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a b s t r a c t

Channel-levee systems are frequently interpreted as having a long history of cut-and-fill by channel-
shaped features of different scales. Results from a simple geometric model based on a centerline
migration algorithm combined with a vertical channel trajectory show that an incising-to-aggrading
trajectory of a single channel can produce realistic morphologies similar to systems observed on the
seafloor and subsurface, including features such as a basal erosional surface, coeval inner and outer
levees, internal erosional boundaries, and terraces draped by inner levee deposits. Channel migration
results in composite erosional surfaces that are distinct from topographic surfaces, and their formation
does not require larger than usual erosional flows. Many submarine channels interpreted as underfit
were probably carved by flows similar to the ones that eroded and deposited the entire channel system.
We suggest that the features of most submarine channel-levee systems do not require large temporal
variations in flow magnitude but can be explained by a simpler model whereby incision, migration and
aggradation of a single channel form over time results in an apparently complex system.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, as high-resolution seafloor images and high-
quality three-dimensional seismic datasets have increasingly
become subjects of careful study, substantial progress has been
made in understanding the morphology, stratigraphy, and evolu-
tion of submarine channel-levee systems (e.g., Abreu et al., 2003;
Babonneau et al., 2002; De Ruig and Hubbard, 2006; Deptuck
et al., 2003, 2007; Fildani et al., 2006; Kolla et al., 2007; Normark
et al., 1998; Pirmez et al., 2000; Pirmez and Imran, 2003; Straub
and Mohrig, 2008). However, some of the complexities that result
from long-term channel evolution and the interplay of channel
incision, aggradation, lateral migration, and levee deposition, are
still poorly understood. These large, long-lived submarine channels
and valleys are often thought to have a complex history of cut-and-
fill and a corresponding multi-scale hierarchy of erosional surfaces
(Abreu et al., 2003; Hubbard et al., 2009;Mayall et al., 2006; Samuel
et al., 2003). The scales of the erosional surfaces are sometimes
linked to flow size, larger cuts being eroded by larger flows and
ester).
.

All rights reserved.
later filled by lower discharge or ‘underfit’ currents (Deptuck et al.,
2003; Kolla et al., 2007). An analogous problem is the interpretation
of the modern-day Grand Canyon topography: is it the result of
a series of extremely large floods, followed by a dramatic decrease
in discharge, or the cumulative effect of long-term erosion by
a river with discharges similar to the present-day Colorado River
(e.g., Spencer and Pearthree, 2001).

Building on the increasing number of high-resolution seismic
studies that provide better constraints on channel evolution, we set
out to investigate the origin of erosional surfaces in slope channel
systems and the relationships between geomorphic evolution and
stratigraphic architecture. High-quality three-dimensional seismic
datasets that have been interpreted in detail (e.g., De Ruig and
Hubbard, 2006; Deptuck et al., 2003, 2007) suggest that:
(1) within individual submarine channel systems, channel size
variability is relatively small, (2) channels migrate in a systematic
way and their placement is far from random (Labourdette, 2008;
Labourdette and Bez, 2010). Starting from such observations, we
have developed a three-dimensional geometric model for subma-
rine channel-levee systems. Our model accounts for lateral channel
migration, incision, aggradation, channel and overbank deposits,
cutoffs, and includes a simple depth-dependent facies distribution.
While it shares some characteristics with existing three-dimen-
sional models of fluvial (Cojan et al., 2005; Pyrcz and Deutsch,

mailto:zoltan.sylvester@shell.com
www.sciencedirect.com/science/journal/02648172
http://www.elsevier.com/locate/marpetgeo
http://dx.doi.org/10.1016/j.marpetgeo.2010.05.012
http://dx.doi.org/10.1016/j.marpetgeo.2010.05.012
http://dx.doi.org/10.1016/j.marpetgeo.2010.05.012


dx
dz

channel form 1 channel form 2 

erosion
deposition

channel centerpointoverbank

Fig. 1. Simple two-dimensional model of a migrating channel form (with constant
dimensions) and flat overbank surface. Surface resulting after one time step (with
negative dz, i.e., erosion) is shown with thick black line.
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2005; Pyrcz et al., 2009; Willis and Tang, 2010) and submarine
channels (Pyrcz and Strebelle, 2006; Labourdette, 2008;
Labourdette and Bez, 2010; McHargue et al., 2011), our model
includes several important new features: (1) development of valley
morphology through long-term channel erosion; (2) long-term
levee deposition resulting in consistent channel-levee and inner-
to-outer levee relationships; and (3) existence of a realistic
geomorphic surfacewith a single, unfilled channel form at all times.
This last feature allows us to represent the model results not only in
physical stratigraphic space but in a precise three-dimensional
chronostratigraphic framework as well. The purpose of this paper is
to describe this model and discuss the implications for channel-
levee morphology and stratigraphy.

Although the model output examples presented here are not
specific to the outcrops visited during the SEPM Research Confer-
ence focusing on Stratigraphic Evolution of Deep-Water Architec-
ture (Fildani et al., 2009), large-scale geometries generated by our
model are comparable to some of the channel-levee systems of the
Magallanes Basin exposed in southern Chile. The coarse-grained
channel deposits of the Cerro Toro Formation are part of a major
channel-levee system that follows the axis of an elongated foreland
basin (Hubbard et al., 2008). The best subsurface analog for this
formation is the axial channel belt of the Austrian Molasse Basin
(De Ruig and Hubbard, 2006; Hubbard et al., 2009). The scale of
these axial channel belts renders even the largest outcrops too
limited to decipher the channel-belt-scale, three-dimensional
architecture, but the channels of the Molasse Basin are well imaged
and mapped in three-dimensional seismic data, and show consis-
tent channel migration and aggradation. Outcrops of the Tres Pasos
Formation provide examples of the outcrop expression of laterally
migrating, much smaller sinuous channels (Shultz et al., 2005, their
Fig. 19), with details that resemble some of the model outputs.
Despite the huge differences in scale, grain size, and basinal setting,
both of these channel systems can be modeled through the
evolution of a simple channel-overbank surface, a concept
described in the following sections.

2. Two-dimensional model

2.1. Description

As a starting point, we attempt to reproduce a typical strike-
oriented cross section of a channel-levee system. Cross sections of
submarine channels in 3D seismic data and outcrops often seem
highly complicated, showing a number of erosional surfaces of
different scales (e.g., Campion et al., 2000; Deptuck et al., 2003;
Mayall et al., 2006). However, in the few cases where it is possible
to map individual channel forms over relatively large distances such
as on shallow, high-resolution seismic data (Deptuck et al., 2003,
2007), channel forms of individual systems tend to have a charac-
teristic, relatively constant size and shape. Furthermore, migration of
a single channel shape, with varying degrees of aggradation and
lateral migration, seems to create the complex channel stacking
patterns observed in these well-documented case studies. Clark and
Pickering (1996, their Fig. 8) suggest that various channel complexes
result as a function of lateral versus vertical stacking of a single
channel through time. If we replace the channel bodies with empty
channel forms cut into a flat ‘overbank’ surface, in a similar manner
to De Ruig and Hubbard (2006, their Fig. 11), this concept can be
formulated in the framework of topographic surfaces that change
through time due to contemporaneous erosion and deposition.

A parabola is used for the parameterization of the erosional
channel form (Fig. 1). The channel centerpoint is the channel
midpoint at the top. At each time step t, the new location of the
centerpoint is defined by a horizontal component dx and a vertical
component dz applied to the coordinate at the previous time step. If
dz is positive, the channel form aggrades and its shape and size
remain the same; if dz is negative, the channel form is still
described by the same parabola, but the distance between the
channel base and the flat overbank surface becomes larger. The
additional erosional depth is added to the channel form by
extending the parabola upward, to the overbank surface (right side
of channel in Fig. 1). This modeling step mimics channel bank
erosion through repeated downcutting and bank failure on one side
of a migrating channel, a process that is probably important in most
submarine channels and valleys (e.g., Deptuck et al., 2003, their
Fig. 10). While several conceptual models that have been previ-
ously drawn up illustrate the relative importance of aggradation
and lateral migration for large-scale channel architecture (e.g.,
Clark and Pickering,1996; Kolla et al., 2007), ourmodel includes the
possibility of channel incision as well.

The parameters x and z define the channel trajectory. The ‘channel
trajectory’ concept is similar to the shoreline trajectory: just like
shoreline trajectories are useful for describing shoreline migration
and the resulting sequence stratigraphic patterns in a dip section
(Helland-Hansen and Martinsen, 1996; Kim et al., 2006; Wolinsky,
2009), channel trajectories can be used to conceptualize and quan-
tify channel evolution in a slope-parallel section. Long-term channel
evolution is likely to result in a horizontal channel trajectory
component (dx) that changes sign several times as the direction of
migration changes at a given location. In contrast, some seismic
studies (Deptuck et al., 2003, 2007; Hubbard et al., 2009) suggest
that the vertical component of the channel trajectory is unlikely to
change sign so frequently, and often it consists of a single incision-
aggradation cycle, with no clear evidence for numerous large-scale
reincisions. For sake of simplicity, the vertical component of the
channel trajectory is modeled here as a single incision-aggradation
cycle (Fig. 2). However, if deemed necessary, vertical trajectories of
any complexity, e.g., withmultiple cycles of incision and aggradation
can be modeled. Fig. 2 shows the result from a horizontal channel
trajectory that is sinusoidal through time, combined with one inci-
sion-to-aggradation cycle in the vertical dimension.

Although the model described until now is useful for visualizing
the large-scale stratigraphic architecture that corresponds to
different channel trajectories, it has two important limitations.
First, it does not produce realistic levee architectures: the overbank
layers are always horizontal and are only deposited if the channel is
aggrading. Second, the parabolic channel form is always concave-
up and intersects the overbank area at a sharp angle. This is
reasonable if erosion predominates, and the parabola is probably
a good approximation of entirely erosional channel forms, but
channel deposits usually do not have the sharp-edged wedge shape
seen in Fig. 1. In fluvial channels, deposition occurs largely on the
inner sides of meander bends, and the resulting topographic
surface tends to be smooth and convex-up (e.g., Allen, 1985). To
account for this geometry, a depositional channel form, based on
a Gaussian curve and inspired by the work of Imran et al. (1998), is



Fig. 2. Stratigraphic architecture (a) resulting from moving a constant channel form through a single incision-aggradation cycle in the vertical direction and several sweep and
swing cycles in the horizontal direction, shown in (b). Dashed rectangle in (b) shows the time of aggradation (that is preserved in the stratigraphy). x and z are the coordinates in the
horizontal and vertical directions, respectively.
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used to create convex-up surfaces where deposition occurs (Fig. 3).
While Imran et al. (1998) use Gaussians for both deposition and
erosion, we prefer the parabola for the erosional shape, mostly
because quadratic erosional surfaces are easily extended upwards.
Deposition takes place where the depositional channel form lies
above the preexisting topography.

To create more realistic levee geometries, during each time step,
levee deposits are modeled as wedges that linearly thin away from
the channel (Fig. 3). Simplified sediment transport equations
suggest exponential decrease of turbidite bed thickness (e.g.,
McCave and Swift, 1976), and of fluvial levee thickness (Pizzuto,
1987) away from the channel. Therefore, from a theoretical point
of view, exponential thinning of levee layers is preferable to a linear
model. However, Skene et al. (2002) have shown that, for the
majority of the studied submarine channel-levee systems, the
deposition

erosion

initial channel form

new surface = previous surface + depositional form

new surface = previous surface - erosional form

levee deposition

after five steps

Fig. 3. Illustration of five time steps using the enhanced two-dimensional model. Only
lateral migration (no incision/aggradation) is present in this case. The diagrams for the
first and second time steps illustrate how the algorithm works.
exponential model is statistically indistinguishable from the linear
one. Thus, for the purposes of the present model, a linear thinning
of the individual levee layers is a reasonable approximation,
although the model can be easily modified to include other levee
thickness decay functions. Additional details of levee development,
such as the enhanced flow stripping and increased deposition on
outer banks, with the resulting levee asymmetry (Straub et al.,
2008), are not present in the model.

Levee layers drape the preexisting topography, and, as a result,
they modify the surface morphology through simple vertical
aggradation. In contrast with the channel forms that have
a constant surfacemorphology, it is the shape of the levee layer that
stays the same, and the surface expression of the levee layer is
variable, depending on preexisting topography.

During aggradation, overbank deposits close to the channel
must be deposited at the same rate as the channel is aggrading if
the channel relief is to remain the same over time. This also means
that the levee thicknesses deposited at each time step have to
match approximately the dz components of the channel
trajectory.

2.2. Results

If there is no incision or aggradation (dz¼ 0), the two-dimen-
sional model should result in a point-bar like overall architecture
(Fig. 3). Overbank layers behave as drapes. As a result, the stepped
erosional relief over the initial left channel margin is preserved
during levee deposition. If the channel migrates laterally, deposi-
tion takes place along the inner bank and erosion occurs along the
outer bank. The depositional channel form will determine the
channel morphology on the inner bank, and the erosional channel
surface will shape the cutbank. The resulting channel cross section
becomes asymmetric. Levee deposits in the resulting models
directly link to fine-grained layers (drapes) that are interbedded
with the channel deposits (Fig. 3).

Despite the simplicity of this two-dimensional model, complex
geometries and relationships between inner and outer levees result
when the channel trajectory is more complicated. If we assume that
the vertical component of the channel trajectory consists of an
incisional phase followed by an aggradational phase, and the
horizontal component includes several cycles of back-and-forth
movement, as a result of channel migration (swing and sweep), the
architecture will have a number of large, composite and time-
transgressive erosional surfaces (Fig. 4; see also Discussion).
Erosional remnants on the left side of the system develop during
the incisional phase (Fig. 5). The remnants form terraces that are
often preserved throughout the evolution of the system; levee
deposits drape these terraces. The next step is to populate the
layers with a sedimentary facies or a rock property (e.g., grain-size
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Fig. 4. Example of a cross section generated with the two-dimensional model. (a) Vertical component of the channel trajectory, consisting of an initial incisional phase and a later
aggradational phase, with a number of intervening periods with no vertical displacement. (b) Horizontal component of the channel trajectory: a sinusoidal curve with a drift toward
the right, and a shorter-term back-and-forth movement due to swing and sweep. (c) Combining the vertical and horizontal components gives the actual channel trajectory.
(d) Architecture of the channel-levee system built with the trajectory shown in (c). The colors show a depth-dependent facies distribution (green¼ channel lag/base deposits;
yellow¼ sand; brown¼ shale). (e) Architecture colored by time (dark red¼ old; white¼ young). Large composite erosional surfaces shownwith thick black lines. Note that no erosion
occurs in the upper left side of the system, despite the complicated architecture that links the outer and inner levees. (f) Detail of the architecture, without any vertical exaggeration.
All erosional surfaces shown with thick black lines.
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distribution, porosity, permeability). Because the model tracks
elevation above the thalweg at all points in time, it is easy to relate
sediment properties to channel topography. An elevation-depen-
dent facies model, which assumes decreasing grain size as height
above channel thalweg increases, is a simple method used here to
illustrate the large-scale distribution of facies (Fig. 4d).
3. Three-dimensional model

The two-dimensional model is a useful tool to understand the
influence of the channel trajectory on the geometries of channel
and overbank deposits. However, some of the complexity that
results from the strong three-dimensionality of sinuous submarine



Fig. 5. Time evolution of the facies architecture of the channel-levee system shown in Fig. 4. Numbers in the upper right corners represent time steps. Facies color code is the same
as in Fig. 4.
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channels is not represented in the 2D model. For example, in real
systems it is common to intercept the same channel several times
with a cross section, but there can be only one channel form
present at any time and at any level in the 2D model cross sections.
Therefore, the obvious next step is to extend the model to three
dimensions.

3.1. Description

The three-dimensional model combines the vertical component
of the channel trajectory with a set of consistently migrating
channel centerlines. For centerline generation, we adopted the
kinematic channel evolution model of Yi (2006), where the depth-
averaged flow field in a sinuous channel is calculated using steady
flow in a straight channel as the base state. The channel migration
rate is linked to the flow field at each point along the centerline. The
model can be adopted for simulating both submarine and fluvial
channels (Yi, 2006). Key geometric characteristics of submarine
channels are comparable to those of fluvial channels (Pirmez and
Imran, 2003), and subtle differences in the plan-view centerline
migration patterns are unlikely to affect the overall three-dimen-
sional morphology and stratigraphy. Instead, the important differ-
ences arise from the more pronounced levee development and
higher rates of aggradation in submarine systems (see Discussion
below). Therefore, any centerline migration model (e.g., Frascati
and Lanzoni, 2009; Howard and Knutson, 1984; Ikeda et al., 1981;
Sun et al., 2001; Zolezzi and Seminara, 2001) that produces regu-
larly migrating sinuous patterns can be used to illustrate the three-
dimensional complexities of the modeled channel-levee systems.
The differences in plan-view migration patterns of fluvial and
submarine channels, for example meander asymmetry, frequency
of compound meanders and of neck-cutoffs, are still poorly
understood and are not the subject of this study.

Centerline migration algorithms, including the one used here,
always result in erosion of the outer banks and deposition on the
inner banks. However, evidence from flume experiments and
seismic data suggest that turbidity currents can also deposit sedi-
ment preferentially on the outer banks (Kane et al., 2008; Straub
et al., 2008). It is likely that such ‘plastering’ occurs mostly when
the flows are out of equilibrium with the channel. Outer-bank
deposition, if coupled with erosion of the inner bank, results in
reduction of sinuosity (Kane et al., 2008; Straub et al., 2008); if the
inner bank erosion is limited or absent and therefore it does not
balance the outer-bank deposition, asymmetric filling of the
channel is the result. This process is not modeled by current
centerline migration algorithms and it is missing from the channel
trajectory model described here; our model focuses on the
processes that form, maintain and migrate the channel, rather than
the flow types likely to be characteristic of channel abandonment
and filling.

For relatively short stretches of the channel system, the vertical
component of the channel trajectory is assumed constant. This
approach is consistent with observed channel longitudinal depth
profiles that tend to be approximately parallel in along-channel
cross sections for several tens of kilometers (e.g., Deptuck et al.,
2007). Inclusion of realistic along-channel variations of slope
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(e.g., knickpoints) would certainly make the model more realistic
and would change some of the details of the three-dimensional
architecture. However, all presently available centerline models
assume spatially constant slope along every centerline.

The surfaces corresponding to the erosional channel form, the
depositional channel form, and the levee deposits are calculated for
each time step, using the same parameterizations as in the 2D
model. We used Matlab� to generate surfaces and to visualize the
results.
Fig. 6. (a) Cross section from a model generated with 100 centerlines and an incisional- to a
facies model. (b) The same cross section colored by time. (c) Chronostratigraphic (Wheeler) d
Indus Fan (for context, see Deptuck et al., 2003), showing similarities with the model results
a result, there is no major relief difference left between the outer and inner levees.
3.2. Results

A model has been generated using one hundred channel
centerlines and one incision-to-aggradation cycle, with a smooth,
sinusoidal transition between incision and aggradation (Figs. 6, 7,
8aec). The result is a channel-levee system with a composite
erosional surface with scalloped margins (Fig. 9). This erosional
surface develops during both the incisional and aggradational
phases, and it does not require a change in the characteristic
ggradational vertical channel trajectory. The colors reflect qualitative, depth-dependent
iagram. (d) Representative seismic cross section from channel-levee system CLS3 of the
. This system has gone through more aggradation than the one shown in (a) and (b); as



Fig. 7. Topography and the corresponding basal erosional surface of the model shown
in Fig. 6, at different time steps. Time steps are shown in the upper left corner of the
topographic maps. Red colors correspond to high elevation, blue colors to low eleva-
tion. At any given time, there are significant differences between the topographic and
erosional surfaces.
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channel dimension. We coupled the modeled surfaces with the
elevation-dependent facies distribution (coarser-grained deposits
deeper in the channel) to generate the model outputs in Figs. 6a
and 8def. Horizontal sections through the model (Fig. 8def) show
a gradual transition from a large number of overall coarser-grained
channel threads at the bottom of the valley to better-defined
threads toward the top, surrounded by terraces filled with finer-
grained inner levee deposits. Inner and outer levees (sensu Deptuck
et al., 2003) often continuously grade into each other. The top
surface (Fig. 7, left side) shows a number of terraces that are draped
by inner levees and can form during both the incisional and
aggradational phases. Their development in the model is identical
to the terraced canyon evolution described by Babonneau et al.
(2004) on the Zaire Fan: abandoned channel segments that corre-
spond to neck-cutoffs or pseudo-cutoffs (Deptuck et al., 2007)
become locations of inner levee deposition that preserves the
erosional steps along the outer bank for a relatively long time. The
abundance of such terraces in some submarine channel-levee
systems suggests that cutoffs can be common when the aggrada-
tion rate is not too high.

A strike section from the model (Fig. 6a) illustrates the high level
of architectural complexity resulting from the three-dimensionality
of sinuous channels. Channel migration creates abundant inclined
layering. However, the apparent dip on the stratigraphic surfaces is
variable, and in channel-parallel sections these deposits may look
like horizontal channel fill. Channel migration and the associated
erosion on the outer banks also result in a number of erosional
surfaces, in addition to the basal boundary of the system. Like incised
valleys on the shelf (Strong and Paola, 2008), erosional surfaces
larger than the basic channel form are stratigraphic boundaries and
do not correspond to a single point in time or a single topographic
surface (Figs. 6c, 7, 8aec). Although outer levees tend to preserve
more sediment from the early incisional phase than the fill of the
valley (cf. Deptuck et al., 2003), the model suggests that, assuming
laterally extensive overbank deposition, there is no clear-cut age
difference between inner and outer levees and parts of apparent
large erosional surfaces in seismic data may represent continuous
deposition that drapes preexisting terraces (Fig. 6b, c).

Cross sections from a large submarine channel-levee system
(CLS) of the Indus Fan (CLS C3 of Deptuck et al., 2003, their Fig. 1)
show significant similarities with the model (Figs. 6d, 8gei).
Horizon slices from a new 3D seismic volume through CLS C3
suggest a transition from numerous channel threads at the base of
the valley to a smaller number of threads toward the top, in a similar
manner to the model (Fig. 8gei). Channel-ward dipping inclined
reflections (Fig. 6d) suggest that the inner banks are built like point
bars, i.e., as a result of deposition on the inner bank coeval with
channel lateral migration. The architecture seen in CLS C3 implies
that this channel-levee system developed through the migration of
a single channel form, in a similar way to that describedwith the 3D
model. The resulting stratigraphy seems to be dominated by
deposits resulting from the lateral migration of a single channel
thread, rather than a large number of cut-and-fill events.

If we assume that the vertical channel trajectory is unlikely to
switch suddenly from long-term incision to long-term aggradation
and has a relatively flat segment during the transitional time
between incision and aggradation (Figs. 2, 4a), the basal part of the
channel system will be dominated by lateral migration. Long-term
lateral migrationwithoutmuch aggradation can result in numerous
crosscutting relationships between channel threads and give the
impression of a relatively disorganized system (Figs. 7, 8d, g). The
system seemingly becomes simpler and more organized as aggra-
dation starts to predominate and much fewer channel threads are
captured in slope-parallel slices. However, no major changes in
channel type or behavior e e.g., from braided to sinuous, or from



Fig. 8. (a) Basal composite erosional surface of the model shown in Fig. 6. Red colors correspond to high elevation, blue colors to low elevation. (b) Topographic surface at time of
maximum incision. (c) Topographic surface at the end of aggradation. (def) Horizontal sections through stratigraphy, from base to top. Lines represent stratigraphic surfaces; color
coding for facies is identical to that of Fig. 4d. Locations of sections are shown in Fig. 6a. (gei) Seafloor-parallel horizon slices through channel-levee system CLS3 (as defined in
Deptuck et al., 2003), from base to top, from a volume of seismic coherence (black¼ low coherence; white¼ high coherence). Areas shown in brown are flat-lying inner levees in
terraces; areas colored in light yellow are zones of channel migration. Compare with the stratigraphic sections in figures (def).
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frequent filling and cutting to reduced cut-and-fill e are needed for
this transition to take place.

4. Discussion

4.1. Erosional surfaces: basic channel form versus composite
surfaces

Submarine channel systems are often analyzed using a hierar-
chical approach (Gardner et al., 2003; Abreu et al., 2003; Campion
et al., 2000; Mayall et al., 2006): individual turbidite beds stack to
form channel fills; channels are parts of the fills of larger erosional
features; and all these elements can be located inside an even larger
erosional form.While hierarchical models are useful to describe the
wide range of scales present in these systems and to build reservoir
models with the appropriate level of detail, it is important to
recognize that boundaries between hierarchical levels are often
arbitrary and that large erosional surfaces do not always reflect
some allogenic influence, but can be the result of channel migration
(e.g., Figs. 6 and 8).



Fig. 9. Three-dimensional views of the surfaces shown in map view in Fig. 8aec.
(a) Topography at time of maximum incision; (b) Final topography; (c) Basal erosional
surface. Contour interval is 20 m.

200 m

2000 m

final topography
topography at maximum incision
erosional base

Fig. 10. Example cross sections showing the difference between the basal erosional
surface, which is a stratigraphic surface, and the topographic surface at the time of
maximum incision, which is a geomorphologic or time surface.
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The channel trajectory model highlights the fundamental
difference between erosional surfaces related to a characteristic
discharge, and erosional surfaces that are the result of long-term
channel migration. The first type is the same as the basic channel
form of a system, corresponds to a bathymetric feature on the
seafloor, and within one system, it is likely to have a relatively low
variation in size. Systematic channel migration happens at this
scale, as it is driven by the flows that determine the basic channel
size. The second type of surface records the migration through time
of the basic channel form and therefore its scale and geometry is
a function of the channel migration history. These larger erosional
surfaces are time-transgressive and do not exist at any time as
bathymetric features on the seafloor. A valley that is larger than the
basic channel form does develop during the incisional phase (e.g.,
time step 70 in Figs. 7 and 9a) but there are significant differences
between this time surface and the composite basal erosional
surface (Fig. 10).

4.2. Erosional surfaces and flow size

The channel trajectory model shows that realistic valleys and
valley fill architectures can develop while the average discharge
remains approximately the same. Smaller channels inside a larger
erosional cut are often interpreted as the result of a major reduction
in flow size (Deptuck et al., 2003; Kolla et al., 2007). While this is
clearly a possibility, we suggest that large changes in average
discharge are not necessary to explain most of the features we
observe in such systems; a long-term switch from somewhat
erosional to slightly depositional flows is sufficient. Plan-view
expressions of slope channels provide evidence that the large
erosional surfaces do not result frommuch larger flows. If the valley
surface was created by high-discharge flows, one would expect to
see a sinuous plan view, with valley walls that are roughly parallel
to each other. This is not the case however: most such boundaries
are irregular and strongly scalloped (Babonneau et al., 2002;
Deptuck et al., 2003; McHargue et al., 2011). Most of these scal-
lops result from the widening of the valley wall by the migrating
sinuous channel (Fig. 7). Althoughmost of thewidening and scallop
development occurs during incision, new scallops can develop
during aggradation as well. A large-discharge channel or valley
should also undergo at least some lateral migration; however, no
such large-scale valley migration deposits have been described so
far. Further updip, where the channel-levee systems become
largely non-depositional submarine canyons, there is evidence that
the size of the canyons is not related to flow size (Normark and
Carlson, 2003).

Flow discharge frequency data is not available from submarine
channels, although indirect evidence based on the thickness and
grain size of overbank deposits suggests relatively little flow vari-
ability over time in the case of the Amazon channel-levee system
(Pirmez and Imran, 2003). The channel trajectory model shows that
the complex stratigraphy of a channel-levee system such as seen in
the Indus Fan (Figs. 6, 8) can be reproduced with simple rules. It is
sufficient to have a single channel size through the entire evolution
of the channel-levee system, suggesting that there is no need for
large variations in flow size.

4.3. Vertical channel trajectory and reincisions

A necessary condition for the formation of typical channel-levee
architectures (Figs. 4, 6) is that the vertical channel trajectory
follows a long-term, relatively smooth cycle of net incision, fol-
lowed by net aggradation. Long-term net incision can result from
adjustment to a smooth equilibrium profile during early channel
evolution, following e or during e tectonic deformation (Heiniö
and Davies, 2007; Clark and Cartwright, 2009), and after channel
avulsion events (Pirmez et al., 2000). The cause for a switch to the
aggradational phase is still unclear. Once the channel-levee system
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reaches equilibrium (the bottom of the incision-aggradation cycle,
Fig. 4a), the switch to aggradation may be caused by: (a) reduced
slope due to structural deformation, (b) relatively small, but
systematic changes in flow properties, as caused by delta pro-
gradation or relative sea-level changes. Although the idea that
channel behavior, that is, the vertical channel trajectory parallels
the relative sea-level history (e.g., Samuel et al., 2003; McHargue
et al., 2011) is attractively simple, adjustment to a smooth equi-
librium profile requires no sea-level changes for the incision to
occur. In addition, high-resolution age dating of a channel system
directly linked to a delta would be necessary to unequivocally
demonstrate that channel incision occurred during relative sea-
level fall and aggradation during relative sea-level rise.

In the two-dimensional and three-dimensional models pre-
sented above, we have chosen relatively simple vertical trajectories,
consisting of a single cycle of incision and aggradation. This is in
contrast with the idea of frequent reincision surfaces. For instance,
Mayall et al. (2006) suggest that “repeated cutting and filling is
a feature of just about every channel studied.” Samuel et al. (2003)
also interpret numerous reincisions in slope valleys of theNileDelta.

In our model, a realistic topographic surface with channel-levee
morphology exists at every time step. In contrast, a cut-and-fill
model requires a period of erosion, followed by a period of depo-
sition, with an ever-changing channel depth. To build the internally
complex channel-levee systems that we observe in many seismic
datasets, this back-and-forth switch between erosion and deposi-
tion would need to occur repeatedly, tens or even hundreds of
times. Although structural evolution of the slope can have signifi-
cant influence over submarine channel evolution (Deptuck et al.,
2007), and channel avulsions can result in reincisions (Deptuck
et al., 2003; Pirmez et al., 2000), it is unlikely that structural
deformation or avulsions have the periodicity required to produce
the frequent and regular back-and-forth switching between
erosion and deposition associated with cut-and-fill evolution of
channels. In slope channels, structural changes and avulsions are
more likely responsible for longer-term cycles of incision and
aggradation. The longitudinal extent of these reincision surfaces is
restricted to the area affected by the deformation or avulsion, and
the surfaces are composite erosional events of variable size.
Channel avulsion results in the introduction of a knickpoint along
the channel profile, and upstream migration of such knickpoints
can lead to channel incision and planform shortening (cutoffs) for
at least a few tens of kilometers (Pirmez et al., 2000; Pirmez and
Flood, 1995; Heiniö and Davies, 2007). Large composite erosional
surfaces can also form due to a decrease in the rate of aggradation,
without any reincision (Fig. 4). These surfaces will be more exten-
sive in a slope-parallel direction than the erosional boundaries
forming during relatively stable aggradation combined with lateral
migration (e.g., Fig. 6a, b).

4.4. Lateral migration and aggradation

Deep-marine deposits associated with ancient submarine
channels are often viewed as channel-shaped cuts with sub-hori-
zontal fill. Even apparent systematic lateral channel migration is
interpreted as the result of repeated filling, lateral shift, and rein-
cision (Kolla et al., 2007, their Fig. 16b; Mayall et al., 2006). This
cut-and-fill interpretation is at odds with the idea that channels are
open conduits with a clear morphological expression during most
of their lifetime. Channel-shaping turbidity currents, like a river in
flood, are likely to cause significant erosion on the outer banks of
the channel, and deposit sediment on the inner banks. A significant
part of the channel deposits modeled here are inclined strata that
are generally of higher relief, but comparable in geometry to fluvial
point-bar units.
There is growing evidence that channel migration is a key
process that determines the overall architecture of submarine
channel-levee systems. Inclined channel-margin seismic reflec-
tions suggesting lateral migration of submarine channels have been
documented from several systems (Abreu et al., 2003; Babonneau
et al., 2010; Deptuck et al., 2007; Flood et al., 2009; Kolla et al.,
2007; Posamentier and Kolla, 2003; Schwenk et al., 2005). Sandy
submarine channel deposits with inclined layering and systematic
lateral migration have been described from an increasing number
of outcrops (Abreu et al., 2003; Arnott, 2007; Dykstra and Kneller,
2009; O’Byrne et al., 2006; Schwarz and Arnott, 2007; Shultz
et al., 2005; Wynn et al., 2007). Limited seismic bandwidth may
have prevented widespread recognition of submarine lateral
migration deposits (Abreu et al., 2003). Sub-horizontal filling of
channels is only expected after channel abandonment, that is, at
times when cutoffs or avulsions occur (Fig. 6d). Such geometries
must be more common in environments where avulsions are
frequent and both sinuosity and lateral migration are reduced, such
as in distributive channel systems. Thus, it is possible that many of
the channels with cut-and-fill geometries seen in outcrop repre-
sent sections through ancient submarine aprons rather than
sinuous slope channels.

While the large-scale architectures shown here have many
similarities with fluvial models, there are two key differences:
(1) aggradation usually is more important in submarine channels
than in fluvial ones (Kolla et al., 2007; Peakall et al., 2000; Wynn
et al., 2007); and (2) for similar channel size, levees of submarine
channels tend to be thicker than fluvial levees. Ultimately the high
rates of overbank deposition and the potential for high aggradation
rates reflect that the excess density of turbidity currents relative to
the ambient water is about 50 times smaller than the excess density
of a river compared to the ambient air density (Imran et al., 1999).
Turbidity currents frequently overspill their channels and rates of
overbank deposition are likely to be high (Pirmez and Imran, 2003).
High sedimentation rates in both the channel and overbank area
are necessary for significant channel aggradation to occur. Even if
no age data is available, the ratio between lateral migration and
channel aggradation can be measured in well-imaged submarine
channels. For two time intervals in the evolution of the Benin Major
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channel on the Niger Delta slope, lateral migration is onlyw6.7 and
w8.2 times larger than vertical aggradation (Fig. 11; see Deptuck
et al., 2007 for context). These ratios are probably one order of
magnitude smaller than those characteristic of meandering fluvial
channels (Peakall et al., 2000).

This order-of-magnitude difference between aggradation rates
in fluvial and submarine channels also means that typical point-bar
like geometries are less common in submarine channels than in
fluvial systems. Well-defined point-bar geometries only develop if
the aggradation rate is small relative to the lateral migration. If the
aggradation rate is significant, the sand-rich channel-base deposits
are laterally thinning onto one or both sides of the channel.
However, even in this case, the channel-base deposits may not be
filling the channel; instead they aggrade the channel floor while
preserving the cross-sectional geometry through coeval levee
aggradation. Unfortunately many outcrops only preserve the
coarse-grained remnants from the basal part of the channel and
therefore do not allow an unequivocal reconstruction of channel
relief and morphology at the time of deposition.

4.5. Further work

The simplemodel described here provides valuable insights into
channel-levee architecture and evolution. However, there are
a number of key points where improvements are clearly possible.
First, much remains to be learned about the differences in channel
migration patterns in fluvial and submarine systems and the
adaptability and applicability of centerline migration models to
turbidity currents. Second, the plan-view and vertical evolution of
channels should be coupled in a single model with variable along-
channel slope. Third, additional work on the relationships between
channel-levee topography and the distribution of lithofacies and
grain size will improve the facies and reservoir property volumes
that result from the model.

5. Conclusions

The centerline-based channel trajectory model described here
generates channel-levee geometries similar to those observed in
seismic data and confirms our hypothesis that these systems form
as a result of relatively continuous migration of a single channel
form. The model suggests that formation of large canyon fills with
complex stratal geometries does not require a switch from initially
large-discharge turbidity currents to low discharge flows. Rather,
they can be explained and modeled using a single channel size that
follows a long-term incision-aggradation cycle. Channel deposits
grade outward into coeval inner levees. Inner levees can continu-
ously grade into coeval outer levees if the flow thickness is suffi-
ciently large. The three-dimensional geometries of submarine
channel-levee systems can be highly complex, even if there is
a single incision-aggradation cycle. Large erosional boundaries are
common both at the base of the valley and within the valley fill, but
they are not necessarily the result of significant reincisions, and
because of their composite nature they do not correspond to
chronostratigraphic or topographic surfaces. Many, if not most,
submarine channel systems have a simpler history of channel
incision, aggradation, and flow variability than previously thought.
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