
1.  Introduction
River bed sediments gradually fine downstream in the absence of lateral inputs, until median grain sizes 
reduce to 5–10  mm (Paola et  al.,  1992; Rice,  1999; Sambrook Smith & Ferguson,  1995; Sternberg,  1875; 
Yatsu, 1955). At this point, there is then an abrupt reduction in grain size to sand that can occur over a distance 
as little as a few channel widths, called the gravel-sand transition (GST) (Dingle et al., 2017, 2021; Ferguson 
et al., 1996, 2011; Frings, 2011; Kodama, 1994; Sambrook Smith & Ferguson, 1995; Shaw & Kellerhals, 1982; 
Venditti & Church, 2014; Yatsu, 1955). The GST is marked by a change from a framework-supported gravel to a 
matrix-supported sand bed structure (Frings, 2011; Venditti & Church, 2014). A related phenomenon is a gap in 
riverbed sediment size distributions between ∼1 and 5 mm (Carling & Reader, 1982; Shaw & Kellerhals, 1982; 
Trampush et  al.,  2014; Udden,  1914). The bounds of the grain size gap may vary, but the phenomenon are 
so ubiquitous that there is a paucity of river beds with median bed grain sizes of ∼1–5  mm on Earth (e.g., 
Dingle et al., 2021; Lamb & Venditti, 2016). The GST, grain size gap and absence of fine gravel bed rivers are 
interrelated. Experiments with bimodal sediments can produce GSTs (e.g., Gran et al., 2006; Paola et al., 1992; 
Sambrook Smith & Ferguson, 1995; Wilcock, 1998; Wilcock et al., 2001) and numerical models of downstream 
fining where bimodal or binary grain size distributions are imposed produce a sharp grain size transition from fine 
gravel to sand (An et al., 2020; Blom et al., 2017; Cui & Parker, 1998; Ferguson, 2003; Hoey & Ferguson, 1994; 
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Parker & Cui, 1998). Sharp transitions from medium gravel to sand leave little room for rivers with a fine gravel 
bed in the downstream fining profile.

There are several proposed reasons for the grain size gap including (a) viscous damping of particle collisions 
limiting the production of fine gravel sizes (Jerolmack & Brzinski,  2010), (b) preferential abrasion of fine 
gravel grain sizes (Kodama, 1994; Shaw & Kellerhals, 1982; Yatsu, 1955), (c) an absence of fine gravel produc-
tion at weathering sites (Wolcott,  1988), (d) transport mode separation where fine gravel is present but split 
between gravel and sand bed reaches of a river (Lamb & Venditti,  2016; Venditti & Church,  2014; Venditti 
et al., 2015), and (e) hydraulic sorting of gravel where gap sizes are preferentially entrained in bedload (Church & 
Hassan, 2023). Viscous damping is not a likely cause of the gap because experiments have shown that collisions 
are not damped in the gap sizes (Scheingross et al., 2014). While preferential abrasion of gap sediments may 
occur in mechanically weaker lithologies (e.g., Kodama, 1994), gap material is common in energetic shallow 
marine environments (e.g., Jennings & Shulmeister, 2002; McLean, 1970) and in gravel bed subsurface deposits 
(e.g., Ferguson et al., 1989; Gomez et al., 2001; Mason et al., 2019), suggesting that preferential abrasion of fine 
gravel is not a universal cause of the grain size gap. Similarly, source limitations may locally explain grain size 
gaps (e.g., Wolcott, 1988), but gap material is often present on hillslopes (Sklar et al., 2017, 2020), suggesting 
this is not a universal cause.

There is more supporting evidence for grain size gap development through hydraulic sorting and transport mode 
separation. Early documentation of the grain size gap suggested that it occurred because of the preferential 
entrainment and transport of fine gravel (Russell, 1968; Sundborg, 1956; Udden, 1914), but no specific mech-
anism was invoked by these earlier works. Depletion of fine gravel is a common observation in experiments of 
gravel bed transport (e.g., Elgueta-Astaburuaga & Hassan, 2017, 2019; Elgueta-Astaburuaga et al., 2018; Hassan 
et al., 2020). Church and Hassan (2023) experimentally show that 1–8 mm grains tend to outrun both larger and 
smaller grains in a sediment mixture on a gravel bed, enhancing bimodality because the bed becomes enriched 
in relatively immobile >8 mm grains, while sand infiltrates the bed, and fine gravel runs out of the experimental 
flume.

Size selective transport in gravel-sand mixtures is a well-documented phenomenon where increasing sand content 
increases the gravel transport rate until the sand content is so great it buries the gravel (An et al., 2019; Curran 
& Wilcock, 2005; Hill et al., 2017; Ikeda & Iseya, 1988; Jackson & Beschta, 1984; Venditti et al., 2010a, 2010b; 
Wilcock, 1998; Wilcock & Kenworthy, 2002; Wilcock & McArdell, 1993, 1997; Wilcock et al., 2001). Gravel 
transport is enhanced by the addition of finer sediment due to a hydraulic smoothing effect where finer particles 
fill the pockets between the coarser gravel, increasing near bed velocity and reducing the flow resistance of the 
bed (Venditti et al., 2010a, 2010b). This enhances the mobility of coarse particles as the velocity differential 
around protruding particles causes larger drag forces on those particles (Venditti et al., 2010a). The smoothing 
effect can only be effective where the pockets of the gravel are filled with finer sediment.

The propensity of finer sediment to infill pockets in a gravel surface is dependent on a grain size ratio calculated  as

𝐷𝐷∗ =
𝐷𝐷50𝑐𝑐

𝐷𝐷50𝑓𝑓
� (1)

where D50c and D50f are the median sizes of the coarser bed and finer sediment feed, respectively (Hill et al., 2017). 
At D* > 20, fine sediment percolates through a gravel framework while at D* < 2 a gravel bed will aggrade, but 
without mobilizing the coarser fraction (Hill et al., 2017). When 2 < D* < 20, the fine sediment fills pockets 
on the gravel matrix due to bridging of grains in the pores of the gravel, enhancing the mobility of coarser sedi-
ment (Dudill et al., 2020; Hill et al., 2017). Bridging occurs when fine sediment jams between grains blocking 
deeper infiltration and occurs when the feed is fine enough to infiltrate into the upper layer of a static bed (a 
depth equivalent to 2.5–5 times the largest particles) but too coarse to percolate freely into the subsurface (Dudill 
et al., 2017, 2020; Gibson et al., 2010). Whether this geometric argument extents to grain size fractions and ratios 
beyond gravel and sand (e.g., gravel feed onto a cobble bed) is unknown, but the absence of abrupt grain size 
transitions between other grain size fractions would suggest this is not purely a geometric effect (e.g., Parker 
et al., 2023).

Transport mode separation may also cause the grain size gap. Lamb and Venditti  (2016) argued theoretically 
that the grain size gap can emerge due to Reynolds number effects on the bedload and suspension entrainment 
thresholds which prevent the formation of riverbeds composed of 1–5 mm particles. They showed that the shape 
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of bedload and suspension threshold curves indicate that when the 90th percentile of a grain size distribution 
(D90) disperses from the bedload, the finest particles (D10) in suspension transition from washload to suspended 
bed material load, forming persistent sand deposits on the bed. The shape of the bedload and suspension thresh-
old curves leads to a dramatic change in the behavior of the median size (D50) at a formative shear velocity 
u*f = 0.1 m/s and a restricted range of hydraulic conditions under which gravel beds composed of 1–5 mm can 
exist. When u*f > 0.1 m/s, gravel bed conditions exist because gravel is transported as bedload and sand is trans-
ported as washload, without persistent deposits on the bed. When u*f < 0.1 m, fine gravel disperses and persistent 
deposits of sand develop, forming a sand bed. Lamb and Venditti (2016) argued that this effect could produce a 
bimodal grain size distribution because the effect could split the supplied gap material between gravel and sand 
bed deposits so that it appears to be depleted.

GST is an excellent place to explore the grain size gap because it is the location in the fluvial system where the gap 
is best expressed and where the presence of the gap has morphological consequences (e.g., Dingle et al., 2020). 
The presence of the gap causes GSTs in bedload dominated systems (Ferguson, 2003; Ferguson et al., 1996; Paola 
et al., 1992; Wilcock, 1998) and sharpens the grain size reduction across the transition (Lamb & Venditti, 2016). In 
a companion paper, we used a phenomenological flume experiment to examine sediment dynamics across the GST, 
specifically focusing on changes in sand transport across the GST (Dingle & Venditti, 2023). We formed a gravel 
wedge where particles were at the threshold of motion, then fed sand onto the gravel wedge and found that sand is 
carried as washload when gravel is at the threshold of motion. At the terminus of the gravel wedge, there is a change 
in suspension dynamics where the washload transitions to the bed material load at u*f of ∼0.1 m/s. In this initial 
experiment, particles in the grain size gap range were not present in the initial bed or sediment feed grain size distri-
butions. Here, we undertake a further experiment to specifically explore the behavior of grain size gap material at 
GSTs. The objective of our experiment is to (a) examine how gap gravel behaves in the gravel bed and sediment 
feed at the GST, (b) explore how sand deposition from washload influences selective entrainment of gap gravel, 
and (c) determine the morphological consequences of washload deposition and gap gravel behavior at the GST.

2.  Methods
2.1.  Experimental Design

Grain size gap material was introduced into the experiments in three ways. The first six runs of our experiment 
(Runs 9–14) were designed to examine how a stable GST responds to variations in the size of supplied sediment. 
We separately added a fine grain size gap (FGG; 2.5–5.6 mm) feed and a coarse grain size gap (CGG; 5.6–8 mm) 
feed onto a stable GST composed of non-grain size gap (NGG; 8–16 mm) gravel, and then repeated the runs with 
differing quantities of gap-sized material mixed into the bed. The final two runs (Runs 15–16) were designed to 
examine the effects of a sand feed on different bed distributions of clean gravel containing various quantities of 
FGG and CGG (with no initial sand content).

Following Dingle and Venditti (2023) we elected to study gravel exhaustion GSTs in Runs 9–14 where we built 
a stable GST that was temporally and spatially fixed, with gravel at the threshold for entrainment and a constant 
sand feed. The justification for this is based on observations from gravel bed rivers where gravel is transported 
only a few days or weeks per year, during which sand is carried as washload without forming persistent deposits 
on the bed and gravel is at the threshold of motion (e.g., McLean, 1990; Reid et al., 2007). During the rest of 
the year, gravel mobility is limited in many natural gravel bed rivers, but sand is transported continuously (e.g., 
Church et al., 1991; Kuhnle, 1993; Wathen et al., 1995; Wilcock, 1998).

Global analysis of GSTs has established that the only universal morphological characteristic is an abrupt reduction 
in grain size from fine gravel (often 5–10 mm) to sand grain sizes (Dingle et al., 2021). As such, in Runs 9–14, we 
focused on forming a gravel wedge characterized by ∼5–10 mm grain sizes that was at the threshold of motion; 
then, we fed sand to mimic the deposition of sand from washload and create a stable GST in the flume. We then 
turned on a grain size gap feed to examine how these grain sizes interact with the gravel reach and the stability 
of the GST. Runs 15 and 16 were designed to examine the behavior of grain size gap gravel mixed into a wider 
gravel bed distribution with a sand feed. In these runs, the initial bed was entirely gravel with no GST in the flume.

Our experiments are phenomenological and not designed to replicate or serve as a scaled model of a natural 
river channel, but instead to study granular dynamics that occur at GSTs. We selected a relatively short flume 
(5  m) because it allowed us to isolate the suspension deposition mechanism without the complications of 
downstream fining and profile concavity that are widely thought to occur due to selective transport, particle 
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abrasion, and in situ weathering. We selected a narrow flume width (34 mm) to eliminate cross-stream trans-
port, lateral sorting, 3D bedform and bar formation, but wide enough to avoid particle jamming (Church & 
Zimmermann, 2007). The narrow flume also allows direct observation of all grains in motion in the channel, 
which is an important component of our study. The use of narrow flume experiments is an established approach 
to explore granular dynamics that may be applied to our understanding of sediment transport in fluvial systems 
(e.g., Ancey & Pascal, 2020; Benavides et al., 2022, 2023; Deal et al., 2023; Dudill et al., 2017, 2020; Frey 
et al., 2020; Pascal et al., 2021). Our experiment takes advantage of the “unreasonable effectiveness” approach 
to geomorphology experimentation (Paola et al., 2009) and we only scale parameters that we expect control the 
processes of interest. In doing so, we are testing whether a particular set of variables is capable of producing a 
phenomenon.

Care must be taken in extrapolating from unscaled phenomenological experiments to natural systems (Paola 
et al., 2009). Nevertheless, we designed the experiments so that the grain size ratios match those found in natural 
channels at the GST, and were able to maintain transport stages that are also comparable to natural channels. That 
suggests that our experiments are able to replicate the granular dynamics of interest, even though direct extrapo-
lation to fluvial systems is not possible.

Our experimental flume tends to produce trans- and super-critical flows at shear stresses large enough to produce 
gravel transport. Particle dynamics are controlled by lift and drag forces that are set by the distribution of fluid 
velocities of a particle. The drag (FD) and lift (FL) forces on a submerged particle are calculated as

𝐹𝐹𝐷𝐷 = 0.5𝜌𝜌⟨𝑢𝑢⟩
2
𝐶𝐶𝐷𝐷𝐴𝐴� (2)

𝐹𝐹𝐿𝐿 = 0.5𝜌𝜌⟨𝑢𝑢⟩
2
𝐶𝐶𝐿𝐿𝐴𝐴� (3)

where ρ is the density of water, u is the local velocity and the angle brackets denote a spatial average over A, 
the upstream facing surface area of the particle exposed to the flow, CD is a drag coefficient, and CL is the lift 
coefficient that must be estimated empirically (Lamb et  al.,  2008, 2017; Schmeeckle et  al.,  2007; Wiberg & 
Smith, 1987). Neither Equations 2 or 3 have a dependence on the Froude number, but Flammer et al.  (1970) 
showed that dra significantly increases with shallows due to particle surface wave effects, so one could argue 
that the presence of surface waves could impact the drag and lift forces that affect sediment entrainment and 
transport, but only in very shallow flows (h/D < 1). Lamb et al. (2017) explored how CD and CL are affected by 
relative submergence by directly measuring CD and CL in shallow flows and found that when the particles are not 
fully submerged, the CL is affected by surface waves. However, when fully submerged (h/D > 2), the drag and lift 
coefficients showed little variability with the Froude number (Lamb et al., 2017). The relative submergence with 
trans-critical and super-critical flows in our experiment is between 2 and 5, so it is reasonable to surmise that the 
Froude number in our experiment had no impact on particle lift and drag force distributions.

2.2.  Experimental Setup and Procedure

The experiment was conducted in a 5 m long and 34 mm-wide flume (Dingle & Venditti, 2023). Water was recir-
culated but sediment was not. A 50 mm high block inserted at the end of the flume prevented bed sediment from 
washing out. Flow spilled over the block at the end of the flume with no upstream effects. In all experiments, 
a gravel bed was placed in the flume, then separate sand and in some instances gravel feeds were introduced at 
constant rates using two sediment hoppers at the top end of the flume. The composition of the initial bed and 
sediment feed was varied systematically to examine the behavior of the gap material (Table 1).

In Runs 9–12, a stable GST was developed using the same experimental procedure outlined in Dingle and 
Venditti  (2023) (Table  1). The composition of the initial bed material was a narrow distribution of NGG 
(D50 = 9.8 mm) in Runs 9 and 10, and a broader distribution of 5.6–16 mm (D50 = 8.2 mm) gravel in Runs 11 
and 12 (Figure 1) that contained 46% CGG. Gravel was deposited at the top end of the flume and reworked by an 
imposed water discharge so that the gravel mixture was at the threshold of motion. Once the wedge stabilized, a 
0.57 mm sand feed was turned on (Figure 1). Sand was transported as washload through the gravel reach and then 
started to deposit in the lower half of the flume, forming a sand reach. Once this stable condition was established, 
a separate gravel feed was turned on in addition to the sand feed in Runs 9–12 (Table 1). We considered runs to 
be complete when either the GST prograded to the end of the flume and the position of the GST had remained 
stationary for ∼5 min (Runs 9–12).
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In Runs 13–16, the flume was initially filled entirely with gravel (i.e., there was no GST or sand in the bed; 
Table 1) with grain size distributions that varied from narrow distributions of gap material to wider distributions 
that included coarser particles as well (Figure 1). Water was turned on and the gravel bed adjusted to a near 

Run ID Run description Run type Initial gravel bed material Composition of feed(s)

Run 9 Gap material in the feed only 
(stable GST)

Addition of a FGG a feed to a stable NGG b 
transition

NGG (8–16 mm) + 0.57 mm sand 0.57 mm sand + 2.8–5.6 mm 
gravel (FGG)

Run 10 Gap material in the feed only 
(stable GST)

Addition of a CGC c feed to a stable NGG 
transition

NGG (8–16 mm) + 0.57 mm sand 0.57 mm sand + 5.6–8 mm 
gravel (CGG)

Run 11 Gap material in the feed and bed 
(stable GST)

Addition of a FGG feed to a stable mixed 
gap/non-gap gravel transition

5.6–16 mm (54% 8%–16% and 46% 
5.6–8 mm) + 0.57 mm sand

0.57 mm sand + 2.8–5.6 mm 
gravel (FGG)

Run 12 Gap material in the feed and bed 
(stable GST)

Addition of a CGG feed to a stable mixed 
gap/non-gap gravel transition

5.6–16 mm (54% 8%–16% and 46% 
5.6–8 mm) + 0.57 mm sand

0.57 mm sand + 5.6–8 mm 
gravel (CGG)

Run 13 Gap material in the bed (no GST) CGG bed with sand feed CGG (5.6–8 mm) 0.57 mm sand

Run 14 Gap material in the bed (no GST) FGG bed with sand feed FGG (2.8–5.6 mm) 0.57 mm sand

Run 15 Gap material in the bed (no GST) Narrow distribution gravel (with CGG) 
with sand feed

Unimodal gravel (4–16 mm) 0.57 mm sand

Run 16 Gap material in the bed (no GST) Wide distribution gravel (with 
FGG + CGG) with sand feed

Unimodal Gravel (2–22 mm) 0.57 mm sand

 aFine Gap Gravel (FGG) refers to 2.8–5.6 mm particles.  bNon-Gap Gravel (NGG) refers to 8–16 mm particles.  cCoarse Gap Gravel (CGG) refers to 5.6–8 mm particles.

Table 1 
Run Numbering and Perturbation Description

Figure 1.  Grain size distributions of the initial bed and sediment feeds used in all runs. The gravel mode median (Dg-bed) is 
noted for each initial bed. The gray box denotes the grain size gap (1–5 mm) range. (a) Runs 9 and 10 with gap material in the 
feed, (b) Runs 11 and 12 with gap material in the feed and bed, (c) Runs 13 and 14 with gap material in the bed, (d) Runs 15 
and 16 with gap material in wider gravel distributions.
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threshold condition where the bed was visually immobile, having adopted a constant slope with individual grains 
not moving. Then, a 0.57 mm sand feed was turned on. We considered runs to be complete when a new slope 
was established where gravel particles were immobile. This was also retrospectively confirmed by measuring the 
sediment output from the flume where final sand outputs were within 5% of the sand feed rate.

2.3.  Observations and Calculations

We measured the position of the GST, which was a 0.2–0.4 m region of patchy gravel and sand, similar to the 
diffuse extension observed in many GSTs (cf. Venditti & Church, 2014; Venditti et al., 2015). We recorded the 
position of the GST where the first persistent patches of sand covering gravel were observed on the bed. It was 
not possible to quantify separate fluxes for washload and suspended bed material load without fundamentally 
altering the phenomena we sought to examine; therefore, we made direct visual observations of the transport 
mode over several minutes to compare against nominal thresholds of suspension retrospectively calculated from 
reach-averaged flow conditions. Washload occurs when there is suspended sediment transport but no persistent 
deposition on the bed surface (Bagnold, 1966; Church, 2006; Einstein, 1950), although washload does interact 
with the bed and can fill interstitial pores in gravel (Einstein, 1968; Lamb et al., 2020). Suspended bed material 
transport occurs when suspended sediment forms persistent deposits on the bed that become a source of the mate-
rial in suspension (Church, 2006; Garcia, 2008; Lamb et al., 2020).

Initial unperturbed bed surface grain sizes were determined from the distributions of the input gravel mixtures, 
and an assumed 15% sand cover in Runs 9–12. This coverage was assumed rather than directly measured as 
it was difficult to accurately distinguish the relatively small fraction of sand on the bed from gravel particles 
through flowing water and the sand coverage was not characteristic of the bed with the flow off. This is a typi-
cal value for the volumetric content of sand in clean gravel bed rivers where sand only fills interstitial spaces 
(e.g., McLean, 1990; Shaw & Kellerhals, 1982), although this may overestimate sand coverage where surface 
distributions are typically less than volumetric content (e.g., Graham et al., 2005). Bed surface grain size meas-
urements were made during each run and at the end (with the water supply turned off) using overhead photos 
where possible. The initial unimodal gravel bed in Runs 9 and 10 was painted yellow, while grain sizes within 
the grain size gap fractions were black to allow final bed grain size statistics to be calculated easily. To do this, 
the coverage of each grain size fraction was digitized manually from 2 to 3 digital images in the gravel reach. 
Owing to the small-scale nature of our experiment, most of the gravel reach was captured within 2–3 overhead 
photos, where  care was taken to exclude regions of enhanced sand deposition at the GST and its diffuse exten-
sion. Final grain size distributions were calculated by scaling the grain size distributions of each fraction based 
on its percentage surface coverage. In Runs 15 and 16, gravel grain size fractions were painted in separate colors 
at 0.5-phi unit intervals. In Runs 11, 15, and 16 it was not possible to accurately differentiate separate grain size 
fractions from photos of the final bed because the FGG and CGG grains were the same color (Run 11) or colors 
were too similar between fractions to confidently identify (Runs 15 and 16). In Run 11, we assumed that the bed 
was 50% FGG and 50% CGG gravel based, which is consistent with the examination of images. For Runs 15 and 
16, we only report % sand cover of the final bed. After the perturbation caused by the sediment feed in Runs 10, 
11, 13, 14, 15, and 16 (Table 1), sediment exiting the flume was trapped, dried, sieved and weighed by grain size 
fraction.

In each run we measured discharge after the GST was formed (Runs 9–12) or the gravel bed stabilized (Runs 
13–16), but before the additional gravel or sand feed began. Measurements of flow depth (h) and water surface 
gradient (S) were made for each initial condition, and at the end of the run. Reported h is reach averaged, based 
on many measurements made in each gravel and sand reach (Runs 9–12). In Runs 13–16, where no GST was 
present, three or four flow depth measurements were taken along the length of the flume and averaged. Individual 
depth measurements varied by <8% in all instances. Gradient was calculated as a reach average for the gravel and 
sand reaches based on relative bed elevations measured at the same location as the flow depth measurements. 
The bed elevation was defined as a line through the centroid of the surface gravel particles. We calculated the 
reach-averaged velocity as 𝐴𝐴 𝑈𝑈 = 𝑄𝑄∕(ℎ𝑤𝑤) where Q is water discharge and w is flume width. The particle Reynolds 
number (Rp) was calculated for both the gravel and sand reach in each run:

𝑅𝑅𝑝𝑝 =
𝐷𝐷50

√
𝑅𝑅𝑅𝑅𝑅𝑅50

𝑣𝑣
� (4)
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where v is the kinematic viscosity of water, and R is submerged specific gravity incorporating the density of water 
(ρ) and sediment (ρs) where R = ρs/ρ − 1 (Garcia, 2008). Reach-averaged shear velocity (𝐴𝐴 𝐴𝐴∗𝑟𝑟 ) for both the gravel 
and sand reaches was also calculated from a reach-averaged shear stress (τ) where:

𝑢𝑢∗𝑟𝑟 =

√
𝜏𝜏

𝜌𝜌
=

√
𝑔𝑔𝑔𝑔𝑔� (5)

where g is the acceleration due to gravity and S is the water surface slope. In a narrow flume, a substantial portion 
of the total force is applied to the sidewalls and therefore not available to transport sediment, so we applied the 
Williams (1970) sidewall correction. Local shear velocity estimates made from double-averaged velocity profiles 
measured with a laser Doppler anemometer were similar to side wall corrected 𝐴𝐴 𝐴𝐴∗𝑟𝑟 in the gravel reach, but 𝐴𝐴 𝐴𝐴∗𝑟𝑟 in the 
sand reach was consistently less (by 40%–50%) (see Dingle & Venditti, 2023). Both the velocity profiles and 𝐴𝐴 𝐴𝐴∗𝑟𝑟 
values showed a substantial reduction in shear stress across the transition.

To characterize gravel mobility, the Shields number was calculated from

𝜏𝜏∗ =
𝜏𝜏

(𝜌𝜌𝑠𝑠 − 𝜌𝜌)𝑔𝑔𝑔𝑔50
� (6)

where 𝐴𝐴 𝐴𝐴 = 𝜌𝜌𝜌𝜌∗𝑟𝑟
2 . Values of τ* < 0.045 are widely accepted as characterizing conditions below the entrainment 

threshold for a gravel mixture (Miller et al., 1977; Yalin & Karahan, 1979), but this value can vary depending on 
the gravel size distribution and sand content (e.g., Wilcock & Crowe, 2003) and bed surface structure which can 
increase the entrainment threshold τ* to as high as 0.117 (Church & Hassan, 2005; Church et al., 1998; Hassan 
et al., 2020). To account for the gradient of the gravel reaches established in the flume, we also calculated a 
slope-corrected incipient Shields number (Lamb et al., 2008) to compare our observed values against

𝜏𝜏∗𝑐𝑐 = 0.15𝑆𝑆0.25� (7)

Particle settling velocities (ω) were calculated using the Ferguson and Church  (2004) method to calculate a 
suspension ratio (𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 ). Incipient bed material suspension occurs when 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 𝜔 0.4 when the flow is hydrauli-
cally rough (Rp > 27.5) and is a function of Rp when Rp < 27.5 (Niño et al., 1994, 2003). The transition to wash-
load is typically assumed to occur at three times the suspension threshold (𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔  = 1.2) although this boundary 
is not exact (Bridge, 2009). The advection length (AL) for sand being fed into the flume was also calculated as

𝐴𝐴𝐿𝐿 = 𝑈𝑈𝑈∕𝜔𝜔𝜔� (8)

Venditti et al. (2015) showed that when AL ≈ channel width, suspended bed material transport occurs, but when 
AL >> channel width, washload transport dominates.

3.  Results
3.1.  Establishing Stable GSTs in Runs 9–12

Adding a sand feed to the gravel wedge to develop the stable GST in Runs 9–12 led to sand being exchanged with 
the bed without forming persistent deposits, which is consistent with a washload condition (Einstein, 1968). The 
advection length for sand was >> channel width in our initial or equilibrium conditions (Table 2), also consistent 
with washload conditions (Venditti et  al., 2015) and our own visual observations. Perhaps more importantly, 
the advection length is << than the reach gravel reach length, indicating that sand could have deposited in the 
reach, but did not. When the sand feed was initially turned on, sand filled the gravel matrix when it momentarily 
exchanged with the bed surface, gradually filling the gravel subsurface matrix. Once the matrix was full, the sand 
feed bypassed the gravel reach and deposited near the toe of the gravel wedge, forming a sand reach in the lower 
half of the flume. In all runs, flow was hydraulically rough in the gravel reach (i.e., Rp > 27.5; Niño et al., 2003) 
indicating a suspension threshold of 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 𝜔 0.4 and washload threshold of 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 𝜔 1.2 for the sand (Table 2).

The τ* value of the initially stable gravel wedge in Runs 9–12 was greater than the widely accepted nominal 
threshold of motion for gravel mixtures of 0.045 (Table 2) (e.g., Miller et al., 1977; Yalin & Karahan, 1979), but 
is consistent with the slope-dependent values (Lamb et al., 2008). Measured τ* values are generally comparable 
or slightly lower than these slope-dependent threshold values. The relatively narrow breadth of the bed grain size 
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distributions seem to correlate with the deviation from the threshold with broader distributions having a lower 
threshold for motion (Table 2) (Parker, 2008). Flows were transcritical based on the Froude number in both the 
gravel and sand bed reaches (Table 2). The mean flow depth in our experiment was 2–3 times greater than the 
largest grains (Table 2).

Even with similar discharge and sediment feed conditions, our initial conditions for a formed GST vary some-
what. The most extreme example is Runs 9 and 10, which have only a few percent variation in discharge and 
similar bed grain sizes, but the initial slopes are substantially different (∼30%). This variation is similar to that in 
Dingle and Venditti (2023), where the initial reach-averaged slope varied from 0.07 to 0.11 for similar discharges/
sand feed rates. This is caused by the internal dynamics of the system. In runs 9 and 10 for example, the difference 
is large, but the initial sand feed was slightly larger in Run 9 which reduced the initial gravel slope where sand 
began to interact with the bed. Gravel was more mobile and kept passing out of the flume, reducing the volume of 
gravel deposited at the toe of the gravel wedge and increasing the slope. Critically, the initial transport conditions 
were the same, with a stable gravel bed at the threshold of motion, regardless of the calculated slope.

3.2.  Effect of a Grain Size Gap Feed on a Stable GST (Runs 9–12)

Adding a feed of FGG (2.8–5.6 mm) in Run 9 resulted in destabilization of the stable GST and gravel wedge. 
The GST progressively migrated downstream to the end of the flume over 20 min, but large quantities of previ-
ously immobile gravel particles were transported across the GST and rafted out of the flume. The GST did not 
re-establish with a sand bed downstream. The FGG gravel feed infiltrated to a depth equivalent to 2–3 bed mate-
rial grain diameters (Figure 2a). The gravel bed changed from a gravel-sand mixture with a gravel mode at 9.8 mm 
and ∼15% sand to a mixture with distinct modes at 0.57, 3.8, and 9.8 mm (trimodal) and a median of the gravel 
modes (nominal gravel D50) of 5.1 mm (Figure 3a). Despite the GST having prograded to the end of the flume, 
some gravel particles continued to raft through the flume even after 5 min suggesting that the gravel bed had not 
fully achieved equilibrium. The final bed τ*(0.0844) remained elevated above the slope-dependent 𝐴𝐴 𝐴𝐴∗𝑐𝑐  (0.068) 
suggesting that some marginal transport should occur. The sand content of the gravel bed surface increased to 
20%, while the proportion of FGG gravel on the final bed was 47%. The gravel reach water surface gradient 
reduced from 0.114 to 0.034, while 𝐴𝐴 𝐴𝐴∗𝑟𝑟 values reduced from 0.12 to 0.07 m/s (Table 2). Sand was carried as wash-
load in the gravel reach before the perturbation caused by the 2.8–5.6 mm gravel addition, but as suspended bed 
material after the perturbation because 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 reduced from 1.49 to 0.92 after the perturbation (Table 2).

Feeding CGG gravel onto the coarser NGG bed in Run 10 did not result in the same degree of destabilization 
of the GST as in Run 9. A smaller quantity of initial NGG bed material was rafted out of the flume. Most of the 
CGG feed deposited on the surface of the gravel wedge causing aggradation (Figure 2b) and resulting in a stable 
downstream advance of the GST (i.e., the initial gravel bed remained largely immobile). After ∼13 min the GST 
had migrated to the end of the flume and the gravel bed was stable. This was also suggested by the final bed 
τ*(0.053) which was lower than the slope-dependent 𝐴𝐴 𝐴𝐴∗𝑐𝑐  (0.070) of the final bed. The proportion of CGG material 
on the final bed was ∼21% with ∼42% sand cover, based on the digitization of overhead photos. The bed surface 
changed from gravel to a sand-gravel mixture with a gravel mode at 8.8 mm (Figure 3b). A small quantity of 
the previously immobile NGG gravel bed rafted out of the flume (523 g in total), but most mobilized particles 
were re-deposited further down the gravel wedge, causing the GST to advance. This is consistent with exited 
mass measurements (Table 3) where CGG was net retained within the flume (equivalent to 0.65 g/s) where 67% 
of the total feed was deposited within the flume. The gravel reach gradient reduced from 0.084 to 0.048, while 

𝐴𝐴 𝐴𝐴∗𝑟𝑟 reduced from 0.10 to 0.08 m/s (Table 2). As in Run 9, sand was carried as washload before the CGG gravel 
addition in the gravel reach, but changed to suspended bed material after the perturbation that caused 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 to 
reduce from 1.27 to 0.70 (Table 2). Over the duration of Run 10, there was a net output of sand (0.97 g/s; Table 3), 
suggesting that sand was entrained from the initial equilibrium bed.

Mixing CGG (5.6–8 mm) into the initial bed and feeding in sand and FGG material (2.8–5.6 mm) in Run 11 
resulted in advance of the GST, although the bed did not mobilize as dramatically as in Run 9 when there was 
no CGG material in the initial bed. After ∼14 min, the GST migrated to the end of the flume and the gravel bed 
stabilized. The final bed τ*(0.046) which was lower than the slope-dependent 𝐴𝐴 𝐴𝐴∗𝑐𝑐  (0.063) of the final bed. The 
proportion of FGG (from the feed) and CGG material in the final bed was 42% in comparison to 39% CGG in the 
initial bed, NGG gravel coverage reduced to 27% from 46%, and the final sand cover was 31% (Figure 4a). Over 
the duration of the run, 114 and 161g of NGG and CGG material exited the flume, respectively, despite no feeds 
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of these sizes. There was a net retention of FGG material, with 84% of the feed retained (net retention of 0.84 g/s; 
Table 3) and 39% of the sand feed also being retained. The initial gravel reach bed material was gravel with sand 
only present in interstitial spaces, with the gravel mode at 8.2 mm. The final gravel reach was bimodal with modes 
at 0.57 mm and a broad gravel mode with a nominal D50 of 7.1 mm (Figure 3c), although this is based on the 
assumption that final proportions of FGG and CGG are both 50%. The gravel reach gradient reduced from 0.069 
to 0.032, while 𝐴𝐴 𝐴𝐴∗𝑟𝑟 reduced from 0.09 to 0.06 m/s (Table 2). Our observations of transport mode indicate the sand 
was transported as washload in the gravel reach before the perturbation, even though 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 = 1.17 , marginally less 
than the threshold of 1.2, but there was a substantial decrease in 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 after the perturbation to 0.80, indicating 
sand was moving as suspended bed material load after the perturbation which was consistent with observations 
(Table 2).

Feeding CGG gravel and sand in Run 12 onto the same bed as Run 11 resulted in bed aggradation and advance 
of the GST. After ∼15 min, the gravel front reached the end of the flume and the gravel bed stabilized. This was 
also confirmed by the final bed τ*(0.041) which was lower than the slope-dependent 𝐴𝐴 𝐴𝐴∗𝑐𝑐  (0.067) of the final bed. 
The initial gravel bed remained relatively immobile, with most of the CGG gravel feed depositing on the gravel 
wedge surface or at the GST. After the perturbation, the sand fraction increased to 30% sand and the nominal 
D50 of the gravel mode reduced from 8.2 to 7.1 mm (Figure 3d). The proportion of CGG material in the bed 

Figure 2.  Side view of final bed in (a) Run 9 and (b) Run 10.
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increased from 39% to 56%, while the proportion of NGG gravel reduced to 14%. A small quantity of the initial 
bed material rafted out of the flume. The gravel reach gradient reduced from 0.062 to 0.039, while 𝐴𝐴 𝐴𝐴∗𝑟𝑟 reduced 
from 0.08 to 0.07 m/s (Table 2). Sand was observed being transported as washload in the gravel reach before the 
perturbation, but 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 was marginally less than 1.2. As with the previous run, 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 reduced substantially from 
1.08 to 0.84 (Table 2), suggesting sand shifted from washload to being transported as suspended bed material 
load in the perturbed state.

3.2.1.  GST Migration and Bed Mobilization in Runs 9–12

The degree to which the bed destabilized and the duration it took for the GST to prograde to the end of the flume 
varied across Runs 9–12. While measured sediment fluxes out of the flume are not available for Runs 9 and 12, 
the % change in the volume of the gravel wedge in the flume can be calculated using the change in longitudinal 
bed profile (Table 4).

There is an overall net loss in the volume of the gravel wedge in Run 9 (−6%), which is indicative of an overall net 
loss of gravel from the flume during the run (Table 4). At the upstream end of the gravel wedge, there was 4.4 cm 
of surface lowering. The addition of the FGG feed destabilized much of the gravel reach, and it took a longer time 
for the GST to migrate to the end of the flume (∼20 min) as the gravel bed was so unstable.

In contrast, for Runs 10–12 some proportion of the sediment feed was retained within the flume. This is consistent 
with input and output measurements in Runs 10 and 11 (Table 2), where 299g (2 g/min) and 415g (30 g/min) of 
gravel were retained in the flume, respectively. In Run 10, there was a small amount of gravel mobilized from the 
upstream end of the wedge (surface lowering by a maximum of 2.7 cm), and to a lesser degree in Run 11 (surface 
lowering by a maximum of 1.2 cm). In Run 12, there was little net change in the gravel wedge volume. Visually, 
the bed on Run 12 was quite stable and the CGG feed was transported to the toe of the gravel wedge, resulting in 

Figure 3.  Changes in gravel reach bed grain size distributions for (a) Run 9 (added fine gap material to feed), (b) Run 10 (added coarse gap material to feed), (c) Run 
11 (added coarse gap material to the bed and fine gap material to feed), and (d) Run 12 (added coarse gap material to the bed and feed).
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a stable downstream advance of the GST. Some gravel at the upstream end of the wedge was mobilized (a maxi-
mum depth of 1.9 cm), and most of the sediment feed bypassed the wedge and exited the flume. The duration of 
Runs 10–12 were comparable (∼14–15 min) and the bed did not dramatically destabilize.

3.3.  Effect of Grain Size Gap Material in the Bed on Mobility (Runs 13 and 14)

Initially, Runs 13 and 14 were set up like other runs where we developed a gravel wedge in the upstream end of 
the flume made of grain size gap fractions that were at the threshold of motion. A sand feed was then started in an 
attempt to form a stable GST, as in Runs 9–12. However, when the sand feed was turned on, the wedge immedi-
ately mobilized and it was not possible to form a stable GST as the gravel rafted out of the flume. We were unable 
to build a sand reach in these runs. Runs 13 and 14 were therefore modified such that they started with the entire 
flume filled with grain size gap material to form a gravel wedge that was left to stabilize to the imposed Q with-
out a sand feed. The initial flow conditions were not able to sustain sand as washload, but were able to maintain 
suspended bed material load (𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 𝜔 1.2 ; Table 2). The Shields number was marginally below the threshold of 
motion for the gravel bed (τ* = 0.048 and 𝐴𝐴 𝐴𝐴∗𝑐𝑐   = 0.065). When the sand feed was turned on, the FGG and CGG 
gravel beds mobilized and large quantities of gravel were rafted out of the flume. This can be predicted by models 
for mixed sized sediment (Wilcock, 1998; Wilcock & Crowe, 2003; Wilcock & Kenworthy, 2002), but there is a 
preferential mobilization of grain size gap material in both runs.

With the CGG bed (5.6–8 mm) in Run 13, the proportion of sand on the bed surface increased to ∼60% within the 
first 5 min of the sand feed and sand feed infiltrated into the upper few grains of the bed (Figure 5). The propor-
tion of sand on the bed then slowly increased over the next 50 min to ∼84% (Figure 6a). At this point, the bed 

Run ID Run duration (s) Sand Fine grain gap Coarse grain gap Other sizes

Run 9 a

Total Feed (g)/Total Output (g) 1,228 4,859/- 1,218/- 0/- 0/-

Run 10

Total Feed (g)/Total Output (g) 870 3,306/4,153 – 844/280 0/523

Net output (g/s) and % of feed 0.97 (25% lost) b – −0.65 (67% retained) c 0.60

Run 11

Total Feed (g)/Total Output (g) 829 3,135/1,905 825/135 0/161 0/114

Net output (g/s) and % of feed −1.49 (39% retained) −0.84 (84% retained) 0.20 0.14

Run 12 a

Total Feed (g)/Total Output (g) 900 3,420/- 0 1,044/- 0/-

Run 13

Total Feed (g)/Total Output (g) 3,480 13,746/11,139 0/0 0/2,965 0/0

Net output (g/s) and % of feed −0.75 (19% retained) 0 0.85 0

Run 14

Total Feed (g)/Total Output (g) 3,720 14,694/13,406 0/6,308 0/0 0/0

Net output (g/s) and % of feed −0.35 (9% retained) 1.70 0 0

Run 15

Total Feed (g)/Total Output (g) 5,040 19,908/16,723 0/364 0/491 0/814

Net output (g/s) and % of feed −0.63 (16% retained) 0.07 0.10 0.16

Run 16

Total Feed (g)/Total Output (g) 1,470 5,807/4,351 0/206 0/38 0/39

Net output (g/s) and % of feed −0.99 (25% retained) 0.14 0.03 0.03

 aOutput measurements are not available for Runs 9 and 12.  bPositive net output values represent the net rate at which sediment exited the flume, where the total 
output > total feed.  cNegative net output values represent the net rate at which sediment was deposited within the flume where the total output < total feed.

Table 3 
Sediment Feeds, Outputs and % Retention for Sand and Gravel Fractions in Runs 9–16
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fully stabilized and gravel stopped exiting the flume. Over the duration of the run, 13.7 kg of sand was fed into 
the flume, while only 11.1 kg exited, suggesting a mass equivalent to ∼19% of the total sand feed was retained 
within the flume (net retention of 0.75 g/s). Despite no gravel feed, 2.97 kg of gravel (that was initially immobile) 
was also evacuated from the flume (Figure 6a) at a rate of 0.85 g/s.

The initial condition for Run 14 was a bed composed of FGG grains. The flow was sufficient to produce a 
condition where the sand was carried as suspended bed material load (𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 𝜔 1.2 ; Table 2). The FGG bed had a 
Shields number of 0.071 which is slightly higher than the slope-dependent 𝐴𝐴 𝐴𝐴∗𝑐𝑐  value of 0.062, but our observations 
were that the bed was not mobile and there was no transport. The addition of the sand feed mobilized the FGG 
bed and to a greater degree than the CGG bed in Run 13. A smaller proportion (∼9%) of the total sand feed was 
retained within the flume over the duration of the run (62 min). More than double the amount of FGG gravel 
(>6 kg) was evacuated from the flume in comparison to CGG gravel in Run 13 and at a higher rate of 1.70 g/s, 
despite no gravel feed. Within 5 min, more than 60% of the bed surface was sand, and rates of sand output were 
comparable to that of the sand feed (Figure 6b). After ∼20 min, the FGG gravel output visually reduced, while 
sand output from the flume continued to fluctuate between 3 and 4 g/s. The sand content of the bed gradually 
increased to ∼88% over the next ∼50 min, after which gravel ceased exiting the flume. Net sand retention rates 
were lower in Run 14 than for Run 13 (0.35 and 0.75 g/s, respectively).

Figure 4.  Final bed conditions in (a) Run 11 and (b) Run 12.

Run ID Run description Initial/final gravel wedge volume (cm 3) % Change Gravel net retention rate

Run 9 FGG feed onto a stable GST (NGG gravel bed) 5,694/5,364 −6% –

Run 10 CGG feed onto a stable GST (NGG gravel bed) 6,919/7,166 +4% 2 g/min

Run 11 FGG feed onto a stable GST (NGG + CGG gravel bed) 5,130/6,015 +17% 30 g/min

Run 12 CGG feed onto a stable GST (NGG + CGG gravel bed) 6,017/6,041 +0.4% –

Note. The net gravel retention rate is included for Runs 10 and 11 where sediment output was directly measured for comparison.

Table 4 
Gravel Wedge Volumetric Changes in Run 9–12
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3.4.  Effect of Grain Size Gap Material in Broader Bed Distributions on Mobility (Runs 15 and 16)

In Runs 15 and 16, we initially filled the flume entirely with gravel as in Runs 13 and 14. The flow was turned 
on and the gravel bed adjusted to a near threshold condition and particles were observed to be immobile. In Run 
15, the initial gravel bed τ* was 0.045 (𝐴𝐴 𝐴𝐴∗𝑐𝑐   = 0.064), while in Run 16 τ* was 0.110. For Run 16, this value is 

Figure 5.  (a) Change in bed elevation at the upstream end of the flume when adding sand onto a stable FGG bed in Run 14. 
(b) Cross-section of the bed after 32 min in Run 14 where sand has only infiltrated ∼3 grain diameter depth into the bed.

Figure 6.  The sediment output for (a) Run 13 and (b) Run 14. Changes in bed surface % sand content are shown by the dashed gray line.
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considerably above the slope-dependent threshold of initial motion (𝐴𝐴 𝐴𝐴∗𝑐𝑐   = 0.074), suggesting the bed had devel-
oped stable configurations of particles, reducing transport rates (e.g., Church et al., 1998). The coarsest grains 
used in Run 16 formed clusters approximately every 30 cm prior to the sand feed being turned on, generating 
small scour pools immediately downstream of each cluster that are similar to step-pool featured formed by parti-
cle jamming (e.g., Zimmermann et al., 2010). In the upper half of the flume, the pools were ∼5 cm deep, while 
in the lower half, they were shallower at ∼1 cm.

Feeding sand onto a 4–16 mm gravel bed (Figures 7a and 7b) in Run 15 resulted in a small mobilization of the 
gravel bed. Sand was transported as suspended bed material load (𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 𝜔 1.2 ; Table 2). Over the duration of 
the run, 19.9 kg of sand was fed into the flume and 16.7 kg exited, suggesting ∼16% of the total sand feed was 
retained in the flume (net retention of 0.63 g/s). Despite no gravel feed, 1.7 kg of gravel (that was initially immo-
bile) was evacuated from the flume (Figure 8a). The gravel became immobile when the bed was largely covered 
by sand (34%–50%), with some patches of gravel still visible after ∼84 min. The grain size distribution of mate-
rial rafted out of the flume was nearly identical to that of the initial bed surface (Figure 8c). We calculated the 
grain size fraction in the bedload (Pi) relative to the fraction in the initial bed surface (Fi) and found that the bed 
surface distribution was well represented in the bedload (Figure 8e), which is an equal mobility condition with 
respect to the bed surface (Parker, 2008).

Feeding sand onto a 2–22 mm gravel distribution in Run 16 (Figures 7c and 7d) resulted in the formation of a 
weakly defined GST. In the upper half of the flume, the percentage sand cover on the final bed was <30% and 
sand was visually carried as washload in the upper half of the flume where 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 was 1.23. In the lower part of 
the flume, there was 50%–60% sand coverage on the final bed and sand was visually carried as suspended-bed 
material load where 𝐴𝐴 𝐴𝐴∗𝑟𝑟∕𝜔𝜔 values were also 0.87. Once the sand feed began, the shallower scour pools formed 
by coarse particle jamming initially deepened as finer material was remobilized and then filled with sand and 
partially buried the coarser clusters of gravel.

Some gravel was mobilized by the sand feed (Figure 8b). Over the duration of the run, 5.8 kg of sand was fed into 
the flume and 4.3 kg exited, suggesting ∼25% of the total sand feed was retained in the flume with a net retention 
rate of 0.99 g/s. Despite no gravel feed, 0.3 kg of gravel was evacuated from the flume. After ∼25 min, the bed 
was immobile again. The grain size distribution of the material transported out of the flume differed from the 
initial bed (Figure 8d) suggesting enhanced mobility of the FGG particles. The fractional mobility of FGG gravel 
was greater than the proportion of those sizes on the bed surface (Pi /Fi > 1) and 11–22 mm particles were under-
represented in the bedload compared to the surface size distribution (Pi /Fi < 1) (Figure 8f). This created a selec-
tive mobility regime (Parker, 2008) that depleted the bed of grain size gap material, primarily 2–5.6 mm particles.

Figure 7.  Cross-section and top-down view of the initial bed condition (a) and (b) Run 15 using 4–16 mm gravel and (c) and (d) Run 16 using 2–22 mm gravel.
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4.  Discussion
4.1.  Can GSTs Be Produced With Grain Size Gap Gravel Present in the Bed and Feed?

Dingle and Venditti (companion paper, 2023) undertook an experiment where a gravel wedge at the threshold 
of motion was created, then sand was fed into the flume and carried as washload through the gravel reach but 
deposited further downstream to create a sand bed reach. These experiments did not include grain size gap 
particles in the gravel bed or feed grain size distributions because they are rarely observed at GSTs. We were 
still able to create a GST using narrowly graded gravel with median sizes of 8 and 10 mm (the coarse end of 
the grain size gap) and a sand feed (Runs 9–12). Initially sand was carried as washload in the gravel reach, but 
adding a second feed composed of FGG or CGG gravel (D50 = 3.8 or 6.8 mm) destabilized the gravel wedge, 
creating a gravel-sand mixture with sand being transported as a suspended bed material load through the entire 

Figure 8.  The sediment output for sand and gravel fractions in (a) Run 15 and (b) Run 16. Initial bed surface grain size 
distribution and measured bedload transported out of the flume in (c) Run 15 and (d) Run 16. The ratio of bedload (Pi) to the 
initial bed surface (Fi) for each grain size fraction in (e) Run 15 and (f) Run 16. Sand is not included in these distributions.
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length of the flume. Reductions in gravel bed gradient in Runs 10–12 appear to be driven by the deposition of 
sediment feed on the lower half of the gravel wedge surface (leading to a net increase in wedge volume), rather 
than major remobilization of the gravel bed surface (leading to a net decrease in wedge volume) as was noted in 
Run 9. As FGG material was fed onto the gravel wedge in Run 9, the gravel bed surface mobilized, resulting in 
mixing of the FGG feed into the active layer. The mixing of these two grain size populations should also result 
in an overall fining of the gravel mode D50, and lowering of the reach gradient, as well as 𝐴𝐴 𝐴𝐴∗𝑐𝑐  , by extension. This 
is consistent with our observations where the reduction in gravel bed gradient was greatest in Run 9 (63% reduc-
tion) in comparison to Runs 10–12 (43%, 54%, and 37%, respectively) and the overall reduction in gravel grain 
size was also largest (>4 mm). Even when gravel had prograded to the end of the flume in Run 9, the bed never 
fully stabilized (i.e., individual gravel grains were intermittently mobile) where the final bed τ* = 0.084 and 
slope-dependent 𝐴𝐴 𝐴𝐴∗𝑐𝑐   = 0.068. The % volume change may be underestimated for Run 9. In Runs 10–12, the bed 
did not destabilize to the same degree and instead the FGG/CGG feed was either deposited on the surface of the 
gravel wedge or transported to the GST. In these runs, the overall change in gravel mode D50 was ∼1 mm. Our 
experiment suggests  that it is possible to generate a stable GST with grain size gap material in the sediment feed 
(and with CGG mixed into the gravel bed) but adding the same size gravel feed resulted in different behaviors 
depending on the grain size of the initial gravel bed (e.g., Runs 9 and 11).

Importantly, our attempts to create a stable GST with just grain size gap material in the initial gravel bed (FGG 
and CGG) and a sand feed also failed (Runs 13 and 14). When grain size gap gravel is at the threshold of motion, 
sand could not be suspended as washload and instead was carried as suspended bed material load. As it starts to 
interact with the grain size gap gravel bed, the gravel bed becomes mobile. This effect was even more pronounced 
when the FGG material was within a broader bed distribution (Run 16). Turning on the sand feed produces a 
selective mobility regime and there is enhanced transport of FGG grain sizes relative to other gravel. Church and 
Hassan (2023) suggested that the grain size gap is created during bedload transport by enhanced mobility of the 
gap material relative to coarser grain sizes. Our experiments show that FGG particles can be depleted from gravel 
beds where sand is depositing from suspension from the same hydraulic removal effect. Mixed size sediment 
transport models (e.g., Wilcock & Crowe, 2003) would predict an increase in transport as sand is added to a 
gravel mixture, but they do not predict the preferential mobility of the FGG sized material, relative to other sizes.

Our experiment shows that stable gravel beds composed of material in the grain size gap range become mobile 
in the presence of sand. A similar effect is noted when grain size gap material is fed onto a coarser gravel bed. 
Combined, these observations point to a geometric effect between the gravel bed and feed grain sizes. When the 
sediment supply is moderately finer than the bed (2 < D* < 20), the finer supply infiltrates and bridges the pores 
of the gravel bed, forming a layer of fine material near the surface (Dudill et al., 2017, 2020; Hill et al., 2017). 
The presence of finer sediment on a coarser gravel bed produces a hydraulic smoothing effect when pockets fill 
with finer material (Venditti et  al., 2010b). Sand on gravel beds reduces the threshold entrainment stress, an 
effect that is captured in bedload transport models (Wilcock & Crowe, 2003), but the effect of finer sediment 
mobilizing a gravel bed is not limited to sand and also happens when finer gravel is added to coarser gravel (cf. 
Venditti et al., 2010a).

In order to compare the mobilization we observe in our experiments with observations of the effect of fine 
sediment on gravel beds, we calculate 𝐴𝐴 𝐴𝐴∗

𝑔𝑔 as the ratio of the gravel size in the bed (Dg-bed) and the gravel supply 
(Dg-sup) (Table 5). We also calculate the 𝐴𝐴 𝐴𝐴∗

𝑠𝑠 as the ratio of Dg-bed and the sand supply (Ds-sup) (Table 5). When 
𝐴𝐴 𝐴𝐴∗

𝑔𝑔 < 2 the bed is generally immobile and instead aggrades, forcing the GST to migrate downstream because the 
gravel supply is too coarse to fill surficial pockets between gravel particles on the bed surface. When the sediment 
supply is somewhat finer, 𝐴𝐴 𝐴𝐴∗

𝑔𝑔 > 2 , an otherwise immobile bed is mobilized due to the hydraulic smoothing effect. 
The effect is greater when 𝐴𝐴 𝐴𝐴∗

𝑔𝑔 is larger because the fine gravel more effectively fills the pockets of the coarser 
gravel bed. In Runs 9–12, a negative change in gravel wedge mass was observed only in Run 9, suggesting that 
this was the only run where the reduction in gravel bed gradient was driven by bed mobilization rather than bed 
aggradation in the lower half of the flume, which would have increased the gravel wedge volume. Out of the first 
four runs, 𝐴𝐴 𝐴𝐴∗

𝑔𝑔 was highest in Run 9 (Table 5), where only Run 9 and Run 11 had a 𝐴𝐴 𝐴𝐴∗
𝑔𝑔 > 2. The exact value or 

boundary of 𝐴𝐴 𝐴𝐴∗
𝑔𝑔 at which this effect becomes apparent is difficult to discern from our data, owing to the spread 

of 𝐴𝐴 𝐴𝐴∗
𝑔𝑔 values used. Nevertheless, the change in Dg-bed also differed somewhat between Run 9 and Run 11 (>4 and 

1 mm, respectively) despite only a small difference in 𝐴𝐴 𝐴𝐴∗
𝑔𝑔 , suggesting that hydraulic smoothing of the bed became 

important in controlling the morphological response as 𝐴𝐴 𝐴𝐴∗
𝑔𝑔 increased from 2.2 to 2.6.
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4.2.  Why Does Sand Cause Selective Entrainment of Gap Gravel?

The effect of adding sand to a bed of grain size gap material results in the mobilization of the gravel bed because 
sand fills pockets on the surface. This produces a bridging effect where further additions of sand cannot perco-
late, producing the aforementioned hydraulic smoothing effect. In our experiments when 𝐴𝐴 𝐴𝐴∗

𝑠𝑠 < 10 , the bed is 
composed either entirely or partially of FGG material and the mobilization effect is greatest (Table 5), because 
the sand more effectively fills gaps between the FGG gravel enhancing the hydraulic smoothing effect. This effect 
is most apparent in Run 14 where the rate of gravel exiting from the flume was highest (Table 5). When 𝐴𝐴 𝐴𝐴∗

𝑠𝑠 > 10 
the bed is made of CGG or NGG material (Table 5). The same mobilization effect occurs, but the smoothing 
effect appears to be lesser than for sand and FGG material in Runs 14 and 16. There appears to be some optimal 
ratio of 𝐴𝐴 𝐴𝐴∗

𝑠𝑠 between 𝐴𝐴 2 < 𝐷𝐷∗
𝑠𝑠 < 10 where the hydraulic smoothing and gravel mobilization is most effective.

The distribution of gravel grain sizes in the bed matters in terms of mobilization. Although 𝐴𝐴 𝐴𝐴∗
𝑠𝑠 is similar for the 

narrow gravel distribution and the wider gravel distribution in Runs 15 and 16, the effect is different. The narrow 
distribution that includes the CGG material is mobilized, but equal mobility occurs. The wider distribution in Run 
16 is selectively mobile with the FGG sized material dominating the exited flux from the flume (Table 5). This 
presumably occurs because the sand is more effective at bridging the pockets formed by FGG gravel than for the 
coarser CGG gravel (e.g., Dudill et al., 2017, 2020), creating a differential mobility.

We suspect that the effect of both sand and gravel on bed mobilization is a geometric effect that is most effec-
tive where the ratio of grain sizes in the supply and the bed optimizes the hydraulic smoothing effect (Venditti 
et al., 2010a). Our results and other experiments (e.g., Dudill et al., 2017, 2020; Hill et al., 2017) suggest an 
optimal ratio to mobilize gravel beds that naturally exist in river systems for medium sand and FGG gravel. There 
are no other documented abrupt grain size transitions in the fluvial system, yet there are a wide variety of sizes 
that mix in the fluvial system. This begs for investigation of why the mobilization effect does not occur for larger 
sediment sizes with the same optimal D* ratio. Recent work by Parker et al. (2023) proposed that fine gravel in 
the FGG range should be preferentially transported as bedload over a finer sand bed, relative to the same D* ratio 
outside of this absolute range, because of a viscosity driven hydrodynamic smoothing effect. They argued that as 
the sand fraction of the bed increases and the bed transitions from a turbulent rough to turbulent smooth boundary 
condition, viscosity becomes relevant to the entrainment and transport of FGG gravel through lowering of the 
threshold Shields number (Novak & Nalluri, 1975).

4.3.  Morphological Consequences of Washload Deposition and Hydraulic Sorting on Grain Size Gap 
Particles at the GST

Our experiment was designed to focus on a particular set of phenomena relating to the behavior of the grain 
size gap material and hydraulic sorting of grain sizes in the sand and fine gravel ranges. We cannot rule out the 
possibility of other contributing factors (e.g., hydraulic sorting of bimodal hillslope grain size sediment supply) 
that could result in the development of GSTs in particular landscapes (e.g., Dingle et al., 2021). Nevertheless, 
our experiments provide insights into the particle dynamics that occur at the GST (Figure 9). The boundary shear 
stress applied to a river bed declines moving in the downstream direction resulting in downstream fining. As 𝐴𝐴 𝐴𝐴∗𝑟𝑟 

Run ID
Gap material 

location
Dg-bed 
(mm)

Dg-feed 
(mm)

Ds-feed 
(mm)𝐴𝐴 𝑫𝑫∗

𝒈𝒈 𝐴𝐴 𝑫𝑫∗
𝒔𝒔 

Outcome of additional feed (and net rate of >2.8 mm 
particle output)

% FGG/CGG/NGG 
in gravel output

Run 9 Feed 9.8 3.8 0.57 2.6 17.2 Unstable GST –

Run 10 Feed 9.8 6.8 0.57 1.4 17.2 Stable GST (−2 g/min) 0/35/65

Run 11 Bed/Feed 8.2 3.8 0.57 2.2 14.4 Slightly unstable GST (−30 g/min) 33/39/28

Run 12 Bed/Feed 8.2 6.8 0.57 1.2 14.4 Stable GST –

Run 13 Bed 6.8 n/a 0.57 n/a 11.9 Gravel mobilized (51 g/min) 0/100/0

Run 14 Bed 3.8 n/a 0.57 n/a 6.7 Gravel mobilized (101 g/min) 100/0/0

Run 15 Bed 7.7 n/a 0.57 n/a 13.5 Some gravel mobilized (20 g/min) 22/29/49

Run 16 Bed 5.5 n/a 0.57 n/a 9.6 Only fine gravel mobilized (12 g/min) 73/13/14

Table 5 
Effect of Gravel and Sand Supply on Gravel Bed Dynamics
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reduces to ∼0.1 m/s at the GST, fine gravel starts to deposit out of the bedload supply (Dingle & Venditti, 2023). 
Concurrently, deposition of sand from washload at 𝐴𝐴 𝐴𝐴∗𝑟𝑟  = 0.1 m/s enhances the mobility of FGG material on the 
bed surface and sharpens the grain size reduction across the GST.

As sand starts to deposit on grain size gap material on the bed surface at the GST, the mobility of the FGG 
material is enhanced due to a hydraulic smoothing effect. Medium sand grain sizes are too coarse to freely perco-
late deep into a FGG gravel framework, and instead bridge the upper layer of the bed filling the pockets of the 
gravel bed. Our experiment suggests that this observation remains valid even when FGG particles are present in 
broader gravel grain size distributions in sufficient quantity. Our experiment further suggests that this results in 
enhanced mobility of grain size gap material within the gravel bed surface, depleting this grain size fraction from 
the surface distribution. The diffuse extension (Venditti & Church, 2014; Venditti et al., 2015) represents a reach 
in which D* adjusts to this change in bed and sediment supply grain size initiated by sand rapidly falling out of 
suspension at the upstream end of the GST.

Lamb and Venditti  (2016) presented a theoretical basis for why mass deposition of medium sand grain sizes 
should occur at shear velocities of ∼0.1 m/s, an effect that is specific to these grain sizes. They argued that the 
grain size gap occurs because fine gravel grain sizes are split between reaches upstream and downstream of the 
GST. Our experiment supports that hypothesis. Based on observations from our experiment, a logical devel-
opment of this argument is that this rapid deposition of medium sand grain sizes initiates a geometric effect 
resulting in preferential mobility of FGG particles and subsequently their relative depletion from gravel bed 
distributions at the GST. The hydraulic sorting of bedload (Church & Hassan, 2023) may explain why the grain 
size gap exists upstream of GSTs in gravel bed rivers where washload deposition does not occur, but approaching 

Figure 9.  Schematic of enhanced mobility of grain size gap material (red grains) across the gravel-sand transition. Suspended bed material load = SBML).
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the GST the gap may be substantially enhanced by washload deposition. Grain size gap particles are transported 
across the GST where they remain in motion until they are either buried, find a resting space on the bed surface in 
the  diffuse extension, or exit the fluvial system (Figure 9). Patches of gravel on the sand bed surfaces are common 
in sand bed reaches (e.g., Ferguson et al., 1989; Venditti & Church, 2014) creating the appearance of a diffuse 
extension to the GST observed in many rivers (Arbós et al., 2021; Frings, 2011; Singer, 2008, 2010; Venditti & 
Church, 2014; Venditti et al., 2015, 2019). These patches are ultimately buried as gravel lenses in sand deposits 
(Ferguson et al., 1989; Venditti & Church, 2014).

The ultimate fate of the grain size gap material in the fluvial system is also still not clear from our experiments. 
Deposition of gap material in the sand reaches of our experiment runs where GSTs were developed was limited. 
After crossing the GST, FGG material was rafted at the end of our flume (e.g., Run 9). We suspect that gap 
material may have a similar fate in many natural systems (e.g., Russell, 1968). Gravel particles can raft over sand 
beds because gravel protrudes above roughness elements on the bed and experiences the full force of near bed 
flow. Gravel within the grain size gap range may also experience enhanced relative mobility over a sand bed once 
passing through the GST because of the increasing dominance of effects relating to viscosity (in comparison 
to coarser gravel beds), leading to a dilution of grain size gap gravel within sand and finer grain size distribu-
tions (Parker et al., 2023). Where the GST is far upstream of lakes and marine environments, we suspect that 
fine gravel may diffuse into the sand bed over long distances until it is exhausted from the system. Where the 
GST occurs closer to lakes and marine environments, we suspect that gap material is transported through the 
fluvial system and into marine environments where deposits of gap gravel are more common (e.g., Jennings & 
Shulmeister, 2002; McLean, 1970; Russell, 1968).

Our experiment offers a new insight as to why rivers with beds composed of 1–5 mm gap gravel are so rare at 
Earth's surface. When medium sand is added to a gravel bed with 1–5 mm gravel present, the sand infiltrates, 
bridging the gaps between fine gravel particles, and smoothing the bed. This creates a selective mobility transport 
regime that depletes the gravel beds of 1–5 mm gravel. This can happen anytime that sand is supplied to a gravel 
bed and does not involve washload deposition. Our observations suggest that anywhere this interaction occurs, 
the bed will be depleted in 1–5 mm gravel. The ubiquity of medium sand in most watersheds means that beds 
composed primarily of fine grain size gap material should be very rare.

5.  Conclusions
We undertook a series of flume runs documenting changes in fine gravel (<10 mm) transport across a stable GST. 
Feeding grain size gap material (2.8–8 mm) onto a coarser (∼10 mm) gravel bed reach mobilized the bed and 
destabilized the GST, leading to downstream advance of the GST. It was not possible to generate a stable GST 
with a gravel reach composed of grain size gap material, as the gravel bed would immediately mobilize once the 
sand feed was turned on. Sand could not be carried as a washload where grain size gap particles were below the 
threshold for entrainment. We find that gravel mobilization occurs when the ratio of the bed material and sedi-
ment supply size is between 2 and 20 and find evidence for an optimal ratio <10. Adding medium sand to a bed 
composed of a wider gravel size distribution causes enhanced mobility of 2–5.6 mm gravel. It is not possible to 
form stable gravel beds dominated by these grain sizes where sand is also present, which may help to explain the 
relative paucity of gravel beds dominated by ∼1–5 mm material in Earth's river systems.

Data Availability Statement
Details on all experiment parameters and primary data underlying the analysis are presented within the manu-
script and are available in full in the Zenodo repository https://doi.org/10.5281/zenodo.6261166 (Dingle & 
Venditti, 2023).
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