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ABSTRACT

Seventeen layers characterized by soft-sediment deformation structures (SSDS) were identified within the
“calcari di Fiumicello”, an upper Messinian (Miocene) stratigraphic unit (30 m thick), cropping out in the
northern sector of the Gargano Promontory (Apulia, southern Italy). Facies analysis was performed on the
whole outcrop and detailed sedimentological investigations were carried out on the deformed beds, in
order to interpret the deformation mechanism, the driving mechanism and the possible trigger agent.
Deformed layers occur in some thin-bedded ooidal limestones, skeletal calcarenite, as well as in some
pebble-size conglomerate, alternated with marls, deposited in a protected embayment or barrier-island-
lagoon system, possibly characterized by high salinity, and tidal influx. SSDS can be classified as load- and
slump/slide structures. The continuous exposures allow us to follow a single deformed layer along tens of
meters, hence several types of lateral variations were observed that can be summarized as follows: (1) SSDS

disappear within a few meters (with a decreasing pattern of their deformation or in an abrupt way); (2)



deformed layers laterally change in thickness and morphology; and (3) a single deformed bed can laterally
correspond to two deformed beds. Most of the soft sediment deformation features were identified as
liquefaction and/or fluidization features related to seismic shocks (seismites). Seismites are often used as an
indicator of seismic events, especially along small outcrops, trench excavation and core analysis. This study
highlights the value of the sedimentological analysis for paleoseismic investigations, with the aim of
improving criteria for identifying seismites in the sedimentary record, and their suitability as marker of

seismic events.
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1. Introduction

The recognition and interpretation of soft-sediment deformation structures (SSDS) is the object of many
papers (e.g.; Montenat et al., 1993; Moretti et al., 2016; Owen et al., 2011; Talwani and Amick, 1995).
Seismically-induced layers with SSDS (seismites, sensu Seilacher, 1969) gained wide attention in
sedimentological, structural and paleoseismic studies. Seismites have been recognised in: (a) sedimentary
successions of different age (from Holocene Schneiderhan et al., 2005- to Archean); (b) all sedimentary
environments from alluvial deposits (Allen and Banks, 1986; Pisarska-Jamrozy et al., 2019) to pelagic
successions (Haczewski, 1996); (c) all geodynamic settings, e.g., passive continental margins (Bezerra and Vita-
Finzi, 2000), foreland (Moretti, 2000) and intracratonic areas (Tuttle et al., 2002), rift systems (Hilbert-Wolf
and Roberts, 2015; Rodriguez-Lépez et al., 2007), foreland basins (Hilbert-Wolf et al., 2009), intra-montane
(Mohindra and Bagati, 1996) and strike-slip settings (Onofrio et al., 2009). Despite modelling of SSDS triggered
by shaking (Moretti et al., 2011; Owen, 1996b), the analysis and identification of seismically-induced SSDS in
the sedimentary record is still an open field of investigation, especially in terms of criteria for distinguishing

these features by other types of SSDS. In the attempt to interpret SSDS as seismites, several criteria are



considered in the literature, and summarised as follows (Hilbert-Wolf et al., 2009; Jones and Omoto, 2000;
Obermeier, 1996; Owen et al., 2011; Wheeler, 2002): (1) SSDS should be laterally continuous and interlayered
by undeformed horizons, which allow the deformation to be clearly outlined; (2) SSDS are exposed with a
vertical repetition; (3) ancient SSDS show morphological similarities with present-day earthquake-related
liquefaction; (4) the sedimentary basin in which they occur is known to have been tectonically active; and (5)
the distance from the earthquake epicentre influences the morphology or abundance of SSDS, due to the
length of the liquefaction process. However, it is not always possible to apply these aforementioned criteria
when specific geological conditions exist (Moretti and van Loon, 2014). For example, the lateral exposure of
ancient seismically-induced SSDS could be limited by facies variation, and in particular by textural and water-
saturation changes of the sediment bodies (Alfaro et al., 2010; Pisarska-Jamrozy and Wozniak, 2019). Historical
and present-day earthquakes confirm that the distribution of surface manifestation of liquefaction is strongly
controlled by the geometry of water-saturated sandy layers and by their susceptibility to liquefaction process
(Civico et al., 2015; Giona Bucci et al., 2018; Tuttle, 2001).

The vertical repetition of seismically-induced SSDS is used to assess the recurrence time of seismic shocks
(Sims, 1975). However, often total liquefaction/fluidization of a sandy layer may result in lack or absence of
appreciable deformation features, unless a driving force system takes place during liquefaction (Owen, 1987).
In other words, the use of liquefaction features as estimator of earthquake recurrence time can be restricted
by the chance that each seismic event has to leave a recognizable trace in the sedimentary record. The same
layer can be affected by seismic liquefaction during multiple events; and, overprinting of SSDS can also be
triggered by a single earthquake. Therefore, in the case of recurrence time calculated using ancient seismites,
some authors prefer to employ the definition of “apparent” recurrence period of paleo-earthquakes (Ezquerro
etal., 2016, 2015).

This contribution describes 17 individual SSDS layers in a 30 m-thick upper Messinian (late Miocene, from 7.2

to 5.3 Ma) succession called “calcari di Fiumicello” (Morsilli, 2005, 2016; Morsilli et al., 2017; Morsilli and



Moretti, 2009), and deposited in a semi-enclosed, low-energy, shallow marine/lagoonal setting (Morsilli,
2016). The sedimentary succession is characterized by sediments susceptible to liquefaction and detectable
syn-sedimentary tectonics, in lateral continuity out along some rail trenches in the northern sector of the
Gargano Promontory (Apulia, southern Italy). This makes the exposure ideal for investigating seismites. The
site has relative absence of autogenic triggers (“internal to the system”; Owen and Moretti, 2011), and it
presents occurrences of easily recognizable driving-force systems (essentially unstable density gradients and
gravitational body forces)

The case study presented in this paper allows identification and interpretation of SSDS, characterized by lateral
changes in the pattern of deformation, thickness, number of deformed beds, and their lateral persistence. The
detailed sedimentary description will be used to identify variations in the pre-deformation system such as
primary sedimentological lateral changes in geometry and texture of the layers affected by SSDS. The cases
study will also be utilized to identify different deformation mechanisms/sediment behavior/driving force
features acting during deformation. The environmental significance of seismites and their lateral changes
within a specific sedimentary setting will be discussed in light of allogenic and autogenic trigger mechanisms.
Results from this investigation will also provide insights about active tectonics and seismic events during the

late Messinian in the northern part of the Gargano area.

2. Geological setting

The Apulia Region and part of the Adriatic Sea represent the foreland of both the NE-verging southern
Apennine and the SW-verging Dinarides-Albanides thrust belts. The Gargano Promontory represents the
northern sector of the Apulian foreland, showing moderate to strong deformed zones, and forms a broad
gentle WNW-ESE oriented regional anticline (Brankman and Aydin, 2004). The Gargano Promontory (Fig. 1) is
part of the Apulia Carbonate Platform, a major paleogeographic element of the southern margin of the

Mesozoic Tethys Ocean (Bernoulli, 1972; Borgomano, 2000; Bosellini et al., 1999a) being one of the so-called



peri-Adriatic platforms (D'Argenio, 1976; Eberli et al., 1993). The backbone of the Gargano Promontory consists
of thick (3000-3500 m) Jurassic and Cretaceous shallow-water carbonates (Bosellini et al., 1993a, b), which
pass to margin and slope-to-basin deposits (Borgomano, 2000; Bosellini et al., 1999b; Masse and Luperto Sinni,
1989; Morsilli and Bosellini, 1997). Younger carbonate rocks unconformably overlie the Mesozoic units: Eocene
base of slope resediments (Bosellini et al., 1999b; 1993b; Morsilli, 2016), Oligocene shallow-water carbonates
(Casolari et al., 2000; Morsilli et al., 2017) and Miocene to Pliocene carbonate deposits in scattered sectors of
the Gargano Promontory (Casolari et al., 2000; D'Alessandro et al., 1979 ; Moretti et al., 2011; Morsilli et al.,
2017).

The upper Messinian “calcari di Fiumicello” informal stratigraphic unit was defined in the new geological map
of the Italian Geological Survey at 1:50.000 scale (sheet n° 384 “Vico del Gargano”
http://www.isprambiente.gov.it/Media/carg/384_VICO_DELGARGANO/Foglio.html (Morsilli et al., 2017).
Figure 2 represents a synoptic version of this map. The best outcrops of this unit are exposed along the rail
trenches in proximity of the villages of Cagnano Varano and Carpino, along the southeastern side of the Varano
Lagoon (Figs. 1, 2). The “calcari di Fiumicello” unit is 30 m thick, and paraconformably overlays alluvial fan to
fan delta conglomeratic deposits (Fig. 2). The "calcari di Fiumicello" is considered to be of late Messinian age
(Morsilli et al., 2017), stratigraphically equivalent to the well-known Mediterranean Lago-Mare event (Cipollari

et al., 1999; Cita et al., 1978 ; Clauzon et al., 2005; Cosentino et al., 2005; Orszagsperber, 2006; Ruggieri, 1967).

The Gargano Promontory has been interpreted as a Neogene contractional belt (Bertotti et al., 1999; Ciaranfi
et al., 1988) with many thrust structures previously interpreted as normal faults. According to Bertotti et al.
(2001), until the early Miocene, the Gargano was poorly deformed, but during the Langhian to Tortonian a
tectonic phase started to deform existing and syndepositional units with gentle folds and thrusts. Between the
late Miocene and early (?) Pliocene, NE-SW trending normal faults developed in the Gargano area, leading

finally the uplift of the Promontory. Brankman and Aydin (2004) suggest that the uplifted Gargano area is a



push-up structure related to E-W striking, left-lateral strike-slip faults. Evidence of Plio-Pleistocene syn-
sedimentary tectonic movement has been documented in the western part of the Gargano Promontory
(Spalluto and Moretti, 2006). Post-Pliocene deformation consists of gentle NW-SE trending folds and strike-slip
faults (Bertotti et al., 1999). The middle-Pleistocene-Holocene uplift results from the buckling of Apulian
foreland due to the higher hinge rollback of the northern Adriatic lithosphere with respect to the southern one
(Doglioni et al., 1994). The Gargano Promontory is intersected by several tectonic lineaments, including normal,
reverse and strike-slip faults (Argnani et al., 2009; Bertotti et al., 1999; Billi et al., 2007; Borre et al., 2003;
Brankman and Aydin, 2004; Chilovi et al., 2000; Fracassi et al., 2012; Funiciello et al., 1992; Milano et al., 2005;
Tondi et al., 2005). The most prominent structural feature is the Mattinata fault (Fig. 1), a regional E-W shear
zone that crosses the entire Gargano area, and extends offshore (Gondola Line, Fig. 1) for many tens of
kilometers (Argnani et al., 2009; Brankman and Aydin, 2004; De Dominicis and Mazzoldi, 1989; Di Bucci et al.,
2006; Funiciello et al., 1992; Ridente and Trincardi, 2006; Tondi et al., 2005). Quite controversial is the
kinematics of this structure (see Argnani et al., 2009, for a review). It has been interpreted as right-lateral
(Bosellini et al., 1993b; De Dominicis and Mazzoldi, 1989; Doglioni et al., 1994; Finetti et al., 1989; Guerricchio,
1986), left-lateral (Billi et al., 2007; Favali et al., 1993; Funiciello et al., 1992; Salvini et al., 1999), right- to left-
lateral inverted (de Alteriis, 1995; Gambini and Tozzi, 1996) or a reverse fault (Ortolani and Pagliuca, 1989).

Other important fault zones with recent activity have been recognized in the north-western part of the
Gargano Promontory (Fig. 1): South of the Apricena area (NW-SE oriented Apricena fault; Patacca and
Scandone, 2004) and between Apricena and Poggio Imperiale (E-W oriented San Giovanni in Piano fault
Spalluto and Moretti, 2006); active tectonic along strike-slip faults has been reported around the Tremiti
Islands (Fig. 1) located northwestward of the Gargano Promontory (Bertotti et al., 1999; Favali et al., 1993;
Funiciello et al., 1992; Ridente and Trincardi, 2006). The northern Gargano area is considered an important
shear zone by all previous authors. In particular, Bertotti et al. (1999, 2001) show how late Miocene tectonic

activity in this area was much stronger than during the subsequent tectonic phases. In this scenario, it is



reliable to infer that strong earthquakes, at least comparable to the historical 1627 AD earthquake of Imax= X
MCS and Ma= 6.7 (Del Gaudio et al., 2007; Milano et al., 2005; Patacca and Scandone, 2004; Piccardi, 2005;
Tondi et al., 2005), affected the northern Gargano area during the Late Miocene. Furthermore, a genetic
relationship between the 1627 AD earthquake and the occurrence of some liquefaction features has been

established by De Martini et al. (2003) in the coastal sector of the northern Gargano Promontory.

3. Methods

Standard sedimentological analyses were carried out along the stratigraphic succession and three detailed logs
(Fig. 2) have been measured to interpret the main facies. More than eighty samples have been taken to
describe the microfacies observing washed residue of disaggregated material and thin sections. Micro-
palaentological analyses (sampling and processing) were carried out on thirteen samples (Figs. 2, 3) collected
from the marly-clayey levels cropping out at Trench 1 (8 samples), Trench 2 (3 samples), and Trench 3 (2
samples). Layers with SSDS were carefully described in terms of both main deformational patterns and texture
of the rocks involved in the deformation. The geometrical data of the layers with SSDS (length, thickness and
orientation of specific elements) were measured along their complete lateral exposure; the relationships
between these qualitative and quantitative features and the stratigraphy were analysed. Identification of the
deformation mechanisms, driving forces and trigger agents, of SSDS was carried out according to the methods
fostered by Owen et al. (2011), Owen and Moretti (2011) and Moretti et al. (Moretti et al., 2016). This method
involves the use of a three-stage approach to identify triggers. The first phase consists of a facies assessment
(to establish the exogenic or endogenic nature of the trigger); the second phase is centred in a trigger-by-
trigger assessment (to identify the most likely trigger); the third phase implies a general criteria assessment (to

discuss other criteria to supports the favoured trigger).



4. The “calcari di Fiumicello” deposits

The “calcari di Fiumicello” unit is made up of an alternation of well-bedded fine-grained carbonate deposits,
with marly limestones, marls, calcarenites and rare calcirudites (Fig. 3). Three main lithofacies have been
recognized. The first lithofacies is represented by limestones, with a grainstone to packstone texture mostly
made up by superficial ooids (mainly dissolved and sometimes recrystallized), and less abundant intraclasts and
lithoclasts, arranged in 10 to 120 cm thick beds. This lithofacies appear frequently cross-laminated with current
and wave ripple, or cross-stratified bidirectional and sigmoidal laminae at dune scale as well as low angle
planar cross-lamination. Grain size for these grainstones to packstones ranges from fine- to very coarse-grained
calcarenites. The second lithofacies occurs in marly limestone and marls, white to light brown in colour, with a
variable bed thickness from 2 to 50 cm, frequently with very thin, mm-scale lamination. The third lithofacies
shows conglomerate layers that are visible in various intervals of the stratigraphic sections (Fig. 3) and have a
thickness from 5 to 15 cm. They consist mainly of orthoconglomerate with clasts of 2 - 6 cm, derived from the
Serravallian-Tortonian interval of the Pietra Leccese formation (Morsilli et al., 2017). Paraconglomerates with a
sandy matrix are visible only at the top of Trench 1 (Fig. 3) where bed thickness increases up to 30 cm (Fig. 3).
Elongated clasts reach the maximum size of about 10 cm. Potential exposure surfaces are associated with thick
root traces, clearly visible in the marly intervals and also in some conglomerate beds of Trench 3 (Fig. 3). The
detailed lithostratigraphy of the “calcari di Fiumicello” unit has been described along the rail trenches located
close to the Cagnano Varano village (Fig. 2). The entire succession is gently deformed mainly by a post-
Messinian tectonics, has a general tilting toward NE and shows some broad folds with axes NNW-SSE (Fig. 3).
Some extensional faults (with a maximum displacement of few dm) are oriented N340°/65 and N150°/75.
Some of these normal faults are syn-sedimentary while others seem to cut the entire “calcari di Fiumicello”
unit. Nevertheless, the overall stratigraphy can be easily reconstructed and is shown in (Fig. 3) which illustrates

also the vertical distribution of the units with SSDS. From the base to the top of the stratigraphic logs,



deformed layers were identified using alphabetical letters.

The lower portion of the “calcari di Fiumicello” succession is well exposed along the Trench 1 (about 8.5 m, Fig.
3). Here, ortho- and para-conglomerates (with abundant sandy matrix) alternate with coarse- and medium-
grained oolitic calcarenites (grainstone/packstone) with traction features. Deformed units A and B occur in fine
tomedium-grained calcarenites of this interval. Well-bedded laminated limestones (mudstone/wackestone) and
marls occur in the middle part of the trench (between 4 and 6 m; Fig. 3). The succession visible in Trench 1 ends
with parallel-laminated and very fine-grained calcarenites, calcisiltites and limestones (laminites with a
mudstone/packstone texture). Here, in less than 2 m, three deformed units occur (C-E; Fig. 3).

The stratigraphic interval in Trench 2 (Fig. 3) is about 5.5 m thick and its lower portion is dominated by parallel
laminated calcilutites and fine-grained calcarenites (with a high content of ostracods), with a general fining-
upward trend, passing to laminites (mudstone/packstone alternation). The latter contain three thin deformed
beds (deformed units F-H; Fig. 3). The upper stratigraphic interval of Trench 2 shows a clear coarsening-upward
trend passing in a few meters to fine- medium- and coarse-grained calcarenites (packstone to grainstone) with
traction features (mainly current ripples) and, in some places, narrow channelized erosional surfaces. Upward,
crudely-bedded conglomerates (from ortho- to paraconglomerates) occur. The SSDS have the medium-grained
calcarenites with ripple cross-lamination (deformed unit I) and the overlying coarse-grained calcarenites
forming the very thick deformed units L and M.

The stratigraphic succession in Trench 3 is about 10.5 m thick and shows a lower portion (less than 2 m thick)
with calcilutites and marls with rare thin and tabular microconglomerate beds. Erosional surfaces and root
traces are widespread. Upward, the succession is characterized by medium-grained calcarenites (mainly ooidal
grainstone) showing low-angle foresets, sigmoidal and tabular beds with localized deformed units (N and O,
Fig. 3). The middle portion of Trench 3 (about 6 m thick) is represented by an alternation of decimetric intervals
of parallel laminated (rare ripple cross-laminated) calcilutites, fine-grained calcarenites (mainly

wackestone/packstone) and marls. Only the marls intervals contain two thin deformed units (P and Q, Fig. 3).



The upper part of the Trench 3 shows a very well laminated portion (about 1.5 m thick) made up of limestones
(mudstone/wackestone). This interval with laminites ends with a thick deformed unit (R, Fig. 3). The succession

of Trench 3 ends with ooidal coarse-grained calcarenites (grainstone) showing low-angle foresets.

4.1 Micropalaentological data

In the "calcari di Fiumicello” unit, macrofossils are not present and microfossils in thin sections consist of rare
remains of benthic and planktonic foraminifera. Bioturbation is always absent, with the exception of the
intervals with evident root traces structures.

Only ostracods are very abundant: they are widespread in the middle and upper part of the “calcari di
Fiumicello” (Trenches 2 and 3), while in the lower part (Trench 1) they are rare to very rare, except for some
samples. The collected carapaces and loose valves are well preserved. Only on rare occasions, carapaces
appear as incrusted and sometimes broken. The ostracod aggregation includes dominant Cyprideis agrigentina
Decima, 1964, coupled with very few, badly preserved carapaces of Sylvestra sp., Candoninae indet.,
Zalanyiella sp., and Loxoconcha muelleri (Méhes, 1908). In those samples where C. agrigentina is abundant,
the species is represented by adult females, males carapaces, valves, and a lot of loose juvenile valves,
indicating in situ assemblages. In some samples, few valves bear 2-4 nodes), possibly characterizing a low
salinity setting. Only occasionally, ostracods are observed along with few benthic foraminifers referable to
genus Ammonia. The presence of C. agrigentina, L. muelleri and Zalanyiella sp. suggest the studied section is
uppermost Messinian (late Miocene), in particular it belongs to the last phase (lago-mare) of the Messinian

Salinity Crisis.

4.2 Facies interpretation
Based on lithologies, texture and sedimentary structures, five main facies have been recognized and

interpreted as indicative of the following sub-environments: (1) very low energy lacustrine (mm thick
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laminations) ; (2) shallow protected lagoon, sometimes colonized by mangrove (root traces); (3) small internal
beaches composed of pebbles or sand size grains (foreshore — planar low angle laminations); (4) very small
coarse grained fan delta (paraconglomerate); and (5) flood delta and/or small tidal bars (m-scale sigmoidal and
bidirectional lamination).

Sedimentological and micropalaeontological data show that the calcari di Fiumicello unit was deposited in a
lagoonal to protected semi-enclosed marine basin (maybe similar to the modern Varano Lagoon). In this small
basin, minor sea-level changes and/or morphosedimentary variations (e.g., lagoon mouths dynamics)
produced sudden facies migrations, mainly as result of water depth changes. Furthermore, this low-energy
environment was locally influenced by the migration or lateral shift of tidal bars and flood delta deposits.
Finally, the absence of epifauna and infauna (with the exception of ostracods) is a record of stressed salinity

conditions or Eh=0 at the water-sediment interface during most of the basin evolution.

5. The soft-sediment deformation structures

5.1 Morphology of the SSDS

Log Trench 1 (6 deformed units)

The deformed unit A is about 25 cm thick and comprises homogenised fine- to medium-grained calcarenite
(Fig. 4A). Narrow upward-directed laminae occur close to the bottom of the unit. Small-scale pillows (2-5 cm in
height and 7-8 cm in width) of fine-grained calcarenite appear in the midst of this layer (between about 10-15
cm from the bottom of the unit), often showing a teardrop shape (sensu Owen and Moretti, 2008). Pillows are
characterized by regular concentric laminae parallel to the outer edge. The deformed unit A extends for about
8 m laterally.

The deformed unit B (Fig. 4B) is nearly 20 cm thick and is characterised by calcilutites and fine-grained

calcarenites. Deformation is represented by a regular alternation of large load-casts (4 cm in height and 10 cm
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in width) and narrow flame structures that appear to cross the entire unit. These deformation structures pass
laterally to undeformed primary parallel laminations in 1 or 2 m. Primary lamination is preserved both in the
deformed and undeformed portion of this unit. The deformed unit B displays neither lateral change in
thickness nor any appreciable lithological differences between deformed and undeformed portions, in both
trench directions (SW and NE).

The deformed unit C (Fig. 4C) is nearly 40 cm thick, and about 50 m in total lateral extent. It is characterised by
an alternation between medium-grained calcarenites and calcilutites. The southwestern portion (26.5 m of
lateral extent) of the unit shows mainly load-structures, resulting in dm-scale ball-and-pillows floating in
homogenised sediments. Locally, flame-structures, 20 cm in height, occur. There are variations in the
morphology and thickness of the deformed intervals. North-eastwards, the deformed central portion of this
unit passes laterally to an undeformed and parallel calcilutite laminated portion. At the same point, the upper
and lower parts of unit C are exposed as distinct thinner deformed units (C1 - bottom sub-unit; C2 - top sub-
unit). C1 and C2 sub-units show small-scale load-structures in coarse-grained calcarenites. Laterally, C1 and C2
slightly change their thickness and main deformation features. For example, C1, at first, decreases in thickness
and is almost undeformed, but, in a few meters, it becomes thicker and deformed. Both C1 and C2 are
observed laterally for 24 m.

The deformed unit D (Fig. 4D), 12-15 cm thick, consists of an alternation of fine-grained calcarenites and
calcilutites. Deformation features are represented by large load structures (10 cm in height, 20 cm in width)
with inner deformed laminations (parallel to the circular edge of the load structures). Pillows appear at
different depths within this unit and contain whitish fine grained calcarenites or brownish medium-grained
calcarenites. The primary lamination is not recognisable in the sediment surrounding the pillows. North-
eastward, the deformation in the layer D gradually decreases until it disappears, within few meters.

The deformed unit E (Fig. 4E) is 3-7 cm thick and is represented by calcarenites and calcilutites. It shows an

irregular and complex deformation of the primary laminations. Unit E shows a regular succession of folds, with
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about 25 cm of wavelength. In more detail, whitish calcilutite laminae appear to be brecciated and thrusted,

simulating slump-like features. Locally, they are broken and slightly rotated without a preferential orientation.

Log Trench 2 (6 deformed units)

This trench contains six deformed units (F-G-H-I-L-M). The F, G, H deformed units are a set of thin greyish
calcarenite beds alternating with whitish calcilutite interlayers. Each deformed bed is always constrained by
undeformed and well laminated fine-grained layers (Fig. 5A).

The deformed unit F is about 6 cm thick, and shows whitish fine-grained calcarenites. Deformation is
highlighted by load casts (up to 3 cm in height, and 10 cm in width) with deformed primary lamination in their
interior and homogenised sediment in the portions surrounding the load-structures. The deformation laterally
fades away within 2 m, in both trench directions (SW and NE).

The deformed unit G is about 6-8 cm thick, and is made of well laminated medium and fine grained
calcarenite. Deformation is represented by irregular load structures in which primary lamination is always
preserved (Fig. 5A). This deformation gradually disappears within 2 m, in both directions (SW and NE).

The deformed unit H is about 12 cm thick, and it involves laminated medium- and fine-grained calcarenites.
This unit shows narrow-spaced load structures (load casts and some balls distantiated apart of 15 cm). The
core of these load structures does not often show evidence of primary laminations (Fig. 5). This deformed unit
is no longer visible within 2 m from the observation point, in both trench directions (SW and NE).

The deformed unit | (Fig. 5B) affects a lenticular layer (8 cm thick), and it is characterized by medium-grained
calcarenites. This unit is embedded in a series of undeformed calcarenitic layers with similar thickness and
grain size. Deformation is represented by load structures very similar to the F, G, H deformed beds. This
deformed unit disappears laterally (within 0.50 m in both trench directions NE and SW), as a result of its
primary (lenticular) geometry.

The deformed unit L (Fig. 5C) has a variable thickness between 20 and 55 cm, and consists of coarse-grained
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calcarenite. This unit is one of the thicker deformed layers of the studied succession. The whole deformed unit
shows an irregular deformation of primary laminations (Fig. 5C). In the lower portion some load-structure
features (pillows and upward directed flame structures) are well recognizable. Load structures are also
observed in the upper portion, but they are locally masked by the presence of homogenized fine-grained
sediments. The top of unit L is flat and represents the base of a laminated and undeformed cm-scale bed
which separates this unit from the overlying deformed unit M (Fig. 5C-E).

The deformed unit M is 1.5-2.0 m thick and occurs in fine-grained calcarenite with rare coarse-grained
calcarenitic and ruditic beds which are about 5 cmthick. Primary lamination is often folded or completely
destroyed. The basal portion of this unit (20-30 cm thick) contains dm-scale tight folds (Fig. 5E, F): they are
often asymmetrical (Fig. 5E) and a thickness variation between hinges and limbs is not observed. Upward,
folds of the basal portion gradually pass to an interval of broken folds and breccias (for a total thickness of
about 1 m); this interval gradually passes upward to undeformed beds. Measurements of axial planes of the
folds that mainly involve the lowest portions of the unit M are very scattered showing a rough preferential
orientation around W and SW dip directions (Fig. 5F). The deformed unit M extends for several tens of meters

before fading away laterally and in both trench directions SW and NE.

Log Trench 3 (5 deformed units)

The stratigraphic succession in this trench contains five deformed units (N-O-P-Q-R). The deformed units N
(Fig. 6A), O (Fig. 6B) and P (Fig. 6C) are closely associated with some medium- to coarse-grained calcarenites
forming m scale foresets.

The deformed unit N (Fig. 6A) occurs just below coarse-grained calcarenites showing foresets at meter scale. It
is 10-15 cm thick, made up of medium-grained calcarenites. Deformation is represented by 20 cm wide load-
casts separated by narrow (few cm in length) upward-directed features. Primary laminations are deformed but

always recognisable. This unit is characterized by a limited lateral extent (few cm on both sides, SW and NE),
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because is cut by an upper irregular erosive surface.

The deformed unit O (Fig. 6B) occurs below some slight inclined calcarenite foreset beds and is 0.5 m thick.
Unit O consists of whitish very fine grained calcarenites, and deformation is represented by localised large load
cast (with a diameter up to 30 cm, preserving internal lamination), surrounded by homogenised/massive
sediment. No lateral variation was observed for this unit.

The deformed unit P (Fig. 6C) is 6-8 cm thick, with medium to fine grained calcarenite, and occurs in sigmoidal
beds with a variable inclination (from 12° to 20°, with a NW dip direction). Deformation is revealed as cm-scale
slump-like morphologies passing laterally to broken laminae. Slump structures appear in the steeper part of
the sigmoidal beds (locally, more than 20° in inclination, with a NW dip direction). No lateral variation was
observed for this deformation unit.

The deformed unit Q (Fig. 6D) is 10-12 cm thick, and shows fine- and medium-grained (pink) calcarenites
characterized by symmetrical and asymmetrical ripples. Deformation is represented by both distorted cross-
lamination and load-structures with well-preserved internal lamination. Large load casts with 10 cm in width
and narrow flame-structures (few cm in width) show always primary lamination. Unit Q passes laterally to
undeformed alternations of fine- and medium-grained calcarenites with ripple cross-lamination. This deformed
units extends in both trench directions, SW and NE, for several meters.

The deformed unit R is nearly 20-25 cm thick with medium- and fine-grained calcarenites showing sigmoidal
lamination (Fig. 6E). Deformation is represented mainly by large load-casts, with 30 cm width. Internal
lamination of load-structures is usually well preserved and is parallel to the edge of the load structure.
Homogenised very fine-grained calcarenites and calcilutites surround the load-structures. Flame structures are
recognisable between adjacent load-casts. At the inner edge of these large-scale load-casts, small-scale load-
structures take place. Sudden lateral variations can be observed (Fig. 6E). Gradual lateral variations can be
observed following the deformed unit R along many tens of meters. This unit shows always a clear distinction

between a portion with load-structures (load-casts, ball-and-pillows and flame structures) with internal
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lamination and a portion with homogenised and massive sediments Fig. 6E). These two different portions
display different types of vertical distribution, which gradually alternate along the rail trenches. This deformed

unit extends for several meters.

5.2 Lateral variations of the SSDS

Deformed units show extensive lateral variations given by changes in geometry, thickness, and deformation
style. Three main types of lateral variations were observed and are listed as follows: (1) deformations extend
for a very short length, up to 1 or 2 m (Type 1 — Fig. 7A); (2) laterally, deformation style and/or thickness
gradually changes, and it can extends for several meters (longer than 2 m, and in some cases even over 10 m,
Type 2 — Fig. 7B); and (3) a single deformed bed shows lateral bipartitions, and likewise the Type 2 variation, it
can extends for several meters (Type 3 - Fig.7C).

Variations of Type 1 (Fig. 7A) affect the deformations identified as load structures and slump sheets with
limited lateral extent (visible only for few m). Variation of Type 1 was observed, for example, in load structures
below foresets prograding on a soft-substrate (unit O — Fig. 6B). Localised lateral variations were observed in
slumped bodies slumped bodies within single high-angle foresets (unit P — Fig. 6C), irregular and laterally
confined load casts (unit E — Fig. 4E), and deformed beds eroded by erosional surfaces (unit R — Fig.

6E).Deformed layers with this type of lateral variation often are no longer visible in few m (1 or 2 m).

In the variations of Type 2, deformation morphologies and/or thickness of the deformed units either laterally
change along several meters (more than 2 m, and up to some tens of m), or they gradually decrease in
thickness and complexity until fading away (Type 2 - Fig. 7B). Variations of Type 2 have been observed in the
deformed units characterized by load structures, flames, in the calcarenitic layers A, B, C, D, F, G, H, |, L, Q and
R. The most impressive and complex deformations were all observed in units characterized by at least 15-20

cm of thickness (e.g., deformed units C, I, Q and R). For instance, in the deformed unit R (Fig. 6E), load-
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structures (load-casts, ball-and-pillows and flame structures) with internal lamination, and the homogenised
parts can characterise different portions of the deformed bed and their relative occurrence can be observed
along many ten of m. We have distinguished the following three types of deformed beds (Fig. 10B): (1) internal
lamination and massive sediment pervasively involve the whole layer, (2) two portions with internal lamination
and massive sediment occur within the same layer but not in phase, (3) laminated load-structures occur right

at the top and at the bottom of the unit and are separated by the massive portion.

Variations of Type 3 is a unique example of SSDS that shows a very unusual lateral change. Unit C (Trench 1 -
Fig. 3) shows some lateral variations of Type 2, but toward SE, it suffers a bipartition, and it turns into two sub-
units (C1 and C2 Fig. 4C) separated by an undeformed set of fine-grained carbonate laminae (sub-unit Uc, in Fig
12). Laterally, the sub-unit Uc is completely involved in the deformation of the entire unit C, toward NW.

Erosional surfaces and visible lateral lithologic changes in the involved beds were not observed (Fig. 4C).

5.3 Evidence of synsedimentary tectonics

Synsedimentary tectonics is recorded by many normal faults that involve the “calcari di Fiumicello” unit with
displacement that typically decreases upwards. Often these faults induce some bed thickness changes between
hanging wall and footwall portions. In Trench 2, some syn-sedimentary normal faults (dip direction — N30° and
N200°) involve the deformed units L and M, causing an increase of their thickness in the hanging-wall portions
(Fig. 5C). These small-scale faults seem to induce the formation of a slight topographic gradient towards the NE
(Fig. 5C). A localised and small-scale graben-like structure (dip direction — N25° and N210°) shows unusual
growth-fault features in the hanging-wall (Fig. 8). Furthermore, some small neptunian dykes (max 1.5 m in
height and few cm in length) are present (Fig. 9). They are fissures that widen upwards and that are filled by
soft-sediments coming from above. They are a record of synsedimentary extensional regimes as the above-

mentioned faults.
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Finally, small-scale faults (few cm of total displacement) affect many deformed units (Fig. 4C); they show an
irregular vertical distribution, crossing the deformed unit C; these small-scale faults do not have a dominant dip
direction and could not be associated with tectonics, being probably the effect of compaction during

consolidation (Cartwright and Dewhurst, 1988) .

6. Discussion

6.1 Interpretation of deformation mechanisms and driving force system for SSDS

The mechanisms of deformation (sensu Owen, 1987) recorded by most SSDS in the “calcari di Fiumicello”
formation are liquefaction and fluidization (viscous-fluid behaviour in load- and water-escape structures);
some others show plastic and/or brittle behaviour (folds and breccia).

Load-structures are the most widespread SSDS in the analysed stratigraphic sections. They form in response to
a driving force system (sensu Owen, 1987) related to an unstable density gradient (Rayleigh-Taylor instability).
The gravitational re-adjustment starts only after a drastic reduction in shear strength of the involved
sediments (Anketell et al., 1970). As a result of liquefaction, the interface between the two layers starts
deforming, and then the two units with unstable densities gradient produce various kinds of load structures.
Selective fluidization induced by the “re-settlement” of particles at the end of the liquefaction event (Allen,
1982; Owen, 1987) can also form some water-escape structures between adjacent load-structures (Moretti et
al., 1999). In the load structures analysed here, the initial system is given by the overlying coarse-grained on
fine-grained sediments. However, for some layers, the difference in bulk density is not obvious at the outcrop
scale: in these cases, we have also investigated the reversed density gradient at the microscale (Fig.
10).Variations in deformation style observed in the load structures could be attributed to different
parameters. The dynamic viscosity is the most important of these parameters, and differences in this quantity
in two superposed units (Anketell et al., 1970) is responsible for the general sinusoidal morphology of the

interface (with narrow or large antiformal and synformal features). The actual bulk density gradient and the
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duration of the liquefaction state (Owen, 2003) is also a responsible factor that can induce slight deformations
at the interface (load-casts — with lower density gradients and/or sudden end of the liquefaction/fluidization
state), or the formation of ball-and-pillow structures (in high density gradient systems and/or for a long
duration of the deformable state). Folds and slump-like features (deformed layers E, M and P) do not reveal
associations with liquefaction and/or fluidization features at the outcrop scale. Therefore, we can infer that
each individual plastic/brittle deformation characterizing the deformed layers E, M and P, occurred with lateral
stresses acting as driving force system (gravitational body force of Owen, 1987), in conditions of reduced shear
strength. Plastic and brittle deformations result in soft sediment that are generally associated with a slope, and
the driving force system is related with lateral stresses (gravitational body force of Owen, 1987).

A slope surface was observed in the field as a morphological element for deformed layer P, where a foreset
(more than 12° in dip) exposes irregular folds and thrust-like features and brecciation. Deformed layer E shows
analogies with the morphological features observed in deformed layer P, but it involves only a set of sub-
horizontal laminae (few cm thick). No obvious preferential orientation of the fold and axial planes has been
observed.

The complex deformed layer M overlies on a sub-horizontal surface (corresponding to the top of deformed
layer L), and in this case the presence of a slope can be inferred by measuring the axial planes of slump folds
that occur mainly in the lower and middle portions of this deformed unit. W-SW dip directions are widespread,
but data dispersion is generally high (see Fig. 5F). These results could be related with the presence of both
non-cylindrical folds (in layer-parallel or -normal shearing conditions, Alsop and Marco, 2011) and/or slight and
irregular slope gradients (Mastrogiacomo et al., 2012; Spalluto et al., 2007). Normal synsedimentary faults
form small-scale horst and graben structures within unit M. These structural features probably contribute in
creating a scattered low gradient slope system and a partial agreement between fault plane orientations and
the shortening in the slumped unit M. Finally, the broken folds and breccia shows haphazard directions and

records the brittle behaviour of some passively translated portions of the unit M during lateral movement.
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6.2 Interpretation of lateral variations in the deformed units

Some authors have previously identified a lateral variability in beds with SSDS, but their studies are based at a
basin scale analysis (e.g., Rodriguez-Lopez et al., 2007; Alfaro et al., 2010). In these studies, deformed layers
were correlated over large distances (several km) and across different paleogeographical and
paleoenvironmental settings. Furthermore, Gibert et al. (2011) interpret the occurrence of many superposed
deformed beds passing laterally to a single deformed layer as result of liquefaction in a multilayered system
with lateral permeability changes.

Data collected in the “calcari di Fiumicello” show the occurrence of seventeen units with SSDS, mostly
characterized by extensive lateral variations given by changes in number, geometry, thickness, and
deformation style. These lateral variations have been summarised in three main types that can be interpreted
taking advantage of the direct observation of gradual and/or abrupt changes along continuous railway

trenches.

The occurrence of Type 1 lateral variations (Fig. 7A) is related with the limited extent of the mechanisms that

originate the SSDS. The localised load structures of the unit O form as result of the localised liquefaction
features imposed by the prograding foreset on a soft substrate (Fig. 6B). Slumped bodies occurring within high-
angle foresets (unit P - Fig. 6C) result from gravitational body forces acting on a limited amount of soft-
sediment. Liquefaction in presence of unequal loading are responsible for the formation of localised load-casts
of the unit E (Fig. 4E). Obviously, deformed layers can suddenly cease to be visible also for the presence of

irregular erosional surfaces (as narrow channelized surfaces - unit R — Fig. 6E).

Lateral variations of Type 2 (Fig. 7B) connotates gradual changes in the morphology and/or thickness of SSDS.

The occurrence of these lateral variations can potentially be associated with the primary sedimentologic
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features of those units affected by SSDS, such as grain size and thickness of the layers affected by
liquefaction/fluidization. Also, carbonate sediments can experience different degrees of early diagenesis
(Bathurst, 1983). The lateral variations in the deformation style can be ascribed also to the additional presence
of large-scale sedimentary structures characterising the pre-deformational system (Owen and Moretti, 2011).
For example, the foresets or sigmoidal beds could be an additional heterogeneity given by the asymmetrical
alternation of calcarenite and calcisiltite laminae. A lateral slight variation in the grain-size is visible in the
sigmoidal beds but can only be supposed in the deformed ones since the primary lamination and the original
textural features have been completely obliterated by the action of liquefaction and fluidization processes. The
co-occurrence of a certain array of sedimentary structures (e.g., foresets) contributes in determining also the
partitioning of liquefaction and fluidization features within the same unit, and thus the variety of SSDS

morphologies observed in a single deformed layer.

Lateral variations of Type 3 (Fig. 7C) characterises deformed unit C which is characterised by a bifurcation

toward the SE forming two sub-units (C1 and C2) separated by an undeformed set of fine-grained laminae (Uc).
We interpret this atypical bipartition as the result of the thickening of the fine-grained sub-unit inducing a
lateral variation of texture and permeability. . Here, the sub-unit Uc prevents the liquefaction of the whole set
of strata (C=C1+Uc+C2) acting as a confining layer for the two sub-units C1 and C2, which still show evidence of
deformation induced by liquidization (Scenario 1 in Fig. 11). Another possible explanations for this unusual
lateral variation would infer the occurrence of an irregular erosional surface within the sediment that is not
obvious in the field. However, this could lead to a very complicated scenario related to more sedimentary and
erosional phases occurring in a relatively short time frame, and interrupted by two (Scenario 2 in Fig. 11) or

three deformation events (Scenario 3 in Fig. 11).
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The solution suggested in this paper (Scenario 1) has been qualitatively modelled using a simple analogical
procedure (Supplementary material) reproducing a multilayered unstable density gradient system with lateral

variations of permeability.

6.3 Interpretation of trigger agents

Liquefaction can be triggered by several natural processes. These are overloading or unequal loading, wave
action, tidal action, sudden changes in groundwater table and earthquakes (Moretti et al., 2016). Discussions
about this topic can be found in review papers such as Obermeier (1996), Owen et al. (2011) and Owen and
Moretti (2011). As a consequence, similar morphological features will result from liquefaction triggered by
different active natural agents responsible for liquefaction and/or fluidization (Dzutyriski and Walton, 1965).
This condition can represent a major issue when interpreting the trigger mechanism of SSDS. Therefore, facies
analysis and a detailed description of the deformed layers aid in narrowing down the natural agent (or trigger
mechanisms) causing liquefaction. According to Leeder (1987) and Owen and Moretti (2008), trigger
mechanisms can be autogenic (related to depositional and/or erosive processes inside the sedimentary basin)
or allogenic (such as seismic shocks or tsunamis). Prior to interpretation as a SSDS as induced by an allogenic
process, a detailed discussion on the possible autogenic mechanisms is needed. In this study we used the
procedure for determining the trigger mechanism of soft-sediment deformation proposed by Owen et al.
(2011), that takes into account all possible triggers compatible with the sedimentary environments investigated
at the site.

Overloading-related liquefaction and fluidization are driven by high rates of deposition (Lowe, 1975). Rapid
deposition of a sandy bed may induce instantaneous increase in interstitial pore water pressure within the
underlying bed. Quantitative estimations on the triggering effect of overloading are given in Moretti et al.
(1999). Overloading and probably unequal loading can induce the deformation observed in the load-structures
of deformed beds N and O (Trench 3). The latter occurs just underneath the foresets characterized by coarse-

grained bodies: they represent the result of localised liquefaction effects of the soft substrate on which the
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foresets rapidly prograde, inducing localized liquefaction effects. A very similar effect is described along the lee
sides of prograding dunes in tidally-dominated deposits (Chiarella et al.,, 2016). No other evidence of

overloading or unequal loading is documented.

Wave-induced liquefaction can result from the impulsive impact of breaking waves in proximal marine
environments, but the cyclic effect of storm waves is generally considered more efficient in inducing
liquefaction of unconsolidated sands (Henkel, 1970). The cyclic effect of storm waves is able to induce
liquefaction at a considerable depth below the water-sediment interface (Molina et al., 1998) and it acts at the
lower shoreface and offshore transition. The action of breaking waves on proximal beach environments, and
storm-wave effects in deeper/distal deposits, is not likely here since the “calcari di Fiumicello” formation was
deposited in semi-enclosed/lagoonal setting, in a generally low energy environment. Furthermore, despite
some symmetrical ripples in coarse-grained pack-grainstones and very fine-grained calcarenites, the
sedimentological features associated with the influence of storm waves are absent. Greb and Archer (2007)
found evidence of soft-sediment deformation (from a few centimetres up to 17 cm of thickness) associated
with the tidal action in modern estuarine sands in south-eastern Alaska. This type of SSDS is induced by
macrotidal regimes characterized by 9-10 m of tidal range, and coupled with high-energy tidal bores (1.8 m in
height, travelling at 16 km/h). During the Messinian, a microtidal regime can be inferred since the
paleogeographic setting of the Mediterranean Sea did not change throughout the late Miocene (Roveri et al.,
2014). As a consequence, at our study site the action of important tide as trigger mechanism is excluded

because the microtidal influence would not be able to cause liquefaction and/or fluidization.

Other triggering mechanisms responsible for liquefaction and fluidization are less common, yet they own a
preservation potential. Sand boils, or boiling springs (Guhman and Pederson, 1992; Holzer and Clark, 1993) are
fed by discharge conduits of artesian ground water which may fossilize as large vertical cylinders of fluidized

sand (Deynoux et al., 1990; Dionne, 1973). No evidences of localised upward directed flows have been
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observed in the outcrop analysed for this study. Carbonate successions can be subject to large deformation
related to the action of synsedimentary karstic processes (Moretti et al., 2011; Robledo and Pomar, 2000). This
process commonly induces narrow downward collapses and sinkhole features that were not observed in the

investigated succession.

Seismic shocks are the only other reliable trigger mechanisms for most of SSDS in the “calcari di Fiumicello unit
(except for the deformed units E, N and O with autogenic origins). An extensive literature refers to
palaeoseismic studies in Holocene sediments deposited in many sedimentary environments based on the
analysis of liquefaction and fluidization structures corresponding to well-known historical, and instrumentally-
recorded seismic events (e.g., Galli, 2000; Quigley et al., 2016; Tuttle et al., 2019; 2017; Villamor et al., 2016).
Many authors report a genetic relationship between seismic shaking and SSDS (dykes, load-structures,
deformed laminations, etc.) in field-based investigations of ancient deposits (see Moretti and van Loon, 2014,
and references therein) and analogic modelling tests in laboratory (Kuenen, 1958; Moretti et al., 1999; Owen,

1996a).

Careful consideration is required for assessing the genetic interpretation of irregular folds and slump-like
structures since no evidence of liquefaction and/or fluidization features was documented during the field
campaign. The origin is clearly autogenic (peculiar to the system analysed) for slump-like structures observed
in the deformed layer P (Fig. 4, Trench 3). Centimetric slump structures occur at the bottom of the lee-side of
the foresets identified in Trench 3. Slump structures result from localised slide accumulation on the steeper
side of the foresets during rapid progradation (Fig. 6C). An autogenic trigger was identified also for the
deformed layer E (Trench 1, Fig. 4). This layer has got thin and localized slump-like laminae could be ascribed

to minor perturbation processes at the water/sediment interface (like weak current shear stresses)

Dm-scale slump structures observed in the deformed unit M (Trench 2, Fig. 5E, 5F) occur on a sub-horizontal
and undeformed (flat) surface (Fig. 5CE). Autogenic processes such as storm wave action, overloading, sudden

changes in groundwater, tidal hydrodynamic processes can be all excluded on the basis of the same
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assumptions illustrated above for load-structures. The slump body is characterized by about 50 cm of
carbonate sediments in a lateral movement on a nearly flat surface (lagoonal floor). We interpret this unit as
seismically-induced, inferring that only a sudden and drastic decrease in shear strength can result in the
documented deformed features (shear folds at the base of the unit, and breccia formation in the whole body
of the slump) on sub-horizontal surface. Other evidence is that the direction of shortening in the slump body
(see the rose diagram of Fig. 5F) is roughly consistent with the orientation of main synsedimentary faults (Figs.
5C, 8). Likewise, the occurrence of slumps in modern (Field et al., 1982) and ancient tidal flat and shallow-sea
environments (Bhattacharya and Bandyopadhyay, 1998; Rossetti and Santos Jr., 2003; Spalluto et al., 2007) is

interpreted in terms of paleoseismicity.

6.4 Inferring reliable paleoseismic parameters from seismically-induced SSDS

The seismites recognized in this study seem to occur in ideal general conditions (sediments are susceptible to
liquefaction, driving force systems acting during the deformation, absence of predominant erosive or
sedimentary processes, vertical and lateral occurrence of deformed beds, moderate- to high-magnitude seismic
area, etc.). Hence, the seismically-induced SSDS of the “calcari di Fiumicello” deposits can have a paleoseismic
relevance which is worth to be discussed.

As shown in the field, the counting of SSDS can change laterally leading to either overestimation or
underestimation of the recurrence time of the paleoseismic events. For example, each deformed bed can split
in two. The field data represent a limitation the active tectonics analyses, especially if paleoseismic
investigations are mainly based on the study of a single stratigraphic section and/or short paleoseismic
trenches and well-logs. Nevertheless, the recurrence time of seismic events in this area can be roughly
calculated by taking into account only the reliable seismically-induced SSDS (twelve). A sedimentation rate of
about 1-2 mm/y was supposed, assuming data coming from a Holocene succession deposited in similar
depositional settings (lagoonal to semi-enclosed marine basin), and located in analogous microtidal regime

(e.g. Mar Piccolo basin, Southern Italy; Valenzano et al., 2018). As a consequence, the time of paleo-earthquake
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event occurrence would be of few thousand years (2500-5000 years), given the number of seismically induced
deformed layers (twelve) in the 30 m thick sedimentary succession. This result can slightly vary as a
consequence of changes in sedimentation rate, as observed in the portions with coarse-grained sedimentary
deposits of sigmoids or foreset, where some overloading effects have been detected. Nevertheless, this
conclusion is not unreliable in terms of a timeframe, but it represents the “apparent recurrence time” of
earthquakes with M>5 (sensu Ezquerro et al., 2015, 2016) in this area.

Secondly, the thickness and dominant morphologies of the deformed layers are strongly influenced by primary
sedimentological features, in particular by structural (bedding and lamination) and textural features (grain-
size, density of sediments, relative density of the sedimentary framework, etc.) of the involved layers, but also
by their environmental setting: the position of the water table, liquefaction duration, and presence of a
driving force system active during liquefaction. As a consequence, attempts to correlate thickness and/or the
morphologies of seismites to a specific magnitude of paleo-earthquakes (as suggested in Berra and Felletti,
2011; Rodriguez Pascua et al., 2000) can prove challenging, and thus it is hardly limited by primary
sedimentological conditions and environmental settings.

Many studies have aimed to reduce uncertainties of magnitude estimates of paleo-earthquakes from
paleoliquefaction features by performing regional calibration of the magnitude-distance relation (Obermeier et
al., 2002; Olson et al., 2005a; 2005b). Advances in this field of research were also tested by Green (2013)
against the site specific geotechnical method (Idriss and Boulanger, 2006; Youd, 2001), using the 2010-2011
Canterbury Earthquake Sequence as a study case. Green’s (2013) research assessed the back-calculated
earthquake magnitude in two scenarios: known and unknown earthquake source locations. This investigation
showed that the use of liquefaction surface effects triggered by events such as the Mw 7.2 2010 Darfield
earthquake, (Basher et al., 2011; Hornblow et al., 2014; Quigley et al., 2012; van Bellegooy et al., 2014; Van
Dissen et al., 2011) does not result in very accurate location of the earthquake epicentre. During the Darfield

event areas that were far from the earthquake epicentre, but located in highly susceptible settings (Bastin et
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al., 2016; Brackley et al., 2012) resulted as more liquefaction than areas close by. Therefore, it is valuable to
take into account local conditions of liquefaction susceptibility for a better understanding of paleo-earthquake
source.

Finally, comparing the occurrence of seismically-induced SSDS and the vertical distribution of main facies (Fig.
3), it seems that ideal conditions for the occurrence of liquefaction and fluidization processes are associated
with lagoonal facies, obviously as result of widespread alternations of silt (potential permeability barriers) and
sand (high susceptibility to liquefaction). These results are consistent with recent reports of liquefaction
surface effects (EMERGEO, 2013; Tuttle et al., 2017; Villamor et al., 2016) and their association with specific
alluvial geomorphic features as the point bar deposits and paleo meanders (Tuttle and Barstow, 1996; Giona

Bucci et al., 2018).

7. Conclusions

Seventeen SSDS layers were identified in the Calcari di Fiumicello unit, and twelve of these are inferred to be
seismites. The recognition of seismites at this site suggests that the Gargano Promontory was affected by
strong (Mw > 5.0) and recurrent earthquakes at the end of the Miocene. The co-occurrence of (i) syn-
sedimentary faults within the analysed outcrops, (ii) literature indicating a main tectonic phase during the end
of the Miocene in the Gargano Promontory, and (iii) the occurrence of extensive Pleistocene and Holocene
seismic-liquefaction features in the northern coastal area of Gargano are all independent sources of data that
support the seismic origin for the described deformed layers.

The outcrop investigated in this study shows that SSDS are characterized by high lateral variability in terms of
deformation pattern and thickness. This research highlights the concept that these changes are mostly
determined by the pre-deformation sedimentary system and the driving force system acting during
deformation. These findings should be taken into account when using SSDS for paleoseismic investigation at a

basin-scale, and/or when analysing liquefaction events with the use of well cores and paleoseismic trenches,
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because the number of deformed units and their main physical characters can change laterally.
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FIGURE CAPTIONS

Fig. 1. Simplified geological map of the northern Apulia and Adriatic Sea. The Gargano Promontory is
characterized by faults with different kinematic. The most preeminent features are the structural highs of the
Tremiti Islands and the Mattinata Fault, a strike slip fault that passes offshore to the Gondola line (modified
after Morsilli et al., 2017). The study area (Fig. 2) is indicated in a small green box.

Fig. 2. Geological map of the study area where the “calcari di Fiumicello” and other stratigraphic units crop out
(modified after Morsilli et al., 2017). Stratigraphic logs have been documented along three railroad trenches.
Fig. 3. Sedimentological and stratigraphical logs with their location. Five deformed layers (SSDS) were observed
in Trench 1, six in Trench 2, and five in Trench 3.

Fig. 4. Deformed units in the Trench I. (A). The deformed Unit A is characterised by ball-and-pillows surrounded
by massive sediments. Note the presence of deformed laminae within the inner portion of the pillows in the
top-right-hand corner of the frame. (B). Flame structures separate adjacent load-structures in the deformed
Unit B. (C). The deformed Unit C shows lateral variations: a single deformed unit (C) passes laterally to two
thinner deformed unit (C; and C,). (D). Load-structures of the deformed Unit D. (E). Folds like structures in the
deformed Unit E. Note the presence of breccia and compressional features in the whitish laminae.

Fig. 5. Deformed units in Trench 2. (A). The deformed units F, G and H occur in the lower portion of calcarenite
beds and are represented by tight load-structures. (B). The deformed unit | contains load-structures with
preserved primary lamination, (pen for a scale). (C). Panoramic view of L and M deformed units. Note that they
are separated by an undeformed thin layer. Small-scale faults involve both deformed units and the
displacement seems to end upward in the upper part of the deformed unit M. These faults are oriented dip
direction N30, and N200. (D). The deformed unit L is characterized by complex of load-structures (ball-and-
pillows) locally cross-cut by upward-directed laminae. (E). A set of tight folds (blue arrows) occurs just above
the undeformed layer that separates L and M deformed units, involving the basal portion of the deformed unit
M. Note the top section of unit M shows chaotic and fragmented laminae/layers. (F). Example of an irregular

fold within the intermediate portion of the deformed unit M, pen for a scale. A Rose diagram shows the dip
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direction of the fold axial planes (17 measurements). Data are very scattered, but seem to show a rough
preferential orientation of axial planes dip directions toward W and SW, partially in agreement with the main
synsedimentary faults (see Fig. 5C)

Fig. 6. Deformed units in Trench 3. (A). The deformed unit N shows narrow load structures and it occurs just
below foresets in medium- and coarse-grained calcarenites. (B). Photo and sketch of the deformed unit O. Note
that large load-structures formed at the interface (in blue) between massive whitish silt and the overlying
coarse-grained calcarenites in foresets. (C). The deformed unit P occurs along the foresets (in orange the
direction of their migration) and shows slump or breccia features. (D). Two details of the deformed unit Q. Load
structures with preserved lamination. (E). Photo/sketch of the deformed bed R. Load-structures with complex
internal lamination (IL) are separated by upward-directed features. The sediment surrounding adjacent load-
structures is homogenised and massive (HMS) and primary lamination is not preserved.

Fig. 7. Schematic model summarising the three types of lateral variations observed at our study site. (A).
Lateral variation of Type 1 is characterised by a reduced length, and is mainly associated with overloading,
unequal loading and slump occurrence. (B). In the lateral variation of Type 2, style and/or thickness of the
deformed units laterally changes along several meters until disappearing. (C). In the lateral variation of Type 3,
SSDS affect the whole thickness of a layer that laterally passes in two deformed and thinner sub-layers.

Fig. 8. Trench 2. Tectonics involving the deformed units. The scale of the displacement in the small-scale
graben can be appreciated observing the top of the deformed unit L. Synsedimentary activity is recorded within
the deformed unit M, which seems to increase its thickness in the hanging-wall portion of the graben.

Fig. 9. A neptunian dyke occurred in Trench 2. Note that the infill coming from the upper sedimentary units is
made up of well-rounded pebbles.

Fig. 10. Microphotographs showing grains from load structures derived from the deformed bed H (Trench 2). At

the end of the liquefaction process, the top and denser unit will sink into the bottom unit, with lower density.
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The bottom unit will tend to move upward to re-establish a system that is more stable in the field of gravity.
Photos taken using crossed nicols.

Fig. 11. Interpretation on the dynamics of the deformed unit C. Scenario 1 is the solution suggested in this
paper. A single event induces a bifurcation of the deformed bed because of the occurrence of a permeability
barrier which is variable in thickness and represented by the layer Uc. Scenario 2 implies the deformation of an
older unit, the formation of an erosional surface, and then a later phase of sedimentation with a further final
deformation occurring within the younger unit. The final geometry is similar to the Scenario 1, but two
deformation events are needed. Scenario 3 leads to the same final geometry providing three deformation

events being different the succession of sedimentary and erosional phases.
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