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This work focuses on a multi-method study of badlands exposed in two different areas of southern Italy. Results
of both geomorphological and structural geological studies are obtained by combining field and laboratory anal-
yses of the badlands affecting Plio-Quaternary silty-clays of southern Italy. Results are discussed in terms of de-
formation mechanisms and badland formation and evolution. Results highlight the role played by pre-existing
structural heterogeneities, such as high-angle faults and joints, on both gravitational processes and water circu-
lation. The aforementioned heterogeneities are due to specific tectonic stress regimes, and are interpreted in light
of their genetic nature, kinematics, attitude, geometry, relative timing of formation, and aerial distribution. Re-
sults of this work are summarized in a four-stage conceptual model characterized by specific genetic mecha-
nisms. The conceptual model includes representative sketches aimed at assessing the time-dependant
evolution of the badlands. A profound link between structural geology and geormophological processes is there-
fore envisioned for the badlands of southern Italy.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Badlands derive from fast-linear erosion that develops in clay-rich li-
thologies. They generally consist of ca. 40° to 50° steep cliffs, which are
deeply incised by rills separated from each other by ridges showing a
“knife-edge” geometry. Their formation and development are mainly
controlled by climate, tectonics, and landuse changes (Joshi and
Nagare, 2013; Castaldi and Chiocchini, 2012; Moretti and Rodolfi,
2000; Torri et al., 1994). In fact, badlands are commonly present in
areas subjected to tectonic uplift, and characterized by high average an-
nual temperatures, and both scarce and unevenly distributed precipita-
tions (Mather et al., 2002; Del Prete et al., 1994, 1997; Moreno de las
Heras and Gallart, 2018; Piccarreta et al., 2006; Vergari et al., 2011).
These erosional features derive from the effects ofwaterwashout onde-
graded clays along steep, south-facing clay rish slopes in areas charac-
terized by a high drainage density and a scarce vegetation cover.
Commonly, badland landforms are subdivided into two predominant
morphologies (Fig. 1), represented by the main badland slope, and by
residual dome-shaped forms located at the base of the badland slopes,
known locally as “Biancane” (Alexander, 1982; Colica and Guasparri,
1990; Torri and Bryan, 1997; Torri et al., 1994; Calzolari and Ungaro,
1998; Del Prete et al., 1994).
tivenga),
The control exerted by tectonic discontinuities on badlands forma-
tion has been studied by several authors (Colica and Guasparri, 1990;
Farifteh and Soeters, 2006; Calzolari and Ungaro, 1998; Joshi and
Nagare, 2013), who assessed the influence of large-scale structural het-
erogeneities of rock mass, mainly detected from aerial and satellite im-
agery, on weathering, erosion and drainage development in badlands.
However, field analyses of the relationships between badlandmorphol-
ogy and the occurrence of fractures and faults within claystones have
not been performed so far. In order to fill this gap, in the present work
a detailed structural analysis has been carried out in order to decipher
how tectonic discontinuities influence the morphology and the evolu-
tion of the badland slopes, in combination with gravity-induced phe-
nomena. In addition, processes responsible for the formation of
conduits that allowwater circulation in clays, favoring the development
of badland morphologies, will be investigated. The study has been car-
ried out by analyzing badland formation in two representative areas of
the Basilicata Region, Italy, where they cover an area of approximately
3000 km2. In these areas, we focus on the origin of dome-shaped
forms (Fig. 1) and on the overall evolution of the badland slopes.

The two studied areas are located along the hinterland domain of the
Ionian coastline (Fig. 2), in which Plio-Pleistocene claystones widely crop
out (Bentivenga et al., 2004a, 2004b, 2015; Bentivenga and Piccarreta,
2016). In the past, these claystones were investigated to unravel the ge-
netic mechanisms of badlands focusing on the role played by climate
(Vittorini, 1977; Alexander, 1982; Dramis et al., 1982; Del Prete et al.,
1994, 1997; Del Monte, 2017; Neugirg et al., 2016), grain size and
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Fig. 1. Scheme of the badland slopes and associated dome-shaped forms (Piccarreta et al., 2006).
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mineralogy (Alexander, 1982; Del Prete et al., 1994; Farifteh and Soeters,
1999; Battaglia et al., 2002; Piccarreta et al., 2006; Summa et al., 2007).

The two chosen areas are fully representative of most of the badland
morphologies found in other areas of Italy and many occurrences
Fig. 2. Geological sketch map of the southern Apennines. Location of the two study areas of th
2004a, 2004b).
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worldwide. Furthermore, the choice of the studied sites was also dic-
tated by the different chemical and physical characteristics of the out-
cropping clays, affected by the different badland forms (Piccarreta
et al., 2006; Vergari et al., 2013). At these sites we take advantage of
e Sant'Arcangelo Basin and Bradanic Trough is reported (modified after Bentivenga et al.,
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the numerous fractures and faults that crosscut the claystones to focus
on the both formation and growth of badland slopes and dome-
shaped forms. Results of combined structural and geomorphological
studies are summarized into a conceptual model of fracture- and
fault-controlled badland formation.

2. Geological setting

The two study areas, representing good examples on the role
exerted by tectonic structures in the development of badland slopes,
are located in the vicinity of the Aliano and Pisticci towns, respec-
tively. The former one is exposed at altitudes comprised between
50 and 150 m a.s.l., the other one at altitudes in between 350 and
650 m a.s.l., respectively. The Aliano area lies along the northern sec-
tor of the Sant'Arcangelo Basin, whereas the Pisticci area is posi-
tioned along the south-western portion of the Bradano Trough.
Both the Sant'Arcangelo Basin and Bradano Trough are part of the
outer domains of the southern Apennines fold-and-thrust belt
(Fig. 2), a Cenozoic circum-Mediterranean orogeny developed due
Fig. 3. a) Tectonic sketch map of the San'Arcangelo Basin, modified after Bentivenga
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to Eurasian and African plate convergence (Mantovani et al., 1996;
Patacca and Scandone, 2007).

The southern Apennines fold-and-thrust belt consists of a stack of
tectonic units derived from the Adria passive margin and the Ligurian
Ocean (D'Argenio et al., 1973; D'Argenio and Alvarez, 1980). These tec-
tonic units form a multi-duplex as a result of both thin-skinned (Roure
et al., 1991; Monaco et al., 1998; Menardi Noguera and Rea, 2000) and
thick-skinned tectonics (Shiner et al., 2004; Mazzoli et al., 2006; La
Bruna et al., 2017, 2018). Contractional tectonics was accompanied by
formation of Early Miocene-Pleistocene thrust-top basins and foredeep
basins at the top of single thrust sheets and at belt front, respectively
(Hippolyte et al., 1994; Pieri et al., 1997; Vezzani et al., 2010;
Palladino, 2011). During Pleistocene the whole belt underwent to
transtensional faulting (Westaway, 1993; Patacca and Scandone,
2001; Bavusi et al., 2004; Giano et al., 2018), whose activity migrated
eastwards due to opening of the Tyrrhenian Sea (Royden et al., 1987;
Doglioni, 1991), gravitational collapse of the belt (Ghisetti and
Vezzani, 1999; Ghisetti et al., 2001), and/or interaction with the Cala-
brian Arc (Turco et al., 1990).
et al. (2005); b) Geological map of Aliano area (modified after Pieri et al., 1994).

Image of Fig. 3
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2.1. Sant'Arcangelo Basin

The Sant'Arcangelo Basin consists of a Plio-Pleistocene thrust-top
basin (Caldara et al., 1988; Hippolyte et al., 1991), characterized by a
40 km-long, 18 km-wide, NW-SE elongated shape filled with up to 5
km-thick Plio-Quaternary clastic sediments (Pieri et al., 1994; Patacca
and Scandone, 2001). Two main sedimentary sequences are present
(Vezzani, 1967; Ogniben, 1969; Lentini and Vezzani, 1974; Zavala and
Mutti, 1996). The first one, Late Pliocene in age, consists of an up to
1.4 km-thick, syn-tectonic transgressive-regressive fan delta sequence.
The second one, Late Pliocene-Calabrian in age, consists of up to 0.9
km-thick conglomerates, sands, andmarly clays unconformably topped
by Middle Pleistocene alluvial to lacustrine continental deposits
(Sabato, 1997). The Aliano area (Fig. 3) exposes mainly marly clays of
Calabrian age, containing somemeter's thick intercalations of sandstone
beds. These lithologies have been affected by tectonic uplift, folding and
the activity of WNW-ESE-striking trastensional faults during the Pleis-
tocene evolution of the Sant'Arcangelo basin (Catalano et al., 1993;
Casciello et al., 2000; Casciello, 2002; Caputo et al., 2007; Giano and
Giannandrea, 2014).

2.2. Bradano Trough

The Bradano Trough is part of the southern Apennines foredeep
filled with up to 2 km-thick Plio-Pleistocene sediments (Migliorini,
1937; Selli, 1962; Casnedi, 1988; Pieri et al., 1996; Monaco et al.,
1998; Calamita et al., 1999). The transgressive-regressive sedimentary
infill progressively thins towards the NE, and includes clayey marls,
turbiditic sandstones and clays, shelfal mudstones, and shallow-water
sands and conglomerates (Balduzzi et al., 1982; Patacca and Scandone,
2001). The Pisticci area exposes the Lower Pleistocene sedimentary se-
quence, which consists of marly clays and clayey marls (Fig. 4). Locally,
carbonate concretions and lenticular-shaped sand/silt deposits and vol-
canic ashes are present. The clayey deposits are very well compacted
and are often crosscut by conchoidal fractures. The studied area was af-
fected by a moderate deformation, due to coeval normal faulting of the
Ionian coastline and tectonic uplift of the frontal portions of the belt
(Pieri et al., 1997; Bentivenga et al., 2004a, 2004b).
3. Geomorphological setting

The southern Apennines mountain belt reaches an elevation up to
ca. 2 km a.s.l., and is characterized by an approximately NW-SE oriented
Fig. 4. Geological map
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watershed separating drainage systems directed towards the surround-
ing marine basins. From a geomorphological perspective, the southern
Apennines can be divided into three separated domains referred to as
internal, axial and external, fromwest to east, respectively. The internal
domain corresponds to the Tyrrhenian side of the chain, the axial one
identifies the tallest portion of the belt, which corresponds to the rem-
nants of Pliocene to Pleistocene erosional land surfaces that were
uplifted and dismembered by Quaternary faults (Schiattarella et al.,
2013). The external domain includes Plio-Quaternary thrust-top and
foredeep basins, and it is characterized by a predominant hilly land-
scape incised by river valleys-oriented ca. E-W, in the north, and NW-
SE, in the south.

The Sant'Arcangelo Basin is located in the outer domain of the South-
ern Apennines, in the vicinity of the Ionian Sea. This basin is landlocked
by themountain belt, and bounded by the large-scale Scorciabuoi Fault,
to the north (Fig. 3a). Its clastic infill is crosscut by the Agri and Sinni riv-
ers, which formed widespread alluvial terraces (Cinque et al., 1993). An
uplift rate comprised between 0.7 and 0.9 mm/year has been estimated
(Schiattarella et al., 2006; Giano and Giannandrea, 2014). The Bradanic
Trough extends from the Adriatic Sea to the Gulf of Taranto, and lies in
the outer domain of the Southern Apennines as well. Starting from the
Middle Pleistocene, it was gradually uplifted together with the progres-
sive migration of the coast line. This regressive stage led to the deposi-
tion of sands and conglomerates, and formation of different terraced
surfaces in some cases disrupted by high-angle normal faults
(Bentivenga et al., 2004a, 2004b; Amato, 2000; Cotecchia and Magri,
1967; Neboit, 1982; Westaway, 1993; Westaway and Bridgland, 2007;
Hearthy and Dai Pra, 1992). Tectonic processes during uplift were re-
sponsible for a general dip towards the NE of the Pleistocene deposits.
According to the inferred ages of the marine terraces, the average uplift
rate is comprised between 0.2 and 1.0 mm/year (Neboit, 1982;
Westaway, 1993; Amato, 2000; Bentivenga et al., 2004a, 2004b).

In the studied areas, erosion of the terraced surfaces by the develop-
ment of a hydrographic network generated isolatedflat areas, which are
today surrounded by steep slopes exposing Plio-Pleistocene clays, and
Plesitocene sands/conglomerates. The steep slopes are very unstable,
and frequently affected by landslides and/or badlands morphologies.
As a common rule, badlands have formed from the incision of tension
cracks formed in the landslide source area (Vergari et al., 2019). Mor-
phologically, the upper portions of the slopes are generally character-
ized by landslides and badlands, whereas the lower portions by
badland slopes and dome-shaped forms (Mather et al., 2002;
Piccarreta et al., 2006; Bentivenga and Piccarreta, 2016; Moreno de las
Heras and Gallart, 2018).
of the Pisticci area.

Image of Fig. 4
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4. Materials and methods

The present study focuses on two selected sites located in the Aliano
area (Site #1 - 202m a.s.l. - 40°18′02.17 N - 16°17″22.17E; Site #2 - 274
m a.s.l. - 40° 18′03.70″N - 16° 17′23.61″ E), and on one site, named as
Serra Pizzuta, in the Pisticci area (Site #3 - 274 m a.s.l. - 40°22′21.20″
N - 16° 32′38.57″E). There, the badlands have developed into north-
to northeast-dipping Plio-Pleistocene clays arranged into monoclinals
with steep southern slopes (Pieri et al., 1994; Pieri et al., 1997;
Bentivenga et al., 2004a, 2004b). The three sites were selected after a
careful geomorphological mapping of the studied areas (Bentivenga
and Piccarreta, 2016). The study sites are all located in the lowermost
portion of the slopes (Piccarreta et al., 2006), where the badland slopes
and associated dome-shaped forms of variable shapes and sizes are
clearly exposed, and representative of other badlands occurring else-
where in Italy (Vittorini, 1977; Sdao et al., 1984; Vergari et al., 2013)
and Spain (Mather et al., 2002; Joshi and Nagare, 2013).

The geological study was performed by means of integrated ste-
reoscopic analysis of recent aerial photos (1:33.000 scale), and
both structural and geomorphological field investigations. Stereo-
scopic analysis allowed us to identify and then select the sites for
subsequent detailed field surveys. Geomorphological field analysis
was carried out by mapping the badland morphologies present
along the south-facing slopes of the monoclinal systems, and the
landslides and small tension cracks that affect the north-facing
slopes. In Site #3 located in the Pisticci area, observations were car-
ried out along three measurement transect oriented orthogonal to
the E-W trending badland slope.

Thisworkwas then integratedwithUnmannedAerial Vehicle (UAV)
image acquisition, and subsequent 3D modelling of the areas by using
the Agisoft Metashape software, which permitted the digital image
analysis of the studied sites.
Fig. 5. View of the sites in the
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Field structural analysis was carried out by measuring discontinu-
ities with a geological compass on key outcrops exposing transects in-
cluding the badland slopes and the dome-shaped forms. Fractures in
marly clay have been classified on the basis of the measured orienta-
tions and the observed geometrical relationships. In some cases, in
order to understand the meaning and evolution of fractures, measured
orientations have been rotated by restoring the bedding attitude to
the horizontal. Outcrops were investigated after the removal of about
10 cm-thick portions of weathered dry clay. Such a procedure was nec-
essary to distinguish fractures that crosscut the clay beds from
mudcracks, which are localized within the outermost, dried portion of
the clay outcrops. Mm-thick, cohesive structural elements were sam-
pled and analysed by optical microscope and digital image analyses.
Cm-wide images of the slab obtained from these samples were
interpreted in light of a well-known structural models for sheared clay-
ish material (Twiss and Moores, 2007). They include mm- to cm-thick
shear zones containing a variety of microfractures showing either syn-
thetic or antithetic geometries with respect to the main slip surfaces.

Furthermore, the results of both geomorphological and structural
analyses were compared and discussed in order to assess the possible
relationships between fractures and water circulation at shallow levels
in badland areas, responsible for the formation of pipes in claystones.

For this purpose, it was carried out a careful characterization of pipe
geometries and locationswith respect to tectonic discontinuities within
the Plio-Pleistocene clay.

5. Results

5.1. Aliano study area, geomorphological analysis

A large badlands area is exposed to the east of Aliano town. The stud-
ied area is located in between themiddle segment of the Agri River and
badlands area of Aliano.

Image of Fig. 5
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the lowermost portion of the Sauro River (Fig. 3b). There, sandy and
clayey deposits display a general dip towards the NE, due to the propa-
gation of contractional structures in the Pleistocene infill of the
Sant'Arcangelo Basin (Patacca and Scandone, 2007). As a result, the
NE-dipping monoclines are characterized by steep southern slopes,
and more shallow-dipping northern slopes. The roughly E-W trending
south-facing slopes are characterized by badlands, and by dome-
shaped forms located at the base of the steep slopes. The badlands are
incised by streams flowing to the east, which are tributaries to the
Agri River. The badlands show a herbaceous and shrubbey vegetation
at their top. This cover is due to the discrete and randomly distributed
rainfall (713 mm/y), which characterizes the inner areas of the Basili-
cata Region, and temperatures comprised year-long between ca. 10 °C
(Tmin) and 16.5 °C (Tmax, Piccarreta et al., 2005, 2013, 2015).

The two sites studied at Aliano are shown in Fig. 5. The first one, Site
#1, is ca. 40 m-long, 10 m-high, and exposes three different dome-
shaped forms. Site #2, is ca. 30 m-long, 12m-high, and exposes a single
dome-shaped form. Site #1 represents a typical case of association be-
tween badland slopes and dome-shaped forms. There, the badland
slope trends ca. E-W, and shows a slope angle of about 50°. The dip
angle of clay-rich beds is ca. 30° N. Both badland slope and dome-
shaped forms are characterized by a dense network of rills, due to
flow of eroded material that takes place during rare, severe, rainwater
precipitation, and by mud cracks forming a complex texture at surface.
The geomorphological survey is carried out along the SW margin of
the badland slope, in correspondence with a partially detached dome-
shaped form, and two other similar forms located adjacent to the
slope. Within the transition zone between the badland slope and the
dome-shaped forms, rills localize within individual mud cracks (Fig. 6).

At Site #2, the badland slope trends ca. E-W, is mainly exposed
southward, and characterized by a slope angle of about 50° (Fig. 7). In
the topmost portion of the badland slope, marly clay contain a 1.5 m-
thick sand bed, forming a laterally continuous intercalation throughout
the entire Site #2. Occurrence of this harder cap rock determines a
steeply inclined profile, which becomes less inclined in the lower part
of the slope, where the claystones crop out (Fig. 7). The sandy level is af-
fected by various fractures and cavities, which facilitate frequent falls.
The study site consists of a badland slope with partially detached and
Fig. 6.Outcrop view of the dome-shaped forms exposed at sites #1 and #2. The line drawing h
are depicted, which show a dendritic pattern due to specific abutting relationships. See text fo
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isolated dome-shaped forms. These forms are elongated orthogonally
to the front, up to 2 m-high, and very steep (up to 70–80°). At the top
of a dome-shaped form, the sand bed (Fig. 7) is characterized by a
steeper dip with respect to the same bed exposed in the badland slope.

5.2. Aliano study area, structural analysis

At Site #1, the badland slopes and associated dome-shaped forms
are crosscut by two sets of fractures striking ca. E-W and dipping either
~80°N (Set 1a) or ~40°S (Set 1b). A third set (Set 2) strikes ca. NW-SE,
and dips ~85°/NE (Fig. 8). Set 1b fractures are the most persistent and
long among the whole fracture network exposed in the surveyed out-
crops at Site #1. In fact, both Set 1a and Set 2 fractures consist of
short, up to ca. 10 cm-high fractures, which are rarely observed along
horizontal exposures located at the base of the badland slope. Most of
the fractures pertaining to Set 1 and Set 2 abut against Set 1b fractures.
Only the largest Set 1a and Set 2 fractures crosscut Set 1b fractures. By
restoring the bedding attitude to horizontal, we note that most of the
surveyed sets of the 1a and 1b fractures surfaces not only display a nor-
mal component of displacement, but also dip ca. 60°N or 60°S. Differ-
ently, Set 2 fractures show dip angles of ca. 65–70°NE (Fig. 8). At Site
#2, threemain sets of fractures are documented. Two fracture sets strike
ca. E-W, and dip either 60–70° N (Set 1a) or ca. 30–40°S (Set 1b). The
third set (Set 2) strikes ca. NW-SE, and consists of sub-vertical structural
elements (Fig. 8). By restoring the bedding attitude to horizontal, the
three sets form a structural configuration similar to Site #1, consisting
of the two conjugate sets 1a and 1b, dipping60°N and60°S, respectively,
and Set 2, which dips steeply to the NE (Fig. 8).

5.3. Pisticci study area, geomorphological analysis

The study site (Site #3) is located in the Pisticci area, in correspon-
dence with the Serra Pizzuta locality. It is an E-W trending, 200 m-
long, 12 m-high badland area, characterized by a poor vegetation
cover due to a mean rainfall of 581 mm/yr concentrated in few severe
high magnitude events, and long-lasting drought periods (Piccarreta
et al., 2005, 2013, 2015). Observations were conducted along three dif-
ferent measurement transects (Fig. 9). Transect #1, in the westernmost
ighlights the traces of open fractures dissecting the claystones. Three main sets of fractures
r details.

Image of Fig. 6
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part of the area, exposes a trench, representing a linear depression lo-
cated between the badland front and dome shaped forms, infilled
with colluvial deposits. The main front, facing south, is characterized
by a 45° slope and is marked by deeply incised rills. The claystone
beds dip 12°NE. Along the transect, the first dome-shaped form is pres-
ent ca. 5 m away from the front. It is approximately 12 m-long, 8 m-
wide, and 3 m-high, and topped by a 1 m-thick colluvial material
(Fig. 10a).

The second transect is located in correspondence of badlands with a
slope of about 42°. There, two dome-shaped forms are present ca. 2 m
and 8maway from the slope, respectively (Fig. 10b). The slope is deeply
incised by rills forming a “knife-edge” ridge morphology, and separated
from the dome-shaped forms by trenches partially filled with colluvial
deposits. At the base of the slope, the clay-rich beds are ca. 6° steeper
relative to the topmost beds. According to the dip angle of the beds,
the dome-shaped form can be subdivided into three sectors (Fig. 11).
The first one shows beds dipping 6° to 10°, the second one beds dipping
13° to 18°, the third one beds dipping 6° to 10°. Accordingly, the second
sector was affected by rotational, small-sized slides as depicted along
transect #2. There, beds dip towards N with small angles at the front,
whereas they dip NE with greater angles in correspondence of the
dome-shaped forms.

Transect #3 is located along the eastern part of the studied area.
There, badlands are also characterized by a slope of approximately
45°, and the large trench at the bottom is flanked by a large dome-
shaped form (Fig. 10b). The strike direction of the clay-rich beds is ca.
340°–360° N, and their dip angle varies upward from ca. 20° to ca. 4°.

5.4. Pisticci study area, structural analysis

Field structural analyses are performed in N- toNE-dipping clay-rich
beds, with angles varying between ca. 5° and 15° (Fig. 11). A northeast-
ward directed tilting of the beds is hence documented within the bad-
land slopes and associated dome-shaped forms (Fig. 12). Along the
transects, the fracture networks present at the badland slope and the
dome-shaped forms do not show the same geometry and architecture.
At the slope portion, two main sets of fractures are present (Fig. 12).
By considering the nomenclature used for the Aliano study area, we
document Set 2 fractures (ca. NW-SE striking) forming two distinct
sets dipping ca. 50°NE (Set 2a) and 50° SW (Set 2b), respectively. Set
7

3 fractures, not documented at Aliano, consist of N-striking, sub-
vertical, sheared fractures displaying strike-slip kinematics forming
relay ramps along dip (Fig. 12). Set 3 is made up of mm-thick, left-
lateral shear fractures that form the most prominent structural element
along the whole surveyed frontal portion of the badlands.

The outcrops located in the dome-shaped forms expose key struc-
tural elements and geometries. In fact, Set 1b extensional shear frac-
tures are documented only in the dome-shaped area (Fig. 11). There,
Set 1b extensional shear fractures displace a fem mm some Set 3 frac-
tures, showingnormal components of slip (Fig. 11). Set 3 shear fractures
consist of mm-wide, open fractures partially infilled with reddish,
uncohesive material. These are well exposed along small pavements,
where they form 10's of cm-long segments characterized by en-
echelon geometries (Fig. 11). These segments are not connected with
each other because consist of right-stepping underlapped, left-lateral
sheared fractures, separated by contractional jogs. Near the tip of Set 3
shear fractures (mode II termination according to Scholz, 2002), Set 2
fractures are present in the extensional quadrants, forming well-
known geometries associated to strike-slip fault growth by means of
opening mode (mode I) fractures located within the evolving process
zones (Myers and Aydin, 2004). This is well illustrated by the relation-
ship between the ca. N-S (Set 3) and NW-SE (Set 2) fractures, docu-
mented near the tip line, at its extensional quadrant, of a left-lateral
Set 3 segment (Fig. 11). Set 2 fractures form two distinctive sets (Set
2a and 2b), which dip ca. 50° or ca. 30° either SW or NE, respectively
(Fig. 12). Both sets are characterized by mm-thick, vertically persistent
elements made up of foliated, not very cohesive clay with a marked
darker colour with respect to the parental host rock.

Images of hand specimens collected from key outcrops exposing Set
1b and Set 3 fractures show presence of discontinuities (Fig. 13), whose
geometries and attitudes resemble those predicted for the Riedel frac-
tures (Twiss andMoores, 2007). By considering an image of the slab or-
thogonal to the E-W striking, S-dipping, Set1b fracture cropping out
along transect 3 in the dome-shaped forms (Fig. 13), we note that four
distinctive fracture sets are recognized (Fig. 13). Y-Riedel shear struc-
tures are the most common, and form mm-high, isolated segments
that sub-parallel the edges of the sampled structural element. P-Riedel
shear structures are also present, and form clusters made up of mm-
high fractures synthetic with respect to the Y-Riedel shear structures.
Antithetic R'-Riedel and X- Riedel shear structures are also present

Image of Fig. 7
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Image of Fig. 8


Fig. 9. Badlands area of Serra Pizzuta of Pisticci, with indication of the three measurement transects.
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within two small portions of the study image, forming up to a fewmm-
long features that crosscut the whole, cm-thick shear zone character-
ized by normal components of slip. The second sample derived from a
Set 3 fracture, which was sampled near the tip zone of a 10's of cm-
long, sheared element. In this case, the Y-Riedel shear structure ele-
ments aremade up of up to a fewmm-long fractures and both synthetic
P-Riedel and R-Riedel fractures are present. These two sheared fracture
sets are well-developed within the left-lateral, strike-slip shear zone,
bounding isolated rock fragments characterized by squared and rectan-
gular shapes (Fig. 13).
6. Discussion

6.1. Aliano study area

Both shear fracture Sets 1a and 1b crosscut the beddingwith a ca. 60°
cut-off angle. Bedding restoration to horizontal allows an appreciation
that the two fracture sets are characterized by normal components of
slip, and can be therefore interpreted as forming a conjugate,
Andersonian, E-W striking extensional system. The individual shear
fracture sets likely formed during shallow burial of the claystones
(Vezzani, 1967), prior to bed tilting, due to the consistent extensional
geometry of Sets 1a and 1b shear fractures after bedding restoration
to horizontal. Coeval formation of the aforementioned conjugate shear
fracture system produced a ca. N-S trending, horizontal positive elonga-
tion (Twiss andMoores, 2007). Due to their length, amount of displace-
ment, and inner structural architecture, both shear fracture sets were
likely passively rotated, and possibly re-sheared, duringuplift and exhu-
mation from shallow depths (Agosta and Aydin, 2006). Set 2 fractures
post-date both Sets 1a and 1b and show left-lateral strike-slip kinemat-
ics. According to both crosscutting relationships and cut-off angles with
bedding, Set 2 fractures are interpreted as shear fractures postdating the
bed tilting. As for the previous case, left-lateral motion along Set 2 frac-
tures caused a ca. N-S trending, horizontal positive elongation. For this
reason, we interpret that Set 1a, Set 1b and Set 2 shear fractures to
have formed under a similar stress field configuration, which was char-
acterized by σ1 - σ2 stress permutation over time and rock exhumation
from depth. Erosion of the sedimentary pile on top of the studied
claystones was hence accompanied by gentle bed tilting, and a relative
greater magnitude of the compressive tectonic principal stress axis,
Fig. 8. Outcrop view and line drawing of themain structural elements documented at both Site
circles pertaining to the individual fracture sets. The number of measurements (N) is reported
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oriented ca. E-W (Twiss and Moores, 2007). The orientation of the tec-
tonic principal stress axis is consistent with left-lateral shearing along
the N-120° trending Scorciabuoi fault (Fig. 3a) during the Early Pleisto-
cene (Casciello, 2002; Caputo et al., 2007).

From a geomorphological point of view, Set 1b shear fractures
favoured the gravitational collapse of the badlands slope. Since they
strike almost parallel to it, gravitational mass processes localized along
the Set 1B structural elements. These processes caused bed tilting due
to the rotational component, which generated front-parallel trenches.
Occurrence of bed rotation is particularly evident at the boundary be-
tween the claystonebeds and the overlying sands. The collapsed portion
was then subject to erosion, and gave rise to the formation of the dome-
shaped forms. The different generations of dome-shaped forms show
smaller dimensions and more symmetric profiles further away from
the badland slopes, and are separated from each other by NW-SE
trending trenches that sub-parallel the badlands slopes. Digital images
permit to highlight the presence of inlet holes connected to pipe fluid
conduits within the claystones, which localize in correspondence of
the aforementioned fracture sets. This finding is similar to what it has
been previously documented in carbonate and siliciclastic rocks (ie.
Panza et al., 2016, 2019). The pipe fluid conduits emerge at the base of
the dome-shaped forms.

We also note that most of the gullies occurring at the badland slopes
were controlled by Set 2 fractures (Fig. 14). The formation of these
gullies favoured the dissection of the badland slope over time, and
therefore influenced the size, shape and geometry of the dome-
shaped forms. It can be therefore concluded that the morphological as-
pects of the badland slopes and associated dome-shaped forms is
strictly influenced by pre-existing structural elements such as dilation
fractures and shear fractures in the studied claystones. In particular,
Set 1b and Set 2 fractures profoundly affected the trenches and gullies,
respectively. The former fracture set formed likely the loci for nucleation
of the sliding surfaces solving the gravitational collapse of the badland
slopes.
6.2. Pisticci study area

In the Pisticci area, S-dipping normal faults pertaining to Set 1b dis-
place the previously formed Sets 2 and 3 fractures. Sets 2 fractures con-
sist of joints and sheared joints that localize at the extensional
#1 and Site #2, Aliano area. The stereograms report the true and restored attitude of great
for each site.

Image of Fig. 9


Fig. 10. Examples of badland slopes and associated dome-shaped forms from the Serra
Pizzuta site (Pisticci area): a) Transect n.1 - badland slope and associated dome-shaped
forms with colluvial deposits at the top; b) Transect n. 3- dome-shaped forms at the
base of the badland slope.
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quadrants of Set 3 fractures. The latter ones are N-S striking,
left-lateral, strike-slip faults (cf. Fig. 11), which form the main tectonic
lineaments of the study area. Occurrence of N-S striking, left-lateral,
strike-slip faults in the area of the southern Bradano Trough was docu-
mented by Pieri et al. (1996) and Ciaranfi et al. (1979), and their activity
is kinematically compatible with the present-day regional stress config-
uration of southern Italy (Montone et al., 2004) during transients of σ1
and σ2 permutation (Cello et al., 2003).

We documented that Set 2 (ca. NW-SE) and Set 3 (ca. N-S) fractures
dissected the badlands' slope (Fig. 14). In addition, similar to the previ-
ous study area, Set 1 fractures (ca. E-W) favoured the gravitational col-
lapse of the front and gave rise to formation of the dome-shaped forms,
consistent with the mass movement and piping dominant stage pro-
posed by Faulkner (2008). The inlet holes that localize in between the
badland slope and the dome-shaped forms occur along Set 1 and Set 3
shear fractures. These inlet holes are connected to numerous pipe
fluid conduits, which emerge at various heights along the flat areas lo-
cated at the base of the badlands slope. All aforementioned structural el-
ements are therefore consistent with the development of badlands
Fig. 11.Outcrop view and line drawing of themain structural elements documented along the th
is reported in the topmostfigure. Outcrop viewof themain structural elements, and their relativ
ups of both Set 1a and Set 3 elements, of their sampled volumes, and of the abutting relations
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along an E-W direction by means of gravity-driven normal faults,
which crosscut the claystones producing a cm-thick shear zone, charac-
terized by both synthetic and antithetic Riedel-like sheared fractures (cf.
Fig. 13).

6.3. Conceptual model of badland slopes and associated
dome-shaped forms

The inferred control exerted by the aforementioned structural ele-
ments on the evolution of the badlands is summarized in the conceptual
model below. The proposedmodel includes four main stages of activity,
as shown in Figs. 15 and 16.

6.3.1. Stage I
At the beginning, a very steep badlands slopes (ca. 42°) originated

through erosional processes connected to the general northward tilting
and tectonic uplift of the area since theMiddle Pleistocene, giving rise to
a monoclinal systems with the steeper slopes exposed to the south
(Joshi and Nagare, 2013; Mather et al., 2002; Piccarreta et al., 2006).
The northward slope is controlled by the average dip angle of the
claystone beds (ca. 12° N) and covered by vegetation. Small fissures
sub-parallel to the badlands slope are present along the north-facing
slope just above the scarp. These fissures localize along the laterally dis-
continuous Set 1b fractures.

6.3.2. Stage II
Subsequently, the aforementioned fissures become laterally contin-

uous, and form small trenches affecting the upper portion of the north-
facing badlands slope. These trenches are interrupted laterally by gullies
either oblique (Aliano) or perpendicular (Pisticci) to the badland slopes
due to pre-existing NW-SE striking (Set 2 fractures) or N-S striking (Set
3 fractures) discontinuities, respectively. During this stage, the badland
slopes undergo a pronounced morphological evolution. The trench can
be affected by a shear component, which produces a small displacement
of the northern slope. Such a process is considered as causing the nucle-
ation of the gravitational collapse, whichwill eventually involve the en-
tire slope, re-activating Set 1b fractures. Due to the different dip angle of
the claystone beds in the downthrown block, the gravitational collapse
takes place by means of rotational sliding mechanisms.

6.3.3. Stage III
The badland slopes are marked by several gullies that are sub-

parallel to each other. Large, asymmetrical, dome-shaped formsdevelop
at the base, close to the trench that separates them from the badland
slope. The trench is due to deepening of the incipient trench predicted
from the previous stage and localizes where the sliding surface inter-
sects the badland slope. Ongoing gravitational collapse of the badlands
causes the formation of dome-shaped forms. Later on, fragmentation
of the claystones along the pre-existing Set 2 (Aliano) and Set 3 frac-
tures (Pisticci) takes place. Erosional processes model the dome-
shaped forms, producing their typical rounded appearance. Radial
gullies develop, and colluvial deposits form at the base of both the bad-
land slope and the dome-shaped forms (Piccarreta et al., 2006).

6.3.4. Stage IV
During the last evolutionary stage, the badlands slopes are crosscut

by gullies whose orientation is conditioned by the pre-existing Set 2
fractures (Aliano) and Set 3 fractures (Pisticci). The streams aremore in-
cised than in theprevious stage, and small debrisflows and translational
slides might develop along their sides affecting the uppermost, up to 1
m-thick altered portion of the claystone beds. Inlet holes, which convey
ree different transects performed at the Pisticci site. Bedding attitude of the claystone beds
e abutting/crosscutting relations are shown in thefigures at the centre. At the bottom, close
shown by Set 2 and Set 3 elements.

Image of Fig. 10
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Image of Fig. 11


Fig. 12.Above, stereograms reporting the attitude (great circle) of themain structural elements documented at the badland slope and along the dome-shaped forms of the Pisticci site. The
number of measurements (N) is reported. At the bottom, outcrop views of set 1B shear fractures, and of the abutting relations between Set 2 and Set 3 elements.
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the water derived from the gullies incising the badland slopes, produce
a network along the sliding surface.

Pipe fluid conduits hence form at the base of the slope, in correspon-
dence with the trenches separating the badland slopes from the youn-
gest dome-shaped forms. At Pisticci, the inlet holes localize at the
intersection between Set 2 and Set 3 fractures. At Aliano, they localize
at the intersection between Set 1b and Set 2 fractures. This outlines
the importance of brittle discontinuity in promoting water circulation
at shallow levels in clays.

6.4. Main factors influencing the development of the badland forms

The conceptual model proposed in this work improves earlier
schemes introduced by previous authors (Piccarreta et al., 2006;
Vergari et al., 2019) by providing evidence on the relationships between
badlands evolution and discontinuities within the rock mass and by
12
explaining in more detail the origin of dome-shaped forms. The model
can be applied to other areaswhere claystones underwent a comparable
tectonic and geomorphological evolution, with the development of the
badland slopes and associated dome-shaped forms (Vergari et al.,
2019).

One of the key factors that controls the evolution of the badland
forms is the outcropping lithology, which generally consists of clay
with different percentages of silt (Moreno de las Heras and Gallart,
2018). Regarding the distribution of forms, some authors suggest that
there are no substantial differences in particle sizes between samples
taken on different badlands forms (Alexander, 1982; Piccarreta et al.,
2006), while others indicate that the dome-shaped forms mainly affect
silty clay (Battaglia et al., 2002; Sdao et al., 1984; Vittorini, 1977). Clays
into which badlands develop are generally of marine origin and there-
fore rich in sodium, favoring a dispersive behaviour and the develop-
ment of some forms including pipes (Faulkner, 2013; Piccarreta et al.,

Image of Fig. 12


Fig. 13. Close ups (on the left) and line drawing (on the right) of the Riedel fractures documentedwithin the samples collected along the Set 1a (bottom) and 3 (top) elements (cf. Fig. 14).
See text for details.
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2006; Vergari et al., 2013). The erosion rate due to atmospheric agents,
mainly depends on the physical-chemical properties of thematerials, on
the development of macropores, on the climatic regimes and on the
slope gradient (Schumm, 1956). The mineralogy of the surficial clays
plays an important role on the evolution of the badland slopes because
it influences the permeability of the material, the swelling capacity, the
development of shinkage cracks and the evolution of the slopes due to
atmospheric agents.

The structural control on the development of different badlandmor-
phologies is provided primarily by the attitude of bedding planes in
clays. In areas where clays are sub-horizontal, lowering of the base
level induces an increase in the erosion and the formation of badlands
only along slopes carved by the waterways. In this case less frequent
but more prominent badland morphologies develop (Mather et al.,
2002; Joshi and Nagare, 2013). In contrast, if dipping beds were gener-
ated by tectonic movements, badland morphologies are present in
steeper slope developed up-dip with respect to the bedding planes
(Piccarreta et al., 2006; Farifteh and Soeters, 2006), as observed in the
studied badland forms.
13
Finally, our results indicate that the main factor responsible for the
localization of both gravitational and erosional processes in badland
slopes is represented by structural discontinuities within claystones.
Moreover, fractures promote the localization of the piping process,
which is considered one of the main causes of badlands erosion within
Plio-Pleistocene clays andhas an important role in the genesis of various
badland forms (Piccarreta et al., 2006). In particular, the inlet holes of
pipes, located along the trench separating the badland slope and the
younger dome-shaped forms, form mainly at the intersection of differ-
ent fractures sets.

7. Conclusions

The results of a multi-method study aimed at assessing the mecha-
nisms of badlands formation and evolution in southern Italy, at the
Aliano site of the Sant'Arcangelo Basin, and the Pisticci site of the
Bradanic Trough, highlight the role played by pre-existing structural
heterogeneities. Badlands were subjected over time to retrogressive
gravitational processes, which affected Plio-Quaternary claystones that

Image of Fig. 13


Fig. 14. Panorama views acquired by Unmanned Aerial Vehicle (UAV) of the badland slopes and associated dome-shaped forms exposed in the Aliano (A) and Pisticci (B) sites, illustrating
the morphological effects of NW-SE (Set 2) and N-S (Set 3) oriented fractures on the morphology of the studied badland fronts.
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were subsequently modified by the erosive agents that generated
groups of different dome-shaped forms. The structural elements formed
in response to tectonic stress regimes, and were interpreted in light of
their genetic nature, kinematics, attitude, geometry, relative timing of
formation, and distribution throughout the studied sites.

Dilatant fractures, oriented ca. parallel to the badland slopes, deter-
mined a favorable condition for the nucleation of mass movements,
whereas shear fractures oriented either oblique or perpendicular to
the fronts conditioned both surface hydrography and location of the
dome shaped forms. At the Aliano site, the dome-shaped formswere in-
fluenced by the NW-SE stiking, strike-slip shear fractures. At the Pisticci
site, their evolution was controlled by the pre-existing N-S striking
shear fractures. The numerous inlet holes documented at both sites
along the trenches separating the badland slopes from the dome-
shaped forms localize at the intersections of high-angle fractures.

Results of thismulti-method studywere summarized in a four stages
conceptual model. Each stage is characterized by specific mechanisms
and includes representative sketches aimed at assessing the time-
dependant evolution of the two studied sites. In the first two stages
slope-parallel fissures reactivating previous tectonic discontinuities
tend to enlarge and deepen due to erosion and the onset of gravitational
processes. During stage III, initial development of dome-shaped forms is
assisted by gravity-driven mass movements and erosion along pre-
Fig. 15. Conceptual model envisioned for the formation and evolution of badland slopes and a
portray geomorphological settings related to specific evolutionary stages proposed for both ar
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existing shear fractures at high angles with respect to the badland
slope. Further erosion and gravitationalmovements (stage IV), favoured
by diffuse piping process, produces different generations of dome-
shaped forms.

A profound link between structural and geomorphological processes
was therefore proposed on the basis of the existing literature and
interpreted original data. The proposed evolutionary model can be
also applied to other areas where similar badland slopes are found
and clayey lithologies underwent deformation, uplift and erosion in dif-
ferent tectonic settings.
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Image of Fig. 15


Fig. 16. Conceptual model envisioned for the formation and evolution of badland slopes and associated dome-shaped forms in the studied area of Pisticci. The accompanying pictures
portray geomorphological settings related to specific evolutionary stages proposed for both areas.
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