This manuscript was submitted to Earth Surface Processes and Landforms. This version was
resubmitted after peer-review and at the time this preprint was uploaded, it had not been for-
mally accepted. Subsequent versions of the manuscript may differ slightly. The final, published
version is available at https://doi.org/10.1002/esp.5059.



https://doi.org/10.1002/esp.5059

Mechanisms for avulsion on alluvial fans: insights from
high-frequency topographic data

Anya Leenman® and Brett Eaton

Department of Geography, University of British Columbia, 1984 West Mall,
Vancouver BC V6T1Z2, Canada

Abstract

Awvulsion is a key process in building alluvial fans, but it is also a formidable natural hazard.
Based on laboratory experiments monitored with novel high-frequency photogrammetry, we
present a new model for avulsion on widely graded gravel fans. Previous experimental stud-
ies of alluvial fans have suggested that avulsion occurs in a periodic autogenic cycle, that
is thought to be mediated by the gradient of the fan and fan-channel. However, these stud-
ies measured gradients at low spatial or temporal resolutions, which capture temporally or
spatially averaged topographic evolution. Here, we present high-resolution (1 mm), high-
frequency (1-minute) topographic data and orthophotos from an alluvial fan experiment.
Awvulsions in the experiment were rapid and, in contrast to some previous experimental stud-
ies, avulsion occurrence was aperiodic. Moreover, we found little evidence of the back-filling
observed at coarser temporal and spatial resolutions. Our observations suggest that avul-
sion is disproportionately affected by sediment accumulation in the channel, particularly
around larger, less mobile grains. Such in-channel deposition can cause channel shifting
that interrupts the autogenic avulsion cycle, so that avulsions are aperiodic and their timing
is more difficult to predict.
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1 Introduction

Scaled physical experiments have been used to study the periodicity of flow distribution on al-
luvial fans, with particular emphasis on understanding avulsion, the (relatively) rapid relocation
of a channel. Avulsion is a formative process on alluvial fans; successive avulsions build up
a fan’s characteristic radial morphology. However, avulsion also poses a formidable hazard to
people and infrastructure in the avulsion pathway; the inundation of new areas, and associated
erosion and deposition, can cause loss of lives and millions of dollars of damage (Chakraborty
et al., 2010; Davies and McSaveney, 2008; Korup, 2004; |Sinha, 2009). Previous experiments
have shown that, even without an “external” stimulus such as a change in flow or sediment
supply, channels on fans tend to form, fill with sediment, and avulse, in what can be described
as the “autogenic avulsion cycle” (e.g. |Clarke et al., [2010; Van Dijk et al., 2012; |Reitz et al.,
2010}, [Schumm et al., [1987; |Whipple et al., [ 1998). However, these observations were mostly
based on photographic or video evidence, with the supporting topographic information having
low spatial or temporal resolution; as a result, hypotheses concerning the causes of avulsion
have not had finely-resolved topographic data to support them. Consequently, the physical pro-
cesses driving avulsion on fans remain an open question, and one that is key to understanding
alluvial fan dynamics and the related natural hazards.

Experimental models of fans have suggested that avulsion occurrence and frequency are in-
fluenced by fan-channel gradient. Schumm et al.| (1987) observed that flow on fans followed a
pattern of 1) channelized flow, 2) channel back-filling with sediment, 3) eventual flow-spreading
at the fan-head, and 4) fan-head aggradation. They proposed that this fan-head aggradation
would increase fan gradient up to a critical value, after which flow avulsed into a single channel,
recommencing the cycle. The authors argued that intrinsic gradient thresholds were key to this
process. Similar behavior was observed in later experiments by Whipple et al. (1998). Avulsion
on fans was further investigated by Bryant et al.| (1995), who found that as sediment feed rate
increased, the volume of sediment required to cause avulsion decreased. They suggested that
fans with higher sediment supply (which had steeper gradients in their experiments) had shal-
lower channels, requiring a smaller volume of sediment to fill the channel and trigger avulsion.
However, they lacked sufficiently detailed topographic data to test this. Most recently, Reitz
and Jerolmack| (2012) proposed that fans adjust to two slope thresholds: a distrainment slope,
corresponding to depositional lobes at the fan-toe, and an entrainment slope, corresponding
to channelized flow. They hypothesized that the time to avulsion could be estimated from the
volume required to fill the “wedge” between these two slopes.

These hypotheses were largely informed by visual observations from video or photographs.
The supporting topographic measurements in fan experiments have generally been coarsely
resolved, in either space or time. For instance, earlier studies of fan and fan-channel evolution
monitored topography at a coarse spatial resolution that did not allow channel slope and fan
slope to be differentiated. |Schumm et al. (1987) used a grid of measuring stakes across the
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fan to monitor topographic evolution, while Whipple et al. (1998) used three lines of measur-
ing stakes to monitor topography along three down-fan pro les. More recently, Clarke et al.
(2010) used a side-facing camera to view the fan-head through perspex walls, thus monitoring
changes in fan-head elevation. While these methods capture overall fan slope, they do not
suf ce to resolve the slope or dimensions of individual channels.

In the past decade, the spatial resolution of topographic measurement in fan experiments has
increased, but temporal resolution generally remains low. For example, experimentalists have
used either photogrammetry (Van Dijk et al., 2012) or laser-scans (Carlson et al., 2018; Miller
et al., 2019; Reitz and Jerolmack, 2012) to collect high-resolution topographic data, that covers
their entire experimental landscape with a resolution on the order of a few millimeters. How-
ever, these survey methods require that ow be stopped during data collection, meaning that
the intervals between full topographic scans ranged from 15 minutes to a few times per experi-
ment. This low temporal resolution impeded the ne-scale monitoring of topographic evolution.
With the exception of some experiments by Van Dijk et al. (2012), avulsion occurred at a higher
frequency than the topographic scans, so that the in uence of topographic change on avulsion
and ow pattern evolution was dif cult to establish.

In addition to issues with topographic data resolution, few alluvial fan studies have considered
the in uence of sediment grading on autogenic dynamics, and most have used rather narrowly
graded mixtures. For instance, Schumm et al. (1987) and Hamilton et al. (2013) used sand
(in the range 0.062 - 2 mm and 0.075 - 2 mm, respectively). Reitz et al. (2010) and Reitz and
Jerolmack (2012) used a bimodal mix of 2 mm granite chips and 0.3 mm sand, but focused
their analysis on the coarse portion alone. Carlson et al. (2018) used a bimodal mix of 1-2 mm
and 0.17 mm sand. Narrowly graded mixtures such as these are poor representations of the
mixtures on natural fans; for instance, the D =Ds ratio in those experiments was 9, com-
pared to ratios of 11 - 34 in our samples from gravel fans in Alberta, Canada. Preliminary tests
by Hamilton et al. (2013) showed that using a more widely graded mixture produced channels
that appeared more “realistic”. Similarly, experiments by Booker and Eaton (2020), conducted
in a narrow ume designed to represent the aggrading conditions on fans, demonstrated that
a narrowly graded mixture failed to reproduce the morphodynamics of a widely graded mixture
with the same Dsgo. In addition, recent studies have highlighted how the largest grains in a
distribution, while often only a small fraction of that distribution, have a disproportionately large
in uence on channel morphodynamics (MacKenzie and Eaton, 2017; MacKenzie et al., 2018;
Williams et al., 2019). Therefore, it is clear that alluvial fan experiments should be conducted
with a widely graded mixture based on eld data, to more closely represent the complexity of
grain interactions that govern the behavior of channels on widely graded natural fans.

In light of these issues with previous alluvial fan experiments, we have developed an experimen-
tal set-up that allows data-collection at unprecedented temporal and spatial resolution. We use
an adaptation of Structure-from-Motion photogrammetry that allows us to collect topographic
data without stopping ow. Consequently, we are able to collect co-registered digital eleva-
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tion models (DEMs) and orthophotos, both with 1 mm resolution, at every minute during the
experiment. By collecting topographic and photographic data at identical spatial and temporal
resolution, we are able to explore how ow patterns and topography are interrelated. Moreover,
this high-frequency, high-resolution dataset gives us a deeper understanding of avulsion on
alluvial fans, by allowing us to monitor topography before, during and after avulsion.

We present results from an alluvial fan experiment with constant ow and sediment feed, using
a widely graded sediment mixture. Using high-resolution, high-frequency data collected during
the experiment, we aim to:

1. characterize temporal changes in ow distribution on the fan, and thus characterize the
periodicity (or lack thereof) of the autogenic avulsion cycle;

2. characterize the changes in topography associated with avulsion and periods of channel-
ized ow, to compare our experiment to existing understandings of the avulsion cycle;

3. understand the linkages between topographic change and ow pattern adjustment.

Ultimately, we compare our results to those of previous experiments with more narrowly graded
mixtures and more coarsely-resolved topographic data. We consider the in uence of our widely
graded sediment mixture, and of local peaks in sediment ux resulting from bank erosion and
incision. In particular, we emphasize how ow patterns on fans (and both rapid and subtle
change thereof) are in uenced by in-channel sediment deposition.

2 Methods

2.1 Experimental details

We conducted the experiment using a physical model of a generic gravel-cobble alluvial fan.
We built the fan in a 2.44  2.44 m stream table with 0.3 m high walls (Figure 1), with a 0.2
0.5 0.3 m feeder channel extending from a corner. Water was input from a constant head
tank with an adjustable out ow. Sediment was gravity-fed through a rotating pipe, with the
rate controlled by the angle of the pipe. Sediment and water were mixed in a funnel and then
disgorged into the head of the feeder channel. We allowed sediment to aggrade and degrade
freely in the feeder channel, as in a natural system.
We used constant rates of ow (150 mL s ') and sediment feed (5 g s*). The ow rate scales
approximately to the 20 year ood on Three Sisters Creek fan, Canmore, Canada. However,
the experiment is not a Froude-scaled model of this site, but a generic similarity-of-process
model of gravel-cobble alluvial fans (see below). We adjusted the sediment feed so that the
sediment concentration was typical of fully uvial ow, at 1.8% by volume. We ran the exper-
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