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key points:

- main point #1: a trench excavation in the epicentral area of the 2012 Emilia earthquake
document paleoliquefactions;

- main point #2: paleoevent timing is constrained based on paleohydrographic analysis, trench log
and C14 ages;

- main point #3: the causative event (Ferrara 1570) is inferred by comparing the macroseismic

field.

Abstract

In May 2012, two earthquakes (M,, 6.1 and 5.9) affected the Po Plain, Italy. The strongest shock
produced extensive secondary effects associated with liquefaction phenomena. Few weeks after the
earthquakes, an exploratory trench was excavated across a levee of the palaco-Reno reach, where a
system of aligned ground ruptures were observed. The investigated site well preserves the geomorphic
expression of a fluvial body that mainly formed in the 15™-16™ centuries as historical sources and
radiometric data testify. In the trench several features pinpointed the occurrence of past liquefaction
events: 1) dikes filled with overpressured injected sand and associated with vertical displacements have
no correspondence with the fractures mapped at the surface; ii) thick dikes are buried by the ploughed
level or even by fluvial deposits; iii) although some of the 2012 ground fractures characterised by
vertical displacement and opening occurred in correspondence of thick dikes observed in the trench,

sand and water ejection did not occur; iv) some seismites (load casts) were observed in the trench well



above the 2012 water level. The results strongly suggest that shaking has locally occurred in the past
producing a sufficient ground motion capable of triggering liquefaction phenomena prior to, and likely
stronger than, the May 2012 earthquake. Historical seismicity documents three seismic events that
might have been able to generate liquefaction in the broader investigated area. Based on the analysis
of their macroseismic fields, the November 17", 1570 Ferrara earthquake is the most likely causative

event of the observed palaeoliquefactions.
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1. Introduction

In May 2012, two moderate-to-strong earthquakes, associated with a rich aftershock sequence,
affected the eastern sector of the Po Plain, Italy in correspondence of a buried portion of the Northern
Apennines (Figure 1a). This fold-and-thrust belt began forming during Late Oligocene due to the
collision of a European-provenance continental fragment and the Adria microplate (Dewey et al.,
1989; Robertson and Grasso, 1995; Mantovani et al., 1997; 2001). Since Miocene, the chain has been
strongly uplifted and at present it is largely outcropping along central-north Italy. In contrast, the
external accretionary wedge is completely buried and masked by the Po Plain deposits as far as the
Pliocene-Quaternary sedimentation rate was faster than the rates at which individual blind reverse
faults were generating topographic relief (e.g. Bartolini et al., 1996; Maesano and D'Ambrogi, 2015).
The complete burial of these contractional structures was also favoured by the continuous creation of
accommodation space due to the overwhelming subsidence of the Adria foreland forced by the double
convergence of the Apennines and the Southern Alps (Castellarin et al., 1992; Mariotti and Doglioni,
2000). Notwithstanding the 'invisible' character of the blind faults underneath the Po Plain (e.g.
Burrato et al., 2012), their persisting tectonic activity, though characterized by low rates (Vannoli et
al., 2015; DISS WG, 2015; Maesano et al., 2015), can be inferred from the GPS velocity field of
northern Italy showing more than 1 mm/a of N-S convergence (Devoti et al., 2011; Serpelloni et al.,
2015) as well as by seismicity, both historical (e.g. Guidoboni et al., 2007; Rovida et al., 2011) and
instrumental (Castello et al., 2006; Pondrelli et al., 2006; Mele et al., 2007; Massa et al., 2012),
affecting the broader area (Figure 1b).

In particular, as concern the 2012 events, focal mechanisms (Pondrelli et al., 2012; Cesca et al.,
2013), aftershocks distribution (Govoni et al., 2014), DInSAR analyses (Bignami et al., 2012; Salvi et
al., 2012), and numerical modelling (Tizzani et al., 2013) clearly document the reactivation of two
roughly E-W-trending, S-dipping, left-stepping, reverse blind faults. Both structures belong to the
central-western sector of the Ferrara Arc, which represents the frontal most expression of the Northern
Apennines accretionary wedge (Pieri and Groppi, 1981; Bigi et al., 1992). The arc as a whole is 120-
150 km-long (Figure 1) and consists of a complex thrust system composed of several interconnected
segments, commonly 10-30 km-long and characterized by different degrees of overstepping and
overlapping geometries (Pieri and Groppi, 1981; Bigi et al., 1992; Boccaletti et al., 2004), separated
by soft- to hard-boundary (Bonini et al., 2014). Faulting along the Ferrara Arc is typically blind. All
these tectonic structures are seismogenic and at least capable of producing moderate earthquakes; in
case of co-seismic linkage with nearby segment(s), the occurrence of strong events could be not ruled
out. Two of these segments are the causative faults of the 2012 seismic crisis (Pezzo et al., 2013;
Bonini et al., 2014; Govoni et al., 2014; Vannoli et al., 2015).

The Provinces of Ferrara, Modena and Bologna (Emilia Romagna Region), Mantova (Lombardy

region), and Rovigo (Veneto Region) were variably affected by the shacking. The first main shock



occurred on May 20 at 4:03 a.m. (local time), was the strongest one (M, = 5.9 according to INGV and
M,, = 6.1 according to USGS) and was followed by several aftershocks (up to My = 5.1).

The first main shock produced numerous secondary geological effects, like ground ruptures, sand
boils and volcanoes, differential settling, and lateral spreading, mainly associated with liquefaction
phenomena, which were diffused in the broader epicentral region, particularly along topographic rises
and palaco-channels (e.g. ISPRA, 2012; Emergeo WG, 2013; Figure 2). One cluster of coseismic
features affected the area between Sant'Agostino and Mirabello villages, in the south-western part of
the Ferrara Province (e.g. Papathanassiou et al., 2012). The May 29 event (M, = 5.9) also caused
secondary effects, though more limited in intensity and extent, but not in the San Carlo-Sant'Agostino
area (Pizzi and Scisciani, 2012; Ninfo et al., 2012, Emergeo, 2013; Rodriguez et al., 2015). Similar
phenomena also occurred in the past, associated with historical events (e.g. Galli, 2000;
Papathanassiou et al., 2005), including in the eastern Po Plain (Guidoboni et al., 2007).

Due to the widespread diffusion of the coseismic phenomena during the 2012 Emilia earthquake,
several papers are available on the topic largely documenting their surface expressions, like ground
ruptures, sand boils, volcanic bodies and linear vents (Caputo and Papathanassiou, 2012;
Papathanassiou et al., 2012; Di Manna et al., 2012; Pizzi and Scisciani, 2012; Emergeo W.G., 2013;
Chini et al., 2015). However, fractures (viz. 2D features) and dikes (i.e. 3D bodies; Montenat et al.,
2007) could be properly observed and analyzed only through dedicated investigations based on
trenching. The main aim of this investigation is to analyze fractures and dikes associated with the 2012
earthquake and possibly documenting the occurrence of palaco-liquefactions, associated with ancient
moderate-to-strong seismic events. To achieve this goal, we applied a typical palaeoseismological
approach by excavating an exploratory trench across several ground ruptures formed during the May
20 event.

A novelty of this research is certainly represented by the fact that palacoseismological trenches
are commonly dug across fault traces associated with, and caused by, linear morphogenic
earthquakes, that is to say events that generate a linear morphological feature like a free face (Caputo,
2005) and therefore there is a huge literature on the topic. In contrast, this methodological approach is
rarely purposedly applied for investigating secondary effects like seismites (Seilacher, 1969; Montenat
et al., 2007). Although several studies are known for the New Madrid 1811-1812 epicentral area
(Russ, 1979; Obermeier, 1989; 1996; Saucier, 1991; Wesnousky and Leffler, 1992; Crone et al., 1995;
Tuttle and Schweig, 1995; Tuttle, 2001), South Carolina coastal region (Obermeier et al., 1987
Amick et al., 1990; Amick and Gelinas, 1991), Wabash Valley, Central USA (Munson et al., 1992;
1994); California-Oregon marine terraces (Peterson et al., 1991), Canada (Adams, 1982; Tuttle, 1994),
NE India (Sukhija et al., 1999), Scotland (Ringrose, 1989), Turkey (Hempton and Dewey, 1983),
Venezuela (Audemard and de Santis, 1991) and Sweden (Morner, 2003), there are only few cases
from northern (Livio et al., 2009) and central Italy (De Martini et al., 2012). The present research

documents the occurrence of a historical earthquake on a blind thrust, therefore confirming the



potential of this investigation technique in similar geological and tectonic contexts.

2. Geological framework and Quaternary evolution

The broader alluvial plain of the Po River is fed by sediments drained from both the Apennines
and the Alps. The investigated site is located south of the main Po channel and is exclusively fed by
water and sediments of Apennines provenance. The outcropping and rapidly rising Northern
Apennines mountain chain is dominated by poorly lithified argillaceous melanges, turbiditic
successions and marine claystones. It thus generates a massif terrigenous input to the adjacent alluvial
plain. The large sediment availability and the fast foredeep subsidence allowed thick depositional
sequences to be rapidly accumulated, throughout Pliocene-Quaternary times (Bigi et al., 1982;
Bartolini et al., 1996). The very large accumulation rates were globally faster than the tectonically
driven creation of accommodation space and consequently the study area progressively evolved from
deep marine to continental conditions, during Pleistocene (Ghielmi et al., 2010; Maesano and
D'Ambrogi, 2015).

The fast subsidence has been regionally associated with the bending and roll-back of the
underthrusting Adria plate likely due to the tectonic load, induced by the progressively growing
accretionary wedge (e.g. Doglioni, 1993; Scrocca et al., 2007). The buried sector of the Northern
Apennines fold-and-thrust belt deforms and partially reactivates structures inherited from the
Mesozoic passive continental margin of Adria (e.g. Rogledi, 2010; Di Domenica et al., 2014; Bonini
et al., 2014; Carannante et al., 2015; Vannoli et al., 2015). The ongoing fault-propagation folding has
induced large lateral gradients of syndepositional subsidence, very fast in the synclines, comparatively
reduced on the anticline crests (e.g. Pieri and Groppi, 1981; Zoetemeijer et al., 1992; Ghielmi et al.,
2010).

The subsidence gradients largely shaped the three dimensional geometry of the depositional units
and significantly affected the fluvial drainage evolution (e.g. Burrato et al., 2003). The fast subsiding
areas attracted the fluvial channels and were often the site of large fresh water wetlands, marshes, and
shallow lakes; inland fluvial deltas fed by the Apennines rivers frequently prograded into these
shallow lakes, also during recent historic times (Bondesan, 1989). In these areas, the sediments
accumulated during the Last Glacial Maximum (LGM) are deeply buried, at depth even exceeding 35-
40 m (Stefani and Vincenzi, 2005; Molinari et al., 2007; Cibin and Segadelli, 2009). The hinge areas
of the anticlines were instead generally repulsive for the fluvial channel and prone to reworking the
older deposits. In these sectors of the plain, condensed sedimentary successions have hence locally
developed. Also during the May 2012 events fault-propagation folding occurred causing the bending
of the topographic surface and the consequent uplift of the broader epicentral area (Bignami et al.,
2012; Salvi et al., 2012; Caputo et al., 2015).

The sedimentary unit affected by the liquefaction processes here investigated was deposited into a

palaeco-channel of the Reno River (Figure 2), which is the largest river outsourced by the Northern



Apennines, characterized by a mountain catchment basin area of about 2500 km* and dominated by
highly erodible lithologies. Before the large impact of engineering works, the Reno River system
recorded a high degree of instability (see Section 2.2). In the research area, the river sedimentary load
is dominated by fine grained sand, silt and mud content, coarser grained fraction being trapped
upstream (Martelli et al., 2009). Indeed, the very low topographic gradients made the sediment
transportation difficult and therefore the river channel experienced fast sedimentation and depositional
aggradation. The elevated nature of the channels, together with the ongoing tectonic deformation of
the area, made river avulsion episodes common (e.g. Castiglioni et al., 1999). The Reno River
therefore formed a wide and complex splay of palacochannels, diverging from a stable outflowing
point, few kilometres west of Bologna (Martelli et al., 2009) corresponding to the exit site of its valley

entrenched in the Apennines hills (Figure 2).

2.1. Shallow subsurface statigraphy of the investigated area

As a consequence of the above described recent evolution of the Reno River and as it is well
documented by subsurface investigations (ISPRA, 2009), the uppermost Quaternary stratigraphy of
the study area consists of three main units (Calabrese et al., 2012): i) Upper Pleistocene alluvial plain
unit (PAPU), ii) Holocene wetlands unit (HWU), and iii) upper Holocene fluvial channels unit (FCU).

The lower unit (PAPU) mainly consists of alluvial plain silt, laterally grading into sand and gravel
bodies, deposited into braided river channels. Towards the frontal anticline of the Casaglia thrust, few
kilometres to the north of the study site (Figure 1), this stratigraphic unit grades into large volumes of
Po River sands. These sediments commonly show well developed soil horizons, rich in carbonate
nodules. The unit was produced by the accumulation of Apennines derived materials, under middle
alluvial plain conditions, mainly during the last syn-glacial phase (latest Pleistocene). The unit never
outcrops in the Ferrara Province, and in the study area it is generally buried at the depth of 15-20 m
(Molinari et al., 2007; Cibin and Segadelli, 2009).

The intermediate unit (HWU) is dominated by argillaceous muds, often rich in continental organic
matter, grading into fresh water peats. Overbank sand beds are locally developed. The muds
accumulated into interfluvial depression wetlands, during part of the Holocene. The unit top is
strongly heterochronus and was associated with the development of fluvial channel bodies. In the
study area, the unit is 5-to-8 m thick and it is buried at a depth of 7-13 m (Cibin and Segadelli, 2009;
Calabrese et al., 2012).

The upper unit (FCU) is formed by sands accumulated by a Reno River channel(s) during
historical times. The unit is 7-12 m-thick and it is capped by the present-day topographic surface.
Historical information and radiometric dating (see Sections 2.2 and 4.2) suggest that the deposits
exposed in the trench and forming the bulk of the levee body at the investigation site was accumulated
mainly between the late 15™ and the early 16" century, followed by a rapid fading of the aggradation

and a complete halt of the depositional evolution at the beginning of the 18" century. The present



research is focused on this unit (FCU), that was associated with diffuse, spectacular, and locally severe
secondary seismic effects (Caputo and Papathanassiou, 2012; Papathanassiou et al., 2012; Di Manna
et al., 2012; Emergeo W.G., 2013), like sand ejection, soil deformation and lateral spreading
phenomena (Papathanassiou et al., 2015; Caputo et al., 2015).

2.2. Historical evolution of the Reno River

The stratigraphy above described suggests that no river channel flowed across the investigated site
between the latest Pleistocene (LGM) and the late 14™ century A.D. Through most of the Holocene,
the area was dominated by interfluvial plain and marsh environments (HWU). During the Roman
period, the Reno was flowing at the east of the study area (a in Figure 2), along a channel partly
maintained by continuous hydraulic works (Bondesan, 2001; Stefani, 2006; Di Cocco 2009). With the
demise of the Roman Empire, the interruption of the anthropogenic management and the climate shift
toward moister and cooler conditions (e.g. Enzel et al., 2003) caused an important reorganization of
the drainage network.

During early medieval times, the Reno River started to flood large areas (Cremaschi and Gaspari,
1989; Rinaldi, 2005), at the west of its former Roman Time channel, while from the 6™ to the 14™
century several generations of inland deltas prograded northward, forming a large, diachronous splay
of fluvial channel bodies (b in Figure 2; Cremonini, 1991; Bondesan, 2001). In 1451, a major crevasse
episode, well documented by historic sources (Frizzi, 1848), occurred just upstream of Cento (Rotta
della Bisana) and generated a new Reno channel (¢ in Figure 2). The river flooding produced an
elongated lake, some metres deep, reaching areas near the town of Ferrara (Vigarano Mainarda; Figure
2). Subsequently, the Reno rapidly developed a new channel body, fast advancing into the elongated
lake (Bondesan, 2001); with the extraordinary average progradation speed of about 500 m per single
autumn-winter interval, with an average sediment thickness of 7-10 m. The new channel was about
150-200 m wide and was flanked by its levees elevated above the surrounding plain (d to e in Figure
2).

The Reno channel probably reached the trench area during the years 1475-1480, definitely ending
there the deposition of the HWU marsh unit and rapidly accumulating most of the FCU channel sands.
The fluvial body then rapidly prograded toward the Vigarano Mainarda area, which was reached at
about the year 1510 (Castaldini, 1989; Bondesan, 2001). In the year 1507, the consecration of the
Sant'Agostino parish church on the river levee, 1500 m to the south-southwest of the investigated site,
documents that the area, was already under subaerial stable conditions.

During the 1522-1527 time interval, an artificial canal was dug (f in Figure 2), to force the Reno
water to reach the Adriatic Sea, via the southern distributary channels of the Po Delta (g in Figure 2;
Bondesan et al., 1995). In the same period, at the investigated site, sediment accumulation on top of
the Reno’s levee (Figure 3) was so negligible and flooding events so relatively rare to make the tracing

of a river-side road (along d, e and f levees, Figure 2), connecting Ferrara to Cento possible.



After an initial success, the artificial inflowing of the Reno into the Po River was soon to
encounter growing hydraulic problems, induced by the very low topographic gradient, preventing the
fluvial transport of the Reno massive sediment load into the sea. During the year 1604, a large
crevasse flooded a widespread area at the southwest of Ferrara and at the east of the study area (h in
Figure 2). A new generation of inland Reno delta prograded for about 15 km into this fresh-water area
over one century (i in Figure 2). The channel lengthening and aggradation made the water flux
sluggish, forcing the upstream shifting of the crevassing points toward the study site and beyond, with
paroxistic flooding at Sant'Agostino, in the period 1731-1735. The Reno water flow in San Carlo was
therefore severely reduced, during the 18" century, and the remaining channel depression was infilled,
producing the uppermost finer grained portion of the study succession (see Section 3.2). Further
crevasses episodes interrupted the river flow at the investigated site during the fall-winter of the years
1764-65 (Fiocca, 2003). In the year 1795, the Reno River was eventually forced with massif hydraulic
works to reach the sea through the southernmost abandoned distributary channel of the Po (I in Figure
2; Franceschini, 1983; Castaldini and Raimondi, 1985; Cazzola et al., 1995). Since then, the
investigated site remained practically unaltered, with the only exception of some (very) shallow

ploughing.



3. Palaeoseismological trench

3.1. Trench location selection

In order to directly observe the geometry and distribution at depth of the features induced by the
liquefaction phenomena associated with the 2012 earthquakes and to seek possible traces of similar
older events, we excavated a trench across the right levee of the palaco-Reno reach. The trench is
located (44°47'57"N, 11°24'05"E) between the cemetery of Sant'Agostino and the village of San Carlo
(Figure 3). The investigated site well preserves the geomorphic expression of the sedimentary bodies
deposited by the Reno reach during the 15™-16" centuries (see Section 2.2). The local altitude of the
levee, at ca. 18 m a.s.l., is still 4-5 m higher than the surrounding alluvial plain (Figure 3).

The whole relict topographic relief was affected by many ground ruptures, parallel to the channel
body elongation (Figures 3 and 4). Immediate post-event surveys document that the ground ruptures at
the trench site were several metres long, generally showing a linear geometry in plan view, with a
local overlapping and overstepping pattern (Fig. 3¢ in Caputo and Papathanassiou, 2012; Fig. 2e in
Pizzi and Scisciani, 2012; Fig. 2 in Caputo et al., 2012). The prevailing kinematics is characterized by
opening (up to 30-35 cm), locally associated with vertical displacement (up to 25-30 cm). At places,
ground ruptures characterized by an antithetic kinematics generated small-scale (1-12 m-wide) graben
structures. Where visible, the observed fracture depth of the gaping fractures was at least 3 m.

All over the grazing area on top of the abandoned levee (Figure 4a) and particularly within the
trench perimeter (yellow dashed line), no sand ejection was observed with the exception of few spots
however characterized by limited amounts of outpoured material (Figure 4a). This is testified by direct
observations of the authors few hours/days from the event as well as by an aerial survey carried out all
over the affected area (see Fig. 2b in Bertolini and Fioroni, 2012). This is in striking contrast with the
huge amount of ejected sand and water that occurred at only 100-200 m from the trench site as shown
in Figures 4c-f, and especially further northeast within the urban area of San Carlo (Figure 3; e.g.
Caputo and Papathanassiou, 2012; ISPRA, 2012; Bertolini and Fioroni, 2012; Papathanassiou et al.,
2012; Emergeo WG, 2013), where the geological, morphological, hydrogeological and stratigraphic
settings were quite similar to those at the trench site. This peculiarity and difference, as well as the
lack of any building or other major anthropogenic structures in the surroundings, which could produce
differential stresses in the subsoil hence influencing the liquefaction process, were the main reasons
for the trench site selection. Contrary to other sectors of the levee body, heavily modified by man
during the two past centuries, the selected excavation site shows a perfectly preserved depositional
morphology lacking any infrastructure that could have altered the subsoil; the only exception being
represented by the first half metre of ploughed agricultural soil and a shallow water pipeline buried 30
m south of the trench (Caputo and Papathanassiou, 2012), which is however of no concern for the

present discussion.



Prior to trenching, a 115 m-long electrical resistivity tomography (ERT; Figure 4a) was acquired,
using 1 m-spaced electrodes. The geophysical investigation documented the occurrence of mobilized
(viz. liquefied) sediments grossly between 5 and 10 m-depth (Abu Zeid et al., 2012). This geophysical

information contributed to further constraining the trench location.

3.2. Sedimentary trench log

The trench was excavated in two stages, during June-July and September 2012. We initially dug a
55 m-long and 3-to-5 m-wide trench (inset map of Figure 5). For both practical and safety reasons, the
excavation formed two steps, where only the central one (2 m-wide) reached a depth of ca. 5.5 m from
the field surface (Figure 5). The trench was oriented ESE-WNW, i.e. crossing the right levee of the
palaeo-Reno River from the morphological top (ESE) towards the abandoned channel depression
(WNW; see Section 2.2). The very preliminary results of the first excavation phase have been
presented in Caputo et al. (2012).

In a second phase (September), we widened the eastern sector (from m 35 to m 50; inset in Figure
5) up to 10 m in width and then excavated a third step, down to a final trench depth of 7.5 m from the
topographic surface. Since the third step was below the piezometric water level, we drilled a 6 m-deep
borehole starting from the second step (-5.5 m; Figure 5a). The drilling was mainly devoted to create a
depression cone by pumping out the water during the excavation and especially the trench logging.
However, the borehole was also crucial to extend the observations on the local stratigraphy down to a
total depth of ca. 11 m from the surface (Figure 5a).

The trench investigation provided a good insight on both the fluvial body sedimentary features
and deformation structures. The palacoseismological excavation exposed the channel-levee sand unit
(FCU), while the deepest part of the borehole reached the uppermost portion of the underlying clay-
rich wetland unit (HWU). Following a detailed logging of the trench walls, two major
sedimentological bodies could be recognized.

The majority of the trench section is formed by proximal levee sand and sandy silt intercalations,
characterized by direct gradation and tractive lamination structures. The lower portion of the unit
witnesses an older channel that was flowing at the south-east of the trench (deposit "6" in Figure 5).
This channel was likely formed during the early progradation stages of the late 15" century Reno
inland delta (see Section 2.2). Most of the levee body consists of younger deposits, coeval with the
western channel structure still visible today. In the central-eastern sector of the trench, the depositional
beds of this younger levee body are sub-horizontal and the tractive sedimentary structures record
eastward overbank flux directions (deposits "4" and "5"). Towards the west, the depositional beds dip
westwards into the channel sands (up to 15°-20°; deposit "3"), and the contact zone is disturbed by
liquefaction, load casts and compaction structures.

The second sedimentological body outcrops in the western sector of the trench and represents the

main channel infilling body (deposit "2" in Figure 5). It mainly consists of medium sand, with a
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maximum grain diameter of ca. 1 mm, but it also contains rounded armored mud balls, flat sharp-
edged clay intraclasts, wood fragments, fresh water pelecypods and pulmonatae gastropods bioclasts,
and brick clasts, sometime of large dimensions. At progressive 77 m (Figure 5a), we found an entire
brick, whose dimensions (285x140x50 mm), proportions and technological features are typical of the
late Medieval and Renaissance architecture of the Bologna area (Gabrielli, 1999), though brick
structures became diffuse along the investigated river channel only during the 14™ and 15" century,
being the older buildings mainly wood in structure and more sparse in distribution. The finding of an
almost intact brick within the coarse grained sands recording the rapid late infilling phase of this reach
of the Reno River (first half of the 18" century) suggests a flooding event that involved buildings not
far upstream of the trench site, for example from the Sant'Agostino area (Figure 2).

This sedimentary unit shows well developed festoon cross stratification and locally contains large
fragments of levee silt deposits (up to 2 m-wide), 'interbedded' within the channel sands. This
anomalous setting and lithological mixing are likely associated with sliding phenomena from the river
bank. The lower portion of the channel infilling body shows interfingering with the depositional beds
of the levee (deposits "3" and "4"). The uppermost fine grained and silty sand was likely deposited
during the latest stages of the Reno channel evolution, during the 18" century, before the anthopogenic

diversion carried out in 1795, few kilometers upstream, at Sant’ Agostino (see Section 2.2).

3.3. Deformation features

As above mentioned, the May 20, 2012 main shock triggered diffuse secondary effects, like sand
ejection, lateral spreading, ground deformation, differential subsidence, etc., particularly concentrated
in the area between Sant'Agostino and Mirabello (Figure 3). These subsoil phenomena were
responsible for most of the superficially observed ground ruptures, including those mapped at the
trench site (Papathanassiou et al., 2012; 2015; ISPRA, 2012; Bertolini and Fioroni, 2012; Emergeo
WG, 2013; Caputo and Papathanassiou, 2012; Caputo et al., 2015; Figures 4 and 5). The trench
excavation provided a three-dimensional view of some of these co-seismic features, confirming the
typical geometrical complexities of fracture systems that develop within a mainly extensional stress
field, at their early development stage. For example, fractures had rarely a planar shape, commonly
showing a variability both in strike and dip angles. The observed kinematics was also similarly
complex and laterally variable. Although a shear component was quite common, either strike- and/or
dip-slip, most fractures were associated with some amount of opening.

As expected, all ground ruptures intersected by the excavation (Figure 4a) were also observed in
the trench walls as fractures (labeled F# in Figure 5). Some of them could be followed down to the
base of the excavation, though their trace in the trench's walls tapers downwards, or even disappears,
and the displacement (either opening or shear) shows sharp lateral variations. The general setting of
the fractures was at high angle, up to subvertical. Fractures F1, F3 and F4 were associated with an

almost pure opening, with maximum displacement of a few millimetres.
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Fracture F2 was characterized by a normal dip-slip kinematics (western block down) with 20 cm
of throw and 5 cm of heave (Figure 5a,b). Both pre-trenching field observation and trench log of this
fracture document the rapid lateral variations of the amount of shearing, which completely disappeared
southwards (compare the topographic displacement in Figures 5a and 5c).

The detailed trench logging allowed the recognition of a number of dikes (labeled D# in Figure 5)
crossing the diverse stratigraphic bodies. They were almost perpendicular to the trench walls and
dipping at high-angle (70°-90°), both west- and eastward. Although geometrically complex, dikes
usually present sharp borders in section view, and vary in thickness from less than a millimetre up to
10-12 cm (for example, Figures 6, 7 and 8). In some cases, a small portion of their thickness is likely
associated with lateral 'excavation' of the fracture walls, more than with a purely kinematic process
(i.e. opening). This is suggested by the local mismatch among the fracture walls, since any significant
strike-slip component (i.e. out-of-plane relative movement in section view) can be disregarded from
field observations. This erosional process possibly occurred during high-pressure injection phases of
the water-sand mixture.

Several textural features document the nature of the dike infillings as due to mixed sand and water
injected from below (deeper levels) and not to the gravitation infilling from above. Indeed, injection
locally occurred by high velocity flows (Figure 9). The occurrence of such high energy flows is further
confirmed by the presence of muddy 'intraclasts' in the dike sand, coming from lower sedimentary
units (Figure 10).

The presence of multiple bands and laminae, sometimes associated with marked changes in the
grain size of the sand (Figures 6, 9 and 10), clearly documents that dikes formed as a consequence of
multiple injection events; the subsequent injection events are not necessarily far between them in time,
that is to say they could have occurred within seconds or minutes. This could be correlated to several
overpressure pulses, typically generated in a shallow (semi)confined aquifer during the seismic
shaking of a major earthquake.

Only during the second excavation phase, it was possible to reach the source layer of the dikes
infilling, or at least its upper part. At the base of the trench (at 7.0-7.5 m from the surface), medium-to-
coarse sand was logged (Figure 11). The same material was also drilled down to a depth of 10.5 m
b.g.l., during the auxiliary borehole operations (Figure 5a). This sand body belongs to the lower
portion of the FCU (see Section 2.1). Systematic granulometry and composition analyses confirm that
both the grain-size distribution and mineralogy of this unit perfectly match those of the trench dikes,
while they markedly differ from those characterizing the deeper sands that belong to the upper
Pleistocene PAPU deposits (Fontana et al., 2015). Due to the stratigraphic setting and hydrogeological
framework, the source layer represents a semi-confined aquifer, which is characterized by a high
degree of liquefaction susceptibility, according to the summer 2012 piezometric level (Papathanassiou
et al., 2012). It is worth noting that the sedimentary interface separating the overlying levee body

(deposit "6" in Figure 5), and the underlying medium-to-coarse sands of the source layer (deposit "7"
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in Figure 5) is intensely deformed (Figure 11). This volume shows clear evidences of a high degree of
mobilization in a fluid state (i.e. during a liquefaction process), mixing-up the originally tabular (at
least at this scale) layers and generating a manifest convolution pattern.

Other deformational features are represented by 'load structures' affecting several 2-10 cm-thick
sandy layers of the levee body (circles in Figure 5; Caputo et al., 2012). The primary depositional
geometry of the sand layers was roughly tabular, at the mesoscale. The highly irregular interfaces
observed in the trench's walls are therefore likely the result from deformation event(s), taking place
while the sands were in a temporary viscous state. In this phase, the different density and rheological
behaviour of sands and clayey silts caused the incipient mixing phenomenon (Owen, 2003; Mantenat
et al., 2007). This observation further confirms that the investigated sedimentary units were involved

in a significant liquefaction process.
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4. Discussion

This Section focuses on the crucial issue of whether the complex deformation structures observed
in the trench were induced only by the 2012 seismic events or also previous earthquake(s). In order to
answer this question, we discuss all available chronological constraints, both structural and

stratigraphic ones.

4.1. Structural chronological constraints

Two major apparent anomalies concern the timing of dike formation. Firstly, in spite of the wide,
long and continuous ground ruptures affecting the top of the abandoned levee (Figure 4a), the huge
amounts of water-sand mixture outpoured in the surroundings (Figures 4c-f) and although fracture F2
was associated with a throw of 16 cm and a heave of about 5 cm (i.e. opening), only a very limited
amount of ejected material was recorded at the surface within the trench perimeter (yellow dashed line
in Figure 4a) following the May 20 main shock. It should be also noted that sand infilling of the
corresponding dike D3 was visible in the trench wall up to about 60 cm from the topographic surface
(Figures 5 and 7) and, as above mentioned, several textural features within the dikes suggest the
occurrence of overpressure pulses. Accordingly, it would be bizarre that an overpressured water-sand
mixture had the sufficient energy, firstly, to create a 10 cm-thick dike up to a very shallow level (ca.
60 cm from the surface) and, secondly, to generate a macroscopic lateral spreading movement (Figure
4a), but without outpouring at the surface a corresponding important amount of sand.

Secondly, dike D7 is 0.5-5 cm-thick and is associated with 15 cm of shear displacement (Figure
12), however, no ground ruptures have been observed at the surface following the 2012 earthquake,
nor fractures were affecting the trench walls (Figure 5a,b). It would be again unrealistic to assume that
such an important lateral spreading would have generated 15 cm of sliding affecting most of the
palaeo-levee body, say 6-8 m-thick, without involving the uppermost 60-80 cm of it (Figure 12).

The dikes D2, D3, D5 and D8 are also associated with evident shear displacements of the crossed
sedimentary layers (Figure 5c). These features form altogether a graben-like structure (Figure 13),
with the two major antithetic sliding surfaces joining at about 6 m depth. By summing up the
contribution of the single displacements, it is possible to estimate an overall horizontal lengthening of
the levee body of about 20 cm. At the topographic surface no such amount of heave has been however
observed (Figure 4a), only the dike D3 and possibly D5 can be correlated with some confidence to
fractures F2 and F5, respectively (Figures 5S¢ and 13).

Also other dikes observed in the trench seem uncorrelated to the 2012 fractures. For example,
dike D5 (Figure 8b) documents an opening of about 10 c¢cm along its entire length, but it abruptly
disappears at ca. 1 m below the surface. Dike D6 (1-5 cm-thick; Figure 8a) similarly disappears at
about 1 m-depth.

In conclusion, from the observation of dike D3 versus fracture F2 (Figure 7) it is clear that sliding
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(viz. lateral spreading) and diking are not coeval. In this case, it is obvious that D3 is older than the
2012 event. Similarly, dike D7, associated with macroscopic lateral spreading (15 cm of throw; Figure
12), could not have formed during the 2012 earthquake and must be older, since the topographic
surface was not affected. The graben structure too provides important chronological constraints.
Although some of the dikes, like D3, and possibly D5, have been used as weakness zones during the
20™ of May 2012 earthquake, for accommodating the shear displacement associated with the ground
rupture F2, and possibly F5 (Figures 4 and 5c), the kinematic misfit between the two types of
structures (2012 fractures and dikes) indicates that dikes are older than fractures. A further evidence of
an older formation of the dikes comes from the structures D5 and D6 (Figure 8) clearly sealed by the
uppermost layers of fluvial deposits and obviously by the ploughed layer. Based on the depositional
framework (Sections 2.1 and 3.2), these levee deposits sedimented during the late phases of the Reno
channel evolution in the 17" and 18" centuries.

A final and crucial proof that the liquefaction phenomena documented at the trench site are not
associated with the 2012 shaking is represented by the several 'load structures' affecting the levee
deposits and observed between 1.5 and 2.5 m-depth along the internal slope (circles in Figure 5).
However, in May 2012 the piezometric level was much lower (ca. 5-5.5 m-depth; Papathanassiou et
al., 2012) and hence these deposits were under dry conditions (Figure 14a). Therefore, no liquefaction
process and/or plastic behaviour could have occurred in these deposits. In contrast, up to the 18"
century, when this reach of the Reno River was still active, the higher piezometric level (Figure 14b)

guaranteed favourable conditions for similar load structures to form.

4.2. Stratigraphic chronological constraints

Important chronological constraints can be also obtained by analyzing the stratigraphic setting.
Calibrated '*C data (Table 1), together with historical written documentation, allow the definition of
an accurate chronological framework of the area stratigraphy. For example, in core 3 (Figure 14a) the
PAPU deposits have been dated 19.9 ka BP, and the middle-lower portion of the interfluvial clay unit
(HWU) at 4.9-5.1 ka BP (Cibin and Segadelli, 2009). Moreover, in two boreholes drilled few hundred
metres away from the trench site (cores 1 and 2; Figure 3), the top level of the same argillaceous unit
(HWU) and the base of the overlying fluvial sand body have been independently dated at 1450-1481
AD (Calabrese et al., 2012) and 1420-1530 AD (present work), respectively (Table 1; Figure 14). This
chronological constraint is confirmed by a second shallower sample from core 1 and a wood fragment
collected in the palacoseismological trench providing calibrated '*C ages of 1470-1516 and 1465-
1645, respectively (Table 1 and Figure 14). The brick fragment finding within the fluvial sands
(Figure 5a) also suggests a post-medieval origin of the fluvial sedimentary body. In summary, all these
ages clearly constrain the chronology of the FCU, which started forming only during the (mid-)late
15" century.

On the other hand, the detailed palacogeographic and historical reconstruction synthesized in
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Section 2.2 documents that the bulk of the fluvial body at the trench site accumulated between the
ending of the 15" century and the beginning of the 16" century with an impressive aggradation rate in
the order of 15-20 cm/a. In fact, since that period the Reno River levee north of Sant'Agostino became
a morphologically stable strip of land, where the permanent (viz. not seasonal) road connecting Cento
to Ferrara (reaches d, e and f in Figure 2) was established. This implies that further levee aggradation
was a negligeable process in the following centuries. Indeed, only the uppermost overbank deposits
observed in the trench, say 0.5-1 m-deep, were accumulated at this later stage and likely concentrated
during the paroxistic flooding years 1731-1735. These youngest deposits are also basically coeval with
the rapid infilling process of the channel (partly observed in the trench), which definitely dried up in
the fall-winter 1764-1765 (Fiocca, 2003).
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5. Conclusions

The structural analysis carried out at the trench demonstrates that the shaking caused by the 2012
earthquakes reactivated older coseismic secondary structures (viz. subvertical discontinuities) and that
likely none of the observed more or less thick dikes were formed during the May 20™ event. Only
minor contributions in few cases could be not excluded. Therefore, the causative event for most of the
observed seismically induced features must be older than that. The careful inspection of the dikes
visible in the trench walls (Figures 7, 8 and 12) also clearly shows that they do not affect the ploughed
soil and, more importantly, they are sealed by the uppermost sedimentary layer of the levee body. The
latter sediments cannot be younger than the mid-18" century when this reach of the Reno River
definitely dried up. On the other hand, the chronostratigraphic framework (Table 1 and Figure 14) of
the affected FCU deposits rule out the whole of the medieval earthquakes as triggering events of the
liquefaction phenomena, since the levee body mainly deposited in late 15™ and earlyl6™ centuries
times (see Sections 2.2 and 4). In summary, the time window for the possible causative event can
therefore be restricted at most to less than three centuries (16™-18"™) and we accordingly searched for it
in the historical catalogues of the broader region (e.g. Guidoboni et al., 2007; Locati et al., 2011).

Based on the ESI 2007 scale (Michetti et al., 2007) the San Carlo site was classified as VIII
(Papathanassiou et al., 2012), which is slightly larger than the VI-VII of the MCS scale (Galli et al.,
2012). This discrepancy is likely due to the two different scales, the former esclusively based on the
environmental seismic effects, the latter on the macroseismic ones focusing on damaged buildings and
other man-made structures. However, in order to compare the 2012 event with past ones by exploiting
the available historical catalogues (e.g. Guidoboni et al., 2007; Locati et al., 2011), only a common
scale (i.e. MCS) must be used. Taking into account that the reported intensity in the area of San Carlo-
Sant'Agostino during the May 20" earthquake is VI-VII MCS (Galli et al., 2012) and that the
threshold intensity to induce liquefaction is commonly assumed at VI MCS (e.g. Galli, 2000), we
considered only historical events with at least [(>VI. Based on macroseismic attenuation relationships
(e.g. Grandori et al., 1987) and ground motion prediction equations (e.g. Bindi et al., 2011) commonly
applied in Italy as well as on empirical relations between magnitude, intensity and maximum distance
for liquefied sites (Ambraseys, 1988; Papadopoulos and Lefkopoulos, 1993; Papathanassiou et al.,
2005), we excluded the events with an epicentral distance from the trench site greater than 100 km
because of the natural decay of the shaking with distance.

In this framework, the only possible candidates are the Ferrara 1570 (November 17"), Argenta
1624 (March 18") and Romagna 1688 (April 11™) earthquakes (with epicentral intensity of VII-VIII,
VII-VIII and VIII-IX MCS, and equivalent magnitude of 5.5, 5.5 and 5.8, respectively; Guidoboni et
al., 2007; Locati et al., 2011). It should be noted that the 1570 event has been recemtly re-estimated

and a moment magnitude of 5.8 has been proposed (Sirovich and Pettenati, 2015).

17



We therefore analysed the macroseismic fields of these earthquakes (Figure 15). Although purely
indicative, in Figure 15 we tentatively draw the isoseismal curves corresponding to the VI MCS. A
careful inspection of the overall intensities distribution associated to both younger events (1624 and
1688) seems not compatible with the occurrence, at the investigated area, of at least an intensity VI
MCS, capable of triggering the diffuse and important liquefaction effects observed in the trench. It is
clear that, even considering the possible occurrence of some local effects, these two earthquakes were
too remote from the study site to be able the triggering of palacoliquefactions. In contrast, in the 1570
macroseismic field, the study site is surrounded by several intensity values of VI, VI-VII and VII MCS
(Figure 15) and it is clearly enclosed in the VI MCS isoseismal curve. It is therefore reasonable that a
sufficiently strong shaking affected at that time the area of San Carlo and we conclude that the
secondary geological effects observed in the excavation, like the thick dikes (up to 10 cm), the
macroscopic sliding of levee blocks and the load casts, were very likely associated with the Ferrara
earthquake of November 17", 1570.

As a matter of fact, the chronicles of this earthquake document the occurrence of environmental
effects and sand ejections in the town of Ferrara and in its surroundings (Galli, 2000; Guidoboni et al.,
2007). No sufficient historical information and geographic details are available for precisely locating
the sites affected by liquefaction (De Martini et al., 2014), but a good empirical estimation is
nevertheless available. The distance of San Carlo from the estimated epicentre (18 km) is similar to
those of Stellata and Belriguardo (21 and 13 km, respectively; Figure 15a), where severe
environmental effects were recorded and it is compatible with those predicted by several empirical
relationships for secondary effects (Ambraseys, 1988; Papadopoulos and Lefkopoulos, 1993; Galli,
2000; Aydan et al., 2000; Papathanassiou et al., 2005).

It is also worth noting that the 1570 event occurred during a phase of high fluvial water level
(Figure 14b), associated to the seasonal period of heavy precipitations. As a consequence, the
piezometric level in the levee body was reasonably much higher than the one measured during the
summer 2012 (Figure 14a; Papathanassiou et al., 2012). This peculiar hydrogeological setting,
corresponding to a greater pore pressure within the aquifer, certainly favoured the occurrence of
widespread liquefaction phenomena in the identified source layer (unit "7" in Figure 5; Fontana et al.,
2015), the consequent triggering of macroscopic lateral spreading sliding, the opening of fractures, the
subsequent injection of an overpressured sand-water mixture and the formation of thick dikes. These
1570 coseismic structures, and particularly dikes and ground offsets, were then sealed by younger
deposits, associated with the latest aggradational phases that occurred on top of the levee body in the
early 18" century.

During the May 2012 earthquake, some of the buried structures were partially reactivated as
weakness zones for 'simply' accommodating some sliding induced by lateral spreading phenomena as
observed at the trench site and surroundings (Figures 4 and 5). However, the piezometric level during

the summer 2012 was probably not adequately high to trigger a diffuse and intense liquefaction
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process, while no differential loads were acting at the trench site due to the absence of buildings and
other heavy infrastructures (Figure 4a). In contrast, the presence of such overloads in the surroundings
of the trench area (Figures 4c-f) as well as in other densely built areas of San Carlo and Mirabello
villages, likely induced in the nearby sedimentary successions a sufficiently strong confining pressure
and water overpressure to produce the numerous secondary effects and the consequent diffuse damage
observed (Crespellani et al., 2012; Carydis et al., 2012; Galli et al., 2012; Di Manna et al., 2012;
Tertulliani et al., 2012; Dolce and Di Bucci, 2014). It should be however noted that extensive sand
ejection has locally occurred also in other free-field conditions (e.g. Bertolini and Fioroni, 2012),
though limited to the alluvial plain or to the lower sector of the abandoned levees and never on their
top. As a matter of fact, these geological conditions are characterized by a thinner sedimentary cap and
a shallower water depth, which are much more prone to liquefaction.

As a final remark, we want to stress how a typical palacoseismological approach can be also
applied in the absence of primary fault ruptures while investigating blind faults, and can provide
crucial information on past moderate-to-strong earthquakes that affected a region. This has the
potential to expand the seismotectonic knowledge and hence contribute to improve future seismic
hazard assessment analyses. Although the selection of the trench site is obviously a critical point,
which should be based on a systematic search of the most favourable areas prone to liquefaction, it is

also undoubt the applicability of this method to other seismogenic areas worldwide.
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Table 1

sample site stratlllgnriilphlc lat. [N] long. [E] | depth [m] | calibrated "*C age ref.
trench
(SC1-15) FCU 44°47'57" 11°24'05" 53 146(59-51 ?:(t/s)AD 1
Beta-417575 4%
core 1
(810-C1) FCU 44°48'13" | 11°2426" 62 147(09'51 Z })/6)AD 5
ETH-47160 4%
core 1
(SC1-24/S10) FCU 44°48'13" | 11°2426" 7.8 142(07'91 56?,/0)AD |
LTL12720 .6%
core 2
(S4-C2) HWU | 44°48'09" | 11°2431" 7.4 145{’9-51180/1)1*13 )
ETH-47159 4%
core 3
(203_86) HWU 44°47'11" 11°24'07" 13.8 5.1-4.9 l;a BP 3
(95.4%)
Beta
core 3
(203-S6) PAPU 44°47'11" 11°24'07" 20.2 19.9 ka BP 3
ENEA

Table 1; Available calibrated '“C ages from the investigated area. For site location see Figure 3 (cores
1-3) and Figure 5 (for trench sample). Stratigraphic units are described in Section 2.1. References:
1) present work; 2) Calabrese et al. (2012); 3) Cibin and Segadelli (2009). BP values are referred to
1950.
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Figure Captions

Figure 1: a) Tectonic sketch map of the Ferrara Arc, Northern Italy, representing the buried
frontalmost sector of the Northern Apennines fold-and-thrust belt (modified from Bigi et al., 1992).
Stars depict the epicenters of the two main shocks of May 2012 the rectangles the corresponding
individual seismogenic sources according to DISS WG (2015). Location of Figures 2 and 3 are
represented by dashed boxes. b) Seismicity affecting the area in historical (CPTI11; Rovida et al.,
2011) and instrumental times (ISIDe; Mele et al., 2007). The historical events of Ferrara 1570
(November 17"™), Argenta 1624 (March 18") and Romagna 1688 (April 11™) are marked by thicker
symbols (see Figure 15 for the corresponding macroseismic fields), while the star indicates the

trench site.

Figure 2: Palacochannels of the lower Reno River from the mountain exit, southwest of Bologna,
toward the Po River and the Adriatic Sea. The line thickness of the abandoned historical reaches is
proportional to the channel width. The May 2012 secondary seismic effects include ground
ruptures, sand boils and volcanoes, differential settling and lateral spreading. Labels a to | show
relevant hydrographic features; corresponding ages are also indicated (see text for more details).
The 16™ century-to-Present road connecting Cento to Ferrara runs along the levee of reaches d, e

and f,

Figure 3: Digital elevation model of the Sant'Agostino-San Carlo area where secondary effects were
particularly intense following the May 20, 2012 Emilia earthquake (sand ejection, lateral spreading,
ground deformation, differential subsidence, etc.; blue dots). The major ground ruptures are also
shown (red lines). Both levees and channel of the historical reach of the Reno River are
altimetrically outstanding in the otherwise flat morphology The investigated trench site and the
cores referred to in the text are represented. The high-resolution DEM (5 x 5 m) was provided by

Servizio Geologico, Sismico e dei Suoli, Regione Emilia-Romagna.

Figure 4: Aerial views of the trench site before (a) and during (b) the excavation operations. Pictures
were taken by Giovanni Bertolini (ARPA-RER) on May 23 and June 30, respectively. In (a) note
the high fractures density in the area of the trench (yellow dashed line) which is basically dry (i.e.
without sand ejection) and compare with nearby sites, photos (c) to (f), where huge amount of
water-sand mixture was outpoured at the surface. F1 to F5 label the ground ruptures shown in
Figure 5. The arrows indicate the direction of movement associated with the lateral spreading

affecting the levee body. The trench site location is indicated in Figure 3. ERT indicates the
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electrical resistivity tomography published by Abu Zeid et al. (2012). In the upper portion of (a), is

visible the main Ferrara-Cento road referred to in the text.

Figure 5: Stratigraphic and structural logs of the trench. Planimetric location of the walls represented
in (a), (b) and (c) is indicated in the inset maps, which also show the two excavation phases of
June-July and September 2012; the three gray shades indicate the different excavation depths
measured from the topographic surface. The log of the first excavation phase is modified from
Caputo et al. (2012). Deposits: 1) ploughed layer; 2) medium sands, fluvial channel infilling and
lateral bar; 3) fine sands, lateral bar; 4) sands with minor silt intercalations, natural levee laterally
passing to unit (3) and (2); 5) fine sands and silts, natural levee older than unit (4); 6) silts and
argillaceous silts with minor sandy level, distal natural levee with evidence of plant roots and some
anthropogenic activity; 7) medium-to-coarse gray-to-beige sands, older channel infilling; 8) clays
and silty clays. Deposits (2) to (7) belong to the Holocene fluvial channels unit (FCU), while
deposits (8) to the Holocene wetlands unit (HWU; see Section 2.1). The dikes (D#) and the ground
ruptures (F#) have been numbered. The location of brick fragments is indicated by black stars,

while the wood fragment, sampled for AMS dating (Table 1), by a white square.

Figure 6: Examples of dikes formed by multiple injections pulses, emphasized by the different
grainsize and texture of the injected sand. a) Vertical section across dike D4 at ca. 3.5 m depth. b)
Horizontal section across dike D4 at ca. 5 m depth, after the first excavation stage. In both cases,

the host sediments mainly consist of silty sand (hs).

Figure 7: The F2 ground rupture (May 20, 2012 earthquake) associated with ca. 16 cm of throw and 5
cm of heave (i.e. opening at the surface). The fracture at depth used a pre-existing dike (D3) as a
weakness zone during the lateral spreading sliding. See Figure 5a for location. Notwithstand the
presence of a beant fracture, the 10 cm-wide sand dike (D3) halts at 60 cm-depth and it is sealed by
the uppermost layers of the levee deposits (modified from Caputo et al., 2012).

Figure 8: Dikes D6 and D5 characterized by 1-5 and 10 cm respectively of sand infilling (i.e.
opening), which abruptly disappears at ca. 1 m below the surface. In the southwestern wall of the
trench, both ground ruptures F3 and F4 are represented by submillimetric faint fractures. In plan

view, F3 (Figure 4a) clearly tapers SSW-wards.
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Figure 9: Dike-parallel lamination (vertical section of dike D3 at 4.9 m depth). Single sand layers are
graded and separated by thin finer-grained laminae. Layering is accentuated by differential erosion.

See Figure Sc for location.

Figure 10: Examples of clay intraclasts within the sandy dikes. Horizontal sections of dike D3 at (a)
4.3 m-depth, after the first excavation stage, and (b) at 5.1 m-depth, during the second excavation

stage.

Figure 11: Medium-to-coarse sand unit outcropping at the base of the trench (7.0-7.5 m from surface),
which represents the source layer of the dikes infilling, as confirmed by granulometric and
compositional analyses (Fontana et al., 2015). Note the mixing up of the sands (sd) with clays (cl)

and clay-silts (cl-st) due to a high mobilization, during the liquefaction process.

Figure 12: Macroscopic lateral spreading event (15 cm of throw) associated with dike D7, clearly not
correlated with any displacement of the ploughed layer (uppermost 60 cm) and of the topographic
surface (modified from Caputo et al., 2012).

Figure 13: The dike system observed in the southewestern wall of the trench, forming a graben
structure (see Figure 5c). The sum of the heaves and openings associated with the dikes largely
exceeds that measured at the surface following the 2012 earthquake; similarly, the throws observed

at depth in the trench have no equivalent structures at the surface (i.e. ground ruptures).

Figure 14: Stratigraphic model across the abandoned reach of the Reno River, reconstructed on the
basis of several penetrometric tests, shallow cores and the trench logs. The sedimentary bodies
belonging to the FCU (see Section 2.1) were mainly deposited during the late 15"-early 16"
centuries. The May 2012 piezometric level is from Papathanassiou et al. (2012), while that of
November 1570 is inferred from a likely water table level of the river, during a period of autumn
high water level. See Table 1 for more details on radiochronological ages. See Figure 3 for cores

locations. The stratigraphic section exposed in the trench is also indicated.

Figure 15: The macroseismic fields of the (a) Ferrara 1570 (November 17"™), (b) Argenta 1624 (March
18™ and (c) Romagna 1688 (April 11™) earthquakes. Stars represent the corresponding
macroseismic epicenters calculated with the Boxer code (Gasperini et al., 1999). Maps modified
from Locati et al. (2011). The dashed lines are purely indicative of the VI MCS isoseismal curve.

All values are in MCS scale.
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Figure 13
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