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ABSTRACT - Studies of tectonically confined turbidite systems in Mediterranean-type foreland basins have shown 
that these deposits can be dominated by supercritical flows, which can transform into subcritical and/or transitional 
(mud–sand) flows. In these confined turbidite systems, supercritical flows tend to be favored by lateral confinements 
parallel to the paleocurrents. In contrast, flow decelerations are favored by morphologies transversal to paleocurrents, 
e.g., slope breaks or adverse slopes that can vary in scale from regional tectonic structures to depositional features such 
as thick mass-transport complexes and lobes. This evidence, together with the growing knowledge of supercritical flow 
processes and structures that has occurred over the last fifteen years, has led to the formulation of a new facies scheme 
that takes into account the relationship between basin geometry and criticality. This has also prompted a revisiting of the 
concept of efficiency, where the type of facies tract does not only depend on the flow behavior but also on the basin size 
and morphology.
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1. INTRODUCTION

The rationale behind this work is to discuss the new 
facies-tract scheme by Tinterri (2025), trying to focus on 
some aspects of the facies related to supercritical flows 
and hydraulic jumps as indicators of different-scale basin 
morphologies.

Growing evidence from field and subsurface data 
shows clearly that the degree of basin confinement 
and geometry, as well as various scales of basin-floor 
morphologies, are the major controlling factors of flow 
evolution and type of facies tract (e.g., Pickering and 
Hiscott, 1985; Remacha et al., 2005; Muzzi Magalhaes 
and Tinterri, 2010; Tinterri and Muzzi Magalhaes, 2011; 
Tinterri and Tagliaferri, 2015; Tinterri and Piazza, 2019; 
Gallicchio et al., 2023; Catto et al., 2024). For example, 
basin–confining morphologies parallel or perpendicular 
to the paleocurrents may favor or hinder flow evolution, 
respectively, and this controls not only flow dynamics but 
also flow criticality, i.e., whether the flow is supercritical 
or subcritical with the possibility to form a hydraulic jump 
(Tinterri, 2025). At a regional scale, these morphologies 

can depend on tectonic setting and tectonic structure 
orientation, which, in turn, can control small–scale 
depositional features that can form morphological 
barriers. Hence, the new general facies–tract scheme 
proposed by Tinterri (2025), which attempts to relate 
lateral-vertical distribution of supercritical, hydraulic 
jump, and subcritical structures with basin morphologies, 
may greatly help identify syndepositional basin tectonics 
and basin configurations. Consequently, this new scheme 
is particularly suitable for turbidite systems deposited in 
confined and narrowed foredeep and wedge top basins 
where the degree of confinement and basin geometry 
favor deceleration and transformation of supercritical 
bipartite flows. Thus, in this discussion central becomes 
also the concept of sediment transport efficiency that 
is related not only to the flow characteristics but also to 
basin type, tectonic setting, degree of basin confinement, 
and basin–floor morphology. 

From this point of view, to discuss this new facies-tract 
scheme, the sedimentary structures and processes related 
to supercritical flows and the role of hydraulic jumps are 
first examined.
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2. FLOW CRITICALITY IN TURBIDITE FACIES 
SCHEMES

The first facies–tract scheme that discusses the flow 
criticality of turbidite facies is that by Mutti (1992), (see 
also the updated version by Mutti et al., 2003). It covers a 
wide spectrum of turbidite facies and processes, strongly 
influenced by Lowe (1982), who introduced four main 
groups of facies, each one characterized by a well-defined 
dynamic grain-size population, recording the deposits 
of four different types of sediment gravity flows evolving 
downcurrent (Fig. 1 A,B). This facies–tract scheme, 
characterized by nine facies (F1-F9), is formed by the 
progressive transformation of a parent debris flow into 
a subcritical high-to low-density turbidity current via 
a supercritical gravelly high-density turbidity current 
(Fig. 1 B,C). From this point of view, the sedimentation 
phases by Lowe (1982) (traction, traction carpets, and 
suspension sedimentation) are associated with decelerating 
supercritical flows that undergo a hydraulic jump to form 
F6 facies. The concept of sedimentation phases by Lowe 
(1982) is here considered fundamental to understand the 
passage from a supercritical to subcritical regime (see Fig. 
1A). This is also incorporated into depositional models 
by Hiscott and Middleton (1979) and Massari (1984) 
that interpreted the crudely laminated to massive coarse-
grained sandstones (B1 facies by Mutti and Ricci Lucchi, 
1972) overlain by tractive structures (B2 facies by Mutti 
and Ricci Lucchi, 1972) to be related to the deceleration of 
supercritical high-density turbidity currents.

After Mutti (1992), one of the few schemes that 
consider flow criticality is from Postma and Cartigny 
(2014), although a large number of other works dealing 
with theoretical considerations, direct measurements of 
turbidity currents, experimental works, and numerical 
modelling have shown that density currents and high-
density stratified flows can be dominated by supercritical 
conditions due to the effect of reduced density contrast 
(e.g., Postma et al., 2009, 2016; Cartigny et al., 2014; 
Dorrell et al., 2016; Hage et al., 2018; Slootman and 
Cartigny, 2020; Vendettuoli et al., 2019; Pohl et al., 
2020, 2022; Scacchia et al., 2022a, 2024; Sequeiros et 
al., 2026 with references). In this classification, Postma 
and Cartigny give particular emphasis to stratified 
(bipartite) flows and cyclic–step dynamics, in which 
the flow, supercritical and erosive down the lee face, 
decelerates in the trough through a hydraulic jump (Fig. 
2A, B). Consequently, the depositional style of cyclic 
steps may be expected to be characterized by massive 
facies followed by various types of crude lamination that 
reflect an increase in flow velocity and a decrease in the 
sediment fallout rate (Fig. 2B). This model highlights the 
importance of the recognition of hydraulic–jump facies 
(i.e., Ta with flame structures in Fig. 2A) to discriminate 
between supercritical and subcritical deposits. The latter 
point is particularly emphasized by Mutti (2023), where 
a key role is given to the facies produced by major flow 
transformation, such as hydraulic jumps. These facies 

types distinguish the deposits related to inertia flows 
and supercritical high-density turbidity currents from 
Bouma-like deposits associated with subcritical low-
density turbidity currents. 

In this way, the facies tract scheme by Tinterri (2025) 
takes into account all these considerations trying to 
link the facies scheme by Postma and Cartigny (2014), 
who classify turbidites according to facies sequences 
(associations) that reflect specific flow dynamics with 
the facies-tract scheme of Mutti et al. (2003), which is 
based on the downslope evolution of a decelerating and 
depletive flow. The desire to link both schemes derives 
from a great number of foreland basin field studies that 
highlight to demonstrate the need for a new scheme that 
includes depositional modes produced by decelerating, 
supercritical turbidity currents relevant for tectonically 
controlled basin configurations. The studies carried 
out in the last twenty years on turbidite deposits in 
confined and narrowed foredeeps and wedge-top basins 
have shown that, in these strata, sedimentary structures 
indicating supercritical flows and their transformation 
into subcritical flows are quite common (e.g., Demko 
et al., 2014; Hoyal et al., 2014; Postma et al., 2014, 2021; 
Postma and Kleverlaan, 2018; Pickering and Hiscott, 
2016; Cornard and Pickering, 2019, 2020; Cornard et al., 
2025; Tinterri et al., 2017, 2020; Tinterri, 2025). In these 
types of turbidite systems, flow decelerations related 
to the basin confinement and morphology must favor 
especially the formation of stratified (bipartite) flows and 
efficient decoupling flow processes. The latter implies 
the formation of high-density, basal flows dominated by 
decelerating supercritical flows that may form hydraulic 
jumps and the bypass of overriding, subcritical turbulent 
flows able to produce different types of traction and 
traction-plus-fallout structures (see Tinterri and Muzzi 
Magalhaes, 2011; Tinterri, 2025). In these settings, 
hydraulic jump, fundamental for separating supercritical 
and subcritical processes, is generally triggered by 
different scale morphologies and is always characterized 
by a well-determined facies (e.g., Postma et al., 2009; 
Tinterri, 2025). For this reason, a review of the processes 
acting at this transition is given in the next section.

3. CRITICALITY, FLOW REGIMES AND 
HYDRAULIC JUMPS

3.1. SUPERCRITICAL CONDITIONS OF DENSITY 
FLOWS

Criticality and flow regimes are distinct concepts, 
though often related. Criticality in turbidity currents is 
governed by the densimetric Froude number FRd=U2/g’h, 
where U is the current velocity, g’=gΔρ/ρ2 is the acceleration 
due to gravity to account for density stratification in the 
vertical, and h is the current thickness. Supercritical flows 
occur when Frd>1 and antidunes, chute and pools and 
cyclic steps are stable; conversely, subcritical flows occur 
when Frd<1 and ripples and dunes are stable. In critical 
condition (Frd=1), the passage from supercritical flows 
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Fig. 1 - A) Ideal deposit of a sandy high-density turbidity current from Lowe (1982), showing high-density (S1-3) and low-density (Tt, 
Tde) divisions; on the right, a diagram showing downslope evolution of a turbidite deposit. A comparison between the F1–9 facies by 
Mutti (1992) and the depositional phases by Lowe (1982) is also shown; B) Classification scheme of turbidite facies (F1–9) by Mutti 
(1992) (for an updated version see Mutti et al., 2003). C) Diagram showing the main flow transformations during the downcurrent 
evolution of a sediment–gravity flow. This diagram is associated with the facies tract shown in B. Figure from Tinterri (2025). 



Roberto Tinterri / Journal of Mediterranean Earth Sciences 17 (2025), 71-94
74

into subcritical flows can occur through a hydraulic jump. 
Flow regimes, on the other hand, describe a physical 

pattern or a structure of a flow’s motion. In particular, 
upper and lower flow regimes (characterized by distinct 
bedforms) describe different sedimentary conditions 
based on flow velocity and the in-phase relation between 
flow surface and bedforms. The lower flow regime 
includes ripples and dunes and has slower flow speeds, 
where the bedforms are out of phase with the water 
surface, while upper flow regime occurs at higher flow 
speeds and includes planar laminae, antidunes, and 
chutes and pools, where the surface waves are in phase 

with the bedforms (Fig. 3). In particular, plane and 
parallel laminae, although can be considered of upper 
flow regime because are in phase with the water surface, 
they usually form under subcritical flow conditions 
(see Fig. 3). Conversely, cyclic steps (stable at very high 
Froude number) are characterized by an alternation 
of supercritical and subcritical conditions separated 
by hydraulic jumps where flows are out of phase in the 
subcritical part and in phase in the supercritical part. In 
this case, as suggested by Slootman (2020), a third flow 
regime could be introduced that may be indicated as an 
upper-upper flow regime (Fig. 3).

Fig. 2 - A) Suites of facies characteristics (facies associations) related to flow dynamics (cases I–IV) and depositional sub-environments. 
Flow is from left to right (from Postma and Cartigny, 2014). B) Above, cyclic step facies (note the facies change along the stoss side). 
Below, diagrams describing flow transformations from supercritical to subcritical through an internal hydraulic jump leading to the 
development of Bouma Ta with flame structures (modified from Postma, 2011). To be noted are the analogies with the diagram in 
Figure 1C. Figure from Tinterri (2025).
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Many works have shown that upper flow regime 
structures, described by the classic works by Simons et al. 
(1965), Harms and Fahnestock (1965), Middleton (1965), 

Walker (1967), Jopling and Richardson (1966) and 
Hand (1974), are much more common in the geological 
record than previously thought (e.g., Alexander et al., 

Fig. 3 - A) Diagrams describing supercritical and subcritical bedforms in relation to flow criticality and flow regimes (modified from 
Slootman and Cartigny, 2020 and Slootman, 2020). B) Bedform stability diagram in relation to an increase in the fallout rate (modified 
from Cartigny and Postma, 2016). To be noted the type of bedforms characterizing the high-density basal layer and upper turbulent 
layer of a bipartite flow (modified from Tinterri, 2025). 
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2001; Bridge, 2003; Fielding, 2006; Tinterri, 2011). In 
the last fifteen years, indeed,  there has been an increase 
in studies on upper–flow–regime structures, including 
the proposal of new bedforms stability diagrams (e.g., 
Cartigny et al., 2014; Cartigny and Postma, 2016; Fedele 
et al., 2016; Slootman and Cartigny, 2020, Slootman et al., 
2021; Sequeiros et al., 2026 with references) considering 
the role of hydraulic jumps and cyclic–step dynamics 
on channel–lobe transition (e.g., Postma et al., 2009, 
2014, 2016, 2021; Hamilton et al., 2015; Dorrell et al., 
2016; Lang et al., 2017; Hage et al., 2018; Postma and 
Kleverlaan, 2018; Ono and Plink-Björklund, 2018; Ono et 
al., 2021; Cornard and Pickering, 2019, 2020; Pohl et al., 
2020, 2022; Tinterri et al., 2020; Grundvag et al., 2025). 

In general, supercritical conditions can be expected 
to be more common in density currents than in open-
channel flows (Menard, 1964; Middleton, 1966; Komar, 
1971; Hand, 1974; Mutti and Normark, 1987; Piper and 
Normark, 2001). FRd, indeed, is the ratio of inertial to 
gravitational forces modified by the effects of buoyancy 
due to the introduction of the term Δρ/ρ2 (where ρ2 
is the flow density and Δρ=ρ2-ρ1 is the density contrast 
between the flow and the ambient fluid). Buoyancy 
reduces the influence of gravity and significantly slows 
the propagation of the shallow gravity waves in the 
density interfaces (i.e., the denominator of Frd). This 
means that, in density currents, supercritical conditions 
can be very common, even at low velocities (Komar, 
1971; Hand, 1974; Postma et al., 2009; Fricke et al., 2015). 
For example, analyzing the velocity and concentration of 
a wide range of experimental and natural density flows, 
Sequeiros (2012) found that a slope with an angle of α ≈ 
0.45° is sufficient to reach supercritical conditions. 

Consequently, in a density-stratified flow, the basal 
high-density part can be particularly favourable in order 
for supercritical bedforms to be generated, and high 
fallout rates can be an important control factor of the type 
of supercritical bedforms (e.g., Lang et al., 2021a). The 
diagram in Figure 3, for example, show that, in waning 
flows, a progressive increase in the basal–layer density 
due to a fallout-rate increase produces a progressive 
turbulence suppression that causes an expansion of 
the upper–flow regime structures and a progressive 
disappearing of stability fields of the tractive structures, 
i.e., ripples and dunes (Cartigny and Postma, 2016; 
see also Lowe, 1988). Subcritical bedforms are indeed 
dependent on low-density turbulent flows that allow flow 
separations necessary for avalanching processes (Fig. 3). 
However, it is interesting to note that, with a progressive 
increase in the sediment concentration, upper flow regime 
bedforms are characterized by a progressive increase in 
the stability field of planar laminae and a concomitant 
subtle decrease in those of antidunes, chute and pools and 
cyclic steps (Fig. 3). This evidence may be explained with 
the necessity of turbulence development for allowing a 
hydraulic jump in supercritical bedforms which is not 
necessary for plane and parallel laminae. This evidence 
was well highlighted by Lowe (1988) that for high flow 

densities due to high suspended load fallout rates, plane 
and parallel laminae (Tb Bouma division) and massive 
facies (Ta Bouma division or S3 Lowe division) are stable.

In the rock record, indeed, supercritical deposits are 
characterized by different types of centimeter-thick 
spaced and crude lamination, which are thought to 
reflect high basal sediment concentrations (Hiscott and 
Middleton, 1979; Hiscott, 1994; Sohn, 1997; Talling et 
al., 2012; Cartigny et al., 2013), while hydraulic jumps 
can be recorded by massive facies with water escape and 
flame structures indicating drastic flow decelerations 
(e.g., Postma et al., 2009), that are often triggered by 
morphologies transverse to the paleocurrents (Tinterri, 
2025). For this reason, a review of the processes that 
can occur at the transition between supercritical and 
subcritical flow and consequently on the dynamics of the 
hydraulic jumps, will be done in the next section.

3.2. TRANSITION BETWEEN SUPERCRITICAL AND 
SUBCRITICAL REGIMES AND HYDRAULIC JUMP 

The recent work by Tinterri (2025) has highlighted 
as the transition from supercritical to subcritical flows 
can occur in different ways and can involve a hydraulic 
jump or not, and how the dynamics of this passage can be 
triggered by slope-break and counter-slope basin–floor 
morphologies at different scale (Fig. 4). In particular, 
in tectonically confined turbidite systems, supercritical 
flows can be favoured by lateral confinements parallel to 
the paleocurrents which help to maintain the flow energy, 
while flow decelerations which may form hydraulic 
jumps, are favoured by morphologies transversal to 
the paleocurrents, e.g., slope breaks or adverse slopes 
that can vary in scale from regional tectonic structures 
to depositional features such as thick mass-transport 
complexes and lobes.

In supercritical bedforms and thus at relatively small 
scales, hydraulic jumps are triggered by counterslopes 
associated with the stoss sides (Fig. 4A). From unstable 
antidunes to cyclic steps passing through chute and pools, 
hydraulic jumps become more and more ordered and 
cyclic (e.g., Cartigny et al., 2014). In particular, in chute 
and pools and cyclic steps, the flow at the hydraulic jump 
can form massive deposits in asymmetrical scours with 
backset geometries and then accelerates again towards 
the crest to form tractive structures (see Fig. 3; see also 
Postma et al., 2014; Hage et al., 2018; Ono and Plink-
Bjorklund, 2018; Lang et al., 2021a). Furthermore, the 
wavelength of cyclic steps depends on the distance that 
the flow needs to become critical again after the hydraulic 
jump, and in stratified flows, where only the dense basal 
layer interacts with the bed, the size of the cyclic steps 
is relatively limited, ranging from tens to hundreds of 
meters (Cartigny et al., 2011; Kostic, 2011; Cartigny and 
Postma, 2016; Postma et al., 2021). 

In case of a slope break in a channel–lobe transition, 
a supercritical flow may switch to a subcritical flow 
through different types of hydraulic jumps characterized 
by an abrupt increase in flow depth and a decrease in 
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flow velocity, accompanied by substantial energy loss 
(e.g., Komar, 1971; Garcia and Parker, 1989; Dorrel et al., 
2016). The type of hydraulic jump depends on the ratio of 
the outgoing subcritical-flow depth behind the jump and 
incoming supercritical-flow depth in front of the jump 
(conjugate depths) and can be related to the energy loss 
(ΔH) over the hydraulic jump (Fig. 4A; see Cartigny et 
al., 2014 for more details). Evidence of hydraulic jumps 
triggered by slope breaks comes not only from field 
examples (e.g., Mutti and Normark, 1987, 1991; Mutti 
et al., 2003; Ito et al., 2014; Hofstra et al., 2015; Henstra 
et al., 2016; Cunha et al., 2017) and seafloor data (e.g., 
Wynn et al., 2002; Hodgson et al., 2022), but also from 
experimental data, numerical simulations and real-
world flow measurements (e.g., Komar, 1971; Garcia and 
Parker, 1989; Garcia, 1993; Sumner et al., 2013; Dorrel et 
al., 2016).

In many other experimental and numerical works, 
however, hydraulic jumps are not triggered by the 

slope break, but by an adverse slope downstream of the 
slope break, which produces significant deceleration, 
chocking of the flow and an upcurrent migration of the 
hydraulic jump (e.g., Pohl et al., 2020, 2022; see also 
Fig. 4A). In other words, hydraulic jumps are produced 
by different scale counterslopes ranging from structural 
highs within the basin to relatively small, critical step 
heights associated with depositional morphologies (i.e., 
lobes or mouth–bar deposits) formed downstream of 
the slope break (e.g., Tinterri, 2025). For example, at a 
medium scale, Hamilton et al. (2015, 2017), in their 
experiments on autogenic avulsion cycles on submarine 
fans, show that the deposition of a mouth bar at a 
channel outlet represents an obstacle to flows leaving the 
channel outlet, which started to choke up, culminating 
in a hydraulic jump that migrates upcurrent. Similar 
interpretations based on field data come from Postma 
and Kleverlaan (2018), Postma et al. (2021). In these 
studies, the formation of a hydraulic jump is interpreted 

Fig. 4 - A) Schematic summary of the processes that can occur at the transition between supercritical and subcritical flows, pointing out 
that this transition can also occur without a hydraulic jump. B) Processes indicating how flows can pass a slope break while remaining 
supercritical. The diagrams also give the main references (modified from Tinterri, 2025). 



Roberto Tinterri / Journal of Mediterranean Earth Sciences 17 (2025), 71-94
78

to occur at a later stage of a depositional–lobe formation, 
characterized by sediment accretion and flow choking, 
rather than a direct result of an interaction with a slope 
break (Fig. 4A). This interpretation is particularly valid 
in tectonically confined basins, where deceleration and 
fallout rates favor the formation of relatively thick and 
amalgamated lobes (e.g., Tinterri and Tagliaferri, 2015; 
Tagliaferri et al., 2018; Piazza and Tinterri, 2019, 2020; 
Pizzati and Tinterri, 2023; Catto et al., 2024; Tinterri, 
2025). Conversely at large basin scale, flow decelerations 
and hydraulic jumps can be triggered by basin margins 
(e.g., Kneller and McCaffrey, 1999; Amy et al., 2004, 
2007; Tinterri et al., 2017; Cunha et al., 2017; Tinterri 
and Civa, 2021), and structural highs transverse to the 
paleocurrents (e.g., Howlett et al., 2019; Tinterri et al., 
2016, 2022; Tinterri, 2025). Regarding these points, it 
is important to stress that in density-stratified flows the 
height of the obstacle, able to trigger a hydraulic jump, 
can be very small (i.e., on the order of flow thickness, 
Hamilton et al., 2015; Postma et al., 2016; see also Fig. 
4A).

These considerations, therefore, point out the 
importance of medium- and large-scale adverse slopes 
such as depositional lobes or MTCs and basin-scale 
counterslopes, which, as they are generally associated 
with transversal tectonic structures, can trigger important 
flow transformations and hydraulic jumps (e.g., Tinterri 
et al., 2020, 2022; see Fig. 4A). In these cases, the hydraulic 
jump in turbidity currents or stratified (bipartite) density 
flows can occur internally within the high-density basal 
layer, whereas the low-density uppermost component of 
the flow can bypass above it (Figs. 4A, 5A). In this case, 
since the hydraulic jump occurs in the high-density basal 
layer of the flow and thanks also to the presence of a 
density interface, mixing driven by turbulent expansion, 
recirculation, and deceleration of the flow is contained, 
and entrainment of ambient water is reduced (Postma et 
al., 2009; Dorrell et al., 2016). 

In stratified density flows, various scenarios of 
sediment deposition can exist (see Fig. 4A). Dorrell et al. 
(2016) showed that, in stratified flows with low FRd, the 
increase in turbulence due to internal hydraulic jumps 
may enhance the sediment transport downstream of the 
jump. Conversely, well-developed bipartite (two-phase 
suspension) flows with high-velocity supercritical basal 
layers cause vigorous erosion and liquefaction of the 
substrate at the jump locality to produce flame structures 
and rip-up clasts, which are trapped in structureless, 
coarse-tail-graded deposits typical of the Bouma Ta 
division (Postma et al., 2009). In their experiments, these 
authors showed the basal high-density layer passed the 
hydraulic jump and expanded vigorously, resulting in 
strong, upward disruption of the top of the substrate, 
which was fully suspended by the flow; subsequently, 
the dense suspension underwent rapid deposition to 
form, under conditions of virtually no lateral shear, a 
structureless bed (Fig. 5A). The rapid drop in velocity of 
the basal layer at the hydraulic jump significantly increases 

the pressure above the bed to form flame structures at the 
base of structureless beds, while the pressure in the upper 
low-density layer remains unchanged, and the layer can 
bypass and rework the top of the massive bed (Fig. 5A). 
In this setting, the hydraulic jump is also seen to move 
upcurrent, and its associated massive deposits can have a 
backset geometry (e.g., Hamilton et al., 2015; Hage et al., 
2018; Postma and Kleverlaan, 2018).

However, various numerical and experimental 
modelling studies suggest that the passage from 
supercritical to subcritical regimes can also occur without 
hydraulic jumps even in the presence of a slope break (e.g., 
Garcia, 1993; Kostic and Parker, 2006; Gray et al., 2005; 
Salinas et al., 2020; Lang et al., 2021b; Pohl et al., 2022; see 
Fig. 4A). In particular, Salinas et al. (2020) show that this 
transition can occur through an intermediate transcritical 
regime where intermittent cascading interfacial 
instabilities appear, while Pohl et al. (2019) show that the 
widespread occurrence of scours at the channel mouth 
can be explained with a new flow mechanism called flow 
relaxation rather than hydraulic jump (Fig. 4 A,B; see 
also Wilkin et al., 2023).  These apparently contrasting 
results show that both flow dynamics and erosional–
depositional signals of a turbidity current crossing a slope 
break or an adverse slope can still be a subject of debate, 
and despite the variability of processes highlighted by 
the experimental data, a better understanding of the 
transition from supercritical to subcritical flows must rely 
on careful integration with field data (e.g., Tinterri, 2025).

4. A GENERAL FACIES TRACT FOR TURBIDITES 
CONTROLLED BY BASIN MORPHOLOGIES: 
THE ROLE OF SUPERCRITICAL HIGH-DENSITY 
FLOWS, HYDRAULIC JUMPS, AND BYPASSING 
FLOWS

4.1. INTRODUCTION
The facies scheme by Tinterri (2025) is based on the 

concept of genetic facies tract by Lowe (1982) and Mutti 
(1992), which is defined as an association of genetically 
related facies types which record, within each considered 
system, the downstream evolution of a sediment 
gravity flow. The ideal facies tract is recorded by a bed 
deposited by a single sediment gravity flow undergoing 
transformations during its basinward motion. In these 
terms, the concept of gravity-flow facies can be applied 
to a specific depositional division within a bed (i.e., 
lamina or laminaset, sensu Campbell, 1967; see Fig. 5). 
Consequently, within a bed, the vertical facies association 
(i.e., the facies sequence) represents how the flow 
conditions change in time at a fixed location along the path 
of the flow; the horizontal facies association, or simply 
facies association (i.e., the facies tract), records how the 
flow conditions change in space through successive flow 
transformations (Fig. 5). This approach implies that, for 
each considered turbidite system, facies tracts must be 
established within a time-equivalent interval based on 
detailed stratal correlation patterns. 
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In particular, as mentioned above, the facies tract 
scheme by Tinterri (2025) is based on the tentative link 
between the concepts by Postma and Cartigny (2014) 
who classify turbidites according to facies sequences 
(associations) reflecting specific flow dynamics, and the 
facies tract scheme by Mutti et al. (2003) which is based on 
the downslope evolution of a decelerating and depletive 
flow. The facies tract scheme by Tinterri (2025), however, 
is carefully calibrated through a great number of field 
data deriving from many turbidite systems in tectonically 
confined settings. In these types of turbidite systems that 
can be consistent with the supercritical fans by Demko et 
al. (2014) and mixed depositional systems by Mutti et al. 
(2003), the degree of confinement is controlled not only by 
lateral structural highs (i.e., parallel to the paleocurrents) 
that may favor energy conservation and supercritical 

flows but also by transverse tectonic structures (i.e., 
perpendicular to the paleocurrents), which, by forming 
important regional slope breaks and counter-slopes, can 
induce flow decelerations and flow-regime changes.  

In these settings, high-gradient sandy turbidity 
currents can produce various types of traction carpets, 
crude laminations, and traction structures indicative of 
flow concentration and flow criticality (Fig. 5; Cartigny 
et al., 2013; see also Tinterri and Muzzi Magalhaes, 
2011). Conversely, flow decelerations, especially if able to 
produce hydraulic jumps, can form massive sandstones 
with flame structures, mudstone clasts, and water escape 
structures derived from the collapse of the suspended 
load, thus recording a suspension-sedimentation phase 
(Postma et al., 2009, 2014; Tinterri, 2025). 

A key point of the facies tract scheme by Tinterri (2025) 

Fig. 5 - A) Dynamic phases characterizing a hydraulic jump of a two-phase (bipartite) particulate density flow (modified from Postma 
et al., 2009). B) Diagram illustrating the facies, facies sequences, and dynamic phases shown in A. The nomenclature of the facies 
schemes by Mutti (1992), Mutti and Ricci Lucchi (1972), and Postma and Cartigny (2014) are also shown. C) Explanation of the four 
dynamic phases and their boundary surfaces characterizing the transition from supercritical to subcritical flow as shown in A and B. 
Figure from Tinterri (2025).



Roberto Tinterri / Journal of Mediterranean Earth Sciences 17 (2025), 71-94
80

is that flow transformations and changes induced by basin 
morphology can be recorded by depositional phases 
conceptually similar to those introduced by Lowe (1982) 
(see also Hiscott and Middleton, 1979; Massari, 1984; 
Mutti, 1992). Their vertical or downstream order within 
a bed or a bedset can give important information on the 
predominance of supercritical flows that are especially 
enhanced by lateral confinements or on different degrees 
of flow decelerations that are more related to transverse 
morphologies. The model of figure 5 by Tinterri (2025), 
for example, illustrates the dynamic phases and related 
facies sequences characterizing a flow deceleration of a 
two-phase (bipartite) particulate density flow that can 
produce a hydraulic jump. In this figure, Facies 1 records 
a phase of traction-plus-fallout from supercritical flows 
(when associated with up-current-dipping laminae), 
while Facies 2 records a hydraulic-jump phase. Facies 3 
is characteristic of bedforms produced by traction and 
records the bypass of subcritical low-density turbidity 
currents. The tail of these currents deposits a fine-grained 
Tbe division (Facies 4; see Fig. 5). The four facies types 
record four depositional phases that are well consistent 
with the experimental model by Postma et al. (2009), 
which shows that a supercritical flow can decelerate 
through a hydraulic jump to produce the collapse of a large 
part of the suspended sediment load and the bypass of an 
essentially subcritical upper dilute turbulent flow (Fig. 
5A). Therefore, the facies sequences shown in Figure 5B 
can be explained by a vertical stacking of facies and thus 
depositional phases different from that proposed by Lowe 
(1982), as discussed by Hiscott and Middleton (1979) and 
Massari (1984) (see also Mutti et al., 2003; Kneller and 
McCaffrey, 2003; Tinterri and Muzzi Magalhaes, 2011). 

In essence, the type of lateral and vertical stacking 
of these depositional phases and related facies can be 
indicative of the type of basin morphology that can control 
the dynamics and evolution of the turbidity currents. This 
evidence can be considered another key point on which is 
based the facies tract scheme by Tinterri (2025).

4.2. GENERAL FACIES-TRACT SCHEME 
In figure 6, the general facies-tract scheme by 

Tinterri (2025) can be observed (see also Tab. 1). The 
scheme describes the evolution of a decelerating single 
supercritical sediment gravity flow and resultant deposits 
whose evolution is controlled by flow decelerations 
induced by transverse morphologies. This facies tract 
scheme is mainly based on field data coming from 
tectonically controlled foreland basins in the Alps, 
Apennines, and Pyrenees (see Tinterri, 2025, his table 2 
for more details). 

The new facies-tract scheme maintains the names 
and general meaning of the scheme developed by Mutti 
et al. (2003) as much as possible. The rationale behind 
the genetic scheme is based on two assumptions. Firstly, 
turbidity currents are bipartite flows consisting of a high-
density basal layer moving faster and ahead of a more 
dilute upper turbulent flow (Sanders, 1965; Ravenne and 

Beghin, 1983; Postma et al., 1988; Mutti et al., 1999, 2003, 
2009; Tinterri et al., 2003). Secondly, this facies scheme 
captures the dynamics associated with the deceleration 
of the basal dense layer and the bypass of the upper 
turbulent flow (e.g., Tinterri and Muzzi Magalhaes, 2011; 
Tinterri and Tagliaferri, 2015). 

It shows four dynamic phases, discussed above (i.e., 1, 
supercritical flow; 2, suspension sedimentation/collapse 
and possible hydraulic jump; 3, bypass; and 4, bypassed 
flow) and associates them with the four dynamic grain-
size A–D populations (see Fig. 6 and Tab. 1). 

However, it is important to underline that the different 
vertical and lateral stacking of depositional phases 
and related facies may also be indicative of one basin 
configuration rather than another; in other words, the 
predominance of one facies or facies sequence rather 
than another can be directly associated with the different 
types of morphologies that can characterize the basin 
at different scales. For example, the predominance of 
supercritical and bypass phases rather than deceleration 
and hydraulic jump phases can be indicative of confined 
settings, like channels or narrow portions of the basin 
laterally confined by tectonic structures elongated parallel 
to the paleocurrents; conversely, the predominance of 
deceleration phases, which can produce hydraulic jumps, 
may be indicative of morphological barriers perpendicular 
to the paleocurrents represented by important transverse 
tectonic structures or by thick depositional features such 
as MTCs and particularly thick depositional lobes (see 
Tinterri et al., 2020; Tinterri, 2025).

The facies tract in figure 6 is characterized by four 
groups of facies, A through D, each one associated with 
a dominant dynamic grain-size population. Grain-size 
population A dominates the initial parent flow and its 
transformation into a bipartite high-density turbidity 
current, while grain-size populations B and C can record 
different types of flow evolution characterized by the 
depositional phases of figure 6. Finally, particle-size class 
D, characterizing the Bouma Tbe sequence, represents 
the final deposition of a low-density turbidity current.

In addition to these four groups, a fifth group is 
associated with hybrid or slurry beds (sensu Haughton 
et al., 2009, Muzzi Magalhaes and Tinterri, 2010) 
deposited by transitional flows (sensu Baas et al., 2009, 
2011) in which mud dynamics plays a predominant role. 
These bed types that will be briefly discussed in this 
work record important phases of decelerations of mud-
rich flows controlled especially by particular types of 
basin morphologies (see Muzzi Magalhaes and Tinterri, 
2010; Tinterri et al., 2020 and Tinterri, 2025 for more 
details). Another very important group of bed types is 
the contained-reflected beds, which tend to characterize 
Group D fine-grained facies; these bed types are not 
discussed in this paper (for more details, see Tinterri et 
al., 2016, 2022, with references).

Below, the four families or groups of facies, A, B, C, and 
D, will be discussed.
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4.2.1. Facies group A:  bipartite parent flow
facies Group A includes paraconglomerates (Facies 

F2) and orthoconglomerates (Facies F3), (see Mutti et 
al., 2003). These facies characterize especially channels 
and/or tectonically controlled conduits, such as for 

example Fontanelice “channel” in the Marnoso arenacea 
Formation, northern Apennines (e.g., Ricci Lucchi, 1981; 
Catto et al., 2024; Tinterri, 2025) or the Ainsa “channel” 
in the Ainsa basin, south central Pyrenees (see Fig. 7A; 
see also Cornard and Pickering, 2020). 

Facies Groups based on four dynamic grain–size populations
(see also Figures 1 and 6)

Grain size A
Boulder to pebble sized 

clasts

Grain size B
Small pebbles to coarse–grained sand

Grain size C
Medium–grained 

sand

Grain size D
Fine–grained sand 

to clay

Facies Group A
F2, F3, F4

Facies Group B
F5, F6, F7

Facies Group C
F8 Facies Group D F9

Facies resulting from different degrees of deceleration recorded by phases 1-3 (see Figures 5, 6 and 8)

Parental flow 
transformation

Depositional phases 
1, 2, and 3 in Facies Group B 

Depositional phases 
1, 2, and 3 in Facies Group C Depositional phase 4

F2, F2-F3
(flow transformations 

into a sustained bipartite 
flow)

F3, F4
(traction-bypass and 

traction carpet phases in 
a bipartite high-density 

flow)

F5bcs, F5ban, F5bpl
(crude lamination-

supercritical flow phase 1)

F8bcs, F8ban, F8bpl
(crude lamination-

supercritical flow phase 1)
F9 (Tbe), F9 cd, F9cr

(subcritical
flow phase 4)

(in confined basins, 
sediment fallout and 
climbing structures 

can dominate)

F5m (no hydraulic jump)
 F5f, F5de (hydraulic jump)

Hybrid facies
(suspension sedimentation–deceleration 

phase 2)

F8m (no hydraulic jump) 
F8f, F8de (hydraulic jump)

Hybrid facies
(suspension sedimentation–

deceleration phase 2)

F7an, F7pl (upper flow regime) F6d, F6r 
(lower flow regime) (traction–bypass phase 

3)

F8cl (upper flow regime)
F8d, F8r (lower flow regime)

(traction–bypass phase 3)

•  b: banded, spaced or crude lamination (traction-plus-fallout processes in the basal part of a supercritical high–density flow consistent 
with the traction carpet phase by Lowe, 1982 and Hiscott and Middleton, 1979 – F5b and F8b; according to the flow velocity, different 
types of F5b and F8b can occur, i.e., F5bcs, F5ban, F5bpl and  F8bcs, F8ban, F8bpl, see Figs. 6,8);
•  m: crudely laminated to massive facies with water escape structures and devoid of flame structures and substrate delaminations (see 
below), (F5m and F8m) characterizing suspension sedimentation without hydraulic jump features (deceleration phase 2; see Figs. 6, 8);
•  f: facies with load and flame structures (F5f and F8f) characterizing flow collapse and suspension deposition related to hydraulic jump 
consistent with the hydraulic jump facies of Postma et al. 2009 and Postma and Cartigny, 2014 (deceleration phase 2; see Figs. 5, 6, 8);
•  de: substrate delaminations, i.e., local erosional and sand injection features (F5de and F8de) related to a hydraulic jump but with 
higher deceleration and fallout rate than those inferred for facies F5f and F8f; load structures can be common (see Fig. 6, 8);
•  Hybrid or slurry facies (sensu Haughton et al. 2009 and Muzzi M. and Tinterri, 2010) indicative of flow transformations from mud-
rich flows (deceleration phase 2; see Fig. 6);
•  cs: asymmetrical scours with backsets, cyclic steps and chute and pools (see Figs. 6, 8)
•  an: undulatory traction carpets and antidunes indicating bypass of an overriding supercritical flow (F7an: traction–bypass phase 3)
•  pl and cl: plane bed traction carpet deposits (F7pl) and crude to well-developed plane bed lamination (F8cl) indicative of a turbulent 
flow in the upper–flow regime (traction–bypass phase 3; see Figs. 6, 8);
•  d and r: dunes (F6d and F8d) and ripples (F6r, F8r) recording the bypass of a turbulent flow in the lower–flow regime (traction–
bypass phase 3; see Figs. 6, 8);
•  cd and cr: climbing dunes (F9cd) and climbing ripples (F9cr) indicative of traction and high fallout rate from a low–density 
turbulent flow (subcritical phase 4; see Fig. 6, 10).

Tab. 1 - Summary of facies used in this study (see also Fig. 6). The four main Facies Groups (A, B, C, and D) are consistent with those 
of Mutti et al. (2003). The depositional phases are consistent with those used in the studies of Hiscott and Middleton (1979), Lowe 
(1982) and Postma et al. (2009) (see Fig. 5). The legend gives an explanation of the various facies’ annotations and their meaning in 
terms of depositional processes of a fully suspended, decelerating high-density turbidity current (slightly modified from Tinterri, 2025).
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According to the type of fluvio-deltaic system and 
sustained flood-related sediment gravity flows entering 
seawater, these deposits can be associated with bipartite 
flows (sensu Postma et al., 1988) composed of basal 
gravelly modified-density grain flows and upper high-
density turbulent flow or dense-inertia flows whose 
transformation (sensu Fisher, 1983) can produce a 
bipartite flow (see also Mutti et al., 2003). The resulting 
gravelly basal-inertia carpets and related deposits (Facies 
F3), being deposited by high-velocity sustained flows, may 
show supercritical bedforms, such as cyclic asymmetrical 
scours with backsets typical of cyclic steps or chutes and 
pools (e.g., Lang and Winsemann, 2013; Ono and Plink-
Björklund, 2018; Cornard and Pickering, 2020; Englert et 
al., 2020; Postma et al., 2021; Lang et al., 2021a; Cornard 
et al., 2025; see also Figs. 6, 7B). Examples of this type 
of facies can be observed in the tectonically controlled 
Ainsa basin, well described by Cornard and Pickering 
(2020) (see Figs. 7A, C). 

Facies F3, however, also shows massive facies 
sometimes reworked in a cross-bedding produced by the 
traction exerted by the bypass of gravelly high-density 
flows (Figs. 6, 7A). The transition to the Facies Group B 
can be characterized by coarse-grained traction carpets 
(Facies F4), which can show different types of structures, 
such as convex-backset or plane and parallel geometries, 

upper flow regime structures (Figs. 6, 7A). 
In these settings, an array of asymmetric conglomeratic 

scour fills, generally exhibiting various types of inclined 
and laterally accreted crude laminations, may indicate the 
presence of cyclic steps, thanks also to their similarities 
with net-erosional cyclic steps found in many modern 
deep-water canyons and slope systems (e.g., Ono and 
Plink-Bjorklund, 2018; Lang et al., 2021a; Postma et al., 
2016, 2021; Grundvag et al., 2025). It is here believed, 
however, that our knowledge about the infill of hydraulic-
jump-related scours and upper flow regime bedforms in 
ancient coarse-grained, deep-water slope systems is still 
relatively limited and enigmatic in many respects (e.g., 
Massari, 2017; Postma et al., 2021; Grundvag et al., 2025). 
For this reason, it is considered that more work focusing 
on this subject would be necessary.

4.2.2. Facies group B: supercritical, deceleration 
(hydraulic jump) and bypass phases

The deposition of the grain-size population B, due to 
the transformation of the parental flow induced by a basin 
topography, gives rise to a bipartite flow characterized 
by a high-density basal layer dominated by grain-size 
population B and a fully turbulent upper layer dominated 
by grain-size populations C and D (Fig. 6 and Tab. 1). 

As mentioned above, the facies tract scheme by Tinterri 

Fig. 7 - Facies of groups A and B. A) lenticular sandy pebble conglomerate (F3, F2–3) rich in mudstone clasts characterized by coarse-
grained convex-backset traction carpets (F4) (Ainsa quarry, Eocene, south-central Pyrenees; see also Cornard and Pickering, 2019). B) 
Submarine-canyon fills interpreted as the deposits of cyclic steps (from Ono and Björklund, 2018). C) Coarse-grained backstepping beds 
passing upward into thick depositional lobes mainly composed of F5f and F5de characterized by large-scale soft sediment deformations 
(Ainsa quarry, Eocene, south-central Pyrenees).
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(2025) suggests a series of possibilities recording different 
rates of deceleration of the basal layer that are able to 
produce different types of facies sequences characterizing 
Facies Group B (see Fig. 8). These different degrees of 
flow decelerations, generally induced by various types 
of basin morphologies, can be highlighted through four 
main facies sequences that can be observed within the 
beds (see Fig. 8). These facies sequences are: I) facies F5b 
entirely composed of crude and spaced laminae in which 
a vertical passage from supercritical bedforms such as 
cyclic steps and chute and pools into low angle antidunes 
and plane and parallel laminae, can be observed; II) 
Facies F5b passing upward into a Facies F5m (m: massive) 
characterised by massive sandstones without flame and 
load structures and with poorly developed water escape 
structures (dish); III) Facies F5b passing upward abruptly 
into massive facies characterized by well-developed 
water escape structures (dish and pillars) and basal flame 
and load structures (Facies F5f, f: flame, load and water 
escape  structures); IV) Facies F5b passing upward into 
a massive Facies F5de (de: substrate delaminations and 
load structures) rich in water escape structures (pillars) 
whose base is characterized by erosional surfaces and 
sand injections. In this case, however, amalgamation 
processes cannot be ruled out.

Beds characterized by these facies sequences can record 
(from I to IV) a progressive increase in the flow deceleration 

rates (Fig. 8). In particular, in the first case, Facies F5b, 
in which asymmetrical scours with upcurrent dipping 
low-angle cross laminae (cyclic steps and/or chutes and 
pools) pass upward into low-angle undulatory (antidunes) 
and plane-parallel lamination, can be interpreted as 
deposited by supercritical flows characterized by a gradual 
deceleration. From this point of view, it would also be 
possible to introduce different categories of F5b according 
to the characterizing sedimentary structure (see Figs. 6, 
8), namely F5bpl (pl: planar crude lamination), F5ban (an: 
antidunes), and F5bcs (cs: cyclic steps/chute and pools). 
Conversely, beds composed of facies sequences where F5b 
passes upward into different types of massive Facies F5, can 
be interpreted to record a more drastic deceleration and 
relative collapse of the sediment load transported by the 
basal dense flow, which may occur through a hydraulic 
jump or not. More precisely, in the case of a passage from an 
F5b into an F5m devoid of flame and well-developed water 
escape structures, flow decelerations should occur without 
a hydraulic jump (see Section 3, Figs. 6 and 8). Conversely, 
if the flame and water escape structures are well developed, 
as in the case of Facies F5f, the deceleration rate, higher 
than that of the previous case, can form a hydraulic jump 
(see Section 3, Figs. 6, 7C, 8; see also Postma et al., 2009, 
Tinterri et al., 2016). The presence of an F5de characterized 
by delamination and pillar water escape structures would 
imply even higher deceleration rates with the formation 

Fig. 8 - Facies sequences characterizing Facies Group B deposited by different rates of flow decelerations that can involve supercritical 
flows and hydraulic jumps. Their possible relationship with different types of basin configurations is also shown. It is noteworthy that 
similar facies sequences can also be introduced for the Facies Group C (i.e., facies F8; see text for more details). 
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of well-developed hydraulic jumps. In these two latter 
cases, upcurrent–migrating hydraulic jumps can form 
complex backstepping beds composed of multiple scours 
characterized by alternations of F5b and F5f or F5de (e.g., 
Postma et al., 2021; Ono et al., 2023; Tinterri, 2025). 

These different types of Facies F5, which are well 
consistent with Facies B1 by Mutti and Ricci Lucchi 
(1972), record different deceleration degrees of the basal 
high-density flow, which can be linked to the type of 
basin, its degree of confinement, and its geometry. For 
example, beds with facies sequences characterized by 
Facies F5m and F5f tend to be common in narrowed and 
confined foredeeps where the deceleration rates begin to 
be important; conversely, the presence of Facies F5de with 
erosional bases, delamination structures, and pillar water 
escape structures is more common in small confined 
piggyback basins where the deceleration rates are very 
high. In the same way, beds entirely composed of F5b 
dominated by supercritical bedforms can be favored by 
lateral tectonic confinement parallel to the paleocurrents 
that can act to maintain flow energy and velocity (Figs. 8, 
9). Conversely, decelerations able to produce facies F5m, 
F5f, and F5de can be favored especially by transverse 
morphologies perpendicular to the paleocurrents that 
can range from regional tectonic structures (e.g., Tinterri 
et al., 2020; Piazza et al., 2020) to depositional features 
such as MTCs and thick depositional lobes (e.g., Tinterri, 
2025) (see Figs. 8, 9).

These flow decelerations, induced by basin 
morphologies, also favor an efficient decoupling process 
with the deposition of the sediment load transported by 
the basal high-density flow to form Facies F5b, F5m, F5f, 
or F5de, and the bypass of the upper turbulent flow, which, 
exerting efficient traction, can produce well-developed 
traction structures at the top of the different types of 
F5 Facies. According to the velocity of the bypassing 
flow and thus to the deceleration rate, these traction 
bedforms can range from low-angle-dipping upcurrent 
(F7an, antidunes) and plane and parallel (F7pl) traction 
carpets to different types of dunes (F6d) and ripples (F6r) 
(Figs. 5B, 6A, 8, 9). While the former can be interpreted 
as related to upper flow regimes, the latter are seen as 
associated with lower flow regimes, and, consequently, 
the deceleration rate is higher in the latter case than in 
the former. Consequently, even the prevalence of one 
type of bypass structure over the other might be linked 
to the type of basin and its degree of confinement. For 
example, the Tortonian deposits of the Marnoso arenacea 
Formation (northern Apennines, Italy) recording the 
closure of a large foredeep tend to be dominated by 
upper–flow–regime bypass structures, i.e., antidunes and 
plane-parallel traction carpets (F7an and F7pl, Tinterri 
and Muzzi Magalhaes, 2011; Tinterri, 2025), while 
particularly narrowed foredeeps or piggyback basins, 
such as the Annot Sandstones (western Apls, France), 
and Ranzano Sandstones (northern Apennines), are 
dominated by subcritical structures, i.e., megaripples 
and ripples (F6d and F6r; Tinterri et al., 2016, 2017; 

Tinterri, 2025). In particular, figure 9 shows some bed 
types coming from the Zumaia Flysch (Eocene, western 
Pyrenees), where beds dominated by supercritical facies 
(F5b) in proximal zones pass downcurrent into beds 
composed of facies sequences recording different degrees 
of deceleration able to produce hybrid beds and facies 
F5f overlain by well-developed bypass structures F7pl 
and F6r (see Fig. 9C). Although a detail facies analysis 
is still lacking, these facies distributions would suggest 
a transverse morphology in the Orio and Zarautz area 
as shown by the stratigraphic studies by Kruitt et al. 
(1975) and Van Vliet (1982) (see Fig. 9A; see also Pujalte 
et al., 2000, 2015).  In these types of confined basins, 
indeed, transverse morphologies can produce important 
decelerations and efficient decoupling phenomena, 
favouring high-shear stresses exerted by bypassing flows.

Finally, in the F5 facies group, mud-draped scours 
produced by hydraulic jumps (Mutti and Normark, 1987, 
1991) can be common (Fig. 6). Tinterri (2025) stressed 
that a typical characteristic of the mud-draped scours 
in these types of settings are erosional surfaces usually 
draped by thin layers rich in carbonaceous matter and 
plant fragments. These drapes, deposited by the tail of the 
bypassing flows (see Fig. 10B), are evidence of extrabasinal 
sources associated with sustained hyperpycnal flows, 
which are typical of these basin types (Mutti et al., 2003). 

Another type of beds that can characterize Group 
B facies and that depend on basin morphology are 
the hybrid-slurry beds (sensu Haughton et al., 2009; 
Muzzi Magalhaes and Tinterri, 2010). These bed types 
are generally associated with a well-defined basin 
conformation that favors the erosion of fine-grained 
sediment (silt and clay) upcurrent and deceleration in 
more distal zones of these mud-enriched flows (Muzzi 
Magalgaes and Tinterri, 2010; Tinterri, 2025). Although 
these decelerations tend to be favored by structures 
transverse to paleocurrents in distal zones, hybrid-slurry 
beds can also characterize more proximal zones of the 
basin and therefore Group B facies in parts of the basin 
where deceleration rates are particularly high, such as, for 
example, against basin margins or structural highs (see 
Fig. 6A and Tinterri, 2025 for further details).

4.2.3. Facies group C: supercritical, deceleration 
(hydraulic jump) and bypass phases

After the deceleration phase that provokes the 
deposition of Group B facies, a reconcentration phase 
must produce another bipartite flow able to transport 
the grain size C through the basal high-density layer, 
while grain-size population D is transported by an upper 
turbulent, dilute flow (Fig. 6; see also Fig. 1C). 

Similarly to the Group B facies, the Group C facies, 
consisting of medium-grained sand, are produced by 
various degrees of flow deceleration able to produce 
beds characterized by facies sequences similar to those 
of the Group B in which the same depositional phases 
can be recognized, namely: 1) different types of crudely 
laminated sandstone deposited by supercritical flows 
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(F8b) — from the lowest to the highest deceleration rate 
different categories of F8b can occur, i.e., Facies F8bpl 
(pl: planar crude lamination), F8ban (an: antidunes) and 
F8bcs (cs: cyclic steps and chute and pools), 2) suspension 
sedimentation/collapse (possible hydraulic jump) able 
to deposit three types of massive sandstones with dish 
structures recording three different degrees of flow 
deceleration and rate of fallout of the basal high-density 
flow — from the lowest to the highest deceleration rate, 
these facies are, Facies F8m (m: massive), F8f (f: flame-
load structures) and F8de (de: delamination and load 
structures), 3) bypass and traction phase able to deposit 
tractive Facies F8 generated by the bypass of the residual 
upper low-density flow—from the highest to the lowest 
bypassing flow velocity, these facies are F8cl (cl: crude 
plane-parallel laminae), F8d (d: dunes) and F8r (r: 
ripples). The fourth (4) phase related to the bypassing 
subcritical flow is recorded by the low-density turbidity 
current able to transport fine-grained sand and mud 
(grain-size population D) downcurrent to form Facies 
F9 (see Fig. 6 and Tab. 1). Group C facies, therefore, 
represents a more detailed interpretation of facies F8 by 
Mutti (1992) (i.e., Ta Bouma division) and Facies C by 
Mutti and Ricci Lucchi (1972).

As in the case of Group B, the facies of Group C 
can form sequences that record varying degrees of 
flow deceleration, again indicative of different basin 
morphologies. For example, the predominance of beds 
composed of F8b entirely composed of different types 
of crude lamination can be interpreted as deposited by 
gradually decelerating supercritical flows, favored, more 
likely, by lateral tectonic confinements (i.e., parallel to 
the paleocurrents) that act by conserving the energy and 
velocity of the flows. Conversely, beds characterized by 
facies sequences in which Facies F8b pass upward into 
different types of massive sandstones can be interpreted 
as recording a relatively high degree of deceleration of 
the basal high-density flow, which can be particularly 
favored by morphological barriers transverse to the 
paleocurrents. These decelerations can occur without 
a hydraulic jump if flame and load structures are 
not present (see Facies F8m) or may be marked by 
a hydraulic jump when these structures, together 
with water escape dish structures, are well developed 
(see Facies F8f and F8de). In particular, Facies F8de, 
with erosional and delamination structures, can be 
interpreted to represent the facies recording the highest 
rate of deceleration. In these cases, upcurrent-migrating 
hydraulic jumps, whose energy, however, should be 
less than that characterizing Group B facies, may form 
complex backstepping beds. In the same way, although 
perhaps slightly less evident than the similar facies of 
Group B, mud-draped scours related to hydraulic jumps 
can also be common in Facies Group C. They are more 
evident especially in situations that favor deceleration 
and decoupling processes, such as tectonically confined 
basins or at the top of depositional lobes, whose 
morphology, creating an adverse slope to the flow, can 

induce significant decelerations and choking of the flows 
(i.e., a hydraulic jump; Tinterri, 2025). As mentioned 
above, it is here stressed that density stratification of 
the flows can play an important role in the required 
height of the obstruction to produce a hydraulic jump, 
i.e., dilute flows with high velocities require a very large 
stepped obstruction, many times larger than the flow 
thickness, to trigger a jump, while high-density flows 
with relatively low velocities require very small steps 
(see Fig. 4A, Hamilton et al., 2015; Postma et al., 2016; 
Scacchia et al., 2022b; Englert et al., 2024; Tinterri, 
2025).

Finally, the deceleration-hydraulic jump phase induced 
by different types of basin morphologies favors a second 
decoupling process, which, producing an efficient 
bypass of upper dilute low-density flow (bypass phase 
3), can form bypass structures at the top of the massive 
Facies F8m, F8f, and F8de. These traction structures 
range from crude to well-developed plane and parallel 
lamination (F8cl) up to dunes and ripples (F8d and 
F8r, respectively) and can be interpreted as upper- to 
lower-flow-regime bedforms, respectively. The tractive 
structures (perfectly homologous to the coarser Facies F6 
and F7 characterizing facies group B) record the passage 
into facies F9 (i.e., Bouma Tbe divisions) deposited by the 
bypassed low-density turbidity current able to transport 
the residual grain-size population D more downcurrent 
(see Figs. 6B, 10). 

4.2.4. Facies group D: deceleration of a low-density 
turbulent flow (f9 dominated by climbing dunes and 
ripples)

The facies tract scheme by Tinterri (2025) gives a 
particular interpretation of the F9 facies deposited 
in tectonically controlled confined basins by residual 
bypassing low-density flows (depositional phase 4; see 
Fig. 10A). In these settings, indeed, Facies F9 are always 
dominated by well-developed climbing bedforms, 
such as climbing dunes, climbing ripples, and low-
angle wavy to sinusoidal structures (Figs. 10 B,C,D). 
The widespread presence of these types of traction-
plus-fallout structures (generally uncommon in less 
confined basins) is interpreted as an interaction between 
dynamics of very fine-grained sediment (e.g., Baker and 
Baas, 2020; Baas et al., 2021; Taylor et al., 2024) and an 
increase in fallout rates (e.g., suspension/traction ratio) 
favored by the deceleration of low-density turbulent 
flows (e.g., Jopling and Walker, 1968; Jobe et al., 2012). 
Tinterri (2025) suggests that these depletive flows are 
favored by regional subtle slope breaks or counterslopes, 
which, in these basin types, are generally associated with 
important transversal tectonic structures (Fig. 10A). 
These morphological elements, indeed, may induce 
gradual and progressive decelerations favoring fallout-
rate increases and thus climbing structures (Fig. 10). 
Therefore, the interpretation by Tinterri (2025) of F9 
facies is particularly interesting because, if accurate, the 
occurrence of climbing structures, in addition to being 
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Fig. 10 - A) Model to explain climbing ripples, climbing dunes, low-angle climbing megaripples, and sinusoidal laminae as related to 
the increase in the fallout rate and traction-plus-fallout processes due to the progressive deceleration of low-density turbidity currents 
induced by basin morphologies, such as slope breaks and counterslopes (from Tinterri, 2025). Dynamics of silt and clay in sustained, 
long-lived turbidity currents may further favor these types of structures. B, C and D) Examples of well-developed climbing structures 
in tectonically confined basins; B is from Maceiò Formation (Cretaceous, Brazil), while C and D are from Fontanelice–Sarsina turbidite 
system in the Fontanelice area (Miocene, Marnoso arenacea Formation, northern Apennines). It is to be noted that flame and load 
structures are indicative of rapid depositions related to flow decelerations.
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favored by sustained turbidity currents triggered by 
hyperpycnal flows (e.g., Mutti et al., 2003), can also be 
linked to particular basin conformations and thus be 
diagnostic not only of the type of basin but also of its 
morphologic characteristics. 

5. DISCUSSION AND CONCLUSIONS

The facies scheme in figure 6 (see also Tab. 1), 
characterized by four facies groups consistent with the 
four dynamic grain-size populations A, B, C, and D, 
records the deceleration of a bipartite flow that gradually 
transforms and becomes finer grained downcurrent. 
These flow transformations, enhanced by regional 
counterslopes generally associated with transverse 
synsedimentary tectonic structures, occur through three 
efficient decoupling processes, namely: 1) the bypass of 
a gravelly high-density flow (grain-size population B) 
on a dense conglomeratic basal flow (a sort of modified 
density basal grain flow sensu Lowe 1976) able to deposit 
the Group A facies; 2) the bypass of a sandy high-density 
turbidity current (grain-size population C) on a dense 
gravel basal flow able to deposit the Group B facies; 
and 3) the bypass of a low-density turbulent dilute flow 
(grain–size population D) on a dense sandy basal flow 
able to deposit the Group C facies. The deceleration 
phases can produce different types of facies sequences 
(Fig. 8) characterized by the four depositional phases 
shown in figures 5 and 6. Conversely, the decelerations 
of low-density turbidity currents, also favored by 
the confinement of the basin, are characterized by a 
downcurrent increase in well-developed climbing ripples 
and dunes produced by progressive increase in fallout 
rates in fine-grained sediments, in which the occurrence 
of silt and clay can further favor the formation of these 
types of structures (Fig. 10). 

The new facies scheme, in conclusion, can be 
considered diagnostic of situations that favor deceleration 
and decoupling processes, such as basins in which the 
tectonics act to create a confined setting (i.e., narrowed 
foredeeps and wedge-top basins). In these settings, 
slurry-hybrid and contained-reflected beds are two other 
types of beds fundamental for understanding turbidite 
deposition influenced by tectonically controlled basin 
morphologies and geometries (see Fig. 6). The facies 
scheme, indeed, also takes into account hybrid event 
beds in various basin settings, i.e., a category of bed types 
whose formation is strongly linked to the morphology 
and degree of confinement of the basin, as highlighted 
by Muzzi Magalhaes and Tinterri (2010), Tinterri et al. 
(2020) and Tinterri (2025, see his Fig. 17).

Of consequence, the work by Tinterri (2025) shows that 
the degree of tectonic confinement can modify the flow’s 
efficiency (i.e., the ability of the flow to transform, evolve, 
and segregate grain-size populations in distinct facies; see 
Mutti, 1979; Mutti et al., 1999). This is particularly evident 
in turbidite systems located in narrowed foredeep and 
wedge-top basins where different types of morphologies 

confine, laterally and frontally, turbidity currents. At 
large scales, basin morphologies are generally associated 
with regional transversal structural alignments, while, 
at smaller scales, they can be related to depositional 
features, such as MTCs and depositional lobes, which can 
become very thick in confined basin settings (Fig. 4A). 
Whilst lateral tectonic confinement favors conservation 
of flow energy and thus supercritical flows, transversal 
structures are features that can control flow deceleration, 
transformation, reflection, and, thus, sediment deposition 
or bypass and, ultimately, flow efficiency (see Figs. 6, 8, 
9). Consequently, flow efficiency should have a broader 
meaning than that given by Mutti et al. (1999) (see also 
Mutti, 1979, 1985) and is thus the sum of: 1) the type of 
flow and its capacity to transform, 2) the type of basin 
and its size, and 3) the basin physiography. The latter 
two parameters control how a flow will transform and 
thus how drastic modification can occur in the classic 
facies tracts produced by waning and depletive flows. 
This is clearly shown by the works on the foredeep 
turbidites of Marnoso-arenacea and Cervarola Sandstone 
formations (northern Apennines, Italy) where every 
tectonically controlled stratigraphic unit is characterized 
by a well-determined facies tract (see Tinterri and Muzzi 
Magalhaes, 2011; Tinterri and Piazza, 2019). Thus, a basin 
modification due to the tectonics is always associated 
with a concomitant modification in the type of facies 
tract and in the vertical and lateral facies distribution 
(Figs. 6, 8, 9; see also Muzzi Magalhaes and Tinterri, 
2010; Tinterri and Piazza, 2019). Although various works 
give particular emphasis to the type of feeder system 
and thus turbidity–current triggering mechanisms on 
the type of resulting facies tract (e.g., Mutti et al., 2003; 
Zavala and Arcuri, 2021), this work, while recognizing 
the importance of the feeder system type (e.g., Tinterri 
et al., 2020), emphasizes the key role of the tectonically 
controlled basin morphology on the flow processes, 
highlighting how the basin shape, favoring or hindering 
flow evolution, can control the facies–tract type, which, 
in turn, may become diagnostic of a well-determined 
basin type and physiography and vice versa.
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