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Abstract: A method for mapping mud flows and lava flows, and for evaluating related
susceptibility and hazard has recently been tested at different study areas of Southern Italy
(located in Campania, Calabria, and Sicily), which have repeatedly been affected by
damaging events in historical time. The approach is based on numerical models, GIS-
techniques, geo-environmental and historical evaluations. Results have been obtained
through a statistical approach by simulating a large number of events on a cluster.
Employed cellular automata models have first been calibrated, either manually (by trial and
error) or by means of Genetic Algorithms, and then validated against past flow events that
occurred in the same study areas, or in similar geo-environmental settings. Simulations
have been quantitatively evaluated with respect to real cases by means of two distinct
functions of fitness based on 1) the affected areas for mudflows, and on 2) affected areas
and duration for lava flows. Aiming at susceptibility/hazard assessment, a grid of possible
sources has been hypothesised on the basis of historical/geological knowledge and statistics
of past events. For each source, a high number of simulations has been planned by adopting
combinations of sources’ and materials’ characteristics. Probabilities of activation,
empirically based on past events, have been assigned to each source of the grid by
considering its location and geological information. Different probabilities have also been
assigned to each “type of event” by taking into account their observed historical
frequencies. Two different types of maps were realized in a GIS: 1) a susceptibility map,
realised by simply counting the frequencies of flows affecting each site; 2) a hazard map, in
which probabilities have been “empirically” attributed to each simulation based on location
of sources and types of event. Preliminary results (based on a subset of the overall planned
simulations) clearly depict the most susceptible and hazardous sectors.
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1. INTRODUCTION

In so far as mud flows and lava flows are considered, hazard mapping procedures require -
besides the usual prediction of time of occurrence and of source location - the assessment
of the travel distance (run out), or better the area affected by the propagation of the initial
event and of its energetic characteristics. For these types of phenomena, hazard mapping
procedures are sometimes based on empirical geological reasoning, or they depend on
either empirical-statistical evaluations or statistical-probabilistic analyses of past events [cf.
D’Ambrosio et al., 2007; Crisci et al., in press - and references therein]. Available
approaches are usually distinguished into deterministic and probabilistic methods, or a
combination of both techniques.

Modelling and simulation represent a valuable tool for hazard evaluation. By employing
such techniques, the timely simulation of the possible flow paths and the evaluation of the
effects of planned remedial/control works on the behaviour of future events could
profitably be carried out. Following Hungr [1995], any simulation model should be easy to
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calibrate through back-analyses against real cases; it should describe the essential
characteristics of the phenomenon, allowing also for simulating flow branching and
rejoining; it should not suffer from mesh-related problems. As concerns model reliability,
one possible approach of evaluation relies on thorough calibration and successive
validation by considering a sufficient number of case studies. Sensitivity analyses may
further help in evaluating the role of model parameters, mesh geometry and quality of input
data on the model behaviour [cf. e.g. D’Ambrosio et al., 2007]. Ideally, a multiphase 3D
model of material which moves over a complex topography would be an optimal choice for
accurate assessment. However, this type of model generally requires large computational
power and a number of parameters which may demand considerable efforts for calibration.
Moreover, they generally suffer from instability problems and commonly need site-specific
settings. A proper but simplified approach would seem appropriate.

In the past decades a variety of numerical models were successfully developed for
simulating various types of gravity flows [e.g. Crisci et al., 1982; Murray and Paola, 1994;
Miyamoto and Sasaki, 1997; Iverson et al., 1998; Di Gregorio and Serra, 1999;
D’Ambrosio et al., 2001; lovine and Di Gregorio, 2003; Pitman et al., 2003]. Within the
frame of parallel computing, Cellular Automata (CA) models are able to simulate complex
systems, which can be described in terms of local interactions. Well known CA examples
are Lattice Gas Automata and Lattice Boltzmann models [cf. Succi, 2004], which are
particularly suitable for modelling fluid dynamics at a microscopic scale. However, many
natural phenomena — and, among these, gravity flows - generally affect quite large areas
and need a macroscopic level of description. Standard approaches based on differential
equations [cf. McBirney and Murase, 1984; Iverson, 1997 — and many others] may suffer
in capturing the essential features of the phenomena to be simulated; employed equations
are commonly rather complex and involve adoption of approximated numerical methods of
solution. In such cases, Macroscopic Cellular Automata (MCA) represent a suitable
alternative [Di Gregorio and Serra, 1999].

Analyses of lava-flow and mud-flow susceptibility/hazard have recently been started in
separate study areas of Southern Italy, by employing MCA models combined with GIS
techniques [e.g. lovine et al., 2003a, b; Crisci et al., in press]. Historical and geo-
environmental analyses, aimed at quantitatively evaluating return periods of considered
event types are presently in progress, as well as part of the overall planned simulations. In
the following only preliminary results are therefore briefly described, with reference to 1)
lava flows on the SE flank of Mount Etna (Sicily), and to 2) mud-flows on the southern
slope of the Pizzo d’Alvano Massif and in the San Martino Valle Caudina-Cervinara area
(Campania). Finally, an example of susceptibility zonation is also reported for another
sector, located along the southern Tyrrhenian coast of Calabria between the villages of
Bagnara and Scilla, not far from the Messina Strait.

2. THE STUDY AREAS

Among the study areas considered for lava-flow hazard analyses, one is located on the SE
flank of Mt. Etna, the largest sub-aerial active volcano of Europe (Figure 1). Etna is
composed of several nested strato-volcanoes plus scattered eruptive centres, which opened
through a basement of tholeiitic/transitional fissural basalts dating back to 500 ky BP. The
volcanic basement overlies Middle-Late Pleistocene sediments covering the Maghrebian-
Apennine Chain (CNR, 1979). The dominant type of Etnean activity is effusive. In
historical times, the eastern flank of the volcano was frequently affected by lava flows
originating from flank eruptions [e.g. Romano and Sturiale, 1982], either through lateral
fractures or eccentric vents. From a structural point of view, two main “weakness zones”
are to be found by the volcano summit: the “N-S Rift” and the “NE Rift”. Moreover, a high
spatial density of fractures, effusive fissures and pyroclastic cones characterizes the eastern
flank of the volcano [Behncke et al., 2005], mainly along a SSE-trending fracture system
which crosses the study area between the villages of Nicolosi and Trecastagni [Corazzato
and Tibaldi, 2006]. Finally, a dormant deep-seated gravitational sliding (DGSD) towards
the Jonian Sea, associated with a larger volcano-tectonic phenomenon, affects the whole
south-eastern flank of the volcano [Borgia et al., 1992]. The margins of the DGSD are
marked by the mentioned major weakness zones: its right flank crosses the study area and
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corresponds to the “transitional” weakness zone which connects the N-S Rift to the
transtensional fault system marked by the Trecastagni and Mascalucia faults.

Figure 1. Geo-structural map of Mt. Etna -
after Acocella and Neri [2003], mod.

In the map on the left, the study area is
shown by a dashed rectangle. Symbols and
grey tones have the following meanings: 1)
1900-2002 lava flows; 2) recent alluvial
deposits; 3) deposits resulting from the
emptying of Valle del Bove; 4) Etnean
volcanics; 5) Early Quaternary clays; 6)
Pre-Quaternary sediments; 7) main eruptive
fractures; 8) pyroclastic cones; 9) main
faults; 10) direction of displacement of
either the DGSD or the volcano-tectonic
phenomenon; 11) boundaries of the unstable
sector; FF) Fiumefreddo Fault; MF)
Mascalucia Fault; PF) Pernicana Fault; RF)
Ragalna Fault; RNF) Ripe della Naca Fault;
TF) Trecastagni Fault; A) Acireale; N)
Nicolosi; VB) Valle del Bove.

As far as “mudflows” [sensu United Nations, 1997] are concerned, the first study area is
located in the Caudina Valley on the northern slope of Mt. Pizzone, which belongs to the
Partenio-Monti di Avella massif (blue rectangle in Figure 2). Still in the same region, the
second study area is located about 15 km east of Mt. Vesuvius, on the southern slope of Mt.
Pizzo d’Alvano, belonging to the Monti di Sarno massif (red rectangle in Figure 2).

Mesozoic carbonate rocks constitute the
backbone of both the massifs, which are
bounded by steep slopes cut along major
tectonic elements. The bedrock is overlain
by a regolith of residual and colluvial soils,
mainly derived from Quaternary pyroclastic
materials of the Somma-Vesuvius volcanic
complex and of the Phlegrean Fields. The
thickness of the regolith, and its
geotechnical properties vary widely from
site to site. At the base of the massifs, thick
colluvial and alluvial deposits mark the
transition to the alluvial plains; here, at the
mouth of the main drainages, voluminous
debris fans are to be found. Several villages
with their related infrastructures are to be
found in the transitional sector at the base of
the massifs.

Figure 2. Geological map of the study areas in Campania - after Del Prete et al. [1998],
mod. Key: (1) alluvial sediments; (2) pyroclastic terrains (a) and lavas (b); (3) clay, marl
and sandstone; (4) carbonate; (5-7) isopleths (in cm) of the Somma-Vesuvius air-fall
deposits of year 1800 B.C. (5), 79 A.D. (6) and 472 A.D. (7).

At Pizzo d’Alvano, hundreds of soil slip-debris flows were triggered by heavy rains on 5-6
May 1998 [Del Prete et al., 1998], severely inundating the villages of Sarno, Siano,
Bracigliano and Quindici (and causing 161 deaths). In the Caudina Valley, the villages of
Cervinara and San Martino V.C. were particularly affected by the soil slip-debris flows
triggered by the meteoric event of 15-16 December 1999 [Vittori et al., 2000].
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Figure 3. Geological sketches of the Calabrian study area. a) On the left, a geological map
(location marked by the yellow arrow) - after Tortorici et al. [1995], mod. b) On the right, a
litho-structural map. Key: 1) terraced sand, clay, pebble (Quaternary); 2) sand, clay, and
marl, with subordinate evaporite (Upper Miocene-Pliocene); 3) acid intrusive and middle-
high grade metamorphic rocks of the Alpine continental nappe (Palaeozoic). In red, recent
normal faults - after Sorriso-Valvo & Tansi [1996], mod.

Finally, the third study area for mud-flow susceptibility analyses is located in Calabria,
between the villages of Bagnara Calabra and Scilla (Figure 3). This narrow strip of land
along the southern Tyrrhenian coast is characterized by: notable slope energy in a terraced
geomorphologic setting; short ephemeral streams with small watershed; high longitudinal
gradients. Palaeozoic intrusive and metamorphic rocks that crop out along the coast and the
main streams are overlain by Upper Miocene-Pliocene pelitic sediments and evaporites,
which are in turn followed by Quaternary sediments. A recent NE-SW trending normal
fault, which occurs along the coast, has a notable morphological evidence.

In the area, heavy rains frequently trigger soil slips on the steep slopes facing the sea; in the
last 40 years, one event of single/multiple landslide activation occurred on the average
every three years. The mobilized materials commonly became fluidized and ran towards the
base of the slopes, damaging the villages and the major infrastructures (highway, state road
SS.18, railway) located thereby. Among the recentmost damaging events, those that
occurred on 12 May 2001 and on 31 March 2005 struck the hamlet of Favazzina and its
surroundings, severely damaging (and interrupting) the cited infrastructures.

3. THE METHOD

Details concerning the models employed for simulating mudflows and lava flows can be
found in D’ Ambrosio et al. [2003a] and in Crisci et al. [2004], respectively, and will not be
repeated here; the main characteristics of both models are listed in the Appendix. Likewise,
the approach for mapping mud-flow susceptibility was first applied by lovine et al. [2003a,
b; 2007]; the method for lava-flow susceptibility and hazard mapping can be found in
Crisci et al. [in press].

The model for simulating lava flows belongs to the family SCIARA of deterministic MCA
models [Crisci et al., 1982]. The two-dimensional version fv [Crisci et al., 2004], based on
a hexagonal tessellation of space, was used in this study. In fv, lava feeding is handled by
specifying the cell/s that will act as vent/s; for this purpose an effusion-rate function has to
be assigned to each vent. Lava flows among the cells are computed by applying the
“minimisation algorithm of the differences” (cf. Appendix), proposed by Di Gregorio and
Serra [1999]. Changes of lava temperature are modelled by means of the radiation
equation, and lava viscosity varies accordingly. As a consequence of viscosity, the amount
of lava which cannot flow out of the cell is computed (in terms of adherence). Finally, the
halting of the lava flow depends on temperature: when it drops below a fixed threshold the
thickness of lava is added to the cell elevation. The elementary processes included in the
transition function o of the model are: o;) lava outflows, o,) variation of lava temperature,
and o3) lava halting.

Calibration was performed against the Etnean 2001 Mt. Calcarazzi eruption by employing
parallel Genetic Algorithms (GA). Simulations were compared to real cases by means of

the fitness function €, = (el)tl (el)t2 , defined in the interval [0,1] (where 1 corresponds
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to perfect overlap), which takes into account both the areal extent of the real and simulated

events, and their temporal duration. Note that, e, = \/(R NS)/(RUS) is the “basic”

fitness function, which only compares the affected areas of the real (R) and simulated (S)
events. Moreover, t; represents the duration of the real event, while t, = t;+At, where At is
an arbitrary time increment. Validation was then performed against the 2002 Linguaglossa,
and the 1991-93 Valle del Bove events, which are characterised by different durations, lava
volumes, and effusion rates [cf. D’ Ambrosio et al., 2006].

For susceptibility/hazard mapping purposes, a regular grid of hundreds of “possible” vents,
located at 500 m intervals and uniformly covering the area, was hypothesised (Figure 4a).
Aiming at pre-processing the simulation results, a sub-set of n.88 vents (located at 1 km
intervals) was employed, allowing for the preliminary considerations discussed in the
present paper. For each vent, a statistically-significant number of simulations was planned
by adopting appropriate combinations of durations and lava volumes (Table 1), and
effusion-rate functions (e.g. Figure 4c), which were selected on the basis of
volcanological/historical knowledge. Accordingly, it was implicitly assumed that the
volcanic style will not significantly change in the near future.

Performed simulations were stored in a GIS for susceptibility and hazard analyses. Maps
for susceptibility evaluations were obtained by simply overlapping all the simulations; in
other words, the same probability of occurrence was assigned to all types of events. By
normalizing the obtained frequencies of events, five equal-interval classes of increasing
“relative susceptibility” were distinguished and mapped by means of grey-tones (adopted
ranges: 1=[0-0.2], 2=]0.2-0.4], 3=]0.4-0.6], 4=]0.6-0.8], 5=]0.8-1.0]).

As for hazard evaluations, historic and volcanological information on past eruptions was
also taken into account. Probabilities of activation (hy = heey - hy; - hgr), empirically based
on past behaviour of the volcano, were assigned to each vent of the grid by considering i)
elevation (hee, - Figure 4b), and ii) location with respect to the volcanic edifice (cf. Figure
5), and particularly the proximity to the main weakness zones (h,;;) and the spatial densities
of eruptive fissures (hg). Different probabilities (he = hg, - h,) were also assigned to the
simulated eruption types, depending on combinations of durations and lava volumes (hg),
and effusion-rate functions (h,). At any place affected by a given simulation (s;), a value of
hazard (h; = h, - hg) could be ascribed, depending on the conditioned probabilities of
occurrence of that simulation. The overall hazard (H, =Y h;) could be obtained by simply
overlapping all the simulations in the GIS and by adding the related probabilities.
Depending also on the number (n) of performed simulations, computed values ranged
between two extremes; they were normalised and ranked the into five classes of “relative
hazard” (H,) - mapped in grey-tones (same ranges as for susceptibility).

Based on adopted criteria for probability evaluation, different maps of lava-flow hazard
could be compiled [Crisci et al., in press]. In the example shown in the next section, a
significant role was ascribed to the SSE-trending weakness zone on the right flank of the
cited DSGD (cf. Figures 1 and 4). In more detail, he,, Was assigned by assuming a cubic
relationship with vent elevation (cf. tendency line in Figure 4b, formula in caption),
according to historical data [after Behncke et al., 2005]; hg was set to 0.1, 0.3, and 0.6,
respectively, depending on spatial density (p, number of vents per square km) of observed
eruptive fissures and pyroclastic cones, which according to the same Authors can be
distinguished into three classes (p < 0.5, 0.5 < p < 1, and p > 1); h,, assumed an
“emphasising” role, by increasing by 30% values of activation probabilities of the vents
located within its influence buffer (i.e. the weakness zone). Depending on possible
combinations of hy and hyy, six classes of normalised activation probabilities resulted (see
description of Figure 5).

Frequencies of historical eruptions were ranked into classes by durations and lava volumes,
based on volcanological and historical data. Normalised probabilities (hg,) for the types of
event were derived from such frequencies (cf. Table 1, where only the types of eruption
with shortest durations - considered in the present study - are listed). Finally, one single
type of effusion-rate function was adopted for preliminary analyses (i.e. h, was ignored),
characterized by a peak discharge at 1/3 of the eruption duration (cf. Figure 4c).
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Figure 4. SE flank of Mt. Etna. a) On the left, grid of hypothesised vents. Key: 1)
boundary of the study area; 2) eastern limit of the vents; 3) set of n.340 vents, located at
500 m intervals. 4) set of n.88 vents, at 1 km intervals. b) On top-right, relationship
between number of historical lava flows (f) and elevation of the vents (z, in m as.l.).
Tendency line is expressed by: hee, o 8:107%.2° + -2.10%.22 + 1.6:103.z + 3.009:10. c) On
bottom-right, example of randomly-generated effusion-rate function: dotted lines define
the variation range in which values were computed — after Crisci et al. [in press], mod.

- ¥ In the map on the left, the major
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. _BAy _____ 1=0.34, 2=0.26, 3=0.17, 4=0.13,
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Figure 5. SE flank of Mt. Etna. Activation probability of the vents, as a function of spatial
densities (p) of historical eruptive fissures and pyroclastic cones, and of proximity to the
main weakness zone. Key: 1-6) classes of probability (see text); 7) boundary of the study
area — after Crisci et al. [in press], mod.

Table 1. Statistics on lava-flow events at Mt. Etna in the last 400 years (data from Behncke
et al., 2005). Historical events are distinguished in classes by duration (in days) and emitted
volume of lava (in 10° m®): observed frequencies and, in parentheses, related probability (in
%) are listed. In Italics: interpolated values. Asterisks: unrealistic types.

duragion volume  16.371  7132:64] ]64:96] ]96+128] ]128:160]
] 0+15] 190 (204) 30(32) 42(45 00~* 0,0*
115+30] 60(64) 3032 10(L1) 2325  00*
13060 30(32) 29(31) 10(11) 13(14)  1,0(11)

The model employed for simulating mud flows also belongs to a family of deterministic
MCA models [cf. D’Ambraosio et al., 2003a, b] based on the cited algorithm of Di Gregorio
and Serra [1999]. In this study, the simplified release S3 ¢ 0f SCIDDICA, first described
with reference to a square tessellation by lovine et al. [2002], was employed. Four
elementary processes constitute the transition function o of S3, [D’Ambrosio et al.,
2003a]: o1) entrainment of regolith, according to the energy of the flow; 4,) debris outflows
(according to pressure gradients across the cells and to material properties); o3) update of
debris thickness and energy; a4) energy loss and run-up.

Statistics of the May 1998 and December 1999 disasters in Campania, and of the May 2001
and March 2005 events in Calabria, were obtained through interpretation of air-
photographs and geologic-geomorphologic field surveying. The amount of regolith
available for entrainment was also surveyed in the field, together with other evidence
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related to triggering mechanisms, flow development and rheology, erosive character, etc.
The “erodability” of the regolith by the flowing masses was empirically estimated by
means of visual inspection and appropriate (expeditious) cementation tests. Together with
historic information on previous activity, and other geological knowledge, such data
allowed us to estimate the characteristics of future phenomena in the same areas. Recent
planning instruments (and several unpublished technical reports), produced by local
governmental agencies for the same study areas (cf. Figures 6 and 7) in accordance with
“emergency” laws (ex DL.180/98, L.267/98, L.226/99, OMI.3029/99), permitted us to
imagine a set of likely sources among the sectors exposed to highest landslide potential.

For the two study areas in Campania, calibration was first carried out manually (by trial and
error) on a standard platform by employing the fitness function e;, and later refined with
GA. The 1998 Curti mud flow on the southern slope of Pizzo d’Alvano and the 1999
Vallicelle mud flow on the northern slope of Mt. Pizzone were taken as reference cases.
Validation was performed against similar mud-flows that occurred during the same
disasters in the vicinity of the reference cases [cf. lovine et al., 2003a, b]. In Calabria, the
mud-flow events triggered on the northern slope of Mt. Serro Indice, which stroke the
hamlet of Favazzina on 12 May 2001 and 31 March 2005, were selected for calibration and
subsequent cross validation. Calibration was first performed manually, and only later by
means of sequential GA (again, by employing the fitness function e;). Incidentally, an
improved release of the model (S4), which is substantially similar to S3., was employed
for this study area — for details on the model, see D’ Ambrosio et al. [2007].

As for lava-flow susceptibility/hazard analyses, a regular grid of hundreds of “possible”
sources, located at ca. 50 m intervals along the uppermost border of each hazardous sector,
was assumed. For each source, a statistically-significant number of simulations was
planned by adopting appropriate combinations of source extent and model parameters.
These were selected on the basis of geomorphologic/historical knowledge, statistics of past
events, and of calibration results (cf. Table 2). Accordingly, a scenario of soil-slip
activation (and related mud-flows), which is comparable with the recentmost disasters
occurred in the same areas, was assumed. Nevertheless, as detailed historical and field
analyses of past events are still in progress, to date only simplified susceptibility maps
could be produced. Therefore, a rather limited number of sources were hypothesized within
sectors exposed to highest hazard, using available literature and administrative plans. In
particular, a sub-set of n.12 sources was selected for each of the Campanian study areas
[lovine et al., 20033, b], corresponding to locations with the highest probability of soil-slip
triggering - as shown in the maps created after the 1998 and 1999 disasters by Caruso et al.
[2005], and by the Basin Authority of the rivers Liri, Garigliano and Volturno [2000],
respectively (cf. Figure 6). A regularly spaced set of sources was instead selected for the
Calabrian study area, along the uppermost unstable sectors of the slopes, as classified in the
“Plan of Hydro-geological Asset” (PAI) landslide maps of Bagnara Calabra, Scilla and
Favazzina (cf. Figure 7) by the Calabrian Basin Authority [2001]. In all these cases, source
extents were chosen according to a precautionary principle, by selecting maximum values
per each combination of slope angle and elevation, from available statistics of past events.
Finally, mudflow susceptibility maps were constructed through GIS overlapping and
successive frequency classification, by following (roughly) the same approach as described
above for lava flows; resulting frequencies were mapped through grey- or colour-scales.
For each study area, required information for the application of the models (fv or S3.ex)
were arranged as input matrices of hexagonal cells, containing: 1) elevation data (fv and S3.
nex); 2) thickness of erodable regolith (only for S3.); 3) location and extent of the vent/s
(fv) or landslide source/s (S3.1ex); and 4) real events (fv and S3 ). Model parameters were
initialised by considering the characteristics of events to be simulated, in addition to
implementation constraints. For the model fv, the parameters are: p,) cell apothem; ps)
duration of a CA step; pr,) temperature of lava at the vent; pr;) temperature of lava at
stopping; Pagy) adherence at the vent; p.gs) adherence at stopping; Peoor) COOlING parameter.
For S31, the parameters are: p,) cell apothem; p,q,) adherence; pr) threshold for outflows;
pr) relaxation rate; py) run-up loss; pmy) threshold for erosion; p) erosion factor. In Table
2, “optimal” values obtained through calibration are listed.

In all the performed experiments, mud and lava flows were simulated one at a time, results
being only later superimposed in the GIS. In other experiments (here not described), flows
were allowed to start together, in order to appreciate their mutual interference.
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Table 2. Parameters and optimal values for the models fv (on the left), after Crisci et al. [in
press], and S3.e (0N the right), after lovine et al. [2003a, b]. In the last column, double
values refer to the Pizzo d’Alvano (left) and Vallicelle (right) study areas.

parameter measure opt. value parameter measure opt. value

Pa m 5 Pa m 1.25

Ps S 155.29 Pagh m 0.001

Prv K 1373 Ps m 0.1

prs K 1165.35 Pr - 1

Pagv m 0.7 Pri m 0.6 15
Pads m 12 Pt m? 35 20
Peool mt~K? 2910 Do - 0.015 0.065

g (%
4 : R 0 i

RHLIRER, . 5 # it NS . - el : "
Figure 6. a) On the left, extract of the “Mudflow residual risk map” of the southern slope
of Mt. Pizzo d’Alvano. Highest probabilities of soil-slip activation are shown in red tones,
orange, dark-violet and in light-blue. Bare rock outcrops are in green, while zones exposed
to mud-flow deposition are in light violet and dark-pink - after Caruso et al. [2005]. b) On
the right, extract of the “Plan for Removal of the Highest Risk Conditions” of the northern
slope of Mt. Pizzone. Highest landslide risk levels are in red, while mud-flows that
occurred in December 1999 are either in orange (source-track) or in yellow (deposition
zone) - after Basin Authority of the rivers Liri, Garigliano and Volturno [2000].

Intimagin Tersaitaly"™ = 0 Oganp, Cenral

Figure 7. Extracts of the “Hydro-geological Setting Plan” (PAI) for Scilla (left), Favazzina
(middle), and Bagnara Calabra (right). Key: red or black polygons delimit recent/active or
dormant/inactive landslides, respectively; dashed polygons delimit landslide-zones; blue
lines follow main drainages. Landslide types are distinguished by means of symbols inside
(V: slide, U: flow) — after Calabrian Basin Authority [2001].
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4, RESULTS

Examples of lava-flow susceptibility and hazard map for the SE flank of Mt. Etna (based
on the cited sub-sample of n.1056 simulations) are shown in Figure 8. In the susceptibility
map, the main drainages appear mostly exposed to invasion from lava flows, which may
originate within the assumed “source zone” (cf. Figures 4 and 5) - a rather similar result
may be obtained by merely evidencing the drainages on a contour map. Most of the poorly-
exposed area, between Zafferana and Trecastagni, is presently diffusely urbanized. In
contrast, in the hazard map highest hazard values are limited to the NW portion of the study
area — i.e. at highest elevation a.s.l., and closer to the right flank of the DSGD.

In the susceptibility map
(on the left), sites not
affected by any simulation
amount to ca. 41.5% of the
considered area. At the
other extreme, the
maximum  number  of
simulations affecting a
given site is 952. The
histogram  shows area
percentages with respect to
the overall affected sites,
per each class of relative
susceptibility.

The hazard map (on the
left) is based on the same
set of simulations
employed for elaborating
the  susceptibility —map
shown above. The
histogram  shows the
percentages, with respect
to the overall affected area,
per each class of relative
hazard (values: 90.3, 5.2,
1.7, 24, and 0.5,
respectively).

Figure 8. SE flank of Mt. Etna. Lava-flow susceptibility map (a, on top), and hazard map
(b, on bottom). Key: 1-5) classes of relative susceptibility/hazard (see text); 6) boundary of

the study area - after Crisci et al. [in press], mod.

i

Figure 9 shows examples of mud-flow susceptibility zonation for the Vallicelle and the
southern slope of Pizzo d’Alvano Massif. The zones affected by one/more simulated
phenomena are distinguished by means of different colours. Depending also on location of
selected sources, some of the drainages appear to be mostly exposed to mud-flow events.
At the base of the massifs, the sectors characterized by the worst conditions coincide fairly
well with those severely stricken during the recent 1998 and 1999 disasters.

Figure 10 illustrates examples of mud-flow susceptibility zonation in proximity of Bagnara
Calabra, Favazzina and Scilla, along the Tyrrhenian coast of Calabria [La Manna, in prep.].
Also in these maps, zones affected by a different number of simulated events are shown by
means of red-tones. In this case, the sectors which appear to be most exposed to flow-
invasion are mainly located along the main drainages and the coastal plain. Many of the
simulated cases directly affect the urbanized areas as well as threaten the existing
infrastructures - as actually occurred in several of the historical events.
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4540000

Figure 9. Preliminary mud-flow susceptibility maps for the study areas of: a) Vallicelle
area (on left), and b) southern slope of Pizzo d’Alvano Massif (on right). The number of
simulated cases which affect a given sector is graphically shown with different colours
(ranging from 1 to either 6 or 8, according to the legends on bottom of the maps).

{mmagini Trrraaly'™ « © Compagnin Generate Riprowacree

=y ATe—" [ 07 14 Kiomsters

Figure 10. Preliminary mud-flow susceptibility maps for the Calabrian study area (only the
sectors in proximity of the villages of Bagnara Calabra, Favazzina and Scilla were
analysed). On the top-left, overall view of the study area; elevation ranges are shown by
brown-blue tones. Blow-ups: Bagnara Calabra (bottom, left), Favazzina (top-right) and
Scilla (bottom right). In all the maps, the number of events (frequency) affecting each zone
is shown by means of red-tones (cf. legend in the overall map). Black, blue and green lines
mark the railway, the highway, and the state road SS.18, respectively.
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5. CONCLUSIONS

The methodological approach for mud-flow and lava-flow susceptibility/hazard mapping,
briefly illustrated by examples in the present paper, is based on CA-modelling and GIS-
analyses, combined with geological I.s. knowledge and historical information in order to
empirically assign probabilities to the events of each considered scenario. Source locations
and characteristics of the simulated events (e.g. source size for soil slips, effusion functions
for vents) were in fact selected also on the basis of statistics of past events that occurred in
the same study areas. By storing the performed simulation into a GIS environment and by
successively overlapping and weighting the simulations (based on criteria which may be
refined in time), the zonation of the study areas into sectors variously exposed to the
considered dangers resulted to be a quite fast and effective task.

The CA-modelling approach surmounted several difficulties, which commonly hamper
classic numerical methods. Its inherent limits, stemming from the necessity of a “discrete”
description of the phenomena, are indeed well balanced by other appealing strong points.
Among the greatest advantages of CA: they have the great capability to derive high
performance from parallel computers: they are quite robust and do not generally show
instability problems; they can fully incorporate even very-dense DEMs.

In the examples described, two simplified releases of CA-models were employed. A
number of real cases — that occurred in the same study areas or within similar settings —
were employed for calibration and validation (greatly facilitated by use of GA).
Incidentally, a strongly innovative derivation of the model for mudflows (FLOW-S*) is
presently undergoing final tests and calibration against real cases (data from both field real
cases, and flume experiments performed at the CNR-IRPI laboratory). This new release is
by far more physically-based with respect to previous ones. It is inspired by the well-
known “equivalent fluid” approach, adapted to the discrete space-time CA viewpoint, and
is characterized by a subset of physical parameters, which can be tuned depending on the
material actually involved in the flow [cf. lovine & Mangraviti, 2008]. Similarly, a more
“physical” version of the model for lava flows is being derived, aiming at better capturing
some specific behaviours of the considered real cases (e.g. tunnelling). Finally, thanks to
parallel GA, libraries of parameters for both the models are presently being implemented
by considering a set of “representative” types of study cases. This should provide a faster
implementation of the described approach even to other (but comparable) areas of interest.
The above-presented preliminary results of mud-flow and lava-flow susceptibility/hazard
maps, although based only on a sub-set of the overall planned simulations, clearly depict
the most hazardous sectors of the considered study areas. The same zones were the most
severely affected by the recent disasters that occurred in the past ten years.
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APPENDIX

A) The “minimisation algorithm of differences” [after Di Gregorio and Serra, 1999]

At step t, two quantities are identified in the central cell: the fixed part q(0) and the mobile part p of its height. The
mobile part can be distributed to the adjacent cells (e.g. thickness of landslide debris or lava flow); the fixed part
cannot change during the simulation (e.g. elevation related to the unerodable bedrock). The height of the central
cell is given by the sum of two terms p+q(0). The height of the i adjacent cell of the neighbourhood is: q(i),
1<i<m-1. At step t+1, the outflow from the central cell to the i™ neighbouring cell is denoted by f(i), 0<i<m, where
f(0) is the part of p which is not distributed. Let qo(i)=q(i)+f(i), 0<i<m-1 be the sum of the content of a
neighbouring cell (at step t ), plus the flow coming from the central cell, and let qomin be the minimum value for
Qo(i). The determination of the outflows from the central cell to the adjacent cells is based on the local
minimisation of the differences in “height”, as described by the following expression:

G ) @
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B) The model S;_p [after D’ Ambrosio et al., 2003]

Formally, itis: Sz-nex= (R, X, Q, P, ¢ ), where

R={(x,y) e Z?| —ly<x<ly, —ly<y<l,} is the cellular space, where Zis the set of integers.

X={central, NNW, NNE, E, SSE, SSW, W} is the neighbourhood, given by the “central” cell and its six adjacent
cells.

Q=0Q.xQunxQexQyxQ", is the finite set of states of the finite automaton, given by the Cartesian product of the
sets of the considered substates: Q, = average cell elevation a.s.l. (bedrock + regolith); Qu = thickness of
landslide debris; Q. = energy of landslide debris; Q4 = depth of erodable regolith; Q, = debris outflow from the
central cell toward any cell of the neighbourhood. The value of the substate x in the cell is expressed by gxeQx.
P={pa, Pt, Padh, P, Pr, Pri; Pmt, Per} 1S the set of the model parameters (cf. Table 2).

06=Q"—Q is the transition function, constituted by the elementary processes oy, 62, 03, 0s.

01: QaXQeXQunXQyXPerXPmi—QaXQeXQunXQyq is the process of “entrainment”. The erosion condition is: ge(0)>pm.
If 44<q4(0), the eroded quantity of regolith is 44=(qe(0)—Pmt)Per, €lse 44=q4(0).

02 Q7ax Q71X QeXPachXPrxpi—Q°, is the process of “debris outflows”.

03 (QinxQexQ%) —QuxQ. is the process of “update” of debris thickness (g) and energy (qe).

04: QeXQuXpr—Qe is the process of “energy loss and run-up”. It is modelled, by reducing the run-up (r) to a
value — not lower than qu(0) — by the parameter py. If [K-ge(0)/dun(0)—pn]>0mn(0), the loss of run-up is 4.=py, else
4,=k-0e(0)/qn(0)—aun(0), where k=2/pgA, p=density of the material, g=gravitational acceleration, A=area of the
cell.

C) The model fv [after Crisci et al., 2004]

Formally, itis: fv=(R, L, X, Q, P, g, "), where

e Rand X = see above.

o LcR=specifies the vents.

e Q=Q. x Q; x Qr x Q is the finite set of states of the finite automaton, given by the Cartesian product of the sets

of the considered substates: Q, is the average cell elevation a.s.l.; Q; is the thickness of lava in the cell; Qr is the

average lava temperature in the cell; Qf is the lava outflow from the central cell toward any cell of the

neighbourhood.

P = { pa, Pss P1vs Prs: Padvs Pads: Peoot } 1S the set of the model parameters (cf. Table 2).

o =Q" — Qs the transition function, constituted by the elementary processes o1, o3, 3.

e gy is the process of “lava outflows”. The minimisation algorithm of differences (see above) is applied to the
amount of lava exceeding the adherence (v), i.e. the aliquot of lava which remains in the cell, due to viscosity. It
is:

in which TeQy is the lava temperature; k; and k, depend on lava rheological properties and are computed as
follows:

Pagy = kle_kzp” ©

— -k Prs
pads - kle ’

o7 s the process of “variation of lava temperature”. It is computed by means of a two-step procedure, as
temperature can change due either to a) mixing of masses at different temperatures, or b) surface radiation.
Accordingly, in the first step:

Ta :[tr xT(O)+ZBZf(i,O)><T(i)]/[tr +iz::f(i,0)j @

i=1

is the weighted average temperature of the residual lava inside the cell plus the lava inflows from neighbouring
cells, where t,eQ is the residual lava thickness inside the central cell (after outflows distribution), TeQr is the
lava temperature, and f(i,0) is the lava inflow from the i"" neighbouring cell (as computed by the minimisation
algorithm).

In the second step, the loss of thermal energy due to surface radiation is computed as:

T=T,/31+(ZcaAN) ©

where C=pq, depends on lava rheology, At=ps, A is the exposed area of the lava, and V the lava volume.

o3: is the process of “lava halting”. If the temperature of the lava inside the cell drops below a given threshold,
prs, the mass of lava comes to a halt, due to an increase of viscosity, thus becoming part of the topography. The
elevation of the cell is increased by an amount equal to lava thickness, and lava thickness is set to zero.

I'={ n » - % .5} is the set of effusion-rate functions assigned to the vents, where v is the number of
considered vents, and % : Q x N — Qq is the effusion-rate function (in time), which specifies the amount of lava
emitted from the i™ vent during the simulation (expressed in terms of thickness, in meters) at each step seN,
with N = set of natural numbers.
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