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Contained-reflected beds deposited by fully-ponded or partially-reflected turbidity currents are important because their correct evaluation can give important indications on the degree of basin confinement and on the type, size and orientation of the morphological obstacle. Through a detailed facies analysis of various significant megabeds in the Marnoso-arenacea Formation, including the Contessa key bed, in the helminthoid flysches in the northern Apennines (Italy) and in the Pyrenees (megaturbidite MT5), this work proposes a depositional model that is well consistent with the recent experimental data available in the literature, discussing their strengths and limits. The Contessa and flysch megabeds fit very well with the experimental conditions because they are deposited in narrow and elongated confined basins characterized by axial flows. Indeed, in the proposed model, it is possible to recognize facies deposited by: 1) a basal underflow directed towards the bounding slope (Facies A), 2) an intermediate part of the flow characterized by lateral deflections (facies B1), 3) an upper well-developed reversing flow (facies B2) and 4) an uppermost residual reversing flow recording the final collapse of the fine-grained suspended load forming a poorly-sorted slurry facies C and a very thick mudstone unit D. Facies A, B1 and B2 are usually separated by very thin fine-grained muddy drapes rich in carbonaceous matter, which can be traced throughout the basin. These drapes - very common in contained and confined beds in these settings - can be related to internal density surfaces, along which decoupling processes, separating underflows from reversing overflows, can easily occur. Conversely, as the MT5 is characterized by a source transversal to an elongated narrow basin, the large flow volume versus basin capacity hinders the generation of reversing flows and rebound layers favoring the formation of fully-ponded pulsating overflows able to deposit alternations of laminated and massive units. This facies type can be observed in the basins that are characterized by axial flows only near the basin margins where the pulsating collapse of the reversing flow can dominate. This study shows that the integration of detailed field studies are essential to validate experimental data from an applicative point of view.
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1 INTRODUCTION
Contained-reflected beds deposited by fully (ponded) or partly reflected turbidity currents have long been studied with experimental works, numerical modeling and facies analysis. They are very important because the correct evaluation of the flow reflection nature and direction can give important indications not only on the degree of basin confinement but also on the type, size and orientation of morphological obstacles, which, in foreland basins, are generally tectonic structures (e.g., Kneller, 1995).
In spite of the various depositional models based on field data (Pickering and Hiscott, 1985; Haughton, 1994; Remacha et al., 2005; Tinterri and Muzzi Magalhaes, 2011; Bell et al., 2018) and recent experimental and numerical models that have tried to clarify the dynamics of reflected to fully-ponded turbidity currents (Patacci et al., 2015; Howlett et al., 2019; Soutter et al., 2021), the processes and resulting facies of these types of contained-reflected flows are still poorly understood in detail and various problems remain open. First of all, a detailed depositional model aimed at recognizing the various experimental phases in ancient turbidites is not yet well defined. Secondly, other more specific open problems are the distinction between combined flow structures and mud-controlled sedimentary bedforms (e.g., Tinterri, 2011; Baker and Baas, 2020), as well as the interaction between flow reflections and the formation of mud-rich transitional flows able to deposit poorly-sorted slurry facies (e.g., Tinterri et al., 2016; Bell et al., 2018). Contained-reflected beds can be found in all depositional elements of a turbidite system but ponded beds deposited by low-density turbidity currents dominate especially the basin plains or lobe fringes where the interaction between flow decelerations and dynamics of mud rich transient turbulent flows (sensu Baas et al., 2011) can become important.
This work wants to present several recorded cases of bed types and facies tracts of megaturbidites deposited by high- and low-density turbidity currents related to flow reflections perpendicular and oblique to the morphology in partially or fully confined settings. These examples mainly come from turbidites in the northern Apennines (Marnoso-arenacea Formation, MAF and helminthoid flysches, i.e., M. Cassio and Solignano Formations), and in the southern Pyrenees (megaturbidite MT5 in the Banaston turbidite system). All these deposits are suitable for discussion of open problems and try to propose depositional models that can link experimental and field data. In particular, this objective is achieved through a detailed physical stratigraphy and facies analysis of the Contessa key bed, i.e., the main key bed of the MAF (e.g., Ricci Lucchi and Valmori, 1980; Muzzi Magalhaes and Tinterri, 2010).
2 PREVIOUS WORKS: LABORATORY EXPERIMENTS AND DEPOSITIONAL MODELS
When a turbidity current encounters a topography, the flow can be laterally deflected or completely reflected, depending on the obstacle size in relation to the flow volume, the geometry of the slope and the angle of incidence of the current (Tinterri, 2011; Patacci et al., 2015). In this case the flow can be defined as “confined” if the confining topography partially or totally traps the current, and, in case of total entrapment, the turbidity current can be also defined as “contained”. Consequently, the confined and contained turbidity currents can be also defined as ponded turbidity currents in which a flat-topped suspension cloud is established (Patacci et al., 2015).
The first laboratory experiments available in the literature focused on the processes related to lateral (Kneller et al., 1991; Haughton, 1994; Amy et al., 2004) and frontal rebounds (e.g., Pantin and Ledeer, 1987; Alexander and Morris, 1994; Edwards et al., 1994) of surge type flows discussing especially the dynamics of internal waves propagation. However, as Kneller and Branney (1995) and Kneller (1995) introduced a model that was based on various combinations of different spatial and temporal accelerations (i.e., nonuniformity and unsteadiness, respectively) and was able to produce markedly different vertical and lateral variations in the resulting turbidite bed, they highlighted, for the first time ever, the importance of submarine topography in controlling flow deflection and reflection, as well as variations in flow velocity in space (flow nonuniformity) producing anomalous intrabed vertical sequences, multiple current directions and locally enhanced deposition.
Conversely, the recent experiments by Patacci et al. (2015) focused on the behavior of sustained ponded suspension clouds showing that ponded flows are characterized by a well-determined sequence of dynamic phases. More precisely, a flow impinging a confining slope produces, firstly, a flow reversal causing a bore or soliton up current propagation that leads to an initial inflation phase of ponded suspension. Then, the progressive flow inflation forms a circulation of a ponded suspension characterized by an underflow directed towards the bounding slope and an upper return layer separated by a well-developed internal density and velocity interface where internal waves can propagate. Finally, cloud deflation on waning of input produces final settling of fines from a static cloud (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Scheme of a ponded suspension cloud from laboratory experiments by Patacci et al. (2015), (B) Schematic diagram summarizing the flow reflection dynamics against a morphologic obstacle (from Howlett et al., 2019), (C) List of the main diagnostic sedimentary structures characterizing contained-reflected beds (from Tinterri et al., 2016), (D) Model describing a frontal reflection, which tries to link the facies sequence of a typical contained-reflected bed in the Marnoso-arenacea Formation with the dynamics of a pulsating reflected turbidity current (from Tinterri et al., 2016); (E) Main facies sequences of contained-reflected beds discussed in the literature [see also (D)].
More recently, numerical experiments by Howlett et al. (2019) have given results similar to those obtained by Patacci et al. (2015). These models discuss turbidity currents impinging against a topography perpendicular to the flow direction, and highlight that a supercritical current decelerated and thickened due to the hydraulic jump on the counter-slope, where a reverse overflow formed through current self-reflection and a reverse underflow was issued by backward squeezing of a dense near-bed sediment load (see Figure 1B). Very similar results can be also observed in the works by Woods et al. (1998), Lamb et al. (2004), Lamb and Parsons (2005), and Toniolo et al. (2006). The experimental results by Howlett et al., 2019 have been further investigated by Soutter et al. (2021), studying, in addition to a morphology perpendicular to the incoming flow, cases in which the topography is parallel and oblique to the flow.
Conversely, the sedimentary structures indicating flow reflections and ponding processes are relatively well established in the literature thanks especially to the depositional models by Pickering and Hiscott (1985) from the Cloridorme Formation, by Haughton (1994) from the Sorbas basin, Remacha et al. (2005) from the Hecho basin and Tinterri and Muzzi Magalhaes (2011) from the MAF (see Figures 1D,E).
In particular, Tinterri et al., 2016 proposed a depositional model based on the studies carried out over the last 10 years in the MAF, trying to summarize the main sedimentary characteristics of the contained-reflected beds in basin plain (Figures 1C,D). These sedimentary structures, which are summarized in Figure 1C, can characterize both fully contained ponded beds and not-contained strata that undergo only lateral and frontal rebound.
Furthermore, the dynamic behavior of the turbidity currents in a confined basin changes according to flow concentration (high- and low-density) and to the degree of flow-density stratification that can favor hydraulic jumps and decoupling processes (see Postma et al., 2009; Postma and Cartigny, 2014; Tinterri et al., 2016). For these reason, facies and processes of high and low-density flows in fully-ponded basins, mainly characterized by frontal reflections, will be discussed with the aim to try to show new facies models and a possible link with the available experimental data.
3 FULLY CONTAINED AND CONFINED “PONDED” MEGATURBIDITES
These bed types can be seen as contained-reflected beds in which the degree of basin confinement versus the flow volume allows fully-ponded conditions. The turbidity currents that deposit these types of beds are able to cross the entire basin and to undergo one or more reflections. In general, these bed types can be seen as megaturbidites, i.e., very thick beds of virtually basin wide extent that usually form excellent key beds (see Mutti et al., 1984). Magnificent examples of megaturbidites are those in the south western Pyrenean foreland basin, where each megaturbidite consists of a bipartite graded bed up to 200 m thick displaying a basal megabreccia that contains large slabs of shallow water limestones and outsize rip-up marlstone clasts, which pass upward into an up to 20 m graded unit composed of a basal coarse-to fine-grained biocalcarenite characterized by an alternations of horizontal and ripple lamination (Rupke, 1976; see Figure 1E and below) and an upper homogeneous calcareous mudstone (see Labaume et al., 1983; Labaume et al., 1987; Mutti et al., 1999; Payros et al., 1999). These megaturbidites can be interpreted as deposited by bipartite flows composed by a basal dense flow and an upper turbulent flow produced by the evolution and transformation of fast-moving, inertia-driven avalanche-blocky flows (sensu Ogata et al., 2012) derived from adjacent carbonate platforms triggered by major seismic shocks associated with thrust propagation. On the basis of the sedimentary structures described by Rupke (1976), it can be inferred that the upper turbulent flow must have undergone important reflections and rebound processes as occurred in other megaturbidites, such as the Gordo bed in the Sorbas basin (Kleverlaan, 1987) and Megabeds of the Cervarola Sandstones (Tinterri and Piazza, 2019; Piazza and Tinterri, 2020) and in the Cerro Bola Fm. in Argentina (Falgatter et al., 2016). Other famous examples come from the Eocene flysch of the Dalmatia in Croatia (Marjanac, 1990). Consequently, the upper graded beds characterizing these bipartite megaturbidites are the most likely to present the characteristics of ponded beds.
The Contessa key bed in the MAF, the megabeds of the Helminthoid flysches (northern Apennines, Italy) can represent very good examples of these bed types characterizing the upper part of the megaturbidites and deposited by turbulent flows as in the case of the megabed at the top of MT5 (Hecho Group). In particular, being characterized by a massive to crudely laminated coarse-grained basal unit, the Contessa key bed and MT5 megabed can be interpreted as deposited by high-density turbidity currents, whereas the megabeds of the Cassio Fm., being characterized by fine-grained laminated basal sandstone, can be interpreted as deposited by a low-density turbidity current.
3.1 The Contessa Key Bed (Marnoso-arenacea Formation)
3.1.1 Introduction
The Contessa Key bed (CKB, Renzi, 1964; Ricci Lucchi and Pialli, 1973; Ricci Lucchi and Valmori, 1980) is the most important key bed in the MAF foredeep turbidites (Langhian-Tortonian) in the northern Apennines (Italy), (Figure 2A). The MAF turbidites, deposited in an elongate, NW-stretched foredeep basin formed in front of the growing Northern Apennines orogenic wedge, were fed mainly by Alpine sources to the north, whereas minor sources providing hybrid and carbonate sediments included shallower water carbonate platforms along the southern and south-eastern margins of the basin (Gandolfi et al., 1983; Ricci Lucchi, 1986). The main sediment dispersal pattern was longitudinal and the northwest to southeast flowing turbidity currents had a siliciclastic composition. By contrast, carbonate and hybrid turbidites flowing in the opposite direction, i.e., towards the north-west, produced the main key beds (Figure 2A). Together with the fact that, among foredeep turbidites, the MAF is the best exposed and less structurally deformed one due to its relatively external position within the Apenninic orogen, these marker beds have favoured detailed physical stratigraphy studies, such as the pioneering one by Ricci Lucchi and Valmori (1980) and more recently those by Amy and Talling (2006) and Muzzi Magalhaes and Tinterri (2010) and Tinterri and Tagliaferri (2015), (see also Tagliaferri and Tinterri, 2016; Tagliaferri et al., 2018).
[image: Figure 2]FIGURE 2 | (A) The MAF cropping out in the Northern Apennines, with the locations of the Contessa key bed stratigraphic logs, (B) Stratigraphic-cross section of the MAF Unit III including the Contessa key bed (from Muzzi Magalhaes and Tinterri, 2010), (C) Schematic paleogeography of the basin during the deposition of Unit III (from Tinterri and Muzzi Magalhaes, 2011), (D) Detailed stratigraphic cross section of the Contessa megabed in the outer basin (see red trace in Figure 2A). On the right the interpretation in terms of facies and processes is shown. The flow phases on the right are those by Patacci et al. (2015); (E) Contessa megabed in Log 8; (F,G) Details of basal coarse-grained massive facies A1 and crudely laminated facies A2 (logs 11 and 4, respectively); (H) Facies characterizing the basal part of the CKB deposited by the primary flow (Log 4); (I) Details on the basal part of the CKB below the first rebound layer (1st RL) deposited by the primary flow (Log 11). For the location of stratigraphic logs, see (A).
Thanks to the regional stratigraphic framework by Muzzi Magalhaes and Tinterri (2010), (see Figures 2B,C), it can be stated that the Contessa key bed is located in a stratigraphic interval characterized by tectonic quiescence allowing this megabed to be traced in the entire basin, i.e., over an area of about 125 × 25 km (Ricci Lucchi and Valmori, 1980; Muzzi Magalhaes and Tinterri, 2010).
3.1.2 Description
The high-resolution stratigraphic framework of the CKB has been carried out through the measurement and description of 23 stratigraphic logs parallel and perpendicular to the paleocurrents directed towards the northwest (Figures 2D, 3A, 4; see also Tinterri and Mazza, 2019).
[image: Figure 3]FIGURE 3 | (A) Detailed stratigraphic cross section of the Contessa megabed in the inner basin (see blue trace in Figure 2A). On the right, the interpretation in terms of facies and processes is also shown. The flow phases on the right are from Patacci et al. (2015); (B) Facies scheme of the CKB with facies deposited by the primary flow, first reflected flow characterized by lateral deflections and reversing flow; (C) Depositional model of the CKB.
[image: Figure 4]FIGURE 4 | Stratigraphic cross section of the CKB in the Santerno Valley. It is perpendicular to the main structural alignments and the paleocurrent of the primary flow directed towards the NW. It is to be noted the stratigraphic pinchings and the erosional capacity of the CKB controlled by the Diaterna anticline axis and M. Castellaccio thrust (see Figure 2A for the position of the location map, see also de Jager, 1979).
In general, the CKB, with thickness ranging from 9 to 15 m, is a normally graded bed characterized by a well-developed bipartition highlighted by a basal sandstone unit ranging from 3.5 to 6.5 m and an upper mudstone unit with thickness ranging from 5 to 9 m (Figure 2E). The basal sandstone unit is characterized by high variability in term of grain sizes, sedimentary structures and paleocurrents; however, the occurrence of two evident very thin and fine-grained layers rich in carbonaceous matter and plant fragments (i.e., the rebound layers RL by Tinterri et al., 2016) allow the sandy part of the CKB to be distinguished in three intervals, namely basal, intermediate and upper (see Figures 2D, 3; see also Tinterri et al., 2019b). In particular, Supplementary Table S1 in the supplementary materials shows the list of the facies introduced in this work and their comparison to the facies scheme by Mutti et al. (2003).
The basal one is made of granular very coarse-to medium-grained sandstone characterized by well-developed flute casts indicating paleocurrents towards the northwest. On the basis of the grain sizes and sedimentary structures in this basal interval, at least six facies can be distinguished, which, from the coarsest to the finest ones, are: A1) massive granular very coarse-grained sandstone (Figures 2F–I). This facies can be found in the more proximal logs 1, 2, 3 and 4 (see Figures 2D, 3A) and can also be associated with mudstone and sandstone intraclasts, sand injections and delamination structures characterized by vertical erosional surfaces (Figure 4; see also Felletti et al., 2019); A2) crude laminated very coarse to coarse-grained sandstones (Figures 2G,H, 3); A3) coarse-grained sandstone characterized by a well-developed traction carpets; A4) coarse to medium-grained sandstone characterized by an alternation of crudely laminated and massive units. This facies can be found especially in the intermediate logs 4, 8, 10, 13 and 14 (Figures 2H, 3); A5) crudely laminated medium-grained sandstones; A6) laminated fine-grained sandstone. Facies A5 and A6 are found especially in the more distal logs 16 and 19 (Figures 3, 4).
In general, facies A1 tends to evolve into facies A5 and A6, through intermediate facies A2, A3 and A4, both downcurrent and upward within the basal unit. The latter, mainly composed of facies A1-5, is separated from the intermediate unit by a first very thin and fine-grained layer (i.e., a rebound layer-RL). This thin layer can be traced relatively well in the entire study area (see 1st RL—red fine-grained drape in Figures 2D, 3A, 5) and is highlighted by the widespread occurrence of carbonaceous matter and plant fragments (Figures 5D,E).
[image: Figure 5]FIGURE 5 | (A) Examples of facies B1 and B2 in Log 19 (Santerno valley) separated by the 1st (red) and 2nd (blue) evident rebound layers; (B) Facies B1 in Log 4 (Lamoli) with evidence of lateral deflections; (C) Facies B1 and B2 separated by the 1st (red) and 2nd (blue) rebound layers in Log 19; (D,E) First rebound layer separating facies A and B rich in carbonaceous matter (see C for the location of the photos); (F) Facies B1 and B2 separated by the 1st (red) and 2nd (blue) rebound layers (Log 21); to be noted the slightly asymmetrical megaripples with paleocurrents towards the SW in Unit B1 (see Figure 4 for the location of the Logs).
The intermediate unit B1 is made of, at least, three facies (see Figure 3, Supplementary Table S1), namely: B1a) medium to fine-grained sandstone characterized by crude even and parallel lamination that sometimes shows subtle undulations or very low-angle laminae. This facies occurs especially in more proximal southern logs 1, 2 and 3 (see Figures 2, 3); B1b) similar to B1a, this facies is characterized by the appearance of anisotropic hummocky-like megaripples (wavelength of about 30–40 cm) showing paleocurrents roughly perpendicular to or at high angle with those indicated by the flute casts directed towards northwest (see log 4, Figures 3, 5B,C); B1c) fine-grained sandstone characterized by a poorly-developed alternation of crude even/undulated and parallel lamination with hummocky-type megaripples showing paleocurrents directed towards the southeast, i.e., in the opposite direction vs. the north-westward paleocurrents indicated by flute casts (Figures 5A,F). In general, facies B1a tends to evolve into facies B1c, in a downcurrent direction, even if the appearance of the hummocky megaripples seems to be related to specific basin morphologies (see Figures 2D, 3).
The intermediate sandstone unit is separated from the upper sandstone unit by a second very thin and fine-grained layer, which, as the first, can be traced relatively well in the entire study area (see 2nd RL—blue fine-grained drape in Figures 2, 3, 5). This layer is also characterized by widespread occurrence of carbonaceous matter and plant fragments.
The third upper sandstone unit is composed of two main facies indicated as B2 and C in Figures 2D, 3, 6 and Supplementary Table S1. Facies B2 is made of fine to very fine-grained sandstone and is characterized by widespread occurrence of biconvex asymmetrical megaripples always indicating paleocurrents directed towards the southeast, i.e. in the opposite direction vs. the north-westward paleocurrents indicated by flute casts. These megaripples have a wavelength of about 40–50 cm and are characterized by internal sigmoidal-cross laminae (Figure 6). The crests have high lateral continuity (Figures 6A–F) showing sometimes well-developed Y bifurcations very similar to those of wave ripples (Figure 6B).
[image: Figure 6]FIGURE 6 | (A) Spectacular and famous outcrop near Lamoli (Log 4) showing a field of south-eastward biconvex megaripples, where the large lateral continuity of the crests can be also observed. These megaripples characterize Unit B2 and are deposited by a well-developed reversing flow (see Figure 3C for the interpretation); (B) Biconvex megaripples characterized by a typical Y bifurcation (Log 14); (C) Asymmetrical biconvex megaripples with a high-lateral continuity of the crests (Taverna near Log 8); (D–F) Examples of biconvex (rounded) megaripples with sigmoidal-cross laminae in Logs 19, 16 and 15, respectively. See Figures 2A,D, 3A for the location of the logs.
Facies B2 can be subdivided into three different categories (see Figure 3, Supplementary Table S1), namely: 1) facies B2a entirely composed of the biconvex asymmetrical megaripples described above, 2) facies B2b characterized by an alternation of undulated laminae and symmetrical biconvex megaripples and hummocky-type structures and 3) facies B2c mainly composed of wavy to even and convolute laminations. Facies B2a tend to evolve towards the south into facies B2c, i.e. in the same direction indicated by the biconvex megaripples. The megaripples of facies B2a are consistent with the reversing or back flow ripples by Parea and Ricci Lucchi, 1975 (see also Ricci Lucchi and Valmori, 1980; Ellis, 1982; Ricci Lucchi, 1995).
Facies B2 pass upward into facies C, which records the vertical transition to the upper mudstone unit D. Facies C is made of an alternation of poorly-sorted silty to muddy very fine-grained slurried sandstone and well-developed laminasets generally characterized by anisotropic hummocky-type megaripples directed towards the south-east and widespread soft-sediment deformation represented by convolute laminae and load casts. The latter are represented by ball and pillows characterizing the base of the laminasets, which can evolve in detached pseudonodules within the underlying poorly-sorted slurried facies. Facies C is not present everywhere but only in well-determined zones that generally are associated to structural highs (see logs 4, 6, 7 and 8 in Figure 3A).
Facies C records the vertical passage into the uppermost facies D composed of a very thick mudstone unit characterized by an apparently massive facies (Figure 3).
As mentioned above, the CKB is deposited in the stratigraphic Unit III by Muzzi Magalhaes and Tinterri (2010) and, although this is a unit deposited during a period of relatively tectonic quiescence, the increase and decrease in the CKB thickness tend to be consistent with the depocentres and structural highs highlighted the high-resolution stratigraphic framework carried out by Muzzi Magalhaes and Tinterri (2010). Mudstone and sandstone intraclasts in facies A and erosive delamination structures tend to be located in those logs in which a stratigraphic pinching can be observed (see Figures 2D, 4). Generally, these stratigraphic pinchings are located near tectonic structures as showed by the stratigraphic-cross section of Figure 4 where erosional features and the lowest thickness in the CKB are located above the Diaterna anticline axis.
3.1.3 Interpretation
Based on the facies descriptions the CKB can be interpreted as a typical contained and reflected bed in which the degree of basin confinement allows fully-ponded conditions (see Parea and Ricci Lucchi, 1975; Ellis, 1982; Ricci Lucchi, 1995; Tinterri and Muzzi Magalhaes, 2009, Tinterri and Muzzi Magalhaes, 2011). Indeed, facies A, B, C and D are consistent with the facies categories introduced by Tinterri et al. (2016) for contained-reflected beds (see also Tinterri et al., 2012; Tinterri et al., 2019b). However, thanks to the detailed facies analysis of the CKB, a detailed depositional model can be advanced in which the two very fine-grained layers that can be interpreted as rebound drapes (RL; see Tinterri et al., 2016; Tinterri et al., 2019a), play a key role.
The basal sandstone unit of the CKB can be divided into three units (A, B and C) thanks to two main fine-grained very thin levels rich in carbonaceous matter (1st and 2nd rebound drapes, see Figure 3 and Supplementary Table S1). The first one (red line) separates the basal facies A deposited by a high-density primary flow (directed towards the NW) from the intermediate unit composed of facies B1 in which sedimentary structures indicating lateral reflections and reversing flow start to be common. Conversely, the second RL (blue line) separates the intermediate unit from the upper sandstone unit dominated by biconvex asymmetrical megaripples and hummocky-type structures (facies B2 and C) indicating paleocurrents directed towards the SE and produced by a well-developed reversing flow directed towards the same direction, i.e., SE. These very thin rebound drapes must record a deposition from a relatively quiescent period after reflected or reversing flows had bypassed.
As well known in the literature, the CKB, characterized by a hybrid composition (Gandolfi et al., 1983), was deposited by a turbidity current coming from the south. The source area, able to supply terrigenous and intrabasinal sediment, is thought to be located in a southeastern area of the Apenninic margin (Gandolfi et al., 1983). Consequently, facies A1 to A6 were deposited by the basal part of a bipartite flow represented by a high-density primary flow evolving towards the northwest. This flow can be highly erosive as testified by well-developed bulbous flute casts and delamination structures able to erode the underlying beds (see also Felletti et al., 2019). In this case, in the basal facies A1, mudstone and sandstone clasts can be common (see Log. 15 in Figure 3A and Figure 4). Delaminations structures, however, seem to be associated with tectonically-controlled basin morphologies that can enhance flow impacts and erosive processes (see Figure 4). Log 15 is associated with the Val Lamone tectonic structure separating an uplifted northwestern area from a depocentral southeastern zone (see Muzzi Magalhaes and Tinterri, 2010) whereas the stratigraphic cross section in Figure 4, perpendicular to the paleocurrents and to the Diaterna anticline axis and M. Castellaccio thrust shows that these structures can enhance the erosive capacity of the flows and bed amalgamations (see Log 19).
In particular, massive facies A1 is interpreted as deposited by high rates of fallout able to suppress the turbulence at the boundary layer, whereas facies A3, dominated by traction carpets, can be seen as a traction-dominated facies recording the bypass of a sandy high-density turbidity current able to transport northwards the medium-grained sand that would then form the depositional crudely laminated facies A4 and A5 (see Supplementary Table S1). The crude or spaced lamination indicates progressive aggradation under a high rate of fallout forming a near-bed suspension in which well-developed tractive structures are prevented by the absence of a sharp rheological interface between the lowest parts of the flow and the just-formed deposit (Kneller and Branney, 1995). In particular, the alternation of crude laminations and massive units characterizing facies A4 may be interpreted as related to decreases and increases in fallout rates generated by increases and decreases, respectively, in flow velocity and turbulence energy. These types of variations can be induced by constructive and destructive interferences between internal wave trains, produced by lateral reflections against the basin margins, and the unidirectional turbidity current directed towards the north (Tinterri, 2011; Patel et al., 2021). Indeed, facies A4 is well developed to the south of the following tectonic structures: Verghereto (Log 4), Lamone (Logs 13, 14, 15) and Diaterna anticline (Logs 21, 22) (see Figures 3A, 4).
The basal unit A is separated from the upper unit B1 by the first RL, which can be deposited by the tail rich in carbonaceous matter and mica of the upper turbulent flow bypassing the deposits of unit A. This bypass can be induced by lateral flow reflections rather than a well-developed reversing flow, since no well-developed reversing megaripples directed towards the southwest are present. These lateral rebounds and decelerations of the bipartite flow can favor decoupling processes with the detachment and partial bypass of the upper turbulent flow (see Section 6.1 for more details). Indeed, in the second sandstone unit B1, facies B1a tends to decrease in thickness towards the northeast, passing into facies B1c through facies B1b in which megaripples directed towards northeast and southwest, i.e., roughly perpendicular to the primary flow, are common. The reversing megaripples directed towards the south start to be present especially in distal zones, i.e., in Logs 14, 17, 21 (Figures 3A, 4) and this can be associated with the beginning of a complete reflection of the upper turbulent flow favoured by the presence of important transversal tectonic structures, such as those of the Sillaro and Val Lamone lines (see Tinterri et al., 2019a, Figure 3A). According to the stratigraphic framework by Muzzi Magalhaes and Tinterri (2010), in the northwestern area, the stratigraphic unit III including the CKB is deposited in a tectonically uplifted zone as testified by the stratigraphic pinching of this unit towards the northwest and the occurrence of large-volume mass-transport deposits (see Figures 2A–C). In particular, the area of the Lamone valley (Logs 14, 15, Figure 3A) separates a northwestern uplifted area from a southeastern depocenter located in the Bidente valley (see Log 10); it is here supposed that this zone may be associated to a transversal tectonic structure related to the Sillaro line that could produce a barrier able to induce complete reflection of a turbidity current coming from the south, as also supposed by Ellis (1982). Consequently, in distal areas near the northern basin margin, facies B1 passes into a thin B1c facies testifying that the flow is dominated by processes related to the reversing flow (see Figure 3).
The evidence of a clear reversing overflow directed towards the southeast is present in the upper sandstone units B2 and C where well-developed biconvex megaripples and anisotropic hummocky-type structures can be found (see Figure 6). In general, climbing-biconvex megaripples with sigmoidal-cross laminae (facies B2a) pass downcurrent (i.e., towards the southeast) into symmetrical small-scale hummocky-type structures and wavy to even laminae (facies B2c) suggesting a south-eastward evolution of the reversing flow.
These megaripples have been interpreted as traction-plus-fallout structures related to a unidirectional backflow (Parea and Ricci Lucchi, 1975; Ricci Lucchi and Valmori, 1980; Ellis, 1982), or as antidunes by Ricci Lucchi (1985) and more recently as supercritical dunes propagating in the same direction of the backflow (see Fedele et al., 2016). These megaripples, however, are very similar to the biconvex megaripples reproduced in laboratory under combined flows dominated by unidirectional components (see Yokokawa, 1995; Dumas et al., 2005; Tinterri, 2011). This evidence suggests that they can be deposited by asymmetrical combined flows in which also the fallout rate must play an important role (e.g. Tinterri, 2011).
These structures can be evidence of an interaction between a unidirectional turbidity current and an oscillatory component associated with different trains of internal waves produced by reflection processes. These internal waves propagating along the internal density surfaces can be characterized by very complex interferences resulting from the overlapping of different wave trains able to produce high-velocity multidirectional combined flows, which are at the base of hummocky-type structures. The downcurrent passage from biconvex megaripples into isotropic hummocky structures and low-angle wavy to even laminae can be related to progressive deceleration of the reversing flow that favor the progressive increase in the fallout rate and traction-plus-fallout processes. This, together with a multidirectional oscillatory component, hinder the development of flow separations on the lee side and relative vortices, preventing the formation of regular bedforms (ripples and dunes) and favoring plane beds or quasi-planar laminations which, draping low-angle erosive surfaces, can produce hummocky-type structures (Tinterri, 2011). The long straight crests of the megaripples characterized by large lateral continuity and by Y bifurcations, typical of wave ripples (Figure 6D), suggest that the oscillatory component had to be important, reinforcing the interpretation of current-dominated combined flow structures (see Harms, 1969; Tinterri, 2011).
The interpretation of a reversing flow explains very well the second rebound drape separating the upper facies B2 by the underlying intermediate facies B1. Indeed, it is interpreted to be deposited by a diluted tail of the upper turbulent flow bypassed towards the northwest. Undergoing a reflection produced by a northern basin margin, this flow can form a reversing flow directed towards the southeast, able to deposit the megaripples of facies B2 (see Section 6.1).
Facies B2 passes upward into facies C characterized by an alternation of poorly-sorted slurried units and well-sorted laminasets. This facies is very common in contained-reflected beds, and can be interpreted as deriving from an interaction of collapse of final suspension cloud (see Patacci et al., 2015), cyclic-wave loading of reflected flows (testified by the combined flow structures and the changes in paleocurrents, Tinterri et al., 2016) and the dynamics of the silty and muddy grain sizes (see Baas et al., 2011; Baker and Baas, 2020). This facies records the passage to the upper very thick mudstone unit D in its turn recording the deposition of the residual muddy turbulent flow.
In conclusion, the CKB depositional model may be consistent with the steady state phase 3 and suspension-cloud collapse phase 4 of the experimental model proposed by Patacci et al. (2015) (see Figure 1A), where two main rebound drapes (1st and 2nd RLs) recording two density interfaces, allow to subdivide the turbidity current, able to deposit the CKB, into three parts (see Figure 3 and Supplementary Table S1): I) a first basal high-density primary flow deriving from to the south and that decelerates towards the north (Facies A), II) a second more diluted turbulent upper part that, although still related to a flow coming from to the south, starts to record lateral rebound processes, and, in more distal zones (i.e., the north western areas), the first evidence of reversing flow (Facies B1c) and III) a third uppermost more diluted turbulent flow that records a well-developed reversing flow that, after the reflection against a northern morphological barrier, evolves towards the south east (Facies B2 and partially C; Figure 3). The final deposition of the mud (Facies D) can be related to the deflation of a steady cloud characterizing the entire basin even if an interaction with sloshing internal waves cannot be completely ruled out as testified by the thickness variations consistent with the basin morphology controlled by the main tectonic structures. This interaction can also enhance decelerations and suspension-cloud collapses that can contribute to the formation of slurry facies C (Figure 3).
3.2 The M. Cassio Flysch Megabeds: Fully-Contained (Ponded) Beds
3.2.1 Introduction
The Monte Cassio Flysch (MCF) is composed of deep water turbidites that belong to the External Ligurian Units in the Northern Apennines (Italy) and mark, together with the other Upper Cretaceous helminthoid flysches, the beginning of the Tethys Ocean closure and, consequently, of the alpine orogenesis (Vescovi et al., 1999; Marroni et al., 2001). The MCF thickness, more than 1800 m, consists of basin plain siliciclastic, carbonate and mixed turbidites of the Late Campanian age (Rio e Villa, 1987), deposited in a narrow and elongate basin below the CCD (Scholle, 1971; Sagri e Marri, 1980; Baruffini and Papani, 2017; Marroni et al., 2017). The MCF stratigraphic succession consists of beds whose composition indicates mixing of sediments derived from intrabasinal and terrigenous sources; some of these beds are megabeds characterized by a graded laminated hybrid sandstone passing upward into a very thick marlstone. The biogenic particles that characterize these megabeds range from fine-grained sand (fragments of echinoderms and bryozoans, benthic and planktonic foraminifera, fine pelecypods, sponge spicules, calcareous algae) to mud (coccoliths and fine spicules) (see Zuffa et al., 2004).
3.2.2 Descriptions
The MCF stratigraphic succession is characterized by more than twenty megabeds that represent regional key beds; however, a detailed facies analysis of three of these megabeds (i.e., beds M1, M2 and M3 in Supplementary Figure S1) highlights facies sequences very similar to that of CKB. Megabeds M1, M2 and M3 are consistent with beds 1,040, 1,080 and 1,100 by Baruffini and Papani (2017) and, thanks to the high-resolution stratigraphic framework performed by Mazza and Tinterri (in preparation), these beds can be traced for about 100 km (Figure 7A, see also Baruffini and Papani, 2017). These correlations show that these beds are characterized by a basal fine-grained sandstone with well-developed laminations that pass upward into a very thick marlstone.
[image: Figure 7]FIGURE 7 | (A)Stratigraphic cross section of megabed M3. Details of the 1st RL, of vergent convolute laminae in facies A6 and the alternations of plane-parallel and convolute laminae at the top of Unit B2 are also shown. A location map of the stratigraphic logs is also shown; (B) Stratigraphic cross section of megabed M2, details of the 2nd RL and alternations of plane-parallel and convolute laminae at the top of facies B2 are also shown (see Supplementary Figure S1 in the supplementary materials for more details).
In all studied beds, the basal sandstone units are characterized by a well-developed alternation of different types of sedimentary structures, such as wavy to even and parallel laminae, hummocky-type structures, convolute laminations with different degrees of vergence and ripples (Figure 7). Vergent convolute laminae, anisotropic hummocky structures and ripples show different paleocurrents from those of flute casts indicating flows towards the north.
In particular, as for the CKB, the presence of various fine-grained drapes (i.e., rebound layers) allows the basal sandstone units to be divided into different facies that show these paleocurrent changes.
The first fine-grained drape (1st blue line in Figures 7, 8) divides a basal laminaset generally composed of even to wavy and parallel laminae with flute casts indicating paleocurrents towards the north-northeast (facies A6) from upper laminasets dominated by ripples and vergent convolute laminae showing paleocurrents in the opposite direction (i.e. towards the south-southwest, see facies B2 in Figures 7A, 8 and Supplementary Table S1). In particular, in its upper part, facies A can already show vergent convolute laminae and ripples indicating paleocurrent towards the south (Figures 7, 8).
[image: Figure 8]FIGURE 8 | Stratigraphic cross section of megabed M1. Below, facies scheme and depositional model of the M. Cassio Flysch megabeds are also shown (compare to CKB depositional model in Figure 3C).
Facies B2 is made of various laminasets separated by fine-grained drapes that are characterized by various very peculiar structures, such as large-scale hummocky geometries, very thin laminates made of ripples, deformations associated with vergent convolutes. In some cases, flute casts at the base of B2 laminasets indicating paleocurrents in the opposite direction vs. the flute casts of facies A6, are found (see the 2nd drapes in the bed M1 at the Log Ravarano, Figure 8 and Supplementary Figure S1E).
The vertical passage to the marlstone unit D is recorded by facies C made of silty very fine-grained sandstone and is characterized by widespread soft-sediment deformations consisting of convolute laminae, ball-and-pillows and pseudonodules. In some cases, however, in facies C, well-developed alternations of even to wavy and parallel laminae, low-angle bedforms and small-scale convolute laminae can be recognized (see bed M1 in the Ravarano Log, Figure 8). This evidence suggests that a continuum between these two facies types can exist.
Finally, Facies D is composed of a very thick marlstone, which generally has thickness similar or higher than that of the basal sandstone unit. This unit apparently shows a massive facies, although very thick faint laminations can be observed.
3.2.3 Interpretations
Facies descriptions allow the MCF megabeds to be interpreted as typical confined and contained beds, in which the degree of basin confinement allows fully-ponded conditions. Facies A, B, C and D, as for CKB, are perfectly consistent with the facies categories introduced by Tinterri et al. (2016), and the fine-grained and very-thin drapes can be interpreted as rebound layers recording a deposition during a relatively quiescent period occurring after the bypass of reflected or reversing flows (see Section 6.1, Tinterri et al., 2016). They highlight the three facies, A, B and C, of the basal sandstone unit (see Figures 7, 8 and Supplementary Table S1).
In particular, the first rebound drape (1st blue line in Figures 7, 8) separates the basal facies A, which can be interpreted as deposited by a low-density primary turbidity current directed towards the N from an upper unit deposited by a reversing flow represented by a low-density turbidity current flowing in the opposite direction. This is testified by ripples, vergent convolute laminae and anisotropic hummocky-type structures indicating paleocurrents towards the S. The basal facies A in comparison to those of the CKB is dominated by A6, since it represents a more distal facies than the A5 facies in CKB (Figures 4, 8; see Supplementary Table S1). From this point of view, the megabeds of the MCF may be seen as a downcurrent evolution of beds showing a facies sequence similar to that of the CKB.
However, unlike the CKB, the MCF megabeds do not seem to be characterized by the intermediate facies B1 with lateral deflections. Conversely, the basal facies A6 is directly overlain by facies B2 indicating a well-developed reversing flow. This evidence may be explained by the fact that these beds represent a downcurrent evolution of megabeds similar to the CKB suffering more from the effects of frontal reflections with development of a reversing flow.
The laminasets of facies B2 are generally separated by various rebound layers that are generally less developed than those associated with the reversing flow (Figures 7A, 8 and Supplementary Figure S1). A possible explanation is that the reversing flow can undergo various minor lateral reflections sufficient to produce a delay in the lateral bores allowing the formation of fine-grained rebound layers. In this case reversing flows can propagate in a unsteady pulsating way, i.e., through low-frequency reversing surges where the tail of every surge has the time to deposit an RL through a mechanism similar to that described by Kane et al. (2009), (see Section 6.1 for more details; see also Patel et al., 2021). Indeed, a pulsating reversing flow can be considered the rule in ponded confined basins, where the interaction with lateral rebounds due to basin margins or uneven (bumpy) intrabasinal morphologies can produce complex flow velocity variations at different frequency and scales (see Tinterri, 2011; see also; Patacci et al., 2015; Howlett et al., 2019). At large-scale, low-frequency pulsating reversing surges can play an important role in the deposition of the rebound layers, whereas, at small-scale, multidirectional combined flows can be related to an interaction between pulsating reversing flows and different trains of internal waves due to multiple lateral rebounds (Tinterri, 2011).
From this point of view, the formation of alternations of different structures, such as convolute and plane to wavy parallel laminae, can be related to these flow velocity variations (see Figure 7A), while symmetrical ripples with a dominant trochoidal geometry and low-angle hummocky-type structures having different degree of anisotropy show that an oscillatory component must be present within the flow, supporting the interpretation of multidirectional-combined flows (Figures 7A, 8). However, in the formation of low amplitude hummocky-type structures, the dynamics of mud and silt at the boundary layer in transient turbulent flows should also be taken into account (see Baas et al., 2011; Baker and Baas, 2020).
The same very common convolute laminae can be related to an interplay between fine-grained sediment (silt and mud) and cyclic-wave loading associated with multidirectional combined flows (see Tinterri et al., 2016). This process must have been particularly efficient during the deposition of Unit C that can be characterized by an alternation of convolute lamine and low-amplitude bedforms that can pass laterally into slurry facies with pseudonodules (Figure 8). This transition can be related to the increase in cyclic-wave loading and mud percentage in decelerating combined flows able to form transient flows characterized by progressive attenuation of the near bed turbulence. Indeed, facies C record the vertical passage into the very thick mudstone unit D, whose thickness is due to the ponded condition. This last phase probably records a depositional phase similar to the cloud deflation phase by Patacci et al. (2015), which produces the final settling of fines from an essentially static cloud. Nevertheless, the presence of faint bandings within the upper mudstone unit does not rule out the occurrence of waning sloshing bores. Indeed, the concentration of cohesive mud in a flow can considerably affect processes of sediment deposition and resulting types of deposit (Amy and Talling, 2006; Talling et al., 2012). Investigating bedload transport and deposition of clay floccules, Schieber and Southard (2009) clearly showed that this process can occur at flow velocities that transport and deposit sand, pointing out that the formation of floccule ripples develop into low-angle foresets and mud beds appearing laminated after post-depositional compaction. Talling et al. (2012) showed that laminated mud (TE-1) and graded mud (TE-2) very likely result from floc settling at lower mud concentrations, while Ungraded (TE-3) mud intervals very likely form through en-masse consolidation of relatively dense cohesive mud suspensions due to gelling (see also McCave and Jones, 1988). From this point of view, it is plausible to think that a continuum from facies C to an uppermost massive ungraded mud of facies D can exist, related to the interaction between a progressive decrease in sloshing surges and dynamics of cohesive mud in the residual turbulent flow.
In conclusion, MCF megabeds fit very well with the model by Patacci et al. (2015) with a northeastward primary flow overlaid directly by a south-westward reversing flow separated by a density interface that can produce the RLs (see Figure 8).
4 SOLIGNANO FLYSCH AND MARNOSO-ARENACEA FORMATION CONFINED AND PARTIALLY CONTAINED BEDS
4.1 Introduction
The Solignano flysch (late Campanian-Maastrichtian in age) is part of the helminthoid flysch of the northern Apennines, such as the MCF (see location map in Figure 7A). Like the latter, the Solignano flysch is characterized by three main types of beds, namely: 1) micritic-marly beds, 2) arenitic-siliciclastic beds and 3) mixed beds exhibiting a basal arenitic-siliciclastic unit grading upward into a micritic-marly interval (Fontana et al., 1994). Some of the mixed beds can be megaturbidites showing characteristics similar to that of the MCF megabeds except for the fact that the Solignano beds are more siliciclastic and coarser than those of the MCF and are often characterized by erosive massive sandstone units rich in mudstone clasts.
The Solignano megabeds are always characterized by flute casts indicating a primary flow directed towards the northwest and ripples, vergent convolute laminae and flame structures, located just above the base, indicating paleocurrents exactly in the opposite direction, i.e., towards the southeast. This evidence allows an interesting comparison with the contained and reflected beds of the MAF near the Verghereto transversal tectonic feature, described by Tinterri et al. (2016) (see their Figures 5, 6).
4.2 Description
The most part of the Solignano beds and megabeds are composed of a basal laminaset made of plane-parallel laminae (Facies A6) passing upward (sometimes through a first fine-grained drape, RL) into an alternation of ripples and vergent convolute laminae generally indicating paleocurrents directed towards the southeast (i.e., in the opposite direction vs. those indicated by the flute casts), (see Facies B2 in Figure 9). This laminated facies is often overlain by a massive fine-grained sandstone (Ta Bouma division) where mudstone and laminated sandstone intraclasts, eroded from the underlying unit, can be common. The base of the massive unit is erosive and is usually characterized by load and flame structures indicating paleocurrents towards the southeast and for this reason this facies is indicated as B2M (see Figures 9A,B, Supplementary Figure S2A and Supplementary Table S1). The grain-size analysis in thin section shows that these basal facies have the same grain-sizes, i.e., fine-grained sandstones (Figure 9A).
[image: Figure 9]FIGURE 9 | (A) Description and interpretation of a megabed in the Solignano Flysch characterized by massive units with an erosional base and flame structures. The location of the samples used for the grain-size analysis is also shown; (B) Detail of massive facies B2M characterized by folded mudstone and sandstone clasts, erosional base and flame structures (see Log in A); (C) Description and interpretation of another megabed in the Solignano Flysch characterized by massive units with an erosional base and load structures. These bed types have been interpreted as indicating proximity to the bounding slope; (D) Megabed shown in C in which the main facies are also indicated (see Supplementary Figures S2, S3 in the supplementary materials for more details). See Figure 7A for the beds location.
In general, above the first basal massive facies, there is a fine-grained drape rich in carbonaceous matter, mica and foraminifera (2nd RL in Supplementary Figure S2D), which divides the basal units from upper laminasets dominated by an alternation of ripples and vergent convolute laminae showing paleocurrents in the opposite direction (i.e., towards the south-southwest, see facies B2 in Figure 9 and Supplementary Figures S2B,C). Sometimes, laminasets of this type are alternated with massive units with ball and pillows whose thickness tends to decrease upward; this facies has been indicated as B2ML (see Figures 9C,D, Supplementary Figures S2E, S3 and Supplementary Table S1). These types of B2 facies passes upward into a very thick marlstone unit (facies D) through facies C made of silty very fine-grained sandstone dominated by soft-sediment deformations in which pseudonodules and contorted very thin laminasets characterized by ball-and-pillows, can still be recognized (Supplementary Figure S2F).
The Solignano bed types show strong analogies with the contained-reflected beds of the MAF near the Verghereto structural high, which is oriented perpendicularly to the general paleocurrents directed towards the SE (Unit IV by Muzzi Magalhaes and Tinterri, 2010, Figure 10B). These beds, 4 km away from the structural high, are composed of fine-grained sandstones characterized by even and parallel laminae passing upward into an alternation of vergent convolutes and ripples indicating reversing palaeocurrents directed towards the W and WNW (i.e., in the opposite direction vs. those indicated by sole casts directed towards the Verghereto high, see Figures 1C, 10B). However, many contained-reflected beds in this zone are characterized by reversing ripples even in the most basal part of the beds, whereas the vertical passage into thick mudstone unit D is recorded, again, by a type-C unit characterized by an alternation of slurried units made of very fine sandy siltstone and thin laminasets composed of small-scale anisotropic hummocky-type structures characterized by ball and pillows and pseudonodules. These bed types pass downcurrent (i.e., towards the structural high) into beds composed of plane or slightly undulated laminae passing upward into an alternation of vergent convolute laminae, reversing ripples and massive units characterized by load structures, very similar to those described in the Solignano Flysch (see Figure 10B). In these zones, near the structural high, the vertical passage into the mudstone unit D tends to occur without the development of any unit C (Figure 10B). Essentially, the general model of Figure 10B emphasizes the facies tract of the beds characterizing the MAF in the Verghereto area and Solignano Flysch.
[image: Figure 10]FIGURE 10 | (A) Schematic paleogeography of the MAF inner basin in which the main reflection processes related to the lateral and frontal basin margins are illustrated. Trace a-b indicates a cross-section perpendicular to the paleocurrents and to the main structural alignments represented by the M. Nero and M. Castellaccio thrusts (i.e., the lateral margins of the basin). Conversely, trace c-d indicates a cross-section parallel to the main structural alignments but perpendicular to the Verghereto high in a distal basin plain (see Figures 2B,C; modified from Tinterri and Muzzi Magalhaes, 2011). (B) Depositional model describing a flow perpendicularly impinging the Verghereto structural high (inspired by Howlett et al., 2019; see also Patacci et al., 2015). The model tries to link the facies variations in a direction towards the bounding slope with the different flow phases occurring during the reflection process. Below, a scheme illustrating facies and processes at the basis of the relationship between massive facies with load casts (near the bounding slope) and convolute laminae (in more distant zone).
4.3 Interpretation
Facies B, C and D of the Solignano Flysch and the MAF beds in the Verghereto area are consistent with the facies categories introduced by Tinterri et al. (2016). In particular, these beds show many analogies with bed types cropping out in the Sorbas basin (southern Spain) and described by Haughton (1994), Haughton (2001).
In the MAF, for example, the beds towards the Verghereto structural high are all dominated by sedimentary structures indicating a very important role of the reversing flow and are generally characterized by a progressive increase, towards the bounding slope, in thin massive units with basal load casts (see Figure 10). This evidence can be interpreted as linked to an increase in deceleration and fallout rates and, more probably, to the collapse of the reversing-reflected flow that must occur in a pulsating way as testified by the alternation of laminated and massive units characterized by load casts near the bounding slope (see Postma et al., 2009; Tinterri et al., 2016).
More precisely, following the experimental phases described by Patacci et al. (2015) and Howlett et al. (2019), the basal facies, consisting of even or slightly undulated parallel basal laminae with flute casts indicating paleocurrents towards the NE, can be interpreted as recording the basal underflow directed against the bounding slope (Facies A6). However, the occasional occurrence of reversing ripples exactly at the base of the beds may suggest basal reversing flows consistent with the basal flow reversal by Patacci et al. (2015) or with the back squeezed underflow by Howlett et al. (2019) (see Figures 1A,B). Indeed, in this case, the structural high is relatively near (few kms) and flows impinge perpendicularly the bounding slope as in the aforementioned laboratory experiments.
Conversely, the facies characterized by the alternation of reversing ripples and vergent convolute laminae (Facies B2) can record the reversed overflow. As mentioned above, this alternation tends to evolve, moving towards the bounding slope, into a facies constituted by an alternation of even and parallel laminae and massive units with load casts (Facies B2M and B2ML, see Figure 10B). This lateral facies change can be related to a pulsating reversed overflow characterized by stagnation phases due to the repeated collapse, against the bounding slope, of the reflected overflow (Patacci et al., 2015; see also; Howlett et al., 2019). These stagnation phases must have produced a high rate of fallout near the obstacle generating massive units with load casts and relatively lower fallout rate far from the bounding slope generating convolute laminae. In other words, in zones far from the bounding slope the fallout rates associated to the stagnation phases may be sufficient to produce deposits rich in silt and mud that can favor liquefaction processes and consequently convolute laminae (see also Tinterri et al., 2016; Gladstone et al., 2018). From this point of view, a possible relationship is proposed between massive units and convoluted laminasets as indicated in Figure 10B.
In these situations, however, constructive and destructive interferences between different trains of reflected bores or internal waves may further contribute to the pulsating nature of the reversed overflow and to the convolute formation through cyclic-pressure variations (Tinterri et al., 2016).
This facies B2, in turn, can pass upward into a facies C characterized by a fine-grained sandy siltstone that can be interpreted as a slurry facies (sensu Lowe and Guy, 2000). This facies is generally characterized by an alternation of thin slurry units and laminasets consisting of large-scale hummocky-type structures and low-angle megaripples that can indicate paleocurrents opposed to those of flute casts. It tends to taper and disappear towards the structural high, presumably above the bounding slope (Figure 10B). This facies is interpreted as the collapse of the fine-grained sediment (very fine-grained sand, silt and mud) characterizing the residual reversed flow at the toe of the obstacle where the slope change and the deceleration degree are the highest. In this process, however, a key role must have been played not only by the dynamics of the fine-grained sediment (e.g., Schreiber et al., 2007; Baas et al., 2011) but also by reflection processes as testified by the occurrence of laminated units characterized by reversed sedimentary structures. Consequently, the origin of this facies cannot be merely a simple collapse of the reversing flow as indicated by Patacci et al. (2015) but rather, as the alternated facies suggest, in the same way of facies B2, a pulsating collapse of the mud-rich residual reversing flow with the deposition of slurry facies, during the deceleration phases in which the cohesive strength of mud prevails, and laminated units during acceleration phases in which traction-plus-fallout processes must prevail. In the latter case, combined flows (see Tinterri et al., 2016) and the dynamics of the fine-grained sediment (mud and silt) (see Baker and Baas, 2020) may both contribute to produce the hummocky-type structures and large-scale low-angle megaripples. The erosion of mud on the bounding slope by the reflected flows as indicated by Bell et al. (2018) may surely contribute to the formation of slurry facies, even if, in the case of MAF, this facies is not characterized by the presence of mudstone clasts but only by load structures, such as pseudonodules, deriving from laminated units. Facies C, therefore, is interpreted as mainly associated with the pulsating collapse of the mud rich residual reversing flow at the toe of the structural high where the slope change produces the highest rates of deceleration (see Sumner et al., 2009; Baas et al., 2011). Following the experimental phases described by Patacci et al. (2015) facies C and the thick mudstone facies D can record the final phase of suspension-flow collapse modified, however, by the aforementioned processes.
The Solignano Flysch beds (Figure 9) are very similar to those described in the Verghereto area and thus are interpreted as recording similar sedimentary processes and similar basin morphologies, i.e., primary flows directed towards a northwestern obstacle and reflected flows in the opposite direction, i.e., towards the southeast. This evidence, together with the occurrence of well-developed rebound layers above thick massive units characterized by folded mudstone and sandstone clasts and erosional bases with flame structures indicating reversed paleocurrents, are evidence of a more drastic deceleration and collapse of the reversing flow (Figures 9, 10B). This is probably due to the obstacle being in closer proximity or a more pronounced slope change than those of the MAF beds in the Verghereto area. In this case, it is plausible to think that decoupling processes, with a drastic collapse of the basal part of the reversing flow and bypass of its uppermost turbulent portion, can occur in a very efficient way with the consequent formation of a tail able to deposit a fine-grained drape rich in plant fragments, carbonaceous matter, mica and planktonic foraminifera, i.e., particles able to remain more efficiently in suspension (Figure 9A). Above this first rebound layer, in the same way as for the MAF beds, facies B2ML is characterized by an alternation of vergent convolute laminae, reversing ripples and massive units with load casts, which can be interpreted as associated with a pulsating reversing flow suffering repeated gravitational collapses and re-accelerations. In the same way, the slurry Facies C, with soft-sediment deformation, and Facies D can record the final phase of suspension-flow collapse where, however, the faint laminations of facies D suggest traction-plus-fallout processes in mud sediment as indicated by Schieber and Southard (2009).
Essentially, contained-reflected beds characterized by thin massive units with load structures can be present not only in small-scale confined basin, as indicated by Patacci et al. (2015), but also in relatively large basins as in the case of the MAF beds deposited in a foredeep and M. Cassio and Solignano helminthoid flysches deposited in an ocean basin. Consequently, their presence should be ascribed to the proximity of a bounding slope rather than to the dimension and the degree of basin confinement, even if the data coming from the MAF and MT5 megaturbidite in the Pyrenees show that these massive units within the strata become more and more evident as the degree of tectonic confinement versus flow volume increases (see below). In the same way, the rebound layers (RL) near the bounding slope seem to be more developed in large-volume beds in which the decoupling processes are enhanced by flow stratification and by the degree of flow deceleration related to the proximity of the obstacle and the size of the slope change.
5 MT5 MEGATURBIDITE (SOUTH WESTERN PYRENEES)
The considerations just made seem to be confirmed by the facies analysis of the calcarenite at the top of the MT5 megaturbidite in the Banaston turbidite system (south-western Pyrenees) (Figure 11). This megabed, deposited at the top of very thick calcareous megabreccia, is related to the upper high-density turbidity current characterizing the bipartite flow able to deposit the MT5 (Labaume et al., 1987; Mutti et al., 1999; Ogata et al., 2012; see also Figure 11). Consequently, this megabed shows strong analogies with the megabeds discussed so far and especially with those in section 4 (see Figure 9); indeed, it consists of a basal coarse-grained massive facies A1 passing upward into a facies B2ML made of an alternation of fine-grained laminated (L) and massive (M) units where the former are mainly characterized by hummocky-type structures and low-angle wavy laminae (Figures 11A,C,D). The rebound layers are not well developed and are often absent (Figure 11A).
[image: Figure 11]FIGURE 11 | (A) Description and interpretation (on the basis of the flow phases introduced for the CKB) of the megabed characterizing the upper part of megaturbidite MT5 in the Banaston basin (south western Pyrenees). In the upper part of A, the complete facies sequence of the MT5 with the five divisions introduced by Labaume et al. (1983), Labaume et al. (1987) can be observed; (B) The MT5 cropping out to the north of Jaca (see A for the related stratigraphic Log); (C) Hummocky-type structures characterizing the upper part of facies B2 in the stratigraphic Log near Urdues (see A); (D) Detail of facies B2ML in the stratigraphic log to the north of Jaca (see A); (E) Diagram showing the relationship between basin morphology and the flow able to deposit the MT5. This model hypothesizes a source area located in the northern margin as indicated by Labaume et al. (1987). The basin geometry and the main tectonic structures are from Remacha et al. (2005). (F) Depositional model and facies tract of the upper megabed of the MT5, below a diagram illustrating the formative processes of facies B2ML.
The main difference from the Contessa and helminthoid flysch megabeds is that the MT5 is deposited by a flow transversal to the elongated and narrow basin of the Banaston turbidite system (Figures 11E,F). Therefore, these conditions can create a fully ponded suspension cloud (sensu Patacci et al., 2015) where the upper reversing flow, which can be reflected from both the southern and northern margin, can combine itself with various types of bores coming from different zones due to the basin geometry (Figure 11E). Consequently, the formation of complex constructive and destructive interference processes must result in a strongly unsteady multidirectional pulsating ponded overflow. Said overflow prevents the formation of a relatively steady reversing flow and, consequently, of well-developed reversing megaripples and rebound layers, such as in the case of the Contessa and MCF megabeds, and favours the formation of the alternation of laminated and massive units (Facies B2ML) and the hummocky-type structures (Figure 11F). Facies B2ML is related to a pulsating flow where the massive units can be associated with destructive interferences, which cause velocity to decrease and the fallout rate to increase, while the laminated units can be related to constructive interferences with consequent increase in velocity and decrease in the fallout rate (Figure 11F). The same hummocky structures, low-angle wavy and plane and parallel laminae are favoured by the unsteady multidirectional nature of the overflow as indicated by Tinterri (2011).
6 DISCUSSION: DEPOSITIONAL MODEL FOR FULLY-PONDED CONFINED BEDS
The depositional model and facies tracts proposed for the megaturbidites of the MAF (Contessa bed) and helminthoid flysches (Figures 3, 8) are essentially consistent with depositional phases 3 and 4 of the recent laboratory experiments by Patacci et al. (2015) (see also Howlett et al., 2019, Figure 1). In these geological settings, axial turbidity currents evolving towards NW in narrow NW-SE stretched basins, can maintain the flow efficiency and have the time for producing a well-developed reversing flow (see Figure 12A). The field data, indeed, indicate that these megaturbidites are characterized by four parts recording the basal primary flow (facies A), an intermediate flow characterized especially by lateral deflections and a reversing flow (facies B1), a well-developed reversed flow (facies B2) and an upper residual flow recording the final collapse of the suspended load (facies C and D) (Figures 3, 8, 12A). More precisely, facies A is consistent with the underflow (sensu Patacci et al., 2015) directed towards the bounding slope where the downcurrent facies change from facies A1 to facies A6 describes the evolution from a high-density to a low-density turbidity current (Figure 3). Conversely, facies B is well consistent with the development of an upper reversing flow, even if the field data deriving especially from the CKB highlight that, between basal facies A and facies B2 characterized by megaripples indicating a south-eastward reversed flow, there is an intermediate facies B1 in which the sedimentary structures indicate a flow characterized by SW-NE oriented lateral deflections. It is interesting to note that facies A, B1 and B2 are well separated by two evident rebound layers (1st and 2nd RL in Figure 12A) that can be consistent with the internal density surfaces by Patacci et al. (2015). Finally, facies C and D can be related with the final phase of collapse of the residual suspended load cloud modified by a complex interaction between combined flows associated with rebound processes and the dynamics of a mud rich suspension which must control the formation of the slurry facies and low-angle hummocky-type structures and megaripples.
[image: Figure 12]FIGURE 12 | Depositional models that summarize the different study cases in this work. In (A), the cases of the Contessa Key bed and helminthoid flysches, which are deposited by axial flows in elongated and narrow basins. In (B), conversely, the case of megaturbidite MT5 in the south western Pyrenees deposited by a flow transversal to an elongated and narrow basin.
However, the evidence that facies B1 is not present in the MCF megaturbidites more probably depends upon their proximity to the northern basin margin where the effects of the reversed flows can be much higher than those of lateral deflections that, conversely, should be more evident away from the northern basin margin as it occurs for the CKB and MAF beds (see Figure 10A and sector 2 of Figure 12A; see also Tinterri et al., 2016).
This evidence is also confirmed by the data of the MAF beds in the Verghereto area and of the Solignano flysch beds (Figure 10). Indeed, these strata are located very near to a morphologic obstacle and can give important information about the reflection phases near the bounding slope (i.e., phase 1 by Patacci et al., 2015; see also Howlett et al., 2019). These beds are all dominated by sedimentary structures indicating a well-developed upper reversing flow (Figure 10), also testified by progressive increase, towards the bounding slope, in thin massive units with load casts alternated with laminated units characterized by ripples, convolute laminae and hummocky-type structures indicating reversing paleocurrents (facies B2ML in Figure 12A). This facies can be related to the pulsating collapse of the reversing overflow consistent with repeated stagnation phases as described in the laboratory experiments (Patacci et al., 2015; Howlett et al., 2019). These stagnation phases can be also at the basis of the formation of slurry facies characterizing facies C (Figure 12A).
Facies B2ML featuring this type of alternation is also common in the upper megabed characterizing the MT5 in the southern Pyrenees (Figure 12B). This megabed is deposited by a flow transversal to an elongated narrow basin, and its large volume versus basin capacity tends to hinder the generation of a sustained reversing flow and rebound layers favoring the formation of a fully-ponded sloshing pulsating overflow able to deposit alternations of laminated and massive units that must be related to constructive and destructive interference processes (Figure 12B).
The comparison between field and experimental data allows more detailed discussions of some key topics characterizing contained-reflected beds, such as the significance of rebound layers (RL), the slurry deposits of facies C and the low-angle sedimentary structures featuring facies C and B.
6.1 Sedimentary Characteristics and Formation of the Rebound Layers
Although discussed briefly by Pickering and Hiscott (1985) and Edwards et al. (1994), rebound layers (RLs) are one of the most common and diagnostic structure of fully-ponded contained and confined beds (see Tinterri and Muzzi Magalhaes, 2011; Tinterri et al., 2016). The comparison between MAF megaturbidites and helminthoid flysches shows the main sedimentary characteristics of these rebound layers that are summarized in Figure 13.
[image: Figure 13]FIGURE 13 | (A) Main sedimentary characteristics of the different types of rebound layers (RLs). In the point 2 a scheme illustrating the formation of a RL associated with the collapse of a reversing flow induced by a bounding slope can be also observed; (B,C) Two different depositional models showing how RLs can form, are shown (see points 1 and 9). Diagram in C is inspired from Kane et al. (2009) and Tinterri et al. (2016).
On the basis of these sedimentary characteristics, RLs are interpreted as recording the deposition of a residual very fine-grained suspended load during a relatively quiescent period after the deposition of the basal sandstone by the primary flow (Figure 13B). Indeed, during this period, the tail of the upper bypassed flow can deposit a thin drape of mud or very fine-grained sand characterized by particles able to remain easily in suspension, as indicated in point 1. The reversed flow generally is not able to erode the fine-grained drape of the RL; in fact, flute casts indicating reversed paleocurrents at the base of the laminaset just above the RL have been observed in only one case (see point 8, Figure 13A). However, the sedimentary characteristics listed in points 2, 3, 6 and 7 (Figure 13) show that RLs could also be associated with the tail of the reversed flow; ripples at the top of the basal sandstone unit clearly show that the flow had already been reflected before the RL deposition. Likewise, RLs just above massive units with flame structures indicating reversed paleocurrent can be evidence of an efficient decoupling process with the collapse of a basal part of the reversing flow and the bypass of an upper more diluted turbulent flow whose tail can deposits the RL drape (Figure 13A, point 2). In general, this case is more likely to occur in zones near the obstacle and, indeed, the collapse of a part of the reversed flow can be related to a slope change with the possibility to form an internal hydraulic jump, ball and pillows and flame structures due to the high rate of fallout (see Postma et al., 2009; Tinterri et al., 2016). Folded RLs due to soft-sediment deformation, which is usually represented by large-scale vergent convolute lamination (point 7, Figure 13A), can be related to a similar process or a pulsating shear stress associated with a combined reversed flow (see Tinterri et al., 2016). The same thin laminasets within the RL, characterized by reversing ripples (see point 3), are evidence that, at least in part, the fine-grained drape is deposited by the reversing flow even if these ripples can be also deposited by local reflection processes associated to local morphologies. Indeed, their geometry is usually characterized by strong lenticularity, such as the laminasets composed of hummocky-type structures (point 4), that, besides indicating a combined reversed flow, can be evidence of compensation phenomena of the hummocky geometry of the basal sandstone upper surface (see point 6 in Figure 13A). This geometry can be related to reworking processes associated with the bypass of upper low-density primary flow as well as reversing flow that, also given the presence of biconvex ripples, could have combined flow characteristics.
The possibility that RLs can be associated with local flow reflections is also substantiated by the presence of minor RLs traceable only over short distances. In this case, RLs may be related to unsteady pulsating flows reflecting local seafloor reliefs and recombination of deflected reversed flows with a mechanism similar to that described by Kane et al. (2009) as shown in Figure 13C (see also Patel et al., 2021).
However, it appears evident that well-developed RLs that can be traced throughout the basin are those associated with megaturbidites deposited by large-volume turbidity currents capable of crossing the basin several times (point 9 in Figure 13A). In particular, the comparison between CKB and MT5 megabeds (Figure 12) suggests that the development of RLs is associated with highly-stratified axial flows in elongated and narrow basins, as in the CKB where the maintenance of flow efficiency allows the formation of a well-developed reversing flow. In this case, RLs can be consistent with the internal density surfaces along which decoupling processes can occur and internal waves at different frequencies can propagate (see Tinterri, 2011; Patacci et al., 2015). This process can be at the basis of the combined flow structures as well as the hummocky surface, which features the top of the basal sandy unit A6 deposited by the primary flow.
6.2 Formation and Significance of Slurry Facies in Contained and Confined Beds
The formation of slurry facies within contained-reflected beds in distal basin plains is another important topic that deserves to be discussed. These facies indicated in this work as facies C, record the passage between the fine-grained sandstone facies B and the uppermost mudstone facies D. In general, the slurry unit is composed of a very fine-grained sandy siltstone and is characterized by a continuum of facies whose end members are: 1) a completely homogeneous facies rich in soft-sediment deformations, such as contorted pseudonodules and convoluted laminae and 2) an alternation of thin slurry units and laminasets characterized by hummocky-type structures and low-angle megaripples indicating paleocurrents opposite to those of the flute casts and, in some cases, opposite one to the other (Figure 14). The latter facies passes to the completely homogenized facies through a progressive increase in the soft-sediment deformation represented by load structures (ball and pillows and detached pseudonodules) as shown in Figure 14. It is considered important to stress that mudstone intraclasts were never found in any facies C of the cases studied.
[image: Figure 14]FIGURE 14 | Diagrams illustrating the different types of slurry facies C in relation to the progressive increase (from I to IV) in soft sediment deformation with the consequent destruction of the sandy laminasets.
This facies is a typical characteristic of contained-reflected beds and was discussed for the first time by Pickering and Hiscott (1985) and later by Haughton (1994), Remacha et al. (2005), Muzzi Magalhaes and Tinterri (2010). More recently, this facies formation process was discussed also by Patacci et al. (2015) and Bell et al. (2018). The former gives more emphasis to the processes of cyclic-wave loading linked to various types of internal waves or bores resulting in the slurry facies, whereas the latter tends to give more emphasis to the collapse phases of fine residual flows. In particular, Bell et al. (2018) see the formation of this type of slurry as due to the collapse of a deflected turbidity current enriched of mud through erosion processes occurring on the bounding slope. In this study, however, the slurry facies is always devoid of mudstone clasts and, in many cases, also of arenaceous pseudonodules, showing a poorly-sorted liquefied homogeneous very fine-grained sandy siltstone.
From this point of view, it is more likely that this facies is the result of a combination of several factors rather than just one, such as: 1) the collapse, enhanced by the basin morphology, of the fine residual part of a contained-reflected current where the presence of bores still slowly move back and forth across the basin cannot be completely ruled out, 2) the dynamics of combined flows characterized by pulsations of different frequencies. Lower frequency pulsations linked to the alternation of the flow stagnation and re-acceleration phases can contribute to the formation of the alternation of slurry and laminated units, whereas high-frequency internal waves can contribute to the formation of combined flow structures and to the liquefaction processes linked to cyclic shear stresses, 3) the dynamics of mud rich turbulent flows that, through the formation of transitional flows (sensu Baas et al., 2009, Baas et al., 2011), can favor the formation of slurry units and low-angle mixed sand-mud bedforms (see below).
Facies C tends to be associated with intrabasinal morphologies that favour flow decelerations and an increase in sediment fallout, as in the case of CKB where this facies is better developed near important transversal tectonically-controlled highs (see Figures 2, 3). Likewise, in contained and confined turbidites having relatively small volumes (in comparison with megaturbidites), facies C tends to develop in distal basin plains against important morphological barriers, such as in the case of MAF beds at the toe of the Verghereto structural high (Figure 10B). This is evidence that the role of the collapse of fine-grained residual suspension is certainly fundamental, as well as reflection processes as testified by the occurrence of sedimentary structures indicating paleocurrents different one from the other and from those of the flute casts.
The progressive passage from a facies characterized by an alternation of different units to a well-developed homogeneous slurry facies must depend upon an increase in the fallout rate, related to the rate of deceleration and to an increase in silt and mud content towards the basal part of the flow, which favor the formation of transitional flow (see Figure 14).
Lastly, it is considered important to point out that this slurry facies C should be kept distinguished from the intermediate slurry unit of the classic tripartite hybrid beds as described by Haughton et al., 2009 (i.e., H3 division; see also Talling et al., 2004; Muzzi Magalhaes and Tinterri, 2010). The former, consisting of very fine-grained sandy siltstone rich in load structures without mudstone clasts, is associated with deceleration and reflection of low-density turbidity currents in basin plains against distal morphological obstacles. On the contrary, the latter consists of muddy sandstone rich in mudstone clasts and soft-sediment deformation produced by decelerations, induced by a gradient decrease, of mud-rich turbidity currents, whose mud enrichment must occur upcurrent, generally induced by a tectonic confinement that favor erosive processes (Tinterri et al., 2020; see Figure 12).
6.3 Asymmetrical Biconvex Megaripples and Hummocky-Type Structures
Contained-reflected beds usually show various typical bedforms that characterize especially facies B and C (Figures 3, 6, 15). These sedimentary structures are: 1) biconvex asymmetrical to symmetrical megaripples with sigmoidal-cross laminae, 2) isotropic to anisotropic small-scale hummocky-type structures, and 3) low-angle undulated laminae. Megaripples and hummocky-type structures are generally characterized by wavelengths of about 40–60 cm and are often associated with reversing flows since they indicate paleocurrents opposite to those of flute casts. Magnificent examples of symmetrical 2D megaripples separated by evident RLs can also be observed in another Contessa-type megabed in the Tufiti di Tusa Formation in the southern Apennines (see Figure 15B; see also Cerone et al., 2017). This evidence led to interpret these structures as related to combined flows deriving from the interference processes between reflected turbidity currents and different trains of internal waves or bores (Tinterri, 2011; Tinterri et al., 2016; see also Kneller et al., 1991; Edwards et al., 1994; Haughton, 1994). Indeed, experimental data show that an oscillatory component in combined flows, dominated by a unidirectional component, favours the formation of biconvex ripples and megaripples with sigmoidal-cross laminae (Yokokawa et al., 1995; Dumas et al., 2005). This is related to how the sand is redistributed by the vortices relating to forward and backward strokes of the oscillatory components (Figure 15A). In general, in a combined flow dominated by a unidirectional component, the sandy load lifted in suspension by the vortex formed in front of the lee side, associated with the stronger stroke, is not redistributed completely on the stoss side as in the purely oscillatory flows, but a large part of said load is deposited on the lee side near the brinkpoint, forming a bulge structure materialized by a convex lamina. The latter, joining with the lower part of the concave-upward foresets, produces a sigmoidal lamina. In these cases, however, an increase in the fallout rate or a decrease in grain sizes or a combination of both processes may favor ripple roundness and the vertical passage into small-scale hummocky-type structures (see Tinterri, 2011) (Figure 15A). In these cases, however, a contribution given by a supercritical unidirectional component producing asymmetrical rounded megaripples cannot be completely ruled out (see Fedele et al., 2016) (see table in Figure 15A).
[image: Figure 15]FIGURE 15 | (A) Facies scheme summarizing the transformations of the ripples and megaripples related to different types of combined flows on the basis of field observations and flume experiments available in the literature. Two cases related to two different fallout rates and to decreasing grain sizes are also shown (from Tinterri, 2011). Below, a table illustrating the main type of processes able to form biconvex megaripples; some main references are also shown (modified from Tinterri, 2011); (B) A Contessa-type megabed coming from the Tufiti di Tusa Formation in southern Italy. Worth noting are the magnificent examples of symmetrical megaripples with sigmoidal cross lamination very similar to case B shown in A; (C–E) example of biconvex megaripples with sigmoidal-cross laminae and hummocky-type structures coming from the CKB in Log 19 (see Figures 3, 4 for the location of the Log).
It is also possible that the dynamics of mud and silt forming transient turbulent flows and mixed sand-mud bedforms can have played an important role (see Baker and Baas, 2020; Baas et al., 2021). This is particularly valid for the sedimentary structures characterizing facies C, which are made of muddy very fine-grained sandy siltstone.
Recent laboratory experiments, indeed, have shown that current ripples can transform into large-scale ripples and then into low-amplitude bedwaves, under decelerating sand-mud flows where the increase in viscosity due to mud-rich suspension can produce transitional flows with attenuated turbulence (Baker and Baas, 2020; Baas et al., 2021). The same vertical passage from megaripples into convolute laminae (see Figure 10B) can be associated with an increase in mud content as indicated by Tinterri et al. (2016) and Gladstone et al. (2018), which could be related to an increase in flow deceleration and fallout rate associated with stagnation or destructive interference phases of the reversed/deflected flow (Figure 10B). The same lateral facies variation in facies B, where alternations of megaripples and convolute laminae pass, towards the bounding slope, into alternations of even/undulated low-amplitude laminations and massive units with load structures, can be related to an increase in fallout and deceleration rate allowing a relationship between convolute laminae and massive units to be assumed, as indicated in Figure 10B.
7 CONCLUSION
This work discusses facies and processes of contained and confined beds of the MAF and helminthoid flysches in the northern Apennines. In particular, thanks to the comparison of the Contessa megabed and some particularly significant megabeds of the MCF, on the hand, with the MT5 megaturbidite in the Pyrenees, a depositional model for fully-ponded beds, which is well consistent with the experimental data available in the literature (see section 2), can be proposed (see Figure 12). These megaturbidites, which are deposited by turbidity currents having larger volumes than those of the respective basins, are characterized by four main facies (A, B, C and D in Figure 12), whose characteristics change depending on whether the flows are characterized by an axial source (parallel to the basin axis), as in the case of the CKB and helminthoid flysches, or by a source transversal to the basin (perpendicular to the basin axis), as in the case of the MT5.
In the former case the lateral confinement favours the conservation of flow efficiency and the development of a steady phase 3 by Patacci et al. (2015) (Figure 12A). In this case, indeed, Facies A, consisting of six facies (A1 to A6), records the evolution of the basal primary underflow, while Facies B, made of two subfacies B1 and B2, records an intermediate flow with lateral deflections and a well-developed reversed overflow, respectively. Conversely, Facies C and D, consisting of a slurry facies C and a very thick mudstone unit D, record the final collapse of the suspended load characterizing a residual reversing flow (Figures 3, 8, 12). In the case of Figure 12A, facies A, B1 and B2, are usually separated by evident very thin fine-grained muddy drapes (rebound layer, RL) that can be related to the internal density surfaces highlighted also by flume experiments, along which decoupling processes separating the underflow from the reversing overflow can occur more easily (Figure 13). Facies C, however, tends to be more developed near the morphological highs, where the rates of deceleration, the dynamics of muddy transient flows and interference of reflected internal waves can play a key role in the formation of sandy siltstone slurry facies, when turbulent flows impinge perpendicularly a distal basin margin.
Conversely in the case of MT5 (Figure 12B), flows transversal to the basin axis tend to favor the formation of fully-ponded pulsating (sloshing) overflows hindering the generation of sustained reversing flows and, consequently, of evident rebound layers, favoring instead the deposition of alternations of laminated and massive units (B2ML facies) deriving from complex interference processes associated with pulsating overflows (Figure 11). A similar facies, however, can be also observed in the basins characterized by axial flows only near the basin margin where the pulsating collapse of the reversing flow dominates (see Figures 10B, 12A).
This study shows that field studies integrating high-resolution physical stratigraphy, facies analysis and regional-structural geology are essential for a correct interpretation of any type of structure, at any scale, and, consequently, for tangible validation of experimental data from an applicative point of view.
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