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Abstract Riverbeds often fine downstream, with a gravel-bedded reach, a relatively abrupt gravel-sand
transition (GST), and a sand-bedded reach. Underlying this behavior, bed grain size distributions are often
bimodal, with a relative paucity (gap) around the range 1-5 mm. There is no general morphodynamic model
capable of producing the grain size gap and gravel-sand transition autogenically from a unimodal sediment
supply. Here we use a one-dimensional morphodynamic model including size-specific bedload and suspended
load transport, to show that bimodality readily evolves autogenically even under unimodal sediment feed. A
GST forms when we include a floodplain width that abruptly increases at some point. Upstream of the transition,
non-gap gravel ceases to move and gap sediment is preferentially transported. At the transition, non-gap sand
rapidly deposits from suspension, enhancing gap sediment mobility and diluting its presence on the bed.

Plain Language Summary The bed surface layer of many rivers is a mixture of sand and gravel. This
mixture is described by the probability distribution of grain sizes, and in particular by the median size. Consider
the long profile of such a river. Surface median size commonly becomes finer downstream, but often changes
abruptly from a value above 5 mm to a value below 1 mm over a short reach. The range 1-5 mm is termed “gap
sediment.” Here we explain how this abrupt change evolves, even when there is no deficit of gap sediment
supplied to the reach, and even though particle abrasion is not included. The grain size distribution autogenically
develops two peaks, one in the sand range and one in the gravel range above 5 mm. When abrupt floodplain
widening is included, the gravel peak is stronger in the upper reach and the sand peak is stronger in the lower
reach, leading to a relatively abrupt gravel-sand transition. Gap sediment can be diluted both upstream and
downstream by a combination of effects due to bedload and suspended load, so that it dominates nowhere in the
grain size distribution.

1. Introduction

Rivers often show a downstream decrease in bed grain size and slope, producing upward concavity of the long
profile. Downstream fining is usually gradual, with median size D5, decreasing roughly exponentially down-
stream (Sternberg, 1875). However, an exception exists at the gravel-sand transition (GST), where the bed D,
drops rather abruptly from above 5 mm (or in some cases 10 mm) to below 1 mm (Blom et al., 2017; Frings, 2011;
He et al., 2023; Shaw & Kellerhals, 1982; Venditti & Church, 2014; Yatsu, 1955). One phenomenon closely
related with the GST is the bimodality of bed surface texture upstream of the transition, whereby the sediment
grain size distribution (GSD) shows a gravel peak, a sand peak, and a gap in between (Miller et al., 2014;
Sambrook Smith & Ferguson, 1995; Venditti & Church, 2014). The range of this gap is generally reported as
either 1-5 mm (Lamb & Venditti, 2016) or 1-10 mm (Church & Hassan, 2023; Venditti & Church, 2014). In this
paper, we follow the 1-5 mm usage, and refer to it as “gap sediment.” We also define sediment coarser than 5 mm
as “non-gap gravel,” and sediment finer than 1 mm as “non-gap sand.”

The importance of the GST lies in the fact that it defines a fundamental boundary between a gravel-bed river and a
sand-bed river, which are widely seen as distinct in terms of flow hydraulics, sediment transport, and river
morphology (Garcia, 2008). Yatsu (1955) was the first to report the existence of grain size gap and GST. Several
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mechanisms have been hypothesized subsequently for the existence of the grain size gap and GST (see Dingle
et al. (2021) for a more detailed summary). The first hypothesis is related to preferential abrasion/weathering of
sediment. It argues that sediment within the grain size gap is produced neither from hillslope during rock
weathering (Wolcott, 1988) nor from abrasion during sediment transport (Jerolmack & Brzinski, 2010;
Kodama, 1994; Yatsu, 1955). Yatsu (1955) and Kodama (1994) state that fine crystalline gravel in the gap range
can disintegrate directly into sand-size grains. Jerolmack and Brzinski (2010) argue that abrasion of sizes below
10 mm is inhibited by viscous damping. However, viscous damping is most effective for sand-sized grains
(Scheingross et al., 2014). The above hypotheses cannot explain the universal occurrence of the grain size gap
among a wide range of lithologies (Lamb & Venditti, 2016). Also, the transitions in most cases are often too short
in distance for significant abrasion to occur (Ferguson, 2003).

The second mechanism is related to selective transport of bedload under a regime of downstream-declining shear
stress, due to external controls like changes in bed slope or channel width (Ferguson & Church, 2009), backwater
(Sambrook Smith & Ferguson, 1995) and the presence of distributary channels in river deltas (Dong et al., 2016).
The relative rareness of gap sediment on a bed surface has been ascribed to its superior mobility over a gravel-
sand bed (Dingle et al., 2021; Venditti et al., 2010; Wilcock et al., 2001). Some models postulate a bimodal
sediment GSD lacking gap sediment as an a priori assumption for an abrupt GST (e.g., Cui & Parker, 1998;
Ferguson, 2003). To overcome this shortcoming, Venditti and colleagues (Lamb & Venditti, 2016; Venditti &
Church, 2014; Venditti et al., 2015) proposed a third hypothesis related to sand suspension. They argued that sand
transport shifts from washload to bed material load at some point, depositing on the bed and abetting a GST. Until
now, this third hypothesis has not been subjected to comprehensive testing in a morphodynamic model. More
recently, Church and Hassan (2023) supported the hydraulic origin of grain size gap with their experiments using
a very weakly bimodal sediment supply. They observed persistent deposition of non-gap gravel, entrapment of
non-gap sand in interstices of the gravel bed, and preferred transport of the gap sediment relative to finer and
coarser sizes.

Insofar as there is no consensus about why grain size gaps and GSTs exist, we pose the following questions. (a)
Can a bimodal bed surface size distribution emerge autogenically from a unimodal sediment supply with no
abrasion? (b) Will this autogenic bimodality form a GST? We address these two questions using a one-
dimensional river morphodynamic model, with the lower Fraser River, Canada, as a reference case.

2. The Lower Fraser River as a Reference Case

The Fraser River drains southwestern British Columbia, Canada, with a drainage area of 228,000 km?. The river
flows through a 375 km-long sequence of bedrock canyons, and then begins its alluvial reach at Hope, at river
kilometer (RK) 165 (measured from Sand Heads, where the river debouches into the Pacific Ocean; Figure 1a).
The river is gravel-bedded from Hope to the end of Yaalstrick Bar (RK 100.5), with gravel making up 80%-90%
of the bed surface. Sand is mostly carried as suspended load in this reach (Figure 1d) (McLean et al., 1999).
Farther downstream, a GST appears from Yaalstrick to Mission (RK 85), where most of the bed material is sand,
but still some bimodal sand-gravel deposits can be found (Figures 1¢ and 1d). The GST is accompanied by a break
in water surface slope at RK 102, and a break in bed slope at RK 90 (Figure 1c). The river becomes almost entirely
sand-bedded downstream of Mission (RK 85), but some gravel patches persist to RK 48.5, forming a diffuse
extension of the GST (Figure 1¢) (Venditti & Church, 2014; Venditti et al., 2015). The river enters its delta at New
Westminster (RK 34) where delta bifurcation begins. The only significant tributary of the lower Fraser River is
the Harrison River (confluence at RK 117) which contributes 5%—10% of water discharge and negligible sediment
load (Ferguson & Church, 2009).

3. Modeling Scenarios

A one-dimensional river morphodynamic model is applied to examine various modeling scenarios that may
produce bimodality and a GST on the lower Fraser River between the start of the alluvial reach at Hope (RK 165)
and the delta bifurcation (RK 35). We simplify channel morphology to a constant-width rectangular channel and
neglect water and sediment input from tributaries.

The normal flow assumption is used to describe flow hydraulics, the Exner equation with an active layer
formulation (Parker, 2004) is applied for the mass conservation of gravel-sand mixtures, the Wilcock and
Crowe (2003) relation is used for the calculation of grain size-specific bedload transport, and the de Leeuw
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Figure 1. (a) Lower Fraser River, British Columbia, Canada. GST marks the location of the gravel-sand transition. (b) Downstream change in water surface and bed
elevation. (c) Downstream change in median bed surface grain size Ds,. (d) Bed surface grain size distributions near Hope (RK 165), at Yaalstrick Bar (RK 100.5 at the
location of GST), and at Mission (RK 85). Based on Venditti and Church (2014).

et al. (2020) relation is used for the calculation of grain size-specific suspended load transport. The Wilcock and
Crowe (2003) relation is chosen because it (a) allows computation of grain size-specific sediment transport for
sand, gravel and mixtures of the two, and (b) specifically accounts for the enhancement of gravel mobility due to
the presence of sand in the bed, which is hypothesized to play a role in the formation of a grain size gap and gravel
patches downstream of the GST (Dingle et al., 2021; Iseya & lkeda, 1987; Miwa et al., 2022; Miwa &
Parker, 2017). We also include a criterion for the threshold of suspension of Nino et al. (2003) into the calculation
of suspended load, in so far as Lamb and Venditti (2016) suggest it as a driver for the abrupt deposition of sand
from suspension. In the model, we calculate sediment transport only in the channel. Any deposit, however, is
spread across the entire floodplain width, so implicitly modeling long-term behavior as the channel marches
across and reworks the floodplain via migration and avulsion. A detailed model formulation is given in Sup-
porting Information S1 (Text S1). We calibrate the sediment transport relations against field data for the Fraser
River (Text S2 in Supporting Information S1).

Four numerical cases are considered in the main text (Table 1; Text S2 in Supporting Information S1 explains how
the parameter values are determined). Case 1 is used as baseline, with constant flood discharge of 7,000 m> /s, a
flood intermittency factor (Paola et al., 1992) of 0.15, uniform subsidence rate of 2 mm/a, a constant channel
width of 650 m, and a constant ratio between floodplain width to channel width (1) of 5. Subsidence is considered
here as it provides an important control on the morphology (including downstream fining) of large alluvial rivers
at sufficiently long timescale (e.g., over thousands of years). The initial bed slope is specified as 4.3 x 10™*
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Table 1
Summary of Modeling Cases
Case Initial bed surface  Sediment supply ~ Subsidence rate ~ Flow discharge  Flood intermittency ~ Width ratio® Note
1 Measured Capacity 2 mm/a 7,000 m’/s 0.15 55 Baseline
2 Modified” Modified” 2 mm/a 7,000 m*/s 0.15 55 Unimodality
3 Measured Capacity 2 mm/a 7,000 m*/s 0.15 5,50 Floodplain widening
4 Modified” Modified” 2 mm/a 7,000 m*/s 0.15 5,50 Unimodality and Floodplain widening
S1 Measured Capacity 0 mm/a 7,000 m*/s 0.15 5,5 No subsidence
S2 Measured Capacity 10 mm/a 7,000 m*/s 0.15 55 Larger subsidence
S3 Measured Capacity 2 mm/a 12,000 m%/s 0.06 55 Larger discharge
S4 Measured Capacity 2 mm/a 5,000 m*/s 0.27 55 Smaller discharge
S5 Measured Capacity 2 mm/a 7,000 m’/s 0.15 55 Version 2 of de Leeuw relation
S6 Measured Capacity 2 mm/a 7,000 m’/s 0.15 55 Version 3 of de Leeuw relation
S7 Measured Capacity 2 mm/a 7,000 m’/s 0.15 5,50 No Nino et al. (2003) criterion
S8 Measured Reduced 2 mm/a 7,000 m*/s 0.15 5,50 Reduced supply of non-gap sand
S9 Measured Augmented 2 mm/a 7,000 m*/s 0.15 5,50 Augmented supply of non-gap sand

Note. Here “width ratio” refers to the ratio of floodplain width to channel width. *First value is for the upper reach (upstream RK 90); second value is for the lower reach
(downstream RK 90). *“Modified” denotes modification to remove the bimodality.

(similar to the measured bed slope of the gravel-bed reach), and the initial bed surface GSD is identical to ob-
servations near Hope (Figure 1). The fractional sediment supply rate is specified as the computed sediment
transport capacity under the initial bed conditions. The GSDs are discretized into half-¢ intervals in the
simulation.

Since both the measured bed surface GSD at Hope and the GSD of calculated sediment supply show slight
bimodality, we use modified GSDs in Case 2 by slightly adjusting the initial bed surface and sediment supply in
Case 1 to remove any bimodality (Text S2 in Supporting Information S1). This allows us to study whether a
bimodal bed surface GSD or GST can emerge autogenically under unimodal initial and boundary conditions. In
Case 3 and Case 4, we further consider a more realistic floodplain widening downstream of the mountain front, by
assigning a much larger width ratio r5 of 50 in the lower reach (downstream of RK 90). In addition, we also
undertook a sensitivity analysis to explore the effects of (a) subsidence rate, (b) flow discharge, (c) suspended
sediment relation, (d) criterion for incipient suspension and (e) supply rate of non-gap sand (to test whether it
transports as washload). Additional cases for the sensitivity analysis are summarized in Table 1; details of the
sensitivity analysis are shown in Supporting Information S1.

4. Results

The model reaches steady state in 40 ka in all cases. This steady state is characterized by a downstream reduction in
bed slope and bed surface median grain size D5, due to deposition forced by subsidence. In Cases 1 and 2 without
floodplain widening, the reduction in slope and grain size is gradual, without a sharp GST (Figures 2a and 2b). Case
2 shows a smaller steady-state slope and more rapid downstream fining, due to the decreased supply of bed-forming
sediment coarser than 8 mm (see Figure S1 in Supporting Information S1). At the downstream end, D, is over
8 mm (gravel-bedded) in Case 1 but less than 1 mm (sand-gravel-bedded with sand making up 60% of the bed
surface) in Case 2. Both cases document the evolution of a strongly bimodal size distribution of the surface layer
(Figures 2c and 2d). Of particular interest is that the bimodality forms autogenically even with a unimodal sediment
supply and initial bed (Figure 2d). This bimodal channel bed shows a sand peak finer than 1 mm, a gravel peak
coarser than 8 mm, and a grain size gap in between. This gap loosely corresponds to the 1-5 mm gap of Lamb and
Venditti (2016) and the 1-10 mm gap of Church and Hassan (2023).

Compared with the two cases with uniform floodplain width (Cases 1 and 2), abrupt floodplain widening (Cases 3
and 4) significantly changes the steady-state bed morphology downstream of the location where the floodplain
widens (Figures 2a and 2b). Floodplain widening causes a GST to form immediately downstream of the location
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Figure 2. Simulation results for Cases 1-4: (a) longitudinal bed slope at steady state; (b) median bed surface grain size at
steady state; (c—f) steady-state bed surface fractions at different locations, at half-¢ size intervals. For all four cases, steady
state is reached before 40 ka. In (c—f), the line colors denote the locations of the bed surface GSD's; the darker shade of blue
represents a shorter distance from Sand Heads. Initial condition is also shown (dashed lines).

of floodplain widening (i.e., the mountain front). The GST is sharper in Case 3 (weak bimodal supply), where D s,
drops from 15 to 0.7 mm over 12 km, but the GST also occurs in Case 4 (unimodal supply), where D5, drops from
5 to 0.7 mm over 26 km. The GST is also accompanied by a fairly abrupt downstream reduction in bed slope, as
occurs on the Fraser River and many other rivers. Upstream of the GST, strong bed bimodality develops auto-
genically in both Cases 3 and 4, with the gap size again roughly in the range 1-8 mm. Since floodplain widening
drives more rapid downstream fining, the channel becomes nearly completely sand-bedded at the downstream end
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of the computational domain in both Cases 3 and 4, with the gravel (>2 mm) fraction on the bed surface being less
than 3%.

Two key results are highlighted in Figure 2: (a) strong bimodality in the bed sediment GSD can arise from both a
weakly bimodal and completely unimodal sediment supply, and (b) in the case of floodplain widening, a fairly
abrupt gravel-sand transition develops. The bimodality and GST are autogenic in terms of grain size distribution
(no preexisting grain size gap need be imposed), but includes allogenic forcing due to subsidence (bimodality and
GST) and imposed floodplain widening (GST only).

Sensitivity analysis (Texts S3—S7 in Supporting Information S1) shows that subsidence helps drive downstream
fining, as it induces sediment deposition with coarse material preferentially depositing upstream. The larger the
subsidence rate, the stronger is the tendency to develop a stable GST. A smaller flood discharge can lead to a
faster downstream reduction in bed slope and grain size. Our results are relatively insensitive to the choice of
suspended load relation among three options in de Leeuw et al. (2020) and the criterion of Nino et al. (2003) for
incipient suspension.

5. Discussion

Our simulations demonstrate the autogenic evolution of a bimodal bed surface GSD, even with unimodal sedi-
ment supply and initial bed material. Here we further interpret this using sediment mass balance. For any grain
size range, mass balance over a certain time and spatial interval can be expressed as:

Total deposit = Cumulative sediment influx — Cumulative sediment outflux
= Active layer deposit + Substrate deposit (1)

Bedload deposit + Suspended load deposit

Figures 3a and 3b show sediment mass balance for each half-¢ interval size range for Case 2 with no floodplain
widening. The calculation is for the entire 130 km computational reach, over a time range of 0—40 ka, by which
time the channel has reached steady state. For non-gap sand (<1 mm), a large amount of suspended sediment
deposits on the bed (purple line in Figure 3b, with the positive value denoting net deposition from suspended load)
due to the downstream reduction of bed shear velocity. A significant fraction of this sediment deposited from
suspended load continues to move as bedload (green line in Figure 3b, with the negative value denoting net
erosion as bedload), but nevertheless, another significant fraction stays on the bed (the magnitude of the purple
line is larger than that of the green line). The net deposition of non-gap sand as suspended load is larger than its net
erosion as bedload, leading to the sand peak in the bed GSD. For non-gap gravel (>5 mm), a substantial amount of
sediment ceases to move as bedload and deposits on the bed, because the shear stress falls below the threshold for
motion. This leads to the gravel peak in the bed GSD. For the gap sediment in the 1-5 mm range, the amount
deposited on the bed is much less than coarser and finer material (only 16% of the gap sediment influx deposits
within the 130-km computational reach), leading to the deficiency of this size range in the bed GSD.

Our simulation with floodplain widening specifically shows the formation of a stable GST extending over
15-20 km, which roughly agrees with observations in the Fraser River (Venditti and Church (2014)). We
explain the formation of this GST in terms of the spatial variation of sediment flux. The downstream
reduction in sediment load per unit width g, in Cases 1 and 3 is driven by subsidence (Figure 3c). The
floodplain widening in Case 3 leads to an abrupt reduction in g, as the wider floodplain provides more
accommodation space for deposition, which in turn can promote the formation of a “gravel exhaustion GST”
(Dingle et al., 2021). Since water discharge is fixed along the computational reach, the channel adjusts to a
lower gradient, so transporting the reduced sediment load at a lower shear stress (Figure 2a). We further
study the variation of sediment flux for each grain size range. Figure 3d compares the loss of sediment load
between Case 1 and Case 3, in a 20 km reach (RK 73-93) across the GST. It shows that in terms of fraction,
more than 80% of non-gap gravel ceases movement downstream of the point where the floodplain widens. In
terms of volume, floodplain widening significantly increases the deposition of non-gap sand (Case 3 vs. Case
1; see Figures 3d and 3f). For the gap sediment, floodplain widening increases its deposition fraction from
3.7% (Case 1; no widening) to 40% (Case 3, widening). However, the volume of gap sediment deposited
across the GST is still relatively small compared to those of the finer and coarser non-gap size ranges.
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Figure 3. (a) Sediment mass balance for each grain size range for Case 2, for the entire 130 km reach and over the time
interval 0—40 ka. (b) Zoom of Panel (a). (c) Spatial variation of the steady-state sediment flux in Case 1 and Case 3.
(d) Decomposition of Ag, for each size range, with a spatial interval of 20 km from RK93 to RK 73. (¢) Decomposition of Ag,
and Ag,, for non-gap sand and gap sediment, with a spatial interval of 2 km across the GST. (f) Spatial variation of the bed
surface fractions at steady state. A size range of half ¢ interval is applied. Gray labels show the size range of gap sediment
(1-5 mm). Aq = difference between influx and outflux of sediment load per unit width for a spatial interval of interest.
Subscripts “2,” “s” and “b” denote total sediment load, suspended load and bedload, respectively. R is defined as the ratio
between Aq, and the influx of total sediment load per unit width for the spatial interval of interest.
To further study the spatial variation of sediment flux around the GST, we consider different patterns associated
with bedload and suspended load. Figure 3e shows calculated deposition rates within every computational in-
terval (Ax = 2 km) across the GST. For Case 3 (floodplain widening), by far the dominant mode of deposition
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85UB01 7 SUOWIWIOD BA1RR.D 3ot [dde auy Aq peusenob aJe sejoie O ‘85N JO Sa|nJ 10} Afeiqi8UlUO A1 UO (SUOHIPUOD-PUR-SLLIBI W00 A 1M AReiq Ul JU0//Sciy) SUORIPUOD pue S | 38U} 89S *[9202/20/0T ] Uo A%eiqiauluo |1 ‘ouuoe L JO ainiisu| eluioyied Aq 60T60T 19%202/620T 0T/10p/woo’ A im Areiqputjuo'sgndnfie//sdny woy pepeojumod ‘LT ‘v202 ‘2008v76T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL109109

over the study reach across the GST is non-gap sand derived from the suspended load. This deposition rate in-
creases sharply around RK93, tracking the GST itself. It then remains roughly constant at a high value across the
rest of the reach. Non-gap sand derived from bedload is in the net everywhere eroded from, rather than deposited
onto the bed of the reach. The deposition rate of gap sediment from bedload is everywhere positive, but orders of
magnitude below the deposition rate of non-gap sand suspension. The deposition rate of gap sediment from
suspension is, as expected, essentially negligible (gap sediment is not appreciably suspended in this reach).
Figure 3f shows the fractions of non-gap sand, gap sediment and non-gap gravel on the bed surface across the
GST. The fraction of non-gap sand in the bed surface increases from about 0.25 to 0.65 across the transition, as
expected in a GST. The fraction of gap sediment in the bed surface layer, however does not decrease downstream
over the GST, but instead increases slightly from about 0.10 to 0.14.

Our model supports the idea of Lamb and Venditti (2016) that the fallout of suspended sediment can play a major
role in gravel-sand transitions, but our model is relatively insensitive to criterion of Nino et al. (2003) for incipient
suspension (see Text S6 in Supporting Information S1). We find that an abrupt widening of the floodplain is
indeed accompanied by a relatively abrupt fallout of non-gap sand, and a cessation of the non-gap gravel
transport, which together abets the gravel-sand transition itself. If no floodplain widening is present as the river
comes out of the mountains, the GST might be farther downstream, or perhaps not at all. This might be the case for
a heavily channelized river with no access to an adjacent floodplain. Our model also shows a preferential mobility
of the gap sediment as bedload, both over a coarser gravel bed and a sand bed, the mechanisms for which are
explained in Parker et al. (2024). As a result, some of the gap-sized material is retained within the bed deposit
downstream of the transition, but most continues downstream as bedload. That said, the gap sediment is not absent
from the bed, but rather becomes substantially diluted by non-gap sand deposits from suspension fallout, as
suggested by Lamb and Venditti (2016).

Lamb and Venditti (2016) suggested that the transit of sand transport from washload to bed material load plays a
key role in the formation of GST. However, in our model both sand and gravel are calculated as bed material load,
with the consideration that washload is actually an end-member of the suspended bed material load and therefore
should be predicable by a sediment transport relation given the instantaneous bed composition (Einstein &
Chien, 1953; Paola & Parker, 2000). Our simulation results also support the idea the sand is not as “washy” as
expected in the gravel reach, at least according to the definitions of Paola (2001) and Hill et al. (2017) (see Text S7
in Supporting Information S1).

This study is different from previous modeling endeavors in that (a) we implement a full grain size distribution,
both with and without a grain size gap; and (b) we include sediment suspension in our simulation. Cui and
Parker (1998) and Ferguson (2003) simulated the formation of an abrupt GSD, but their models consider only
bedload, and exclude gap sediment. Therefore, their models explain neither the autogenic evolution of sand-
gravel bimodality, nor the role that sand suspension plays in forming a GST. Shimizu (1995) has modeled a
GST in the Ishikari River, Japan, but it appears only when the discharge is near or below the mean annual flow.
Here we focus on steady state results, especially how transport of bedload and suspended load (and the transition
between the two regimes) affect the equilibrium downstream fining and the stable GST. The dynamics of GST
migration due to disturbances in the boundary conditions (e.g., Baumanis & Kim, 2016; Blom et al., 2017; He
et al., 2023; Singer, 2010), is not studied in this paper but merits future research.

Our model has several limitations. Mechanisms that can play a role in certain cases but not considered in our
model include: particle abrasion (Cui & Parker, 1998; Le Bouteiller et al., 2011), local bend and bar sorting
(Frings, 2011), and infiltration of fine grains (Church & Hassan, 2023). The Wilcock and Crowe (2003) relation
increases the mobility of gravel as the volume of sand in the bed surface increases. Wilcock (1998) and Wilcock
and Kenworthy (2002) offer evidence to the effect that a minimum reference Shields number (of order 0.01) holds
for gravel with any sand content greater than 0.3. Miwa and Parker (2017), however, offer evidence indicating that
gravel mobility decreases when the fraction of sand exceeds 40%. In addition, Dingle and Venditti (2023) offer
evidence indicating that gap sediment becomes buried for sand fractions in the bed surface exceeding 80%. The
applicability of Wilcock and Crowe (2003) relation thus merits investigation when applied to a higher range of
surface sand content. In addition, whether or not it is reasonable to combine the Wilcock and Crowe (2003)
relation with the de Leeuw et al. (2020) relation also merits further evaluation with a new, thorough set of data.
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6. Conclusions

A one-dimensional river morphodynamic model is applied to study the evolution of bed material bimodality and
gravel-sand transitions (GST). The model considers downstream fining driven by subsidence, and excludes
abrasion. The lower Fraser River, Canada is used as a reference case, but our methodology and conclusions can be
adapted to other cases. Simulations show that even with a unimodal sediment supply and initial bed material, a
bimodal bed grain size distribution evolves autogenically over time. This bimodality is characterized by a sand
peak, a gravel peak, and a grain size gap in between (~1-5 mm). When a floodplain that widens at some point is
included in the calculation, not only strong bimodality, but also a distinct GST form. The simulated GST spans
less than 20 km.

Two major factors lead to the evolution of bed bimodality and GST: (a) preferential mobility of gap sediment as
bedload both over a coarser gravel bed and a sand bed, and (b) the tendency for non-gap sand to deposit from
suspension and the concomitant cessation of non-gravel bedload in the presence of floodplain widening. When
there is no floodplain widening, gap sediment mostly flows out of the entire system to the delta. This tendency is
damped when there is floodplain widening, but the majority of the gap sediment is still transported beyond the
GST. The portion of gap sediment that is retained in the bed is strongly diluted within either non-gap gravel
upstream or non-gap sand downstream, which abets the formation of bimodality and a GST, in accordance with
the thought experiment of Parker et al. (2024).

Data Availability Statement

Codes used in the analysis are available in the Figshare repository (An, 2023). Data applied in the numerical
simulation of this paper are available in Venditti and Church (2014), Venditti et al. (2015), and Ferguson
et al. (2015).
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