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Abstract

Submarine channels are often thought of as having relatively simple geometries, with significant along-
channel morphologic and stratigraphic continuity. Using high-resolution seismic reflection data from offshore
Angola and a kinematic model of channel evolution, we present evidence that channels on the seafloor can
develop slope variability as a result of meander cutoff events. When cutoffs develop, the shortened flow
paths produce locally steep gradients, thus initiating knickpoints. Waves of knickpoint retreat and the
related channel incision explain the occurrence of terraces and associated remnant channel deposits above
the youngest channel thalweg. The simple processes of meander cutoff followed by knickpoint retreat are
intrinsic to submarine channels and result in significant morphologic variability, erosion, and stratigraphic
complexity, without any external forcing. These insights highlight the early evolution of submarine channels,
a phase with a record that is commonly fragmented or completely absent as a result of subsequent erosion,
and allow a better understanding of the autogenic controls on deep-marine stratigraphy.

Introduction

Submarine channels are conduits through which sediment and organic matter are transported to deep-
sea basins by sediment gravity flows, and they are important components of the stratigraphic record of
environmental change (Clift and Gaedicke, 2002; Covault et al., 2010). Submarine channel deposits also form
important petroleum reservoirs. A clear understanding of the controls and processes that create submarine
channels remains elusive, because there are few direct measurements of turbidity currents that shape them
and limited documentation of their longer term morphodynamic evolution (Talling et al., 2015). Instances
of highly sinuous channels are especially puzzling where, in contrast with rivers, there is no obvious evidence
of bend expansion and sinuosity development (e.g., Kolla et al., 2001; Deptuck et al., 2012, their figure 13b).
In addition, submarine channels are often assumed to have relatively smooth profiles and axial deposits
with significant downslope continuity (e.g., McHargue et al., 2011; Sylvester et al., 2011; although, see also
Snedden, 2013), unless avulsions (Pirmez et al., 2000) or slope deformation affect them. Here we show
how channels with large slope variability and limited inner bank deposition can form without any external
influence, by combining interpretations of submarine channel evolution from seismic reflection data of the
subsurface offshore West Africa with a numerical model of channel meandering and incision.
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Data and Methods

Seismic Reflection Data

We interpret the seismic stratigraphy of a structurally undeformed reach of an upper Miocene (calcareous
nannofossil zone CN7, 10.55–9.53 Ma; Gradstein et al., 2012) submarine channel system in the Lower Congo
Basin, offshore Angola (Da Costa et al., 2001; Fig. 1). The seismic reflection volume has a dominant
frequency of 30 Hz, 12.5 m horizontal sampling rate, and is zero-phase. Two-way traveltime (TWTT) is
con- verted to depth assuming an average velocity of 2700 m/s based on well to seismic ties. We interpreted
seismic horizons on the 5°–20° angle stack.
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Figure 1: A: Topography of basal erosional surface of submarine channel offshore Angola. Area is located
between 5°24'S and 6°01'S, and 10°56'E and 11°37'E. TWTT—two-way traveltime; c.i.—contour interval.
B: Seismic horizon slice showing high-amplitude channel remnants on the valley sides, above the continuous
channel thread. C, D: Cross sections illustrating the typical distribution of sand bodies in the valley.

Numerical Modeling

The prominent geomorphologic and stratigraphic features of the submarine channel offshore Angola are
captured in a numerical model that we developed based on the Howard and Knutson (1984) meandering
model (HK; for details of model implementation, see the Supplementary Materials). This model assumes
constant channel width, and bank erosion is driven by channel curvature, integrated over a segment upstream
from the point where the calculation is performed. The HK model has been successfully used in modeling
subaerial meander development (e.g., Finnegan and Dietrich, 2011; Limaye and Lamb, 2014).
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Figure 2: Results from the modified Howard and Knutson (1984) model. A: Planform expres- sion of
channel system; the most recent channel location is highlighted in blue and cutoffs are shown in brown.
B: Topographic surface through time. A few cutoffs (cf) and the related knickpoints (kp) are highlighted
(c.i.—contour interval). C, D: Cross sections illustrating the distribution of sand in the model and the
disconnect between hanging cutoffs and basal channel thread. Inset below C and D shows how surfaces
(erosion, sand deposition, and mud deposition) were created around each centerline.
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More sophisticated physics-based models have been developed for turbidity currents that shape submarine
channels (e.g., Das et al., 2004); however, the HK model has the advantage of simpler input parameter choice
and lower computational complexity. The HK model does not cover the full spectrum of submarine channel
behavior. For example, turbidity currents that are not in equilibrium with their containing channel can
deposit sediment closer to the outer bank (Kane et al., 2008; Jobe et al., 2015). Our goal here is to
investigate the larger scale stratigraphic implications of relatively simple early sinuosity development that is
coupled with incision.

Many models of channel meandering assume constant slope along the centerline (Ikeda et al., 1981;
Howard and Knutson, 1984; Sun et al., 1996). However, channel slope variability and knickpoint dynamics
are likely to be important factors in the long-term evolution of submarine channels (Pirmez et al., 2000;
Mitchell, 2006; Heinio and Davies, 2007). Therefore, in a manner similar to that of Finnegan and Dietrich
(2011), we track the vertical coordinate of the channel centerline. Incision is modeled as a function of
the boundary shear stress (Howard and Kerby, 1983), which varies with the channel gradient. The channel
centerlines generated with the HK model provide the framework for our simulations. To examine the resulting
geomorphology we created geomorphic surfaces that mimic realistic channel morphologies at each time step
(e.g., Sylvester et al., 2011). To simulate erosion, we used a cross section with a quadratic shape; then
coarse-grained channel deposition is modeled with partially filling the channel to a fraction of the channel
depth (Fig. 2). Although real-world channel deposits have significantly more complicated geometries, it is
likely that this detail does not affect the large-scale structure of the resulting stratigraphy. The third and
final surface corresponds to overbank deposition; it is generated as a muddy layer that linearly thins away
from the channel (Fig. 2).

Results

Seismic Stratigraphy and Channel Morphology

The seismic stratigraphy of the studied channel system comprises high-amplitude seismic reflections organized
into discontinuous loops (¡1000 m long, ¡400 m wide), and a single high- amplitude, sinuous ribbon with
similar widths and a mean half-wavelength sinuosity of 1.5 that is continuous downstream and has been
mapped for more than 23 km (Fig. 1). These high-amplitude seismic reflections are overlain by lower
amplitude sheets, which drape or lap onto a large-scale (¡200 ms TWTT relief) erosional surface. The
high-amplitude, discontinuous loops also terminate against this erosional surface, and they are located in
an elevated position, above the high-amplitude ribbon at the base of the system. Gamma-ray wireline logs
that penetrate the high-amplitude seismic reflections exhibit low values, suggesting high sand content; high
gamma-ray values from the lower amplitude sheets are evidence for their predominantly muddy character.
The sands deposited in the most recent and best-preserved channel thalweg are coarse grained and poorly
sorted, and therefore have a high impedance compared to the surrounding mudstones. Based on well to
seismic ties, the top of this sandstone corresponds to peaks. The disconnected loops are remnant channel
deposits in terraces that were cut off and truncated against the more continuous channel deposits; the latter
correspond to a single ribbon in the thalweg of the youngest large-scale channel-form surface. The width
and sinuosity of individual ribbons of high-amplitude seismic reflections, showing cutoff meanders similar to
features of subaerial floodplains, are consistent with other seismically imaged submarine channel deposits
(Normark et al., 1993; Deptuck et al., 2003). The lower amplitude reflections represent hemipelagic mud
drape and overbank deposits adjacent to channel forms.

This stratigraphic structure suggests an early channel evolution dominated by the development of an
actively meandering channel that carves a broad erosional valley and truncates its own cutoff deposits as it
incises. With a few exceptions, these deposits do not show evidence for gradual growth of channel bends.
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Figure 3: A: Comparison of initial and final model profiles (center) with similar profiles estimated from
seismic reflection data from offshore Angola (upper right); bathymetric profiles along an incipient cutoff
meander on the Amazon Channel (lower left; kp— knickpoint). B: Plot of knickpoint gradients as a function
of overall (valley) gradients (Sv), assuming variable cutoff distances ( = 1, 2, 3, where is the ratio between
cutoff distance and channel width). Boxplots show the variability of cutoff slopes in multiple simulations for
the = 3 case. Gradients characteristic of lowland rivers, the Amazon Channel (Pirmez and Imran, 2003),
and steep submarine channels (this study) are displayed as gray bars. C: Bathymetric map of an incipient
cutoff on the Amazon Channel. Black lines show locations of the two bathymetric profiles shown in A.
Created from SeaBeam bathymetry data (Pirmez and Flood, 1995) (c.i.—contour interval).

Numerical Model

In the meandering channel model, the gradual development of sinuosity broadens the valley but reduces the
along-channel gradients (Figs. 2 and 3; Movies DR1 and DR2 in the Data Repository). As meander bends
reach maturity at roughly the same time, the first wave of cutoffs forms in a relatively short time period; and
as the active channel thalweg incises, the cutoffs are left behind as terraces hanging above the valley floor
(Fig. 2). The appearance of cutoffs also leads to a quick transition of the initially smooth along-channel
profile to one with significant variability in gradients, and variable incision rates. The initial length of the
cutoff-related knickpoints is related to the threshold distance over which cutoffs are set to occur in the model.
The elevation drop over the cutoff location is related to the initial slope; with a gradient of 36 m/km, the
average relief of the knickpoints is 25 m and the mean gradient is 83 m/km or 4.75°. These values are similar
to those observed in the example from Angola (Fig. 3B).
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Discussion

Most of the model features described here are also characteristic of the seismic reflection example from
Angola, i.e., truncated and hanging cutoff bends surround a continuous channel ribbon that corresponds to
the youngest location of the active channel (Fig. 1). In sections where cutoffs have occurred, the valley is
broad and flat-based; in sections unaffected by cutoffs, the valley is narrow and has strongly asymmetric cross
sections, with long and narrow ridges in the inner bank region of the bends. These observations are consistent
with the geometries of the model and the idea that this system represents an early stage of channel evolution,
when not all initial channel bends have gone through the cutoff process. Although the initial channel form is
not preserved in the subsurface example, we can estimate the original along-channel slope profile by looking
at a dip section outside of the erosional valley (Fig. 3A). The transition from this smooth and steep profile
to one with significant irregularities and knickpoints along the youngest channel thalweg is similar to the
one observed in the numerical model. The largest elevation changes in the final channel profile are similar
in scale to well-imaged knickpoints in other submarine channels (e.g., Heinio and Davies, 2007; Amazon
Channel, Fig. 3C). The knickpoint gradients are significantly larger than the initial (valley) gradient Sv, and
they increase with increasing values of Sv and with decreasing values of the dimensionless cutoff distance
(the ratio between cutoff distance and channel width) (Fig. 3B).

Apart from the example shown here, many early-stage submarine channels have a single, well-defined,
sinuous, high-amplitude ribbon at their base, with limited or no evidence for bend growth and sinuosity
development (Gee et al., 2007; Deptuck et al., 2012; Kolla et al., 2012; Fildani et al., 2013). It has been
suggested that early submarine channel sinuosity might be a result of processes other than centrifugal
instability and bank retreat, such as preexisting topographic and/or structural influence (Kolla et al., 2001,
2007). Our observations suggest that high channel incision rates are responsible for the lack of depositional
evidence for lateral bend growth and downstream channel translation. Natural incision rates are potentially
even higher, relative to lateral migration rates, than those used to generate the model shown here, as some
inner bank deposits are still preserved in the model to a degree larger than suggested by the seismic reflection
data (Figs. 2C and 2D). Submarine channel-bend cutoffs are common in other high-sinuosity submarine
channel systems (Heinio and Davies, 2007; Kolla et al., 2012; Babonneau et al., 2004; Jobe et al., 2015).
Development and maintenance of high sinuosity is associated with cutoffs; the longer the time of active
channel evolution, the larger must be the number of cutoff bends and associated knickpoints. Although our
focus here is on incisional systems, cutoffs and related knickpoints must exist in aggradational channel belts
as well, and the model presented here can be adapted to aggradational scenarios with minor modifications.

Conclusions

Knickpoint-driven incision and preservation of unpaired bedrock terraces and cutoffs has been documented
and modeled in subaerial bedrock channels (Finnegan and Dietrich, 2011). These processes and products
might be even more common in submarine channels than bedrock rivers, as a result of overall more erodible,
mud-rich substrates on continental margins and a better preservation of meandering geometries due to lack of
precipitation-driven erosion. Our modeling and field observations suggest that (1) development of sinuosity
during incision results in poorly preserved inner bend deposits and hanging cutoffs that are disconnected
from the most recent channel thalweg; and (2) steep cutoff-related knickpoints with gradients of 40–100
m/km lead to a significant variability of otherwise smooth submarine channel gradients. In addition to
the previously documented knickpoint-generating processes of avulsion (Pirmez et al., 2000) and structural
deformation (Heinio and Davies, 2007), cutoff-related knickpoints are probably common features of most
submarine channels with high sinuosities. This is a process that is likely to affect both the mor- phology
and stratigraphy of submarine channel deposits, without any influence of external fac- tors, as it has the
potential to result in incisions several tens of meters deep into already deposited channel sediments. It also
might be one of the reasons why the stratigraphic architecture of submarine channel deposits is significantly
more complicated than implied by simple stratigraphic models assuming constant along-chan- nel slope (e.g.,
Sylvester et al., 2011).
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Discontinuities in submarine channel morphology and stratigraphy, such as incisions of different scales,
knickpoints, and terraces, are commonly interpreted as the result of external forcing (e.g., Posamentier and
Kolla, 2003; Mayall et al., 2006). We suggest that the autogenic processes of channel bend growth and cutoff
formation can lead to numerous morphologic and stratigraphic discontinuities, without changes in sea level
or climate, and without structural deformation or major avulsions.

We have shown here that cutoff-related knickpoint development must be common in submarine channels
with high sinuosity. More work is needed to better constrain erosion rates and the impact of the related
erosion and deposition on the stratigraphic record. These processes inform the interpretation of continental
margin stratigraphic evolution and have implications for the architecture of hydrocarbon reservoirs.
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Supplementary Materials

Animations from Numerical Model

• Animation of incising sinuous submarine channel, 3D view - available at https://doi.org/10.6084/
m9.figshare.5552755.v3

• Animation of changes in along-channel slope profile during incision - available at https://doi.org/

10.6084/m9.figshare.5552773.v1

• Animation of incising sinuous submarine channel with cutoffs, plan view - available at https://doi.

org/10.6084/m9.figshare.5552776.v1
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Description of Numerical Model

The Howard and Knutson (1984) model was implemented using the open-source Jupyter / IPython Notebook
computing platform (Pérez and Granger, 2007), with scripts written in the Python programming language.

The HK model is based on the calculation of an adjusted channel migration rate R1 from a nominal
migration rate R0, using a weighting function G(ξ):

R1(s) = ΩR0(s) +
(

Γ

∫ ∞
0

R0(s− ξ)G(ξ)dξ
)(∫ ∞

0

G(ξ)dξ
)−1

, (1)

where R0(s) and R0(s− ξ) are the nominal migration rates at locations s and at a distance ξ upstream from
s, respectively. Ω and Γ are weighting parameters that are set to -1 and 2.5 respectively, to produce one of
the two parameterizations of stable meandering (Howard and Knutson, 1984). G(ξ) is a weighting function
that decreases exponentially in the upstream direction:

G(ξ) = e−αξ (2)

The value of the parameter α determines how fast the upstream influence declines; and it is calculated as

α = 2kCf/D, (3)

where k is a scaling parameter of the order of unity for rivers, D is channel depth, and Cf is the coefficient
of friction (Howard and Knutson, 1984). In theory, one could estimate the values of k and Cf for submarine
channels and use these to calculate the parameter α. However, using k = 1 (Howard and Knutson, 1984) and
Cf = 0.005, a value commonly used for turbidity currents (Komar, 1975; Pirmez and Imran, 2003; Konsoer
et al., 2013), with reasonable values for channel depth, gives relatively small values of α that translate
into a slowly decreasing weighting function and a far-reaching upstream influence. This in turn results in a
characteristic wavelength that is significantly larger than what is expected in the case of rivers and submarine
channels. Therefore, we have tuned the parameters in equation (3) so that the wavelength-width relationship
is similar to what has been documented in nature (e.g., Pirmez and Imran, 2003). A comparable approach
– tuning the parameters so that the desired wavelength is obtained – has been adopted by Finnegan and
Dietrich (2011) as well.

The nominal and actual migration rates are computed from curvature, which in turn is calculated from
the Cartesian coordinates of the channel centerline:

η =
x′y′′ − y′x′′

(x′2 + y′2)3/2
, (4)

where x′ and x′′ denote first and second derivatives of the x coordinate. To model the dependence of
migration rate on curvature, we have adopted the functions used by Finnegan and Dietrich (2011):

R/W <= C∗, R0 = klR/W, (5)

R/W > C∗, R0 = klC
∗2W/R, (6)

where R is radius of curvature, W is channel width, C∗ is a critical value of R/W (which equals 1/ηW , that
is, the inverse of the dimensionless curvature), and kl is the lateral migration rate constant. We have used
C∗ = 2.0; this is different from the 5.0 value used by Finnegan and Dietrich (2011), but reasonable taking
into account that the resulting actual migration rates match relatively well the river data of Nanson and
Hickin (1986) (Fig. DR1), and the resulting channel bend shapes are similar to those observed in the seismic
data.

We used a lateral erosion rate constant of 3.17×10−8 m/s (or 2 m/year). This results in actual migration
rates of up to 2.7 m/year. These values are relatively large, but not uncommon in rivers (e.g., Nanson and
Hickin, 1986; Constantine et al., 2014); and the few observations from modern submarine channels and
canyons suggest that such high lateral migration rates may be characteristic of active deepwater systems
(Conway et al., 2012; Biscara et al., 2013).
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Figure 4: Plot of nominal (continuous line) and actual (dashed line and red density contours) normalized
migration rates (M/W ) against R/W , computed for one channel centerline in the HK model, with kl =
1.59 × 10−8 m/s. River data points (n = 191) from Nanson and Hickin (1986) are shown as grey density
map in background.

For modeling vertical incision, we use the simplest erosion law that relates vertical incision rate to mean
shear stress acting on the channel thalweg (Finnegan and Dietrich, 2011):

v = kvσb, (7)

where σb is the bed shear stress and kv is a vertical erosion rate constant. For turbidity currents in a
submarine channel, the driving force for a volume of fluid of length is

F = ρRCLgAS, (8)

where ρ is density of seawater, R is the excess sediment density, C is flow concentration, A is the cross
sectional area of the flow, and S is slope (e.g., Konsoer et al., 2013). In the case of steady and uniform flow
the shear stresses on the bottom and top of the current balance this force; assuming that channel depth is
small compared to channel width, this balance can be written as

σb + σi = ρRCgDS, (9)

where D is flow depth and σi is the shear stress at the top of the flow. Using σi = rσb, we get

v = kvρRCgDS/(1 + r). (10)

Assuming a sediment concentration of 0.01 and an r value of 0.5 (e.g., Komar, 1975), we find that a vertical
slope-dependent erosion rate constant of 3.76 × 10−10Pa−1ms−1 translates to about 0.42 m/year erosion
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for the initial slope of 0.036. Because the channel slope decreases as sinuosity develops, this relatively large
value drops to about 0.1 m/year for typical slopes that characterize the sinuous channels in the model.
At knickpoint locations slopes are steeper and the rate of incision can be as high as 1.5 m/year. Overall,
the incision rates in the model are about an order of magnitude smaller than the lateral migration rates.
These values are highly speculative, as data on typical turbidity current concentrations and incision rates is
extremely limited. For example, it is possible that erosion is a nonlinear function of slope and it only takes
place at quickly migrating knickpoints.

We also need to consider that turbidity currents in submarine channels only last for a few hours or
days; therefore, these estimates for erosion rates and shear stresses are long-term averages and erosion rates
during individual events must be one or two orders of magnitude larger. Repeat bathymetric surveys of
active systems suggest that channel erosion can be surprisingly extensive and fast and these long-term and
short-term incision rates are not unreasonable (Conway et al., 2012; Biscara et al., 2013). Furthermore, the
overall morphology and stratigraphy of the modeled channel system does not depend on the exact values
of the erosion rates; instead, they are driven by the relative magnitudes of the lateral and vertical rates of
movement.

For the model illustrated here, we used a channel width of 100 m, channel depth of 5 m, and time step
of 12.6× 106 s (145.8 days). We saved every 100th resulting channel centerline. The initial distance between
the points that define the channel was set to 50 m; this distance was kept approximately constant during
the simulation by resampling using a parametric spline representation of the curve (Güneralp and Rhoads,
2008). Centerlines were smoothed using a Savitzky-Golay filter (Savitzky and Golay, 1964) in every time
step. The initial gradient was set to 36 m/km, similar to the value estimated for the West Africa example.
The meander cutoff threshold was set to three times the channel width; however, a cutoff bend distance of
two channel widths gives realistic looking results as well. Although not much is known about the dynamics
of cutoffs in submarine channels, the shapes of the cutoff bends in the seismic data used here and in other
data volumes (e.g., Deptuck et al., 2007) suggest that cutoff formation can take place at relatively large
distances between channel bends. Early cutoff formation in submarine channels could be related to times
when the channel undergoes significant filling so that its relief is less prominent (‘pseudo meander cutoffs’,
Deptuck et al., 2007). On the other hand, the incipient cutoff on the Amazon Channel (Fig. 3c) suggests
that neck cutoffs with cutoff distances close to one channel width can develop as well.
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