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A B S T R A C T   

The present research explores a diverse suite of soft sediment deformation structures (SSDS) combined with 
clastic dykes and shear deformation bands distributed throughout a Early Miocene-age mixed carbonate- 
siliciclastic coastal wedge located on the Ligurian coast (NW Italy) of the Mediterranean region. The studied 
Aquitanian-Serravallian successions of the Finale Ligure Basin are typified by the presence of lithologically 
heterogeneous units, internally characterized by abrupt changes of lithofacies distributions and associated 
interpreted depositional environments. The interface between the terrigenous base and the carbonate wedge in 
many places features SSDS. Here, we report the discovery of a multiform deformational pattern, ranging from 
small size (cm-to dm-scale) load-and-flame structures, ball-and-pillows and mini-slumpings, to outsized (several 
meters in height) chaotic contorted and folded stratigraphic intervals, sand intrusions and diapir- or tree-like 
water escape structures. Many of the SSDS are related to fast injection of overpressurized fluids after sand 
liquefaction, and occur in close association with disaggregation and phyllosilicate shear bands, and sand 
dykelets. The stratigraphic distribution and cyclic repetitions of SSDS-prone intervals unambiguously indicates 
syn-depositional seismicity, thus suggesting that juxtaposition of SSDS, diapiric injectites, and shear deformation 
bands can serve as a suitable diagnostic criteria for seismite identification in the field. Since these particular 
assemblages of deformation structures reflect seismic activity in the area, they provide compelling evidence for 
previously undocumented tectonic episodes in Langhian-Serravallian times, associated with the latest stages of 
the Liguro-Provençal Basin opening.   

1. Introduction 

The origin of soft sediment deformations structures (SSDS) remains a 
disputed topic in clastic sedimentology, and unraveling their triggering 
mechanism is a challenging task in outcrop studies. SSDS are sedimen
tary structures related to both chemical and physical events. According 
to Mills (1983) the principal mechanisms responsible for this kind of 
deformation structures - alone or combined - comprise: (i) liquefaction 
or fluidization, (ii) reverse density gradation, (iii) slumping or slope 
failure and (iv) shear stress. It is important to note that those are the 
mechanisms of formation but not necessarily the trigger agents. The 

most common mechanisms resulting in SSDS development are fluid
ization and/or liquefaction, which typically develop both during sedi
mentation and/or shortly after deposition (e.g. Allen, 1982; Owen, 
2003; Moretti and Sabato, 2007; Van Loon et al., 2020). SSDS typically 
form in water-saturated cohesionless sediments, as they result from 
significant decreases in shear resistance (Allen, 1982). 

SSDS are not restricted to distinct depositional environments, as they 
have been documented in the entire range from proximal continental to 
abyssal marine realms (Shanmugam, 2017; Varejão et al., 2022). Con
tinental occurrences include fluvial (Marshall, 2000; Went, 2005), vol
canic (Smellie et al., 2006; Brown et al., 2007), lacustrine (Gruszka and 
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Van Loon, 2007), and eolian depositional environments (Horowitz, 
1982; Moretti, 2000). SSDS have moreover been documented in glacial 
and periglacial settings (e.g. Le Heron et al., 2005; Brandes et al., 2012, 
2018a), where ice-sheet loading, glacio-tectonism, and freeze-and-thaw 
processes represent important triggers for SSDS (Van Loon et al., 2020). 
Transitional continental-marine domains may also feature SSDS, 
essentially in deltaic environments (e.g. Hickson and Lowe, 2002; 
Ekwenye et al., 2020). Marine environments prone to SSDS range from 
tidally-influenced (e.g. Greb and Archer, 2007), over shallow marine 
(Molina et al., 1998), to deep-water settings (e.g. Chen et al., 2019; 
Oliveira et al., 2009). 

Although a range of processes can lead to SSDS formation, the main 
triggering factors are overloading or unequal loading (i.e., density- 
driven deformation that arises from differences in bulk density of the 
involved strata), wave-induced stresses (both cyclical and impulsive), 
sudden changes in groundwater level, and earthquake-induced seis
micity (e.g. Seilacher, 1969; Mills, 1983; Obermeier, 1996; Van Loon, 
2009; 2009; Moretti and Sabato, 2007; Owen et al., 2011; Brandes and 
Winsemann, 2013; Shanmugam, 2017). Resultant fluid escape struc
tures are interpreted as related to (i) earthquake shock (cyclic and 
concentrated) or (ii) nearly instantaneous deposition or altered 
groundwater movements (Mills, 1983). Earthquakes can affect surficial 
layers by sudden changes in pore-water pressure. Particularly silty and 
sandy layers with a high content of clayey material are subjected to 
hydroplastic deformation (Van Loon, 2009), although even gravels may 
be affected (Carter and Norris, 1986). The style and intensity of defor
mation can range from slight to chaotic, culminating in complete dis
ruptions of affected strata. Deformation-prone strata may show a wide 
variety of SSDS, ranging from deformation bands to hydroplastic folds 
such as convolutions, load casts and flame structures (Moretti and 

Sabato, 2007). To this date, the exact discrimination of the trigger 
process of SSDS however remains problematic, essentially based on the 
exclusion of the influence of other triggering mechanisms (Owen et al., 
2011; Shanmugam, 2017; Varejão et al., 2022). Notwithstanding, 
deformation bands in unconsolidated sediments are considered robust 
indicator for syn-depositional activity (either seismic and slow creep) of 
deep basement faults (Cashman et al., 2007; Brandes and Tanner, 2012; 
Shipton et al., 2017; Brandes et al., 2018a, 2022). 

In this paper, we present the first documentation of disturbed sedi
ments in the mixed carbonate-siliciclastic sedimentary successions of the 
Finale Ligure Basin (Issel, 1892; Boni et al., 1968; Dallagiovanna et al., 
2011; Brandano et al., 2015; Della Porta et al., 2022), which crops out 
along the Ligurian coast, in the northern part of the Western Mediter
ranean region (Fig. 1). The Finale Ligure Basin represents an upper 
Oligocene to middle Miocene coastal wedge that unconformably over
lies metamorphic units of the Ligurian Alps (Brandano et al., 2015, 
2022; Della Porta et al., 2022). It is constituted by a basal terrigenous 
sequence, which is superimposed by the Pietra di Finale carbonate 
sequence. In particular the interface between the terrigenous and 
calcareous sequences is defined by intercalated sedimentation patterns. 
It displays exceptionally well-exposed SSDS, mainly represented by 
load-and flame structures and ball-and-pillow structures, fluid-driven 
upward expulsion of strata of the lower clastic unit, and the presence 
of deformations bands. 

SSDS in carbonate successions are comparatively understudied in 
comparison to their widely documented siliciclastic counterparts (Bourli 
et al., 2020). In view of the recent increase of importance of mixed 
siliciclastic-carbonate successions as exploration targets (e.g. Chiarella 
et al., 2017; Du et al., 2022; Hussain et al., 2022), and the fact that SSDS 
and deformation bands can create heterogeneity in sub-surface 

Fig. 1. Simplified tectonic sketch of the Western Mediterranean region (modified from Faccenna et al., 2004; Oudet et al., 2010). The yellow star indicates the 
location of the Finale Ligure Basin. 
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reservoirs (e.g. Sternlof et al., 2004; Farrell et al., 2014; Fossen et al., 
2018) and CO2 storage sites (Warsitzka et al., 2017), this study aims at 
investigating the nature, origin and impact of SSDS in poorly studied 
mixed settings. Moreover, due to the lack of any deformation evidence - 
including seismic record - the Finale Ligure Basin has traditionally been 
considered as a low-strain domain (Boni et al., 1968; Dallagiovanna 
et al., 2011), although it developed during a phase of tectonic reorga
nization of the Western Mediterranean region, driven by the opening of 
the Liguro-Provençal basin (Fig. 1). 

A multi-method approach ranging from micro-to outcrop-scales 
comprises: (i) a detailed study of the sedimentological and structural 
characteristics at the outcrop-scale; (ii) photogrammetric investigations 
of the geometry of the structures and their stratigraphic occurrence and 
(iii) petrographic and textural analyses. This descriptive approach gives 
insights into the pivotal role of fluids as promoter of deformation, 
intrastratal sediment mobilization and solution/cementation processes. 
Given the regional stratigraphic and tectonic framework, the final aims 
of this study are: i) to unravel the origin of atypically large SSDS within a 
mixed siliciclastic-carbonate succession; ii) distinguishing between 
autogenic and allogenic processes as possible triggering forces; iii) test 
the concurrent presence of multiform SSDS, clastic dykes and shear 
deformation bands as a diagnostic tool for determining seismites; and iv) 
to constrain seismic activity during a major tectonic re-organization of 
the central Mediterranean area during the Early Miocene. 

2. Geological background 

2.1. Tectonic setting 

The Finale Ligure Basin reflects a major transgression marked by the 
deposition of mixed siliciclastic and carbonate sediments in a confined 
embayment setting, inherited from the marine flooded Alpine bedrock 
(Boni et al., 1968; Della Porta et al., 2022). It is located in the Ligurian 
Alps (Figs. 1 and 2A), which represent the junction between two 
arch-shaped orogenic belts, the Western Alps and the Apennines 
(Vanossi et al., 1986; Seno et al., 2005; Maino et al., 2013). The Ligurian 
Alps are formed by imbricated tectonic units derived from three 
pre-Alpine paleogeographic domains: the Briançonnais, Pre-Piedmont 
and the Piedmont-Ligurian oceanic domains (Bonini et al., 2010; 
Maino and Seno, 2016; Mueller et al., 2020). While the Briançonnais and 
Pre-piedmont domains represent the European continent and its margin, 
the Piedmont-Ligurian domain is composed of oceanic crust and its 
pre-collisional sedimentary cover (Seno et al., 2003; Mueller et al., 
2020). Below the Finale Ligure Basin, the metamorphic basement con
sists of Briançonnais units which experienced subduction- and 
collision-related metamorphism and deformation from late Eocene to 
early Oligocene times (Vanossi et al., 1986; Bonini et al., 2010; Maino 
et al., 2012, 2015a, 2015b, 2020). In response to the Apennines’ 
northeastward migration and the inception of the Ligurian-Provençal 
back-arc basin opening (~35-30 Ma; de Voogd et al., 1991; Rollet et al., 
2002), the Ligurian Alps and the associated retro-wedge basin (i.e., the 
Tertiary Piedmont Basin) record Early Oligocene extensional followed 

Fig. 2. A) Geological map of the Finale Ligure Basin (redrafted after Boni et al., 1968 and new mapping) along the Ligurian coast in NW Italy (insert in the upper left 
corner). Stratigraphic units of the legend are from Boni et al. (1968); note that Perti sandstone and conglomerate refers to “Bracciale, Perti, Ansaldo, Costa and Rocca 
degli Uccelli conglomerate and sandstone” of Boni et al. (1968). B) Tectonic sketch of the Ligurian coast comprising the Finale Ligure Basin (in orange),highlighting 
the main fault network in the continental basement and offshore (from Dallagiovanna et al., 2011; Maino et al., 2013; Morelli et al., 2022). C) Stratigraphic logs of 
representative succession of the Finale Ligure Basin. Numbered circles indicate the positions of the three localities where SSDS were studied. 
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by Late Oligocene transtensional faulting episodes (Maino et al., 2013; 
Decarlis et al., 2014; Federico et al., 2020; Amadori et al., 2023), 
combined with transpressional to compressional faulting in central 
Liguria (Federico et al., 2014; Crispini et al., 2009). Since the Miocene, 
spatially and temporally alternating extensional and compressional 
phases are documented (Maino et al., 2013; Morelli et al., 2022). The 
Liguro-Provençal ocean spreading reached climax in the 
Langhian-Serravallian (Speranza et al., 2002), when rotation of the 
Ligurian Alps accommodated the rifting phase, as well as eastward 
drifting of the Corsica-Sardinia block (Vanossi et al., 1994; Gattacceca 
et al., 2007; Maffione et al., 2008; Maino et al., 2013). Drifting was 
accomplished in the Ligurian Sea through extensional tectonics, while 
the post-drifting evolution is characterized by episodic tectonic in
versions from extension to transpression during Serravallian-Messianian 
times, and since the Pliocene to present (Larroque et al., 2011; Morelli 
et al., 2022). 

2.2. Stratigraphy 

2.2.1. Pre-tertiary basement 
The pre-Tertiary basement of the Finale Ligure Basin is represented 

by the Briançonnais Mallare and Castelvecchio-Cerisola units (Seno 
et al., 2005; Maino et al., 2012a). They comprise i) Permian 
meta-sedimentary and -volcaniclastic successions (Dallagiovanna et al., 
2009; Maino et al., 2012b; 2019) and ii) a Meso-Cenozoic sedimentary 
sequence that comprises fluvial Lower Triassic metaconglomerates and 
quartzites, Middle Triassic platform carbonates and dolostones, Upper 
Jurassic marbles and Upper Cretaceous calcareous schists (Decarlis 
et al., 2013, 2014, 2017; Seno et al., 2005). 

2.2.2. Stratigraphy of the Finale Ligure Basin 
The pre-Tertiary basement is unconformably covered by a silici

clastic post-orogenic basin fill, superimposed by a thick mainly 

carbonatic sequence. The stratigraphic definition of these deposits 
evolved trough times. In the first descriptions (Fig. 3; Boni et al., 1968, 
1971; Mosna et al., 1990), the Finale Ligure Basin sequence has been 
subdivided into two lithostratigraphic units, including: the “Finale 
Ligure Limestone” (Calcare di Finale Ligure; “Pietra di Finale” Auct.) and 
the “Tertiary Substrate” or “Basal Complex of the Finale Ligure Lime
stone” (“Substrato Terziario” or “Complesso di base dei Calcare di Finale 
Ligure” Auct.). While the presence of a carbonate sequence is limited to 
the upper unit, the terrigenous deposits are present in both. The silici
clastic sediments are represented by a monogenic breccia, polygenic 
conglomerates and sandstones, marlstones and siltstones. In between the 
individual members, they display abrupt vertical and lateral transitions 
in terms of facies and style of deposition. Their stratigraphic relation
ships are often difficult to reconstruct because of discontinuous outcrop 
exposures and the scarcity of fossil content in most of the breccias, 
conglomerates and sandstones (Boni et al., 1968, 1971; Mosna et al., 
1990). The lower unit – the “Tertiary Substrate” or the “Basal Complex 
of the Finale Ligure Limestone” - includes four siliciclastic members 
(Figs. 2 and 3): 1) monogenic breccias with clasts of Triassic dolostones 
(“Borgio Breccia” Auct.); 2) polygenic conglomerates and sandstones 
(“Bracciale, Perti, Ansaldo, Costa and Rocca degli Uccelli conglomerate 
and sandstone” Auct.); 3) grey-yellow claystones, siltstones and marl
stones (“S. Lorenzino Marls” Auct.); 4) coarse sandstones and 
fine-grained, quartz-rich conglomerates with centimeter-thick in
tercalations of green claystone and marlstone (“Sandstones and Marls, 
West of Mt. Cucco” Auct.). The age of these deposits is suggested to be 
early Oligocene (Mosna et al., 1990) to possibly Aquitanian-Burdigalian 
for the Marls West of Mt. Cucco (Boni et al., 1968, 1971). The upper 
formation - the “Finale Ligure Limestone” - includes two siliciclastic and 
three carbonate members that show heteropic sedimentation patterns 
(Figs. 2 and 3): 1) polygenic conglomerates and sandstones (“Poggio 
Mb.” Auct.); 2) marlstones, sandstones, intercalated with 
packstone-wackestone (“Torre di Bastia Mb.” Auct.) attributed to 

Fig. 3. Comparison of lithostratigraphic subdivisions of the Oligocene?-Miocene sedimentary succession of the Finale Ligure Basin deposited on the Alpine meta
morphic basement according to different authors, included the one proposed in this work. 
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Aquitanian-Burdigalian to probably basal Langhian age (Boni et al., 
1968); 3) red-color skeletal calcarenites associated with siliciclastic 
detrital grains (“Verezzi Mb.” Auct.); 4) hybrid arenites interbedded 
with polygenic conglomerates (“Rocce dell’Orera Mb.” Auct.); 5) skel
etal limestones with scarce terrigenous fraction (“Monte Cucco Mb.” 
Auct.). On the basis of the abundant fossil content, the carbonate 
members are attributed to Langhian-Serraviallian times (Boni et al., 
1968; Mosna et al., 1990). 

Brandano et al. (2015) confirmed the stratigraphic description of the 
lower unit (i.e., “Basal Complex” of the Finale Ligure Limestone), but 
recall the “Finale Ligure Limestone” into “Pietra di Finale Fm.“, dividing 
it in into a terrigenous unit (comprising the “Poggio and Torre di Bastia 
Mbs.“) and a calcareous unit corresponding to the “Verezzi, Rocce del
l’Orera and Mt. Cucco Mbs” (Fig. 3). 

Della Porta et al. (2022) provide a detailed description of fourteen 
lithofacies (L1 to L14; Fig. 3), where the basal L1 to L7 are terrigenous, 
corresponding with the lower unit of Boni et al. (1968, 1971) (“Basal 
Complex” of the Finale Ligure Limestone), together with the two 
lowermost members of the “Finale Ligure Limestone” (“Poggio and 
Torre di Bastia Mbs.“; i.e. the terrigenous unit of Brandano et al., 2015). 
Lithofacies L8 to L14 belong to the calcareous members of “Finale Ligure 
Limestone” of Boni et al. (1968) (“Verezzi, Rocce dell’Orera and Mt. 
Cucco Mbs.“; i.e., the calcareous unit of Brandano et al., 2015). 

The stratigraphic units of Boni et al. (1968) and (1971) have been 
formalized in the Italian geological mapping project (CARG) into two 
formations (Dallagiovanna et al., 2011): the Basal complex of the Finale 
Ligure Limestone Fm. (hereafter Basal Complex) and the Finale Ligure 
Limestone Fm. (“Pietra di Finale”, hereafter PdF). Biostratigraphic in
vestigations accomplished in the framework of the CARG project suggest 
a revision of the depositional age of the “San Lorenzino Marls” ranging 
from Oligocene (Giacomini, 2009; Dallagiovanna et al., 2010, 2011) 
towards Aquitanian times. Therefore, apart from few undated basal 
breccias and conglomerates lacking fossil content, most of the silici
clastic sediments are Aquitanian-Burdigalian in age. 

2.2.3. Lithofacies characterization and spatial distribution 
The lower part of Basal Complex crops out in the southwestern part 

of the Finale Ligure area (Mt. Caprazoppa section of Fig. 2C), and is 
represented by up to 100 m thick breccias predominantly consisting of 
dolomite clasts. They locally display lenticular bed-set geometries and 
(“Borgio Breccia” of Boni et al., 1968; cf. L1 of Della Porta et al., 2022), 
and are interpreted to represent proximal channelized colluvium de
posits (Mosna et al., 1990). Laterally to this breccia, up to 15 m thick 
alternations of coarser polygenetic siliciclastic and finer marly intervals 
display rapid lateral facies changes (“Bracciale sandstone and 
conglomerate” of Boni et al., 1968; L2 of Della Porta et al., 2022). The 
composition of the sandy deposits widely matches that of the Permian 
volcano-clastic Briançonnais deposits, which, together with high 
textural maturity and the presence of echinoid fossils, suggests deposi
tion in fluvial to deltaic environments (Mosna et al., 1990). Above both 
conglomerates and breccias, coarse sandstones and polymictic micro
conglomerates of the “Poggio member” (Boni et al., 1968; L7 of Della 
Porta et al., 2022) are mainly composed of dolomitic clasts. This mem
ber reaches a maximum thickness of ca. 50 m. While the basal part of the 
succession (ca. 10 m in thickness) features massive sandstones, a 
coarsening-upward trend into more organized, well-stratified 
conglomeratic strata typifies the stratigraphic organization of the 
member. Sediments show high textural maturity and abundant calcite 
cement. Bivalve imprints are common. Subordinate echinoid fossils are 
present. The “Poggio conglomerates” shows lateral heteropy with 
several facies of the “Torre di Bastia Mb.” (Boni et al., 1968; L3 of Della 
Porta et al., 2022). The “Torre di Bastia Mb.” reaches a cumulative 
thickness of ca. 60–70 m. It comprises a basal interval typified by al
ternations of thin sandstone beds and greenish-yellow clays. The 
marl-prone upper parts comprise sandy marls, which show an up-section 
gradual transition into marls enriched in calcite. Sedimentary facies 

suggest a wide range of depositional environments. A recent 
re-investigation of the microfaunal assemblages of the “Torre di Bastia 
Mb.” indicates a early Burdigalian depositional age (i.e., BA3-BA4 of the 
IFN3 biozone; cf. Giacomini, 2009; Dallagiovanna et al., 2010, 2011). 
Silicified volcaniclastic sandstones and conglomerates are intercalated 
into the topmost marly horizons of the “Torre di Bastia Mb.“, with the 
coarser grained strata typically displaying erosional basal contacts 
(Vanossi, 1991). Eastward, the Rocca di Perti section (Fig. 2c) is char
acterized by up to 40 m thick polygenetic litharenites and conglomer
ates, hosting channel incision filled of m-sized clasts (“Perti sandstone 
and conglomerate” of Boni et al., 1968; L6 of Della Porta et al., 2022). In 
the northern part of the Finale Ligure Basin (Mt. Cucco section, Fig. 2c), 
the sequence begins with alike 10 m thick polygenetic clastic sediments 
(“Costa conglomerates and sandstones” of Boni et al., 1968), overlain by 
up to 20 m thick hemipelagic marls (“Monte Cucco and San Lorenzino 
Marls” of Boni et al., 1968; L4 of Della Porta et al., 2022). They comprise 
litharenites which alternate with claystone beds rich in microfaunal 
assemblages that yield Aquitanian age (Giacomini, 2009; Dallagiovanna 
et al., 2010, 2011). In their upper parts both marly members show 
repeated incisions of sandstone- and conglomerate-filled bodies. An 
erosional unconformity separates the top of the “San Lorenzino marls” 
from a ca. 3 m thick layer of structureless quartzose sandstones and 
conglomerates (“Ansaldo sandstone” of Boni et al., 1968; L5 of Della 
Porta et al., 2022), which alternate with thin heterolithic intervals 
consisting of thin-bedded, very fine grained strata (Mosna et al., 1990). 

Based on macrofossil findings, the deposition of the overlying bio
clastic limestones that form the PdF can be constrained to Langhian to 
Serravallian ages (Boni et al., 1968; Brandano et al., 2015). The “Verezzi 
member” (L10 of Della Porta et al., 2022) is represented by grainstone 
lithologies composed of green calcareous algae limestones that comprise 
abundant shells, minor portions of echinoid fossils, and rare occurrences 
of isolated corals, brachiopods, oysters and fish teeth (Boni et al., 1968). 
Average thickness of the well-bedded, reddish calcarenitic strata is ca. 0, 
3–0,5 m. The “Verezzi member” reaches a maximum thickness of ca. 50 
m (Boni et al., 1968; Della Porta et al., 2022). The overlying “Rocce 
d’Orera member” (L8-9, 11–12 of Della Porta et al., 2022) is represented 
by massive, highly porous bioclastic limestones that generally comprise 
terrigenous components. Main bioclastic components are fragments of 
corals, algae, molluscs, bryozoans, and balanids (Boni et al., 1968; Della 
Porta et al., 2022). Throughout the stratigraphic section, the succession 
shows intercalations of sandstones and conglomerates similar to those of 
the “Poggio Mb.” (Mosna et al., 1990), reaching a maximum thickness of 
ca. 40–70 m (Brandano et al., 2015; Della Porta et al., 2022). The “Monte 
Cucco Mb.” (L8, 12–14 of Della Porta et al., 2022) forms the distinctive 
cliffs of the PdF. Locally, terrigenous marly to coarse sandy intervals 
mark the basal contact between the “Monte Cucco member” which in 
that case directly superimposes the “Torre di Bastia member” (Boni 
et al., 1968). Lithologically, the “Monte Cucco Mb.” is represented by 
bioclastic limestones with very minor non-skeletal proportions. The 
principal skeletal fraction is that of Hydrozoan debris (Boni et al., 1968; 
Brandano et al., 2015, 2022; Della Porta et al., 2022). Intervals char
acterized by abundant inorganic content comprise balanids, bryozoans, 
and pelecypod skeletal remains. The member reaches a maximum 
thickness of up to 200 m and has been interpreted to be deposited in an 
enclosed and shallow marine environment (Boni et al., 1968; Brandano 
et al., 2015), or, more recently, to a narrow strait defined by intermittent 
to high-energy bottom currents (Della Porta et al., 2022). 

Paleo-environmental conditions during time of deposition of the 
exclusively carbonate members have been explored by Brandano et al. 
(2015), who proposed constraints on climatic conditions and nutrient 
availability that controlled the carbonate factory during 
Langhian-Seravallian times (i.e., the “Verezzi, Rocce dell’Orea and 
Monte Cucco Members”). The most recent studies on the PdF further 
explore energetic controls on the carbonate buildup (Brandano et al., 
2022), and provide new insights into paleo-environmental conditions 
such as hydrodynamic energy, nutrient availability, and basin 
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configuration (Della Porta et al., 2022), both suggesting high-energy 
conditions within a wave-dominated scenario. 

3. Methodology and dataset 

Fieldwork was performed through extensive mapping at the 1:10 000 
scale in the framework of the Italian geological mapping project (CARG 
“Foglio 245-Albenga”). Field observations were acquired at the outcrop 
scale, aimed at exploring individual contacts between different lith
ofacies, as well as the potential presence of deformation structures. A 
reconsideration of the boundary between the Basal Complex and the PdF 
(Fig. 3) was carried out, streamlining the pioneering lithostratigraphic 
scheme of Boni et al. (1968) and the recent updates of Brandano et al. 
(2015) and Della Porta et al. (2022). 

Field data has been augmented with orthophoto-panels and DOMs 
acquired via drone imagery. Orthophoto-panels were generated through 
a DOM approach (Menegoni et al., 2022), comprising acquisition of 
more than 2000 photographs with mean resolution of around 3 
mm/pixel using a quadcopter DJI Phantom 4 RTK, the DOM develop
ment and the extraction of orthorectified images with point of views that 
best-fit SSDS. 

Sedimentological investigations of SSDS-prone interfaces were con
ducted at three main localities. Study locations are illustrated in Fig. 2B, 
and their stratigraphic positions are shown in Fig. 2C. Detailed sedi
mentary facies analyses of the studied sediments are provided by the 
recent works Brandano et al. (2015, 2022) and Della Porta et al. (2022).. 
We base our findings and interpretations on this framework. Sedimen
tological analysis was performed with emphasis on the sedimentary 
facies of strata incorporated into SSDS-prone interfaces, and in-depth 
description of character and morphology of deformational features. 
Analysis of deformed strata aimed at exploring lithology, bed or bed-set 
thickness, primary sedimentary structures, granulometry, and nature of 
bed bounding surfaces. Sediment-grain size was determined in the field 
with a hand lens and a standard grain size chart In case of some large 
deformation structures that ,comprise poorly consolidated sediments 
granulometric data was further acquired according to the DIN EN ISO 
17892-4 standard, utilizing the mechanical sieving and hydrometer 
analyses (Kolmar and Cui, 1984). Grain size measurements have more
over been conducted on thin sections utilizing the ImageJ software 
(Rasband and ImageJ, ). Porosity of representative deformation domains 
have been acquired through optical petrography of thin sections 
impregnated with blue epoxy resin. After sample scanning, pore spaces 
have been estimated following the procedure of Rabbani et al. (2017). 
Paleocurrent orientations were analyzed by measuring the orientation of 
ripple fore-sets. Lateral changes in sedimentary facies, granulometry, 
and style of juxtaposed deformation features were documented by 
means of walking out interfaces that exhibit SSDS. Categorization of 
loading structures was conducted according to the descriptive criteria of 
Owen (2003). Classification of upward-direct deformations (i.e. flame 
structures and clastic dykes) was performed following the proposed 
scheme of Oliveira et al. (2009). Structural investigations are based on 
recognition and attitude measurements of fractures, faults and shear 
bands. Particular emphasis has been devoted to deformation shear bands 
as they allow identification of deformation of unconsolidated sediments. 
The structural dataset was subsequently synthetized into classic ste
reographic projections. 

4. Results: descriptions of SSDS at study locations 

4.1. Study location 1: Basal Complex (Perti village) 

The studied exposure at location 1 (Perti village; Fig. 2) comprises a 
basal, relatively thick (ca. 2 m) marly layer within the “Perti conglom
erate and sandstone” lithozone of the Basal Complex (L6 of Della Porta 
et al., 2022), that is superimposed by a thick (>10 m of vertical outcrop 
exposure) succession of coarse sandstones and polymictic 

conglomerates. Marls display faint cross-bedding, while the coarser 
sediments are massive, lacking primary sedimentary structures 
(Fig. 4A). A range of SSDS can be observed at the interface between the 
marls and their superimposing coarse counterparts. The contact between 
the light brownish marls and the coarser sediments is generally sharp. 
Lateral outcrop exposure is ca. 50 m. The most abundant type of SSDS 
are load casts. They are distributed along the entire lateral exposure of 
the outcrop, resulting in an overall undulating interface (Fig. 4A). Load 
casts typically display asymmetric, concave-up shapes. They downward 
intrude into the thick marly interval that locally shows discontinuous, 
very thin fine sandy interbeds. Load casts have lateral extensions of up to 
ca. 1.2 m and depths of up to 45 cm (Fig. 4A). Locally, flame structures 
can be found, typically associated with lateral terminations of load casts. 
They are characterized by upward-directed intrusions of marly substrate 
into the coarse sandy overlying bed (white arrows in Fig. 4A). Flames are 
asymmetric, and in some cases flame tips show a tendency of down-dip 
(i.e. S-SW) orientations. Maximum flame dimensions are 12 x 3 cm. 
Another distinctive feature of the exposure is the presence of 
sub-vertical, upward-oriented dyke (i.e., laccolith-shaped) structures, 
located at the lateral terminations of huge load casts. Their upper ter
minations show cusp-to x-shaped morphologies (Fig. 4 B, C). Their di
mensions range from a height of 75 cm and a width of 55 cm to a 
maximum height of 110 cm and a width of 80 cm, respectively. 

The marly interval moreover features a variety of pseudonodules, 
which can be subdivided into large, detached ball-and-pillow structures 
(Fig. 4B), and smaller, attached and well-rounded ovoid to ball-shaped 
structures (Fig. 4E). Large ball-and-pillow structures show elongated, 
kidney-shaped morphology, and typically display rounded to sub- 
rounded edges (Fig. 4A). Maximum dimensions are 65 x 30 cm. The 
ball-and-pillow structures (i.e. pseudonodules) are composed of medium 
sand, and lack evidence of internal grading. They are distributed in the 
underlying marly substrate and typically occur in horizontal alignments 
along a distinct horizon located ca. 25–40 cm below the interface 
(Fig. 4A). The well-rounded, smaller ovoid and locally ball-shaped va
rieties comprise pseudonodules with a maximum diameter of 12 cm. 
Average grain size is medium to coarse sand. They form clusters of 
closely aligned individual small pseudonodules, with a thin marly ma
trix separating each pseudonodule from its neighboring equivalents. 
From top to base of the structure, a general trend in reduced maximum 
diameters can be observed (Fig. 4D). These accumulations are v-shaped, 
and show sub-vertical orientation. Maximum downward vertical 
extension is ca. 80 cm. At its topmost exposure the accumulation shows 
its broadest width of ca. 45 cm. In addition, a single specimen of an 
isolated small nodules was encountered in a marly-sandy interval that 
displays remnant cross-bedding (Fig. 4E). 

4.1.1. Interpretation of the SSDS 
Sedimentological analysis reveals that the interface between marls 

and sandstones of the Basal Complex of the Finale Ligure limestone from 
location 1 (Perti village; Fig. 4B, C, Fig. 4A–E) is dominated by the 
presence of loading structures such as simple load-and-flame structures. 
Clastic injectites, and – to a minor degree –pseudonodules represent less 
common forms of SSDS. We interpret these SSDS as originated from the 
presence of a marked density contrast in between the fine-grained marly 
sediments and their overlying coarse-grained counterparts (Fig. 13A), 
which both form part of the Perti Sandstones and Conglomerates (L6 of 
Della Porta et al., 2022). The characteristic bulbous shapes of the load 
casts would point towards depositional loading as the cause of defor
mation recorded in the topmost part of the marly horizon (Owen, 2003; 
Van Loon and Pisarska-Jamroży, 2014). Flame structures are interpreted 
to equally reflect gravitational loading of the thick packages of dense 
sediment onto the underlying less permeable marly strata (Owen, 2003; 
Owen and Moretti, 2011). Laccolith-type injection structures associated 
with the lateral terminations of large load casts are thought to represent 
large-scale upward intrusions of fine sediments along open fissures 
(Owen et al., 2011). The large ball-and-pillow structures are interpreted 
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to mirror density inversion resulting from the deposition of the thick 
sandy unit onto the finer grained marly interval. Their occurrence can be 
explained by the thickness of the marly layer and rapid deposition of the 
coarser grained strata that might have promoted the collapse of these 
ball-and-pillow structures into the underlying substrate (cf. Collinson 
et al., 2006). 

The v-shaped clusters of small, attached well-rounded pseudonod
ules are however interpreted to result from the filling of meso-scale syn- 
sedimentary faults. These might have originated from sudden loading of 
the overlying sediments, presumably defined by uneven distribution of 
sediment load (Ricci-Lucchi, 1995; Ekwenye et al., 2020). The 
well-rounded shapes of the small pseudonodules are thought to be 
related to the impermeable nature of the surrounding sediments, 
bringing about cement precipitation and the development of concre
tionary nodules (Molenaar et al., 1988; Collinson et al., 2006). The 
single occurrence of an isolated small nodule is interpreted to have 
originated from disparate sorting of the sediments and by a contrasting 
proportion of carbonate cement with respect to the hosting sediments, 
presumably as a result of a carbonate fragment representing the nucleus 
of the nodule (Molenaar et al., 1988). 

Notwithstanding the first-hand explanation of the triggering mech
anism for liquefaction and/or fluidization that caused the SSDS would 
be that of rapid sedimentation that caused gravitational overloading 
onto the water-saturated fine-grained sediments (e.g., Owen et al., 2011; 
Ekwenye et al., 2020), an unambiguous deduction whether allogenic or 

autogenic drivers promoted the fluidization or liquefication of the 
SSD-prone strata is a challenging task. A range of indicators reasonably 
suggest an alternative explanation, namely a seismogenic trigger. 
Essentially the presence and the orientation of the laccolith-shaped 
structures indicates their occurrence in close association with open fis
sures (i.e. syn-depositional brittle faults as denoted in Fig. 4D; cf. 
Brandes and Winsemann, 2013; Van Loon and Pisarska-Jamroży, 2014). 
Moreover, the limitation of the SSDS to a single deformed stratigraphic 
interval of the investigated exposure, where lateral varieties of SSDS are 
observable (e.g., Moretti et al., 2014; Morsilli et al., 2020; Müller et al., 
2021), together with the comparatively wide lateral extent of the 
SSDS-prone interval would provide further evidence of an 
earthquake-induced triggering mechanism responsible for the assem
blage of SSDS recorded at study location 1 (e.g., Berra and Felletti, 2011; 
Moretti and Ronchi, 2011; Moretti et al., 2014). 

4.2. Study location 2: boundary between the Basal Complex and PdF 
(Rocca di Perti) 

Study location 2 (Rocca di Perti; Fig. 2) exposes the stratigraphic 
contact between the topmost 5–7 m thick “Perti conglomerates and 
sandstones” of the Basal complex (L6 of Della Porta et al., 2022) and the 
base of the “Rocce dell’Orera Mb.” bioclastic limestones of the PdF 
(L11-12 of Della Porta et al., 2022). The boundary between the two units 
is defined by a sharp lithological contact, expressed by an abrupt grain 

Fig. 4. A) Outcrop overview of the basal contact between conglomeratic layers and underlying marly sediments within the Perti Sandstones and Conglomerates 
member (Location 1; Basal Complex of the Finale Ligure limestone Fm.). See Fig. 4B for section locality. White arrows indicate load casts at the base of very thick 
conglomeratic bed. The marly interval features large-scale detached pseudo-nodules (black arrows) that float in a roughly parallel arrangement. B) Diapiric intrusions 
of marly sediments into fine-sandy strata of the Perti Sandstones Member. Rectangular inlet shows position of Fig. 4C&D. Also note the development of pseudo- 
nodules located at the lateral terminations of diapir-type intrusions (yellow arrow) C) Detail of laccolith-shaped injectite, displaying cusp tip morphologies at 
upper terminations. D) Close-up of area indicated in Fig. 4B, highlighting the downward-oriented, subvertical alignment of small-scale detached pseudonodules 
(small yellow arrows). E) Diagenetically overprinted foresets in sandy strata of the Perti member. Sediment dispersal was towards S-SW (160◦). Note the isolated 
carbonate pseudonodule (white arrow) and the presence of conglomeratic clast (gneiss pebble highlighted by blue arrow) interpreted to reflect a relatively short 
transport distance from the adjacent Paleozoic basement of the Briançonnais domain. 
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size jump from basal fine sandy sediments towards overlying 
coarse-grained bioclastic microconglomerates (Fig. 5). The fine sandy 
interval of the topmost “Perti conglomerate and sandstone” comprises 
massive sandstones that lack any evidence of primary sediment struc
tures, whereas strata of the overlying “Rocce dell’Orera Member” typi
cally show cross-stratification (Fig. 5C). Foresets dip towards S-SW. A 
detailed sedimentary facies analysis is documented by Brandano et al. 
(2015, 2022) and Della Porta et al. (2022). A variety of SSDS can be 
observed along the laterally continuous interface (see the 3D models as 
Link1-3; Link 1 - https://skfb.ly/oDAYw; Link 2 - https://skfb. 
ly/oDAYJ; Link 3 - https://skfb.ly/oDAZp). In the following a descrip
tion of SSDS with primary focus on investigating differences in style, 
shape, and dimensions of the encountered structures is given (Fig. 5). 

The most common types of SSDS are load casts and flames of variable 
morphologies that occur in a variety of dimensions. Remarkably, later
ally crossing the interface along an SW-NE transect, a general trend in 
increase in dimensions and intensity of soft sediment deformation can be 
noted. While in many places the contact between the two units shows a 
straight to slightly wavy nature without direct evidence of disturbance 
except for minor loading (Fig. 5A), some zones in the NE’ part display 
high abundance and diversity of SSDS. Based on disparate dimensions 
and morphological characteristics, three main types of load structures 
can be differentiated. At the smallest scale, an accumulation of load casts 
was encountered, associated with a sharp, irregular to wavy contact 
(Fig. 5B). These structures can be described as a continuous array of 
undulating load casts with dimensions of ca. 1–1.5 cm in height and 
2–2.5 cm in width. The small-scale load casts generally display sym
metric, concave-up profiles. They downwards intrude into the under
lying fine sandy substrate. In some places, the small-scale variety occurs 
in association with larger counterparts. Medium-sized load casts are of 
symmetric, concave shape, with dimensions of ca. 20 cm in width and 
10 cm in depth, exhibiting a half-circle (or lobate) shape in profile 
(Fig. 5C). Large-scale loading structures show maximum dimensions of 
ca. 1.70 m in width, with maximum downward extensions of ca. 1.40 m 
into the underlying substrate (Fig. 5D–E). In some places a transitional 
development from load casts into flame structures is observable 
(Fig. 5D). 

Flame structures occur at different scales and display diverse shapes 
(Fig. 5E–I and Fig. 6A, B, E; see also the 3D models as Link1-3; Link 1 - 
https://skfb.ly/oDAYw; Link 2 - https://skfb.ly/oDAYJ; Link 3 - htt 
ps://skfb.ly/oDAZp). Each type of flame structure is characterized by 
a sharp contact between the contrasting lithologies, defined by a pro
nounced grain size shift. These types of SSDS are characterized by 
upward-directed structures of fine sandy sediment into the overlying 
coarser-grained strata. Flame tips show a tendency to follow the orien
tation of the S-SW-directed main direction of paleocurrents (Fig. 5E). 
Both lateral and summit interfaces of the flame structures commonly 
display high-frequency wavy interfingered (Fig. 6D, F, G), or, in some 
places, cuspate-lobate morphologies (Fig. 6E). Flames are generally 
characterized by sharp, linear and angular lateral terminations (Fig. 5H; 
see also the 3D models as Link2; Link 2 - https://skfb.ly/oDAYJ). 

At the larger scale, diapir-like structures that resemble mega-flames 
can be observed (5 F–I, 6 A-B; see also the 3D models as Link 1 and 3; 
Link 1 - https://skfb.ly/oDAYw; Link 3 - https://skfb.ly/oDAZp). The 
diapiric structures are up to 3 m in height and show sub-vertical ori
entations along the interface. They are limited to lateral terminations of 
the comparatively deep downward-directed intrusions of large-scale 
loading structures. Two main types of diapir-like shapes occur at study 
location 2. Diapir-like SSDS can generally be described as laterally 
restricted, curved protuberances that feature comparatively broad 
bases. In upward direction the diapiric intrusions show marked nar
rowing (Fig. 5E–G, 6A), and typically exhibit well-rounded to sub- 
rounded tops. In two cases slight kinks of the topmost part results in a 
“shark fin”-type of appearance (Fig. 5H). Above the top of large flames 
or diapirs, superimposing layers of bioclastic limestones are folded, ac
commodating the vertical shapes of the intrusions (Fig. 5F, see also 

Fig. 6A). Notably, concentrations of mud-clasts can be found at the 
immediate contact within the coarser grained “Rocce dell’Orera Mem
ber”. Mud-clasts are arranged parallel to the top boundaries of large 
shark-fin like flame structures (Fig. 5E). In addition, several specimens 
of mega-flames can be observed. They are defined by sharp boundaries 
and angular flame shapes (Fig. 5H). 

4.2.1. Interpretation of SSDS 
Comparable to the suite of load-and-flame structures encountered at 

study location 1, their presence at the interface between the Basal 
Complex and the PdF (Rocca di Perti, location 2) is interpreted to result 
from liquefaction or fluidization of the lower stratigraphic interval 
(Moretti and Ronchi, 2011). Liquification or fluidization might either be 
triggered by the overpressure of the overlying sediment load (Moretti 
and Sabato, 2007; Van Loon, 2009), or by a seismic shock (Owen and 
Moretti, 2011; Van Loon and Pisarska-Jamroży, 2014; Van Loon et al., 
2020). Overpressure is commonly regarded as a crucial prerequisite for 
the generation of clastic injectites (e.g., Van Loon, 2009; Rodrigues 
et al., 2009). Diapirs and megaflames thus suggest an origin in response 
to interstitial water overpressure, forcing injection of the underlying 
sediments into their overlying strata. Upward flow of liquefied sedi
ments in the diapiric and flame structures is highlighted by several lines 
of evidences, including: i) the vertical alignment of the sands in the 
diapirs, particularly along the contact interface towards their hosting 
sediments, ii) deformation of sediments on their top and, iii) the inter
digitated interface between sands and limestones and the cuspate-lobate 
features (Fig. 6G–E). 

The sharp, linear and angular lateral terminations of diapir-like 
structures (Fig. 5 G&H) would imply brittle deformation in a some
how progressed state of lithification of the sediment. In comparison to 
overloading driven by high sedimentation rates that might account for 
the presence of load-and-flame structures, brittle deformation would 
therefore indicate an allogenic driver active after sedimentation (i.e. 
earthquake-induced seismic shocks; Van Loon and Pisarska-Jamroży, 
2014), delineated by the fact that the liquefied body experienced con
version from solid-to liquid-state behavior (Berra and Felletti, 2011; 
Owen and Moretti, 2011). An increase in pore pressure might have 
promoted reduction of the tensional strength in the liquefied body in 
contrast with strengthening of the adjacent sediments, which resulted in 
geometrically sharp boundaries of the intruded fluidized sediments 
(Bryant and Miall, 2010). 

4.3. Study location 3: Verezzi member of PdF (Verezzi quarry) 

The studied outcrop at location 3 features a WSW-facing quarry-type 
cut of the calcarenitic “Verezzi Member” (Fig. 7; L10 of Della Porta et al., 
2022). The quarry face shows lateral exposure of ca. 60 m and a cliff 
height of ca. 30 m (see the 3D model as Link4; Link 4 - https://skfb. 
ly/oDC6J). Since the quarry has only relatively recently been aban
doned and has been exposed to the environment for less than 20 years, it 
does not exhibit evidence of strong weathering or alterations. The 
quarry face features at least three different disturbed intervals, distrib
uted in different stratigraphic intervals (Fig. 7). The contact between 
comparatively homogeneous, coarse-grained calcarenites and super
imposing finer, locally cemented and matrix sustained alternations of 
silty and fine sandy sediments can be studied (Fig. 8&9). The exposure 
displays evidence of a series of vertical water propagation systems that 
disturbed the original stratification of the sediments (Figs. 7 and 8). 
While the vertical outcropping exposure of the lowermost homogeneous 
coarse-grained calcarenitic strata is limited to ca. 2.5 m in height, the 
heterolithic finer-grained interval defined by alternating thin to very 
thin layers of mudstones and silts to fine sands accounts for the promi
nent wall (Fig. 7). In some places essentially the sediments involved in 
the interface are poorly consolidated. Parallel laminations are the 
common primary sediment structure expressed in the fine-grained al
ternations. Above the sharp contact between the two main facies, a 
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variety of SSDS can be observed. SSDS show disparate shapes and di
mensions, and comprise (i) dome-shaped SSDs, (ii) intervals prone to 
load-and-flame structures, and (iii) chaotic and slumped strata. Their 
stratigraphic occurrence will be described in the following. 

4.3.1. Dome-like structures 
At the basal interface between the two lithologies, dome-like struc

tures can be traced along the same stratigraphic level (Figs. 7A and 8; see 
the 3D model as Link4; Link 4 - https://skfb.ly/oDC6J). In terms of 
sediment grain size, the dome-like structures are characterized by 
comparatively homogeneous, medium to very coarse-grained sand
stones, which intruded into their overlying heterolithic host rock that is 
predominantly made up of alternating siltstones and mudstones. In view 
of morphology, the structures range from dome-to oak tree-like shapes, 
with the latter typified by a central dyke-like vertical shaft that culmi
nates in a fan-shaped crown (Fig. 8). Within a lateral distance of ca. 15 
m, two well-preserved oak tree-like structures occur (specimen located 
the SW’part of the quarry is shown in Fig. 8A). Detailed investigation of 
the internal make-up of the tree-like structures reveals that the basal 
part of the structure is defined by a gradual contact with an undeformed 
layer. The core or shaft of the vertical structure shows a poor degree of 
cementation. Within the central dykes or in direct adjacency, intrusion 
carbonate filled veins and clastic dykes are observable. They vary from 
few mm’s to ca. 1 cm in width, and can be distinguished by abrupt color 
changes (Fig. 10B, F), and show variable degrees of cementation. They 
branch into variably oriented channels that show a dendritic pattern, 
resulting in the tree-like morphology (Fig. 8A). A third dome-shaped 
SSDS can be observed in the southernmost part of the quarry 
(Fig. 8B). This structure is similar to the ones described above, although 
it lacks a central shaft. It should be noted that the main difference is that 
the injected sediments are coarser than those of the tree-shaped vari
eties, and that this southernmost dome-shaped SSDS is typified by a 
comparatively high degree of cementation. Moreover, it differs from the 
other dome structures as it lacks the lower undeformed layer, possibly 
due to limited exposure of the lowermost basal level in this part of the 
outcrop. The uppermost parts of all dome structures are represented by 
alternations of thin fine sandy and clayey layers, and feature assem
blages of shear bands (Fig. 8B and 10C, E). 

Granulometry analysis in the field via hand lens analysis reveals a 
rapid lateral and vertical shifts in grain size from coarse sandstones that 
represent undeformed strata below the domes and tree-like structures 
towards very thin alternations of fine laminated layers at their outer 
boundaries. Due to their in wide parts local unconsolidated state, sedi
ments associated with the dome-like structure were additionally 
sampled for grain size analysis in the laboratory. Sample locations are 
indicated in Fig. 8B. Results from combined mechanical sieve and hy
drometer analyses are shown in Fig. 9, confirming the sharp grain size 
contrast between the involved stratigraphic intervals. . 

4.3.2. Chaotic strata with load cast SSDs 
Within a vertical distance of ca. 11 m from the topmost part of the 

interval affected by the dome-shaped SSDS, a further deformed interval 
can be observed. The overall thickness of the affected stratigraphic in
terval is ca. 3.5 m (Fig. 7). Its basal part can be traced throughout the 
entire outcrop (see the 3D model as Link4; Link 4 - https://skfb. 

ly/oDC6J). Along a S–N transect, the thickness of the deformed inter
val shows a comparatively gradual decrease in thickness, with a north- 
ward reduction of the height of the deformation level which at its 
outer outcropping exposure is limited to ca. 50 cm. The features recor
ded in the layer comprise contorted/disturbed stratifications, upward 
sediment expulsions that cross-cut stratigraphic layers, and large load
ings which are limited to the basal part of the disturbed interval (Fig. 7). 
On the neighboring quarry face the main SSDS features comprise load 
cast structures and mini-slump structures (from ca. 10 cm to 1 m in 
height). Towards the top of the quarry face another deformed interval 
can be observed. It shows similarity to the second deformation event; 
however, it is characterized by larger water intrusion features (Fig. 7C), 
which in turn up-section are followed by chaotically disturbed strata. 
Here, huge slump structures that resemble eye-shapes (Maino et al., 
2015; 2021) occur in association with flames and fragments of incor
porated strata (Fig. 7D–F). As for the previous deformation event, the 
vertical propagation changes between the two main analyzed walls of 
the cave. 

4.3.3. Shear deformation bands and clastic dykelets 
Arrays of deformation bands and clastic dykelets can be observed in 

both the Basal Complex and in the PdF. Millimeter-to centimeter-scale 
dykes are primary recognizable by marked color changes and/or pro
truding relief with respect to that of their hosting rock (Fig. 6C and 10B, 
F). Sedimentary clasts within the dykes range from sands to micro
conglomerate in size. Dykes are partially filled with carbonate cement, 
and may show alignments of spheroidal voids of mud eroded out of the 
sediments or lithic clasts (Fig. 10A). Post-diagenetic arrays of small 
fractures often retrace the dykelets’ trajectories (Fig. 10A). Dykelets 
show sub-vertical arrangement, mainly striking NE-SW (Fig. 11B). 

Deformation bands can readily be recognized by the offsetting of 
lamination sets; however they are difficult to detect in the more ho
mogeneous sandy and calcareous layers (Figs. 8 and 10A, D-E). Band 
widths range from 0.1 mm to ca. 1 cm, with the latter being less 
frequent. Deformation bands displace sediment bedding planes from a 
few mm up to 2 cm (Fig. 10D–F). They often form conjugate networks or 
band arrays with dominant extensional kinematic and minor strike-slip 
component, and may thus classified as dilation shear bands (Fossen 
et al., 2007). Dome-shaped SSDS are dislocated by the shear bands, 
which in turn are offset by a second generation of flames (Fig. 8B and 
10C-E). Dip angles range between 40◦ and 70◦, showing well-defined 
NE-SW strike (Fig. 11). Field based comparisons of granulometric 
characteristics of shear bands and their hosting rocks reveal increased 
proportions of fine-grained sediments in the deformation bands. 

Ten representative samples have been analyzed by petrographic 
investigation of thin sections. Two samples have been collected from 
undeformed sediments located in further distance from the deformation 
bands, four from either cement-rich horizontally oriented and cement- 
poor vertically oriented dykelets, two from shear bands and two from 
the basal coarse sands underlying the dome-like structure (Fig. 12). 

Undeformed layers (Fig. 12A) are characterized by a dominantly 
muddy matrix (ca. 0.6 matrix/whole rock ratio). They show an average 
porosity of 4.4% and rare cemented areas. Modal composition is 
constituted by i) well-rounded lithic fragments of bioclasts, siltstones 
and dolostones and metamorphic grains (ca. 70%); ii) mono- and 

Fig. 5. Outcrop features at Rocca di Perti (Location 2), developed at the interface between the Torre di Bastia (Basal Complex of the Finale Ligure limestone Fm.) and 
the Rocce dell’Orera Mbs. (Finale Ligure limestone Fm.). A) Slightly wavy contact showing minor evidence of SSDs (isolated small-scale flame structures as indicated by 
arrows). Note the presence of mud-clasts in vicinity to flame structures. B) Small-scale symmetric load casts located at the base of undulating, wavy interface between 
the Rocca di Perti and Rocce dell’Orera Members. C) Medium-sized load casts found in association with alignment of mud-clasts in coarse-grained bioclastic strata. 
Note faint cross-bedding dipping to S-SW. D) Asymmetric concave-shaped large-scale load casts (white arrows) interpreted to indicate transitional development into 
flame structures E) Upward-intrusion of diapir-shaped flame structure into coarse-grained bioclastic strata. Note the abundance of mud-clasts in the intruded sed
iments (black arrows). F) Volcano-like structure defined defined by conical morphology. Note the above folded and sandwiched bioclastic strata. G) Detail of the 
summit of the structure in 5 F. Note the folded bioclastic limestones on the top of the diapir. H) Mega-flame structure that resembles shark fin morphology. Note the 
sharp-angular faulted lateral terminations of the diapir-like structure. I) Diapir-like structure defined by sharp-angular faulted lateral terminations and marked 
lithological contrast towards the superimposing sediments. To enhance the 3D perspective, see also the 3D models as Link1-3. 
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Fig. 6. Outcrop features at Rocca di Perti (Location 2), developed at the interface between the Torre di Bastia (Basal Complex of the Finale Ligure limestone Fm.) and 
the Rocce dell’Orera Mbs. (Finale Ligure limestone Fm.). A, B) Upward-intrusion of large scale diapir-shaped flame structure into coarse-grained bioclastic strata. Note 
the folded bioclastic limestones on the top of the flame in A. C) Detail of vertical sandy dykelet, highlighted by cemented vein in relief. D) Detail of the high-frequency 
wavy interfingered lateral interface of the flame structure in B). E-G) Cuspate-lobate morphology of flames that show alternations of sharp-angular and rounded 
boundaries. To enhance the 3D perspective, see also the 3D models as Link1-3. 
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polycrystalline quartz with subangular shape (ca. 20%); and iii) micas 
and heavy minerals (ca. 10%). 

The analyzed vertical dykelet from the main shaft of the tree-like 
structures (Fig. 8A) is a narrow (ca. 1 cm in width), matrix-rich (ca. 
0.75 matrix/whole rock ratio) conduit that contains subangular to 
rounded clasts of lithic siltstones, micritic limestones, polycrystalline 
quartz and minor portions of volcanic fragments, mixed with mudclasts 
composed of host rock matrix (Fig. 12B). Clasts are arranged in mod
erate to strong alignments, essentially those with high aspect ratio 
(Fig. 12B). Within the dykelet carbonate cement is scarce, whereas it is 

more abundant in the adjacent rocks. Dykelet walls show vertically 
laminated thin (ca. 0.1–0.2 mm) layers made up of very fine material. 
Porosity in the dykelet is 2.9%, lower than that of the close host rock 
(4.7%), interpreted to reflect the relatively high proportion of mud 
matrix. 

The dykelet sample collected from the low-dipping branches of the 
tree-shaped SSD (Fig. 12C) is richer in cement (cement to whole rock 
ratio of ca. 0.48). Cement is constituted by dolomite, calcite and 
ankerite, and contains clasts of lithic and mono-to polycrystalline 
quartz. It is characterized by a higher degree of sorting with respect to 

Fig. 7. A) Panoramic view of the quarry in the Verezzi Mb at the base of the Finale Ligure Limestone Fm. (Location 3). B) Stratigraphic distribution of SSDs recorded by 
three main layers (L1-3) within the Verezzi Mb. Structures of layer 1 are presented in Fig. 8. C) Detail of a worm-shaped vertical intrusion structure located in the 
topmost L3. D) Eye-shaped fold from the slumped and contorted layer 3. E, F) Details of chaotic structures including flames, fragments of incorporated strata and 
slumps. To enhance the 3D perspective, see the 3D model as Link4. 

P. Mueller et al.                                                                                                                                                                                                                                 



Marine and Petroleum Geology 155 (2023) 106345

13

their surrounding rocks. Porosity is in the order of 1.6% in the cemented 
dykelet, while it makes up 5.0% in the host rocks. 

Shear bands scattered within the heterolithic strata display lami
nated alternations of mud-rich and mud–poor intervals. They contain 

imbricated elongated clasts and show well-aligned orientations 
(Fig. 12D). Clasts are represented by well-sorted grains of quartz, feld
spar, micas, and minor portions of sedimentary lithic fragments up to 2 
mm in size. Mud-rich layers display more or less continuous alignments 

Fig. 8. Diapiric injectites distributed in the 
calcarentic Verezzi Member (Location 3). A) 
Giant oak tree-shaped intrusion defined by 
the central shaft that contains abundant 
sandy dykelets (large white arrows) and the 
fan-shaped morphology of the upper crown. 
Alternations of permeable and impermeable 
heterolithic strata characterize the topmost 
ca. 50 cm of the injectite, with the red- 
colored clayey layer marking the upper 
boundary of the crown towards its hosting 
sediments (small arrows). B) Dome-shaped 
upward-intrusion of coarse sandy sediment 
into superimposing thin-bedded heterolithic 
strata characterized by thin alternations of 
fine sand and clay. Note the shear bands 
cutting the dome (white arrows), and (inset 
C) a minor extrusion structure intersecting 
both the major dome and shear bands. Yel
low stars indicate sample locations of un
consolidated sediments analyzed via 
mechanical sieving. To enhance the 3D 
perspective, see the 3D model as Link4. 
Small inlet indicates position of structural 
measurements of shear band orientations 
(see also Fig. 11C).   
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of phyllosilicates, marking the visible foliation. Porosity of the shear 
bands is very low (0.4–0.8 in the fine, and 0.3–0.7 and coarse layers). 

Sandstones and conglomerates below the big dome-like structure are 
characterized by a marked increase in grain size (Fig. 12E). Calcarenites 
consist of large clasts of limestone, lithic fragments and mono-to poly
crystalline quartz, characterized by minor alignment. Carbonate cement 
and mud matrix fill gaps among clasts with a cement&matrix to whole 
rock ratio of ca. 0.12). Calculated porosity of these coarse sandstones is 
of 5.0%. 

4.3.4. Interpretation of the SSDs 
In the basal part of the studied exposure the PdF exhibits remarkably 

large (up to 5 m in height) specimen of dome- or tree-shaped SSDS which 
provide compelling evidence of upward-directed escape of highly pres
surized fluid-sediment mixtures into their hosting strata (Rodrí
guez-Pascua et al., 2000; see Fig. 13C). The stratigraphic layer prone to 
liquification in this case is represented by coarse-sands, which are cap
ped by alternations of sandy and silty layers, stratigraphically set in the 
lower part of the Verezzi member (L10 of Della Porta et al., 2022). 
Up-section, the recurrent presence of slumped strata, large contorted 
intervals that resemble eye-shaped structures and mega flames is 
regarded to denote the cyclic nature of deformational events (e.g., 
Rodríguez-Pascua et al., 2000; Ettensohn et al., 2011; Müller et al., 
2021). Given the relatively horizontal style of bedding and the 
comparatively mud-poor nature of the sediments, a depositional origin 
of the slumped intervals that would require comparatively steep slopes 
(Martinsen, 1989) can feasibly be ruled out. In low-angle slopes, lique
faction promoted by the drastic reduction of the shear strength results in 
a plastic behavior of the sediments. We favor the interpretation of a 
seismogenic origin of slumps, which has widely been documented 
elsewhere (e.g., Dead Sea Basin; Alsop et al., 2016). Here the strati
graphic repetitions of slumped intervals could reflect aftershocks of the 
same seismic event (Rodríguez-Pascua et al., 2000). 

4.4. Shear deformation bands and clastic dykes 

A key argument for the disclosure of the relationship between SSDS 
and their trigger mechanisms is the abundance of deformation bands 

that may be associated with regional tectonic structures (Brandes and 
Tanner, 2012; Brandes et al., 2018a, 2022; Mueller et al., 2020). We 
document several non-cataclastic shear deformation bands that display 
dominant normal offset and minor strike-slip, and may thus classified as 
dilational shear bands (Fossen et al., 2007). Moreover, depending on the 
phyllosilicate content they can be further classified as disaggregation or 
phyllosilicate bands (Fossen et al., 2007). The low percentage of crushed 
grains and angular and/or fractured clasts favor a granular flow defor
mation mechanism, where motion of grains was dominated by inter
granular rotation and sliding (Twiss and Moores, 1992). Similarity in 
grain-size between the shear bands and their surrounding rocks sug
gest the absence of significantly reduced grain size of the disaggregation 
bands, thus excluding dominant cataclastic processes. Shear bands are 
accompanied by nearly vertical matrix to cement-rich dykelets, derived 
from intrusions of fluidized sands in relatively more competent sedi
ments (Figs. 6–8, 10). Big extrusion structures (domes, tree, flames) are 
fed by dykelets and shear bands. The fact that they are dislocated by 
shear bands and, in turn, by other minor fluid escape structures (Fig. 8B 
and C), demonstrates an evolution marked by multiple episodes of 
deformation, in part related to fluid injections. Collectively, the arrays of 
shear bands and dykelets have been documented in a spatial extent of 
more than 10 km2 in both the Basal Complex and PdF formations. They 
display a constant and common NE-SW strike (Fig. 11), which matches 
that of post-collisional regional faults mapped along the Ligurian margin 
both onshore and offshore (Fig. 2B; Boni et al., 1971; Vanossi et al., 
1986; Morelli et al., 2022). 

Grain orientations and alignments of elongated grains increase from 
outward to inward positions within the band and dykelet, a trend that 
inversely correlates with porosity (Fig. 12). Pore-space reduction may be 
the result of i) denser grain packing, and/or ii) cement-matrix enrich
ment. Realignment of particles is typically promoted by shear (Wegner 
et al., 2014). However, also post-deformation cement precipitation 
played a significant role in porosity reduction. In this case, a 
syn-shearing transient increase in porosity and permeability can be 
inferred, as described in many experiments (e.g. Main et al., 2000). 
Shear bands commonly result in channelization of fluids, thus promoting 
dissolution and precipitation processes. The more abundant cement 
content in the low-angle dykelets in comparison to the vertical ones 

Fig. 9. Granulometry from mechanical sieving of strata (see Fig. 8B). Note the difference in content of clay-sized particles between the sample from the marly 
interval (green line) and the coarse sandy interval (magenta line). 
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(Fig. 12 B, C) further suggests rapid and transient transition of fluids into 
the central shaft of the tree structure, with fluid flow stagnating in the 
upper branches. 

Overall, shear bands and dykelets described at the Basal Complex – 
PdF interface provide strong evidence of syn-deformational upward 
fluid injection due to excess in pore pressure. Liquefaction of water- 
saturated sands and consequent groundwater expulsion requires a 
high strain rate, thus supporting the argument of a seismic trigger (e.g. 
Moretti and Owen, 2011). Based on the age of the Verezzi Mb., seismic 
activity could hence be constrained to have occurred in 
Langhian-Serravallian times. 

5. Discussion 

The Finale Ligure Basin preserves a suite of SSDS that range from 
small size (<1 m) load casts, mini-slumps, flame structures (Fig. 13A) 
and pseudonodules to large-scale (several meters) slumps, chaotic 
strata, sand intrusions and diapir- and tree-like injection structures 
(Fig. 13B). All SSDS developed throughout the stratigraphy are related 
to interfaces marked by strong lithological contrasts in terms of both 
granulometry and sedimentary facies. Differences in style and dimen
sion of the investigated SSDS are interpreted to reflect disparity in both 
the mechanisms that formed the intruded sediments, and in facies and 
texture/composition of their parent deposits. 

5.1. Deformation mechanisms 

The relatively small (cm-scale to <1 m) deformations recorded along 
the interface between marly and sandy to conglomeratic layers (Loca
tion 1) are interpreted to result from gravitational loading (Fig. 13A). 
Load structures represent a form of SSDS that - with respect to the 
deformed bedding surface - either show downward-orientations as 
typified by load casts and pseudonodules, or follow upward trajectories 
as expressed in flame structures and diapirs (Owen, 2003; Owen and 
Moretti, 2008; Oliveira et al., 2009). The most common load casts pre
sumably originated from rapid deposition of high-density sandy sedi
ment over its underlying less dense marly substrate. This is interpreted 
to have resulted in gravitational instabilities caused by a reversed 

density gradient (e.g., Moretti and Sabato, 2007; Owen et al., 2011). 
Flame structures are thought to have formed as upward-directed 
hydroplastic intrusions of marly substrate into the loading structures 
(Oliveira et al., 2009; cf. Lowe, 1975). The pseudonodules distributed in 
the marly horizon may therefore likely result from sediment loading and 
detachment of the denser sand into the less dense underlying shale in
terval (Owen, 2003; Owen and Moretti, 2008; cf. Ekwenye et al., 2020). 

By contrast, SSDS from Locations 2 and 3 display evidences of in
trusions of fluidized sands (Fig. 13B). Water-escape structures here 
developed at contrasting lithological interfaces represented by the 
transition from i) relatively fine sands to coarse-grained bioclastic sands 
and microconglomerates (Location 2) or ii) coarse sands to silty-rich 
layers (Locations 3). Vertical conduits, up to 5 m in height resembling 
diapir, dome- or tree-shaped morphology, emphasize the larger-scale 
deformations (meter to tens of meters in size). Such structures witness 
overpressurized water-injection, due to liquefaction and fluidization of 
the underlying sandy beds, which are capped by low-permeability marly 
layers (as in Location 3). Here, this clayey level provides a permeability 
barrier that generated a water confinement in the sandy volume below 
(Fig. 12C). Either way, the low-viscosity mix of water and sediments 
moved upward, cutting the low-permeability cap (as expressed in 
dykelets and veins) and deformed the overlying sediments (e.g. Owen, 
1987). Adjacent materials behaved in a plastic or brittle way, giving rise 
to folding (slumps, cuspate-lobate structures, and smoothed flames) or 
brittle rupture (flames defined by angular shapes and shear bands). 
Liquefaction represents the better explanation as it would furthermore 
account for the formation of slumps and chaotic strata (Location 3) 
along a comparatively flat slope. 

5.2. Driving forces 

In general, SSDS can either be the result of internal controls directly 
related to given conditions of the depositional environments (i.e., rapid 
sedimentation, density contrasts, reworking of sediments by mass 
movement or wave action), or they can be induced by external triggers 
such as seismic shocks or impact events (Owen and Moretti, 2011; 
Shanmugam, 2017). SSDS recorded in the Finale Ligure Basin are related 
to i) gravitational instabilities and ii) fluidized injections of liquefied 

Fig. 10. Deformation structures from Location 2 and 3. A) Clastic dykes partially filled with carbonate cement, highlighted by alignments of spheroidal voids of mud 
and post-diagenetic fractures. B) Reddish strait chimney of fine grained material crosscut the sandy layers at the base of the dome-shaped structure of Fig. 8B. C) Sub- 
vertical clastic dikes are highlighted by protruding relief with respect the host rocks (Verezzi Mb of PdF). D-F) Shear bands characterized by mm-to cm-scale of 
dominant extensional displacement. D) Conjugate shear bands in the Verezzi Mb, right to the dome-structure of Fig. 8B. E) Set of shear bands displacing the 
laminations of the large dome-shaped structure of Fig. 8B (see Fig. 8B for the location). F) A relatively cement-rich layer displaced by shear bands in the Verezzi Mb., 
located to the right of the large tree-like structure of Fig. 8A. 

Fig. 11. Stereogram (equal-area, lower-hemisphere projection) of bedding (A), dykelets (B) and shear bands (C) measured in Locations 2 and 3.  
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sands. 
Loading structures commonly originate when dense sediments 

settled into less dense, highly water-saturated fine-grained strata below 
(e.g. Owen, 2003; Moretti and Sabato, 2007; Van Loon, 2009; Owen 
et al., 2011). A non-uniform sediment density gradient and dissimilar 
loading of the overlying deposits can generate driving forces that act 
synchronously with liquefaction/fluidization processes. Therefore, the 
two processes (gravitational instabilities and liquefaction) may act 
simultaneously. Additional triggering mechanisms to that of a reverse 
density contrasts can be represented by rapid sedimentation or storm 
events (cf. Ekwenye et al., 2020). Notwithstanding, exogenic triggers for 
the development of load-and-flame structures such as seismic shocks has 
to be considered. The development of syn-sedimentary folds can alter
natively be explained by the brittle nature of the cohesive marly sub
strate, assuming that excess pore water pressure was too low to induce 
liquefaction of the fine-grained sediments (cf. Rossetti and Góes, 2000). 

Liquefaction and/or fluidization processes can alternatively be 
generated during several natural processes, and the recognition of the 
trigger(s) remains difficult. Following the criteria commonly used to 
interpret the trigger mechanisms (e.g. Moretti, 2000; Owen and Moretti, 
2011; Moretti et al., 2014), we hereafter discuss three possible agents 
leading the formation of the SSDS in the Finale Ligure Basin, including: 
i) rapid sedimentation, ii) wave-induced overloading, or, iii) seismicity. 

5.2.1. Rapid sedimentation 
Given the abundance of loading structures, an interpretation that 

favors rapid sedimentation causing gravitational instability and pro
moting a reverse density gradient and liquefaction and subsequent 
development of SSDS needs to be considered (Allen, 1982; Mills, 1983; 
Owen, 2003; Owen et al., 2011; Ekwenye et al., 2020). Generally, the 
tidally- or wave-influenced, a comparatively proximal deltaic system 
environmental interpretation for the Finale Ligure Basin, would favor 
the development of SSDS triggered by slope instability, storm waves, 
and/or overloading associated with high-flow discharge (e.g. Bann and 
Fielding, 2004; Oliveira et al., 2009; Owen et al., 2011). Nonetheless, 
the nearly flat slope depicted by the PdF and its Basal Complex strata 
allows to easily rule out this mechanism as generating slumping. Rapid 
deposition of vast amounts of sediments on water-saturated sands is an 
efficient mechanism that might promote liquefaction in the underlying 
sandy layer (Owen et al., 2011). The cross-bedded sandstones - locally 
capped by marly layers - are ideal candidates to develop liquefaction 
(Kolbuszewski et al., 1950; 1953). Most liquefaction originates in sedi
ments buried less than 5 m up to a maximum of 10 m in depositional 
depth (Crespellani et al., 1988; Obermeier, 1996; Owen et al., 2011). 
Considering the huge dimension of diapirs (up to 3 m high) and dome- or 
tree-like structures (up to 5 m in height), complete liquefaction of the 

(caption on next column) 

Fig. 12. Microphotographs (polarized light) of representative samples. A) un
deformed bioclastic sands consisting of a muddy matrix encompassing mono- 
and polycrystalline quartz and micas, lithic fragments of bioclasts, siltstones 
and dolostones and metamorphic grains. B) Vertical, mud-rich dykelet con
taining moderately to strong aligned clasts of lithic siltstones, micritic lime
stones, polycrystalline quartz, volcanic fragments and mudclasts. Note the 
imbrication of large high-aspect clast. Carbonate cement is enriched in the 
domains adjacent to the dyke. Yellow arrows highlight vertically laminated thin 
walls of very fine material bounding the dyke. C) Cement-rich low-dipping 
dykelet including lithic fragments and mono-to polycrystalline quartz grains. 
Surrounding host rocks show high content of muddy matrix. D) Shear bands 
displacing the dome structure display alternate mud-rich and –poor laminations 
that contain imbricated and well-aligned clasts of quartz, feldspar, micas, and 
lithic fragments. Mud-rich layers are dominated by phyllosilicates. Shear bands 
are characterized by absence of evidence of cataclastic process and may be 
classified, based on the mica content, as disaggregation to phyllosilicate shear 
bands (cf. Fossen et al., 2007). E) The basal homogeneous, coarse-grained 
calcarenites representing the lower unit sourced from the dykes and fluidized 
upward in the dome-like structure. Note the strong depletion of 
fine-grained material. 
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underlying sandy layer (5–7 m) would require the sudden arrival of a 
mass of ca. 4–10 m thick sands (depending on the presence of a 
low-permeability cap of the underlying the layer; cf. Moretti et al., 
2001). Nearly instantaneous deposition of such thick sediments may 
occur during huge mass transport deposits, which are commonly rep
resented by slumps, slides and debris flows. As no evidence of huge mass 

transport deposits is recorded throughout the entire Finale Ligure Basin, 
an alternative solution invoking seismically-triggered liquefaction needs 
to be considered. 

5.2.2. Storm wave-induced overloading 
In view of recent updated interpretations of the depositional 

Fig. 13. A-B) Cartoon summarizing the main features of observed SSDS. A) small-size (<1 m) load casts, slumps, flame and pseudonodules, interpreted as resulting 
from overloading caused by reversed density gradient. B) Morphology of the larger-scale (>1 m) flames and diapirs. C) Attempt of a conceptual model for the 
formation of the giant water escape dome morphology and the associated shear deformation bands. Cartoon 1 describes the pre-deformation state of the coarse sands 
of the Basal Complex below and the relatively finer calcareous sands of the Verezzi Mb. Of the PdF above. The margin of the injectite is represented by discontinuous 
marly layers. 2) Transient seismic shock-induced liquefaction of the water-satured lower layer capped by marly level. Water is channelized within sandy dykelets and 
ejected into the upper layers, producing the dome-shaped morphology. 3) Disaggregation and phyllosilicate shear bands crosscut the dome structures. They may have 
developed in response to both earthquake and slow creeping (Brandes et al., 2022), and may thus potentially indicate the seismic and aseismic movement. 4) Further 
seismic deformation is highlighted by new water extrusion (see Fig. 8C) and diapiric sand intrusions crosscutting the earlier dome and disaggregation bands, while 
up-section slumps and chaotic disruptment of strata develop. 
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environment of the PdF that suggest a high-energy scenario (Brandano 
et al., 2022; Della Porta et al., 2022), a wave-induced explanation of 
SSDS should equally be considered as the trigger for SSDS in the Verezzi 
Member of the PdF (Location 3). Tempestites as the driving mechanism 
for SSDS have been considered elsewhere (e.g. Molina et al., 1998). 
Notwithstanding, the lack of documentation of other primary sedi
mentary structures indicative of wave activity below the fair-weather 
wave base such as hummocky cross-stratification might somehow 
argue against the interpretation of a high-energy wave-dominated 
depositional environment (cf. Della Porta et al., 2022). A further indi
cator that would argue against a wave-induced driving mechanism is the 
frequent orientation of flame tips in down-current direction. Following 
the early interpretations of a tidally influenced, shallow-water delta, we 
interpret the presence of bi-directional laminations and the common 
presence of trough cross-bedding (Boni et al., 1965) as rather indicative 
of a depositional environment above the storm-weather wave-base 
(Collinson et al., 2006; see also Peters and Loss, 2012). Based on ich
nological observations, Baucon et al. (2020) propose a high-energy 
setting defined by high sedimentation rates and the presence of 
wave-like bedforms. The presence of mud-draped cross-beds (Boni et al., 
1965) would here however rather point towards an estuarine to tran
sitional marine environment subjected to tidal currents. Moreover, Della 
Porta et al. (2022) propose that the Verezzi member was deposited in the 
more distal part of the interval in water depths ranging from ca. 7–70 m 
of depth, thus, likely at depth greater than 30 m. Wave-induced lique
faction instead typically occurs at depths between 10 and 20 m (Okusa, 
1985; Alfaro et al., 2002). Enormous waves (associated with tsunami) 
are required to generate water-escape structures up to 5 m in height. 
Given the vast dimensions of clastic injectites and their juxtaposition 
with minor load-and-flames and shear deformation bands we tend to 
rule out a wave-induced triggering agent for the observed SSDS. 

5.2.3. Seismicity 
At first consideration, the analyzed structures show similarity in 

morphology with several SSDS associated with earthquakes (e.g., Allen, 
1982; Afaro et al., 1997; Moretti and Sabato, 2007; Moretti and Ronchi, 
2011; Owen et al., 2011; Mugnier et al., 2011; Rodríguez-Pascua et al., 
2000; Rudersdorf et al., 2015; Hilbert-Wolf et al., 2016; Brogi et al., 
2018; Fattah and Abu Sharib, 2023). Large-scale (>1 m) load-structures 
and water-escape structures (flames, diapirs, tree-like structures) are 
commonly interpreted as seismites (Seilacher, 1969; Obermeier, 1996; 
Moretti and Sabato, 2007; Alfaro et al., 2002; Mugnier et al., 2011). 
Slumped and contorted intervals can equally be interpreted as triggered 
by earthquakes, essentially as they are distributed in basinal environ
ments characterized by low slope gradient (e.g. Bhattacharya and Ban
dyopadhyay, 1998; Rodríguez-Pascua et al., 2000; Mugnier et al., 2011; 
Liesa et al., 2016; Alsop et al., 2016; Vitale, 2018). Sediment grain size 
indicates that the coarse to fine sands involved in the fluidized process 
meet the requirements to activate liquefaction processes due to earth
quakes (e.g., Allen, 1982; Galli, 2000; Montenat et al., 2007; Owen and 
Moretti, 2011; Caputo et al., 2016). The large spatial extension of SSDS 
within an area that covers more than 10 km2, their lateral continuity and 
the vertical repetition of deformed horizons interpreted as mobilized by 
seismically induced liquefaction (Fig. 7) are further criteria consistent 
with a seismic trigger (Owen and Moretti, 2011; Müller et al., 2021). 

Seismically-induced liquefaction requires the proximity of SSDS to 
one or more faults likely to have been active during sedimentation. In 
the study area, evidences of fault activity during the Miocene are lack
ing, but new mapping revealed the presence of arrays of dilatational 
disaggregation bands in both the Basal complex and Pdf sandstones 
(Fig. 10). They show constant NE-SW striking, matching the main 
structures in the underlying basement (Fig. 1B). Shear deformation 
bands show dominant extensional kinematics and complex interaction 
with water-escape structures, suggesting multiple deformation episodes 
(Belzyt et al., 2021). Shear bands are associated with vertical carbonate- 
filled veins and dykelets, and are exposed throughout the mapped area. 

They acted as preferential conduits during co-seismically groundwater- 
expulsion (e.g. Scholz and Frieling, 2006; Hargitai and Levi, 2014). The 
lateral and vertical extension of shear bands with a constant strike is the 
key criterion to distinguish fault-related disaggregation bands from 
those resulting from non-tectonic processes (Fossen et al., 2010; Brandes 
et al., 2018a, 2022). Recent studies show that shear deformation bands 
formed near surface in unconsolidated sediments can serve as a reliable 
indicator for the activity of faults in the underlying basement (Cashman 
et al., 2007; Brandes and Tanner, 2012; Brandes et al., 2018a&b). 
Differently from the deformation bands in glaciotectonic environment, 
which typically show a spread in strike direction, those associated with 
faulting follow the strike of the regional basement faults (Brandes et al., 
2018b, 2022). Moreover, the cataclastic deformation bands indicate 
fault rupture processes (Cashman et al., 2007), whereas the 
non-cataclastic disaggregation bands decoupled from fluid escape 
structures serve as indicators of slow creeping (Brandes and Tanner, 
2012; Brandes et al., 2022). 

Altogether, we interpret the combination of large-scale slumping, 
water escape and load structures, clastic dykes and the shear deforma
tion bands as generated by activity of deeper transtensional faults during 
repeated deformation episodes (Müller et al., 2021), most likely induced 
by seismic shocks (Fig. 13C). Moreover, the cyclic repetition of cross
cutting relationships between seismically-triggered SSDS and disaggre
gation bands (Fig. 13C) suggest the possible preservation of both the 
seismic and aseismic movements during syn-depositional deformation. 

5.3. Implications for regional tectonics 

Strikes of shear bands match the attitude of known large-scale faults 
faults in the underlying Briançonnais basement and in the Ligurian Sea 
offshore (Fig. 1; Boni et al., 1971; Vanossi et al., 1994; Maino et al., 
2013; Decarlis et al., 2014; Morelli et al., 2022). Field-based structural 
investigations in the Ligurian Alps and Oligo-Miocene deposits of the 
Tertiary Piedmont Basin identified switch from extensional to trans
tensional regime in the Early Chattian (Maino et al., 2013). Since the 
Aquitanian, extensional and transpressional tectonics have been docu
mented in both the Tertiary Piedmont Basin and the Ligurian Alps. They 
are interpreted as generated within a mega transtensional zone accom
modating a regional rotation caused by the oceanic spreading of the 
Liguro-Provençal basin, the Corsica-Sardinia drifting and the eastward 
retreat of the Apenninic slab (Federico et al., 2009, 2014; Maino et al., 
2013). Recent geophysical investigations along the margin of the Lig
urian Sea provide evidence of Miocene to present-day active tectonic 
structures that experienced polyphasic evolution (Morelli et al., 2022). 
Two upper Miocene and Pliocene-Quaternary compressive events 
locally inverted the dominant Miocene to present extensional/tran
stensional tectonic trend. In the proximity of the Finale Ligure Basin, 
arrays of NE-SW trending faults, dissected by NW-SE-striking structures, 
characterize the Briançonnais basement in front of the Ligurian Sea 
(Fig. 1B). These faults show evidence of polyphasic evolution, ending 
with the dominantly transtensional kinematic. The new finding of 
co-seismic deformations in the shallow sediments allows constraining 
the activity of t deep faults in Langhian-Serravallian times. These faults 
accommodated multiple seismic input during the oceanic spreading of 
the Liguro-Provençal basin and the Corsica-Sardinia drifting. 

6. Conclusions 

This study explores a diverse assemblage of SSDS, distributed in 
lithologically disparate sediments of the mixed siliciclastic-carbonate 
Finale Ligure Basin. The SSD-prone interface between the terrigenous 
and carbonatic successions (i.e., the boundary between the Basal com
plex of the Finale Ligure Limestone Fm. and the Finale Ligure Limestone Fm.) 
is marked by abrupt lithological changes within short lateral distances. 
Here, we defined well-constrained stratigraphic intervals with SSDS 
featuring: 
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i) small size (cm to <1 m) load-and-flame structures, slumps, flame 
and pseudonodules, interpreted as resulting from overloading 
caused by a reversed density gradient.  

ii) spectacular large-scale slumps, chaotic strata, sand intrusions, 
diapirs, dome and tree-like structures, interpreted to result from 
liquefaction of sandy beds limited by low-permeability beds. 
Large-size (up to 5 m high) water escape structures attest the 
expulsion of enormous volumes of overpressurized fluids, 
generating plastic and brittle deformation in their surrounding 
host rocks.  

iii) SSDS display lateral continuity and sequential vertical and lateral 
organization. Arrays of deformation bands such as disaggregation 
and phyllosilicate dilational shear bands, carbonate filled veins 
and sandy dykelets accompany the cyclic repetition of these SSDs. 
Deformation bands display equal strike direction as the regional 
faults matching the orientation and the transtensional kinematic 
of the fault network described in the underlying basement both 
onshore and offshore the Ligurian margin. Their direct vicinity to 
water-escape SSDS supports the interpretation of an earthquake- 
induced origin. Moreover, the mutual crosscutting relationships 
between SSDS and shear bands suggest that both the seismic and 
slow creep movements are recorded by the deformed strati
graphic interval.  

iv) Integrating both sedimentological and structural data reveals a 
seismogenic origin of assemblages of load-and-flame structures, 
ball-and-pillows, clastic injectites and shear deformation bands. 
Their concurrent presence potentially serves as a diagnostic tool 
for determining seismites. To validate this hypothesis more 
outcrop studies across various depositional environments in 
which this association is recorded are needed in order to verify 
the potential of this technique for the identification of 
earthquake-induced SSDS in the field. 

v) The fact that SSDS resulting from earthquake-induced liquefac
tion and/or fluidization can confidentially be assigned to the 
Langhian-Serravallian interval makes them a suitable indicator of 
previously undocumented seismic pulses associated with the 
opening of the Liguro-Provençal Basin and the Corsica-Sardinia 
drifting. 

Funding 

This research was supported in the frame of the Italian 1:50.000 
Geological Mapping project - CARG Foglio 245 - Albenga (ISPRA, 
Regione Liguria, University of Pavia and Genova). 

Author contributions 

MM and MP discovered the structures. MM and PM formulated the 
study conception and design with the contribution of ST, LC and LF. MP, 
PM, ST, MM, CA and NM performed the fieldwork. ST and PM prepared 
the samples, performed the stratigraphic/petrographic analysis and 
interpreted the relative data. NM acquired the orthophoto-panels and 
3D Digital Outcrop Model (DOM) via drone imagery. NM, MP, ST and 
MM collected the structural data and defined their interpretation. SS and 
LC provided the project management and coordination. ST, PM, MP, NM 
provided the conceptualization, design and preparation of the figures. 
PM wrote the first draft of the manuscript and all authors commented on 
previous versions of the manuscript. All authors read and approved the 
final manuscript. 

Declaration of competing interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
Matteo Maino reports financial support was provided by Institute for 
Environmental Protection and Research Department for the Geological 

Survey of Italy. 

Data availability 

Data will be made available on request. 
https://skfb.ly/oDAYwLink 
https://skfb.ly/oDAYJLink 
https://skfb.ly/oDAZpLink 
https://skfb.ly/oDC6J 

Acknowledgment 

We would like to express our gratitude to Maurizio Marino (Ispra) 
and Simone Fabbi (University of Rome “La Sapienza”) for the many 
fruitful discussion in the field and their constant support to the project. 
Marco Brandano is thanked for editorial handling. Massimo Moretti and 
the anonymous reviewer are thanked for helpful input that improved the 
clarity of the paper. 

References 
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Smellie, J.L., McArthur, J.M., McIntosh, W.C., Esser, R., 2006. Late neogene interglacial 
events in the james ross island region, northern antarctic peninsula, dated by Ar/Ar 
and Sr-isotope stratigraphy. Palaeogeogr. Palaeoclimatol. Palaeoecol. 242 (3–4), 
169–187. 

Speranza, F., Villa, I.M., Sagnotti, L., Florindo, F., Cosentino, D., Cipollari, P., Mattei, M., 
2002. Age of the corsica–sardinia rotation and liguro–provençal basin spreading: 
new paleomagnetic and Ar/Ar evidence. Tectonophysics 347 (4), 231–251. 

Sternlof, K.R., Chapin, J.R., Pollard, D.D., Durlofsky, L.J., 2004. Permeability effects of 
deformation band arrays in sandstone. AAPG Bull. 88 (9), 1315–1329. 

Twiss, R.J., Moores, E.M., 1992. Structural Geology. Macmillan. 
Van Loon, A.J., 2009. Soft-sediment deformation structures in siliciclastic sediments: an 

overview. Geologos 15, 3–55. 
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