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ABSTRACT: Crevasse splays are common geomorphological features in alluvial and deltaic floodplains. Although crevasse splays
can develop into full avulsions, thereby transforming large areas of floodbasins, little is known about their sedimentary and geomor-
phological development at the decadal scale and their avulsion potential. We used aerial photography and lithological cross-
sections to reconstruct crevasse-splay formation in the largely unmanaged floodplain of the Saskatchewan River in the Cumberland
Marshes (Saskatchewan, Canada). Based on surface geomorphology and subsurface deposits, various stages of crevasse-splay
development were described which were linked to both external forcing and internal morphodynamics. Initial splay deposition,
following a levee breach during a large flood, occurred as a broad but relatively thin sandy sheet in a down-basin direction in
the receiving backswamp area. In a next phase, these primary crevasse-splay deposits blocked local down-basin flow, thereby
forcing the crevasse-splay channel in a direction perpendicular to the parent channel and original floodbasin gradient. This created
an asymmetrical splay sequence composition, which differs in appearance from more commonly observed dendritic crevasse
splays. It is concluded that sedimentation patterns in the splay have been influenced by inherited effects of previously formed
deposits. Feedbacks of the original floodbasin gradient and earlier stages of splay formation are suggested as prominent mechanisms
in creating the current morphology, orientation, and architecture of its deposits. Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction

Natural levees of low-gradient river systems commonly breach
as a result of peak discharge or factors influencing levee
strength or river stage (e.g. ice or log jamming). Directly
following a levee breach, crevasse splays form in low areas
of the adjacent floodplain. Although most crevasse splays
become inactive in the years following the initial levee breach
(e.g. Bristow et al., 1999; Cahoon et al., 2011), splays can con-
tinue to prograde into floodbasin areas for decades (Smith and
Pérez-Arlucea, 1994). With time, redirected flow and sediment
cause the splay to enlarge and mature, in combination with
vegetation establishment. This usually results in the develop-
ment of a typical configuration of crevasse-splay elements
with a characteristic dendritic pattern (Smith et al., 1989;
Farrell, 2001; Cahoon et al., 2011): (1) a stable main feeder
channel, flanked by small levees and bifurcating distally into
(2) minor and often unstable distributary channels which feed
(3) sediment lobes that prograde into the backswamp.
Crevasse splays can represent the initial stages of full channel-

belt avulsions (e.g. Makaske et al., 2002; Aslan et al., 2005) if
sufficient discharge is redirected along a favourable gradient.
As floodplain geomorphology and evolution are strongly con-
trolled by sediment supply, the relocation of fluvial activity by
avulsion causes significant changes in the alluvial landscape.

Sediment load is severely reduced in the parent channel
downstream of the avulsion site and is relocated to other parts
of the delta or floodplain. Such changes in sedimentation pat-
terns can have major consequences for the ecologic and eco-
nomic status of affected areas. For example, in the Mississippi
River delta, avulsive redirection of sediment delivery has
increased subsidence in sediment-starved portions of the flood-
plain (Blum and Roberts, 2009). Moreover, few new crevasse
splays are formed in parts of the Mississippi delta due to flood
protection measures. This has led to drowning marsh vegetation
by impounding water (Day et al., 2000) and increased the
exposure and vulnerability of low-lying urban areas to flooding
during storm surges (Day et al., 2007).

Crevasse-splay deposits in floodbasin and palaeovalley fill
sequences can be economically important as hydrocarbon res-
ervoirs (Mjos et al., 1993) and for coal exploration (Jorgensen
and Fielding, 1996; Davies-Vollum and Kraus, 2001). Previous
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research has mainly focussed on mapping, describing and dat-
ing sedimentary successions (e.g. Allen, 1965; Farrell, 2001;
Stouthamer, 2001; Makaske et al., 2002), and sedimentary
patterns and fluvial morphology following regional avulsion
events (e.g. Smith et al., 1998; Pérez-Arlucea and Smith,
1999; Morozova and Smith, 2003). Although the formative
causes and sedimentary products of crevasse splays are rela-
tively well understood (O’Brien and Wells, 1986; Smith
et al., 1989; Farrell, 2001), intermediate stages of crevasse-
splay formation have drawn less attention. Likely explanations
for this are (1) that crevasse splays often are relatively minor
features in the floodplain, (2) that larger crevasse splays and
splay complexes which evolved into full avulsions led to ero-
sion of previous proximal deposits formed during initial stages
of splay formation by channel incision and migration, (3) that
crevasse splays are geomorphological features that form and
develop mainly during short episodes of peak discharges,
which makes it difficult to monitor and study their develop-
ment in the remote unmanaged floodplains where natural
crevasse-splay formation still occurs.
Figure 1. The 1870s avulsion belt of the Saskatchewan River (SR) in the Cu
ping (PFRA, 1953), and aerial photography. The North Angling Channel (NA
Torch River (TR) channel belt (Pérez-Arlucea and Smith, 1999). The Centre A
Steamboat (SB) channel and NAC. The Muskeg Lake splay (indicated with a s
belt has changed little since 1982 (Smith and Pérez-Arlucea, 2004). GC, Gun
and extent of the Saskatchewan River delta (after Morozova and Smith, 2000
graph camera symbols on the map indicate the location and the arrow insid

Copyright © 2015 John Wiley & Sons, Ltd.
This study presents a reconstruction of decadal-scale
crevasse-splay development by integrating aerial photogra-
phy, sedimentological and geomorphological data. The com-
bination of different data types enables reconstruction and
description of different stages in active splay formation and
associated sedimentary products. Furthermore, mechanisms
and morphodynamics leading to the characteristic geomor-
phology of crevasse splays in the Cumberland Marshes are
discussed and summarized in a generalized scheme for
crevasse-splay development to aid future study of similar
features and to allow advanced interpretation from crevasse-
splay deposits.
Regional Setting

The Cumberland Marshes are located in the western (upper)
part of the Saskatchewan River delta, which straddles the
border between Saskatchewan and Manitoba in south-central
Canada and terminates in Cedar Lake (Figure 1). With ~10
mberland Marshes, based on historical accounts (Voligny, 1916), map-
C) existed prior to the 1870s avulsion, probably as an extension of the
ngling Channel (CAC) formed by a gradual diversion of flow from the
tar) was initiated around 1953. The upstream part of the 1870s avulsion
Creek; MR, Mossy River; OC, Old Channel. The inset shows the location
). Photographs of the local landscape are shown in Figure 2; the photo-
e the symbol indicates the direction of view.
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000 km2, it is the largest inland delta in North America. The
delta is dominated by the eastward-flowing Saskatchewan River
whose drainage basin extends westward to the Rocky Moun-
tains. Discharge is highly seasonal and, in the area of this study,
averages about 450 m3 s�1. Peak discharges usually occur in
the spring or summer months. Maximum recorded discharge
at the federal gauge in Nipawin, ~90 km upstream of the current
delta apex (Figure 1), is 4870 m3 s�1, in June, 1953. From No-
vember to March, the Saskatchewan River is covered with ice.
Deposition of alluvial sediment initiated around 8500 calendar

years before present (cal yr BP), following the retreat of the
Laurentide ice sheet (Morozova and Smith, 1999). The most
recent major avulsion occurred in the 1870s (Smith et al.,
1998), when the Old Channel was diverted northward into the
adjoining floodplain to form a ~500 km2 complex of small
marshes and ponds separated by interconnected and variously-
sized channels (Figure 1). This created a highly dynamic fluvial
environment with frequent crevassing and partial avulsions
(Smith et al., 1989; Morozova and Smith, 1999, 2000, 2003;
Pérez-Arlucea and Smith, 1999; Slingerland and Smith, 2004).
Muskeg Lake, formerly a marshy lake but currently an inter-

mittently exposed backswamp area (Figures 2A, 2D, and 2J),
is situated between the alluvial ridges of the currently active
Centre Angling Channel (CAC) and the abandoned Gun Creek
to the south (GC; Figures 1, 2A and 2D). Sometime after 1911,
probably in the 1920s, the CAC was formed by gradual avul-
sion of the North Angling Channel (NAC; PFRA, 1953). At that
time, discharge through the NAC was already reduced as a
result of an upstream avulsion that created the Steamboat (SB)
channel (Figures 1 and 2B). The new flow path gradually
captured more discharge to eventually become the presently
dominant CAC of the Saskatchewan River (Smith et al., 1998;
Figure 1). As the CAC enlarged, levees were breached repeat-
edly, forming a series of crevasse-splay complexes in the
flanking backswamp areas. The current average gradient of the
Saskatchewan River in the CumberlandMarshes, based on water
surface elevations during mean discharge from the 1870s avul-
sion point to Cumberland Lake (Smith and Pérez-Arlucea,
2008), is ~9.4 × 10�5. The gradient of the CAC at the investi-
gated crevasse splay is ~4.6 × 10�5.
The Muskeg Lake splay (MLS; Figures 1, 2A and 2I) is part of

a crevasse-splay complex located in the backswamp between
the CAC and the elevated ridge of the GC palaeochannel to
the south. The splay complex was initiated in the 1940s and
early 1950s and consists of six large crevasse splays that have
gradually filled in the former backswamp area (Muskeg Lake:
~7.5 km2). The MLS is the most eastern and youngest splay
in the complex and occupies a former lake area of ~750 m
× 500 m (Figures 2A and 2J).
Methods

Aerial photographs from 1953, 1977 and 2003 (ISC, 2007;
Figure 3) were used to study splay growth and to reconstruct
splay geomorphology of the MLS. The aerial photographs
are black/white panchromatic images with original scales
ranging from 1:5000 (1977 and 2003) to 1:60 000 (1953).
The photographs were cropped to show the same area, which
led to a relatively low resolution of the depicted 1953 image.
The photographs indicate the geomorphological develop-

ment of the splay at three time slices mainly by change in reflec-
tance patterns which are directly related to vegetation type and
density. Dirschl (1972) described vegetation, general species as-
semblages, succession stages, and relations of specific biotopes
to the local geomorphology in the Cumberland Marshes. This
relationship, which determines nutrient availability and local
Copyright © 2015 John Wiley & Sons, Ltd.
water levels relative to the surface, was used to interpret the
geomorphological development of the crevasse splay over the
past five decades. The reflectance levels and clusters of dense
vegetation on the 2003 photograph were compared with a
2008 colour photograph of the splay, taken from a small
airplane during fieldwork. Vegetation types were described in
the field, related to local geomorphological features and surface
elevation, and compared with Dirschl’s (1972) classification.
The field logging of general vegetation types served as a
ground-truth for observed patterns and zoning in vegetation vis-
ible on the aerial photographs. Comparison of the 2003 and
2008 photographs indicates nearly identical patterns, so it was
assumed that the currently observed vegetation differs little from
the situation in 2003. Pioneer vegetation (dominated by ratroot,
bulrush and arrowhead; Figures 2D and 2J) was found on freshly
deposited splay lobes and in shallowing parts of the formerMus-
keg Lake and correlates with relatively high reflectance on the
aerial photographs (vegetation zone 3; Figure 3D). Dense shrub
vegetation (dominated by alder and willow with a horsetail
undergrowth: Figure 2F) occurs on higher fens and levees and
correlates with low reflectance (dark colour; vegetation zone
1; Figure 3D). Transitional zones between these two dominant
vegetation types are associated with intermediate reflectance
levels. In this intermediate vegetation zone (zone 2 in Figure 3D)
reeds, sedges, and horsetail occur frequently (Figure 2G).
Willow shrubs occur rather dispersed and are of limited size.

Field observations of geomorphological elements corresponded
well with zones of different reflection (vegetation) on the 2003
aerial photograph; importantly, dense shrub growth and trees
occurred exclusively on levees and relatively high fens. Based
on currently existing patterns in vegetation, it was assumed that
the three photographs provide a reliable basis for interpreting
geomorphic development of the splay. As no ground-truth
exists for the 1953 and 1977 aerial photographs, the informa-
tion from these specific time slots is used in this paper mainly
to supplement geomorphological interpretations following
from sedimentary information. Information from aerial photo-
graphs nonetheless provides important clues to the pacing of
changes in the local landscape and crevasse-splay geomor-
phology. Such information is difficult to interpret from sedimen-
tary products alone, which are the final end-members of
crevasse-splay processes and dynamics from splay growth
initiation to termination.

The sedimentary build-up of the MLS was investigated by
drilling three main sections across the proximal, middle and
distal parts of the splay (Figure 3C). Using an Edelman hand
auger and gouge, 34 boreholes were obtained from the
surface to the regionally occurring pre-splay clay substratum.
Individual boreholes were typically spaced 5–25 m apart and
positioned on the basis of local geomorphology. Relative
surface elevations were recorded with a theodolite and total
station. Borehole data was logged at 10-cm intervals for sedi-
ment texture (using the standard USDA texture classification),
colour, plant remains, calcium carbonate (CaCO3) content
(tested with hydrochloric acid), and oxidation/reduction
(following the methodology for sediment classification in the
field by Berendsen and Stouthamer, 2001). Organic layers
were sampled at 5 cm intervals using a 5 cc sampling device
to measure variations in organic content by determining the
loss-on-ignition (Heiri et al., 2001; Van Asselen et al., 2010).
Borehole data was primarily used to identify architectural
elements of the splay; e.g. levees, sheet deposits, and infilled
channel features. Deposits and the configuration of larger
geogenetic elements (e.g. continuous strata with a compara-
ble lithology) were correlated with different stages of splay
formation and geomorphology as indicated by the patterns
in reflectance on aerial photographs. The age of pre-splay
Earth Surf. Process. Landforms, Vol. 41, 117–129 (2016)



Figure 2. (A) The Muskeg Lake splay (MLS)-crevasse complex, looking towards the east with the Centre Angling Channel (CAC) to the north (left)
and the Gun Creek (GC) palaeochannel ridge to the south (right). (B) The almost completely abandoned Steamboat (SB) channel at the CAC avulsion
point. (C) The transition of stiff clays into overlying peat, dated to 2664 ± 101 cal yr BP, underlying the MLS (Figure 4). (D) Recently deposited crevasse-
splay lobe in Muskeg Lake at the southern end of the Muskeg Lake Splay: the largely bare soil is sparsely occupied by establishing pioneer vegetation.
Trees in the background indicate the location of the GC palaeochannel ridge. (E) Log jams in river channels in the Cumberland Marshes. (F) The main
crevasse channel of the MLS, with recent in-channel banks (covered with bulrush), and flanked by levees with shrub vegetation (corresponding with
low reflectance on aerial photographs; Figure 3). (G) Sharp transition of fen vegetation (high reflectance in Figure 3) dominated by reeds and sedges to
the slightly higher western crevasse-channel levee in the background with alder and willow stands (low reflectance). (H) The transition of peat into
clayey overbank deposits, dated to ~702 ± 29 cal yr BP (Figure 4). (I) Northward aerial view of MLS showing CAC (top) and the shore of the largely
infilled Muskeg Lake (bottom). (J) Terrestrialization of Muskeg Lake with establishing pioneer vegetation. (K) The abandoned SB channel near the
CAC-avulsion point, looking in an eastward down-gradient direction, with extensive (inactive) crevasse complexes; currently occupied by dense
shrub vegetation, indicating relative dry conditions on relatively high elevations. (L) Largely infilled entrance of the MLS crevasse channel, at the bi-
furcation with the CAC. Photograph camera symbols on images A and I indicate the location and direction of view on other photographs (outside the
MLS area, locations of photographs are shown in Figure 1). This figure is available in colour online at wileyonlinelibrary.com/journal/espl

120 W. H. J. TOONEN ET AL.

Copyright © 2015 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 41, 117–129 (2016)



Figure 3. Aerial photographs of the Muskeg Lake splay. The dashed line in the 1953 frame indicates the extent of initial splay deposition, based on
visible bar features and sheet deposits (slightly lower reflectance than Muskeg Lake). The dominant flow direction through Muskeg Lake is indicated
by the arrows. The location of the lithological cross-sections (Figure 4) and the Gun Creek (GC) palaeochannel are shown in the 2003 frame. The
2008 photograph was taken from a small airplane and has the generally occurring vegetation zones indicated: (1) dense willow and alder shrubs with
horsetail undergrowth; (2) dispersed willow shrubs with a dominant occurrence of reeds, sedges and horsetail; (3) pioneer vegetation such as bulrush
ratroot, and arrowhead; (4) aquatic plants in shallow water (mainly pondweed, arrowhead, and buckbean). This figure is available in colour online at
wileyonlinelibrary.com/journal/espl
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peat accumulations was determined by accelerator mass
spectrometry (AMS) radiocarbon dating on terrestrial macro-
fossils (van de Graaff laboratory, Utrecht University). Three
radiocarbon dates were calibrated to calendar ages using
Oxcal 4.1 (Bronk Ramsey, 2009) and the INTCAL09 calibra-
tion curve (Reimer et al., 2009).
Results

Sedimentology

The local substratum consists of stiff clay with a thickness of at
least 1 m. The colour ranges from blue-grey to light-grey,
Copyright © 2015 John Wiley & Sons, Ltd.
without any clear spatial pattern. Local pockets with increased
silt content (up to 50%) also appear to be randomly distrib-
uted, although the top 10 to 30 cm is typically enriched in silt.
Organics such as small wood and reed fragments are com-
monly encountered and are also more common in the top
~20 cm of the substratum. The top metre contains numerous
small (<1 mm) CaCO3 concretions indicating soil formation
(Van Asselen et al., 2010). Internal layering or other visible
sedimentary structures are absent.

The upper 10 cm of the stiff clay grades into an overlying
peat layer whose thickness ranges between 40 and 190 cm
(Figures 2C and 4). Peat accumulation has been smallest in
the southeast portion of the splay where only detrital peat
was encountered. Where thicker peat has accumulated, three
Earth Surf. Process. Landforms, Vol. 41, 117–129 (2016)



Figure 4. Lithological cross-sections of the Muskeg Lake splay. The location and orientation of the coring transects are shown in the top-right
inset. Accelerator mass spectrometry (AMS) radiocarbon dates are shown in calendar years before present (cal yr BP) and the dated plant macro-
fossils are listed. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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phases were identified. From base to top, these are: (i) black
detrital peat dominated by wood particles and oxidized plant
remains, and (ii) red-coloured Sphagnum-dominated bog
peat, which usually grades into (iii) brown fen peat dominated
by sedges and reeds (described in more detail in Smith and
Perez-Arlucea, 2004; Van Asselen et al., 2010). Organic con-
tent of these peat types is respectively 50–60%, ~90%, and
~80%. Compaction by later sediment loading has reduced
peat thickness by 30–40% (Van Asselen et al., 2010).
The transition from peat into overlying clay deposits is rather

sharp, generally within 3 cm (Figure 2H), and occasionally also
slightly erosive with millimetre-thick intercalating light-grey
clays, locally eroded peat, and intervals of dark-coloured organic
clays. The clay overlying the peat layer is much less cohesive and
densely packed than the substratum clay, although both are of
similar texture. This 20 to 70 cm thick clay stratum, which is
thickest in the eastern part of the splay area where also relatively
little peat has accumulated, coarsens upward into clay loam. In
the central part of the splay subsurface, the clay layer is missing,
probably due to later erosion by splay channels (see later).
The upper facies were divided into three main strata: (i) a

lower stratum of coarsening-upward silty deposits, (ii) an
upper stratum of fining-upward silts, extending to the present
surface, and (iii) sands deposited in sheets and channel fea-
tures, at most locations separating the lower and upper silt
strata (Figure 4). Intercalating sands are absent in the eastern
part of the study area, where the upper and lower silt layers
were indistinguishable.
The thickness of the lower silt layer is highly variable.

Maximum thickness occurs in the western part of the splay
where it reaches approximately 1 m. The transition to underly-
ing silty clays is non-erosive and marked by a rapid upward
increase in grain size and the frequent occurrence of 5 mm
laminae ranging from loam to loamy sand with occasional
plant remains. Admixed sand in these small sets is relatively
fine-grained (75–150 μm).
The sandy deposits were divided into sheets and channel fea-

tures, based on sand body geometries and sedimentological
characteristics (Figure 4). Relatively narrow and deep channel
features lie erosively against underlying fines and organics,
while sandy sheets have non-erosive lower contacts. Moreover,
channel sands are slightly coarser than sandy sheets (105–150
versus 75–105 μm) and more heterogeneous than the uniform
and well-sorted sheets. Sands in the channel features tend to
fine upwards but contain admixtures of fines, organics and shell
fragments. Moreover, sorting of the sand fraction is poor, and
occasionally strongly laminated intervals are encountered,
especially in the deepest incised sections. Channel features
are mainly located in the proximal part of the splay, there
representing at least half the volume of deposited sands.
Towards the distal part of the splay (southern lobes and east of
the proximal part), most sand is deposited in sheets (~90% of
the deposited sand volume in transect C–B′; Figure 4).
The upper silt layer has a maximum thickness of ~150 cm.

The thickness is strongly related to the thickness of underlying
sandy sheet or channel deposits; where these are thin or
absent, for example in the northwest portion of MLS, silt
deposits are usually thicker. Moreover, the silt drape is gener-
ally thicker in the eastern part of the splay, which corresponds
to overall higher surface elevations (Figure 4). At these higher
elevations, brown-coloured poorly-developed organic soils
with oxidized iron stains were observed in the top ~50 cm.
These silt-dominated deposits fine upwards, grading from
sandy loam at the basal contact with the sand towards silty
clay at the surface. In contrast to the lower silt-dominated
interval, laminated profiles are largely absent and only found
in levees of the main crevasse-splay channel.
Copyright © 2015 John Wiley & Sons, Ltd.
Palaeogeographic development

The MLS area
Based on the nesting and distribution of sedimentary architec-
tural elements, three pre-crevasse phases of deposition are
distinguished: (1) an early stage of floodbasin deposition; (2)
peat accumulation; (3) a second stage of floodbasin deposi-
tion (Figure 4). The early stage of floodbasin deposition is
marked by the stiff clay substrate. The minor lateral variation
in the elevation of the tops of these clays and the regional
occurrence at similar depths of this stratum (Van Asselen
et al., 2010) indicates sedimentation in a large low-energetic
(lacustrine) floodbasin (Morozova and Smith, 2000). Deposi-
tion of this clay substratum was succeeded by peat accumula-
tion (Figure 2C), which initiated around 2664 ± 101 cal yr BP

(basal peat sample 2; Figure 4) and corresponds to a regional
initiation of peat growth (Van Asselen et al., 2010). The transi-
tion from detrital peat into bog peat indicates terrestrialization
of the former lake, which allowed plants to encroach on the
remaining lake and bogs.

The accumulation of bog peat (Sphagnum spp. dominated)
indicates oligotrophic waters in a closed drainage basin
(Dirschl, 1972). The upper portion of the peat layer is marked
by the occurrence of mesotrophic peats (labelled as fen peats
in Figure 4), which suggests an increased influx of nutrients,
presumably from a fluvial source. Increasing fluvial deposi-
tion probably also resulted in the termination of peat growth,
as indicated by the transition from mesotrophic peat into over-
lying floodbasin deposits (Figure 2H). The transition is dated
between 702 ± 29 and 388 ± 54 cal yr BP (Figure 4), which
precludes the 1870s avulsion as the cause of the increased
influx of sediment. Again this date for peat growth termination
is regionally consistent (Van Asselen et al., 2010), and is prob-
ably related to reactivation of the nearby GC palaeochannel
around 640 ± 40 cal yr BP (Morozova and Smith, 2000).
Directly overlying the clayey overbank deposits of the GC
palaeochannel are the silty deposits formed after the 1870s
avulsion. These are inferred as overbank deposits that formed
the distal part of the CAC levee prior to crevasse-splay
formation.

Muskeg Lake splay (MLS)
Due to gradually increasing discharge redirected from the
abandoning SB channel to the CAC (Figure 1), multiple
breaches of the south bank occurred between the 1920s and
1953 (Figure 3A). The MLS was probably initiated during the
high-flow years of 1952 to 1953.

The 1953 aerial photograph shows three closely spaced le-
vee breaches of which the middle one has developed into the
present MLS (Figure 3A). Flow diversion through the levee
was initially perpendicular to the CAC (following the gradient
of the local levee), but bent sharply towards the east when en-
tering Muskeg Lake. This initial flow followed the original
west–east (W–E) oriented topographical gradient of the Muskeg
Lake basin, indicated on the photograph by the presence of
slightly darker eastward elongated bar-like features east of the
levee breach (preserved as low ridges; visible on later photo-
graphs) and unaffected marshland in the distal part of Muskeg
Lake. Sedimentation during this initial phase of crevasse-splay
formation mainly occurred by sand-sheet deposition (Figure 4).
The fine sands were deposited non-erosively on the underlying
silty deposits – locally minor erosion may have occurred where
the sand sheet is directly overlying peat layers. All transects
clearly show that initial deposition mainly occurred in the east-
ern part of the splay. The presently active part of the splay has
shifted to the west, where younger crevasse-channel deposits
are located closer to the surface and display locally dissected
Earth Surf. Process. Landforms, Vol. 41, 117–129 (2016)



Figure 5. Schematic representation of the Muskeg Lake splay (MLS)
with the different stages of splay formation (area corresponding with
the aerial photographs; Figure 3). Each frame shows the location and
type of deposition, formation of main geomorphological elements of
that specific phase, the cumulative thickness of crevasse-splay deposits
(1977 and 2003 are assumed to be similar due to limited splay activity),
and splay extent during the previous phase (mostly buried). This figure
is available in colour online at wileyonlinelibrary.com/journal/espl
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sheet deposits (C–B′: Figure 4). Moreover, thicker sand-sheet
deposits to the east in the proximal part of the splay indicate
a dominant eastward flow in the early stage of splay formation,
as was inferred from the aerial photograph. Both from the
photograph and the sedimentary structures, evidence for the
existence of well-defined splay channels during this phase is
absent, suggesting that sands were initially deposited by
unchannelized flow, as similarly observed by others (Farrell,
2001; North and Davidson, 2012).
By 1977, the splay had changed significantly in outline and

morphology (Figure 3). Splay deposition transformed the former
marshy and lacustrine environment of Muskeg Lake into vege-
tated levees and adjacent fens (Figure 2G). Deposition concen-
trated around newly formed distributary channels. Although
one main channel currently remains (Figures 2F and 2I), relict
channel forms (both in the proximal and distal parts of the splay;
Figure 5) indicate amulti-branched system during previous stages
of splay formation. Reduced width of the CAC levee breach gap,
now partly reoccupied by vegetation, indicates that the initially
wider crevasse-channel entrance narrowed considerably by
deposition – referred to as crevasse ‘healing’ (Figures 2L and 3).
Rapid sedimentation at high-angle bifurcations is commonly
observed in river systems (similar to plug bar formation in
abandoned channels; Toonen et al., 2012), as a result of
locally reduced energetic conditions and transport capacity
(Constantine et al., 2010). In the first ~25 years of crevasse-
splay formation, levees flanking the main crevasse channel
were formed. These levees align in the same direction as the
gradient along the main levees of the CAC: perpendicular to
the topographical gradient of the larger floodbasin (N–S
instead of W–E; Figure 2I). Again, most sedimentation
occurred in the eastern part of the splay, indicated by an
increased area of shrubby fen vegetation (growing on rela-
tively high and dry locations) and the asymmetry of levees –
the eastern levee of the crevasse channel is higher and wider
than the western levee (Figures 3 and 4). The splay deposits
confirm the observations from the aerial photograph (B–B′:
Figure 4): at least a metre of silt has accumulated over the sand
sheet in the east and in the proximal part of the splay. Abandoned
channel deposits occur in all cross-sections and are typically
laminated, caused by varying energetic conditions in an infilling
channel depression (Toonen et al., 2012). In the central part of the
MLS, a large sand body contains channel-fill deposits. This sand
body is probably related to a scour hole formed during the levee
breach that has locally removed pre-crevasse deposits (transect
B–B′; Figure 4) and created the accommodation space for the
later infill.
The 2003 (and present) situation differs only slightly from

1977, suggesting that splay development had largely termi-
nated by then. Apart from some new features in the distal part
of the splay, including (1) development of a new fen by depo-
sition of a new sand sheet (indicated by newly settled shrub
vegetation, Figure 3C; B′–C profile, Figure 4) at the southeast-
ern lobe, (2) further infilling of the lake basin (Figure 2D), and
(3) minor deposition on levees and existing fens, the 1977
morphology has remained largely unchanged (Figure 3).
Based on these observations, it is concluded that main splay
formation took place in a short period; most activity is
recorded in the first ~25 years.
Based on the current characteristics, the MLS can be classi-

fied as a stage I splay according to the classification system of
Smith et al. (1989), indicating it has a basic and rather
unmatured channel network, a short active life span, and
has not eroded underlying strata on a large scale. This is
confirmed by the wedge-shaped sand sheet that directly
overlies wetland deposits and the existence of unstable
distributary channels.
Copyright © 2015 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 41, 117–129 (2016)
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Crevasse-splay Development: Stages,
Sedimentary Products, and Controls

The combination of aerial photograph interpretation, local geo-
morphology, and sediment characteristics allows identification
of distinctive phases in crevasse-splay development. This phas-
ing is useful for discussing progressive formation of crevasse-
splay deposits that may have been influenced by previous
stages of crevasse-splay deposition, which are controlled by
both internal and external factors, and subsequently have led
Figure 6. Overview of crevasse-splay development with a characterization
ciated sedimentary products, and controlling factors are summarized.

Copyright © 2015 John Wiley & Sons, Ltd.
to a typical configuration of sediments, distributary channel,
and patterns in vegetation (Figure 6).
Levee breach and initial splay formation

In most described cases of crevasse-splay formation, the initial
phase acts on an event scale, as the initial processes are
strongly linked with the trigger that caused a levee to breach,
generally flood events. During a relatively short period, local
river banks and floodbasin substrate are initially subject to
of different stages. For each stage main geomorphologic changes, asso-
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strong erosion. Levee sediments are eroded by high-velocity
flow through the breach. The 1953 aerial photograph indicates
that these breaches were much wider than the width of the
main feeder channel of the crevasse splay that is established
during a later phase. Apart from erosion at the breach, local
erosion of the floodbasin substrate and occasionally the forma-
tion of rip-up clasts are also commonly observed (e.g. Jacobsen
and Oberg, 1993; Farrell, 2001; this study – Figure 4). Erosion
during the initial levee breach is nearly always restricted to
the area directly surrounding the breach, as flow velocity
decreases sharply into the backswamp, where the initial phase
of splay formation is marked by deposition of fines in
unchannelized flow.
Splay progradation

Relatively coarse sediments (fining in more distal locations)
are deposited in downstream and laterally distal positions of
the first chute through the levee breach. Eroded (sandy) sedi-
ments are deposited in a wide lobe which thins and fines into
the backswamp. Together with sediment introduced from the
parent river channel, these sediments can lead to large-scale
shallowing and terrestrialization of aquatic environments in the
floodbasin. The MLS demonstrates that no channelized flow
occurred in this initial phase. Fens formed during this initial
phase of deposition became occupied by typical shrubby fen
vegetation. The vegetation has gradually matured but stable pat-
terns in vegetation indicate that no major changes occurred after
this initial phase.
The initial splay lobe, dominated by sandy sheet deposits,

plays a significant role in the orientation of later splay chan-
nels and deposits by modifying the initial local eastward
floodbasin gradient, and resulted in the asymmetrical outline
of the splay, with an orientation perpendicular to the parent
channel (CAC) and overall floodplain basin gradient. The
location of abandoned distributary channels indicates a pro-
gressive increase in the angle of the main splay channel rela-
tive to the parent CAC channel (Figure 5). The channel
orientation perpendicular to the regional gradient is caused
by both the eastward migration of the splay mouth (where
discharge is diverted from the parent river channel into the
crevasse-splay channel) and, more importantly, by westward
migration of the main splay channel in the distal part of the
splay (Figure 5). The latter results from obstructive effects of
older splay deposits which redirected the discharge. The
sand, deposited in a sheet in a down-gradient direction,
obstructs the initial flow path in a manner similar to mouth
bars during delta progradation (Edmonds and Slingerland,
2007). The eastward migration of the splay mouth is proba-
bly caused by outer-bend scour at the downstream part of
the crevasse channel entrance by discharge that is diverted
into the crevasse mouth during normal to bankfull dis-
charge. Continuation of the migrating trend of the crevasse
channel seems unlikely, as it would eventually counter the
pre-existing topographic gradient. Moreover, crevasse-splay
channel migration is probably also gradually reduced by
maturing vegetation that increasingly strengthens the levees
and stabilizes the main crevasse channel. The inferred
pivoting point (Figure 5) of the shifting crevasse channel is
a large scour hole (B–B′; Figure 4). Channelized flow erod-
ing the erosion-resistant peat layer at the same location
during different stages of splay formation uncovered the less
resistant underlying fluvial deposits (Figure 4). Further inci-
sion then concentrated at that location, resulting in the
formation of a local deep scour hole (cf. Smith and Pérez-
Arlucea, 2004).
Copyright © 2015 John Wiley & Sons, Ltd.
Channel morphology changed simultaneously with the shift
in orientation. The flow through the crevasse became concen-
trated into fewer stabilizing feeder channels, presumably with
an increased stream power, resulting in channel incision and
levee formation. Further channel stabilization presumably also
contributed to the formation of well-developed levees. It cannot
be established, however, if channel enlargement continued
gradually as the splay increased in size, although this has been
hypothesized (e.g. Mjos et al., 1993), and is likely to occur in the
transformation of crevasse-splay channels into partial avulsions.

The gradient-blocking effect of proximal sheet deposits further
promoted deposition in themore distal parts of the splay (Figure 5),
leading to large-scale terrestrialization in the floodbasin. This pro-
cess continues to the present day, although at a gradually decreas-
ing rate, and allows new fens with pioneer vegetation to establish.
As new distal lobes were formed, the channel protruded even fur-
ther into the backswamp (Figures 2D and 2J), trying to circumvent
these new obstructions. This repetitive process is currently not
spatially confined, but inevitably cannot continue when the
far end of the receiving basin has been reached and no further
progradation perpendicular to the main channel is possible. At
that point it is likely that progradation is either interrupted and
the splay becomes inactive, or splay growth begins to follow
the general gradient of the larger basin.

Splay termination or development into an (partial)
avulsion

Based on current deposition in the MLS main feeder channel
(Figure 2L), the decreasing width of the CAC levee breach,
and only minor morphological changes since 1977, the MLS
is likely to terminate soon. Observations of active crevassing
indicate that a relatively short time of splay activity is common,
ranging from several years to few decades (e.g. Smith and
Pérez-Arlucea, 1994; Bristow et al., 1999; Cahoon et al.,
2011; this paper). This study demonstrates that splay growth
may indeed quickly decelerate and even terminate after the ini-
tial favourable gradient between levee and basin is reduced. This
is supported by other studies of crevasse-splay deposits (Törnqvist
et al., 1993; Gouw, 2008).

Progradation in the direction of the general gradient of the
floodbasin is a possible next phase of splay formation. Older
splays in the splay complex upstream of the MLS currently
follow the general floodbasin (and CAC) gradient after initial per-
pendicular growth (Figure 2A). Such reorientation is also ob-
served in floodbasin deposits (Bristow et al., 1999; Stouthamer,
2001; North and Davidson, 2012) and can, depending on the
basin size (see later), support crevasse-splay activity for a
longer period (up to several centuries; Berendsen, 1982). An
analogue of such progradation, albeit on a larger scale of (partial)
avulsion, is provided by the progradation of the SB channel of
the 1870s avulsion belt (Figure 1; Smith et al., 1998). The SB
channel initially prograded northwestward into the floodbasin
perpendicular to the regional eastward basin gradient, but
redirected down-gradient after approaching the far end of the
basin (Figures 1, 2B and 2K). In the SB channel, this phase was
followed by reactivation of the proximal part of the diverted
stream (Figure 1; Pérez-Arlucea and Smith, 1999), marked by
multiple minor channels branching off the main channel down
the regional slope toward Cumberland Lake (Figure 1).

Internal and external factors controlling crevasse
splay development

In the MLS, some important morphodynamics seem driven by
deposition in the downslope part of the splay and the geometry
Earth Surf. Process. Landforms, Vol. 41, 117–129 (2016)
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of the receiving basin. Crevasse-splay initiation and development
can be influenced significantly by both internal (site-specific) and
external factors such as compaction, characteristics of the parent
channel (e.g. sinuosity, gradient, discharge and sediment load),
characteristics of the bifurcation, geometry and gradient of the re-
ceiving basin, and human interference. In other crevasse splays,
similar patterns by geomorphological feedbacks may therefore
not be as straightforwardly interpreted as our example.
Van Asselen et al. (2010) indicate that sediment loading, thick-

ness of peat layers, and peat types are important factors control-
ling local subsidence. This may significantly influence local
splay development, as accelerated subsidence due to peat com-
paction creates additional local accommodation space and
consequently may fix the splay in its initial position. Variable
peat thicknesses and types may cause differentiation in subsi-
dence due to compaction and thereby affect splay development.
However, limited peat thickness (Figure 4) and rather uniform
loading by the overlying deposits ensure that MLS development
and geomorphological feedbacks are mainly driven by sedimen-
tation and not by substrate compaction.
The MLS, with its initial formation perpendicular to the main

basin gradient and asymmetrical morphology, may be regarded
as typical for splays of aggrading low-gradient rivers with rela-
tively low channel sinuosity. Similar morphodynamics and splay
development have also been observed on low-gradient alluvial
megafans (e.g. the Pantanal; Makaske et al., 2012). Other splays
described in literature often yield a typical dendritic pattern
(examples in Bridge, 2003; Cahoon et al., 2011). Although they
differ in appearance, such splays developed in a similar way as
described in this paper; with an initial bar or sheet deposit that
modifies the initial gradient, obstructs the initial flow path and
causes a redirection of flow and sediment. However, such splays
are generally oriented in the direction of the main basin gradient,
so similar crevasse-splay morphodynamics have resulted in a
more symmetric pattern. This is common in highly sinuous river
channels with local levees facing the down-valley gradient
direction in downstream curves of meander bends and in delta
environments where sedimentation rapidly modifies pre-existing
favourable gradients (e.g. Mississippi; Jacobsen and Oberg,
1997). So based on the fluvial setting, similar morphodynamics
may result in different crevasse-splay morphologies.
Characteristics of the main active channel, the receiving

basin, and the bifurcation between the main river channel
and crevasse channel can influence splay development dur-
ing any stage of formation. Crevasse-channel depth, width,
and angle with the parent channel may importantly influence
the distribution of water and sediment over the different flow
paths in a style similar to morphodynamics described for large
river channel bifurcates (Kleinhans et al., 2008; Kleinhans
et al., 2011). The initial (and later dynamic) configuration of
the levee breach and flow diversion controls the downstream
crevasse-splay formation (e.g. Makaske et al., 2012), which in
turn influences further splay evolution and potential for full-
scale avulsion. For example, a change in the distribution of
water and sediment at the splitting point may cause erosion
or deposition in the crevasse-splay channel and subsequently
promote further splay growth or termination. This is likely a
dynamic situation that can actively influence splay develop-
ment and can reverse previous trends of splay growth or aban-
donment, as neither migration of the main splay channel nor
the sediment load and discharge of the parent channel are
stable over time. Recent large floods with extensive overbank
deposition, such as the 2005 flood (2870 m3 s�1), however,
had little effect on MLS dynamics, as the current local geomor-
phology is largely unchanged from the 2003 aerial photograph
(Figure 3C), and splay termination and crevasse-channel
infilling have progressed steadily.
Copyright © 2015 John Wiley & Sons, Ltd.
Initial splay morphology largely depends on the gradients
(locally at the entrance point of the splay and the overall basin
gradient) and volume of the receiving basin, which also con-
trols downstream flow velocities. Low-gradient and relatively
deep basins result in rapidly declining flow velocities and thus
trigger deposition (except for wash load) in the proximal part
of the levee breach. The MLS is a good example of this, with
extensive proximal sand sheet deposition in former Muskeg
Lake. If flow velocities decrease more slowly, sandy sheets
will extend further downstream into the receiving basin. As a
result, only minor proximal sand sheets will probably de-
velop, and the blocking mechanism as a feedback effect is
reduced. The larger basin geometry is especially important
for later stages of splay formation and controls (amongst other
factors such as floods and sediment supply) the period of pro-
gressive splay growth and its potential to evolve into a larger
splay complex or even an avulsion. Receiving basin width,
length, depth, and down-gradient length determine the vol-
ume that can be infilled by crevasse-splay deposition (e.g.
Bristow et al., 1999; Stouthamer, 2001). Basin width, as
described for the MLS example, limits initial splay growth
perpendicular to the parent channel, and many splays appear
to terminate when the full width of the basin is occupied. The
same applies for basin length when splay growth proceeds in
a general down-floodplain direction (Pérez-Arlucea and
Smith, 1999; Makaske et al., 2007). Logically, larger basins
promote larger and more mature crevasse splays with better
developed feeder channels (Mjos et al., 1993). Berendsen
(1982) suggests that a downstream outlet of the basin is also
important for splay growth and potential to develop into an
avulsion. Closed basins promote ponding, deposition in the
local basin, and infilling of crevasse-splay channels as sedi-
ment is not effectively conveyed downstream. The basin gra-
dient and direction of maximum gradient in the wider region
are also important for splay formation and potential to result
in an avulsion (Törnqvist and Bridge, 2002). Larger gradient
advantages or gradients oblique to the parent channel (typical
for radial alluvial plains, delta and alluvial fan environments,
or rivers with high rates of deposition within the main channel;
Stouthamer and Berendsen, 2000) favour prolonged crevasse-
splay formation and even avulsion, as continued splay growth
does not immediately reduce the local gradient advantage. In
contrast, closed basins in confined valleys or floodplains have
limited potential to develop full avulsions that transform the re-
gional landscape significantly as the duration and extent of splay
growth is restricted by minor backswamp areas. In such basins,
initial splay deposition is sufficient to annul the minor gradient
advantage, causing splays to terminate soon after initiation.

Future research should focus on testing and validating
internal morphodynamics of crevasse-splay development in
different environmental settings. Although the available data
types and temporal resolution do not allow for a full
process-based analysis of continuous crevasse-splay develop-
ment, the observations presented here strongly suggest an
important role of internal responses to the previous stage of
crevasse-splay formation which lead to typical crevasse-splay
appearance and morphology. Testing such dynamics, for ex-
ample using numerical models and laboratory experiments,
can aid further process-based studies. Once internal
crevasse-splay morphodynamics and the role of its causal fac-
tors and controls are sufficiently understood, a clearer
relationship to avulsion events can be established. By under-
standing the factors that determine whether crevasse splays
develop into full avulsions or become abandoned, it may
become possible to explain successful avulsion sites of the
past, why other avulsions have failed, and possibly to target
potential future avulsion sites.
Earth Surf. Process. Landforms, Vol. 41, 117–129 (2016)
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Summary and Conclusions

Following the 1870s avulsion of the Saskatchewan River and
the formation of the east-flowing CAC, overbank deposition of
silts occurred in theMuskeg Lake receiving basin, a backswamp
wetland area adjacent to and lying south of the parent CAC. In
the 1950s, levees of the CAC breached at multiple locations,
leading to the formation of a series of crevasse splays.
In the MLS, discharge through the levee breach initially

followed the eastward topographical gradient of the Muskeg
Lake basin, and fine sand was deposited in a broad sheet
mainly southeast of the levee breach. In later stages of splay
development, sedimentation gradually extended to more dis-
tal locations of the backswamp. As progradation continued,
distributary channels gathered into one dominant channel
with an increasingly north–south orientation, perpendicular
to the main flow direction of the CAC and the initial topo-
graphical gradient of the Muskeg Lake basin.
Crevasse-splay development, as observed in the Cumberland

Marshes and as described in other studies, can be roughly cate-
gorized in three phases: (i) levee breach and crevasse-splay initi-
ation; (ii) active sedimentation in backswamp areas by splay
progradation; (iii) the final stage in which a crevasse splay
becomes inactive or evolves into a (partial) river avulsion
(Figure 6). Early stages of sedimentation created a morphology
that influenced later geomorphological development, including
the orientation of the main splay channel and the current config-
uration of sedimentary deposits (Figure 6).

Acknowledgements—The authors thank Chris Roosendaal, Ingwer Bos
and Gary Carrière for assistance during the fieldwork in the Cumber-
land Marshes. Kim Cohen is acknowledged for useful comments on
an earlier draft of this paper. This research was funded by Utrecht
University.
References
Allen JRL. 1965. A review of the origin and characteristics of recent
alluvial sediments. Sedimentology 5: 89–191.

Aslan AA, Autin WJ, Blum MD. 2005. Causes of river avulsion: insights
from the Late Holocene avulsion history of the Mississippi River, U.S.
A. Journal of Sedimentary Research 75: 650–664.

Berendsen HJA. 1982. De genese van het landschap in het zuiden van
de provincie Utrecht, een fysisch-geografische studie, PhD Thesis.
Utrecht University, Utrechtse Geografische Studies 25.

Berendsen HJA, Stouthamer E. 2001. Palaeogeographic Development
of the Rhine-Meuse Delta, The Netherlands. Van Gorcum: Assen.

Blum MD, Roberts HH. 2009. Drowning of the Mississippi Delta due to
insufficient sediment supply and global sea-level rise. Nature Geosci-
ence 2: 488–491.

Bridge J. 2003. Rivers and Floodplains – Forms, Processes and Sedi-
mentary Record. Blackwell Science: Oxford.

Bristow CS, Skelly RL, Ethridge FG. 1999. Crevasse splays from the
rapidly aggrading, sand-bed, braided Niobrara River, Nebraska:
effect of base-level rise. Sedimentology 46: 1029–1047.

Bronk Ramsey C. 2009. Bayesian analysis of radiocarbon dates. Radio-
carbon 51: 337–360.

Cahoon DR, White DA, Lynch JC. 2011. Sediment infilling and wetland
formation dynamics in an active crevasse splay of the Mississippi
River delta. Geomorphology 131: 57–68.

Constantine JA, Dunne T, Piégay H, Kondolf GM. 2010. Controls on
the alluviation of oxbow lakes by bed-material load along the
Sacramento River, California. Sedimentology 57: 389–407.

Davies-Vollum KS, Kraus MJ. 2001. A relationship between alluvial
backswamps and avulsion cycles: an example from the Willwood
Formation of the Bighorn Basin, Wyoming. Sedimentary Geology
140: 235–249.

Day JW, Shaffer GP, Britsch LD, Reed DJ, Hawes SR, Cahoon DR.
2000. Pattern and process of land loss in the Mississippi Delta: a
Copyright © 2015 John Wiley & Sons, Ltd.
spatial and temporal analysis of wetland habitat change. Estuaries
23: 425–438.

Day JW, Boesch D, Clairain E, Kemp GP, Laska S, Mitch W, Orth K,
Mashriqui H, Reed D, Shabman L, Simenstad C, Streever B,
Twilley R, Watson C, Wells J, Whigham D. 2007. Restoration of
the Mississippi Delta: lessons from Hurricanes Katrina and Rita.
Science 315: 1679–1684.

Dirschl HJ. 1972. Geobotanical processes in the Saskatchewan River
Delta. Canadian Journal of Earth Sciences 9(11): 1529–1549.

Edmonds D, Slingerland R. 2007. Mechanics of river mouth bar forma-
tion: implications for the morphodynamics of delta distributary
networks. Journal of Geophysical Research 112: F02034.

Farrell KM. 2001. Geomorphology, facies architecture, and high-
resolution, non-marine sequence stratigraphy in avulsion deposits,
Cumberland Marshes, Saskatchewan. Sedimentary Geology 139:
93–150.

Gouw MJP. 2008. Alluvial architecture of the Holocene Rhine-Meuse
delta (The Netherlands). Sedimentology 55: 1487–1516.

Heiri O, Lotter AF, Lemcke G. 2001. Loss on ignition as a method for
estimating organic and carbonate content in sediments: reproduc-
ibility and comparability of results. Journal of Paleolimnology 25:
101–110.

ISC. 2007. Information Services of Saskatchewan; Aerial photographs
series 1953, 1977 and 2003.

Jacobsen RB, Oberg KA. 1997. Geomorphic Changes on the Mississippi
River Flood Plain at Miller City, Illinois, as a Result of the Flood of
1993, US Geological Survey Circular 1120-J. US Geological Survey:
Reston, VA; 1–22.

Jorgensen PJ, Fielding CR. 1996. Facies architecture of alluvial
floodbasin deposits: three-dimensional data from the Upper Trias-
sic Callide Coal Measures of east-central Queensland, Australia.
Sedimentology 43: 479–495.

Kleinhans MG, Jagers HRA, Mosselman E, Sloff CJ. 2008. Bifurcation
dynamics and avulsion duration in meandering rivers by one-
dimensional and three-dimensional models. Water Resources
Research 44: W08454.

Kleinhans MG, Cohen KM, Hoekstra J, IJmker JM. 2011. Evolution of a
bifurcation in a meandering river with adjustable channel widths,
Rhine delta apex, the Netherlands. Earth Surface Processes and Land-
forms 36: 2011–2027.

Makaske B, Smith DG, Berendsen HJA. 2002. Avulsions, channel
evolution and floodplain sedimentation rates of the upper
Columbia River, British Columbia, Canada. Sedimentology 49:
1049–1071.

Makaske B, Berendsen HJA, van Ree MHM. 2007. Middle Holocene
avulsion-belt deposits in the Central Rhine-Meuse Delta, the
Netherlands. Journal of Sedimentary Research 77: 110–123.

Makaske B, Maathuis BHP, Padovani CR, Stolker C, Mosselman E,
Jongman RHG. 2012. Upstream and downstream controls of recent
avulsions on the Taquari megafan, Pantanal, south-western Brazil.
Earth Surface Processes and Landforms 37: 1313–1326.

Mjos R, Walderhaug O, Prestholm E. 1993. Crevasse splay geome-
tries in the Middle Jurassic Ravenscar Group of Yorkshire, UK.
In Alluvial Sedimentation, Marzo M, Puigdefabregas C (eds),
International Association of Sedimentology Special Publication
17. International Association of Sedimentologists: Gent; 167–184.

Morozova GS, Smith ND. 1999. Holocene avulsion history of the lower
Saskatchewan fluvial system, Cumberland Marshes, Saskatchewan –
Manitoba, Canada. In Fluvial Sedimentology VI, Smith ND, Rogers J
(eds), International Association of Sedimentology Special Publication
28. Blackwell: Oxford; 231–249.

Morozova GS, Smith ND. 2000. Holocene avulsion styles and sedi-
mentation patterns of the Saskatchewan River, Cumberland Marshes,
Canada. Sedimentary Geology 130: 81–105.

Morozova GS, Smith ND. 2003. Organic matter deposition in the
Saskatchewan River floodplain (Cumberland Marshes, Canada):
effects of progradational avulsions. Sedimentary Geology 157:
15–29.

North CP, Davidson SK. 2012. Unconfined alluvial flow processes:
recognition and interpretation of their deposits, and the significance
for palaeogeographic reconstruction. Earth-Science Reviews 111:
199–223.

O’Brien PE, Wells TA. 1986. A small, alluvial crevasse splay. Journal of
Sedimentary Petrology 56: 876–879.
Earth Surf. Process. Landforms, Vol. 41, 117–129 (2016)



129DEPOSITIONAL DEVELOPMENT OF MUSKEG LAKE CREVASSE SPLAY
Pérez-Arlucea M, Smith ND. 1999. Depositional patterns following the
1870s avulsion of the Saskatchewan River (Cumberland Marshes,
Saskatchewan, Canada). Journal of Sedimentary Research 69: 62–73.

PFRA. 1953. Interim Report No. 3, Saskatchewan River Reclamation
Project. Hydrometric Surveys 1953.

Reimer PJ, Baillie MGL, Bard E, Bayliss A, Beck JW, Blackwell PG, Bronk
Ramsey C, Buck CE, Burr GS, Edwards RL, Friedrich M, Grootes PM,
Guilderson TP, Hajdas I, Heaton TJ, Hogg AG, Hughen KA, Kaiser KF,
Kromer B, McCormac FG, Manning SW, Reimer RW, Richards DA,
Southon JR, Talamo S, Turney CSM, van der Plicht J, Weyhenmeyer
CE. 2009. IntCal09 andMarine09 radiocarbon age calibration curves,
0–50,000 years cal BP. Radiocarbon 51: 1111–1150.

Slingerland R, Smith ND. 2004. River avulsions and their deposits.
Annual Review of Earth and Planetary Sciences 32: 257–285.

Smith ND, Pérez-Arlucea M. 1994. Fine-grained splay deposition in the
avulsion belt of the Lower Saskatchewan River, Canada. Journal of
Sedimentary Research B64: 159–168.

Smith ND, Pérez-Arlucea M. 2004. Effects of peat on the shapes of alluvial
channels: examples from the Cumberland Marshes, Saskatchewan,
Canada. Geomorphology 61: 323–335.

Smith ND, Pérez-Arlucea M. 2008. Natural levee deposition during
the 2005 flood of the Saskatchewan River. Geomorphology 101:
583–594.

Smith ND, Cross TA, Dufficy JP, Clough SR. 1989. Anatomy of an
avulsion. Sedimentology 36: 1–23.
Copyright © 2015 John Wiley & Sons, Ltd.
Smith ND, Slingerland RL, Pérez-Arlucea M, Morozova GS. 1998. The
1870s avulsion of the Saskatchewan River. Canadian Journal of Earth
Sciences 35: 453–466.

Stouthamer E. 2001. Sedimentary products of avulsions in the
Holocene Rhine-Meuse Delta, the Netherlands. Sedimentary
Geology 145: 73–92.

Stouthamer E, Berendsen HJA. 2000. Factors controlling the Holocene
avulsion history of the Rhine-Meuse Delta (The Netherlands). Journal
of Sedimentary Research 70: 1051–1064.

Toonen WHJ, Kleinhans MG, Cohen KM. 2012. Sedimentary architec-
ture of abandoned channel fills. Earth Surface Processes and Land-
forms 37: 459–472.

Törnqvist TE, Bridge JS. 2002. Spatial variation of overbank aggradation rate
and its influence on avulsion frequency. Sedimentology 49: 891–905.

Törnqvist TE, van Ree MHM, Faessen ELJH. 1993. Longitudinal facies
architectural changes of a Middle Holocene anastomosing distribu-
tary system (Rhine-Meuse delta, central Netherlands). Sedimentary
Geology 85: 203–219.

Van Asselen S, Stouthamer E, Smith ND. 2010. Factors controlling peat
compaction in alluvial floodplains: a case study in the cold-temperate
Cumberland Marshes, Canada. Journal of Sedimentary Research 80:
155–166.

Voligny LR. 1916. Report of the Survey of the North Saskatchewan River
from Edmonton to Lake Winnipeg 1910–1915. Department of Public
Works, Canada, District Engineer’s Office: Prince Albert, Saskatchewan.
Earth Surf. Process. Landforms, Vol. 41, 117–129 (2016)


