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A B S T R A C T   

Crevasse splays generate subtle local relief and contribute to fluvial basin sedimentary filling but controls on 
splay development along dryland rivers remain poorly understood owing to limited field, laboratory, and nu-
merical modelling studies. Based on previously-acquired field data and new remote sensing observations of splay 
morphology and sedimentology (e.g. slope, width, length, grain size) and flooding characteristics (e.g. discharge, 
water depth and extent) near the terminus of the non-vegetated, ephemeral Río Colorado on the southeastern 
margin of Salar de Uyuni, Bolivia, we undertake process-based modelling using Delft3D to isolate the role of 
hydrological controls on crevasse splay morphodynamics. Holding the potential sediment supply constant, we 
focus on the role of discharge (outflow from trunk channel to crevasse channel during rising stage), floodplain 
water levels, and backflow (reflux to the trunk channel during falling stage). Using nine different model runs, 
each with 10 simulated flood cycles, we show that the processes associated with these hydrological controls 
result in various outcomes, from short crevasse splay channels that may bifurcate and develop depositional bars 
to longer splays with one primary channel that mainly transfers sediment across the floodplain. Results reveal 
that increases in flood discharge lead to more rapid splay sedimentation and stabilization of a single crevasse 
channel. Increases in floodplain water level lead to shorter but wider splays and facilitate the formation of 
multiple stable crevasse channels. High floodplain water levels probably restrict splay length owing to decel-
eration of outflow as floodplain water is encountered, but separate crevasse channels may form downstream as 
backflow breaches the trunk channel levee during falling stage. These findings support and extend previous 
observations from the Río Colorado and other dryland rivers worldwide. Future modelling studies that consider a 
wider range of hydrological, sedimentological, and floodplain topographic conditions will help develop more 
comprehensive numerical models of splay development. A combination of insights from field, laboratory 
experimentation, remote sensing and modelling will improve knowledge of the cascades of channel-floodplain 
dynamics that characterise many dryland endorheic basins.   

1. Introduction 

Along river systems, floods that start to exceed bankfull spread 
beyond the confines of the channel, leading to overbank flow and the 
initiation of various channel-floodplain interactions. Rapidly changing 
flood hydraulic conditions are associated with shifting erosional and 
depositional patterns, thereby influencing local topographic relief, and 
down-valley and cross-valley water and sediment transfer (e.g. Mertes 
et al., 1996; Walling and He, 1998; Pizzuto et al., 2008; Lewin et al., 

2017). Along some rivers, overbank flow can trigger levee breaching and 
initiate crevasse channel formation on proximal floodplain areas (Miall, 
1996; Bridge, 2003). Once formed, crevasse channels can increase flow 
and sediment diversion from the trunk channel (sometimes termed the 
main or parent channel), commonly leading to splay erosion and 
deposition on more medial and distal floodplain areas. Over time, 
continued development and local coalescence of splays can help build 
alluvial ridges, and may also prime river reaches for avulsion (Smith and 
Perez-Arlucea, 1994; Bristow et al., 1999; Tooth, 2005; Buehler et al., 
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2011; Li et al., 2014), ultimately leading to more widespread lateral 
redistribution of water and sediment. Over longer timescales, therefore, 
splays and avulsions can be a key influence on the filling and sedi-
mentary architecture of fluvial basins (Miall, 1996; Bridge, 2003; 
Slingerland and Smith, 2004). 

Using field, laboratory, and conceptual and numerical modelling 
approaches, crevasse splays and their association with channel- 
floodplain processes such as avulsion have been widely studied, 
particularly along present-day humid-region, perennial river systems (e. 
g. Slingerland and Smith, 1998; Stouthamer, 2001; Aslan et al., 2005; 
Hajek and Wolinsky, 2012; Kleinhans et al., 2013; Hajek and Edmonds, 
2014; Shen et al., 2015; Millard et al., 2017; Nienhuis et al., 2018; 
Rahman et al., 2022). This body of research has enabled many key 
controls on splay development to be identified, including those relating 
to discharge, water surface and land surface gradients, floodplain 
vegetation and drainage conditions, and sediment supply, cohesion and 
consolidation. Over the last few decades, improved understanding of the 
interactions among these controls has provided the basis for the use of 
splays as a deliberate management tool; for instance, creating artificial 
diversions that mimic splays and thereby help to control basinward 
water and sediment fluxes (e.g. Florsheim and Mount, 2002; Yuill et al., 
2016; Nienhuis et al., 2018). 

By contrast with the research on humid-region river systems, far less 
is known about crevasse splays along present-day dryland river systems. 
Some of the aforementioned studies have generated insights about splay 
development that may be applicable to dryland systems. For instance, 
the broad controls, preconditioning factors, and formative processes of 
splay development (e.g. levee breaching, crevasse channel formation 
and flow and sediment diversion) may be similar between humid-region 
and dryland rivers (Tooth, 2005; Li et al., 2014; Li and Bristow, 2015; 
Rahman et al., 2022). Nonetheless, it remains unclear the extent to 
which different flooding characteristics along many dryland rivers – 
particularly the typically more rapid rise and fall of flood stage, and the 

long periods of little or no flow along ephemeral or intermittent rivers – 
influence the spatial patterns, rates and timescales of splay development 
(Reid and Frostick, 2011; Tooth and Nanson, 2011; Tooth, 2013). Rare 
descriptions of dryland river splays have formed part of broader in-
vestigations of the channel-floodplain morphodynamics along the lower 
reaches of moderately vegetated, relatively coarse-grained (sand, minor 
gravel), ephemeral rivers in endorheic basins, such as characterise the 
‘floodout zones’ (e.g. Tooth, 1999a,b, 2000, 2005; Millard et al., 2017; 
Li et al., 2019) and ‘terminal splay’ complexes in central Australia (e.g. 
Lang et al., 2004; Fisher et al., 2008). In recent years, research has also 
been directed towards channel-floodplain morphodynamics in the lower 
reaches of sparsely or non-vegetated, typically finer grained (mud, fine 
sand), ephemeral rivers (e.g. Donselaar et al., 2013; Ielpi, 2018; Ielpi 
and Lapôtre, 2019a,b; Li et al., 2019, 2020a,b, 2022). In large part, this 
new research focus has been due to the potential use of such rivers as 
modern analogs for unconventional hydrocarbon reservoirs and pre- 
Silurian rock records (Li et al., 2014, 2015, 2020b; Ielpi, 2018; Ielpi 
and Lapôtre, 2019a; van Toorenenburg et al., 2016, 2018; Donselaar 
et al., 2022). 

A prime example of a non-vegetated, fine-grained, ephemeral river 
with abundant splays is the lower Río Colorado, Bolivia (Fig. 1). The 
lower part of the river system is an example of a distributive fluvial 
system (DFS, sensu Weissmann et al., 2010), and consists of the active 
(trunk) channel, numerous partially active and abandoned channels, 
and a topographically complex floodplain (Li et al., 2019). Channel 
planforms range from straight to sinuous, partly depending on the time 
elapsed since initial formation, with channels tending to become more 
sinuous over time (Li et al., 2019; Donselaar et al., 2022). The trunk 
channel terminates on the southeastern margin of Salar de Uyuni, the 
world’s largest salt lake (Fig. 1A-C). The absence of vegetation along the 
channels and on the floodplain is due to the characteristically dry and 
saline environment (Fig. 1C-F). Previous studies have provided valuable 
insights into the processes, patterns and rates of splay development 

Fig. 1. Characteristics of the Altiplano and the lower 
Río Colorado: (A) location of the Altiplano in South 
America; (B) map of the Altiplano showing the loca-
tion of the study reach (modified after Placzek et al., 
2013); (C) the lower reaches of the Río Colorado 
approaching the southeastern margin of Salar de 
Uyuni, with the black boxes indicating the locations of 
the satellite imagery used in part D and Fig. 13B-C and 
Fig. 13D; (D) high-resolution satellite image of a 
typical crevasse splay, with the black box indicating 
the locations of parts E and F; (E) and (F) details of the 
junction between the trunk channel and the crevasse 
channel illustrated in part D for two different dates, 
illustrating key elements of crevasse splay develop-
ment, including the initial multiple splay channel 
network, later stage headward erosion of the primary 
splay channel, and formation of a reflux lobe by 
backflow.   
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(Donselaar et al., 2013, 2022; Li and Bristow, 2015; van Toorenenburg 
et al., 2018), but many uncertainties remain, especially regarding the 
relative importance of hydrological variations such as discharge, rates of 
stage rise and fall, and overbank flooding depth and extent. The river is 
ungauged, and during floods the study area is largely inaccessible so 
direct flow and sediment transport measurements cannot be made. 
Nonetheless, hydraulic reconstructions using a combination of field 
measurements, remote sensing image analysis, and numerical modelling 
can still generate key data on channel and overbank flood characteristics 
(e.g. Li et al., 2018, 2020c). 

Further valuable insights into the controls on splay morphodynamics 
along the lower Río Colorado can be provided by a process-based 
modelling approach. In this paper, we outline the study area and sum-
marise previous work on the splays of the lower Río Colorado in order to 
isolate the key hydrological controls. Thereafter, our aims are to: 1) use 

Delft3D to investigate the relative importance of these hydrological 
controls (specifically discharge, floodplain drainage conditions, and 
backflow) in the initiation and development of crevasse splays along the 
Río Colorado; 2) compare the controls, patterns, processes and rates of 
splay development along the Río Colorado with splay formation along 
other dryland rivers; 3) evaluate the modelling results in relation to 
those derived from other splay modelling studies; and 4) consider how 
numerical modelling approaches can be developed to provide further 
insight into crevasse splay and associated channel-floodplain morpho-
dynamics along dryland rivers more generally. 

2. Study area and previous work on the splays of the lower Río 
Colorado 

Over the last decade, a combination of field data, high-resolution 
satellite imagery, and conceptual and numerical modelling has been 
used to document the flood hydrology and channel-floodplain mor-
phodynamics approaching the terminus of the Río Colorado, and assess 
the sedimentological implications (e.g. Donselaar et al., 2013, 2022; Li 
et al., 2014, 2018, 2019, 2020a,b; Sandén, 2016; van Toorenenburg 
et al., 2018). Similar to the lower reaches of many other ephemeral 
dryland rivers, there is a significant downstream decrease in the cross- 
sectional area of the river from ~80 m2 to <5 m2 and its associated 
sediment transport capacity (Donselaar et al., 2013, 2022). These 
changes lead to widespread overbank flow during floods, which typi-
cally occur approximately once annually, but with flood clusters being 
closely related to La Niña-like conditions (Li, 2014; Li et al., 2020a,c, 
2021). Approaching the river terminus, bed, bank and floodplain sedi-
ment is dominantly fine-grained (D50 < 60 µm) but there are no data on 
bedload or suspended sediment loads during floods owing to the absence 
of gauges and lack of real-time monitoring and measurement (Li et al., 
2015). Overbank flow commonly initiates levee breaching along the 
trunk channel and other partially active channels, resulting in a down-
stream increase in the number of crevasse splays (Li and Bristow, 2015). 
Formation of multiple crevasse splays with local relief up to ~0.5 m 
(Fig. 1D-F) commonly leads to lateral amalgamation and vertical 
stacking, resulting in low accommodation space on the floodplain 
adjacent to the channels (Li et al., 2014; Li and Bristow, 2015). Conse-
quently, during waning flood stages, significant volumes of overbank 
floodwater can flow back towards the channels through some of the 
crevasse splay networks, a process termed backflow or reflux (e.g. van 
Toorenenburg et al., 2018). Due to limited accessibility during peak 
floods, field measurements of flood flow conditions are notoriously 
difficult and real-time observations using remote sensing approaches are 
commonly limited by satellite visiting periods, resolution, and/or cloud 
cover (e.g. Li et al., 2018). Nevertheless, based on pre- and post-flood 
field observations of the lower Río Colorado, van Toorenenburg et al. 
(2018) distinguished three different splay types, namely: i) splays sub-
ject to unidirectional (basinward) drainage; ii) splays facilitating bidi-
rectional drainage; and iii) splays in a post-active abandonment phase. 
From these observations, van Toorenenburg et al. (2018) proposed a 
generic life cycle for crevasse splays that spans multiple flooding events 
(Fig. 2). Initial splay development is controlled dominantly by outflow 
from the trunk channel, which initiates crevasse channel erosion and 
associated deposition as the splay channels adjust towards an equilib-
rium profile graded to a local base level formed by their distal termini. 
At this stage, the bed elevation at the crevasse channel apex remains 
higher than the maximum flood (ponding) depth on the floodplain and 
there is no backflow (reflux) to the trunk channel (Fig. 2). Continued 
incision during subsequent floods along the crevasse channel, however, 
lowers the bed elevation at the crevasse apex to below the maximum 
flood depth on the floodplain. Coupled with more distal deposition, 
these morphodynamic adjustments facilitate the return flow of water 
and sediment to the trunk channel during falling stage (Fig. 2). 
Temporarily, this lowers or reverses the equilibrium profile, with local 
base level now formed by the lower elevation trunk channel thalweg. As 

Fig. 2. Conceptual diagram (not to scale) of the generic life cycle of a crevasse 
splay where the maximum flooding level on the floodplain remains lower than 
the levee elevation (from van Toorenenburg et al., 2018). Trunk channel water 
level varies over time and corresponds with confined in-channel flow (1), 
crevasse-confined flooding (2), and unconfined overbank flooding (3). In parts 
B through D, the initial floodplain topography (part A) is indicated by a sloping, 
black dashed line. Erosion of the crevasse and splay channel bed is indicated in 
red (parts B-C). Adjacent deposition on levees, in splay lobes, and the trunk 
channel bed (reflux lobe) is indicated in green (parts B-C). Ultimately, the 
crevasse and splay channel infills, and the reflux lobe is eroded (part D). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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a consequence, headward erosion (the ‘backstepping erosion’ of van 
Toorenenburg et al., 2018) commonly occurs throughout the splay 
channel network, and the increased sediment supply can promote the 
formation of reflux lobes at the junction with the trunk channel (cf. 
Fig. 1F). This lowering or reversal of crevasse channel gradient ulti-
mately leads to lower velocity outflows from the trunk channel during 
floods, which may then lead to backfilling and abandonment of the 
crevasse splay (Fig. 2). 

The field observations of van Toorenenburg et al. (2018) draw 
particular attention to the key controls on splay development in this 
setting, including: i) the relative channel and floodplain gradients; ii) the 
relative elevations of the trunk channel bed, crevasse channel bed and 
floodplain; and iii) the relative floodwater depths in the trunk channel 
and on the floodplain. While their conceptual model provides numerous 
useful insights into splay development, the dynamic interplay between 
these factors under various flooding scenarios remains to be explored 
more comprehensively using numerical modelling approaches. Signifi-
cantly, however, van Toorenenburg et al.’s (2018) observations high-
light the limitations of previously published modelling experiments for 
investigating the relative role of these controls in splay development in 
the Río Colorado setting. Two contrasting examples illustrate this point. 
Slingerland and Smith’s (1998) physically-based conceptual model of 
the development of an initial crevasse channel highlighted the impor-
tance of the amount of suspended sediment delivered to the crevasse 
channel relative to its transport capacity but did not consider the con-
ditions leading to the initial crevasse formation, or the role of bedload, 
variations in outflow, or backflow. Millard et al.’s (2017) numerical 
model aimed to isolate how sediment supply and floodplain drainage 
conditions influence splay growth but their model setup represented a 
flat-floodplain condition that was designed explicitly to promote depo-
sition and limit channelisation and sediment remobilisation that may 
arise from flow over a sloped floodplain. In their model, an initial 
crevasse and associated levees had a non-erodible base and morphody-
namically developed only through deposition. While providing many 
useful insights, therefore, the limitations of these and other numerical 
models restrict direct application of the previously published modelling 
results to the Río Colorado setting. 

In short, the controls of crevasse splay development along the Río 
Colorado — and potentially along other similarly low-gradient, non- 
vegetated, dryland rivers (e.g. Ielpi, 2018; Ielpi and Lapôtre, 2019a,b) — 
are still not fully understood. Using Delft3D, a process-based numerical 
model, in this paper we test and extend van Toorenenburg et al.’s (2018) 
field-based observations by addressing the role of hydrological varia-
tions in crevasse splay formation. Specifically, this study focuses on the 
relative importance of discharge (outflow from trunk channel to 
crevasse channel during rising stage) and backflow (reflux to the trunk 
channel during falling stage) in the early stages of crevasse splay for-
mation. The early stages of crevasse splay development have been re-
ported to have a fundamental impact on later splay growth and therefore 
the subsequent architecture of splay deposits (Toonen et al., 2016). 
Similar to other splay modelling studies where simplifying assumptions 
have been made (e.g. Slingerland and Smith, 1998; Millard et al., 2017; 
Nienhuis et al., 2018), in order to isolate and evaluate the relative in-
fluence of these hydrological controls, at this stage we do not address 
sediment supply variations. 

3. Methods and model setup 

3.1. Numerical model 

We used the open-source physics-based model, Delft3D (version 
4.04.01), to conduct numerical experiments linking hydrodynamic, 
sediment transport and morphological changes in the early stages of 
crevasse splay development. Delft3D solves the two-dimensional depth- 
averaged flow equations and computes sediment transport and bed level 
change (Lesser et al., 2004). The reliability and accuracy of this model 

for both scientific research and engineering practice has been demon-
strated in a wide spectrum of river, estuarine and coastal systems (e.g. 
Mosselman, 2004; Edmonds and Slingerland, 2007, 2008; Schuurman 
et al., 2013; Hajek and Edmonds, 2014; Yuill et al., 2016; Millard et al., 
2017; Nienhuis et al., 2018; David et al., 2018). Compared with other 
numerical models, a particular advantage of Delft3D is its simulation of 
sediment transport and morphodynamics with rigorous theoretical 
foundation (Mosselman, 2004; Edmonds and Slingerland, 2007, 2008; 
Schuurman et al., 2013). 

The hydrodynamics in Delft3D are based on conservation of mo-
mentum and mass assuming hydrostatic pressure. The equations of fluid 
motion, sediment transport and deposition are discretized on a 3D 
curvilinear, finite-difference grid, and an alternating direction implicit 
scheme is used to solve the differential equations (for detailed de-
scriptions of the hydrodynamics and numerical scheme of Delft3D, see 
Lesser et al., 2004). 

3.2. Model setup and input 

This study focuses on channel-floodplain interactions during over-
bank flooding, particularly during and after peak discharge. Accord-
ingly, we created a schematized model to investigate morphodynamics 
of a trunk channel and an adjacent right-hand floodplain. Based on 
width and depth measurements of the Río Colorado approaching the 
river terminus (Donselaar et al., 2013), the trunk channel was set at 300 
m long, 32 m wide and 2 m deep (Fig. 3). Measurements of 216 crevasse 
splays approaching the Río Colorado River terminus (Li and Bristow, 
2015) reveal that the median values of splay length and width are 298 m 
and 112 m, respectively. Based on these dimensions, the levee and 
floodplain in the model domain was set at 300 m long × 368 m wide 
(Fig. 3). A 40 m wide levee, initially without crevasse channels, was set 
uniformly along the edge of the trunk channel with a cross-valley slope 
of 0.5 %, while the rest of the domain was floodplain with a cross-valley 
slope of 0.09 % (Fig. 3). A high resolution (2 m × 2 m) grid cell for 
observation of channel-floodplain morphodynamics was set uniformly 
across the model domain. 

Differential GPS field measurements reveal that cross-valley gradient 
prominently exceeds downvalley (basinward) gradient (i.e. along and 
parallel to the trunk channel) in this low-gradient system (Li et al., 
2015a, 2019, 2020c; van Toorenenburg et al., 2018). Owing to the low 
downvalley gradient (Table 1) and the short length (300 m) of the 
modelled reach, the downvalley elevation fall in the model domain is 
negligible, and the model runs are dependent mainly on the levee, 
floodplain cross-valley, and water surface gradients. The model runs 
employ a straight channel with an initially flat channel bed to avoid 
topographic forcing and allow crevasse splays to form entirely as the 
result of the physical and constitutive relations (Schuurman et al., 
2013). On the modelling timescale, flooding is driven by variations in 
river discharge. Initially, water flows down the trunk channel. Then, as 
stage rises, erosion and outflow occurs through newly forming crevasse 
channels, leading to floodplain inundation. Finally, as stage falls, reflux 
returns flow to the main channel. Accordingly, we set two open 
boundaries for the trunk channel with upstream inflow and downstream 
outflow, as well as open boundaries at either edge of the floodplain 
domain (Table 1, Fig. 3). The trunk channel inflow boundary is char-
acterized by a constant frequency of peak flow and low flow (i.e. a fixed 
flood return period). As such, water level at the outflow boundary is set 
for two conditions: a low flow water level (6 m) during the low discharge 
period and a peak flow water level (6.5 m) for the peak discharge, where 
the water levels are relative to the top elevation of the maximum initial 
sediment thickness in the model domain. In the model domain (Fig. 3), 
this peak flow water level equates to a channel water depth of 2 m and 
an overbank water depth of up to 0.5 m. 

Time series of high-resolution satellite imagery has revealed that 
crevasse splays along the Río Colorado tend to develop in the austral 
summer when most rainfall and flooding occurs. More than three 
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decades of daily precipitation data (1985–2017) reveal that peak 
flooding occurs approximately once per year on average, although there 
may be clusters of floods as driven by ENSO cycles (Li and Bristow, 2015; 
Li et al., 2019, 2020a, 2021). To fully capture the rise and fall of typical 
hydrographs in the river system, a morphological factor (morFac) of 10 
was set, and ten flood cycles, each with a simulation time of 52 h, were 
employed. The morphological factor reduces computational time by 
accelerating the morphological response to each hydrodynamic timestep 
by the value set (Lesser et al., 2004). 

Sediment input in the model was based on the analysis of the grain- 
size distribution of 219 samples collected from the lower reaches of the 
Río Colorado. Samples were collected mainly from point bar deposits, 
and crevasse splay and floodplain sediments, and are mostly composed 
of fine sand, silt and clay (Li et al., 2015). Based on the field data, in the 
model we set a ratio of 2:3:3 for fine sand, silt and clay (Table 2). The 
Engelund-Hansen equation (Engelund and Hansen, 1967) was used to 
calculate sediment transport for non-cohesive sediment. As one of our 
study aims was to investigate the relative importance of hydrological 
controls in crevasse splay initiation and development, for the upstream 
boundary, a constant potential sediment supply was assigned to all 
simulations. Therefore, model runs with a larger discharge were sup-
plied with more sediment overall than model runs with smaller dis-
charges (Morehead et al., 2003). 

We simulated nine different model runs, each of which has ten cycles 
of peak discharge and backflow (Table 3, Fig. 4). The model runs were 
designed to highlight the relative importance of hydrological controls on 
key erosional and depositional processes: specifically, discharge, and the 
combined effect of floodplain water level and backflow. To help differ-
entiate the impact of overbank flow and backflow, three phases were 
defined for each flood cycle (Fig. 4): phase 1 is from the start of a new 
flood to the flood peak; phase 2 is from the end of peak flow to the start 
of backflow; and phase 3 is before the new flood cycle starts. The 
‘discharge model’ runs (M1 to M5) have a fixed floodplain water level of 
6.5 m but different discharges of 50, 60, 70, 80 and 90 m3/s, respectively 
(Fig. 4A). The ‘backflow model’ runs (M6, M7, M2, M8, M9) have a fixed 
discharge of 60 m3/s but different floodplain water levels of 6.3, 6.4, 6.5, 
6.6 and 6.63 m, respectively. With its common discharge of 60 m3/s and 
floodplain water level of 6.5 m, model run M2 is included in both the 
discharge and backflow model runs, and so provides a reference model 
for comparison across the full suite of model runs. With reference to the 
non-crevassed levee elevation of 6.5 m, model runs M6 (6.3 m) and M7 
(6.4 m) have water levels lower than the levee, model run M2 has a 
water level equal to the levee elevation, and model runs M8 (6.6 m) and 
M9 (6.63 m) have water levels higher than the levee (Fig. 4B). 

For each model run, a transition from no water to low (confined) 

flow of 10 m3/s was set initially to ensure model stability. Each flood 
cycle then starts from this low flow discharge (Fig. 4) and subsequently 
linearly increases to peak discharge. Bankfull discharge (~50–60 m3/s) 
was estimated using Bjerklie’s (2007) model, which has been success-
fully applied for discharge estimation along the Río Colorado and other 
ungauged dryland rivers (Larkin et al., 2017; Li et al., 2019, 2021). As 
discharge increases, overbank flow initiates from upstream to down-
stream, and water level increases on the floodplain. As peak discharge is 
passed, and stage in the trunk channel begins to fall, backflow from the 
floodplain to the trunk channel potentially can start. The termination of 
backflow events is followed by evaporation (modelled using heat flux 
equations, for details, see page 227 in the Delft3D-FLOW User Manual), 
which removes water on the floodplain prior to the next flood (Fig. 4). 
Based on previous work in this study area (Li et al., 2020c), a Manning 
roughness coefficient of 0.03 is used in the model. 

3.3. Post processing 

Channel-floodplain morphodynamics, sediment thickness, and flow 
velocity and bed shear stress for each flood cycle were analyzed. The 
sedimentary features near open boundaries (e.g. upstream bars near the 
inflow boundary) were not subjected to further analysis to avoid 
including unrealistic boundary effects. Three downvalley floodplain 
profiles were analyzed, with the profiles taken parallel to and away from 
the trunk channel at distances of 200 m, 250 m and 300 m. Key 
morphological elements, including crevasse channels and depositional 

Fig. 3. Schematic diagram of the model domain and boundaries used in this study.  

Table 1 
Initial conditions and default input parameters for the Delft3D model used in this 
study, as based on the characteristics of the lower Río Colorado channel and 
floodplain. The lower Río Colorado is low gradient (0.05 % or 0.0005 m m− 1); 
hence, for this short (300 m long) modelled reach, bed slope is set to zero, with 
flow driven by time-series discharge in the upstream boundary and various 
water levels at the downstream boundaries.  

Parameter Unit Value 

Main channel length m 300 
Main channel width m 30 
Bed slope m/m 0 
Floodplain slope  0.09 % 
Levee slope  0.50 % 
Grid cell length m 2 
Grid cell width m 2 
Hydrodynamic time step s 0.0025 min (0.15 s) 
Sediment transport predictor kg m− 1 s− 1 Engelund-Hansen 
Peak discharge m3/s 60 
Low discharge m3/s 10  
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bars, were identified along these profiles and their morphodynamics 
were recorded on the basis of topographic changes. For crevasse chan-
nels, the lowest topographic points on each profile were extracted (i.e. 
bed level), while for bars, the highest topographic points on each profile 
were extracted (i.e. bar tops). High-resolution satellite imagery (dates 
2010, 2013, 2016, 2018) from Google Earth Pro reveal crevasse splay 
morphodynamics along the Río Colorado over the last decade (e.g. 
Fig. 1D-F), and were compared with the model outputs using visual 
inspection. 

4. Results 

Based on the hydrological, sedimentological and geomorphological 
characteristics of the lower Río Colorado, our Delft3D generic simula-
tions systematically varied the flood discharge and floodplain water 
levels. As outlined below, our results show that increases in discharge 
lead to more rapid splay sedimentation and stabilization of a single 
crevasse channel. Increases in floodplain water level result in short, 
wider splays and facilitate the development of multiple stable crevasse 
channels. 

4.1. Reference model run (M2) 

The reference model run illustrates that ten flood cycles are sufficient 
to fully capture the early stage of crevasse splay development that result 
from overbank flooding and backflow processes (Fig. 5). The crevasse 
splay complex ultimately includes two crevasse channels, namely a 
primary splay channel (PSC) and a secondary splay channel (SSC), and 
three depositional bars (downstream bar, middle bar and distal bar) 
(Fig. 5H). 

At the start of the model run (1st flood), overbank flooding occurs in 
the upstream reach of the trunk channel, and is associated with pro-
nounced levee breaching (Fig. 5A). Adjacent to the breached levee, two 
splay channels develop on the floodplain, both of which lengthen, nar-
row and deepen by erosion during the first few floods (Fig. 5A-D; Fig. 6). 
The splay channel that is located perpendicular to the trunk channel 
develops more rapidly and eventually becomes the PSC (Fig. 5E-F). From 
the 7th flood onwards, this channel stabilizes in width (Fig. 5G-J; Fig. 6). 
A SSC develops during the first three flood cycles (Fig. 5A-C; Fig. 6) but 
subsequently shallows and narrows as the middle bar and downstream 
bar grow in size, albeit at a slower rate after the 6th flood (Fig. 5D-J; 
Fig. 6). In later flood cycles, a distal bar develops (e.g. Fig. 5G-I) and 
eventually amalgamates with the middle bar (Fig. 5J). 

Analysis of the simulated topography shows that the PSC experiences 
erosion, albeit with a decrease in depth from the proximal (1.25 m 
difference) to distal (1.03 m difference) region (Fig. 6; Fig. 7A-C, M2, red 
line with circles). In the proximal profile (200 m), for each flood cycle, 
the PSC bed experiences minor deposition around the flood peak but 
erosion exceeds this deposition during backflow phases, leading to an 

overall erosive trend (Fig. 6A; Fig. 7A: M2, red line with circles). The 
elevation change over time in the proximal section (200 m) is “stag-
gered” with relatively pronounced depositional and erosional events 
during the different phases of the flooding cycle (Fig. 7A) while the 
medial profile (250 m) and the distal profile (300 m) show a “smoother” 
decrease in elevation over time (Fig. 7B-C). 

The SSC is characterized by a fluctuating trend from overall deep-
ening (erosion) to shallowing (filling) through the 10 flood cycles 
(Fig. 6; Fig. 7D-F: M2, red line with circles). During the 1st to the 6th 
flood cycles, the net elevation of the SSC decreases in the proximal 
profile, with pronounced erosion during backflow phases overriding any 
deposition occurring in the other phases of the flooding cycles (Fig. 6; 
Fig. 7D). From the 7th flood cycle onwards, the elevation of the SSC 
shows a slight net increase, with the erosion in the backflow phase no 
longer overriding the deposition experienced in the other phases (Fig. 6; 
Fig. 7D). The medial (250 m) and distal (300 m) profiles show similar 
trends, with initial minor erosion followed by minor filling (Fig. 6; 
Fig. 7E-F). 

The middle bar undergoes minor variations in elevation away from 
the trunk channel. The proximal (200 m) profile shows that erosion 
occurs in the backflow phase of the 1st flood cycle but thereafter 
deposition predominates until the bar elevation stabilises from the 7th 
flood cycle onwards (Fig. 6; Fig. 7G: red line with circles). In the medial 
(250 m) and distal (300 m) profiles, the middle bar experiences an in-
crease in elevation during the first 4 or 5 flood cycles and thereafter 
stabilises (Fig. 6; Fig. 7H-I). 

4.2. Discharge model runs (M1 to M5) 

In comparison to M2, the other four discharge model runs have 
discharges that are either smaller (M1) or larger (M3 to M5). The results 
show that differences in peak discharge have a strong influence on the 
crevasse splay morphodynamics (Fig. 7; Fig. 8). In simulations with 
smaller and larger peak discharges, only a PSC fully develops and there 
is either no evidence or only weak development of a SSC and middle bar 
(Fig. 7; Fig. 8). 

For the lowest discharge model (M1), levee breaching occurs but this 
only leads to limited development of a PSC (Fig. 8). During the backflow 
stage, all water drains back to the trunk channel via the PSC. Elevation 
analysis shows that in model run M1, the PSC in the proximal (200 m) 
profile is deeper than in model run M2 for the first eight floods (Fig. 7A: 
blue line with crosses) but in the more medial (250 m) and distal (300 m) 
profiles is noticeably shallower (Fig. 7B-C). For simulations with larger 
peak discharge (M3 to M5), levee breaching tends to occur slightly 
farther downstream along the trunk channel, and a PSC becomes 
increasingly prominent, leading to increasing sediment transfer to and 
across the full width of the floodplain (Fig. 8). In M3, M4 and M5, the 
bed level of the PSC decreases initially but approaches a stable elevation 

Table 2 
Parameters of sediment composition used in the Delft3D model in this study.  

Composition 1: Fine sand  
Median value (D50, μm) 100 
Dry bed density (kg m− 3) 1600 
Composition 2: Silt 
Dry bed density (kg m− 3) 500 
Settling velocity (m/s) 1 
Critical bed shear stress for sedimentation (N/m− 2) 1000 
Critical bed shear stress for erosion (N/m− 2) 0.5 
Erosion parameter (kg m− 2 s− 1) 0.0001 
Composition 3: Clay 
Dry bed density (kg m− 3) 500 
Settling velocity (m/s) 0.5 
Critical bed shear stress for sedimentation (N/m− 2) 1000 
Critical bed shear stress for erosion (N/m− 2) 0.8 
Erosion parameter (kg m− 2 s− 1) 0.0001  

Table 3 
Delft3D model setups in this study. Note that M2 is a reference model and is 
included in both the discharge and backflow models. In the model domain (see 
Fig. 3), a floodplain water level of 6.5 m corresponds to a channel water depth of 
up to 2 m and an overbank water depth of up to 0.5 m (see text for further 
explanation).  

Model number Discharge (m3/s) Floodplain water level (m) 

Discharge models M1 50  6.5  
M2 60  6.5  
M3 70  6.5  
M4 80  6.5  
M5 90  6.5 

Backflow models M6 60  6.3  
M7 60  6.4  
M2 60  6.5  
M8 60  6.6  
M9 60  6.63  
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in the later flood cycles, especially in the more proximal reaches 
(Fig. 7A-C). 

In simulations with discharges larger (M3-M5) than the reference 
model (M2), a SSC develops in the initial flood cycles but then disap-
pears (Fig. 7D-F; Fig. 8). Owing to the limited development of a SSC in 
models runs M1 and M3 to M5, a middle bar remains poorly defined. In 
M3 and M4, deposition initially results in a vertically accreting middle 
bar and then greater stability after the 3rd flood cycle in the proximal 
and medial parts, and greater stability after the 7th flood cycle in the 

more distal parts (Fig. 7G-I). The SSC is eliminated when the middle bar 
accretes laterally to fill the SSC (e.g. Fig. 8C and 8H). 

4.3. Backflow model runs (M2, M6 to M9) 

In comparison to M2, the four backflow model runs (M6-M9) have 
floodplain water levels that are both lower than the levee (M6 and M7) 
and higher than the levee (M8 and M9). The model results show that 
these differences in floodplain water level have a pronounced influence 

Fig. 4. Discharge and floodplain water levels for the different model runs (only the first five of the ten flood cycles are shown, with the remaining five cycles being 
the same as the first five): (A) discharge model runs (M1-M5) with varying discharges but fixed floodplain water level; (B) backflow model runs (M6, M7, M2, M8, 
M9) with varying floodplain water levels but fixed discharge. M2 is a reference model that is included in both A and B and floodplain water level is with reference to 
the bottom elevation of the model. Arrows with different colors indicate the end of various phases of single flood cycles: phase 1 (red); phase 2 (blue); and phase 3 
(black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Patterns of cumulative erosion and sedimentation during the 10 flood cycles for the reference model (M2). The location of the floodplain topographic profiles 
at 200 m, 250 m and 300 m from the trunk channel (Figs. 6, 7 and 9) are shown in A (1st flood cycle). Key morphosedimentary features are labelled on H (8th flood 
cycle): PSC: primary splay channel; SSC: secondary splay channel; UB: upstream bar; MB: middle bar; DB: downstream bar; DLB: distal bar. Note that the upstream 
bar (UB) is not analyzed owing to potential boundary effects. 
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on backflow processes and associated crevasse splay morphodynamics 
(Fig. 9; Fig. 10). 

In models M6 and M7, the trunk channel levee is breached, leading to 
development of a PSC in similar fashion to that occurring during model 
run M2, especially in the proximal and medial parts where depths are 
similar (Fig. 9A-B; Fig. 10). In M6 and M7, a minor SSC branches from 
the proximal part of the PSC (Fig. 10), but shallows through the flood 
cycles owing to infilling (Fig. 9D-F). 

The areal extent of the PSC, and to some extent the SSC, is large in 

model runs M6 and M7 in comparison with subsequent backflow model 
runs M8 and M9 where floodplain water levels are higher (Fig. 10). In 
M8, two separate crevasse splay channels with similar widths develop, 
one adjacent to the upstream part of the trunk channel (the PSC), and 
one farther downstream (the SSC). In M9, the two splay channel widths 
are more dissimilar, and the SSC is shorter (Fig. 10). In both M8 and M9, 
the PSC is shallower and shorter compared with the PSC forming in 
model runs with lower floodplain water levels (Fig. 9A-C; Fig. 10). In 
contrast to these other model runs, the SSC in model runs M8 and M9 

Fig. 6. Three floodplain topographic profiles at A) 200 m, B) 250 m and C) 300 m from the trunk channel (see Fig. 5A for location) for model run M2. F1 through F10 
refer to the 1st flood cycle through the 10th flood cycle. 
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continues to deepen through the 10 flood cycles as a result of pro-
nounced erosion (Fig. 9D-F: SSC), with erosion particularly pronounced 
in M9 close to the junction with the trunk channel (Fig. 10). 

In these backflow models, the areal extent and elevation of the 
middle bar varies (Fig. 9G-I; Fig. 10), in large part owing to the different 
sizes and spacings of the PSC and SSC. The middle bar either initially 
increases in elevation through the first few flood cycles before stabilising 
(e.g. M6 and M7), or tends to increase in elevation through the ten full 
flood cycles (e.g. M8 and M9), ultimately reaching elevations higher 
than in other model runs in the proximal, medial and distal profiles, but 
with a steeper slope from the trunk channel towards the distal floodplain 
(Fig. 9G-I; Fig. 10). 

5. Interpretation 

Our numerical modelling results provide scope for evaluating and 

extending previous inferences about splay development along the lower 
Río Colorado that have been derived from field and remote sensing data 
and modelling approaches (e.g. Donselaar et al., 2013, 2022; Li and 
Bristow, 2015; van Toorenenburg et al., 2018). In particular, our 
modelling results provide new, quantified, process-based insights into 
the relative importance of discharge, floodplain water levels and back-
flow for crevasse splay morphodynamics. 

5.1. The development and influence of crevasse channel bifurcations 

Reference model M2 is the only model run where a well-developed, 
essentially stable, crevasse channel bifurcation (i.e. a PSC with a smaller, 
branching SSC) develops through the flood cycles (Fig. 8). Other model 
runs with different discharges and/or different floodplain water levels 
lead to the development of one dominant splay channel (PSC only – M1, 
M3 to M7) or to two separate crevasse splay channels (PSC and separate 

Fig. 7. Elevations of different geomorphological and sedimentary elements for the 10 flood cycles, and the three phases within each cycle, for each of the discharge 
model runs (M1-M5): PSC: primary splay channel; SSC: secondary splay channel; MB: middle bar. The locations of the floodplain topographic profiles are shown in 
Fig. 5A. For PSC and SSC, the profile is measured on their lowest points (i.e. bed level) while for middle bar, the profile is measured is on its highest point (i.e. 
bar top). 

Fig. 8. Comparison of patterns of cumulative erosion and sedimentation across the full model domain for the five discharge model runs (M1-M5) between: A)-E) the 
end of the 5th flood cycle; and F)-J) the end of the 10th flood cycle. 
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SSC – see M8 and M9) (Fig. 8; Fig. 10). 
In model run M2, soon after the start of flooding along the trunk 

channel, flow and sediment is diverted to the floodplain as a conse-
quence of levee breaching in the upstream part of the reach (Fig. 8; 
Fig. 11). Relatively high flow velocities and resulting bed shear stresses 
through the levee breach in the upstream part of the reach (Fig. 11A-B) 
promote development of a distinct crevasse channel, with the eroded 
sediment initially being deposited near the crevasse apex. During the 
peak of the first flood cycle, flow velocities and maximum bed shear 
stresses are highest in the floodplain near the crevasse opening, partic-
ularly along two main paths that trend obliquely basinward (see arrows 
in Fig. 11B), resulting in net erosion and sediment dispersal. Flow ve-
locity and shear stress decrease downvalley and laterally across the 
floodplain (Fig. 11A-B), which leads to widespread sediment deposition, 
including on prominent bars adjacent to the crevasse (Fig. 11C-D). 

The topographic relief created during the first flood peak (phase 1) 
exerts a fundamental influence on the backflow (phase 3) that occurs as 
the first flood peak wanes and during which much erosion occurs. 
During waning flow, discharge in the trunk channel decreases and water 
level drops but the floodplain water level remains relatively high owing 
to the enforced residual overbank flow. Consequently, water drains back 
to the trunk channel (Fig. 12A-C), focusing on the two paths where flow 
velocities and maximum bed shear stresses were highest during the prior 
peak flood (Fig. 11A-B; Fig. 12A-C). These two backflow paths are 
characterized by high flow velocities and maximum bed shear stresses, 
which leads to further erosion and the lowering and deepening of the 
crevasse channels, particularly close to the junction with the trunk 
channel (Fig. 12D-F; Fig. 13A). 

By contrast, flow velocities decrease at the junction with the trunk 
channel (Fig. 12D), with sediment deposition leading to the formation of 
a reflux lobe (Fig. 13A). The modelling results show that subsequent 
flood cycles (outflow and backflow) tend to accentuate the floodplain 
topography established during this first flood event, with the PSC 
gradually incorporating the offtake of the SSC as the crevasse splay 
complex develops (Fig. 5). 

These simulated erosional and depositional dynamics in model run 
M2 correspond with previous field and remote sensing observations of 
some large splay complexes along the Río Colorado (e.g. Fig. 1E-F; 
Fig. 13B-E), which show that erosion may initiate knickpoints at the 
junction between different order splay channels or at the junction be-
tween the crevasse channel and the trunk channel (cf. Donselaar et al., 
2013, their Fig. 15E-F; van Toorenenburg et al., 2018, their Fig. 7C and 
Fig. 13). Knickpoint migration in subsequent floods may result in 
knickpoint coalescence, giving rise to extensive, headward eroding 
channel networks. Similarly, our model results showing the develop-
ment of reflux lobes (e.g. Fig. 1E-F and Fig. 13B-C, E) correspond with 
previous field and remote sensing observations (Donselaar et al., 2013, 
their Fig. 15D-E; Li and Bristow, 2015, their Fig. 17; van Toorenenburg 
et al. 2018, their Fig. 7A and Fig. 8). The modelling results also 
demonstrate how reflux lobes tend to form towards the end of each flood 
event but are eroded in the subsequent flood event and so do not persist 
as stable, channel features (cf. van Toorenenburg et al., 2018). 

5.2. Channel-floodplain interactions during floods (discharge models) 

Similar to model run M2, in the other discharge model runs (M1, M3 
to M5), the first flood (phase 1) tends to establish the floodplain 
topography that fundamentally influences crevasse splay morphody-
namics in the subsequent backflow (phases 2 and 3), with this devel-
oping topography then influencing later flood cycles (Fig. 14). Even in 
the lowest discharge model run (M1, 50 m3/s), the first flood cycle is 
sufficient to initiate overbank flow, and also some limited levee 
breaching and crevasse channel erosion (Fig. 14A). As we used a 2D 
depth-averaged flow equation in our Delft3D simulations, the typically 
vertically stratified sediment concentrations in river flows means that 
the upper water column remains relatively sediment free (cf. Slingerland 
and Smith, 1998; Meselhe et al., 2012), and so only limited sediment is 
transferred to the floodplain (Fig. 14A). As discharge increases from M1 
to M5, however, increasing volumes of overbank flow are coupled with 
higher overbank flow velocities and shear stresses, leading to increases 

Fig. 9. Elevations of different geomorphological and sedimentary elements for the 10 flood cycles, and the three phases within each cycle, for each of the backflow 
model runs (M6, M7, M2, M8, M9): PSC: primary splay channel; SSC: secondary splay channel; MB: middle bar. The locations of the floodplain topographic profiles 
are shown in Fig. 5A. For PSC and SSC, the profile is measured on their lowest points (i.e. bed level) while for middle bar, the profile is measured is on its highest 
point (i.e. bar top). 
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in the lateral extent of levee breaching and crevasse channel erosion 
(Fig. 14B-C). In addition, increasing volumes of sediment are transferred 
to and across the floodplain, leading to formation of depositional bars. 
For instance, the formation of an upstream bar, middle bar, and down-
stream bar in model runs M2 and M3 (Fig. 5; Fig. 8) is a result of the 
rapid flow expansion that occurs in the transition from relatively 
confined flow in a crevasse to unconfined overbank flow (cf. Edmonds 
and Slingerland, 2007). For larger peak discharges (model runs M4 and 
M5), the PSC deepens and captures an increasing proportion of the flow 
emanating from the trunk channel (Fig. 8). Consequently, less overbank 
flow goes through the SSC (Fig. 8), which leads to decreasing flow ve-
locities and sediment deposition. These processes lead to narrowing, 
shallowing and eventual infilling of the SSC (Fig. 8). This illustrates a 
more general point: namely, that as increasing amounts of sediment are 
transferred onto and across the floodplain in an increasingly dominant 
PSC (Fig. 8), many topographic lows on the more medial and distal parts 
of the floodplain tend to be filled, locally blocking potential pathways 
for backflow to the trunk channel after the flood peak has passed 
(Fig. 14). 

5.3. Backflow processes and their impacts on crevasse morphodynamics 

Similar to model run M2 (see Section 5.1), in the other backflow 
model runs (M6, M7, M8, M9), the more rapidly decreasing water levels 
in the trunk channel after the passage of the flood peak create steep local 
water surface gradients, inducing backflow from the floodplain towards 
the trunk channel. This backflow tends to be routed through any pre- 
existing splay channels, commonly inducing erosion near the junction 
with the trunk channel and forming reflux lobes (Fig. 12; Fig. 13). 

A key issue, however, is the extent to which floodplain inundation 
and backflow accelerate crevasse splay development. In our study, 
backflow model runs with floodplain water levels that are higher than 
the levee elevation (i.e. M8, M9) induced return flow to the trunk 
channel along a greater length of the modelled reach, some of which 
leads to development of crevasse channels (i.e. the SSCs) that are 
separate from the area of levee breaching that occurred early in the 
model runs (Fig. 10D-E). Nevertheless, our modelling results reveal that 
these high floodplain water levels do not necessarily mean high rates of 
crevasse channel development across the floodplain. For example, in M8 

Fig. 10. Comparison of patterns of cumulative erosion and sedimentation across the full model domain for the five backflow model runs (M6, M7, M2, M8, M9) 
between: A)-E) the end of the 5th flood cycle; and F)-J) the end of the 10th flood cycle. 

Fig. 11. Maps for peak flow (phase 1) of the first flood cycle of model run M2, showing the distribution of: A) depth-averaged flow velocity; B) maximum bed shear 
stress; C) sand mass gain/loss; and D) silt mass gain/loss. 
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and M9, the more downstream crevasse channels (i.e. the SSCs) that are 
initiated mainly by the higher volumes of backflow, tend to develop at a 
similar rate compared to the upstream crevasse channels (the PSCs) that 
are driven by a combination of outflow during peak floods and backflow 
during waning flow (Fig. 10D-E). The similar development rates of these 
different crevasse channels, despite different combinations of hydro-
logical drivers, possibly can be attributed to the interaction between 
outflow and backflow processes. Though the upstream crevasse chan-
nels (PSC) receive substantial outflow from the trunk channel, these 
flows may decelerate under conditions of high floodplain water levels, 
with a corresponding reduction in erosion. By the same token, the higher 
floodplain water levels drive more active backflow processes, resulting 
in widening and deepening of downstream crevasse channels (SSCs) that 
initially do not receive substantial outflow from the trunk channel. 

In fact, our modelling results demonstrate that crevasse channels 
tend to extend faster across the floodplain when floodplain water levels 
are lower; driven by strong outflow and proximal erosion, sediment 
tends not to be deposited on levees but is delivered further onto the 
floodplain (Fig. 10 – M6, M7). Similar to model run M2, in model runs 
M6 and M7, one crevasse channel becomes dominant and extends 
beyond the model domain (Fig. 10), suggesting the potential for some 
crevasse channels to develop into avulsion pathways that ultimately 
lead to more profound lateral redistribution of water and sediment (cf. Li 
et al., 2019). 

6. Discussion 

Our results and interpretations both support and significantly extend 
previous inferences about splay development along the lower Río Col-
orado made by Donselaar et al. (2013, 2022), Li and Bristow (2015), and 
van Toorenenburg et al. (2018) but also provide scope for comparison 
with the processes of splay formation along other dryland rivers. In 
addition, our findings provide insights into the limitations and potential 
of numerical modelling of splay development. 

6.1. Comparisons to splay formation along other dryland rivers 

Splays are common features of the lower reaches of ephemeral rivers 

in endorheic basins, both where riparian vegetation is present (e.g. 
Tooth, 1999a, b, 2000; 2005; Lang et al., 2004; Fisher et al., 2008; 
Millard et al., 2017) and largely absent (e.g. Li et al., 2014; Ielpi, 2018; 
Ielpi and Lapôtre, 2019a). From these settings, however, there are 
relatively few detailed data on the controls, patterns, processes and rates 
of splay development. 

One exception is provided by Tooth’s (2005) field investigations of 
three ephemeral rivers in arid central Australia, where splays have 
developed on the outside of channel bends or on straight reaches, 
despite well-developed bankline vegetation (principally Eucalyptus 
spp.). Splays on the lower Sandover, Sandover-Bundey and Woodforde 
rivers vary from small, lobate or tongue-shaped features < 1 km long, to 
larger, elongate features up to ~ 4 km long, and are supplied with rare 
floodwater and sand and minor gravel through well-defined breaches in 
the upper parts of the trunk channel banks or levees. In these central 
Australian channels, splays initially develop when overbank flow initi-
ates a bank/levee breach and scours the floodplain surface, typically in a 
direction perpendicular to the trunk channel. Subsequent overbank 
flows further deepen the initial breach, increasing flow and bedload 
supply from the trunk channel, which in some instances is routed 
through a primary splay channel on the proximal floodplain and a 
network of secondary splay channels and bars on the medial and distal 
floodplain. Some splays remain elevated above the trunk channel but 
others continue to deepen, increasing the flow and bedload supply 
during floods. Some may also extend longitudinally, gradually adopting 
a more elongate form and commonly re-orienting to run subparallel to 
the trunk channel as a single channel. Once level with the trunk channel 
bed, these latter types of splays are best termed distributary channels, 
because they divert water and sediment even during low-magnitude 
flood events (Tooth, 2005). Continued development of a distributary 
channel ultimately may lead to an avulsion, with flow and sediment 
transport switching to the distributary and the former trunk channel 
being abandoned. In these central Australia rivers, overbank floods in 
the lower reaches are infrequent (once every 1–2 years or less), so splays 
and distributary channels develop relatively slowly over many decades 
(Tooth, 2005). 

Despite differences in the degree of riparian vegetation, sediment 
calibre, and rates of development, splay channels along the lower 

Fig. 12. Maps for backflow (phase 3) of the first flood cycle of model run M2, showing: A)-C) changes in surface elevation in the upstream trunk channel and 
adjacent floodplain as backflow proceeds; D) the distribution of depth-averaged flow velocity; and E) the distribution of maximum bed shear stress. In A) through D), 
proportional arrows indicate the relative magnitude of flow velocity. F) Cross-floodplain profiles taken at various stages during backflow at a downstream distance of 
190 m perpendicular to the trunk channel (see the location of transect a-b in part A). 
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reaches of these central Australian rivers clearly have many morpho-
logical similarities with the Río Colorado splays. But what about the 
hydrological conditions under which these splays develop? Flood hy-
drological conditions in the remote central Australian channels are not 

well known, but the field evidence (e.g. orientation of flattened grasses, 
flood debris, local bedforms) suggests that prolonged high floodplain 
water levels and backflow after the passage of peak stage is not a major 
factor (Tooth, 2005). This suggests that conditions similar to our 

Fig. 13. A) Backflow-induced crevasse channel 
erosion and reflux lobe formation in model run M2. B) 
and C) High resolution satellite images from July 
2013 and March 2016 providing field evidence for 
backflow-induced erosion and reflux lobe formation 
in association with active crevasse splays. D) and E) 
High resolution satellite images from March 2016 
during a period of low flow along the main channel, 
indicating a wet crevasse channel, a scour path near 
the crevasse mouth, and a reflux lobe. Green or blue 
arrows indicate flow directions along the main chan-
nel. See Fig. 1C for the location of the images. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   

Fig. 14. Comparison of net erosion and deposition (i.e. mass gain/loss) for phase 1 of the first flood cycle (i.e. before backflow) in different discharge model runs.  
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discharge model runs M1-M5 (Fig. 8) with their dominance of outflow 
are probably most prevalent. Along these rivers, shorter, commonly 
bifurcating, lobate or tongue-shaped splays may develop under condi-
tions most similar to model runs M1 or early stage M2 or M3, and larger, 
elongate splays with a dominant channel may develop under conditions 
most similar to model runs M3 to M5 (Fig. 8). 

By contrast, flood hydrological conditions along the topographically 
complex lower Río Colorado are highly spatially non-uniform, with the 
widespread distribution of active and abandoned fluvial landforms 
significantly influencing the patterns, depths and durations of overbank 
flows (Li et al., 2018). While some parts of the floodplain are relatively 
free draining, prolonged high floodplain water levels (overbank depths 
up to ~ 0.5 m) may be promoted in localised topographic depressions (e. 
g. within palaeochannels and cutoffs, or between the elevated topog-
raphy created by palaeochannel belts or older crevasse splay com-
plexes), leading to strong backflow after peak stage has passed. Along 
the Río Colorado, therefore, shorter splays may develop under condi-
tions that either involve limited outflow (model runs M1 and early stage 
M2 or M3) or high floodplain water levels with pronounced backflow 
(M8, M9) (Figs. 8 and 10). Longer splays with a dominant channel may 
develop under conditions involving a mix of strong outflow and 
moderately high floodplain water levels with moderate backflow (later 
stage M2 and M3, M4 to M7) (Figs. 8 and 10). 

6.2. Evaluation in relation to other splay modelling studies 

Our interpretations of the hydrological conditions under which 
crevasse splays develop along the Río Colorado and the central Austra-
lian rivers is supported by previous splay modelling results, most 
notably Millard et al. (2017). As part of an investigation into floodbasin 
hydrological and sediment supply controls on crevasse splay size, Mill-
ard et al. (2017) used aerial photographs to remap and quantify the 
dimensions of splays along the lower Sandover River, first described by 
Tooth (2005). Along with comparable data from splays developed along 
the humid region Columbia and Saskatchewan rivers, Millard et al. 
(2017) then conducted a targeted numerical modelling study using 
Delft3D. While their model setup has some noticeable differences from 
that adopted in our study (see Sections 2 and 3), broad comparisons can 
still be made. 

Most significantly, Millard et al. (2017) concluded that splay size 
(length, area) does not always scale directly with channel size or 
discharge and that hydrodynamic factors – principally sediment size and 
floodplain drainage conditions – play a significant role in determining 
whether or not large, floodplain-filling splays develop. For example, in 
rivers carrying sufficient volumes of coarse suspended sediment, flood-
plain drainage conditions determine the shape and extent of splay 
deposition. Widespread splay deposits can form if floodplain conditions 
promote strong cross-floodplain water surface slopes (i.e. ‘drained 
floodplains’ without significant ponding); in some cases, these condi-
tions may also facilitate bedload transport across floodplains (cf. Pizzuto 
et al., 2008). By contrast, when cross-floodplain water surface gradients 
are far lower than downstream channel slopes (i.e. ‘ponded flood-
plains’), thick splay deposits may accumulate adjacent to the crevasse 
opening but sediment dispersal and widespread aggradation farther 
from the channel will be limited (Millard et al., 2017). Together, these 
model results help to explain the field evidence from their study rivers: 
Saskatchewan River splays that develop under relatively free-draining 
floodplain conditions tend to be fewer in number but larger, and 
divert more sediment than the more numerous, smaller Columbia River 
splays that develop under more ponded floodplain conditions. This is 
similar to the modelling results from our study, which show clearly that 
high floodplain water levels (‘ponding’) restrict the spatial extent 
(length, area) of splays (Fig. 10), probably owing to deceleration of 
outflow as slow moving or standing floodplain water is encountered. 

Interestingly, Millard et al. (2017) interpreted the Sandover River 
data as more similar to the Saskatchewan data in terms of splay area and 

extent but as falling between the Columbia and Saskatchewan data in 
terms of splay occurrence and splay-covered floodplain fraction. While a 
lack of discharge data meant that Millard et al. (2017) explicitly 
excluded the Sandover data from their more detailed analyses of 
discharge-splay sediment volume, overall their results would suggest 
that the Sandover – and by implication other similar central Australian 
rivers – experience flood hydrological conditions that are relatively free- 
draining and do not involve widespread or prolonged ponding. This 
corresponds with the earlier field observations and interpretations of 
Tooth (2005) and the interpretations resulting from a comparison of the 
central Australian splays with our Río Colorado modelling results 
(Section 6.1). 

6.3. Further model developments 

Similar to previous modelling approaches that have made simpli-
fying assumptions in order to isolate some of the key factors influencing 
splay development (e.g. Slingerland and Smith, 1998; Millard et al., 
2017; Nienhuis et al., 2018), our model setup was designed primarily to 
investigate the role of hydrological controls (specifically the relative 
roles of discharge, floodplain water levels and backflow) in the devel-
opment of splays along a simple channel-floodplain reach of the lower 
Río Colorado. As such, while our results and interpretations provide 
valuable insights to support and extend previous field, remote sensing 
and conceptual model inferences about splay development along the Río 
Colorado in particular, but also dryland splays more generally, many 
uncertainties remain. Similar to Millard et al. (2017), we draw attention 
to the need for further studies of coupled channel-floodplain systems 
that explore more fully the morphodynamic feedbacks and sensitivities 
associated with different mixes of hydrological, sediment supply and 
floodplain topographic conditions. 

Various lines of investigation can be suggested as priorities for future 
investigations of splay development along the lower Río Colorado and 
other dryland rivers. First, given the rapid rise of stage that is charac-
teristic of floods in ephemeral rivers in particular, more attention needs 
to be given to the potential importance of this transient part of the flood 
wave in initiating and promoting crevasse splay development (cf. Mill-
ard et al., 2017), particularly in channels where ramping of coarse- 
grained (e.g. sand, minor gravel) bedload up elevated bars is a key 
component of the sediment supply to splays (see Tooth, 2005). Second, 
more attention could be focused on the role of varied sediment supply 
across a range of grain size conditions; for instance, the Río Colorado is 
relatively fine-grained with sediment typically supplied annually to 
splays, whereas in the central Australian rivers sediment is coarser 
grained and supplied more infrequently to developing splay channels. 
Third, on highly complex floodplains like the Río Colorado, model 
setups could explore the role of prior rainfall and pre-existing floodplain 
topography (e.g. as created by palaeochannels, cutoffs, older splay 
complexes, or erosion cells – see Li et al., 2019) in influencing hydro-
logical conditions, particularly the critical balance between relatively 
free draining and more ponded conditions that have such a strong in-
fluence on splay channel morphodynamics (Figs. 8 and 10). On the Río 
Colorado and other similar rivers, there is also scope for making use of 
improved insights into the spatial and temporal variations in hydro-
logical conditions within and between floods that are resulting from 
advances in the use of repeat, very high resolution satellite images and 
improved processing techniques (Li et al., 2018). 

Finally, while not a focus of this study, further attention could also be 
directed to the relative importance of crevasse splay development in 
promoting avulsions on the Río Colorado and other dryland rivers. 
Previous splay modelling studies (e.g. Slingerland and Smith, 1998; 
Hajek and Edmonds, 2014; Millard et al., 2017) have considered the 
relation between crevasse splay development and the progradational 
avulsion style (see also Slingerland and Smith, 2004). While beyond the 
scope of our study, some of the model outputs (e.g. Figs. 8 and 10) 
suggest that certain hydrological conditions are more favourable for the 
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development of a dominant splay channel that over time could lead to 
diversion of increasing volumes of flow and sediment from the trunk 
channel and ultimately result in avulsion (cf. Donselaar et al., 2013, 
2022; van Toorenenburg et al., 2018; Li et al., 2018, 2019). It is worth 
noting, however, that avulsions on the lower Río Colorado do not 
necessarily involve splay development; similar to some other dryland 
rivers (Tooth et al., 2007, 2008; Larkin et al., 2017), incisional avulsions 
involving floodplain scour and incision (e.g. through development of 
headcutting channels or coalescence of erosion cells) and/or reoccupa-
tional avulsions involving reworking of older palaeochannels may be of 
equal or greater significance in redistributing water and sediment (Li 
et al., 2019). Indeed, on distributive fluvial systems like the lower Río 
Colorado, where abundant palaeochannels, cutoffs, older splay com-
plexes, and erosion cells create highly complex floodplain topography, 
splays that initially develop as a result of splay progradation are 
increasingly likely to encounter headcutting channels, erosion cells or 
palaeochannels as they lengthen, perhaps leading to a change over time 
in the dominant avulsion style. 

7. Conclusions 

Present knowledge of the geomorphology and sedimentology of 
dryland river floodplains is incomplete, with the characteristics of 
overbank deposits such as splays typically being poorly documented in 
comparison with channel forms and deposits. Over recent years, how-
ever, field, remote sensing and modelling studies of the non-vegetated, 
ephemeral Río Colorado have contributed significant information, 
particularly because regular flooding drives cascades of pronounced, 
widespread channel-floodplain changes on far shorter timescales than is 
typical in many other dryland systems. This study has shown how 
process-based modelling using Delft3D can provide additional insights 
into splay development, complementing and significantly extending 
previous findings, both on the lower Río Colorado but also along dryland 
rivers more generally. 

Our modelling results show that discharge, floodplain water levels 
and backflow all exert significant influences on splay development and 
potential wider channel-floodplain dynamics. Simulated results reveal 
that increases in discharge lead to more rapid splay sedimentation and 
stabilization of a single crevasse channel. Increases in floodplain water 
level result in shorter but wider splays. High water levels restrict the 
spatial extent of splays, probably owing to deceleration of outflow as 
slow moving or standing floodplain water is encountered, but these 
conditions promote separate crevasse channel formation farther down-
stream as backflow breaches the trunk channel levee during falling 
stage. A key objective in future research into dryland splays will be to 
couple additional field and remote sensing observations with modelling 
studies that incorporate a wider range of hydrological, sediment supply, 
and floodplain topographic conditions. This will help to build more 
comprehensive models of splay development that can advance knowl-
edge of the spatial and temporal controls, patterns, processes and rates 
of channel-floodplain development in dryland endorheic basins. 
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