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The Quaternary Fucino basin in the central Apennines of Italy was struck by one of the strongest Italian
earthquakes of the last millennium (1915, Mw 7.0). The Avezzano town, ~ 9.0 km away from the epicentre, was
completely destroyed. In the surrounding area sizable coseismic surface deformation were catalogued, attesting
the severity of earthquake, the proximity to the causative fault and the geological and geomorphological
complexity of a basin ﬁlled by thick lacustrine sediments.
The Avezzano area provides a case study to understand how shallow subsurface geology inﬂuences site eﬀects
in a deep Quaternary continental basin environment, thus being of potential interest for similar geologic contexts
worldwide. Within the investigated area, diﬀerent possible earthquake-induced eﬀects can occur, such as a)
stratigraphic ampliﬁcations in a wide range of resonance frequencies (from 0.4 to 15–20 Hz); b) liquefaction; c)
coseismic surface faulting; d) basin-edge eﬀects; and e) slope instability.
We present and discuss results of basic seismic microzonation study (SM) of the Avezzano area, focusing on
geologic constraints aimed at the reconstruction of the shallow subsurface geology, and associated potential for
local seismic hazard.
We adopted an interdisciplinary approach based on detailed geological-structural, geophysical and seismic
analyses to investigate the seismic response of high-seismic risk area, such as the Avezzano town, given the
urban and industrial expansion since the last century. We discuss methodological approaches and their uncertainties.

1. Introduction
Surface and shallow-subsurface geological investigations are fundamental for seismic site characterization. Physical-mechanical properties of the sedimentary inﬁll, sharp seismic velocity contrasts, geometric complexity in the buried bedrock topography are highly
impacting the wave reverberation and local ground-motion ampliﬁcation in terms of duration, frequency, amplitude and spatial-variability
(Aki, 1988; Bard and Bouchon, 1985; Hartzell et al., 2016). For these
reasons, geophysical investigations and their interpretation need to be
anchored in a solid geological model, which allows a complete

⁎

understanding of the subsurface structural complexities, the 3D geometry of sedimentary layers, their mutual relationships and the relations with the bedrock interface.
Detailed ﬁeld mapping, subsurface data (i.e. laboratory and in situ
analysis of soil deposits and geophysical data) and seismic data collected from recordings of ambient seismic noise and weak motion are
necessary to properly achieve a geological model of the shallow subsurface horizons, essential to perform the entire seismic microzonation
(SM) process.
According to the Italian guidelines for SM by the Italian Department
of Civil Protection (Gruppo di Lavoro, 2008; SM Working Group, 2015
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SM (G-T Map) and the Map of Seismically Homogeneous Microzones
became eﬀective tools for land and urban planning (Section 6).
Our ﬁndings are summarized in an illustrative geological-resonant
model for fault-controlled extensional basins useful for orienting site
response studies in similar contexts (Section 7).

for the English edition), SM studies are organized in three diﬀerent
levels of knowledge. Level 1 SM is an indispensable step, preparatory
for Levels 2 and 3, during which all the available geological data and
constraints are collected, together with HVSR analysis from microtremor recordings. The main outputs from Level 1 SM are two thematic
maps (the Geological-Technical Map for SM; (Martini et al., 2011) and
the Map of Seismically Homogeneous Microzones) and geologic sections. The ﬁrst map contains basic geologic information necessary for
the successive (2nd and 3rd level) analyses of the seismic site response
and it is preparatory for the Map of Seismically Homogeneous Microzones (SM Working Group, 2015). The second is a summary map, easily
accessible to non-geologist earthquake scientists/technicians, which
illustrates the microzones where a uniform site response is expected on
the basis of the peculiar shallow subsurface lithostratigraphy and similarity in the local resonance frequencies. The two maps are tools for
land and urban planning and highlight the areas prone to ground-motion ampliﬁcations due to stratigraphic and/or topographic conditions,
to liquefaction processes, to slope instabilities and to coseismic deformation due to active and capable faults.
During the following Levels 2 and 3 of SM, key areas are investigated in detail with the acquisition of new data through ad-hoc
ﬁeld and laboratory analyses and by quantitative site-response studies
carried out by simpliﬁed approaches (Level 2) or numerical methodologies (Level 3).
The synthesis of geologic data into graphic works (maps, sections,
synthetic stratigraphies, etc), easily understandable for non-geologist
earthquake scientists/technicians is a major challenge for seismic riskoriented geologic works, such as SM. It involves an eﬀort in synthesizing as many data as possible in as few elaborates, reducing unnecessary details.
In this study, we present the data and results of a basic SM (i.e.,
“Level 1” SM) of the Avezzano town (Fig. 1). The SM was carried out
according to the guidelines for SM by the Italian Department of Civil
Protection (Gruppo di Lavoro, 2008; SM Working Group, 2015), implemented with additional methodological procedures shared with the
Abruzzo Regional Authority (http://protezionecivile.regione.abruzzo.
it/index.php/microzonazione, last accessed in February 2019).
The choice of this municipality is not casual because Avezzano represents a perfect case history in the scientiﬁc literature. The Avezzano
town was completely destroyed by diﬀerent eﬀects related to the 1915
earthquake (Mw = 7.0, Intensity XI on the MCS scale; Rovida et al.,
2016). Being located in the north-western corner of the Quaternary
continental Fucino basin (Fig. 1), the severity of the damage was certainly due to the proximity to the seismogenic source because the town
is located in the hanging wall of the SW-dipping Fucino normal fault
system, activated during the 1915 earthquake. Nevertheless, the local
geological conditions could have remarkably inﬂuenced the ground
motion ampliﬁcation (Cara et al., 2011) also causing several coseismic
eﬀects such as surface faulting, landslides, liquefaction, ground failure,
and a series of hydrogeological anomalies extensively reported in
Oddone (1915) and Galadini et al. (1999).
Thus, quantifying the surface earthquake-induced hazard and
characterizing the seismic site eﬀects prior to building structures for
human occupancy are crucial aspects for the Avezzano town and for
municipalities exhibiting similar geologic settings.
In this contribution, we focus on the geological constrains to raise
awareness on the role that geological and geomorphological properties
may play in a deep Quaternary basin under seismic loading.
With this aim, we propose a structure for the Geological-Technical
Map and geological sections that diﬀer signiﬁcantly from the existing
Italian guidelines for Seismic Microzonation studies (Gruppo di Lavoro,
2008; SM Working Group, 2015), with the aim of preserving basic
geologic information together with lithological-technical data important for local seismic hazard (see Section 3).
We discuss some methodological approaches and their uncertainties
of Level 1 SM, keeping in mind that the Geological-Technical Map for

2. Geological setting
The Fucino basin is a Quaternary intermontane extensional basins in
the Italian Apennines. It hosted a large lake, which was drained at the
end of the XIX century. The basin is superposed on Mesozoic to Tertiary
passive margin carbonates and syn-orogenic ﬂysch rocks folded-andthrusted during the Neogene compression and dissected by normal
faulting during the Neogene-Quaternary extension (Carafa and Bird,
2016; D'Agostino et al., 2001; Lavecchia et al., 1994).
The Quaternary continental deposits unconformably cover the
Meso-Cenozoic carbonates, cropping out in the reliefs surrounding the
basin, and the Late Miocene sandstones and marls, mostly buried under
the Quaternary sediments but largely exposed westward, along the Val
Roveto valley. Concerning the continental inﬁll, in the central part of
the basin the uppermost stratigraphic levels are represented by
Holocene ﬁne-grained lacustrine sediments (silt and clay; domain 3 in
Fig. 1) (e.g. Di Roberto et al., 2018; Giraudi, 1989). Along the perimeter
of the basin, Pleistocene medium-to-coarse-grained ﬂuvial, alluvial fan,
and slope-derived deposits are interﬁngered with lacustrine sediments
(domains 1 and 2 in Fig. 1). The perimeter area is also characterized by
a complex morphology, with several erosional and depositional surfaces
mainly related to lacustrine environment (Giraudi, 1998).
The basin evolution is related to the activity of two main fault
systems bounding to the North and East the Fucino basin (Fig. 1). The
ﬁrst system strikes WSW-ENE and dips to the SSE (Tre Monti-CelanoAielli fault system); the second system strikes NW-SE and dips to the SW
(Pescina-Cerchio, Magnola and San Benedetto-Gioia principal faults),
with synthetic (Trasacco) and antithetic (Ortucchio, Luco) faults. The
NW-SE fault system has normal kinematics. The Tre Monti-Celano-Aielli
(TCA) fault system is the western portion of the Neogene right-lateral
strike slip Fucino-Bussi regional shear zone (Ghisetti and Vezzani,
1997). In the Fucino area, the TCA was active with down-to-SE normal
component during the Messinian growth of the syn-orogenic ﬂysch
(Cavinato et al., 2002). During the early stage of the opening of the
continental basin (Late Pliocene (?) – Early-Middle Pleistocene), the
TCA fault system was reactivated with right-lateral transtensional kinematics, consistently with the NE-directed extension. Contemporaneously, the major SW-dipping normal faults started to develop
along the eastern side of the basin, becoming the master faults of the
Fucino half-graben (Galadini and Messina, 1994). In more recent times
(Middle-Late Pleistocene – Holocene), only the Tre Monti segment of
the TCA system continued to be active, as release fault in the hanging
wall of the SW-dipping fault system (Galadini and Galli, 1999). Seismic
reﬂection and well data show the half-graben sedimentary inﬁll in the
hanging wall of the SW-dipping Fucino fault system (Fig. 1a) (Cavinato
et al., 2002; Patacca et al., 2008), with a basin depocenter localized
towards the eastern margin and estimated thickness of the basin inﬁll of
~ 1000 m (Cavinato et al., 2002).
The current activity of the Fucino normal faults is highlighted by the
occurrence of the January 13, 1915 earthquake (Mw 7.0 Fig. 1a) and
high GPS-derived strain rates (Carafa and Bird, 2016). The 1915
earthquake was caused by slip on the SW dipping Fucino fault system.
Paleoseismological studies on this fault system revealed the occurrence
of at least 10 paleoearthquakes in the last 33 kyrs, with a recurrence
interval ranging from 1400 and 2600 yrs. (Galadini and Galli, 1999;
Michetti et al., 1996).
3. Data processing and methodology
The data presented in this study result from a basic Seismic
2
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Fig. 1. (a) Simpliﬁed geological map and the three stratigraphic domains of the Fucino basin (Central Italy). The basin depocenter is highlighted by the 0.9–1 km
contour line of the bottom of continental deposits from seismic reﬂection data (from Cavinato et al., 2002). The normal faults are classiﬁed taking into account their
activity, according to Galadini and Messina (1994) and Cavinato et al. (2002). Macroseismic ﬁeld of the 1915 earthquake is from Locati et al. (2016). The 2D geologic
section across the basin is also shown (modiﬁed from Cavinato et al., 2002). (b) Stratigraphic scheme illustrating the geometry and the facies distribution across the
three basin domains. The three domains are compared with the stratigraphic successions deﬁned in the Italian Geological Map of the CARG project (APAT, 2005): AP
(Aielli Pescina supersynthem), ACT (Catignano synthem), AVM (Valle Majelama synthem) and olo (Holocene continental deposits).

continental deposits of ﬂuvial, lacustrine and glacial environment including coarse- and ﬁne-grained soils with diﬀerent degree of cementation, compactness and cohesion.
Concerning the deﬁnition of “active and capable fault” (Layer 3 in
Fig. 2a), the term “active” indicates a fault having evidence of activity
during the late Quaternary and in particular, at least one activation
during the last 40 kyrs (Gruppo di Lavoro, 2008; SM Working Group,
2015), and the term “capable” indicates the capability to rupture up to
the surface during earthquakes, therefore determining a local seismic
hazard (surface fault displacement hazard).

Microzonation (SM) of the Avezzano town and surrounding area to
evaluate the local seismic hazard and to subdivide it into zones having
homogeneous seismic site response. The catalogued ground motion
eﬀects are those due to stratigraphic and/or topographic conditions,
and coseismic deformation due to liquefaction, slope instabilities, or
surface faulting due to active and capable faults.
In detail, the Level 1 SM of Avezzano was organized in 4 phases:
1) collection, quality-selection and georeferencing of all the pre-existing geological, geognostic and geophysical investigations
(Subsection 4.1);
2) geologic and geomorphologic ﬁeld survey at 1: 5000 scale; synthesis
of the data in the Geological-Technical Map for SM (hereinafter G-T
Map); and construction of detailed geological sections representative of the subsurface geological model (Subsection 4.2);
3) single-station recording of ambient seismic noise (65 new recordings) and analysis with the Horizontal-to-Vertical Spectral Ratio
(HVSR) technique (Nakamura, 1989, 2000). The analysis allows to
deﬁne: i) the zones where the H/V curve is ﬂat and likely unaﬀected
by stratigraphic and/or topographic ampliﬁcation of the ground
motion; ii) the zones where the H/V curve shows a peak and
therefore characterized by site ampliﬁcation; iii) the likely resonance frequency (f0) for the amplifying sites; and iv) constrain the
geological model at depth (Section 5);
4) Synthesis of the data (i.e. subsurface geological, geophysical and
seismic data) in the Map of Seismically Homogeneous Microzones
(MOPS in the Italian guidelines for SM) (Gruppo di Lavoro, 2008;
SM Working Group, 2015). This map is extensively used for urban
and land use planning by municipalities and regional authorities
(Section 6).

4. Surface and subsurface geology
4.1. Surface geological data
The stratigraphic units cropping out in the Avezzano region relate to
a pre-Quaternary bedrock unconformably overlaid by Quaternary
continental deposits (Geological Map in Figs. 2 and 3). The pre-Quaternary bedrock, cropping out in the Mt. Salviano and Tre Monti ridges
(Fig. 1), consists of Cretaceous neritic limestones passing upwards to
Miocene limestones, directly or through a more continuous succession
of marginal-slope deposits of Cretaceous-Paleogene age. The carbonate
successions evolve to pre-ﬂysch (marly limestones, marls and marly
shales) and pelitic-arenaceous ﬂysch deposits of Late Miocene age.
The continental Quaternary deposits are formed by slope, alluvial
fan and ﬂuvial medium-to-coarse-grained deposits that are interﬁngered with ﬁne-grained lacustrine deposits towards the central part
of the basin (Fig. 1). In the studied area (Fig. 3), the maximum thickness
of the Quaternary deposits is thought to be about 350 m (northern and
eastern sectors).
Numerous works have been published in the last twenty years on
the stratigraphy of the Quaternary continental deposits (Bosi et al.,
1995; Cavinato et al., 2002; Centamore et al., 2006; Galadini and
Messina, 1994; Giraudi, 1998; Zarlenga, 1987).
Three domains with three stratigraphic successions can be identiﬁed
(Figs. 1 and 3):

Point 2 is the most important during Level 1 SM as the knowledge of
the local subsurface geological setting is necessary for a seismic response analysis. For this purpose, the ﬁnal product of the phase, the G-T
Map (1: 5000 scale), contains several technical features useful for SM
such as lithology, physical-mechanical properties of soils (texture,
compactness/strength), and bedrock (e.g. stratiﬁcation and fracturing
of rocks), structural (e.g. active and capable fault), hydrogeological and
geomorphologic features. In particular, the G-T Map presented in this
study and adopted for Level 1 SM of the Abruzzo region comes from the
superposition of 3 diﬀerent data layers (Fig. 2) including: geological
units (Layer 1), lithological-technical units (Layer 2) and geomorphological/hydrogeological/structural features (Layer 3).
This map is slightly diﬀerent from the existing Italian guidelines
(Gruppo di Lavoro, 2008; SM Working Group, 2015) because it includes
an additional data layer, the geological map (Layer 1 in Fig. 2a), respect
to the standard guidelines. The classiﬁcation of the geological units
refers to the standard Italian Geological Map of the CARG project (e.g.
APAT, 2005). This layer preserves the basic geological data (e.g.
chronostratigraphic relations, sedimentary environments) allowing to
proper constrain the 3D geometry of geological bodies. The map contains a lithotecnical classiﬁcation of the units (Layer 2 in Fig. 2a) based
on a physical-mechanical characterization of soils (cover units) and
bedrock ﬁtting the variety of lithological, textural and structural features of the Apennine rocks and continental covers. In central Apennines, the geological bedrock is mainly formed by massive to thinlybedded limestones, marly limestones, marly shales, shales and by alternating pelitic and arenaceous rocks; the cover unit consists of

1) The ﬁrst domain includes old ﬂuvial and lacustrine deposits, with
thick interlayers of slope-derived massive breccia (Lac1 Ver1 and
All1; Lower-Middle Pleistocene “Aielli-Pescina” supersynthem and
Middle Pleistocene “Catignano” synthem in the CARG geologic map;
APAT, 2005). Their origin is related to the former opening of the
basin, possibly since Late Pliocene (Cavinato et al., 2002; Galadini
and Messina, 1994), and they are often faulted and uplifted in the
footwall of the main normal faults. They crop out in the northern
side of the basin where the boundary faults cumulated large amount
of displacement, and they are absent along the western border of the
basin where only small secondary antithetic faults are present.
2) The second domain includes the marginal area of the lacustrine
depression, where ﬁne-grained lacustrine sediments (silt and clay)
are interlayered with coarse-grained (sand and gravel) alluvial,
deltaic and shoreline deposits (outcropping units: Lac2 and All2;
Upper Pleistocene “Valle Majelama” synthem in the CARG geologic
map);
3) The third domain includes the central part of the basin, where the
stratigraphy is dominated by ﬁne-grained lacustrine sediments (silt
and clay), with an increasing percentage of sand in the areas close to
the margins (outcropping unit: Lac3). This area was occupied by the
4
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Fig. 2. (a) Methodological scheme used for the construction of Geological-Technical Map for SM, (b) illustrative ﬁeld views of bedrock (B1) and cover (E2) lithotechnical units, and (c) example of the ﬁnal map (location in Fig. 3).

alternating silts and clayey silts with minor interlayers of micaceous
sands. In the second and third domains, Lac1 is in stratigraphic continuity with Lac2. The prevailing lithology is silt and clay with peat
layers, with several intercalations of sand and gravel in marginal areas
(second domain; Fig. 4).
The alluvial deposits cropping out in the studied area are divided
into All2 and All3 units, which can be correlated with Lac2 and Lac3
units, respectively.
“All3”is formed by rounded to sub-rounded calcareous gravels,
loose or slightly cemented sands and silty sands constituting minor alluvial fans located at the outlet of small valleys (Fig. 3).
“All2” is formed by rounded to sub-rounded calcareous gravels and
sandy gravels, occasionally stratiﬁed. All2 deposits correspond to two
large alluvial fans that fed the lacustrine basin during Late Pleistocene
cold climatic conditions (Valle Majelama and Celano alluvial fans;
Frezzotti and Giraudi, 1992).
The slope deposits are divided into Ver1 and Ver2 units (Fig. 3).
“Ver2” crops out at the base of carbonaceous reliefs and is formed
by medium- to coarse-grained bodies of loose to dense slope-derived
calcareous gravels in a sandy-silty matrix. The matrix is brown to darkred and vary from very abundant (matrix-supported) to absent. The age
is Late Pleistocene-Holocene.
“Ver1”is formed by ancient massive or coarsely stratiﬁed breccias.

Fucino lake, which was completely drained by the end of the XIX
century. The age of the ﬁrst few meters is Late Pleistocene (upper
part) – Holocene (Giraudi, 1998).
In this study, the Quaternary geological units (Fig. 3) were distinguished on the base of sedimentary environment and age of deposits
as follow:
The lacustrine deposits are divided into Lac1, Lac2 and Lac3 units
(Fig. 3).
“Lac3” characterizes the third stratigraphic domain and is formed
by prevailing silt and clay with sand, peat and pyroclastic interbeds.
“Lac2” crops out in the second domain, where it is made up of silty
sands, alternating sandy gravel and gravelly sand of lacustrine deltaic
facies, and clean gravels of lacustrine shoreline environment. Many
erosional surfaces on both bedrock and continental deposits are present
due to oscillations of the lake level (e.g., wave-cut erosional surface in
Fig. 4; (Giraudi, 1998). In the third domain, Lac2 is in stratigraphic
continuity with Lac3, without evident boundaries between the two
units. The lithology is very similar to Lac3 (prevailing silt and clay), as
observed in borehole cores. In this part of the basin, the bottom of the
Late Pleistocene is at depths of ~15 m, with sedimentation rates as low
as ~0.1 mm/yr (Giaccio et al., 2017).
“Lac1” crops out in the ﬁrst domain, where it is formed by
5
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Fig. 3. Simpliﬁed geological map of the Avezzano area, based on 1:5000 scale ﬁeld survey, with location of illustrative Geologic-Technical Map for SM (Fig. 2c) and
traces of detailed geologic sections (Figs. 4 and 5).

technical units (Fig. 2c). The geological bedrock is classiﬁed as B and
groups medium-to-very thickly bedded rock masses. Cover units are
classiﬁed as E (uncemented, coarse granular soils with diﬀerent grain
size and compactness), and F (ﬁne soils) units. Anthropic and waste
materials are incorporated in unit G.
The structural elements are mainly represented by ENE-WSW- and
NW-SE-striking normal faults, related to the fault systems bounding the
Fucino basin (Tre Monti and Fucino fault systems). Some are buried
faults, inferred from well and seismic reﬂection data (Subsection 4.1;
Cavinato et al., 2002) without evidence of late Quaternary activity, but

We recognized three lithotypes: i) well-cemented calcareous breccia,
with angular, heterometric clasts in sandy matrix; ii) stratiﬁed calcareous breccia with red, silty matrix; iii) less cemented, whitish calcareous breccia without matrix. The age is Early-Middle Pleistocene.
“Coll” is formed by colluvial-eluvial deposits accumulated along the
foothills, heterogeneous both in grain size and textures. The age is Late
Pleistocene-Holocene.
“Ant” and “dis” are local covers made up of backﬁll/anthropic
material and waste material, respectively.
The lithostratigraphic units have been associated to six litho6

Fig. 4. Geological section across the western border of the Fucino basin in the southern Avezzano area (Industrial area) showing a simple basin-edge geometry (A-type). Vertical scale is exaggerated two times. Diagrams
are Horizontal-to-Vertical Spectral Ratios (HVSR) of single-station ambient seismic noise recordings (this work); f0 is the resonance frequency. Note the systematic decrease of f0 moving from the outcropping bedrock (no
H/V peak) to the deep central part of the basin. The bar above the section illustrates the distribution of Seismically Homogeneous Microzones.

D. Di Naccio, et al.
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structure of the continental basin and the depth of the pre-Quaternary
bedrock (i.e. Figs. 4 and 5). The time-to-depth conversion is usually
problematic, due to lateral seismic wave velocity variations within the
lacustrine deposits produced by a number of variables such as porosity,
compaction and grain size variations. Considering that coarse-grained
sediments increase towards the margin of the basin, it is likely that also
the average seismic wave velocity increases accordingly. Nevertheless,
due to the lack of ﬁrm and homogeneously distributed constraints, we
performed a time-to-depth conversion by using the average P wave
velocity (Vp) of 2000 m/s for the continental inﬁll used by Patacca
et al. (2008) for the CROP11 seismic line. This value is consistent with
Vp values calculated in this work for two sites where the isochrones by
Cavinato et al. (2002) can be compared to the depth of the bedrock
from boreholes.
For the acquisition of ambient noise data, we performed single
station measurements by using Reftek130, MarsLite and MarsLite/
SARA digitizers equipped with Lennartz 3D/5 s velocimeters. In the
Pietracquaria site (Mt. Salviano, West of the Avezzano town), we used
the data acquired by the PTQR seismic station (available at http://cnt.
rm.ingv.it/instruments/network/IV) of the Italian Seismic Network
(Michelini et al., 2016) equipped with a Gaia2 digitizer and a Trillium120C velocimeter. For all the stations absolute timing was warranted by
GPS devices. The HVSR has been computed using the processing procedures developed within the Site EﬀectS assessment using AMbient Excitations project (SESAME European project, 2004). For each noise recording, the stationary portion of the signal was selected adopting an
anti-trigger algorithm on the raw signal to remove strong transients
inside time histories. This selection provided, at each site, a number of
at least twenty 40 s-long windows. The time windows were detrended
and 5% cosine tapered. The Fourier amplitude spectra were computed
and then smoothed following Konno and Ohmachi (1998) technique.
The two horizontal components spectra were combined into quadratic
mean. The ﬁnal geometric mean of the HVSR and standard deviation
are obtained by averaging the H/V ratios from all windows. The fundamental resonance frequency and the associated amplitude were visually selected from the HVSR curves.
The subsurface geological model of the Avezzano area are synthesized along 2D geological sections realized in key areas best representing the geological and buried topographic complexity of the
lacustrine basin (Figs. 3, 4 and 5). We distinguished three typologies of
basin margins based on its geometry: A-type margin or simple basinedge geometry; B-type margin or sharp basin-edge geometry due to
boundary normal fault; and C-type margin, a special case of B-type
margin where the sharp basin-edge geometry along the normal fault is
covered by a thick layer of stiﬀ deposits (i.e. gravels of the Valle Majelama alluvial fan in Fig. 3).
The A-type margin observed along the western edge of the Fucino
basin (section A-A' in Figs. 3 and 4) is characterized by a progressive,
gentle deepening of continental inﬁll towards the centre of the basin. At
the piedmont of Mt. Salviano, the top surface of carbonate bedrock is
nearly-horizontal. It is an erosional surface carved by the water of the
Fucino Lake during the last glacial maximum, when the lake level
reached its maximum extension (~18–20 kyrs ago; Giraudi, 1998).
Moving towards the centre of the basin, the progressive thickening of
continental inﬁll is interrupted by a small step of the top erosional
surface of the bedrock (dashed black line in Fig. 4) inferred from well
stratigraphies. The buried step has been related to the Luco dei Marsi
normal fault and it does not signiﬁcantly modify the simple geometry of
the basin edge. The estimated maximum depth of the bedrock is
~200 m beneath point A', but it further deepens eastwards as shown by
seismic reﬂection data in Cavinato et al. (2002).
The B-type margin characterizes the northern edge of the basin at
the base of the Tre Monti ridge. Its sharp termination is due to the Tre
Monti and Paterno synthetic boundary normal faults (section D-D' in
Figs. 3 and 5). The carbonate bedrock crops out in the footwall of the
Tre Monti fault and the deposits of Ver1 and Lac1 units are present

responsible for the formation of bedrock steps (i.e. black faults with
rank 1–2 in Fig. 1). Other faults display clear morphological and/or
paleoseismological evidence of late Quaternary activity (rank 3 in
Fig. 1) and are considered active and capable faults. This is the case of
the NW-SE-striking Trasacco and Luco dei Marsi faults interpreted as
respectively, synthetic and antithetic splays of the Fucino main fault
system (rank 3 in Fig. 1). Paleoseismological studies testify repeated
reactivations of the SW-dipping Trasacco fault during large earthquakes, the last one being the 1915 earthquake (Galadini and Galli,
1999; Galadini et al., 1997, 1999; Giraudi, 1986, 1998). The NE-dipping Luco dei Marsi fault was ﬁrst mapped by Giraudi (1986) close to
the Luco dei Marsi village and then observed in paleoseismological
trenches at the southern border of the studied area (Galadini and Galli,
1999). The fault trace is not easily recognizable in the ﬁeld, probably
due to a combination of low cumulative displacement and intense
agricultural activity since Roman times that erased the surface fault
scarp. The uncertain fault trace has been prolonged to the NW up to the
industrial area of Avezzano (Fig. 3) on the base of well data analyzed in
this work (see section A-A' in Fig. 4). Paleoseismological data display at
least two reactivations of the Luco dei Marsi fault, both consistent with
the seismic history of the Fucino fault system (Galadini and Galli,
1999).
Within the TCA fault system, the Tre Monti segment has been
mapped as active and capable fault on the base of morphotectonic
studies (Galadini and Galli, 1999; Galadini and Messina, 1994;
Morewood and Roberts, 2000; Piccardi et al., 1999) and in situ 36Cl
dating of tectonically exhumed fault scarp (Benedetti et al., 2013).
The ENE-WSW-striking Paterno fault is the basal segment of the Tre
Monti fault system. It is doubtful if the Paterno fault is presently active.
The subsurface data show that this fault was highly active during a long
part of the Quaternary, as it was responsible for a sharp deepening of
the bottom of the lacustrine deposits (Lac1 and Lac2) (section D-D' in
Fig. 5). On the other hand, there are no constraints on the late Quaternary activity of the fault. Giraudi (1998) documented discontinuous
fault scarps along the Paterno fault trace, NE of the Paterno village, on
Upper Pleistocene lacustrine shoreline deposits. On this base, the Paterno fault has been mapped as potentially active (displacement of
Middle-Late Pleistocene deposits, but not necessarily more recent than
40 ka; Technical Commission on Seismic Microzonation, 2015).
4.2. Subsurface data and geological sections
The shallow subsurface geology of the soft cover units, the depth to
the geologic bedrock and the identiﬁcation of buried morphologies are
prerequisites to evaluate areas potentially susceptible to site eﬀects.
With this purpose our analysis starts with the collection of all the
available subsurface data, including geophysical, geognostic and geotechnical investigations, hydrogeology and groundwater data, and
subsurface stratigraphy from well data. The quality of the data is then
validated and organized into a GIS-geodatabase.
Overall, we collected 435 data (Fig. 6) which mainly consist of
stratigraphy of water wells (made available by ISPRA, Italian Institute
for Environmental Protection and Research; and by “Ente Fucino”, a
local managing institution, for old wells drilled during ‘50), geophysical
investigation for hydrogeological exploration (Vertical Electric
Sounding, VES), several stratigraphic and mechanical logs from geognostic wells made available by professional geologists. In detail, 35
wells of 160 (geognostic or for water exploration/exploitation) were
drilled up to the geological bedrock (with maximum well depth 270 m).
For the Castello Orsini site within the Avezzano town we collected
HVSR data in 2D seismic array conﬁguration used to characterize the
AVZ-seismic station of the Italian Strong Motion Network (Luzi et al.,
2017) and Seismic Dilatometer Tests (SDMT) by University of L'Aquila.
Industrial seismic-reﬂection proﬁles available for the entire Fucino
area (Cavinato et al., 2002) and a deep reﬂection seismic proﬁle (CROP
11 line, Patacca et al., 2008) were used to constrain both the deep
8

Fig. 5. Geological sections across the northern Fucino basin, showing a sharp termination of the lacustrine basin against a boundary normal fault (section D-D'; B-type margin), a sharp basin termination geometry covered
by a thick layer of fan gravels (section C-C'; C-type margin), and a transition from A-type to C-type basin terminations (section B-B'). Key as in Fig. 4. The bars above the sections illustrate the distribution of Seismically
Homogeneous Microzones.

D. Di Naccio, et al.

Engineering Geology 270 (2020) 105583

9

Engineering Geology 270 (2020) 105583

D. Di Naccio, et al.

Fig. 6. Pre-existing sub-surface data collected for Level 1 SM. HVSRs include both pre-existing and new-acquired data. DH = geognostic well with Vs down-hole test.

underlying lacustrine units are constrained by a number of geognostic
and water wells (Fig. 5).

between the two faults. The textural features of the continental deposits
are doubtful due to the absence of geognostic investigations in this area.
However, we presume that the ancient lacustrine deposits (Lac1) are
interﬁngered with coarse-grained continental deposits (Ver1), corresponding to the units that crop out in the footwall of the Paterno fault,
or deriving from disruption and sedimentation of the footwall units. In
the footwall of the Paterno fault, close to the fault trace, the bedrock,
probably consisting of Miocene marls and sandstones (UAP in section DD', Fig. 5), is at a depth of 20 m from the ground surface (Bertini and
Bosi, 1976; Bosi et al., 1995). In the hanging wall of the Paterno fault
the bottom of the Quaternary inﬁll is interpreted to deepen sharply to
depths of ~150 m. This interpretation is based on VES data, which
indicate a transition from very-low resistivity rocks (18 Ωm), interpreted as lacustrine sediments, to low-resistivity rocks (58 Ωm), interpreted as Miocene bedrock. About 1.2 km to the south, the top of this
bedrock is inferred to be ~200 m deep from the stratigraphy of a water
well. Instead, the Upper Pleistocene Lac2 deposits are only present in
the hanging-wall of the Paterno fault.
The C–type margin characterizes the north-western sector of the
Fucino basin bounded by buried ENE-WSW striking normal faults (B-B′
and C-C′ geological sections in Figs. 3, and 5). The presence of SEdipping normal faults accounts for the progressive lowering of the
bedrock units, with the Upper Pleistocene alluvial fan gravels sealing
the faults. The gravels belong to the distal part of the Valle Majelama
alluvial fan (All2, Fig. 3), which prograded within the lacustrine basin
during the last glaciation period of Late Pleistocene (Frezzotti and
Giraudi, 1992). The gravel thickness and the transition to the

5. Geological bedrock and microtremor analysis
For the seismic site response evaluation of Avezzano and surrounding areas, we carried out a seismological survey in two geological
contests: soft soils and rock sites (see also Cara et al., 2011; Famiani
et al., 2015).
For these purposes, a very common methodology applied in seismological and microzonation studies is the ambient noise spectral ratios
(hereinafter HVSR) analysis (Nakamura, 1989, 2000). In case of high
impedance contrast between soft sediments and stiﬀ bedrock, a clear
peak can be observed in the H/V spectral ratios, representing the resonance frequency (f0) of the site (Bonnefoy-Claudet et al., 2006; Field
and Jacob, 1993). Assuming 1D-resonant model, the f0 can be related to
the shear-wave velocities (Vs) of the basin inﬁll and to the depth of the
bedrock (H) by the following equation (Yamanaka et al., 1994):

f 0 = Vs/4H

(1)

On the base of the available Vs values of the soft layers (Fig. 6), we
used Eq. (1) to check the consistency of the measured f0 with the subsurface geological model obtained from independent geological/geophysical data (geologic sections in Figs. 4 and 5), provided that variations of lithology and H are not so large to prevent the assumption of
constant average Vs.
In rock sites, the weathering and fracturing of rock might cause
10
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peak.

consistent decrease of its stiﬀness which might favor the entrapment of
seismic energy and thus inducing ground-motion ampliﬁcation (Di
Naccio et al., 2017; Hailemikael et al., 2016; Tucker et al., 1984). The
frequency and amplitude in the H/V curves from the eastern side of the
Mt. Salviano carbonate ridge were compared with the geomechanical
properties of rocks (e.g. volumetric joint count Jv index, deﬁned as the
number of fractures in the unit of volume, according to the International Society for Rock Mechanics procedures; Barton, 1978).
At the rock sites, the H/V curves are nearly ﬂat (i.e., H/V ~ 1 over
the 0.2–20 Hz interval), unless complications due to fracturing (see
HVSR Av-in01 and HVSR Av-in02 in Fig. 4 as examples) or topographic
irregularities are present. The volumetric joint count (Jv) measurements in the carbonate rocks of Mt. Salviano give values varying from
10 to 20 (except for one site where Jv ≥ 30) indicating that the geological bedrock is formed by moderately fractured rock masses.
Down-hole and cross-hole investigations collected in the industrial
area of Avezzano (western side of section A-A' in Fig. 4) indicate Vs of
~1000 m/s for the carbonate bedrock close to the ground surface, increasing to > 2000 m/s at 10 m depth. Direct near-surface measurements of Vs for the Miocene bedrock are not available, but the Vs
proﬁles obtained by passive 2D array in the northern side of Avezzano
suggest Vs on the order of 1000 m/s at depths of ~ 100 m.
The ﬁne-grained lacustrine deposits (Lac units) are characterized by
Vs velocity lower than 500 m/s. For example, at the AVZ-seismic station
(Luzi et al., 2017), the Vs proﬁle obtained from the 2D array indicates
mean values of ~200 m/s for the ﬁrst 35 m of Lac2 (in Fig. 3), and of ~
500 m/s for the thick pile of Lac1 + Lac2 lacustrine sediments from 35
to 160 m depths. These data suggest that a strong impedance contrast is
expected between the geologic/seismic bedrock (carbonate or siliciclastic) and the Quaternary basin/soft deposits and also within the
continental covers. The impedance contrast might decrease appreciably
where the Quaternary inﬁll is dominated by dense, coarse-grained sediments. In the northern side of the basin the gravel deposits of the
Valle Majelama alluvial fan (All2, Figs. 5 and 7) are characterized by Vs
of 540–710 m/s in the ﬁrst 30 m depths (down-hole data; Fig. 6). On
these sites (e.g. All2 unit, Figs. 5 and 7), the H/V curves show a peak
with amplitude up to 3 in a frequency range between 0.6 and 0.8 Hz.
In other gravel and sand deposits sites (i.e. Ver1, col. and FRA), as
along the marginal area the H/V curves display sharp peaks (amplitude
greater than 3), and f0 generally higher than 1 Hz. Instead, in the northeastern part of the Avezzano municipality, stratigraphic lateral variations due to dense or cemented gravels of alluvial fan inter-ﬁngered
with ﬁne-grained lacustrine deposits at depth (Lac1-Lac2) are reﬂected
in some irregularities of the f0 distribution. Moving towards the most
central and deepest part of the basin on soft deposits, we observe a
regular decrease in the f0 values consistent with the deepening of the
bedrock. For example, along the A-A' section (Fig. 4), the f0 decreases
eastward, varying from 1.7 to 1.0 to 0.7 Hz (0.4 Hz ~ 3 km NE of point
A', not shown in Fig. 4). This result can be explained by 1D transfer
function of vertical incident SH-waves attesting a gentle dipping top
surface of seismic bedrock sinking under soft layer deposit. The observed f0 are in good agreement with the available bedrock depths and
average Vs. As an example, the 0.7 Hz f0 measured close to the ~160 mdeep bedrock is in good agreement with the average Vs of ~500 m/s for
the Lac1-Lac2 succession. Along the geological section we also noted a
sudden lateral variation of the f0 values which accounts for a step in the
buried bedrock (Figs. 3 and 4). Remarkably, the detected step is in
agreement with our stratigraphic analysis on deep-well data across the
Luco dei Marsi buried fault (Subsection 4.2).
A further interesting result of our HVSR analysis is the evidence of
possible 2D/3D eﬀects (Field, 1996; Kawase, 1996) in the northern
edge area of the basin. The Paterno fault outlines a B-type margin edge
which represents a lateral sudden variation in terms of subsoil geometries and strong elastic and rheological contrast in the bounding
deposits. In this area, the H/V curves are aﬀected by high standard
deviations and at f0 of ~0.5 Hz they do not show a very clear sharp

6. Seismic microzones
The Map of Seismically Homogeneous Microzones (MOPS; Fig. 7)
and the simpliﬁed stratigraphic columns associated to the microzones is
derived from the G-T Map for SM, particularly from Layers 2 and 3 (i.e.
lithological-technical units and geomorphological/hydrogeological/
structural features; Fig. 2). The HVSR analyses integrated with the
subsurface geometries (e.g., from geologic sections and G-T Map) allow
to further constrain the ﬁnal microzone subdivisions.
In detail, we distinguished: zones without appreciable ampliﬁcations (dark blue; i.e., stiﬀ bedrock in nearly horizontal topography),
zones susceptible to ampliﬁcation due to topographic (light blue) or
stratigraphic (other colors) conditions and zones susceptible to coseismic permanent deformation.
The geological model (Section 4.2) allows to outline stratigraphic
site ampliﬁcation leaded by 1D eﬀects mainly in the central part of the
basin and by 2D/3D eﬀects along sharp basin-edges (B- and C-type
margins). The HVSR analysis independently and consistently supports
the geological data where it can be coupled with a 1D-resonant model.
The highest f0 values (> 1 Hz, up to 2.5–5.0 Hz) are observed along the
perimeter of the basin, with a general decrease in the f0 values towards
the centre of the basin (< 1 Hz, down to values as low as 0.4 Hz) according to the increase in sediment inﬁll thickness. The spatial distribution of f0 in favorable conditions allowed also to better constrain
buried morphologies (i.e. buried fault scarp, as for the Luco dei Marsi
fault).
Our results prove that the widespread application of this technique
without a previously deﬁned geological model is not recommended. For
example in the northern area (B- and C-types margins), the sharp lateral
variation due to faults and the related strong lithological and elastic
contrast between the geological units deﬁnes 2D/3D conditions in the
geological-resonant model, which might account for seismic waves reverberation and local ground motion ampliﬁcation in terms of frequency, amplitude and spatial variability. The low stability found in the
HVSR analysis reﬂects that the 1D-condition in the resonant model
necessary for the applicability of the method are not fulﬁlled. Despite
this, in the H/V curves a peak at f0 of ~0.5 Hz is still recognizable.
Concerning the coseismic permanent deformations, we outlined the
following zones susceptible to:
1) slope instability;
2) soil liquefaction;
3) coseismic surface faulting along active and capable normal faults.
It is worth noting that all the phenomena were documented during
the 1915 earthquake (Castenetto and Galadini, 1999; Galli, 2000;
Oddone, 1915).
1) Slope instability needs particular attention, considering that fallen
rock blocks were found at the piedmont of the steep mountain ridges
where urbanization and industrial development are high. This demands gaining a better understanding of the extension of unstable
slope sectors, the slope failure mechanisms and associated hazard in
static and dynamic condition. In this study, we outlined over a wide
area (i.e. Mt. Salviano and Tre Monti ridges; Figs. 7 and 8) the slope
sectors prone to rock slope instability in static condition and its
failure mode (i.e. rock fall/topple, wedge and planar sliding)
through a GIS-procedure implemented by Martino et al. (2018). The
analysis according to the Markland test (Markland, 1972) veriﬁes
the kinematic compatibility to failure modes for each fracture set
(joints, faults and bedding) with respect to slope angle and slope
aspect (direction of maximum slope) pertaining a homogenous
structural and morphological slope sector. The partitioning of the
area allows to attribute the geo-structural data from punctual survey
11
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Fig. 7. Map of Seismically Homogeneous Microzones with fundamental resonance frequencies (f0) from noise HVSR analyses (symbol size is proportional to the
amplitude of the H/V peak, A0). The map indicates stable zones (without ampliﬁcation of the ground motion; i.e. stiﬀ bedrock in nearly horizontal topography), zones
susceptible to ground-motion ampliﬁcation and zone susceptible to coseismic permanent deformation. A simpliﬁed stratigraphic log is reported for each zone.
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Fig. 8. Example of geological and structural analysis to assess the zones potentially susceptible to rock slope instability along the Mt. Salviano slopes. (a) rock fall
block found at the piedmont of Mt. Salviano eastern slope; (b) example of inventory area (SA) and (c) scan-lines (SL) for the geomechanical analysis; (d) synoptic rose
diagram (left side) and persistence and aperture frequency diagrams (right side) of the main joint sets and bedding used to verify the kinematic compatibility of
diﬀerent failure modes (topple, wedge and planar sliding). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

for both reactivated or ﬁrst-generation slope instabilities and a comprehensive scenario of earthquake-induced landslides in terms of exceedance probability of critical threshold values of co-seismic displacements.

to a wide area.
In detail, we performed a structural survey in several sites best representing the rock mass characteristics of the reliefs using scan lines
and inventory areas (Fig. 8b and c) and we outlined homogeneous
morpho-structural zones along the eastern Mt. Salviano and southern
Tre Monti ridge ﬂanks. The fractures were characterized in terms of
their typology, geometry, attitude, network properties (organization in
sets, hierarchy, persistence, opening, spacing and density), and the rock
mass in terms of its quantitative geomechanical properties (i.e. volumetric joint count Jv), index according to ISRM prescriptions (International Society for Rock Mechanics) (Barton, 1978). We calculated the
slope and aspect maps from 5 m DEM (http://opendata.regione.
abruzzo.it/opendata/CTRN_Regione_Abruzzo_1_5000, last accessed in
February 2019).
The zones potentially susceptible to earthquake-induced slope instability correspond to the steep slopes (> 30°) of fractured limestone
(RDT) and calcareous breccia (Ver1) of Mt. Salviano and Tre Monti
reliefs, respectively (Fig. 7) and the prevailing failure mode is represented by topple/rock falls.
In future steps, other approaches such as PARSIFAL (Probabilistic
Approach to pRovide Scenarios of earthquake-Induced slope FAiLures;
Martino et al., 2018), may include slope stability analysis to derive
critical pseudostatic acceleration. This approach overcames some limitations of semi-quantitative analysis often based on empiric laws,
providing a concomitant analysis of diﬀerent slope failure mechanisms

2) Concerning the earthquake-induced soil liquefaction, we used exclusion criteria as recommended for Level 1 SM. The Italian building
code “Norme Tecniche per le Costruzioni” (NTC, 2018) states that
the liquefaction hazard at a site during an earthquake can be neglected if at least one of the following conditions is accomplished: 1)
maximum peak ground acceleration (PGA) ≤ 0.1 g; 2) mean seasonal water table depth > 15 m from ground surface; 3) clean
sands with SPT (Standard Penetration Test) blow count
N1(60) > 30 or CPT (Cone Penetration Test) resistance qc1N >
180, both normalized for overburden and energy ratio; 4) grading
curves external to pre-deﬁned granulometric zones.
According to the seismic hazard studies in the Fucino area (Gruppo
di Lavoro, 2004; Pace et al., 2014; Valentini et al., 2019), the ﬁrst
condition is not fulﬁlled as the expected PGA is above the limit. The
other conditions are not satisﬁed in large areas. For example, concerning the last two conditions, the available geognostic and geotechnical data are few and not suﬃcient to extrapolate the lithotecnical
properties of soil cover over large areas. Moreover, the liquefaction
cannot be excluded thanks to historical (1915 earthquake) and prehistorical (paleoseismologic studies) evidence of past liquefaction
13
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information to seismic hazard practitioners. This require the interaction
of diverse expertise and the investigation from diﬀerent perspectives
possibly merging innovative approaches such as geodetic surveys or
Interferomeric Synthetic-Aperture Radar analyses, with standard paleoseismological studies.

(Galadini and Galli, 1999; Galli, 2000; Oddone, 1915). Having accounted all the above source of uncertainties, two “warning zones” for
earthquake-induced soil liquefaction are deﬁned (Z-LQ-1 and Z-LQ-2).
They include the lowland zones both along the urbanized perimeter of
the basin and within the youngest, central part of the basin, where the
mean seasonal water table depth is < 15 m. In particular, Z-LQ1 corresponds to zones where layers of saturated sands within the ﬁrst 20 m
of depths are present; Z-LQ2 corresponds to zones where historical and
paleoseismological evidences of past liquefaction are present but sediments are mostly ﬁne-grained and geotechnical and geological data are
poor.
Our results highlight the necessity to improve the surface and subsurface geological information in constructing reliable model able to
fulﬁll the speciﬁc conditions in the occurrence of liquefaction phenomenon and severity of coseismic permanent deformations. A way to
overcome such limitation has been recently illustrated by Boncio et al.
(2018), which analyzed and quantitatively estimated the susceptibility
to liquefaction of the Pozzone site, located at the north-eastern side of
the Fucino lacustrine basin. The authors suggest that in such lacustrine
geologic environments characterized by high content of ﬁne-grained
soils and thus not typically found in liqueﬁable soils, reliable estimates
of the cyclic liquefaction resistance can be only detected by using detailed stratigraphic reconstructions, in situ characterization of liquefaction potential by comparing results from diﬀerent techniques, and
laboratory analyses.

7. Discussions and conclusions
We provide a detailed study of a high-seismic risk area, the
Avezzano town in central Italy, which experienced large urban and
industrial expansion since the last century in a lacustrine basin. The
studied area proved to be a case study of potential interest for the numerous intramountain basin of Apennines that are controlled by seismogenic normal faults and for similar geologic contexts worldwide.
We achieved a geologic model based on abundant geologic and
subsurface data. For the ﬁrst time, hundreds of subsurface data are
collected, homogenized and integrated together with ﬁeld mapping to
get a consistent shallow subsurface geological model for the assessment
of local seismic response and seismic risk/hazard.
We focus the attention on geologic constraints aimed at the reconstruction of the subsurface structural complexities (i.e. buried fault
scarp), the 3D geometry of sedimentary bodies, their mutual relationships and the relations with the bedrock interface.
In this perspective, thematic maps such as the G-T Map need to
preserve the basic geological data necessary to reconstruct 3D geologic
units (sedimentary environment, lithology, age), useful to properly
evaluate the seismic site eﬀects.
The G-T Map proposed here derives from an implementation of the
standard in the Italian guidelines for SM, with geological, geomorphological, hydrogeological and structural data matched together in a
map formed by 3 superposed layers: 1) geological units, 2) lithologicaltechnical units, and 3) geomorphological/hydrogeological/structural
features.
Our geological model coupled with the high-quality and rich database of HVSR data allow to make consideration on the applicability of
the technique and on the expected results in the model margins identiﬁed for extensional continental basin.
We propose 3 types of margin models for extensional continental
basins (A-, B-, and C-type margins; Fig. 9).
The A-type margin, characterized by onlapping soft sediments on a
gently dipping bedrock, without large fault-controlled steps, accounts
for a simple H/V pattern with f0 decreasing according to the cover sediment thickness. The HVSR method proves to be eﬃcient in such
context, approximated to pseudo-1D-resonant model. Intercalations of
coarse-grained alluvional deposits might cause high variability in the
seismic waves velocities (i.e. Vs and Vp), resonance frequency and
amplitude of the H/V peak.
In B- and C-type margins, characterized by sharp lateral variations
due to boundary normal faults, seismic waves reverberation and local
ground motion ampliﬁcation in terms of frequency, amplitude and
spatial variability are expected. In the B-type margin, the 2D-3D eﬀects
do not allow easy interpretations of the HVSR measurements, which
show complex patterns. The f0 is still recognizable, but it is less prominent than in simpler setting and it is often accompanied by second
resonance peaks. In the C-type, the fault-controlled margin is covered
by large coarse-grained alluvial fans. Noteworthy, the 2D-3D complexity of the margin is not evident by surface geology and the stiﬀ
gravel deposits on soft deposits cause seismic waves velocity inversion.
Our ﬁndings also prove that the Level 1 SM is an indispensable step
in a SM study for a ﬁrst reconstruction of the shallow subsurface
geology and the recognition of critical areas needing additional detailed
analyses to resolve the uncertainties in evaluating local seismic hazard
(e.g. 2D/3D complexities, seismic velocity inversions with depth; susceptibility to permanent coseismic deformation).
Our analysis outlined a complex geological-resonant model for the
studied area reveling that standard empirical laws or semi-quantitative

3) Zones susceptible to instability due to active and capable faults (ZFAC) outlines the surface fault displacement hazard. In the studied
area, the NW-SE-striking “Luco dei Marsi” and “Trasacco” faults in
the southernmost sector and the WSW-ENE-striking “Tre Monti”
fault to the north are secondary structures to the main Fucino
normal fault system (Fig. 1). The Luco and Trasacco faults are respectively the antithetic and synthetic splays of the Fucino fault
system. The Tre Monti fault is a nearly-orthogonal release fault in
the hanging wall of the main Fucino fault system.
Moreover, paleoseismological data suggest that at least the Luco and
Trasacco faults can be activated contemporaneously with the main fault
during earthquakes as large as the 1915 one (Galadini and Galli, 1999).
Therefore, for these structural and paleoseismological reasons, we
traced the Z-FACs along the three main fault traces (Luco dei Marsi,
Trasacco and Tre Monti faults). The Paterno fault (eastern segment) has
been classiﬁed as “potentially active and capable fault”.
According to the criteria suggested by Boncio et al. (2012), the ZFACs width are asymmetrically distributed between the footwall (30 m)
and the hangingwall (150 m) of the Trasacco and Tre Monti faults. Due
to uncertainties on fault trace location, The Z-FAC of the Luco dei Marsi
fault is wider (250 m).
It is important to note that the Z-FAC can be seen as zones where
detailed investigations are required before building new structures for
human occupancy. Hence, detailed topographic, geological, geophysical, geodetic and paleoseismological investigations can help in assessing fault activity, its potential to rupture the surface (capable fault)
and eventually dismiss any non-tecnonic process. It is worth to note
that in complex mountainous terrains such as the Apennines, steep
slope and/or strong lithotecnical contrast may contribute to the exposure of fault scarps driving gravitational and erosional-depositional
processes both during the coseismic and interseismic periods (Di Naccio
et al., 2019; Galadini, 2006; Kastelic et al., 2017), thus perturbing the
pure tectonic component. As example, along the steep Tre Monti fault
zone the carbonate rocks at the footwall are in contact with slope and
lacustrine deposits depicting a potentially unstable zone. Thus, a full
understanding of the role played by each fault, the modes by which
coseismic slip at depth is transferred to the surface, and the interplaying
between tectonic versus non-tectonic processes acting in each fault zone
should become a priority in the next years for properly suppling reliable
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Fig. 9. Geological model for fault-controlled Fucino basin and schematic 2D-sections for (a) A-type, (b) B-type and (c) C-type margins. The geophysical results
expected along the margins are also shown.

methods are often not adequate or applicable in many of the presented
cases, thus inevitably introducing a bias in the resulting interpretation
and inferences. In summary, the great challenge for supplying the most
reliable information to seismic hazard practitioners is the good quality
of the input data (i.e. geological, structural, geophysical and seismological data) and the use of suitable methodological approaches able to
constrain the uncertainties of the model and results.
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