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INFLUENCE OF GEOLOGICAL COMPLEXITIES ON LOCAL SEISMIC RESPONSE 
IN THE MUNICIPALITY OF FORIO (ISCHIA ISLAND, ITALY)

EXTENDED ABSTRACT
Le indagini geofisiche condotte nell’ambito degli studi di risposta sismica nel comune di Forio di Ischia a seguito del sisma del 21 

Agosto 2017, hanno consentito di rilevare effetti locali connessi a specifiche condizioni dell’assetto geologico-strutturale che riflettono la 
complessità del contesto vulcanico che caratterizza l’intera isola di Ischia e, più nello specifico, il settore occidentale del Monte Epomeo e 
dell’adiacente piana costiera di Forio.

In particolare, tramite l’esecuzione di misure di rumore sismico ambientale a stazione singola, sono stati osservati: i) effetti di 
polarizzazione ed amplificazione in prossimità di elementi tettonici e sistemi di fratturazione che caratterizzano il promontorio di Zaro, 
dove affiorano depositi vulcanici da massivi a stratificati; ii) risonanze stratigrafiche su valori di frequenza apprezzabilmente variabili entro 
poche centinaia di metri, che possono essere messe in relazione alla giustapposizione di accumuli di frana (in particolare debris- e rock-
avalanches o lahars) in corrispondenza dell’abitato di Forio, permettendone la corretta definizione spaziale; iii) amplificazione sismica, 
seppure in assenza di marcata polarizzazione del ground motion, nel settore di versante coinvolto nella deformazione gravitativa del Monte 
Nuovo e non apprezzabile nei settori adiacenti, che vedono affiorare le stesse unità litologiche coinvolte nella instabilità gravitativa.

Le peculiarità geologiche dei contesti analizzati ai fini della risposta sismica locale consentono di applicare differenti schemi 
interpretativi che variano dalla pura risonanza stratigrafica (modello monodimensionale di colonna risonante) perlopiù controllata da 
spessore e velocità di propagazione delle onde sismiche in depositi soffici su un substrato rigido, alla risonanza di corpi rocciosi fratturati 
non del tutto svincolati dall’adiacente substrato e per i quali non si raggiungono ancora condizioni di vibrazione libera con modi propri 
(modello tridimensionale di massa oscillante), fino alla combinazione di distribuzione della rigidezza nel sottosuolo e presenza di 
discontinuità fisiche in grado di polarizzare e amplificare lo scuotimento connesso alla propagazione delle onde di superficie.

Tali evidenze costituiscono una fondamentale chiave interpretativa per la zonazione sismica, proponendo l’individuazione di settori 
a comportamento ben definito ai quali attribuire schemi interpretativi della risposta sismica locale che non rientrano necessariamente 
nella codifica che distingue tra amplificazione stratigrafica o topografica prevista dalle attuali linee guida nazionali per gli studi di 
Microzonazione Sismica.

Ciò appare in linea con il recente approfondimento degli studi legato a diversi modelli di amplificazione sismica, nonché di modifica 
delle proprietà delle onde sismiche nel near surface, tra i quali: i) la presenza di sistemi rocciosi fratturati con marcate anisotropie che 
favoriscono la polarizzazione delle onde di superficie (Burjánek et alii, 2012); ii) la presenza di elementi rigidi disgiunti (quali blocchi 
di roccia) in grado di oscillare secondo modi propri  amplificando e polarizzando le onde sismiche (Galea et alii, 2014; Iannucci et alii, 
2018); iii) la presenza di morfologie di substrato o anche di depositi che focalizzano e polarizzano le onde di superficie (Panzera et alii, 
2019); iv) la presenza di contatti laterali tra mezzi eterogenei che favoriscono l’intrappolamento delle onde sismiche con conseguente 
amplificazione e polarizzazione delle stesse (Pischiutta et alii, 2012).

Inoltre, per ciò che attiene le amplificazioni sismiche osservate in versanti instabili in roccia e connesse all’assetto stratigrafico 
e strutturale, di recente si sono affermati due schemi di risposta (Kleinbrod et alii, 2019; Martino et alii, 2020): un primo legato a 
spessori di materiale a forte contrasto di impedenza con il sottostante substrato e, pertanto, in grado di generare amplificazione dell’azione 
sismica in relazione al rapporto tra spessore e velocità di propagazione nel mezzo più deformabile (depth-controlled condition), un 
secondo legato alla mobilità di porzioni di terreno isolate dal circostante substrato grazie a discontinuità aperte e ben definite che 
manifestano la loro libertà cinematica (volume-controlled condition) attraverso l’oscillazione di volumi dalle forme peculiari a cui 
corrispondono modi propri di risonanza (eigen modes).
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ABSTRACT
Seismic response studies carried out in the Municipality of 

Forio on Ischia (NA), southern Italy, following the 21st August 
2017 earthquake allowed to detect local effects related to specific 
geological-structural settings that reflect the complexity of the 
volcanic context which characterises the entire island of Ischia 
and, more specifically, the western sector of Mt. Epomeo and the 
adjacent coastal plain of Forio.

In particular, the following features have been observed: i) 
polarization and amplification effects in the proximity of tectonic 
elements that dissect the Zaro promontory, where volcanic 
deposits from massive to stratified widely outcrop; ii) stratigraphic 
resonances on significantly variable frequency values, changing 
within distances of a few hundred meters, which can be related 
to the juxtaposition of landslide debris (such as debris-/rock-
avalanches and lahar) in correspondence with the town of Forio; 
iii) seismic amplification in the sector involved in the ongoing 
gravitational deformation of Mt. Nuovo even in the absence of 
polarization of the particle motion.

The peculiarities of the geological contexts analysed in 
the Forio Municipality allow to apply different interpretative 
schemes that vary from stratigraphic resonance (one-dimensional 
model of resonant column) mostly controlled by thickness and 
wave velocity in soft soils onto a stiff bedrock, to the resonance 
of jointed rock masses which are not completely released from 
the adjacent bedrock so avoiding typical free vibrations with 
normal modes (three-dimensional oscillating mass model), or to 
the interaction in the near surface with physical discontinuities 
responsible for modifying the physical properties of surface 
waves polarizing and amplifying them.

The collected evidence of local seismic response in Forio 
exemplifies how not conventional interpretative keys for 
seismic zoning can be proposed to identify sectors whose 
response schemes do not necessarily fall within the standard of 
stratigraphic or topographical amplification adopted by current 
national guidelines for Seismic Microzonation (SM) studies. In 
particular, the evidence of local seismic response collected for 
the Forio Municipality were taken into account in the SM and 
relative products that were realised in the following years.

Keywords: Seismic microzonation, local seismic response, engineering-
geological model, Island of Ischia

INTRODUCTION
Since a decade, Seismic Microzonation (SM) studies 

in Italy are a tool of substantial support for environmental 
planning in the management of seismic risk. Guidelines for 
SM, proposed by the Italian Department of Civil Protection 
(ICMS Working Group, 2008) following Regional Decrees 
that have defined standards and techniques, aim at identifying 

amplification conditions and instabilities induced by the 
expected seismic action. The Italian National guidelines for SM 
studies define a three-level methodology including a level - 1 
qualitative approach which restitutes a preliminary mapping 
of homogeneous zones expected in terms of local seismic 
response (namely the MOPS map); a semi-quantitative second 
level  analyses where amplification factors referred to seismic 
microzones are computed based on simplified approaches; a 
third quantitative level, based on analysis including numerical 
modelling and analytical computation of amplification factors 
referred to the identified seismic microzones. 

Far beyond a possible standardisation, the local seismic 
response studies presuppose an engineering-geological 
modelling of the subsoil such as to support interpretive 
response models, which make use of instrumental techniques 
(geophysical investigations) and numerical analysis (mono-, 
two- or three-dimensional). The geological complexities of the 
subsoil, therefore, play a fundamental role in the interpretation 
of the effects of local seismic response which can be ascribed to 
processes often very different from stratigraphic amplification, 
i.e., from the vertical juxtaposition of deposits with sufficiently 
different seismic impedances.

In this sense, in the last decades several models of seismic 
amplification as well as modification of the seismic waves 
properties in the near surface have been studied, among these: 
i) the presence of jointed rock masses with marked anisotropies 
that favour the polarization of surface waves (Burjánek et alii, 
2012 and references therein); ii) the presence of disjoint rigid 
elements (such as rock blocks) which can oscillate according 
to their own vibrational modes, causing amplification and 
polarization of the propagating seismic waves (Galea et alii, 
2014; Iannucci et alii, 2018 and references therein); iii) bedrock 
shapes or soil geometries that focus and polarize surface waves, 
resulting in a marked zoning of their effects (Panzera et alii, 
2019 and references therein); iv) the presence of lateral contacts 
between heterogeneous media which favour the entrapment of 
seismic waves with consequent amplification and polarization 
(Pischiutta et alii, 2012 and references therein).

As it regards the seismic amplifications observed in unstable 
rock slopes and related to the stratigraphic and structural 
setting, two response schemes have been very recently proposed 
(Kleinbrod et alii, 2019): a first one linked to deposits having 
a strong impedance contrast  with the underlying substrate 
and therefore able to generate an amplification of the seismic 
action mostly connected to the relationship between thickness 
and seismic wave speed in the most deformable medium (depth 
controlled condition); a second one linked to the mobility of 
portions of subsoil isolated from the surrounding by open and 
well-defined discontinuities (volume controlled condition) 
through the oscillation of volumes with peculiar shapes to 
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which correspond resonance modes (eigen modes).
The complexities of some geological contexts sometimes 

add to the aforementioned conditions predisposing the local 
seismic response, other times they fade their specificity, leading 
to local seismic response models attributable to less defined 
schemes and as such less generalizable (Martino et alii, 2020).

The here considered case study results from research 
activities carried out in the municipal area of Forio on the 
island of Ischia (NA), southern Italy (Fig. 1), on behalf of 
the Department of Civil Protection through the Seismic 
Microzonation Centre and its Applications of Italian National 
Research Council, in application of the Resolution of the 
Council of Ministers of 29/08/2017 issued following the 21st 
August 2017 Mw 4.0 Casamicciola (NA) earthquake (epicentre 
coordinates 40°44′24″N; 13°54′00″E) that struck the northern 
sector of the island (Fig. 1) and the Casamicciola municipality 
in which damage was surveyed up to a 8th level on the EMS 
scale (Azzaro et alii, 2017). The same area was already struck 
by the dramatic event of the 28th July 1883, that widely damaged 
buildings in the North and Western sectors of the Island (MCS 
IX-X) and caused more than 2300 fatalities (Guidoboni et alii, 
2007). 

In this research, the main outcomes resulting from local 
seismic response studies propaedeutic to SM carried out in the 
municipal area of Forio were reported. The area is characterised 
by a marked variability of geological contexts linked to the 
volcano-tectonic and morphostructural evolution of the western 

sector of the island which results from a peculiar calderic 
resurgence caldera. Some peculiar conditions of the local 
geology represent the interpretative key of seismic amplification 
effects detectable through instrumental investigations that are 
the main topic of this study.

GEOLOGICAL  FEATURES 
The island of Ischia (Fig. 1) represents the westernmost 

part of the Phlegraean Volcanic District (Central Italy) and its 
formation is the direct expression of volcanic activity related to 
the opening of the Tyrrhenian margin of the Apennine chain (Orsi 
et alii, 2003). 

The current geological and morphological framework of the 
island is the result of one of the most spectacular cases of caldera 
resurgence in the World, which actively and passively conditions 
the local morphostructural and geostructural setting and, in 
general, its recent evolution.

Volcanic activity on Ischia island began prior to 150 ka 
(Rittmann, 1930; Vezzoli, 1988; Sbrana & Toccaceli, 2011) 
and continued until the beginning of the 14th century with small 
volume events characterised by effusive and sporadic explosive 
magmatic and hydro-magmatic style eruptions (as last the Arso 
lava flow in 1302 - Vezzoli, 1988; De Vita et alii, 2010). The 
main event that marks the geological history of the island was 
dated 55 ka, when a major explosive eruption (40 km3 in volume 
- Tomlinson et alii, 2014) led to the caldera formation and the 
emplacement of a massive greenish alkali-trachytic pyroclastic 

Fig. 1 -  Geological sketch of the island of Ischia (NA). The epicentre of the 21st August 2017 earthquake, the EMS intensities and the earthquake-
induced effects (from the CEDIT catalogue - http://www.ceri.uniroma1.it/index.php/web-gis/cedit/) are also reported



46 Italian Journal of Engineering Geology and Environment, 2 (2020) © Sapienza Università Editrice www.ijege.uniroma1.it    

S. MARTINO, P. CAPRARI, M. DELLA SETA, C. ESPOSITO, M. FIORUCCI, S. HAILEMIKAEL, R. IANNUCCI, G.M. MARMONI, G. MARTINI, A. PACIELLO & A. PELOSO 

flow deposit named Mt. Epomeo Green Tuff (MEGT - Orsi et 
alii, 1991; Tibaldi & Vezzoli, 1998; Brown et alii, 2008).

The collapse of the caldera was followed by the asymmetric 
and structurally-controlled resurgence of the Mt. Epomeo block, 
which was lifted up of about 900 m in the last 28-33 ka BP with 
an intermittent style (Tibaldi & Vezzoli, 1998; Molin et alii, 
2003). The resurgence isolated polygonal shape blocks that were 
differentially displaced and tilted, as clearly visible in satellite or 
aerial photos.

The resurgence has been driven by an increase in volume 
or pressurisation of the shallow magmatic systems (Orsi et alii, 
1991; Tibaldi & Vezzoli, 1998).

The magmatic body also causes the presence of a vapour 
dominated hydrothermal system characterised by high heat fluxes 
(200-400 mW/m2 - Carlino et alii, 2014).

The principal surficial evidence of the presence of vigorous 
hydrothermal circulation are several thermal springs and fumaroles 
with temperature up to 100°C, among which, the most vigorous 
are localised in the western sector of the island.

As other volcanic island worldwide, Ischia was also the best 
setting for slope instabilities: the island host several processes 
at different scales and experienced, since the Holocene, events 
ranging from shallow mass movements up to massive rock slope 
failures, whose location and temporal occurrence attest their 
close connection with volcano-tectonic activity (Tibaldi & 
Vezzoli, 2004; De Vita et alii, 2006; Della Seta et alii, 2012).

The most unstable slopes are located to the northwest of Mt. 
Epomeo, where large debris avalanches detached from the edge 
of the resurgent block, as documented by their huge deposits 
outcropping in the Forio Municipality coastal plain (Della Seta 
et alii, 2012; Sansivero et alii, 2018).

In addition to these large landslides, which represent the 
major catastrophic mass movements occurred in the island, a 
still active Mass Rock Creep (MRC) process takes place in the 
western sector of the island in Mt. Nuovo area, westward and 
downslope the Mt. Epomeo relief (Della Seta et alii, 2015; 
Marmoni et alii, 2017a).

The recent evolution of the geological processes affecting 
the island of Ischia presently predispose to multihazard 
conditions and related multirisk scenarios (Selva et alii., 2019) 
which include volcanism, seismicity, gravity-induced slope 
deformations, geothermal activity and the related chain effects 
such as debris avalanches/flows, earthquake-induced landslides 
and tsunami.

The clearest evidences of the old and recent volcanic activity 
experienced by the island, as well as its geomorphological 
evolution, both for large landslides (debris- and rock-avalanches, 
lahar) and ongoing slope-scale deformative process, are visible 
in the Forio Municipality.

In the following, based on peculiar geological features, 

Fig. 2 -  Geological sketch maps of the selected case studies in the 
island of Ischia (NA): a) Zaro promontory; b) Forio lahars; 
c) Mt. Nuovo deforming slope. Legend: Ad -Man-made fill, Ld 
- Landslide deposit; Sd - slope debris; Da - Debris avalanche; 
Df - Debris flow and alluvial deposit; Mf - Lahar (mud flows); 
GrSa - Sandy gravels and coarse marine sands, sands; Cl 
- Clays; PSlo - Stratified loose pyroclastic deposit; GT - 
Massive and lithoid tuffs; La - Lavas; a - Faults; b - Trace 
of section; c - Borehole; d - Down-hole; e - Deep Borehole 
(Geothermal Exploration); f – Single-station seismic ambient 
noise measurement
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three distinctive sectors were identified and a brief description 
is provided for an accurate interpretation of the local seismic 
response in view of SM studies.

In particular, the above-mentioned sectors were identified in:
i) the Zaro promontory, representative of the recent lavic 

volcanics with diffused evidence of cracking and faulting;
ii) the Forio plain where recent volcaniclastic gravitational 

deposits are exemplified by a lahar outcropping in the coastal 
plain with a well-defined geometry, changing in width 
and thickness moving both from apical to distal areas and 
laterally;

iii) the Mt. Nuovo hills relief, in the westernmost sector of Mt. 
Epomeo, where a slope-scale gravity-induced deformation 
is affecting the rock mass with diffused evidence of trenches 
and scarps.

Zaro promontory
The Zaro promontory (Fig. 2a) constitutes one of the volcanic 

centres located along the caldera rim that erupted in the last 
stage of activity of the Ischia island, which began 10 ka BP. The 
Zaro centre of emission represents one of the 46 eruptive vents 
recognised in the period 3.000 ka BP-1302 A.D. (De Vita et alii, 
2010, 2013). The emplacement of viscous trachytic lava flows 
and domes was driven by N45E- and N50W-trending fractures 
(De Vita et alii, 2010) featured by a discontinuous occurrence, 
reflecting the intermittent reprise of the volcano-tectonic activity 
and resurgence (Tibaldi & Vezzoli, 1998; De Vita et alii, 2006). 

In the area, the thick lavas, previously interpreted as a single 
lava flow, are retained as emplaced by several lava domes and 
flows erupted since 6 +- 2.2 ka in a short time span (De Vita et 
al., 2010) over an unattributed pyroclastic sequence older than 10 
ka possibly related to Citara tuff sequence.They are constituted by 
100-m-thick, light gray in color, porphyritic black trachytic lavas 
(Sbrana & Toccaceli, 2011).

Forio lahars 
The coastal plain of Forio is widespreadly covered by rock 

avalanche deposits and debris and rockslides deposits. Single 
bodies of slope failure have been mapped in this sector of the 
island by Della Seta et alii (2012) based on geomorphological, 
stratigraphic and textural analyses which allowed to reconstruct 
ante-quem and post-quem relative datations.

The largest events are constituted by large rock- and debris 
avalanches (whose basal contact outcrops along the coast in 
Pietre Rosse) related to collapses of the volcanic resurgent slope, 
that detached from the hydrothermally altered and fractured rock 
mass. Such deposits, nowadays visible in the whole lowlands, 
are marked by typical linear ridges, levees and embedded blocks 
that feature a hummocky topography (Fig. 2b).

Above them, large and small lahars as well as minor mass 

movements such as rock falls, slumps and debris slides, buried 
the large avalanches, and above and around them developed the 
urban area Forio.

Elongated and lobate deposits extend from the foot of 
Mt. Epomeo relief towards the sea laying on the top of debris 
avalanche deposits. The clearest feature, interpreted by Della 
Seta et alii (2012) as lahar deposits, outcrops in Forio from 
the San Francesco shore to the Citara Bay, south of the local 
harbour.

A main lahar body characterised by massive and chaotic 
structure made up of a lithified greenish-grey matrix was 
outlined in the area of Forio, where it is superimposed over a 
coarser matrix and block supported avalanche deposits. In this 
study, the peculiarities of volcaniclastic deposits in terms of 
seismic site response is pointed out, reconstructing geometries 
and behaviour by means of the available boreholes and seismic 
ambient noise records.

Mt. Nuovo deforming slope
A remnant portion of the failed edge of Mt. Epomeo 

resurgent block is constituted by the Mt. Nuovo relief. The 
gravity-induced process affecting it covers an area of about 
1.6 km2 (Fig. 2c) involving a succession of alkali-trachyte pale 
green-coloured, welded ignimbrite units, characterised by very 
high porosity and poor litotechnical properties (Marmoni et alii, 
2017a, 2017b; Heap et alii, 2018).

Based on a combination of engineering-geological 
and geomorphological field-surveys, terrain analyses and 
geophysical reconstructions, Della Seta et alii (2015) inferred 
a structurally controlled biplanar compound surface as the main 
mechanism controlling the MRC process.

The reconstructed process involved almost two hundred of 
million cubic meters in volume, accommodated by a low angle, 
up to 250 m deep shear zone. Such ongoing deformation is 
featured by diagnostic foot-slope bulging and backscarps and 
deep trenches that are often filled by detritic materials.

MATERIALS  AND  METHODS 
In recent decades, engineering-geological modelling and 

surface geophysical investigations have been largely used for 
SM and local seismic response studies (Delgado et alii, 2000; 
Lebrun et alii, 2006; Icms Working Group, 2008; Lenti et alii, 
2009; Bozzano et alii, 2017) as well as to investigate landslide 
processes (Bogoslovsky & Ogilvy, 1977; Mccann & Forster, 
1990; Hack, 2000; Maurer et alii, 2010; Jaboyedoff et alii, 
2019) as their joint application is useful to define fundamental 
features of subsoils or unstable masses and to assess and validate 
the expected behaviour in the case of seismic shaking.

In this study, an engineering-geological modelling was carried 
out to reconstruct the geological setting of the Forio municipal 
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area and to define the physical and mechanical properties of the 
outcropping soils and rocks; at the same time, several single-
station seismic ambient noise measurements were performed to 
validate and integrate the reconstructed subsoil model as well as 
to evaluate how some peculiar complexities of the Ischia island 
geology could affect the local seismic response.

Engineering-geological modelling
A detailed engineering geological model has to lay on high 

resolution geological surveys and subsoil investigations aimed to 
define its fundamental geological features and main relationships 
between surface bodies or covers and the bedrock. In this case, 
previously performed surveys and borehole investigations 
allowed us to delineate a more detailed geological model of the 
study area and to analyse the influence of the geological features 
on the local seismic response. 

The reconstructed engineering geological model, summarised 
in the enclosed Table with map and cross section of interest, 
represents a synthetic view based on the geological maps and 
geotechnical and geothermal surveys available in literature. 
Lithostratigraphic and volcanological units identified in literature 
were grouped and transposed into Synthetic Units in virtue 
of their main litotechnical properties as listed in Annex 2 and 
reported in Map.

During the survey campaign performed in November 2017 
after the 21st August event, the Campania Region provided the 
consultation of a database of wells and boreholes  related to the 
surveys carried out in the Ischia island in the last decades. The 
latter includes 55 boreholes in the territory of Forio; moreover, 
5 further stratigraphic logs were derived from technical studies. 

About 20% of these investigations are localised in Forio 
city centre since they were used for the engineering design 
and geothermal exploration for thermal resorts and spas. Other 
surveys were carried out in the northern part of the Municipality 
of Forio, close to the Zaro promontory and in the Mt. Nuovo 
sector. The average depth of the boreholes is 87 m and often they 
exceed the usual depth of 30-m required by technical regulation 
for Vs30 quantification. 

The borehole data report a description of the lithologies 
encountered during drilling obtaining information on the 
thickness of the different geological layers. It is worth noting 
that 25% of boreholes reach the compact MEGT, which can be 
considered as geological bedrock due to its reduced alteration 
and high welding and stiffness. The consultation of the survey 
database made it possible to summarize the observations in the 
diagrams of Fig. 3.

The consultation of the boreholes data made it possible to 
summarise the observations reported in Fig. 3. In fact, Fig. 3a 
shows the frequency distribution of lithological classes drilled 
in the boreholes while the histogram of Figure 3b shows the 
percentage of thickness for each lithological class in different 
range of depth, allowing to correctly interpret the frequency of 
each lithological class with depth resulting by the database. As it 
results from the diagram, landslide deposits ascribable to debris 
avalanches (Da), debris flow (Df) and shallow landslides (Ld) 
were mainly drilled up to 50 m b.g.l. while the deepest boreholes 
cored pyroclastic deposits (PSlo) as well as massive and lithoid 
tuffs (GT) and lavas (La). 

Other site geophysical investigations carried out in the 
Municipality of Forio include Multi-channel Analysis of Surface 

Fig. 3 -  a) Distribution of the lithology classes as it results from from the analysis of borehole log-stratigraphies; b) distribution of the class thickness 
percentage, in depth range, as it results from the analysis of borehole log-stratigraphies. In Fig. 2 the lithological class codes are explained
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Waves (MASW) surveys performed by professionals in the 
period from 2008 to 2017 and devoted to the characterisation of 
the studied areas in terms of shear-wave velocity (Vs) profiles 
(see enclosed map for location). They are mainly located in 
the coastal plain of Forio within the urban centre. The MASW 
results points out a Vs velocity profile with values below 300 m/s 
down to about 15 m depth, characteristic values of soft soils and 
shallow covers. 

The engineering-geological map of the Municipality of 
Forio as derived from the borehole data as well as from direct 
geological surveying is reported in Plate 1. Annex 2 reports the 
assumed transposition between geological and lithotechnical 
units as they were reported in the engineering-geological map 
of Plate 1 and Fig. 3.

Single-station seismic ambient noise measurements
Seismic ambient noise was recorded in 142 single-station 

measurement points distributed over the whole Forio municipal 
area during several field campaigns carried out between 2014 
and 2017 (see Plate 1). Three different seismic data acquisition 
equipments were used: i) SL06 24-bit dataloggers set to a 
sampling frequency of 200 Hz with a built-in SS20 three-
component velocimetric sensor (2 Hz eigenfrequency) produced 
by SARA Electronic Instruments; ii) LE-3D/5s 3-component 
seismometers by Lennartz Electronic GmbH coupled with 
RefTek 130-01 dataloggers set to a sampling frequency of 250 
Hz; iii) Tromino® 3-component portable tromometers with 
128 Hz sampling frequency. Each measurement lasted between 
30 and 75 minutes, even if most of them had a duration of 1 
hour. Seismic ambient noise measurements were analysed by 
using two different approaches: i) the standard Horizontal-to-
Vertical Spectral Ratio (HVSR) analysis; ii) the Time-Frequency 
Polarization Analysis (TFPA). 

The HVSR analysis, proposed by Nogoshi & Igarashi 
(1970, 1971) and analytically implemented by Nakamura 
(1989), is a reliable tool to evaluate the resonance frequency 
of a site (f0). The HVSR functions represent the ratio between 
horizontal and vertical Fourier spectra at each natural frequency 
and, according to Bonnefoy-Claudet et alii (2006), a peak in 
these functions can be related to a SH-wave resonance in soft 
surface layers or can be due to the ellipticity of particle motion 
when the ambient noise is composed mainly of fundamental 
mode Rayleigh  waves.

The HVSR analysis is traditionally applied in SM or local 
seismic studies to evaluate the presence of resonance of low 
shear-wave velocity layers (i.e., soft soil) above a stiff rock (i.e., 
seismic bedrock), especially if a marked impedance contrast 
exists (Bour et alii, 1998; Haghshenas et alii, 2008). In fact, 
a clear peak in the HVSR function can be observed when a 
sedimentary sequence acts as a resonant layer above a seismic 

bedrock composed of stiff rocks (SESAME, 2004); the HVSR 
peak can be easily associated to a 1D stratigraphic resonance if it 
does not present directional features, i.e., absence of polarization, 
and the associated 3-component Fourier amplitude spectra have 
the typical “eye-shape” (Castellaro & Mulargia, 2009), i.e., 
an increase of the horizontal spectral components and a decrease 
of the vertical spectral component around the peak frequency.

Recently, the HVSR analysis was used also in non-
conventional conditions to evaluate any possible changes 
occurring in the seismic wavefield in the case of particular 
geological settings, such as rock masses characterised by 
different jointing conditions (Panzera et alii, 2012; Galea et 
alii, 2014; Valentin et alii, 2017; Iannucci et alii, 2018, 2020; 
D’Amico et alii, 2019; Martino et alii, 2020).

In this work, the HVSR functions were obtained by Geopsy 
software (Wathelet et alii, 2020): the Fast Fourier Transform 
(FFT) was computed for the three ground-motion components 
(North-South, East-West and Up-Down) on 40-s non-overlapping 
time windows with 5% cosine taper and the obtained FFT spectra 
were smoothed by the Konno & Ohmachi (1998) function; then, 
the HVSR for each time window was computed as ratio between 
the quadratic mean of the horizontal components (H) and the 
vertical component (V); finally, single-window HVSR were 
averaged to obtain the HVSR function. In addition, the specific 
tool of Geopsy was used to analyse the HVSR variation as a 
function of the considered horizontal direction for observing any 
possible directivity: the average HVSR was computed rotating 
the horizontal components from 0° to 180° every 10° and was 
plotted in a frequency-azimuth plot.

The seismic ambient noise records were also processed by the 
TFPA method using the WAVEPOL code (Burjánek et alii, 2012), 
that implements the analysis of ellipticity and polarization of the 
particle motion introduced by Vidale (1986). The WAVEPOL code 
uses the Continuous Wavelet Transform (CWT) for representing 
the particle motion at each time-frequency pair as a 3D ellipse; the 
ellipticity is expressed as the ratio between the semi-minor axis 
and the semi-major axis of the ellipse (i.e., 1 for circular motion 
and 0 for linear motion) while the polarization is indicated in terms 
of strike, i.e., the azimuth of the semi-major axis projected to the 
horizontal plane with respect to North, and dip, i.e., the dip angle 
of the semi-major axis with respect to the horizontal plane.

TFPA method was used for the identification of frequency-
dependent directional resonances in jointed rock masses 
characterised by anisotropies (Burjánek et alii, 2010, 2012, 
2014; D’Amico et alii, 2019; Panzera et alii, 2019) or unstable 
rock blocks (Galea et alii, 2014; Iannucci et alii, 2018, 
2020; D’Amico et alii, 2019), evidencing a polarization of the 
particle motion roughly perpendicular to the anisotropy/fracture 
directions associated with a high degree of linearity in the case 
of oscillating blocks.
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RESULTS 
The results obtained by the analysis of seismic ambient 

noise measurements performed in the Municipality of Forio 
are here presented, with particular emphasis regarding the three 
selected areas characterised by the above-described geological 
complexities: i) the Zaro promontory; ii) the lahar of Forio and 
iii) the Mt. Nuovo deforming slope.

All the seismic ambient noise measurements (Annex 1) were 
analysed according to the HVSR (Nakamura, 1989) method, 
while the TFPA was used only for the measurements carried out 
in the three selected areas. 

For each measurement, the analysis results were 
summarised by evidencing some specific peculiarities: for 
the HVSR analysis, the frequency value corresponding to the 
main peak with the highest amplitude (f0) and, if present, the 
frequency value corresponding to the secondary peak with a 
lower amplitude level (f1); for the TFPA, the frequency values 
(fI, fII) characterised by linearity (i.e., ellipticity lower than 0.2) 
and/or polarization of the particle motion having a significant 
frequency of occurrence (i.e., at least 50%). In the case of 
absence of HVSR peak, the measurement was classified as not 
resonant (NR). 

Most of the 142 seismic noise measurements show HVSR 
curves with a main resonance at very low frequency, about 0.4-
0.5 Hz, often with a peak uncertain in shape or amplitude. These 
resonance values are challenging to be related to other available 
geological and geophysical data (such as MASW and borehole 
data) as they are related to an impedance contrast that is supposed 
to be several hundred meters deep, perhaps corresponding to the 
roof of the ancient fractured trachytic lavas. Only in the Baia di 
Citara area, the resonance rises to values of 0.6 Hz.

Additional HVSR peaks in a range of frequencies between 2 
and 11 Hz, often with amplitude higher than the ones at 0.4-0.5 
Hz, were pointed out in 44 seismic noise measurements, mainly 
grouped in the three analysed sectors. 

Zaro promontory
Local seismic response of the lava Zaro promontory was 

investigated through 13 seismic ambient noise measurements 
(Table 1) and other 10 in the surroundings lined up along with 
and across the main fractures that dissect the area of Zaro (Fig. 
2a).

The results point out a main HVSR resonance peak in a range 
between 7 Hz and 9 Hz and a secondary HVSR peak at 0.4 Hz at 
stations FO30S, FO163S, FO171S, FO173S and FO174S (Fig. 
4, left and middle panels), aligned following the trace of the 
NW-SE fracture set at the eastern side of the promontory. The 
secondary HVSR peak presents also FFT spectra characterised 
by the “eye-shape” trend. For the same measurements, the TFPA 
results evidence a regular ellipticity (i.e., no linearity) and slight 
features of polarization of the particle motion for the frequency 
values corresponding to the main HVSR peak, while neither 
anomalies in the ellipticity nor polarization were observed at 0.4 
Hz. According to the obtained results, the secondary HVSR peak 
can be assumed as relative to a 1D resonance, characteristic of 
the entire study area, caused by the presence of the deep bedrock, 
while the main HVSR peak could be due to the outcropping lava 
and could be influenced by the disjointing element.

On the other hand, the measurements FO30S, FO170S 
and FO172S (Fig. 4, right panel) only show a resonance at 3-4 
Hz without the presence of other HVSR peaks at the lower 
frequencies (Fig. 4), except for the FO30S that has the secondary 
peak at 0.4 Hz related to the 1D resonance. The TFPA evidence 
quite marked features of linearity and polarization of the particle 
motion at 3-4 Hz (Fig. 4, right panel).

Lahar of Forio 
A total of 27 seismic ambient noise measurements were 

carried out in the Forio city centre and the nearby the peripheral 
areas (Tab. 2). The geological peculiarity of this sector is the 
presence of a surficial lahar deposit extended from the foot of 

Tab. 1 - Results obtained by the HVSR analysis and TFPA for the seismic ambient noise measurements performed at the Zaro promontory
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Mt. Nuovo slope toward the seashore (Fig. 2b). 
The single-station seismic ambient noise measurements 

were conducted following two main alignments, one transverse 
and one longitudinal to the body of the lahar, in order to try to 
reconstruct its thickness in different zones (i.e., distal, apical, 
and lateral with respect to its maximum extension).

As a general remark, the results (Fig. 5) point out an average 
HVSR resonance peak at 0.4-0.7 Hz for all measurement stations 
at the Forio lahar. This HVSR peak presents an “eye-shape” 
of the FFT spectra and a regular value of ellipticity without 
evidence of polarization of the particle motion according to the 
TFPA results. For these reasons, the HVSR peak at 0.4-0.7 Hz 
can be associated with a 1D resonance, which can be related to 
the seismic impedance contrast between a lava main bedrock 
and the MEGT deposits considering the local geological setting 
of the volcanic deposits (Moscatelli et al., 2020). Only in 
the measurements, carried out inside the body of the lahar, 

a secondary f1 HVSR peak can be observed in a range 
between 4 Hz and 12 Hz. Since the f1 HVSR peak presents 
FFT spectra with “eye-shape”, regular ellipticity and no 
polarization, it can be related to the presence of the lahar 
deposits overlaid to MEGT that produce a 1D resonance. 
At the same time, its different frequency value can be 
attributable to the variable thickness of the lahar.

Taking into account the cross-section WNW-ESE 
oriented (i.e., along the major axis of the lahar, Figure 
8), the f1 values change from about 12 Hz to about 4 Hz 
moving from the apical area of the lahar deposit to the distal 
one, thus showing a thickening of the deposit in the same 
direction. In the longitudinal section NNE-SSW oriented 
(i.e., along the minor axis of the lahar), the f1 value appears 
to be lower in the centre of the lahar deposit than at his 
border (i.e., so testifying a higher thickness in the central 
areas), disappearing outside this boundary.

Fig. 4 -  Examples of FFT spectra, HVSR function (the dashed black lines show the standard deviation of the curve), ellipticity diagram and polar 
strike plot (same palette colour for relative frequency of occurrence) obtained at the Zaro promontory. See Plate 1 for the location of the 
measurement stations
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Tab. 2 - Summary of the results obtained by the HVSR analysis and TFPA for the seismic ambient noise measurements performed in the Forio lahars 
zone

Fig. 5 -  Examples of FFT spectra, HVSR function (the dashed black lines show the standard deviation of the curve), ellipticity diagram and polar strike 
plot (same palette color for relative frequency of occurrence) obtained in the Forio lahar zone. See Plate 1 for the location of the measurement 
stations
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no evidence of polarization (Fig. 6, right panel), therefore it can 
be associated to a 1D resonance probably due to the presence of 
a shallow unconsolidated soil, partially made of a rock slide mass 
and partially of eluvial-colluvial deposits generated by weathering 
and hydrothermal alteration. Based on the 7 Hz resonance peak 
and taking into account the Vs values typical for such a kind of 
deposits (500-600 m/s) it is possible to estimate a thickness of 
about 15 meters of the debris cover, that is in agreement with the 
collected evidences (Della Seta et alii, 2012, 2015).

The other seismic ambient noise measurements carried out 
on Mt. Nuovo slope areas do not show significant HVSR peaks; 
this absence of resonance can be ascribed to the presence of 
main faults or shear zones that increase the rock mass jointing 
conditions of both the landslide mass and bedrock, so locally 
reducing the seismic impedance contrast.

As a general remark on the HVSR results obtained by the 
geophysical investigations carried out in this sector, several noise 
measurements show HVSR amplitude higher than 2 within a wide 
frequency range as the FFT of the horizontal components are 
generally higher than the vertical ones (Della Seta et alii, 2015). 
This effect could be attributed to a topographic amplification due 
to peculiar landform geometries like steep slopes or sharp ridges, 

that control the directional distribution of FFT (Del Gaudio et 
alii, 2007). 

 Anyway, the TFPA does not evidence features of linearity nor 
polarization of the particle motion for the seismic ambient noise 
measurements carried out at Mt. Nuovo, confirming the absence 
of these effects in the case of DSGSD-involved slopes as already 
observed in Central Apennines by Martino et alii (2020).

DISCUSSION
The three case studies selected at Forio (Ischia island) allow 

us to discuss some specific topics dealing with the role of peculiar 

Mt. Nuovo deforming slope
Seismic ambient noise was recorded at the Mt. Nuovo 

deforming slope through 20 single-station measurements over 
an area of approximately 1 km2 (Table 3), along a section that 
crosses the main surveyed structural and geomorphological 
features from Mt. Epomeo to Mt. Nuovo (Fig. 2c).

As already described in Della Seta et alii (2015), on the 
Mt. Nuovo deforming slope area the evidence of a 1D resonance 
frequency was used to indirectly assess the depth of the deformed 
rock mass (DSGSD of Mt. Nuovo), relating the f0 value to the 
thickness of a soft-rock layer that corresponds to the detached 
rock-mass volume. The thickness estimation was made possible 
by assuming a Vs value of 800-900 m/s for MEGT, according to 
the results presented by Strollo et alii (2015).

The results (Fig. 6) point out a HVSR resonance peak at 
about 0.8 Hz at stations ST_1 (Fig 6, left panel), ST_3 and ST_8 
(Fig. 6, middle panel), that does not show directivity in terms of 
linearity and polarization of the particle motion according to the 
TFPA results. Considering the “eye-shape” characterising the 
FFT spectra, this resonance could be related to an impedance 
contrast between a soft-rock layer and a bedrock, under 1D 
condition. Taking into account the geological features of Mt. 

Nuovo slope area, the observed HVSR peak at 0.8 Hz could be 
linked to the presence of a soft layer approximately 250 m thick,  
constituted within the MEGT, which is part of the landslide mass 
and overlay the landslide bedrock (Fig. 9). This resonance is no 
more evident moving from Mt. Nuovo toward the Falanga plain 
where the MEGT is not yet involved in the landslide process so 
justifying a more reduced seismic impedance contrasts.

The results from ST_4 measurement, located between the 
Falanga plain and the top of Mt. Epomeo, are singular since 
they show a consistent HVSR peak at 7 Hz; in addition, this 
peak presents “eye-shape” FFT spectra, regular ellipticity and 

Tab. 3 -  Summary of the results obtained by the HVSR analysis and TFPA for the seismic ambient noise measurements performed in the Mt. Nuovo 
deforming slope area



propagation. According to this consideration, the presence of 3-4 
Hz resonance values in the southern sector of Zaro promontory, 
could be justified by the presence of a 5 m thick soft-soil with 
very low Vs, above the trachitic lavas and made up of eluvial-
colluvial deposits generated by weathering. 

As it regards the Forio plain, where the lahar loose deposit 
outcrops, the stratigraphic effects on the local seismic response 
are related to the peculiar geometry of such a geological body, 
i.e. to its lateral and longitudinal variation of its thickness. As 
it results from the HVSR outputs in Figure 8, a characteristic 
HVSR peak at frequency values higher than 3 Hz is visible in 
the measurement sites within the lahar body. The peak frequency 
values decrease down to 4 Hz moving forward from the source 
area (in which the peak frequency shows values up to 10 Hz) 
as the debris thickness increases, while peak frequency values 
increase up to 10-12 Hz moving laterally from the middle internal 
portion of the debris mass toward its external zone, reflecting the 
thickening and thinning respectively along with or cross to the 
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geological features in local seismic amplification effects. As it 
regards the Zaro promontory, the evidence of amplification and 
polarization of the ground motion can be related to Rayleigh 
waves propagation and linked to their interaction with either 
jointed zones close to fractures or fault lines (D’Amico et alii, 
2018) which are surveyed in the promontory inferring more 
intense jointing conditions in the rock masses (Martino et 
alii, 2006). These results confirm possible amplification effects 
in outcropping bedrock areas related to anisotropic and/or 
heterogeneous media; these effects are not negligible even though 
their areal distribution is limited to the area very close to the 
structural elements which are retained responsible for the local 
seismic effects (Fig. 7). In this case, the jointing conditions induce 
more evident effects also with respect to topographic elements as 
cliffs or ridges. Moreover, as it is reported in Hailemikael et alii 
(2016), polarization can be observed also in case of stratigraphic 
amplification (i.e., related to shallow debris covers) if topographic 
conditions and rock mass anisotropy influence the surface wave 

Fig. 6 -  Examples of FFT spectra, HVSR function (the dashed black lines show the standard deviation of the curve), ellipticity diagram and polar strike 
plot (same palette color for relative frequency of occurrence) obtained in the Mt. Nuovo deforming slope area. See Plate 1 for the location of 
the measurement stations
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direction of propagation. This HVSR peak is not found, however, 
immediately outside the lahar borders, thus demonstrating its 
strict dependence on the presence or absence of the lahar body.

As it regards the deforming slope of Mt. Nuovo, as an 
effect of the MRC process, evidence of seismic amplification 
at low frequency values (0.7-1.0 Hz) exists within the involved 
rock mass even if no polarization is observed (Fig. 9). On the 
contrary, no resonance effects were observed in the sector of 
the Falanga plain, where no deforming processes are surveyed. 
As already discussed in Martino et alii (2020) for the slope 
deforming masses of Tino and Grisciano hamlets (Accumoli, 
Central Italy), such a response testifies the complexity of 
resonance effects related to the intensely jointed rock mass 
within a MRC-controlled deforming volume where the absence 
of well-defined and oriented structural elements cannot impress 
a significant anisotropy to the rock mass system and seems 
not to induce marked effects of polarization and linearity 
of the particle motion. In addition, since no sliding surface 
delimits the deforming mass in case of MRC process, a purely 
stratigraphic effect cannot be invoked to justify the observed 
seismic response but rather a modified vibrational behaviour of 
the deforming mass with respect to the undeformed substratum.

The above reported results represent interesting insights 
in view of SM studies, as it seems possible to account for no 

conventional interpretation for observed site effects, allowing 
to introduce further criteria for mapping. Such proposals may 
include mapping buffer for zoning intense jointed rock masses 
astride fault lines or fracture alignment where ground-motion 
amplification and polarization are observed. Moreover, a 
seismic amplification can be also attributed to unstable zones, 
as in case of landslide slopes, in order to consider a combined 
effect posed by geomorphological and seismic hazards. The 
considered case histories demonstrate the significant role of 
passive seismic geophysics for zoning geological bodies as well 
as ongoing deformations on slopes; even if not conventional 
interpretation could be provided in terms of purely stratigraphic 
seismic response, evidence of amplification can be related to 
zones characterized by specific geological elements especially 
in view of seismic microzonation studies.

In view of engineering-geological modelling, few-time 
consuming noise measurements proved their suitability for 
detecting those geological features and/or structural elements 
which interact with seismic wave propagation by a combined 
HVSR and TFPA processing.  Moreover, following the present 
guidelines for SM studies in Italy, a level 1 could account 
approximately for the aforementioned features while a level 3 
could define sub-zones attributing them quantitative properties 
in terms of amplification factors and subsoil dynamic properties.

Fig. 7 -  Spatial distribution of the TFPA polar strike plots obtained in the Zaro promontory and related results which highlight the polarized 
amplification related to the main fault and fractures which cause the rock mass jointing
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Fig. 8 -  Spatial distribution of the HVSR functions obtained in the Forio plain and related results which highlight the 1D stratigraphic resonance 
related to the peculiar geometry of the lahar deposits. See Plate 1 for the location of the measurement stations

Fig. 9 -  Distribution along a geological cross section of the results obtained from the ambient noise measurements performed in the Mt. Nuovo 
deforming area highlighting the resonance related to the mass involved in the MRC process. See Plate 1 for the location of the measurement 
stations
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CONCLUSIONS
The study of local seismic response performed in the 

Municipality of Forio in Ischia has made possible to highlight 
some peculiarities strictly connected to geological complexities, 
which result from a rather recent volcano-tectonic and 
depositional evolution, as it can be traced back to the last tens of 
thousands of years.

In particular, evidence of polarized amplification can be 
related to the presence of discontinuities inherited from faults 
and fracture sets in the sector of the Zaro promontory. Evidence 
of stratigraphic amplification connected to the overlaying of 
volcanic depositional bodies on deposits of debris and rock 
avalanches which characterize the sector of Forio city centre and 
highlight the lateral variations of the aforementioned deposits, 
limited to a few hundred meters, in relation to the remarkable 
variations of the peaks in the HVSR functions. Lastly, the 
ongoing gravity-induced MRC deformations in the sector of 
the Mt. Nuovo slope justify more intense jointing conditions for 
the rock mass involved, delimiting a resonant volume which is 
elicited from the surrounding substrate.

The three selected cases report conceptual models of response 
respectively 1D (for Forio lahar), 2D (for Zaro promontory) and 
3D (for Mt. Nuovo deforming slope) thus demonstrating the 
relevance of the engineering-geological modelling of rock mass 
and/or deposit volumes and its fundamental role, especially in 
very geologically complex contexts.

The results of the analysis here presented also highlight the 

need to extend the categories of homogeneous seismic response 
zones, especially in the products of MS1 (MOPS maps) to take 
into account, in a distinct form, the possible amplification effects 
in jointed rock mass involved in gravity-induced deformation 
processes. The current guidelines, in fact, do not codify the 
slope deformation processes for MRC as unstable areas due to 
landslides (i.e., ZAFR), while on the other hand they can be fully 
or partially amplified.
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ANNEXES
Annex 1 - Summary of the HVSR
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Annex 2- Correlation scheme between lithostratigraphic units proposed in literature and synthetic litotechnical units derived 
from the combination of lithostratigraphic units and their correlation with the interpreted survey stratigraphic data.
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