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ABSTRACT

This thesis dealt with one of the sioleenomena, which can occur during or after a seismic
event, namely earthquakeggered landslides. These phenomena involve both natural and man
made slopes, whose occurrence is very common and widespread as testified by several rece
earthquakes. Their consequences can be dramatic, as they can strongly contribute to the dea
toll, sincethey often affect buildings and infrastructures, preventing effectiveepostgency
strategies. Hence it appears relevant to consider into the framework of seismic risk studies alsc
the evaluation of slope stability, which can also be carried out fragiomal to the scale of the

single slope.

The area selected for the present study is the Molise Region, (C8otrtiern Italy)within the
Southern Apenningsvhich is one of the Italian areas struck by earthquakes in the last decade,
suffering damages botin building heritage and physical environment. liclsaracterized by
mediumhigh seismicityand high landslide susceptibilityln particular, the most abundant
landslides are represented by coherent landslides, i.e. rotational and translative sligddschn

this dissertation focused’he main issues concerned the development of stability analysis at
territorial scale; within this framework several siisues were explored. In particular, the
implementation of a database of geological and geotechtastd permitted to characterize the

soil strength behavior, produce seismic soil class map and empirical correlations between
geotechnical parameters. The stability analyses were calculated as PGD at regional scale
through two methodologies, which foundidation in the detailed analysis of a casteidy

KEYWORDSEarthquaketriggered landslidesGeotechnical characterizatioGeismic
Permanent Ground Deformations (PGD), Highway vulnerability, GIS, Molise
(Italy).
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INTRODUCTION

INTRODUCTION

Recent and historical seismic events showed that the vulnerability of structures and lifelines is
dependent omoth the transient (TGD) and the permanent ground deformation (PGD). TGD is
the dynamic ground respondae to the propagation of elastic waves. PGD is the irrecoverable
displacement that persists after the end of shakirigqurke 1999. The latter encompasses soill
liquefaction, surface faulting, ground settlements and landslidgsarticular,the latteris the

most common phenomenon which can occur in a country as lItaly, constituted by a relatively
"young" geological setting, whose natural morphoevolution is mainly committed through
landslides.The impact othose events caaffed strategical infrastruares, as roadways, which

directly prevent effective postarthquake emergency strategies.

From the above premises, it appears relevant to considethatéramework ofseismic risk
studesalso the evaluation of slope stabilifyhis studyfocused on tld concepaind it was aimed

at developing slope stability analysis in seismic conditions performed at regional scale, in ordet
to also account for theulnerability of the roadway network tthose phenomena. This research
also pointed out the possibility expandthe scale of the studies framagional to the scale of the

single slope.

An essential part of this work wasdso devoted tothe collection and organization of the pre
existing knowledge through the constitution of a database of geological andhyecdé
investigations asit represerd the backbone of evergmall scale projectaimed at territorial

analysis.



INTRODUCTION

The area selected for the present study is the Molise R€@eniraiSouthernitaly), whichis
one of the Italian areas struck by earthqeake the last decade, suffering damages both in

building heritage and physical environmantd naturally prone to landslides

Thework developed through different stages:

1 Collection and study of the reference literatume the phenomenon of earthquake
triggered landslides and the way in which this topic is studied into the international
literature.

1 Collection and study of the main geological and geotechrieahnicalscientific
literatureof Molise Region and the materials which crop out, also in angdotpgical
contextsof Southern Apennines

1 Analysis of the database investigation aimed at characterizing the soil strength behavior
producing seismic soil class map and correlation between geotechnical parameters.

1 Implementation of two methodologies fdret analysis of the PGD at regional scale and
evaluation of the impact on the roadway network.

1 Validation of the proposed approach and characterization of a landslide phenomenon a

detailed scale.

The flowchart of Figure 1 summarizes the main step of teeareh activity with the main

accomplished results.
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INTRODUCTION

The text wasorganizednto five chapters, corresponding tioe abovementioned spects of the

research.

In Chapter 1 after a brief explanation dhe mechanismef seismieinduced landslides and the
category towhich theycan beclassified,a representativease historyof damage to roadways
due to landslidesluring recent earthquakes are widely describedy Mwere subdividednto

worldwide and italian case histories amegortedn chronological order.

Chapter 2summarizes some of the main geological knowledge about the Southern Apennines
and in particular the Molise Region. The latter is describedigdty the chain into three
paleogeographic domains, which @éestEastwargl the Carbonate domain, the Flysch and the
ForedeegForeland SuccessionsThen the chapter continues with the description of the
geomorphological features of the Region and its sd@gaal setting, with a list of the main

historicalearthquakes, whichffectedthe area.

In Chapter 3 the organization of the database géological and geotechnical investigation
collectedis described together with the engineering geological clasatfan and the shear
strength characterizatiaof the structurally complex formations. The dissertation is followed by

a focus on the seismic solil classification approaches at regional scale, with the verification of the
applicability of simplified methods the area andtulminates with the production of an original
seismic soilclassmap. Finally, the relationships betweerpiNand \s are explored and new

empirical correlations based on a lithostratigraphic approach is proposed and validated.

Chapter 4de<ribes the two seismic stability methods implemented fottedh#orial analysis
The first is based on geomorphologial-geotechnical coupled approach, whigas compared

with another widespread simplified procedure,the HAZUS(2003)method.

10



INTRODUCTION

The £cond is an engineering geology approach based on the soil characterization described |
Chapter 3.The suitability of the proposed approach was successfully checked, since-it well
predicted the location of tHandslidegriggeredby the Maximum HistoridaEarthquake (MHE)

with the highest displacemeni®e seismic performance tife roadway network wasvduated

through fragility curves and vulnerability thresholds.

In Chapter 5 a detailed slope stability analysis in seismic condgieves carried outThe
investigated phenomenon affected the neighboring roadwayt andypical of theearttslides
which seasonally occur in Molise. The geological gadmorphologial features weréentified

by field surveys and permitted tdescribethe subsoil model, hich was validated by the
geotechnical characterization by laboratory testsuadisturbedsoil samples. The stability
analysis was performed solving the rigorous Newmark approach fodiffepent conditions,
which are prdailure and incipient failure. Ae calculated displacements compared with the

results of chapter 4 validated both approaches.

11



1. EARTHQUAKETRIGGERED LANDSLIDES

1. EARTHQUAKE-TRIGGERED LANDSLIDES

Damageinduced by &rge earthquakes generally due tstrong ground shaking, but also to
ground failure. The Northridge edhquakein 1994 (M, 6.7) triggered more tharll,000
landslides(Harp & Jibson, 199§ while the El Salvador earthquake 2001 (M,, 7.6) triggered

only onelandslide in Las Colingasvhichkilled about 400 people_pmnitz & Rodriguez, 2001
Those examplesra afficient to remind that, in many earthquakes, landslides Haeen
responsible foas much damage a#i other seismidiazardslt is therefore evident theelevance

of theevaluationof seismic slope stabilitwithin studies of seismic hazard assesstn

The term earthquaketriggered landslide encompasseseveral failure phenomena, whose
occurrence and destructivessdepend on geologicenvironmentaandmechanical factorsThe
interest in this topic is shared among several branches of engineetigg@stiencefs noted

in Fell et al. (2000, a number of researchers proposed different landslide classification, as
function of their concernEngineering geologists developed descriptive terminoloigg. (
Hutchinson 1988; Cruden & Varnes, 1998s maily concerned with landslide identification
and hazard assessment, while geotechnical engineers focused on material bg@leavior
Skempton & Hutchinson, 1969; Morgenstern 19®2cause as designease interested in factor

of safety assessment and slaggiabilization. The Commission on Landslides a@dher Mass
Movements of the International Association for Engineering Geology and the Environment
(IAEG 1990 and the UNESCO Working Party on the World Landslide Inventarip/{VL1)
suggeste@ standard setfderms for description of landslidestarting from its definition asthe
movement of a mass of rock, debris, or earth (soil) down a slope (under the influence of
gravity)'. So he earthquake together with rainfalls represethis natural triggering faors

responsible fothe onset of thdownhill movement.



1. EARTHQUAKETRIGGERED LANDSLIDES

In particularas summarized ifropeano(2010, the interaction between slope and seismic
waves is responsible fdine decrease of the resistémtces andhe increase of the destabilizing
ones. Thdormer is due to the cyclical degradation of the strength paramétgcs &) for rock
joints and soils, but also to thgore pressurébuildup. The latter are due to the seismic
amplification, for stratigraphic and topographic effedibe kinematis of their movement is
quite similar to norseismic slopdailure; this is the reason why the most widespread seismic
triggered landslide classification, introduced Kyefer (1984), adoptsthe same organization
than that by Varnes (1978. Specifically Keefer (1984 assembléd the different landslides
typologies into 3 categoriedepending onthe triggering mechanism and ensuing movement.

1 Categoryl: disrupted slides and falls. It encompasses rock and soil falls, rock and
disrupted soil slides, rock and sawvalanchesKigure 1.1a). Landslides in this category
typically originate on steep slopes, travel relatively fast, and are capable of transporting
material far beyond the bases of the steep slopes on which they originate. Except for rock
avalanches, all fowhich have volumes greater than 0.5 x 10§ handslides in this
category are also typically thin, with initial failure depths of less than 3 m.

1 Categoryll: coherent slides. It encompasses rock and soil slumps, rock and soil block
slides, slow earthflow (Figure 1.1b). These landslides exhibit a slight to moderate
amount of internal disruption, typically consisting of a few moving blocks, each of which
may be little deformed except for localized internal fissuring. These types of landslides
occur most commonly on moderately steep slopes, typically move relatively slowly, and
displace material less than 100 m. These landslides areetdswely thick, with typical
initial failure depths greater than 3 m

1 Categorylll: lateral spreads and flow@igure 1.1c). It includes those landslides for
which fluid-like flow is the predominant movement mechanism. Landslides in this

category initiate only in soil materials and involve either blocks of relatively intact

13



1. EARTHQUAKETRIGGERED LANDSLIDES

material moving on a subsurface liquefied zond (ateral spreads) or more completely
liquefied masses that move by fldidle flow throughout (rapid soil flows). In many
cases, these landslides are the results of soil liquefaction in saturated sands, gravels,
silts; occasionally they result from ismically-induced disturbance in sensitive (i.e.,
thixotropic) cl ays. Al so included in tl
landslides, most of which are complex and can involve elements of rotational or
translational sliding as well as latersphreading or flow. Landslides in this category
commonly initiate and move on gentle to nearly level slopes, move rapidly, and can

transport material larggistances

Flows Lateral Spreads

Figure 1.1. Landslide Classificatioby Keefer(1984. a) | Categoryb) Il Category.c) Ill Category.

14



1. EARTHQUAKETRIGGERED LANDSLIDES

In the next sectioa concise description of the main case histories of seisihiced landslides

worldwide and for the Italian territory is proposed.

1.1 WORLDWIDE CASE HISTORES

Before about 200 years ageportsof earthquakeriggered landslides in historical documents
were incomplete as the information aboutocations of landslidesvere imprecise andague

about the kind ofmaterial and movementlthough valuable historicahformation could be
retrieved. The first formal scientic study ofthe effects ofa large earthquakaated back to the
Calabria(ltaly) Earthquaken 1783 (Ml = 7) when theNeapolitan Academy of Sciences and
Fine Letters appointed a commission to condigtl studies in the epicentral are@afconi,

1784). These reports indicate thahongother effects, at least 215 landshdammed lakes were
documented (otecchia et al., 1986Throughout the nineteenth and early twentieth centuries,
various other scientificommissions carried out field investigationseafseveral other major
earthquakesind landslides were commonly documented along with other earthquake effects.
Examples of these early reports include those on the MI 7.3 Charl€xortfy Carolina,
earthquake of 188&he M 8.3 Assam, Indiegarthquakeof 1897, the M 7.8 San Francisco,
California, earthquakef 1906 and the M 8.1 Bihar, IndMepal, earthquake df934 (Keefer,

2002 and referenced papers

In the following, some of the main worldwide earthquakes occurred in the last century are

describedwith special reference to the slope failures they caused.

1.1.1THE BIG ONE - SAN FRANCISCOEARTHQUAKE(1906)

It was a majorearthquakeM,, 7.8), originated by theSt Andrea's faultwhich struck San

Franciscoand the coast oNorthern Californiaon April 18, 1906. It is que famous for the

15


http://en.wikipedia.org/wiki/Earthquake
http://en.wikipedia.org/wiki/San_Francisco
http://en.wikipedia.org/wiki/San_Francisco
http://en.wikipedia.org/wiki/Northern_California

1. EARTHQUAKETRIGGERED LANDSLIDES

devastating fires, which followed the evemidlasted for several days. As a result of the quake
and fires, about 3,000 people died and over 80% of San Francisco was deshityad €t al.,

1907. This eventtriggered ground failurest numerous locations throughout 6k long
segment of the Coast Ranges extending from southern Monterey County on the south to Eurek
on the north These movements considerably damaged bridges and pipelines that crossed thi
rivers and highways and railds that paralleled the rivelfsgure1.2 shows historical photos of

the triggered landslide¥ ¢ud & Hoose, 1978

Figure 1.2. Left) Rockfalls along coastal bluffs between Ocean Avenue and Mussel Rigti) Hillside landslide
in redwood forest about4 km above Alma, the landslide has dammed Los Gatos Creek from the\Sowths:
Hoose, 1978

1.1.2THE GREATALASKAEARTHQUAKE(1964)

On March, 27, 1964 a great earthquake Qf 92, also known as the Good Friday Earthquake
occurred inPrince WilliamSoundregion of AlaskaThis eventis the second largest earthquake
ever recorded in the world, afteM,, 9.5 earthquake in Chile in 196Dhe epicenter was located
at 120 km from the city of Anchorage.Had an extraordinary duration of 3 to 4 minutesk
137 lives anctaused 35®00 million $ in property damage?roperty damage from slides in the
mountains was generally limited to roads and railro@tis<el, 197). The maximum uplift

recorded was 10 m on laiathd as much as 15 m on the sea fldbe uplift destroyed or greatly
16



1. EARTHQUAKETRIGGERED LANDSLIDES

affectedmanyharbors The strong ground motion induced many landslides, in Anchorage, the

most infamous occurred in Government Hill and the Turnagain Heights &igase(l.3).
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Figure 1.3. a) Government Hill landslide (mofiéd after Eckel, 197(. b) Turnagain Heights landslide (modified
afterEckel, 1970. c) d) Landslides crossection afteBarnhardt & Kayen (2000)

In bothcase the landslides wemharactered by the presence of a surface sandy stratum placed
on marire clays. This was one of the first cases in which the slope failaseclearly related to

cyclic softening phenomena in cohesive materialdeed, posearthquake measurement put in

17



1. EARTHQUAKETRIGGERED LANDSLIDES

evidence a 1/30 ratibetween the peak and the residual shear strergtireband after the
earthquake, respectivelydoreover, an important role is likely to have been played by the
liquefaction of several sandy inclusions within the clayey soils, as wdlly abe interaction

between inertial effects and the initial sheaeststate Geed 1969).

1.1.3LOMAPRIETA EARTHQUAKE1989)

On October 17, 1989 at 5:04 P.M., a magnitude 6.9 earthquake struck the San Francisco Bz
area and lasted for 15 to 20 seconds. The earthquake happened along the San Andreas Fault, v
the epienter happening near the Loma Prieta peak within the Santa Cruz Mouhtainduced

slides throughout an area of aboutQI® knf. The western portion of the bay sits on soft mud;
this amplified the shakg by 5 to 8 times in this area and theterstde route 880" collapsed

This portion of the freeway was 90 kilometers away from the epicenter but experienced severe
shaking due to the ground it was built over and the vibration frequency of the structure matching
the frequency of the ground motion: 24dateral cycles per secorithe earthquake also caused
ground failure which led to mudslides, fires, and broken water lines. The most spectacular

landslidesoccurredalong the coast, as seerFigurel4.

Figure 1.4. A huge landslide triggered aloniget coast

18



1. EARTHQUAKETRIGGERED LANDSLIDES

The area with the most reported damage was the Marina District bexfahgeliquefactionof
saturated sandy and uncompactsal. A total of about 1280 landslides were identified
throughout an areaf approximately 2000 kfin the southern S#a Cruz Mountainswhereas

additional 80 landslides occurred along the adjacent cadi$tsl(Keefer, 2000).

1.1.4THE HOKKAIDO-NANSEFOKI EARTHQUAKE(1993)

In the evening of 12 July 1993, a 7.8 Magnitude earthquake occurred in the Sea of Japar
offshore of the Hokkaiddsland Most of the loss was to due to theunami, which followed the
event, but liquefaction, rockfall and landslides (14) were also reported in Southern Hokkaido and
on the Okushiri Island. The landslide protection system built albeg-dastal road presented
meshedeavilydamaged, concrete gravity walls overturned or smashed, and many embankments
also failed Butcher et al. 1993 Yamagishi(2000) recognized rodsoil slides, debris slumps,
rock/debris avalanches and rockfall triggdrby this event. The most destructive was the
Okushirtport Slide Figurel1.5), with 2630 m of thickness, 200 m wide and a mobilized volume

of 10 m®, which occurred in Miocene Sandstones.

Figure 1.5. Okushiriport Slide induced by the Hokkaiddanseioki Earthquake (afteramagishi, 200D
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1.1.5THE NORTHRIDGE EARTHQUAKI1994)

The Northridge earthquakéM,, 6.7) occurred on January 17, 1994 and was centered in the
north-central San Fernandd/alley Region, Los Angeles, Californidt was one of the mos
costly natural disaster of the United States history; damages involved structural failure in
residential, commercial, industrial atrdnsportatiorfacilities, severabreaksin water, gas and
sewer pipelines, poor performance of geotechnical structudam and landfill, thousands of
landslides irmountainous areas surrounding the epiceifitee.death toll wag1, with more than
18500 injuredand more thar$l5 billion in damage(Stewart et al.,, 1994 The triggered
landslides were distributed along anea approximately radiating 25 km from the epicenter,
including Simi Hills, Big Mountain, Santa Monica, San Gabriel and Santa Susana Mountains in

areas of knowihigh landslidesusceptibility(Figure1.6).
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Figure 1.6. a) Location of landslides triggeredy Northridge earthquake, shaded area shows zone of greatest

landslide concentration (aftéibson et al. 1998b) Aerial view of the triggered landslides in Santa Susana Mts.
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1.1.6KOBE EARTHQUAKHK1995)

The 1995 HyogokeiNambu (Kobe) earthquake (M7.2) was one ofmajor earthquakes to
directly hit a modern city with a higltoncentration of civil engineering facilities. The
development of landslides was reviewed based on air jpitetpretation, revealing landslides to
be almost linearly distributeslong the line of aftershocks. Most of them showed limited motion,
probably due to the very dry season in which the earthquake occiircetispicuous exception
was the Nikawa rapid landslid€igure1.7), which, with a volume of about 1000 n¥, moved

in just a fewseconds over more than 100 m, destroyed 11 residential buildindslledd34
people Japanese Geotechnical Socjéi999. As observed bgassa et al. (199&he significant
distance and runoff speed waraexpected because (a) the slope mation barely exceeded
20°, (b) thewatertable was not high, (c) the soil along the sliding surface consistatEnse
coarsegrained sand and silgand and (d) laboratory tests on soil samples taken from the bottom
of the moved landslide mass showedt ttiee soil was only partiallgaturated Certainly, the
combination of gatigraphicand topographic amplificatioplayed a major role in the triggering

stage

Figure 1.7. View of the Nikawa landslidéfter Sassa et al. 1996
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1.1.7EL SALVADOR EARTHQUKE (2001)

The earthquake of January 13th (M) triggered many damagit@ndslides ira broad region
of ElI Salvador The most significant concentrations of landslidesurred inthe slopesof
Cordillera Balsamoaround Lake llopangand Lake Coatepegyuand on steep flanks of some
volcanoes in thesouthern part of the countrfsulatan Volcano)Landslides concentrations
were greatest ahe locations of weak pyrodéc deposits and lava rocks. In the fornoaise,
landslides tended to be highly disteg masses of rock and eattiat fell and slid into jumbled
piles of landslide debris; in the lattdrarder lava flows were volumetrically small but very
hazardous, as thegonsisted of boulders as large as several tens of cubic nigterslanuary
eartlguake also caused two large and deep landslidesmost damaging was the Las Colinas
landslide in Sarmt Tecla figure 1.8), which caused almost 600 deathghile San Vicente

landslideclosed the PaAmerican Highwayand killed 12 peopl€Jibson & Crone20017).

Figure 1.8. a) View of the Las Colinas (Santa Tecla) landslioleAerial view of the landslide scarp.
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1.1.8THE NIIGATA KEN CHUETSUEARTHQUAKE(2004)

The Niigata Ken Chuetsearthquake occurred on a blitfttust fault at a depth of 16 km and
produced very higlintensitiesof ground shaking in the epicentral area. Two sites recorded peak
horizontal ground accelerations of 1138 g.This event triggered a vast number of landslides
that weredensely concentrated in a mountainous area in centigathl Prefecture. Landslides
severelydamaged roads and rail lines, destroyed houses and other structures, and damme
streams and riveas shown irFigure1.9. Damage from the landslidessinitially estimated at

U.S. $8billion, making this one of theostliest landslide events in history. Several mountain
villages becameuninhabtable for the foreseeable futut@nd perhaps permanentiyhe factors

which contributed to the extensive landsliding were the steep local topogthplpyesence of
weak, defomed geologic materials, exceptionally high groundwater conditions and very high

strong ground motiofKieffer et al, 20086).

Figure 1.9. a) Aerial view of a landslide dam west of Komatsugura before the reservoir filled. The bridge at left was
completelysubmerged at the time of theconnaissance, attide reservoir had backed up as far as the village shown
in the upper leftb) Landslide damage to a roadway east of Yamakoshi. Note the backward rotation of the roadway

and utility poles in the foregrounthgether with their forward rotation in the background.
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1.1.9THE WENCHUANEARTHQUAKE(2008)

The Wenchuan earthquake occurred on May 12, 2008, near the west edge of the Sichuan Bas
in China. This earthquake had a magnitude of Mw 7.9 and a focal @&@® km An
outstandingcharacteristic of this earthquake is that it was accompanied byrdatilires over a
distance of270 km It inducednumerous landslides and killed more than 69,000 people, the
worstmountain disaster in the 2@nd 2f centuriesThe landslidesnduced by this earthquake
created more than 30 dams thlateatened both downstream and upstream ateaslslides
triggered by the earthquake include shallow and deepedockslides, rockfalls, debris slides,

and debris flows. Shallovandslides were the most common and occurred on convex slopes or

ridge tops, wherearthquake shaking was amplifigdhigira et al. 2010
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1.2 ITALIAN CASE HISTORIES

In the next sectiorsome of the main Italiamarthquakes in the last four decadesbaiefly
described. Further detaidsd references can be found, however rimpeanq2010, Pisano

(2011) andRivieccio(2013.

1.2.1FRIULI EARTHQUAKE(1976)

The Friuli region(NE Italy) was $ruck in 1976 by two earthquakes on Ma{ @V, 6.4) and
Segiember 18 (M, 6.1), which caused about 10@thdslides. Most of these, about 90%, were
rock falls from steepveathered rock walls (with an estimated rock volume of QD n),
although some cases of soil falls, debris avalanches and, more ratelyjs slides are
documented as wellCjvita et al, 1985. One of the most representatigeentsis the Braulins

landslide Figure1.10) near Gemona town, which is also a national geosite.

Figure 1.10. The Braulins rock avalanche near Gemona (aftew.protezone civile.gov.i).
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1.2.2IRPINIA-LUCANIA EARTHQUAKK1980)

The Irpinid Lucania earthquake of 23N ovember 1980Nis 6.9) was the first event in the
Apennines to underga systematic field and remote sensing mapping of seismically induced
ground effectdy independent investigators. The earthquake was a complex event, involving
at least three distinct rupture episodes on different fault segments in a time span of
approximately 40 s. The focal mechanisms suggest normal slip Bldhg SE striking
planes, m good agreement with field eviden¢@ernard& Zollo, 1989. The earthquake
heavily damaged more than 800 localities, mainly inGaepania and Basilicata regions,
killing about 3,000 peoplePEstpischl et al., 1935Porfido et al.(2002 classified 199
landslides mainly triggeredin overconsolidatedclayey soilsand structurally complex
formations but also several rock falls and topplingSeveral postearthquakestudies
identified those landslides asaetivation of dormant or active pexisting pheomenaThe

event, which is the most studied among Italian cases, Wwatdydong duration which was

one of the main causes for the lamgember oflandslide, associated with a marked cyclic
degradation of sheatrength in claygD'Elia, 1983. Those evets moved with some time
delay from the main shock and so they have to be interpreted as due to the redistribution o
tensions after the excess pore pressure dissipdtienworth mentioninghe landslides of
AndrettaandCalitri.

The Andretta landslidéFigure 1.11a) was located at 17 km from the epicenter, it is a
complex slide, which could be classified in Il Category, it was located at the contact between
Variegated Clays anckegressive succession includiolgys and silty clays, soft sandstones,
sards and conglomeratg#riano Unit). The sliding surface was estimated at 50 m depth
(D'Elia et al., 198%h

The Calitri landslide(Figure 1.11b) was located at 26 km from the epicenter and it was

triggered with a 3 hours delay from the main shociviblved Plioceneclayey soilslt is I
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Category rotational slide, with a shear surface located at 100 m @gpthmic numerical
simulationcarried out byMartino & ScarasciMugnozza (2005indicated adiversification

of the effects induced by different seisnmput frequencies, in terms of propagation and
deepening oslope instability, as well as of extent of the displacementgaiticular, lower
frequencies (0.75 Hz) are more effectiva@mobilizinglarge volumes of highkgeformed
soil, whereas highefrequencies only induckcalized and shallow instabilities with less
significant deformationsThe lagobserved between the onset of gravitational instabilities
and seismic events may be attributed to the dissipation timexoéss pore pressures.
Furthemore thecorrelation between seismic input frequerey extent of theemobilized

soil mass suggestsat, in undrained plastic conditions, the dynamic irfpguency plays a

major role on excess pore water pressaswell.

Figure 1.11. The earthqake triggered landslides of Andre{& and Calitri(b) afterRivieccio (2013.

1.2.3THE MOLISE EARTHQUAKE2002)

Between31® Octobe and1® November 2002 aMw 5.7 earthquakeccurred inMolise (Central

Italy). The focus of the quake was located hew accretionary wedge of the ridge and the
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foredeep, where the carbonatesthe Apulia platform are buried at-8 km. The depth of the
event was evaluated at more than 10 kelow the carbonate deposithis eventhad apoor
impacton the regional lifines as reported iRasulo et al(2004, but reactivated a landslide in
the municipality of Salcito. This event can be classified as an earthslide (Cathith as
reported by local people was triggeredt hours after the31® Octobe main shock.lt was
locatedat 38 km away from the epicentavhich is a remarkably large distance when compared
to the plots proposed byKeefer (1984, involved an area of about 1 knand had 2 m of
maximum displacemen®he displaced material is composed of scaly clales interlayered
with intensely sheared arenaceous and mdirtyestons of Argille Varicolori Formation
(Variegated Claysand involved a 40n thick layer of calcareniteand marlsas shown irFigure

1.12 Bozzano et al., 2004
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Figure 1.12. Geologicé sketch of the Salcito landslide area: 1, landslide mass; 2, marls with calca(€nfits
Formation); 3, calcarenites and marls of the Sannio Unit; 4, fissured clay shales (Argille VaFoahaaition of the
Molise Unit); 5, tear fault (a), thrust b6, ground crack observed after the Saltdtodslide reactivation of 31

October 2002; 7, trace of geological section; 8, attitude of beds; 9, barehole

The scarp of the landslide is in contact with fhdillo Formation which contains an aquifer
hydraulically delimited by the Argille Varicoloriaquitard, as indicated bghe presence of
numeroussprings Such an aquifer drains inthe top portion of the Argille Varicolori, feeding a
superficialaquiferinto thelandslidemasswith a watertable locatedabout 1 meter below the
ground surface Bozzano et al.(2009 identified the local seismic site amplification as
responsible of the onset of the movement. They conduntteterical stresstrain analysis with
FLAC software analysis of H/V spectral ratiad ambient noise and numerical modeling of both
1-D and 2D seismic wave propagation using linear and nonlinear solutions. Those data
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evidenced(1) 1 Hz amplificationdue to2-D effects within the landslide mass, which presents a
basirlike geological stucture (2) a doublepeak amplification at about 2 and 3 Hz, respectively,
ascribable to -D resonance of the landslide mass; () plus lateral wave effects within the

landslide mass in the 2.3.5 Hz frequency range.

1.2.4L OQNILA EARTHQUAKHZ2009)

The April 6th earthquake is the most recent strong earthqudtadyir(M 6.3, PGA larger than
0.35 g at some locations), which causgmrmous losses in terms of both human lives (about
300 casualties) andamaged buildings. However, despite the seveissc motiongarthquake
induced landslides were not so damaging and maesthgerned falls of sedimentary rocks and
small debris avalanches. Theyere basically induced by considerable inertial solicitations,

typical of near fault events
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1.3 SEISMIC 9. OPE STABILITY GRADES

Slope stability evaluation is one of the main tomfthe hazard assessment and mitigation of
the hydrogeological risk, as defined in Italy by Marchi Commission(1970 and the next
DPCM 180/1998. This topic is also an aspectthd seismic riskassessment, as sidéect
phenomenonGruppo di Lavoro MS, 200Q8together with soil liquefaction, surface faulting and
seismic settlement3he above mentiondadternational earthquakes showed that damages due to
seismic ground failuresan be higher than damages due to shakmparticular, landslides can
affect buildings and population, but also lifelines and distributed strfretures, which can
preventeffective postearthquake emergency strategidgnce,adoptingplanningtools which

take in account for possibldamagescenarios isfundamental Those technical toolsare
represented by the seismic microzonation studies, which can be performed from regional scale t
site specific evaluati@)passing from the Grade | to Grade Il d&rhde IIfIV (ISSMGE, 1999
Silvestri et al., 2006 Each grade is associated witte enlarging of the map scalan advance

on the analyticamethods and the improvement of the detail of the adopted atatketched in

Tablel.1
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Table 1.1. Comparisonamong the several levels of seismic stability analysis of stde Silvestri et al.

(2005)
Grade Seismic action Method of analysis | Damage parameter Scale
Maximum Triggering
I M (Magnitude) Empirical > 1:100,000
Distance
Infinite Slope +
PGAs (Peak Ground Yield acceleration
Empirical 1:100,000-
Il Accelerdion at (a;) Displacements
Correlations 1:10,000
surface) (cm)
Pseudostatic
a, (t) (acceleration Definite Slope +
Il Displacements (cm)[  1:5000- 1:2000
time-histories) Newmark (rigorous)
a (1); a (1)
v (acceleration time FEM analysis Stressstrainanalysis < 1:2000

histories hz+vert.)
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1.3.1 GRADEI

Grade | approaches are the simpleasiey consider theseismicinduced landslidehazard
expressed as a binary function, whictpeledsfrom Magntude (M) and Distance (R). In this
way it is possible to assess for different earthquakes the maximum distance alawtigtides
could occur The pioneering studies of this tofce due tdleefer (1984 the author collected
database of 40 worldwideghquakes which triggered landslidestween 1811 and 1980. In the
same paper a seismic landslides classification is proposed together with Magnh#iatee
curves for the assessment of the triggered landslides hakledproposed classification is
referenced to/arnes (1978)it identifies threecategoriesmainly on the involved material and
type of movement, which can be easier triggered with increasirigquakenagnitude:

1 | Categorydisrupted rock and soil slides.

1 1l Category:.coherent rock andbd slides.

1 1l Category:lateral spreads and flow slides.
These simple empirical correlatiopsinted out thatthe susceptibility to seismicatyiggered
landslides is related t@ Magnitude threshold, below which landslides don't occur. This
thresholdcan be also related to the concept of critical acceleratiortorrelations between
magnitude of events and epicentral distance, this threshatl idagnitude IVas shown in

Figure1.13.
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Figure 1.13. MagnitudeDistance curves (modified afteleefer, 184).

For liquefactioninduced landslides, like lateral spreads, the threshold is magnitude V and it is in
accordance withthe upper boundiquefaction limit curves identified byKuribayashi and
Tatsuoka (1975 and Youd and Hoose(1977. Moreover, seismidly-induced landslides
characterized by mass disaggregation (Cat. 1) are common to every lithology, while coherent
landslides are more frequent in maclay depositsielgado et al. 2001

Database analysis has shown that-firse activations are mombundantthan reactivations and

that an earthquake is a triggering factor for reactivatisngtherother concurrent factors are
present, such as high values of site amplificatioexaeeding porpressures.

Evidences of seismicalynduced landslide reéigations have beealsocollected byChiodo et

al. (1999, who studied the effect of seismic events occurred in Calabria in 1783 and 1905, which
caused around 60 landslides, 16 of whieére included in the empirical curves compiled by

Keefer(1984).
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Inthe end oRodrigubezeet &Y1®@)s0rganizeda database of 36 earthquakes occurred
between 1980 and 1997, thwusdating and validating the curves dfeefer (1984 and
confirming his correlations. Moreover, data exceeding tieeshold of landslidirg zones
(outlierg have been ascribed tactivations caused by seismgequences. This studgiso
confirms the thresholds related to lateral spreads, in accordance to liquefaction limits in
Ambraseys(1989. The most significant differences are in the mmuam threshold values

accounted as necessary for landstideet, as shown ifiable1.2.

Table 1.2. Comparison between minimum magnitude thresholds for triggeantyquakenduced landslides.

Landslides(Varnes, 1978) Keefer (1984) Rodriguez et al. (1999
Rock fall, Rock slides, Soil
. o M_ 4 M. 5.5
fall, Disrupted soil slides
Soil slumps, Soil block slides M_ 4.5 M, 5.5
Rock slumps, Rock block
slides, Slow earth flow,
g q IVIL 5 M|_ 6.5
Lateral spreads, Rapid soil
earth flow
Rock avalanches Mg 6 Mg 6.5
Soil avalanches Ms 6.5 Ms 6

Furthermore, the same studiRddriguez et al. 1999includes a morphometric analysis of
landslides, focused on the identification of the depth interval in which the sliding surface is
located and on the evaluation of a form factorifoth thelandslideand the sliding surface. The
results of this analysis have led to the estimation of the slopeaholirange in which the
landslides have been triggeredhich can be considered a critical slope angle threqfi@dle

1.3).
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Table1.3. Critical slopeanglesfor earthquakeriggered landslides.

Landslides (Varnes, 1978) Critical Slope(Rodriguez et al., 1999)
Falls, Disrupted rock slides > 35°
Coherent rock slides >15°
Soil Slides > 8°
Lateral spreads subhorizontal

The first aganic study regarding thispic in Italy dates back to the work &fomeo & Delfino

(1997, who drew up the first Italian catalogue of soil deformation effects induced by strong
historical earthquakes occurred from 1000 to 1992 Ithe long periodandyzed, there is a
strong uncertainty derived from the unreliability of the historical sources regarding hypocentral
distances and magnitude. The catalogue includes 153 earthquakes and about 1800 sc
deformation cases. Reported data identifies a greateligposition of the Italian territory to
landslides and fractures during seismic evésegFigure1.14); indeed, landslides and fractures
wereobserved at higher distances and with lower intensity threshoBI84(BS) compared with

liquefaction and subdence case$’(estininzi & Romeo, 2000
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Figure 1.14. Frequency distribution of earthquakeluced ground failures. Landslides are classified on the basis of
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The most recent studies on this topiereconducted bydelgado et al(2011), who focused on
the integration of multiplevorldwide databases listed ihable 1.4 (Keefer 1984, Mra & Mora
1994, Rodriguez et al. 1999, Papadopoulos & Plessa 2000, Prestininzi & Romeo 2000, Bomme

& Rodriguez 2002, Hancox et al. 2002, Keefer 2002, Rodriguez 2006, Delgado et al. 2011

Table1.4. List of datasets used Ielgado et al. (2011)

Geographical area Period Magnitude Authors
Global 1811- 1980 5271 9.2 Keefer (1984)
Costa Rica 1888- 1993 52175 Mora & Mora (1994)
Rodriguez et al.
Global 1980- 1997 5371 8.1
(1999)
Papadopoulos &
Greece 1650- 1995 38179
Plessa (2000)
Prestininzi & Romeo
Italy 461 BC- 1980 4571 7.5
(2000)
Bommer &
Central America 1902- 2001 467 8.0 )
Rodriguez (2002)
New Zealand 1848- 1995 497 8.2 Hancox et al. (2002)
USA 1988- 1994 4.67 5.7 Keefer (2002)
Colombia 1644- 1999 5071 8.1 Rodriguez (R06)
Spain 1504- 2005 427 8.7 Delgado et al. (2011

The authors considered a dataset of 270 earthquakeasideringmagnitudedistance curves,
focusing more omdentifying the causes of the appearance of outlier landslides over the empiric
curves.In other wordsthey paid attention tevents triggered by seismic shaking characterized
by low magnitude or high distances. Factors determining the appearance of these values are ve
variable, asTosatti et al.(2009 pointed out in their study on seissriandsliding in Northern

ApenninesPapadopoulos & Ples§2000 link the high distance of landslides from #ygicenter
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to the concurrence of earthquake swarms which cause a high degradation of the mechanic
properties of materials, resulting in a regic of the triggering threshold value of landslides.
The works by Bommer & Rodriguez2002 and Rodriguez (2006, based on the study of a
dataset representative of Central America, pay special attention to rainfalls preceding tize seism
event as a triggeng factor,identifying a contributory causan the meteoric events occadboth

before and after the earthquakerther evidence confirming this thesis is found in bBétefer

(1984 andRodriguez et al(1999, whichanalyzelandslides mainly locateith Central America,
where there are particularly critical situations consisting in a complex seismicity pattern
(volcanic factor, subduction and transcurrent faults) and abundant rainfalls (tropical climate) on
volcanic lithotypes. First level studies Belgado et al(2011), regarding the Baetic System,
focus on the relationship between macroseismic intensity and the triggering of events on the site
highlighting the role played by local seismic response, as already showrelb§audio &
Wasawski (2010. In fact, site response can contribute to the triggering, both in terms of
topographic amplification, due to seismic waves reflection, and for the presence of landslide
masses, which can influence the signal directivityablifying it alongside the slidig surface,

due tothe contact of rigid and less rigid materials. Therefore they can be responsible for

quiescent landslides reactivation.
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1.3.2 GRADEII

Several methods have been proposed, in literature, to evaluate, on a regional scale, th
seismicallyinduced landslides hazard, in order to determinate which areas are more vulnerable
to landsliding These approaches, developgbdough GIS (Geographicallnformation System)
combine topographical, geological and geotechnical data estimating the expegied selated

to a fiscenari o evento and i mpl ement Romenbi | |
2000. Several authors proposed Grade Il methadsi & Pergalani(1996 evaluatedseismic

slope stabilityby using the Newmarkl1965) method ad adopting two recorded accelerograms

as seismic input foprodudng the displacementslistributionin an area of the Marche Region,
Italy. Miles and Ho(1999 performed a seismilandslide hazard zonation also employing the
Newmark(1965) analysisbut corsidering stochastic simulations for the seismic ground motion
applied toan area of CaliforniaJibson et al(1999 calibrated their model of stability on the
basis of the Northridge (1994) occurred landslides deriving a probability of slope failures from
displacementDel Gaudio& Wasowski(2004) applied thismethod to evaluate seismically
induced landslide hazards in Irpinsguthern ItalySilvestri et al.(2006) carried out a similar
approachapplying it to an area near the city of Benevento in sonthaly, while d'Onofrio et al.

(2013 expanded the model to assess the performance ofdisgipelines after the L'Aquila
(2009) earthquake.

In addition to these methods, whicbuple deterministic procedures to spatial characteristics,
there aresimpler methodsfoe evaluating landslidsusceptibility based on the attribution of
weights and markersisthe method proposed by the Kanagawa Prefeetndd/ora & Vahrson

(ISSMGE 1999.

The first identifies severfactors governing slope instability and iges a givenweighting to

each of them. The factors considered significant withimeah square are:
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1) the maximum ground acceleration;

2) the lengthof a contour line at the average elevation;

3) the maximum differencm elevation;

4) the hardness of rock mtypical slope;

5) the totallength of faults;

6) the total length of artificial cuts or filled slopes;

7) the topography of typical slopes in a mesh as classified into rfmanphological

categories.

The susceptibility to slope failure in eaatesh is obtaied in terms of number of slope

failures that are likelyo occur by the summation of the seven weighted factors.

The secondmethodonly considers three factareelative relief, lithologic conditions and soil
moisture as factorsfluencing the suscepiiity. In addition, two factors seismicity (in
terms of MCS intensities) and rainfall intensity are incorporatettiggering factors. The
susceptibility, defined as a degree of slope faihaeard (Classes from | to VI), is obtained
by combining theséve factors.An update of these approaches was reporte@dyppolla et

al. (2010 andapplied for the Island of Ischia (Italy).

A summary of the main scientific papers on this topic is presentédhle1.5. The seeral
researchers implemented their sasdin different geological contexts, adopting different cell
sizes and scales. The soil saturation was mainly attributed to two extreme conditions, whict
are "dry", i.e. groundwatdable below the sliding surface, or "sat" in the case of complete
saturaion, few authors adopted a mean value of the groundvwadikrdepth. The permanent

displacements were mainly evaluated through empirical relationships derived from the
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resolution of the Newmark (1964) method.

Table15. List of the main literature caseuslies of 1l level slope microzonation.
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1.3.3 GRADEIII

Procedural techniques and evaluation methods of the stability conditice$ssmic conditions

are weltestablished in technical and scientific literaturé@gon, 201). The simplest models are
those using pseudstatic analysis, which are based on the principle of limit equilibrium to which

a further force simulating shaking is added. This method is definitely one of the most common,
due to the simplicity and immediacy of its application. It isdshon the hypothesis of the
earthquake as a permanent and unidirectional force whose entityddeperusively on PGA.
Obviously, choosing thappropriatevalue for the seismic coefficierfk) is fundamental for a
correct calibration of the modeGtewat et al. (2003 recommend choosing thealue of k
through a screening procedure base@®ory & Rathje(1998 formula, in which the parameter is
calculated as a function of PGA, magnitude, distance and displacement thresholds. A limit of this
model is theinapplicability for soils which, due to cyclical logdare subject to a largeore

pressuregcreaseand significant degradation sfrength parameters.

More complex and refined methods are total stresses or effective stresses analysis, based
finite dement modelsTheseapproacksrequirea large amount of data, whi@re not always
available or obtainable at moderate pribat theycan accurately describe groubdhaviorin
seismicconditions Martino & Scarascia Mugnozz@005 have thus reproducedsing FLAC
software, Calitri landslide triggering mechanjgmghlighting the role of interstitial pressures in
coseismic and postseismic movementsirchi etal. (2010 have applied this method to Las
Colinas landslide and have observed its applicglilits, with particular regard to boundary

value problems and to the definition of Rayleigh damping parameters.

A good compromise between simple psegtiiic models and complestressstrain models is
Newmark'ssliding block analysi¢§ 4.1) It consides the landslide mass as a block sliding on an
inclined plane when a critical acceleration valueisaexceeded. The critical value is the one
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needed to overcome the substrate resistance. In this readéiquakeime histories arelouble
integrated in ater to obtain the cumulative displacement of the block. This value of
displacement is an estimation of the performance of the slope subject to seismic shaking; the us:

must certify the entity of the displacement as atatgp

This methodology presentsrae basic assumptiona fact below the deformationthreshold the
Arigid bl oc k 0 Furteermaredynandceahdostatiwesistance isonsideredas
equivalent upslope resistance is considered infinitely high and critical acceleration is kept
constant. This methodology also overlooksre pressuresincrease. Another considerable
simplification made by this method regards the vertical component, which is considered only
directed downslopeThis consideration is unrealistic, since seismmotion a¢s on slopes
inducing accelerations of variable entity, both downslope and upslope. Moreover, the relation
between acceleration components is conditioned by several parameters such as magnitud

sourceto-site distance, fault presence, site conditionskstiock

A further aspect to be taken into consideration is the identification of seismic motion descriptive
parameter. Several authors state that, instead of using (P& Ground Acceleratianit is

more advisable to rely on Arias Intens{ty), sin@ it is a parameter which takes into account
event duration in addition to intensititramer, 199% In this area of interestropeano etl.

(2007 focus on the identification of relations which are more applicable to natural and artificial
slopes, or thelefinition of simplified methods for estimation of displacements applicable to

simplified geotechnical models.

Further refinements dhe Newmark method have led to the-called permanent displacement
methods, which can beonducted asoupled or decoded analysis. These methods are more
refined since they also consider seisisite response. Decoupled analysis saiite problem of

stability into two steps. First step is the evaluation of local seismic response on the slope, no
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considering fracture calitions. This evaluation is obtained through softwares like QUAD4M
and SHAKE, which generate tinfestories for several points of the slope in order to find a
median value. Resulting tirf@stories areincluded ina rigid block analysis and permanent
dispacement is estimated. Main verified results have been obtained foffidatéms. Required
parameters arthe shear waves velocity/$), soil thickness and damping. In coupled analyses,
seismic response and permanent displacementnadeledtogether. h these analysedt is
necessary to determing and Vs, both above and under the sliding surface, moving mass

thickness and dampingsee Tropeano, 2010and its reference for further details)

44



2. GEOLOGICAL GEOMORPHOLOGICAL ANCEEISMOLOGICALSETTING

2. GEOLOGICAL, GEOMORPHOLOGICAL ANDSEISMOLOGICAL
SETTING

The pioneering studies on the geological structure of the southern Apennines started in 188t
thanks to consultant geologists working for railways and A. Scacchi and F. Bossani of the
Neapolitan geological school. This task wiaser, carried out by G. De kenzo, who between

1896 and 1904 defined the reference background for the next geological,siddies validity

lasted until the half of the XX century. He considered the Apennine Orogen completely
autochthonous, butefiningflysch as gravitative depdsirelated to tectonics. An improvement

of this knowledge was due to foreign authors, such as M. Lugeon and E. Argand (1906)
recognized Calabria thrust sheets as allochthoneasinn N. Tilmann (1912) and M.
Limanowski (1913)whoidentified Calabi granites as the highest tectonic unit together with J.
Gryzobowski (1921), S. Franchi (1923), H.W. Quitzow (1935), R.B. Behrman (1936), M. Anelli
and R. Signorini (1939E. Beneo (1950) validated the analogy between the "Argille Scagliose”
of northern Aennines with certain shales cropping out in the southern Apennines. Between
1956 and 1957 F. Ippolito , P. Lucini arRl Selli investigated flysch formations and the
relationship with the "Miocenic Transgression".

The work ofSelli (1962)represents thdrst important attempt, after De Lorenzo's synthesis, to
give an integrated view of the geology of the southern Apenningsarticular he gives a first
coherent paleogeographic reconstruction and identifies several tectonic phases, during Miocen
and Piocene.

In the 1961, the contribution of French geologists Glangeaud and Grandjacquet permitted ftc
localize the boundary between the African and European plate in Calabria, along the "Sanginet
line". This tectonic element represents the suture betweenaub@chthonous carbonate

Apennine to the North and the Sila, which represent the forefront of the African domain. In
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Ogniben(1969) this frameworkwas completedgiving more details on the "Calabiiaicania
border"identifying five periods of orogenesi§folito et al. 197%nd reference thergin

Between the seventies and nineties several autboisA r g e n i 02; SgrbssoalbP861B88&; 9 7
Mostardini & Merlini 1986 Sgrosso 1998Cello & Mazzoli 1999 Scrocca & Tozzi 1999Di

Luzio et al. 1999 defined amodern interpretation of the geological setting of the southern
ApenninesAccordingto Patacca & Scandone (2007Qur firstorder geological elements can be
distinguished: the Tyrrhenian area, the Mountain ridge, the Foredeep basin and the-Adriatic
Apula Foreland.

1 The Tyrrhenian area is characterized by oceanic crust and thinned continental crust
representing a baekrc extensional feature developed at the rear of the Apennine system
in late and postTortonian.

1 The Mountain chain is formed by a desgded carbonate duplex system tectonically
overlain by a thick pile of N&erging rootless nappes derived from basin and platform
domains. The buried duplex system is composed of shallow water and subordinate
deepetwater MesozoicTertiary carbonates strataphically covered by Pliocene
terrigenous deposits.

1 The Foredeep basin corresponds to the youngest-fRéstocene) flexural depression
developed at the front of the thrust belt. The flieistocene deposits filling the foredeep
basin are mainly constited by erosional products coming from the chain.

1 The AdriaticApulia forelandis constituted of MesozoiGertiary carbonates and Triassic
evaporites overlying a thick pile of mixed carbonsiteeiclastic Paleozoic deposjtthe
top of which has been refaed at a depth of 6112 imthe Puglia 1 wel(Videpi Projec].

A Precambrian crystalline basement has been hypothesized under the whole -Adriatic

Apulia foreland.
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During the last decades several palinspastic restoration sketches were prdpessnhpleg

was elaboratedin the last sixties byOgniben (1969] it consisted in four paleogeographic
domains moving from west to the east, Tyrrhenian Basin, Apenninic Platform, Lagonegro
Molise Basin and Apulia Platform. Auite smilar scheme, ppularamong oil g@ologists, was
proposed bylostardini& Merlini (1986)who recognized siklomains The principal difference
betweenthis paleogeographic model atite previougeconstructiorconsiss in the partition of

the Apulia domain into two platformseparated by amtermediate basinal domain (Apulia

Basin)as shown irFigure2.1a

CAMPANIALUCANIA- LATIUM-CAMPANIA- LATIUM-ABRUZZH ABRUZZMMOLISE
CALABRIA PLATFORM LUCANIA PLATFORM CAMPANIAPLATFORM ~ ABRUZZIPLATFORM  "p yqeoigyy APULIAPLATFORM

MONTE FORAPORTA INTERMEDIATE
BASIN LAGONEGRO BASIN INNER MOLISEBASIN | 1 1ce macin

OUTHER MOLISE
BASIN

MOLISE APULIA
BASIN PLATFORM

||

Ty e I I T
o o == I N I |
— =TT T

CAMPANIA- ABRUZZ-
LUCANIA LASONEGRO CAMPANIA
PLATFORM PLATFORM

| EAST-GARGAN(
BASIN

"]

C
Figure 2.1. a) The Southern Apennine depositional domains during Cretadealesgene afteMostardini &
Merlini (1986) b) The Southern Apennine platforandbasin system during JusisPaleogeneafter Sgrosso

(1998) c) The Southern Apennine platforandbasin system during Juras$taleogeneafter D6 Ar geni o e
(1972)

A more articulated model, popular in the seventiess proposed bip Argenio et al (1972)
According to thismodel Eigure 2.1¢), an intermediate platform (the Abruzglampania
Platform) separated the Lagonegro Basin from the Molise dBeeater paleogeographic
complexities have been subsequempibgtulated bysgrosso(1998)who proposed a palinspastic
restoratimm (Figure 2.1b) according to whichfive platfooms and five basins existeduring

Mesozoic and Paleogene between the intevo@hnic basin and the Apulia Platform
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From the early Miocene to the early Pleistocene, shortening atothgon margin involvel
progressive folding and thrusting of Mesoz®iertiary units and of late Miocerlate Pliocene
clastic successions deposited in the eastwaglating Adriatic foredeepThe timing of
eastward migration of shortening is constrained by clastic succesigpasited in diachronous,
eastyounging topthrust basingD 60 Ar g e n 11972 $gtoss@ [1998Patacca & Scandone,
2007 Vezzaniet al., 2@.0).

At the beginning of MiocenéAquitanian 23.03 Ma) the convergence between the European
and African plate sirted the orogenesisf the southern Apennines. It began with an important
transgression of the sea on the internal carbonate platform (Caifopearza Platform).Its
deposits can be attributed to two phasepresented by concordant and discordant traesiye
sedimentary sequenceBhe first preorogenic phaseriginated concordant calcarenitic deposits
passing with the deepening of the sea to arenadeduiglitic in flysch facieqi.e. Cusano Fm
Longano Fmand Pietraroja Flyschwithin the Matese Mts)The second shorogenic phase
occurredin the Langhian (15.97 Ma)n which two important tectonic eventsccurred The
flysch wastectonically covered by thrust sheets from the internal domain (Sicilides RJiaid
Unit) andthe Campankiucania platfom thrusted over the Lagonegro basiie successions
related to the Lagonegro bagian be also retrieved in the Nortiorrelated witithe Sannio and
Fortore Units Meanwhile the internal unit nappe continued to move easjwadormation of a
new discodant basingiggy-back basii called Irpinian Basimoccurred which partly lied on the
internal nappe and on the undeformedernallLagonegro basinPiggyback basingenerally
develop, in the hangingall, but also in the footwali.e. Gorgoglione Fmof active thrusts and
are backward limited binactive ridgesThe depos# formed within the Irpinian Basin craput
from Samniunto Lucania, vinere they are addressed wdlifferent namesSan Giorgio Fm, San

Bartolomeo Flysch, Gorgoglione Flysch, Serraldao Fm Faeto Flysch(Pescatore et al.,
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1969 Cocco et al., 19792The last two Formations are mainly calcareousthaatt source area is
locatednear the eastern flank of the basin.

Between Serravallian (13.82 Mapnd Tortonian(11.62 Ma) the transgreson reached the
AbruzzeseCampana platform permitting to widen the Irpinieasin and mergeit with the
Molise basin.This new Basin became the southern Apennines miocenic foreedegmaore,
1988). Hencethe several sheets of the internal umitth the Irpinian basimovedeastwardsind

the Abruzzes€ampana platform thrusted ovédre Molise basinBetween late Tortonian and
early Pliocene severabverlied wedgetop basins formed on the moving thrustbey are
characterized by strong angular unconfilymcontacts and are mapped agiconformity
Bounded Stratigraphic Unit§Salvador, 199 From bottom upwards it is possibie retrive
Irpinia SupersynthenfCaiazzo Sandstones, Castelvetere Flysch, San Bartolomgd\Favilla
Supersynthenand Ariano Irpino Supersynther(Crostella & Vezzani, 1964D'Argenio et al.
1972; Pescatoret al, 200Q Boiano, 2000Di Nocera et al., 20Q6escatore et al., 2008

In the middle Pliocene (3.6 M#f)e last translation towards the Apulia platform occurred and the
Apulia foreland lowered as graben westwaodning a flexural depressiowhich consists irthe
actualforedeep.The youngerdeposit, basically represented by the -Bydenninic Clay(Grey
Bluish clays) are the upper portion of a thickequence filling the Bdano Troughthat
transgressivelycovered the outer margin of the mountain chain afterdtaactivation of the
nappe front. The Bradano Trough represemhis youngest foredeep basin in the Southern
Apennines.

Finally from late Pliocenantil early Pleisbcene (Calabrian, 1.8 Ma) tectonics mainly showed
vertical movementghrough normal and strikdip faults.

Along the Tyrrhenian margin of tHeidge Pleistocene terrigenous deposits widely developed in
the main coastal plaingSele,Sarno,Volturno and @rigliang, wherethey reach considerable

thicknesses (e.g. more than 3300in the Cancello 2 well drilled in the Volturno Plaifihe
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sudden rapid accumulation of these terrigeraesositss related to the development of normal
faults dissecting the Tshenian margin of the mountaghainandto a major change of tectonic
regime thattook place around the early Pleistocene/middle Pleisto¢émeue et al, 1993;
Hippolyte etal, 1994.

The extensional regime established in the Tyrrhenianasegermtted the uplift of magmatic
bodies, whictproduced an intensive volcanic activity, whiobntributed tahe aggraétionand

progradhtion ofthe wide coastal depressions
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2.1 GEOLOGICAL SETTING OF THEMOLISE REGION

The synthesis of the geological knodde of the Molise Region can be mainly retrieved in the
official cartographic records. The Region encompasses the following.Q0D0€cale sheets: 148
Vasto, 153 Agnone, 154 Larino, 155 San Severo, 161 Isernia, 162 Campobasso, 163 Lucera. Tl
only threel1:50.000 scalesheets akady surveyed and published are: 372 Vasto, 393 Trivento
and 405 Campobasso.

(http://193.206.192.231/carta _geologica italia/centrg.htm

http://www.isprambiente.qgov.it/Media/carg/molise.html

The Molise Region covers a representative portion of the accretionary wedge of the southert
Apennines. This area is dominated by loempetence successionstbe fartraveled Sicilide

thrust sheet (Cretacecusddle Miocene), thrusted over Mesozdiertiary carbonate units and

over late Miocene siliciclastic deposits telescoped with the carbonate substratum of the Adriatic
margin. Internal deformation of inddual units is heterogeneous, reflecting competence
contrasts between sedimentary packages, dscgke rotation of units during tectonic transport,
and outof-sequene propagation of thrust fronts.

The complexpaleogeographical setting in which the Reg®located will be discussed adopting

the palinspastic restoration proposedtacca & Scandor(@007)illustrated inFigure2.2 and

the simplified @ological settingsketched inFigure 2.3. They permit toidentify three
paleogeographic domainsCarborate domains, Flyschs domains Foredeep - foreland

successionas proposed b¢ello et al.(1987).
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Figure 2.2. Palinspastic restoration of the Central Mediterranean region in the late Oligocene (about 30 Ma)
showing the distribution of the Centi@hd Saithern Apennine platforms and basins before their incorporation in the
mountain chainmodified after Patacca & Scandone (2007) European foreland. 2) Paleogene mounthains. 3

6) African foreland: 3) shallowvater carbonate platforms; 4) deepexta basins floored by oceanic or thinned
continental crustd) basinal areas with isolated structural highs; 6) wide pelagic plateaux. 7) Fronts of the orogenic

belts.The dotted box indicates the domains involved in the Molise geological setting.
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Figure 2.3. Simplified Geological sketch of the Molise Region. The cigesdion is traced along the dotted

red line.

2.1.1 CARBONAE DOMAINS

The carbonate domain is present in the western part of the Regionnaaidlit crops out in the
Matese VenafroMounts and Montagnola di Frosolonédzzi et al., 1999 and reference the)ein
The stratigraphic sequend®longs to theSimbruiniMateseUnit and consists of 2503000
meters of Triassi€Cretaceoushallowplatform carbonates disconformably overlaindpcene
innerramp shallowwater limestones gradingpwards to outeramp hemipelagic marls and
finally into siliciclastic flysch deposit§Cusano Fm, Longano Fmind Pietraroja Flysch. The
Mesozoic facies are mostigdicative of tidalflat and platform environnrgs. UpperCretaceous
platformedge faciesrops out in the Eastern sectiipper CretaceouBaleogene slope deposits

are widely represented in Western Matese the VenafroMountains and Montagnola di
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Frosolone. The latter is part of the Molise Nappés abasinal domain considered very close to
the outer margin of the Matese Platform and in contiguity with the Agnone dorAdidisional
stratigraphicinformation on the lowest portion of the sequence is proviethe Frosolone 2

well (Videpi Projec). It spans from Upper Cretaceous to Messinian and it is composed of
slicified fine-grained calciturbidites and subordinate calcirudites with intercalations of shales
(50-60 m), gray, greenish and reddish marls passing to calcareous breccias and sabordina
calcarenites, followed by hemipelagic limestones and marls rich in planktic foraminifers (which
can be correlated tGusano Fmand Longano Fny The carbonates are overlied Byosolone
SandstonesrSant 0 EIl e n awhlacardatsa bearrelaged tdSan Massimo Sandstones
they aremade ofclays and silty clays with rare intercalations of figeined sandstoneand
coarsegrained sandstonesThe contact between the Matese and the Frosoldng is
representedby a highangle reverse faulSome inteestingoutcropsof the Carbonate Complex

areshown inFigure2 4.

Figure 2.4. a) The transgressive contactparaconformitybetween the lower Cretaceous limestones and the

Upper Miocene limestones (i.€usano Fripwithin a quarryon Mt. Mateseb) Rudist bearing limestones of
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SantoniarCampanian Age86-72 Ma) near the village of S. Polo Mates& Paola et al., 20)1c) Fault

surface within the.ongano Fm

2.1.2FLYSCH DOMAIN

The flysch domain ighe most widespread geologidalcies cropping out inMolise; in the
geological scheme dfigure 2.3 it is represented byhe Variegated Clays Complex atite

Flysch Complex. These complexes encompass the geological formatioksown in the
geological technical literature &icilides, SannioUnit, FortoreUnit, Molise Basin Napp&and
Irpinian Basin Nappe They show thefacies of Wild Flysch (Ogniben, 1968 in which "the

normal flysch sedimentation is associated with sandstones and mudstones intercalations an
interposition of huge exotiooulders]...], thelatter could berelated to the orogenic transport of
neighboring nappes'In the same paper Ogniben distinguished the Wild flysch from Argille
Scagliose (Variegated Clays}ihe latter are made ofore or less tectonized deposits, coming
from clayey formabns and flysch, [...] mixed in twisted sheets; both the clayey component and
the competent rock strata experienced an orogenic transport, in which the clays became the
dominant part and pieces and shreds of rocks were immersed in.tfmhuge boulders
present within these formations are known as Olistoliths and olistostlomted & Pescatore,

1969.

Sicilides, Fortore and Sannio Units
The Variegated ClaysA(ct) arepart of the Sicilides Uniand are also correlated toet Fortore
Unit and theLucarian Nappe(Pescatore et al., 20D0rhe stratigraphic succession, reaching a
thicknessf 15062000 meters, consists of three major intervals:

1 Lower Varicolored Clay made up of some hundredeters of graygreenish and red

shales with thinntercalations bsiliceous calcilutites. A Cretaceous dups been merely
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inferred by the stratigraphic positismce no diagnostic fossils have been recovered from
this part of the sequence;

1 Corleto Perticara Fmwhich consists ofwo portions. The lower characterizég white
calcilutitescontaining planktonic foraminifers and siliciclastic calcarenites with sporadic
intercalations ofed marls and gray calcareous sandstgS8es nt 6 Ar canyglsl o |
age ranges from late Cretaceoushte late OligoceneThe upper prtion corresponslto
the Corleto sandstonegOligo-Miocene) and mainly consists of medium taoarse
grained gray calcareous sandstones

1 Upper Varicdored Clayand Tusa Tuffiteare madeof red and graygreenishshales and
silty shales with intercalationsf @alcilutites and siliciclastic calcarenites; firgrained
greenquartzarenites occur in the upper portion. The uppermost part contains variable
amounts of volcaniclastic sandstori€asa Tuffité.

In the upper part of the succession are present leatiqutiercalations of quartzite sandstones
marking the transition in the uppdumidian Flysci{Langhiar). These deposits are interested by
intense colluvial transport and huge and complex landslides that create a thick layer of alteratiot
composed of hetemetric and heterogeneous clasts embodied in a clangyix, moreover
Olistoliths are very frequenas shown irFigure2.5. The contact between the Sicilide Unit and

the underlying allochthonous sheets is systematically represeyntadhrust flat showig low

cutoff angles at theootwall and higher angles at thanging wall
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Figure 2.5. a) Complex landslides phenomena within the Fm along the Trigno river, near the village of Tiento
Alternding brick-red and green shales, including olistolitfsghe Variegated Claysf the Sicilide Unit ina quarry
at the North oSpinetevillage (Festa et al., 2006

The Sannio Unit occupies a western position than Sicilides and Fortore Units. It crops out in a
restricted sector at the South of Molise in ke Moschiaturo Unit, which could be considered a

klippeon the Variegated Clay§¢sta et al., 2006; Di Nocera et @006 and reference thergin

Molise Basin Nappe

The MoliseBasinNappe isconstitutedby successions in slofimsinfacies(Lias-Messinan). It
encompasses the Frosolone, Agnone, TuSilora Palazzo and Daunia Units.

Frosolone together witAgnoneUnit widespread in the Alto MolisRegion. It is not yet clear
whether the Frosolone and Agnone allochthonous sheets are separated bythrusajsurface

or they represent secomdder thrust sheets belonging to the same-dirder tectonic unit. No
doubt exists about the original contiguity of the Frosolone and Agnone depositional domains,
which is attested by the gradual transition ofidacbetween stratigraphic sections surely
belonging to the Frosolone thrust sheet and stratigraphic sections referable to the Agnone one.
As concerns the Agnone Un(Figure 2.6a), the flysch depositare characterized byed and
green shales and radiolani cherts containing sporadic intercalations of calcilutites and graded

calcarenites. Some differences exist also in the siliciclastic flysch deposits of the Frosolone an
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Agnone sequences. The upper Tortonian clays and silty clays with subordinatdativexaf
fine-grained sandstones present at the base ofSthen t 6 E| e n ain tBeaFrodddoheo n e
sequence are lacking in the Agnone sequemtere they are replaced by a few meters of
mudstones in which three members (Verrino, Poggidlanelle and Sate) have been
distinguished From bottom upward tlyeare made ofgrey marlyclays with marly limestones,
which passto sandstones and at lasta moreclayeyfacies(Di Bucci et al., 199

The Tufillo-Serra PalazzdLanghian Tortonian) and Daunia unitrop outalong the outer
margin of the Apennines from Abruzzi Basilicata.They could be correlated witBorgoglione
FmandCastelvetere FlyscfPatacca & Scandone, 2007 and reference thefetype-section of
the Tufillo-Serra Palazzo Unit consisté Varicolored shales with subordinate intercalatiohs
calciturbidites hemipelagic marls andNumidian sandstone<Calciturbidites and hemipelagic
foraminiferal limestones with thick intercalations of calcareous sandst(igare 2.6b). Gray
clays and stly clays with intercalations diine-grained silicicastic turbidites QImi Fm). The
stratigraphic sequence of the Daunia Usntompassethe Serra Funaro Flyscland upwards
the Faeto Flysch(Crostella & Vezzani, 1964, Lanzafame & Tortorici, 1p7Eheseformations
differ from the Serra Palazztor minor content inNumidian sandstoneand absence of
sandstones in the pelsumidian interval basically constituted of hemipelagic foraminiferal
limestones. The latter are associated, mostly in the Ipartiofthe interval, with coarsgrained
calciturbiditesrich in platformderived clastsThe uppermost Tortoniad@essinian finegrained
siliciclastic depositshow a nore distal characteristiogdreste Fn). In the Molise region, the
Daunia Unit is unconformayploverlain by Messinian evaporitg8lontecastello Evaporites
Crostella & Vezzani, 1964Gessopalena Gypsyniresta et al., 2006 This unconformity
indicates that the firstompressiordeformationof the Tufillo-Daunia depositional domain took
placeduring Messinian times before the salinity cridis.Molise, the Serra Palazzo and Daunia

Units form an imbricate fan in which a gradual transifimm the typical TufilleSerra Palazzo
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lithofacies tothe Daunia ones is recognizable moving across the difféhenst sheets. The
Tufillo-Serra Palazzo and the Daunia Units d¢ieer different thrust sheetsnahe Apulia

Platform.

Figure 2.6. a) Outcrop of sandstones of the middle term of the Agnone Flysch along the road from the village of
Pietrabbondante to Viéno (Di Paola et al., 2001b) Typical outcrop of the TufilléSerra Palazzo Unit along the

Trignina expressway, near the village of Trivento.

Irpinian Basin Nappe

The Irpinian Basin represents the foreedeep of the Southern Apennines, during Miocene
(Pezatore, 188). In Molise Regiononly the deposg formednear the eastern flank of the basin
crop out.In Figure2.7 the stratigraphic relationships among the several lithostratigraphis Unit

of the Eastern IrpiniadBasinare shown.
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Figure 2.7. Stratigaphic relationships among among the several lithostratigraphic Unit of the Eastern Irpinia Basin,

cropping out in the Molise Region, (modified afaostella & Vezzani, 1964

Faeto Flyschis mainly constituted by intercalation of marls, calcareoussvantl limestones.
The strata have a mean thickness spaniom 2 to 20 cm. The marly layers are rich in
orbulina universa The mean thickness of the whole formation is about 80FFigure 2.8).
Upwards it gradually passes to theppo Capuana Clayey MarFmand it is covered through a
transgression contact by the Pliocehena Fm The faciesis representative of a proximal
deposition basin near the Apulian platformhich passes westwards to axial ba&icies

represented bthe S. Bartolomed-lysch

Figure 2.8. Outcrop of themarly limestones and marls éfaeto Flyschalong the road to the village @f)

Roccavivarab) Tavenna
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S. Bartolomeo Flyscis awild flyschsedimented in a téphrust basinjt can belithologically
divided into two members/alone CastellucciandValli (Tortorici, 1979.
1 Vallone Castelluccio membékanghian)is a succession of clayey and silty mavisth
interbeddedwell graded arenaceous strafdey present sedimentary structuredlate
cast groove casand convolutios. The sandstones are petrographically made of 45% in
quartz, 10% in Kfeldspars, 1820% in weathered Plagioclase3% of Mica, 23% of
limestones and schists,-26% is made of calcite, mch is the cement of the rock.has
a mean thickness of 1100 i, some cases rests tectonically on théariegated Clays
and pwards it passes gradually to talli member
1 TheValli Member(Langhian)is mainly composed of sandstones strataich spans from
competent to poor cemented and nearly loose sands. Tihe dae characterized by
locally cemented ridges parallel to stratification, as showRigure 2.9a At the base
conglomerates may be presemiade of gneiss, schists, shales, limestones and gliartz.
has a mean thickness of 300 m, it can rest stratiggally on the Vallone Castelluccio
member or on the Variegated Complex through tect@oictact Figure 2.9b). The
sandstones are made of 47% in quartz, 17% plagioclase, 3% mica, 2% of shales
limestones and mudstones and 22% of calcitic cement.
The S. Bartolomeo Hyschcan be correlated with ti&an Giorgio FmAgnone FlyschFrosolone
Flysch, and Gorgoglione Flysch(Lanzafame & Tortorici, 1976 In the upper part of the
succession is present the stratigraphic contaith the Toppo CapuanaClayey Marls

(Tortonian) which also lies on thEaeto Flyschas shown irrigure2.7.
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Figure 2.9. a) Detail of the aitcrop of thesandstones of th8. Bartolomedrlysch at the South of Casacalenda
village. b) Landscape view of the tectonic contact between\th#i memberof S. Bartolomeo Flyscland the

Variegated Claysnear the village of Casalciprafieesta et al., 2006

Toppo CapuandClayey Marls, described for the first time b§rostella & Vezzani (1964in
Puglia,are made of grebluish marls interbedded thi yellow sandstones. It presents a thickness
of 300400 m and it is covered through a transgressive contact by Pliboeag-m

The salinity crisis of Messinian Age is represented in the study area byldhtecastello
Evaporitesthey can be correlated the Altavilla SupersyntheniCrostella & Vezzani1964
Lanzafame & Tortorici, 1976andarealso known as&essopalena Gypsur(isesta et la, 2009.
Theyare composed of gypsum and carbonate conglomerates in an arenaceous matrix with cla
intercalatios. They rest on the Faeto Flysch and aredgeessivly covered bythe Tona Fm as
shown inFigure2.10a

The last formation of thérpinian Basin Unit, theTona Fm(Pliocene) represenis complete
sedimentary cyclelt is constituted ofa sandy conglomerateat the base, which represent the
transgressive facies with a maximum thickness of 5Qvhich passes upwards toarly clays
with an average thickness of 5600 m (Figure 2.10d). At last it is closed bysands and

conglomerateagain(Figure2.10b and2.10c).
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Figure 2.10. a) Beds of selenitic gypsum with thin pelitic interlayers, discordantly overlain by mudstonkes
calcarenites of th@ona Fmin Colle Gessaro quarnsSW of Guglionesvillage. b, c) Detail of the outcrop of the

PlioceneTona Fm sandtonesconglomeratiaipper member and)) the grey-bluish marly tayey middle member.

2.1.3 FOREDEEP AND FORELANBUCCESSIONS

Foredeegforeland successions crops out in tlstern part of the Molise Regiofhey include

the Greybluish complex and the Tieced PliePleistocene ComplexThe recent tectonic
evolution of this sector has been shown in detail by subsurface stidiegp boreholes and
their paleontological conteftty Casnedi et al.(1981). The preQuaternary substratum is made

of SubApennirnc Clays (Grey-Bluish clays), correlated with the infill of the Bradano Trouigh.
lieson Miocene deposits, Messinian Evaporites and the buried carbonates of the Apulia Platformn
(Campomarino 1 borehol®,idepi Projec). This sector was characterized &iddle Pliocene

phase of tectonic subsidence, due to foredeep activltgywed by a phase of tectonic uplift at
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