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10 Abstract.

We present detailed geological investigations aimethe reconstruction of the shallow subsurfacdagg, and associated
local seismic hazard, of the Avezzano town in thet®rnary Fucino basin (central Apennines). Thiskwshowsa basic
(Level 1) seismic microzonation (SM) of the Avezaaown, focusing the attention on geologic constsaiWe also discuss
some methodological procedures of SM.

15 Level 1 SM involves a reconstruction of the submtef geological model achieved by a multidiscipinapproach
synthesized in two main thematic maps and geolsgations. The first map, containing essential ggiolinformation, is
formed by overlapping layers (geological unitfyditechnical units, and geomorphological/structteatures). The second
map is a summary map, easily accessible to noregmtlearthquake scientists/technicians, which tmgires surface
geology, subsurface data and resonance frequeimt@esomogeneous microzones. The two maps are fooland and

20 urban planning.

The Avezzano area provides a case study of shadlobsurface geology and site effects in a deep rwamiidl basin
environment, and is of potential interest for sanigeologic contexts worldwide. Within the investied area, almost all the
possible earthquake-induced effects can occur, saagcha) stratigraphic amplifications in a wide rarmgferesonance
frequencies (from 0.4 to >10 Hz); b) liquefactios); coseismic surface faulting; d) basin-edge effeeind e) slope
25 instability.
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1 Introduction

The surface and shallow-subsurface geology is e important for seismic site characterizationeohysical
investigations and their interpretation need to amehored in a solid geological model. A geologicabdel helps
understanding the subsurface structural complexittee 3D geometry of sedimentary bodies, theiuadutelationships and
5 the relations with the bedrock interface. A geatafimodel is achieved by the interplay of differefata, but surface
geology obtained by basic detailed geological sprfeeg., 1:5,000 scale), integrated with borehdtatigraphies, still
remains the fundamental source of information. 3yrhesis of geologic data into graphic works (mapstions, synthetic
stratigraphies, etc) easily understandable from-gewlogist earthquake scientists/technicians is agomchallenge for
seismic risk-oriented geologic works, such as sieisnicrozonation (SM). It involves an effort in ghesizing as many data
10 as possible in as few elaborates as possible, irgluonecessary details.
In this paper, we discuss the geological aspeatsgesmethodological procedures of SM, and the imfibos on seismic site
response of a urbanized area in a geologic envieahmof deep continental basin. In particular, wespnt the results of a
basic SM (i.e., “Level 1" SM) of the Avezzano town,the north-western corner of the Quaternaryicental Fucino basin
(Fig. 1). Avezzano was completely destroyed byl1i®&5 earthquake (M 7.0). The severity of the danvea certainly due
15 to the proximity to the seismogenic source. In,foe town is located in the hangingwall of the Sifyping Fucino normal
fault system, activated during the 1915 earthquddevertheless, the local geological conditions bame remarkably
influenced the ground motion amplification. The amestruction after the 1915 earthquake took placstijmalong the
marginal part of the basin, at the piedmont ofdhbonate ridges bordering the basin. In more te@eas, the urbanization
expanded also towards the central part of the bd%ie most depressed, flat area of the basin istddwto agricultural
20 activity and ordinary urbanization is not allowed.
The SM was carried out according to the guideliioesSM by the Italian Department of Civil Proteati¢Working Group
SM 2008), implemented with additional methodologigaocedures shared with the Abruzzo Regional Aritho
(http://protezionecivile.regione.abruzzo.it/indéxpfmicrozonazione).

2 Geological setting

25 The Fucino basin is a Quaternary graben locatéieirore of the central Apennines of Italy. Thebgrahosted a large lake,
which was drained at the end of the XIX centuryislone of the several Quaternary intermontanensideal basins of the
Italian Apennines. The basin is superposed on agéle® fold-and-thrust belt constituted by Mesozoid értiary passive
margin carbonates and syn-orogenic flysch deposits.

The evolution of the Fucino basin is related to #oévity of two main fault systems (Fig. 1b). Tfiest system strikes

30 WSW-ENE and dips to the SSE (Tre Monti normal fayistem); the second system strikes NW-SE and tdifke SW

(Fucino normal fault system).
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Though the SSE-dipping Tre Monti system had an mamb role during the early evolution of the bafimte Pliocene-
Early Pleistocene), the master fault of the grabehe SW-dipping Fucino fault system (Galadini atessina 1994), which
borders the basin towards the east. Both the faugitems have normal kinematics, with left-lateteks slip component
observed for the NW-SE fault system at some interdaring the Quaternary (Galadini and Messina 19%&ismic
reflection and well data show a typical half-grabsadimentary infill in the hanging wall of the Fuocifault system
(Cavinato et al. 2002; Patacca et al. 2008) (Fij. Ih fact, the basin depocenter is localized rolwahe eastern margin,
with estimated thickness of the basin infill of abd000 m (Cavinato et al. 2002). The Quaternamytinental deposits
unconformably cover a bedrock formed by Mesozoittddle Miocene carbonates, cropping out in théefelsurrounding
the basin (Mt. Salviano and Tre Monti ridges westivand northward, and Mt. Parasano- Mt. Serrongeriestward), and
by Late Miocene siliciclastic turbidites, mostlyriad under the Quaternary sediments but largelysag westward,along
the Val Roveto valley. Concerning the continentdilliin the central part of the basin the stratighy is dominated by
Holocene fine-grained lacustrine sediments (sitt elay, Fig.1b). Along the perimeter of the bastteistocene medium-to-
coarse-grained fluvial, alluvial fan, and sloperded deposits are interfingered with lacustrineiseats (Fig. 1b). The
perimeter area is also characterised by a complespmlogy, with several erosional and depositionaffaces (Giraudi
1988).

On the base of field and subsurface data, Caviraital. (2002) relate the early stage of the baswlugion and the
deposition of the Lower Pleistocene sediments écetttivity of the WSW-ENE Tre Monti Fault systemhifé the NW-SE-
striking Fucino fault system controlled the depositof the Upper Pleistocene-Holocene sediments.

The Fucino basin is a seismically active area,igislighted by the occurrence of the January 13 51€drthquake (Ms=7.0,
MCS Intensity XI) (CPTI15; Rovida et al. 2015),aftvhich a low-seismicity period occurred (Fig..1R@aleoseismological
studies carried out on the Fucino fault system fditi et al. 1996; Galadini and Galli 1999) revtbel occurrence of at least
10 paleoearthquakes in the last 33 kyrs, with armgberiod ranging from 1400 and 2600 yrs (Galadid Galli 1999).

3 Methodology

Seismic microzonation(SM) is a tool used to evaube local seismic hazard of an area exposedrtiogesakes and aims to
subdivide it into zones having homogeneous seisiteaesponse.

Following the Italian guidelines for SM (“Indirizza Criteri per la MicrozonazioneSismica”; Workingo@p SM 2008), SM

studies are organized in three different levelgkraiwledge. Level 1 SM is an indispensable step,iamqmeparatory of the
levels 2 and 3, because all the available geolbdai@ and constraints are collected in this fitshse. Level 1 SM involves
a reconstruction of the shallow subsurface geolaghjeved by using detailed field mapping, pretingssubsurface data
and new geophysical data collected basically frecordings of ambient seismic noise. The main ostfartLevel 1 SM are

thematic maps and geologic sections that highligbkt possibility of ground-motion amplifications due stratigraphic

and/or topographic conditions, liquefaction proesssslope instabilities and coseismic deformatioe ¢ active and

3
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capable faults. During the following Levels 2 an84, key areas are investigated in details withabguisition of new data
through ad-hoc experiments and by quantitativersisponse analyses carried out by simplified apgres: (Level 2) or
numerical methodologies (Level 3).

This paper focuses on the Level 1 SM of Avezzartuclvwas organized in 4 phases:

1) Collection, quality-selection and georeferenciof all the pre-existing geological, geognosticagdophysical
investigations;

2) geologic and geomorphologic field survey atd0B-scale,mapping and construction of detailedaggohl sections;

3) Single-station recording of ambient seismic @o{§5 new recordings) and analysis with the Horalto-Vertical
Spectral Ratio technique (HVSR), in order to enkasite effects of the area (Nakamura 1989, 2000jadt, in case of
simple geological model and high impedance contresveen sedimentary filling and stiff bedrock, theak of H/V noise
spectral ratios corresponds to the resonance fneguef soil (e.g. Field and Jacob 1993; Duval ef.8P4, 1995, Bonnefoy-
Claudet et al. 2006). The analysis allows to defipeghe zones where the H/V curve is flat and lijkenaffected by
amplification of the ground motion; ii) the zoneseve the H/V curve shows a peak and therefore ctaized by site
amplification; and iii) the likely resonance freaqug (%) for the amplifying sites.The relationships betwégand the local
stratigraphy haveimportant implications on how HV&&a can be used to infer the depth of the seibeiock in areas
where other geological-geophysical data are lackiDetails about the used instrumentation and dadaegssing, and a
comparison with weak motion from earthquakes cafobed in Famiani et al. (2015; see also Cara.e@alll);

4) Synthesis of the data in a Map of Homogeneousd#bnes from a Seismic response Perspective (MORBE Italian
guidelines for SM; Working Group SM 2008).

Point 2 is the most important during Level 1 SMtzs knowledge of the local subsurface geologictinggis necessary for
a seismic response analysis. Adetailed geologigaky has been carried out both on the urban zandshe surrounding
area planned to be urbanized within the Avezzanoicipality (Fig. 4). This phase is finalized to pree a geological map
(1:5,000 scale) containing several technical festwseful for SM such as lithology, physical-medterproperties of soils
(texture, compactness/strength), structural (eagtdring of rocks), hydrogeological and geomorphba features relevant
for seismic site response (Fig. 2; see Fig. Shefauxiliary material for a 1:5,000-scale map & Avezzano town area).
This map, called here Geological-Technical MapSit, is the final product of phase 2 and comes filoensuperposition of
different data layers stacked on top of each offikestructure of the Geological-Technical Map pnése in this paper is
new compared to existing guidelines (e.g., WorkBrgup SM 2008), and is aimed at preserving basitogé information
together with technical data important for locaksgc hazard. In particular, the map is formed liyeé main layers (Fig
2a):

sLayer 1 represents the geological base map anthiocsnthe geological-stratigraphical features. Tlassification of the
pre-Quaternary geological bedrock refers to th®,0@0-scale Italian Geological Map of the CARG potj sheet n°368
“Avezzano” (available at http://www.isprambientevgttMedia/carg/368_AVEZZANO/Foglio.html).
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sLayer 2 contains the litho-technical units (Fi@)2which provide a physical-mechanical classifmabf soils (cover units)
and bedrock. The using of litho-tecnichal unitddais the methodological procedures adopted by thecdny (northern
Italy) Regional Authoritysince '90 (e.g., L.R. 3®7 n.56 “Programma VEL ValutazionedegliEffettiLtica-
Istruzionitecniche per le indaginigeologiche, gsicfie, geognostiche e geotecniche per la
5 valutazionedeglieffettilocalineicomuniclassificédisicidella Toscana”, available online at
www.regione.toscana.it/documents/10180/12216796meb.pdf and formalized with internal guidelinestoé Abruzzo
Regional Authority available at
http://protezionecivile.regione.abruzzo.it/filesfio%20sismico/microzonazione/OPCM3907/LineeGuiSavl_2_ONLI
NE2.pdf). The Bedrock is classified into 4 maintanincluding massive rocks (A), stratified rocBs ith 6 sub-classes to

10 account for bed thickness and presence of pelitarlayers with lower rigidity), granular cementeedrock (C, with 3 sub-
classes to account for grain size and grain- or-supported texture) and over-consolidated peliéidrbck (D, with 2 sub-
classes to account for grain size). Cover unitsdisgnguished into two classes and numerous ssbetato account for
grain size and texture. They include coarse granuiaemented or poorly cemented soils (E, with bcasses to account
for mixtures between gravel and sand) and fine rgamic soils (F, with 5 subclasses to account f@anic soils and

15 mixtures between silt and clay). Roman numeralsuaesl to classify the different compactness/stten§toarse/fine soils
(Fig. 2b).

As an example, six litho-tecnichal units are mapped-ig. 2c. The geological bedrock is classifiesBa andgroups
medium-to-very thickly bedded rock masses. Covetsuare classified as E (uncemented, coarse grarsoids with
different grain size and compactness), and F @oiks) units. Anthropic and waste materials ar@iporated inunit G.

20 eLayer 3 contains structural, geomorphological aathe hydrogeological elements, focusing the atiantin those aspects
significant for microzonation purposes (active aagbable faults; buried faults that may determingrdek steps; shallow
aquifers; topographic features such as peaks,s¢nestrphological scarp; slope instabilities). Conggg the definition of
“active and capable fault”, the term “active” indies a fault having evidence of repeated activatidaring the late
Quaternary (in particular, during the last 40 ksceording to Working Group SM 2008), and the temagable” indicates

25 the capability to rupture up to the surface dutiage earthquakes, therefore determining a lodahse hazard (surface

fault rupture hazard).

4 Pre-existing subsurface data

The shallow subsurface geology of the soft covetsuthe depth of the geologic bedrock and thetifleation of buried
30 structures of the bedrock are prerequisites touewalareas potentially susceptible to site effésth this purpose our

analysis starts with the collections of all the ilalde subsurface data, including geophysical, gestic and geotechnical
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investigations, hydrogeology and groundwater datal, subsurface stratigraphy from well data. Thdiyuaf the data are
then validated and organized into a geodatabage Ji
Overall, we collected 435 data which mainly consiststratigraphies of water wells (Italian Natibhaw n. 464/1984,
made available by ISPRA, ltalian Institute for Enavimental Protection and Research; and old weilediduring '50 by
5 *“EnteFucino”, a local managing institution), geopimal investigation for hydrological exploration dhfical Electric
Sounding,VES), several stratigraphies and mechbiiga characterizations from geognostic wells madeilable by
professional geologists. In particular, 35 wellsttod 160 collected (geognostic or for water exglordexploitation) were
drilled up to the geological bedrock (maximum weépth 270 m). Moreover, for the Castello Orsing sitithin the
Avezzano town (Fig. 3) we collected HVSR data in &&smic array configuration used to charactefimeAVZ strong-
10 motion station of the Italian Network (ITACA worlgngroup 2016) and Seismic Dilatometer Tests (SDIM JUniversity
of L’Aquila. Industrial seismic-reflection profileavailable for the entire Fucino area (Cavinat@let2002) and a deep
reflection seismic profile (CROP 11 line, Patact¢aak 2008) provide information on both the deepature of the
continental basin and the depth of the pre-Quatetmedrock (Fig. 1b).

5 Surface and shallow subsurface geology
15 5.1 Surface geology

The surface geology is synthesized in the geolbgiap of Fig. 4. The pre-Quaternary bedrock, crogpdut in the Mt.
Salviano and Tre Monti ridges, is formed by Cretareneritic limestones passing upwards to Miocenedtones, directly
or through a more continuous succession of margilogle deposits of Cretaceous-Paleogene age. ThHmnzie
successions are covered by pre-flysch (marly liovest, marls and marlypelites) and pelitic-arenasdiysch deposits of
20 Late Miocene age. These units correspond to th€pegernary geological units reported both in te®lBgical Map of Fig.
4 and in the Geological-Technical Map of Fig. 2.
The continental Quaternary deposits unconformabigrlay the bedrock units and are formed by slofiayial fan and
fluvial medium-to-coarse-grained deposits thatiaterfingered with fine-grained lacustrine depositwards the central part
of the basin. In the area of Fig. 4, the maximuiokitess of the Quaternary deposits is thought tatimt 350 m (northern
25 and eastern sectors).
Numerous works have been published in the lasttiwgears on the stratigraphy of the Quaternaryioental deposits
(Zarlenga 1987; Giraudi 1988; Galadini and Mesdifi84; Bosi et al. 1995; Cavinato et al. 2002; Cewte et al. 2006).
More recently, three main stratigraphic domains ehabeen defined in the CARG geological map
(http://www.isprambiente.gov.it/Media/carg/368_ AVEENO/Foglio.html):
30 1) The first domain includes old fluvial and ladirs¢ deposits, with thick interlayers of slope-ged massive breccia,

which crop out in the northern boundary of the bgkbcl and Verl in Fig. 4; Lower-Middle Pleistoeeiielli-Pescina”
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supersynthem and Middle Pleistocene “Catignano'ttem in the CARG geologic map). Their origin isated to the
former opening of the basin, and they are ofteitdduand uplifted in the footwall of the main norrfeults.

2) The second domain includes the marginal ardheofacustrine depression, where fine-grained laiciessediments (silt
and clay) are interlayered with coarse-graineddsamd gravel) alluvial, deltaic and shoreline désodac2 and All2 in
Fig. 4; Upper Pleistocene “Valle Majelama” synthenthe CARG geologic map);

3) The third domain includes the central part &f basin, where the stratigraphy is dominated bg-firained lacustrine
sediments (silt and clay), with an increasing petage of sand in the areas close to the margins3(lraFig. 4). This area
was occupied by the Fucinolake, which was completedined by the end of the XIX century. The agetdf first few
meters is Late Pleistocene (upper part) - Holo¢&meaudi 1988).

In this study, the Quaternary geological units (Bigwere distinguished on the base of sedimergawronment andageas
follow:

The lacustrine depositsare divided into Lacl, Lae@ Lac3 units (Fig. 4).

“Lac3"characterizes the third stratigraphic domand is formed by prevailing silt and clay with sapdat and pyroclastic
interbeds.

“Lac2"(second domain) is made up of rounded graweth scarce or no matrix, typical of lacustrineosdline, alternating
sandy gravel and gravelly sand of lacustrine defaties and silty sands. They deposited in thegmar area, where many
erosional surfaces are present due to oscillatfidhedake level (Giraudi 1988).

“Lacl”(first domain) is formed by alternating siid clayey silts with minor interlayers of micage®ands.

The alluvial deposits are divided into All2 and Rlinits, which can be correlated with Lac2 and Lawiss, respectively.
“All3"is formed by rounded to sub-rounded calcareguavels, loose or slightly cemented sands abdsshds constituting
the San Pelino alluvial fan and other recent, mailuvial fans located at the outlet of small vasi€Fig. 4).

“All2" is formed by rounded to sub-rounded calcaregravels and sandy gravels, occasionally skdtifAll2 deposits
correspond to two large alluvial fans that fed theustrine basin during Late Pleistocene cold dicneonditions (Valle
Majelama and Celano alluvial fans; Frezzotti anch@di 1992).

The slope deposits are divided into Verl and VergsyFig. 4).

“Ver2"crops out at the base of carbonaceous rebefs is formed by medium- to coarse-grained bodfdsose to dense
slope-derived calcareous gravels in a sandy-silggrimn The matrix is brown to dark-red and varynfrovery abundant
(matrix-supported) to absent. The age is Late @leéne-Holocene.

“Verl"is formed by ancient massive or coarsely tfieal breccias. We recognized three lithotypeswgll-cemented
calcareous breccia, with angular,heterometric slasisandy matrix; ii) stratified calcareous brecwiith red, silty matrix;
iii) less cemented, whitish calcareous brecciaeittmatrix. The age is Early-Middle Pleistocene.

“Coll” is a unit formed by colluvial-eluvial depdsiaccumulated along the foothills, heterogeneaik m grain size and
textures. The age is Late Pleistocene-Holocene.

“Ant” and “dis” are local covers made up of backdihthropic material and waste material, respebtive

7



Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2016-313, 2016
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.
Published: 26 October 2016

(© Author(s) 2016. CC-BY 3.0 License.

10

15

20

25

30

The structural elements are mainly represented ISWAENE-and NW-SE-striking normal faults, related the fault
systems bounding the Fucino basin (e.g. the TretiMorl Fucino fault systems). Some are buried $airferred from well
and seismic reflection data (e.g., seismic reftectiata from Cavinato et al. 2002). These fauligeh#zo evidence of late
Quaternary activity and are responsible for thenftion of bedrock steps. Others faults displayrcfearphological and/or
paleoseismological evidence of late Quaternaryiagtand are considered active and capable falilis is the case of Tre
Monti, Trasacco and LucodeiMarsi faults. The NW-8fking Trasacco and LucodeiMarsi faults are, eesipely,
synthetic and antithetic splays of the Fucino nfairlt system. Paleoseismological studies testifieated reactivations of
the SW-dipping Trasacco fault during large earth@gsa the last one being the 1915 earthquake (Gira®86, 1988;
Galadini et al. 1997, 1999; Galadini and Galli 1p9%he NE-dipping LucodeiMarsi fault, located byr&idi (1986) close to
the LucodeiMarsi village, has been uncertainly @nged to the NW up to the industrial area of AverzéFig. 4) on the
base of paleoseismological trenching (Galadinileil@97, 1999; Galadini and Galli 1999) and weltadanalysed in this
work (see section G-G’ in Fig. 5). Paleoseismolabaata display at least two reactivation episalesg the LucodeiMarsi
fault, both consistent with the seismic historytteé Fucino main fault system.The Tre Monti fauls ligeological evidence
of continuous tectonic activity during the entirea@ernary (Galadini and Messina 1994; Bosi et 885] Piccardi et al.
1999; Galadini and Galli 1999; Morewood and Rob&®90). The fault dips SSE with a 50-60° dip angled a
transtensional dextral kinematics.

The ENE-WSW-striking Paterno fault is the basalnseqt of the Tre Monti fault system, bordering theifo lowlands to
the north. It is not clear if the Paterno faulpigsently active. In fact, subsurface data showttiia fault was highly active
during a long part of the Quaternary, as it wapaasible for a sharp deepening of the bedrocksihdngingwall under the
Lower-to-Upper Pleistocene lacustrine deposits {Land Lac2) (section A-A' in Fig. 6). On the otlieamd, there are no
constraints on the late Quaternary activity offéndt. Only Giraudi (1988) documented discontinuaust scarps along the
Paterno fault trace, NE of the Paterno village,Upper Pleistocene lacustrine shoreline depositeréfbre, the Paterno
fault (eastern segment) has been classified asefiiatly active and capable fault”. This means tbaty additional

earthquake geology investigations, typical of higegel SM (i.e., Level 3 SM) might resolve the anainties.

5.2 Geological sections

The subsurface geology of the area is synthesiteagaseveral2D geological sections realized in kegas for the
reconstruction of the subsurface geological mo@leé most significant sections are shown in Figan8l 6. The shallow
subsurface geology of the Avezzano area can bé&eyelly divided in three typologies: A) Simpledimedge geometry;
B) Sharp basin termination due to boundary norraaltf and C) B-type geometry covered by a thicletagf fan gravels
(zone north of Avezzano, covered by the large Visliigelama alluvial fan).

In detail, the simple basin-edge geometry (A) cbi@rizes the western edge of the Fucino basinigge@-G’, Fig.5), with

a progressive, gentle deepening of the bottom ofticental infill towards the centre of the basirecBon G-G’ is

constrained by a number of deep geognostic wellsesof which drilled up to the carbonate bedrodke Tvestern part of

8



Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2016-313, 2016
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.
Published: 26 October 2016

(© Author(s) 2016. CC-BY 3.0 License.

the section is characterized by a nearly-horizosielace on the carbonate bedrock. It is an erasisurface carved by the
water of the Fucino Lake during the last glacialximaim, when the lake level reached its maximum Inieig-18-20
kyrsago; Giraudi 1988). East of the geognostic svétle depth of the bedrock is constrained by seiseflection data
(Cavinato et al. 2002). The continental infill sto® progressive thickening towards the centre ebtsin. A small step of
5 the top of the bedrock, due to the LucodeiMarsinmadrfault, is inferred from well stratigraphies,tbtidoes not modify
significantly the simple geometry of the basin edbee estimated maximum depth of the bedrock i0~+Reneath point
G'. It further deepens eastwards as shown by thehi®nes of the top of bedrock (Fig. 1c, Cavindtale2002). The time-
to-depth conversion is usually problematic, dudateral seismic wave velocity variations within tlaeustrine deposits
produced by a number of variables such as porasityypaction and grain size variations. Considetirag coarser-grained
10 sediments increase towards the margin of the bdsis, likely that also the average seismic wavéoeity increases
accordingly. Nevertheless, due to the lack of fand homogeneously distributed constraints, we peed a time-to-depth
conversion by using an average P wave velocity (Mp3000 m/s, independently from the position witthe basin. This
choice derives from an average of Vp values caledlén three sites where the isochrones by Caviet@. (2002) are
compared to the depth of the bedrock from boreh(iles sites) or estimated from surface-wave analysised on noise
15 data (AVZ station in the Castello Orsini site, ITA@vorking group 2016).
The B-type margin is characterized by a sharp teation due to a boundary normal fault in the nariredge of the basin
(section A-A’ in Fig.6a). The A-A' section interse¢he Tre Monti and Paterno normal faults, bottated at the base of the
Tre Monti ridge. The carbonate bedrock crops oth@footwall of the Tre Monti fault while the degits belonging to Verl
and Lacl units are present between the two fdulthe footwall of the Paterno fault, close to faalt trace, the bedrock is
20 likely to be formed by Miocene siliciclastic turliiels (UAP-B4 in Fig. 6), located at a depth of 20frem the ground
surface (Bertini and Bosi 1976). In the hanginglwéthe Paterno fault the bottom of the Quaterriafyl sharply deepens
to ~150 m. The textural features of the continedéglosits are doubtful as no direct geognosticstigations are present in
this area. However, it is likely that the anciemtustrine deposits (Lacl) are interfingered withrse-grained continental
deposits (Verl), corresponding to the units thapaut in the footwall of the Paterno fault, oridigrg from disruption and
25 sedimentation of the footwall units.The Upper Rt@sne Lac2 deposits are only present in the hgmgih of the Paterno
fault.
The C-type margin consists of a sharp terminatieongetry covered by a thick layer of gravels, shawithe geological
sections C-C' and D-D’ of Fig.s 6b and 6¢c. The gtawbelong to the distal part of the Valle Majelaatiavial fan (All2,
Fig. 4), which prograded significantly within thaclustrine basin during the last glaciation peridd_ate Pleistocene
30 (Frezzotti and Giraudi 1992). The gravel thicknasd the transition to the underlying lacustrinetsiare constrained by a
number of geognostic and water wells (Fig. 6).ltvizrth to note that the presence of stiff depo@t) on soft deposits
(Lac) and their thickness may cause local inversiotiie seismic wave velocity with depth, which ¢@nimportant in terms
of seismic site response. The depth of the topedfdck, formed mainly by Miocene siliciclastic tidibes (UAP-B4 in Fig.
6), is constrained by seismic reflection data (6ato et al. 2002) and by water wells in the nor#st@rnmost part. The
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presence of SE-dipping normal faults accountsHergrogressive lowering of the bedrock units, lith Upper Pleistocene

alluvial fan gravels sealing the faults.

6Geological bedrock,site response from microtremor analysisand homogeneous seismic micr ozones
6.1Geological bedrock and resonance frequencies of the overlying cover units

In the Fucino basin, carbonate and siliciclastysd¢h geological bedrocks underlay the Quaternaryidtacustrine infill.
The pre-Quaternary bedrock crops out in the Mtvi&ab and Tre Monti ridges, where it is mainly fadnby ordered thick-
to medium-bedded carbonate rocks and, subordindtglglternating carbonate and pelitic rocks. Ddwate and cross-hole
investigations collected in the Industrial areaAwtzzano indicate Vs of ~1000 m/s close to the gdosurface, increasing
to > 2000 m/s at 10 m depth, for the carbonate dmdfwestern side of section G-G’ in Fig. 5). Direwar-surface
measurements of Vs for siliciclastic flysch are aailable, but the Vs profile obtained by passearray in the center of
the Avezzano suggest Vs on the order of 2000 m/sifwiclastic flysch at depths of ~ 160 m (statidVZ in ITACA
working group 2016). The same Vs profile indicaesean Vs of ~200 m/s for the first 35 m of ladnstisediments (Lac2
in Fig. 4), and a Vs of ~ 500 m/s for the thickepdf lacustrine sediments from 35 to 160 m depthsi+Lac?2 in sections
of Fig.s5 and 6). Therefore, a strong impedancerashis expected between geologic bedrock (catkomasiliciclastic)
and Quaternary continental infill. The impedancentrast might decrease appreciably where the Quatermfill is
dominated by dense, coarse-grained sediments,asuttte alluvial fan deposits (northern side oftthsin, sections A and C
of Fig. 6). In fact, available down-hole investigats in the Valle Majelama alluvial fan indicate 6540 - 710 m/s in the
first 30 m depths.

Fracturing might decrease the Vs in rock massesrefbre, a geomechanical field survey has beeropeeid along the
eastern side of the Mt. Salviano ridge in ordecharacterize the degree of fracturing of rock masserording to the
International Society for Rock Mechanics (I.S.R2007) procedures. The volumetric joint count (JWasurements give
values varying from 10 to 20 (except for one siteere Jv> 30) indicating that the geological bedrock is fermby
moderately fractured rock masses.

For site response evaluations it is important tfindethe impedance contrast that can cause reseramplification of
seismic waves. The fundamental resonance frequenbiained from HVSRs and their spatial distributiertainly help, as
they depend on the lithology and Vs of the basfill,ithe depth of the bedrock and the impedancetrast between the
sedimentary cover and carbonate or flysch bedi8itks located over outcropping bedrock provide HAf curves, unless
complications due to fracturing or topographic gukarities are present. Flat H/V curve (i.e., H\ ever the 0.2 - 20 Hz
interval) is a necessary, but not sufficient, ctindito exclude local site amplification of the grml motion. In general, in
the studied area the outcropping bedrock showdyn#lar H/V (e.g., Fig. 5). H/V peaks > 2, with fdamental resonance
frequency (§) generally lower than 1 Hz characterize sitestiedtan the most central and deepest part of thm bvesile f,

higher than 1 Hz is obtained for stations instaifethe marginal area of the basin.
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Besides clear indication on the occurrence of gidomotion amplification, HVSR can contribute in esiiting the bedrock
depth by considering the relation between the forefgal resonance frequencies),(the shear wave velocity (Vs), and the
thickness (H) of the soft layer lying over the hmk (f, = Vs/4H). This simplification can be consideredid/dor sites
which can be easily interpreted in terms of 1D nesh model. Theyfprovided by HVSR analysis allows estimating with a

5 reasonable degree of uncertainty (because of gm@ximation of the geotechnical soil charactergtitie depth of the main
impedance contrasts and interpreting them in texitiscal geology. In fact, it is possible to calibe the HVSR with a site
where the depth of the bedrock (the impedance astjtis well known from a borehole. The averagec#fs be obtained by
the above formula (Vs 5H) and the obtained Vs can be used for neart®ssithere only,fis known, provided that
variations of lithology and H are not so large teyent the assumption of constant average Vs facadt sites.

10 The HVSR analysis is often in agreement with geicligiata. For example, along the foothills of tekef surrounding the
Fucino basin, results of HVSRs generally show appaak of resonance at frequencies that matchthatlthickness of the
superficial layer (landslide deposit, colluviumstope-derived gravel) (Fig.s 5, 6, and 7). Moviogiards the basin, HVSR
measurements performed along transects can gies & the geological interpretation of the areeegular shifting of the
resonance peak towards lower values usually attestgentle trend of the slopes sinking under that€nary lacustrine

15 deposits. Conversely, a sudden drop of the valdesesonance frequency could justify the presenceeofonic or
geomorphologic steps. In this study, we performatlmber of noise recordings parallel to the gealalgcross-sections
(Fig.s 4, 5, and 6) in order to map thevériability. Independent geological and geophylsitzdia have been used to calibrate
the HVSR analyses (e.g.,bedrock depths from wellsismic reflection data, and velocity profilerfrpassive 2D surface-
wave analysis in the centre of the Avezzanotowng. Miserved clear peaks in the H/V curves at fundgahé&equencies

20 (fp) well-correlated to the thickness of the Quateyrlacustrine infill. Along the G-G’ section, the decreases eastward,
varying from 1.7 to 1.0 to 0.7 Hz as the bedrockpdms (0.4 Hz ~ 3 km NE of point G’, not shown ig./5). Along the A-
A’ section, the interpretation of the HVSR datddss straightforward. The H/V curves show high dtad deviations in
correspondence of the fundamental resonance pealHi) related to the impedance contrast betweerséismic bedrock
and the continental deposits. This could be reltdetie complex seismic behaviour of the area dubée presence of non-

25 1D conditions. In fact, the Paterno normal faultg(F6a) is responsible for a lateral sudden vamatof the subsoil
geometries, and possible reverberation of seismé&wvew within the area could influence the stability HVSR
response(Famiani et al. 2015). Furthermore, a met@rogeneous stratigraphy, probably due to thiensedation within the
basin of large volumes of coarse-grained sedimésgd by the footwall of the normal fault could alaffect the local
response of the area. Moving towards the centrélgbahe section, HVSR curves do not show anyrdiemedance contrast

30 despite the quite regular trend of the seismic dddinterface. In the south-easternmost part ofgbetion, a second
resonance peak at higher frequency (~ 1 Hz) isepte#t is perhaps generated by a velocity contrditin the Quaternary

stratigraphic sequence. Unfortunately, the subsaréata are not sufficient to provide additionaisteaints.
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The performed HVSR analyses have three signifizaptications: i) the potential of HVSR data in tilwestigation of the
stratigraphic amplifications and their lateral @tions also over short horizontal distances, &) fibtential of § from HVSR

in constraining the bedrock depth and iii) the lw&blVSR technique where the 1D assumption is eoified.

6.3 Homogeneous Seismic Microzones

5 Figure 7 shows the Map of Homogeneous Microzones fa Seismic response Perspective (MOPS; see Eigf he
auxiliary material for a 1:5,000-scale map of thee2zano town area). This map can be easily eladbrabm the
Geological-Technical Map for SM, particularly frolayers 2 and 3 (Fig. 2). The procedure is easy @1% environment.
Nevertheless, the subdivision into microzones &mel gimplified stratigraphic columns must considee subsurface
geometries (e.g., from geologic sections) and tteeresponse from HVSR analyses. Therefore, allcthitected data are

10 contained in the MOPS.
In the map, the distinguished zones are:zones utithppreciable amplifications (dark blue; i.e.ffdbedrock in nearly
horizontal topography) and zones susceptible toliiogtion due to topographic (light blue) or sigaaphic (other colours)
conditions. On sites with soft sediments, HVSR gsred consistently allow to recognize significate gffects. The highest
fovalues(> 1 Hz, up to 2.5 - 5.0 Hz) are observedgtbe perimeter of the basin, while the frequendiecrease towards the
15 centre of the basin (<1 Hz, down to values as Is\W.4 Hz).
The map of Fig. 7 also indicates zones suscepthbdeseismic permanent deformation, including:
1) zones susceptible to slope instability, maiglgresented by rock falls along the steep slopésotfured rocks bordering
the basin (e.g., along the Mt. Salviano and Tre fMi@liefs).Slope and ground instabilities are idigtished in active and
dormant (FR-A and FR-Q, respectively). Moreover, ne@® potentially susceptible to earthquake-induced
20 rockfalls/slides,corresponding to steep slopes@® 8n fractured geological bedrock, have beenngeffialong the eastern
and southern sides of the M. Salviano and Tre Muahgies, respectively;
2) soil liquefaction, recognized both along theamilzed perimeter of the basin and within the yoshgeentral part of the
basin;
3) coseismic surface faulting along active and bpaormal faults.
25 It is worth to note that all the phenomena wereudwented during the 1915 earthquake (Oddone 1918; ZR00;
Castenetto and Galadini 1999 and references therein
Concerning the earthquake-induced soil liquefagéireciusion criteria are used for Level 1 SM. Thadidin building code
“NormeTecniche per le Costruzioni” (2008) stateattthe liquefaction hazard at a site during anhegake can be
neglected if at least one of the following condigds accomplished: 1) expected maximum earthqoagnitude < 5; 2)
30 maximum peak ground acceleration (PGA) on bedreck.1 g; 3) mean seasonal water table depth >1Ebm §round
surface; 4) clean sands with SPT (Standard Peiwgtraest) blow count N1(60) > 30 or CPT (Cone Peatiin Test)
resistance qc1IN > 180, both normalized for ovetenrand energy ratio; 5) grain size distributionves external to pre-

defined granulometric zones.
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According to the seismic hazard studies in the weirea (Working Group MPS04 2004; see also Paak 2014), the first
two conditions are not fulfilled as both the exgecmagnitude and PGA are above the limits. Theratbeditions are not
satisfied in large areas. Most importantly, concegrihe last two conditions, available geognostid geotechnical data are
not sufficient to extrapolate over large areas.Mueg, the liquefaction process cannot be excluded eonsidering the
historical evidences of liquefaction reported farspearthquakes (Oddone 1915; Galadini and Ga#iB1%alli 2000).
Taking into account that further investigationsitgb of Levels2 and 3 of SM are required to propestaluate liquefaction
susceptibility, two “warning zones” for earthquakeluced soil liquefaction have been defined (Z-L@rtl Z-LQ-2). They
include the lowland zones, where the mean seaseaiar table depth is < 15 m. In particular, the @iLcorresponds to
zones where layers of saturated sands are preshm the first 20 m of depths; the Z-LQ2 corresgsrto zones where
historical and paleoseismological evidences of [ig¢faction are present but geotechnical andaggedl data are poor.
Zones susceptible to instability due to active aapable faults (Z-FAC) are defined as zones wherface fault rupture
hazard is possible during strong earthquakes (V&Y. Within the Avezzano municipality, three actimed capable normal
faults have been recognized (Fig. 4): the NW-Skkiaty “LucodeiMarsi” and “Trasacco” faults in thewhernmost sector,
and the WSW-ENE-striking “Tre Monti” fault to theorth. They are secondary structures compared tamidie Fucino
normal fault system, which borders the eastern afdbe basin and was reactivated during the 1@tthguake. In fact, the
Luco and Trasacco faults are antithetic and syiuttsilays, respectively, while the Tre Monti faidta hanging wall
structure nearly orthogonal to the main fault systélevertheless, paleoseismological data suggesathof them can be
activated contemporaneously with the main faultirdurearthquakes as large as the 1915 one (Castesnadt Galadini
1999). The Z-FACs are traced along the recogniz#deaand capable fault traces. Their width, defimecording to the
criteria suggested by Boncio et al. (2012), comesis to 180 m asymmetrically distributed betweenftotwall (30 m) and
the hangingwall (150 m). Due to the uncertaintieghe location of the LucodeiMarsi fault trace, tteeresponding Z-FAC
is wider (250 m).

7 Discussion and conclusions

Level 1 of SM is an indispensable step ina SM stadyg is preparatory forhigher level studies. Ifudes the collection,
validation and organization into a geodatabase@fepisting subsurface data, new field geological geophysical data. It
allows a first reconstruction of the shallow sulfsce geology and the recognition of areas needdditianal detailed

analyses (e.g. seismic velocity inversions withtdepusceptibility to permanent coseismic deforoti

Some general considerations on methodological &sped the presence of uncertainties can be odtline

*The geological setting of the Avezzano area igattarized by a thick pile of continental depositerlying a bedrock
formed by carbonate and siliciclastic rocks. Thirs is an area where layers characterized by losaiswave velocity
materials (soft sediment infill) cover high velgcibedrock and undergoe to stratigraphic amplifarai The widespread

application of HVSR technique on ambient noise (otremors) is powerful in such a context. The spatistribution of
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fundamental resonance frequencies contributesgtaight the influence played by the geological stowe, the lithological
properties of the infill and the depth of the gepdal bedrock. We performed a number of noise iogs alongthe trace of
geological cross-sections (Fig.s 4, 5 and 6) ireotd calibrate the HVSR analyses with independewtogic data and we
found a good agreement between the HVSR and gealodta, as the H/V curves display flat curvededrock sites and
clear peaks on soft soil sites due to stratigrapffiects. The progressive shifting of the resongreak toward lower values
along the geological transects characterized bympls basin-edge geometry (Fig. 5) attests for deepening of the
continental infill/lbedrock interface, as corrobety well and seismic reflection data (Cavinat@ale2002). Conversely,
along the transect showing a sharp basin termimagieometry (Fig. 6a) the interpretation of H/V @svis not
straightforward. They often show smooth or uncleamplification peaks so that further geological agebphysical
constraints are needed for a more reliable defimibf the local geology.

*Though the efficacy of HVSR analyses in such aexiris demonstrated, their use without a previpdsifined geological
model is not recommended. Therefore, basic geolmaged on detailed field mapping and 2D-3D recoonstms of
geologic bodies should come first, and thematic snslould preserve geologic information necessametonstruct 3D
geologic units(sedimentary environment, lithologge).

*The Geological-Technical Map for SM proposed hargich derives from an implementation of that prega in the Italian
guidelines for SM (Working Group SM 2008), is thbtigp be a good compromise between basic geolaficration and
fundamental elements for local seismic hazard. @gcdl, geomorphological, hydrogeological and dtrel data are
matched together in a map formed by 3 superposedsdFig. 2): 1) geological units, 2) lithologigakchnical units, and 3)
geomorphological/hydrogeological/structural featuféde summary map, easily accessible to non-geslagarthquake
scientists/technicians is the Map of Homogeneousrdzbnes from a Seismic response Perspective,dimgjusynthetic
stratigraphies for each zone. This map is easilpinbd in a GIS environment from layers 2 and 3plémented with
information from geological sections and HVSR résul

*According to this study, a large part of the Awmza town is classified as susceptible to all thevkm typologies of
permanent coseismic deformation, such as liqgueflactioseismic surface faulting and, to lesser éxgdope instability (Fig.
7). During Level 1 SM, the assessment for liquédecthazard is based on the identification of aredere specific
seismological, geological and hydrological condisoare fulfilled. These features are properly repnéed in the
Geological-Technical Map for SM (Fig. 2) and thepviaf Homogeneous Microzones from a Seismic respBesspective
(Fig. 7), which became effective tools for land aman planning. However, this basic approach, eduon minimum
informative data, can involve significant uncertgion the occurrence and severity of coseismic paant deformations,
whichcan be unraveled only by the quantitativenestes typical of higher levels of SM.

*The multidisciplinary SM of the Avezzano town alled us to define the shallow subsurface geologysitedeffects in a
deep continental basin environment. This providease study of potential interest for similar ggatacontexts worldwide,

as in the Avezzano area almost all the possiblta@aake-induced effects are present, such asaigsaphic amplifications
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in a wide range of resonance frequencies (from® A 10 Hz); b) liquefaction; c) coseismic surfdaalting along active

and capable faults; and d) slope instability.
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Figure 1: (a) Macroseismic field of the 1915 earthquake (DBM| 15 Database, http://emidius.mi.ingv.it/CPT115-DBM115/) and (b)

simplified geological map of the Fucino basin (Central Italy) with location of the studied area (Avezzano municipality, square of

Fig. 4), traces of active normal faults and isochrones contour lines of the bottom of continental deposits from seismic reflection

5 data(valuesin ms, TWT;modified from Cavinato et al., 2002). Note that the isochrones contour lines from Cavinato et al. (2002)

were modified only in the studied area (within the rectangle of Fig. 4) on the basis of borehole data.The 2D geologic section across
thebasin isalso shown (from Cavinato et al. 2002).

from Cavinato et al. (2002)
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material for a 1:5,000-scale map of the Avezzano town area).
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Examples of Geologic-Technical Map for SM areillustrated in Fig. 2cand in Fig. S1 of the auxiliary material.
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Figure 5: Geological section across the western border of the Fucino basin in the southern Avezzano area (I ndustrial 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);f, is the resonance frequency. Note the systematic

decrease of fo moving from the outcropping bedrock (no H/V peak) to the deep central part of the basin. The Homogeneous
5 Microzonesfrom a Seismic response Per spectiveillustrated in the map of Fig. 7 aredrawn in the upper part of the section.
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Figure 6: Geological sections across the northern Fucino basin, showing (a) a sharp termination of the lacustrine basin against a
boundary normal fault (B-type), (b)a sharp basin termination geometry covered by a thick layer of fan gravels (C-type), and (c) a
transition from A-typeto C-typebasin termination. Key asin Fig. 5.
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5

Figure 7: Map of Homogeneous Microzones from a Seismic response Perspective with fundamental resonance frequencies (fo)
from noise HVSR analyses (symbol size is proportional to the amplitude of the H/V peak, Ag). 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 per manent deformation. A simplified stratigraphic log is reported for each

zone.See Fig. S2 of the auxiliary material for a 1:5,000-scale map of the Avezzano town area.
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