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Abstract:

Channel kinematics play a pivotal but underappreciated role in determining submarine meandering
channel stacking patterns. A stratigraphic forward model is here applied to turbidite systems to
generate synthetic stratigraphic architectures and to compare channel trajectories recorded on
cross-sections with the kinematics of meander bends. Various channel stacking patterns —which may
be classified into four types- are obtained from a single set of constant parameters. This variety of
stacking patterns observed from one 2D section to another is thus autogenic. It is the consequence
of the 3D migration of meander bends. It reflects the number of consecutive bends that have
intercepted the cross-section, which depends on the channel downstream migration rate. These 3D
effects alone are sufficient to explain variations of apparent migration rate and the reversal of
migration direction. As a result, sigmoidal geometries can be preserved in aggrading systems without
significant change of channel geometry or varying aggradation and migration rates. Finally, despite
these 3D effects, stratigraphic mobility numbers still provide good constraints on bend kinematics.
These results should apply to meandering rivers and other meandering systems.

Supplementary material: FLUMY model extended description, stacking pattern classification details,
the methodology of channel point migration path measurements, and centreline data are available
at https://doi.org/10.6084/m9.figshare.c.6610936.
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The stratigraphic architecture of channelized systems is intimately linked to channel mobility,
influenced by both autogenic dynamics and external forcings. Characterising these influences is
necessary in both fundamental and applied stratigraphic studies. The channel dynamics of braided
systems was inferred from preserved stratigraphy in laboratory experiments (e.g., Ashworth et al.
2006; Kim et al. 2010; Grimaud et al. 2017; Limaye et al. 2018). Meandering rivers are however more
difficult to reproduce in the lab (Smith 1998; Howard 2009; Tal and Paola 2010; van Dijk et al. 2012)
and studying the relationships between channel kinematics and preserved stratigraphy is more
challenging. Sinuous to meandering channelized systems are nonetheless ubiquitous in the solar
system (Baker et al. 2016), particularly in the aerial and submarine parts of Earth (e.g., Jobe et al.
2016; Ghinassi et al. 2017; Finotello et al. 2018; Lemay et al. 2020). These systems are of great
interest because they are the main conduits that transfer sediment, organic carbon, and
contaminants from the continental to deep-sea environments (Galy et al. 2007; Kane and Clare
2019). The deposits originating from these systems contribute to the building of reservoirs, which
host natural resources (Mayall and O’Byrne 2002; Willems et al. 2020) and may be targeted for CO2
storage (Issautier et al. 2016).

The study of channel kinematics from preserved stratigraphy is eased in the submarine systems
compared to the fluvial ones because of better preservation due to higher aggradation rates.
Similarly, channel-fill geometries are also better described from 3D seismic data due to their large
dimensions (Jobe et al. 2016; Lemay et al. 2020). Turbidite systems are thus better candidates than
fluvial systems to study channel kinematics. Channel kinematics and paleoflow reconstructions of
fossil systems may be analysed from 3D seismic data (Deptuck et al. 2007; Labourdette and Bez
2010; Covault et al. 2021) although many studies rely on preserved stratigraphic architectures
observed on 2D cross-sections (Figure 1; e.g., Deptuck et al. 2007; Jobe et al. 2016; Mitchell et al.
2022). Horizontal and vertical channel apparent displacements recorded along cross-sections define
a channel stacking pattern (Clark and Pickering 1996; Mayall and O’Byrne 2002; Deptuck et al. 2007,
Labourdette and Bez 2010; McHargue et al. 2011; Sylvester et al. 2011; Macauley and Hubbard
2013). A change of channel stacking pattern is most often interpreted as a change in channel
dynamics and/or flow properties (Figure 1; Deptuck et al. 2007; McHargue et al. 2011). Sylvester et
al. (2011) however showed that such complexity is inherent to meandering systems and that the
resulting stratigraphic architectures, for instance in submarine valleys, may vary without external
change.

Some studies also measured paleo-channel kinematics from channel stacking patterns observed
within cross-section data (Jobe et al. 2016; Mitchell et al. 2022). These studies rely on the ratio
between channel lateral (Lc) over vertical (La) recorded displacements during a given time span
normalised by channel dimensions (Jerolmack and Mohrig 2007; Jobe et al. 2016). This index is
known as the stratigraphic mobility number u=(Lc/B)/(La/H) where B and H are channel width and
depth, respectively. However, channel motion also led to sediment reworking (e.g., Grimaud et al.
2022) so inferring channel mobility from the stratigraphic mobility number alone is not
straightforward. There is still room for improving our understanding of the relationships between
channel kinematics and preserved stratigraphic architectures to correctly interpret stacking patterns.
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In this study, aggrading meandering channels were simulated in a turbidite environment using the
FLUMY stratigraphic forward model. The variability of channel stacking patterns generated from a
single set of constant parameters -and recorded on cross-sections orthogonal to meander bends- is
compared to the actual dynamics of individual bends. To that purpose, channel centrelines were
extracted at regular time steps (i) to analyse their successive positions and (ii) to construct their
stratigraphic record.

Method
Description of the model

The FLUMY model aims at building facies 3D blocks at the reservoir scale by simulating the evolution
of a meandering channelized system. In this study, it was used to simulate a sinuous submarine
leveed-channel system in an aggrading context. The simulated processes were the meandering
channel migration, avulsion, and aggradation of the leveed-channel complex (sensu Abreu et al.
2003). The model was initially developed for meandering fluvial systems (Lopez 2003; Cojan et al.
2011; Koneshloo et al. 2017; Grimaud et al. 2022) and extended to turbidite systems (Lemay 2018;
Lemay et al. 2019) based on observed similarities between the two environments (Imran et al. 1999;
Sylvester et al. 2011; Lemay et al. 2020). A summary of the turbidite model is provided in the
Supplementary Material.

Channel lateral migration adapted to the submarine environment. In FLUMY, the channel was
modelled as a series of nodes -a centreline- moving across the domain of simulation. The migration
algorithm (see Supplementary Material for details) computed the channel displacements by solving
depth-averaged Saint-Venant equations, which generated lateral accretion deposits (LADs) (Abreu et
al. 2003; Arnott 2007; Dykstra et Kneller 2009; Hansen et al. 2017) and bend cutoffs (Deptuck et al.
2007; Sylvester and Covault 2016; Wiles et al. 2017). The equations governing channel migration
were essentially the same as in the fluvial version, i.e., assuming that the channel migration was
proportional to the flow velocity perturbation along the outer bank (Figure 2; e.g., Imran et al. 1999;
Grimaud et al. 2022). This meander migration model resulted in a maximum migration rate occurring
downstream maximum curvature -i.e., sub-resonant conditions- (Imran et al. 1999; Seminara 2006;
Figure 2), which favoured downstream migration of meander bends. Compared to the fluvial one,
the turbiditic mode included: (i) a steeper basin slope, (ii) larger channel dimensions and aspect ratio
(B/H), and (iii) the densiometric Froude number that takes into account sediment concentration
(10% here) and submerged specific gravity (Imran et al. 1999).

According to Imran et al. (1999), this model of channel migration accounted for subcritical dilute
turbidity currents that flow on gentle slopes during hours or days with low variations of sediment
budget. Such channelized currents are most likely to be found downstream of a canyon (Pirmez and
Imran 2003; Traer et al. 2018) where leveed-channel systems are the most developed (Lemay et al.
2020). Previous studies showed that these kinds of submarine channel evolution models could
reproduce realistic planform morphologies and associated stratigraphic architectures (Imran et al,
1999; Sylvester et al. 2011; Covault et al. 2016; Lemay 2018).

Aggradation and avulsion. The aggradation model accounted for in-channel sedimentation, flow
overspill and flow stripping (see Supplementary Material). Pelagic sedimentation was not simulated
in this study. The user set channel mean aggradation rate -i.e., in-channel sedimentation rate.
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Overflow spilling was computed using lateral diffusion of flow away from the channel that yielded an
exponential decreasing aggradation rate with distance. Flow overspill was higher along the outer
bank than the inner bank due to flow superelevation (Imran et al. 1999). This model reproduced
most of the behaviours observed from experiments and modern submarine systems: (i) identical
aggradation rate between channel floor and levee crests for straight reaches (Kane et al. 2008), (ii)
flow superelevation leading to thicker outer levee compared to inner levee for curved reaches
(Komar 1969; Peakall et al. 2000; Straub and Mohrig 2008) and (iii) exponential decrease of levee
thickness away from the channel (e.g., Skene et al. 2002; Birman et al. 2009; Nakajima and Kneller
2013).

In this study, regional avulsions (upstream of the simulation domain) were generated following a
user-defined avulsion period when a new entry point was randomly chosen along the upstream side
of the simulation domain. A new channel path was then determined following a random walk along
the steepest slope from the entry point, which resulted in the abandonment of the previous channel
path (Figure 3).

Parameters used in the study. A simple scenario with fixed parameters was run in this study. The
formation of 9 submarine channel belts was simulated (Figure 3). Each channel belt resulted from
the migration and aggradation of a single channel -represented by its centreline- starting from a
nearly straight path until the avulsion of the whole path. Simulated channel belts corresponded to
the stage 1 described by Morris et al. (2022) where channel sinuosity and belt width rapidly
increased until the first bend cutoffs.

Chosen parameters corresponded to a median submarine leveed-channel system according to
Lemay et al. (2020). Channel was 1200 m wide (bank to bank), 50 m deep (maximal depth), and the
input maximal wavelength was 4200 m. Erodibility coefficient was spatially constant and equaled
2.10®. Avulsion period was set to 4,000 iterations, which corresponds to the time of the first cutoffs.
Simulated channel belts were 5-10km wide and average channel sinuosity before avulsion was about
2.25, which is in the range of channel-belt width and sinuosity measurements in natural systems
(Deptuck et al. 2007; Morris et al. 2022). Channel aggradation intensity was set to 2 m every 100
iterations, which yields 78 m of total aggradation -i.e., 1.56 times channel depth- by the end of each
channel-belt evolution. Deposits were stored in a regular pillar grid 100 km cross-stream (i.e.,
orthogonal to the global flow direction) by 50 km downstream with a grid resolution of 200x200 m?
(Figure 3). Cell dimensions were set to be at least twice smaller than the channel width to ensure an
accurate description of channelized deposits. Note that the simulation did not aim at simulating a
particular submarine channel system but at reproducing realistic channel kinematics and resulting
deposits.

It was assumed that an iteration in the model corresponded to major turbidity events that occurred
every 1-2 years (Paull et al. 2018; Brocheray et al. 2013). Channel belt activity duration was thus
around 4,000-8,000 years. According to the exponential decreasing rate of overbank accumulation
away from the channel -i.e.,, 5.8 times the channel width- the mean aggradation rate in the
simulated domain was 1.7-3.4 m/kyr. The mean channel migration rate was 0.32-0.65 m/yr and
channel aggradation rate was around 10-20 m/kyr, which yields a channel mobility number (sensu
Jerolmack and Mohrig 2007) around 1.3.

Meander bend kinematics characterization
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Channel displacements and kinematics were analysed by comparing the actual dynamics of
individual bends with the record along sections across meander bends. First, the successive positions
of the nine centrelines through time were extracted and segmented (Figures 4 and 5). Second, 187
synthetic cross-sections were constructed from the intersections of these successive centrelines
(Figure 6). Bend migration (Figure 7) and horizontal and vertical displacements of the centrelines
along these sections were measured (Figure 8). Finally, the stratigraphic mobility numbers were
compared with bend kinematics (Figure 9).

Centreline extraction. Channel centrelines were extracted every 100 iterations during the simulation,
resulting in 40 successive positions for each of the 9 centrelines (Figures 4 and 5). Extracted
centrelines were resampled every 50 m based on a parametric spline function and then smoothed
using a Savitzky-Golay filter (Savitzky and Golay, 1964) with a third-order polynomial and a window
length scale approximately equal to half the meander wavelength (see also Lemay et al. 2020).
Channel point properties (i.e., flow height, superelevation, mean velocity, velocity perturbation, etc.)
were linearly interpolated to resampled points and the curvature was computed from the previous
and next points.

Channel points of the 9 evolving centrelines were tracked back through time using dynamic time
warping algorithm (dtw 1.3.0 Python package from Giorgino (2009) - see also Sylvester et al. 2019;
Figure 5). The algorithm minimises the cumulative cost to “link” each channel point of the centreline
at t, to each point of the centreline at t-1. The cost function used here included channel point
Euclidean distance and differences of both curvature and velocity perturbations along the outer
bank. Each of these components was normalised by its maximum value and accounted for a third of
the cost function. The average migration vector corresponded to bend migration -conversely to
Sylvester et al. 2019 who measured bank migration- which was more consistent for comparison with
the 2D channel migration along geological sections. The average bend migration indeed tracked the
migration of multiple points along the channel (Figure 6) since it was defined as the average of the
migration paths of all the points of the bend between upstream and downstream inflection points
(Figure 7). The bend mobility number was computed as the ratio between average bend migration
and channel total aggradation similarly to the stratigraphic mobility number.

The consecutive channel bends were identified using changes of curvature from positive (blue) to
negative (red) values or inversely (Figure 4). Curvature of each channel-point was smoothed using a
Savitzky-Golay filter to prevent discretization effects. Inflection points and apexes were defined
along the smoothed centreline as null and maximum curvature points, respectively (Figure 4).

Construction of synthetic geological cross-sections. Cross-sections were manually defined in the 9
channel belts to occupy locations across meander bends comparable to those obtained from field
surveys or seismic data (e.g. Deptuck et al. 2007; Jobe et al. 2016; Figure 4). Sections that only
crossed once each set of the 40 successive centrelines were selected, giving a total of 187 cross-
sections from the 9 simulated channel belts. Figure 5 shows the successive centreline positions for a
selection of four typical cross-sections (Figure 6). On each cross-section, the 40 successive positions
of the centreline are indicated with a colour code: bends with positive curvature were plotted in
blue, and those with negative curvature in red (Figure 6).

Channel kinematics from average bend migration. The kinematics of the individual bends
intersecting the sections were computed from the centreline evolution through time. The average
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bend migration path was computed as the mean of migration paths of all points between upstream
and downstream inflection points from the youngest centreline (Figure 7; see Supplementary
Material). The average bend migration path was projected on the given cross-section to be
compared to the geological record. The total belt-averaged bend migration (Mig) -i.e., the length of
the average bend migration path from the first to the last centreline- was measured from the first to
the last centreline positions. The orthogonal (D;) and parallel (D2) components to the cross-section
were then computed. These measurements were normalised by channel width and are represented
in Figure 7.

Channel kinematics inferred from cross-sections.

Belt-averaged kinematics inferred from total displacement. Vertical (La) and horizontal (Lc) apparent
displacements of the channels were first measured from the cross-sections in two ways. The
subscript w was used when measuring the displacement along the whole path starting from the
oldest to the youngest channel position (Lcw and Lay), and the subscript f when considering the
displacement along the final migration phase since the last position where the direction of
horizontal displacement changed (Lcr and Lay; Figure 8). Lateral displacement was normalised by
channel width (Lcw, norm, LCf norm) and vertical displacement by channel depth (Law, norm, LG norm; Figures
8a to 8c). Note that Law, norm here was equal to 1.56 since it corresponded to the total aggradation of
the channel (78 m -i.e., 39 aggradation steps of 2 m) divided by the channel depth (i.e., 50 m). Two
mobility numbers (uf=Lct norm/LAf norm and pw = LCw, norm/LaGw, norm) Were defined from these
measurements similarly to the belt-averaged stratigraphic mobility number from Jobe et al. (2016).
Results were compared with the belt-averaged bend mobility number Mp.ns computed from the total
belt-averaged bend migration and vertical displacement -i.e., from the first and the last centrelines
(Figure 9).

Local kinematics inferred from incremental displacements. Figure 10 shows average bend migrations
every 100 iterations in comparison to channel horizontal displacements recorded along the
corresponding cross-sections, both normalised by the channel width B. Negative and positive
channel displacements accounted for leftward and rightward displacements in cross-sections,
respectively, and changes of bends were identified by colour coding the curvature in blue (positive)
or red (negative).

Results and interpretations
Centreline migration

Observed planform dynamics showed contrasted channel migration patterns despite constant and
steady forcing parameters (Figure 5). The main meander transformation modes, which included
expansion (e.g., bend 6.5 in Figures 5a and 5b), translation (e.g., bend 8.5 in Figures 5c and 5e) and
rotation (e.g., bend 8.6 in Figures 5c and 5e; Daniel 1971; Jackson 1976), were reproduced here.
These modes mainly reflected the combined effects of the initial centreline geometry with the self-
organisation of the channel path, i.e., related to interactions with neighbouring bends. In map view,
channels evolved from a nearly straight path (dark purple line) to an increasingly sinuous one (yellow
line; Figure 5) resulting from the combination of downstream and cross-stream migrations. Mean
bend downstream and cross-stream migrations were 0.90 and 1.13 times channel width,
respectively.
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Each synthetic cross-section most often intersected up to 3 consecutive bends. It resulted in one or
successive phases of migration recorded by the section. For instance, the sections crossing bends 6.5
(Figure 5b) and 8.6 (Figures 5d-e) recorded a single direction of migration but for bend 8.6 the first
phase showed nearly no channel lateral migration. The sections crossing bend 6.14 and 2.9 recorded
2 (Figure 5g-h) and 3 (Figure 5j-1) phases of migration in opposite directions respectively.

Channel stacking patterns

Extracted cross-sections displayed various stratigraphic architectures and stacking patterns (Figure
6). Channel trajectories varied from concave-up to convex-up geometries (Figure 6). Channel
stacking patterns were divided into 4 types according to channel apparent trajectory along the cross-
sections (Figure 6; see Supplementary Material). Type 1 (23% of the sections) corresponded to a
one-swing migration pattern, i.e., apparent migration in a unique direction. Type 2 (11% of the
sections) showed the first phase with nearly no lateral migration followed by a one-swing migration
phase, i.e., also characterised by a unique direction of significant lateral displacements. Type 3 -the
predominant pattern (52%)- recorded two-swings migration, i.e., there was the first phase with an
apparent migration in a given direction, then a second phase with an apparent migration in the
other direction. Type 4 (14% of the sections) showed two or more migration directions.

The four endmembers introduced here were useful to illustrate the variability observed from one
cross-section to the next. However, there was a continuum between them. Indeed, channel
trajectory changes visible on the sections originated from changes in the apparent lateral migration
rate and direction only. One must keep in mind that the channel aggradation rate was constant (i.e.,
2 m every 100 iterations) during the building of each channel belt. It was also observed that
increased stacking patterns complexity was due to an increasing number of bends intersecting the
cross-section (which increased from type 1 to 4) (Figure 6). Importantly, the change of bends -i.e.,
change of colour in Figure 6- did not coincide with a change in apparent migration direction.

Bend displacements

Total belt-averaged bend migration varied from 0.2 to 3.0 times channel width, with a slight
decrease from type 1 (0.75-3.0, median: 1.7) to type 4 (0.3-2.3, median: 1.5; Figure 7a). In detail,
median values of migration components orthogonal and parallel to the sections varied according to
the stacking pattern (Figures 7b and 7c). Normalised migration orthogonal to the section ranged
from 0 to 2.8 and slightly increased from type 1 (median 0.8) to types 2 and 3 (median: 0.9) and type
4 (median: 1.0) (Figure 7b). Bend normalised migration parallel to the sections varied from 0 to 2.6
and decreased from type 1 to type 4 (median 1.3, 1.2, 1.0 and 0.9, respectively; Figure 7c). Note that
apex migration path was also measured and showed good correlation with average bend migration
measurements (see Supplementary Material).

Channel displacements recorded on cross-sections

Channel displacements recorded on cross-sections were contrasted and ordered according to
stacking pattern complexity (Figure 8). Overall, channel lateral displacement along geological cross-
sections varied from 0.1 to 3.5 times the channel width. It decreased from type 1 to types 2, 3 and 4,
i.e., independently of the methodology of measurement used (i.e., considering the whole path or
only the final one) (Figures 8a and 8b). Types 1 and 2 displayed very similar distributions with
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median values for both methodologies around 2.4 and 2.0, respectively. Horizontal displacements of
types 3 and 4 measured from the last migration phase (medians: 1.8 and 1.6, respectively) were
slightly higher than the one obtained from the whole path (medians of 1.5 for both and lower
extremum). Vertical displacements measured on cross-sections from the last phase of migration
decreased from type 1 -equal to the total vertical displacement from the whole path for all sections-
to type 4 (median 0.8; Figure 8c). Hence with increasing complexity, recorded horizontal migration
decreased independently of the methodology used. The ability to measure aggradation from the last
phase of migration also decreased as a function of complexity.

Bend versus stratigraphic mobility numbers

Belt-averaged mobility numbers measured from bend dynamics (Mhbenqd) Or cross-sectional records (u)
ranged from O to 4.6 (Figure 9). The latter were greater than the former. In detail, Mpyena slightly
decreased from type 1 to type 4 -although median values are around 1.0 for all types- similarly to uw
-median values around 1.6 and 1.3 for types 1 and 2, and 1.0 for types 3 and 4 (Figure 9d).
Conversely, us increased from type 1 (median: 1.5) to type 4 (median: 2.0; Figure 9e). Despite
discrepancies in their distributions, Mpens and u values were correlated and the correlation is better
for uw than py (p-value < 0.05; R?=0.52 and 0.35 for u. and s respectively; Figures 9a and 9b). On
average, both uy and pr measurements overestimated Mpeng Values for types 1 and 2 (Figures 9a and
9f; Table 1) while only s overestimated Myenq Values for types 3 and 4 (Figures 9b and 9f; Table 1).

Local apparent channel displacements versus bend displacements

Local displacements from all stacking pattern types showed that average bend migration varied
much less with time than channel displacements recorded on the cross-sections (Figure 10). Indeed,
normalised migration from average bend displacements was typically below 0.1 and showed little
variability. On the contrary, normalised migration from the cross-sectional record suggested
stronger and sharper variations as typified by stacking patterns 3 to 4 (Figures 10c and 10d) with
rapid oscillations and values up to 0.22. These cycles corresponded to the migration phases
described in Figures 5 and 6.

As shown previously, the increasing pattern complexity observed from type 1 to 4 was related to an
increasing number of meander bends intersecting the cross-section (Figure 5), which could also be
tracked on cross-sections in Figure 10. A colour code similar to that used in Figures 3 and 6 was used
to show the changes in bend (red: negative curvature and blue: positive curvature; Figure 10).
Interestingly, a migration maximum was observed in most cases right after a change of bend
occurred (Figure 10), e.g., section 6.5 which recorded two consecutive bends, sections 8.6 and 6.14
recorded three bends, and section 2.9 recorded four bends (Figures 6 and 10).

Discussion

In this study, submarine meandering channel kinematics were compared with channel stacking
patterns and recorded kinematics inferred from cross-sections along an aggrading succession
produced by a stratigraphic forward modelling tool, FLUMY.

Autogenic channel stacking pattern variability
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Channel stacking pattern is a key element for submarine channel interpretations in terms of channel
evolution history, changes of extrinsic or intrinsic parameters such as flow properties, and highly
impact reservoir connectivity (Clark and Pickering 1996; Mayall and O’Byrne 2002; Deptuck et al.
2007; Macauley and Hubbard 2013; Morris et al. 2022). This study shows that inside a single
channel-complex (sensu Abreu et al. 2003) a large variety of recorded channel stacking patterns may
be observed without changes in external forcings. They are thus the result of the autogenic
meandering process. Hence, channel stacking changes -measured in this study (Figures 3 and 6) and
also in natural systems (Figure 1; Clark and Pickering 1996; Mayall and O’Byrne 2002; Deptuck et al.
2007; Labourdette and Bez 2010)- can elementarily be considered as such when interpreting 2D
cross-sections. Indeed, stacking pattern complexity increases with the increasing number of bends
being intersected by the cross-section (Figures 5 and 6). This trend is further favoured by high
downstream migration rates (Figure 10). Importantly, these results suggest that changes in the
channel stacking pattern alone are not sufficient to discriminate between different channel
complexes, nor to invoke changes of flow properties, which Sylvester et al. (2011) also pointed out:
‘Many, if not most, submarine channel systems have a simpler history of channel incision,
aggradation, and flow variability than previously thought'.

Results from this study highlight the limits of using changes in stacking pattern (migration direction
and rate) to discriminate between channel complexes on large-scale cross-sections (e.g., Macauley
and Hubbard 2013). Indeed, cross-sections do not record the displacement of a single channel point
(e.g., bend apex) but rather successive points along the curved centreline through time (Figures 5
and 6) as illustrated by changes of channel curvature (Figure 10). Thus, depending on the chronology
of which part of the bend intersects the cross-section, various patterns may emerge, particularly as
the bend migration rate is driven by curvature (e.g., Sylvester et al. 2019). Perhaps an alternative
way to discriminate between on one side intrinsic and continuous, or on the other side extrinsic and
discontinuous evolution would be to look at grain size. In the example of a two-swings stacking
pattern (type 3) where channel migration direction changes, an externally forced transition from a
sinuous to a straighter channel due to an upstream avulsion would be associated with a sharp
coarsening of deposits while an autogenic change in stacking pattern due to continuous channel
migration would not show a too sharp transition in grain size.

Downstream migration controls change in stacking patterns

This study highlights that stacking pattern complexity reflects the locally increased downstream
migration rate of meander bends (Figures 5 and 7b). Indeed, 2D sections record the migration
component parallel to the direction of these sections but miss the migration component orthogonal
to them. Consequently, the apparent migration observed on 2D sections arises from two facts: (i) it
is not the average bend migration path nor the migration path of a single channel point that is
captured but that of any part of the channel intersecting the cross-section, and (ii) several bends -
not just one- may be recorded along the section. In other words, 2D data are incomplete and this is
the reason why interpretations of channel dynamics should rely on 3D data when it is possible. This
is particularly the case in systems where channel belts are more mature, where repeated bend life
cycles intersected cross-sections thus creating more complex stacking patterns (Morris et al. 2022).
The same is expected in confined systems such as valleys where the downstream migration rate is
enhanced and patterns are dominated by vertical aggradation (e.g., Labourdette and Bez 2010;
Macauley and Hubbard, 2013; Lemay et al., 2019).
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However, although the downstream migration is not recorded in cross-sections, changes in stacking
patterns reflect the number of bends intersected by the cross-section, which may also reflect the
bend downstream translation rate (Figure 7b). This can be estimated roughly by counting the
number of direction changes on a cross-section plus one (i.e., Figure 6). One could also try to
reconstruct channel local migration (i.e., Figure 10) using aggradation height instead of time-based
on high-resolution cross-sections and to identify migration maxima. However, changes in the
direction and rate of migration are not always easy to identify. Identifictions depend on the quality
of the outcrop or seismic data and the amalgamation of channels that is enhanced in low
aggradational systems. Another strategy could therefore be to use backward modelling for
reconstructing the migration history of the channel (e.g., Labourdette and Bez 2010; Parquer et al.
2020).

From convex-up to concave-up channel trajectories

Channel stacking patterns change vertically along the cross-sections, displaying convex-up and/or
concave-up trajectories (Figure 6). These geometries are most often present in the simulated
sections and alternate most of the time for bends with significant downstream migration (Figures
7b). They result in variations of apparent migration rate, increasing then decreasing periodically
(Figure 10). Apparent migration variations observed here can be explained as follows (Figure 11).
Convex-up trajectories correspond here to phases when the apparent migration rate increases from
0 to a maximum value (Figure 10). Null apparent migration values are most often observed when a
bend apex crosses the section (Figure 11). The maximum apparent migration value is reached
slightly after an inflection point crosses the section -i.e., change of colour in Figures 6 and 10 (Figure
11). Indeed, during that time lapse channel becomes more and more parallel to the section at the
crossing point. Every increment of downstream migration thus yields a larger apparent migration
step. Once the inflection point crosses the section, apparent migration starts to decrease (Figures 6
and 10) since the channel direction gets more and more orthogonal to the section (Figure 11). The
maximum of orthogonality between the channel and the section is reached when the apex crosses
the section and results in a null apparent migration rate. This mechanism generates a sigmoidal
apparent channel trajectory on 2D sections (Figure 11), and we argue that it corresponds to the
autogenic meander kinematics and geometrical 3D effects happening in systems with significant
downstream migration.

Convex-up trajectories are rarely observed in natural systems -particularly at the inception of
channel belts- contrary to the simulation. Two effects may combine to explain this difference: i)
submarine channel aggradation rate is very low at the beginning of bend migration (Jobe et al. 2016)
and ii) channel may progressively deepen by incision during the first phase of channel-belt
development (de Leeuw et al. 2016). In both cases, these effects result in reworking previous
deposits which prevents preserving the low migration phase. Conversely, concave-up geometries
have been reported for decades in submarine but also in fluvial systems (Peakall et al. 2000;
Sylvester et al. 2011; Jobe et al. 2016; Morris et al. 2022). Their origin remains debated, and they
could arise from external forcings such as tectonic control, changes in sediment supply and/or
equilibrium profile (Kneller 2003; Hodgson et al. 2011; Covault et al. 2021), or be self-formed. They
are observed in most meander bend cross-sections, which suggests an autogenic process such as: (i)
change of helical flow structure during bend expansion (Dorrell et al. 2014; Azpiroz-Zabala et al.
2017), and/or (ii) progressive levee growth and levee superelevation (Peakall et al. 2000; Jobe et al.
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2016). Channel trajectories much more concave than those created in the simulation were observed
in natural systems and called “hockey stick geometries”. They suggest an increasing aggradation rate
combined with a decreasing lateral apparent migration rate (Jobe et al. 2016). This study does not
address the exact formation process of hockey stick geometries, but the results suggest that at least
part of their concave-up geometry may arise from autogenic meander kinematics and geometrical
3D effects.

Kinematic vs. stratigraphic channel mobility numbers

This study highlights that channel kinematics should be measured from 3D data, which now resolve
individual channel locations (Covault et al. 2021; Morris et al. 2022), to best characterise channel
mobility. Interestingly, bend mobility measured in this study from the 3D dataset was 1.3 times
lower than theoretical average channel mobility. The discrepancy comes from channel migration
measurements that are lower than the theoretical mean value. It may be interesting to compare
with the bend mobility number measured from bank migration (Sylvester et al. 2019). Bend mobility
is nevertheless considered in the following as the reference value. Bend mobility can indeed be
measured on natural systems from 3D data whereas theoretical channel migration and aggradation
rates cannot be directly inferred from stratigraphic data due to the stratigraphic filter (Schumer et al.
2011; Grimaud et al. 2022).

In many places, however, only 2D data are available. Although kinematics measured from cross-
sections generally differ from actual channel kinematics (see previous sections), they are
nevertheless correlated (Figure 9). In particular, the belt-averaged bend mobility Mpens is most often
overestimated using stratigraphic 2D data, but the best estimation comes from measurements of
the whole channel path u, (Figures 9a and 9f; Table 1). In detail, uw overestimates Mpenq for types 1
and 2 while it may either overestimate or underestimate Myenq for types 3 and 4 (Figures 9a and 9f;
Table 1). ur always overestimates Myeng for all types and the discrepancy increases with channel
stacking pattern complexity (Figure 9f; Table 1). Bend mobility is most often overestimated because
bend migration is averaged over all channel points of the bend going in various directions (Figure 5).
Indeed, the average bend migration path is shorter than most of its individual channel point
migration paths (Figure 5). So, even in the case where the section is parallel to channel points
migration direction -e.g., second half of bend 6.5 migration (Figure 5b)- measured migration is still
higher than average bend migration (Figure 10a). In this last case, the apparent migration recorded
in the section during the second half of meander-belt development best fits with the apex migration.
Although the stratigraphic mobility numbers pf and pw are not direct measures of average bend
mobility, they are still useful metrics that provide upper limits.

Transposition to other natural systems

The simulation used in this study was generated with FLUMY calibrated for submarine channels. The
model reproduces the main components of channel kinematics including channel aggradation, bend
lateral migration (swing) and downstream migration (sweep) as observed in any natural meandering
systems (Deptuck et al. 2007; Ghinassi et al. 2017; Sylvester et al. 2021; Morris et al. 2022).
Therefore, the vertical stacking and basic modes of planform transformation of meander bends (i.e.,
expansion, translation, rotation; Daniel 1971; Jackson 1976) observed in all types of systems are
reproduced by the model.
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In this study, the absolute values of migration and aggradation rates were however not precisely
calibrated for turbidite systems, which led to simulated mobility numbers intermediate between
submarine and fluvial systems (Jobe et al. 2016). This is currently not an issue as this study focused
on their relative value evolution during channel-belt development. More generally, similarities of
dynamics (Lemay et al. 2020) and stacking patterns are suggested for fluvial and submarine
channels, with the noticeable difference of higher aggradation rate relative to migration rate in the
latter domain (Jobe et al. 2016). Results may therefore also apply to meandering alluvial rivers, tidal
channels, and other meandering systems in the solar system, although absolute values of mobility
numbers are to be expected in relation to changes in the mode of bend development in these
systems.

Conclusion

A large variety of channel stacking patterns are obtained from a single set of constant parameters in
a simulation of meandering submarine channels. They can be classified into four stacking pattern
types: (1) One-swing, (2) No migration then one-swing, (3) Two-swings and (4) Multiple swings. The
whole complexity observed in the simulated cross-sections of aggrading submarine channels results
from autogenic kinematics of meander bends and 3D geometrical effects. Increase in stacking
pattern complexity on cross-sections reflects the number of consecutive bends that have been
intercepted by the cross-section, which depends on the downstream migration rate of meander
bends. The complexity observed on two-dimensional stratigraphic sections is therefore the
consequence of the three-dimensional migration of meander bends, which are imperfectly
intersected by the sections. Meander migration results in sigmoidal geometries that can be observed
in aggrading submarine systems with no significant change of channel geometry or varying
aggradation and migration rates due to other processes. Finally, a comparison between stratigraphic
and bend mobility numbers shows that they are correlated despite discrepancies increasing with
channel stacking pattern complexity. These results might apply to meandering rivers and other
meandering systems.
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Figure Captions

Figure 1: Representative stratigraphic architectures along the Benin-major Canyon fill from seismic
2D sections (after Deptuck et al. 2007) showing complex channel stacking pattern through time:
translation then aggradation in one direction (a) or two-ways migration (b). Black reflectors
correspond to channelized deposit records.

Figure 2: Plan view (a) and cross-section (b) views showing migration and aggradation processes
between two consecutive time steps

Figure 3: 3D aerial view of the simulated domain (a) and cross-sections perpendicular to flow (b) of
the FLUMY simulation. Facies distribution and channelized deposits stacking patterns are given by
the facies colour code. Cross-sections are looking downstream.

Figure 4: The three selected final simulated centrelines among the 9 simulated channel belts and
location of the extracted bend cross-sections. Bends 8.6, 2.9, 6.5, and 6.14 are zoomed in Figure 5,
and the cross-sections are shown in Figure 6. Bend colour code: blue-positive curvature, red-
negative curvature.

Figure 5: Illustration of the phases of bend evolution during the simulation using 10 centrelines over
the 40 extracted from channel-belts evolution (a, ¢, f, i). See Figure 4 for bend location. Cross-
sections can intersect several successive bends which results in successive phases of channel point
migration directions. The section crossing bend 6.5 recorded a single phase of channel points
migration (b), the sections crossing bends 8.6 (d, e) and 6.14 (g, h) recorded two migration phases,
and the section cross bend 2.9 recorded three migration phases (j, k, I).

Figure 6: Cross-sections of the four types of channel stacking patterns based on channel apparent
trajectory: (a) type 1 (23%), (b) type 2 (11%), (c) type 3 (52%), (d) type 4 (14%). Phases correspond to
change of apparent migration. Changes of channel colour materialise a change of the bend
intersecting the cross-section. Channels in blue (red) means that curvature at the given channel
point is positive (negative). See Figure 4 for bend location.

Figure 7: Violin-plots of belt-averaged bend total migration path according to stacking pattern types
and normalised by channel width: (a) total migration Mignorm, (b) migration orthogonal to the cross-
section D1, norm, and (c) migration parallel to the cross-section D norm. The width of the boxes is
proportional to the number of measurement points. Min: minimum, Q1: 1st quartile, Med: median,
Q3: 3rd quartile, Max: maximum.

Figure 8: Violin-plots of horizontal (a, b) Lc and vertical (c) La channel displacements recorded on
cross-sections according to whole path -subscript w- (a) or final path -subscript f- (b, c), and to
stacking pattern types. Lc and La were normalised according to channel width B and depth H,
respectively. Law, norm is constant for all types (see section 2.2.4). The width of the boxes is
proportional to the number of measurement points. Min: minimum, Q1: 1%t quartile, Med: median,
Q3: 3™ quartile, Max maximum.

Figure 9: Comparison (cross-plot) between belt-averaged mobility numbers measured on simulated
geological cross-sections piy = Lct, norm/L0f norm (a) and pw = LCw, norm/L0w, norm (b) and from average bend
migration path measurements Msena. The corresponding distributions are also shown in violin-plots
according to stacking pattern types (c, d, e). Violin-plot displays the distributions of the ratios
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Mpend/tw and Mpena/ s according to stacking pattern types (f). The width of the boxes is proportional
to the number of measurement points. Min: minimum, Q1: 1% quartile, Med: median, Q3: 3"
quartile, Max: maximum.

Figure 10: Comparison of average bend migration with the corresponding record for the four
selected cross-sections between each consecutive centreline. Dashed and solid lines correspond to
recorded leftward and rightward -i.e., migration phases- channel displacements in cross-sections of
Figure 6, respectively. Migration colour code: red, negative curvature and blue: positive curvature.

Figure 11: Model of autogenic meander kinematics in the case of a downstream migrating meander
bend (a) and recorded sigmoidal channel trajectory on 2D cross-section (b). Apparent migration
increases (decreases) while the channel becomes more and more parallel (orthogonal) to the
section.
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Table Caption

Table 1: Median errors and median relative errors (in brackets) between recorded mobility number
and bend mobility number according to the channel stacking pattern type.
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Type 1 Type 2 Type 3 Type 4
Mw - Mpend 0.43 (+45%) 0.28 (+29%) 0.001 (0.1%) -0.08 (-10%)
Mf - Mpend 0.43 (+45%) 0.49 (+49%) 0.73 (+88%) 0.96 (+133%)

Table 1
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