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Short Title – Regressive tidal sand ridge, Siderno palaeostrait

ABSTRACT

Sand ridges, a common feature of modern open shelves, reflect persistent currents and sediment 

availability under recent transgressive conditions. They represent the largest bedforms in the 

oceans and, as such, can yield information on long-term oceanographic processes. However, 

there is a limited number of tidal sand ridges documented from the rock record, examples of 

regressive tidal sand ridges are scarce and studies describing ridges in straits are even more 

rare.  This study analyses a Gelasian succession within a structurally controlled, tide-dominated 

strait in the Siderno Basin, southern Italy. The strait connected two wider basins, and 

accumulated sediments reworked by amplified tidal (bi-directional) currents. A series of tidal sand 

ridges with superimposed dunes developed close to the south-eastern end of the strait, where 

bathymetry was deeper and flow expansion occurred.  One of the best-exposed tidal sand ridges, 

65 m thick, crops out along a ca 2 km long cliff. Large-scale, ESE-prograding, seaward-offlapping 

shingles contain sets of bioclastic–siliciclastic, coarse-grained, cross-stratified sandstones, 

erosionally overlying upper Pliocene shelf marls and fine-grained sandstones. Cross-strata show 

angular, tangential and sigmoidal foresets with compound architectures and a SSE migration, i.e. 

oblique to the main growth direction. Fossil content indicates open-marine conditions. The 

succession changes abruptly across an erosion surface to non-tidal, highly burrowed mixed 

siliciclastic–bioclastic fine-grained sandstones, less than 15 m thick. Documented features reflect 

stages of nucleation, active accretion and abandonment of an individual sand ridge, during a 

complete cycle of relative sea-level change. The ridge formed during a phase of normal 

regression, with accretion occurring during an initial highstand and the ensuing falling stage. 

During the lowstand the ridge split into several minor bodies by enhanced tidal currents. The 

ensuing transgression draped the moribund ridge with tabular strata, whereas final highstand 

shelf sedimentation reworked the top of the underlying sand body with weak currents. 

Keywords: Bioclastic–siliciclastic sandstones, Lower Pleistocene, sea-level cycle, Siderno Basin, strait 

tidal sand ridge
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INTRODUCTION

Tidal sand ridges have for long been described in modern shallow-marine settings (i.e. shelves) 

and recently recognized in the stratigraphic record (e.g. Allen & Homewood, 1984; Gaynor & 

Swift, 1988; Surlyk & Noe-Nygaard, 1991; Davis & Balson, 1992; Davis et al., 1993; Mellere & 

Steel, 1996; Anastas et al., 1997; Anastas et al., 2006; Braga et al., 2010; Leva López et al., 

2016; Michaud & Dalrymple, 2016; Chiarella et al., 2020). Ridges reveal major net-sediment 

transport pathways, and the interplay among tidal currents and oceanic currents, storms and 

waves, reflected in the orientation of the elongated axis and the direction of migration of the 

superimposed bedforms. Moreover, their occurrence in the rock record is key for unravelling long-

term processes that cannot be observed at human timescale in their modern counterparts.

Based on the occurrence of sand ridges in many modern shelves, there is a common consensus 

in considering these large-scale bedforms as the sedimentary expression of open-marine 

settings, influenced by oceanographic or tidal currents, Coriolis forcing (Swift, 1975; Snedden & 

Dalrymple, 1999; Dyer & Huntley, 1999; Reynaud et al., 1999; Berné et al., 2002; Xing et al., 

2012) and transgressive reworking of older sediments (e.g. Desjardins et al., 2012; Reynaud & 

Dalrymple, 2012; Leva López et al., 2016). Sand ridges therefore usually overlie a transgressive 

surface of marine erosion (Posamentier, 2002; Snedden et al., 2011; Chiarella et al., 2020), have 

a non-erosive upper boundary that marks their abandonment, and are characterized by clean 

sandstones and by a compound architecture (Leva López et al., 2016). Modern ridges are very 

large features, with reported lengths of up to 200 km and thicknesses of up to 50 m (Reynaud & 

Dalrymple, 2012).

Observations of some present-day examples, such as the Palk Strait between the southern 

Indian peninsula and Sri Lanka, the Torres Strait separating northern Australia from southern 

Papua New Guinea, and the Strait of Dover between France and the UK, indicate that ridges may 

develop also along straits, where bottom shallowing, rather than coastal narrowing only, causes 

local conditions of current convergence and amplification. Case studies documenting tidal sand 

ridges in the rock record of ancient tidal straits are scarce (e.g. Messina et al., 2014; Chiarella et 

al., 2020; Leszczynsky & Nemec, 2020) and examples of ridges developed during marine normal 

to forced regressive stages are rarer (e.g. Wu et al., 2017).

This study presents the results from a field-based sedimentological analysis focused on a 

spectacular ca 50 m thick cross-stratified, mixed bioclastic–siliciclastic succession, exposed along 

a ca 2 km long, laterally continuous outcrop section. Lithofacies and strata geometries, 

documented through conventional facies analysis techniques integrated with Giga-pan 

photomosaics, LIDAR (light detection and ranging) scanning and drone photogrammetry, have A
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been interpreted as the sedimentary record of a tidal sand ridge. The stratigraphy of the 

investigated sand body, also evident in a number of adjacent similar outcrops in the area, 

indicates stages of nucleation, active accretion and abandonment of the ridges during a complete 

cycle of relative sea-level change during the Early Pleistocene. In particular, the stage of ridge 

active migration, corresponding to the switch-on of a tidal circulation in a tectonically-confined 

strait, occurred during a ‘normal to forced’ regressive phase in the basin. Finally, analysis of 

oceanographic and palaeogeographic conditions suitable for the development of tidal sand ridges 

in straits are evaluated. 

Tidal straits
Straits are marine passageways in which sedimentation is commonly governed by phenomena of 

current amplification due to local coastal constriction or bottom shallowing, providing somewhat 

unusual conditions for sediment transport and accumulation (Longhitano, 2013). Marine or tidal 

currents are subject to cyclical phases of acceleration and deceleration during their passage 

through the narrowest centre and then expansion as the strait margins enlarge at the two 

opposing exits (Defant, 1958; Pugh, 1987; Pratt, 1990; Dalrymple, 2010; Longhitano et al., 

2012a). In many modern examples, tides occur in phase opposition between the two 

interconnected basins, generating currents that flow bi-directionally with variable tidal asymmetry 

in each side of the strait (Vercelli, 1925; Defant, 1940; Androsov et al., 2002). Sediments respond 

to these hydrodynamics by being distributed in specific depositional zones and forming 

predictable types of deposits and bedforms. This sedimentary zone partitioning can be 

recognized in the stratigraphic record of ancient straits, based on a number of diagnostic facies 

features and depositional architectures (Longhitano, 2013; Longhitano & Chiarella, 2020).

In stratigraphic successions of ancient straits, one of the most distinctive elements is the 

occurrence of tens of metre-thick cross-stratified sand-rich intervals (e.g. Longhitano & Nemec, 

2005). These typical facies are thought to record zones of bedload convergence commonly 

separated by a major area of ‘bedload parting’ and bypass/erosion (e.g. Harris et al., 1995). 

Vertically stacked cross-strata reflect the migration and superimposition of generations of 

bedform trains produced by the bed-shear stress exerted by tidal currents on mobile bottom 

sediments (Allen 1968; Dalrymple, 1980). Cross-sectional stratigraphic windows oriented parallel 

to the main direction of sediment transport pathway may reveal diagnostic tidal signatures of 

bedform complexes, including master erosional surfaces oriented at an oblique angle to the 

smaller bedforms, herringbone cross-stratification, tidal bundles, rhythmites and reactivation 

surfaces in sand-size deposits (Longhitano et al., 2012b). Mud, which recurrently occurs in the 

form of double drapes or muddy intervals in a variety of tide-dominated environments (for A
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example, estuaries, tidal flats, deltas, etc.), is characteristically absent here because of the high-

energy setting and the absence of true slack water periods (e.g. Longhitano & Nemec, 2005; 

Longhitano & Chiarella, 2020). However, recent studies have documented the occurrence of strait 

zones where mud can be preferentially accumulated due to local conditions of current depletion 

(e.g. Longhitano, 2018b). Structures preserved in strait-fill tidal deposits record sedimentation 

under the influence of bi-directional flood-ebb currents, occasionally or periodically interplaying 

with other subordinate factors, such as oceanographic currents, energetic waves and fluvial 

floods (e.g. Anastas et al., 1997; Anastas et al., 2006; Olariu et al., 2012; Rossi et al., 2017; 

Longhitano, 2018b). 

GEOLOGICAL SETTING OF THE CALABRO–PELORITANI ARC AND THE SIDERNO BASIN

The Siderno Basin, together with the Catanzaro, Crati, Crotone and Messina basins in the 

southernmost part of the Italian Peninsula, is thought to represent one of the extensional 

depressions that dissected transversally the ‘Calabro-Peloritani Arc’ (Ghisetti & Vezzani, 1982) 

during the Plio-Quaternary (Monaco et al., 1996; Rossetti et al., 2001; Turco et al., 1990; Van 

Dijk, 1994; Van Dijk et al., 2000; Westaway, 1993) (Fig. 1A). These basins transitioned into 

geomorphic straits hosting phenomena of tidal amplification and resulting specific sedimentation 

roughly during the same time span, i.e. for the entire duration of the Gelasian stage (Longhitano 

et al., 2012a). The arc forms the uplifted crest of a small orogen presently located in the central 

Mediterranean and separating the fore-arc Ionian Basin to the east/south-east, from the back-arc 

Tyrrhenian Basin to the west/north-west (Knott & Turco, 1991). This tectonic setting resulted from 

the opening of the Tyrrhenian Sea induced by the ongoing north-westward subduction of the 

Neotethys that started at least at the end of the Palaeogene as a consequence of the collision 

between the Adria/Africa and Europe Plates (e.g. Malinverno & Ryan, 1986; Patacca et al. 1990; 

Doglioni, 1991; Doglioni et al., 1999; 2001; Polonia et al., 2011; Carminati et al., 2012) (Fig. 1A).

The Siderno Basin is a ca 50 km long and 20 km wide extensional area, which developed as an 

individual tectonic depression onto the thrusted orogenic units mostly during the Plio-Pleistocene 

(Van Dijk et al., 2000). The Basin is bounded by the Serre Massif to the north and the 

Aspromonte Massif to the south (Fig. 1C). Originally, these massifs represented a unique 

basement later dissected by important regional eastward-diverging NNE and SSE-oriented strike-

slip faults, associated with transversal dip–slip minor structures (e.g. Tripodi et al., 2013; 2018). 

The Siderno Basin underwent repeated phases of tectonic uplift during the Quaternary, with a 

long-term rate of ca 2 mm/yr, due to the opening of the adjacent Tyrrhenian Basin (Westaway, A
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1993). The Siderno Basin changed from a non-tidal seaway into a tide-dominated strait starting at 

ca 2.5 Ma. Tidal conditions persisted for ca 900 ka, when a major episode of relative sea-level 

rise and resulting marine flooding changed it back into a seaway with no significant tidal 

amplification (Longhitano et al., 2012b). During the persistence of strait conditions, the tectonic 

uplift of a central basement high, roughly elongate perpendicular to the main block-faulted 

margins, separated two major depocentres, one to the west/north-west side of the structure, and 

the other to the east/south-east (Fig. 1B). After the closure of the seaway, which occurred ca 1.3 

Ma, a recent (post 700 kyr) stage of tectonic uplift caused the emergence of the basin, 

accompanied by the development of normal faults dipping towards the Tyrrhenian Sea (Fig. 1A). 

These latter collapsed the north-western side of the Siderno Basin (Westaway, 1993; Tortorici et 

al., 1995), causing Quaternary strata to be exposed only in the eastern side of the basin 

(Cavazza & DeCelles, 1993; Cavazza et al., 1997; Cavazza & Ingersoll, 2005). 

The Siderno basin-fill 

The Oligocene–Quaternary strata exposed in the area of the Siderno basin form a >2000 m thick 

succession, non-conformably overlying the late-Hercynian granodiorites, phyllites and paragneiss 

basement units (Fig. 2B) (Amodio-Morelli et al., 1976; Bonardi et al., 1984; Patterson et al., 1995; 

Cavazza et al., 1997; Bonardi et al., 2001; Cavazza & Ingersoll, 2005). The lowermost Stilo-Capo 

d'Orlando Formation consists of carbonates, sandstones, mudstones and conglomerates that 

accumulated between the Rupelian and the Burdigalian (Bonardi et al., 1980; Cavazza & 

DeCelles, 1993; Cavazza et al., 1997). The Argille Varicolori Formation unconformably overlies 

this unit (Fig. 2B) and, based on its characteristic chaotic look, is interpreted as a tectonic 

mélange composed of red and green shales with local blocks of quartzarenites and marble–

limestone emplaced during the Langhian (Amodio-Morelli et al., 1976; Cavazza et al., 1997). The 

Serravallian–Tortonian interval is recorded in a 450 m thick slope and base-of-slope turbiditic 

succession overlain by structureless blue claystone, with slumps and channelized conglomerates 

(Cavazza et al., 1997).

The Messinian succession (Fig. 2B) comprises pre-evaporites limestone and chalk, cobble 

conglomerates, sandstones and mudstones overlying the Mediterranean-scale unconformity that 

formed during the dramatic phase of sea-level fall that caused the well-known salinity crisis 

(Drooger & Broekman, 1973; Manzi et al., 2013; Gorini et al., 2018). During this period, many 

parts of the basin, as well as the continental shelf of the wider Mediterranean, were exposed 

subaerially and deeply incised by rivers (Madof et al., 2019). The ensuing transgression is 

recorded in the ca 120 m thick shelf marls of Zanclean age known as the Trubi Formation (Hilgen A
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& Langereis, 1988; 1993). During the Pliocene, the Siderno area began to be tectonically isolated 

from other adjacent shelf areas of this part of the Mediterranean, taking the form of an individual 

basin. This stage is recorded in the Monte Narbone Formation (Fig. 2B), which erosionally 

overlies the Trubi Formation and consists of up to 200 m of well-stratified shelf marlstones and 

siltstones passing upward into mixed bioclastic/siliciclastic cross-stratified deposits (Cavazza et 

al., 1997). This latter interval, which includes the section documented herein, exhibits spectacular 

large-scale cross-stratification that is thought to represent the sedimentary signature of an 

energetic tidal circulation established in the Siderno Basin during the early Pleistocene (Colella & 

D'alessandro, 1988; Cavazza et al., 1997; Longhitano et al., 2012b; Rossi et al., 2017), as well as 

in other adjacent and coeval tidal straits preserved in this sector of the Mediterranean 

(Longhitano, 2012, 2013, 2018b). The cross-stratified tidal deposits exposed in the Siderno Basin 

are erosionally overlain by several generations of coarse-grained marine terraces, recording a 

phase of tectonically-induced forced regression that caused the emergence of the Calabro–

Peloritani block during the last 700 kyr (Tortorici et al., 1995) and the demise of the tidal 

circulation in the Quaternary straits of Calabria (Longhitano et al., 2012a).

Past and present sedimentary dynamics of the Quaternary tidal straits of southern Italy

The strike–slip, block faulting of discrete segments of the Calabro–Peloritani Arc that occurred 

during the Plio-Quaternary was responsible for the development of a system of coeval multiple 

straits in southern Italy, including the Catanzaro, Siderno and Messina straits (Fig. 1B). These 

marine corridors provided a hydraulic connection between the Tyrrhenian Basin to the west with 

the Ionian Basin to the east (e.g. Longhitano, 2013). The Siderno Strait was possibly the largest 

among all of these passageways (Colella & D'alessandro, 1988; Longhitano et al., 2012a). Water 

exchange gave rise to currents that underwent hydraulic amplification during their transit at the 

shallowest/narrowest central zone of the strait (Pugh, 1987; Pratt, 1990). A tidal phase opposition 

between the Tyrrhenian and the Ionian seas conceivably regulated these hydrodynamics, with 

cyclicity similar to the tidal fluctuations that presently affect the modern Messina Strait (Androsov 

et al., 2002). This ca 3 km wide passageway separates present-day Sicily from the Italian 

Peninsula, being continuously subject to up to 3 m sec-1 fast currents generated by semi-diurnal 

tidal inversions (Vercelli, 1925; Defant, 1940). The high tide in the Tyrrhenian Sea corresponds 

with the low tide in the Ionian Sea, with a water-surface elevation difference of <20 cm (Brandt et 

al., 1999; Bargagli & Sannino, 2012; Cucco et al., 2016). Although this may appear to be 

negligible, this gradient is sufficient to transfer large volumes of marine waters through the strait. 
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The sedimentary partitioning observed in the modern Messina Strait (Longhitano, 2018a) has 

long been used as an analogue to interpret the stratigraphic successions today preserved 

onshore Calabria, where the remnants of Quaternary straits are exposed (e.g. Barrier, 1986, 

1987; Montenat et al., 1987; Colella, 1996; Chiarella et al., 2012; Longhitano et al., 2012a,b, 

2014). In these outcrops, specific types of deposits, as well as distinctive depositional 

architectures, reveal a process-based correspondence between modern and ancient sedimentary 

dynamics of tidal straits (Longhitano et al., 2012a; Longhitano, 2013; Longhitano et al., 2014; 

Longhitano, 2018a,b). Tidal dunes are the most common bottom feature in the modern Messina 

Strait and are dimensionally comparable with many of the cross-stratified facies observed in the 

outcrops of the ancient straits (e.g. Barrier, 1987; Montenat et al., 1987). However, in the present-

day Messina Strait there is no morpho-bathymetric evidence that indicates the occurrence of tidal 

sand ridges.  

METHODOLOGY AND TERMINOLOGY ADOPTED

The main outcrop section was examined first using a series of high-resolution Giga-pan 

‘photomosaics’, which enabled identification of the main architectural elements. The same section 

was then LIDAR scanned. Sedimentological logging, with detailed observations of the lithology, 

grain-size and sedimentary structures, was performed along three main accessible outcrops, 

whereas the remaining three logs presented herein were obtained from the LIDAR and Giga-pan 

high-resolution digital datasets. The facies analysis of the outcrop was then integrated with 

petrographic thin-section analysis and the identification of the best-preserved species of 

benthonic versus planktonic foraminifera. Since a considerable volume of the investigated 

deposits are arenites of mixed composition, henceforth called ‘bioclastic–siliciclastic sandstones’, 

the ‘bioclastic/siliciclastic ratio’ (b/s) and the ‘Segregation Index’ (S.I.) (cf. Chiarella & Longhitano, 

2012) were estimated for each facies, in order to evaluate the percentage of the dominant clastic 

component, and the degree of the heterolithic segregation between bioclastic and siliciclastic 

particles. Cross-stratification analysis was performed by using the geometric models of Rubin 

(1987). Palaeocurrents were measured on large-scale, medium-scale and small-scale foresets to 

obtain reliable measurements of true dip-direction. Foreset dip-directions were plotted in rose 

diagrams using Stereonet® software. The Bioturbation Index (B.I.) was determined using the 

scale of Taylor & Goldring (1993), together with the main ichnofacies based on the classification 

provided by Minter et al. (2016). 
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RESULTS

General description of the studied section

The study outcrop section is ca 160 m thick and exposed along the southern flank of a ca 2 km 

long and ca 700 m wide hill, elongated in a WNW–ESE direction, whose top gently dips towards 

the east/south-east, from an elevation of 291 m to 80 m above sea level (a.s.l.) (Figs 2A, 3A and 

4). The hill, where the small town of Bombile lies, is incised by a series of modern shallow river 

valleys separated by interfluves elongated downslope (Fig. 3A). These morphological features 

resemble those of other adjacent hills forming parallel ridges separated by modern river incisions 

(Figs 1C, 2A and 2C). Relict morphologies are assumed to roughly represent the primary shape 

of the sand bodies, even though moderately eroded after their recent subaerial exposure. This 

assumption is based on the following observations: (i) the exposed sand bodies are relatively 

geologically young (i.e. Gelasian) and the area is relatively dry without much river action, 

therefore it is likely that the sand bodies original morphology could have been largely preserved; 

(ii) when analysed from north to south, sand bodies do not show facies differences or proximal 

versus distal relationships, typical of a prograding dune field (e.g. Bádenas & Aurell, 2001); on the 

contrary, each of them replicates individually physical characters (for example, grain-size, cross-

stratification, stratal patterns, bounding surfaces, etc.) common to all of the examined outcrops; 

(iii) their in-plan shape, represented by an initial large body dividing into adjacent branches 

basinward (Figs 1C, 2A and 3C), is another recurrent characteristic that cannot be simply 

attributed to the present-day erosion but to a primary depositional motif. For these reasons, the 

authors believe that the original strait-bottom morphology represented by well-cemented coarse-

grained ridges and less resistant fine-grained inter-ridges may have very likely conditioned 

modern rivers to incise the troughs between the ridges, thereby enhancing the original 

topography. 

Cross-axial sections of the Bombile hill (Fig. 3B) reveal distinctive morphological profiles with 

opposite flanks having different slope angles, with the south-western side steeper than the north-

eastern side (Fig. 3B) and resembling the ‘lee’ (down-current) and ‘stoss’ (up-current) side, 

respectively, of large-scale bedforms. The elongate axis of the Bombile sand body corresponds to 

a main progradational direction (N117°E) with palaeocurrent trends measured in cross-strata 

oriented between N16°E and N160°E, showing some bi-directionality but averaging N120°E (Fig. 

3C). 

StratigraphyA
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The exposed sedimentary succession (Fig. 2B) represents the upper Pliocene–lower Pleistocene 

stratigraphic interval of the Siderno Basin-fill, known as the Monte Narbone Formation (Cavazza 

et al., 1997) and more recently assigned to the ‘Calcareniti di Vinco’ Formation (Critelli et al., 

2015). The panoramic view of the southern flank of the Bombile Section (Fig. 4A) reveals three 

main stacked units, here referred to as facies associations FA1 to FA3 (Figs 2B and 5), separated 

by master (first-order) discontinuities and easily distinguishable based on their different colour, 

reflecting changes in lithology, and by their dominant internal architectures (Fig. 4B). The 

lowermost facies association (FA1) is ca 110 m thick and is represented by laterally continuous, 

white to grey plain-parallel strata, consisting of marls, siltstones and fine-grained bioclastic–

siliciclastic sandstones. Based on the presence of well-preserved calcareous nannofossils of the 

CNPL5 zone (2.4–2.8 Ma) recognized by previous studies (Hilgen & Langereis, 1988; 1993; 

Longhitano et al., 2012b), this facies association has been ascribed to the Piacenzian–Gelasian 

interval (Fig. 2B). The overlying facies association (FA2) (Fig. 4B) lies on a distinctive flat 

discontinuity (s1) and ranges in thickness from ca 30 to 60 m (Fig. 2B). Facies Association 2 is 

characterised by yellowish bioclastic-siliciclastic sandstones and biocalcarenites showing a 

variety of large-scale stratal geometries separated by cross-cutting lower-rank (second-order) 

internal discontinuities (Fig. 4C). Stratal geometries include plane-parallel, tabular and trough 

cross-stratified, and roughly sigmoidal geometries. Angular and tangential foreset bases are 

considered as third-order surfaces (Fig. 4D). The uppermost facies association (FA3) is less well-

exposed than the two underlying units due to post-depositional erosion and a diffuse vegetation 

cover, and consists of 5 to 30 m thick, plain-parallel bioclastic–siliciclastic sandstones, overlying a 

master discontinuity (s2) (Fig. 2B). The section is capped by 10 to 30 m thick discontinuous 

deposits composed of conglomerates, coarse sandstones and siltstones representing a series of 

Middle Pleistocene fluvial terraces (Cavazza et al., 1997). Since this study focuses on the Lower 

Pleistocene interval (Fig. 5), these uppermost deposits are not discussed further.

Description and interpretation of facies associations

Facies Association 1 (open-marine, non-tidal strait)

Description

Facies association 1 (FA1) consists of a coarsening-upward succession of light-coloured 

mudstones, marlstones and fine-grained bioclastic–siliciclastic sandstones exhibiting plain-

parallel, structureless strata (Figs 2B, 6A and 6B) each about 0.6 m thick (facies 1a) (Fig. 6C). 

Towards the top of the succession, 30 to 40 cm thick intercalations of stratified mudstones and 

fine-grained, structureless or faintly laminated sandstones (facies 1b) are more frequent (Fig. 6C). A
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Facies 1b contains shell fragments (Cardium sp.), isolated shaft burrows (Fig. 6D) and rare shark 

teeth. In general, the deposits of FA1 lack signs of tidal influence. The topmost surface (s1) 

bounding this facies association is distinctly exposed along various parts of the Bombile Section 

(Fig. 4A). It is a conformable surface near the westernmost apex of the section (Figs 6A and 7A), 

becoming erosional with the overlying FA2 towards the east/south-east (Fig. 6B). 

Interpretation

The deposits forming FA1 record sedimentation in a non-tidal strait environment, similar to an 

open-marine shelf dominated by fall-out of fines transported in suspension. Weak and episodic 

oceanographic traction currents occasionally flowed on the sea floor, as indicated by the rare 

lamination. 

Sediment textures, paucity of stratification and sedimentary structures, and the micro-

palaeontological content of the fine-grained deposits of facies 1a suggest hemipelagic 

sedimentation. The structureless and faintly laminated bioclastic–siliciclastic sandstones of facies 

1b represent tails of density flows moving in a sub-critical regime and transporting fine-grained 

sediments, as probable distal expressions of high-energy processes generated in proximal 

sublittoral sectors. The dominant calcareous nature of the sandstones belonging to this facies 

association implies a general low rate of siliciclastic input to the basin and/or a distal (shelf) 

environment. However, the coarsening-upward and thickening-upward bioclastic–siliciclastic 

sandstone intercalations in the uppermost interval (Fig. 6A) suggests a regressive trend and an 

initial phase of shallowing.

Facies Association 2 (actively accreting tidal ridge)

Description

The sedimentary deposits included within Facies Association 2 (FA2) form the middle interval of 

the studied section and comprise the main body of the tidal ridge (Figs 4A, 5 and 7A). FA2 

exhibits a variable thickness ranging from 20 m near the west-north-west apex of the Bombile 

Section, up to 80 m ESE-ward, and pinching-out again further towards the east/south-east (Fig. 

5). FA2 comprises four main facies (Facies 2a to 2d), which have been distinguished based on 

their predominant internal architecture, relative occurrence along the studied section, and 

proportion of bioclastic and siliciclastic fractions.

Facies 2a: laminated fine-grained bioclastic–siliciclastic sandstones and siltstonesA
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Textural features and fossil content:

Facies 2a (Fig. 7A and B) consists of whitish mixed, bioclastic–siliciclastic sandstones (b/s ratio 

>>1, i.e. containing a relative percentage of siliciclastic particles <20%). The most pronounced 

depositional architecture exhibited in cross-sectional view is a tabular stratification parallel to s1 

basal discontinuity (Fig. 7B). Internally, indistinct cross-stratification is visible in places, as well as 

plane-parallel lamination. The siliciclastic fraction consists of very well-rounded clasts of quartz 

and lithic fragments, whereas the bioclastic fraction comprises skeletal fragments of echinoids 

and bryozoans, and, subordinately, of gastropods and bivalves (Fig. 7C). Benthonic and 

planktonic foraminifera are also present (Fig. 7C). Facies 2a exhibits a moderate degree of 

segregation between the bioclastic and siliciclastic particles at the laminae scale, with no 

apparent order or cyclicity (Fig. 7D). Internally, localised clusters of mud clasts are visible (Fig. 7D 

and E). The B.I. ranges between 2 and 3, with the most recurrent ichnofossils represented by 

Thalassinoides and Gostrochaenolites. At regular stratigraphic intervals (i.e. every 7 to 10 m), 50 

to 70 cm thick recessive siltstone intercalations (Facies 2c) occur.

Facies 2b: large-scale, trough-cross stratified bioclastic–siliciclastic sandstones

Textural features and fossil content:

This facies erosionally overlies the underlying deposits of Facies 2a (Fig. 7A) and it is 

characterized by a gently-inclined master bedding surface dipping towards the east/south-east, 

with strata-sets ranging in thickness between 5 m and 7 m that down-lap onto the underlying 

deposits of Facies 2a (Fig. 7A). However, the most noticeable inner architecture is a complex of 

stacked sets of large-scale cross-strata (Fig. 8A). Individual cross-strata show tangential foresets 

truncated by concave-up discontinuities (Fig. 8B). When preserved, foresets exhibit sigmoidal 

geometry internally separated by reactivation surfaces and, in places, by tidal bundles (Fig. 8C). 

This specific foreset feature occurs systematically, forming cyclical patterns of coarsening-upward 

and fining-upward laminasets (Fig. 8C). The base of the foresets (toesets) is often associated 

with the presence of soft-sediment deformation structures (Fig. 8B and C). Cross-stratification 

frequently forms a compound architecture, with superimposed smaller foresets descending along 

the lee side of larger foresets (Fig. 8D). They indicate a dominant direction of migration towards 

the south-east (Fig. 8E). Sediments of Facies 2b consist of well-sorted, coarse-grained mixed 

sandstones (Fig. 8F), with a b/s ratio ranging from 1 to >>1 (i.e. siliciclastic particles between 

20% and 40%). The siliciclastic fraction consists of very well-rounded clasts of quartz and 

feldspar, whereas fragments of molluscs and echinoderms mainly represent the macroscopic 

bioclastic fraction. Segregation, indicated by high value of S.I., is locally recognized and is 

highlighted by the separation of the two antithetic components in discrete lamina intervals within A
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foreset units, where up-slope migrating 3 to 4 cm thick foresets occur (Fig. 8F). Thin sections 

reveal an abundance of planktonic foraminifera (Fig. 8G). The S.I. decreases sharply in 

correspondence of intervals where the bioturbation has secondarily mixed the bioclastic and 

siliciclastic particles. Bioturbation is widespread (B.I. = 3 to 4) and tends to homogenize and 

disrupt the primary sedimentological fabric of this facies (Fig. 8F). They been interpreted by 

Caruso et al. (2011) as a type of echinoid meniscate burrow and infaunal colonization, whose 

traces appear concentrated along the main foreset surfaces of individual cross sets (Fig. 8F).

Depositional architectures:

Facies 2b is dominated by sets of large-scale trough cross-strata (Fig. 8B and C), although 

isolated sets of planar cross-strata also occur (Fig. 9A and B). Strata are from 1 m up to 7 m 

thick, with an average thickness of 2.2 m, and are up to 15 m wide, separated by concave-up 

erosional surfaces (second-order) with cross-cutting relationships. Internally, foresets show 

geometry resembling the ‘scalloped cross-bedding’ of Rubin (1987), i.e. compound cross-

stratification with bounding surfaces that cyclically scoop down into previously deposited foresets 

or into the underlying sediments. Trough cross-strata exhibit three main types of geometrical 

arrangements or sets (Fig. 10A): (i) sub-horizontal, with the adjacent younger trough eroding the 

previous one but maintaining the same stratigraphic height (Fig. 10B); (ii) ascending, with the 

younger trough higher than the previous one (Fig. 10C); and (iii) descending, with the younger 

trough cross-bed incising the previous one and older strata, but in a lower stratigraphic position 

(Fig. 10D). These three architectures are part of a continuum, describing ‘ascending to 

descending’ trajectories in their direction of accretion, where foresets first climb, move sub-

horizontally and finally incise downward eroding the underlying strata, in ca 50 m of average 

lateral length (Fig. 10A). Cross-strata geometries are in places cut by U-shaped erosional forms, 

up to 15 m wide, incising the underlying strata down to 6 to 7 m, with up to 15° steep walls, and 

filled by tangential concave-up foreset strata, whose curvature decreases upward (Fig. 10E). 

Internal foreset geometries range from angular, tangential to sigmoidal, including internal 

discontinuities (i.e. reactivation surfaces) indicated by laminae pinch out and compound 

architectures (Fig. 9B). The majority of the foresets (ca 92%), which are also the thickest ones, 

dip in an east/south-east direction. Only a very small proportion points towards the north; 

consequently, there is a paucity of herringbone cross-stratification in the examined succession.

Facies 2c: highly-bioturbated fine-grained bioclastic–siliciclastic sandstone intercalations

Cross-strata sets of the previous facies are truncated by discontinuities at regular stratigraphic 

heights, ca every 5 to 20 m along the succession (Fig. 11A). Fine-grained Fe-Mn and glauconitic-A
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rich bioclastic–siliciclastic sandstones, plane-parallel laminated occur over such surfaces, forming 

recessive planar intercalations 1.0 to 1.5 m thick and representing Facies 2c (Fig. 11B). These 

deposits include mud clasts (Fig. 11C) and are laterally continuous for some tens of metres but, 

in places, they disappear due to erosion by the overlying trough cross-strata of Facies 2b. 

Sediments are moderately burrowed by Ophiomorpha (Fig. 11D).

Facies 2d: planar stratified bioturbated bioclastic–siliciclastic sandstones

Textural features and fossil content:

The deposits of Facies 2d occur scattered along the southern face of the Bombile Section and 

consist of 0.5 to 1.0 m thick layers that are internally laminated (Figs 9A and 12A to C). In the 

central portion of the section, where cross-stratified Facies 2b prevails, Facies 2d occurs only as 

localized intervals, up to 3 m thick, as partially preserved remnants bounded by erosional 

surfaces (Fig. 9B). In the easternmost sector, where large cross-stratification progressively 

disappears, sediments of Facies 2d are more abundant and continuous, forming an uninterrupted 

succession up to 60 m thick (Fig. 12A). Compositional segregation is still recognizable in 

localized lamina packages but the primary structures are almost totally homogenized by a very 

diffuse burrowing (Fig. 12D). Bioturbation is widespread (B.I. = 4 to 5), representing the most 

distinctive feature of this facies. Ichnogenera include small traces of Thalassinoides and 

Skolithos. Siliciclastic and bioclastic particles are similar in composition to those described for the 

previous facies but are characterized by a finer grain-size. The b/s ratio >>1 led the authors to 

describe these fine arenites as a packstone (Fig. 12E) rich in bryozoans, echinoderms and 

mollusc fragments with interspersed small quartz and schist rounded-clasts. Shells of larger 

bivalves are diffuse. 

Depositional architectures:

The dominant architecture visible in the strata forming Facies 2d is a sub-horizontal to gently-

inclined stratification, interrupted locally by isolated cross-strata up to 50 cm thick (Fig. 12A and 

B). In places, stratification dips at a very low angle (ca 5˚ to 6˚), generating bounding surface 

pinch-outs and large-scale low-angle cross stratification. 

Interpretation:

The deposits of Facies Association 2 are interpreted to record the evolutionary progression (i.e. 

birth and growth) of an individual mixed, siliciclastic–bioclastic tidal ridge, similar to other ridges 

that are elongate in the same direction and with identical facies, overlying shelf deposits in the 

eastern side of the Siderno Strait.A
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Bioclasts within the whole facies association are interpreted to be derived from a heterozoan 

carbonate factory (sensu James, 1997), and are characterized by light-independent filter-feeders. 

The scarcity or absence of red algae suggests that carbonate production mainly took place close 

to, or deeper than, the limit of life of red algae that in the Mediterranean Sea should not exceed 

ca 100 m of depth (Canals & Ballesteros, 1997; Basso, 1998). However, the presence of a 

siliciclastic input, the consequence of which is water turbidity due to suspended material, 

suggests that the local limit of light penetration could have been shallower. In any case, the 

carbonate assemblage of skeletal fragments of aphotic-biota associated with a relative 

abundance of planktonic foraminifera indicates that the carbonate factory developed in offshore 

environments comparable to those of cool-water outer ramps (sensu Pedley & Carannante, 

2006). All carbonate components appear to be remobilized from their original position and mixed 

with siliciclasts. However, the local abundance of bioturbation suggests that the biological 

community lived in the same environments of sedimentation. Therefore, an influx of terrigenous 

particles could not have inhibited a significant in situ carbonate production, despite high-

hydrodynamic conditions. The concentration of burrowing in discrete intervals within foresets 

indicates that these deposits were part of an environment characterized by variable rate of 

sediment accumulation, as is typical within dune fields, where individual bedforms can be more 

active if compared with inter-dune areas or troughs. A variable percentage of planktonic 

foraminifera sinking from the water column enriched the autochthonous (coming from skeletons of 

biota fragmented and remobilized in situ) and parautochthonous (coming from skeletons of biota 

living in a shallower or different position) carbonate sedimentary fraction of these compositional 

mixed sediments (sensu Chiarella et al., 2017). 

The basal sediments comprising Facies 2a are interpreted to represent the nucleation of an early-

stage, or ‘juvenile ridge’ of Class I of Snedden & Dalrymple (1999). This facies records an 

important oceanographic change in the Siderno Basin: an initial low-energy, non-tidal strait turned 

rapidly into a current-dominated subaqueous (strait) environment, affected by a moderately 

energetic hydrodynamic regime (Belderson, 1986; Belderson et al., 1982; Belderson & Stride, 

1966). Autochthonous to parautochthonous bioclasts and subordinate fine-grained siliciclastic 

grains, presumably derived from subaqueous reworking of underlying shelf deposits, were mixed 

to form Facies 2a under a current-dominated regime.

The moderate degree of segregation between the siliciclastic and bioclastic components indicates 

episodic variations in the current competence related to random hydrodynamic processes (for 

example, storms, oceanographic currents, etc.), rather than to tidal influence. This non-tidal, but 

current-reworked setting is inferred by the occurrence of the diffuse but indistinct motifs of cross-

stratification and internal plane-parallel lamination suggesting dominance of traction in sediment A
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dispersal mechanisms. The recessive siltstone intercalations would reflect short-term 

interruptions of the flows and the deposition of fines previously transported away from this area 

and basinward. The absence of storm-related features (for example, wave-ripples or swaley and 

hummocky cross-stratification) suggests an average depth located far below storm-wave base 

(Reineck & Singh, 1980). Basinward wedging-out of master bedding surfaces is indicative of a 

general progradation along a gently-dipping subaqueous slope with no significant erosion of the 

underlying shelf strata. This large-scale architecture possibly reflects sedimentation during a late 

phase of relative sea-level stillstand, preceding a subsequent period of long-term lowering 

induced by the Aspromonte Massif uplift.

The deposits of Facies 2b mark the transition from a current-influenced, non-tidal setting into a 

tide-dominated strait system, and record the growth of a tidal sand ridge up to its stage of 

maturity (cf. Leva López et al., 2016). This hydrodynamic change was possibly induced by the 

onset of a relative sea-level fall, which would have reduced the hydraulic cross-sectional area of 

the Siderno Basin, turning a non-tidal seaway into a tide-dominated strait. Textures and 

lithological composition of Facies 2b reflect a remarkable increase in the current energy (e.g. 

McLean, 1990). The mixing of fragments of organisms typical of highly energetic waters with 

fragments of species adapted to lower-energy environments, suggests erosion and transport of 

the skeletons of organisms originally populating hydrodynamically more quiet areas, possibly 

located up-current (e.g. Reynaud & James, 2012; James et al., 2014). Large-scale cross-

stratification is believed to record the superimposition of different generations of tidal dunes, 

migrating under the bed-shear stress exerted by bi-directional currents, affected by a strong tidal 

asymmetry and modulated in their competence changes (Allen, 1980; Allen, 1982; Allen & 

Homewood, 1984). 

The tidal hydrodynamic regime is inferred by the occurrence of a variety of physical structures, 

including reactivation surfaces, rare herringbone strata, tidal bundles, alternated angular to 

tangential toesets, as well as simple and compound dune foreset geometries (Fig. 8), preserved 

within the dune foresets or, at least, where they have been protected from homogenizing 

burrowing (Visser, 1980; Nio & Yang, 1991; Longhitano et al., 2012b, Chiarella, 2016). Soft 

sediment deformation structures observed at the base of some foresets may indicate local 

bedform instability and resulting pseudo-plastic collapse along dune lee sides (e.g. Chiarella et 

al., 2016). The relatively moderate to low values of the S.I. suggest that only a low amount of 

mixed particles were segregated into separate lamina intervals during low-energetic tidal stages 

(for example, neap intervals) whereas, for the most part, they were unsegregated during episodes 

of elevated turbulence of the tidal flows (for example, spring intervals; Fig. 8C) (Longhitano, 

2011). A
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Dunes were mostly unidirectional due to a dominant south, south-eastward flowing tidal (ebb) 

phase influencing the eastern side of the Siderno Basin (Fig. 8E). This basinward growth direction 

of the main sand body, shown by both the downlap direction and the dominant palaeocurrents is 

also key evidence of the regressive character of the tidal ridge. However, the superimposed 

smaller bedforms, some of them migrating north-westward, would reflect the signature of a 

subordinate tidal phase.

The depositional architectures observed in the foresets extensively exposed along the Bombile 

Section (Figs 9 and 10) reflect bedforms undergoing rapid changes in their height indicative of 

strong and periodical fluctuations in the strength of the tidal flow (Rubin, 1987; Rubin & Hunter, 

1982) (Fig. 13). The cyclical changes of the accretion pathways observed in a number of large-

scale foresets (Fig. 10A) are interpreted to have been imparted by longer-term fluctuations of the 

current velocity, possibly related to high-frequency and low amplitude sea-level changes acting at 

Milankovitch timescale (i.e. 41 kyr; Abreu & Anderson, 1998). Sigmoidal foresets migrating 

horizontally reflect along-crest dune accretion during stages of sea-level stillstand (Fig. 13A). 

Scalloped foresets showing descending trajectories and eroding underlying strata record dunes 

moving under accelerated flows due to a stage of relative sea-level lowering (Fig. 13B). Dunes of 

Facies 2b were in places dissected by channels (Fig. 10E), whose geometry is similar to that 

documented in a transgressive, Holocene (post Last Glacial Maximum) tidal sand bank in the 

south-eastern Celtic Sea (Reynaud et al., 1999, see fig. 13). These cross-dune deep scours can 

be related to stages of increased current speed achieved during periods of sea-level lowstand 

(Fig. 13C). They are interpreted to be incisions very similar to ‘swatchways’ observed in estuarine 

settings (e.g. Dalrymple & Rhodes, 1995) but developed in more distal (shelfal) environments. In 

particular, these authors refer the genesis of swatchways to conditions of local flow constriction 

exerted by lateral confinement of large dune crests and enhanced at a particular point during a 

relative sea-level drop (Reynaud et al., 1999). The internal channel-fill tangential foreset 

geometries record the accretion of smaller dunes along the conduit. Their upward decreasing 

concavity and width reflects the diminishing energy of the constricted flow and the final channel 

filling. Foresets with ascending trajectories would reflect stages of relative sea-level rise (Fig. 

13D). The occurrence of recessive (finer-grained) but laterally continuous levels at regular 

intervals in the stratigraphy may indicate short-term episodes of starvation of the active tidal ridge 

and the temporary switch-off or migration of the carbonate factory responsible for the bioclastic 

sediment supply to the bedforms (Snedden & Dalrymple, 1999).

The thinner but laterally continuous intercalations represented by the deposits of Facies 2c mark 

periodic episodes of current cessation and inactivity of the tidal sand ridge after stages of active 

accretion (e.g. Saha et al., 2016). Glauconite, iron-rich and manganese-rich concentrations and A
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shell packages indicate a sudden decrease in the sediment accumulation rate and condensation, 

and the colonization of the sea floor by infaunal organisms for relatively long periods.

The deposits of Facies 2d record sedimentation in areas partially isolated from the major tidal 

current pathways and are interpreted to represent ridge environments or sub-environments 

belonging to the dune-field complexes but localized along the troughs of large-scale bedforms or 

their lateral swales (e.g. Dumas et al., 2005; Messina et al., 2014). In modern dune fields 

developed in open-shelf current-dominated settings (e.g. Belderson, 1986; Belderson et al., 

1982), these zones are relatively low-energy, where residual flows may transport finer-grained 

sediments with accumulation rates two or three times lower than the adjacent high-energy sectors 

where large dunes migrate (Arnott & Southard, 1990). These zones promote conditions for living 

organisms that prefer low energy environments and whose shell fragments are successively 

reworked by strong currents and included within the high-energy deposits. In the Bombile 

Section, sediments of Facies 2d occur pervasively between large-scale cross-strata of Facies 2b 

and dominate in the south-eastern (basinward) sector of the section, where, presumably, the 

primary dune field of the ridge migrated laterally towards a less energetic fringe. In this portion of 

the outcrop, large cross-strata are interbedded with the planar strata, forming a lateral transition 

(Fig. 14), with dunes migrating over the less energetic deposits of Facies 2d, indicating the long-

term progradational trend of the system.

Facies Association 3 (transgressive moribund tide-influenced ridge)
Description

The deposits included in this facies association represent the topmost strata of the studied 

outcrop section and consists of two main facies, 3a and 3b, for a total thickness ranging from 5 to 

15 m. They overlie a widespread, low-relief erosional surface (s2, Figs 7A, 12A, 14 and 15A), that 

dips basinward, incising into the underlying cross-stratified deposits and marking a change in the 

general depositional architecture from trough cross-stratification to a dominantly plain-parallel 

stratification. 

Facies 3a: highly-burrowed planar-stratified fine-grained bioclastic–siliciclastic sandstones

Textural features and fossil content:

Facies 3a overlies and laps onto the s2 discontinuity (Fig. 15A), which erosionally truncates and 

flattens the underlying large-scale cross-strata (Fig. 15B). This facies is composed of quartz, 

biotite, feldspar and abundant glauconite grains admixed with fragments of molluscs, 

echinoderms and bryozoans, as well as red algae and serpulids. The ichnofacies fabric 

resembles features common to Bichordites (Caruso et al., 2011), associated with subordinate A
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Thalassinoides and Skolithos with a high degree of bioturbation (B.I. up to 4) (Fig. 15C). Among 

foraminifera, the planktonic ones exceed 90% (Fig. 15D), with few exemplars of abraded 

benthonic foraminifera.

Depositional architectures:

Stratification forms plain-parallel horizons that are laterally continuous for hundreds of metres 

(Fig. 15A) but are indistinctly recognizable at a close distance due to the very intense bioturbation 

(Fig. 15B). The basal discontinuity on which these deposits sit is a scour surface that dips gently 

basinward, with local incisions into the underlying cross-stratified deposits (Fig. 15C). Planar 

strata of Facies 3a lap against the steepest segments of this discontinuity, draping, at broader 

scale, the underlying irregularities (Fig. 15E). The main geometrical trend is thus aggradational to 

retrogradational, because the higher planar horizons of the deposits of Facies 3a climb westward 

over the slightly deformed back-edge of the underlying cross-stratified tidal ridge deposits. 

Facies 3b: structureless, to faintly laminated siliciclastic-rich sandstones

Textural features and fossil content:

Facies 3b consists of apparently structureless but well-sorted medium to fine-grained sands, 

containing abundant quartz and glauconite (Fig. 16A). The carbonate fraction is subordinate and 

represented by small fragments of bivalves and echinoids interspersed in the more abundant 

siliciclastic component and lower in abundance with respect to the underlying deposits. The b/s 

ratio ranges between 0.002 and 0.4 whereas the S.I. indicates no segregation between bioclastic 

and siliciclastic particles. Locally, thin lenses of small rhodoliths occur, aligned along planar, sub-

horizontal laminae (Fig. 16B). Burrowing is represented by Thalassinoides and Skolithos traces 

(Fig. 16C). 

Depositional architectures:

Overall, Facies 3b appears to have no obvious internal sedimentary structures in close-up view 

but, in places, 20 to 30 cm thick angular foresets are visible, as well as intervals with plane-

parallel lamination with similar thicknesses (Fig. 16A). At larger scale, these deposits exhibit an 

indistinct low-angle stratification, with individual strata 40 cm thick on average, pinching-out 

eastward, in the same direction of the ridge elongation (i.e. axis).

Interpretation

The deposits of Facies Association 3 record the final abandonment of the Bombile tidal sand 

ridge after a period of intense activity and accretion. The deactivation of the ridge might have A
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occurred at the end of a lowstand stage, during which time the sea-level stillstand in such an 

uplifting setting corresponds with the lowest relative sea level. During this stage, shallow-marine 

physical processes intersected the topographic profile of the active ridge. Consequently, the 

abrasion generated by energetic surface waves is a first process candidate for the genesis of the 

erosional surface that separates the cross-stratified deposits from the overlying planar deposits of 

Facies 3a. An alternative hypothesis is that erosion may have occurred after the passage of 

repeated trains of internal waves, which are common along surfaces separating stratified water 

masses with diverse density and temperature. Considering the inferred depth of the tidal sand 

ridge, and considering that such a condition is common today in the central Mediterranean, this 

seems to be the more realistic interpretation. 

Sediments of Facies 3b overlie the previous deposits without any relevant erosion and represent 

the type of sedimentation that commonly seals a moribund tidal sand ridge and records the final 

stage of abandonment (e.g. Kenyon et al., 1981). Siliciclastic sands may have been derived from 

the reworking of the underlying deposits by currents or surface waves in a general lower 

shoreface–offshore transition environment or deeper (e.g. Berné et al., 2002). Such a relatively 

shallow-marine setting may explain the presence of rhodoliths.

DISCUSSION

Tidal sand ridges in the Siderno Strait: do they match existing models?

The deposits documented in this study point to nucleation, accretion and abandonment of an 

individual mixed bioclastic–siliciclastic tidal sand ridge (Table 1). This very large-scale 

subaqueous bedform developed (together with other parallel ridges in the same basinal sector) 

with the onset of vigorous tidal currents in the Siderno Strait during the Early Pleistocene (see 

Figs 1A and 2A). 

Many of the attributes documented for modern and ancient tidal sand ridges, in both siliciclastic-

dominated and carbonate-dominated case studies (Houbolt, 1968; Pryor et al., 1990; Davis & 

Balson, 1992; Keith & Zuppann, 1993; Hulscher, 1996; Saito et al., 1998; Reynaud et al., 1999; 

Berné et al., 2002; Park et al., 2006; Reeder & Rankey, 2008; Chiarella et al., 2020) resemble the 

characteristics observed in the studied succession of the Siderno Basin. Particularly, 

superimposed dunes migrating obliquely with respect to the ridge axis and the tripartite facies 

association recording nucleation, accretion and abandonment of the ridge are common distinctive 

elements of these systems (Caston, 1972; 1981; McCave & Langhorne, 1982; Huthnance, 

1982a;b; Howarth & Huthnance, 1984; Gaynor & Swift, 1988). The present-day Celtic Sea (Fig. 

17A) provides a possible modern analogue for a depositional setting similar to that envisaged for A
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the Siderno Strait (Fig. 17B). South-west of the conjunction between the Irish Channel and the 

English Channel, linear tidal sand ridges developed during the Holocene to a depth coinciding 

with the shelf edge. In the Bombile deposits, physical attributes common to this modern example 

include: (i) orientation of the ridge axis approximately parallel to the expected basin-scale 

sediment transport pathway (Fig. 17A and B); (ii) large-scale progradational pattern generated 

during the early and mature stage of ridge accretion (Fig. 18); (iii) occurrence of large-scale 

trough cross-strata with the direction of advancement oriented at high angle with respect to the 

axis of elongation of the ridge; and (iv) tripartite subdivision of nucleation, maturity and 

abandonment stages expressed by the two facies associations (FA2 to FA3) (Fig. 18).

However, there are also some notable differences. Most of the shelf-ridge examples referenced 

above have been interpreted as transgressive features (Fig. 17A), reworking older lowstand 

deposits, with only a few of them referred to as ‘regressive’. The facies-based documentation 

herein suggests that the Bombile sand ridge represents a regressive tidal sand ridge, that started 

accreting during a period of slow fall of relative sea-level (highstand + tectonic uplift) and actively 

migrated during a subsequent stage of more severe relative sea-level drop (fall and lowstand + 

tectonic uplift). Moreover, the Bombile ridge deposits have a mixed bioclastic–siliciclastic 

composition. This characteristic is an important difference from the reference models, especially 

in the absence of other documented example of ‘mixed’ tidal ridges in the literature. The Bombile 

sand ridge was in fact dominantly supplied from autochthonous and parautochthonous carbonate 

factories, and only subordinately from clastic terrigenous detritus, as indicated for many reference 

models (e.g. Leva López et al., 2016; Michaud & Dalrymple, 2016). 

Although the Bahama Banks represent an example of pure carbonate sand ridges, they differ 

from the present case study because of their shallower depth. Moreover, the Bahamas modern 

example is fed by a carbonate photozoan association, developed in tropical settings, whereas the 

Pleistocene Bombile example was supplied from the bioclastic product of a carbonate heterozoan 

association, developed in a deeper temperate setting. Finally, the effect of siliciclastic input on the 

factory distribution and production, and its variation in terms of budget during the relative sea-

level changes can play a significant role (Chiarella et al., 2019).

Genesis of the mixed tidal ridge in the Siderno Basin 

During the early Pleistocene, the narrow, linear basins dissecting the Calabrian Arc and 

connecting the Tyrrhenian with the Ionian Sea (see Fig. 1B) were subject to a major episode of 

structural narrowing (Ghisetti, 1979; Monaco & Tortorici, 2000; Rossetti et al., 2001). Weak 

currents flowing through these corridors were at first associated with conditions of non-tidal strait. A
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As the restricting marine corridors reached their ‘critical cross-section’ (i.e. a cross-section of the 

strait whose dimension is proportional to the mass of water flowing through it, leading to 

phenomena of hydraulic amplification; cf. Longhitano et al., 2014), vigorous bi-directional currents 

established conditions for tide-dominated sedimentation. The Siderno Strait was one of the major 

tectonically controlled corridors in this setting, existing contemporaneously with the Catanzaro 

and Messina straits (Chiarella et al., 2012; Longhitano et al., 2012b). These basins are thought to 

have been characterized by a state of general sediment starvation, as the terrigenous inputs were 

limited to localized fan deltas and subaqueous erosion of bare substrate units (Rossi et al., 2017). 

However, the onset of more energetic hydrodynamic conditions due to tidal amplification 

promoted additional clastic sources provided by carbonate skeletal grains coming from organisms 

populating hard and mobile substrates (Colella & D'alessandro, 1988). In the Messina and 

Catanzaro palaeostraits, these sediment sources resulted in the accumulation of mixed 

siliciclastic/bioclastic deposits which were shaped by bi-directional to strongly asymmetrical 

currents driven by tidal forcing into discontinuous dune fields within these straits (Chiarella et al., 

2012; Longhitano et al., 2012b; Chiarella et al., 2016). In the case of Siderno Strait, tidal dunes 

converged along linear depositional bands, which developed into tidal ridges (Figs 17, 18 and 

19A to C). 

BIRTH, LIFE AND DEMISE OF THE BOMBILE TIDAL SAND RIDGE

The stratigraphic succession exposed in the Bombile Section records the birth, life and demise of 

an individual tidal sand ridge (Fig. 19A to C) suggesting that its evolution occurred during a 

complete cycle of relative sea-level change (Fig. 20). In particular, the architectures and facies 

assemblages (FA2 to FA3) documented here allow to unravel the development history of such a 

ridge, providing important insights on the oceanographic changes that affected the Siderno Basin 

and this sector of the central Mediterranean during the Early Pleistocene.

Environmental implications of the facies assemblage

Prior to the onset of a tide-dominated circulation, the Siderno Strait hosted the equivalent of 

open-shelf marine conditions. This stage is recorded in the fine-grained deposits of Facies 1a and 

1b and whose accumulation was mainly due to suspension fall-out and decelerating density 

currents (c.f. Talling et al., 2012) (Fig. 20) promoted by an oceanographic, non-tidal circulation 

deriving from water mass exchanges already occurring between adjacent basins (Longhitano et 

al., 2012a).A
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The overlying bioclastic-rich deposits of facies association FA2 (Fig. 18) indicate a sudden 

increase in oceanographic current strength. Low-angle cross-stratification of Facies 2a and the 

downlapping stratal terminations eroding slightly onto the underlying shelf deposits FA2 (Fig. 18) 

suggest similarities with the large-scale lateral accretion features described for modern offshore 

tidal sand banks (e.g. Terwindt, 1971; Lapierre et al., 1975; Yang, 1989) or interpreted from 

outcrop analogues (e.g. Houthuys & Gullentrops, 1988; Leva López et al., 2016). These deposits, 

which form elongated progradational sand bodies FA2 (Figs 18 and 19A), suggest the nucleation 

of an initial tidal sand bank that formed the core of the forthcoming tidal sand ridge in this eastern 

side of the Siderno Basin (Fig. 17). As the tidal currents increased in strength, possibly due to the 

achievement of a tectonically-driven critical basinal cross-section promoting tidal amplification, 

large-scale sinuous-crested dunes of Facies 2b developed (Fig. 18). These dunes, which were 

dominantly composed of bioclasts and, subordinately, of siliciclasts derived from the erosion of 

older units exposed in adjacent subaqueous areas, started migrating to the south/south-east, 

advancing obliquely with respect to the ridge main axis (Fig. 19B). At a stage of maturity, the 

ridge accreted following rhythmic phases of advancement towards the east/south-east, which are 

recorded in the overall shingle architecture and marked by temporary pauses represented by the 

fine-grained intercalations of Facies 2c (see similar features described by Saha et al., 2016). 

These horizons represent ‘accretion surfaces’ (cf. Leva López et al., 2016), over which the ridge 

migrated after a stage of abandonment. During their energetic stages of migration, tidal dunes 

also exhibited isolated sectors with low-energy conditions. Such inter-dune areas or swales 

lateral to the main sediment transport routes (Fig. 19B and C), hosted fine-grained mixed sands 

of Facies 2d, providing favourable conditions for proliferation of infaunal organisms (c.f. 

MacEachern et al., 2007).

The sub-horizontal stratification of the topmost interval in the Bombile ridge (FA3) records another 

important oceanographic change in the Siderno Strait and, presumably, the restoring of 

conditions of hemipelagic sedimentation in moderate energy after a phase of tidal dominance. 

This episode also corresponds with the abandonment of the ridge and the end of its active 

migration because of its ultimate burial (c.f. Yang, 1989).

Relative sea-level changes as the main controlling factor in the tidal sand ridge evolution

The documented ridge succession shows physical attributes that may be related to at least two 

orders of relative sea-level change: (i) a major long-term cycle, spanning a few 100 kyr, which 

controlled the large-scale sand ridge architecture (i.e. initiation, progradation and abandonment), 

and (ii) a number of superimposed shorter-term minor cycles. These smaller sea-level oscillations A
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were possibly driven by Milankovitch-scale orbital perturbations (<100 kyr) that are known to have 

controlled shelf sedimentation in the Siderno Basin during the Pliocene (Gudjonsson, 1987; 

Hilgen, 1987; De Visser et al., 1989; Lourens et al., 1992).

The long-term cycle is recorded by the three facies associations in the Bombile Section (Fig. 18). 

The base of the tide-dominated portion of the ridge indicates erosion of the underlying shelf 

deposits and defines a descending basinward trajectory. This stratigraphic element could reflect a 

longer-term stage of relative sea-level lowering and reduced accommodation, imparted by the 

tectonic uplift of the central sill of the Siderno Basin (i.e. the Aspromonte Massif). This regional 

event was probably one of the major factors causing tidal amplification in the Siderno Basin, 

which in turn promoted the nucleation of early-stage juvenile tidal sand ridges (Figs 19A and 

20A). 

Large-scale tidal dunes, evidenced by complex cross-stratification in the Bombile Section, 

represent a major stage of ridge accretion and migration, reflecting a dynamic environment 

influenced by short-term relative sea-level oscillations that caused changes in the intensity of the 

currents (Fig. 19B). Trough cross-strata show ‘ascending to descending’ trajectories in lateral 

views (Fig. 10A to D), inferred to have been forced by high-frequency, low-amplitude changes in 

relative sea level, forcing the dunes to erode the underlying deposits during stages of sea-level 

lowering and aggrading during ensuing periods of sea-level rise (c.f. Longhitano & Nemec, 2005).

During this stage, smaller bedforms superimposed on the top of larger dunes are common, 

indicating palaeocurrent directions oriented at high angle with respect to the dominant transport 

direction. This feature can be explained by the influence of the opposite (ebb) currents during 

stages of sea-level lowering, due to a general increase of tidal friction related to shallower 

conditions (Fig. 20B and C).

At the end of the phase of long-term relative sea-level fall, or at least during its latest stage, the 

minimum water depth probably enhanced the tidal power as a result of the extreme tidal flow 

constriction (e.g. Anastas et al., 2006). The reduced depth also promoted the incision of inter-

dune channels or swatchways, which eroded several metres into the underlying dunes (Fig. 20C). 

Swatchways occur in fact only in the basinward (eastward) portion of the Bombile Section that 

presumably records the latest stage of tidal sand ridge progradation at the end of relative sea-

level fall. The development of several generations of swatchways, existing for a short time and 

actively migrating laterally, was possibly the main cause for the branching aspect of the outcrop in 

the present-day plan view (i.e. the easternmost portion of the Bombile Section), as well as in 

many of the other ridges in the eastern side of the Siderno Basin. At this stage, the up-dip (north-

west) portion of the ridge was possibly even less migratory, whereas the basinward continuation A
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(south-east) advanced with higher rates, resulting in multiple minor ridges, as also observable in 

the adjacent correlative deposits of the Notaro and Ardore (Fig. 17) sections.

Lowstand deposits recording the latest stages of tidal dominance have not been detected in the 

Bombile Section, probably because of the poor preservation of the south-easternmost portion of 

the outcrop, or they are located farther out in deep-water areas. At the end of the falling of relative 

sea level the crests of the dunes were smoothed by erosion, generating the s2 discontinuity 

visible at the top of the trough cross-bed complex (Fig. 20E). This sharp discontinuity marks an 

abrupt change that is thought to be related to bypass of sediments to areas of additional 

accommodation and a subsequent phase of relative sea-level rise, Fig. 20F). 

The topmost FA3 deposits record the final stage of cessation of ridge activity. Planar-stratified 

facies included in this association exhibit features indicating low sediment accumulation rates and 

sedimentation with no preserved tidal influence.

The lateral stratal terminations lapping against the back edge of the ridge and sealing the 

underlying large-scale cross-strata by onlap onto the s2 discontinuity suggest that this stage of 

ridge burial occurred during a major phase of relative sea-level rise. This is similar to deposits in 

the adjacent Messina and Catanzaro straits, as these marine corridors widened due to 

transgression, they lost the critical conditions necessary for tidal amplification, transitioning from 

tide-dominated straits into non-tidal seaways (e.g. Chiarella et al, 2012; Longhitano et al., 2014; 

Chiarella et al., 2016; Longhitano, 2018b). The upward transition to siliciclastic-rich deposits at 

the very top of the section records deposition during a relative-sea-level highstand and the 

accumulation of prograding well-sorted shelf sands deriving from the reworking of the underlying 

strata (Fig. 20G).

Possible role of internal waves

The palaeo-depth of the investigated sector of the Siderno Basin during the development of the 

active tidal sand ridge can be estimated by using the proportions suggested by Snedden & 

Dalrymple (1999). These authors argue that sand-ridge thickness corresponds at least to ca 20% 

of the water column depth at its active stage. An estimation of the primary tidal dune height is 

provided by the ‘Kolmogorov ratio’ (Kolmogorov, 1951). This relatively simple statistical 

application helps with evaluating deposition/erosion proportions of cross-stratified subtidal 

deposits (e.g. Longhitano & Nemec, 2005; Longhitano et al., 2014; Longhitano, 2018b). For the 

present dataset, this ratio is k = 0.05 to 0.07, indicating an overall post-depositional erosion of the 

dune tops of ca 5 to 7%. Since the cross-stratified interval has an average thickness of ca 50 m in 

its thickest central portion (Fig. 5), the maximum inferred water depth in this sector of the Siderno A
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Basin was up to 270 m during the growth of the ridge. The rate of down-current migration is 

thought to have been high, as is typical in ocean areas subject to strong tidal asymmetry (e.g. 

Dalrymple & Hoogendoorn, 1997). However the ridge, at least in its north-western portion, still 

preserves its original nucleus (Facies 2a) indicating that an episode of rapid abandonment 

occurred prior to the stage of full ridge maturity (i.e. Class II of Snedden & Dalrymple, 1999).

The origin of the s2 discontinuity that abruptly interrupts the spectacular sequence of trough 

cross-strata exposed in the Bombile Section (Facies 2b) is a little uncertain. Indeed, it seems to 

have been generated by a persistent process of subaqueous erosion of the underlying tidal dunes 

that produced, as a result, the flattening of a previously undulating bottom topography. It is worth 

noting that the responsible process appears to have acted at a semi-basinal scale, rather than at 

a local scale, because this surface is observable in all of the sections exposing this stratigraphic 

interval in the Siderno Basin. Based on the depth estimation, erosion produced by waves (i.e. 

wave ravinement) is not a reasonable process candidate to explain the origin of this discontinuity. 

The authors attribute this discontinuity to the repeated erosion produced by the passage of trains 

of internal waves (c.f. He & Gao, 1999; Pomar et al., 2012) (Fig. 20E). The present-day central 

Mediterranean waters flowing through the Messina Strait are strongly stratified, due to differences 

in salinity and density between two main flows: the northward-directed flux of the denser 

Levantine Intermediate Water (LIW) and the southward-directed and lighter Tyrrhenian Surface 

Water (TSW) (Alpers & Salusti, 1983; Brandt et al., 1997). The superimposed currents exert 

unequal influences on mobile sediments at the sea bottom (Longhitano, 2018a). As the 

movement of these water masses is regulated by semi-diurnal tidal cyclicity and reversals, the 

tidal exchange between the two adjacent basins is superimposed on trains of bi-directional 

internal waves moving along the subaqueous interface that separates the two superimposed 

currents (Droghei et al., 2016). In the modern Messina Strait, this interface occurs at an average 

depth of ca 100 m, and the internal waves that run along the pycnocline every semi-diurnal tidal 

cycle reach a pick velocity of ca 3 m/sec when transiting across the narrowest, 3 km wide, strait 

centre. It is reasonable to infer that the same hydrodynamic setting occurred during the Early 

Pleistocene across the Calabrian corridors connecting the Tyrrhenian and Ionian seas, including 

the Siderno Basin. Considering a pycnocline at a depth of ca 100 m, as in the modern Messina 

Strait, the repeated passage of internal waves may have caused the erosion recorded by the s2 

discontinuity observed in the Bombile Section. Such waves, travelling with a velocity ranging 

between 0.5 to 0.8 m/sec (Droghei et al., 2016), may have been capable of removing the 

unconsolidated bioclastic sands forming the crests of the highest dunes during the late stage of 

relative sea-level lowstand, exerting a diffuse basin-scale process of bottom flattening. A
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CONCLUSIONS

During the Early Pleistocene, the Siderno Strait was ca 20 km wide, connecting the Tyrrhenian 

and Ionian seas. In the Siderno Strait, currents moving westward (flood) and eastward (ebb) were 

amplified by the presence of a central, shallowly submerged Aspromonte tectonic high 

characterized by erosion or no-deposition. On both sides of this horst, a variety of bedforms 

developed, migrating outward from the strait centre. Here, the Lower Pleistocene sediments that 

record the strait opening and then closing are well-exposed. In particular, a series of tidal sand 

ridges with superimposed dunes developed close to the south-eastern end of the strait, where 

bathymetry was deeper and flow expansion occurred. Due to the positioning of the ridges with 

respect to the shelf edge and the strait-centre zone, the present-day Celtic Sea is a reasonable 

modern analogue for this case study, as linear tidal sand ridges developed south-west of the 

English Channel.

Three facies associations occur in the 120 m thick, siliciclastic–bioclastic succession of Bombile, 

distinguished by their sedimentological features, relative abundance of bioclastic and siliciclastic 

sediment fractions, and their depositional geometries. Facies Association 2 (FA2) and Facies 

Association 3 (FA3) record stages of nucleation, active accretion and abandonment, respectively, 

of an individual tidal sand ridge, possibly during a complete cycle of relative sea-level change. 

The lowermost interval of FA2 records the juvenile stage of the ridge, likely during high sea level. 

The intermediate portion of FA2, characterized by bioclastic-rich, large-scale trough cross-strata, 

developed from the SSE-migration of sinuous-crested tidal dunes, forming the core of the ridge. 

Cyclical aggrading to prograding foreset architectures, possibly forced by high-frequency sea-

level changes, are interpreted in terms of a long-lasting phase of relative sea-level fall. Sea-level 

fall and tectonic uplift conditions appear to have enhanced the incision of channels or 

‘swatchways’ in the inter-dune troughs and the splitting of the ridge into multiple minor ridges, 

because of the strengthened tidal current energy. At the late stage of relative sea-level lowstand, 

trains of internal waves eroded the top of the ridge. The subsequent transgression deactivated 

the Bombile ridge, leading to a mantling of non-tidal bioclastic-rich fines of FA3. This suggests 

that less energetic conditions were present in the strait during relative sea-level rise, possibly 

because of expanded basinal dimensions, and reduced tidal amplification. 

During the stage of ridge active accretion (intermediate FA2), an in situ to near situ heterozoan 

carbonate factory supplied skeletal grains for the growth of the Bombile ridge through short-

distance transport by strong active tidal currents. The reduced siliciclastic fraction input derives 

from the erosion of the Mesozoic–Cenozoic strata of the Aspromonte high, in a subaqueous 

setting with combined action of waves and currents.A
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The authors suggest that tidal sand ridges can also develop in confined subaqueous settings, 

such as straits, and not only in open-shelf settings. Key conditions seem to be: (i) current 

amplification and enhanced bed-shear stress, causing sufficient friction to transport and deposit 

sand-size sediment once currents decelerate; (ii) bathymetric shallowing, rather than only 

narrowing, necessary for providing diffuse current patterns rather than concentrated or 

converging flows; (iii) persistent currents that can allow the ridge to nucleate and actively accrete; 

and (iv) in the case of deposits with mixed (bioclastic/siliciclastic) composition, as in the present 

study, specific environmental conditions necessary for allowing living organisms to populate the 

bedforms during the more active stage of ridge development.
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FIGURE CAPTIONS

Table1. Summary of the facies and facies associations and their quantitative features recognized 

in the studied succession, with included the suggested genetic processes and the correspondent 

stages of nucleation, active accretion and abandonment of the tidal sand ridge of Bombile.

Fig. 1. (A) Structural sketch map of southern Apennines, Italy, showing the Calabro-Peloritani 

orogen, which originated after the development of semi-regional scale strike-slip zones, 

delimitating a number of tectonically-controlled straits (modified, after Tansi et al., 2007). (B) 

Palaeogeographic reconstruction of the Pleistocene straits, with the studied sector in the Siderno 

Strait indicated by the rectangle. Note the occurrence of other adjacent tidal straits. (C) Simplified 

geological map of the central-eastern sector of the Siderno Basin, showing the main tidal sand 

bodies in yellow and the area documented in this work (modified from Cavazza et al., 1997).

Fig. 2. (A) Detailed geological map of the studied area (see location in Fig. 1C). The present-day 

exposures of the lower Pleistocene succession form elongate bodies that are oriented parallel to 

the WNW–ESE orientation of the strait axis. The trace indicates the cross-section in (C). (B). 

General stratigraphic framework of the Siderno Basin (modified, from Cavazza & Ingersoll, 2005), 

where the studied interval is expanded into the composite stratigraphic column showing the 

vertical relationship between the main facies associations and their sequence-stratigraphic 

interpretation (keys: FA1 to FA3 = facies associations; 1a, 1b, 2a to 2d, 3a, 3b = facies; HST = 

highstand systems tract; FSST = falling stage systems tract; TST = transgressive systems tract; 

LST = lowstand systems tract; vertical grey arrows indicate trends of sediment coarsening-

upward and fining-upward). (C) Geological cross-section – see location in (A) – showing the 

distribution of the sedimentary bodies at various locations. The progradation inferred for each 

section would be the result of an isochronous later shifting of each ridge, as shown in Fig. 3C, 

and it is represented by the zig-zag line.

Fig. 3. (A) Digital terrain model-based, topographic relief of the studied section with the main 

outcrop face (Fig. 4) indicated with oblique lining. (B) Measured cross-sections showing 

asymmetrical profiles of the investigated relief with a steeper (lee) side always opposite to a 

gently-sloping (stoss) side, possibly reflecting bedform migration under dominantly unidirectional 

palaeo-currents or tidal residual with no superimposed unidirectional current. (C) Sketch of the 

Bombile sand body with the main palaeo-current directions and their orientation with respect to 

the main elongation axis indicated.A
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Fig. 4. (A) Photomosaic of the Bombile section oriented WNW–ESE. The outcrop is ca 1200 m in 

length. (B) First-order discontinuities (s1 and s2) separating the three main facies associations. 

(C) Second-order surfaces delineating large-scale trough-cross stratification included within FA2. 

(D) Third-order discontinuities internal to cross-strata indicate foreset architectures. Note the 

locations of the measured and reconstructed logs (see Fig. 5).

Fig. 5. Correlation of the six measured and reconstructed sedimentological logs. Facies 1a = 

plane-stratified light-coloured mudstones, marlstones and fine-grained sandstones; Facies 2a = 

basal plane-parallel to cross-stratified fine-grained bioclastic-siliciclastic sandstones and 

siltstones, highly burrowed; Facies 2b = large-scale trough-cross-stratified bioclastic-siliciclastic 

sandstones, highly-bioturbated in places, and including angular to tangential foresets, as well as 

tidal bundles, rare herringbones and reactivation surfaces; Facies 3a = highly-burrowed, planar-

stratified and internally laminated biocalcarenites, lapping against the s2 erosional surface. 

Facies 3b = Structureless or indistinctly cross-laminated texturally mature sands, containing 

rhodoliths and bivalve fragments. Large arrows indicate main ridge progradation. Smaller arrows 

indicate direction of migration of superimposed foresets.

Fig. 6. Outcrop pictures of Facies Association 1 (FA1). (A) Drone photograph showing the 

distinctive aspect of Facies 1a and Facies 1b and surface s1. (B) Plain parallel light-coloured 

mudstones, marlstones and fine-grained sandstones (Facies 1a) alternating with highly burrowed 

plane-parallel to cross-stratified fine-grained sandstones and siltstones (Facies 1b). (C) and (D) 

Close-up details, revealing these facies right below the s1 contact with the overlying FA2 and the 

occurrence of burrowing (white arrow indicates probable Ophiomorpha, black arrow indicates a 

mollusc shell) (hammer is 35 cm long; coin as scale is 2 cm in diameter).

Fig. 7. Outcrop pictures of Facies Association 2 (FA2). (A) Drone photograph showing the down-

lap of Facies 2b over the deposits of Facies 2a. (B) Outcrop of Facies 2a showing internal cross-

stratification and tabular basal surfaces. People for scale are ca 1.6 m tall. (C) Thin section micro-

photograph showing the presence of planktonic foraminifera (arrows) in a mixed bioclastic–

siliciclastic sandstone comprising several skeletal fragments. (D) Detail of Facies 2a showing 

indistinct low-angle cross-lamination and (E) Ophiomorpha bioturbation (arrows) (camera cap is 8 

cm in diameter).

Fig. 8. Outcrop photographs of Facies 2a, 2b and 2c. (A) Road-cut at the WNW edge of the 

Bombile Section (vertical exaggeration is ca 1.5x). Master bedding of Facies 2b indicates active 

accretion towards the right, whereas interbeds of Facies 2c record momentary stages of sediment 

starvation. People for scale are ca 1.7 m tall. (B) Detail of Facies 2b showing tangential foresets A
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truncated by concave-up discontinuities. (C) Reactivation surfaces within individual foreset units 

are recognizable thanks to internal down-lap of inclined laminae. Foresets also exhibit cycles of 

coarsening-upward and fining-upward lamina-sets interpreted as neap (n) / spring (s) intervals. 

Soft-sediment deformations are also present at the toe of large foresets. (D) Example of 

compound foreset architecture, with small superimposed cross-strata descending along the lee 

side of larger underlying cross-strata. (E) Rose diagrams (Stereonet®) relative to the 

measurements of palaeocurrents obtained from foreset surfaces. (F) Intensely bioturbated 

alternation of bioclastic (b) and siliciclastic (s) intervals showing angular and tangential foreset 

laminae migrating up-slope on inclined master surfaces. (G) Thin section micro-photograph 

showing the relatively good degree of sorting of facies 2b made up of a mixed bioclastic–

siliciclastic sandstone, whose carbonate fraction comprises planktonic foraminifera (white arrows) 

and other undefined skeletal grains.

Fig. 9. (A) Panoramic photograph of the central portion of the Bombile Section, showing diffuse 

trough cross-stratification in a roughly strike-oriented cut. (B) Line-drawing of (A) showing the 

lateral and vertical relationships among Facies 2b, 2d and 3a and their internal foreset 

architectures.

Fig. 10. (A) Trough cross-beds trajectory, as reconstructed from the interval section of Fig. 9A. 

Foresets are part of a continuum, describing sub-horizontal lateral accretion (B), ascendant (C) 

and descendant (D) path. (E) Spoon-shaped erosional/depositional feature interpreted as a 

possible swatchway. In all of the outcrop pictures, the average direction of dune migration is 

somewhat towards the observer, whereas the direction of ridge progradation is towards the right 

(east/south-east). 

Fig. 11. (A) and (B) Outcrop photographs showing how Facies 2c forms recessive horizons 

intercalated at quasi-regular stratigraphic intervals within Facies 2a and 3a. (C) and (D) Details of 

Facies 2c showing no evident structures and isolated Ophiomorpha burrows (arrows). Pencil for 

scale is 15 cm.

Fig. 12. (A) Terminal, ESE segment of the Bombile Section, showing the flat-lying stratification 

typical of Facies 2d. (B) Isolated cross-strata are intercalated with dominantly tabular sandstone 

strata (C), which appear indistinctly cross-laminated (D) (hammer for scale is 35 cm long). (E) 

Thin section reveals the prevailing carbonate nature of grains, and texturally the rock is a 

packstone. Among foraminifera, planktonic and benthonic exemplars are indicated with white and 

black arrows, respectively; bioclastic skeletal fragments belonging to a plate of echinoid (yellow 

arrow to the left) and a spine of echinoid (yellow arrow to the right) are indicated.A
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Fig. 13. Varieties of three-dimensional bedforms reconstructed from the observed Siderno cross-

stratification (modified, after Rubin, 1987) and indicating styles of lateral accretion controlled by 

variations in current speed, possibly related to relative sea-level positions. Arrows indicate 

trajectories of bedform advancement that are: (A) sub-horizontal during stages of relative sea-

level highstand; (B) descending during periods of sea-level lowering; (C) sub-horizontal again but 

dissected by channels or swatchways during stages of sea-level lowstand; and (D) ascending 

during periods of relative sea-level rise. For simplicity, superimposed smaller dunes with opposite 

direction of migration, which is typical of tide-influenced settings, are not indicated here.

Fig. 14. Lateral relationship between Facies 2b and Facies 2d observable in the lateral south-

east termination of the Bombile Section. Net flow was towards south/south-east (approximately 

towards the observer).

Fig. 15. (A) Outcrop of Facies Association 3 (FA3) erosionally overlying Facies Association 2 

(FA2) above the widespread surface s2 (arrows). (B) Different perspective of the same contact 

visible along the staircase descending over the Bombile Section. (C) Plane-parallel lamination is 

diffusely present within the tabular strata of Facies 3a. (D) Thin section revealing the presence of 

planktonic foraminifera (white arrows) within skeletal fragment bioclasts. (E) Topmost part of the 

Bombile Section showing the erosional contact s2 (arrows) separating Facies 2b from Facies 3a 

(dotted red line indicating surface s2 is intentionally not drawn through the entire image to show 

the natural aspect of the contact).

Fig. 16. Sedimentary deposits of Facies 3b exposed at the very top of the Bombile Section. (A) 

Siliciclastic sands showing inclined stratification (person for scale is ca 1.6 m tall) with (B) internal 

indistinct foresets visible in places (helmet for scale is 22 cm high). (C) Close-up views reveal 

burrowed horizons (the main traces are indicated with black arrows) and scattered lenses of 

rhodoliths (white arrows) (hammer for scale is 35 cm long).

Fig. 17. (A) Modern comparative analogue for the Bombile sand ridge from the shelf area of the 

Celtic Sea, at the exit of the Irish and English Channels (satellite images are from Google Earth®; 

ridge reconstruction are from Scourse et al., 2009). (B) Palaeogeographic reconstruction of the 

Siderno Strait, as seen from the south-east, during the accretion of tidal sand ridges, with the 

main sand bodies presently exposed in outcrops and the studied Bombile Section. The inset in 

the top-right corner shows the reconstruction of the Siderno Basin setting during the Pleistocene.

Fig. 18. Reconstructed schematic facies panel obtained for the investigated succession. The 

three facies associations (FA) correspond with the three main stages of ridge nucleation (FA1), 

active accretion (FA2) and abandonment (FA3).A
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Fig. 19. Three-dimensional reconstruction of the stage of nucleation (A) and active accretion, (B) 

to (C) of the tidal sand ridge studied in the Bombile Section. The parts of the ridge in yellow 

indicate the most actively accreting portions during each stage. (A) At the initial stage of ridge 

nucleation, tidal currents were not yet able to promote the migration of large dunes because of 

their relatively low speeds. However, currents interacted with the bottom topography flowing at ca 

20˚ with respect to the ridge axis. (B) As water-depth variations changed the cross-sectional area 

of the Siderno Strait, current speeds increased, promoting a more vigorous tidal circulation, the 

concomitant activation of the carbonate factory and the resulting generation of large (mostly 

three-dimensional) dunes, recording the fastest stage of active ridge accretion. Note the angular 

relationship between the direction of ridge axial progradation and the main direction of tidal dune 

migration. (C) As the sea level reached its lowermost elevation (LST), dunes were dissected by 

swatchways, reflecting the highest stage of current regime, prior to the ensuing deactivation due 

to transgression. Drawing not to scale. 

Fig. 20. Evolutionary panel showing the processes responsible for the accretion of the Bombile 

tidal sand ridge (see the text for explanation). Concerning the origin of the s2 discontinuity that 

separates the large-scale cross-strata from the overlying plane-parallel strata, it is attributed to 

the role of internal waves generated at the boundary between two superimposed water masses 

with different density. 
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Associations 

Facies description 

Average 
bed 
thickness 
(m) 

Bioclastic/ 
siliciclastic 
ratio (b/s) 

Segregation 
Index (S.I.) 

Bioturbation 
Index (B.I.) 
Taylor & Goldring 
(1993) 

Fossils 
Ichnofacies 
 

Minter et al. (2016) 
Foraminifera 

(Chiarella & Longhitano, 2012) 

Facies 
Association 3 

 

Facies 3b = Structureless or indistinctly 
cross-stratified texturally mature sands 
 

–  

<<1 
(0.002-0.4) 

 

Unsegregated 
(30-35) 
 

 

Uncommon to   
Moderate 
(2-3) 

Bivalves, 
echinoderms 

 

Thalassinoides, 
Skolithos 

 
– 

 

Facies 3a = highly burrowed, planar-
stratified and internally laminated 
biocalcarenites, lapping against the s2 
erosional surface 

 

0.2-0.4 
 

1 to >>1 
(0.8-4.0) 

 

Unsegregated 
(30-35) 
 

 

Common (4) Molluscs, 
echinoderms 
bryozoans, 
red algae, 
serpulids 

 

Thalassinoides, 

Skolithos, 
Bichordites 
(Caruso et al., 
2011) 

Planktonic: 

Globigerinoides ruber, 
Orbulina universa, Globigerina 
bulloides; 
Benthonic: 

Orbitoides (Fig. 15D) 

Facies 
Association 2 

 

Facies 2d = planar-stratified, fine-
grained biocalcarenites, highly-
bioturbated and containing no cross-
strata (Fig. 12) 

 

0.5-1.0 
 

>>1 
(4.0-9.09) 

 

Poorly 
segregated 
(40-50) 

 

Common to 
abundant 
(4-5) 

 

Echinoids, 
bryozoans, 
gastropods, 
bivalves 

 

Thalassinoides, 
Skolithos 

 
Planktonic: 
Globigerina bulloides; 
Benthonic: 

Orbitoides (Fig. 12E) 
 

Facies 2c = highly-bioturbated fine-
grained bioclastic–siliciclastic sandstone 
intercalations. Fe-Mn nodules and 
glauconite (Fig. 11) 

 

1.0-1.5 
 

>1 to =1  
(1.0-1.5) 
 

 

Unsegregated 
(30-35) 
 

 

Moderate (3) 
 

– 
 

–  
– 

 

Facies 2b = large-scale trough cross-
stratified bioclastic–siliciclastic 
sandstones, including angular to 
tangential, simple and compound 
foresets, tidal bundles, localized 
herringbones cross-stratification and 
reactivation surfaces (Figs 8, 9 and 10) 

 

5.0-7.0 
 

1 to >>1 
(0.7-7.0) 

 

Moderately to 
well 
segregated  
(60-85) 

 

Moderate to 
common 
(3-4) 

 

Fragments 
of molluscs, 
echinoderms 

 

Thalassinoides, 
Planolites, 
Bichordites 
(Caruso et al., 
2011) 

 
Planktonic: 

Globigerinoides ruber, 
Orbulina universa, O. suturalis, 
Globigerina bulloides; 
Benthonic: 

Orbitoides (Fig. 8E) 

 

Facies 2a = laminated fine-grained 
bioclastic–siliciclastic sandstones and 
siltstones (Fig. 7) 

 

0.7-1.5 
(Fig. 7B) 

 

>>1 
(4.0-9.09) 

 

Moderately 
segregated 
(56-65) 

 

Uncommon to   
Moderate 
(2-3) 
 

 

 

Fragments of 
echinoids, 
bryozoans, 
gastropods, 
bivalves 

 

Thalassinoides 
Gostrochaenolites  
Ophiomorpha (?) 
(Fig. 7E) 

Planktonic: 

Globigerinoides ruber, 
Globigerina bulloides, 
Hedbergella sp. and Orbulina 
bilobata; 
Benthonic: 

Astigerina planorbis, Elphidium 
crispum, Sigmoilopsis 
schlumbergeri, Cibicides 
lobatulus (Fig. 7C) 

 

Facies 
Association 1 

 
 

Facies 1b = stratified mudstones and 
fine-grained, structureless or faintly 
laminated sandstones (Fig. 6) 
 
Facies 1a = mudstones, marlstones and 
fine-grained bioclastic–siliciclastic 
sandstones in tabular strata (Fig. 6) 
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