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1. Summary 

 
This Deliverable presents the results of geophysical experiments performed at four test 
sites, two in sedimentary basins and two on irregular topographies, all of them having 
many records of earthquakes available and showing evidence of ground motion 
amplification. Basins were selected as being representative of two typical situations: a) 
shallow extended basins with large impedance contrast and a pronounced 2D symmetry, 
and b) deep 3D basins. The two topographies were selected in Task 11.4 among those 
showing well documented amplifications of ground motion during earthquakes. The 
experiments were aimed i) at checking the extent of the area surrounding seismological 
stations where the seismic response is stable in order to relate observations to the near-
surface structure and layer geometry including lateral variations, and ii) at providing the 
vertical velocity profile of the two topographies, which is the basic information needed to 
interpret observed amplifications through numerical modelling and infer the true role of 
the free surface variations and the local structure on ground motion amplification.  
 The selected basins were the shallow Argostoli basin in Greece, and the deep Fucino 
basin in Italy, which were monitored by temporary dense seismological network between 
September 2011 and April 2012 and between May 2012 and September 2012 for 
Argostoli and Fucino basins, respectively. The selected topographies were the hill of Narni 
(central Apennines) where a moderate (a factor of 4 to 5 between 3 and 5 Hz) 
amplification was observed and Mt. Ocre (southern Apennines) where amplification 
attains a factor of 10. The choice of the first topography is motivated by waveform 
observations at one of the strong-motion stations of the RAN network and at temporary 
stations installed on March to September 2009 (they recorded the entire L’Aquila seismic 
sequence in April-September 2009). On Mt. Ocre, during the Mw 6.3 L’Aquila mainshock, 
a large (H/V spectral peak up to 10 around 1 Hz) site effect caused a strong 24-cm 
displacement pulse followed by several resonance cycles; the same effect was also 
observed at the site in the aftershock records. 
For all of the test sites, the combination of active seismic profiles (MASW) and passive 
(2D noise arrays) measurements yields satisfactory results of shallow seismic velocities 
and the 1D layer structure beneath the temporary stations. In the following, sites and 
experiments are described in detail and results are discussed. 
 

2. Introduction 

The two basins of Fucino and Argostoli were unanimously indicated by the NERA partners 
as the most suitable test sites where the knowledge of the near-surface structure would 
have helped the understanding of ground motion observations and allowed better 
constrained numerical simulations. 
The Fucino Basin is a deep basin facing important site effects at low frequency, while 
Argostoli site is relatively shallow with amplifications affecting higher frequencies. The 
seismicity of the Fucino basin is severe but also low-rated. Anyhow, the availability of 
safe places where installing seismic stations was another important reason for choosing 
the Fucino basin as test site. In the next paragraphs we are going to describe the 
geological and seismological information of the selected area and the experiment.  
As far as topography is concerned, plenty of investigations on topographic effects are 
available now-a-day in the world and in Europe, as discussed in Deliverable D11.2 
(Review of recent data on surface topography effects). They point out a wide scattering 
of observations, from weak to very large amplifications. In distinct contrast, models 
predict only weak to moderate amplifications as effect of topography: to fit observations, 
many authors introduced significant complexities in the near-surface structure of their 
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models thus decreasing the role of variations of the surface topography on observed 
amplifications. 
To address the choice of the two test areas for experiments on topography, the sites in 
Europe already instrumented with temporary or permanent installations have been 
collected in Deliverable D11.2 with a thorough description of each topography, with some 
exhibiting moderate amplification and some large amplification. Such sites are located in 
France (Rognes, Nice), Greece (Grevena, Aigion), Italy (L'Aquila, Nocera Umbra, Narni, 
Alps and Apennines) and Switzerland (Matter-Valley, Randa, Swiss Alps). Specific reports 
by the NERA partners are enclosed in the Deliverable D11.2. During many NERA 
meetings (two in Rome, one in Vienna and Utrecht) the different study cases have been 
discussed in the first two years of the Project. After a careful analysis, a convergence was 
reached about the need of two good sites where further information on the near-surface 
structure would have helped to understand the local mechanism of amplification. This 
issue was specifically discussed in a NERA meeting in Zurich (June 20, 2011), completely 
devoted to the study of the complexity of the observed topographic effects and the 
definition of the common strategy of the Project partners in NERA. At the end, the choice 
converged toward two test sites, one (the hill of Narni, in central Apennines) exhibiting 
moderate amplification and one (Mt. Ocre, in southern Apennines) exhibiting large 
amplification. Both these topographies cause a significantly directional effect, 
amplification being markedly ridge-transversal. This feature is common to many other 
sites on elongated topographies (published results are relative to Swiss Alps, Apennines, 
and southern Alps of New Zealand) and will receive a special attention in the NERA 
experiments on topography. 
In this Deliverable we first summarize geology and observations of the four areas where 
the geophysical experiments were carried out, then we describe the details of 
measurements and results.  
 
 

3. Fucino plain 

3.1. Geology and seismicity  
 
The Fucino Basin represents one of the biggest sedimentary basin into the Apennines 
range in Central Italy (Figure 1). The origin of the basin is tectonic and a large number of 
active faults, mainly NW-SE trending normal faults, are present in the area (Galadini and 
Messina, 1994; Ghisetti and Vezzani, 1997). The extension of the basin reaches 20 
kilometers in the EW direction and 10-12 kilometers in the NS direction (Figure 1) the 
maximum depth is of about 800 meters in the eastern sector (Figure 2). 
A thick layer of recent sedimentary deposits fills the basin. They consist mainly of clay 
and sandy clay. In the northern edge of the basin more recent gravel deposits cover 
these deposits. Gravel deposits are related to the limestone reliefs often dislocated by 
active normal faults. Their presence in the northern sector of the basin can produce a 
velocity inversion in the uppermost ten of meters of soil that introduces some 
complexities in the seismic response of the basin (Cavinato et al., 2002; Cara et al., 
2011). 
The area was interested by one of the largest earthquakes in central Italy (1915 
Avezzano event, Mw 7) that caused a huge amount of casualties and completely 
destroyed the city of Avezzano and villages in the epicentral area. However, beside this 
very important event, the seismicity rate of the area is low if compared with adjacent 
areas in central Italy. Nevertheless, the basin is also affected by the seismic activity 
related to many sources distributed all around it and connected to extended normal fault 
systems. In the last three years before the NERA experiment, the major contribution to 
the recorded seismicity was related to L’Aquila seismic sequence, culminated with the Mw 
6.3 event of April 6th 2009.  
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Figure 1: General view of Fucino basin. Blue markers indicate the permanent strong 
motion stations belonging to the Italian Strong Motion Network (RAN), the red dot 
represents the Fucino Space Center, the area selected for the NERA experiment. 

 
Figure 2: Isochrones contour map expressed in TWT of the alluvial and lacustrine 
deposits. 1) Upper Pleistocene – Holocene continental deposits; 2) Plio-Pleistocene 
continental deposits; 3) Neogene Flysh deposits; 4) Carbonate deposits; 5) Surface 
trace of normal faults; 6) Buried normal faults. Assuming a Vp of 2000 m/s the 
values of TWT can be interpreted as thickness of sedimentary fillings in meters. 
Extracted from Cara et al. (2011). 
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3.2. Previous studies  
 
The basin was monitored in 2008-2009 by INGV in the framework of a project financed 
by the Italian Civil Protection Department (Dipartimento della Protezione Civile, DPC). At 
that time a temporary seismic network of 18 stations, equipped with high sensitivity 
seismic data loggers and extended band seismometers (Lennartz LE3D-5s), was 
operating for few months recording many events mainly related to the L’Aquila 2009 
seismic sequence (Cara et al., 2011). 
The deployment of the network was partially guided by logistic criteria in an area where 
the lack of security and power problems did not allow covering some important portions 
of the basin (Figure 3). Two stations were deployed on rock and worked as reference 
sites, one outside the basin in the NW area (RO01), the second in the SE part of the 
basin where a limestone outcrop is present in the village of Ortucchio (PI03). This last 
station was co-located with the ORC station of the Italian accelerometric network (RAN), 
owned and managed by DPC. Another RAN site, AVZ, was monitored by a weak motion 
instrument during the experiment. The configuration of the instruments installed in 2008-
2009 is shown in Figure3. 
 
 
 

 
Figure 3: Configuration of the temporary network installed in 2008-2009 (yellow 
markers). Green markers refer to ambient noise measurements performed 
during the experiment. 

 
The data collected during the 2008-2009 experiment allowed to infer the resonance 
frequency fo and the depth and velocity of the soft sedimentary layer.  The main results 
were published recently (Cara et. al., 2011). 
Station PI01 was installed in the area of Fucino Space Center belonged to Telespazio 
SpA, a world’s leading company in satellite communication services. It is located in a 
fenced area with a diagonal extension of about 800-900 meters (Figure 4). 
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Figure 4: The area of Fucino Space Center                           

PI01 site shows strong amplification effects at low frequency (≈ 0.3 Hz) as illustrated by 
both earthquake and ambient noise data (Figure 5). The site is still monitored with an 
accelerometer. 
 

 
Figure 5: HVNSR in the area of Fucino Space Center. 

In situ measurements of shear-wave velocity (AGI, 2011) are available in the area of 
Fucino Space Center (Figure 6). These data reveal very low velocities in the uppermost 
40 mt (70-180 m/s). 
 

 

Figure 6: Vs profile from AGI (2011) in the Fucino Space Center area 
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Because the Fucino Space Center is a closed, well-protected area in correspondence to 
the deepest part of the basin, we selected it for the installation of a dense array in NERA.  
 

 

4. Argostoli basin 

4.1. Geodynamics 
 

The Cephalonia Island is located in a tectonically active region, mainly formed by the 
Apulian microplate (Figure 7). This microplate is bounded by three tectonic plates: the 
Eurasian plate to the Norh, the Anatolian plate to the East, and the African plate to the 
South (Lagios et al., 2007). The Pre-Apulian zone forms the major part of Cephalonia. 
The western part of the Apulian microplate corresponds to the subduction of the Eastern 
Mediterranean lithosphere beneath the Aegean lithosphere. The subduction zone is 
located along the Hellenic Arc-Trench System (Le Pichon et al., 1995; Papazachos and 
Kiratzi, 1996).  
 

 
Figure 7: Tectonic plates map of Greece and faults system of the Cephalonia Island, modified 
from Lagios et al. (2007). CTF: Cephalonia Transform Fault. 

The Cephalonia Island is located in the western part of the fold-belt of the Hellenic 
foreland, which corresponds to a foreland-propagating fold and thrust belt of the Alpine 
orogeny (Underhill, 1989; Hatzfeld et al., 1989). In this region, rocks are mainly Alpine 
Mesozoic and Cenozoic sedimentary deposits belonging to the Hellenic foreland (Lekkas 
et al., 2001; Aubouin and Dercourt, 1962). The western part of the Hellenic foreland is 
defined by the Ionian thrust, well exposed in Cephalonia (Underhill, 1989). The 
Cephalonia Island is limited to the West by the Cephalonia Transform Fault (CTF). This 
fault is a major strike-slip fault, linking the subduction zone to the continental collision 
between the Apulian microplate and the Hellenic foreland (Sachpazi et al., 2000; Louvari 
et al., 1999; Le Pichon and Angelier, 1979; Le Pichon et al., 1995; Sorel, 1989). 
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4.2. Geology of the Argostoli basin 
 

4.2.1 Tectonic history 
The Ionian zone, where the Cephalonia Island is located, is dominated by alternating 
compressional and extensional tectonic phases plates (Lagios et al., 2007; Sorel, 1989). 
The tectonic history of Cephalonia Island started from Mesozoic times. 
From upper Triassic to late Cretaceous, the region was affected by low subsidence of the 
pre-Apulian domain, thrusting over the marine basin of the Ionian Sea. At the end of the 
Cretaceous, the convergence between African and Eurasian plates initiated the formation 
of the Cephalonia Island during Tertiary times (Kamberis et al., 1996). From late 
Cretaceous to lower Pliocene, the region was affected by low subsidence. The main part 
of the Cephalonia Island was formed in the pre-Apulian zone. This zone recorded two 
major shortening phases, from Neogene to Quaternary (Underhill, 1989). The first 
compression started at lower Pliocene (from 5 to 4.2 Ma). At this time, the pre-Apulian 
zone was incorporated to the Hellenic foreland. From lower Pliocene to lower Pleistocene, 
the region was affected by continuous subsidence (displacement rate: 0.1 mm/year). 
Finally, compressional structures inherited from lower Pliocene were reactivated during 
lower Pleistocene. 
 
 

4.2.2 Present-day structure 
The main tectonic structure observed in the region of Argostoli is the Argostoli fault (AF). 
This fault is an inverted normal fault, striking NW-SE and 12 km long. One can observe 
important thickness and facies variations along the AF, especially in Eocene to lower 
Pliocene sedimentary layers. Other existing tectonic structures are:  
 
 
- The Argostoli-Minies anticline. This anticline, formed during the same period than AF, 

is composed of late Cretaceous limestones, on the core and is overlain with angular 
unconformity by marine deposits, Pliocene-lower Pleistocene age, themselves folded 
(Sorel, 1989); 
 

- The Cephalonia International airport syncline, striking WNW-ESE. This syncline is 5 
km long; 

 
 

- Faults systems between Lardhigos and Dhafnias capes, composed of metric to 
decametric strike-slip and reverse faults (a to g, see Figure 8). These faults affect the 
Pleistocene deposits (Limestones, calcareous breccias and marine terraces). 

 
 
All these tectonic structures (anticline, syncline) and faults (reverse and/or strike-slip 
faults) indicate an ENE-WSW tectonic strength (N60°-N70°), of upper and middle 
Pleistocene age. 
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Figure 8:  Main structures due to lower Pliocene compressional tectonic phase, modified from 
Sorel (1989). Legend: left picture: Ionian (1) and PreApulian (6) thrusts, Ainos fault (2),  Kalon 
Oros (3) and Ano Angon – Kondoourata (4) fault, folds and Argostoli inverse faults (5); right 
picture: AF. Argostoli fault, a to g: reverse faults. 

4.2.3 Stratigraphy 
The studied interval corresponds to Alpine Meso-Cenozoic sedimentary rocks belonging to 
the Hellenic Arc Trench, the pre-Apulian zone and the Ionian zone (Lagios et al., 2007). 
The corresponding stratigraphy contains a thick series of Mesozoic to Palaeogene 
carbonates overlain by folded Oligo-Miocene deposits (Mercier et al., 1972), themselves 
uncomformably overlain by Plio-Quaternary sediments, especially in the Argostoli basin.  
 
In the field, the stratigraphic and sedimentary series of the Argostoli region is composed 
of Lower Cretaceous to Quaternary deposits. The lower Cretaceous (Ki.d) is marked by 
well-bedded and yellowish limestones (100 to 150 m thick), whereas the Upper 
Cretaceous (Ks.k) is marked by thin-bedded pelagic limestones (30 to 100 m thick). 
Uncomformably lying the Cretaceous limestones, the Eocene-Oligocene deposits (E-O.k) 
as well as their overlying Miocene (Mi.c) deposits are composed of conglomerates and 
brecciated limestones. A hiatus has been recorded, from Oligocene to lower Miocene. The 
main part of the filling of the Argostoli basin is composed of Pliocene (Pl.s) to Pleistocene 
(Qdl.s) deposits, mainly well-bedded conglomerates and sanstones. One can notice that 
the Messinian deposits are missing. Particularly, the lower Pliocene is characterized by an 
argillaceous lumachelle with Pectinids (G. puncticulata zone). The calcarenites and 
lumachelle are uncomformably lying on lower Pliocene folded layers (Sphaeroidinellopsis 
and G. margaritae/G. puncticulata zones). The Quaternary deposits (Qf-Q.al) finally filled 
Argostoli basin up by alluviums and screes deposits. 

 
Close to the Argostoli region, 7 km to the Southeast, the most representative and 
continuous sedimentary series is located near Miniès (Sorel, 1989). This 100-meter thick 
sedimentary series is marked by: 
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- Lower Pliocene: grey clays (few meters). This unit is characterized by microfauna, 
especially G. margaritae zone. The layers are tilted and overlain, with angular 
unconformity, by few meters of an argillaceous lumachelle with Pectinids (G. 
puncticulata zone). 

- Langanian to Tortonian : grey clays (50 m) containing microfauna ; the Messinian has 
not been recognized. 

- Burdigalian: marly limestones with conglomerates at the base of the unit (30 m), 
- Oligocene to Aquitanian: hiatus. 
- Eocene: white limestones (few decameters). 
- Upper Cretaceous: rudists limestones. 

 
 

 

5. The hill of Narni 

5.1. A well investigated area 
Narni is a historical town of central Apennines, Italy. It grew on a top of an asymmetric 
ridge of a limestone formation (Figure 9). The base of the hill is a basin composed of 
alluvial, lacustrine and fluvial deposits. The ridge has an about 1300 m long longitudinal 
section whereas the transversal section extents for 450 to 870 m (Massa et al., 2010). 
The maximum difference of elevation between the top and the base of the ridge is more 
than 200 m. The maximum slope is about 35° in the western side of the ridge whereas in 
the eastern side the average slope is about 20°.   
According to the Italian Building Code (NTC, 2008), coefficients for correcting the 
acceleration response spectra on topography range from 1 to 1.4 depending to the slope; 
the sharpest topographic irregularities of the Narni hill vary from class T3 (slope between 
15° and 30°) to class T4 (slope > 30°) reaching the highest level prescribed by NTC 
(2008). 
 

5.2. Previous observations 
Seismic amplification on the Narni ridge was studied experimentally by Massa et al. 
(2010) and numerically by Lovati et al. (2011). Massa et al. (2010) installed seven and 
three stations at the top and at base of the hill, respectively, for about six months 
(March-September 2009). They recorded 68 events with good signal-to-noise ratio and 
analyzed this dataset computing both single-station spectral ratios (HVSR) and standard 
spectral ratios using a reference site (SSR). At the stations located on the top of the 
ridge, they observed a significant  amplification of horizontal motions, the largest 
amplitudes being transversal to the main elongation of the ridge (N30°W). Massa et al. 
(2010) estimated an amplification of stations on the top as large as a factor of 4 to 5 
within the 3-5 Hz frequency band. 
 
Figure 10 shows the spectral ratios (SSR) as a function of frequency and angle of rotation 
of the two horizontal components for the station NRN4, which is installed on the crest top 
(P2 in Figure 9), amplification is evident at 2, 3.5 and 5 Hz. According to Massa et al. 
(2010), the directional amplification at 2 Hz vanishes at increasing source-to-receiver 
distances (epicentral distances greater than 30 km), whereas the amplification of 3.5 Hz 
is independent of the direction of ground motion and has been interpreted as a soil-
structure interaction effect (NRN4 was installed close to a fortress). Therefore Massa et 
al. (2010) focused on the directional amplification effect observed at 4-5 Hz and 
interpreted it as the topographic effect of the ridge. 
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Figure 9:  (Top panel) Picture of the Narni ridge (western slope). The black 
triangle is a permanent station (NRN) of the Italian Accelerometric 
Network (RAN, Rete Accelerometrica Nazionale), black squares (NRN1 to 
NRN10) are temporary stations of a 2D array installed from March to 
September 2009 (Massa et al., 2010). (Bottom panel) Geological sketch 
of the study area; ridge-transversal profiles are shown in the inset 
(redrawn from Lovati et al., 2011). 
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Figure 10: Directional SSRs computed using near-field events. The 
highest directional effects were obtained between N60°E to 
N90°E which represent high-angle directions from the main ridge 
elongation. (redrawn from Massa et al., 2010). 
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Figure 11 : Top panel: Event of December 16, 2000 (ML 4.1) recorded at the 
strong-motion accelerograph of NRN.  Bottom panel: H/V spectral ratios as a 
function of frequency and rotation angle of the two horizontal components 
(redrawn from Massa et al., 2010). 

 
NRN4 was set near a permanent strong-motion accelerometer station (namely NRN) of 
the RAN (see http://itace.mi.ingv.it). This station recorded the ML 4.1 earthquake of  
December 16, 2000, occurring approximately 6 km east of Narni. The seismograms show 
PGA of the EW component greater than the NS component (54.12 cm/s2 versus 28.78 
cm/s2). The HVSR of this earthquake shows a sharp peak at 1 Hz and again an 
amplification between 3 and 5 Hz (Figure 11). The former amplification is not azimuth-
dependent and then was interpreted as a source effect by Massa et al. (2010).  
Lovati et al. (2011) simulated the seismic response of the ridge through 2D and 3D 
models using a hybrid finite-boundary element method and a boundary element method, 
respectively. They found amplification at 1 and 4 Hz (Figure 12). The former frequency is 
close to the fundamental resonance of the hill based on the equation proposed by Géli et 
al. (1998) 
 
                  f0=Vs/2L  
 
where Vs is the shear-velocity of the rock and L the semi-width of the mountain (Vs was 
fixed to 1000 m/s, L is varying from 500 to 800 m). The 4-Hz amplification is consistent 
with the experimental results, in numerical models this amplification being clearly 
restricted the crest of the hill (Figure 12). However, the maximum model amplification 
was less than 2 with a discrepancy by a factor of 3 between observations and theory. The 
underestimation of theoretical estimates is well-known in the literature (Géli et al., 1998 
among many others). Lovati et al. (2010) invoked effects of stratigraphy and weathered 
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rock in the surface layer (the uppermost 15-20 m) to explain the discrepancy between 
observations and results of numerical models.  Further details on the site topography and 
ground motion properties can be found in the Deliverable D11.2. 
 

 
Figure 12: Amplification pattern found at 1 Hz and 4 Hz from 3D numerical 
models (redrawn from Lovati et al., 2011). 

 
                               

6. Mt. Ocre 

6.1. Why a test site for topographic effects? 
The ground motion generated by the April 6, 2009 Mw 6.3 L'Aquila (central Italy) 
earthquake was recorded by one (CADO) of the GPS stations installed before the seismic 
event near L'Aquila. GPS acquisition was set at high sampling rate (10 Hz). These data 
provided valuable ground displacement time histories in the near source that, jointly with 
the available strong motion data, allowed a reliable reconstruction of the source rupture. 
However, a low frequency (at 1 to 2 Hz) nearly-harmonic large oscillation (more than 40 
cm peak-to-peak) detected at CADO 5 s after the beginning of the coseismic dynamic 
deformation, and spanning about 6.5 s, was not possible to be fit through the inferred 
source models (Avallone et al., 2011). 1 Hz nearly-harmonic oscillations at that site are 
also recorded during the aftershocks by a seismological station installed few meters apart 
from the GPS receiver. The GPS and the co-located seismological station are deployed on 
the eastern flank of the Mt. Ocre ridge, in a site few tens of meters close to the slope 
break, with a variation of elevation by 350 m and a sharp (about 30°) slope (see Figure 
13, panel B). It would belong to class T4 as prescribed by NTC (2008). 
 



16 
 

                             

 
 

Figure 13: (Top panel) The high-rate (10 Hz) GPS station of CADO (shown in C) 
was installed  on Mt. Ocre  few tens of meters close to the slope break, with a 
variation of elevation by 350 m and a sharp (about 30°) slope (the site is 
indicated by the yellow marker in B). (Bottom panels) Three-component 
displacement traces during the Mw 6.3 L’Aquila earthquake and particle motion 
in the horizontal plane. Note the strong directional pulse at t=14 s followed by 
several resonant cycles and their marked directional character. 

 
Since a source effect was ruled out by Avallone et al. (2011) and the occurrence of a 
local site effect is confirmed by aftershocks and ambient noise recorded by the co-
located seismological station (Figure 14), the role of topography deserves to be 
investigated as being the most likely feature responsible for the strong observed 
effect. 
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Figure 14: H/V spectral ratios of the horizontal components of the mainshock as 
observed at CADO using the GPS time series are compared to a small aftershock 
and ambient noise of the co-located seismological station. There is a common 
imprinting evidently due to the site. 

 
Figure 14 illustrates the stable site pattern as a function of frequency and azimuth that 
indicates that the frequency band between 1 and 2 Hz is significantly amplified 
independently of the nature of the incoming seismic input. The site structure at the scale 
of hundreds to a thousand meters is evidently responsible for the strong local 
amplification. 
To understand the role of the steep topographic variation, the near-surface structure has 
been investigated both in terms of the vertical velocity profile and through the 
reconstruction of the topography geometry and preliminary 2D numerical modelling. 
Details are described in Section 8.2. 
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7. Geophysical experiments on basins 

7.1. Argostoli 

7.1.1 Revising geological structure 
 
Punctual outcrops observations and stratigraphic log 
Field data have been collected in the central area of Argostoli region, over an area of 6.7 
km × 6.8 km. Mapping and structural analyses in the field provide punctual (fault and 
bedding measurements) and/or continuous data (fault and bedding lateral continuity). All 
the collected data have been georeferenced in World Geodetic System coordinates 
(WGS84), and pointed on an aerial photography of the area (Figure 15) and on a 
topographic map at scale 1:100 000e (Figure 16). 

 
Topographic maps from the Hellenic Military Geographical Service (HMGS, se numbers 
61326, 61324, 61331 to 61333 and 61335) have been provided by IPPO-ITSAK. Theses 
topographic maps are originally georeferenced in a national projection system, called 
Hatt projection system (Civilian use), a cartographic projection system derived from the 
Hellenic Geodetic Reference System 1987 (HGRS87). All 1:1000 000e topographic 
maps were scanned and converted to WGS84 pojection system by Elena Zargli (IPPO-
ITSAK). 
 
Field data are composed of 40 punctual GPS points and 30 continuous GPS lines, 
constraining all mapped stratigraphic boundaries. 13 bedding and 3 faulting 
measurements have been collected mainly in Pliocene and Cretaceous deposits. Faults 
have been measured in the field (Figure 17):  

- one in the Pliocene conglomerates, 
- two in the Cretaceous limestones. 

These faults present normal throw with dextral component. In addition, 13 outcrops 
samples have been collected: 10 in Pliocene, 2 in Eocene and 1 in Cretaceous deposits. 
 
Based on all available observations collected in the field, the litho-stratigraphic series of 
the Argostoli basin (Figure 18) is composed of: 1/ Lower Cretaceous: white limestones, 
often fractured, 2/  Eocene: breccias with subangulous polygenic clasts (white 
Cretaceous limestones) in an argillaceous red matrix, 3/ Lower Pliocene: these clastic 
deposits can be subdivided into 5 distinct sedimentary units. The lower unit is composed 
of conglomerates with white pebbles in a sandy argillaceous matrix, alternating with 
pulverulent sands marked by interbedded pebbles. This lower unit is overlain by a 
sedimentary unit mainly composed of pulverulent red sands, 4/ The third unit is 
characterized by lithified pulverulend red sands interbedded with thin pebbles layers, 5/ 
Then, pulverulend red sands underlain the third unit, 6/ Finally, the Pliocene deposits end 
with pulverulend red sands with ferruginous concretions, 7/ Quaternary: alluviums and 
screes (mainly grey clays). 
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Figure 15: Georeferenced data collected in the field (punctual and/or 
continuous observations of stratigraphic units and faults), located on the aerial 
photography of the region of Argostoli. 
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Figure 16: Georeferenced data collected in the field (punctual and/or 
continuous observations of stratigraphic units and faults), located on the 
topographic map of the region of Argostoli. 
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Figure 17: Faults F1 to F3 identified and measured in the field. F1 to F3 present 
normal displacement. Only F1 presents a normal throw of 15 cm in Pliocene 
conglomerates. 
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Figure 18: Stratigraphic log showing all stratigraphic units of Argostoli region. 
Outcrops pictures highlight nature, lateral continuity and relationships between 
all litho-stratigraphic facies, from Lower Cretaceous limestones to Quaternary 
alluvium.
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Geological map 
 
Using all available data collected in the field, a preliminary version of the 
geological map of the Argostoli region has been realized. This map, 
presented in Figure 19, has been realized at scale 1:100 000e and 
preliminarily focuses on mapping of main stratigraphic boundaries. This 
map covers an area of 46 km2, around and centered on the Argostoli basin. 
Contour lines of stratigraphic units have been digitized and georeferenced 
on topographic maps, using a GIS (ArcGis software). These contour lines 
correspond to Quaternary, Pliocene, Eocene and Lower Cretaceous and 
have been constrained using field data (punctual and/or continuous data). 
 
 
 

 
Figure 19: Preliminary geological map of the Argostoli region, 
from field data (outcrops observations and punctual and/or 
continuous data). 

 
 

Compared to the previous geological map of Argostoli, one can observe 
that the main stratigraphic boundaries, extracted from the previous map, 
are different (Figure 20). Especially, the Quaternary area is more extended 
to the S-W part of Argostoli region, but is less extended to the S-E part. 
Consequently, the Tertiary area is extended to the N-W, but limited at 160 
meters to the S-E by Cretaceous limestones. Field observations highlight a 
Tertiary deposits restricted area in the Southeastern border of the Argostoli 
basin. Finally, in the northern part of the peninsula of Argostoli, Tertiary 
deposits are restricted to a strip area, 160-200 meters wide, close to the 
sea. 
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a.

b.
 

Figure 20: New geological map of the Argostoli region. The 
main stratigraphic boundaries of the previous geological map 
have been replaced: a. Geological map only, b. Geological map 
projected on the aerial photography of Argostoli. 
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Boreholes 
 
17 boreholes were drilled for water exploration in the Argostoli basin 
(Figure 21), from 1980 to 1986, by the EYDAP Company (Water Supply 
Company based in Athens). Total depths of each borehole range from 36 to 
260 m. 14 boreholes were performed in the basin (Quaternary and 
Pliocene deposits), 3 in the southern border of the basin (Cretaceous 
limestones). 
These 17 boreholes have been collected and their facies descriptions have 
been translated, from Greek to English (Table 1). All stratigraphic units 
were penetrated in boreholes, such as Quaternary deposits (Terra Rossa, 
breccia, clays and marls), Cenozoic deposits (Pliocene Sandstones and 
marls) and Mesozoic (Cretaceous Limestones). For each borehole, many 
facies limits are precisely located in depth. Some are still unknown, but are 
in process of being defined. 
However, these water boreholes are normalized and homogeneous in 
terms of facies description and resolution.  
 
 
 

Figure 21: Location of water boreholes on the preliminary geological map. 
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Table 1: Water boreholes facies description (Depth and water level units: meters). 

Borehole 
name 

Depth
start 

Depth 
end 

Age Facies Detail Water 
level 

Á9001 0 2   Terra Rossa -   
Á9001 2 102 Cretaceous Limestones - 83 
Á9807 0     Breccia calcareous   
Á9807     Marls - 20 
Á9807     Sandstones -   
Á9807     Marls -   
Á9807     Sandstones -   
Á9807   67   Limestones sandy   
Á9906 0 5   Sanstones and clays 

deposits 
-   

Á9906 5 30  Limestones sandy   
Á9906 30 65  Marls sandy   
Á9906 65 102   Limestones sandy 84 
Á9803 0 4  Clay -   
Á9803 4 115  Limestones sandy   
Á9803 115 205 Cretaceous Limestones fractured 168 
Á9508 0 8   Sandy clays deposits -   
Á9508 8 120  Marls sandy   
Á9508 120 135  Limestones marly   
Á9508 135 260 Cretaceous Limestones - 232 
Á9916 0    Clays -   
Á9916  50  Marls - 50 
Á9916 50    Marls sandy   
Á9916     Calcarenites -   
Á9916  90 Cretaceous Limestones -   
Á9603 0     Marls -   
Á9603     Marls sandy 22 
Á9603  45  Limestones marly   
Á9603 45 60 Cretaceous Limestones -   
Á9008 0 8  Clays with calcareous breccias   
Á9008 8 120 Cretaceous Limestones - 91 
Á9306 0 6   Marly clays deposits -   
Á9306 6 32  Marls sandy 24 
Á9306 32 43  Limestones marly   
Á9306 43 65 Cretaceous Limestones -   
Á0009       -   
Á9601 0 12   Clays with calcareous breccias   
Á9601 12 72 Cretaceous Limestones - 72 
Á9601 72 90 Cretaceous Limestones fractured   
Á9707 0 6  Clays with calcareous breccias   
Á9707 6 28  Clays -   
Á9707 28 45  Marls - 34 
Á9707 45 55  Limestones marly   
Á9707 55 60 Cretaceous Limestones -   
Á9708 0     Terra Rossa with calcareous breccias   
Á9708   178 Cretaceous Limestones with micritic limestones beds 154 
Á0012 0 14  Clays with calcareous breccias   
Á0012 14 70 Cretaceous Limestones - 54 
Á0012 70 80 Cretaceous Limestones fractured   
Á9503 0 6   Marly clays deposits -   
Á9503 6 20  Marls sandy 16 
Á9503 20 36   Limestones marly   
Á9709 0 12  Marly clays deposits -   
Á9709 12 70  Clays -   
Á9709 70 125  Limestones sandy 122 
Á9709 125 160 Cretaceous Limestones -   
Ã1096 0 2   Clays with calcareous breccias   
Ã1096 2    Marls -   
Ã1096     Limestones marly   
Ã1096   235 Cretaceous Limestones fractured 198 
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The compilation of all these geological information has allowed to update 
the geological section across the basin as indicated in Figure 22. 
 

 
Figure 22:  (top) previous geological cross-section [Protopapa et 
al., 1998; “The Ionianet accelerometer array: Early results and 
analysis”]; (bottom)  updated geological cross-section. 

 

7.1.2 Geophysical experiments 

 
Geophysical experiments were conducted the 19th and 20th of April 2012 
following the removal of temporary seismological network. Geophysical 
campaign included passive and/or active surface wave measurements at 7 
sites and H/V measurements. Location of these experiments is indicated in 
Figure 23. These experiments involved: 
- single-station microtremor measurements by using mid-band 

velocimeters (Güralp CMG40, Güralp CMG6TD, Lennartz 5s) 
- MASW measurements by using 48 4.5 Hz geophones connected to two 

Geodes manufactured by Geometrics. Profile lengths were ranging from 
47 to 70.5 m and seismic signal was triggered by using a 5 kg hammer. 
Typical shot offsets were 5, 10 and 20 m at both side of the profile, and 
a shot at the centre of the profile.   

- Array microtremor measurements by using  
o CMG6TD belonging to ITSAK for array 01. Note that these 

microtremor measurements were carried out in spring 2011; 
o Güralp CMG40T (eigen period from 30 s to 60 s) connected to 

Taurus (Nanometrics) belonging to the French mobile national 
seismological pool SISMOB (http://sismob.obs.ujf-grenoble.fr/) 
for arrays 03 and 04; 
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o Lennartz-5s (eigen period of 5 s)  connected to Quanterra 
belonging to INGV for array 02; 

o L4C (eigen period of 1 s) connected to Earth Data logger 
belonging to GFZ for arrays 02 and 04; 

 

 
 

 
Figure 23 : Location of the seismological stations and the 
geophysical experiments in Argostoli basin.  

 
Rayleigh waves dispersion 
 
Rayleigh waves dispersion was estimated by using FK frequency-
wavenumber (e.g. Capon, 1969) or SPAC spatial autocorrelation 
techniques (Aki, 1957).  Dispersion curves obtained at individual arrays 
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are displayed in Figure 24. Dispersion curves derived at arrays A, B, 01, 
02, 03 and MASW-s28 are rather consistent with phase velocity about 
ranging between 150 m/s and 250 m/s around 20 Hz (Figure 25).  
Interestingly, dispersion curve obtained at array 04 is consistent with 
dispersion curves obtained at rock site (MASW-R01a and MASW-R02b, 
Figure 25). According to information from the previous geological map 
(Figure 19), array04 was installed at the western edge of the basin such 
as to image the transition between quaternary and Pliocene deposits by 
means of seismic interferometry (noise tomography). Figure 25 clearly 
shows that, unfortunately, array04 layout did not encompass both 
quaternary and Pliocene deposits, but rather Pliocene deposits only. As a 
consequence, the actual boundary between the two geological units is 
most probably in between arrays 3 and 4. Interestingly also, resonance 
frequencies measured at array 03 are 3.5 Hz while resonance 
frequencies obtained at array 04 are 2 Hz despite presence of stiffer 
material (Figure 26). This observation questions relation between 
geological structure, seismic bedrock and observed resonance 
frequencies. 
 

 
 

 
Figure 24: Dispersion curves measured at the different sites in 
Argostoli basin (see Figure 23 for site location). 
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Figure 25: Overlay of dispersion curves obtained at different 
sites in Argostoli basin  (see Figure 23 for site location) 

 

 
Figure 26: (top left) location of the noise arrays and previous 
geological map (yellow: Pliocene deposits; gray: quaternary 
deposits; green: Cretaceous rock); (top right) average H/V 
curves for all individual stations of array03 ; (bottom) average 
H/V curves for all individual stations of array 04. . 

 

H/V transects 
During the experiment in Argostoli basin, single station ambient noise 
(SSAN) measurements were conducted at 22 selected sites. 20 of them 
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were carried out at the last day of the experiment while the rest at an 
earlier stage.  As is shown in Figure 27, 11 SSAN measurements were 
done along the long axis of the valley from its  borders to NNW with an 
inter-station distance of about 200m (station ITSAK_1, 
ITSAK_2,…ITSAK_10). Another series of measurements across the short 
axis of the valley were performed; one at its southeastern part (INGV_1 to 
INGV_5) and another at its northern part (ISTERRE_1 to ISTERRE_4), both 
perpendicular to long axis of the valley. In addition, 3 SSAN measurements 
performed, one at the center of the valley (ITSAK_C) close to the 
seismological array, a second on the bordering bedrock (ITSAK_foot) and a 
third on the top of the two-storey building at the reference R01 station. 
Each SSAN measurement had a duration of at least 30minutes. For all of 
them the sensor to ground coupling was stiff or soft ground, with good 
weather conditions. The data loggers were of 24 bits resolution, Quanterra 
330, CityShark II, Taurus coupled with velocity sensors from 5sec to 40sec 
natural period.  
Ambient noise data were processed according to the SESAME project 
guidelines (SESAME project report, 2005), to obtain reliable results in 
both, fundamental frequency and its amplitude. 
 
 

 
Figure 27: Sites within the Argostoli basin where single station 
ambient noise measurements were carried out. 

 
In Figure 28 to Figure 35 the HVSRs for all sites based on ambient noise 
measurements are presented.  For certain sites (e.g. INGV_noise1, 
INGV_noise3, ITSAK_Foot,) the HVSR curve is either flat or higher than 
10Hz, that is compatible with the nearby rock geological conditions. For the 
rest of sites, the fundamental frequency, fo, is varying between 1.8 Hz to 
7.5 Hz. For the station ITSAK_C (center of the valley) where the lowest fo 
is observed, a stability with time test was attempted. More specifically, 
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continuous recordings of about 6 hours were carried out, and HVSRs for 
different time windows were computed (Figure 34). An excellent stability of 
the fundamental frequency around 1.8Hz, with a corresponding 
amplification slightly varying from 5 to 6, is observed. 
 
A preliminary contouring based on the 21 HVSRs is shown in Figure 36. 
Inside red line fundamental frequency fo is less than 2.0Hz, between 
yellow and red line varies from 2.0Hz to 3.0Hz, between blue and yellow 
line varies from 3.0Hz to 10.0Hz. For sites  outside blue color curve – at 
least for the northern and eastern part of the valley-the fundamental 
frequency, fo,  is either greater than 10Hz or a flat curve is observed. 
Certainly, this result must be combined with the rest of geophysical or/and 
geological measurements/observations before any robust conclusion is 
deduced.  
 

 
 

                                                                            INGV    

 
 

 
Figure 28 (continued). 
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Figure 29 : HVSR for the INGV stations 1,2,..,5 (see Figure 27). 

 
                                                                                  ISTERRE 

 

 
Figure 29 (continued). 
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Figure 30: HVSR for the ISTERRE stations HV01,HV02,..,HV04  
(see Figure 27). 

 
Apart from the 21 SSAN measurements on ground, an additional 
measurement was performed at the top-center of a light 2-storey RC 
building where a reference seismological station was installed during the 
whole experiment (about 7 months). The HVSR of this measurement is 
presented in Figure 37. A “sharp” peak is observed at a frequency of 15 Hz 
with a corresponding amplitude of about 7.5. However, for the frequency 
range between 0.2 Hz to 10 Hz, the HVSR is a flat curve with amplitude 
lower than 2. 
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Figure 31 (continued). 
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Figure 32 (continued). 
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Figure 33: HVSR for the ITSAK stations 01, 02,.., 10  (see Figure 
27). 
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Figure 34: HVSR as a function of time (6 hours of continuous 
recordins) for the ITSAK station at the center of the valley ITSAK_C  
(see Figure 27). 
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Figure 35: HVSR for the bedrock station at the borders of the valley 
ITSAK Foot  (see Figure 27). 

 
 

 
Figure 36: Preliminary contouring of the fundamental frequency, fo, 
distribution within the Argostoli valley, based on the HVSR results; (a) 
Inside red line: fo≤2.0Hz, (b) Between yellow and red line: 
2.0Hz<fo≤3.0Hz, (c) between blue and yellow line: 3.0Hz<fo≤10.0Hz, 
(d) outside [northern & eastern] blue line: fo>10Hz or flat curve. 
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Figure 37: HVSR for the R01 reference station, performed at the top of 
a two storey building. 
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7.2. Fucino 
 

7.2.1 Array experiments 
 

 
The geophysical experiment took place from 24-26th of April 2012 until 19th 
of September. The array consisted of 22 stations equipped with 
Nanometrics Taurus digitizers and Guralp CMG40T sensors (eigenperiod 
from 30 s to 60 s) belonging to the French mobile national seismological 
pool SISMOB (http://sismob.obs.ujf-grenoble.fr/). The power was ensured 
using solar panels. The geometry of the array (Figure 38) has been driven 
by the logistic requirements but was also designed to reduce aliasing 
effects. The maximum aperture of the array was about 900 m, the 
minimum inter-receiver distance about 80 m. Moreover, station A00 was 
set very close (2 m) to the accelerometric station PI01 of INGV. 
 

 
 

Figure 38: Geometry of the 2D array installed at Fucino Space Center. 
The blue polygon bounds the area where the micro-2D array was 
installed for 1 day. 

 

 
 

 

Figure 39: Geometry of the micro-2D array installed for 1 day at 
Fucino Space Center. 
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After the dismount of the 2D array, almost all stations (21) were used for 
another micro-2D array devoted to record microtremors in the south-
western part of the area (Figure 39). The maximum aperture of the latter 
array was  320 m, the minimum 10 m, therefore it was designed to resolve 
the very shallow structure beneath the array. The array of Figure 39 was 
deployed the 19th of September and ran for one day. 
 
 
 
 FK analysis using the noise array data  
 
We analysed two hours of data recorded by the two arrays deployed at the 
Fucino basin by means of the conventional frequency-wavenumber (FK) 
technique. The geometry, the resolution and aliasing limits in terms of 
minimum and maximum wavenumber (kmin and kmax) are shown in 
Figure 40. The HVNSR computed for each station composing the two arrays 
are also reported, showing a good agreement between them and a 
resonance frequency of about 0.3Hz, as already found for the INGV station 
PI01 (see Figure 5). In the micro array analysis, we excluded the 
recordings of stations ts13 and ts20 because of malfunctioning of the 
instrumentation.  
 
 

 
Figure 40: Response of the large and micro 2D array in terms of the response 
transfer functions. The frequency-slowness resolution and aliasing curves are 
plotted using the following wavenumber values: kmin/2 (solid line), kmin  (first 
dotted line), kmax/2 (second dotted line) and kmax (dashed line). On the right-
hand side the HVNSR of the stations composing the arrays are drawn. 
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Figure 41: a) Dispersion curve of the larger array experiment 
computed from 0.2 to 2Hz and low-frequency resolution curves 
(solid and dotted lines); b) dispersion curve of the micro 2D array 
computed from 0.2 to 5Hz and low-frequency resolution curves 
(solid and dotted lines); c) comparison between the two dispersion 
curves (green for the large array, blue for the micro array); d) 
average dispersion curve used for the inversion.  
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Figure 42: Results of the joint inversion of the dispersion curve of 
Figure 41, the ellipticity curve and the resonance frequency f0 of 
0.3 Hz. a) Best fit models for Vs; b) Match between experimental 
and theoretical dispersion curve of the best fit models; c) Match 
between experimental and theoretical ellipticity curves of the 
best fit models. 
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FK analysis provides reliable dispersion curves for the two arrays (Figure 
41a and b) in the range 0.4-1.3 Hz (limited at low frequency by the 
frequency-slowness resolution curve using the kmin/2 value) and 1-2.6 Hz 
(limited at low frequency by the frequency-slowness resolution curve using 
the more conservative kmin value), respectively. The high frequency limits 
of the dispersion curves (1.3 Hz and 2.6 Hz) do not depend on aliasing but 
on a lack of energy above those frequencies. Figure 41c shows the 
comparison between the two dispersion curves, indicating a satisfactory fit 
in the 1-1.3 Hz frequency band. Taking into account the resolution limits of 
the two arrays, we used the larger array for the low-frequency part (0.4-1 
Hz) and the micro array for the high frequency part (1-2.6 Hz), obtaining a 
final dispersion curve as plotted in Figure 41d. It has been inverted using 
an improved neighbourhood algorithm (Wathelet, 2008). We constrained 
the inversion by using the S-wave velocities found in literature (see Figure 
6), the ellipticity curve estimated through the average HVNSR curve and 
the resonance frequency f0 as shown in Figure 40. 
The model was parameterized using two layers over an halfspace. The Vs 
profile resulting from the inversion (Figure 42a) shows that the uppermost 
near-surface subsoil (about 40m) is characterized by a very low shear-
wave velocity of about 130 m/s. Then, the halfspace is found at depth of 
about 200-250m with a velocity of about 330-350 m/s.  
Although this analysis has to be considered as very preliminary, the 
sediment thickness estimated for the Telespazio site is consistent with 
others  found in literature (see Figure 2). Note also the good matching 
between the theoretical and experimental dispersion curves and between 
experimental and theoretical  ellipticity curves for the best fit models 
carried out through the inversion process. Also the fundamental frequency 
is well reproduced. 
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8. Geophysical experiments on topographies 

The aim of the experimental activities carried out on topographies in the 
second year of NERA  was the characterization of two test sites in terms of 
details of the near-surface velocity structure, with a special attention to the 
role of the weathered uppermost rocks. The tools of investigation were  i) 
2D seismic arrays recording ambient vibrations and ii)  linear arrays using 
active sources.  
The two experiments also allow us to check, at a greater spatial detail, the 
spatial stability of the ground motion polarization found at individual sites. 
An attempt is made to relate it to the local fracture field. In the next 
sections, we describe the experiment modalities and the results of the two 
test sites on topographies. 
   

 
Figure 43: Map of the experiment area on the Narni hill. The yellow markers 
indicate the seismic stations used for the 2D array based on ambient 
vibrations. The red lines indicate the linear MASW array (see the text). 

 
8.1 Narni 
 
8.1.1 Activities carried out on the Narni hill 
 
The array experiment took place on the 18th of May 2012. The test site was 
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 in proximity of the highest elevation part of the Narni ridge, close to the 
fortress (Figure 43). The experiment area includes the site where station 
NRN4 of Massa et al. (2010) was installed, and is few hundred meters 
away from the site where the accelerograph (NRN) of the RAN was 
operating. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: On the top:  Example of seismic noise recording for one station 
(na10) of the 2D temporary array of Narni (vertical, NS and EW 
components). The colored portion of the figure shows the selected time 
windows with no industrial disturbances. In the middle: Fourier 
amplitude spectra of the 12 stations  of the 2D array. The cyan, red and 
black curves indicate the amplitude spectra of the EW, NS and vertical 
component, respectively. Bottom:  ± 1 standard deviation band around 
the mean H/V spectral ratio of the 2D array stations. 

The experiment consisted of two MASW linear arrays using hammer as 
source, and a 2D dense array of 5-s seismic stations recording ambient 
vibrations. The multi-channel recorder was a Geode manufactured by 
Geometrics. The first active linear array was conducted using 48 vertical 
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geophones (eigen-frequency of 4.5 Hz), equally spaced at 2 m. The shots 
were carried out using offsets of -20m, -10m, -1m, +1m and +10m, where 
the negative and positive values refer to the distance of the shot from the 
first and the last geophone within the deployment, respectively. For the 
second linear array, we reduced the geophones interspacing to 1 m (see 
Figure 43), the offset shots were -10m, -2m, +2m and +10m. At the end 
of the active survey, the linear arrays were also used to record ambient 
vibrations. 
The 2D array consisted of 12 stations equipped with Reftek130 digitizers 
and Lennartz Le3D-5s sensors (eigenperiod 5s). The power was provided 
by batteries. The geometry of the array (Figure 43) was designed to 
investigate the shallow part of the near-surface structure and to minimize 
aliasing effects in the expected frequency band of analysis. The geometry 
was also driven by logistic requirements. The maximum aperture of the 2D 
array was about 60 m, the minimum receiver-interdistance about 4 m. The 
duration of acquisition was a few of hours. 
The horizontal-to-vertical spectral ratio (HVSR) was computed using the 
specific tools developed within the geopsy software (www.geopsy.org), 
implemented during SESAME and NERIES JRA4 EU projects 
(http://sesame-fp5.obs.ujf-grenoble.fr; www.neries-eu.org). We used a 
running time window of 40 sec and an antitrigger algorithm to remove 
strong transient signals. Indeed, disturbances are recognized in the signals 
related to the intense industrial activity in the basin settled at the base of 
the Narni ridge (Figure 44). 
 

Figure 45: Contouring of the H/V spectral ratios for a section 
spanning from north to south in the area spanned by the 2D 
array. The color scale is proportional to the level of amplitude 
of the spectral ratio curves. 

The average amplitude Fourier spectrum and the average HVSR within the 
12 stations of the 2D array are shown in Figure 44. Excluding the portion 
of signal affected by disturbances, the Fourier amplitude spectra show their 
highest energy in the low frequency band (< 0.5 Hz); the EW component 
shows also a greater amplification between 2 and 5 Hz compared to the NS 
and vertical components. The resulting HVSRs show clear peaks around 
3.2 and 5 Hz (up to a factor of 3 to 4), consistently with results from local 
earthquakes by Massa et al. (2010).  
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                         Figure 46: Directional H/V analysis for the 12 

stations of the 2D array. 
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Other peaks can be recognized in ambient noise at 0.3 and 1.6 Hz. Figure 
45 shows a contouring of HVSR of the array stations considering a north-
to-south section sorted by distance. The same amplification frequencies 
shown in Figure 44 are clearly recognizable in the HVSR contouring of 
Figure 45, the latter showing their spatial continuity. 
Finally, HVSRs are plotted as a function of frequency and angle of rotation 
of the two horizontal components in Figure 46 for all of the array stations. 
The polarization direction varies from transversal to the ridge (N60°E) to 
E-W for the peaks at 3.2 and 5.5 Hz whereas the low frequency peak (<0.5 
Hz) shows a polarization direction from N60° to N20°.  
A frequency-wavenumber (FK) analysis on data recorded by the 2D array 
provides a reliable dispersion curve (Tokimatsu, 1997) in the range 18-34 
Hz, with apparent phase-velocity ranging from 800 to 500 m/s, 
respectively (see Figure 47). The dispersion curve is within the resolution 
and aliasing curves given by the half minimum (kmin/2) and maximum 
wavenumber (kmax), respectively. 
The active experiments provide dispersion curves (Figures 48 and 49 for 
layout 1 and 2, respectively) in agreement with the one provided by the 
noise 2D array of Figure 47. The results of the two nearby linear arrays are 
in good agreement (Figure 50) each other; the linear array with the  
shorter geophones interspacing (layout 2) allows estimating a dispersion 
curve up to 100 Hz (where the apparent velocity is about 300 m/s).   
 
 

Figure 47: FK analysis of ambient vibration data. The curve with vertical bar 
shows the dispersion curve picked in the slowness-frequency and in the 
velocity-frequency domain (left and right panel, respectively). Aliasing and 
resolution curves are also computed and shown in panels (solid, dotted and 
dashed lines) according to the wavenumber values kmin/2, kmin, kmax/2 
and kmax. 
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Figure 48: FK analysis of active data (layout 1 of the MASW survey). Each 
panel refers to different shots offset (slowness-frequency domain). The black 
curve is the mean dispersion curve after averaging the results of all of the 
shot offsets.  

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 49: FK analysis of active data (layout #2 of the MASW survey). Each panel 
refers to different shots offset (slowness-frequency domain). The black curve is 
the mean dispersion curve after averaging the results of all of the shot offsets. 
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Figure 50: Comparison of dispersion curves derived from layout 1 and 
layout 2 (top and bottom panel, respectively). The dispersion curves are 
shown in the slowness-frequency domain and in the velocity-frequency 
domain (on the left and right hand side, respectively). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure  51: Final dispersion curves estimated from the arrays 
experiment combining passive and active data. 

 
 
 
A final dispersion curve is computed combining the results obtained 
from active and passive arrays, as shown in Figure 51. It has been 
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inverted using an improved neighbourhood algorithm (Wathelet, 2008), 
the model was parameterized using two layers over halfspace allowing 
a linear increase of velocity with depth into the first layer. The Vs 
profile resulting from the inversion (Figure 52) shows that the 
uppermost near-surface subsoil is characterized by low shear-wave 
velocities: Vs ranges from 250 to 500 m/s in the uppermost 3 meters, 
then increases up to about 520 m/s down to further 7 m.  The 
halfspace is set by the inversion at a depth of about 10 m with a 
velocity of about 1000 m/s. 
 

  
 

Figure 52: Inversion results of the experimental dispersion curve of Figure 
51. Left panel: Dispersion curves where the experimental one is the black 
curve. Middle and Right panels: Vp and Vs profile derived from the 
inversion. 
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8.2 Mt. Ocre 
 
8.2.1 Activities carried out on Mt. Ocre 
 
Geophysical experiments took place on the 25th of September 2012 and 
the 10th of October 2012. The test area was on the highest elevation part 
of a cliff (the yellow marker in panel B of Figure 13), close to ruins of an 
ancient disrupted castle of the Middle Ages. The activities were aimed i) at 
evaluating the spatial extension and stability of the observed amplification 
and polarization close to the cliff edge, and ii) at estimating the velocity 
profile of seismic velocities in the rock. In order to achieve the two goals, 
we choose: 1) to design a dense T-shaped 2D array of seismic stations 
oriented along the direction of maximum and minimum polarization on the 
relief; 2) to perform a linear array of geophones using both active and 
passive sources. 
The 2D array was installed on the 25th of September 2012. It was 
composed of 9 stations that recorded ambient noise for few hours. Four of 
the stations are aligned along a straight-line oriented N65°E, that is the 
direction of the maximum wavefield polarization, their interdistance being 
30 m, approximately. The other stations are along the direction of 
minimum polarization (N245°). The interdistance is about 25 m, except for 
the couple of stations oc04-oc09 that are about 50 m far from each other 
(Figure 53). Station oc02 occupies the closest position to the GPS antenna 
that recorded the April 6, 2009 earthquake. Station oc04 is common to the 
two directions, and stations oc01 to oc03 are on the cliff top whereas 
stations of the N245° oriented transect are at a similar elevation level. 
 

 
Figure 53:  Map showing the T-shaped 2D array (bleu dots). Ruins 
of an ancient disrupted castle of the Middle Ages are also visible. 

 
Station Latitude Longitude Elevation X (UTM) Y (UTM) X rel 

(oc04) 
Y rel 

(oc04) 
Z rel 

(oc04) 
Dist Azimuth 

oc01 42.2925900053 13.4825028981 979,10 374900.462 4683378.036 51.091 38.071 22.1 63.7 53.30 

oc02 42.2924566781 13.4821846825 972,06 374874.017 4683363.677 24.646 23.712 15.06 34.2 46.10 

oc03 42.2927587722 13.4827991114 971,90 374925.167 4683396.239 75.796 56.274 14.9 94.4 53.41 

oc04 42.2922419414 13.4818917072 957 374849.371 4683339.965 0 0 0 0 - 

oc05 42.2914791544 13.4824959806 966,50 374897.714 4683254.785 48.343 -85.181 9.5 97.9 150.42 

oc06 42.2918603483 13.4822039922 962,70 374874.404 4683297.148 25.033 -42.818 5.7 49.6 149.68 

oc07 42.2916467461 13.4823434761 963,70 374885.388 4683273.648 36.017 -66.318 6.7 75.5 151.49 

oc08 42.2920131844 13.4819829436 959,30 374856.465 4683314.416 7.094 -25.549 2.3 26.5 164.48 

oc09 42.2926307331 13.4815301914 949,10 374820.344 4683383.702 -29.027 43.736 -7.9 52.5 326.43 

 
       Table 3 - Coordinates and elevation of the array stations. 
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Stations were equipped with Reftek R130 digitizers and Lennartz 1s 
sensors. Table 3 summarizes the location of the stations obtained through 
precise gps positioning. 
As a first step, H/V spectral ratios were computed for the array stations 
using ambient noise (HVNSR). Figure 54 shows the HVNSR results of the 
nine stations. The agreement among them is satisfactory except for some 
difference at low frequency likely depending on equipment problems or 
installation. However, the main frequency peak is substantially the same 
everywhere (1.2 Hz) confirming the results inferred from earthquakes at 
the temporary seismological station (Section 6.1).  
To see the stability of the directional amplification azimuth we plot HVNSR 
as a function of frequency and rotation angle. Figure 55 shows the HVNSR 
pattern of the 9 array stations. The plots point out the peaked frequency of 
1.2 Hz that is maximized for an azimuth around N60°. The pattern does 
not change substantially in the entire area covered by the array, in 
particular no difference emerges between the two directions. 
 
 
 
                                                                                 
 

 
 

Figure 54: H/V spectral ratio curves at the stations of the T-shaped array. 

 
The linear array (MASW survey) was carried out on the 1Oth of October 
2012. The selection of the site was driven by the logistics, however we 
were few meters south of station oc05 of the T-shaped array. Therefore, 
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the linear array was approximately at the same elevation of the N265° 
oriented line of the array and with a similar orientation (Figure 55).  
 
 
 

 
 

Figure 55: H/V spectral ratio pattern of ambient noise at the 
stations of the T-shaped array. 
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The MASW experiment consisted of a linear array of 72 vertical geophones 
(eigen-frequency of 4.5 Hz), equally spaced with interdistance of 1.5 m 
(Figure 56). The multi-channel recorder was a Geode manufactured by 
Geometrics. As active sources, both hammer and minigun were used. The 
shots with the hammer were carried out using offsets of -10m, -2m, +2m 
and +10m, where the negative and positive values refer to the distance 
from the first and the last geophone of the array, respectively. A shot was 
also applied to the middle of the linear array. We repeated at least 4 shots 
for each offset. The shots with the minigun were performed using offsets of 
-10m and +10m. 
The sampling rate of recordings was 0.125 ms. The total duration of each 
acquisition was 1 sec. At the end of the active survey, the linear array was 
also used to record ambient vibrations selecting a sampling rate of 2 ms. 
Ten time windows of 30s were recorded for each receiver. 
 
 

 
 

Figure 56: Area of the MASW experiment. The red line shows the 
deployment of linear array.  Ch1 and Ch72 indicate the position of 
the  first and last geophone of the array, respectively. 
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Figure 57: FK analysis of the MASW survey (in slowness-frequency 
domain). Each panel refers to different shot offsets.  The black curve 
is the mean dispersion curve. 
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The frequency-wavenumber (FK) analysis was performed using the specific 
tool developed within the geopsy software (www.geopsy.org), 
implemented during SESAME and NERIES JRA4 EC projects (http://sesame 
-fp5.obs.ujf-grenoble.fr; www.neries-eu.org).  
The FK analysis of the linear array data provides a reliable dispersion curve 
in the range 15-50 Hz, whereas the passive data do not give satisfactory 
results. The dispersion curves for the different offsets (Figure 57) are 
substantially in agreement each other, records with the negative offset 
providing more consistent results than the ones with positive and central 
offsets. The FK dispersion curves, obtained using the two active sources 
(hammer and mini-gun) for an offset of -10m are in satisfactory 
agreement (Figure 57, bottom panels). 
The final dispersion curve was computed by combining the results obtained 
from the different offset, and it is shown as red curve in Figure 58. The 
mean dispersion curve shows an apparent phase-velocity of about 500 m/s 
at the highest frequency (about 50 Hz), whereas at the lowest frequency 
(about 15 Hz) the phase-velocity approaches 800 m/s. 
The FK analysis was applied also to the T-shaped 2D array (based on 
ambient vibrations) but it did not provide acceptable results, however a 
stable value of apparent phase-velocity is around 900-1000 m/s between 4 
and 7 Hz consistently with the aliasing and resolution limits of the array 
(see the bottom panel of Figure 58). 
A preliminary inversion of the dispersion curves obtained from the MASW 
analysis shows a soft deposit for the uppermost 10 meters of the subsoil, 
with average Vs value of about 550 m/s (Figure 59). 
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Figure 58: (Top panel) Dispersion curves obtained from the different 
shot offsets in the slowness-frequency and velocity-frequency 
domain (left and right uppermost panel, respectively). The red curve 
is the averaged curve. (Bottom panel)  Comparison between the 
averaged MASW curve and the results derived from the FK analysis 
of the 2D array. 

 
 

Aliasing and resolution 
limits of the 2D array in 
terms of minimum (kmin) 
and maximum (kmax) 
wavenumber: 
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Figure 59: Results from the inversion of the dispersion curves 
obtained from the active seismic experiment of the Mt. Ocre site. 
The black curve is the observed dispersion curves, models are ranked 
by misfit according to the color scale.  
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8.3 Discussion  
 
The results of geophysical measurements on the hill of Narni and on 
Mt. Ocre show a significant consistency (Figure 60): there is a 
satisfactory match between 10 and 30 Hz in the dispersion curves of 
the two sites. This may reflect the similar tectonics and age of the two 
outcropping formations in the Apennines. The curve separation at 
frequencies higher than 30 Hz is likely caused by the lower velocities of 
the uppermost soft layers on the Narni hill (thickness of the order of 1 
m).  
 
 
 
  

                        
      Figure 60: Dispersion curves of Narni and Mt. Ocre. There is a satisfactory 

match between 10 and 30 Hz suggesting a similar velocity of limestone on 
the two topographies. The curve separation at frequencies higher than 30 
Hz is likely caused by the lower velocities at Narni in the uppermost soft 
layers(thickness of the order of 1 m). 

 
The results of Figure 60 suggest that the values used in the past for 
numerical modeling were realistic (e.g., Lovati et al., 2011), therefore 
the acquisition of in situ measurements  does not provide a simple 
explanation of why previous theoretical predictions underestimated 
observed amplitudes on topographies. As proposed by Burjànek et al. 
(2010 and 2012) and Marzorati et al. (2011), fractures can have a role 
on directional ground motions on topographies as due to earthquake-
induced resonant vibrations of large rock blocks (Moore et al., 2011). 
Pischiutta et al. (2012 and 2013) ascribe wavefield polarization in 
fractured media to anisotropy of stiffness due to oriented fractures that 
make rocks more compliant transversally to the fracture strike. 
To complete the surveys on topographies, structural geology features 
were measured. On the Narni hill, close to the area where the 
experiment was led out, well-preserved limestones outcrop in two 
locations (shown by the arrows in Figure 61). On both these outcrops, 
limestones appear to be intensely fractured by joints (fracture 
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cleavages) and bedding planes (Figure 62). Their orientation was 
measured in the field (Figure 63). 
A predominant set of fracture cleavage was observed at both outcrops 
(Figure 64), with an overall N125° orientation (panels a and b, blue 
curves). At outcrop #2 a minor fracture set was observed striking N80° 
(panel b, green curve). At both the outcrops, the limestone bedding 
was found at a mean N12° strike with different plunges (panels c and 
d, blue curves). Preliminarily, a high-angle relation emerges between 
the observed polarization and the predominant fracture orientation. 
However, preliminary observations of fractures are not sufficient to find 
a direct relation between polarization, orientation of topography and 
fercture strike. More refined investigations of structural features will be 
needed. 
 
 

 
 

Figure 61: Location of two rock outcrops in the proximity of the fortress 
where bedding planes and fracture cleavage were measured. 
 

 
 

a)       
 

b)       
Figure 62: Limestone outcrops where structural geology features was 
assessed. a) Outcrop #1; b) Outcrop #2. On the pictures “S” indicates 
limestone bedding while “F” indicates fracture cleavage surfaces. 
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Figure 63: Structural geology features (bedding and cleavages) 
represented through a Lower Hemisphere Schmidt Projection. 
(Top panel) Outcrop #1; (Bottom panel) Outcrop #2. 
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a)  

b)  
 
 
 
                         Figure 64 (continued). 
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c)  

 
d) 
 

Figure 64: Structural geology features are represented through 
rose diagrams as a projection on the horizontal plane (in each 
picture the black arrow points toward geographic North). Panel 
(a) and (b) show fracture cleavages measured at Outcrop #1 
and #2, respectively. Panel (c) 1 and (d) show bedding planes 
measured at Outcrop #1 and #2, respectively. 
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