework, we selected this region to carry out a multidisci-
plinary analysis in order to better define its tectonic and morphoneotectonic evolution, by
using a morphometric and geomorphological approach.

Several morphometric indexes have been involved and computed to support this
kind of analysis, among which the Irta, SL index, and ksn seem to be the most helpful
to identify tectonically-induced drainage systems’ unsteadiness/disequilibrium and tec-
tonic deformation processes [7,62–68]. In detail, this work is based on the correlation of
morphometric analysis of relief and drainage networks, investigation of morphological
field evidence of tectonics, and analysis of the temporal and spatial arrangement of both
erosional (e.g., knickpoint) and depositional (e.g., fluvial terraces) features within the
lower reaches of the main drainage basins. Such an integrated approach helps to identify
neotectonics lineaments and estimate their relative timing; in particular, fluvial terraces’
spatio-temporal distribution provides intriguing elements for the tectonic characterization
of the study area, giving a chronological constraint to tectonic activity and uplift/incision
rates at drainage basin-scale. The final aim of this work was to contribute to the study of
the role played by active tectonics and uplift on fluvial environments in uplifting piedmont
areas, characterized by Quaternary morphogenesis on erodible lithologies. The surface
results may also provide a contribution to the geological hazard assessment by means of
the comprehension of deep tectonic structures poorly evident but documented by recent
active seismicity.
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2. Geological, Seismotectonic, and Morphological Settings of the Study Area

The study area is framed in the central–eastern sector of the Italian peninsula, along
with the Periadriatic Area of the Abruzzo Region (Figure 1a), between the Tronto and
Sinello rivers. The general physiographic features are represented by the easternmost
Apennine Chain’s mountainous landscape (with reliefs up to 2900 m a.s.l. high—i.e.,
Montagna dei Fiori, Gran Sasso Massif, and Maiella Massif; and intramontane basins—
i.e., Fucino Plain and Sulmona Basin), which drops down to low relief areas (heights
ranging from ~100 to 800 m a.s.l.) and coastal sectors, whose continuity is interrupted by
urban areas and wide valleys. The study area includes the main fluvial valleys (mainly
WSW–ENE-oriented) directly flowing towards the Adriatic Sea. In detail, the study area is
located between the piedmont reliefs of the NE–verging Apennine orogen and the Adriatic
continental shelf, mostly filled by sandy–silty depositional sequences [69–73] (Figure 1b).

Figure 1. (a) Location map of the study area in Central Italy. The red line indicates the study area; (b) Geological
sketch map of the central-eastern Apennines and Periadriatic areas. Legend: Post–orogenic deposits—(1) fluvial and
eluvial-colluvial deposits (Holocene), (2) fluvial and alluvial fan terraced deposits (Middle-Late Pleistocene); sin- and
late-orogenic deposits—(3) clayey–sandy hemipelagic deposits (Late Pliocene–Early Pleistocene), (4) pelitic–arenaceous
turbiditic deposits (Late Miocene–Early Pliocene); Pre–orogenic deposits—(5) clayey–marly allochthonous deposits of
the Molise sequences (Oligocene–Miocene), (6) limestones of carbonate ramp sequences (Early Miocene–Early Pliocene),
(7) limestones and marls of slope-to-pelagic basin sequences (Cretaceous–Miocene), (8) limestones of carbonate platform
sequences (Jurassic–Miocene); (9) coastline; (10) major rivers; (11) study area.
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Pre–orogenic deposits pertain to different Meso–Cenozoic palaeogeographical do-
mains. Carbonate ramp and platform limestones, slope-to-pelagic limestones, and marls
represent the backbone extending from Apennines’ ridges to Gargano Promontory, and
clayey–marly allochthonous deposits characterize the eastern sectors of Molise Apen-
nines [74,75]. Sin- and late-orogenic deposits belong to hemipelagic sequences (mainly
clayey–sandy deposits), which unconformably overlay turbiditic foredeep sequences
(mainly pelitic–arenaceous deposits) [49,76,77]. A complex sequence of post-orogenic
Quaternary continental deposits is widely present in the alluvial valleys and plains. They
mostly consist of fluvial, alluvial fan, and eluvial–colluvial deposits (Figure 1b). Fluvial
deposits are organized in a sequence of at least four main orders of terraces, resulting from
a strong interaction between the Quaternary tectonics, the lithostructural setting, and the
high–frequency climatic oscillation [36–39,78].

The geological–structural evolution is closely connected with the Plio–Quaternary
development of the Adriatic foredeep domain. In fact, the piedmont domain is character-
ized by the active external fronts of the fold-and-thrust belt, buried under clastic marine to
transitional–continental sedimentary sequences [79–85]. Compressional tectonics, due to
NW–SE- to N–S-oriented thrusts, affected the chain sector from the Late Miocene to the
Early Pliocene. Strike–slip tectonics, along NW–SE- to NNW–SSE-oriented faults, followed
this compressional phase, and it was largely masked by later extensional tectonics since
the Early Pleistocene (Figure 2) [36,86,87].

The current morphostructural setting mainly reflects the articulated, tectonically
controlled geomorphological evolution of the study area [86]. It is the result of dynamic
regional uplift (with an average rate of about 0.2–1 mm/year [36,88]) and lowering phases,
spanning from Pliocene to Quaternary [89,90]. Moving from the inland to the offshore areas,
the chain, the piedmont–foredeep, and the foreland sectors were involved in impressive
coeval and still active (Pliocene to Quaternary) processes of uplift, crustal shortening,
and lowering, respectively (Figure 2). The resulting landscape is characterized by the
presence of different landforms: the northern sector of the study area is mainly dominated
by surface erosional–depositional (morphosculptural) processes with predominant fluvial
and slope processes; on the other side, the southern sector (i.e., Maiella piedmont area)
is characterized by the dominance of morphostructural landforms (such as mesa, cuesta,
plateau, and hogback), shaped and incised by approximately SW–NE- and SSW–NNE-
oriented consequent valleys, as well as by slope processes along their steep slopes (i.e.,
landslides) [39,40,87,91].

The present-day topographic setting is related to regional homoclines, gently dipping
towards NE [92–95], modeled in consequence of the incision of major dip–stream and
strike–stream valleys, and the formation of wide alluvial plains. It is highlighted by the
spatial distribution of different landforms, whose geomorphological and structural features
and evolution are related to a main morphogenetic factor (such as morphostructural,
morphosculptural, and/or landforms related to selective erosional processes on inactive
tectonic structures). This resulting landscape is shaped by fluvial and slope processes.
Channel incisions and flooding are the main fluvial processes affecting the main river
valleys. Slope processes are represented by minor landforms (such as rills, gullies, and
mudflows) and major landslides (e.g., rotational–translational slides, earth flows, complex
landslides), mostly characterizing the hilly piedmont sectors and, locally, the coastal
areas [96–98].
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Figure 2. Main morphotectonic domains, tectonics (modified from [89]), and seismicity [99,100] of the central-eastern
Apennines and Periadriatic areas.

The distribution of historical [101] and instrumental earthquakes [102] shows a signifi-
cant amount of seismic activity all along the Periadriatic area, with recurrent seismic events
of low or moderate intensity. The present–day regional tectonic setting is characterized by
intense seismicity (up to Mw 7.0 [99]), with earthquakes mostly located in the chain sectors
(i.e., 1915, Marsica; 2009, L’Aquila). The Periadriatic Area is characterized by moderate to
strong seismicity generated by sources that may belong to the buried outer thrust fronts of
the Central Apennines and of the External Dinarides (i.e., 27 March 2021, Mw 5.2, Central
Adriatic Sea earthquake [100]), and to other families of inherited structures reactivated
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within the present-day stress regime. This area is also influenced by subsidence and by
moderate compression and strike–slip–related tectonics, as documented by the recent
seismicity (Figure 2) [49,103–106].

3. Materials and Methods

The landscape of the Abruzzo Periadriatic Area was investigated by performing
(i) Digital Elevation Model (DEM)–based preliminary analysis, (ii) detailed morphome-
tric analysis (e.g., sub-basins-derived indexes; drainage network-derived indexes, and
markers), (iii) structural geomorphological field mapping, and (iv) detailed analysis and
mapping of fluvial terraces.

3.1. DEM-Based Preliminary Analysis

This analysis, supported and implemented using GIS software (QGIS version 3.16, 2020,
“Hannover”; ESRI® ArcGIS, version 10.6, 2018), was performed using topographic maps
(1:25,000–1:10,000 scale) and a 10 m DEM (TINITALY, http://tinitaly.pi.ingv.it/ [107,108]—
accessed on 8 January 2021), serving as a base map. Initially, we performed a prelimi-
nary morphometric analysis for the definition of the main hydrographic features of the
study area; in particular, basin boundaries and drainage network, as hierarchized accord-
ing to Strahler [109], were automatically extracted from the DEM using the MATLAB®

software Topotoolbox (https://topotoolbox.wordpress.com;—accessed on 15 February
2021 [110,111]) and verified by means of 1:5000 aerial–photos (Flight Abruzzo Region 2018–
2019). Sixteen main drainage basins have been extracted. Basic morphometric parameters
of the main basins (such as area, perimeter, relief, length) were obtained from the DEM
analysis. Several methods have been proposed to perform morphometric analysis, such
as techniques based on the DEM’s cells (e.g., neighborhood tools) or based on grids with
uniformly sized square windows [10,112,113]. Even if these kinds of approaches allowed
for avoiding any possible effect related to the shape and size of the sampling area, they
could depend on the scale of analysis. Starting from a regional scale-based conceptual
and geomorphological approach, and in order to have a basic unit to which to refer in
performing all the multidisciplinary analysis (e.g., morphometric analysis; investigation of
morphological elements concerning slopes, valleys, and hydrography; analysis of fluvial
terraces’ spatial and temporal arrangement), the drainage basins-scale was revealed as the
most convenient choice [114,115]. For these reasons, our analysis involved the drainage
basins starting from the eastern slope of the chain and moving towards the sea. We mainly
focus on the mid-lower reaches of such of them; the related headwater sectors (i.e., Tronto
R., Vomano R., Pescara R., and Sangro R.) were considered in the analysis for the extraction
of the main geomorphic indexes and markers (i.e., SL index, ksn, and knickpoints), but
they were not considered for discussions and conclusions since they are located in the
Apennine Chain sector, reflecting a different physiographic, lithological, structural, and
geomorphological framework. Several studies [116–119] have been carried out in the
upper sectors of these basins showing that their geomorphic analysis could be affected by
interactions between the topography of intramontane basins, the transitions between en-
dorheic and exoreic conditions in the drainage evolution, as well as active normal faulting.
Furthermore, taking into account the scale dependence between the hierarchical orders
of drainage basins and the morphometric indexes’ computation, widely highlighted by
previous studies [10,113,120–123], a set of 219 sub-basins, featuring at least a fourth-order
stream, was extracted based on Strahler order [109]. In this regards, this choice was con-
fident, since (i) the fourth–order size was qualitatively dimensioned taking into account
the physiographic setting of the area and the extension of the main alluvial plains, and
(ii) undersized sub-basins (i.e., III order) would measure only spotted sectors of 16 main
drainage basins (being too small and not regularly spaced), while oversized sub-basins (i.e.,
V order) would provide an inadequate scale of analysis (being too large and not equally
present in all the selected drainage basins).

http://tinitaly.pi.ingv.it/
https://topotoolbox.wordpress.com
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3.2. Sub-Basins-Derived Indexes

This analysis was carried out by calculating in all the sub-basins five morphometric
parameters—e.g., drainage basin slope (Sb), hypsometric integral (Hi), asymmetry factor
(Af), relief ratio (Rh), and Melton’s ruggedness number (M).

They generally represent a quantitative approach to the differential geomorphic anal-
ysis of erosion and depositional processes, related to lithological and geomorphological
elements as well as tectonically derived features [64,68,113]. In the present study, drainage
basins represent reference units with clearly defined boundaries, to which sub-basins-
derived indexes, can be unequivocally ascribed to investigate the possible relationships
between the landscape setting and the long-term tectonic deformation. Considering that
the morphometric properties of drainage basins might reflect lithological controls and
variability, individual indexes were, here, derived from DEM-based analysis to mainly
detect morphometric areal and relief aspects. This can be useful for detecting drainage
systems’ unsteadiness, probably produced by local changes resulting from tectonic activ-
ity, uplift, and/or subsidence. Moreover, we focused on intriguing data deriving from
their combination to evaluate the landscape in terms of potential tectonic activity [62,68],
mainly in addition to the other performed multidisciplinary analysis (e.g., investigation of
morphological evidence of tectonics; analysis of fluvial terraces’ arrangement).

The drainage basin slope (Sb) is used to localize, in rapidly uplifting areas, river
incision as the main fluvial process. It results in steep hydrographic basins, which become
progressively less steep proportionally with the decrease of the uplift [5,124]. Therefore,
high values of Sb could correspond to topographic sectors with potential high tectonic
activity. Sb was calculated using the following equation:

Sb = (e × ΣLc/Ab) × 100, (1)

where e is the contour interval (10 m), Lc represents the total length of the 10 m contour
lines within the catchments, and Ab is the sub-basin area.

The hypsometric integral (Hi) represents the normalized area vs. altitude distribution
within a given area [125,126]. It was calculated for each sub-basin using the following
equation:

Hi = (Hmean − Hmin)/(Hmax − Hmin) × 100. (2)

The Hi can be correlated with the stage of geomorphic development of the landscape,
giving information about the status of equilibrium between hillslope and fluvial erosion
processes, as well as the level of erosion and/or maturity of basins. The Hi does not directly
relate to active tectonics, and its values are affected by rock resistance as well as tectonic
influences [68,122,127]. Low values of Hi (<0.45) are typical of highly eroded basins with
low tectonic activity; intermediate values of Hi (0.45 < Hi < 0.55) are associated with basins
with moderate erosion and an already developed dissection; finally, high values of Hi
(>0.55) represent ‘young’ weakly eroded basins dominated by linear incision and initial
dissection, resulting from a recent tectonic activity [6,54,122,128,129].

The asymmetry factor (Af) was developed to detect unstable settings that are trans-
verse to river flow at drainage basin-scale [6,114,130,131]. Since its values can be affected by
lithological and structural control, the Af works best if the drainage basins are developed
on uniform and/or comparable lithologies [64,68,127]. It is defined as follows:

Af = (Ar/At) × 100, (3)

where Ar is the right-side area of the basin (facing downstream of the main trunk stream)
and At is the total basin area. The Af is also representative of tilting processes, showing
values close to 50 indicatives for symmetrical basins with little or no tilting and values
greater or lesser than 50 resulting from tilting or tectonic control. For the purpose of
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evaluating the relative active tectonics, it was calculated as its absolute value minus 50
with the following approach [64,68,127,132]:

Absolute Af = |(Ar/At) × 100−50|, (4)

Absolute Af was divided into five classes: Af < 5 (symmetric basins), Af = 5–10 (gently
asymmetric basins), Af = 10–15 (moderately asymmetric basins), Af = 15–20 (strongly
asymmetric basins), and Af > 20 (extremely asymmetric basins).

The Relief Ratio (Rh) is the measure of the overall gradient aspects of a given catch-
ment [133–135]. It is estimated using the following equation:

Rh = H/L, (5)

where H represents the difference in height between the highest and lowest points of the
catchment, and L is the basin length (calculated as the horizontal distance along the longest
dimension of the basin parallel to the main trunk stream). High values of Rh could indicate
areas affected by high tectonic activity.

Finally, Melton’s ruggedness number (M) offers a measure of the spatial distribution
of the relief roughness within the catchment. It could be related to lithological control
and is mainly indicative of hydro-geomorphic processes. Even if it does not directly
relate to relative active tectonics, it is possible to hypothesize that basins with rough
relief, characterized by high M values, are affected by tectonic disturbances, whereas
low values usually indicate tectonic stability [62,136]. It could be estimated using the
following equation:

M = H × Ab
−0.5, (6)

where H represents the difference in height between the highest and lowest points of the
catchment and Ab is the sub-basin area.

As previously described, the quantitative calculation of geomorphic indexes evaluates
the relative tectonic activity more accurately. Since each selected morphometric parameter
(Sb, Hi, Af, Rh, M) can be estimated as an indicator of the tectonic activity, the five
indexes were combined into an already existing index, applied by Valkanou et al. [62] in
tectonically controlled areas in Greece. In addition, a similar approach was first adopted by
El Hamdouni et al. [68], who determined the Iat (Index of relative active tectonic). It could
be estimated as follows:

Irta = (Sb + Hi + Af + Rh + M)/5, (7)

The analyzed sub-basins were classified into three classes (from 1 to 3) depending on
the low, moderate, or high relative tectonic activity. According to the Quantile function in
the GIS environment, a map depicting the spatial distribution of the values of this summa-
rizing index was elaborated to derive preliminary information about the morphotectonic
arrangement of the study area.

3.3. Drainage Network-Derived Indexes and Markers

Even if our analysis involved the drainage basins starting from the eastern slope of the
chain and moving towards the sea, in order to avoid a distorted evaluation of main drainage
network-derived indexes (SL index and ksn) and markers (knickpoints), we extended the
analysis to the headwater sectors of the drainage basins to better create the SL index and
ksn maps. Then, we focused our attention only on their mid–lower reaches. In detail,
the stream length–gradient (SL) index has been proposed to underline the topographic
fingerprints of surface and subsurface processes. It allows to highlight deviations from the
concave-up shape of longitudinal river profiles and to mark knickpoints/knickzones where
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the stream gradient shows anomalous values. The stream length–gradient (SL) index [63]
is defined using the following equation:

SL index = (∆H/∆L) × Lr, (8)

where ∆H represents the difference of altitude between two points of the stream channel,
∆L is the distance between the same points, and Lr is the total length of the stream. By
applying the above relation to a river long profile, it is possible to highlight knickpoints
that, in the absence of lithostructural discontinuities or natural/man–made disturbances,
may be related to tectonically induced ground deformations, such as geological structures
(i.e., faults) [64,137,138]. In this work, the SL index was extracted using the GIS toolbox
SLiX; it works in the ArcGIS software and is designed to derive SL index’ values from DEM
data [65]. The SL index calculation was performed along the whole drainage network,
considering a fixed stream segmentation (∆L equal to 50 m, based on the DEM resolution),
and the extension of the whole study area. To estimate and visualize the spatial distribution
of SL, the obtained point dataset was interpolated using the Kriging method with specific
settings (such as a search radius of 12 points, to be used for the interpolation, and an output
cell size of 10 × 10 m, based on the DEM resolution).

Finally, to identify knickpoints in both main trunks and tributary streams, we mainly
referred to the computation of the normalized channel steepness index (ksn) [7,9,66,139,140].
It is related to Flint’s law [66] as follows:

S = ks A−θ, (9)

where S is the channel slope, ks is referred to as the steepness index, A is the upstream
drainage area, and θ represents the concavity of the river channel profile. The ksn is derived
from Equation (9) by normalizing the drainage area of a given reach and using a reference
concavity (θref) that ranges between 0.3 and 0.8, and commonly takes on the value of
0.45 [7,141]. For the present study, the ksn was automatically obtained from the DEM using
the MATLAB® software Topotoolbox [110,111]. According to several studies [7,9,138,140]
that highlight the sensitivity of the steepness index to differences in rock uplift rate, base-
level fall, climate, and/or substrate lithology at steady-state (provided such differences
are uniform along the length of the channel), ksn can be used as a proxy of landscape’s
transience (e.g., knickpoints along with the river profiles), suggestive, in the case of uniform
climate and lithologies, of tectonic deformation [67,142,143].

3.4. Structural Geomorphological Field Mapping

Regarding the geomorphic evidence of tectonics, the morphotectonic approach orig-
inally proposed by Ambrosetti et al. [58], was improved by several recent works [41–
43,46,53,54,144], and was followed in the present work. We strictly focused on the most
representative geomorphic elements concerning slopes, valleys, and hydrography (e.g.,
triangular facets, hanging and beheaded valleys, river bends, rectilinear fluvial segments,
and 90◦ and counterflow confluences). Moreover, the choice of mapping these specific
geomorphic indicators was derived from the possibility to interpret them as the surface
expression of tectonic structures. More in detail, their spatial distribution and alignments
could represent evidence of the drainage system’s unsteadiness and tectonic deformations.
All the possible alignments of the main elements along specific orientations were analyzed
and validated through aerial-photos and DEM-derived shaded relief images. These connec-
tions and/or alignments of the mapped elements can be indicative of tectonic deformations,
giving evidence of morphotectonic processes in the landscape evolution [39,54,145].

The detection of morphological field evidence of tectonic features was based on field
analysis and stereoscopic aerial–photos interpretation; it was achieved using 1:33,000,
1:20,000, 1:13,000, and 1:5000 scale stereoscopic aerial–photos (Flight GAI 1954, Flight
CASMEZ 1974, Flight Abruzzo Region 1981–1987, and Flight Abruzzo Region 2018–2019),
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1:5000–scale orthophoto–color images (Flight Abruzzo Region 2010), and Google Earth®

imagery; this analysis was also supported by the use of the 10 m DEM.

3.5. Detailed Analysis and Mapping of Fluvial Terraces

The analysis of fluvial terraces’ spatial and temporal distribution, analyzed through
field surveys and stratigraphic observations, was used to reconstruct the tectonic activity
of the study area. The planimetric distribution of fluvial terraces was investigated for each
of the 16 major drainage basins. Moreover, the longitudinal distribution of terrace levels of
four main drainage basins (Tronto River, Vomano River, Pescara River, and Sangro River,
based on the availability of data and in order to fairly cover the study area) was analyzed
by plotting them on longitudinal profiles [6,146]. The relationships between morphological
evidence of tectonics and anomalies in the spatial distributions of fluvial terraces within
the wide alluvial plains are likely to provide evidence of tectonic activity and relative
geomorphological constraints in the timing of landscape evolution.

Fluvial terraces can be used to quantify vertical tectonic deformation and can also serve
to assess the interactions between tectonics, climate, and sea-level changes [147–150]. More-
over, the terrace-derived incision rates are commonly used to determine spatio-temporal
variations in long-term uplift rates [12,151–153]. Our basic approach to interpreting the
tectonic control on fluvial terraces’ arrangement was to examine the spatial pattern of their
elevations, deriving the uplift rate from the relative altitude of fluvial terraces with respect
to the present-day valley bottom. We relied on the assumption proposed by [154,155],
which considers that the valleys where the dated terraces formed had the same down-
stream curvature as the present-day alluvial plain. Such inferences implicitly assume
that the geometry trend of the considered fluvial terrace’ bottom shows a similar shape
present–day valley bottom. Simply put, it requires that fluvial incision equals rock uplift,
allowing the computation of the vertical incision rates from the separation between the
dated terrace surface and the modern stream level.

Starting from this assumption, rates of tectonic uplift were derived from river incision
rates computed with the combination of terraces’ heights and associated dating available in
the literature [39,46,53,156–159]. In detail, by comparing elevations of the fluvial terraces’
bottom with the same geochronological constraints (~50 ky; [39,156–159]) on the present–
day valley bottom, we computed the incision rate (Ir) according to the following equation:

Ir = (HTb − HVb)/T, (10)

where HTb is the height of the time-constrained fluvial terrace bottom, HVb represents the
elevation of the present–day valley bottom, and T is the age of the fluvial terrace (~50
ky). Moreover, in order to verify the supposed similarity between the geometry trend of
the considered fluvial terrace and the present–day valley bottom, the geometry trends
(Gradient–G) of four main drainage basins (Tronto River, Vomano River, Pescara River, and
Sangro River) were calculated using the equation:

G = ∆H/∆L, (11)

where ∆H represents the difference in altitude of the fluvial terrace bottom or of the present-
day valley bottom between specific–site investigations, respectively. ∆L is the horizontal
distance between the selected sites.

4. Results
4.1. Drainage Network

The analysis mainly focused on the 16 major drainage basins that developed across
the Abruzzo Periadriatic Area, directly flowing towards the Adriatic Sea. Showing SW-NE
to W–E directions, some of these catchments totally extend within the piedmont area
(Vibrata R., Piomba R., Alento R., Foro R., Moro R., Feltrino R., Osento R., and Sinello R.),
while others (Tronto R., Salinello R., Tordino R., Vomano R., Fino R., Tavo R., Pescara R.,
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and Sangro R.) originate from the inner sectors of the chain, cross its front giving rise to
transversal valleys, and flow in the piedmont area within wide alluvial plains. The inner
sectors of these latter were not considered in the analysis, focusing on their mid–lower
reaches extending from the easternmost slope of the chain towards the sea.

The main morphometric characteristics of the basins delineated in the study area are
summarized in Table 1.

Table 1. Main morphometric parameters of the basins in the study area.

N.◦ Basin Area
(km2)

Perimeter
(km)

Max. Elevation
(m a.s.l.)

Length
(km)

N. Sub–Basins
(4th–Order)

1 Tronto River 416.99 139.73 1790.58 34.51 18
2 Vibrata River 101.74 79.70 436.78 23.09 4
3 Salinello River 187.01 118.95 1812.88 34.48 5
4 Tordino River 389.73 153.82 1709.96 42.38 25
5 Vomano River 402.42 171.12 2543.91 39.54 15
6 Piomba River 105.99 84.94 747.54 30.62 3
7 Fino River 279.33 96.65 2467.58 30.72 11
8 Tavo River 202.36 110.80 2021.38 28.73 11
9 Pescara River 821.06 209.26 2791.11 41.61 39

10 Alento River 120.86 103.33 1402.17 29.98 3
11 Foro River 241.47 110.59 1981.24 31.69 8
12 Moro River 72.83 68.56 532.17 21.36 3
13 Feltrino River 51.05 47.96 411.83 14.73 1
14 Sangro River 1001.16 203.16 2792.11 49.99 51
15 Osento River 126.18 99.63 1007.88 27.04 4
16 Sinello River 311.62 142.75 1412.14 39.92 18

4.2. DEM–Based Morphometric Analysis
4.2.1. Sub-Basins-Derived Indexes

Morphometric indexes were computed to define the main morphometric areal and
relief aspects of the study area. Since there is no standard method to describe the leading
morphometric indexes that tell us tectonic control, we focused on their combination and
superimposition, which may be useful for defining the possible co-presence of lithological
and tectonic control, for detecting drainage systems’ unsteadiness, and for deriving intrigu-
ing data to evaluate the landscape in terms of potential tectonic activity. In detail, in all the
sub-basins five morphometric parameters—e.g., drainage basin slope (Sb), hypsometric
integral (Hi), asymmetry factor (Af), relief ratio (Rh), and Melton’s ruggedness number
(M)—were calculated and combined into a summarizing index (Irta), which offers an
attempt to describe the relative tectonic activity of the study area.

The spatial distribution of each index over the Abruzzo Periadriatic Area is graphically
shown in Figure 3.

Drainage basin slope (Sb) values range from 6.03 to 90.60%, reflecting a heterogeneous
distribution in the steepness of hydrographic basins over the study area. High values be-
long to the sub–basins located along the slopes of the main reliefs (Maiella, Gran Sasso, and
Montagna dei Fiori). The highest values (>65) are located, with an anomalous distribution,
within the Sangro River basin. The lowest Sb values are placed in all the sub-basins located
in the piedmont and coastal sectors, with average values of 20 (Figure 3a).
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Figure 3. Thematic maps of the main morphometric parameters. (a) drainage basin slope (Sb); (b) hypsometric integral
(Hi); (c) absolute asymmetry factor (Af); (d) relief ratio (Rh); (e) Melton’s ruggedness number. Black lines represent the
watershed of the main 16 basins analyzed. Numbers refer to the basins in Table 1.

Hypsometric integral (Hi) values are comprised between 16.01 and 74.19 giving
information on the stage of geomorphic development of basins (e.g., level of erosion
and/or maturity of each sub-basin). The highest values (>70) are located in correspondence
with the easternmost slope of the Maiella Massif. High values can be detected also in
the outer portion of the piedmont area, in correspondence with sub-basins showing high
topography and younger landscape. In general, it is possible to denote an increasing trend
of Hi values moving towards the southeastern sectors of the study area (Figure 3b).

Absolute asymmetry factor (Af) values range from 0.04 to 37.98, giving information
about tilting processes linked to tectonic activity in each sub-basin. Regarding the spatial
distribution, almost all the basins (73.5%) are characterized by tilting, of which 37% are
typified by a left asymmetry and the latter 36.5% with a right asymmetry. Only 26.5% of
the sub-basins show a stable and symmetric setting. Asymmetrical basins (especially right
asymmetric ones) are present in the inner sectors of the study area and in the right-valley
side of the main rivers; symmetrical watersheds are more scattered in the study area
(Figure 3c).

Relief ratio (Rh) values range between 0.025 and 1.095. The spatial distribution
mainly reflects (Figure 3d) that obtained for drainage basin slope (Sb), with sub-basins
characterized by high values located in the innermost areas, at the transition zone between
the chain and the piedmont area. High values of this index are also observed in the southern
area, without anomalous and/or scattered distributions. Low values (<0.16) belong to
sub-basins located in the piedmont and coastal sectors.

Melton’s ruggedness number (M) values vary from 0.048 to 0.896, showing a heteroge-
neous spatial distribution of this parameter over the study area. In general, it is possible to
denote that the values gradually decrease from the inner to the outer areas. High values
are present along the easternmost slopes of the main reliefs (Maiella, Gran Sasso, and
Montagna dei Fiori) in correspondence of sub–basins with a rough morphological and
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topographic setting. Mean values are present in the inner piedmont area, while low values
are present along the outer area moving towards the coastal sectors (Figure 3e).

A thematic map was realized to summarize, through a combination and overlay of
the previous geomorphic indexes, the spatial distribution of the Index of Relative Tectonic
Activity (Irta). Since it is difficult to state with certainty the role played by the lithologies
on the arrangement of the geomorphic features that compose the index, probably because
of the complexity of the system since most of the basins consist of many formations
showing different resistance to erosion, Irta index served as a preliminary tool to highlight
significant differences in relative tectonic activity among the drainage basins. Its values
were labeled into three classes: Irta < 22.3 (low); 22.3 < Irta < 25.3 (medium); Irta > 25.3
(high) and the spatial distribution was identified over the different sub-basins in the study
area (Figure 4). In detail, high values correspond to sub-basins located at the transition
zone between the chain and the piedmont area, in correspondence of the easternmost slope
of the main ridges (i.e., Montagna dei Fiori, Gran Sasso Massif, and Maiella Massif); other
sub-basins show similar values with a spotted distribution reflecting their morphological
and topographic settings. Moderate values are more homogeneously distributed over the
study area in correspondence of sub-basins located in low relief areas. Finally, low values
can be homogeneously detected in piedmont sectors of the study area, in correspondence
of sub-basins mainly located in the left valley-side of the main drainage basins.

Figure 4. Index of Relative Tectonic Activity (Irta) map. Black lines represent the watershed of the main 16 basins analyzed.
Numbers refer to the basins in Table 1.

4.2.2. Stream Length-Gradient Index (SL Index)

The SL Index values range from 0 up to >1000 m, showing a peculiar distribution
over the Abruzzo Periadriatic Area (Figure 5). Looking to the SL Index map, the values
are grouped into five main classes (<100; 100 < SL < 200; 200 < SL < 300; 300 < SL < 400;
SL > 400). Medium to high values are the most representative to deduce information
for the quantitative landscape analysis. These values could suggest the occurrence of a
geomorphic disequilibrium recorded along with the drainage network rather than the
presence of a tectonic perturbation in that location, identifying areas where high levels of
tectonic activity might be expected. The highest values (>400 m) can be found in the inner
sectors, in correspondence with the steep slopes of the main ridges (Maiella Massif, Gran
Sasso Massif, and Montagna dei Fiori), reflecting the overall morphostructural setting of the
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transition zone between the chain and the piedmont sectors, due to the presence of the main
NNW–SSE and ~N–S-oriented thrust fronts. Some other high values are scattered in the
southernmost sectors of the study area, coinciding with the outcropping of clayey–marly
and marly–calcareous allochthonous deposits. This heterogeneous distribution indicates
the existing relationship between rock resistance and SL Index, mainly related to tectonic
and lithological control in the whole study area.

Figure 5. Stream length-gradient index map. Black lines represent the watershed of the main 16 basins analyzed. Numbers
refer to the basins in Table 1.

4.2.3. Normalized Channel Steepness Index (ksn)

The ksn values distribution (Figure 6) reflects that obtained for the SL index, describing
the complexity of the drainage network development due to tectonic and lithological
control. The distribution of this index in a catchment can be an extremely useful tool
for delineating anomalies in channels’ organization, probably related to tectonic activity
and/or regional–to–local uplift. In the study area, the normalized steepness index (ksn)
exhibited values ranging from 0 up to ~1000, which we grouped into four classes from <50
to >150. Values are generally higher in upstream channel reaches closest to the mountain
front (i.e., Maiella Massif); medium to low values are detected along the main channel of
major basins and in the southernmost sectors, in correspondence to the outcropping of
siliciclastic and turbiditic deposits. Finally, rivers exhibit the lowest steepness proximate to
the coastal areas.
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Figure 6. Normalized steepness index (ksn) map. Red dots represent the knickpoint of the analyzed basins (i.e., Tronto R.,
Vomano R., Pescara R., and Sangro R.); red star represents the artificial knickpoint. Black lines represent the watershed of
the main 16 basins analyzed. Numbers refer to the basins in Table 1.

4.3. Morphological Field Evidence of Tectonics

The spatial distribution of morphological field evidence of tectonics over the Abruzzo
Periadriatic Area was produced using GIS technology, and it was verified and integrated
with field mapping and aerial photo interpretation (for more details, see Figure S1 in the
Supplementary Material). This kind of analysis allowed us to label the morphological
elements into three main categories concerning slopes, valleys, and hydrography. These
landforms were investigated to delineate their peculiar distributions, orientations, and
morphological anomalies. Moreover, selected landforms and significant indicators (e.g.,
triangular facets, hanging and beheaded valleys, river bends, rectilinear fluvial segments,
and 90◦ and counterflow confluences) were analyzed with reference to the watershed
scale for illustrating structural controls, geological and geomorphic history, and drainage
network processes within each of the main 16 drainage basins. In detail, the alignments of
these significant indicators were interpreted as the surface expression of tectonic structures
influencing the most recent morphogenesis of the study area.

The landforms related to slopes (i.e., triangular facets) widely characterize all the
basins of the study area. They are mainly located in the middle valley sectors characterized
by the wide outcropping of clayey–sandy and pelitic–arenaceous deposits, generally mak-
ing visible the analyzed landforms. Almost the totality of the triangular facets is positioned
in the right valley side, except for the Vomano and Pescara rivers, which show a peculiar
distribution of these elements also in the left valley side. These morphotectonic elements
show a prevalent alignment in a ~N–S direction (varying from NNW–SSE to NNE–SSW).

Hanging and beheaded valleys represent the main morphological field evidence of
tectonics related to valleys. Hanging valleys are broadly present both in the innermost and
in the outermost sector of the study area. The innermost sector, reflecting the transition
zone between the chain and the piedmont area, is characterized by morphological field
evidence of tectonics showing an ~E–W direction, while the outermost one is dominated
by elements, with a main NW–SE direction located in correspondence of the junctions
between the secondary valleys and the main ones. Beheaded valleys are widespread
along the watersheds, especially in the southernmost portion of the study area; they are
mainly located in correspondence to the drainage divides and show prevalent SW–NE and
SSW–NNE alignments.
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In the zoomed frames of Figure 7, as in Figure S1 (for details see supplementary
materials), triangular facets, hanging valleys, and beheaded valleys are not depicted
with their specific symbology, but they are graphically shown with their related point
of identification (PoI) to better report their spatial arrangement and their georeferenced
locations in each drainage basin.

Figure 7. Morphological field evidence of tectonics over the study area (for the location of the frames, see Figure S1 in
Supplementary material). Legend: (1) triangular facets (point of identification), (2) hanging valleys, (3) beheaded valleys,
(4) river bends, (5) rectilinear fluvial segments, (6) 90◦ confluences, and (7) counterflows confluences. (a) Frame in the left
valley side of the middle Tronto River valley; (b) triangular facets along a secondary stream of the Tronto River; (c) frame in
the left valley side of the middle Pescara River valley; (d) panoramic view of a stream characterized by rectilinear fluvial
segments, counterflow confluences, hanging valleys, and triangular facets; (e) frame in the left valley side of the middle
Sangro River valley; (f) panoramic view of a stream characterized by river bends and triangular facets. Note: a main map of
these morphological field evidence is provided as Supplementary material (Figure S1).

Finally, morphological field evidence of tectonics related to hydrography is well dis-
tributed all over the study area. They are represented by river bends, rectilinear fluvial
segments, and 90◦ and counterflow confluences. The river bends are located in correspon-
dence of the inner sectors of the main basins and along minor stream channels in showing
variable orientations from ~N–S to ~E–W and/or from ~E–W to ~N–S, with a large number
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of alignments in an SSW–NNE and NW–SE direction. The rectilinear fluvial segments are
present, especially in the lower sectors of the main valleys with a prevalent SSW–NNE and
NNW–SSE direction. The 90◦ confluences are present in the whole study area, especially in
the southern portion; their distribution is typically in the outermost area, except for the
Sangro River basin where they are present also in the innermost areas. Their prevalent
alignments show NNW–SSE, SSW–NNE, and ~E–W directions. Finally, the counterflow
confluences are also abundant in all the analyzed basins, especially in the middle eastern
portion; the main landforms are present along the confluences between the tributaries and
the main stream, and they are aligned in SSW–NNE and NW–SE direction.

4.4. Fluvial Terraces’ Spatial and Temporal Arrangement

The analysis of fluvial terraces’ spatial and temporal arrangement allowed the group-
ing of terrace remnants and alluvial fan surfaces from a minimum of three to a maximum
of seven distinct orders all over the Abruzzo Periadriatic Area (Figure 8). These terraces
are characterized by gravelly, gravelly–sandy, and silty–sandy deposits with thicknesses
reaching from a few meters to ~40 m. Their spatial distribution and height above the long
river profile vary among and within valleys, and the oldest remnants of fluvial terraces are
generally preserved on the left side of the river valleys.

Figure 8. (a) Fluvial terraces scheme over the Abruzzo Periadriatic Area. The order of the river
terraces was defined individually for each basin. Black lines represent the watershed of the main
16 basins analyzed. (b) Panoramic view of the distribution of the fluvial terraces near the confluence
between Cigno and Pescara rivers. (c) Panoramic view of the distribution of the fluvial terraces in the
lower reach of the Sangro River.

Their relative ages have been constrained spanning from Middle Pleistocene to
Holocene, in agreement with available geochronologic constraints and by means of di-
rect comparisons with neighboring river basins [39,156–159]. Since no extensive direct
geochronologic constraints have been so far provided on all the terraced deposits of each
basin, the different orders of the terraces were defined individually for each drainage basin.
Consequently, there is no guarantee that the river terraces of the same order in different
basins are to be understood of the same age, due to extremely complex geological and
geomorphological settings and to different incision/uplift rates affecting the study area.

Detailed drainage network analysis and investigations on the arrangement and dis-
tribution of these deposits were performed on the following rivers of the Abruzzo Peri-
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adriatica Area, regularly spaced from north to south and directly flowing towards the
Adriatic Sea:

• Tronto River;
• Vomano River;
• Pescara River;
• Sangro River.

Furthermore, fluvial terraces were investigated, with reference to their long river
profile, to detect possible perturbations in the river gradient moving towards the mouth.
This analysis, integrated with the plotting of knickpoints, showed sharp long gradient
changes at the transition between different areas, especially in the middle-lower sectors
of the basins. In the lower part of the valleys, fluvial terraces are widely distributed and
organized in different orders with convergent geometries.

The Tronto River hosts three orders of fluvial terraces (from T1 to T3; for detail,
see Figure 8). The oldest deposits, T1 (Middle Pleistocene [39]), are found between 150
and 70 m above the actual river bottom and are preserved only in the left valley side;
isolated remnants are present in scattered outcrops. The T2 fluvial terrace (late Middle
Pleistocene [39]) is preserved between 80 and 30 m over the thalweg. Finally, the T3
fluvial deposits (Late Pleistocene [39]) represent the widest and most well–maintained
terrace order (preserved both in the left and in the right valley side) with heights ranging
between 25 and 10 m above the thalweg. In the longitudinal profile (Figure 9a), terrace
treads show a general downstream convergence geometry, with an overall decrease of
their slope. The lower knickpoint on the actual stream testify the presence of lithological
change, which is found in the correspondence of the separation between the eastern sectors
of the chain (with outcrops of carbonate and pelitic–arenaceous turbiditic units) and the
outer parts of the basin (where more erodible clayey–sandy sequences outcrop); the upper
two knickpoints, instead, are located in a uniform lithology, represented by the pelitic–
arenaceous turbiditic deposits.

The Vomano River is characterized by six orders of fluvial terraced deposits (from
T1 to T3 outcropping only in the left valley side; from T4 to T6 outcropping in both
valley sides—for detail, see Figure 8). The oldest terrace (T1, Middle Pleistocene [157]) is
preserved with scattered outcrops within the basin, at heights ranging from 190 to 160 m
above the actual valley floor; the T2 fluvial terraces (late Middle Pleistocene [157]) are found
between 140 and 100 m over the thalweg; the T3 deposits (late Middle Pleistocene [157]) are
preserved at heights between 100 and 75 m above the valley bottom; the terraced deposits
pertaining to T4 (Upper Pleistocene [157]) are located at an elevation ranging from 85
to 35 m above the thalweg; the widest and most well–conserved terrace order is the T5
(Upper Pleistocene [157]) which is preserved from 30 to 15 m above the actual valley floor;
finally, the T6 alluvial deposits (Upper Pleistocene–Holocene [157]) are found between
20 and 7.5 m above the present-day thalweg. Plotting these deposits on the longitudinal
profile (Figure 9b), it is possible to observe a clear downstream convergence geometry,
with an important tilting of the treads, especially from T1 to T4. The lower knickpoints are
found along the main course in a lithologically uniform sector (pelitic–arenaceous turbiditic
deposits); the uppermost one could indicate a lithological change in correspondence of the
separation between the carbonate and the turbiditic domains.

The Pescara River hosts five orders of terraced deposits (from T1 to T5); all these
deposits are present on both valley sides, the initial two orders outcrop in isolated scattered
remnants, while the others are more continuous (for detail, see Figure 8). Moreover, the
distribution of fluvial terraces in the Pescara River basin results to be more articulated due
to the presence of three main tributaries (Alba, Nora, and Cigno rivers). The deposits be-
longing to T1 (Middle Pleistocene [158]) are present at elevations ranging from 350 to 250 m
above the actual Pescara valley floor; the T2 terraced order (late Middle Pleistocene [158])
are found between 75 and 150 m above the Pescara thalweg; T3 (Upper Pleistocene [158])
is present at heights ranging from 75 to 30 m over the present–day Pescara valley bottom;
the T4 deposits (Upper Pleistocene [158]) are found from 40 to 10 m above the Pescara
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thalweg; finally, the terraced deposits pertaining to T5 (Upper Pleistocene–Holocene [158])
show elevation ranging from 20 to 5 m above the actual Pescara valley floor. The terrace
treads analysis above the longitudinal profile (Figure 9c) clearly show the overall conver-
gent geometry with a general increase in the gradient of terraced orders upstream; local
anomalies are related to the presence of important tributaries (i.e., the apparent doubling of
the T2 order). The presence of several knickpoints on the present-day valley could reflect
both a tectonic and lithological control, highlighted by the outcropping of calcareous and
turbiditic deposits, as well as base-level fall with a possible upstream migration through
the basins.

Figure 9. Altimetric and spatial arrangement of terrace remnants along with the longitudinal profiles of analyzed river
basins: (a) Tronto River; (b) Vomano River; (c) Pescara River; (d) Sangro River. Each longitudinal profile is compared with
the along-course lithological configuration (colored bar at the top). For the location of knickpoints see Figure 6. Note: colors
and numbers of bedrock lithologies refer to Figure 1.

The Sangro River is characterized by five orders of fluvial terraces (from T1 to T5,
present in both valley sides (only small remnants are present on the right valley side), except
for T1, which is present only on the left valley side (for detail, Figure 8). The oldest order
of fluvial terraces (Middle Pleistocene [53]) is found at the summit of the hilly reliefs, at an
elevation ranging from 340 to 300 m above the present-day Sangro thalweg; the T2 terrace
(Middle Pleistocene [53]) is found between 220 and 150 m over the actual valley floor; the
terraced fluvial deposits of T3 (Middle Pleistocene [53]) are present at heights between 150
and 50 m above the thalweg; the T4 terraced deposits (late Middle Pleistocene [53]) are
found continuously in the final stretch of the Sangro valley, between 50 and 15 m above the
present-day valley floor; finally, the T5 terrace (Middle Pleistocene [53]) appears as the most
continuous and wide outcrop among terraced deposits, with an elevation ranging from 20
to 5 m above the thalweg. In the longitudinal profile (Figure 9d), as for the previous river
basins, it is visible the downstream convergence geometry and the downstream decrease
of the terrace treads’ gradient. The knickpoints on the actual stream could reflect a tectonic
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control indicated by the presence of tectonic alignments with ~N–S direction; moreover, it
is possible to note a significant anomaly along the longitudinal profile related to the Bomba
dam’s artificial knickpoint.

Starting from these initial results, it is possible to identify a general tilting process in
the terrace treads, which could be related to a differential incision/uplift rate and tectonic
tilting over the Abruzzo Periadriatic Area. Figure 10 graphically illustrates the results
of the simplified estimation of incision rates. It demonstrates the general reduction of
the incision rates of the analyzed rivers (Tronto, Vomano, Pescara, and Sangro rivers)
moving downstream towards the sea mouth. In detail, the minor values are found in
the Tronto River, which shows an incision rate ranging from 0.06 to 0.3 mm/year, while
the major incision rate is shown by the Vomano River and is ranging between 0.32 and
0.78 mm/year. Moreover, we can observe that the reconstructed terrace gradient of the
available geochronologic constrained deposits (in all the analyzed basins ~50 ky, Upper
Pleistocene—[39,156–159]) is fairly comparable to the present–day valley gradient; hence,
we can assume that the valleys where the older terraces formed had the same downstream
curvature as the present–day valleys and thus the incision rate can be considered fairly
equal to the uplift rate [147,148,153–155].

Figure 10. On the left column, the estimated incision rate of the analyzed river basins. On the right
column, the comparison between the terrace and the river gradient. Note: the solid line represents
the present-day gradient; the dashed line indicates the best fitting curve (orange curves represent the
analyzed fluvial terrace bottom; green curves show the present-day valley bottom gradient).
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5. Discussion

In clayey–sandy regions, where significant discontinuities are absent or not clearly
visible and more erodible lithologies rarely preserve evidence of active tectonic deformation,
geomorphic features may represent valuable indicators of ongoing tectonic activity and
can be used to describe drainage network evolution [5,46,63,151,160]. Terraced fluvial
deposits and alluvial fan surfaces record spatio-temporal perturbations and/or anomalies,
serving as fundamental elements to reveal and chronologically constrain the dynamic
landscape evolution. Even if the reconstruction of drainage systems’ development is
often hampered by the scattered distribution of poorly preserved outcrops of continental
deposits, integrated morphometric and geomorphological investigations offer valuable
insights for the analysis of fluvial environments.

For this purpose, the analysis of several geomorphometric indexes was followed by
field-based structural and geomorphic analysis to detect the response of landscapes to
drainage systems’ unsteadiness and tectonic deformation processes. The combination
of geomorphometric indexes provided semi-quantitative information about the morpho-
logical setting of the Abruzzo Periadriatic Area. Morphometric areal and relief aspects
were deduced from the computation of five morphometric indexes (e. g., drainage basin
slope (Sb), hypsometric integral (Hi), asymmetry factor (Af), relief ratio (Rh), and Melton’s
ruggedness number (M)) whose numerically supported distribution of values denote a de-
creasing trend moving towards the easternmost sectors of the study area, starting from the
innermost ones and moving toward the sea. In fact, low values are located along the outer
area moving towards the coastal sectors. In detail, the quantification of drainage basins’
topography was derived through the combination of the aforementioned indexes, in order
to produce a single index (Irta) that can be used to characterize relative tectonic activity.

Among them, the hypsometric integral (Hi), the asymmetry factor (Af), the stream
length–gradient index (SL index), and the normalized channel steepness index (ksn) are the
most efficient for detecting anomalies on stream profiles possibly related to tectonically–
induced ground deformation [5,6]. This kind of analysis allowed us to better characterize
the drainage basins of the study area, defining an inner sector located at the transition
between the chain and the piedmont area, which is characterized by an ancient but high
degree of relative tectonic activity, related to the emplacement of the Apennine chain due
to compressive fronts (thrusts). Moreover, the combination of quantitative measurements
of the selected morphometric indexes suggests a progressive reduction in the tectonic
activity moving towards the East (Adriatic Sea), with the lowest values in correspondence
of coastal sub-basins.

Moreover, in order to attempt the detection of tectonic features also in the outer
portion of the study area, the investigation of morphological field evidence of tectonics,
together with fluvial terraces analysis, was carried out. Geomorphological features, labeled
into three main categories concerning slopes, valleys, and hydrography, were analyzed in
detail. Peculiar distributions and alignments of these elements provide a geomorphological
contribution to the morphotectonic reconstruction of the area and significant suggestions
of Quaternary tectonic deformations. Furthermore, starting from the available literature
data [48,54,89,105,161] and integrating the analysis of geomorphic indices and morphologi-
cal field evidence of tectonics with the analysis of drainage network and fluvial terraces, it
was possible to outline the spatial distribution and the timing of five families of structural
elements (Figure 11), acting within the study area from Miocene to Upper Pleistocene times:

• S1 (Miocene–Pliocene)—compressive thrust front responsible for the emplacement
of the Abruzzo Apennine chain area, marking the transition between the chain and
the piedmont area. This family shows a prevalent NNW–SSE, NW–SE, and ~N–S
direction. Its spatial arrangement results from the analyses of the main geomorphic
indices (i.e., Irta, SL index, and ksn), indicating an area dominated by inherited tectonic
structures with high tectonic activity.

• F1 (Upper Pliocene–Lower Pleistocene)—normal fault system which affected the outer
part of the chain area and the inner sectors of the piedmont one. They show almost
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the same orientation as the S1 family (NNW–SSE-, NNE–SSW, and ~N–S-oriented).
The detection of this family derives from the alignment of several morphological field
evidence of tectonics, especially triangular facets, 90◦ confluences, and river bends.

• F2 (Upper Pliocene–Lower Pleistocene)—normal fault system with a main strike–slip
component, located in the inner and axial part of the piedmont area. This family
shows a ~N–S direction (from NNW–SSE to NNE–SSW) and was detected both from
morphological field evidence of tectonics and from fluvial terraces analysis. Several
river bends, triangular facets, and 90◦ and counterflow confluences lining up in these
directions; moreover, these structural elements can be considered responsible for the
dissection and NE-ward tilting of the ancient fluvial terraces.

• F3 (Middle Pleistocene–lower Middle Pleistocene)—normal fault system with a preva-
lent NNE–SSW and NW–SE trend. The detection of this family was derived from the
alignments of triangular facets, rectilinear fluvial segments, hanging and beheaded
valleys, counterflow confluences, and river bends. They are placed along the main
river valleys, and they can be considered responsible for the migration towards the
South of the main river valleys (in good agreement with the main asymmetry of the
basins) and for the inclination of the terraced fluvial deposits. These tectonic structures
also suggest the presence of differentiated tilting processes with differential uplift
rates, as reported in several previous studies, i.e., [70,116,162,163], and testified, con-
firmed, and quantified by this study. Taking into account this analysis, it is possible to
testify the difficulty in making an exact and direct correlation of the terraced deposits
all over the basins present in the study area as they are subject to tilting, uplift rates,
and depositional/erosive processes fairly different from each other.

• F4 (Upper Pleistocene)— transtensive fault system mainly located in the central–outer
part of the Abruzzo Periadriatic Area. These tectonic structures show a ~NNW–SSE
(varying from NW–SE to E–W) direction. Their mapping was derived from the con-
nections and/or alignments of several morphological field evidence (i.e., rectilinear
fluvial segments, river bends, and 90◦ confluences) detected in the study area. This
family could be associated with deep and blind structures, which do not show su-
perficial evidence but can be considered currently active as confirmed by several
works [54,105,164,165] and historical and recent seismicity (i.e., Central-southern
Apennines 1456, Mw 7.2; Capitanata 1627, Mw 6.7; Gran Sasso 1950, Mw 5.7; San
Giuliano di Puglia 2012, Mw 5.2; Abruzzo Coast 2020, Mw 3.1).

In conclusion, the sum and combination of obtained results allowed us to define the
morphotectonic and morphoneotectonic setting of the whole Abruzzo Periadriatic Area
(Figure 11). An updating of the distribution of the morphotectonic domains was performed
also, considering the prevalence of morphostructural and/or morphosculptural processes,
as follows:

• Central–Eastern Apennine Chain (CE–AC)—chain area affected by intense Plio–
Quaternary uplift (about 1 mm/year [38,88]). The area was involved by compressive
tectonics (thrust fronts) up to Pliocene. In this area, there is a clear prevalence of
structural-related (morphostructural) elements with the presence of exhumed thrusts.

• Outer Apennine Chain (Ou–AC)—chain area affected by Plio–Quaternary uplift (rate
> 0.7 mm/year [163]) and involved by extensional tectonics between the Pliocene
and the Lower Pleistocene. Erosional and depositional (morphosculptural) land-
forms dominate the area with active processes induced by the regional uplift and
are locally influenced by tectonic control (minor faults) and/or rock control (hard
rock outcropping).

• Inner Piedmont (In–P)—the inner portion of the piedmont area is affected by moderate
Pleistocene uplift (0.7–0.5 mm/year) with evidence of predominantly extensional
tectonics without superficial evidence; furthermore, the morphotectonic setting is
influenced also by the presence of blind thrusts [161,166]. As in the previous area,
the major landforms refer to morphosculptural ones and are represented by erosional
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processes (fluvial and slope processes) locally influenced by tectonic and lithologic
control.

• South–Eastern Piedmont (Ea–P1)—piedmont zone located in the central–southern
portion of the Abruzzo Periadriatic Area, with a medium Pleistocene uplift rate (0.5–
0.3 mm/year) and evidence of main extensional tectonics without superficial evidence;
also in this sector, the emplacement of deep blind thrusts influences its morphotectonic
setting. In this morphotectonic area, the major landforms are represented by structure–
controlled (morphostructural) elements with flat hills (mesa landforms) characterized
by gentle to steep slopes; locally, NE-ward tilting processes gave rise to cuesta or
hogback (especially in the southernmost area) landforms.

• North–Eastern Piedmont (Ea–P2)—sector located in the central–northern sector of the
Abruzzo Periadriatic Area, with a medium Pleistocene uplift rate (0.5–0.3 mm/year)
and evidence of extensional and transtensive tectonics and influences of deep blind
thrusts. In this sector, the major landforms are represented by erosional and de-
positional (morphosculptural) landforms, locally influenced by lithological and tec-
tonic control.

• Outer South–Eastern Piedmont (Ea–P3)—sector corresponding to the southeastern
portion of the study area, with a low uplift rate (0.3–0.15 mm/year). It is affected by
extensional Pleistocene (from Middle to Upper) tectonics with no superficial evidence
and still active deep compressive (offshore blind thrusts [161,166]). In this area, as
for Ea–P1, prevail structure-related (morphostructural) elements with the presence of
mesa and cuesta landforms.

• Northern Coastal Piedmont (Co–P1)—sector located in the external northeastern
portion of the study area and characterized by very low Pleistocene uplift (rate
< 0.15 mm/year). The evolution of the area is controlled by deep and blind thrusts.
This landscape is dominated by a gentle NE–dipping homocline, incised by the main
river valleys and by minor coastal basins.

• Southern Coastal Piedmont (Co–P2)—sectors located in the external southeastern part
of the study area, dominated by very low Pleistocene uplifting (rate < 0.15 mm/year).
It is influenced by offshore deep and blind thrusts and strike-slip faults (pertaining to
the F4 tectonic family). Its landscape is mainly related to the presence of flat or gently
inclined surfaces (mesa and cuesta landforms).

The morphotectonic domains and the structural elements thus defined appear to
be closely related to each other, also regarding the planimetric distribution, developing
almost exclusively within the same morphotectonic domain and/or limited to the drainage
basin–scale, excepting for the structural elements belonging to S1 and F4 families which
appear clearly perpendicular to the planimetric development of morphotectonic domains
and extending with a spatial arrangement through neighboring drainage basins. This
peculiar arrangement may reflect the complex geological and tectonic framework, and
it could be related to the historical and recent seismicity of deep and buried tectonic
structures [161–167].
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Figure 11. Morphotectonic domains and structural elements of the Abruzzo Periadriatic Area. Black lines represent
the watershed of the main 16 basins analyzed. Note: S1—compressive thrusts; F1, F2, and F3—normal fault systems;
F4—transtensive fault systems.

6. Conclusions

The integrated analysis presented in this paper allowed us to better evaluate and in-
vestigate morphoneotectonic processes in a tectonically active region, such as the Abruzzo
Periadriatic Area (Central Italy). Its tectonic and morphoneotectonic evolution was an-
alyzed by a morphometric and geomorphological approach, involving morphometric
analysis of relief and drainage network, investigation of morphological field evidence of
tectonics, and analysis of fluvial terraces’ spatial and temporal arrangement at the drainage
basin–scale all over the piedmont and coastal sectors of Abruzzo Region (between the
Tronto and Sinello rivers).

DEM–based morphometric analysis and the calculation of geomorphic indexes and
markers (e.g., Irta, SL index, ksn, and knickpoints) led to a quantitative measurement of
the landscape features and a better characterization of the drainage basins all over the
study area. Moreover, the combination with the performed multidisciplinary analysis (e.g.,
investigation of morphological evidence of tectonics; analysis of fluvial terraces’ arrange-
ment) was used to detect the response of landscapes to drainage systems’ unsteadiness
and tectonic deformation processes, possibly induced by the ongoing activity of the buried
tectonic structures.

This kind of analysis defined an inner sector (easternmost portion of the chain area)
characterized by an ancient but high rate of tectonic activity, related to the emplacement of
the Apennine chain, and controlled by NNW–SSE- and ~N–S-oriented thrust (S1 family)
and a progressive reduction in the tectonic activity moving towards the East (Adriatic Sea),
with lowest values in correspondence of coastal sub-basins. Moreover, these clues also give
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some information about the ongoing deformation of the study area, linked to more recent
tectonic structures and external deep and blind thrusts [100,166,168].

The investigation of morphological field evidence of tectonics supported by the anal-
ysis of fluvial terraces’ spatial and temporal arrangement allowed us the detection of
families of tectonic structures. Landforms were divided into three main categories con-
cerning slopes, valleys, and hydrography, and their spatial distributions and alignments
provided a geomorphological contribution to the morphotectonic reconstruction of the
area. Fluvial terraces’ detailed analysis identified a general NE-ward tilting process in
the terrace treads, which could be related to a differential incision/uplift rate and tectonic
NE-ward tilting all over the study area. By combining obtained results, it was possible
to outline the spatial distribution of other families of structural elements, in addition to
the aforementioned one: F1 and F2 families (NNW–SSE- and NNE–SSW-trending poorly
constrained to Upper Pliocene and Lower Pleistocene) are connected to morphostructural
elements confirming both passive and active tectonic control in the landscape shaping; F3
and F4 families (from SW–NE- to ~E–W-trending) show an active role in the landscape
evolution, particularly evident considering the reorganization and emplacement of the
drainage network, the asymmetry of the sub-basins, and the inclination of the fluvial
terrace. It is also possible to suggest the presence of differentiated tilting processes with
differential uplift rates (from 0.8–0.6 mm/year in the inner portion of the piedmont area to
0.3–0.06 mm/year along with the coastal areas) since Early Pleistocene. Moreover, these
families can be associated with deep and blind structures with no superficial evidence but
currently active as confirmed by historical and recent seismicity [54,100,161].

Through the combination and overlay of resulting data, it was possible to better define
the morphotectonic and morphoneotectonic setting of the whole Abruzzo Periadriatic
Area, defining eight morphotectonic domains whose geomorphological evolution related
to the predominance of morphostructural or morphosculptural (erosional–depositional
processes) landforms and controlled by five detected families of structural elements (S1,
F1, F2, F3, and F4). Finally, this work could represent a scientific and methodological tool
for any geomorphological study that integrates morphometry, morphological evidence of
tectonics, and fluvial deposits to better define the main phases of the landscape evolution
and the impact of active tectonics and uplift on fluvial landscapes in uplifting piedmont
areas. It will also provide a contribution to the geological hazard assessment increasing
the understanding about the deep tectonic structures, poorly evident in the Abruzzo
Periadriatic Area but widely documented by recent and active seismicity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/geosciences11090397/s1, Figure S1: Morphological field evidence of tectonics over the study
area. Black lines represent the watershed of the main 16 basins analyzed; red squares represent the
zoom-in frames shown in Figure 7. Note: PoI stands for Point-of-Identification.
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