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Abstract
[bookmark: OLE_LINK6]Natural deposits of clastic sediment, attributed to powerful palaeofloods, frequently consist of thick sequences of extensive parallel laminations consisting of sand to fine-gravel-sized particles. Within the existing literature, these stratal units have been attributed to deposition from a suspended load onto a rapidly aggrading bed with little opportunity for reworking by bedload transport. Herein, this supposition is examined and tested within an analytical model that combines an elementary understanding of turbulent, high-concentration, flows and the style of the resultant deposition. 
It is proposed that the turbulence of clear water is modulated by the presence of sediment particles leading to altered hydrodynamic characteristics of the sediment-laden flow, promoting deposition of laminated sedimentary sequences. Using this premise, we show that the extremely high values of near-bed shear stress, in powerful palaeofloods, can result in coarse-gravel particles (> 100 mm) as well as sand being found in suspension at high concentrations.  Due to the momentum of large particles, larger-sized suspended particles are subject to considerable comminution (smashing), due to particle-on-particle interactions, that reduces the overall particle size. Particle-on-particle interactions reduce for finer particle sizes, of less momentum, as they are enveloped within finer-scale turbulent eddies, leading to the development of a suspended sediment profile that is saturated close to the bed.  The high degree of saturation predominately is related to the development of a suspension dominated by the finer size fractions (ca., 1 mm and finer), which leads to suppression of turbulence, thus allowing deposition of fine granules and sand-sized fractions as laminated bed deposits, as seen in the natural clastic deposits. The arguments supporting the development of laminae of fine-gravel and sand from saturated concentrations in natural high-velocity flows are summarized within a conceptual model. 

Plain Language Summary
This study looks at how exceptionally large floods, including prehistoric floods, deposit layers of sand and fine gravel. These layers are often found in old flood deposits and traditionally have been thought to form when suspended sediment settles onto the bed. Using a mathematical model, we tested this idea by studying how fast-moving, sediment-filled water affects the deposition of these materials. Our results show that during powerful floods, the water near the bed is fast enough to keep both large gravel and sand particles suspended in the flow. The larger particles break into smaller pieces as they collide with each other, while the smaller particles get caught in swirling water. This process creates a situation where the water near the bed becomes saturated with fine particles. This buildup of fine particles slows the water's movement, allowing sand and gravel to settle and form layered deposits, which match what we see in natural flood deposits. Our study introduces a new model to explain how these layered deposits form and provides better understanding of how exceptional floods shaped the landscape.
1. Introduction
There is a growing interest in the sediment dynamics associated with prehistoric high-power freshwater palaeofloods (Baker et al., 2021; Carling and Fan, 2020) which primarily have been associated with catastrophic release of water impounded behind natural dams.  Herein, we follow Harrison et al. (2025) and term palaeofloods (discharge often > 104 m3s-1) to be those floods that occurred before instrumental records, whereas historical floods, that have been subject to direct measurement, are generally lesser floods (discharge << 104 m3s-1) caused by specific meteorological conditions, or the breaching of anthropogenically-constructed dams.  Large palaeofloods associated with the Quaternary Period have been well-studied, not least because successful recognition of palaeoflood deposits in the field is an important criterion for defining the former courses and the magnitudes of the floods (Liu et al., 2022).  These studies have modern-day relevance because recent climate change has led to an increase in glacial lake outburst floods from ice and moraine dammed lakes in mountainous terrain (Emmer, 2017; Bhambri et al., 2019; Bazai et al., 2021; Zheng et al., 2021), renewing a focus on the associated deposits.  The character of the sediment deposits from these large, highly-unsteady, floods in some regards are distinct from fluvial deposits found within streams and rivers subject to less powerful floods (Carling, 2013).  In this respect, an accurate interpretation of the hydrodynamic environment that led to the deposited palaeoflood sediment sequences is essential (Carling, 2013; Liu et al., 2022).  Here, using numerical procedures, we present a conceptual model of the deposition processes associated with those palaeoflood sediment beds that consist predominately of coarse sand and fine gravel.  
To set the scene we first outline the overall context. Traditionally, sediment transport in an historical flood conveniently is considered as bipartite phases: a bedload, which may include gravel size-fractions (> 1 mm), moved by tractive forces (close to an otherwise immobile bed), and a suspension load (sand and finer fractions) constituted of particles held aloft by turbulence within the flow.  Within historical floods, the transport rates for both phases are relatively low in contrast to the modelled transport rates within large palaeofloods (Cao et al., 2004; Lin et al., 2022; Song et al., 2022; Guan et al., 2024).  For both historical and palaeofloods, when the power of the flood wave declines, then deposition can occur from one or the other, or both transport phases.  In the case of historical river floods, the deposits are dominated by sediment deposited from bedload, whilst for large palaeofloods a significant contribution appears to have been made by deposition from suspension (Carling, 2013; Carling and Fan, 2020).
Deposits from large palaeofloods can be found within the main channel and also notably within more tranquil re-entrants bordering the former flood course (Dong et al., 2024) where they form distinctive large barforms consisting predominantly of coarse sand and fine gravel grainsize fractions that appear to have settled from suspension (Carling, 2013; Liu et al., 2022).  Thus, the overall aim of this paper is to understand why large palaeoflood deposits that formed beneath main channel flows and within flow eddies have a high contribution from sediment settled from suspension.  This aim is attained by systemically exploring a conceptual framework in which high-concentrations of sediment suspended in flood water lead to rapid accretion of sedimentary deposits at the bed. In order for this aggradation to occur, it is proposed that the turbulence of the clear water is modulated by the presence of sediment particles leading to altered hydrodynamic characteristics of the sediment-laden flow, promoting deposition. The necessary objectives are: 1) to briefly explain the context whereby the sediment dynamics of deposition contrast between historical floods and large palaeofloods; 2) outline how particles at different concentrations and fluid interact within turbulent open-channel flow; 3) develop an analytical framework; 4) present results that show that suspended sediment in large floods evolves by comminution (smashing) towards a grainsize of ~ 1mm or finer, markedly altering the fluid turbulence and promoting deposition. 
2. Context
2.1. Field conditions defining the sedimentary environment
[bookmark: _Hlk179354620]Within the main channel of a palaeoflood, the bedload transport can be intense (Guan et al., 2024) with deep, highly-unsteady, high-Reynolds number flow (Liu et al., 2022) and little apparent opportunity for deposition from suspension.  Consequently, experimental and modelling studies of catastrophic floods have focussed upon the bedload phase within the main channel below clear water or dilute sediment loads (Bohorquez and Fernandez-Feria, 2008; Shi et al., 2019; Spinewine and Capart, 2013), neglecting consideration of high concentrations of suspended load.  However, within flow-marginal re-entrants, flow separation zones (Figure 1: wherein the flow is much slower than within the main flow; Dong et al., 2024) provide the opportunity for rapid deposition of sediment from suspension as well as from bedload transport (Liu et al., 2022).  Sediment, crossing the flow separation line of each re-entrant (Figure 1), moves swiftly from a high Reynolds number environment into a low Reynolds number environment (Carling et al., 2020) wherein mean Froude numbers usually are sub-critical (Carling et al., 2010; Winsemann and Lang, 2020; Carrivick et al., 2013; Benito and Thorndycraft, 2020).  As a consequence, intense deposition, within each re-entrant, tends to occur from suspended sediment with a smaller or negligible bedload component (Liu et al., 2022) and, very rapidly, eddy-bars are built.  As the aggrading bar tops gain in height, the flow depths above the bars are reduced and the near-bed shear stresses and the Reynolds numbers drop (Carling et al., 2020), further promoting rapid deposition of suspended sediment to lower-stage plane beds that are only weakly reworked by bedload transport (Parnachov, 1999; Carling et al., 2002; Carling, 2013).  The bar tops are dominated by deposition from suspension, because as the outer bar margins steepen, the bedload component in the main channels is steered preferentially along the outer bar margins (Liu et al., 2022) with little or no bedload reaching the bar tops as the bars increase towards their final heights.  Note that the bar top aggradation predominately is from unsteady flow introduced from the main flow across the flow-separation line (Fig. 1) by periodic flow pulses known as Kelvin-Helmholtz flow instabilities (Ge et al., 2022). So, importantly, the concentration of sediment in the flow above the eddy bar is not in equilibrium with the bar-top hydrodynamic conditions and sediment flux cannot be considered simply in terms of net sediment entrainment/deposition models developed from a consideration of steady flows (Dorrell et al., 2018 and references therein).  Nonetheless, as we detail below, there are clues from the study of steady flows that may be applied profitably to understand unsteady flows.
In contrast to historical river floods, within large powerful palaeofloods, the suspended load can contain coarse particles, including gravel (Herget, 2005; 2024).  The recognition that palaeofloods can deposit gravel from high-concentration suspensions (Komar, 1980; O’Connor, 1993; Russell and Knudsen, 1999a and b; 2002; Larsen and Lamb, 2016; de Leeuw et al., 2020) is important, as an historical focus on the competence of fluvial systems has led to a reluctant to accept the transport of coarse sediment (especially coarse gravel) within suspension (Carling, 2013; Brenna et al., 2025).  Rather, there has been a tendency to interpret gravel deposits always as owing to cession of bedload transport (Shanmugam, 1997).
To appreciate the concept of suspended gravel, it is necessary to contrast the eddy bar deposits of exceptionally large outburst floods (Carling, 2013) with those of historical river floods of more modest magnitude in sandy and mixed-grainsize systems (Carling and Fan, 2020).  Within sand bedded rivers, including high-energy systems (Carling and Leclair, 2019), sedimentary bar sequences primarily are associated with bedload transport (Strick et al., 2019) with only intermittent suspension from the bedload (McElroy and Mohrig, 2009) and, although there are exceptions (Deng et al., 2007; Venditti et al., 2005), the fully-suspended load can be small (Wright and Parker, 2004; Szupiany et al., 2012).  Suspension transport can be sustained but contributes little to the fluvial sediment deposits (McLean et al., 1999; Lamb and Venditti, 2016).  In mixed sand/gravel-bedded rivers (Dingle et al., 2021), flood deposits commonly consist of bedload-derived interbedded sands in thin sheets (Hagstrom et al., 2018) with pebbles stringers and, where the supply permits, pebble, cobble and boulder bed layers can predominate (Harms et al., 1982; Miall, 1995).  However, bed layers with particles predominately in the range 1 to 5 mm are conspicuously absent (Ferguson, 2003; Lamb and Venditti, 2016; Parker et al., 2024).   In these mixed-grainsize rivers, deposits that can be attributed directly to suspended load usually present as localized thin drapes of sand (McKee et al., 1967; Moody and Meade, 2014; Dingle et al., 2021) or as the infiltrated fines within the void space of the bedload-deposited gravel sheets (Evans and Wilcox, 2013).  
In contrast to historical river floods, exceptionally powerful floods may emanate from natural prehistoric dam failures (Carling and Fan, 2020; Baker and Carling, 2020).  Analysis of the palaeohydraulics of these floods has demonstrated that they can generate bed shear stresses > 103 N m−2, often reaching 104 N m−2 (Baker and Costa, 1987; Baker, 2009).  Importantly, Reynolds numbers can exceed 109, indicating exceptionally-high levels of turbulent mixing (Denlinger and O'Connell, 2010; Carling et al., 2010).  Such values are two orders of magnitude greater than is typical for historical river floods and are commensurate with the largest recorded values from rainfall-runoff historical floods and the failure of the largest constructed dams in the USA (Baker and Costa, 1987; Baker, 1996). 
The high near-bed shear stresses and high Reynolds numbers of these palaeofloods lead to two key differences in transport behaviour in contrast to historical river floods.  Firstly, as explained above, gravel-sized particles are transported frequently in suspension and secondly, collisions between suspended large particles and consequent fracture lead to a suspension load consisting of angular small fragments (Carling and Fan, 2020; Lu et al., 2025; Høgaas et al., 2025).  Consequently, and as will be shown next, the deposits associated with these large floods tend to be distinctive when compared with river deposits.
[bookmark: _Hlk194494009]Although the base of a palaeoflood eddy bar can consist of cobble-beds and boulder-beds due to bedload transport (Carling, 2013), the sedimentary units higher in the sequence, when exposed in large sections, are impressive in that they consist of extensive thick sets of thin laminations (1mm to ~ 10 mm thick) of well-sorted coarse sand, or fine-gravel (chiefly in the granule to small-pebble grades), the latter interspersed with thin sand lenses (Figure 2 and S1).  Individual laminae can be traced across the outcrop for many metres with insignificant changes in the texture and the thickness of each lamination.  Often the sequences are dominated by distinctive self-similar sets of laminations (some 10’s of centimetres thick), that conventionally have been termed rhythmites (Figures 3A and S2a to S5a).  The distinctive lamination, as well as the rhythmic signatures, has been associated with Kelvin-Helmholtz flow instabilities in the plan-view of the flow (Ge et al., 2022), as fluid incursions occur quasi-periodically across the flow-separation lines (Figure 1), inducing pulsed supply and consequent deposition of sediment largely from suspension (Liu et al., 2022).  Thus, there is a presence of fine gravel within laminae, including the 1 mm to 5 mm size range (Figure 3B) that tends to be absent as distinct layers in rivers (Parker et al., 2024).  As noted above, most of these fine particles are angular (Figures 3C, S2d and S2g and S3d, S4d), having been fractured within the suspended load and quickly deposited and buried, such that rounding by abrasion in bedload transport did not occur (Carling and Fan, 2020).  Both fining-upwards and coarsening upwards laminae can occur but there is usually no distinct fabric to the particle orientations (Figure 3C) and grainsize curves for individual laminae are very similar to one another (Figure 4; see also Figures S6 to S8).  Such well-defined lamination is unusual in sediment coarser than very fine sand (i.e., > 0.125 mm; Al-Mufti and Arnott, 2023) and so requires explanation.  Although an exact analogy may not hold, these sandy-granule laminations, from exceptionally powerful floods, are reminiscent of the deposits formed by much finer particles from turbidity currents (Carling, 2013), sediment gravity flows (Al-Mufti and Arnott, 2023) or those deposits associated with suspension-dominated fallout with negligible shear-flow (Amy et al., 2006).  Turbidity currents exhibit suspended sediment-concentrations up to c., 23% by volume (Lowe, 1982; Marr et al., 2001; Shanmugan, 2019); such a value is not associated with most freshwater river flows but may occur close to the bed during exceptional discharges, such as outburst floods.  Nonetheless, the consistent domination of planar contacts between multiple laminae, forming thick sedimentary sequences, argues for a prolonged uniform mechanism of sediment deposition to the aggrading surface.
An important observation in respect to the focus of this paper is that for any sequence of deposits associated with an exceptionally large flood capable of transporting fine gravel, bedforms of ripple-size tend not to be reported in the lower and central portions of these coarse-sand/fine-gravel laminated sequences (Carling, 2013).  Ripples cannot form in sediments coarser than about 0.6 - 0.7 mm (Costello and Southard 1981; Allen 1984; Sumer and Bakioglu 1984; Garcia, 2008, p. 87) as the associated depositing flows are hydraulically rough-turbulent (u*D/υ ~ > 23; where u* is the shear velocity, D is a reference grain size and υ is the kinematic viscosity of the flow).  However, the upper portions of these depositional sequences, when the flood was waning, can include nascent bedforms in coarse sand and granules (Carling et al., 2005; Carling, 2013), which would indicate that, as the flood wave evolves, the depositing flow transitions (u*D/ν ~ < 23) towards hydraulically smooth-turbulent conditions (u*D/ν ~ < 5; Liu, 1957) allowing bedforms to start to form (Yalin 1972; Allen 1984).  The conditions whereby the flow transitions from fully rough-turbulent to smooth-turbulent are considered within the Discussion.
Given the above summary, a hypothesis was developed: “Laminated sequences of fine gravels are deposited from high-concentration flows that are characteristic of exceptionally large powerful floods.”  This paper seeks to provide a hydrodynamic interpretation of the flow conditions associated with the depositional processes.  In the next section we consider the flow conditions within the suspended particle-laden flow.
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	Figure 1 Example of hydraulic model of a floodway along a valley consisting of constrictions and expansions, the latter providing valley-side re-entrants: a) Simplified flow streamlines (white curves) and main flow directions (red arrows) highlight separated flow zones (FSZ) within several valley-side re-entrants; b) Approximate positions of the flow separation lines (FSL- yellow curves) emanating from flow separation points (FSP), along which vorticity exchanges flow from the main channel into and out of the flow separation zone as shown schematically by the white arrows. Redraw from Dong et al., (2024) with permission.
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Figure 2 Section beneath eddy bar-top depicting fine-gravel beds largely deposited from suspension in the Nujiang River valley, eastern Tibet (97°14'39.72" E, 30° 5'0.47" N; altitude 2776 m asl). Note that at distance, deposits appear massive but with close inspection extensive near-horizontal lamination is evident.  Occasional thin cobble and boulder beds, occurring within the lower portion of the section, are interpreted as due to bedload incursions due to vorticity crossing the FSL, before increasing bar height precludes deposition on the bar top from bedload transport.  Isolated boulders also occur which, for paraglacial environments, have been regarded as dropstones from ice-flows (Carling, 2013). Gravel pods and isolated ‘floating’ cobbles or ‘floating’ boulders are also evident in the section that are also atypical of fluvial deposits (Carling, 2013; Carling and Fan, 2020) but the significance of these are not considered herein. The person is 1.8 m in height.
[image: ]
[bookmark: _Hlk195540535]Figure 3  Palaeoflood bar deposits along the margins of the Yarlung Tsangpo River (29.121492 N; 92.683603 E; altitude 324.58 m asl) typify catastrophic freshwater sedimentary sequences found worldwide (Carling, 2013). a) Horizontally-bedded laminated coarse sand, granules and small pebbles show evidence of deposition from pulsating flow that results in fining-upward rhythmic units of deposition of similar thickness. White brackets define every other rhythm; b) When viewed closely, lamination can appear amalgamated although some systematic coarsening and fining upwards is evident within individual rhythms; c) Thin beds of comminuted angular granules and small pebbles coarsen and fine upwards with chaotic particle orientations.  
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	Figure 4: The grainsize distributions of 29 sequential individual laminations in the vertical within a palaeoflood bar deposit at the margin of the Yarlung Tsang River.  a) log-normal plot shows clearly the dip in the size distribution around 0.68 mm at which point two size distributions (coarse and fine) meet; b) log-log plot shows clearly the straight-line size distribution of the finer population of particles that is typical for a comminution distribution (Carling and Fan, 2020).  Note the paucity of particles finer than 0.075 mm. The overall spread of each grainsize distribution is similar one to another, indicating a consistent mechanism of deposition to the aggrading surface from a suspension of uniform grainsize distribution. The deficiency in the coarser grainsizes is due to comminution of the largest particles in suspension (Lieberwirth and Kühnel, 2021).  The coarse size distributions consist primarily of residual, hard, elongate (anisometric) particles of foliated metamorphic rock that have resisted comminution, whilst the finer grainsize ranges consist predominantly of residual, hard, isometric particles of quartz (Figure S9 to S13).  The mean grainsize of all 29 samples is 0.23 mm (s.d. 0.03).


2.2 Particle-fluid interactions within turbulent open-channel flow
In open-channel flows, solid particles modify the fluid motions in their vicinity, whereas the fluid imparts forces and moments to the particles.  In addition, there are complex interactions between particle collisions in suspension (Elgobashi, 1994; Zhang et al., 2023), and between bedload particles impacting the boundary (O’Regan et al., 2023).  All these effects are induced by the turbulent fluid flow as well as by gravity promoting particle settlement and deposition.  Turbulence modulation in particle-laden water flows is complex, due to interrelated mechanisms: i) energy transfer through the drag force, ii) particle-eddy interactions; iii) turbulence production caused by the formation of wakes and vortex shedding; iv) energy transfer due to particle trajectories crossing, and; v) the added fluid mass that moves along with particles (Hoque et al., 2024).  In summary, particle interactions are mediated by turbulence within the fluid which, in turn, is modulated by the presence of particles.
These various mechanisms of turbulence modulation in particle-laden water flow, may depend on several parameters that include particle size, particle shape and concentration, as well as the dimensionless numbers: Reynolds number, Stokes number, the particle diameter to integral length scale ratio, and the particle to fluid density ratio, which parameters are defined within the ‘Analytical Framework’.  Despite considerable research effort taking different approaches, the specific controls on turbulence modulation by the presence of high suspended particle concentrations remain elusive (Cao et al., 2003; Balachandar and Eaton, 2010), although for low concentrations the effects of particles on turbulence are relatively slight (Lyn, 1991, 1992; Best et al., 1997; Muste et al., 2005).  Nonetheless, two primary contrasting results have been identified: either turbulence is attenuated, or turbulence is enhanced (Tsuji and Morikawa, 1982; Gore and Crowe, 1989; Rogers and Eaton, 1989, 1991; Hetsroni, 1989, 1993; Gore and Crowe, 1991; Kulick et al., 1994; Elghobashi and Truesdell, 1993; Elghobashi, 1994; Crowe et al., 1996).  These several studies, amongst others, demonstrated that the presence of larger particles within the flow tend to increase turbulence intensity (Wang and Larsen, 1994; Niño and Garcia, 1998; Balachandar and Eaton, 2010), whilst increasing concentrations of smaller particles tend to reduce turbulence intensity (Gore and Crowe, 1989; Tsuji and Morikawa, 1982; Tsuji et al., 1988; Muste and Patel, 1997; Rathore et al., 2025).  
Noted above was the role that particle comminution might play in reducing suspended sediment grain size.  Because particle fracture in suspension has hardly been studied (Lu et al., 2025), herein we do not address the role of suspended particle collisions and comminution in any detail.  Limited investigations indicate that particle collisions in turbulent flows are low for coarse grains at high Stokes numbers but may increase for Stokes numbers of around 6 and less, possibly peaking at Stokes number equal to 0.4 before reducing as small particles are enveloped in the turbulent flow structures and the Stokes number approaches zero (Sommerfeld, 2001).  Particle collisions are believed to have negligible effect on the flow properties directly, except in high-concentrations close to the bed (Egashira et al., 1989; Egashira et al., 1997; Zhang et al., 2023).  However, high-energy impacts between particles in suspension due to turbulence, will lead to particle fracture and a reduction in size of the particles constituting any given volumetric concentration. Interactions between suspended particles increase as the concentration increases (Hetsroni, 1989; Balachandar and Eaton, 2010), contributing significantly to energy dissipation for concentrations greater than ca., 10% (Batchelor and Green, 1972).  Thus, although comminution does not directly affect the volume concentration, it does reduce the grain sizes within the overall size distribution of the suspended load, the number of particles in suspension and hence the settling behaviour of the mixture (Dorrell et al., 2018).  Cao et al. (2003) noted that the presence of a concentration of suspended fine particles attenuates turbulence more dramatically than the presence of coarse particles.  So, as comminution progresses within a broad grainsize distribution, there will be a propensity for the flow to become less turbulent where concentrations are the highest, near the bed.  A strong gradient in the suspended sediment near-bed concentration profile will develop, especially where there is a mixed size range of particle (including granules; Parker et al., 2024) which can lead to density stratification and a consequent reduction in the vertical shear stress profile of the flow (Gelfenbaum and Smith, 1986; Cao et al., 2003).  The bed constitutes the potential depositional surface (Lee and Durst, 1982; Ljus et al., 2002) within a large flood flow.  Above this surface, for flow conditions that conventionally promote suspension from the bed, modulation of the near-bed turbulence (Pedinotti et al., 1992; Hoque et al., 2024) by increasing high concentrations of suspended particles leads to a situation whereby the coarser and denser suspended particles tend to concentrate and then accumulate on the surface (Zaza and Iovieno, 2024).  The promotion of steady deposition from suspension thus leads to sustained accretion that suppresses any bedload transport.  This latter point is included within the analytical framework.   
3. Analytical framework
3.1 Modulation of turbulent flow by suspended particles: influence of grain size, concentration, and Stokes Number
[bookmark: OLE_LINK7]The difficulty in designing facilities sufficient to suspend gravel size fractions in high velocity flows means there are no published data on turbulence modulation in experimental flows with high-concentrations of suspended grainsizes > 1.8 mm.  Rather, progress has been made largely through numerical simulation. Vanoni (2006; p152) argued that, despite high concentrations of sand-sized and coarser particles, if the concentration of silt and finer fractions was less than 6% (see Figure 4) then the flow could be considered as Newtonian, which is an assumption we adopt herein when selecting hydrodynamic equations to describe flow behaviour.  In this respect, we rely on notable summary conclusions with respect to published experiments of the Newtonian flow dynamics of grainsizes < 1.8 mm to develop an analytic framework. For low particle concentrations there is no turbulence modulation, but turbulence intensity tends to attenuate as the concentration increases (Yang, 2006) to a relative concentration by volume of at least 10 - 15% (Sheen et al., 1994; Vreman, 2007; 2015); subsequently, flows transition firstly to hyperconcentrated flow (10 - 20 %) Van Maren et al., 2009) and subsequently to debris flow (ca., 30 %; Egashira et al., 1997; Hernandez-Moreira et al., 2019). Turbulence data for the higher volume concentrations largely are absent. A critical grain size is around 0.7 – 1 mm, with suppression of turbulence increasingly occurring for smaller grain sizes and intensification occurring for larger grain sizes (Goedde, 1978; Hoque et al., 2024; Bennett et al., 2014). Smaller particles are accelerated by, and move within, the turbulent flow structures suppressing turbulence whereas larger particles create wakes that disrupt the boundary layers around particles, thus increasing turbulence (Hetsroni, 1989; Zhao et al., 2013). Parker et al. (2024) expressed this behaviour in terms of settling of particles < 1 mm being viscosity-dependent, versus a viscosity-independent behaviour for particles > 5 mm, with transitional behaviour in between. Overall, significant suppression of turbulence close to the boundary (Hetsroni, 1989), due to the presence of fine suspended particles at a high concentration, can result in smooth-turbulent near-bed flow, in contrast to the rough-turbulent near-bed flow (Streeter, 1971) often associated with low particle concentrations, the latter condition typical of river flow (Bennett et al., 2014; Parker et al., 2024).
[bookmark: OLE_LINK14]Turbulence intensity tends to attenuate farther from the boundary as particle size and concentration increase at higher Stokes numbers (Kulick et al., 1994). The Stokes number (St) is defined latterly, but a critical Stokes number, separating flow conditions wherein turbulence is not attenuated from flow conditions in which turbulence is attenuated, lies within the broad range 0.01 to 9.0 (Hoque et al., 2024) for flows of highly variable characteristics. Within this range, St = 1 has been suggested as an important reference value (Elghobashi, 2006) as, at this value and below, small particles interact with the flow and remain suspended, whereas for St > 1, large particles are not responsive to the flow, being dominated by inertia and tend to settle due to gravity (Hoque et al., 2024). These simple rules have been challenged (Tanaka and Eaton, 2008; Lucci et al., 2011) and all methods based on a consideration of the Stokes number have been shown to fail to discriminate flow behaviour in some conditions, mostly notably as St tends to >> 1. Yet, considering the simple St behaviour as proposed by Hoque et al. (2024) and Elghobashi (2006), it is evident that if the concentration is high and sustained, particle comminution due to coarse gravel-sized particles colliding in suspension will reduce the particle size towards the granule and sand-sized fractions (Carling and Fan, 2020), thus promoting the suppression of turbulence and driving the fully-turbulent flow towards a smooth-turbulent condition.  However, the effect of particle comminution on turbulence suppression is hardly addressed in the published literature and as noted above, there are no experimental data for suspensions of particles coarser than 1.8 mm; grain sizes that often constitute the laminated sedimentary sequences within outburst flood eddy bars (Figures 3, 4 and S2 to S5). Nonetheless, the general effects of high near-bed suspended sediment concentrations mediating flow interactions with the bed are well-known, as is explained next.
For sand-sized particles in river flows, the equilibrium suspended sediment concentration (capacity) is reached with volume concentrations usually less than 1% (Winterwerp, 2001), for which condition entrainment from the local bed below the concentration profile is not possible.  However, as grain-to-grain interactions are negligible at these concentrations, turbulence production is sustained.  As sediment loads exceed the equilibrium value, deposition to a static bed tends to occur although turbulence is otherwise sustaining the suspension (Winterwerp, 2001).  Herein, when the concentration at any hight above the bed equals the near-bed reference concentration, we term those concentrations ‘saturated’. These concentrations exceed the equilibrium values. Because saturated concentrations (due to exceptionally high shear stresses in palaeofloods) exceed the equilibrium value, the source of the suspended sediment that settles rapidly to the bed must be from upstream.  The critical concentration at which grain-to-grain interactions begin to significantly affect flow behaviour has been reported to vary between 6% - 15% by volume (e.g., Bagnold, 1954; Sheen et al., 1994; Vreman, 2007; 2015; Ge et al., 2022), with settling velocities reduced sharply for particles < 1 mm once concentrations exceed ~ 20% (Goedde, 1978).  The critical concentration values at which settling velocities are reduced tend to converge for a range of particle sizes > 1 mm due to the complexity of grain-to-grain interactions (Goedde, 1978).  This behaviour can be explained in principle as, for dilute concentrations below 6%, turbulence is the main grain support mechanism (Bagnold, 1954; Vellinga et al., 2018). In contrast, the turbulence grain support mechanism becomes less effective when suspended concentrations exceed ~ 20% by volume (Faddick, 1975) and grain collisions become increasingly important.  For concentrations > 20%, Faddick noted that inter-particle collisions of suspended particles significantly attenuated turbulence, thus suppressing vigorous fluid-particle interactions with the bed. Indeed, Kawashima et al., (1978), for any given velocity, found an inverse relationship between the degree of interaction between the particles in the suspended load and the bed as the concentration increased from 4% to 36% by volume.   
If the near-bed suspended concentrations approach 30%, flow conditions become transitional to debris flow (Parker et al., 2024) wherein fluid turbulence is fully-suppressed and suspension from the bed does not occur.  In summary, from the analysis above (see also Hoque et al., 2024), we can conclude that particles finer than ~ 1-2 mm in open-channel flow will tend to supress turbulence at high concentrations (> ~ 10%), whilst large particles in suspension only significantly augment turbulence when St > 60 (Hoque et al., 2024).  Thus, for concentrations of granule-sized particles > ca., 10%, near-bed suspensions will tend to collapse (Winterwerp, 2001; de Leeuw et al., 2020; Parker et al., 2024).
3.2 Analytical model of palaeoflood sediment deposition
Based on the reasoning presented in the previous section, an analytical framework for the kinematic process of palaeoflood suspended sediment particle interactions is described as follows. An analytical model of sediment-water dynamics starts with a hypothetical unit volume palaeoflood hydrograph that varies through time, rapidly increasing to a peak value and then decreasing in accord with a near-Gaussian distribution of discharge through time (Figure 5). The values of discharge associated with this hydrograph constrain all other parameters considered below.  The variation of the discharge is:  
Rising limb：
	

	(1)


Falling limb：
	

	(2)


where Q is discharge (m3/s), Q peak is peak discharge (m3/s), T is time (hours), Tpeak is time corresponding to the peak discharge.  
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	Figure 5 Schematic diagram of a hydrograph. Blue line and orange line are the rising limb and falling limb of the hydrograph, respectively. qpeak and Tpeak are the unit-width peak discharge and the time at which the peak discharge occurs, respectively.


In this study, the total duration of the hydrograph is defined as 24 hours, with the peak discharge occurring at the 4th hour (𝑇peak = 4 hours). The hydrograph shape assumed reflects dam-break processes characteristic of landslide dam outburst floods (Garcia-Castellanos and O'Connor, 2018; Ruan et al., 2024; Yang et al., 2022), debris flow dam outburst floods (Ruan et al., 2021), glacial lake outburst floods (Worni et al., 2012), and Martian crater lake outbursts (Goudge et al., 2023), based on comprehensive references spanning from model-scale experiments to prototype events. We summarized the control parameters of the hydrograph in Table S1 as the input for analytical model.
To simplify the hydrodynamic process and generalize our model, we use a unit-width discharge to derive flood hydraulics by the continuity equation:
	
 ,
	(3)


where h is the water depth (m) of the flow and u is average flow velocity (m/s). Because such large floods might vary in surface water width, for example up to 1000 m, we model a unit-width hydrograph with a peak discharge per unit width of qpeak = 1000 m2/s, for which the total peak discharge (Q) is a megaflood (Q ≥ 106 m3/s; Baker, 2022; Carling and Fan, 2022) if flow width is 1000 m.
u is derived from the Darcy-Weisbach equation (Braat et al., 2024; Burr et al., 2006; Larsen and Lamb, 2016):
	
,
	(4)


where u* is shear velocity (m/s) and Cf is a dimensionless friction coefficient, that for a plane bed beneath fully developed turbulent and hydraulically rough flows is regarded as constant (0.1161; Lamb et al., 2015; Parker et al., 2024). 
[bookmark: _Hlk198554938]Assuming quasi-steady flow at incremental time-steps through the hydrograph, , the shear velocity, is derived from Eq. 5.  This approximation is a reasonable assumption for gradually- varying flood waves or outburst flows with large temporal scales (Amy and Dorrell, 2021; Lamb et al., 2008; Lamb and Fonstad, 2010; Ovchinnikova et al., 2025): 
	
,
	(5)


where g is the acceleration due to gravity and s is the channel slope.  Here, we used the slope in the middle reaches of the Yarlung Tsangpo River as an example, as this area is characterized by numerous thick sequences of fine-gravel lamination formed by outburst floods (Figures 3 and S1 to S5).
The boundary shear stress can be determined as:
	
,
	(6)


where  is the density of water. 
Once entrained, sediment particles of a given size are transported in three phases: bedload, suspended load and wash load depending on the value of u*. In this study, the focus is upon coarse particles in suspension and so we do not consider wash load.  The movability number m, defined by (Bagnold, 1966), is used to distinguish the transition between bedload and suspension as determined by the ratio of the downward component (bed shear stress) and the upward component (settling velocity):
	
,
	(7)


where Ws is the particle settling velocity. The critical movability number, mc, separating bedload from suspended load, has been defined by slightly different values (Braat et al., 2024; Burr et al., 2006; Carling and Fan, 2020; Valentine, 1987), but herein we adopt mc = 1.0, following Garcia (2008) and Turzewski et al. (2019). For the settling velocity, we considered a wide range of particle sizes (1-100 mm), and used a modified settling velocity equation from Sadat-Helbar et al. (2009) that includes cobble-sized material:
	
,
	(8)


where D is the particle diameter (m); ρs and ρ are the particle density (kg/m3) and the water density (kg/m3), respectively. 
To better understand the flow characteristics in the analytical model, we calculated the Reynolds number Re and Froude number Fr of the flow:
	

	(9)

	
.
	(10)


[bookmark: OLE_LINK15]For equilibrium suspensions, the reference sediment volume concentration is given by the following equation (Parker et al., 2024):
	
,
	(11)


[bookmark: OLE_LINK9][bookmark: OLE_LINK10]where Cb is the near-bed reference concentration of suspension load (Sb) distributed in the vertical. α is a dimensionless constant, give as α = 1.3×10-7(Garcia and Parker, 1991). Zu, a similarity parameter, is derived following Parker et al. (2024):
	
  
	(12)

	

	(13)

	
 ,
	(14)


where Rf is the dimensionless settling velocity and D* is the dimensionless particle diameter.
The vertical suspended sediment concentration profiles were calculated using the Rouse (1937) equation:
	
,
	(15)


for which the depth averaged concentration (C*) is:
	
,
	(16)


where Sb(y) is the sediment concentration of at elevation y above the river bed, yr is a  near-bed reference height and yr = 0.01h (van Rijn, 1984) is given to calculate Sb. K is the von Kármán constant (0.41).  , the Schmidt number (υ/δM, where δM is the mass diffusivity), depends on both flow and sediment conditions. For clear water conditions, β = 1, but for high concentrations of suspended sediment (Umeyama, 1992), β < 1 where turbulence tends to be suppressed by fine particles (Carstsens, 1952; Lee et al., 2015) and β > 1 where turbulence tends to be enhanced by larger particles (Singamsetti, 1966; Tsujimoto, 2010).
In an effort to better identify variations in the strength of turbulence, the dimensionless parameter, the Stokes Number (St), is introduced to describe the effect of the size of sediment particles on turbulence modulation:
	
,
	(17)


where Tp  is the particles response time Tp within turbulence is defined by Eq. 18 ( Rogers and Eaton, 1991; Cao et al., 2003;):
	
.
	(18)


The turbulence timescale Tk is defined by Eq. 18 ( Elghobashi, 1994; Cao et al., 2003):
	
,
	(19)


where, λ, a turbulence characteristic length scale, is characterized by the Taylor mixing length (Cao et al., 2003):
	

	(20)



The root-mean-square value of the streamwise velocity , along with the turbulence dissipation rate ε, are both calculated using the Eq. 21-23 provided by Nezu and Nakagawa (1993).
	

	(21)

	

	(22)

	
.
	(23)


The turbulent kinetic energy, k , is commonly used as an indicator of the capacity for sediment suspension in flowing water. To quantify this effect, we calculated the turbulent kinetic energy using the following equations (Noh and Fernando, 1991; Pope, 2000):
	
.
	(24)


The Taylor mixing length (λ) varies with the Schmidt number. Pope (2020) represented this variability as:
	
,
	(25)


where cμ = 0.09 is an empirically-derived constant (Pope, 2000, p. 374). We return to Equation 25 within the Results section.
There is little agreement on how to calculate the Taylor mixing length ( in high-concentration flows at large scale (Lyn, 1987; Lyn, 2008; Kovacs, 1998; Kumar et al., 2024) and, as our focus is limited to derivation of basic principles, a precise expression for  is not required.  Rather than scaling  to a gross length-scale of the flow system (Hutchinson et al., 1971; Bradshaw, 1974; Lyn, 2008), we assume that  is a variable that scales with the strength of turbulence, e.g.,  in clear water (Nezu and Nakagawa, 1993), with an expectation that the rate of energy dissipation will decrease at high concentrations (Li et al., 2001; Bennett et al., 2014) leading to a reduction in the value of  (Bennett et al., 2014).  Because turbulence eddies generally increase in size away from the boundary, so will the value of , such that for a deep palaeoflood it is evident that the range of length scales for turbulent eddies will include values much greater than a characteristic deposited particle size (Fan et al., 2023).  However, smaller eddies will dominate near the bed due to higher shear forces and viscosity effects.  Consequently,  should decrease towards the boundary.  As the grainsize in suspension is reduced through comminution, the very high sediment concentrations of fine particles suppress turbulence (Bennett et al., 2014) with turbulence suppression most prominent when (Gore and Crow, 1989; Raffel et al., 2018) as small particles are enveloped in the near-bed turbulent eddies (Hoque et al., 2024). 

[bookmark: OLE_LINK8]4. Results
4.1 Variation in key parameters during the hydrograph
We first present a summary of the variation in key parameters throughout the representative hydrograph (Figure 6).  At this point, we only need to make two signal observations. First, to note that the parameters values are high when compared with those associated with historical river floods (Baker and Costa, 1987; Baker, 2009; Baker et al., 2021). Second, to note that the Reynolds number rises from ~ 107 at the beginning of the hydrograph to 109 at peak flow before falling towards 103 near the end of the flood (not illustrated).  Because the water depth is large throughout the hydrograph, the Froude number remains sub-critical, Fr ≈ 0.32. The theoretical variation in the suspended sediment concentration profiles for points of time throughout the hydrograph are shown in Figure 7 and described in the next section.  
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	Figure 6 Variation in key parameters through the representative hydrograph; a) Discharge per unit width; b) Mean velocity; c) Shear velocity; d) Bed shear stress. 	Comment by Paul Carling: You wanted to change this to Boundary but throughout we have referred to bed shear stress
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	Figure 7: Non-dimensional volumetric suspended sediment concentration profiles for selected grainsizes. a) sampling points at 2-hour intervals from hour 2 to hour 16 for throughout the representative hydrograph; b-i) individual profiles of sampling points in a). The grey lines in panel b highlight grainsizes of 1, 5 and 10 mm (see main text). 	Comment by Paul Carling: Are the three grey lines for these size fractions?


4.2 Development of saturated suspended sediment concentration profiles during the hydrograph
[bookmark: OLE_LINK13]Although there is considerable uncertainty about how to model the vertical distribution of high-concentration suspensions, most accepted procedures are based on the Rouse formulation (Winterwerp, 2001) with debate as to the appropriate value of the coefficient  in Equation 15 (Li et al., 2020).  For high concentrations of fine particles, Vanoni (2006) showed that  could be as low as 0.49. Setting   to equal 0.49 tended to result in only weak suspension of the coarser particles, but nonetheless saturated conditions developed for the finer grainsizes (< 15 mm) throughout 5 to 35% of the flow depth (Figure S14).  In contrast, setting  equal to 1, coarser grains (> 15 mm) were suspended, with the saturated layer thickening to occupy 20 to 40% of the flow depth with the latter thickness sustained throughout much of the flow hydrograph (Figure 7).  Given that coarser particles are commonly found within palaeoflood deposits (Figure 2), the results below pertain to the condition where β = 1.

Within Figure 7, non-dimensional sediment concentration profiles are shown for points in time throughout the hydrograph for eight water depths.  Although grainsize fractions (e.g., 100 mm) coarser than 50 mm are suspended, for clarity we only plot particles ranging in size between 1 mm and 50 mm.  Within panels b-i, it may be seen that the smaller the particle size, the higher the point in the water column where the concentration agrees with the reference concentration), both in the rising and falling phases of the flood.  Above this point, the concentration profiles are concave upwards. Specifically, as each curve reaches, the related value of  gradually increases as the particle size decreases.  Take Figure 7b as an example, wherein there are plotted four grey dashed lines for selected grainsizes.  Note that the near-bed layer, where, is regarded as saturated  and the thickness of this layer decreases as the grainsize coarsens (note that the right boundaries of the grey lines all correspond to, i.e., the area below each grey line represents the same concentration as the reference concentration). In other words, as the particle size increases,  is decreasing, yet the near-bed saturated layer remains thick.  These observations are summarized within Figure 8, wherein the thickness of the saturated layer is for the most readily suspended size fraction (1 mm)
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	Figure 8 Variation in the degree of flow saturation throughout the hydrograph for finer size fractions. A) Variation in the height of the saturated layer for the finest grainsize fractions (1 to >5 mm); B) Variation in the non-dimensional height above the bed (solid curves) at which Sb tends to zero (curve for the 5 mm fraction is not shown as it is coincident with that for 1 mm gravel at the scale of the plot).  The variation in the thickness of the saturated layer (pecked curves) as defined by the thickness of the basal saturated layer where Sb/Cb = 1for the 1 mm, 5 mm and 10 mm size fractions.


thickens rapidly to occupy up to 40% of the depth during the hydrograph, before thinning towards the end of the hydrograph (Figure 8A).  Maximum thicknesses decrease as grainsizes increase, reinforcing the saturation close to the bed. So, for the 5 mm fraction the maximum thickness of the saturated layer is 25%.  As the water depth increases and the stress on the bed increases (Figure 6), the finest fractions (1 to 10 mm) are soon found near the water surface (y/h ~ 1; Sb ~ 0) although the upper 60 to 85% of the water column remains unsaturated depending on stage (Figure 8B).
Although our suspended sediment concentration profiles for gravel (> 1 mm) are based on theory, we have confidence in their general form as similar concave-upward profiles, lying above markedly thick near-bed high-concentration suspensions of granules (1.2 mm), were produced within experimental flows ( by Bennett et al. (2014).  As our flow has the competence to sustain a very high near-bed concentration, c.,  for each fraction coarser than 5 mm, particles of all sizes must interact to provide an overall expected near-bed concentration of ~ 30%.  However, deposition to the bed will have started to occur once the capacity of the flow was exceeded, such that in nature the flow would not likely reach 30% concentration.  The finest fractions (e.g., 1 mm) are more evenly distributed throughout the water column, leading to a relatively low near-bed concentration for our simulations () as was also observed by Bennett et al. (2014) for 1.2 mm particles.  These results indicate that steady-state saturated suspended sediment concentration profiles are achieved early within the hydrograph and are sustained throughout the event, such that there would be little propensity to entrain additional particles from the bed once saturation was reached and so the concentrations must be sustained from an upstream source.  Indeed, an increased likelihood of deposition will occur; a point addressed within the Discussion. 
For each size fraction it is evident that the modelled high concentration layer for a range of grain sizes is relatively thick, and this is especially the case for grainsize fractions < 10 mm. Such high concentrations of particles will result in a reduction in turbulence and a potential transition from rough turbulence to smooth turbulence conditions just above the bed, about which more is said latterly. The thick, high concentration layer, which persists throughout much of the hydrograph, only collapses near the end of the event but develops initially due to the high mean flow rate and commensurate high near-bed shear stresses (Figure 6) that are substantially higher than those associated with normal river floods (e.g., Quick et al., 2023).   
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	Figure 9 Variation of the Stokes number (St) with relative height in the water column for given suspended grain sizes. The grey pecked line is St = 9 and the green pecked line is St = 1. 


4.3 Suppression of turbulence during the hydrograph
Although the flood hydrograph clearly has sufficient power to sustain saturated suspended sediment concentrations through a substantial part of the flow depth, the variation in the Stokes number throughout the hydrograph (Figure 9) shows that the high Stokes numbers for coarser grains will promote comminution of these larger particles to generate smaller particles with lower values of the Stokes number.  Thus, comminution will continuously feed finer particles to the near-bed suspension.  Note also that the range of Stokes numbers throughout the water column includes values below the value of 9, even at peak flow depth. Values less than 9 commonly are associated with a degree of attenuation of turbulence (Hoque et al., 2024) with substantial attenuation occurring for the finest particles when St < 1.  The significance of these two threshold values is made clear within Figure 10 wherein the Stokes number for 50 mm particles is less than 9 for at least 44% of the duration of the hydrograph. Finer particles have St values less than 9 for substantially longer periods of time, mostly on the waning limb, at which time deposition will be most intense, with the value lying below St  = 1between 4% of the time (D = 3 mm) and 67% of the time for D = 1 mm.  For these conditions, the turbulence intensity should be significantly suppressed (Bennett et al., 2024; Wright and Parker, 2004) within the saturated suspended sediment layer. 
[image: ]
Figure 10  Variation of the Stokes number for individual grain sizes throughout the hydrograph. The grey pecked line is St = 9 and the green pecked line is St = 1. Panels a through f represent y/h = 0.05, 0.2, 0.4 ,0.6, 0.8 and 0.95 respectively. 
To demonstrate the suppression of the TKE is not straight-forward, as high-concentrations of suspended sediment within the lower portion of the boundary layer can modify the flow structure, including producing a non-log layer. Herein we assume that a log-profile is sustained, although the near-bed shear stress will be reduced as concentrations increase (Gelfenbaum and Smith, 1986; Cao et al., 2003). There is no agreed way to demonstrate the exact effect of higher concentrations suspensions on the reduction in , and the consequent effect on the TKE production so, at this point, we provide a reasonable example. Pope (2000, p.379), amongst others (see Li et al., 2020), varied the Schmidt number (β) to demonstrate the effect of high concentrations on the TKE production (Equation 25).
As was noted in the preceding section, Vanoni (2006) showed that β could be as low as 0.49 in fully-turbulent flows with high suspended loads, Setting β = 0.49 results in an effective reduction in the value of K from 0.41 for clear water to 0.2, which would be an extreme modification. Rather, we adopt β = 0.71 to provide a less extreme example (Figure 11, Table S1), that we surmise is commensurate with the suspended sediment concentrations reported above.
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	Figure 11 Effect of high concentration of suspended sediment on turbulence production, where the clear-water condition is given by β = 1 and the saturated condition is represented by β = 0.73. 


Note that within Figure 11, although the TKE is reduced throughout the water depth with the change from clear-water to high concentrations of particles, the overall trends of the TKE distributions are similar, Nonetheless, for any given height above the bed (y/h) the reduction in the value of TKE is substantial.
5. Discussion
5.1 General points related to modelling
In developing an approach to explain the unusual characteristics of suspension deposition within exceptional water floods, the authors are keenly aware that, perforce, the model is conceptual although embedded within a quantitative framework.  The model was developed primarily with reference to the literature on high-concentration open-channel flows, although recourse was made the behaviour of high concentrations of fine particles within small, experimental, closed conduits.  This broad approach can be justified, as Hoque et al., (2024) observed that generally similar behaviour is observed in open-channel and closed conduit flows.  Moreover, system behaviour is described using standard parameters, often non-dimensional, allowing a degree of extrapolation to the behaviour of exceptional flows greater than the scale of flows that have been studied experimentally.  
Considering the condition whereby 0.49 < β ≤ 1 results in differences in the size fractions found in suspension but nonetheless a saturated layer always develops.  Thus, the results from the modelled sediment-laden hydrograph indicate that suspension-saturated conditions occur readily, such that suspended gravel particles will deposit to the bed, especially as the particle sizes that are of a smaller diameter than the near-bed mixing length suppress turbulence.  However, note that in both the model and within nature, turbulence may not always be fully suppressed. This conclusion is supported by the lack of fines < 0.075 mm within individual laminae constituting a natural deposit at the margin of the Yarlung Tsangpo River (Figures 4, and S6 to S8).  In that example, turbulent flow was sufficient to keep the finest material suspended, and so flushed from the system, as coarser fractions were deposited. Although we have not attempted to calculate the reduction in the near-bed vertical shear stress profile due to the density stratification depicted within Figure 7 and 8, any such transformation will promote further deposition (Cao et al., 2003). Note that the calculations herein are for deposition to the bed beneath a steadily-varying hydrograph, whereas we noted in the Introduction that often deposition occurs due to transfer of high velocity sediment-laden fluid across a flow separation line (Figure 1) into a relatively low velocity embayment wherein flow speeds rapidly reduce (Liu et al., 2022). The latter conditions are more akin to the experimental situation where suspension-dominated fallout occurs with negligible shear-flow at the bed surface (Amy et al., 2006), which should reinforce rapid deposition, as is considered next.  
5.2 Collapse of suspended sediment concentration profiles
The presence of sharp inflections in the gradients of the suspended sediment concentration profiles was used by Noh and Fernando (1991) to develop a criterion to define when such a density stratification occurs.  They argued that the interaction between turbulence and particle diffusion results in the development of a point of inflection of the concentration profile across which the diffusion of particles and the propagation of turbulent energy are inhibited. For larger particles with greater settling velocities and for lower particle concentrations the inflections weaken.  As noted in the Results, the form of the concentration profiles (Figure 7) supports the presence of such a near-bed saturated layer. Noh and Fernando (1991) used dimensionless criteria, and , to examine the behaviour of such sediment laden flows. 
	
	(26)

	
	(27)


 where a vertical velocity, at y/h≈0, L is a mixing length equivalent to λ. Whereas Noh and Fernando (1991) used a depth-averaged concentration (C*) in Equation 27 to represent the conditions throughout the flow depth, we utilize the reference concentration to better represent the saturated layer. R represents the propensity for suspended particles to settle towards the bed and G is equivalent to a Richardson number, describing the competition between buoyancy and turbulence.  When G is large, turbulence is suppressed, enabling saturation to develop, whereas when it is small, vertical mixing is strong, enhancing sediment flux away from the bed. Noh and Fernando (1991) varied the empirical constant c1 as 0 < c1 < 5 to account for hindered or enhanced settling. Equation 26 is functionally similar to the moveability number (see Equation  7), that was set to unity to separate bedload from suspension load, so a value of c1≈1 is appropriate here to discriminate suspension from deposition.
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	Figure 12 Variation in the parameter  for individual grain sizes throughout the hydrograph.  Panels a through f represent y/h = 0.05, 0.2, 0.4 ,0.6, 0.8 and 0.95 respectively. 



As  increases (Figure 12), the thickness of the saturated layer decreases (Noh and Frenando, 1991), so the values of  greater than 1 on the rising hydrograph indicate that the potential fully-saturated layer is initially thin and the fall in  towards peak discharge (T = 4 hrs; Figure 6a) is consistent with the growth in the thickness of the saturated layer seen within Figures 7 and 8.  However, it is evident that the saturated layer collapses within the latter portion of the hydrograph as  rises sharply, which should result in rapid bed aggradation.  The tendency for the saturated layer to form is better illustrated by considering the behaviour of  with time (Figure 13).  Figure 13, in effect, is a numerical representation of the qualitative interpretation of the growth and decay of the saturated layer depicted within Figure 8.  Setting  in Equation 26 is appropriate for the interpretation of these results, as the quantified behaviour of the system illustrated within Fig. 13 is then consistent with the qualitative behaviour observed within Figure 8.  Specifically, the saturated layer becomes well-established when  > 0.5, being dominated by finer grainsize fractions.  Conversely, if the vertical component of velocity was dominant,  , then for  a saturated layer would tend to occur throughout the hydrograph, which is contrary to our observations.  Similarly, if the settling velocity was dominant () shear-dominated turbulence () would result in conventional concave-up suspended sediment profiles present throughout the hydrograph, which also is contrary to observations (Figures 7 and 8).  
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	Figure 13 Variation in the parameter  for individual grain sizes throughout the hydrograph. Broken green line represents c1 → 0, broken grey line represents c1 = 1, broken yellow line represents c1 = 5. Panels a through f represent y/h = 0.05, 0.2, 0.4 ,0.6, 0.8 and 0.95 respectively.
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Figure 14 Variation in the depth-averaged suspended sediment concentration (C*) as a function of G/R2. As labelled in panel a, the blue and grey horizontal lines separate the three phases: Dilute C* < 10-2 ; transitional 10-2  ≤ C* < 10-1 ; hyperconcentrated C*  ≥ 10-1.
The considerations above have focussed upon the behaviour of individual particle sizes, especially within the saturated layer. Although very high concentrations were recorded close to the bed (i.e., Sb = 0.3), Figure 14 in contrast shows the effect of the changing flow conditions on depth-averaged suspended sediment concentration (C*) wherein the concentration classes are labelled in accord with the notation of Fukuda et al. (2023). At the beginning of the hydrograph, coarser particles (near the bed) are entrained into suspension but hyperconcentrated conditions only just begin to develop throughout the flow depth for the finer size fractions at peak flow and immediately thereafter. Nonetheless, transitional flow conditions are sustained throughout the flow depth for the finer fractions (i.e., 1 to 5 mm) for the duration of the flow event, owing to the persistent high values of G/R2, reflecting the sustained supply and deposition of finer particles, particularly towards the end of the event (Figures 12 and 13).


5.3 General relationship of flow conditions to the stratigraphy
The presence of broad particle size distributions in suspension throughout the modelled hydrograph inevitably leads to enhanced vertical concentration stratification near the bed, followed by the collapse of the concentration profile towards the end of the hydrograph (Figures 7, 8, 11 and 12), which drives continued bed aggradation and generally suppresses any bedload transport (Parker et al., 2024).  In the numerical model, we do not address bedload transport, as all size fractions considered were in suspension and the bedload component of the natural palaeoflood deposits under consideration is negligible (Carling, 2013).  Despite the high velocities, the Froude number for the simulated hydrograph remains low, due to the large flow depths.  Subcritical Froude numbers also pertain over bar tops within flow separation zones (Carling et al., 2020) leading to aggradation to a lower-stage plane bed.  Thus, the relatively hydrodynamic tranquillity of flow within a re-entrant is not conducive to bed scour (Liu et al., 2022).  Consequently, the bar tops within flow-separation zones are dominated by depositional sequences of laminated, lower-stage, plane beds. The poorly-developed fabric of individual laminae (i.e., no preferred particle orientations) is an indication of the lack of reworking by bedload as particles deposit; rather, particles are rapidly buried with random long-axis orientations (Carling, 2013).  The frequent amalgamation of indistinct thin laminations (Carling, 2013) reflects the very rapid continued deposition from suspension, leading often to very thick sedimentary sequences (Figure 2).  Rhythmicity in deposition from suspension (Figure 3) may be related to strong vortex incursions (Carling, 2013; Liu et al, 2022) across the flow-separation line (Figure 1), as may the occasional episodes of weak traction transport resulting in coarse gravel stringers (Figure 2).  However, the present hydrodynamic model cannot replicate the short-term variation in flow parameters including the detail of planview Kelvin-Helmholtz instabilities.
In the absence of hydrodynamic data from experimental flow conditions related to deposition of gravel laminae from suspension within sub-critical flow, the fine-sediment experiments of Amy et al., (2006) provide a possible analogue to the conditions we have produce numerically.  In the experiments of Amy et al. (2006), only mud and sand-sized fractions were utilized, but high suspended sediment deposition rates occurred as currents rapidly decelerated and near-bed shear stresses were insufficient to sustain suspensions above the bed.  Relatively high rates of laminated bed aggradation occurred from these experimental hyper-concentrated flows.  In nature, as with palaeoflood laminations, these thin laminations in fine sediments can extend laterally for many tens of metres with little variation in thickness, yet the process of their formation is still poorly understood (Al-Mufti and Arnott, 2023).  It would not be appropriate to extend the analogy between lamination in muddy-sand and within fine gravel without further experimentation and numerical modelling, as the detailed near-bed conditions (viscous sub-layer scale) may differ radically when comparing a sand bed and a gravel bed (e.g., Sharma and Kumar, 2021).  Yet, as the style of deposition and the hydraulic conditions clearly are broadly similar for both sandy sediments and for fine gravel, further investigation is warranted.  
5.4 Summary deposition model
In the Introduction it was proposed that the turbulence of the clear water is modulated by the presence of sediment particles leading to altered hydrodynamic characteristics of the sediment-laden flow, promoting deposition.  The arguments presented within the Results and within the Discussion above support the premise.  Similarly, the hypothesis that laminated sequences of fine gravels are deposited from high-concentration flows, characteristic of exceptionally large powerful floods, is equally supported.  Below, the arguments presented above are summarized conceptually within Figure 15.
Figure 15 depicts the flow conditions related to continued bed aggradation as laminae. Although the natural particles will be angular we use spheres to illustrate the constituent particles as they enhance the visual clarity more effectively than random angular shapes. Figure 15a represents the initial rising stage of the hydrograph during which suspended sediment concentrations are relatively low and yet high enough to allow a thin saturated layer (SL) to develop above the bed (i.e., .  These saturated conditions allow aggradation of thin laminae to the static bed as near-bed turbulence is suppressed as indicated by the high near-bed values of . By the time the peak flow is attained (Figure 15b), the near-bed region of turbulence suppression has thickened, associated within a thick saturated layer, and frequent particle collisions result in a sustained contribution of comminuted finer particles to the suspension. On the falling stage (Figure 15c) the rate of deposition remains high due to reducing flow competence even though the saturated layer is thinning. The rate of deposition to the static bed likely is high as  values are sustained which may account for some of the thicker (c. 10 cm thick) unlaminated beds noted within field examples of deposits (Figure 3). Towards the end of the event (Figure 15d) the bed continues to aggrade due to the persistence of a thin saturated layer as well as declining competence.  
Although we have shown the bed as aggrading due to the superimposition of individual laminae, the actual mechanisms related to the formation of individual laminae remain unclear and may relate to short-period unsteadiness in the flow (Carling, 2013) leading to simple unsteadiness in the depositional process. However, poorly-understood processes of how layers of particles final stabilize beneath unsteady flow with high-concentrations of granules may be involved.  Specifically, the potential development of rapid variation in near-bed shear driving repetitive gliding layers of particles (Coussot, 2025) may lead to lamination (Vroljik and Southard, 1998).  The latter process involves the expulsion of interstitial fluid as the particles within the depositing laminae rearrange (Baas, 2002), potentially within a laminar sub-layer if turbulence is sufficiently suppressed.  Aspects of this latter scenario are outlined in the final section below. 
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	Figure 15 Summary model of deposition of laminae from palaeoflow that develops saturated suspended sediment conditions above the bed surface. a) flow conditions within the first hour of the rising hydrograph; b) peak flow around the fourth hour; c) flow conditions around the 8th hour on the falling hydrograph; d) flow conditions around the sixteenth hour on the falling hydrograph at which time the discharge is less than within panel a. 


  5.5 Rough to smooth bed transition close to the bed?
The detail of the flow conditions related to the stabilization of individual depositing particles at the bed surface beneath saturated flow is not well understood, with publications reporting conflicting results and interpretations (Al-Mufti and Arnott, 2023).  Consequently, we can only provide some broad comments here.  In considering the equations describing the flow and particle interactions, the fluid viscosity has been considered to be a constant (for a given temperature) as is appropriate for Newtonian fluids.  However, high concentrations of suspended sediment (> c., 10%) disrupt the fluid particle motions and distort the viscous drag exerted by the closely-spaced particles on the fluid (Batchelor and Green, 1972) including the turbulent eddies close to the bed, complicating the settling and final stabilization behaviour of individual particles and group of particles (Fan et al., 2023; You and Tinoco, 2023).  If non-Newtonian flow conditions develop as the flow saturates, then transport of coarse particles in suspension can occur at the same time as deposition is occurring to an aggrading bed (e.g., Matoušek et al., 2021; Pullum, 2023); a flow condition which is outside the scope of this paper.  
Despite these complications, the situation whereby a fully-turbulent particle-laden flow is replaced by smooth-turbulent particle-laden flow has been associated with the deposition of thick units of laminated sediment (Vellinga et al., 2018; Hernandez-Moreira et al., 2019), albeit of finer grainsize than considered herein.  Given that it has long been known that increasing the near-bed suspended sediment concentration towards saturated flow promotes a transition from fully rough-turbulent conditions to smooth-turbulent conditions (van Rijn, 1984; Coleman, 1986; Krogstad et al., 1992; Ligrani and Moffat, 1986; Schultz and Flack, 2007), a focus is required on the near-bed conditions.  In this respect, Al Mufti and Arnott (2024) have suggested that, within high concentration flows, a transition from rough-turbulent to smooth-turbulent flow occurs near the aggrading bed surface, that results in periodic episodes of shear-thinning, shear thickening and consequent particle jamming that results in textural variations of lamination similar to that seen in geological field sections of palaeoflood deposits. Nonetheless, the presence of near-bed turbulence is indicated as sedimentary rhythms fine-up, or coarsen-up, with ungraded beds being less evident.   
The arguments above have been developed from hydrodynamic principles guided by the interpretation of sedimentary successions in the field and numerical modelling; the latter initially to determine the scale and power of palaeofloods (Baker and Costa, 1987; Baker and Carling, 2020.) but advanced herein to consider deposition from suspension.  It should be stressed that there are no empirical hydrodynamic field data to support the notion of such catastrophic behaviour in sediment-charged flows as we describe.  Nonetheless, it is important to recognize the extent of turbulence damping that seems to occur near the base of palaeofloods, especially during the falling hydrograph when there will be a greater propensity for deposition of suspended sediment.  Modelling the near-bed portion of the flood flow, including the viscous sub-layer, is beyond the scope of this paper. Yet, it is evident that although detailed physical experiments in high-velocity, high-concentration flows may shed light on the near-bed processes related to the formation of extensive lamination, numerical modelling will be required to tease-out the complexity of the near-bed flow that can then be linked to the formation of synthetic stratigraphy. With respect to the development of synthetic stratigraphy, greater attention needs to be given to the grain-scale and fabrics of large-flood laminated sequences in field settings, to inform the interpretation of both laboratory and numerical modelling results.  
6. Conclusions
An analytical model developed using hydrodynamic relationships that pertain to high concentrations of suspended sediment in deep, high-velocity palaeofloods shows that near-continuous deposition of suspended sand and granules can occur during a hydrograph from material supplied from upstream with very high rates of deposition occurring towards the end of the event.
The approach used herein provides a unified model, linking the hydraulic characteristics of the flow through the size-distributions of the suspended material, to the depositional stratigraphical record.  The suspended sediment concentration profile quickly becomes saturated, suppressing turbulence and driving rapid intense deposition of fine gravel and sand during large floods.  The preferential size distributions used within the model produce sedimentation outcomes that are broadly consistent with the observed characteristics of the deposits of exceptional floods. 
The final narrow size distribution of the material deposited from suspension reflects partitioning due primarily to turbulent sorting but the process is fed by particles that have been comminuted (smashed), which reduces the quantity of coarser particles in suspension.  The rapid deposition from a saturated suspension to an aggrading bed largely precludes bedload transport.  
Although this study has drawn largely on sedimentary information from prehistoric palaeofloods, landscapes now are responding to hydroclimatic extremes related to anthropogenic warming. The present day is witnessing extreme rainfall and runoff, as well as natural dam failures, which may lead to specific high energy flood sedimentary signatures in the depositional record. Understanding the processes associated with palaeoflood deposition is critical to constrain modelling of more recent sediment-laden flooding, including failures of tailings dams and water impoundments. 
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