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The scepario o damages to buildings compiled by the
QlUliclk Earthgualic Surwey Teormm (QUEST, Sdli ond
Camasd, A009) shows a macimum intendty of X MCS
occurred in single localities within areas characterized by
alower level of damages (Is = VIl MGS). These peaks of
intensity appea to have been caused by a peculiar
selsmilc yuinerallloy, assoclarzd In some c%es 1o evldent
d7e effects (eg., Onna and other villages in the Middle
Azerno Valley located on soft alluwid and lake s=diments).
The same region experien ced seyeral strong earthquakes
in historicd tmes (1349, 1461, 173 1/42, with
intensities ranging from 1¥ to X MCS and estimated
rragnitudes in the order of 7). For the 1703 seismic
sequUence, contmporary written accounts (eg., Uria de
Llanos 17/3) desribe important geolcgical effects,
evidence of & much larger magnitude (M7) compared to
the April G, 2009 eyvent.
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THE GEQLOG KCAL EFFECTS
Inthe period April B— May 7, 009, atotal amount of 154

eleLls wen e rndpped uvel di died ol dl legsl 1000 ke
Their location isreportedin Fiz. 3.

rig. 3: viop af the geological effer s orcompaon Mg the Aol 5,
2003, shook
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Bimasy effects

Ewidenco of surfocc foulting was only sccn along the
Paganica fault, while aubdued tectonic effects were s=en
along other knowr faults in the epicentral arez (Fig. 4).

Graund ruptiies g.ang the Brganiae fault

A s of discontinuous bur well allgned ground ruptures
was found in correspondence of the Paganica fault
(vellxa arrow in Fig. 2). Theseroptures trendiitg between
M1 and N140, could be traced for a length of at least

26 km, reaching in some sites yertical offsets of 72 cm
[Fig.5). They could be easily observed on paved/concrete
and often dirt roads and on other artificial surfaces, as
well as on buildings and hard fences. Particularly evident
wasthe pipeline rupture of the Gran Sasso agaeduct (Fig.
B). The same set of fractures wzs locdly well evident also
on natural/farmed soil.

Fig 4 Foult recr 6 vation ot Pogorice ond evidence of poten tof
reactivd fon along ather fouwlts

These ruptures arz a clear evidence of coseigmic suface
faulting. This interaretaion is ingood agreement with the
seignological data  (distribution of aftershocks, focal
rmecianisms) and with the coseismic field of deformations
resuting by the comparison of are- and post- eyent S4R
images.

Fig. 5: The Pogorice ruptures were ooed in the grewnd, oorass
bui'dings and concete mods, more o (ess contin wows ), forat
least 2 Gim with afisets up o 78 cm, which locolly ton tinwed o
incren se in the following weels

The cassismic resctivation of t1e Paganica fault caused
the -upture of thz Gran Sasso aqueduct. Thz2 very high

presure of thewater flowsing from the damaged pipeline
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Abstrack: On April Gth, 2009, o M, 6.3 corthguote rocked the town of U Aquila (Centrol itoly] ond surroun dings, inducing a noteworthy number
of effects on the environment. Earthguokes with W, hetween 6 ond 6.5 are of mlevant inte restin the Mediterranean Region because of their
faequency and their conse quence 5in this densely populated area The UAquita e ventis representalivwe of the ge d ogical effects to be expected:
oo 200 effects on the environment hove been recognized, offowing us to estimabe on epicentrol ntensity [X, by aoplving the E51 2007 scole.
The post seismic evolution of sovme ground frocturesis under monitosing, in particalor afon g the reoctivate d Boganica foult
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INTRODUCTION

The growing threat posed by geological effects of
earthquakes to ever-expanding human settlemerts and
infrastructures has been made more and more evident by
the large events that have rocked various regions of the
earth in the last years {Turkey 1999, Taiwan 1995,
Indonesia 2004, Kashmir 2005, Sichuan 2008). Concern is
therefore eventually growing forthose urban areaswhere
arapid economic growth hasoften lead to neglect even in
the recent past the historical and paleoseismic evidence.
However, far from negligible hazard can be also posed by
environmertal effects following moderate earthqguakes,
as proven by several examples, among which the April &6,
2009, Mw 6.3 L'Aguila event is the most recent one.
IWoderate events in the range of Mw 6.0 to 8.5 are of
pecdal importance in the Mediterranean Region, dnce A)
they are relatively frequent in most of the Mediterranean
countries and B} the damage expected from similar
events is relatively large, due to the local historical and
cultural setting, and increasing wulnerability of the
anthropic environment. The relevant geological effects
and strong societal impact from moderate seismic events
has been also recently illustrated by the July 15, 2007,
IWiw 6.6, Kashiwazaki — Kariwa earthquake in Japan, that
darnaged the largest Nuclear Power Flant site in the
world, The 2009 L'Aquila earthguake is used here to
ilustrate the type and size of geological effects to be
expected, strongly dependent on local geology and
maorphology, and their impact on human structures.,

SEISMICITY DATA ON THE APRIL 6 2009 L'AQUILA
EARTHQUAKE

After several months of anomalous seismic activity in the
Abruzzo region of Central Italy, on April 6th, 2009, at
01:32 GMT the Central Apennines were rocked by a
moderate-ize earthguake (M1 5.9, Mw 6.2, depth around
3 km}. The epicentre was located near the historical town
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of L"Aguila {Fig. 1), which was severely damaged tog ether
with many villages in the surroundings. The death toll was
of 307 casualties. Two M > 5 shocks followed on April 7th
[MI=5.3; epicentre about 10 km SE of LUAquila) and on
April 3th (Ml = 5.1; epicentre near Campotosto, about 15
km N of L'aguilal The seismic sequence, still far fram
its end in July 2009, being M = 4 events =till present {Fig.
1}, has affected to date an about 40 km long zone,
elongated in the NwW-SE direction. The focal mechanisms
clearly define a NW-SE trending normal  faulting
mechanism, in good agreement with the tectonic setting
of the region {Fig. 2}, characterized by a "Basin and
Range” landscape due to a segmented belt of capable
normal faults {eg., Blumetti and Guerrieri, 2007},

fig 1. The Bosin ond Ronge morphd ogy of the egicentor! /e gion
ond the 2008 ssismic sequence: orange dales main gftershocks
= N3i=5, welfow circle s = Mi=4, green dircles = Mi=3. The
Quote mary intermoun tan bosins, among which that of Aquile
Widdle Aterno Vallew]l, ond foult genercted mowntan fronts,
including the highe st pe gk of the Apennines (Gran Sosso, 2012
m), ore guite evident
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The scenario of damages to buildings cornpiled by the
OUick Earthquake Survey Teamn [(QUEST, Gali and
Camasa, AU9) shaws 3 madinum intenaty of X MG
ocourred InoSINgle Iocalities within areas chamcterzed by
alow=r [evel ot damages (15 = VI MCS). | hese peaks of
Intensiy apped 10 have beel caused by a pecullar
seisnnL yulinen doilily, dssutialed in sorne Ldses Lo ewidenl
sle dTecls (ep., Gnod and uther willgges in Lhe Middle
Aterna Yalley located on soft alluyial and [ake s=dirments).
The same region sxperien ced seyeral strong =arthquakes
in historical times (1245, 1301, 173, 172, with
intcnstics ranging from 14 to X MOS ond  cstimated
rcgntudes in the order of 710 For the 1703 scismic
gEqUENCE, contemporary written accounts (eg., Uria de
Llznog 1703) describe important geological  effects,
evidence of 3 ruch larger rsgnituds (M7) compared to
the &pril A, A9 FvRnt
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Fig. 2. Structurol sceteh of the LAquito region (rom 8 umetti
etof., X2\ The pellow orrow shaows the Pogonico foult)

THE GEQ LOWG K AL EFFECTS
I L period Apnil 6= Moy 7, 2009, o LoLal armount of 184

el wie e ridpped uyer died eg ulal gyl 2000 ki,
Their ocation is reported in Tig.

Fig 3: Mop of the gealogico! effer & occompon ae the Aol G,
2008, shaok:
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Py effects

Evidence of suface faulting was only seen along the
Fagznica tault, wrile subdued Jectonic ertects were seen
along other known tauits in the epicentral area (Hig. 4).

Growd rupTwes iahg T FIgaRnia fawt

Awe ol disconLinaoas Dot we | dligned grooond uplores
wigs Toand in conespondence ol e Pagdiicd Taudll
{yellow arrow in ©g. 2). These ruptures, tren ding between
MN120 and WN140, could be trac=d for a lengzh of at least
20 krn, reaching n some sites yertical off sets of 8 cm
{Fig.5). Thoy could be casily observed on paved/concrete
and oftcn dirt roads and on other artificio surfoces, s
well 35 on buildings and hard fences. Particularly evident
w s the pipeline rapture of the Gran Sagoo aqueduct (Fig.
B). T1e same cet of fractures was locdly well evident aloo
nn natnralFarmee anil

P N il i B A el

Fig 4. Fou't rece i wation ot Pogomes ond evidence of paten ol
TEOCNYE T Qi orher fouits

These ruptures are a cear eyidence of coseismic surface
faulting. This interpretation iz in good ogrocment with the
sciological daota (distribution of aftcrsocks, focal
ricchanisms) and with the coscsmic ficld of deformations
resulting by the cornparizon of pre- and post- event SAR
im=ges.

Fig. 5. The Foporiea rup tures were troeed in the grownd, peross
Duidings ond corcete mods, moe or less continuows v for ot
least 2 G with offsets up o 78 o, which locohy con tinved to
irerensein the folwing weeks

The coseismic reactivation of the Paganica fault caused
the rupture of the iGran Sassc agueduct. he very high
pressure ot th e water tiowing from the damaged pipein e
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excayaed a deep trench, thus providing extraordinary
exposures of faulted sediments and unguivocal evidence
of previous, larger, coseismic surface faulting events.

Fig. & The site where the oqueduct was broben by coseismic
Soutlting

It is important to underline a rernarkable post-seismic
eyolution of these ruptures, in terms of progressve
increasing of offsets, lengths and widths. Eye-witnesses
have reported the occurrence of new fractures also some
days after the main shock, Several research teams have
started to monitor these fractures, documenting post-
seismic creep of at least several millimetres.

Some other evidence idiscontinuous but aligned ground
cracks) could be interpreted as the possible MW extension
of the Psganica ruptures. Furtherrmore,  coseismic
fractures opened in cultivated fields M of Onna and, with
a length of some hundred metres and direction MN140-
MI160. If we include these evidence in the rupture zone of
the seismogenic fault, the length of the surface rupture
may reach sbout 6 k.

Swface effects alang a ther active foults

Specific surveys were conducted along all the active faults
known in the area (Fig. 4). Along the Pettino fault only
local ground ruptures, some tens of reters in length with
offsets up to 10 crm were found, without evidence of
actual surface faulting.

Along the Bazzano fault, which is a N310 trending normal
fault antithetic to the Pazanica fault, we observed a
discontin uous free face with offsets locally up to 5-6 cm,
marked also by the digribution of moss. This evidence
might be interpreted as a centimetric coseismic surface
reactivation of the Barrano fault together with a
significant debris compaction, as shown by the irregular
distribution of offsets

Another free face was found along the N1X5 trending
Canetrefault not farfrom Raoio. A constant offset of about
1 crn was s2en for at least 1 km. This effect was evident
not onbky along debrisrock contacts but also dong rock to
rock contacts.

Secandayy effects

Secondary effects (basically gravitational mowements and
fractures) induced by the ground shaking had a
widespread distribution.

Oeavity mavements
Murnerous rock falls ( 78% of grawvitationd movernents, Fig.
71 occurred especially from calcareous slopes. Among

=]

thern, one of the most impressve falls took place abave
the village of Fossa which was directly damazed by huge
boulders (Fig. 8). Reddud risk of rock fdls caused the
ternporary closure of someimportant roads

Other important rock falls were seen within the Gran
33550 mountain range (rock awalanches), dong the NE
dope of Mt. Bazano and on the north-facing cliffs of
Stiffe {seweral cubic metersin size).

Fig. 7 Distribution af sope movwements by tyoe

Other types of slope moverents, generally affecting
artificid fills, occurred along several roads, including the
highway 2424 Aroundthe Lake Sinizzo, near San Deretrio
ne’ Yestini, impressive ground failures dong the whole
shorelinewere observed (Fig. 9. In the aother snkhaoles of
the area (generally ernpry of water) no remarkable effects
were found.

Fig. 8: Fosso roclfall: huge bowldes on o poved rood

Fractures

Besides the fractures prewiously described == primay
effects, many fracttures were induced by shaking in the
bare ground = well as in paved roads and in artificid
works. Two bridees an the Aterno River (near Onna, and
near Fossa) were seyerely damaged by the falures of the
aippoarting emban kments, Also same of these fractures
showed asignificant temporal evalution (widening).

Lig uefacitan

The only remarkable liguefaction feaure was found by
the geologists of the Abruzzo River Basn Aothority at
Vittarito (near Sulmaona), hence relatively far from the
epicenter (Fig. 10,



I¥PP L NEOR 567 \mterrotang Worshopen Earthg volio Archooolooy sad Polaoo sol sroato gy

g 2 Srownd foileres olong the ahore of dofoe Srirzo

Hpd rclagicat anamalie s

At Ternpera (W of Paganica) the sprinzs of Capo Vera
exaerien-ec temparay effects of turbidizy, anc signif cant
changes of water dischage Scrme springs diszopeared or
sh fted for same hundreds of mezers. A shdlow well ren
drv.

Fin 17: Mucsond valcona near W ttavito frowtesr by G
Pinponz, AdS Aoz )

CUMCLUS OMS

The LU'fcuila earth quake gene-sted s widespresd et of
gealogical efects on the natural environrment.

Clear Avidenre nf sirfare “Anting was fnond A-np the
Przarira fanlt, whi-h is regarded /= -he ransative
snicture of this earthguake. “he rraximum surface
displecement was ca 7-8 cm.

It is notewsorthy tha the Pagatica fault was alreacy
mapped in the SFee; U'&quila of th2 CARS project the
officid gedogcd rrap of the Itaian territory (scale
150,000 print=d by the I32RE Itdian Ceo ogical Suves;
and dsorecordedin the ITHACA Jatabzse, the imdentory
of [tdian casatle fauks, mplererted by the ISPRA [=izn
GETlCgIcal  Huresy on the bIsis  of awallable
paeoszismologica and SEISMOtecton 1C studies.
MEWEmheless T wae consdered a secondary elerment
wil en wornpded Lo sewerdl nedly oo prurnirenl
Ll le "adls, The sdarnz Taall dlsu exhibily ewicenoe of
larger morfece “mauting ewerts n the past. This pin paints
the rocd to ooy the due attontion dso to "rnor
structures and alco |2=wes open the question akowt the
real gzismic potential of the area

Other preential reart Atinns Anng manped crapable faolts
[Pettito, Campo Imperatore, Bazzano and Foic faults)
were observed but they can hardy rzpresent the surface
exaression of s2ismcgenic faclktirg. &nvway, they could

a0

still represent tedonic nuptures dong svmpathetic andfor
antithetic faults.

Secondary effects ware mappad wer & areaof ca. 1000
km', rosty zrawity moverments and grouid fissares.
Rzgzrding slcpe movernents, rock falls in cdcareous
slopes and artifical uts were th2 mos. cornmon type of
eltect. slidng phenomena also occdrred, threaten ng in
SaMe cases the 0sd Trastmucoures. Numerdaus grouid
cracks espaclally In [oose unoon solldaed sedments, a1d
Macbues i pawed podes were sapyey e, iosLhy induezd
by & =king.

The zcerar o of envi-onmentsl effeds i1cludes = 90 come
rrinor ligusfactions,
lccal pecul ar effects (&g, the ground fai ures =long t1e
shar=s nf th= lake =inizrn! The genfral pitire of
geologicd environmental efects istypicd for earthgaskes
o° magnitude around E. Prelimin ay asssaneitswith tie
E3l 2007 scde indicxe that the epcertral irtersity was
equal to |X. This prowides an objactive caibration, in
terrms of xe1aro of geological effects for 3 better
inter sty assessment of hisorical earth quakes oc-ur-edin
the sarre Tea(eg., the 1703 earthquake secuencer. Te
past seismic evcluton of these efects, esaedallk tie
ruptures aonz the Paganica fadlt, is still going an. A
siznficent increase i1 off sets and width of some Tatures
was noted n the weeks afier the mainshodk. A
onToring |5 bzing carded Qut Wwhh high precision
Instrarm=nts [eg LICWR) In order to Lndersand Tie
pierorrenon in th= frame of a collmboraion among
seyer @l acedermnic and rzsemrch in situtes, which incluces
the IGP3A Itzliar Zeclogical Survey, the Uniw=rsty of
Insubriz, t1e Mational Ressarch Coutcil o Italy, te
Geologizal Surey of Trento P-ovnce, tie Birkbezk/JCL —
University Tollege of Loncon, the University of Dorham
And thrGeEAlrgicd Snreey nf lsrael

hvdrological anomaies =rd some
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