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A B S T R A C T   

Deep-seated gravitational slope deformations (DSGSDs) show a wide range of geomorphological characteristics 
and kinematic behaviours. In many cases, deforming rock masses move on a continuous surface or a thick basal 
shear zone (BSZ) overlying the stable bedrock. The nature of this boundary is a significant issue in scientific 
debates since examples of BSZs have been observed or inferred in some DSGSDs worldwide. In the central 
Apennines, although several cases of DSGSDs have been described in recent decades, no evidence of BSZs has 
been documented thus far. 

This work presents the first case of a BSZ found in the region at the bottom of a large-scale gravitational 
deformation that affects the Mesozoic-Cenozoic carbonate ridge overhanging the Luco dei Marsi village (Abruzzi 
region). The BSZ consists of several metres-thick, cataclastic breccia developed within middle-Upper Cretaceous 
biodetritic limestone. The breccia level is exposed for approximately 200 m with a subhorizontal geometry and 
shows severe rock damage and weathering. 

The DSGSD hosting the BSZ affects an NNW-SSE-oriented and wide Miocene anticline whose eastern limb is 
dismembered by Pliocene-Quaternary normal faults delimiting the edge of a large Quaternary intermontane 
basin (the Fucino Basin). Field survey, aerial photointerpretation, and remote sensing (DInSAR technique) an-
alyses outline an active gravity-driven process. This is characterized by several kinds of geomorphological fea-
tures, including downhill- and uphill-facing scarps, ridge-top depressions, gravitational grabens and trenches in 
the upper and middle parts of the ridge, and bulging at the toe of the slope. These features, which can be 
distinguished from tectonic elements due to their shape and extension, are an indication of a high degree of 
internal deformation and a compound sagging geometry for the Luco dei Marsi DSGSD. 

The short-term activity of the process was revealed by DInSAR time series covering almost thirty years of 
satellite datasets, including ERS1/2, ENVISAT, COSMO-SkyMed, and SENTINEL 1 constellations. Strain rates on 
the order of a few mm/yr were inferred, with a marked difference between different sectors of the DSGSD area. 
The long-term (y > 102) lifespan of the DSGSD was framed into a multiple-step conceptual model summarizing 
the Early Pleistocene-Holocene geological evolution of the area. The model results outline the control exercised 
by extensional tectonics on DSGSD development, as progressive displacements along normal faults in the latest 
Pleistocene were the cause of lateral unconfinement at the toe of the slope. 

This work further contributes to the increasing knowledge on DSGSDs in the central Apennines and the un-
derstanding of the relationship between deformation features induced by slope morphogenesis, such as the BSZ, 
and Quaternary tectonics within the mountain belt.  
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1. Introduction 

Deep-seated gravitational slope deformations (DSGSDs) are defined 
as large-scale, slow-moving processes inducing rock mass deformation 
in large portions of slopes over long time periods (e.g., Zischinsky, 1966; 
Nemčok, 1972; Mahr, 1977; Hutchinson, 1988; Dramis and Sorriso- 
Valvo, 1994; Agliardi et al., 2012; Crosta et al., 2013; Discenza and 
Esposito, 2021). DSGSDs may affect large rock volumes and are 
revealed, at the mountain scale, by geomorphological evidence 
distributed over slope-to-valley systems. A great variety of morphos-
tructures and kinematic evolutionary modes are possible, depending on 
the geological and geomorphological environment as well as morpho-
climatic conditions (Radbruch-Hall, 1978; Bovis, 1982; Chigira, 1992; 
Ambrosi and Crosta, 2011; Bianchi Fasani et al., 2014; Jaboyedoff et al., 
2013). 

DSGSDs have been recognized in different mountain belts worldwide 
(see Pánek and Klimeš, 2016; Discenza and Esposito, 2021 for a review), 
and recent evidence of DSGSDs was detected on Mars (Mège and 
Bourgeois, 2011; Guallini et al., 2012; Discenza et al., 2021). 

Several cases of DSGSDs have also been described in the central 
sector of the Apennine belt (Crescenti et al., 1987; Dramis et al., 1987; Di 
Luzio et al., 2004a; Martino et al., 2004; Galadini, 2006; Scarascia 
Mugnozza et al., 2006; Esposito et al., 2007, 2013, 2014, 2021; Moro 
et al., 2007, 2009, 2012; Bianchi Fasani et al., 2011, 2014; Discenza 
et al., 2011; Gori et al., 2014; Della Seta et al., 2017; Del Rio et al., 
2021). This is a mountain region with moderate relief landscape and 
topography, rarely exceeding 2500 m a.s.l. However, a relative elevation 
of up to 1 km between mountain ridges and valley floors is quite com-
mon in the area. 

The development of Apennine DSGSDs was mainly conditioned by 
the post-Early Pleistocene regional uplift of the belt and localized 
Pliocene-Quaternary normal faulting, both factors controlling the 
morphogenesis of slope-to-valley systems (Cavinato and De Celles, 
1999; D'Agostino et al., 2001; Bartolini et al., 2003; Galadini et al., 2003; 
Faccenna et al., 2014). Inherited structural elements, which originated 
during thrust tectonics in the Neogene-Early Pleistocene, also played an 
important role. Folds, thrusts and syn-thrusting normal faults acted as 
predisposing factors, influencing the size and geometry of DSGSDs (Di 
Luzio et al., 2004a; Esposito et al., 2007, 2013, 2021; Bianchi Fasani 
et al., 2014; Della Seta et al., 2017). Moreover, the geometric charac-
teristics of mesoscale discontinuities have been demonstrated to directly 
influence the rheological properties of jointed rock masses (Discenza 
et al., 2020). Finally, karst processes can also influence DSGSD activa-
tion in the carbonate ridges of the Apennine belt (Martino et al., 2004; 
Maffei et al., 2005; Discenza et al., 2011; Lenti et al., 2012). 

The detection of DSGDs in a tectonically active belt such as the 
central Apennines also has geohazard- and risk-related implications for 
two main reasons: the possible triggering of large landslides and cata-
strophic rock slope failures (Cinti et al., 2001; Di Luzio et al., 2004b; 
Bianchi Fasani et al., 2014) and the seismic amplification in damaged 
rock masses that can have a significant impedance contrast with the 
underlying undeformed bedrock (e.g., Martino et al., 2020). 

The main aim of this work is the geomorphological and kinematic 
(through the DinSAr technique) characterization of a new case study, 
the Luco dei Marsi DSGSD, thus contributing to the analysis of slope- 
scale gravitational deformation in the Apennine Mountains and filling 
the gap in knowledge regarding other mountain belts worldwide. 
Moreover, the first field evidence of a basal shear zone (BSZ) observed in 

the mountain belt is presented; a boundary between the deforming rock 
mass and stable bedrock in large-scale slope deformations. Previous 
studies have indicated the lack of a continuous sliding surface or basal 
shear zone as a distinctive feature among landslides and DSGSDs 
(Dramis and Sorriso-Valvo, 1994; Sorriso-Valvo, 1995). As demon-
strated in several studies worldwide (Ambrosi and Crosta, 2006; Bon-
zanigo et al., 2007; Madritsch and Millen, 2007; Agliardi et al., 2001, 
2012, 2019; Barla et al., 2010; Zangerl et al., 2010; Strauhal et al., 
2017), many DSGSDs move on a thick and continuous BSZ, which is 
generally composed of cataclastic breccias with maximum thicknesses of 
a few tens of metres. However, examples of well-exposed outcrops are 
very rare, and the description of the BSZ found at the base of the Luco dei 
Marsi DSGSD can be of general interest worldwide. 

The Luco dei Marsi DSGSD affects a carbonate rock slope elongated 
in a NNW-SSE direction along the western edge of the Fucino Basin, the 
widest Pliocene-Quaternary tectonic depression in the central Apen-
nines (Fig. 1a). 

Therefore, a further objective was to frame the gravity-driven pro-
cess in the morphotectonic evolution of the local slope-to-basin system 
over a temporal interval extending from the beginning of the Pleistocene 
to the historical era. A multiple-step conceptual model of slope evolution 
was derived from the main geomorphological evidence, including relicts 
of Pleistocene palaeosurfaces and a review of literature data. The DSGSD 
should have been activated in the latest Pleistocene when an increase in 
normal faulting activity along the edge of the slope caused the necessary 
lateral unconfinement. 

2. Geological and geomorphological framework 

The Luco dei Marsi ridge extends in the axial zone of the central 
Apennine belt, which is characterized by NW-SE-oriented carbonate 
structures overthrusting Neogene flysch deposits (Fig. 1a) because of 
late Miocene tectonics (Patacca et al., 2008; Cosentino et al., 2010). The 
mountain ridge is confined to the east by the Fucino Basin (Figs. 1b, 2), a 
sedimentary depression originating in a continental environment as a 
consequence of Pliocene-Quaternary normal faulting (Giraudi, 1988; 
Galadini and Messina, 1994; Bosi et al., 1995, 1996; Cavinato et al., 
2002; Galadini et al., 2003). 

The structural setting corresponds to a wide, symmetric antiform cut 
by normal and strike-slip faults (Fig. 3a, b). The backbone of the slope is 
composed of Upper Cretaceous, shallow-water, biodetritic and well- 
layered limestone deposited in a carbonate platform environment 
(Fig. 4a). Laminated, massive beds (2–3 m thick) characterize middle- 
Upper Cretaceous, biodetritic (rudist-bearing) facies (Fig. 4b) in the 
southern sector (Fig. 1b), whereas buried Lower Cretaceous limestone 
crops out a few km south of the study area (Praturlon, 1968). The car-
bonate sequence ends upwards with middle Miocene open-ramp bio-
detritic limestone (“Calcari a Briozoi e Lithotamni” Auctt.) that 
unconformably overlies the Upper Cretaceous layers on subvertical cliffs 
along the edge of the slope (Fig. 4c). 

Finally, Quaternary deposits include residual clays originating from 
karst processes and eluvial-colluvial material filling the main de-
pressions within the Luco dei Marsi ridge (Fig. 4d). Landslide deposits, 
talus debris and alluvial fans characterize the footslope, whereas the 
piedmont junction area is covered by colluvial deposits and the 
lacustrine-alluvial sequence of the Fucino Basin (Fig. 1b). 

The fold structure is dissected by NNW-SSE-oriented and mainly 
ENE-dipping, longitudinal normal faults and fault zones which implied 

Fig. 1. a) Geological map of areas surrounding the Fucino Basin in the axial zone of the central Apennines and location of the study area (purple box). Legend: 1) 
Quaternary and 2) Lower Pleistocene-Upper Pliocene continental deposits; 3) Lower Pliocene-Upper Miocene and 4) Upper Miocene siliciclastic flysch deposits; 5) 
Mesozoic-Cenozoic carbonate platform sequence and subordinate Neogene open-ramp deposits; 6) Mesozoic-Cenozoic slope-to-basin carbonate sequences and 
Neogene open-ramp deposits; and b) geological map of the Luco dei Marsi area. Legend: Quaternary deposits: 1) landslides; 2) residual clay deposits; 3) talus slope 
deposits; 4) eluvial-colluvial deposits; 5) alluvial and lacustrine deposits of the Fucino Basin; 6) middle Miocene (mM) ramp deposits (Calcari a Briozoi and Lithotamni 
Auctt.); and 7) Upper Cretaceous and 8) middle-Upper Cretaceous biodetritic limestone. Borehole B1–B3 data were taken from https://www.isprambiente.gov.it. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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an extension in the ENE-WSW direction without however modifying the 
main axis of ridge elongation inherited from the Neogene thrusting. In 
the western areas (F5-F6), such faults generated an elongated (inner) 
graben (Figs. 1b, 4d), whereas along the eastern boundary of the ridge 
(F1–F4), they run parallel to the main slope escarpment (Fig. 4a, c). The 
same fault system includes the Luco dei Marsi Fault (LMF=F0) located 
within the topographic depression of the Fucino Basin (Figs. 1b, 3a). The 
tectonic framework is completed by a set of WNW-ESE-oriented, left- 
lateral strike-slip faults (Fig. 4e) that characterize the southern areas 
(T1–T5 in Fig. 1b), where they displace the fold axis. 

The geomorphological setting of the area is characterized by the 
Luco dei Marsi-Mt. Salviano ridge that corresponds to the watershed 
divide between the Fucino Basin (elevation 650–680 m a.s.l.) and the 
Piano Palentini tableland (710–738 m a.s.l.). The gently eastward- 
dipping (20–25◦) and narrow (1 km-wide) slope of Mt. Salviano 
(1020 m a.s.l.) progressively widens southward, and westward of Luco 
dei Marsi is 2 km wide in a W-E direction (Fig. 2). Here, the ridge top is 
furrowed by elongated and longitudinal valleys, the main morphological 
depression corresponding to the inner graben (Fig. 5). The eluvial- 
colluvial infilling is fed by V- and U-shaped transverse and shorter val-
leys. Secondary ridges, acting as watershed divides of longitudinal val-
leys, locally present mounded or flattened top surfaces, which were 
identified as remnants of former paleosurfaces (Fig. 6a–b). These flat 
areas show moderate extensions and are interrupted by scarps, trenches, 
or secondary streams (Fig. 5). Moreover, in the upper part of the relief, 
karst processes are testified by dolines (Fig. 6b) and lacustrine de-
pressions (Fig. 6c). Along the eastern edge of the slope, V-shaped and 
short transverse valleys are locally truncated by morphological breaks 
(suspended valleys), which reveal a rejuvenation of the hydrographic 
network (Fig. 5). Solid transport produced large alluvial and colluvial 
fans at the slope base, resting with dip angles of 5–10◦ and up to 400 m 
long. Smaller debris fans (a few tens of metres long) are linked to 
gravity-driven and erosional processes and show greater dip angles, 
between 10 and 15◦ (Fig. 6d). 

Finally, landslides, including rock falls and planar sliding processes, 
were documented along the lower part of the slope (Fig. 5). 

3. Methodologies 

Geological and geomorphological maps were obtained through a 
detailed (1:5000 scale) field survey and interpretation of aerial photo 
and satellite images (Google Earth®). The aerial photos were taken from 
flights of different periods: i) “volo Italia” IGMI (Italian Geographic 
Military Institute) 1954 (1:33,000 scale); ii) “volo Abruzzo region” 1987 
(1:33,000 scale), 2002 and 2007 (both 1:5000 scale); and orthophoto 
Abruzzi region 2010 (1:5000 scale). Most of the evidence of paleo-
surfaces from the analysis of remote sensing images was later checked in 
the field. 

The processing and interpretation of DInSAR (Differential Interfer-
ometric Synthetic Aperture Radar) datasets from the ERS1/2, ENVISAT, 
COSMO-SkyMed and SENTINEL 1 satellite constellations allow the 
estimation of the deformation rates of the Luco dei Marsi DSGSD over 
the last three decades. The DInSAR technique (Franceschetti et al., 
1992) has been widely used in detecting displacements of the Earth's 
surface with subcentimetric accuracy (e.g., Moreira et al., 1995; Boz-
zano et al., 2017, 2018; Antonielli et al., 2019; Solari et al., 2020). 
DInSAR is based on the calculation of the phase difference (interfero-
gram) between two images acquired over the same area but at different 
times along the sensor-target direction (line of sight - LoS). This oper-
ation can be made by means of two sensors applied on the same platform 
or in different periods with the aid of images captured on different 
satellite orbits. Satellites cover ascending and descending semipolar 
orbits. Due to Earth rotation and to the fact that SAR antennas are 
pointed on the same side with respect to the velocity vector in the orbit 
trajectory, an area can be observed from the east during descending 
orbits (from north to south) or from the west during ascending orbits. 

By utilizing this method, it is possible to obtain mean displacement 
rate maps and time series of deformations that allow reconstruction of 
the kinematic evolution of different phenomena, such as landslides, 
natural and anthropogenic subsidence, volcanic-related ground move-
ments, and coseismic and postseismic deformation, all characterized by 
low to extremely low displacement rates. DInSAR has also proven to be 
an effective tool for the investigation of DSGSDs (e.g., Ambrosi and 
Crosta, 2006; Moro et al., 2009; Barla et al., 2010; Agliardi et al., 2012; 

Fucino Basin

Piani Palentini

Fig. 4a
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Fig. 4d

Fig. 4e

W E

 Mt. Salviano
Avezzano

940 m

940 m

830 m

950 m

800 m

710 m

965 m

800 m

 710-738 m
1020 m

650-680 m

200 m
Luco dei Marsi 

cemetery

Fig. 2. Google-Earth® view of the Luco dei Marsi-Mt. Salviano ridge along the western edge of the Fucino Basin. Image Landsat/Copernicus, 10/10/2019.  
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Frattini et al., 2013, 2018; Notti et al., 2013; Di Martire et al., 2016; 
Cappadonia et al., 2019; Delchiaro et al., 2021). 

In this research, the analysis of interferometric data over the 
1993–2019 period was conducted to assess the present activity and 
deformation rates of the Luco dei Marsi DSGSD. The study was carried 
out using datasets from different sources: a) C- and X-band interfero-
metric data acquired from the ERS1/2, ENVISAT and COSMO-SkyMed 
constellations (for the 1993–2010 and 2011–2014 periods, respec-
tively), both available within the “Not ordinary Plan of Environmental 
Remote Sensing” (Sacco et al., 2015; Costantini et al., 2017; Di Martire 
et al., 2017; Geoportale Nazionale, 2017); and b) C-band data obtained 
from the SENTINEL 1 images for the 2016–2019 period, obtained within 
the Copernicus program of the European Space Agency. 

4. Results 

This section illustrates the main geomorphological features ascribed 
to the Luco dei Marsi DSGSD and which were observed in different parts 
of the slope, from the ridge top to the eastern edge and the piedmont 
junction area, also with the help of aerial photo interpretation. In 
addition, the geometric and textural characteristics of the BSZ are 
described, together with a basic geomechanical characterization 
through estimates of the GSI (Geological Strength Index, Hoek and 
Brown, 1997) values. Finally, the results of the DInSAR data elaboration 
and analysis are presented, distinguished for three time spans: 
1993–2010 (ERS1/2 and ENVISAT constellation), 2011–2014 (COSMO- 

SkyMed) and 2016–2019 (SENTINEL 1). 

4.1. Geomorphological features of the Luco dei Marsi DSGSD 

The northern edge of the gravitational deformation was initially 
identified with an incised SW-NE-oriented and V-shaped rock gully 
(Fig. 5). However, evidence of ridge splitting and a few trenches north of 
the gully would indicate a wider extension, without a clear boundary 
with undeformed rocks (Fig. 7). The southern edge is better detected 
along a further gully that drains towards Luco dei Marsi with an artic-
ulated trend, from WNW-ESE to E-W (Figs. 5, 7). Considering these 
limitations, the Luco dei Marsi DSGSD spreads over a subrectangular 
area of approximately 2.4 km2, with a width of 2.4 km in a NW-SE di-
rection and a length of approximately 0.9 km in the direction of the 
maximum slope (SW-NE). The elevation difference between the top and 
slope base is approximately 300 m. 

In the highest sector, the gravitational deformation is delimited 
westwards by a 2-km long, east-dipping, main longitudinal scarp 
(Fig. 7). Such a 10–20-metre-high rear scarp is partially vegetated, 
severely degraded, and locally interrupted by transverse morphological 
elements. Isolated segments of the rear scarps are a few hundred metres 
in length. Near the La Cucinella church, one of these segments is paired 
with an uphill-facing scarp, thus originating a ridge-top depression 
(Fig. 8a). South-east of the La Cucinella church, some secondary scarps 
follow the main escarpment with a similar orientation and kinematics; 
these scarps have a reduced planimetric extension and, overall, form a 
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stepped system that displaces the deforming rock mass towards the ENE 
(Fig. 7). 

In the middle portion of the DSGSD, a main longitudinal depression 
is articulated in four segments (G1–G4 in Fig. 7), 250 to 600 m long and 
separated by transversal saddles, secondary scarps, and trenches. These 
areas are bordered on their western sides by a dipslope scarp system and 
by iso-oriented, uphill-facing scarps on the eastern edges, both varying 
in height from a few metres to over 10 m (Fig. 8a, b). The four longi-
tudinal structures (G1–G4 in Fig. 7) are identified as grabens of gravi-
tational origin filled with residual deposits and having flat bottom 
surfaces. 

Corresponding to the slope break, secondary scarps and trenches, 
tens of metres long, isolate rock slabs with volumes of thousands of cubic 
metres. Within rock slabs, persistent joint systems separate rock pillars 
prone to fall due to toppling or wedge-sliding failure mechanisms 
(Fig. 8c). Moreover, within the slabs, the rock mass is fragmented by 
centimetric-sized extensional fractures, downwards or upwards termi-
nating against subhorizontal shear planes (Fig. 8d); similar deformation 
patterns were described by Chigira (1992) for hard rock types involved 
in mass rock creep. Finally, the lowermost part of the slope is affected by 
bulging, which gives rise to convex morphologies towards the piedmont 
junction zone and the Fucino Basin (Fig. 8e). 

4.2. Field evidence of the basal shear zone 

The bottom of the DSGSD is marked by a BSZ that was exposed by 
linear erosion deeply incising the carbonate ridge in the southernmost 
sector of the study area, west of Luco dei Marsi (Figs. 7, 9a). In the main 
outcrop, the BSZ was observed at elevations ranging between 750 and 
790 m a.s.l. (Fig. 3b). The rock mass resembles a damaged zone 
composed of cataclastic breccia with a fine matrix (Fig. 9b), which 
mainly developed within the middle-Upper Cretaceous, massive bio-
detritic limestone (Fig. 4b). 

The cataclastic band has a subhorizontal to gently east-dipping 
attitude and can be followed in the field for approximately 150 m. 
The deforming rock mass (DRM) above is clearly affected by wide open 
and subvertical joints (Fig. 9c). The maximum thickness observed for the 
BSZ is 5 m, but this could be an underestimated value since the lower 
part is involved in a landslide process. At a few sites along the rock gully, 
the BSZ is dislocated by NNW-SSE-oriented normal faults belonging to 
the longitudinal system featuring the Luco dei Marsi ridge (Fig. 9a, c). 
Although the vertical downthrow is very low, such evidence is a clue to 
unravelling the relationship between tectonic processes and gravity- 
driven deformations, as will be further discussed. 

The GSI values estimated for the BSZ are very low, approximately 
20–30, typical of heavily broken and poorly interlocked rock masses; 
rock damage was likely the result of high strain concentration during 
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DSGSD onset and development. GSI measurements within other sectors 
of the DSGSD area range between 60 and 75 (Fig. 3a, b). Approaching 
the faults bordering the inner graben, GSI values decrease to 35–50 
because of the more intense, brittle deformation but never reach the 
very low values within the BSZ. The weakening of the rock mass within 
the BSZ is also due to weathering and/or karst processes that originated 
veins of residual, red clays (Fig. 9d). 

Apart from the large outcrop shown in Fig. 9a, c, the BSZ was 
observed in several small outcrops within the southern rock gully, up to 
the inner graben. In the uppermost slope sector, at an elevation of 910 
m, where the fluvial incision has eroded the bedrock less, the upper zone 
of the BSZ appears again as a cataclastic breccia with subcentimetric 
clasts (Fig. 9e). On the opposite side of the DSGSD, the BSZ was found at 
the base of the Luco dei Marsi ridge, near the village cemetery, at 695 m 
a.s.l. (Fig. 3b), where the cataclastic zone was recognized in Upper 
Cretaceous, subhorizontal beds (Fig. 9f, g). 

4.3. DInSAR data analysis for the 1993–2010 time span 

The data available from the ERS1/2 and ENVISAT constellations 

allowed the implementation of mean displacement rate maps in the two 
geometries of acquisition, ascending and descending, for the 1993–2010 
time span (Fig. 10a–d). The density and distribution of targets were 
significantly different between the two geometries. It has been 
acknowledged (Plank et al., 2012; Cigna et al., 2014) that ground visi-
bility is influenced by the acquisition geometry (incidence and orbit 
angles) and the morphology of the investigated surface (slope and 
aspect). In the area of interest, the mountain ridge is exposed to the east, 
and its average dip is 21◦. This combination, together with the incident 
angle (which for the ERS1/2 and ENVISAT satellites is 23◦), induced the 
phenomenon of foreshortening, which implies an almost orthogonality 
between the LoS and the slope for descending acquisitions. This is the 
reason for the scarce presence of reflectors. Slightly better conditions 
were generated for acquisitions in ascending geometry, whose LoS was 
subparallel with the aspect of the slopes. In both cases, the thick vege-
tation cover reduced the number of available reflectors, and displace-
ment rate maps show scattered targets with very low values of 
deformation rates, rarely exceeding ±1.5 mm/y (Fig. 10a–d). 

Displacement rates recorded by both European satellite constella-
tions (ERS1/2 and ENVISAT) are shown in the time series in Fig. 11a–b 

Fig. 5. Geomorphological map of the study area. Legend: Quaternary deposits: 1) landslides; 2) residual clay deposits; 3) talus slope deposits; 4) eluvial-colluvial 
deposits; and 5) alluvial and lacustrine deposits of the Fucino Basin. 
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for selected targets (T). These were acquired in ascending mode, 
detected in both constellations, and located in two different sectors of 
the DSGSD area (Fig. 10a, c) to assess possible differences in terms of 
displacement. Indeed, while in the central sector targets T1-ers and T1- 
env showed a substantial stability over the 1993–2010 period (Fig. 11a), 
in the southern sector slightly higher rates for targets T2-ers and T2-env 
seemed to be present, and the time-series were characterized by a linear 
trend on the order of approximately 1.2 mm/y (Fig. 11b). 

4.4. DInSAR data analysis for the 2011–2014, 2016–2019 and 
1993–2019 time spans 

Data acquired by the COSMO-SkyMed constellation of the Italian 
Space Agency (ASI) over the 2011–2014 period are reported in the 
descending geometry only (Fig. 12a). It is worth pointing out that, un-
like the ERS and ENVISAT satellites, the incident angle for the COSMO- 
SkyMed satellites is 32◦, which allowed a larger number of reflectors to 
be identified in the investigated area. In this time interval, the 
displacement map shows low rates (between 1.5 and 3.0 mm/yr) in the 
central-northern sector, while in the southern sector, slightly higher 
values (between 3.0 and 5.0 mm/yr) are present, thus confirming the 
evidence from the processing of the ERS and ENVISAT datasets. 

The observation window for displacement rates was extended up to 
2019 through an additional 165 SAR images from SENTINEL 1. To 
ensure continuity with respect to COSMO-SkyMed data (available in 
descending geometry), only descending images were processed. Such 
processing was carried out by SUBSIDENCE software, which imple-
mented the Coherent Pixel Technique - Temporal Phase Coherence 
(CPT-TPC). CPT-TPC was used to obtain ground displacement values 
from satellite radar images. A detailed description of the whole algo-
rithm can be found in Mora et al. (2003) and Iglesias et al. (2015). As a 
result, Fig. 12b shows the map of the mean displacement rates for the 
analysed 2016–2019 period, which again highlights two sectors with 

different values. 
Considering the rather close positions of the selected targets for the 

various satellite constellations, two cumulative time series were derived 
combining COSMO-SkyMed, SENTINEL 1, ERS1/2 and ENVISAT data 
(Fig. 11c, d), thus covering the 1993–2019 period. Almost three decades 
of observations confirmed the difference between the central-northern 
and southern sectors of the area affected by the DSGSD: while the 
former showed a displacement rate less than 1.0 mm/y over the entire 
time interval, the latter showed a slight linear trend of approximately 
1.5 mm/y. 

Further time series were derived for two points of particular interest 
within the DSGSD, near La Cucinella church, a few metres northeast of 
the main rear scarp (target Tcc in Figs. 8a, 12a, b), and in the BSZ sector 
(target Tbsz in Fig. 12a, b). Unfortunately, only the COSMO-SkyMed and 
SENTINEL 1 datasets were available for these points covering the 
2011–2019 interval. In both cases, the time series revealed a significant 
displacement rate, reaching values of approximately 6.5 mm/yr 
(Fig. 11e) and 6.0 mm/yr (Fig. 11f) for the Tcc and Tbsz targets, 
respectively. 

5. Discussion 

This chapter discusses the results of the interferometric (Section 5.1) 
and geomorphological (Section 5.2) analyses that highlight the short- 
and long-term kinematics of the DSGSD. Subsequently, an integration of 
the new data with evidence from the literature is proposed to reconstruct 
the possible evolution of the local slope-to-basin system in the Quater-
nary (Section 5.3). Finally, plausible hypotheses on the deformation 
style of the DSGSD and the significance of the BSZ in the context of the 
morphotectonic evolution of the Apennine structures are discussed 
(Section 5.4). 
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5.1. Short-term activity of the Luco dei Marsi DSGSD 

Despite the thick vegetation cover, the DInSAR monitoring technique 
was helpful in investigating the present activity and short-term kine-
matics of the gravitational deformation, providing spatial information 
on ground movements in the last thirty years. Displacement rate maps 
(Figs. 10a–d, 12a, b) differentiate a central-northern sector with low 
deformation rates from a southern area, near the BSZ, with higher 
values. Cumulative time series were derived combining ERS1/2, ENVI-
SAT, and COSMO-SkyMed SENTINEL 1 data (Fig. 11c, d), thus covering 
the 1993–2019 period, and indicating a deformation rate of approxi-
mately 1.5 mm/y in the southern sector of the DSGSD. Deformation rates 
estimated over a shorter time interval (2011–2019) indicate even higher 
values, approximately 6.0 mm/y, along the main rear scarp and in the 
BSZ zone (Fig. 11e, f); these values could be due to the short time 
window or an increased deformation rate along the DSGSD boundary 

surfaces. However, as demonstrated by the monitoring data, the Luco 
dei Marsi DSGSD appears active and still in evolution, with a deforma-
tion rate on the order of a few millimetres/year. 

5.2. Long-term activity of the Luco dei Marsi DSGSD: geomorphological 
evidence 

The lifespan of the gravitational deformation over a longer time in-
terval (>102 y) can be inferred by geomorphological evidence that re-
veals significant clues once contextualized to the Pliocene-Quaternary 
evolution of the Fucino Basin. Bosi et al. (1996) recognized two orders of 
regional paleosurfaces on both sides of the continental basin at 1100 ±
50 and 950 ± 50 m a.s.l., respectively. In particular, the latter is ascribed 
to an Early-Middle Pleistocene phase of subaerial erosion in the em-
bryonic continental environment featuring the Apennine landscape at 
that time (Galadini et al., 2003). The top flat surfaces identified in this 

Fig. 7. Inventory map of geomorphological features ascribable to the Luco dei Marsi DSGSD and location of the BSZ outcrops along the southern edge. Structural and 
tectonic elements from Fig. 1b are reported. Legend: Quaternary deposits: 1) landslides; 2) residual clay deposits; 3) talus slope deposits; 4) eluvial-colluvial deposits; 
and 5) alluvial and lacustrine deposits of the Fucino Basin. G1–G4 = gravitational grabens. 
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work (Figs. 5, 6a, b) are distributed from 830 to 1025 m a.s.l. (with a 
general dip of 2–6◦ towards the Fucino Basin) and can be classified into 
six classes (PS1–PS6) on a morphological basis (Fig. 13). Indeed, classes 
PS3 and partly PS4 are in the same elevation range of the regional 
feature (950 ± 50 m a.s.l.) described by Bosi et al. (1996). 

Most paleosurfaces observed within the Luco dei Marsi DSGSD are 
dismembered or interrupted by gravitational features (scarps, uphill- 
facing scarps, and trenches) and reduced to very small flat areas 
compared to surfaces outside the limits (Figs. 5, 13). Vertical offsets 
between adjacent paleosurfaces within the DSGSD can be up to several 
metres, as demonstrated by the dislocation of PS3 with respect to PS4. 
All this evidence suggests a specific role of the gravitational deformation 
process in the Quaternary evolution of the ridge. 

5.3. Quaternary evolution of the Luco dei Marsi DSGSD: a conceptual 
model 

Geological and paleoseismological information from previous 
studies (Giraudi, 1988; Bosi et al., 1995, 1996; Galadini and Galli, 1999; 
Cavinato et al., 2002; Di Naccio et al., 2020) was integrated with the 
geomorphological evidence from this work to obtain a multiple-step, 

conceptual model unravelling the possible relationship between the 
DSGSD and the Quaternary evolution of the western edge of the Fucino 
Basin. The model attempts to summarize the main erosional, deposi-
tional, and tectonic events that affected the Luco dei Marsi slope be-
tween the Early-Middle Pleistocene and the historical epoch (Fig. 14). 

Few assumptions and simplifications were made, the main ones 
concerning the elevation values, which are kept only as a dimensional 
reference in single steps. Indeed, Quaternary topography in the central 
Apennine has been controlled by regional uplift since the end of the 
Early Pleistocene (e.g., D'Agostino et al., 2001) or even earlier (Galadini 
et al., 2003); a geodynamic process that is difficult to ponder at the local 
scale. Second, each of the four steps illustrates the conditions hypothe-
sized at the end of the main erosional cycles. Finally, a minor uncer-
tainty concerns the inner graben (Figs. 1b, 4d), for which no reliable 
data are available. Considering its well-developed structure and di-
mensions (2.0 km in length and 0.25 km in width), this morphotectonic 
depression is hypothetically dated back to the first tectonic phase that 
occurred in the area during the late Pliocene (Cavinato and De Celles, 
1999). 

The first step of the model refers to the Early-Middle Pleistocene 
transition (Fig. 14a). The landscape experienced subaerial erosion after 
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the deposition of Upper Pliocene-Lower Pleistocene alluvial and lacus-
trine sediments. The basal sequence (Aielli complex Auctt., late Plio-
cene) of the Fucino Basin, found only along the eastern border, contains 
siliciclastic breccias proving the dismantling of the Miocene flysch 
originally covering the carbonate units. The following Lower Pleistocene 
deposits, derived from the erosion of carbonate sequences only (Cupoli 
complex Auctt.), are limited upwards by the regional erosion surface 
currently found at 950 ± 50 m a.s.l. (Bosi et al., 1995, 1996) and 
identified with PS3 and PS4 in this work. Fault activity at this stage was 
confined on the northern and eastern edges of the basin (Cavinato et al., 
2002). Accordingly, the conceptual model represents the study area as a 
low-gradient continental slope corresponding to a wide erosional 
surface. 

After the partial erosion of the Lower Pleistocene deposits, renewed 
subsidence gave rise to the sedimentation of (late) middle Pleistocene 
lacustrine, fluvial, and deltaic deposits (Fig. 14b). Again, basin extension 
and fault activity were largely concentrated along the northeastern edge 
of the basin (Cavinato et al., 2002). Even this depositional cycle was 
followed by an erosional stage; Bosi et al. (1995) evidenced a sub-
horizontal surface at approximately 800–850 m a.s.l. on the top of the 

Middle Pleistocene sequence (Pervole Formation Auctt.), also carved in 
the carbonate ridges surrounding the basin (Bosi et al., 1996). Indeed, 
the elevation of the lowest paleosurface recognized in this work (PS6) 
lies in a similar range, between 845 and 830 m a.s.l. (Figs. 3a, 13). At this 
stage, depositional and erosional processes in the Luco dei Marsi area 
were probably accompanied by early tectonic activity along normal 
faults F1–F4, which dissected the carbonate bedrock, thus preserving the 
middle Miocene deposits (mM in Figs. 3a, 4c) by aerial erosion in the 
hanging wall blocks (Fig. 14b). However, the absence of a thick depo-
sitional wedge along the piedmont junction zone suggests a low cumu-
lative displacement at the end of the middle Pleistocene and still a low- 
energy relief. 

The third step of the evolutionary model illustrates the Luco dei 
Marsi slope at the end of the late Pleistocene (Fig. 14c). The local 
palaeomorphology was characterized by a surface of lake abrasion 
formed between 30 and 16 ky B.P. as recognized by Giraudi (1988) 
along the base of Mt. Salviano ridge at an elevation of approximately 
700 m a.s.l. In this work, faint evidence of this surface was found along 
the edge of the slope (see Section B-B′ in Fig. 3b). According to Cavinato 
et al. (2002), starting from the late Pleistocene, the western edge of the 

WSWENE

BSZ

BSZBSZ

F4’

F4

landslide

NS NE SW

NESW

WE

bedding

a

cb

d

f

BSZ

DRM

landslide

wide-open
fractures

Luco dei Marsi
cemetery

BSZ

BSZ

Fig. 9c

DRM

BSZ

e

ESEWNW

WE

g

BSZFig. 9g

Fig. 9. The basal shear zone (BSZ): a) outcrop within 
the southern gully. F4′ is a NNW-SSE-oriented 
normal fault that displaces the BSZ boundaries; b) 
cataclastic texture of the highly fragmented rock 
mass; c) deforming rock mass (DRM) overlying the 
BSZ and involved in the Luco dei Marsi DSGSD; d) 
evidence of karst dissolution leaving residual, red 
clays within the BSZ; e) outcrop of the BSZ in the 
uppermost part of the slope and f), g) along the base 
of the slope, near the cemetery. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the web version of this article.)   

E. Di Luzio et al.                                                                                                                                                                                                                                



Geomorphology 408 (2022) 108249

12

Fucino Basin began to be affected by significant normal faulting: the 
model assumes faults F1–F4 (Figs. 1b, 3a, b) to be responsible for the 
large, cumulative vertical displacement accumulated during the late 
Pleistocene. 

Finally, the last step shows a situation very close to the present day 
(Fig. 14d). Still following Giraudi (1988), an accumulation surface of 
lacustrine deposits lies along the western edge of the Fucino Basin at 
approximately 660–665 m a.s.l. and dates back to an interval between 
the late Iron Age (XI sec. B.C.) and the Roman period (VI century B.C.). 
This surface was recognized in the study area along the piedmont 
junction zone (Fig. 3a, b). Regarding the recent tectonic activity, pale-
oseismological evidence suggests a basinward migration of normal 
faulting with the activation of the LMF in the Holocene. Galadini and 
Galli (1999) estimated a very low displacement (0.1–0.2 m) accumu-
lated between a seismic event in the I-II cen. A.D. and the 1915 Fucino 
earthquake. Recent studies for microzonation purposes (Di Naccio et al., 
2020) observed a vertical downthrow for the carbonate bedrock in the 

LMF hanging wall lower than 100 m, with the top of the carbonates 
found at approximately 550 m a.s.l. This depth of the carbonate bedrock 
along the western margin of the Fucino Basin and the low amount of 
vertical displacement along the LMF are confirmed from the interpre-
tation of seismic lines crossing the Luco dei Marsi-Mt. Salviano ridge 
(Cavinato et al., 2002; Patacca et al., 2008; Di Luzio et al., 2009). 

The conceptual model therefore identifies the latest Pleistocene as 
the moment in which extensional tectonics along longitudinal faults 
F1–F4 determined the lateral unconfinement of the Luco dei Marsi rock 
slope. The gravitational deformation then originated between 0.126 and 
0.018 My. A more precise time frame is difficult to define. However, 
some consideration can be made by combining evidence from palae-
osurface dislocation and short-term deformation rates revealed by 
DInSAR analysis. The main paleosurface recognized in the Luco dei 
Marsi ridge (class PS3 in Fig. 13) inside the DSGSD is dismembered in 
flat areas with low extension. The vertical downthrow among areas 
outside (PS3) and within the DSGSD (PS3–4) ranges between 55 and 65 

Fig. 10. Mean displacement rate maps for ERS1/2 (1993–2000 time span) and ENVISAT (2002–2010 time span) datasets: a) ERS and c) ENVISAT ascending; and b) 
ERS and d) ENVISAT descending. 
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time span 1993-2010 time span 1993-2010

time span 1993-2019 time span 1993-2019

time span 2011-2019 time span 2011-2019

T1-ers T1-envi T2-ers T2-envi

T1-ers T1-envi T1-csk T1-sen T2-ers T2-envi T2-csk T2-sen

Tcc-csk Tcc-sen Tbsz-csk Tbsz-sen

Fig. 11. Cumulative time series of deformation (1993–2010 time span) for a) T1-ers and T1-envi targets; and b) T2-ers and T2-envi targets (see Fig. 10a, c for 
location). Cumulative time series of deformation (1993–2019 time span) for c) T1-ers, T1-envi, T1-csk, and T1-sen targets; and d) T2-ers, T2-envi, T2-csk, and T2-sen 
targets (see Figs. 10a, c, 12a, and b for location). Cumulative time series of deformation (2011–2019 time span) for e) targets Tcc-csk and Tcc-sen and f) targets Tbsz- 
csk and Tbsz-sen (Fig. 12a, b for location). Legend: ers = ERS; envi = ENVISAT; csk = COSMO-SkyMed; and sen = SENTINEL 1 dataset. 

Fig. 12. a) Mean displacement rate maps for COSMO-SkyMed (2011–2014 time span), descending images; and b) mean displacement rate maps for SENTINEL-1 
(2016–2019 time span), descending images. 
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m. Such cumulative dislocation is largely attributed to gravitational 
deformation since it cannot be explained over distances of tens to hun-
dreds of metres considering only the moderate slope of the original 
palaeosurface. Then, if a stationary DSGSD process is invoked and the 
deformation rate shown over the last thirty years (1.5 mm/y) for the 
southern sectors (Fig. 11d) is considered entirely along the vertical 
dimension, the dislocation of paleosurfaces would have been realized 
since 43,000–37,000 yr. B.P. during the latest Pleistocene. This time 
frame becomes overestimated if part of the displacement is assigned to 
the horizontal component (as it is plausible in relation to the kinematic 
reconstruction of the deformational process, characterized by a low- 
angle BSZ). Other studies in the Apennine belt revealed a post-Early 
Pleistocene age of DSGSD activation (Bianchi Fasani et al., 2011; Gori 
et al., 2014). 

5.4. Deformation style and relationship with inherited structural features. 
The meaning of the BSZ 

The DSGSD affecting the Luco dei Marsi ridge is characterized, on the 
upper part of the slope, by a main longitudinal scarp, several secondary 
downhill- and uphill-facing scarps, grabens, and trenches. These mor-
phostructures draw a complex network of discontinuous, short (from 
tens to a few hundreds of metres long), curvilinear or arc-shaped fea-
tures that can be easily distinguished from the continuous (up to more 
than 2 km long), rectilinear tectonic elements bordering the inner 

graben to the west and gathering along the eastern edge of the slope 
(Fig. 7). Here, intense gravity-driven deformation is indicated by the 
presence of isolated rock slabs (Fig. 8c) and mesoscale structures 
(Fig. 8d), whereas bulging is observed in the lower slope sectors 
(Fig. 8e). 

The Luco dei Marsi DSGSD has been developing along the eastern 
limb of a wide anticline with a NW-SE-oriented axis. The control of 
inherited structures in the DSGSD appears similar to other case histories 
observed in the central Apennines (Di Luzio et al., 2004a; Scarascia 
Mugnozza et al., 2006; Esposito et al., 2007, 2021; Moro et al., 2012; 
Gori et al., 2014; Bianchi Fasani et al., 2014; Della Seta et al., 2017), and 
a partial overlap between tectonic and gravity-driven features is evident. 
This can be observed in the 3D-geological sketch shown in Fig. 15a: i) 
the gravitational grabens (G1–G4) are located corresponding to the fold 
axial culmination zone, and their formation was likely favoured by 
tensile strain and pervasive brittle deformation in the extrados area of 
the anticline (Dramis and Sorriso-Valvo, 1994); ii) the peripheral 
bulging (Fig. 8e) is superimposed on a knick zone in the fold forelimb, 
where the bedding dip increases from 10–18◦ to 20–25◦ (see also Fig. 3a, 
b); iii) the rock slabs on the eastern edge of the slope (Figs. 4a, 8c) are 
elongated in the same direction as longitudinal faults F1–F4; and iv) 
finally, the boundary of the DSGSD is better outlined in the southern 
zones of the Luco dei Marsi ridge, where WNW-ESE-oriented strike-slip 
faults (T1–T5) control the slope morphology (Fig. 7). 

However, some geomorphic features of the DSGSD seem to be 

Fig. 13. Classification map of paleosurfaces in the study area, distinguished on the basis of their elevation.  
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independent from the main faults inherited by the Neogene-Quaternary 
tectonics. The main scarp lies a few hundred metres outside the axial 
zone in the fold backlimb (Fig. 15a). Several orders of secondary scarps 
and uphill-facing scarps with a longitudinal trend were found far from 
main faults F1–F7 (Fig. 7). Additionally, trenches and other NE-SW- to E- 
W-oriented features did not overlap former tectonic elements and 
separate sectors with different deformation rates (Fig. 11a–d). Finally, 
the high-angle discontinuities in the DRM immediately above the BSZ 
(Fig. 9b) may be due to slope debutressing (although inherited strain on 
the fold extrados may have played a role). According to (Hutchinson, 
1988), the high degree of internal deformation and the several orders of 
uphill-facing elements can be considered evidence for a (listric?) com-
pound sagging (sackung) kinematic. 

The relationship between inherited tectonic features and 

gravitational elements becomes more puzzling when considering the 
position and trend of the BSZ. The Luco dei Marsi DSGSD represents a 
singularity with respect to the majority of cases in the central Apennines 
where many DSGSDs developed along the backlimbs of thrust folds 
(Fig. 15b), partly reactivating west-dipping thrust surfaces (Nijman, 
1971; Moro et al., 2012; Gori et al., 2014; Esposito et al., 2021) or 
normal to transcurrent, high-angle faults (Di Luzio et al., 2004a; Espo-
sito et al., 2013, 2014; Bianchi Fasani et al., 2014), locally defined as 
gravitational collapse faults (Patacca et al., 2008). In contrast, in our 
case study, the BSZ developed along the forelimb section of a thrust fold 
(Fig. 15a, b) with moderate brittle deformation along few, longitudinal 
faults showing negligible downthrow (Figs. 4c and 9a, b). Undoubtedly, 
the BSZ is a newly generated feature since no pre-existing structural 
element was reused. At least, passive control of bedding anisotropies 
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(Discenza et al., 2020) can be hypothesized since the BSZ developed 
following the bedding attitude and the lithological contrast between 
Upper Cretaceous well-layered, jointed limestone and middle-Upper 
Cretaceous massive limestone (Fig. 15a). The BSZ is an anomaly in the 
local structural framework and can be considered a slope-tectonic 
related feature. 

Although the structural control on DSGSD onset and development 
has been largely documented in the Apennine belt, the discovery of the 
Luco dei Marsi BSZ demonstrates how the Neogene inheritance is not 
strictly necessary for the development of slope-scale gravitational fea-
tures. This evidence can be extrapolated to other DSGSD cases 
worldwide. 

Finally, the trend of the BSZ at depth in the central and northern 
sectors is an unsolved issue. In Fig. 3a, we adopt a conservative 
approach, and the BSZ is drawn within the same elevation range as the 
southern gully. The breccia level locally seems to be displaced by lon-
gitudinal normal faults, although with a reduced downthrow (Fig. 9a, 
b). However, it is not clear if the BSZ geometry at depth is also influ-
enced by these tectonic discontinuities, or it depends exclusively on the 
compound configuration of the DSGSD. In this last case, single outcrops 
observed within the deeply incised rock gully (Fig. 9a–d) and near the 
cemetery (Fig. 9f, g) could be connected by a subplanar deformational 
zone (Fig. 15). Further studies, including geophysical prospecting and 
numerical modelling, will be necessary to unravel this issue. 

6. Conclusions 

The Luco dei Marsi DSGSD is a new case of slow, slope-scale defor-
mation observed in the axial zone of the central Apennines. Gravita-
tional deformation developed in a carbonate ridge featuring a fault- 
bounded anticline along the western edge of the Fucino Basin, the 
largest Quaternary tectonic depression of the belt. The inherited 
(Neogene) fold structure and main Quaternary fault systems have 
influenced the extension and boundary conditions of the DSGSD. 
Nevertheless, some geomorphic features on the hilltop sector (main and 
secondary scarps, uphill-facing scarps and trenches) did not overlap 
with former tectonic elements. This extensive internal deformation and 
the pattern of gravity-driven features are considered a clue for a com-
pound sagging configuration. In this work, much field evidence of a 
well-exposed basal shear zone is presented. This feature has been 
recognized in DSGSD phenomena worldwide, but no similar case has 
been reported thus far for the central Apennines. The BSZ appears in the 
field as a damaged rock zone, several metres thick and made of cata-
clastic calcareous breccia with a fine matrix. With a subhorizontal to 
gently inclined geometric attitude, the BSZ can be observed for several 
tens of metres and is considered a newly generated feature, depending 
on slope tectonic processes. 

Beyond this aspect, the recent activity of the Luco dei Marsi DSGSD 
was investigated by DInSAR datasets covering the 1997–2019 time span. 
Although with different details and resolutions, the ERS1/2, ENVISAT, 
COSMO-SkyMed and SENTINEL 1 datasets show a deformation rate of 
approximately 1.5 mm/y for the last three decades in the southern 
sector, near the BSZ. In addition, the long lifespan activity of the DSGSD 
was inferred through the reconstruction of a multiple-step conceptual 
model illustrating the main geological events controlling the morpho-
tectonic evolution of the local slope-to-basin system from the Early- 
Middle Pleistocene to the historical period. 

Latest Pleistocene fault activity was inferred as the main cause for 
slope lateral unconfinement driving the onset of the DSGSD and the 
development of the BSZ. This age estimate agrees with a temporal 
extrapolation of short-term deformation rates revealed by DInSAR 
analysis and the magnitude of vertical dissection of relict paleosurfaces. 

Further studies will be necessary to outline the physical and geo-
mechanical properties of the BSZ and its position at depth. Such insights 
will possibly unravel the kinematic and dynamic role of the BSZ, which 
represents an element of particular importance for many DSGSDs. 
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