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Abstract: This paper deals with the origin of the Pretare clastic deposit (PRA), which crops out along
the Morricone fluvial valley in the Central Apennines of Italy. With the aim of deciphering the genesis
of the PRA deposit, geological s.l. and geomorphological analyses were carried out allowing for
the interpretation of the PRA deposit as a rock avalanche. Furthermore, geological cross sections
constrained by well-log and field survey data, together with stratigraphic, sedimentologic, and
morphometric analyses, allowed us to assign the deposit to a catastrophic rock slope failure, which
occurred during a cold climate of the Late Pleistocene. Several issues concerning the propagation
mechanisms were inferred from the mapping of 350 boulders over the entire accumulation area
and from the measure of the morphometric parameters of the landslide body. We also performed a
restoration of the potential source area by comparing the reconstructed pre- and post-failure DEMs.
A missing volume of 8.41 x 10° m> was estimated on the south-eastern side of the Vettore Mt., which
is consistent with the deposit volume computed from the geological interpretation (10.56 x 10 m3).
The outcomes of this study provide useful insights for a better understanding of the Quaternary
morpho-evolution of the Central Apennines area where analogous rock avalanche events marked the
recent evolution of the belt.
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1. Introduction

Rock avalanches are extremely rapid mass movements of fragmented rocks, deriving
from large rock slope failures [1-3]. These phenomena occur in many parts of the world and
often testify to the recent Quaternary morphological evolution of mountain belts [4-8]. In
this respect, different authors [9-16] have suggested that rock avalanches can represent the
short-term evolution of Deep-seated Gravitational Slope Deformations (DGSDs). In Italy,
this type of catastrophic rock slope failure has been well documented in some historical
Alpine case histories, such as the Vajont [17,18] and the Val Pola landslides [19,20].

In the Central Apennines, and in particularly in the central sector of the mountain belt,
in the last three decades several rock avalanche deposits, Middle Pleistocene to Holocene
in age, were identified within intermontane basins and/or narrow valleys [13,14,21-27].
These deposits have been interpreted as resulting from rock avalanche events according to
a variety of specific outcrop-scale features, as observed in similar worldwide case-histories
such as: (i) heterogeneous grain size distribution, with the prevalence of sandy matrix,
resulting from the fragmentation of the collapsed material [28]; (ii) low morphometric evo-
lution of rock blocks [13,29-31]; (iii) the presence of localized carapace facies overlaying the
internal debris and consisting of less-fragmented, coarser blocks [32,33]; (iv) pseudo-fluidal
structures as thrust-like surfaces [24,34,35]; and (v) preservation of unbroken stratigraphic
sections within the fragmented deposit with both normal or reverse polarity [24,36-38].
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The accumulation areas of rock avalanche deposits, in a single mountain slope, usu-
ally feature a long run-out [2,39-44] due to shattering and expanding mechanisms that
coupled with air or mechanical fluidization to produce a flow-like motion of fragmented
rocks [45]. These areas can also exhibit remarkable run-up zones related to the high velocity
reached by the flowing of materials [2,24,25,45-49], and often present a hummocky topogra-
phy [36,37,50-52] with steep frontal and distal ridges. Finally, a gradual change of clast size
depending on the distance from the source area was also recognized [53-55]. In addition
to these general observations, the geomorphological context of the central Apennines pro-
duced singular characteristics [13]. In many cases, the reduced width of the intramontane
valleys or the presence of incised paleo-valleys prevented the radial spreading of rock
avalanches. Post-depositional erosion processes tended to obliterate the original morphol-
ogy of the accumulation area, beveling the frontal and lateral edges. Finally, the presence
of different types of clastic deposits at the base of mountain ridges (e.g., tectonic breccias,
debris avalanches, debris flows, glacial deposits, etc.) may lead to misinterpretation of the
sediment origin due to their similarity with the rock avalanche deposits.

Given these statements, this study describes the results of a multidisciplinary analysis
aimed to characterize a large Quaternary clastic deposit observed in the eastern piedmont
junction area of Mt. Vettore (2476 m a.s.l.), which shows features typical of rock avalanches.
The study area borders the Sibillini Range (Figure 1), along which the tectonic juxtaposition
of Mesozoic slope-to-basin carbonates over Miocene flysch deposits occurred during the
Mio-Pliocene tectonogenesis of the belt [56,57]. The same region has been affected by
Quaternary tectonic activity [58] and was involved in the 20162017 seismic sequence that
occurred in Central Italy [56-61].
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Figure 1. Geological sketch map of the study area (after [57]). Legend: 1. Calcareous, marly-calcareous
and marly basin sequences of the Umbria-Marche-Sabina Apennines (Upper Trias—Miocene p.p.);
2. Calcareous and marly-calcareous platform-slope sequence of the Latium-Abruzzi Apennines
(Upper Trias—Miocene p.p.); 3. Miocene siliciclastic turbiditic deposits (Burdigalian p.p.—Tortonian
p-p.); 4. Miocene siliciclastic deposits (Serravallian p.p.—Messinian p.p.); 5. Miocene siliciclastic
deposits fo the Laga sequence (Messinian p.p.); 6. Pliocene to Pleistocene marine and continental
peri-Adriatic deposits; 7. Post-orogenic marine and continental deposits (Piocene to Quaternary);
8. Main thrust front; 9. Study area.
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The clastic deposit crops out within the Morricone Stream valley (Figure 2A) and are
composed of huge calcareous blocks with sharp edges and sandy-gravel matrix-supported,
partly hidden by shrub-like vegetation or buildings (Figure 2B,C). Detailed geological and
geomorphological field investigations were completed, together with sedimentological,
stratigraphical, and morphometric analyses of the clastic deposits, with the aim of sup-
porting the hypothesis of a rock avalanche event, unlike the previous interpretation of
the debris-flow deposit that was proposed [58]. The estimation of the debris volume was
also performed through the results of well-log analysis. The volume estimation of clastic
deposits was compared to the rock volume missing from two box-shaped detachment
areas which were identified on the south-eastern slope of the Sibillini Range, in the Aia
della Regina area (Figure 2A). Well-log analysis [62] also demonstrated the presence, at
different depths, of several landslide deposits between the rock avalanche deposition and
the geological bedrock of the Laga Formation [63-65], thus testifying to the persistent
condition of slope instabilities in the area during the Quaternary. The depositional process
of the rock avalanche deposits were inferred from the main textural and morphometric
characteristics of the clastic deposits, and were then related to the geological factors con-
trolling the Quaternary morpho-evolution of the area, such as the erosive processes and
tectonics. The Pretare-Piedilama rock avalanche can be considered from this perspective,
similar to other huge rock slope failures of the Central Apennine as a formative event with
persistent geomorphic effects on the local environment. Its investigation has been useful
in the improvement of the surface dynamics knowledge that occurred in a very resilient
landscape such as those of the Vettore mountain area.
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Figure 2. (A) panoramic view of the clastic deposits filling the Pretare-Piedilama Valley, and the
Sibillini Range in the background; (B) huge, sharp rock block lying in the mid-sector of the valley;
(C) rock blocks of the Pretare village.

2. Materials and Methods

Geological surveys were carried out at a 1:10,000 scale, producing a detailed geological
map. The field analyses were integrated by data coming from the scientific literature [66]
and by new stratigraphic and sedimentological data furnished by boreholes crossing the
entire Quaternary succession down to the Miocene bedrock. Details were provided by
Quaternary clastic deposits with the purpose of obtaining the relative timing of the main
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depositional/erosional events occurring in that area. Furthermore, a geomorphological
mapping of relic and recent structural and fluvial landforms was carried out, thus furnish-
ing the past and present modelling processes acting on the landscape.

The analysis and characterization of the Pretare clastic deposit, the field surveys, the
sedimentological-textural analyses and the morphometric/geometric investigations of both
deposit and potential source area were performed. Considering the wide grain size range
featuring the deposits (from plurimetric-sized boulders to gravelly-sandy matrix), the
analyses were conducted at two different scales. For boulders and blocks we prepared a
specific database in a GIS environment by mapping the position, measuring the observable
dimensions, and estimating the volume of each rock block over the entire depositional area.
For the matrix, we collected six samples that were representative of different sectors of the
deposit. Following the standard procedure of ASTM D422-63 for particle-size analysis [67],
we collected 5 kg of material for each sample due to the poor assortment of the deposit. The
grain size analysis was performed only for material retained at the sieve n.200 (0.075 mm)
which was passed, after exsiccation, through a pile of sieves stacked in a mechanical shaker.

With regard to the morphometric analysis of the potential source area, a compar-
ison between the present-day DEM and the reconstructed original one (i.e., before the
rock detachment and failure event) was carried out. Specifically, we used the “thin plate
technique” [68,69] in a GIS environment for interpolating contour lines. First, we inter-
polated the present day contour lines which, in turn, were rectified for the restoration of
the presumed, original topography. As a result, we obtained two different 2m-resolution
DEMs representative of the current topography and of the original one. The pre-failure
and post-failure DEM surfaces were then compared in order to estimate the rock-avalanche
volume immediately after the detachment.

3. Geological and Geomorphological Settings

The study area is located in the Umbria-Marche Apennines, a north-east and east-
verging fold-and-thrust belt generated by the convergence of collisional margins of the
European and African plates during the Mesozoic and Cenozoic eras [70]. Neogene con-
tractional structures are represented in the study area by N-S-striking thrusts, which
involved the eastern sector of the Sibillini Ridge. Here, above an upper Triassic-lower
Jurassic carbonate platform sequence (Calcare Massiccio Fm.) lies Jurassic to Cretaceous
deep-water carbonate units related to the Umbria-Marche basin domain. The carbonate
units were tectonically juxtaposed, from the Messinian times until to the Pliocene [71,72],
on the turbidite units of the Laga Fm. (Figures 1 and 3), which were deposited in the
Messinian foredeep [73,74]. The basal thrust is the northern edge of a regional feature
tonic boundary between the Central and the Northern Apennines [56]. In the study area,
the “Olevano-Antrodoco-Monti Sibillini” thrust is an oblique ramp with an N-S trend
and a right-lateral kinematics [72,75-78]. In the footwall of the Sibillini thrust front, the
siliciclastic Laga sequence is deformed in an N-S oriented thrust-and-fold belt with wide
overturned sectors, including the Acquasante Terme and Montagna dei Fiori culmination
zones (Figures 1 and 3).

Starting from the Lower Pleistocene, a new geodynamic regime with a NE-SW-striking
extensional axis took place [1] or [79,80] and was responsible, in some cases, for the re-
activation of normal faults of the older compressive structures (negative tectonic inversion).
However, an extension was accommodated along the NW-SE and WNW-ESE-oriented nor-
mal faults that have controlled the Quaternary continental deposition within tectonically-
related intramontane basins [81]. Active faults are found in this portion of the central
Apennines, such as the Gorzano and Vettore faults (Figure 3), responsible for the 2016
earthquake [82].
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Figure 3. Structural sketch map of the axial zone of the Central-Northern Apennines chain showing
the NE-SW-oriented normal fault segments and the main thrust lines.

From a geomorphological point of view, the Pretare-Piedilama area is included in
a narrow NNE-SSW-oriented catchment fluvial basin of about 12.5 km? in width. The
drainage basin shows an asymmetric drainage net with the main and most developed
stream channels flowing from NW to SE on the right-side valley as tributaries of the
Morricone-Pianella stream valley, forming a trellis-like pattern. The Morricone-Pianella
stream is a left tributary of the Tronto River forming at its mouth a narrow and entrenched
valley of about 1 km-length which was filled by several orders of unpaired fluvial terraces.
The confluence of the Morricone-Pianella Stream in the Tronto River corresponds to a
large local base level which represents the morphological threshold of the Pleistocene
Amatrice intermontane basin [83]. The threshold of that basin is also suggested by two
main morphological features. The first is a knickpoint occurring in the Tronto longitudinal
channel profile and placed at about 580-600 m of elevation a.s.l., and the second is a
strong change of channel flow direction in the Tronto River. These morphological features
represent the morphological response of the Tronto river valley to the regional tectonic
uplift which affected the whole Amatrice basin and surroundings, suggesting a steady
state configuration in the upstream reach of the Tronto River [84]. Indeed, the fault system
activity seems to have inhibited the backward fluvial wave incision which started in the
palaeo Tronto River mouth ~450 ky because of the Middle Pleistocene uplift ([84] and
references therein).
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4. Results
4.1. Local Geomorphology

The main morphostrutural features of the studied area are the Vettore and Vettoretto
Mts representing the main mountain peaks which bund westward and reach an elevation
of 2476 and 2055 m a.s.l,, respectively. They form an N-S-oriented asymmetrical fold with a
gently dipping western limb and a vertical to overturned eastern limb [54]. In the study
area, the tectonic overthrusting of the carbonate successions on the turbiditic sequence and
the later, Quaternary faulting led to the formation of the Vettore-Vettoretto obsequent thrust-
fault scarp landform (numbered 1 in the legend of Figure 4). This structural landform is the
wider among the geomorphological features of the Pretare-Piedilama area, reaching about
5 km in length. The transient state of that obsequent scarp was the principal inheritance
cause of the slope deposits” abundance produced during cold stages in Quaternary times.
The footwall slope of the overthrusted anticline shows several minor folding structures in
the Laga Fm, which results in N-S-oriented anticline ridges and syncline valleys.
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Figure 4. Geomorphological sketch map of the study area. Legend: (1) obsequent fault slope;
(2) structurally-controlled slope; (3) hogback; (4) homoclinal ridge; (5) litho-structural scarp; (6) flat
iron; (7) straight ridge; (8) saddle; (9) triangular facets; (10) degradational and/or landslide scarp;
(11) transverse stream; (12) strike stream; (13) anti-dip stream; (14) consequent stream; (15) V-shaped
valley; (16) asymmetric valley; (17) fluvial terrace scarp; (18) glacis scarp; (19) fluvial terrace tread;
(20) glacis surface; (21) erosional surface; (22) Pretare rock avalanche area.
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The most evident NE-SW and NNE-SSW-oriented structural landforms are distributed
both in the left and right sides of the Fosso Morricone and Fosso della Pianella stream
valleys (Figure 5). In the right-side of that latter valley, there are several litho-structural
scarps formed into low-erodible rocks. Structural-controlled slopes such as hogback and
homoclinal ridges are significantly exposed in the study area. Remnants of ancient erosion
surfaces (number 21 in Figure 4) sculptured during the warm climate episodes of a Pliocene
marine transgression event [81,85] are found on the top of the Vettore and Vettoretto
Mts. They are polygenic landforms with a gentle-dipping or a flat surface that was firstly
modelled by marine processes [85], and secondly re-shaped by subaerial processed during
Pliocene-Pleistocene times [81,85,86]. The drainage network shows a trellis-like pattern
and the main channels flow from the northeast to the southwest. The two main streams of
Fosso Morricone-Fosso della Pianella and Fosso La valle are left-tributaries of the Tronto
River. They flow in a NNE-SSW-oriented synclinal fold structure forming strike streams.
The streams, close to Pretare and Piedilama villages, flow within V-shaped or asymmetric
valleys features. Minor streams flowing from NW to SE are placed in the right-side valley
of the Fosso Morricone-Fosso della Pianella Stream. In that place there are consequent
streams and transverse streams (Figure 4). The latter streams transversally cut the NNE-
SSW-oriented folding structures formed in the arenaceous successions and contribute to
sculpture flat irons, strike ridge divides, and triangular facets landforms (Figure 4).
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Figure 5. Geological sketch map of the investigated area realized by a 1:10.000 scale field survey
(for location see the box in Figure 2); the contour line interval is 75 m. Hillshade of the study area

including the main drainage network.
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4.2. Local Geology

The investigated area included the basal portion of relief of Mt. Vettore (Aia della Regina
to Arquata del Tronto village and is crossed by the Morricone stream valley, a fluvial incision
extending in a N-S direction from Pretare-Piedilama villages up to Arquata del Tronto village
(Figure 5). New geological field surveys of 1:10.000 scale were carried out in the last years in
the frame of the new Geological Sheet 337 “Norcia” of the CARG Project of Italy.

The main tectonic feature is characterized by the Mt Sibillini thrust (unit 1) overlapping
the Laga Fm (unit 2). Minor compressive feature is the N-S-oriented thrust intersecting
the Laga Fm (unit 2). The bedrock geometry favored the vertical incision of narrow and
long streams such as the Morricone and Pianella streams that flow south to the village of
Arquata del Tronto, where they merge into the Tronto River (Figure 5).

The Quaternary deposits are largely distributed along the whole western side of the
Morricone Stream valley, also reaching the piedmont sector of the Mt. Vettore carbonate
slope. Here, Late Pleistocene talus slope deposits (unit 3) composed of stratified, clast-
supported breccias have been found. Holocene era younger talus deposits (unit 6d) rest
on the previous ones thus form the upper junction with the carbonate bedrock. Both the
Holocene and the Late Pleistocene slope deposits were involved in mass movements, thus
producing landslides and debris flow deposits (unit 6e).

The deposit of rock avalanches (unit 4) crops out at the base of the carbonate slope of
Mt Vettore and is hosted in the Morricone stream valley, between the Piedilama and Pretare
villages. That deposit was the object of deeper multidisciplinary analyses illustrated in
the next sections. The rock avalanches’ deposit seems to be attributable to a large rock fall
composed of heterometric calcareous blocks of 1 m3 to 10 m? in size, with a sandy-gravelly
matrix. In the lower reach of the Morricone Stream valley a more recent fluvial deposit
crops out and was terraced by a progressive vertical incision of the Morricone Stream
(unit 5). The oldest deposit (unit 5a) is a torrential fluvial succession, mainly generated by a
re-working of unit 4. It was formed by massive and matrix-supported calcareous gravels
with a sandy-silty matrix and is about 20-30 m thick with poor- to well-rounded clasts.
Unit 5a rests on the rock avalanche deposit and is distributed from the Piedilama village to
the Borgo village (Figure 5). Close to the Borgo village, up to the confluence to the Tronto
River, there are other fluvial terraced deposits (unit 5). Both the units 5a and 5b form several
fluvial terraces placed at different elevations and ranging from 800 to 675 m a.s.l. The fluvial
terrace deposits are formed by the last two units (4 e 5) and are both tentatively attributed to
the Late Pleistocene era according to [55]. In the central reach of the Morricone Stream valley
are found Holocene deposits representing slope deposit (unit 6¢) and the floodplain deposit
(unit 6a,b), These deposits host the village of both the Pretare and Piedilama. Overall, these
deposits unconformably cover the deposits of the unit 4.

Three boreholes have been drilled in the floodplain of the Morricone Stream (Figure 5).
The S1 e 52 revealed a maximum thickness of about 74 m of Quaternary gravel and sandy-
gravel debris slope deposits and finer fluvial deposits resting on the Miocene bedrock of the
Laga Fm (unit 2). In particular, the borehole core showed that the Pretare-Piedilama fluvial
valley was primarily filled with clastic deposits produced by subaerial denudation processes
which acted both on the carbonate rocks of the Sibillini Ridge and on the arenaceous rocks
of the Laga Fm, and subordinately on alluvial deposits. The clastic sediments include four
detrital depositional episodes, separated by thin and sometimes weathered silty-clayey
levels that pertained to a fluvial plain (L) (Figure 6). A gravel and sand fluvial succession
(AL in Figure 6) has been recognized at the bottom of the S2 (15 m thickness), which tapers
rapidly towards the north, reaching a minimum thickness of 3.5 m in the S1.

The sequence I, II, and III are characterized by debris slope deposits composed of
carbonate and sandstone clasts (more than 1 m of diameter) with an abundant silty and
sandy matrix.
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Figure 6. Boreholes realized in the floodplain of the Morricone Stream [63]. Legend: (1) Laga Forma-
tion, (2) arenaceous megablocks, (3) carbonate megablocks, (4) heterometric calacareous debris with
carbonate megablocks, (5) heterometric calcareous debris in a poor gravel matrix with megablocks,

(6) heteometric debris in a sandy-gravel matrix with arenaceous and carbonate blocks, (7) debris in
an abundant sandy-silt matrix with calcareios clasts and pebbles, (8) coarse sands, (9) clay silts with
limestone and sandstone pebbles, (10) weathered sandy and clay silts, (11) soil.

The sequence IV is made up only by carbonate clast and boulders, with poor or absent
matrix. At the base of this sequence, arenaceous clasts and boulder levels are found. Based
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on the analysis, we can consider about 22 m to be the maximum thickness of the unit 4
(52) in the lower middle portion of the valley. This last sequence corresponds to unit 4 in
Figure 6. Sequence IIl is related to unit 3 in Figure 6. The age of the sequences I and II, and
that of the basal alluvial sediments are tentatively assigned to the Early Late Pleistocene
based on the geological and geomorphological chronological attribution of morphological
features by Cacciuni et al., (1995) and Aringoli et al., (2021) [81,83], and the deposits by
Tortorici et al., (2009) [58].

Three geological sections are made up for the correlation of the clastic deposition
(Figure 7). Along the section about N-S (C-C’ in Figure 5), it is possible to reconstruct the
entire Quaternary filling sequence of the Morricone stream valley that is carved within the
Messinian deposits of the Laga Fm. A wedge-shaped body with a maximum thickness of

about 74 m in unit 4 covers the sandstone substrate and reaches a thickness of about 40 m
(section A-A’ in Figure 7).
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Figure 7. Geological cross sections cutting the S1, 52, and S3 boreholes.

The depositional episodes recognized from the boreholes interpretation are only
located in the central and lower part of the Morricone valley. Section E-W (A-A’" and B-B’
in Figure 5) highlights the rapid lateral closure of the sedimentary body inside the valley.
This morphology is inherited by the morphostructural set-up. Basal alluvial events (S1, S2)

demonstrate that the beginning of the sedimentation was marked by the presence of the
Morricone Stream palaeo-bed.
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4.3. The Pretare-Piedilama Rock Avalanche
4.3.1. General Features

Detailed geological relief was made in the Pretare-Piedilama rock avalanche (PRA in
this text) which corresponds with unit 4 in Figure 5. In the uppermost zone, the deposit
shows a NW-SE elongation, and along its western edge, rock debris are superimposed on
the unit 3 slope deposits. On the eastern bound they directly cover the LAG Fm (unit 2)
bedrock. Both the middle and lower zones are N-S elongated and bounded by the LAG
bedrock on both sides of the narrow Morricone stream valley.

In the northern sector of the study area, the erosive stratigraphic boundary between
the PRA deposit and the unit 3 slope detritus (Figure 8A) can be observed. Moreover, north
to the same place, the erosive boundary between of the PRA deposit and the LAG bedrock
is shown; the rock debris fill a palaeovalley bounded by erosional surfaces sculptured in
arenaceous beds, at about 1050 m of elevation a.s.l. (Figure 8B). Regional geomorpholog-
ical correlation allowed us to assign to Middle Pleistocene the terraced surfaces [81,83]
representing a post-quem relative dating of the rock avalanche.

PRA “Laga Fm.
3 &retare Pledllama ( iocene)
| Rockavalanche)
| Upper Pleistocene == rim of fluvial terrace

Figure 8. (A) Details of the erosional bound between the PRA deposit (Pretare-Piedilama roch
avalanche) and the unit 3 (slope detritus) northern to the Pretare village. (B) Panoramic view of
the contact between the PRA deposit remnants and the LAG bedrock. The PRA deposits rest on a
terraced erosional surface placed at about 1050 m of elevation a.s.1.

In the northern slope of the Pretare village, the PRA deposits rest both on the Laga
bedrock (Figure 9), and on the the debris deposit of the unit 4 (Figure 10). The PRA
deposit filling the middle-lower Morricone stream valley is also distributed east of the
Pretare village where isolated remnants rest on the Laga bedrock. Both the bedrock and the
superposed PRA deposit were affected by N-S-oriented normal faults, suggesting a recent
faulting activity of the area, as already proposed by Tortorici et al. (2009) [58] (Figure 5).
The latter activity is also observed though a partial run up of the rock avalanche deposits.
Isolated blocks of PRA are found within the Holocene floodplain of the upper sector of the
Morricone stream valley.

4.3.2. Sedimentological and Textural Features

The Pretare-Piedilama deposit includes rock blocks of largely variable size that can be
found in clusters within a finer matrix or as isolated features. In the first case, the main size
varies from a few decimetres to approximately one to two meters (Figure 10A), while in the
second case the dimensions may be even greater than 10 m (Figure 10B). The clasts’ shape,
which is dominantly angular to sub-angular, indicates a low textural maturity which, in
turn, is consistent with the transport and depositional mechanisms of a high-energy, dry
granular flow. The deposit structure is generally chaotic, but it can locally show the typical

“carapace” facies with coarser blocks placed above a finer debris (Figure 10C). Samples

taken from the matrix (Figure 11A) show a sandy-gravel texture with a minimal amount
of silt and clay (Figure 11B) [28,55]. The sand proportion is higher in the two samples
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collected just outside the southern limit of the landslide body (i.e., 1, 2 in Figure 11A,B),
within a colluvial deposit resulting from the reworking of the frontal ridge material.

Sibillini range

T—T —T detachment area of
PRA deposit

subdivision of the

T detachment area

11 landslide scarp

retreat fault scarp

{ —>— outflow line

accumulation area
PRA
(Pretare-Piedilama deposits)

Bedrock
Laga Fm (Miocene)

Figure 9. Panoramic view of the Monte Vettore fault scarp, of the detachment area of the rock
avalanche, and of the contact between PRA deposit (Pretare-Piedilama roch avalanche) and the
Laga Fm. (A) detail of the detachment area at the Aia della Regina, (B) erosive outflow channel
flowing in the lower part of the detachment area.

The lithology of blocks mainly pertains to the Lower Jurassic carbonate facies cropping
out in the Sibillini Mountain Range, i.e., the shallow-water Calcare Massiccio Formation and,
subordinately, the basin-derived Corniola Formation [57]. The first one can be recognized
by its massive structure (Figure 12a) in the southern sectors of the accumulation area, while
the second one, which is generally well-stratified (10-50 cm thick beds), has been mainly
observed in the northern sectors of the landslide body (Figure 12b).

In the Pretare village, we recognized a narrow band of clastic deposits showing a mud-
supported grainstone texture (Figure 12c); these facies generally identify the stratigraphic
boundary between the Calcare Massiccio and Corniola formations in the Sibillini Range [57].
Thus, even if it is not possible to draw a clear stratigraphic boundary given the large number
of blocks scattered on the ground, the accumulation area (Figure 12e) seems to maintain
the original slope stratigraphy with a normal polarity (Figure 12e).
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Pretare village ,c
. .y

Figure 10. (A) Matrix-supported facies of the Pretare-Piedilama clastic deposits; (B) example of
isolated mega-block; (C) carapace facies overlaying debris deposit.

Figure 11. (A) location of sampling sites within (3-6) and outside (1-2) the landslide’s accumulation
area; (B) particle-size texture of the matrix according to Folk’s (1980) classification.
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Figure 12. Distribution of lithologies: (a) massive calcareous blocks from the Calcare Massiccio
Fm.; (b) thin bedding featuring the Corniola Fm. blocks; (c) breccia texture in a block found in the
Pretare village; (d) boundaries between blocks with different lithology in the accumulation area and
detachment area; (e) slope stratigraphy and main morphological features; legend: br = breccia facies;
Cm = Calcare Massiccio Fm; Co = Corniola Fm; I-III morphological steps on the main sliding surface.

As regards the volume of isolated blocks, we directly measured the dimensions of
350 boulders distributed in 68 survey stations. The volumes of a single block are extremely
variable (from few dm? to almost 1000 m?®) although rarely exceeding 6 m® (Table 1). Starting
from field data, we then inferred the maximum (Vmax) and average (Vmean) volume of each
cluster block. Significant differences may result between these two parameters, especially
in the stations where the number of blocks is high (e.g., station n. 49). The Vy,x distribution
map (Figure 13A) shows that the largest boulders are mostly concentrated along the
middle ranges of the proximal and central sectors of the accumulation area. Moving down,
the huge slope blocks (>100 m?) did not overcome the Pretare village and surroundings.
The same effect, although less pronounced, can be seen on the Vyean distribution map
(Figure 13B). The smallest blocks in the Vimax map can be found both along the middle range
of the accumulation area (stations 42, 43, 46, 50 in Figure 13A) and along the lateral ridges
(stations 6.17, 39, 60, 61); a similar distribution also features the Vinean map (Figure 13B).
Finally, another aspect that can be pointed out is the concentration of a relatively high
number of blocks of different sizes in the valley narrowing along the N-S direction, south
of Pretare village (Figure 13A,B).



Water 2023, 15, 753

15 of 24

Table 1. Number, mean volume (Viean) and maximum volume (Viax) of the blocks identified in each

station during the field survey. In the upper part is the synthesis of the block’s volume distribution.

Volume Distribution

Total n. of blocks: 350 2nd quartile (Q2): 2.25 m3

Minimum value: 0.03 m3 3rd quartile (Q3): 5.34 m3

1st quartile (Q1): 1.08 m3 Maximum value: 960 m?

Station n. blocks Vmean (m3) Vmax (m3) Station n. blocks Vmean (m3) Vmax (m3)

1 5 2.1 7.2 35 1 16.2 16.2
2 5 1.5 24 36 4 21.3 81.0
3 1 30.6 30.6 37 4 4.0 10.0
4 4 2.1 7.2 38 3 4.6 7.4
5 2 39.3 78.4 39 1 3.0 3.0
6 3 0.6 0.8 40 1 24.0 24.0
7 1 37.1 37.1 41 3 16.9 24.0
8 4 49 17.1 42 1 45 45
9 5 18.6 91.0 43 1 45 45
10 3 43 11.9 44 3 260.1 360.0
11 5 2.0 7.5 45 16 38.8 150.0
12 2 4.8 6.9 46 10 22 22
13 12 1.1 1.1 47 1 108.0 108.0
14 12 5.1 25.4 48 2 25.8 40.5
15 1 7.5 7.5 49 21 39.0 560.0
16 3 33.2 99.0 50 12 22 22
17 1 2.2 2.2 51 3 443 102.0
18 1 52.5 525 52 1 12.0 12.0
19 1 20.0 20.0 53 1 12.0 12.0
20 1 160.0 160.0 54 5 45 45
21 4 16.1 27.5 55 16 35 45
22 2 16.2 225 56 10 15.8 144.0
23 4 2.4 4.5 57 6 13.7 43.2
24 2 484.0 800.0 58 4 0.6 0.6
25 6 161.6 960.0 59 26 2.5 18
26 3 334.3 882.0 60 1 04 04
27 9 49 225 61 7 3.6 5.0
28 6 0.8 2.3 62 10 1.2 9.0
29 9 3.1 2.0 63 8 29.9 153.6
30 10 9.0 30.0 64 7 7.2 30.0
31 7 24 7.2 65 5 70.9 308.0
32 1 15.0 15.0 66 3 5.8 10.0
33 1 21.0 21.0 67 8 6.5 15.0
34 1 15.0 15.0 68 8 5.1 14.0

4.3.3. Morphometric Characterization of the Accumulation and Detachment Areas

The accumulation area of the Pretare-Piedilama clastic deposits is characterized by an
elongated shape (Figure 14a). The main morphometric parameters are shown in Figure 14b.
The extent of the rock avalanche deposits is 1.98 km? with a run-out of more than 4 km
from the source area to the southern edge (Figure 14c, section A-A’). In the proximal sector,
from the source area to approximately the central part of the deposit (about 2 km), the
clastic deposits are channelized with an elongation direction of NW-SE.
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Figure 13. Spatial distribution of (A) maximum (Vmax) and (B) mean (Vmean) block volume across
the rock avalanche deposit. Each number refers to the corresponding station reported in Table 1.

In the down valley, the deposit spreads on an E-W axis and reaches the maximum
planimetric width (Wa, approximately 1.2 km); here, the topographic surfaces of the
landslide body end up deeply incised and bordered by a bedrock salient on its eastern
edge (Figure 14d, section B-B’). The clastic deposits in the central and distal sectors are
narrow and elongated in a N-S direction (Figure 14a) following the valley orientation. In
several parts (e.g., Figure 14e, section C-C’) a hummocky morphology can be noticed, which
represents a typical feature of rock-avalanche deposits. As already observed in central
Apennines for the Campo di Giove [24] and Lettopalena [25] rock avalanches, another
typical feature of this kind of deposit is the presence of run-up zones, where the high-energy
clastic flow can move counter-slope. In this case, two small clastic deposits were recognized
overlying the arenaceous bedrock on the eastern slope of the Pretare-Piedilama Valley,
(Figure 14f, section D-D’). The flowing mass could have had enough kinetic energy to
climb up on the side of the valley. Nonetheless, it is important to note that the elevation
difference between the valley floor and the run-up areas (approximately 50 m) is too high
for assuming a simple run-up process. According to Tortorici et al. (2019) [58] the entire
elevation difference was generated by the activity of a Quaternary west-dipping normal
fault, the Pretare-Piedilama Fault, located at the base of the slope (Figures 5 and 14f).
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Figure 14. (a) Accumulation area of the Pretare-Piedilama rock avalanche (Vmean distribution
is also reported); (b) main morphometric parameters; (c—f) topographic cross sections. Legend:

P.PF. = Pretare-Piedilama Fault.

The Pretare-Piedilama deposits originated from the south-eastern slope of the Sibillini
Range where two box-shaped source areas can be clearly identified in the Aia della Regina
area (Figure 12e). The detachment surface dips about 30° southeastward and presents
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a staircase profile with three main steps (I-IIl in Figure 12f). A 2m-resolution DEM was
used to outline the present topography (Figure 15a). The, pre- and post-failure DEM
surfaces were compared for both detachment sub-areas, and a missing rock volume of
about 8.41 x 10° m® was estimated. Therefore, a rough estimation of the volume in the
accumulation area of the PRA deposit, based on the analysis of the boreholes and of the
thicknesses observed in the field, isabout 10, 56 10® m?, which is comparable to the volume
of the detachment mass calculated in the Aia della Regina area. The volume is increased by
only about 25.6%, thus consequently it is assumed that there was limited expansion of the
rock mass during the emplacement of the rock avalanche.

4742200

4741800

4742200

(E

{1,600}
(5[ A cets Regina

[1,500)

211,600}
Aia della Regina

4741800

G2 (b)

Figure 15. Aia della Regina source areas: 2D reconstruction of present-day (a) and pre-failure

topography (b). Dashed, blue lines envelop detachment areas; the present escarpment is also traced.
The projected coordinate system is UTM33N-WGS84.

5. Discussion and Conceptual Model

Much evidence described in this work that is based on geological and geomorphologi-
cal field observations and measures are useful to describe the clastic deposits and to frame
their origin within the Quaternary events affecting the investigated area.

The Pretare rock debris deposits are located in the south-eastern piedmont slope of
Mt. Vettore, forming the infill deposits of the narrow Pretare-Piedilama fluvial valley. The
arrangement of the Vettore mountain ridge in the hanging-wall and the folded Miocene
siliciclastic in the footwall of the main thrust was responsible for the evolution of the
Morricone Stream valley. The results of the performed analyses shows a whole body
thickness of the Quaternary sediments of about 74 m. The uppermost unit in Figure 4
corresponds to the outcrop of the PRA deposit. The well-log analysis has revealed the
Quaternary landslide deposits placed at different depths, between the Miocene arenaceous
bedrock and the PRA deposit. This means that the Pretare-Piedilama rock slope failure
was framed within a continental environment whose evolution was characterized by high-
energy depositional episodes alternating with low-energy stages (identified by fluvial plain
clayey-silty deposits).

The PRA deposit is about 15 m thick, as recognized in boreholes, and the underlying
unit 3 (Figures 3 and 5) is extensively located at the base of the M.te Vettore mountain slope.
The PRA deposit was directly sourced by the slope of the Aia della Regina and retains the
original stratigraphy in the detachment area, with a normal polarity. The main part of the
debris is composed of clastic material of the Calcare Massiccio Fm (massive, shallow-water
carbonates), while in the uppermost part of the accumulation area, blocks made by Corniola
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Fm (thin-bedded micritic limestone) were observed. The basal part of the PRA shown in
the borehole is characterized by a few meters of mixed carbonate and sandstones blocks.
The latter deposit testifies to the the bedrock erosion made on siliciclastic rocks of the Laga
Fm that generated the rock debris. IAlluvial deposits are also found in the bottom sector of
the borehole succession, evidencing the Morricone palaeostream which was covered by the
detrital debris deposits.

In the sedimentary sequence found below the PRA deposit, the carbonate blocks are
various in composition, and sandstone blocks and clasts are more frequent, highlighting
a significant contribution coming from the sandstone slopes bounding the lateral valley.
The PRA deposits are reworked in the lower part of the valley where terraced alluvial
successions can be identified (unit 5 in Figure 5), and the Holocene deposits of the alluvial
plain and valley floor (unit 6 in Figure 5) dissect the PRA and partially cover it.

The PRA clastic deposits forming the rock avalanche lie uncomfortably on the cross-cut
Middle Pleistocene erosion surface [81] placed at about 1050 m of altitude a.s.l. representing
the post-quem age of the deposition. According to Tortorici et al. (2009), Aringoli et al.
(2014), and ISPRA 2021 [58,66,87,88], the age of the PRA deposits is Late Pleistocene and the
depositional process was strictly connected to the cold climate events of the Late Pleistocene.
As known in the literature, the cold climate was responsible for the deposition of fluvial
sediments such as the younger fluvial deposits overlying the PRA deposit. A cut-and-fill
process was the mechanism that was able to generate the fluvial terraces that could be
hypothetically be assigned to post Late Pleistocene times.

The presence of isolated blocks within the main body of the PRA and north to Piedil-
ama village (see Figure 14) is congruent with a vertical displacement of 53 m, which could
be related to the presence of minor structures (named P.P.F.: Pretare-Piedilama fault in
Figure 14). However, it cannot be excluded that the elevation of clastic deposits found on
the opposite side of the valley were partly generated by a run-up of the rock avalanche
during its emplacement against the uplifted flank of the bedrock.

The rock debris deposits filling the upper part of the Pretare-Piedilama valley can
be interpreted as the remnant of more than one rock avalanche event developed after a
massive rock slope failure from the eastern edge of the Sibillini Ridge during the Late
Pleistocene. Such a hypothesis is supported by the sedimentary characteristics of the clastic
sequence and by the morphometric setting of the accumulation area.

The sedimentological features are consistent with a high-energy transport and depo-
sition and a dry granular flow. The deposit is composed of angular clasts and boulders
ranging from few to hundreds m3. Rock debris contains a sandy-gravel matrix, indicating
an intense shattering mechanism of the rock mass. The presence of “carapace” facies and
the preservation of the original slope stratigraphy (with normal polarity) are further clues
which suggest the rock avalanche origin. Such evidence rules out the possible origin of the
clastic material as a debris flow, as already proposed by Tortorici et al., (2009) [58].

The failure mechanism can be hypothesized as a planar sliding of about 8,41-106 m? of
rock material detached from a main, box-shaped detachment area. The asymmetric distri-
bution of the debris accumulation area—with a NW-SE-oriented sector in the proximal part
and a N-S narrowed concentration in the central and distal areas—was likely determined
by an articulated morphology of the arenaceous/pelitic bedrock. Moreover, the reduced
width of the valley prevented the radial spreading and forced the channelization of the rock
flow. Down to the Pretare village, the valley’s narrowing to less than 300 m can explain
the elevated number of blocks, even of great dimensions, which stopped in a small area
(Figure 13A,B). Therefore, a rough estimation of the volume of the accumulation area of the
PRA deposit, based on the analysis of the boreholes and of the thicknesses, was observed
in the field and is of about about 10,563 x 10° m3 , which is comparable to the volume of
the detachment mass calculated in the Aia della Regina area. The volume only increased by
about 20.4%. Consequently, a limited expansion of the rock mass during the emplacement
of the rock avalanche has been proposed.
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Finally, residual geological hazards should be evaluated in terms of the possible
seismically-induced reactivation of the landslide body. However, the 2016 central Italy
earthquakes did not cause the palaeolandslide reactivation, while newly-generated, small-
sized rock fall events occurred during the seismic sequence on the eastern edge of the
Sibillini ridge around the rock avalanche detachment area. Thus, further studies should
investigate the post-failure conditions of the rock slope to determine the possible presence
of slope-scale gravitational processes.

6. Final Remarks

The present work concerns a multidisciplinary analysis integrating geological and
geomorphological investigations and sedimentological, stratigraphic and morphometric
analyses aimed at unravelling the origin of the Pretare rock debris deposits (PRA). Such
deposits show a complex stratigraphic organization and their arrangement and geometry
allowed us to interpret them as rock avalanches rather than debris flow deposits, as
previously suggested. Furthermore, the PRA deposits were probably generated in a cold
stadial climate of the Late Pleistocene.

The passive control of the fold-and-fault structures on the morphological development
of the Morricone valley was outlined by many structural landforms, as shown in Figure 4.
Furthermore, the morphometry of the Pretare rock avalanche deposit revealed a comparison
between the rock deposit volume involved in the mass movement and that loss in the
source area. The boulders in the Morricone valley are extremely variable in shape; in fact
the largest boulders are found in the upper and central sector of the accumulation area, and
a high number of blocks of different shapes are in the narrowing of the valley located south
of the Pretare village (Figure 13A,B). Finally, the younger fluvial processes reworking the
Pretare deposit and filling the Morricone valley are related to the most recent tectonic uplift
of the Mt. Vettore area that triggered the vertical incision of the rivers, thus producing
the fluvial terraces. In this paper we tried to make a contribution to the knowledge of
the rock avalanche process, highlighting the role played by the geological structures and
morphology in the activation and development processes.
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