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Episodic sediment supply to alluvial fans: implications for fan
incision and morphometry

Anya. S. Leenman'*? and Brett. C. Eaton'

'Department of Geography, University of British Columbia, Vancouver, Canada
2School of Geography and the Environment, University of Oxford, Oxford, U.K.

Correspondence: Anya. S. Leenman (anya.leenman@chch.ox.ac.uk)

Abstract. Sediment supply is widely believed to be a key control on alluvial fan morphology and channel dynamics. Although
the sediment supply to natural fans is rather episodic, experimental studies of alluvial fans often use constant sediment supply
rates, making it difficult to relate fan dynamics to the magnitude and frequency of sediment supply in the field. This paper
presents a series of experiments designed to test the impact of episodic sediment supply on fan evolution and dynamics. We
compare four experiments, each with the same mean sediment supply but different durations of high- and low-supply periods.
The experiments show that fan morphology and channel dynamics respond systematically to the temporal elongation of sedi-
ment supply oscillations: longer supply cycles generate flatter fans with more trenched channels. These results highlight how
different basin conditions might generate different fan morphologies: supply limited basins with intermittent sediment supply
might generate fans that are flatter than expected. Our results raise the question of whether a constant sediment supply in ex-
perimental models can adequately characterise the dynamics of natural fans in the field. We therefore suggest that experimental

modellers should include variability when investigating fan responses to sediment supply.

1 Introduction

The shapes of alluvial fans reflect the fluxes of water and sediment from their source basins. Field and experimental studies
show that, for a given flow rate, fans become steeper as the sediment supply (and importantly, the sediment concentration)
increases (Ashworth et al., 2004; Bryant et al., 1995; Bull, 1964; Delorme et al., 2018; Hooke, 1968b; Whipple et al., 1998).
Fan channel dynamics also change, with more frequent avulsions at higher sediment supply rates (Ashworth et al., 2004; Bryant
et al., 1995). This influence of sediment concentration is reflected in the inverse relation between upstream catchment area and
fan slope (e.g. Blair and McPherson, 1994b, Figure 23). Within-basin sediment storage means that while larger basins generate
higher discharges, they typically have lower sediment concentration (often fluvial flows as opposed to debris flows), and hence
form lower gradient fans (e.g. Blair and McPherson, 1994b; Crosta and Frattini, 2004; De Scally and Owens, 2004; de Haas
et al., 2015; Harvey, 1984; Kostaschuk et al., 1986; Stokes and Gomes, 2020; Tomczyk, 2021).

Despite these established linkages between sediment supply and fan forms, little is known about how oscillations in the
sediment supply or concentration govern fan morphology. In the field, fans experience temporal variation in their sediment

supply, depending on the frequency and magnitude of erosion events in their source basins (e.g. Cabre et al., 2020; Davies and
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Korup, 2007; Frechette and Meyer, 2009; Kesel and Lowe, 1987; Meyer and Pierce, 2003; Pierce and Meyer, 2008; Talbot and
Williams, 1979; Wells and Harvey, 1987, among others). The nature and timing of sediment delivery to a fan is moderated in
turn by the size of the source basin and the connectivity of sediment transport pathways therein; disconnectivity within larger
basins can mean that sediment inputs from erosional events do not make it to the basin outlet to build alluvial fans at all (Stokes
and Mather, 2015; Wang et al., 2008).

The fan response to these episodic disturbances likely re ects the balance between disturbance frequency (and duration;
and fan adjustment timescale. Theorists have proposed that disturbances with a periodicity less than the timescale of systen
adjustment will not be recorded in stratigraphy (e.g. Jerolmack and Paola, 2010); the same may be true for fan morphology. For
many fans, short, frequent disturbances (such as debris ows or sediment-laden oods) aggrade the fan or its channels locally
but not every event triggers a wholesale avulsion (e.g. de Haas et al., 2018; Field, 2001; Zubrycky et al., 2021); sequences
of multiple events may be required to affect whole fan morphology, implying that these individual events are shorter than the
adjustment timescale. Conversely, on fans experiencing longer (decadal) periods of heightened sediment supply, prolongec
aggradation and progradation across the whole fan have been observed (De Rose et al., 1998; Leenman and Tunnicliffe, 202C
Marden et al., 2018). The balance between the magnitude, duration and frequency of sediment inputs and the timescale of far
adjustment is therefore key for understanding how fans respond to episodic sediment inputs. It is challenging to systematically
investigate this balance in the eld, but the manipulability of physical experiments makes them a useful tool for this problem.

While the episodic nature of sediment supply to fans is well documented, only a few alluvial fan experiments have explicitly
investigated the effects of episodic sediment supply. Schumm et al. (1987, p. 316) conducted a preliminary study of fans
built from episodic ood events generated via "a burst of arti cial rainfall applied by a hand-held nozzle" to the experimental
source basin. Davies and Korup (2007) generated random pulses in their "background” experimental sediment supply, while
investigating the impact of large pulses superimposed on this input. Apart from these two studies, most alluvial fan experiments
used a constant sediment supply (e.g. Bryant et al., 1995; Clarke et al., 2010; Van Dijk et al., 2009; Hamilton et al., 2013;
Reitz and Jerolmack, 2012). These constant-input studies were invaluable to our understanding of the autogenic dynamics ant
evolution of alluvial fans. Nevertheless, there has not been a systematic experimental study of how episodic sediment supply
affects alluvial fan morphology in the long-term, or the stability and patterns of stream channels upon the fan.

This paper presents four alluvial fan experiments designed to address this knowledge gap. The experiments demonstrate th
impacts of variable sediment supply on alluvial fan morphology, channel patterns, and change thereof. All the experiments had
the same mean sediment supply rate, but varying durations of high-supply and low-supply conditions. These scenarios allow
us to investigate the effects of periodic oscillations around the mean sediment supply rate.

Through comparing the four experimental scenarios, this paper considers two key questions:
1. How do abrupt changes in sediment supply rate in uence fan morphology, channel patterns and dynamics?
2. How does the duration of sediment supply oscillations govern their impact?

The experiments presented here show that abrupt sediment supply oscillations can generate distinctive responses in the fa
gradient, channel patterns, lateral mobility and morphologic reworking rates. Moreover, comparisons between the experiments
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show that fan morphology changes systematically with oscillation duration. While the experiments indicate how fans are likely
to respond to changes in sediment concentration during or between oods, they also highlight the distortions that arise from
using a constant sediment supply rate to represent systems whose sediment supply is intermittent in the eld.

2 Methods

This paper describes four experiments conducted in the alluvial fan simulator at the University of British Columbia's Biogeo-
morphology Experimental Laboratory. The experiments presented here are named Runs CON, OSC10, OSC20 and OSC4Q
Results from Run CON have been presented in detail in Leenman and Eaton (2021), and compared to another set of fan exper
iments in Leenman et al. (2022), where Run CON was referred to as Run 1. Note that in Leenman (2021), Runs CON, OSC10,
OSC20 and OSC40 are referred to as Runs 1, 7, 8 and 9, but the data are the same. The experimental set-up, sediment mixtur
scaling approach and data collection system used here are the same as in those publications, but they are summarised here f
completeness.

2.1 Model set-up

Our stream table experiments used a physical model of a generic gravel-cobble alluvial fan. The stream table measured 2.4¢

2.44 0.3 m (Figure 1). We delivered water and sediment to the fan-head through a®% 0.3 m feeder channel at
one corner of the table. Water was input from a constant head tank. Sediment was input from a sediment feeder with a rotating
pipe outlet; the sediment supply rate was set by the inclination of the pipe. Sediment and water were rst mixed in a funnel,
then dropped into the head of the feeder channel. Sediment aggraded and degraded freely in the feeder channel, as we wou
expect for a con ned reach upstream of a natural fan in the eld.

We tilted the stream table to 0.0002 m'r(D.02 %), the minimum slope required to trigger ow toward a drain in one corner
and avoid the formation of a "lake" in the experiment. We roughened the experimental boundary with 2 mm sand grains and
LEGO® sheets, glued to the table and walls respectively. The water was dyed blue to permit automatic channel extraction from
overhead photographs.

We collected data with a system inspired by Structure-from-Motion photogrammetry. Leenman and Eaton (2021) and Leen-
man (2021) give detailed descriptions of the data collection system and its accuracy, so we present a brief summary here. The
system consisted of an array of nine digital single-lens re ex cameras mounted above the stream table (locations shown in
Figure 1). The cameras captured photos synchronously, at one-minute intervals. In experiments with sediment supply changes
the rst photo was always ~30 seconds after the change in supply rate. We georeferenced each set of nine photos to a loca
coordinate system, using a set of eight ground control points on the table walls. We processed each photo set using Agisoft Pho
toscan (2018) to generate a topographic point cloud (~280,000 pointSpanthco-registered orthomosaic (1 mm resolution)
for each minute of the experiment.
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Figure 1. Experimental design (not to scale). Water and sediment mix in the funnel and drop into the experiment at the head of the feeder
channel, where sediment aggrades and degrades freely. The hillshaded topography and ow map example are from Run CON repeat 2, 2(

hours into the experiment.

2.2 Experimental Approach

Our experimental alluvial fan is a "similarity-of-process" or "analogue" model (c.f. Hooke, 1968a; Paola et al., 2009), as are
most physical models of fans (e.g. Bryant et al., 1995; Clarke et al., 2010; Davies and Korup, 2007; Van Dijk et al., 2009;
De Haas et al., 2016, 2018; Hamilton et al., 2013; Hooke, 1967, 1968b; Hooke and Rohrer, 1979; Miller et al., 2019; Piliouras
et al., 2017; Reitz and Jerolmack, 2012; Schumm et al., 1987). The key processes in the model ( uvial sediment entrainment,
transport and deposition) are similar to those on fans in the eld. In alluvial fan experiments, it is challenging to maintain Froude
scaling between the model and any eld prototype, due to the large scaling ratio that is necessary to build a conveniently small
laboratory model. This lack of Froude scaling means that it is inappropriate to extrapolate rates and volumes measured in the
experiment to eld settings. Nevertheless, comparidogisveerthe different experiments demonstrate how natural fans might
respond to different frequencies and durations of sediment delivery. Such comparisons also highlight the distortions introduced
through temporal averaging in the experimental inputs.

The slope of the fan itself, and the dimensions of the channels upon it, were self-formed. Therefore, it was not possible
to control the Froude or Reynolds numbers during the experiments. To give readers an idea of the ow dynamics, we have
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estimated these parameters for the fan-head (where ow was often con ned to one channel) in Run CON (constant inputs).
The estimated Froude numbéir() was ~1.9; this value aligns with observations of supercritical ow during oods on fans

in the eld (Beaumont and Oberlander, 1971; Rahn, 1967). Further down-fan, ow likely became subcritical as it spread into
multiple distributaries. The particle Reynolds numtRe () at the fan-head was estimated (usingEhg as a representative

grain size) to be 66. This conforms to the threshold of 15 proposed by Parker (1979) and Ashworth et al. (1994), although it is
below the minimum of 70 recommended by Schlichting and Gersten (2016) and Yalin (1971). The estimated Reynolds number
(Re) at the fan-head was 1200, placing the ow in the transitional regime between laminar and turbulent ow (and preventing
the attainment of Froude scaling). Nevertheless, Malverti et al. (2008) showed that even laminar ow can transport sediment at
rates which tthe Meyer-Peter and Miller (1948) relation often used to predict bedload transport by turbulent ows. Moreover,
many other experimental studies of fans also reported ows that were not fully turbulent (e.g. Davies et al., 2003; Davies and
Korup, 2007; Delorme et al., 2017, 2018; Van Dijk et al., 2012; Guerit et al., 2014; Hamilton et al., 2013; Reitz et al., 2010;
Reitz and Jerolmack, 2012; Whipple et al., 1998). Although those models did not achieve Froude scaling, they successfully
reproduced the fan-channel dynamics that are of interest to us.

2.3 Experimental runs

We varied the sediment supply periodicity between the four experiments. In Run CON, the sediment supply was constant at 5
g s’. In Run OSC10, the supply rate was 10Ygfer 5 minutes, followed by 0 g5for 5 minutes, and continued to oscillate
between these two extremes every 5 minutes, creating a 10-minute cycle of high- to zero-supply conditions. In Run OSC20, the
cycle duration doubled to 20 minutes (10 minutes each of high- and zero-supply). In Run OSC40, the duration doubled again to
40 minutes (20 minutes each of high- and zero-supply). These oscillations are summarised in Figure 2. Importantly, the mean
sediment supply rate in Runs OSC10-0SC40 was %, @gualling the constant supply rate in Run CON. This meant that in

all experiments, the same volume of sediment and water was delivered in any 40 minute period, but with a different temporal
distribution in the sediment supply. The periods of the sediment supply oscillations in Runs OSC10-OSC40 were chosen to
explore the effects of sediment input duration, and are not intended to scale to a speci ¢ event, season or climate oscillation in
the eld.

Each experiment was ~20 hours long, which was approximately the duration over which the fan prograded to the far walls
of the experimental table. For Run CON, we then conducted two additional repeats (i.e. three repeats in total); the data for Run
CON therefore appear more dense in Figures 5-9 and we have increased the transparency for Run CON to account for this
Runs OSC10-0SC40 were not repeated.

Using a length scale of 1:128, we approximated the experimental grain size distribution (GSD) from a surface gravel sample
collected in the channel at Three Sisters Creek fan, Canada, which is a typical gravel-cobble fan (located at 51.055108, -
115.333515; see also Figure Al). The experimental mixture ranged from 0.25-8 mm (Figure 3). This sandy GSD encouraged
subsurface ow, which sometimes generated seepage channels on the lower fan during the experiments. Such processes a
common on fans in the eld; for instance, both down-fan channel narrowing and spring formation have been attributed to
in Itration on fans (Davidson et al., 2013; Kesel and Lowe, 1987; Woods et al., 2006).



Figure 2. The durations of high-supply and zero-supply periods in Runs CON and OSC10-0OSC40. The constant sediment supply rate in

Run CON equals the mean supply rate in all other runs.

All four experiments had a constant ow of 150 mtsThis ow is approximately equal to the 20-year ood in the stream
where grain size data were collected. While the model is generic and does not represent a speci ¢ eld prototype, the above
relation provides context for the size of this ow relative to the size of the sediment used in the experiments.
The sediment concentration was 3.6% by volume in the high-supply periods.The experimental grain size mixture was trun-
140 cated at 0.25 mm, omitting the nest ~40% of material in the eld sample, so the true bedload sediment concentration could
be expected to be around 6% by volume. In mountain streams, bedload makes up between 10% and 99% of the total sedimer
load, with a mean of 44.5% and standard deviation of 31.1% (see Table Al for values reported in the literature). Consequently,
the maximum experimental truncated-bedload sediment concentration of 3.6% is roughly equal to a total volumetric sediment
concentration of 13.5% (7.9-45.0%) in the eld.
145 The 150 ml & ow rate was relatively high, as was the sediment concentration. As a result, these experiments can be thought

of as analogues for a system that alternates between debris oods and clearwater oods; "clearwater” refers to ows with low
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Figure 3. The grain size distribution (GSD) of our experimental sediment mixture. Cumulative distribution on psiraaiy; individual

class weights on secondayyaxis.

sediment concentration. This paper therefore explores the effect of abrupt, large-scale variations in the sediment concentration
and the timing thereof.

2.4 Data analysis

Our photogrammetry system generated a topographic point cloud and co-registered 1 mm orthomosaic for each minute of eact
experiment. We interpolated the point cloud (using a nearest neighbour approach) to generate a 1 mm resolution digital eleva-
tion model (DEM). DEM accuracy was assessed in Leenman (2021); elevation values for an individual cell in a topographically
inactive area varied by less thar®.7,+ 0.8 mm (90% con dence) over any 30 minute period. Following Leenman and Eaton
(2021) and Leenman et al. (2022), only data from 12 hours and onward were used, as the fan slope and wet fraction were
scale-dependent earlier in the experiment.

Fan slope was measured from 88 equally-spaced down-fan pro les, extracted from the DEM (see Figure A2 for their lo-
cations). For each pro le, slope was taken from a linear regression of elevation against distance down-fan (pro les were
quasi-linear). For each time-step, the representative fan slope was taken as the median of these 88 measurements.

Fan-head entrenchment was measured from arcuate cross-fan pro les extracted from each DEM at 0.25 m down-fan (see

Figure A2 for pro le location). Fan-head entrenchment was measured as the difference between maximum and minimum
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elevations along the pro le, for each time-step. We located the pro le at 0.25 m because the method was not applicable farther
down-fan: the convex nature of cross-fan pro les (e.g. Blair and McPherson, 1994a) meant that the minimum elevation was
not always in the active channel for transects that were farther down-fan.

The orthomosaics were processed to generate binary (wet-or-dry) maps of the fan and channels at each time-step. Thes
ow maps quanti ed the proportion of the fan area covered by ow (referred to as the "wet fraction"). The ow maps were
also used to count the number of channels at an arcuate cross-section 1 m down-fan (discounting seepage channels that we
not connected to the fan-head by surface ow; see Figure A2 for cross-section location). We chose the 1 m cross-section as
this was far enough down-fan that changes in ow pattern there represent changes on the fan as a whole. In addition to the
cross-section analyses, change detection between successive ow maps revealed the area newly inundated in each minut
which was normalised by fan area to givg (equation 1), the percentage of the fan newly inundated in a minute:

Area newly inundated in previous minute
Fan area (t)

Fn (1) = 100 1)

Change detection between the DEMs produced DEMs of Difference (DoDs) that quanti ed the erosion and deposition in
each minute. The DEMs were rst smoothed with a 77 mm moving average Iter (approximately the size of the largest
grains). In the resulting DoDs, patches of erosion or deposition with a planform area of less thdnm2rendiscounted;

elevation change of 2 mm was also discounted.

3 Results

A general understanding of the fan responses to constant or oscillating sediment supply can be gained from the time-lapse
videos (these show the fan from ~12 hrs onward): Run CON, Run OSC10, Run OSC20 and Run OSC40. Figure 4 also has
links to these videos. Note that frames were collected at one-minute intervals for Run CON, and 10 s intervals for Runs OSC10-
OSC40, so the video speed differs. These videos demonstrate how the fan responded to constant sediment supply (Run CON
or sediment supply oscillations (Runs OSC10-0SC40). Flow became more diverging when the sediment supply was turned
on (also see upper row, Figure 4), and more channelised when the supply was cut off (middle row, Figure 4). The videos show
that rapid lateral migration and channel readjustment followed each change in the sediment supply.

3.1 Fan morphology

Down-fan gradient is one of the simplest descriptors of fan morphology. As fans are self-formed, it provides a useful metric
for their self-organised adjustment to the input conditions or changes thereof. Figure 5 shows how the median down-fan slope
differed across the four experiments, and how it adjusted during high- and zero-supply conditions.

Figure 5 shows that, compared to Run CON (constant sediment supply), the fan was steeper with short-duration sediment
supply oscillations (Run OSC10); it became atter as the duration of the oscillations increased (Runs OSC20-0SC40). The
fan steepened during high-supply periods and regraded to a lower slope during zero-supply periods. This partly explains the






