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ABSTRACT: Accommodation space in the unconfined distal part of low-gradient fluvial fans facilitates abundant floodplain depo-
sition. Here, the development of crevasse splays plays a key role in the aggradation of alluvial ridges and subsequent river avulsion.
This study presents an analysis of different stages in the evolution of crevasse splays based on observations made in the modern-day
Rio Colorado dryland fluvial fan fringing the endorheic Altiplano Basin in Bolivia. A generic life cycle is proposed in which crevasse-
splay channels adjust towards a graded equilibrium profile with their lower-lying distal termini acting as a local base level. Initial
development is dominantly controlled by the outflow of floodwater, promoting erosion near the crevasse apex and deposition to-
wards the splay fringes. When proximal incision advances to below the maximum level of floodplain inundation, return flow occurs
during the waning stage of flooding. This floodwater reflux leads to a temporary repositioning of the local base level to the deeper
trunk-channel thalweg at the apex of the crevasse-splay channels. The resultant decrease in the floodplainward gradient of these
channels ultimately leads to backfilling and abandonment of the crevasse splay, leaving a subtle local elevation of the floodplain.
Consecutive splays form an alluvial ridge through lateral amalgamation and subsequent vertical stacking, which is mirrored by
the aggradation of their parent channel floor. As this alluvial ridge becomes increasingly perched above the surrounding floodplain,
splay equilibration may cause incision of the levee crevasse down to or below its trunk channel thalweg, leading to an avulsion. The
mechanisms proposed in this study are relevant to fluvial settings promoting progradational avulsions. The relatively rapid accumu-
lation rate and high preservation potential of crevasse splays in this setting makes them an important constituent of the resultant flu-

vial stratigraphy, amongst which are hydrocarbon-bearing successions. Copyright © 2018 John Wiley & Sons, Ltd.
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Introduction

Fluvial research generally focuses on the (near) channel
domain, which represents the most dynamic environment in
river systems. Sedimentation in the unconfined distal part of
low-gradient fluvial fans, however, is dominated by floodplain
deposition (e.g. Nichols and Fisher, 2007). Here, floodplain
evolution has a significant influence on river dynamics, consti-
tuting a dynamic boundary condition for the development of
the system. Relative to other depositional floodplain processes
(i.e. disregarding vegetation), fluvial levees and crevasse splays
represent the highest accumulation rates.

On low-gradient alluvial plains, away from topographic con-
finement, levees likely grow by advection as a water-surface
gradient is established between the channel and the adjacent
floodplain when peak discharge results in unconfined
overbank flow (Adams et al., 2004; Cahoon et al., 2011). Sedi-
ment mobilized by the increased in-channel stream power is
redeposited in these broad low-gradient levees, decreasing in
grain size with distance from the main channel (Adams et al.,

2004). Subsequent floodplain inundation allows finer sediment
to precipitate from suspension over a large area (Nicholas and
Walling, 1997).

The formation of crevasse splays is conditional upon the pres-
ence of levees and initiates from a breach point (e.g. Tooth,
2005). The acute onset of crevassing can be arbitrary and has
been attributed to fluvial spillover (e.g. Smith et al., 1998; Li
and Bristow, 2015), local depressions or weaknesses in the
levee crest (Smith et al., 1998; Slingerland and Smith, 2004;
Kleinhans et al., 2013), and downstream narrowing (e.g. Li
et al., 2014b) or blockage of the main channel caused by, e.g.
bank collapse or obstruction by foreign objects (Keller and
Swanson, 1979; Slingerland and Smith, 2004; Bridge, 2006;
Bernal et al.,, 2013). Initially, the overbank gradient and
breach-point focusing of floodwater lead to erosion and incision
of crevasse-splay channels (Yuill et al., 2016), remobilizing le-
vee sediment and the underlying substrate. Deposition occurs
where the flow decelerates due to a transition from confined
to unconfined flow (cf. Sheets et al., 2002), a decrease in gradi-
ent (cf. Bull, 1979), or the floodwater entering a standing body
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of water (Bristow et al., 1999; Pérez-Arlucea and Smith, 1999;
Bridge, 2006; Millard et al., 2017). The splay is deposited as a
complex of small lobes that amalgamate as crevasse-splay
channels switch and bifurcate (Smith et al., 1989; Tooth, 2005).
It expands and progrades further onto the floodplain over the
course of consecutive flooding events, its size and floodwater
capacity dependent on the overbank morphology and crevasse
dimensions (Yuill etal., 2016). The aerial extent of crevasse splays
may reach up to several square kilometres (Burns et al., 2017),
depending primarily on sediment size and floodplain-drainage
conditions (Millard et al., 2017). Crevasse splays extend from
both sides of the main channel, generally increasing in frequency
downstream (Li and Bristow, 2015). Crevasse-splay channels
may be reused by return flow of floodwater to their trunk river
during the waning stage of flooding, leading to the development
of sinuous rill channels where surface runoff enters a channel de-
pression (Zwolinski, 1992; Donselaar et al., 2013). This reflux
causes backstepping erosion of the hanging crevasse-splay chan-
nel floor at its confluence with the main river and in-channel de-
position of sedimentary lobes downstream of the channel
junction (Donselaar et al., 2013).

Existing research with a dedicated focus on crevasse splays
generally concerns depositional processes and (preserved) sed-
imentary architecture. These studies are based on observations
in modern-day river systems (e.g. Arndorfer, 1973; O’Brien
and Wells, 1986; Smith et al., 1989; van Gelder et al., 1994;
Bristow et al., 1999; Farrell, 2001; Tooth, 2005; Cahoon et al.,
2011; Li and Bristow, 2015; Shen et al., 2015; Joeckel et al.,
2016; Millard et al., 2017) and examples of ancient deposits
in outcrop (e.g. Platt and Keller, 1992; Mjes et al., 1993;
Hornung and Aigner, 1999; Anderson, 2005; Fisher et al.,
2007; Hampton and Horton, 2007; Jones and Hajek, 2007;
Nichols and Fisher, 2007; Ghazi and Mountney, 2009; Pranter
etal., 2009; Ford and Pyles, 2014; Gulliford et al., 2014; Sahoo
et al., 2016; Van Toorenenburg et al., 2016; Burns et al., 2017)
or in the subsurface (e.g. Pranter et al., 2008; McKie, 2011b;
Keeton et al., 2015). Yuill et al. (2016) point out that despite be-
ing given minor attention, erosional processes play an important
role in the initial phase of crevasse-splay development.

The evolution of crevasse splays is often associated with
avulsion of the main river (e.g. Smith et al., 1989; Smith and
Pérez-Arlucea, 1994; Bristow et al., 1999; Mohrig et al.,
2000; Farrell, 2001; Slingerland and Smith, 2004; Tooth,
2005; Hampton and Horton, 2007; Dalman and Weltje,
2008; Buehler et al., 2011; Hajek and Wolinsky, 2012; Bernal
etal., 2013; Kleinhans et al., 2013; Yuill et al., 2016). However,
the majority of crevasse splays do not lead to an avulsion of
their parent channel. Instead, their activity eventually ceases
due to an aggradation-induced decrease in floodwater capacity
and backfilling of the crevasse-splay channels (e.g. Roberts,
1997; Slingerland and Smith, 2004).

This study presents a detailed analysis of different stages in the
evolution of crevasse splays based on observations made in the
distal part of the pristine modern-day Rio Colorado dryland flu-
vial system, fringing the endorheic Altiplano Basin in Bolivia. A
generic life cycle is proposed and presented as a key building
mechanism in the aggradation of alluvial ridges in low-gradient
fluvial fans, and its role in the subsequent autocyclic switching
(i.e. avulsion) of the river path is discussed. The semi-arid
lowstand basin setting and consequent sub-aerial termination
of the studied system allows for an assessment of fluvial pro-
cesses in the absence of any influence from vegetation, base-
level changes, or lateral confinement. Moreover, it can serve
as an analogue for gas-bearing Permo-Triassic fluvial succes-
sions with high proportions of preserved floodplain deposits
along the Central and North Atlantic margins (e.g. Williams
and McKie, 2009; Donselaar et al., 2011; McKie, 2011a).

Copyright © 2018 John Wiley & Sons, Ltd.

Geological Setting

The Altiplano Basin is a large (=200 000km?) north—south
elongated endorheic basin that extends across Peru, Bolivia,
Argentina, and Chile and is surrounded by the Cordilleran
mountain ranges (Figure 1). Tectonically, the basin forms part
of the Central Andean ocean-continent convergent margin.
The basin is a high-altitude (3650-4200 m above mean sea
level) hinterland plateau that formed during the Andean
Orogeny (Cretaceous—present) in response to the eastward sub-
duction of the oceanic Nazca Plate under the South American
Plate and the related uplift of the Andean orogenic belt (Argollo
and Mourguiart, 2000; Horton et al., 2001; Rigsby et al., 2005;
Risacher and Fritz, 2009). From the Cretaceous onwards, the
basin is filled with volcanoclastics and lacustrine and alluvial
sediment (Elger et al., 2005). At present, it lies in the rain shadow
of the Eastern Cordillera and has an overall semi-arid climate.
Large salt lakes occupy depressions in the southern part of the
basin. Towards the north, these pass into ephemeral lakes and
a permanent lake (Lago Titicaca) in response to a precipitation
gradient across the basin length, from 200 mmyr™" in the south
to 800 mmyr ' in the north (Argollo and Mourguiart, 2000).
Past wetter climate periods have been recorded; these are char-
acterized by short periods of rapid lake expansion (Servant
et al., 1995; Sylvestre et al., 1999; Baker et al., 2001; Fornari
et al., 2001; Chepstow-Lusty et al., 2005; Rigsby et al., 2005;
Placzek et al., 2006). An example of such wetter climate period
is the Tauca phase (26 100-14 900 cal. yr BP), when a large part
of the basin was covered with lacustrine water (Donselaar et al.,
2013) and the lake level rose to 127 m above the present-day
lowstand level (Baker et al., 2001).

The Rio Colorado fluvial system on the south-eastern
fringe of the Altiplano Basin has its catchment in the Eastern
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Figure 1. Overview of the Altiplano Basin (yellow) showing the inter-
nal drainage pattern, southward decrease in lake water levels (dark to
light blue), and study area (red box). Inset: location in South America.
Modified from Donselaar et al. (2013). [Colour figure can be viewed
at wileyonlinelibrary.com]
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Cordillera (Figure 2). The river flows to the northwest onto the
low-gradient alluvial plain at the edge of the Salar de Uyuni
sub-basin, where it is mostly single-thread (Donselaar et al.,
2013). Absolute age dating using optically stimulated lumines-
cence (OSL) reveals that the river system has been active for
~12 kyr (Donselaar et al., 2017), gradually prograding towards
the salt lake.

Methodology

The study area entails the pristine distal (depositional) part of
the Rio Colorado fluvial system (Donselaar et al., 2013; Li
et al.,, 2014a; Li and Bristow, 2015), covering an area of
~500km? southwest of the city of Uyuni in the Potosi depart-
ment of Bolivia (Figures 2 and 3). Field campaigns were carried
out in the months of October and November of 2014 and 2016,
at the end of the dry (winter) season when the river was at its
low-flow stage and the area was best accessible.

Google Earth Pro provided a time-lapse overview of the sys-
tem morphology over the period 2004-2016 with a maximum
resolution of ~0.5 m pixel ™' (i.e. WorldView and Quickbird sat-
ellite imagery). Given the high dynamicity of the fluvial envi-
ronment (Li et al, 2014a), kite aerial photography (KAP;
Smith et al., 2009) was employed to obtain contemporary aerial

Figure 2. Schematic diagram of the Rio Colorado fluvial system. The
studied distal (depositional) part is indicated in brown; arrow indicates
north. Modified from Donselaar et al. (2013). [Colour figure can be
viewed at wileyonlinelibrary.com]
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imagery at several locations. This was subsequently used to
make georeferenced photogrammetric projections in Agisoft
PhotoScan Pro. A Trimble 5700 differential global positioning
system (dGPS) set was used to adequately measure subtle
floodplain topography with sub-centimetre accuracy (e.g.
Parkinson and Enge, 1996; Chan and Baciu, 2012). Sections
were recorded using either a hand-held or vehicle-borne setup
of the dGPS rover within a <5 km radius from its base station.
This yielded detailed elevation profiles of crevasse splays, their
channels, and the surrounding floodplain (subject to a struc-
tural +44.4 m vertical datum shift relative to Figure 1). All aerial
and satellite imagery and dGPS data were combined in a geo-
graphic information system (GIS) for comprehensive analysis
(Figure 3). Sample pits were dug in order to record sedimentary
logs comprising bed thickness, nature of contacts, grain size,
colour, and sedimentary structures. Sediment samples were
collected for grain-size analyses using a Helos KR Sympatico
laser particle sizer (Blott et al., 2004), in order to quantify the
preserved (i.e. end-member) range in sediment size.

Morphological Observations

Three configurations of crevasse splays are distinguished based
on their inferred hydrological role: (1) facilitating unidirectional
drainage, (2) facilitating bidirectional drainage, and (3) post-
active abandonment (Figure 3). These classifications follow
from observations of the crevasse-splay channel gradient and
relevant geomorphological features.

Unidirectional drainage

Crevasse splays favouring one-directional flow comprise bifur-
cating and locally-anastomosing low-sinuosity channels with a
gradient of up to 4 x 10~* dipping away from the main river
and towards the floodplain (Figure 4). These channels are prox-
imally erosive and contain basal scours indicative of outward
flow, i.e. away from their parent channel (Figure 5A). Their rel-
ative depth and gradient decreases from proximal to distal,
leading to an increase in their width-to-depth ratio (Figure 4).
Subtle levees (Figure 5B) and elongate terminal lobes

66.9° W

Figure 3. Satellite image of the study area (dated 2017; Bing Maps) showing the single-thread active river (light blue), morphological classification of
observed crevasse splays (triangles in green: unidirectional drainage, red: bidirectional drainage, and black: abandoned), and the locations of

Figures 4-13. [Colour figure can be viewed at wileyonlinelibrary.com]

Copyright © 2018 John Wiley & Sons, Ltd.
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Figure 4. Satellite image (dated March 2016; Google Earth Pro) and along-channel elevation profile of a crevasse splay facilitating unidirectional
drainage. The image shows the elevation of the channel floor relative to the apex (coloured lines; see corresponding colour bar next to profile)
and dGPS-based surface topography (white contours). The profile shows the along-channel elevation of the first-order (black) and second-order
(red; number corresponds to satellite image) channel floor, and the surface topography alongside the first-order channel (dashed line). The X-axis or-
igin corresponds to ‘O’; Y-axis origin is levelled with the parent-channel floor. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 5. Crevasse splays facilitating unidirectional drainage. Blue arrows indicate flow direction. (A) Scours (~1 dm deep) indicative of flow to-
wards the floodplain. (B) Subtle levees (~1 cm high levee top) alongside a crevasse-splay channel. (C) KAP orthophoto showing levees and amalgam-
ated lobes at the termini of crevasse-splay channels. (D) Crevasse apex seen from its parent channel (unincised cutbank is ~1.4 m high). [Colour figure

can be viewed at wileyonlinelibrary.com]

(Figure 5C) occur mainly in the distal part of the crevasse splay,
resulting from net deposition alongside and at the end of the
channels, respectively. Rill channels are absent and there is
no evidence for deposition or return flow at the apex of the
crevasse splay (Figure 5D).

Bidirectional drainage

Bidirectional flow in crevasse splays is accommodated by the
near-horizontal thalweg of the lower-order crevasse-splay
channels, constituting an absence of gradient (0-1.5 x 10 *;
Figure 6). These channels are more sinuous than those
favouring unidirectional drainage and are generally erosive,

Copyright © 2018 John Wiley & Sons, Ltd.

especially in the proximal reaches of the crevasse splay where
they incise deep into the substrate (Figure 6) which exhibits a
subtle gradient (2-4 x 107% away from the main river. Basal
scours confirm the occurrence of both outflow and reflux
(Figure 7A) of floodwater. Higher-order crevasse-splay chan-
nels with a hanging floor may have a gradient dipping away
from their respective lower-order parent channel, locally show-
ing features associated with outflow of floodwater (Figure 6A).
Contrarily, the presence of rill channels with small sediment
lobes at their base suggests a reflux of water from the inundated
floodplain into the relative depression of crevasse-splay chan-
nels (Figures 7B and 7C). The latter occurs on a larger scale at
the junction of the apical crevasse and its associated parent
channel, where an asymmetric sediment lobe is found in the

Earth Surf. Process. Landforms, Vol. 43, 2409-2420 (2018)
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Figure 6. Satellite images (dated March 2016; Google Earth Pro) and along-channel elevation profiles of crevasse splays facilitating bidirectional

drainage. The images show the elevation of the channel floor relative to the apex (coloured lines; see corresponding colour bars next to their asso-
ciated profiles) and dGPS-based surface topography (white contours). The profiles show the along-channel elevation of first-order (black), second-or-
der (red; number corresponds to satellite image), third-order (green), and fourth-order (purple) channel floor, and the surface topography alongside the
first-order channel (dashed). The X-axis origin corresponds to ‘O’; Y-axis origin is levelled with the parent-channel floor. (A) Apex has incised signif-
icantly deeper (~1 m) into the river bank and the remaining floodplainward gradient is low. Note that the elevation at the termini is still ~0.5 m above
the parent-channel floor. (B) Horizontal and partly-reversed channel-floor gradient. [Colour figure can be viewed at wileyonlinelibrary.com]

Current ripples

Figure 7. Crevasse splays facilitating bidirectional drainage. White/blue arrows indicate flow direction. (A) Reflux lobe in the parent channel (asso-

ciated with the crevasse splay in Figure 6B) with scours indicating return flow at the crevasse-splay apex. (B) KAP orthophoto of a sinuous rill channel
draining into the main river. (C) Depositional lobe at the base of a rill channel as it enters a channel depression. (D) Current ripples on a reflux lobe
(associated with the crevasse splay in Figure 6A). [Colour figure can be viewed at wileyonlinelibrary.com]

Copyright © 2018 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 43, 2409-2420 (2018)
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main river (Figures 4, 7A and 8). The locus of deposition is par-
tially downstream of the crevasse, causing a local narrowing of
the parent channel (Figures 7A and 8). This results in abundant
scouring alongside and at the downstream end of the lobe
(Figure 8). The upstream part of the lobe is covered by climbing
ripples (Figure 7D), ascending its sloped surface oblique to the
parent-channel axis as a result of decreasing sediment transport
capacity due to flow deceleration.

Abandoned crevasse splays

Ample evidence of abandoned and backfilled crevasse-splay
channels is visible in the cut banks of the main river (Figure 9).
The surface expression of crevasse splays in this stage is subtle,
ranging from planar to convex and with an overall gradient dip-
ping away from the parent channel (Figure 10). Their thickness
can range up to 0.25m for non-channelized sheet deposits
proximal to the crevasse-splay channels, thinning towards its
distal rims. Remnant depressions of crevasse-splay channels
are smoothed out or absent (Figure 10). Accretion surfaces
within the fill of these channels (Figure 9) suggest that sediment
entered at an angle to their remnant channel axis (i.e. lateral
infill). Climbing ripples overlain by clay drapes provide evi-
dence for short periods of channel reactivation (Figure 11),
whereas small reflux lobes are also encountered. Preserved
grain sizes range from clay to very-fine sand, ~60% of which
is silt (cf. Wentworth, 1922) (Figure 12).

Figure 8. KAP orthophoto of an asymmetrical reflux lobe (associated
with the crevasse splay in Figure 6A) showing surface topography
(white contours). White arrow indicates flow direction in the parent
channel. Arrow indicates north. [Colour figure can be viewed at
wileyonlinelibrary.com]

Figure 9. Filled crevasse-splay channel with a hanging channel floor
in the banks of its parent channel. Note the inclined surfaces indicating
lateral infill. Blue arrow indicates flow direction. [Colour figure can be
viewed at wileyonlinelibrary.com]

Copyright © 2018 John Wiley & Sons, Ltd.

A distinctive type of derelict crevasse splays is found along
the remnant depressions of abandoned river channels. Its chan-
nels show evidence of backstepping erosion (Figure 13) and
contain basal scours indicative of flow from the floodplain
towards the abandoned main channel. The crevasse-splay
channel floor steps down, resulting in an overall gradient dip-
ping towards its former apex and the abandoned trunk channel,
acting as a floodplain drainage system.

Crevasse-splay Life Cycle

A generic pattern in the development of crevasse splays can be
inferred from the observed configurations and their associated
mechanisms. The proposed life cycle applies to all crevasse
splays in the river system, provided that their parent channel re-
mains active throughout.

Crevassing and splay equilibration

The formation of a crevasse splay is initiated by a levee breach,
allowing water to spill onto the adjacent floodplain before the
river exceeds bankfull discharge (i.e. preceding unconfined
overbank flooding) (Figures 14A and 14B). The floodwater
drains from the top part of the main stream, which is undersat-
urated with sediment (Meselhe et al., 2012), and subsequently
encounters a gradient (~2—4 x 10™% down the outside levee
and aggraded fluvial ridge steeper than that of the river profile
(8.3 x 10°; Donselaar et al., 2013). The erosive capacity of
the floodwater both deepens and widens the initial crevasse
(Yuill et al., 2016), confining outflow at the crevasse-splay
apex. Combined with the floodplainward gradient of the sub-
strate, this causes the floodwater to retain its flow energy for
longer and transport suspended and newly-eroded sediment
further onto the floodplain (cf. Bull, 1979). Crevasse-splay
channels incise and stabilize through headward incision, ex-
tending from the crevasse-splay apex. Deposition occurs in
the distal part of the crevasse splay, causing localized elevation
of the floodplain (O’Brien and Wells, 1986; Tooth, 2005)
(Figure 14B) which leads to channel bifurcation and switching
(Smith et al., 1989; Bristow et al., 1999; Slingerland and Smith,
2004) (Figure 5C).

Proximal erosion and distal deposition allow crevasse-splay
channels to adjust their flow path towards a graded equilibrium
profile (cf. Mackin, 1948), with the lower-lying floodplain at
their distal termini as the local base level. Over the course of
consecutive flooding events, the crevasse splay progrades fur-
ther onto the floodplain (O’Brien and Wells, 1986; Smith
etal., 1998; Adams et al., 2004; Bernal et al., 2013; Colombera
et al., 2013) to a degree that depends on, e.g. floodplain mor-
phology (i.e. gradient and drainage capacity) and grain size
(Millard et al., 2017), and the hydraulic capacity of the crevasse
(Yuill et al., 2016). This process lengthens the equilibrium pro-
file of the crevasse-splay channels whilst raising its local base
level through distal aggradation, effectively reducing its gradi-
ent (Figure 14B).

Reflux and infill

When river discharge recedes to below bankfull capacity
following a flooding event (waning flow stage), it drains more
efficiently (i.e. its water level falls more rapidly) than the inun-
dated floodplain (e.g. Dalman and Weltje, 2008). The resulting
water-surface gradient may not be able to overcome the river
levees and its aggraded fluvial ridge, in which case the

Earth Surf. Process. Landforms, Vol. 43, 2409-2420 (2018)
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Figure 10. Satellite image (dated March 2016; Google Earth Pro) and elevation profiles of a post-active crevasse splay. The image shows surface
topography (white contours) and the location of profiles A-E (in red). The profiles show surface topography from proximal (A-A’) to distal (E-F').

[Colour figure can be viewed at wileyonlinelibrary.com]

floodplain is drained by basinward overland flow and floodwa-
ter capture into the remnant depressions of abandoned chan-
nels and their derelict crevasse splays (Figure 13), as well as
through percolation and evaporation. However, the topo-
graphic barrier between the river and the floodplain is locally
removed where continued profile equilibration of crevasse-
splay channels causes the apical hanging floor of the crevasse
to incise deeper than the maximum flooding level (Figure 14
C). The now-unobstructed hydrological gradient induces a re-
turn flow of floodwater through the crevasse-splay channels
back into the main river.

Undersaturated floodwater re-entering the relative depres-
sion of crevasse-splay channels cuts out rill channels in the ad-
jacent splay deposits (O’Brien and Wells, 1986; Zwolinski,
1992; Bridge, 2006), remobilizing sediment and transporting
it back towards the main river (Donselaar et al., 2013)
(Figure 7C). This return flow causes backstepping erosion at
junctions of different-order channels, where the higher-order
channel typically has a hanging floor (Figure 6). In-channel
redeposition of sediment occurs downstream of each such
confluence (i.e. in the lower-order channel). This is most
evident at the junction of the crevasse and the main river,
where it forms an asymmetrical lobe (Donselaar et al., 2013)
(Figures 8 and 14C).

The reflux of floodwater causes the crevasse-splay channel
network to adjust towards a reversed equilibrium profile with
the trunk-channel floor as its base level, eroding and depositing
sediment upstream and downstream of each break in slope (i.e.
junction of different-order channels), respectively (Figure 14C).

Copyright © 2018 John Wiley & Sons, Ltd.

The relative concentration of suspended sediment in successive
outflow increases as the hanging floor of the crevasse incises
deeper into the main channel bank (Figure 6), causing its ero-
sive potential to decrease (Meselhe et al., 2012). The floodwa-
ter decelerates earlier as the crevasse-splay gradient has been
reduced or reversed (i.e. no longer exceeds that of the parent
channel) by return flow from the preceding flooding event,
resulting in in-channel deposition of suspended sediment (cf.
Schumm, 1993; Bull, 1997; Field, 2001; Slingerland and Smith,
2004). Over consecutive flooding events, this mechanism fills
in the crevasse-channel depressions, effectively shutting down
the crevasse splay (Figure 14D).

Preserved overbank sediment

As the process of crevassing implies reworking of levee sedi-
ment, the preservation potential of fluvial levees is low where
crevassing is abundant. This is in accordance with their
under-representation in the rock record, as observed in earlier
studies (e.g. Brierley et al., 1997). The majority of preserved
crevasse-splay sediment consists of amalgamated splay lobes,
fining up in grain size (e.g. Mjes et al., 1993; Bristow et al.,
1999; Fisher et al., 2007; Burns et al., 2017) and blanketed by
floodplain fines (Bridge, 2006; McKie, 2011b; Dalman et al.,
2015). Crevasse-splay channels constitute a relatively small
proportion of preserved sediment, decreasing in proportion
from proximal to distal (e.g. Tooth, 2005; Burns et al., 2017).
Their fill is heterogeneous (Figure 12), consisting mainly of
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Figure 11. Lacquer peel from a post-active crevasse-splay channel
showing sedimentary structures. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Figure 12. Cumulative distribution of 261 grain-size samples from
crevasse splays after laser particle sizer analysis showing the median
(black) and the median absolute deviation (MAD; dashed lines).
Grain-size classes are indicated with dashed grey lines: very fine (vf),
fine (f), medium (m), coarse (c), and very coarse (vc).

sediment (re)deposited under a waning flow regime during out-
flow (Tooth, 2005), and pelagic floodplain fines (Bristow et al.,
1999; Fisher et al., 2007). The preservation potential of deposits
associated with return flow of floodwater (i.e. in-channel reflux
lobes) is assumedly low due to subsequent erosion by sustained
lower-order flow (Figure 14D).

Copyright © 2018 John Wiley & Sons, Ltd.

Figure 13. Backstepping erosion in a post-active crevasse splay
reused for floodplain drainage into an abandoned channel. Blue arrow
indicates flow direction. Person for scale (~1.75 m). [Colour figure can
be viewed at wileyonlinelibrary.com]
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Figure 14. Schematic representation of the generic life cycle of a
crevasse splay (not to scale). Incision of the (crevasse-splay) channel
floor and adjacent deposition of crevasse-splay levees and lobes is in-
dicated in red and green, respectively. Black dashed line indicates the
adjacent floodplain topography. Parent-channel runoff stage is
subdivided in confined in-channel flow (1), crevasse-confined
flooding (2), and unconfined overbank flooding (3). (A) Parent chan-
nel floor elevation is lower than the floodplain adjacent to the fluvial
ridge. (B) Levee topping the fluvial ridge is breached, after which the
crevasse-splay channel starts incising towards a graded equilibrium
profile. Deposition occurs alongside and at the termini of the cre-
vasse-splay channels. As the apex is higher than the maximum
flooding level, there is no return flow of floodwater. (C) Continued in-
cision and deposition puts the crevasse apex below the maximum
flooding level, facilitating return flow of floodwater and sediment
back into the parent channel during the waning stage of flooding,
forming a reflux lobe. (D) The reduced gradient causes flow deceler-
ation, leading to in-channel deposition and, ultimately, deactivation
of the crevasse splay. The reflux lobe in the parent channel is eroded
by sustained lower-order flow. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Role in Fluvial Aggradation

The deposition of crevasse splays is a principal mechanism for
near-channel overbank aggradation in the unconfined distal
part of low-gradient fluvial fans, where floodplain sedimenta-
tion rates are generally low (e.g. Leeder, 1975; Shen et al.,
2015). Their proposed life cycle provides new insights into their
role in the aggradation and subsequent abandonment (by avul-
sion) of alluvial ridges. This ultimately leads to an improved un-
derstanding of preserved stratigraphy in fluvial successions
with high proportions of floodplain deposits.

Alluvial ridges and avulsion

Over the course of their life cycle, crevasse splays form a
decimetre-scale positive relief (i.e. splay) extending up to sev-
eral square kilometre across the floodplain proximal to the
main river. Consecutive crevasse splays interact with adjacent
splays in a process of compensational stacking (Donselaar
et al., 2013; Li et al., 2014a), amalgamating in their erosive
proximal reaches and conformably onlapping towards their
distal fringes. This mechanism creates a continuous elevated
rim alongside the main river, laterally expanding levee topogra-
phy through redeposition and establishing a fluvial ridge up to
several kilometres wide. The consequent rise in bankfull height
of the main river corresponds to the aggradation of its channel
floor, assuming that its local hydraulic capacity remains more
or less constant (Van Toorenenburg et al., 2016). Episodes of
unconfined overbank flow continue to deposit levees on top
of the aggrading alluvial ridge. These are in turn redeposited
by crevasse splays prograding over their precursors off a
gradually-increasing slope (Van Toorenenburg et al., 2016).
This vertical stacking of crevasse splays prolongs the aggrada-
tion of the alluvial ridge, which becomes increasingly perched
above the distant floodplain (Figure 15A).

Given that its parent channel remains active, each crevasse
splay will complete its entire life cycle on the condition that
its crevasse-splay channels do not incise down to the channel
floor of its parent river (i.e. remain hanging). This is dependent
upon the elevation of the distal termini (i.e. local base level) of
the crevasse-splay channels relative to that of their trunk chan-
nel. When the thalweg of the parent river has super-elevated to
above the distal reach of a crevasse splay, equilibration of the
crevasse-splay channels ultimately leads to headward incision
down to or below its channel floor. At the same time, the cre-
vasse splay will capture an increasing proportion of the total

discharge and sediment, accelerating its development. If the
gradient of one or more crevasse-splay channels has remained
steeper than that of the main channel once incision reaches its
channel floor, the river avulses (i.e. low-flow stage discharge is
rerouted through the crevasse splay) (Figure 15B). This process
is amplified by backwater effects induced by the downstream
reduction in hydraulic capacity of the main river (e.g. flow con-
striction by in-channel reflux deposits). The proposed mecha-
nisms are in accordance with the avulsion criteria suggested
by Mohrig et al. (2000), Slingerland and Smith (2004), and
Dalman and Weltje (2008), as summarized in a review by
Hajek and Wolinsky (2012).

Generic relevance and limitations

The mechanisms proposed in this study exclusively concern
self-regulating fluvial processes. The specific configuration of
the observed Rio Colorado fluvial fan eliminates any significant
influence from external factors such as vegetation (barren
floodplain), lateral constraint (unconfined alluvial plain), or
base-level change (lowstand endorheic basin). The dryland
character of the system favours a single-thread river decreasing
in hydraulic capacity downstream (e.g. North and Warwick,
2007; Donselaar et al., 2013), preventing multi-channel inter-
ference and promoting overbank deposition. The system
autogenically  generates  accommodation  space by
progradating across the low-gradient basin fringe, and its sub-
aerial termination ensures that all sediment is captured,
allowing for a comprehensive account of its distribution.

The mechanisms proposed in this study are relevant to fluvial
settings that facilitate progradational avulsions (cf. Hajek and
Edmonds, 2014). Floodplain aggradation (and preservation) in
such environments requires positive accommodation space in
a relatively low-energy environment (i.e. low-gradient and
unconfined) (Nichols and Fisher, 2007). The subsequent
occurrence of crevasse splays is promoted by relatively
coarse-grained suspended sediment (during peak runoff) and
effective floodplain drainage (Millard et al., 2017).

In humid environments, river discharge variations are signif-
icantly smaller than those in arid or semi-arid settings
(McMahon et al., 1987), stream capacity does not decrease
downstream (Tooth, 2000), and vegetation may increase bank
stability (Simon and Collinson, 2002). Although this may mod-
erate the frequency of flooding and the occurrence of crevasse
splays, it does not change the inherently-episodic mechanism
of crevasse-splay channels adjusting to a graded equilibrium

A Outflow, reflux, and deactivation
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distant floodplain
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Figure 15. Schematic cross-section of an aggrading fluvial ridge (not to scale). Maximum incision of the crevasse-splay channel floor is indicated in
red. (A) As long as the crevasse-splay channel floor remains ‘hanging’, the crevasse splay will complete its life cycle (Figure 14). (B) Upon reaching
critical super elevation, the river avulses through the active crevasse-splay channel, reaching onto a low-lying part of the floodplain. [Colour figure

can be viewed at wileyonlinelibrary.com]
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profile and, hence, the life cycle proposed in this study. How-
ever, floodplain morphodynamics (i.e. availability of accom-
modation space and drainage conditions) may be significantly
influenced by non-depositional factors such as prolific vegeta-
tion and ponding of floodwater (Millard et al., 2017).

Implications for connected sand volumes

Given their relatively rapid accumulation rate and high preser-
vation potential, crevasse splays form an important constituent
of stratigraphy associated with the distal part of low-gradient
fluvial fans, for which the studied system qualifies as a
modern-day analogue. Comprising sand and silt, their contribu-
tion to connected sand volumes (which may constitute hydro-
carbon reservoirs) has been acknowledged in previous studies
(e.g. Jordan and Pryor, 1992; Pranter et al., 2008; McKie,
2011b), albeit to a limited extent. The heterolithic fill of
crevasse-splay channels connects individual splays to their co-
eval trunk channel, which constitutes the main hydrocarbon
reservoir. The proposed role of crevasse splays in building allu-
vial ridges entails lateral amalgamation and vertical stacking of
individual units, creating sand-on-sand contact. This implies
that fluvial ridges comprise interconnected crevasse splays,
combining into large connected sediment volumes. Truncation
of fluvial deposits by younger channels may further enhance
connectivity. These inferences are in accordance with the na-
ture and types of crevasse-splay connectivity described by
Van Toorenenburg et al. (2016), based on observations in
outcrop stratigraphy. Crevasse splays effectively connect
otherwise-isolated channel deposits, even when their deposi-
tion was not coeval. They should therefore be included in net
volume estimations and production models of fluvial succes-
sions that contain hydrocarbon reservoirs in order to avoid
underestimations.

Conclusions

A generic life cycle applies to crevasse splays in aggrading al-
luvial ridges, generally spanning multiple flooding events. Ini-
tial development is dominantly controlled by the outflow of
floodwater, promoting erosion near the crevasse apex and de-
position towards the splay fringes as the crevasse-splay chan-
nels adjust towards a graded equilibrium profile with their
distal termini acting as a local base level. When proximal in-
cision advances to below the maximum level of floodplain in-
undation, return flow occurs during the waning stage of
flooding. This floodwater reflux leads to a temporary reposi-
tioning of the local base level to the deeper trunk channel
thalweg and consequent reversal of the graded equilibrium
profile. The resultant decrease in crevasse-splay channel gra-
dient ultimately leads to backfilling and abandonment of the
crevasse splay.

Consecutive crevasse splays form an alluvial ridge through
lateral amalgamation and subsequent vertical stacking. As the
alluvial ridge becomes increasingly perched above the distant
floodplain, splay equilibration may cause incision of the levee
crevasse down to or below its trunk channel thalweg, leading
to an avulsion.

The mechanisms proposed in this study are relevant to fluvial
settings promoting progradational avulsions. The relatively
rapid accumulation rate and high preservation potential of cre-
vasse splays in this setting makes them an important constituent
of the resultant fluvial stratigraphy. Hence, their contribution to
net sand volumes in hydrocarbon bearing successions should
be considered.

Copyright © 2018 John Wiley & Sons, Ltd.
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