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Abstract. On 1 October 2009, a prolonged and intense rain-loose debris, dissected into small subcatchments with accel-
storm triggered hundreds of landslides (predominantly debriserated runoff and short response times, are preconditioned to
flows) in an area of about 50 Knin the north-eastern sec- destructive debris flows, generally triggered by heavy rainfall
tor of Sicily (ltaly). Debris flows swept the highest parts of events. Debris flows are defined as very rapid to extremely
many villages and passed over the SS114 state highway arpid flows (velocity> 3mmin!=5x10"2ms!; Cruden
the Messina-Catania railway, causing more than 30 fatalitiesand Varnes, 1996) of saturated non-plastic debris in a steep
This region has a high relief, due to recent uplift. The pecu-channel. Following Hungr et al. (2001), the key characteris-
liar geological and geomorphological framework representgtics of debris flows are: (1) presence of an established chan-
one of the most common predisposing causes of rainstormnel or a regular confined path; (2) a certain degree of rough
triggered debris flows. This paper deals with the geologi-sorting of the involved material, which tends to move the
cal and hydro-geomorphological studies performed as a patargest boulders towards the flow surface. This process pro-
of the post-disaster activities operated in collaboration withduces a longitudinal sorting and the gathering of boulders
Civil Protection Authority, with the aim at examining land- near the front, thus, increasing the destructive potential of
slides effects and mechanisms. The data were elaborated intbe slide (Pierson, 1986); (3) complete saturation: the water
a GIS platform, to evaluate the influence of urbanisation oncontent can be highly variable depending on the heterogene-
the drainage pattern, and were correlated with the lithologi-ity of debris flow surges and varies temporally, as a result of
cal and structural framework of the area. the gradual dilution of the mass as it progresses downstream
Our study points at the evaluation of the volume involved, (Iverson, 1997).
the detection of triggering mechanisms and the precise re- Debris-flow behaviour is mostly controlled directly by
construction of the influence of urbanisation as fundamentavariations in bulk-sediment concentration and by its influ-
tools for understanding the dynamics of catastrophic land-ence on flow rheology, resulting in an increase of destructive
slides. This kind of analysis, including all the desirable ap-power with density (“runoff-generated debris flows”: Hungr
proaches for the correct management of debris flow shoulct al., 2008). A hydrometeorological event which is intense
be the starting point for robust urban planning. enough to saturate the soil and to induce sufficient pore-water
pressure, occurring in an area characterised by loose materi-
als on steep slopes, can trigger debris flows (Zimmermann
and Haeberli, 1992; Pierson et al., 1990; O’Connor et al.,
1 Introduction 1997; Johnson, 1984; Iverson, 1997). When poorly chan-
. ) nelled, debris flows become debris avalanches (very rapid
Globally, landslides are one of the most important geolog-iq extremely rapid shallow flows of partially or fully sat-
ical hazards and are responsible for substantial human angrated debris on a steep slope, without confinement in an
economic losses. Italy represents an especially high hazargstaplished channel: Hungr et al., 2001). Debris avalanches
area because of its geological and morphological charactermay' in turn, enter steep drainage channels or gullies and

istics (75 % of the national territory is mountainous-hilly). I hecome debris flows. Debris flows can originate by various
general, areas with steep slope gradients and availability of
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means (e.g., Pierson et al., 1990; Johnson, 1984; Iversortophic flow-type landslides with different characteristics de-
1997). According to Zimmermann and Haeberli (1992), theveloped in a small area. The landslides caused fatalities and
triggering factors of a debris flow are both direct and indi- injuries, breaches to the road and rail networks, loss of power
rect. A hydrometeorological event is a direct cause, whereasnd telecommunications and serious damage to other infras-
the geotechnical properties of loose materials and their potructures and to public and private buildings. In this pa-
tential instability on a steep slope are indirect causes. Theer, we present the results obtained by different methodolo-
shallow groundwater flow, in response to rainfall surfacegies (i.e., geological and geomorphological mapping, DEM
runoff, triggers most subaerial debris flows. The key hydro-analysis, debris flow intensity index (DSI)) that could be a
logic requisites for debris-flow mobilisation are sufficient useful tool to develop a proper urban planning in areas sub-
water to saturate the soil (direct cause) and sufficient porejected to debris flows hazard.
water pressure and/or weight to initiate slope failure (lver-
son, 1997). A violent storm, started during the afternoon of
30 September 2009 and struck Sicily, particularly affecting2 Geological and geomorphological background
the province of Messina. For 1 October 2009, the pluvio-
metric data point to a cumulative precipitation of more than The study area is located in the province of Messina, on the
220 mm in a time span of 7 h, characterised by several highslopes of the Peloritani Mountain Belt, to the north-east of
intensity rainfall peaks. This particular rainfall event was pre- the Etna volcano and represents a segment of the Apennine-
ceded by at least two other intense rainstorm episodes, on 1Blaghrebide Orogen (Ogniben, 1960), a pre-Burdigalian col-
and 23-24 September. As a consequence, more than 600 disional building (Lentini et al., 1995; Bonardi et al., 2003),
bris flows (Ardizzone et al., 2012) occurred in the Messinadeveloped on the African continental margin, after the sub-
province on 1 October. The same region had already beeduction of the lonian oceanic crust (Lentini et al., 1987). An
subjected to a similar event, although without loss of humanallochtonous structural pile, formed by the Kabilo-Calabride
life, after an intense rainstorm on 25 October 2007. The land-Units and by the Apenninic-Maghrebid Units, is overthrust
slides blocked many stretches of the road system includindo the south onto the Iblean foreland. The Kabilo-Calabride
main highways (the A/18 Messina-Catania highway and theUnits, outcropping in the Messina area (Fig. 1), are made of
State highway 114), the Giampilieri-Scaletta Zanclea railwaycontinental crust fragments derived from the European mar-
and flooded ground floors and basements of buildings, undergin and in particular by Hercinian crystalline rocks, with their
passes and tunnels. The worst damage occurred in the villagdesozoic-Tertiary covers (Ben Avraham et al., 1990; Lentini
of Giampilieri, where many buildings collapsed. The total et al., 1994).
number of victims caused by the disaster reaches 31, along The Peloritani Mountain Belt was formed by the super-
with 122 injured people and 2019 evacuated people. Flowimposition, through S-SW verging Aquitanian thrusts, of the
type landslides represent one of the most dangerous landellowing tectono-stratigraphic units (from bottom to top):
slide type. Over the years, many classifications have beehongi-Taormina, Fondachelli, AIMandanici, Piraino, Mela
proposed; in this paper the classification proposed by Hungand Aspromonte units (Messina et al., 2004).
et al. (2001) is adopted, according to which the landslides Both the orogenic and foreland structures are cut and low-
triggered by the October 2009 intense rainfall can be prevaered towards the lonian Basin by regional scale NNE-SSW
lently classified as debris flows, locally evolved in debris normal fault systems (Messina-Etna System), characterised
floods, and debris avalanches. Immediately after the catadsy remarkable displacements during the Holocene (Antonioli
trophic episode, the Civil Protection Authorities organised et al., 2006) and responsible for intense seismic activity, up-
emergency search and rescue services, evacuation of the polift and sea-level change in northeast Sicily (Lentini et al.,
ulation, digging for restoration of road practicability; con- 2000 and references therein; Antonioli et al., 2006).
temporaneously, the research groups of the National Depart- The study area (Fig. 1) stretches astride the main back-
ment of Civil Protection (including the University of Flo- bone of the Peloritani Mountains, separating the Tyrrhenian
rence) were alerted; on-site surveys and studies aimed aide from the lonian side. The geomorphological features
restoring the course of daily activities in the villages were of all the Peloritani Mountain Belt are those typical of re-
quickly planned and carried out. An examination of the evac-cently uplifted areas, developed on a crystalline basement:
uated areas and buildings was performed in order to distina rugged and uneven landscape, with steep slopes eroded
guish according to damage evaluation, actual extension of they torrent-like straight watercourses, narrow and deeply em-
debris flows. Moreover, to gain a better understanding of thebanked into high rock walls in the mountain sectors, becom-
factors contributing to the initiation, magnitude and effects ofing wide and over-flooded in the terminal parts. The inter-
the landslides, field-based geological and geomorphologicamediate areas are often characterised by coalescent and ex-
studies as well as a digital elevation model (DEM) analysistensive alluvial conoids or dejection cones. The river-beds
were performed. lack downflows for most of the year, but they become sub-
Among the villages involved in the landslides, the casestantial and very rich in solid material during the rainy
study of Giampilieri was chosen. In this village seven catas-season (autumn and winter), characterised by intense and
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Fig. 1. Regional tectonic setting of the study area (redrawn from Lentini et al., 2000) with location of study area.

concentrated meteorological events. The hydrographic net- The assessment of the hydrometereological events was
work is defined by many short incisions generally perpen-possible thanks to the analysis of daily precipitation data
dicular (NW=SE) with respect to the Peloritani ridge. The provided by the Italian Civil Protection (Fig. 2), covering
study area is completely comprised in the Giampilieri torrentthe period between January 2007 and December 2009. Both
catchment, flowing into the lonian sea, reaching a maximunthe considered weather stations (Santo Stefano di Briga and
height of 1040 m a.s.l., while the maximum elevation of the Fiumedinisi, located about 3.5km north and 9 km south of
main fluvial channel is 924 m a.s.l. Giampilieri, respectively), recorded an increase of the to-
Most of the steep slopes surrounding the village were histal precipitation in the examined period with peaks in Oc-
torically devoted to agricultural practices, as testified by thetober 2007 and September 2009 (Fig. 2), which are cor-
frequent occurrence of dry stone walls. responding with the catastrophic effects observed on the
ground. The total rainfall from 15 September to 1 Octo-
ber, amounted to approximately 500 mm in the most affected
area. On 1 October an average intensity of 31.8 mias
. . registered; considerably intense showers occurred, with a
The geological and geomorphological features of the area, > . . . :
. : ; taximum intensity of 2mmmint (report on meteorologi-
as well as the geotechnical properties of the terrains and the . L -
) . cal events, 1 October 2009, region of Sicily — Civil Protec-
considerable steepness of the slopes, represent typical pre- . .
) . . ion Agency, 2009). These values exceed the intensity thresh-
disposing factors to landslide occurrence. ) . . i
Long-term precipitations average for this area were caI-OIds estabhs_hed worIdW|d_e (Govi and Sorzana, 1980; Moser
and Hohensinn, 1983; Wieczorek, 1987; Carson, 1988) and

culated on a historical 77yr record of pluviometric data : ) .
from the Santo Stefano di Briga weather station, availableIocally (Guzzetti et al., 2007; Brunetti et al., 2010) for the

- . . g . initiation of debris flows.
on the Sicily Region websitén{tp://www.osservatorioacque. : : . o
. ~ A N . Almost all the landslides in Giampilieri started from
it2cmd=pagegid=dati annaliint pmensil); these showed sites characterised by a high flow concentration, linked to
that the October 1st 2009 event was exceptional. The av Y 9 '

erage annual precipitation was 950 mntywhile the sea- the geological-geomorphological setting or to anthropogenic

sonal averages were 360 mm in the period January—MarcrfauseS (roads with inadequate drainage system and agricul-

110 mm in the period April—June, 95 mm in the period July— ural terraces). The superficial colluvial and alluvial terrains

September and 395 mm in the period October—December. were involved to a variable extent (up to a maximum thick-
ness of 1.5-2 m) and locally completely removed.

3 1 October 2009 event
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Fig. 2. Daily and cumulative precipitation data for the period January 2007 — December 2009.

Fig. 3. Post-event panoramic view of Giampilieri.

The detachment sites are located at different heightstion by including soil, debris, vegetation and material result-
but usually in the upper sector of the slopes, near theng from the destruction of agricultural terraces (e.g., stone
crest (Fig. 3). walls), during their moving downhill, thus, increasing den-

The 1 October 2009 landslides likely started as debris flowsity and consequent destructive power (see Bovis and Jakob,
slide (Hungr et al., 2001), they may have undergone an evolu1999).
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Fig. 4. Examples of the damages caused by one of the seven debris flows that occurred in Giamgigaindt{b) details of picturgc) are
shown.

Most of the debris flows that occurred in the Messina area2 m thick. In the south-eastern sector of the village, the pre-
became diluted downstream assuming the character of a dé&arboniferous medium-grade metabasites (amphibolites) of
bris flood defined as a very rapid canalised surging flow ofthe Aspromonte Unit, representing the uppermost structural
water, heavily charged with debris. With respect to a debriselement of north-eastern Sicily, crop out. A high angle fault
flow, a debris flood lacks longitudinal sorting and boulder separates the amphibolites from the phyllites and metasand-
fronts and the destructiveness is similar to that of a waterstones of the low-grade Mandanici Unit, belonging to the
flood (Hungr et al., 2001). Moreover, mud and debris flows Variscan metamorphic complex, cropping out in the north-
were possibly characterised by an intermittent behaviour, duavestern sector. Both the units generally appear highly frac-
to the variable concentration of solid material and to possibletured and characterised by closely-spaced cleavage systems.
local temporary weirs or bottlenecks formed in urban chan- The attitude of rock layers throughout the slope changes
nels or village roads. Once they reached the village centrefrom SW-dipping in the phyllites to NNE-dipping in the
these fast moving flows were channelled into the inhabitedmetabasites (Fig. 5), possibly influencing the amount of de-
area, following the road network and then flooded into thebris accumulated along the slope. The Giampilieri village is
Giampilieri torrent (Fig. 4). built on detrital fan deposits, derived from ancient debris-

While moving within the town the sliding mass increased flows.
in height (locally reaching the second floor of the houses),
density and destructive power, as the result of both the reduc-
tion of cross-section and of inclusion of parts of destroyed5
buildings, cars and other objects (Fig. 4).

Giampilieri landslides description and triggering
mechanisms

The seven main landslides occurred on 1 October 2009 on
_ . o the left bank of the Giampilieri stream (Fig. 6), which is more
4 Geological survey of the Giampilieri area densely populated and was consequently more damaged, are

described below.
The 1:2000 geological survey carried out immediately af-

ter the landslides resulted in the geological map (Fig. 5),
which was integrated with a landslide map, derived from
post-event stereo-photo interpretation. The study area is char-
acterised by the occurrence of strongly weathered metamor-
phic rocks, topped by soil and alteration cover up to 1.5—
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Fig. 5. Geologic map of Giampilieri, with location of 1 October 2009 landslides.

5.1 Landslide on Loco Grande torrent (no. 1 in the torrent channel, evolving into a flow, after the inclusion of
Fig. 6) water and travelled downstream with considerable kinetic en-

ergy (due to the naturally high slope inclination) correspond-

%'ng to a velocity of about 1 ns.. The maximum thickness

The Loco Grande torrent originates at an elevation of abou bf the material deposited in the run-out area is about 3m,

300m a.s.l. and flows into the Giampilieri torrent, at about
100 m a.s.l. after crossing the provincial road SP33, through

a double cement pipe. Due to the increase of pore pressure &2 Landslide along the Sopra Urno torrent (no. 2 in

a consequence of the intense rainfalls, this landslide was trig- Fig. 6)

gered at an altitude of about 300 m a.s.l., probably due to the

collapse of a dry stone wall, that caused the sliding materialThis landslide started near the divide, where a number of de-
to invade the provincial road SP34 winding along the crest.tachment scarps can be identified corresponding to the flu-
Here, the material deposited caused undrained loading of theial incisions, and involved about a 2 m-thick cover terrain.
material located on the slope downstream, causing its fluid-The loose terrain fell from the flanks of the secondary inci-
ification. The movement initiated at the contact between thesions into the torrent bed and reached the main stream. This
bedrock and the sediment cover, about 2 m thick. The sliddandslide can be defined as a translational slide evolving into
started as a roto-translational movement and became translebris flow, caused by retrogressive undermining of the toe
lational downwards; then, it was likely the material entered due to water erosion, which reduced the passive resistance at

Nat. Hazards Earth Syst. Sci., 12, 29072922 2012 www.nat-hazards-earth-syst-sci.net/12/2907/2012/



C. Del Ventisette et al.: An integrated approach to the study of catastrophic debris-flows 2913

Legend GIAMPILIERI
CEEUEEE S1UPERIORE

Landslides

- Source
[ | Deposit

Fig. 6. Post event orthophoto of Giampilieri; the October 1st debris flows are shown in red. Definition of landslide boundaries were obtained
from two days post-event orthorectified images. The yellow lines indicate catchment boundaries. Natural and human predisposing factors
are also specified: yellow arrows for slope change, green ones for water accumulation related to anthropic activity (roads or agricultural
terraces), purple arrows for retrogressive evolution reaching the divide. The light orange ellipse indicates a landslide probably triggered by
toe undermining by the main stream.

the base of the mass. In fact, the Sopra Urno torrent, beginstream, which was not terraced, failed, providing a consider-
ning at about 300 m a.s.l., flows into the Giampilieri torrent at able amount of material, unlike the terraced one, located on
80m a.s.l., after having passed through the central part of théhe right side. The deposited material, including very large
village, along one of the main roads, through two small diam-boulders, reached a thickness of about 3m and entered the
eter pipes € 1 m). Close to the village, the mudflow swept lower floors of the houses and the adjacent streets.

away and destroyed the stabilisation structures built along the

river bed after the 2007 event. The heterodimensional mas®-3 Landslide along Puntale torrent (no. 3 in Fig. 6)
characterised by a silty-clayey matrix, filled the main water- )

ways, probably becoming a flow-type landslide because of-ike the Sopra Urno torrent, the Puntale torrent is also a left

the further input of water, thus, increasing its speed and itgributary of the Giampilieri creek. Starting at an altitude of

destructive power. It is worth noting that the left side of the about 28.0 m a.s.l., it flows into the main stream at 80m a.s.|,
after having passed through the urban area, along one of the

www.nat-hazards-earth-syst-sci.net/12/2907/2012/ Nat. Hazards Earth Syst. Sci., 12, 29922 2012
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Table 1.Volume and area (La/Ba) estimations for each landslide. Landslides volume was estimated using pre-event and post-event DEM.

Basin Basin Landslide La/Ba Landslide
-landslide area area (%) volume
id (Ba) (La) (m3)
(m?) (m?)
1 116244 9749 8.38 13507
2 73015 15479 21.19 13939
3 25782 9879 38.32 8252
4 18674 6546 35.05 6493
5 11125 3262 29.32 2965
6 27068 6725 24.84 4736
7 12961 1876 14.47 817

main roads which lacks any hydraulic work for transferring 6 DEM analysis
rain water. The landslide possibly started as a slide move-
ment at a height of about 270 m a.s.l., just below the water-A high resolution DEM analysis was used to carry out to-
shed, removing the thin superficial debris layer and movingpographic, morphometric and hydrological quantitative anal-
along a narrow incision; it potentially turned into a flow of yses, based on the comparison between corrected pre- and
fluid material, after including large quantities of water. The post-event digital elevation models. In detail, the pre-event
landslide developed on a steeply inclined slope°{3%)  DEM, obtained from an interpolation of the contour lines
and transported along its path the material coming from theresulting from a 1:1000 scale topographic map (geodetic
terraces located along slide. While entering the village, theheights) and the post-event DEM, elaborated from LIDAR
mass swept away and destroyed or completely buried, up t@ata (ellipsoidic heights), were used to estimate the volume
a thickness of 3m, some of the houses before continuing it$f material displaced during the investigated event.
flow into the adjacent roads, reaching the Giampilieri torrent.  Digital elevation models (DEMs) were primarily used to
carry out an analysis of slope and aspect terrain factors,
by using a 1 m-resolution LIDAR-based DEM, integrated in
5.4 Landslides on the southern sector of Giampilieri ESRI ArcGIS environment. Slope has a strong influence on
(no. 4,5 and 6 in Fig. 6) the production of debris material (Tunusluoglu et al., 2008).
The village of Giampilieri is surrounded by very steep slopes,
These landslides started in the upper part of the slope, clos ith an average g.radlent of abqut°2—5_35°, locally reachmg_
0°. Another crucial topographic attribute for the generation

to the primary school of Giampilieri, with a flow mecha- t debri terial | t The sl involved in the O
nism and then entered into the main incisions, located later?' UEPIIS material IS aspect. The slopes involved in the LJc-

ally with respect to the school building. The waters conveyed!°Per 2009 landslide phenomena are generally oriented to-
from these channels usually cross the street and flow into th atrds_ south/south-west and the average slope is about 30—
Giampilieri torrent through a modest drainage structure. The 5’ (Figs. 7 and 8). . )

material was mainly deposited against the school wall, enter-. The area of each basin was determined and used as an es-
ing the internal rooms and, in part, moving laterally into the timate of the amount of water caught by each hydrographic

adjacent houses, filling their lower floors. The landslide no. 6basm3 in order t.o discover .th'e possible relation with the re-
blocked the main access road to Giampilieri. spective extension of the sliding area (Table 1).

The hydrographic network was also automatically ex-
tracted, using the ArcGIS algorithm for flow accumula-
5.5 Landslide between Loco and Sopra Urno torrents tion, which reconstructs the area drained by each cell in a

(no. 7 in Fig. 6) grid (Fig. 9). The direct relation linking the area of maximum
concentration of flow to the highest probability of landslide
initiation is not always verified, pointing to other influencing

This small landslide is characterised by a well-defined mainfactors being responsible for landslides initiation.

crown; it started from an altitude of about 200 m a.s.l., prob- To take into account the differences in altimetric values,
ably because of the high pore pressure of the terrain, chardue to the different reference systems, a conversion to geode-
acterised by a mainly shaly-silty-sandy matrix. Despite of itstic heights was made on the post event DEM using the Ital-
reduced dimensions (the height difference between the maiGEO model (Barzaghi et al., 2007). A height increase of
escarpment and the toe is about 50 m), this flow swept away1.29m, found as the average difference between the el-
many buildings along its way down. lipsoid and the geoid in the Giampilieri area, was applied.
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Fig. 7. (a) Localisation of detachment zones on the slope map, calculated from the pre-event DEM. Landslides affecting the area were
identified through post-event orthorectified aerial ima@&sMap of October 2009 disruptions displayed onto the aspect map, with resolution
of 1 m, elaborated from LIDAR data.
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Fig. 8. (a)Histogram of slope classes (intervals 8] 6or the slopes affected by the landslides of the 1 October 28)®istogram of aspect
classes.

Any possible error in the calculations, due to the shift be-elevation difference raster file was obtained, formed by?1 m
tween the two models, was reduced by applying progressiv@ixels associated to the average altitude difference: the vol-
northwards and eastwards corrective shifts of the pre-evenime difference (Table 1) with respect to a hypothetic zero-
DEM (1 m in both directions at each iteration) and consider-height plane (corresponding to no height change) was ob-
ing the post-event DEM as correctly positioned. In order totained by using the Area and Volume tools in ESRI ArcGIS
reduce errors and processing times, the analysis was carrieg2tD Analyst/Surface Analyst. The present attempt to esti-
out only on an area of about 2 Bmcentred on the village mate the landslide volumes allows the corresponding land-
of Giampilieri. Then, from the two overlapping models, an slide magnitude to be obtained, which can be defined as the
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Fig. 9. Landslides drawn on the drained areas map of Giampilieri.

total volume of material moved to the deposition area duringthat cell. This means that cells with high values represent the
an event (Hungr et al., 2005). valleys in the height model, since they catch more water than
The DEMs, after the removal of possible anomalous peakthe upstream ones, while the zero value cells correspond to
and sink cells (using the procedure described by Tarbotorthe crests. In our specific case, high values are related to the
et al., 1991), are used for the elaboration of the flow di- points where the greatest accumulation of material occurred.
rection models (Fig. 10). In a flow direction model (Tar- The flow accumulation models are used to reconstruct the
boton et al., 1991), the direction of a drop in a cell is re- drainage network, simply by imposing a suitable threshold
ported for every cell (i.e., towards which cell it would move and obtaining Boolean maps displaying 1 or 0, depending if
amongst the adjacent cells). Based on this information, thehe cell receives or not the water from at least the chosen
flow accumulation models are elaborated following Jensomumber of cells. These maps usually form continuous lines
and Domingue (1988). In such models, every cell corre-because, if a certain cell reaches the threshold value, all those
sponds to the number of the upstream cells from which, aclocated downstream generally exceed it. After a few attempts
cording to the direction model, the water would flow towards the threshold value of 3000 cells was considered suitable for
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Fig. 10. Flow direction model. The natural flow (green lines) was determined from pre-event DEM. The urbanised flow (red lines) was
derived from the pre-event DEM, by adding buildings obtained from a technical map, to show how the anthropic influence affected the flow

direction.

the aims of our study, which studies the drainage pattern The landslide volumes can be related to the different lithol-
within inhabited areas. The obtained ideal paths of down-ogy of the bedrock, the widest phenomena occurring were the
stream material transportation were vectorised as polylinesphyllites belonging to the Mandanici Unit crop out (Fig. 5).
to better visualise the flow direction. All the above described A quantitative assessment of the debris production potential
operations were carried out using the ESRI ARCINFO Spa-of the mapped lithologic units can be undertaken following
tial Analyst-Hydrologic Toolbox™. Tunusluoglu et al. (2008), who defined a debris source inten-
sity index (DS)) for every lithology, as the ratio of the num-
ber of pixels including the debris source area of any lithology

“i"” (NPDS) to the total number of pixels of the lithology™
7 Landslide features related to geology in the whole study area (Al:

Debris flow magnitude and frequency are functions of bothDSl;i = (NPDS)/AL ;.
rainfall intensity and terrain variables, such as slope relief . .
and lithological characteristics, which have an influence Onwhere' AL corresponds tq the extension Of. each drainage

area (i.e., the basins of Fig. 6). The extension of the land-

the availability of loose debris (Hungr et al., 1984; Cannon _,. - . . .
] ; slides occurring for each lithology and the debris source in-
and Ellen, 1988; Fannin and Rollerson, 1993). Damage pro:_ .. " .
. X .~ —._tensity index are reported in Table 2.
portions, on their turn, depend on the amount and grain size
of the available material, impact pressure and velocity (Fuchs
et al., 2007; Quan Luna et al., 2011) 8 Data integra‘[ion
The surface extension and the landslide/catchment surface
ratio obtained for each basin (Table 1 and Fig. 6) provideThe results obtained from the different methodologies de-
useful information on the general stability of each sector andscribed above were integrated in a GIS environment to eval-
on the amount of potentially unstable material on the slopesuate the tendency of landslides occurrence in the Giampilieri
by highlighting the percentage of the surface removed by thearea. Four different parameters were considered in this study

landslide. (slope, aspect, drained areas and lithology — following the
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Table 2. Parameters involved in the calculation of the DSI index. Ph = Phillites and metasandstones of Mandanici Unit; Amp = Amphibolites
of the Aspromonte Unit and Gn = Gneiss of Aspromonte Unit.

Basin- landslides id Basinarea Litology Basindm Landslides (M) DSI

Ph 116244 9749 0.0839
1 116244 T _ _ _
Gn - - -
Ph 73015 15479 0.2120
2 73015 T - -
Gn - - -
Ph 6871 1250 0.1843
3 25782 amp 15449 8477 0.5487
Gn 2889 152 0.0526
Ph - - -
4 18674 Amp 13822 5917 0.4281
Gn 4556 629 0.1381
Ph - - =
5 11125 Amp 10189 3262 0.3201
Gn - - -
Ph - - -
6 27068 Amp 21666 5642 0.2604
Gn 4615 1083 0.2347
Ph 12960 1876 0.1448
7 12061 0T - -
Gn - - -

DSl results) are reclassified using four different classes (Ta9 Discussion
ble 3). The integration of these parameters resulted in a map
of the landslide prone areas (Fig. 11). These maps can b&he data collected in this work confirm that the different
used as a starting point for a proper urban planning. characteristics of the landslides observed in the Giampilieri
Particularly, two different kinds of map were produced. In area are due to a complex interplay among the analyzed pa-
the first one (Fig. 11a) all the elaborated parameters wereameters.
considered, while in the second one (Fig. 11b), the aspect Partly because of the intense fracturing and widespread
was omitted in order to obtain a method which could possiblyand persistent foliation of the bedrock in the study area, it
be applied everywhere. Indeed this parameter (aspect) can be strongly weathered and covered by a layer up to 1.5-2m
used only at local scale. The areas characterised by high anthick of loose material, which is unstable on the steep slopes
very high values correspond to the most sliding areas and arand completely water-soaked. Thus, this matrix-supported
located on the south-eastern slopes. chaotic mixture of fine and coarse material moved towards
the valley, generally following the pre-existing flow lines.
In detail, the movements initiated locally because of several
predisposing factors: slope change, interaction with man-
made structures (roads or agricultural terraces), toe under-
mining. In some cases the landslides extended retrogres-
sively uphill to the main watershed.
Flows were fed by the erosion of debris deposits, soil and
vegetation, by the detachment of large boulders of rock and
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Table 3. Reclassified values used for the data integration resulting in the map of the landslide prone areas.

Slope f) Aspect N) Drained area () Lithology

Low <30 0-90 <40 Covers

Medium 30-40 90-180 40-80 Gneiss
Tendency yigh 40-50 270-360 80-120 Phyllites

Very high > 50 180-270 > 120 Amphibolites

LEGEND By LEGEND

D Low v |:| Low

] Medium 3 | [[] Medium
——— Ay et . & ‘ :
Very high os—omm:_mmhnnem Very high : ;o — Borénetérs'

Fig. 11.Maps of landslide prone areas obtained using all the paranejeaad omitting the aspe¢b).

by the local destruction of terraces contained by stone wallsstream channel of the Loco Grande (basin 1 in Fig. 6) sug-
becoming exceptionally dense and characterised by a vergests a more superficial slip surface with respect to other
high destructive power. basins (e.g., basin 3; Fig. 6), where the area affected by slope
Regarding the slope features, the landslides prevalently ocmovements is wider.
curred on SW oriented slopes (Fig. 7). Moreover, a clear cor- The differences in landslide morphology could also be due
respondence between debris flows locations and areas chap the different lithology on which the two landslides devel-
acterised by steep slopes morphology’(38°) also can be  oped.
identified (Fig. 7). The analysis of the DSI index to evaluate the potential of
As highlighted from the landslide to basin area ratio, mosteach lithology to produce landslides suggests that the amphi-
of the debris flows affected a large portion of the slope (up tobolites are more prone to the development of debris flows
38 %), acting through a net of secondary channels (Table 1)than the phyllites; this point is in apparent contradiction with
The ratio between landslide volume and landslide area point¢heir expected geotechnical properties. In the amphibolites,
to a shallow sliding surface, generally between 0.5 and 1.2 mthe slip plane is likely located at a deeper level than in the
The estimated volumes obtained from DEM analysis couldphyllites, thus, creating a greater landslide volume. In gen-
be affected by a general inaccuracy due to the simplificatioreral, data indicate that lithology indeed affects the volume of
made to compare the pre-event and the post-event DEM. Inthe landslide, but not its areal size. Then, the use of the DSI
deed, the morphology of the landslide developed along the
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parameter to estimate the capacity of a certain lithology tol0 Conclusions
produce debris can sometimes be misleading.

The landslides developed in the Giampilieri area causedRainfall-induced landslides are widespread phenomena

differing amounts of damage. For example, landslides develworldwide which, often affect urbanised areas, causing in-
oped in basin 2 (Fig. 6; Table 1 and 2) caused fewer injuriegense damages and casualties (Saito et al., 2010; Montrasio
than those in basin 3, even though the estimated volume ist al., 2011; Chen et al., 2012; Huat et al., 2012). The man-
higher in the first case (13 93%mws. 8252 m; see Table 1). agement of the post-event phase needs for a fast evaluation
This discrepancy might be related to the different rheologyof the involved areas and of the triggering factors that caused
of the mass, which is more fluid in basin 2 because of alandslides. The latter are fundamental to evaluate the stabil-
major amount of drained water (i.e., higher basin extension)ty of the area affected by landslides in order to facilitate a
and/or to the different lithology of the material involved in quick and safe activities of the Civil Protection Authorities
the slide. In fact, in basin 2 the phyllites of the Mandanici during the emergency.
Unit crop out, while basin 3 is developed on the metabasites Geologic and morpho-hydrologic features can represent
of the Aspromonte Unit. While weathered phyllites produce predisposing factors to rainfall triggered landslides, usually
fine grained debris, which easily turns into mud when wet, recognisable as debris flows. Moreover, the severity of dam-
the metabasites can be altered into large blocks, which conage is also related to aspects of territorial management, in-
tribute to the increase of the destructive power of the slidingcluding anthropisation, modifications to river courses and the
mass. reduction of hydraulic sections, variations of land use, etc.

The maps of the landslide prone areas (Fig. 11), ob- Field surveys and stereo-photo geomorphological analysis
tained by integrating four different parameters (slope, aspectievealed a significant human influence on determining land-
drained areas and lithology), identify the areas characterisedlide triggering causes as well as the final amount of damage.
by a high probability of sliding. In particular, destruction and injuries in the built-up area of

In Fig. 10 the comparison between natural and urbanisedsiampilieri were made even more severe by the main water
flow directions is shown. The analysis of flow accumulation flow lines, made narrower due to building activity and en-
models clearly suggests a moderate alteration of drainagkrgement of the urban area.
paths, produced by urbanisation. Along most of the streams, The case study of Giampilieri focuses the attention on
the natural and urbanised flow directions are almost the samthe necessity of sustainable land use and reasonable urban
and coincide with the main roads of the village. Outside management in areas characterised by a high hydrogeologi-
the urban area the difference in flow direction can be duecal hazard and on the tremendous destructive power of these
to using different DEM. Post-event DEM derives from LI- phenomena, which are capable of causing destruction to such
DAR acquisition (so that each 1m x 1m cell has a point), small villages.
while the pre-event DEM was obtained from an interpola- The area maintains a high degree of hazard: deposits of
tion of isohypses derived from a 1:1000 topographic map).poorly consolidated debris on steep slopes are potentially
This difference may lead to inaccuracies in the reconstrucsubject to remobilisation during rainy periods. Therefore, fu-
tion of the ridges and watersheds unless specific algorithmsure management and localisation of urban expansion areas
are used (Agricola et al., 2002). As a matter of fact, urban-should hopefully be based on a detailed geological and geo-
isation did not modify the natural drainage network inside morphological characterisation, pointing to establishing the
the old town, nor did it cause evident obstructions or devia-position of potential source areas and the possible evolution
tions, since the water flow was channelled along the roadspf the landslides. A runout analysis (prediction of landslide
built along the course of the rivers, or piped in manholes be-motion and its effects) could provide valuable guidance for
low them. Nevertheless, water bed sections were generalljown management planning decisions and for the develop-
restricted; this situation had serious consequences on the exaent of mitigation strategies.
tent of damage, since the buildings along and so close to such Several integrated methodologies to study rainfall-induced
“street-rivers”, besides reducing the hydraulic section, weredebris flows were developed. For example Pasuto and Sol-
also dangerously exposed to the devastating power of landdati (2004) integrated the historical analysis, aerial photo in-
slides. Only in the south-eastern sector of Giampilieri, theterpretation, field survey, morphometric and grain size anal-
hydrographic net changes from natural to urbanised in relaysis and structural analysis to study the evolution of debris
tion to new buildings realised crossways with respect to theflows in the Italian Dolomites; Tunusloglu et al. (2007) com-
flow lines. bined the stream power index (SPI), aspect, elevation, sed-

The map of the landslide prone areas and the flow modelément transport capacity index (LS), plan curvature, profile
can be used jointly as a powerful tool to obtain a preliminary curvature and slope to produce a debris source areas suscep-
indication, useful for the future urban planning. tibility map in south-western Turkey; Chen and Yu (2011)

used the aerial photo interpretation, the flow direction and
accumulation, the slope angles, the stream power index (SPI)
and the topographic wetness index (TWI) to study debris
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flow and their source areas in Taiwan. The usefulness of each (ltaly) and geodynamic correlations with the Spain Betics and
methodology is strongly dependent from the geological and Morocco Rif. Geodinamica Acta, 16, 149-169, 2003.
geomorphological settings of the investigated area. Thus, th8ovis, M. J. and Jacob, M.: The role of debris supply conditions in
proposed operative procedure is not universally applicable predicting debris flow activity, Earth Surf. Process. Landf., 24,
because of the several different predisposing factors that can 1039-1054, 1999. ) ) o .

be related to the study area, nevertheless it can be useful g€t M. T, Peruccacci, S., Rossi, M., Luciani, S., Valigi, D.,

areas characterised by steep slopes formed by stronaly frac- and Guzzetti, F.: Rainfall thresholds for the possible occurrence
y p slop y aly of landslides in Italy, Nat. Hazards Earth Syst. Sci., 10, 447-458,

tured rocks. doi:10.5194/nhess-10-447-2QAD10.
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