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Abstract

We describe the slope processes acting on Camaldoli Hill, the main volcanic feature of the Neapolitan area whose geological
evolution and setting have been reconstructed. The backbone of the hill includes the remnants of two partially superposed tuff
cones, lying between the Campanian Ignimbrite (CI) and the Neapolitan Yellow Tuff (NYT). This sequence is mantled by
pyroclastic, anthropogenic and epiclastic deposits, with abrupt thickness and facies variations. The structural setting of the hill
mainly results from several phases of reactivation of the CI caldera faults which were active until about 9.5 ka. Deformation
younger than 15 ka is evidenced by landslide deposits, caused by slope instability from volcano-tectonism, and by a high-angle
erosional unconformity, formed in response to a base-level lowering. A stratigraphic analysis of the reworked deposits at the foot of
the slopes allowed us to define both depositional mechanisms and sedimentation rates. The results of combined volcanological,
geomorphological and engineering-geological studies permitted us to constrain and quantify past geological processes and
hypothesis about the future evolution of the hill. Present-day slope processes on Camaldoli Hill are largely controlled by the
presence of weathered and reworked deposits, whose nature and thickness have been analysed and mapped in detail. Four main
kinds of slope processes have been recognized: falls and toppling failures from NYT; small-scale slides in the weathered and
pedogenized loose cover; mixed events, represented by slides evolving to hyperconcentrated flows, mud flows and debris flows;
and areal and linear erosion. Consequently, a high number of mass movements not previously documented have been mapped. At
the same time, an insight into the sedimentation rate due to the overall slope processes, covering a time-span of about 5 ka, was
given. Some final considerations regarding landslide hazard are presented in the context of the most suitable remedial works.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The complex interplay between the soil–subsoil sys-
tem and the anthropogenic built environment in an
urban area poses many difficult engineering-geological
problems which have to be properly faced by humans.
Especially in urban settings, where humans have resided
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since early historical times, these factors play a para-
mount role. The city of Naples was founded in the VII
century BC, and represents a typical example of a
stratified city. Since the foundation of Naples human
activity has deeply modified the local environment: as a
consequence, the remarkable expansion of the city in the
last four centuries caused underground cavities and
infrastructure, sewage network, and retaining works to
be among the main sources of technical problems. All of
this is currently emphasized by a population density
(more than 9000 inhabitants/km2) among the highest in
the world. To these aspects, slope instabilities need to be
added because vast portions of the metropolitan area of
Naples are characterized by hillslope morphologies
(Fig. 1).

Recent and repeated episodes of slope movements at
Naples and other sites in Campania (January 1997, May
1998, September 2001, April 2002, December 2004 and
March 2005, only to cite the most important) created an
awareness of the landslide hazards in the region, and
pushed earth scientists, land planners and decisionmakers
to undertake research aimed at evaluating the hazard and
at mitigating the related risk. In this regard, it has to be
noticed that the Italian government, through local autho-
rities, has declared the city of Naples, with a special
emphasis on theCamaldoli hill, a national priority in terms
of landslide risk mitigation.

This paper examines the Camaldoli hill, the highest
ridge within the inhabited Neapolitan area at 458 m
a.s.l., with particular reference to its western slope, just
above the densely populated district of Pianura. The
presence of morphologies typical of the whole Neapolitan
area, and the occurrence and frequency of a variety of
Fig. 1. View of the western slope of the Camaldoli Hill, showing the inhabited
top highplain.
slope movements, combined with the proximity to a
densely urbanized area, still in expansion, makes the
Camaldoli Hill a suitable site of analysis for landslide
hazard assessment in the metropolitan area of Naples.

The western slope of the hill has been studied by
combining stratigraphic and geomorphological analyses.
The first were focused at defining the exposed volca-
niclastic deposits, their geometrical relationships, the
nature and genesis of the surfaces separating them, and
their main weathering products. Facies analyses allowed
also to define the transport and depositional mechan-
isms. These analysis were integrated with results from
subsurface explorations (boreholes and trenches) to
define the sedimentation rate, and to discriminate bet-
ween the intervals deriving from water-laid processes
and those produced by slope movements. Use of the
drilled sequences was necessary, due to lateral migration
of the depositional systems, which causes the calculated
sedimentation rates to be representative only locally, and
not be extendable to the whole sedimentation basin. The
drilled sequences, on the other hand, are representative
of longer time intervals, which allowed us to characterize
depositional systems active at least over the past 2.0–
3.8 ka. The sedimentation timing was defined using
pyroclastic deposits of known age, archaeological
findings and man-made structures.

The geomorphological analyses, on the other hand,
made possible a zonation of the area in terms of mor-
phological features, and a differentiation of the slope
movements affecting each sector of the Camaldoli Hill.
A variety of landslides occur at the site, which makes
particularly difficult, even due to problems in accessi-
bility to some sectors of the hill, any effort toward
area of Pianura on the basal plain. Note urbanization of the hill on the
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mitigation of the landslide risk through active measures.
The spatial distribution of slope movements at the
Camaldoli Hill defined in this study, as well as the
maximum expected areas of invasion by landslide ma-
terial, have recently been directly verified in the field on
the occurrence of further episodes of slope movements,
which have been registered in December 2004 and
March 2005.

2. Geological setting

The Camaldoli hill (Fig. 2) is the north-eastern
morphological boundary of the Campi Flegrei caldera
Fig. 2. Structural map of C
(CFc), a restless, nested structure generated by two main
collapses, related to the Campanian Ignimbrite (CI —
39 ka; De Vivo et al., 2001) and the Neapolitan Yellow
Tuff (NYT — 15 ka; Deino et al., 2004) eruptions (Orsi
et al., 1992, 1996). Volcanism in this area is related to
Plio-Quaternary extensional tectonics that deformed the
western margin of the Apennine chain and formed the
graben structure of the Campanian Plain (Ippolito et al.,
1973; D'Argenio et al., 1973; Finetti and Morelli, 1974;
Bartole, 1984). The beginning of volcanism in the area is
not precisely defined. The oldest dated rocks, which are
not the lowermost in the stratigraphic sequence, yield an
age of about 60 ka (Pappalardo et al., 1999) and are
ampi Flegrei caldera.
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related to explosive volcanism which extended beyond
the present CFc margin. The complex shape of the CFc
results from an interplay between constructive volcanic
and destructive volcano-tectonic events. Sea level varia-
Fig. 3. Geological map of the study area. In the inset location
tions also greatly contributed to the present morpholog-
ical setting.

The first event that strongly influenced the
geological and structural evolution of the area is the
s of boreholes, trenches, and cross sections are shown.



Table 1
Description of stratigraphic units, listed from oldest to youngest

Unit Stratigraphic position General features Vent area
(volcanic edifice)

Genetic process

Campanian
Ignimbrite (CI)

The base is not exposed in the
mapped area, while it is
unconformably overlain by
all the younger units

Sequence of variably welded blackish,
flattened scoriae, in a light-grey ash
matrix (Piperno), locally conformably
overlain by a coarse, polygenetic and
eterometric breccia (Breccia Museo)
and a low-grade, reddish-grey ignimbrite.
Subvertical degassing pipes are common
within Breccia Museo and Piperno. The
whole sequence is almost horizontal or
gently eastward dipping. Although the
maximum exposed thickness is about
20 m, geometrical restoration allows to
estimate a maximum value of
about 70 m.

Campi Flegrei
caldera

Caldera-forming
eruption

Masseria del
Monte Tuff

It overlies a westward dipping
erosional unconformity or a
poorly developed paleosol above
CI. At Masseria del Monte, it
mantles a high-angle
unconformity cut in the Piperno.
Unconformably overlain by
younger deposits.

Poorly lithified, strongly laminated,
greyish-white sequence of plane-parallel
to cross-stratified ash beds with pumice
layers and lenses, gently westward dipping.
Pumice fragments are greyish-white,
subangular, well vesiculated and porphyritic
with feldspar and biotite phenocrysts.
Impact sags indicate easterly provenance.
The sequence, intensely fractured, attains
a maximum thickness of 50 m
at Masseria del Monte.

Remnant of a tuff
cone, whose vent
was likely
located in the
area of Soccavo.

Phreatomagmatic
eruption

Verdolino Tuff It lies above a high-angle
unconformity cut into the
Masseria del Monte Tuff and
CI deposits.

Plane-parallel to cross-stratified sequence of
ash layers containing pumice and lithic
fragments. Pumice fragments, both angular
and sub-rounded, are well vesiculated, grey
and porphyritic with phenocrysts of feldspar
and subordinate biotite and pyroxene. Lithic
fragments are lava clasts. Impact sags
indicate provenance from the eastern
quadrants. The tuff, usually yellow and
zeolitized, east of Masseria del Monte shows
a grey and poorly lithified base. Exposed
along the entire Camaldoli hill slopes
(maximum thickness about 50 m at Masseria
del Monte), it generally dips towards the
W–NW, and is intensely fractured.

Remnant of a
tuff-cone, whose
vent was likely
located in the
Soccavo area

Phreatomagmatic
eruption

Overlain by the NYT (15 ka),
and locally by slope deposits
thinner than 0.5 m.

Neapolitan
Yellow Tuff
(NYT)

It unconformably lies above all
the older deposit and is
unconformably overlain
by all the younger deposits

Strongly zeolitized succession of massive-to-
laminate ash layers of contrasting grain-size,
with scattered pumice and lithic fragments
(Upper Member; Orsi et al., 1992) forming
steep cliffs in the upper portion of the hill
slopes. An alternance of loose-to-cohesive,
thin fine-ash beds and pumice layers (Lower
Member; Orsi et al., 1992), not thicker than
few meters locally occurs in the lower part of
the sequence. The tuff varies in thickness
from a few tens of meters, near the top of the
hill, to about 100 m in the area of the Zoffritta
quarries. Cooling fractures as well as joints
and fractures, associated with the main fault
systems affecting the Camaldoli hill,
contribute to deformation of this unit.

Campi Flegrei
caldera

Caldera-forming
eruption
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Table 1 (continued )

Unit Stratigraphic position General features Vent area
(volcanic edifice)

Genetic process

Old landslide
deposits

These deposits are eteropic with
the Plain and valley-bottom
deposits. Overlain by paleosol B.

Mainly m-sized blocks of NYT supported by
a fine-to-coarse sand matrix forming lobes
along the steep slopes between Eremo dei
Camaldoli and Nazareth. Morphological
evidence suggests that the thickness
could vary between a few and a few tens
of meters.

Mass movements
generated by fall-
toppling coupled
with debris
sliding
mechanisms

Volcanics
younger than
15 ka

The sequence unconformably
mantles the older units and is
overlain by the younger deposits.

Sequence of pyroclastic deposits and
paleosols. Pyroclastic rocks are mainly
fallout and subordinately surge deposits,
composed of ash and lapilli sized pumice
layers. Ash beds are variably cohesive
and contain accretionary lapilli, scattered
pumice and lava and tuff lithic clasts.
Pumice layers, usually well sorted, contain
a variable amount of lithic fragments
and vary in thickness from few centimeters
to tens of centimeters. Paleosols, usually
developed on ash or reworked deposits, show
variable degree of humification. The entire
sequence varies in thickness between few
and 30 m. Locally it has been reworked
for terrace-cultivation and building construction.

NYT caldera Phreatomagmatic
and magmatic
eruptions

Plain and
valley-bottom
deposits

Sequence of sand and silt layers and lenses,
containing variably sized pumice, lavas
and tuffs fragments, and, locally,
manufactured goods of variable age. Layers
are loose and well sorted. Lenses usually
have concave base and flat top, and
vary in amplitude from a few tens of
centimeters to few meters. The sequence is
composed of regular successions of coarse
sand, fine sand and silt, from base upwards.
Each succession shows a basal erosional
unconformity. Locally, at the main valley outlets,
the sequence is interbedded with massive,
poorly sorted, slightly cohesive and vesiculated
silty-sands deposits thinner than 0.1 m.
Total thickness of the unit, very variable according
to local paleomorphology, is comprised
between 0.5 and 5 m within valleys,
and more than 5 m at the footslopes.
This unit has been locally reworked to make
terraces for agricultural and building purposes.

Water-laid and
flood episodes,
intercalated with
hyperconcentrated
flows

Slope deposits Unconformably mantle all the
older units

Chaotic deposits composed of tuff blocks
of variable shape and size (0.1 m to few meters),
with a fine-to-coarse sand matrix. The
thickness of this unit does not exceed 1 m
along the steep slopes between Masseria del
Monte and Piccola Lourdes, and varies between
1 and 5 m at the foot of the slope between
Piccola Lourdes and Case Cannavino.

Surface alteration
and humification
of the Masseria
del Monte and
Verdolino Tuffs
and erosion of the
overlying NYT
and Pyroclastic
deposits younger
than 15 ka.

Anthropogenic
deposits

Chaotic deposits composed of etherometric blocks
of tuffs, lavas, concrete, pottery, and a variable
amount of manufactured goods of industrial age, in
a fine-to-coarse sand matrix, usually produced by

This unit includes
all the deposits
generated by the
accumulation of

(continued on next page)
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Table 1 (continued )

Unit Stratigraphic position General features Vent area
(volcanic edifice)

Genetic process

the destruction of the component blocks.
They usually lie at the bottom of open-cast
quarries or at the exit of underground quarries,
and both along the slopes and at the valleys
bottom. The thickness, very variable depending
on the local paleomorphology, never exceeds 5 m.
In quarries at valleys outlet, often recent alluvial
sediments are interbedded within the sequence.

discarded
materials,
produced by
quarrying and
building activities

Anthropogenic
deposits

138 D. Calcaterra et al. / Geomorphology 87 (2007) 132–157
CI eruption. This eruption extruded at least 200 km3 of
magma (Fedele et al., 2003) and was accompanied by
the collapse of a 230 km2 wide caldera, which
includes the city of Naples, the Campi Flegrei, and
part of the Naples and Pozzuoli bays (Fig. 2). The
pyroclastic rocks, mainly formed by dilute and
turbulent pyroclastic currents covering an area of
about 30,000 km2, greatly modified the landscape. The
currents were able to surmount a topographic barrier
higher than 1000 m, towards the north and the east,
and to flow as far as the Sorrento peninsula, to the
south. After the CI eruption, between 39 and 15 ka,
volcanism was concentrated within the collapsed area
and produced mainly explosive and subordinately
Fig. 4. Reconstructed, generalized, stratigra
effusive eruptions that generated poorly dispersed
pyroclastic deposits, tuff-cones and lava domes.

The NYT phreato-plinian to phreato-magmatic erup-
tion occurred at 15 ka. During this eruption at least
40 km3 of magma were erupted and a 90 km2 wide
caldera formed within the earlier CI caldera. Pyroclastic-
currents and fallout deposits were emplaced over an area
of about 1000 km2, mainly north-east from the source.
Although the CFc is generally subsiding, an ongoing
resurgence affects the central portion of the NYTcaldera,
and has generated in the past 15 ka a maximum net uplift
of about 90 m (Orsi et al., 1991, 1996). Not less than 70,
mainly explosive, eruptions have occurred within the
NYT caldera, concentrated in three phases of activity
phic sequence of the Camaldoli hill.
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separated by two periods of quiescence (Di Vito et al.,
1999), evidenced by twowidespread paleosols, named A
(9.5–8.6 ka) and B (8.2–4.8 ka), respectively. The last
eruption occurred in 1538 AD, after a 3 ka long period of
Fig. 5. Geologica
quiescence, and formed theMt. Nuovo tuff cone (Di Vito
et al., 1987). In the past 35 years the CFc has been
affected by several unrest episodes with a net uplift of
about 3 m (Orsi et al., 2004 and references therein).
l sections.
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Volcanism and volcano-tectonism in the past 39 ka
greatly contributed to the present morphostructural
setting of the Neapolitan–Phlegraean area. Eruptions
built a large number of monogenetic volcanoes, the
youngest of which are well preserved. In some cases
the original volcanic morphologies have been moulded
or partially dismantled by tectonic and volcano-
tectonic events, and intense erosional and deposition
processes of pyroclastic deposits. One of the main
morphological features of the CFc is the large number
of coastal and internal plains, located at variable
elevation and related to volcanic and volcano-tectonic
deformation events. Some depressions within the NYT
caldera have been periodically submerged by the sea,
as demonstrated by type of sediments and presence of
depositional or erosional landforms (i.e. marine
terraces, sea cliffs). General subsidence of the CFc
and resurgence of the central portion of the NYT
caldera also contributed to the complex morphology of
the area. In particular the 458 m high Camaldoli hill,
which dominates the Phlegraean landscape, is the
result of a complex interplay between deformation
events, such as the CI and NYT caldera collapses, and
constructive volcanic episodes younger than the CI
eruption.

2.1. Geology of the Camaldoli hill

A detailed geological survey at 1:2000 scale of the
western slopes of the Camaldoli hill has allowed us to
reconstruct the stratigraphic sequence and the structural
setting of the hill (Fig. 3). The field survey has been
integrated with aerial photo (scale 1:2000) interpretation,
and stratigraphical, sedimentological and mineralogical
analyses of cores of 43 boreholes and of 40 trenches
(Fig. 3). The recognized rock bodies include volcanic
and non-volcanic sediments, the main characteristics of
which are reported in Table 1, whilst their geometric
relationships are shown in Figs. 3, 4 and 5. The stra-
tigraphic sequence of the area was first reconstructed by
Rittmann (1950). The lowermost unit is the CI, which
includes the Piperno, Breccia Museo, and ignimbrite
members (Barberi et al., 1978; Fisher et al., 1993; Civetta
et al., 1997). This sequence, almost horizontal or gently
dipping eastward, is exposed in the area of Piccola
Lourdes, at Masseria del Monte and at Case Cannavino,
where it was intensively quarried until the beginning of
the XXth century. Rittmann (1950) included the
pyroclastic rocks of the area, emplaced between CI and
NYT, in a unit named Tufi Biancastri (Italian for Whitish
Tuffs). Orsi et al. (1996), based upon recognition of
paleosols and erosional unconformities, subdivided the
sequence in five units, each related to a different erup-
tion, and named them VRa through VRe, from base
upwards. In the mapped area, only units VRb and VRe
have been found and herein are named Masseria del
Monte Tuff and Verdolino Tuff, respectively. These two
sequences are remnants of tuff cones. The Masseria del
Monte tuff cone has been deeply eroded during the last
glacial lowering of the base level (18–14 ka), therefore
its age is bracketed between 39 and 14 ka. The Verdolino
Tuff lies above a high-angle unconformity cut into the
underlying Masseria del Monte Tuff and Campanian
Ignimbrite, and is in turn overlain by the NYT (15 ka).
Therefore its age must be between 18 and 15 ka.

Old landslide deposits are constrained between the
NYT at the base and the Paleosol B at the top. Very
likely these landslides were induced by intense defor-
mation events between 15 and 8 ka.

The sequence named Volcanics younger than 15 ka
includes the deposits of a large number of the CFc
eruptions younger than NYT. Volcanism and related
products, as well as deformation of the caldera, have
been recently described by de Vita et al. (1999), Di Vito
et al. (1999), Orsi et al. (1999, 2003) and Isaia et al.
(2004). Paleosols A and B, which separate the deposits
of the three epochs, have been used as marker layers as
they are widely distributed over the entire Neapolitan
area.

Plain and valley-bottom deposits, and slope deposits,
are generated by surficial processes which affect all the
exposed rocks. The Anthropogenic deposits result from
the thousands-of-years long presence of humans in the
area (Orsi et al., 2003).

A thickness map of the loose deposits was elaborated
(Fig. 6), based on stratigraphic and stratimetric data
collected during field surveys, integrated with drilling
and trench data (Figs. 3 and 4). These deposits, which are
all younger than the NYT, have been subdivided in two
groups according to their depositional mechanism. The
first group includes the pyroclastic sequence, further
subdivided in four thickness classes: class 1=0.0–0.5 m;
class 2=0.5–1.0 m; class 3=1.0–5.0 m; class 4N5.0 m.
The second group includes old landslide, slope, plain and
valley-bottom deposits related to water-laid transport
and slope movements, as well as anthropogenic deposits,
subdivided in two thickness classes: class 5=0.5–5.0 m;
class 6N5.0 m. Classes 4 and 6 are the most represented
in the map of Fig. 6. Class 4 prevails near the top of the
hill and along gently dipping slopes; class 6 dominates
within the plain.

The Camaldoli hill is located along a N–S to NW–SE
trending arched sector of the northern margin of the CFc.
Deformation during the CI caldera collapse was



Fig. 6. Thickness map of loose deposits at the western slope of Camaldoli Hill. Pyroclastic sequences: class 1=0.0–0.5 m; class 2=0.5–1.0 m;
class 3=1.0–5.0 m; class 4N5.0 m. Old landslide, slope, plain and valley-bottom and anthropogenic deposits: class 5=0.5–5.0 m; class 6N5.0 m.
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accommodated by both activation of newly formed faults
and reactivation of pre-existing NE–SW and NW–SE
trending regional faults. All these features have been
later reactivated during deformational events related to
the NYT caldera collapse and by volcanic and volcano-
tectonic activity of the first epoch of volcanism of the
CFc (15–9.5 ka). The present structural setting is
characterised by two main fault systems, trending N–S
andN80E, and by a subordinate N40W system. The N–S
system includes vertical faults, active at least between 39
and 15 ka, which downthrow to the west the units
exposed along the western slope of the Camaldoli hill.
The scarps exposed at the foot of the slope, bordering the
Pianura plain to the east, result from the morphological
evolution of fault planes. Along these planes, the largest
displacement has been achieved by the westward
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downthrowing of the Piperno and Breccia Museo
Members of the CI. Faults related to this system have
generated maximum vertical displacements on the order
of 10 m along the slope, and have progressively
downthrown westward the NYT and the underlying
sequence. Such a deformation has locally caused an
apparent thickening or doubling of the exposed succes-
sions. This fault system is sutured by deposits younger
than the NYT towards the north, where they attain their
maximum thickness.

The N80E system crosscuts the N–S system gener-
ating differentially displaced blocks. The vertical
displacement along each fault does not exceed 10 m.
Deep fracturing of the rocks, caused by faulting, fav-
oured the triggering of complex gravitational move-
ments, which generated thick deposits of detrital material
at the foot of the steepest slopes. This fault system is also
sutured by the deposits of the past 15 ka and, in
particular, by Paleosol B (8.2–4.8 ka) and a pyroclastic
sequence of the third epoch (4.8–3.8 ka).

The subordinate N40W fault system was originated
by partial reactivation of regional faults, which have
been certainly active between the CI eruption and the
first epoch of recent volcanism. Field evidence indicates
that sequences including the NYT and older units were
downthrown to the southwest by this fault system. The
Fig. 7. Typical slope morphologies at the Camaldoli Hill: (a) frontal view of
slightly incised valleys; (b) example of deep valley in the northern sector, with
the upper reach of the drainage, and the illegal dumping of solid wastes.
orientation of the slope between Piccola Lourdes and
Masseria del Monte (Fig. 3) is inherently influenced by
these structures, which also significantly deformed the
NYT, located in the upper portion of the hill. The largest
vertical displacement of about 10 m was attained along
the faults activated between Eremo di Camaldoli and
Piccola Lourdes. In adjacent areas the displacement did
not exceed few meters.

The vertical displacement of all the faults never ex-
ceeding 10 m, results in minor offsets of the faulted rock
bodies. Furthermore, as their activity is older than 5 ka,
the offsets are generally masked by the pyroclastic depo-
sits of the III epoch.

Minor, closely spaced and pervasive structures, such
as joints and fracture cleavage in thin stratified rocks, are
associated with the described fault systems. These fea-
tures, resulting from brittle deformation, have generated
an intense jointing in blocks, varying from tens of cen-
timeters to tens of meters, mainly in the lithified rocks at
the tops of the steepest slopes.

3. Geomorphological setting

The main morphological features of the western slope
of Camaldoli Hill are represented by several subvertical
cliffs, either of structural or erosional origin. In the latter
the southern sector, mostly planar, and with a limited development of
steep walls and gradient. Note the proximity of houses and buildings to
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case, these landforms are derived from the different
response of exposed lithologies to erosion: zeolitized
pyroclastics, Neapolitan Yellow Tuff, Soccavo Tuff, and
Whitish Tuffs show vertical cliffs, whereas the gradient
is much lower where loose deposits crop out. Among the
tectonically-controlled cliffs, the most prominent is that
between altitudes of 300 and 400 m a.s.l. This cliff took
origin from the parallel retreat of a fault plane in the
NYT, and has therefore to be dated after NYT em-
placement, somewhere between 12,000 and 9500 years
BP. Other scarps controlled by tectonics are those located
Fig. 8. Geomorphological zonation of the western slope of Camaldoli Hill. (1
marks the location of Piccola Lourdes, letter B that of Vallone S. Antonio. T
at the footslope, and those which border the urban area of
Pianura. They derive from the morphological evolution
of fault planes belonging to the N–S system.

The western slope of the Camaldoli hill is morpho-
logically subdivided in two distinct sectors: the southern
sector, extending from Vallone S. Antonio to the south,
and the northern sector, where the main slope direction
curves from N–S to about NW–SE (Fig. 3).

The southern sector is mostly planar, with steep cliffs,
mainly concentrated at the middle-upper slopes along a
transverse profile (Fig. 7a); the valleys are of limited
) Top highplain; (2) main slope; (3) footslope; (4) basal plain. Letter A
he inset refers to Fig. 9.
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development, and are not deeply incised. Several slope
instabilities affect this sector, mainly occurring as de-
tachments of small to medium volumes of rocks, depo-
sits (blocks up to 3–4 m3) from which fill the gulches on
the lower slope.

The northern sector, on the other hand, presents as a
main morphological feature a number of deep canyons
(Fig. 7b) which terminate just above the inhabited area
of Pianura, often in correspondence with areas devoted
to past quarrying activity. This activity caused major
changes in the original morphology, and today the old
quarries contain thick fillings of detritus derived from
the extraction. The valleys are up to 800–900 m long,
hierarchically organized up to the III order, and with
gradients that often are above 40–60°, locally reaching
vertical at the cliffs in the lithoid materials. The valleys
are strongly controlled by tectonics, as evidenced by
the linear path, the sharp bends, and the frequent steps,
some up to several meters high, in the transverse
profile.

In the northern sector, slope instability consists of
several small to medium-size slides, and rock falls and
topples at the vertical cliffs, which mostly correspond to
old quarry walls, which are currently abandoned. In
addition, deposits from landslides and erosion, mixed
with solid wastes, are quite frequent within the deep and
narrow valleys.

The transverse profile of the hill can be subdivided
ideally into four different parts: the top highplain, the
main slope, the footslope, and the basal plain. These
sectors will be described in the following with the help of
Fig. 8, which is an extract from the geomorphological
map produced for the whole western slope of the
Camaldoli hill. It covers the stretch of the slope that
includes the passage from the northern, deeply-dissected
sector to the southern planar sector.

The top highplain is a low inclined NW-dipping
surface at elevations between 300 and 460 m a.s.l. As
previously mentioned, this sector has been historically
occupied by humans, which is also the origin of the
diffuse environmental degradation and pollution, since
solid wastes are illegally dumped into the valleys below,
and liquid wastes are discharged along the main water
lines and valleys.

The main slope is between the top highplain and the
footslope, and presents the morphological differences
previously outlined: the southern sector has mostly
planar slopes with medium-high gradients (30–50°),
locally reaching vertical; the northern sector, on the other
hand, is more articulated, with several structurally-
controlled and deep-incised valleys, which appear to be
hierarchically organized.
In many cases solid wastes mixed with landslide
deposits have been observed within the valleys. The
presence of wastes at the thalweg of the valleys may
cause, on the occasion of rainfall events, their remobi-
lization and transport, so increasing the overall volume
of materials transported downvalley; or, alternatively,
they may create blockages, and cause the accumulation
of further materials upvalley, with the likely conse-
quence of sudden release of large amount of mixed
deposits (Parise et al., 2004). At the mouth of some
valleys, fan deposits have been recognized.

Land use changes are not limited to the top highplain,
but occur also on the slope in the forms of terraces for
agricultural practice, which are generally bordered by
steep scarps on the valleyside. Some sectors of the
western slope of the Camaldoli Hill are completely
terraced, for example the ridge between Piccola Lourdes
and Varchetta Valley (Fig. 9). Terraces are so widespread
in some drainages that they are the main landform visible
on the slopes. Pathways to enter the terraces and cultivate
the fields frequently coincide with the old water ways
and, on the occasion of rainstorms, work again as
preferential lines for surficial runoff. Notwithstanding
the widespread man-made terracing, remains of natural
flat areas which can be correlated from one drainage to
the other, are identifiable at different heights on the
slopes.

Deepening of the drainage ways by linear erosion
along the sectors located uphill from themain cliffs in the
NYT has a double effect regarding slope instability: first,
it favours the detachment of rock falls from the cliffs,
and, second, it determines the development of hollows
where the accumulation of debris, and their consequent
removal by water, may occur. The hollows are in
continuous transformation, and cause retreating of the
watersheds, which, if not mitigated in some way, could
induce instability and produce hazards to the infrastruc-
tures and houses at the border between the main slope
and the top highplain.

In recent years, morphodynamics of the main slope
seems to be also controlled by the effects of wild fires. A
recent survey has shown that, from year 2000 to 2003,
152 wild fires, generally covering small areas (90% of
the wild fires extended less than 10,000 m2), involved
the Camaldoli hill, burning more than 1,300,000 m2 of
land. As a consequence, landslides and, above all, sheet,
rill and gully erosion were observed, with the main
instability events registered in August 2001.

The footslope is the transition zone between the main
slope and the basal plain where the inhabited area of
Pianura is developing. This sector originated from the
accumulation of debris coming from the main slope



Fig. 9. Geomorphological map of the area of Piccola Lourdes and Vallone S. Antonio. Explanation: (1) landslide scarp; (2) structurally-controlled
torrent; (3) ridge; (4) saddle; (5) torrent; (6) fan; (7) step in the valley; (8) areal erosion; (9) fall; (10) slide; (11) flow; (12) small landslide; (13) tuff
block; (14) flat area; (15) man-made scarp; (16) footpath; (17) path or incision with concentrated surface runoff; (18) intensely terraced area; (19)
solid wastes. Elevations shown by cross and numbers.
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which was deposited in the form of fans by erosional
and gravitational processes in correspondence with the
change in slope gradient. The fans were fed by different
genetic processes, from water-laid transport to debris
flows. Also in this area, the vicinity to the inhabited
area caused heavy changes in the original morphology,
and today it is not easy to recognize the original fans at
the footslopes. A specific example of the modification
by man exists at the terminal part of many valleys,
where a dense network of artificial channels has been
developed.

Many streams, in their path toward the inhabited area,
loose their morphological form and have been heavily
transformed, so that now the original stream has become
a pathway or road to facilitate access to fields. Modi-
fications of the natural surface runoff is quite common in
many areas of the Campania region, and played a signi-
ficant role in exacerbating the damage related to slope
movements during the recent catastrophic landsliding
events at Sarno, Quindici, and nearby towns inMay 1998
(Parise et al., 2002).

The basal plain is the flat sector where the inhabited
area of Pianura is located. It is morphologically similar to
the top highplain, since it is a flat, heavily populated,
Fig. 10. Slope instability map of the Naples area (after Beneduce et al., 1988
earth slump; (5) rock fall; (6) areal erosion; (7) linear erosion; (8) shallow la
sector. Uphill, the connection with the footslope is grad-
ual, through a number of terraces. Only the portion of the
plain which is closest to the footslope may be impacted
by arrival of deposits on the occasion of landslide and
flood events.

Eventually, it has again to be remarked the heavy role
exerted by man on the recent morphology of the
Camaldoli hill. Changes and modifications of the land-
scape have affected both the main slope and the low
gradient sectors at its borders, and resulted in increasing
the overall susceptibility of the slope to instability and
erosion. In particular, the following man-made actions
have produced the greatest impact in terms of instability
on the Camaldoli slopes:

➢ removal of the vegetation over wide sectors of the
slope, with consequent reduction of the natural
protective action with regard to the process of areal
erosion;

➢ modifications to the surface drainage network;
➢ discharge of liquid wastes in the valleys and

streams, and the illegal presence of landfills of
solid wastes within the valleys, or close to the
main roads in the area;
). Explanation: (1) terrace rim; (2) rapid earth flow; (3) debris slide; (4)
ndslide. The inset refers to Camaldoli Hill.
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➢ construction of pathways along streams, follow-
ing the higher gradients and with no drainage
works, aimed at collecting the surface runoff;

➢ lack of maintenance and cleaning of the valleys,
including the artificial channels at their terminal part;

➢ wild fires.

4. Slope movements, erosion and weathering

The first studies on slope movements in the town of
Naples date back to 1967, when a commission funded
Fig. 11. Geological sketch and landslide inventory of the western urban ar
reworked pyroclastics, alluvial deposits, fills; (2) loose pyroclastics younger
BP); (4) pyroclastics of the pre-NYT volcanic activity (Stratified Whitish Tu
tectonic collapse (Phlegraean Caldera); (6) minor rim of volcano-tectonic coll
(11) fall; (12) translational slide–flow; (13) fall–flow; (14) translational slid
by the Municipality published a volume about the
safety and stability conditions of underground Naples
(Aa.Vv., 1967). In this study, slope instability was only
marginally treated, because at that time the attention
mostly focused on sinkholes related to underground
cavities.

By the end of the 1980s, a specific study on slope
instability in the Phlegraean area had been recorded
(Beneduce et al., 1988): an overall number of 46 land-
slides were inventoried, about twenty of which were in
the western area of Naples. Most of these were related to
ea of Naples (after Calcaterra and Guarino, 1999a). Explanation: (1)
than 15,000 years BP; (3) Neapolitan Yellow Tuff (about 15,000 years
ffs, Breccia Museo, Piperno, Torre Franco Tuffs); (5) rim of volcano-
apse; (7) crater rim; (8) main fracture; (9) translational slide; (10) flow;
e–fall. Contour interval 50 m.
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the rainfall of the winter 1985–1986, and were located
in the Agnano area (Fig. 10).

Pellegrino (1994), within the framework of an archi-
val survey in the whole Province of Naples, and largely
taking into considerations the data from Beneduce et al.
(1988), reported over 120 landslides during the years
1986–1990. Calcaterra and Guarino (1999a,b) analysed
the recent slope instability in the territory of Naples, with
particular reference to 1996 and 1997 (Fig. 11). These
authors remarked that most of the landslides were
shallow slides, sometimes evolving to flows, and
affected all the main hilly districts of Naples, and
particularly the Camaldoli Hill. Eventually, Calcaterra
et al. (2002) examined the historical landslide activity in
Naples during the time span 1886–1996, and concluded
that slope movements seemed to progressively affect
areas where urban expansion developed in the last tens of
years. In this framework, less than 10% of the landslides
(out of the total 192) occur at the Camaldoli hill. These
numbers point out the low incidence that mass move-
ments had in the past in the morphogenesis of the
Camaldoli hill, at least in regards to landslides large
enough to be registered in the town chronicles.

The 1996–1997 rainfall and landslide events, on the
other hand, pushed local authorities and the scientific
community to study in detail the conditions of instability
in the metropolitan area of Naples. During that winter, in
fact, several episodes of slope instability involved the
Neapolitan hillslopes, the most important of which oc-
curred on January 10–11, 1997 (Calcaterra and Guarino,
1999a,b). On that occasion, from 9 to 10 January, about
110 mm of rainfall fell at Naples, with a peak hourly
intensity of 10 mm and a mean intensity of 2.7 mm. The
short-time event was preceded by a cumulated precip-
itation of about 1000 mm in 4 months, a value definitely
higher than themean annual precipitation. Consequently,
more than 300 shallow landslides, mostly of the soil
slide-debris flow type, involved essentially the loose
pyroclastics younger than 15 ka, causing severe damages
to man-made structures: about 40 of those mass move-
ments were surveyed on the western slope of the
Camaldoli hill.

Several geological and geomorphological studies
were specifically funded and devoted to analysis of the
stability conditions of slopes. In addition, the combina-
tion of field surveys and historical analysis resulted in the
collection of information on numerous landslides, and
the production of landslide inventory maps. An inven-
tory of 380 mass movements was, for example, recon-
structed for the period 1996–2001 by the Consortium
between Universities of Naples and Salerno for Previ-
sion and Prevention of Hydrogeological Risks (C.U.G.
Ri., 1998–2001). Forty of these affected the Camaldoli
area. Slope gradients at the detachment areas of these
mass movements form an approximate Gaussian distri-
bution, with values of gradient ranging from 27° to 65°
(C.U.G.Ri., 1998–2001).

4.1. Slope movements

Detailed geomorphologic surveys were performed on
purpose for this study to evaluate the susceptibility to
landslides at the Camaldoli hill. Results from this anal-
ysis, cross-checked and integrated by interpretation of
different sets of multi-year aerial photos, and by trench
and drilling examinations, were quite in contrast with the
outcomings of the previous studies on landslides in the
area. Thewestern slope of the Camaldoli Hill appeared in
fact to be affected by widespread landsliding, and
therefore has a medium to high susceptibility to mass
movements.

The logistic difficulties in accessing many of the sites
on the slope, and the presence ofmany vertical cliffs, have
to be taken into account, because they likely contributed
to an underestimation of the real number of landslides.

As shown in Fig. 12, in the overall sample of iden-
tified landslides, slides (mostly evolving to flows) are the
most common type of landslide on Camaldoli Hill. If we
consider, on the other hand, only the recent slope move-
ments, falls present the highest frequency.

4.1.1. Falls and topples
Vertical or near vertical rock walls are frequently

affected by detachment of blocks by fall or topple. Fail-
ure is controlled by the main discontinuity systems in the
rock mass, which can be identified at the mesoscale, and
determine the detachment of extremely variable volumes
of rock. The spatial relationship between fracturing of
the rock and geometry of the wall, and the development
of weathering processes, seems to control themechanism
of movement. Even within the quarries, especially at the
exposed walls, the effects of weathering on the rocks are
clearly evident. However, the degree to which the varia-
tions in engineering properties are attributable to weath-
ering, rather than original lithology is uncertain, and
have to be carefully examined for each single case.

Joints are widespread and open, especially at the
highest parts of the rock walls (Fig. 13). Nevertheless,
their persistence and continuity through most of the rock
wall (often down to the base) highlights the proneness to
slope instability.

Inclined joints characterize the great majority of the
examined cliffs, with at least three recognizable discon-
tinuity systems per site. Due to the effects of weathering,



Fig. 12. Frequency distribution of landslide types (n=261).
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the rock is more friable close to the discontinuities, and
crumbles into small pieces. Discontinuities are often
heavily stained and/or coated black; discoloration
penetrating up to 3–4 cm along variable and sinuous
fronts were also observed. Even though, based upon the
above observations, the rock can be considered weath-
ered to strongly weathered, it is not possible to quantify
the degree to which the rock strength has been reduced
by weathering.

In addition, as a further possible destabilizing factor, it
is worthmentioning the presence ofman-excavated caves
at the base of many quarries: these caves, which were
used in the past to store materials, are currently partly
used for the production of fireworks. Due to height of the
caves (several meters) and their overall length (in many
cases over several tens of meters), these features may also
play a role in enhancing slope instabilities. Unfortunately,
due to lack of permission to access the caves, it was not
possible to examine the likely connections between slope
instability and cave presence and distribution.
Fig. 13. Rock wall in one of the many quarries located in the footslope area.
quarries are today affected by frequent detachment and falling and toppling
Almost all the steepest cliffs, which are present at
various heights along the slope at Camaldoli Hill, are
affected by falls and topples. The closeness of anthro-
pogenic infrastructures (including houses) to the cliffs,
combined with the high susceptibility of the materials to
failures, determines high vulnerability and high specific
risk from these types of landslides. The most hazardous
situations are:

a) all the quarry walls, with particular reference to those
above Piccola Lourdes and the buildings in the Vallone
Sant'Antonio;

b) some sectors located immediately downvalley of the
main slope, e.g. those close to the road Vicinale dei
Monti.

In these areas recent falls have been observed, such as
that which involved CI materials on April 5, 2002, in the
proximity of the church Piccola Lourdes (Fig. 14a). At
this site, open fractures are still visible in the rock walls,
which could thus evolve into detachment zones of future
rockfalls.

The topography downslope from the detachment
zone controls the evolution of the mass movement after
the initial phase of fall or topple (Hungr et al., 1999;
Wieczorek et al., 1999; Parise, 2002). In the case of
slopes with more or less gradual gradient, detached
blocks may move and travel for long distance. However,
it is frequent that the displaced materials rest on the slope
below the detachment zone, after a more or less short-
range travel, as shown by the several blocks that are
visible on the planar slope of the Camaldoli hill. Some,
Quarrying activity in the tuff was very active in the past. Abandoned
of rocks.



Fig. 14. Examples of slope movements at Camaldoli hill: (a) rockfall that occurred on April 5, 2002 near Piccola Lourdes; (b) block fallen from a tuff
cliff and stopped by trees few tens of meters uphill from an inhabited area; (c) shallow soil slips in the Palmentiello drainage; (d) scar of a slide that
occurred in January 1997, and reactivated in 2000 (photo taken in July 2000). Cases (a), (c) and (d) involved weathered pyroclastic deposits.
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on the other hand, are able to acquire velocity and travel
downslope, reaching the footslope area: there, the man-
made terraces and the vegetation are important elements
for mitigation of the risk, since they might stop the
blocks or cause a decrease in their velocity (Fig. 14b).

In the northern sector of the study area, due to steep
gradients, detached blocks are generally able to reach
the valley bottoms, where they feed landslide debris
which can be later remobilized on the occasion of floods
and/or intense rainfall.

4.1.2. Slides–flows
Slides affect mostly the surficial pyroclastic cover,

involving thickness on the order of 0.5–1 m. They are
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therefore shallow slides or soil slips (Campbell, 1975;
Ellen, 1988), and involve the more weathered, generally
loose, portions of surficial cover (Fig. 14c). Triggering is
usually by rainfall; however, it must be mentioned that
the negative effect from anthropogenic activities on the
slopes, such as presence of mountain pathways, often
occurs because of alteration of the original surface
drainage. These pathways are not accompanied by any
drainage or water channelling works, and further present
unstable materials on the downvalley side, prone to be
involved in slope movements. Even though soil slips
have very high frequency in some sectors of the slope,
generally, displaced materials travel for short distances,
and stop along the slope, due to the small volumes
involved, and the low relief. In many cases the
detachment zone corresponds, or is located close to,
pathways in the area.

Slides generally involve soils above the pyroclastic
cover. Slide detachment areas have slope angle between
25° and 70° (Fig. 15). Landslide debris is generally
loose, since materials in the source areas are frequently
poorly consolidated. If the geomorphic configuration
downhill from the source is suitable to transport of the
detached material, this might cause partial blockage of
the temporary drainage ways at the valley bottom, and
deviations in the path of the water.

Both on the open slopes and within the valleys, slides
did not evolve generally to rapid flows, as commonly
occurs in other geological settings of the southern Apen-
nines of Italy (e.g. Campania Apennines, where pyro-
clastics cover limestone bedrock; Calcaterra et al., 2000;
Revellino et al., 2004). Such evolution, and the con-
sequent high mobility, is therefore not typical for the
Camaldoli hill, at least on the basis of the mass move-
ments inventoried and examined in the years 1988–
2000. On the other hand, the risk related to slides–flows
depends upon their occurrence in areas close to the
inhabited areas (the footslope and the borders of the top
highplain).

A different type of evolution may be registered when
the landslide debris, stored within the deep and narrow
valleys, is mobilized on the occasion of heavy rainstorms
in the forms of hyperconcentrated streamflow (Pierson
and Costa, 1987). Large amount of debris, including
landslide material, trees, and solid wastes, may be depo-
sited at the mouth of the valleys. This mechanism was
observed during the events of 15 September 2001 and 5
April 2002.

Even though several sectors of the western slope of
the Camaldoli hill have been involved recently in wild
fires, no specific relationships has been observed bet-
ween presence of burned areas and development of mass
movements, or, alternatively, an increase in erosion.
However, it has to be remarked that the burned areas did
not show evidence of very intense fires. Nevertheless, as
recently pointed out by Cannon and Reneau (2000), and
by Cannon et al. (2001), there is the possibility of an
increase in erosion and landsliding in burned areas,
which makes monitoring of these sectors necessary.

Eventually, as already observed in different geolog-
ical settings (Jibson, 1989; Calcaterra et al., 2000), due
to limited thickness of involved material in landsliding,
the recognition of these mass movements may be very
difficult because of the rapid growth of the vegetation
which tends to cover the morphological evidence of the
landslides (Fig. 14d). This problem might lead to an
inaccurate assessment of the landslide hazard (Parise,
2001), underestimating the real susceptibility of the
slope, and has to be properly considered when mapping
slope movements in heavily vegetated areas.

4.2. Erosion and sedimentation

In addition to mass movements, processes of erosion
have been observed in several areas of the Camaldoli
hill. Erosion phenomena are both of areal and linear
character, and consist mainly of the downslope trans-
port of loose deposits which, on the occasion of the
most intense rainfall, are mixed with blocks and solid
wastes. Due to a lack of drainage works along pathways
on the slopes, a relationship has been observed between
erosional processes and the roads and pathways in the
area.

With regard to erosional processes, the event of April
5, 2002, has to be mentioned when in approximately the
same area affected by the aforementioned rock fall, the
complete filling of a trench dug few days before was
observed. The trench was located at the mouth of Piccola
Lourdes valley. Filling consisted of sandy-loam deposits
which were transported in pulses following several
rainfall events between April 3 and 5. In detail, on
April 4, after about half an hour of rainfall with average
intensity of 6 mm/h, the trench was reached by flow of a
mixture of water and mud: in about 15 min, an estimated
volume of about 8 m3 was deposited. At the end of the
rainstorm, on April 5, about 11 m3 of sediments had been
deposited within the trench.

4.3. Weathering

Usually in volcanic terrains large volumes of volcan-
iclastic debris are produced and transported by process-
es, which are collectively called epiclastic processes, that
include gravitational collapse or mass-wastage, chemical



Fig. 15. Slope gradients in the detachment areas of slides/flows (n=160).
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and physical weathering, and transport processes
involving wind or water (Cas and Wright, 1987).
Volcaniclastic materials may be affected by secondary
mineralization processes, both during and after their
deposition. These processes mainly affect the glass
matrix of the deposits, as the amorphous fraction is much
more reactive than the crystalline one, due to the
different bond energy linking simple and complex ions
into the structure (de' Gennaro et al., 1973). Therefore,
as is the case of many Phlegraean volcanics, the amount
of epigenetic minerals in pyroclastic deposits is
proportional to the original glass fraction. The main
agent of glass and crystals alteration is water, which
causes in sequence hydration, hydrolysis and dissolu-
tion. According to the physical–chemical conditions of
both deposits and circulating fluids, the alteration pro-
cess can induce crystallization of tectosilicates (zeolites)
or phyllosilicates (clay minerals). Zeolitization is the
most diffuse process and affects most of the Phlegraean
pyroclastic rocks (CI, NYT, Masseria del Monte and
Verdolino Tuffs). Argillation (Keller, 1958), mainly
produced by meteoric water-induced weathering, affects
the upper portions of the exposed pyroclastic deposits.
The high permeability of these rocks and the presence of
a permeable bedrock, composed of fractured zeolitized
tuffs, at the Camaldoli hill, favour leaching and crystal-
lization of hydrous aluminosilicates. In the uppermost
humified layers, allophane is the dominant mineral, with
subordinate smectite and halloysite; this latter prevails in
pumice lapilli beds. The soils of the Camaldoli hill
(di Gennaro and Terribile, 1999) have been subdivided
in: (a) soils with a moderately differentiated profile and
andic properties, developed on loose-to-lithified ash and
pumice fallout and density current deposits; (b) anthro-
pogenic soils with a slightly differentiated profile; (c)
subordinate, thin soils developed on lithified tuffs. These
soils usually overlay complex sequences of vitric and
allophanic soils, locally resumed by erosional processes,
interlayered with slightly altered ash and pumice lapilli
beds. Among the typical properties of the Phlegraean
soils, characterized by variable andic properties, are low
apparent density, high hydric retention, and high content
of organic matter in the uppermost horizons.

The Camaldoli Hill is composed of a backbone of
lithified (welded, sintered or zeolitized) rocks, mantled
by loose pyroclastic, epiclastic and anthropogenic depo-
sits, characterized by abrupt thickness and facies varia-
tions. Variable erosion, transport and deposition (or re-
deposition) mechanisms contributed to rework these
deposits and to distribute the detrital material along the
slopes, and onto the plain, at variable distances from the
footslope.

The loose and unconsolidated deposits largely crop-
ping out at the western slope of the Camaldoli Hill are
derived from weathering processes affecting the outer-
most portion of the volcanic sequence. Discriminating
between in-situ weathered and reworked deposits along
the slope is not an easy task, due to complexity, in both
the lateral and vertical senses, of the sequence, and to
superimposition of different processes of deposition.
Nevertheless, field surveys and site investigations re-
vealed the presence of various kinds of weathered or
reworked products, outcropping at different positions
along the slope.

In the uppermost reaches of the slope, a modern soil
horizon is typically present, consisting of humified fine-
to medium-grained ashes, brown to black in color, with
dispersed fragments of pumice, lavas and tuffs. Its usual
thickness is on the order of 0.2–0.5 m, locally increasing
to 1.5–2.0 m due to agricultural practices. This top-soil
horizon represents the product of the in-situ weathering
and eventual pedogenization of the underlying loose



Fig. 16. Standard Penetration Tests of surficial deposits at Camaldoli hill: (a) overall plot; (b) tests performed at the upper reach of the main slope.
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pyroclastics: it can be considered equivalent to either
saprolite or residual soils of the typical weathered se-
quence in crystalline rocks (Geotechnical Control Office,
1984; Geological Society Engineering Group Working
Party, 1995). The tendency of pyroclastic terrains to easily
form pedogenised horizons is further evidenced by the
frequent occurrence at variable stratigraphic height of
more or less developed palaeosols, formed during very
short time-intervals (Di Vito et al., 1999; Isaia et al.,
2004).

In the middle-lowermost sectors of the hillside, an
almost continuous cover of colluvial deposits mantle the
oldest formations (from NYT to CI), fed by the erosional
processes active on the slope. Colluvial deposits were
drilled in several boreholes, showing a thickness between
2 and 8 m; these deposits are predominantly brown silts
and medium- to fine-grained sands, sometimes humified,
generally massive, with rounded pumice.

At the footslopes, especially at the mouths of gullies
and valleys, various kinds of displaced terrains were
recognized, being related to slope processes such as areal
or linear water-laid deposition, debris flows, hypercon-
centrated flows, rock falls. Their thickness is highly
variable and may reach values up to 16 m.

Fills and man-made deposits prevail in the subsoil of
the urban area, especially where quarrying activity has
produced thick deposits of strongly heterogeneous
materials, usually including blocks of tuff formations:
these layers have been explored to a depth of 15 m from
ground-surface.
Site investigations gave further emphasis to the pre-
sence and role of the weathered and reworked materials.
Ninety-four Standard Penetration Tests (SPT) were
executed during a campaign devoted to the geotechnical
characterisation of Camaldoli Hill. The tests were
located in some of the boreholes (Fig. 3) involving the
surficial deposits (volcanics younger than 15 ka), down
to maximum depth of 20 m. Overall, penetration resist-
ance is not related to depth (Fig. 16a), clearly evidencing
the pronounced structural and textural variability of
loose deposits over the study area. However, if only the
SPT data related to primary pyroclastic terrains and to
their weathered products are considered, hence exclud-
ing displaced and man-made materials, a fair linear
relationship is found (Fig. 16b). Moreover, in the first
5 m below the ground surface, less than 10 blows were
constantly measured when performing SPTs, whilst the
highest resistances were observed at a depth greater than
10 m.

5. Discussion

Present-day slope processes of Camaldoli Hill are
strongly controlled by the widespread presence of
weathered and reworked deposits on the slopes. In fact,
several types of slope instabilities affect the surficial
deposits which are derived from the underlying parent
rocks. This observation caused us to pay greater attention
to these deposits, aiming for a closer comprehension of
their role in the overall hazard posed by the Camaldoli
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slopes to the downslope settlements. Within this scope a
thickness map of the loose deposits was elaborated
(Fig. 6): it shows that the deposits thicker than 5 m (class
4 and class 6) prevail near the top of the hill, along gently
dipping slopes, and within the basal plain.

Distribution on the slope, and thickness of the loose
deposits have then to be considered together with the
data coming from the trenches and the subsurface explo-
rations. The sedimentation rate calculated for the se-
quences exposed along the trench walls is reported in
Table 2 with the interpreted time interval. A significant
increase of the local sedimentation rate was detected at
those sites where land reclamation and stream works or
quarrying activity favoured sedimentation (Table 2).
High sedimentation rate values have been calculated at
the outlet of Piccola Lourdes, Palmentiello, Villa Tufo
and Zoffritta valleys, and at Case Cannavino. The
geological and geomorphological survey has shown that
the studied area has been affected by intense erosional
episodes between 15 and 5 ka BP. These episodes were
likely related to climatic changes (lowering of the base
level, different type of vegetation along the slopes) or to
volcano-tectonic deformational events. The stratigraphic
analysis of the cores drilled close to the depositional
areas allowed us to better constrain the time of the
beginning of the alluvial sedimentation. The time-inter-
val of deposition of the alluvial sequences deposited
above erosional unconformities cut into deposits of
variable age, has been defined assuming the age of the
youngest eroded marker bed as the age of beginning of
the alluvial sedimentation. In Table 2 the results of the
integrated analysis of trenches and core drillings within
the depositional areas are reported. These areas (Fig. 17)
have been defined on the basis of morphological, and
both surface and subsurface geological features. All the
available data have been used to evaluate the average
thickness of the alluvial deposits in each depositional
area. The average volume of solid material deposited per
year, calculated on the basis of the total volume, fits the
Table 2
Sedimentation rates in footslope areas (n.d.=not determined)

Deposition
area

Extension of
deposition
area (m2)

Mean thickness of
alluvial and debris
deposits (m)

Time interval
of deposition
(years)

Mean
deposition
(mm/year)

1 81,200 8.4 4800 1.6
2 56,000 6.7 4800 1.7
3 47,500 7.1 3800 1.8
4 36,400 11.6 3800 n.d.
5 30,600 n.d. 3800 1.0
6 52,700 n.d. 3800 7.0
data obtained using the average sedimentation rate
reasonably well. Starting from the assumptions made
on the dynamics of the depositional systems and on the
anthropogenic environmental conditioning, the sedi-
mentation rate has been calculated considering se-
quences representing the depositional time-interval
longer than 1.5 ka. This supports the hypothesis that
the largest thickness values measured for short time-
intervals are strongly influenced by local conditions of
sedimentation. The general agreement between the specific
degradation and the sedimentation rate values demonstrates
that the processes of rapid erosion have been correctly
evaluated, considering that the adopted estimation meth-
odologies are different and mutually independent.

The overall geomorphic evidence, characterized by
repeated erosional and landslide events, confirmed the
need for remedial measures, devoted to protect the foot-
hill district of Pianura. Such measures have been de-
signed to protect against both kinds of phenomena,
essentially adopting “passive” solutions.

6. Conclusions

This multidisciplinary study of the Camaldoli Hill
allowed us to define the main lithostratigraphical and
geomorphological aspects of the area, as well as the role
played by slope instabilities in shaping the landscape.
The present-day setting of the hill is derived from the
interplay between depositional and deformational
events. The former were represented by both construc-
tive volcanic episodes and, subordinately, the re-
mobilization of volcanic deposits due to gravitative
processes, whilst the latter were produced by the vol-
cano-tectonic activity during the last 40 ka. In regards to
the stratigraphic sequence of the hill, two units
representing remnants of tuff cones were identified in
this study and named Masseria del Monte Tuff and
Verdolino Tuff, respectively. The structural setting of
the hill is characterized by the presence of two main
rate
Total volume
of sediments
(m3)

Volume of
sediments/year,
based on total
volume (m3/year)

Volume of sediments/year,
based on mean deposition
rate
(m3/year)

683,700 142 130
375,200 78 95
337,400 70 86
422,240 111 n.d.
n.d. n.d. 31
n.d. n.d. 40
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fault systems (N–S and N80E striking), which, along
with a subordinate N40W set, are responsible for the
severe jointing of the various formations and contribute
to the susceptibility to fall and topple failures of the rock
mass.

Following Parise et al. (2004), four geomorphological
settings were recognized along with their specific
processes. The top highplain is characterized by urban
Fig. 17. Sectors of the plain in which analyses of sediments have been carried
deposition areas of Table 2.
development which, having already deeply modified the
originalmorphology, is also a causal factor for instabilities
in the uppermost reaches of the slope. On the main slope,
due to several predisposing factors (high slope angles;
loose pyroclastics passing upwards to weathered and/or
pedogenized cover; severely jointed weak rocks; anthro-
pogenic action and related deposits) a variety of slope
instabilities are present, among which four types prevail:
out, and sedimentation rates through time estimated. Numbers refer to
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a) falls and toppling failures from the vertical to high-
angle cliffs carved in NYT;

b) small-scale slides involving the weathered and pedo-
genized loose cover which mantle all the outcropping
formations. Occasionally, these slides are mobilized
into fast moving debris flows;

c) “mixed” events, represented by initial slides of the
b)-type, whose displaced materials are stored within
the valleys, and later re-mobilized as hyperconcen-
trated flows, mud flows and debris flows;

d) areal and linear erosion, again involving the surficial,
more weathered, portions of the pyroclastic sequence.

Materials from some of the above instabilities may
reach the footslope where, at the outlet of the main
valleys, mixed fans are present. Regarding the basal
plain, the available data suggest that only the sectors
closest to the footslope are exposed to invasion by
materials derived from upslope processes.

In general terms, the western slope of the Camaldoli
is susceptible to small-scale slope movements, whose
potential of invasion into the footslope is in the order of
a few hundreds of meters (Parise et al., 2004), hence
showing a lower magnitude when compared to other
sectors of the Campanian Apennines (Calcaterra et al.,
2004). However, due to the widespread and uncon-
trolled urbanization, which in the last decades has
spread over wide portions of the top highplain, at the
footslope and on the basal plain, the overall landslide
risk remains very high, as clearly stated by the official
Risk maps produced by the local Basin Authority. A
multi-stage remedial plan has been designed, the timing
of which will depend on the availability of public funds.
The first works will be devoted to facilitate the sediment
deposition within some basins at the mouths of the main
valleys. Eventually, slope works will be considered,
aimed at reducing the susceptibility to slide failures and
to mitigate the risk from potential invasion by rockfalls.
In the first case, bio-engineering techniques will be
extensively adopted, coupled with drainage works. In
the second case, to reduce the risk of invasion related to
rock failures, passive solutions as catch fences and bar-
riers will be prevailingly employed to protect the settle-
ments located at the footslope and in the basal plain.

Finally, this paper points out the high value of geo-
morphological mapping in dealing with engineering
problems and geomorphic hazards. Especially in com-
plex and heavily urbanized areas, the assessment of the
landslide hazard, and adoption of measures to mitigate
the related risk cannot proceed without a specific geo-
morphological approach, which is mandatory to any
phase of engineering practice on the slope.
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