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Abstract. In this paper we present the geological effects1 Introduction
induced by the 2012 Emilia seismic sequence in the Po

Plain. Extensive liquefaction phenomena were observed over o
an area of~ 1200 kn? following the 20 May,M, 5.9 and N May—June 2012, a seismic sequence struck a broad area of

29 May, M, 5.8 mainshocks; both occurred on about E— the Emilia-Romagna region in Northern Italy (Fig. 1), result-
W trending, S dipping blind thrust faults. We collected the iNg in 26 fatalities and hundreds of injured, 15000 home-
coseismic geological evidence through field and aerial sur/ess, severe damage of historical centres and industrial
veys, reports from local people and Web-based survey. OR'€as, and an estimated economic toll ~e® billion eu-

the basis of their morphologic and structural characteristics!0S- The sequence included two mainshocks. The first
we grouped the 1362 effects surveyed into three main cate@ne occurred on 20 May at 02:03UTC with M 5.9
gories: liquefaction (485), fractures with liquefaction (768), (44°5323", 11°1347", h = 6.3km; ISIDe Database, 2012),
and fractures (109). We show that the quite uneven dishit in an area between Finale Emilia and San Felice sul
tribution of liquefaction effects, which appear concentratedPanaro; the second occurred on 29 May at 07:00UTC
and aligned, is mostly controlled by the presence of paleoWith a M, 5.8 (44 51'03", 11°0509", h = 10.2km; ISIDe
riverbeds, out-flow channels and fans of the main riversDatabase, 2012), 12 km southwest of the previous mainshock
crossing the area; these terrains are characterised by the pdfig. 2). Notably, the second shock determined the definitive
vasive presence of sandy layers in the uppermost 5 m, a loc&i0llapse of many buildings already weakened. The whole af-
feature that, along with the presence of a high water tabb,tershocks area extended in an E-W direction for more than
greatly favours liquefaction. We also find that the maximum 90 km, and included fiveM, > 5.0 events and more than
distance of observed liquefaction from the earthquake epit800 ML > 1.5 events (Fig. 2). The focal mechanisms of
centre is~30km, in agreement with the regional empirical the main events (Fig. 2) consistently show a compressional
relations available for the Italian Peninsula. Finally, we ob- kinematics with E-W oriented nodal planes (dig 560" N
serve that the contour of the liquefaction observations has agnd 3040’ S; Pondrelli et al., 2012; Scognamiglio et al.,
elongated shape almost coinciding with the aftershock area2012; TDMT Database, 2012). These mechanisms are con-
the INSAR deformation area, and the 6 EMS area. This  Sistent with a horizontal, N-S oriented compression (P-axes)
observation confirms the control of the earthquake source ofleéfined also by present-day stress indicators in the region
the liquefaction distribution, and provides useful hints in the (Montone et al., 2012 and references therein; Fig. 1) and by

characterisation of the seismogenic source responsible foi€ GPS-derived velocity field (Devoti et al., 2011).
historical and pre-historical liquefactions. The epicentral area of the 2012 Emilia sequence falls in the

southern part of the Po Plair, 40 km north of the foothills
of the northern Apennines thrust and fold mountain belt
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Fig. 1. Schematic structural setting of the southern Po Plain (main buried structures after Boccaletti and Martelli, 2004) with orientation of
maximum horizontal stress from focal mechanisms of the Emilia 2012 earthquake sequence (Scognamiglio et al., 2012) and from the Italian
present-day stress map (Montone et al., 2012). (a) Po Plain units (Plio—-Quaternary); (b) Apenninic Units (Meso—Cenozoic); (c) active and
recent & 1 My) shallow thrusts; (d) active and recent thrust fronts in the Meso—Cenozoic carbonatic sequence; (e) active and recent thrust
fronts in the basement; (f) reactivated thrust fronts of the Pliocene—Early Pleistocene (4.5-1 My); (g) maximum horizontal stress orientation
from earthquake focal mechanismsdf> 5.0 events of the Emilia 2012 sequence; (h) maximum horizontal stress orientation from past
earthquakesMw 5.0 Parma 1983 andifyy 5.4 Reggio Emilia 1996); (i) maximum horizontal stress orientation from borehole breakouts
(scaled by quality); (I) area of Fig. 2.

(Figs. 1 and 2). This portion of the Apennines is characterisecexternal buried fronts (e.g. Burrato et al., 2003; Boccaletti
by N- and NE-verging thrusts and folds, involving both the and Martelli, 2004).
terrigeneous sedimentary cover and the carbonate Meso- The seismic history of the past 30yr (ISIDe Database,
zoic sequences resulting from the late Oligocene-Quaternar012; CSI1.1, 2006) shows low seismicity in coincidence
compressional tectonic phases (i.e. Ghelardoni, 1965; Piemf the area hit by the 2012 sequence and the same appears
and Groppi, 1981). The external fronts of the northern Apen-true for the location of the main historical events (Rovida et
nines accretionary prism, namely from W to E, the Monfer- al., 2011). In fact, apart from the VII-VIIl MCS 1639 earth-
rato, Emilia, and Ferrara-Romagna arcs, are buried beneathuake, based only on one data point in Finale Emilia, only
a cover of Pliocene hemipelagites and turbidites, up to 2 kmearthquakes of moderate magnitude occurred in the area sur-
thick, and Pleistocene basin and alluvial sediments (Fig. 1rounding the 2012 seismic sequence (Fig. 2; Camassi et al.,
Fantoni and Franciosi, 2010 and references therein). Thi2011; Castelli et al., 2012). The closest and more relevant is
earthquake sequence has added strong hints to the defirgertainly the =VIII MCS (M, 5.5) 1570 earthquake that
tion of the active structures of this portion of the Northern hit the area of Ferrara (Fig. 2), about 30 km east of the 2012
Apennines external fronts. In fact, although with some dif- sequence. Historical accounts of the 1570 earthquake report
ferences, seismic, INSAR, GPS, and macroseismic data frornccurrences of liquefaction phenomena in the area of Ferrara
the May—June 2012 sequence consistently suggest that twand surroundings as well as of open fractures and changes of
blind thrusts of the Ferrara arc activated during the 2012the water flows in channels (Guidoboni et al., 2007). More re-
mainshocks (Figs. 1 and 2), confirming the activity of the cently, in 2011 av; 4.8 event hit the area about 20 km NE of
the 2012 sequence (Fig. 2). Widespread secondary geological
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Fig. 2. Area of the Emilia 2012 earthquake sequence. (a), (b), (c) main active structures from Boccaletti and Martelli (2004), see caption
of Fig. 1; (d) historical earthquakes witfe >5 (CPTI11 Catalogue, Rovida et al., 2011); (&) 4.8, 2011 event and (f) Emilia 2012
sequence (ISIDe Database, 2012): stars stans/for 5.0 earthquakes (in red the two mainshocks) and numbers refer to focal mechanisms
(Scognamiglio et al., 2012); circles of variable size are for earthquaki ef 4.1+~ 4.9, M| =3.1+-4.0 andM <3.0.

effects were produced by the 2012 Emilia sequence and ar2 The observed liquefaction phenomena
mainly related to liquefaction phenomena. INGV-Emergeo
Working Group, as well as teams from other institutions (e.g.The most common geological features observed during the
ISPRA, University of Insubria, Emilia Romagna Geological post-earthquake survey were related to liquefaction process.
Survey, etc.), promptly surveyed the area to collect coseismid hanks to the information provided by several local eye-
geological evidence (for a complete photographic coveragevitnesses and also based on the magnitude and timing of the
see Emergeo Working Group, 2012b), coordinating and inte4main events, we conclude that the liquefaction process was
grating information to assure the maximum coverage of theinduced by the 20 and 29 May mainshocks. In fact, the only
affected area. All the survey teams verified that no primarylarge aftershock that could have produced liquefaction that
surface rupture occurred. In this paper we present the datwould have been indistinguishable to eye-witnesses is the
collected by the Emergeo Working Group through the fol- 20 May 2012,M_ 5.1, event that occurred only 4 min after
lowing approaches: (i) field survey; (ii) helicopter and pow- the first mainshock (Fig. 2). However, this possibility is ruled
ered hang-glider trike survey; (iii) reports from local people out because looking at the national and international em-
collected in the field or through a Web-based survey acti-pirical relationships (magnitude vs. liquefaction; e.g. Galli,
vated at the INGV portatttp://www.haisentitoilterremoto.it/  2000; Obermeier, 1996), there are very few cases of lique-
emergeo.htm(did you see earthquake geological effects?).faction induced by earthquakes with a magnitude below 5.5.
For an extended description of the methodologies and tech- Liquefaction is a hydrological phenomenon that originates
nologies used for the survey of the geological effects, sedy significant shaking during earthquakes, mainly on allu-
Emergeo Working Group (2012a). vial and coastal plains. The strength and stiffness of sat-
The significance of the collected data as a key to a beturated and unconsolidated fine sediment at shallow depth
ter understanding and evaluation of the liquefaction hazardmax. 30 mb.g.s.) are reduced by being shaken to a critical
is then discussed in light of the local geological and geomor-evel where the effective stress tapers to zero and the sedi-
phic setting, the coseismic displacement defined by InSARMents become fluid-like, i.e. liquefy. In this process, the over-
interferograms, the seismic sequence and the damage distfpressured interstitial water tends to escape upward through
bution. newly formed, pre-existing fractures and/or anthropic struc-
tures (e.g. water wells, foundations, etc.), conduits and vents
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bringing along the liquefied sediment to the surface and
forming sand volcanoes and sand sheets. Based on the abovie_
description, it is clear that the Po Plain, filled by alluvial sed- |
iments hosting multilayered confined aquifers and phreatic
aquifers in the first 10 to 30 m (Regione Emilia Romagna,
ENI-Agip, 1998; Marcaccio and Martinelli, 2012), has a high
potential for liquefaction; this earthquake sequence has cer-
tainly confirmed it.

On the basis of their morphologic and structural charac-
teristics, the observed coseismic effects at the surface were
grouped into three main categories (Fig. 3); (i) liqguefac-
tion: (ii) fracture/liquefaction; and (iii) fracture. Categories
(i) and (i) may be associated to relevant but localised sub-
sidence or bulging related to sediments extrusion. Under
the liquefaction category we classified single spots such as
sand volcanoes, scattered vents and coalescent flat cone:
sand infilled water wells, fountains and manholes. The frac-
ture/liquefaction category comprises mainly elongated and
aligned multiple sand volcanoes, and sand flows from co-
seismic open fractures occurring both on natural and paved
ground surface. Finally, the fracture category includes newly
formed open fractures and cracks without evident sand ex- |
trusion at the surface. The surveyed features appear inde-
pendent from the type of environment, in fact they occur
on roads, buildings, backyards, parks, agricultural fields, etc.
Some manmade underground structures such as wells, foun
dations, sewers, etc. forming artificial boundaries represent a
simpler escape for the overpressured water.

Besides categorising attributions to specific typologies,
we collected structural and morphological data of the ob-
served geological surface effects. In particular we measured

(1) thickness of the sand volcanoes and area of sand draq:-ig_ 3. Examples of surface phenomena produced by the 2012

Ing; (2) morphology and diameter of the ;and outk,atS;_(g)Emilia sequence on the ground and on manmade struct(ags:
spacing of the s_and outlets, Iength and strike of their align-getai of aligned multiple sand blows nearby Sant'Agostitiny
ments; (4) spacing, length and strike of the fractures and of. 20 cm-wide open fracture with liquefaction near San Carlo. It is
the sand outlet alignments; (5) style of the fractures patternpossible to observe several cm-wide, grey sand-filled cracks that
and (6) opening and offset of the fractures. Samples of theepresent the path to the surface of the liquefied matg¢dp80 m-
liquefied extruded sand were collected for sedimentologicalong open fracture with massive ejection of dark grey sand in San
analysis. The aerial survey integrated the dataset collected i&arlo (photo by L. Ghidoni)(d) fracture affecting the bridge over
the field by the analysis of more than 1500 georeferenced chz_:mnel filled with _quuefied sand near Bura(&);the wareho_use
photographs and of more than 3 h of video. The low-altitude®f this pottery shop in San Carlo was covered by &5 cm-thick
flight plan (~ 200-300 m) contributed to cover the mesoseis_Iayer of liquefied sands and siltd) Ilqueflled sand filled this water
well and poured out to cover-a500 n? circular areafg) fracture

mal area, having the resolution necessary to detect the pre?’:fffecting a paved road in San Carldx) the ground/building limit

ence or the abs_ence of surface Cose'sm'_c geOIOg'C_aI eﬁeCtﬁﬁen represented a preferential way of outflow for liquefaction, like
Most of the aerial observations were validated by field sur-j, this case at San Felice sul Panaro.

vey, or, when this was not possible, the careful analysis of the

images allowed attribution of each feature to one category

and measurement of at least length, strike, and areal extent. As a whole, a total of 1362 sites with geologic co-

Considering the land use, typology and status of the culti-seismic effects were identified and surveyed over more

vations covering the flat land, it is possible that some minorthan 1200krf; 768 findings were classified as frac-

evidence was missed but only in coincidence of wheat fieldsture/liquefaction, 485 as liquefaction, and 109 as fracture.

The georeferenced photographs were analysed and, jointly As it appears clearly from Fig. 4, the coseismic effects

with the field data, the observations were stored, analyse@re not evenly distributed over the area but mostly appear

and managed in a geographical information system. concentrated and aligned. For the whole mesoseismal area,
the preferential trend of the linear features (fractures and

Nat. Hazards Earth Syst. Sci., 13, 93947, 2013 www.nat-hazards-earth-syst-sci.net/13/935/2013/
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Fig. 4. Location of observed geological effects (1362 data points) distinguished according to the three main categories and the triggering
seismic event. The two mainshocks and the four study areas are presented. The inset shows the rose diagram evidencing the trend distributic
of the linear coseismic geological effects (877 fractures and fracture/liquefactions).

fracture/liqguefactions) ranges between N060—-N120. In the40 cm, whereas at sites in the San Carlo village garages or
following, the collected data are presented by subdividingground-floor apartments were filled with 1 m-thick sand bod-
the surveyed region in four areas: SE, SW, NE, NW (Figs. 4ies. Maximum observed diameter of sand volcanoes is 10 m
and 5). This is not only a geographic division but reflects that, when coalescing, extend to a maximum length of 50 m.
also feature characteristics, such as (1) space distribution, (2Ylany fractures, mostly NE-SW striking, were associated
time of occurrence, (3) prevalent typology, and (4) distinctive with the extrusion of liquefied sand (fracture/liquefaction
arrangement patterns. category), and many of them extended to a maximum length
of 50 m, often showing up to 20 cm opening and more rarely
20 cm of vertical separation. The fractures with no sand ex-
trusion had a similar strike, were up to a few hundred-m long,
displayed usually a clear opening up to 30cm, and locally
showed a vertical separation up to 20 cm with both SE and
NW downthrown (Fig. 5a). In some artificial cuts open to re-
pair coseismically broken pipes, we observed open fractures

2.1 The SE area

Within the area comprising the villages of Mirabello,

Sant’Agostino, San Prospero, Cento, and Finale Emilia,
the observed coseismic features belong to all three cat
gories: liquefaction, fracture/liquefaction, fracture. Over ato- ' ) _
tal of 478 observations, 45 % were liquefactions, 40 % frac-'nf'"ed by, grey §and that did ’_“?t reach the surface. Th's IS
ture/liquefactions, and 15 % fractures (Fig. 4). Most of these? further indication that the driving phenomenon here is re-

effects occurred during the 20 May shock. A peculiar high lated to liguefaction even if sand at some locations was not
density of observations is located between Mirabello angeXtruded and only fractures or soil bulges were observed. The

Sant'Agostino villages. About 1/3 of the total number of ob- large amount of extruded sand in the San Carlo area produced

servations in the whole area were collected here, in a NE—swW/TPortant emptying and compaction in the liquefied beds
striking zone about 7 km-long and 0.2 to 0.6 km-wide. The that produced at the surface a localised subsidence, some-

interaction of liquefaction effects with man-made structures!imes accompanied by ponding. Subsidence started with the

was particularly strong, especially in the village of San Carlooccurrence OI I|q;'efact|or'13 bult, because s'ettklmg .and re-
where many buildings, roads, fenced walls, and lifelines wer _corrljpaclt)lor; of se |ments_ IS afs O\év prhocessa f't ipt_lncrlea(sj-
severely affected and damaged by fracturing and liquefactiodd 9y by day, representing a further hazard for the involve
phenomena. Notably, a high percentage of the water wells irman—made structures. To understand this process, we started

the area were filled by the liquefied sand, often up to the top2 errestrial LIDAR (TLS) monitoring of the fractures and
The extruded sands (liquefaction and fracture/liquefaction’2cturé/liquefactions crossing the Sant’Agostino-San Carlo
cemetery. On 23 May , the amount of opening and vertical

category) were mainly grey medium-to-fine sand and in mi- ; ) S
nor amount hazel sand, suggesting the liquefaction of at Ieasﬁeparamon across the most prominent fracture visible in the

two distinct sandy layers. In a few cases, the two sands Wer5'orthem wall of the cemetery was 10cm and 3 cm down to

extruded at the same place, one following the other. The>E MESPECtVely.

thickness of the extruded sand in open fields reached about

www.nat-hazards-earth-syst-sci.net/13/935/2013/ Nat. Hazards Earth Syst. Sci., 13, 93564 2013
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Fig. 5. Examples of coseismic geological effects of the four study areas at different scales of observation (satellite view from Bing Maps;
aerial and field view from Emergeo survey). Red dots indicate the coseismic feature locations. The inset shows the rose diagram displaying
the trend distribution of the linear coseismic geological effdelsSE area. Fractures and fractures/liquefactions following the paleochannel
morphologies close to San Carlo village. The aerial view shows a large volume of sand outflow. The detail shows the fracture/liquefaction
affecting the top of the paleoban{g) SW area. Distribution of liquefactions and fractures/liquefactions at San Felice sul Panaro village.
The aerial view shows the trends of the fractures/liquefactions affecting the soccer field. The detail shows the reactivation of the liquefaction
occurred on 29 May through a water wélt) NE area. Fractures/liquefactions showing a meander-like, complex alignment west of Bondeno
village. The aerial view displays the variability of the fractures/liquefactions trends evidenced by the ploughed field. A detail of the frac-
ture/liquefaction is showr(d) NW area. Distribution of liquefactions and fractures/liquefactions at Quistello village aligned along a buried
channel. The aerial view shows a ten-of-metres long fractures/liquefactions. A detail of the fracture/liquefaction presents a sink-hole with
soil chips ejected over the sand volcano body.

On 31 May, the analysis of TLS data acquired on the southstreet was monitored, showing interesting features by means
cemetery boundary wall allowed the estimation of a relativeof TLS and GPS integration. In particular, three rapid static
displacement along the direction normal to the wall of aboutsurveys (Pesci et al., 2012) were performed from 31 May to
5 cm down to SE (total amount). It is noteworthy that the TLS 12 June 2012. The results describe the terrain lowering with
data precision (for ranging scanner) is about 5-6 mm and the@alues ranging from 0.5 cm to about 2.0 cm along the street,
availability of high density coordinate point cloud achieved showing differential movements (Fig. 6b) with a mean error
better values. of about 6-8 mm (2).

The method used to obtain morphological information Other liquefaction related features were observed in this
from TLS analysis is based on the definition of referenceregion but disconnected from the main Sant’Agostino-
planes (or other primitives) and on the computation of point-Mirabello zone. These were concentrated in two spots lo-
to-plane differences, allowing the creation of detailed mapscated at about 7 km westward and about 2 km southward of
(Fig. 6a; Pesci et al., 2011). The cemetery’s surroundingSant’Agostino village. It is noteworthy that at Finale Emilia

Nat. Hazards Earth Syst. Sci., 13, 93947, 2013 www.hat-hazards-earth-syst-sci.net/13/935/2013/
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Fig. 6. (a) San Carlo cemetery wall deformation map across the fracture obtained through terrestrial laser scanning)Baf)Carlo
cemetery surrounding street monitored by means of TLS and GPS integration, surveyed from 31 May to 12 June 2012 (terrain lowering:
GPS measurements).

village and its surroundings, only minor fracturing occurred of observations collected at San Felice sul Panaro (produced
on a few paved roads and with no evidence of sand extruby both 20 and 29 May shocks, Fig. 5b), where more than
sions. 100 liquefactions and fracture/liquefactions were mapped in
The preferential trend of the main subset of geologicala 0.2 knf area between the stadium and the railway station.
observations from Sant'Agostino and Mirabello ranges be-Here, several water wells and manholes as well as ground—

tween 50-9C° N (Fig. 5a). foundation boundaries served as artificial vents and are now
completely filled by liquefied sand.
2.2 The SW area Another area with a relative concentration of effects (pro-

duced by the 29 May shock) is in the Cavezzo village, where
Within the area comprising the villages of San Felice sulliquefactions occurred prevalently within and near the main
Panaro, Cavezzo, Medolla, with over a total of 132 obser-canal, and a few fracture/liquefactions were organised in a
vations, 38 % were assigned to liquefaction, 53% to frac-NE-SW striking zone about 3km long and up to 0.7km
ture/liquefaction, and 9% to fracture (Fig. 4). In some sitesWide. Very few additional isolated coseismic features of lig-
of this area the coseismic effects occurred following both theuéfactions and fractures were mapped around the Medolla
20 and 29 May mainshocks. As in the SE area, here the exYillage. _ o _
truded sands were mainly grey medium-to-fine sand and in 'N the SW area, linear features indicate two preferential
minor amount hazel sand. The density of effects in this aredrénds: N-S and N100-N125 (Fig. 5b).
were quite low; however, there were a peculiar high density

www.nat-hazards-earth-syst-sci.net/13/935/2013/ Nat. Hazards Earth Syst. Sci., 13, 93564 2013
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2.3 The NE area veys revealed a low density of coseismic effects with mainly
sparse and scattered evidences. In over a total of 116 mapped
This is another area with important concentration of geo-effects, 38 % were liquefactions, 59 % fracture/liquefactions,
logical coseismic effects produced by the 20 May main-and only 3 % fractures (Fig. 4). The extruded sediment, both
shock (Fig. 4). In particular, in over a total of 636 observa- by vents or fractures, was consistently made by grey fine sand
tions, 27 % were liquefactions, 70 % fracture/liquefactions, all over the area. The amount of out-flown sand in individual
and 3% fractures. All the identified liquefactions and frac- sand blows rarely draped a ground floor exceeding 4 ama
tures/liquefactions involved grey coarse-to-fine sands, nothe vents did not build sand volcano bodies taller than 30—
showing any significant difference as for their lithological 35cm. Concerning the coseismic fractures, the ground fail-
characteristics and content at a glance. The geological feadre consisted in open cracks with lateral separation of maxi-
tures in the area appeared organised into two main WNW-mum 30 cm, with no vertical sizable offset. In only one case a
ESE trending sets: a northern set comprised between the vikink-hole, 50 cm wide and 50 cm deep, in coincidence of lig-
lages of Bondeno and San Martino Spino, and a southern setefaction outlet, was observed, presenting evidence of soil
between Mirabello and Gavello (Figs. 4 and 5c). chips ejected over the sand volcano body up to a distance of
The northern set comprised a high concentration of obserd.5 m (Fig. 5d).
vations, west of the Bondeno and south of the Burana vil- Most of the surface effects were localised close to the
lages, mainly consisting in fractures/liquefactions and rareMoglia and Quistello villages. The latter presented the
liquefactions. Fractures with sand extrusion were up to 20 margest amount of fractures accompanied by liquefactions,
long, up to 10 cm wide, and thickness of the sand was upwhich appeared to be organised in a system of metres-long
to 30 cm. Although they were sub-clustered in few tens-of-segments striking from NO60 to N120 that describe a WSW-
metres wide and some hundred-of-metres long strands, thedeNE oriented,~ 400 m long alignment. By tracking single
features form a zone up to 1.5 km wide and about 4 km longliquefaction outflows and subordinate fractures with lique-
The zone mainly crosses agricultural fields and only onefactions apparently controlled by anthropic structures (i.e.
building was deeply affected by open cracks just south ofwater wells, building foundations, sewage systems, etc.), this
Burana. alignment appeared to extend 600 m further west into the ur-
The southern set of effects comprises all the definedban area. Inside the Moglia village, 20 sand blows of grey
typologies although fracture/liquefaction features prevailedfine sand, whose outlets appeared facilitated by the presence
with lengths up to 50 m. Fractures/liquefactions and fracturesof buried anthropic structures, described an E-W strip of
were seen in a narrow (about 500 m wide) zone, just west of~ 300 m. Another relevant coseismic effect occurred 2.0 km
Mirabello, for a length of about 2km. They were generally west of the Moglia village, where an E-W striking, 50 m
N110 to N140 trending, and about 100 m long (the longest inlong, 30 cm open fracture was accompanied by alignment of
the area) (Fig. 5¢). Fractures/liquefaction occurred also a fewiquefaction outlets and sand draping-e600 n?.
km north of Casumaro. Here, these were up to 100 m long, In the remaining area, single fracture/liquefaction and lig-
with a prevailing N130—-N150 trend, and were comprised inuefaction features were detected at places with the standard
a 500 m wide zone. Fracture/liquefactions were particularlyexpression observed elsewhere, with small size and no clear
concentrated in the area of Scortichino where they formedndication of structural arrangement.
an up to 1 km wide zone, but comprising two clusters: one The main trend of the features in this area was about NO70
just E-SE of Scortichino, and another located few kilome- (Fig. 5d).
tres to the NW. The first cluster was characterised by N0O50
and NO090 trends and rare N140—N160 oriented features; the
second cluster had rather sparse directions and a maximu® Discussion
length of about 30 m. The presence of liquefaction-related
features decreased rapidly to the W and NW of the areaExtensive liquefaction was observed following the two main-
where a few liquefactions and fractures/liquefactions wereshocks of the 2012 Emilia seismic sequence in an area of
observed just E and SE of Gavello and S of San Martinomore than 1200 kfwithin the alluvial Po Plain. Liquefac-
Spino. tion is a typical secondary coseismic effect that often affects
The main trend of the features in the NE area ranged bealluvial and coastal plains, as recently occurred in both the
tween NO60 and N140, with a maximum concentration in the2010 and 2011 Darfield/Christchurch earthquakes in New

E-W direction (Fig. 5c). Zealand, and the 2011 Tohoku earthquake in Japan.
Figure 4 clearly shows that the sites of liquefaction pro-
2.4 The NW area duced by the 2012 Emilia earthquakes are localised in

both clusters and alignments. This is an indication that, al-
The survey of this area started in detail following the 29 May though the morphology of the activated area appears ho-
mainshock (Fig. 4) because only limited effects were re-mogenously flat with very small differences in elevation and
ported after the 20 May seismic event. Field and aerial sur-quite monotonous from a geologic point of view, there should
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Fig. 7. (a)Comparison between the geomorphic characteristics of the area (Castiglioni et al., 1999) and the location of the observed geological
effects.(b), (c) and(d) Details of the SE, SW and NE areas, respectively.

be a local characteristic that increases the susceptibility oEomposed by silt and clay not hosting aquifers. This is a
sediments to liquefaction. further suggestion that liquefaction occurred in the saturated
A first comparison between the geomorphic characteristicsandy layers of the upper 5-6 m that likely characterise
of the area (Castiglioni et al., 1999) and the location of lique-paleo-riverbeds, outflow channels, fans, and levees. The
faction and fracturing sites shows a good correlation of lique-vertical and lateral heteropic changes in the stratigraphy,
faction with the location of the paleo-river channels, outflow as those occurring in alluvial plains, strongly control the
channels, and fans of the Secchia, Panaro and Reno rivetecation of liquefaction as was already observed during
and with the levees of the Cavo Napoleonico channel (artifi-the 1811-1812, New Madrid (central USA), earthquake
cial channel, connecting the Reno and Po rivers, initiated insequence (Tuttle, 2001). There, liquefaction sites appear
1807). Due to their origin, most of these features are slightlyaligned along the river bar deposits that may have contacts
higher (1-2 m) in elevation with respect to the basal level ofand stratigraphy that favoured the escape of slurries of sand
the plain. Further support of this correlation is that the pre-and water toward the surface.
vailing liquefaction alignments and fracture systems (with or  Further understanding of the significance of the coseis-
without liquefactions) follow the main direction of the paleo- mic geologic data can be derived from a comparison with
riverbeds (Fig. 7). the ground deformation field measured by INSAR (Pezzo
Stratigraphy of the upper 10-20m of cores et al., 2013; Bignami et al., 2012; Salvi et al., 2012). The
existing in the area (available at the Emilia co-seismic SAR interferograms available for the Emilia se-
Romagna Website, http://ambiente.regione. quence are shown in Fig. 8. The Radarsat interferogram
emilia-romagna.it/geologia/cartografia/webgis-banchedati/ (Fig. 8a) represents the cumulative deformation relative to
sezioni-geologiche-prove-geognostiche-piahungghlights  the largest shocks and shows a large scale fringe pattern char-
that, in proximity of the paleo-riverbeds, the upper 5-7 m acterised by an average E-W trend of the deformation, with
contain several layers of fine sand that commonly hosttwo well-defined uplift lobes (with slightly different orienta-
surficial aquifers (Marcaccio and Martinelli, 2012) and tions) parallel to the activated faults. The COSMO-SkyMed
below them there are only finer sediments. Converselyjnterferogram in Fig. 8b covers only the easternmost part of
far from paleo-riverbeds, the upper stratigraphy is mainlythe displacement field of the 20 May mainshock and shows a
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Finale Emilia
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Fig. 8. Inteferograms showing the coseismic deformation field and the local coseismic effects observed at surface. The site effects are
marked with diamonds whose major axis parallels the feature strike, and with squares if no strike data are dapiRddarsat interfero-

gram processed by the T.R.E. company (modified franw.treuropa.com It represents the cumulative deformation relative to the largest
mainshocks (time window: 12 May-5 June). The inset shows the data from continuous GPS station located at Finale Emilia indicating a clear
coseismic height variation of about 6.5 cm on 20 May (Baldi et al., 2QB9COSMO SkyMed image showing the easternmost deformation

field of the 20 May mainshock (red star). White arrow points to the abrupt deviations of the fringes(s)rilk®&SMO SkyMed image of the

full deformation field of the 29 May mainshock (red star). Diamonds and squares symbols locate the effects observed following the 29 May
event (newly formed and/or reactivation of 20 May featuréd) enlargement of the southwest portion of interferogrartcjnAll COSMO
interferograms were processed by the Sigris Project (Pezzo et al., 2013).

concentric fringe pattern with a maximum upliftef15cm,  cal structures (e.g., Burrato et al., 2012) through repeated
occurring about 7 km east of Finale Emilia (upper left side of earthquakes similar to the 2012 one. The accumulation of
the image). Another COSMO interferogram (Fig. 8c) showsrepeated deformation tends to produce the diversion of the
the whole deformation field relative to the 29 May event. For stream beds from the elevated areas (where repeated max-
this event, the maximum ground uplift was 12 cm, locatedimum coseismic uplift occurred) toward the lowlands. The
close to the Mirandola village. high resolution of the COSMO SkyMed images allows draw-
An initial interesting observation is that most of the data ing additional inferences on the spatial distribution of the
collected at the surface (white diamonds and squares itocal geological effects at surface. In particular, the align-
Fig. 8a) are enclosed within the area of significant defor-ments of severe liquefactions and fractures coincide with
mation measured by INSAR and coincide also to the area ofmall scale and well-defined areas of SAR signal decorre-
aftershocks concentration (Fig. 9). The observed ground fealation. Near the decorrelated areas, sharp deviations of the
tures were mainly clustered at the borders of the deformedringe strike from the large scale trend occur, with amplitudes
area, while a very few number of effects occurred in thevarying from hundreds up to thousands of metres (Fig. 8b).
area of maximum uplift (Fig. 8a) because, there, no paleo-The locations of such peculiar fringe patterns often coincide
riverbeds exist (Fig. 7). This lack of stream beds is the re-with the mapped paleo-riverbeds (Fig. 7) as between the vil-
sult of the long-term growth of the local buried geologi- lages of Mirabello and Sant’Agostino, where there is also a
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location and size contain relevant uncertainties, and mainly

T
[ ] 11°0'0" { geological observation with strike

Mantova & geological observation without strike from areas with complex geomorphology (e.g. narrow and
@ macroseismicintensity point > 6 small intramountain valleys in the Apennines). Empirical re-
B & A K oo o5 3680 3155 <0 | lations, both global (Obermeier, 1996) and regional (Galli,
i ) ‘g SR 2000), show that the occurrence of liquefaction depends on
the earthquake magnitude and on the distance from the epi-
Ferrara centre, suggesting a maximum distance of 30-40 km for the
" occurrence of liquefaction in cases of\A~ 6 earthquake.
The furthest observed liquefaction from the 2012 epicentres
= is located at about 30 km (only one site at 40 km), for the 20
° and 29 May earthquakes. However, it is interesting to note
'S U S 7 ' k] that the distribution area of liquefaction mimics the E-W

: elongated area of the aftershocks and that of surface defor-
Fig. 9.Map of intensity> 6 EMS of the 2012 Emilia sequence (blue mat'on depicted ,by t'he'InS.AR. Th's S“pPO”S _the .Ot_)serva'
circles, modified from Tertulliani et al., 2012), compared with the tion that the spatial distribution of liquefactions is within the
epicentres (yellow circles) and with the liquefaction pattern (green€Xpected distances with respect to the mainshocks but dis-
diamonds and squares). plays a pattern related to the earthquake source geometry
(e.g. Tuttle, 2001). In this case, the E-W liquefaction dis-
tribution elongated pattern is probably more prominent be-
prominent NE-SW alignment of surface coseismic featurescause of the combined occurrence of the two events aligned
(SE area, see Sect. 2.1; Fig. 8b). This alignment comparei an E-W direction. However, considering that the manifes-
very well to an area of SAR signal decorrelation, whose ori-tation of liquefaction is related to the largest ground acceler-
gin is likely due to co-seismic modifications of the surface ations that, at their turn, depend on the source geometry and
scattering properties caused by the expulsion of ground waen rupture kinematics, the elongated distribution of geologi-
ters as already observed by Atzori et al. (2012) for the 2011cal effects may provide insights into the understanding of the
Christchurch earthquake in New Zealand. Along and close tesource geometry and of the damage area. It is interesting to
the eastern section of this alignment, complex ground defornote that, by plotting the damage distribution from Tertulliani
mations occur, indicated by sharp bending (up t®) @@ the et al. (2012), the highest intensities distribution-® EMS)
local fringe trends (white arrow in Fig. 8b). These latter fea- coincides with the liquefaction area (Fig. 9), confirming that,
tures indicate areas of differential subsidence characterisedimilarly to damage, the liquefaction distribution (although is
by cross dimensions (up to 3 km) significantly larger than thea secondary geological coseismic effect) has a direct relation
alignment of the liquefaction effects. Such phenomena ardo the earthquake source characteristics, at least for similar-
possibly related to differential compaction or fluid migration sized earthquakes.
due to the presence of significant lateral heterogeneities in All this highlights the potential for the use of paleo-
the sedimentary bodies forming the ancient riverbeds. Thdiquefactions observations to investigate the related earth-
close-up in Fig. 8c shows the area of the Cavezzo villagequake source and the possibility of a reconsideration of his-
(SW area, see Sect. 2.2), another site where the coincidenderical and paleo-liquefaction distributions to better under-
between liquefaction features, decorrelation in the SAR sig-stand the characteristics of the earthquake source (e.g., De
nal and fringe pattern “disturbances” were identified. Martini et al., 2012; Tuttle, 2001; Tuttle et al., 2002).
Another aspect to be discussed on the basis of the col-
lected liquefaction data is about their distribution with re-
spect to the location of the causative earthquake, which ist Conclusions
relevant for the definition of the liquefaction hazard. The
Emilia earthquake sequence affected an open and wide alFhe 2012 Emilia seismic sequence hit a wide area of the
luvial valley with a quite homogeneous geomorphic setting.southern Po Plain. Because of its high susceptibility to lique-
The survey of the liquefaction sites can be considered comfaction of the alluvial plain, this seismic sequence produced
plete as it was systematically performed with different ap-the most prominent extensive liquefaction phenomena of the
proaches and was verified with the findings of other groupdast century in Italy (Figs. 3, 4 and 5). The Emergeo Work-
of surveyors (among them, ISPRA, 2012; Uni Insubria, 2012;ing Group performed a systematic survey of the earthquake
Regione Emilia-Romagna, 2012); also, the location, size angequence area through field, aerial and interview approaches.
source characteristics of the causative earthquakes are knowktotal of 1362 observation points were collected, stored in a
(e.g. Bignami et al., 2012). The Emilia 2012 liquefaction geographical information system, and made partially avail-
dataset is thus an exceptional case study, especially if comable at the addreshttp://www.esriitalia.ittemergeo/The
pared to the handful of related observations from contem-observations were grouped into three categories: (i) lig-
porary reports on the past 1000 yr, of earthquakes whose uefaction; (ii) fracture/liquefaction; and (iii) fracture. The
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