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Abstract. The paper illustrates some results of research carbeen observed that the genetic mechanism of these landslides
ried out to assess factors triggering debris flows which in-cannot be generalised due to the variety of geological and ge-
volve the pyroclastic overburdens covering carbonate mounemechanical conditions that contribute to the stability of the
tains around Vesuvius. The aims of the research were t@yroclastic cover on the carbonate slopes (Civita and Lucini,
reconstruct a relationship between rainfall and debris flow1968; De Riso and Nota D’Elogio, 1973; Guida et al., 1974;
occurrence and to highlight empirical hydrological thresh- Civita et al., 1975; Cascini and Versace, 1986; Celico et al.,
olds through rainfall pattern analysis. The research was alsd986; Guadagno et al., 1988; Guadagno, 1991; Calcaterra et
aimed at investigating hydrogeological features of a pyro-al., 1997; De Falco et al., 1997; Celico and Guadagno, 1998;
clastic cover-carbonate bedrock system to analyse factors irbel Prete et al., 1998).
ducing temporary hydraulic flow, critical for pyroclastic soil It is in this context that the present study has been under-
stability. The results of research are the following: i) rainfall taken, aimed at examining influences of hydrological and hy-
pattern highlights empirical hydrological thresholds that dif- drogeological conditions on landslide triggering causes. This
ferentiate the Lattari and Salerno Mountains from the Sarnchas been made possible by studying both the results of re-
Mountains; ii) in some sample areas of the Sarno Moun-cent research conducted by the Department of Geophysics
tains close to the trigger zones of the landslides of May 1998nd Volcanology - University of Naples “Federico II” (Celico
strong variation in hydraulic conductivity has been found in et al., 2000; De Vita, 2000) and new data.
the first few meters below the surface; iii) these permeability |n order to achieve the aim, a study on two different scales
variations would seem to justify temporary perched water ta-has been conducted. On a large scale, the relationship be-
bles that might affect the stability of the pyroclastic mantle. tween rainfall data and past landslide phenomena occurring
on the carbonate slopes of the Lattari, Sarno and Salerno
Key words. Debris flows, pyroclastic overburdens, hydro- Mountains has been examined. On a small scale, significant
logical threshold, hydrogeological models hydrogeological situations on the Pizzo d’Alvano Mountain,
the area heavily affected by landslides in May 1998, have
been examined. In particular, in this study the conditions
leading to the formation of a perched water table, hypothe-
sised as a trigger of initial slides, are assessed. The aims of
. . . . this work are thus the analysis of hydrogeological features of
The pyroclastic deposits overlying the carbonate mountains. ™. . . o . Lo
of the southern and eastern boundaries of the Campana PIaFnu.rf'C'al aquifers and individuation _from historical cases of
. : . - rainfall thresholds that caused debris flows.

have been frequently involved in landslide phenomena. This
kind of landslide triggers in the upper part of the slopes and
subsequently develops as debris flow. The landslides that oc- .
curred on 5 and 6 May 1998 along the Pizzo d’Alvano Moun- 2 Study area and geological layout
tain may be included in this kind.

Previous research has highlighted the influences on th

1 Introduction

The geological features of the area can be schematically out-
ﬁned in a meso-cenozoic substratum represented by carbon-

stability of the pyroclastic cover of the hydrological, strati- ate sedimentary sequences belonging fo a paleageographic
graphic, morphologic and hydrogeological conditions ar]dunit deformed by Miocene orogenic phases. At present, the

physical and mechanical properties of deposits. Yet it has . ; )
sedimentary sequences constitute the carbonate mountains
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vius (Fig. 1). Large-scale morphology and position of theseslopes of the Lattari, Sarno and Salerno Mountains, were
mountains was induced chiefly by Pleistocene extensionatriggered by rainfall. It is a cause-effect relation that is
tectonic phases in which the eastern side of the original carecommonly recognised. Thus, one aim of this research was
bonate blocks was sunk by a complex system of tensionato evaluate thresholds of hydrologic parameters that trigger
faults, forming a semi-graben structure. In the central pariandslides, such as rainfall pattern, and antecedent soil hy-
of this structural depression the volcanic activity began fromdrology conditions. The analysis was conducted in order to
different eruptive centres: Ischia Island (150 k-year BP  collect and to validate data regarding historical debris flow
1302 AD), Phlegraean Fields (37 k-year BPL538 AD) and  occurrence, already recognised by the AVI archive (Guzzetti,
Somma-Vesuvius (25 k-year BP 1944 AD). The structural et al., 1994) and by other sources, like regional newspapers
depression was filled by alluvial and volcanic deposits and(chiefly “Il Mattino”) and unpublished technical documents
now corresponds to the Campana Plain, a very large, flafchiefly from ANAS, the Italian department of road main-
area. Base-surge and ash-fall pyroclastic deposits, derivetbnance). The acquisition of daily rainfall data, from the
from Somma-Vesuvius eruptions (the most important beingnearest and most reliable raingauge stations, completed the
1800 BC and 79 AD), mantled areas surrounding the volcandistorical debris flow collection: rainfall data regarding the
(Fig. 1) and thus also the carbonate slopes. In this geoday of each landslide occurrence (P) and the antecedent days
morphological context, especially in steep slopes, pyroclaswere collected (Table 1). Twenty-six notices of debris flow
tic overburdens are subject to initial sliding, induced by par-occurrence were found which are distributed as follows: 19
ticular hydrological conditions and evolving downwards as for the Lattari Mountains, 6 for the Sarno Mountains and 1
debris flow. This kind of landslide includes the disastrousfor the Salerno Mountains. Each occurrence has often been
phenomena, which occurred on the Sarno Mountains in Maynoticed as a singular phenomenon, in relation to damage
1998. caused in human activities, although the same event gener-
ated many debris flows spread across many inhabited slopes.
The events of winter 1996-1997, for example, (known by
3 Analysis of hydrological conditions triggering debris  chronicle only with ¢.1 and c.2 notices, in Table 1) extended
flows their disastrous effects to many other inhabited areas of the
Sorrentina Peninsula (Calcaterra et al., 1997). In this way,

The initial slope instabilities that evolve downwards in de- some notices of singular occurrence of debris flows could
bris flows, occurring on the pyroclastic overburdens mantlingcorrespond to many other phenomena. However, rainfall data
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Table 1. Debris flow occurrences in pyroclastic overburdens known from chronicles and other technical documents (database AVI and other
sources)

ID Historical notice of Mountain  Raingauge station P P1 >Ps >Pig Y Pxp > Pa > Peo

Debris flow occurrence Group

date

location (mm) (mm) (mm) (mm) (mm) (mm) (mm)
a.l 25/9/1963 Salerno

Pellezzano Mountains Pellezzano 152,2 7,0 163,2 163,8 187,3 199,0 199,0
b.1 5-6/5/1998 Sarno

Sarno Mountains  Montoro Superiore 31,4 42 80,2 129,6 194,8 241,4 349,4
b.2 27/12/1993 Sarno

Bracigliano Mountains  Sarno 28,2 50 103,4 103,8 138,2 234,8 355,4
b.3 4/10/1992 Sarno

Bracigliano Mountains  Sarno 102,6 0,0 103,8 150,6 162,6 166,0 166,0
b.4 22/2/1986 Sarno

Palma Campania Mountains Palma Campania 27,0 150 93,0 147,0 222,0 344,0 475,0
b.5 8/1/1968 Sarno

Sarno Mountains  Sarno 22,4 2,4 25,0 80,0 151,8 196,0 217,4
b.6 21/2/1963 Sarno

Sarno Mountains  Sarno 7,3 17,4 50,9 89,1 125,0 168,9 289,0
c.l 10/1/1997 Lattari Castellammare

Pozzano Mountains  di Stabia 150,0 25,0 206,0 226,0 275,0 395,0 635,0
c.2 10/1/1997 Lattari

Nocera (S. Pantaleone) Mountains  Nocera Inferiore 82,0 6,6 108,4 126,2 196,6 283,0 532,0
c.3 10/11/1987 Lattari Castellammare

Castellammare Mountains di Stabia 182 0,0 182,0 197,0 197,0 318,4 319,6
c.4 23/2/1987 Lattari Castellammare

Castellammare-Gragnano  Mountains  di Stabia 50,0 30,0 1258 157,2 167,8 223,8 372,0
c.5 22/2/1986 Lattari

Castellammare-Gragnano  Mountains  Gragnano 54,4 3,6 99,4 170,4 239,8 433,8 533,4
c.6 17/11/1985 Lattari Castellammare

Pozzano Mountains di Stabia 72 0,0 72,0 72,0 147,0 189,2 189,2
c.7 6/3/1972 Lattari

Nocera ( S. Pantaleone) Mountains  Nocera Inferiore 77 38 1150 187,0 225,8 404,8 490,0
c.8 21/1/1971 Lattari

Gragnano Mountains  Gragnano 196 6 214,0 215,0 4445 465,5 465,5
c.9 2/1/1971 Lattari

Gragnano Mountains  Gragnano 105 21 126,0 126,0 126,0 126,0 126,0
c.10 24/3/1969 Lattari Piano di Sorrento

Seiano Mountains  (Ist. Nautico) 91,6 4 101,6 220,8 315,0 470,6 502,8
c.11 24/3/1969 Lattari Cava de’ Tirreni

Vietri sul Mare Mountains  (Badia) 129 2 139,0 317,2 437,8 641,2 740,6
c.12 15/3/1969 Lattari

Agerola Mountains  Agerola 115 63 186,0 200,0 302,0 407,9 592,9
c.13 24/11/1966 Lattari Piano di Sorrento

Vico Equense (Scraio) Mountains  (Ist. Nautico) 81,8 198 1516 2126 280,0 482,2 565,8
c.14 8/10/1963 Lattari Cava de'Tirreni

Cava de'Tirreni-Amalfi Mountains  (Badia) 148 8,8 218,2 2182 458,6 501,8 518,0
c.15 17/2/1963 Lattari

Gragnano-Pimonte Mountains  Gragnano 177,8 61 287,2 339,1 489,8 605,0 826,4
c.16 17/2/1963 Lattari Castellammare

Castellammare Mountains  di Stabia 60 40 128,0 153,0 232,0 294,0 418,0
c.17 4/11/1961 Lattari

Nocera (S. Pantaleone) Mountains  Nocera Inferiore 111,295 139,1 1493 361,2 548,7 548,7
c.18 8/12/1960 Lattari

Nocera (S. Pantaleone) Mountains Nocera Inferiore 87,1 41,2 128,3 128,5 237,9 404,8 501,0
c.19 21/8/1935 Lattari

Gragnano Mountains  Gragnano 91,7 0,0 91,7 97,4 97,4 180,8 185,7
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are obtained from raingauge stations nearest to locations of Independent occurrences of daily rainfall and cumulative
notices (Fig. 1). rainfall with values corresponding to previously mentioned
The initial landslides, preceding the debris flows, consistthresholds are frequent in the historical series (mean period
of surficial debris slides involving low thickness of pyroclas- of recurrence is less than 1 year). Otherwise, occurrences of
tic soils. For this reason the hydrological triggering causeboth conditions are quite low-frequency events in the rain-
of the landslide was investigated on the day of the evenffall historical series, with a recurrence comparable with de-
rainfall, namely the record of lowest duration available from bris flows themselves (mean period of recurrence is about 3
rainfall data. In actual fact, rapid variation of pore pressureyears).
in medium permeability surficial aquifers can be caused by In the same graphical relationships, a rainfall of less than
short duration, high intensity rainfall (Cascini and Versace,32 mm on the day of the event characterises occurrences of
1986). The predisposing hydrological cause, on the othedebris flows in the Sarno Mountains (except for b.3 phenom-
hand, which increases water content before the day of thena that occurred in a geomorphological context more simi-
event, was investigated on antecedent days, with periods dr to the Salerno Mountains). Nevertheless, cumulative an-
different duration being checked. tecedent rainfall, though without an extraordinary total value
From daily rainfall sequences the following parametersbut never lower than a threshold amount, appears marked by
have been assessed: a) rainfall on the day of the eRgrtY  a homogeneous distribution. This property of rainfall se-
rainfall on the day antecedent to the evdntq); c) cumula-  quences can be highlighted by a high value of correlation
tive rainfall on the days antecedent to the landslide, includingcoefficient estimated on the cumulative rainfall curve, which
the day of the event, referred to as different periods: 5 daysappears almost rectilinear in these cases. Thus, the correla-
(3_Ps); 10 days B _P10); 20 days §_P2o); 40 days § Pao); tion coefficient may indicate, at the same total rainfall value
60 days § Pep). and the same duration, the most homogeneous distribution
Analysis of hydrological data made it possible to corre- in a sequence of rainy days (De Vita, 2000). For this rea-
late rainfall on the day of the event, considered as a trig-son, it can be considered a qualitatively good indicator of the
gering factor, and cumulative rainfall in the antecedent pe-best conditions for the infiltration of a rainfall sequence in
riod, considered as predisposing factors (Crozier and Eylesmnedium-low permeability soils.
1980). Antecedent rainfalls indeed lead to moisture and pore Rainfall sequences of the most representative landslides
pressure increment within the soil. This method of analysis,occurring in the Sarno Mountains have been analysed: de-
among numerous ones known in literature (De Vita and Re-bris flows of Palma Campania, on 22 February 1986 (b.4),
ichenbach, 1998), can utilise daily rainfall data in a simple and debris flows of Sarno, on 21 February 1963 (b.6). In the
approach, adequate for the preliminary study of these phefirst case, the rainfall sequence highlights the period of 17
nomena on a large scale. rainy days antecedent to the landslide, by means of a maxi-
Graphical relationships between P and cumulative rain-mum correlation coefficient value of the cumulative rainfall
falls of antecedent periods (1 day =# 4 days =) Ps-P; curve (R = 0.993). The hydrological conditions represented
9 days =Y Pio-P; 19 days =) Pyo-P; 39 days =) Pao- by the total value of precipitation 227 mm) over 17 days,
P; 59 days =) Pso-P) have been checked. The graphical and the homogeneous distribution, appear only three times in
analysis show, for occurrences of debris flows of Lattari- the whole historical series (1919-1942; 1952—1995). Two of
Salerno Mountains, a significant lower envelope. In partic-these cases without notice of landslide occurred in autumn,
ular, increasing the antecedent cumulative period, the lowewhile the landslide occurred in late winter. Such evidence
envelope evolves until it reaches a stabilisation for the high-seems to indicate that in autumn the soil moisture and/or pore
est antecedent periods (39 days and 59 days in Fig. 2). lpressure are still in an early stage of recharge, thus character-
these cases the lower envelope decreases until about P ising the aforesaid homogeneous rainfall sequences as insuf-
50 mm, when cumulative antecedent rainfall increases, thuéicient for triggering landslides. The same analysis has also
highlighting the strong influence of antecedent soil moisturebeen conducted for the debris flows of Sarno on 21 February
conditions and the evapotranspiration effect. In particular,1963 (b.6), showing a maximum value of correlation coef-
the minimum amount of cumulative rainfall necessary to soil ficient (R2 = 0.991) of the cumulative rainfall curve for 12
water retention (180 mm- 310 mm) may be approximately days antecedent to the landslide. In this case as well, the
outlined. When cumulative antecedent rainfall is absent, thaotal value of precipitation 100 mm) over 12 days, and
threshold value increases to P = 110 mm (Figs. 2 and 3)the homogeneous distribution, appear only five times in the
moreover, this value of 24 h cumulative rainfall advances anywhole historical series (1919-1942; 1952-1995). Two of
intensity-duration thresholds tested for this kind of landslidethese cases occurred in autumn, while another three cases
in peri-vesuvian hillslopes (Moser and Hohensinn, 1983;(including b.6) occurred in late winter.
Guadagno, 1991). From verifying graphical relationships, Such apparently different behaviour of triggering rain-
the lower envelope for the highest antecedent period (59all patterns between the Lattari-Salerno Mountains and the
days) indicates a strong reduction of antecedent cumulativé&arno Mountains could be correlated to specific different
rainfall effects on thresholds values (Fig. 2) and may thushydrogeological features of the surficial system formed by
be considered as an empirical hydrological threshold generipyroclastic cover-carbonate bedrock. Unlike the Lattari-
cally valid for the Lattari-Salerno Mountains (Fig. 3). Salerno Mountains, surficial aquifers of the Sarno Mountains
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seem more predisposed to high modulation of groundwater Investigations included: a) analysis of large-scale ground-
flow. This behaviour is probably due to the thicker pyroclas- water circulation within the carbonate ridge of Pizzo

tic deposits in the Sarno Mountains, present in the upper part’Alvano; b) hydraulic characterisation of the pyroclastic

of hillslopes and in the summit flat area of tectonic-karstic mantle; ¢) examination of rock mass discontinuities in sam-
depressions, related to the major proximity of these moun-ple areas close to the trigger point of the initial slides of May
tains to the volcano (Fig. 1). 1998.

4.1 Methods, data and results
4 Hydrogeological investigation and interpretative
models A large-scale hydrogeological survey revealed two types of
springs fed by the Pizzo d’Alvano ridge. The springs, located
Hydrogeological field investigations have been performed toat the base of relief (between 27 and 30 m above s.l.), have,
examine groundwater flow within the surficial zone of the on the whole, an average discharge rate off&n(Fig. 4).
Pizzo d’Alvano area (Fig. 4), affected by some landslidesThe base groundwater flow of the carbonate aquifer, gen-
in May 1998. The aim of this part of the research is the erally very fractured and subject to karstification (average
definition of hydrogeological models useful in defining the yield of 0.025 ni/s x km?; Celico, 1983), feed these springs.
conditions activating debris flows. Other springs (11 identified in the studied area) are located
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along the slopes of the carbonate relief between 300 andvity was determined by the Cedergren (1967) formula. Val-
750 m above s.l. (Fig. 4). They have an average dischargees of hydraulic conductivity (Fig. 6) highlight the hetero-

of less than 0.010 Afs and a large variation of outflow over geneity of pyroclastic mantle in line with the wide granulo-

the year. Only two of these springs have a discharge of morenetric range of deposits.

than 0.005 s, the remainders are seasonal springs with a Initial surveys of rock mass fracturing were carried out in

discharge rate of less than 0.00¥/m 9 sample sites uphill of the landslides. Hydro-structural sur-

This latter type of spring is related to the presence ofveys were aimed at determining hydraulic conductivity of the
perennial and seasonal perched water tables, typical ofock mass through the analysis of discontinuity geometry on
the Jurassic-Cretaceous carbonate sequence of the Southudtcropping.
ern Apennines (Civita, 1969, 1974; Civita et al., 1970, Snow'’s theoretical model (1969) provided a basis. In this
1971,1973; Celico, 1978; Celico and de Riso, 1978). model, the conductivity of a discontinuity system is defined

Hydrogeological survey also revealed two types of well. as a second-rank symmetric tensor, in the hypothesis of a
The wells located at the base of the relief tap carbonatenegligible permeability of the rock matrix compared with
aquifer to a depth of 50-100m. They have a piezometricthat of the discontinuity itself. The hydraulic conductivity of
level related to spring head and a specific capacity of betweea single discontinuity system is expressed by the “cubic law”
101 and 103 m?/s. The wells located in the summit gently and the principal components of the tensor may be defined if
slope and in the closed basin on the relief have generally dhe average spatial orientation of the plane of the discontinu-
reduced depth (less than 10 m). They drain pyroclastic coveity system is known.
and they hold water only during the wet period. Survey procedure included an examination of a standard

Hydrogeological characterisation of the pyroclastic man-size volume of rock (approximately 10G)rand at least two
tle included stratigraphic determination through 5 boreholesperpendicular rock walls. Discontinuities studied in detail
and 5 outcropping sections in 4 areas, some of which wereavere found to be “continuous”, i.e. with a linear persistence
near the uphill portion of landslides (Fig. 4). For 20 sam- greater or equal to 90% of the size of the measured plane.
ples of pyroclastic deposits, granulometric curves have beei$pacing and opening were determined for each discontinuity
determined (Fig. 5). orientation.

During this investigation phase, 30 slug tests on the first Measurements were processed according to methods pro-
seven metres of pyroclastic cover were conducted. Theosed in the literature (Wittke, 1990). Initially, the average
method included the measurement of water level decline afvalues of the three main parameters relating to each discon-
ter injection in small diameter boreholes. Hydraulic conduc-tinuity system were determined. Subsequently, a hydraulic
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Fig. 5. Grain size distribution range for
pyroclastic deposits examined.
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10-3 10-2 draulic conductivity (k) of the pyroclas-
k(em/s) tic deposits.

conductivity tensor was calculated for each system and th&.2 Discussion and hydrogeological model
rock volume as a whole. The principal components of the
rock mass tensok(, k, andk_) were referred to a fixed coor- Though the information collected is by no means exhaus-
dinate system with the y-axis orientated north and the z-axigive, it has allowed for some preliminary considerations to
directed vertically upwards. be drawn regarding the complexities of recharge and flow
in the uppermost layers of the Pizzo d’Alvano ridge in the
aftermath of a landslide. Among these considerations, first
The results of computation (Table 2) highlight hydraulic and foremost, is that the variations in hydraulic conductiv-
heterogeneity and anisotropy of the surficial portion of car-ity discovered within the pyroclastic cover (from 1to
bonate bedrock. However, by simplifying the discontinuity 10~ cm/s), associated with long, though not heavy rain-
net which affects the limestone rocks, significant differencesfall (as recorded by the raingauge of Lauro in the crisis pe-
in hydraulic conductivity are evident between the variousriod, not representative, however, of the peak rainfall affect-
systems of discontinuity, outcrops, and sometimes even being the mountain), may justify the origin of the water ta-
tween portions of the same outcrop. ble within the carbonate covering. Furthermore, it has been



34 P. De Vita and V. Piscopo: Influences of hydrological and hydrogeological conditions

Table 2. Principal components of hydraulic conductivity tensor of In this case, even rainfall of a reduced quantity and intensity,

surficial portion of carbonate bedrock, surveyed in the areas showeguch as that recorded at Layro d_uring the crisis per-ioq (1;42
in Fig. 4 x 104 cm/s), could have given rise to a strong variation in

pore pressure of the uppermost strata, lying within a medium
close to saturation.

Outcropping  kx (cm/s) ky (em/s) k- (cmis) A second possible model is that of a poorly fractured
1 1.31x 102 1.36x 102 0.51x 1072 carbonate substratum §K0~4cm/s) lying beneath a slight
2 319x 1072 2.70x 1072 0.62x 102 covering of pyroclastic deposits, belonging to the uppermost
3 0.39x 1072 0.41x 1072 0.64x 102 layer, and by coarser and permeable levels &3 cm/s).
4 0.21x 102 0.16x 1072 0.12x 102 In this case, a more considerable variation of the pore pres-
5 7.40x 1072 6.27x 1072  8.94x 1072 sure in the carbonate substratum might occur, even with the
6 3.36x 10°® 3.36x106 2.30x107° same weather conditions as those prevalent in May 1998.
7 252x 1072 850x 1072 10.30x 1072 A third model suggests a thin permeable pyroclastic man-
8 7.18x 1072 3.47x 1072  7.26x 102 tle overlying the carbonate substratum, characterised by a
9 1.03x 1072 6.68x 1072  7.48x 1072 strong variation in permeability vertically in the first few me-

tres below the surface. What follows is a vertical stratifi-
cation permeable type KIK2>K3, which could give rise
found that near some areas of landslide activity, the carbonEO a rapid redy ction n mﬁltraﬂon capacny n thg th|rd strg—
. . tum, even during less intense rainfall but in a period in which
ate rock may be relatively less permeable than its pyroclas- . . .
. . L . . the surface pyroclastic stratum is close to saturation. Con-
tic covering, when it is characterised by a reduced thickness

. o . ; sequently, significant variations in pore pressure may occur
and where the grain fraction is coarser. This contrast in per= q Y. SI9 P P y

meability and those linked exclusively to the heterogeneityIn the secpnd stratum, which might affect the stability of the
(k = 107! — 10~%cm/s) and anisotropyk( # k, # k;) pyroclastic mantle.

of the rock mass would seem to suggest further reasons that

are responsible for the formation of occasional water tablesa. Conclusions

within the uppermost portion of the rock mass.

These conclusions come from considerations on a oneThe analysis of the rainfall pattern highlighted empirical hy-
dimensional vertical system that includes: i) moisture con-gro|ogical thresholds, estimated as lower envelopes of histor-
tent of pyroclastic mantle antecedent to the first days of Mayjcg| rainfall data, related to each occurrence of debris flow.
1998 also deduced from an evaluation of infiltration and These critical conditions seem to differentiate the Lattari-
evapotranspiration rates (Celico et al., 2000); ii) relationshipsalerno Mountains from the Sarno Mountains. The first case
(Rubin and Steinhardt, 1963; Freeze, 1974) between rainfalis characterised by rainfall on the day of the debris flow oc-
intensity (1.42x 10~%cm/s at raingauge of Lauro) and du- ¢yrrence> 50 mm and significant cumulated rainfall in the
ration of storm (29 h), time of overland flow and saturated gntecedent periods. Otherwise, in the second case, rainfall
hydraulic conductivity of pyroclastic deposits; iii) hydro- on the day of the debris flow occurrence wa32 mm and
stratigraphy determined near the landslides upslope. cumulated rainfall in the antecedent periods appeared rele-

Water table formation within the uppermost portion of vant and was characterised by a very homogeneous distribu-
the pyroclastic-carbonate system implies the increase in poréon in a long series of rainy days (namely low intensity but
pressure along the failure planes that may condition the staprolonged rainfall sequences). In both cases, the threshold
bility of the pyroclastic cover involved in certain disastrous conditions appear as rare occurrences from rainfall historical
events. In other words, the resulting rise of perched wateeries. In particular, estimating the ratio between cases with
tables computed in the investigated areas varies between |Andslides and cases without landslides, a high frequency of
and 3 m; this variation is sufficient to trigger the landslides landslide occurrences correspond to the mentioned threshold
when considering the topography of slope and the cohesiogonditions. However, the frequency could be higher since
and angle of internal friction of pyroclastic deposits (Celico landslides, which caused heavy damage to towns or roads,
etal., 1986). were only noticed in newspapers.

The investigations conducted near some areas of land- The hydrogeological investigations carried out on the
slides give rise to at least three hydrogeological modelsSarno Mountains highlighted the coexistence of more sur-
that may be useful in future detailed slope stability anal-ficial hydrogeological models. In some sample areas, close
ysis. A first observed model is one which includes a py-to the trigger areas of the landslides of May 1998, strong
roclastic mantle thickness exceeding some metres and avariations in hydraulic conductivity have been found in the
initial failure within the same mantle overlying the lime- first few metres below the surface (up to three-order size).
stone substratum. A hydrogeological profile has been disThese permeability variations are due to: the heterogeneity
tinguished, characterised by a first layer with permeability of the pyroclastic deposits; the difference in hydraulic con-
greater or equal to & cm/s, followed by reduced perme- ductivity between the pyroclastic mantle and the low frac-
ability of less than 10% cm/s at some two metres of depth. tured carbonate bedrock; the variation in fracturing degree of
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the upper carbonate bedrock. The variations of the hydraulic Acque Sotterranee, Palermo, 1973.

conductivity would seem to justify the increase in pore pres-Civita, M., de Riso, R., Lucini, P., and Nota d’Elogio, E.: Studio
sure during rainfalls, which might affect the stability of the ~ delle condizioni di stabilé dei terreni della Penisola Sorrentina
pyroclastic mantle. This may occur after the recharge period (Campania), Geologia Applicata e Idrogeologia, 10, 129-188,

of surficial aquifers and also in periods of less than heavy _E_sari, 1975. . . ) o
rainfall. Civita, M., de Riso, R., Vallario, A., and de Masi, R.: Possihilili

. . L L . rinvenimento di nuove fonti di approvvigionamento idrico nella
What emerges by earlier discussion is a definition, in a pre- bp 9

limi f the hvdroloaical and hvd logical media valle dell'lsclero e nella bassa valle del Calore (Campa-
iminary way, of the hydrological and hydrogeological con- nia), Geologia Tecnica, 6, 1970.

ditions leading to the triggering of debris flows. Further re- cyita M., de Riso, R., Vallario, A., and de Masi, R.: Idrogeolo-
SeaI’Ch W|” be Oriented to increase eXperimental knoWIedge g|a del massiccio del Taburno_Camposauro (Campania)’ Memo-
of the local hydrogeological conditions, also by monitoring  rie della Sociei Geolologica d'ltalia, 10, 1971.

the pore pressure in the surficial layers in relation to rain-Civita, M. and Lucini, P.: Sulla franosit della zona nord-
fall inputs. Thus, improved hydrogeological knowledge of occidentale della Penisola Sorrentina (Campania), Memorie e
the Lattari-Salerno Mountains and the Sarno Mountains is Note dell'lstituto di Geologia Applicata, 10, Napoli, 1968.

necessary in order to further justify different triggering hy- Crozier, M. J. and Eyles, R. J._: Assessing the probability of rapid
drological conditions. mass movement, Il Australian-New Zealand Conf. On Geome-

chanics, 2, 1980.
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