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Abstract High-resolutionbathymetry, seismic reflection, andpiston coredata froma submarine channel on
thewestern Niger Delta slope demonstrate that thick, coarse-grained, amalgamated sands in the channel
thalweg/axis transition to thin, fine-grained, bedded sands andmuds in the channelmargin. Radiocarbon ages
indicate that axis andmargin deposits are coeval. Core data show that bed thickness, grain size, anddeposition
rate strongly decreasewith increasing height above channel thalwegand/or distance from channel centerline.
A 5 times decrease in bed thickness and 1–2ψ decrease in grain size are evident over a 20melevation change
(approximatelytheelevationdifferencebetweenaxisandmargin).Asimplifiedin-channelsedimentationmodel
that solves vertical concentration and velocity profiles of turbidity currents accurately reproduces the vertical
trends in grain size and bed thickness shown in the core data set. The closematch between data andmodel
suggests that theverticaldistributionofgrainsizeandbedthicknessshown inthis study iswidelyapplicableand
can be used to predict grain size and facies variation in data-poor areas (e.g., subsurface cores). This study
emphasizes that faciesmodels for submarine channel deposits should recognize that grain-size and thickness
trendswithin contemporaneous axis-margin packages require a change in elevation above the thalweg. The
transition from thick-bedded, amalgamated, coarser-grained sands to thin-bedded, nonamalgamated,
finer-grained successions is primarily a reflection of a change in elevation. Even a relatively small elevation
change (e.g., 1m) is enough to result in a significant change in grain size, bed thickness, and facies.

1. Introduction

Density stratification, the vertical change in sediment concentration, in turbidity currents is predicted by
numerical models [Felix, 2002; Cantero et al., 2009; Abd El-Gawad et al., 2012; Bolla Pittaluga and Imran,
2014] and has been measured in flume experiments [Garcia, 1990; Altinakar et al., 1996; McCaffrey et al.,
2003; Felix et al., 2005; Hosseini et al., 2006; Straub et al., 2008, 2011; Sequeiros et al., 2009, 2010; Tilston
et al., 2015]. Data from full-scale natural flows in submarine channels, however, are limited to velocity profiles
[e.g., Xu, 2010], and Talling et al. [2015] state that a key future research direction is the direct measurement of
density stratification in natural turbidity currents.

In outcrop exposures, channel margin thin-bedded facies are usually vertically offset from time-equivalent
thick-bedded and coarser-grained channel axis strata [e.g., Chapin and Keller, 2007; Kane and Hodgson, 2011;
Khan and Arnott, 2011; Hubbard et al., 2014]. This pronounced facies change is the product of the density
stratification within the flow (i.e., the upward decrease in sediment concentration and grain size [Straub and
Mohrig, 2008; Bolla Pittaluga and Imran, 2014]). A number of studies interpret flow stratification from outcrop
data [Arnott, 2007; Dykstra and Kneller, 2009; Hubbard et al., 2014; Hansen et al., 2015]. Some facies models
for submarine channels incorporate these results [e.g., Kane et al., 2010; Hansen et al., 2015], but there is a per-
sistence of faciesmodels that assume quasi-horizontal fill and rapid lateral facies changeswithout appreciable
difference in elevation between axis and margin deposits [e.g., Campion et al., 2005;McHargue et al., 2011].

Modern submarine channels are another valuable data source for interpreting density stratification because
of the preserved geomorphology and the opportunity to sample recent stratigraphy. Sediment coring in
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modern submarine channels indicates that grain size and bed thickness decrease markedly with increasing
height above the thalweg [Hiscott et al., 1997; Pirmez and Imran, 2003; Dennielou et al., 2006; Babonneau
et al., 2010; Paull et al., 2010; Kolla et al., 2012; Migeon et al., 2012; Jobe et al., 2015]. Some studies have
linked these trends in bed thickness [Dennielou et al., 2006] and grain size [Migeon et al., 2012] to turbidity
current flow properties, including concentration and velocity profiles.

This study uses a data set consisting of high-resolution subbottom seismic reflection profiles, sediment cores,
and laser-derived grain-size distributions to describe and quantify lateral and vertical changes in facies, bed
thickness, and grain size in submarine channels within a well-constrained geomorphologic and stratigraphic
context [Jobe et al., 2015]. We also apply a numerical model that solves vertical concentration and velocity
profiles of turbidity currents flowing in a confined channel [Bolla Pittaluga and Imran, 2014] to the data set.
The model reproduces the bed thickness and grain-size trends observed in the data set. We then explore
the application of these results to facies prediction in data-poor areas, such as subsurface cores and poorly
exposed outcrops.

2. Niger Delta Data Set

Pirmez et al. [2000] first studied this modern turbidite system, identifying three submarine channels, the X, Y,
and Y-prime (Y0) channels (Figure 1). This study will focus on the geomorphology, stratigraphic architecture,
and grain-size distribution of the modern Y channel (Figures 1 and 2); for more detailed discussion of the

Figure 1. Mapof the study areaon thewesternNigerDelta slope. (a) Bathymetricmapof theX, Y, andY0 submarine channels;
color is seafloor amplitude, and contours are seafloor bathymetry. High amplitudes (red colors) indicate sand deposition in
and near the channels, while low amplitudes (blue colors) indicate muddy sediment. Piston core locations shown in white
circles. (b) Detailed map of the Y channel system, with its abandoned (Y) and active (Y0) feeder channels. The white polygon
denotes the location of the AUV multibeam bathymetry shown in Figure 2. Depth contours are in 10m intervals.
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long-term evolution of the Y channel system, refer to Jobe et al. [2015] and Parker et al. [2016]. Three-
dimensional seismic reflection data, twenty-one 10.16 cm diameter jumbo piston cores, and multibeam
bathymetry and high-resolution 2-D subbottom profiles derived from an autonomous underwater vehicle
(AUV) are used to characterize the study area (Figures 1 and 2). The AUV data were collected in 2012 and
consist of (1) 12 km2 multibeam bathymetry and backscatter data (gridded at 1.5m) from a Kongsberg
Simrad EM2040 300 kHz multibeam echo sounder (Figure 2) and (2) 124 line kilometer of very high
resolution 2-D subbottom profiles from an Edgetech DW-106 chirp subbottom profiler operating at
frequencies of 1–6 kHz (vertical resolution of ~0.2m). Chirp profiles were converted from time to depth by
using a water and sediment compressional velocity of 1500 and 1750m/s, respectively (obtained from
multisensor core logger data). The 21 jumbo piston cores were collected in 2007, and average core
recovery was 10m (Figure S1 in the supporting information). Cores were slabbed, logged with a Geotek
multisensor core logger, photographed, X-rayed, and described at Texas A&M University. Core descriptions
were digitized and tabulated in order to evaluate trends in bed thickness and grain size. We use the net-
to-gross ratio (hereafter N:G), calculated from each core as the summed thickness of sand beds divided by
the total “gross” thickness of the core. We exclude the hemipelagic drape in each core from the N:G

Figure 2. Bathymetry (1.5m resolution) of the (a) upper and (b) lower portions of the Y channel. Note the locations of chirp
subbottom profiles shown in Figures 3–6. The pronounced crescent-shaped terraces on the margins of the channel
correspond to bends of an older, more sinuous channel. Piston core locations shown in white circles.
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calculation in order to more accurately delineate the lithology of the system when it was active. More than
400 grain-size samples from the cores were analyzed by using a Malvern Mastersizer 2000 particle-size
analyzer (Table S1 in the supporting information). Samples for radiocarbon dating were prepared and
analyzed according to details given in Jobe et al. [2015].

3. Facies Observations

Facies relationships within the Y channel are constrained by using chirp profiles and core data recovered
from the margin and axis of the Y channel. The terminology “axis” and “margin” follow that of Hubbard
et al. [2014] because themargin deposits onlap a previous erosional surface that confines the axis andmargin
(Figure 3); however, these margin deposits are not necessarily in physical continuity with sediments in the
channel axis. These channel margin facies could also be classified as internal levee [Kane and Hodgson,
2011], inner levee [Deptuck et al., 2003, 2007; Jobe et al., 2015], or even overbank deposits; however, the data
set suggests that these terms are not as mutually exclusive as a strict terminological approach would require.
For further discussion of these terms and geometries, see Kane and Hodgson [2011] and Hubbard et al. [2014].
Sand beds in the Y channel exhibit features consistent with deposition by turbidity currents [Bouma, 1962;
Lowe, 1982]. In the channel axis, thick, normally graded, structureless (e.g., S3/Ta division of Lowe
[1982]) were deposited by high-density turbidity currents, where rapid sedimentation and turbulence
damping [Cantero et al., 2011] suppress bed load movement. In the channel margin, thin-bedded,

Figure 3. Chirp subbottom profiles of core transects (a) g16-g17-g18 and (b) g17-g22. Core descriptions overlain on chirp
profiles. Margin deposits are thin-bedded and heterolithic (g16 and g22), while axis deposits are thick-bedded and amal-
gamated (g17). Core g18 penetrated amass transport deposit on themargin of the channel. See Figure 2 for location of chirp
profiles and cores.
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structured (e.g., Tbc divisions of Bouma [1962]) sand beds were deposited by low-density turbidity
currents [Bouma, 1962; Lowe, 1982]. The muddy interbeds consist of silt and clay, with moderate
bioturbation. Few hybrid event beds are present in the study area [in the sense of Lowe and Guy, 2000;
Haughton et al., 2009]. Chirp profiles overlain with core data shown in Figures 3–6 demonstrate the facies
relationships in the Y channel. Detailed core descriptions with grain-size distributions and radiocarbon dates
are shown in Figures 7–11. At the seafloor, a clearly defined muddy unit (~4m in thickness) visible in the
chirp profiles is recovered by each core (Figures 3b and S1). This unit is almost exclusively clay and marks the
abandonment of the Y channel at 19 ka [Jobe et al., 2015]. The sand-rich deposits below this muddy unit
represent active sand transport by turbidity currents during the Last Glacial Maximum from 25 to 19 ka
(Figure 8) [Jobe et al., 2015]. Radiocarbon ages from core data indicate that the axis (Figure 7) and margin
(Figure 8) are contemporaneous. This indicates that the facies changes from axis to margin are due to
vertical changes in the depositing flows.

Deposits in the channel axis consist of thick, amalgamated, structureless (i.e., Ta/S3 divisions) sand beds that
commonly have mud rip-up clasts (cores g7 and g17 in Figure 7). Often, the piston coring apparatus pene-
trated these sand-rich deposits but was unable to recover them (cores g11 and g14 in Figure 4 and cores
g2, g3, g5, and g6 in Figure 6) due to their consolidated and noncohesive nature. The chirp profiles show that
the channel axis has few internal reflections (Figures 3–6), indicating a sandy, amalgamated environment.
The channel axis locally contains mass-transport-deposits (MTDs), which are visible in both chirp profiles
(Figure 3) and cores (g17 in Figure 7). The net-to-gross (N/G) of the channel axis is typically above 0.8, even
with the presence of local MTDs. Grain-size analyses indicate a modal grain size of medium-grained sand,
with the presence of grains larger than 2mm (small gravel; Figure 7).

No reflections are traceable in the chirp profiles from the axis into the margin due to the presence of a steep
slope (i.e., the channel bank) that separates the two facies (Figures 2 and 5). This surface is generally erosional

Figure 4. Chirp subbottom profiles of core transects (a) g11-g12-g13 and (b) g13-g14-g15 with overlain core descriptions.
In Figure 4a, intrachannel dunes and a steep outer-bend channel bank are visible. These dunes are obscured by the
Holocene mud drape and thus not visible on seafloor bathymetry. In Figure 4b, a wedge-shaped margin deposit on
the northern margin of the channel thins against a previous channel surface. See Figure 2 for location of chirp profiles
and cores.
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in nature, with only a thin, muddy drape (e.g., Figure 5a). Margin deposits appear as lenses located adjacent to
and 5–20m above the thalweg/axis (Figures 3–6). In the margin of the Y channel, chirp profiles display
continuous reflections of variable amplitude, indicating a more heterolithic and interbedded deposit
(Figures 3–6). These reflections typically thin away from the channel and onlap against previous deposits
(Figure 3a). In some cases, individual beds are mappable from proximal to distal margin and show dramatic
thinning (Figure 5b). Core data demonstrate that the proximal margin, although not amalgamated, is very
sand-rich, with N/G> 0.6 (e.g., core g9 in Figure 5a). The medial and distal margins have more consistent
bed thickness and lower N/G (Figure 10). A pronounced proximal to distal decrease in bed thickness, N/G,
and deposition rate is clearly defined by multiple core transects (Figures 5, 6, and 10). For example,
away from the channel, cores g19, g20, and g21 show decreases of N/G of 0.70, 0.24, and 0.03; mean
sand bed thickness of 3.7, 1.3, and 0.8 cm, and deposition rate of 661.6, 80.7, 26.5 cm/ka (Figure 8, inset).

Many cores taken in the channel margin show a systematic decrease in sand bed thickness from core base to
top, most prominently in core g4 (Figure 10). This trend has been attributed to progressive aggradation of the
margin/levee [e.g., Dennielou et al., 2006].

Figure 5. Chirp subbottom profiles of core transects (a) g7-g9-g10 and (b) g19-g20-g21 with overlain core descriptions.
Both transects show dramatic thinning of the margin facies with increasing distance above and away from the channel
thalweg. See Figure 2 for location of chirp profiles and cores.
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Margin deposits are crescent shaped in planform (Figure 2) and wedge-shaped in cross section (Figure 5b).
They are present on both the inner and outer banks of the Y channel (Figure 2), and typical dimensions are
200m in the downstream direction, 100m in the across-channel direction, and >10m thick (Figures 3–6).
Individual margin packages are isolated and disconnected from each other, either on opposite sides of the
channel or, if on the same side, separated by geomorphic boundaries related to previous phases of channel
migration (Figure 2) [see also Jobe et al., 2015, Figures 6 and 14]. In areas of high sinuosity, the margin
packages are preferentially deposited on the outer channel banks (Figure 2). The margin deposits are often
asymmetric, with one side being thicker and more sand-rich (e.g., Figure 6b). The timing of emplacement of
these margin packages is well constrained to 40–19 ka and is related to the straightening and narrowing of
the Y channel in response to changing sediment supply [Jobe et al., 2015].

Within an individual margin deposit, individual beds can be traced between cores (e.g., Figure 5). An
outstanding example of this facies similarity and correlability are cores g16 and g22, located 160m apart
at the same elevation in the same margin deposit (Figures 2 and 11). The two cores show notable bed-
by-bed correlability, with almost every sand-mud couplet easily identified in both cores (Figure 11).
Because g16 and g22 are at the same water depth/elevation above channel thalweg (g16 at 1147.23m
and g22 at 1147.96m), one might expect the same bed thickness in both cores. However, a comparative

Figure 6. Chirp subbottom profiles of core transects (a) g5-g6 and (b) g1-g2-g3-g4 with overlain core descriptions. Poor
recovery in the channel axis prevents full characterization, but chirp profiles suggests sandy, amalgamated facies.
Margin facies consist of thin-bedded sand and mud interbeds (e.g., core g4), in a package thinning away from the channel
axis. See Figure 2 for location of chirp profiles and cores.
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bed thickness plot demonstrates that sand beds in g16 are slightly thicker (8.5mm, on average) than in g22
(Figure 11d). The thicker beds in g16 are likely caused by its location with respect to the Y channel thalweg.
Core g16 is located at the front (updip edge) of the margin deposit where thicker sand beds were
deposited, whereas g22 has slightly thinner sand beds as a result of being located at the rear of the
margin deposit (Figure 2). This downstream-thinning trend is fairly consistent through the length of the
core, and a thinning rate versus depth plot shows this relationship (Figure 11e). Finally, the bed-by-bed
correlations are corroborated by radiocarbon dates. Deposition rates calculated for g16 (13.5 cm/ka) and
g22 (22.4 cm/ka) are quite similar considering they are calculated over different depth/time intervals
(Figure 11a). These observations indicate that the channel margin is a stable, aggradational environment
with little modification by erosion or mass wasting processes.

Figure 7. Axial facies of the Y channel, with core photos, core X-rays, porosity (white line on photo), visual core description,
and laser grain-size distributions (muddy upper portion of cores not shown). (a) Core g7 has thick-bedded, amalgamated
sands interbedded with MTDs (see out-of-sequence date at 3.8m). (b) Core g17 has thick, normally graded sand beds
with granules underlain by an MTD sourced from older sediments. See Figures 3 and 5 for core locations. (c) Combined
grain-size distribution for the Y channel axis/thalweg deposits, and the nine grain-size classes used in the numerical model.
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3.1. Vertical Changes in Grain Size
and Bed Thickness

Axis-margin facies relationships are
well defined from core and chirp data
in the Y channel but represent only a
qualitative description of lateral and
vertical facies change. These data
can also be used to develop a quanti-
tative description of grain-size and
bed thickness variations as a function
of the height above channel thalweg
(HAT). We choose to constrain these
facies changes with a vertical dimen-
sion (HAT) rather than a lateral
dimension (distance from channel
centerline) because it facilitates
easier comparison to numerical mod-
els that characterize vertical velocity
and sediment concentration profiles.
However, due to the concavity of
any channel cross section, an
increase in HAT necessarily correlates
with increasing lateral distance from
thalweg (Figure 5).

Each core is assigned a “thalweg
depth” by adding the Holocene
mud-drape thickness to the water
depth of the nearby modern channel
thalweg. For example, the core trans-
ect g7-g9-g10 (Figures 5a and 9) is
assigned a thalweg depth of
1315.3m by taking the water depth
at the core in the thalweg (g7 at
1312.0m) and adding the mud drape
thickness (3.3m) measured in the
core (Figure S1). The HAT value is
then calculated by subtracting the
elevation of each sand bed or grain-
size sample from the thalweg depth
assigned to that core (Table S1).
Since sand beds recovered in the
axis have an elevation below the
assigned thalweg depth, the HAT
values of these sand beds are nega-
tive (e.g., core g7), while sand beds
in the margin (e.g., core g9) have
positive values that decrease with
increasing core depth. With this fra-
mework, the bed thickness and

grain-size distributions from each core can be compared with respect to the height above thalweg
(HAT). We hypothesize that cores with similar HAT should have similar bed thickness and grain-size distri-
butions. For example, cores g16 and g22 have very similar bed thickness distributions (Figure 11) due to
HAT values of 41.7 and 42.7m, respectively.

Figure 8. Margin facies of the Y channel, with cores (a) g19, (b) g20, and (c)
g21. The red lines indicate age correlations, demonstrating the facies change
from proximal to distal margin. (d and e) Plots showing the consistent
decrease in sand content, bed thickness, and deposition rate above and
away from the channel axis. See Figures 8e and 5 for core locations. Muddy
upper portions of cores not shown.
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A compilation of core data reveals that
bed thickness decreases strongly with
increasing height above thalweg
(Figure 12). Because bed thickness has
a lognormal distribution [Sylvester,
2007], large bed thickness values best
illustrate the inverse relationship with
HAT (Figure 12). For example, the P75
(i.e., Q3) values of bed thickness are
19, 10, 3.1, 2.8, and 1.6 cm at 0, 10, 20,
30, and40mHAT (Figure12).Grain-size
distributions were measured in 237
sand beds by using a particle-size ana-
lyzer (histograms in Figures 7–10). All
grain-size fractions (e.g., D10, D50, and
D90) show a marked decrease in grain
size with increasing height above thal-
weg (HAT) (Figure 13). However, the
coarse fraction (D90) most clearly
shows this relationship, with a 2 ψ unit
decrease (i.e., 1mm to 0.25mm) from
0m to 25m HAT (Figure 13).

3.2. Predicting Grain-Size and Bed
Thickness Trends With a
Numerical Model
3.2.1. Model Description
The strong relationships between
grain size, bed thickness, and height
above channel thalweg (HAT)
observed in the Y channel (Figures 12
and 13) can be interpreted by consid-
ering velocity and suspended sedi-
ment concentration profiles in
turbidity currents. We use an existing
in-channel sedimentation model
developed by Bolla Pittaluga and
Imran [2014] that is able to quantify
the influence of flowproperties on ver-
tical and lateral changes in bed thick-
ness and grain size in submarine
channels. Themodel is a relatively sim-
ple formulation that is able to describe
vertical profiles of turbidity currents
flowing in a confined channel under
steady and quasi-uniform flow condi-
tions. The steady flow assumption
relies on the observation that the bed
evolution occurs on a time scale that
is long compared to the time for
unsteady passage of the flow front.
This allows us to approximate the flow
as steady. On the contrary, while the
flow is steady on hydrodynamic

Figure 9. Axis to margin facies transition, with cores (a) g7, (b) g9, and (c) g10
(C). The red lines indicate (d) age correlations, demonstrating the drastic
facies change from axis to margin. See Figures 9d and 5 for core locations.
Muddy upper portions of cores not shown.
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timescales, on morphologic time
scales the flow evolves due to gradual
changes in the underlying bed mor-
phology, which evolves according the
Exner equation.

The model assumes that currents
occupy a bankfull flow condition.
This is supported by the erosion of
mud interbeds in the axis (Figure 7)
but preservation of those mud inter-
beds in the margin (Figure 8), indicat-
ing that the flows were thick enough
to provide sufficient shear stress to
erode in the axis. The longitudinal
flow and concentration profiles pre-
dicted by the model are also based
on the assumption that inertial and
centrifugal forces that act on a flow
in a curved channel and the resulting
secondary circulation [Hay, 1987;
Straub et al., 2011; Abd El-Gawad
et al., 2012] as well as overspill [Piper
and Normark, 1983] are neglibile.
While not fully realistic, these are stan-
dard simplifications widely employed
in model formulations; hence, we feel
that themodel is appropriate to aid in
the prediction of facies distribution in
submarine channel environments.

Themodeldoesnotexplicitlysolvethe
equations in the lateral direction.
Undertheassumptionthatsuspended
sediment are well mixed in the cross
section, the suspended sediment
concentration isconsideredafunction
oftheelevationabovethalwegonly.As
a consequence, individual deposi-
tional rates are calculated at each
elevation simply by multiplying the
suspended sediment concentration
of each class of particle diameter to
the corresponding particle settling
velocity. Similarly, sediment entrain-
ment rate isproportional to theexcess
of shear stress at the bed and it is esti-
mated on the basis of the local value

Figure 10. Detail of margin facies in the
g4 core. Note the gradual thinning
upward profile, tied to margin aggrada-
tion (i.e., increasing distance above thal-
weg [cf. Dennielou et al., 2006]). See
Figure 6 for core location. Muddy upper
portion of core not shown.
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Figure 11. Correlation of cores g16 and g22, 160m apart on the same margin deposit (see Figure 2 for location). (a) Core descriptions and sand bed correlations
(red lines). Radiocarbon dates corroborate bed correlations. (b) Core photos exhibiting the remarkable correlability of nearly every sand bed between g16 and g22.
(c) Arbitrary seismic reflection profile showing the location of g16 and g22 in context to other cores (see Figure 2 for location). Note that the two cores are at the same
elevation. (d) Cross plot of correlated sand bed thickness, demonstrating that most sand beds are thicker in core g16. (e) Thinning rate plotted against core depth,
showing that most sand beds thin downstream, from g16 to g22.
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of flow depth under the steady and
uniform flow hypothesis. The model
solves for deposition rate and deposit
grain size at each location along the
channel cross section according to
the Exner equation.

Figures 14 and 15 show a sample
application of the model applied to
a cross section of the Niger Y channel
by using only two sediment classes
(mud at 40μm and sand at 200μm).
Flow velocity and sediment concen-
tration are predicted to vary with
increasing HAT (Figure 14a), while a
decrease in deposition rate and grain
size with increasing HAT is shown
in Figure 14b. The corresponding
spatial distribution of deposition and
erosion in the model (Figure 15)
demonstrates preferential erosion of
mud and deposition of sand in the

channel axis/thalweg, and decreasing grain size with increasing HAT. It is worth noting that these spatial
distributions of erosion and deposition correspond to the body of the current only and do not account
for the deposition of suspended sediment associated with the tail of the current.

3.3. Comparing Model Predictions to the Y Channel Data

Inputs for the model from the Y channel data set consist of (1) reach-averaged channel cross section derived
from bathymetry (Figure 15a); (2) flow depth of 80m, inferred from the cross section; (3) effective duration of
deposition (i.e., flow duration) of 0.1–0.2 h; (4) bulk flow velocity (1.2m/s) and depth-averaged sediment concen-
tration (C=7.7 × 10�4), and (5) the grain-size distribution of the Y channel axis, which was constructed from 22
laser particle size analyses from axis cores and binned into nine grain-size classes (Figure 7c). In order to
obtain the reach-averaged cross section we have first extracted 300 cross sections along the 20 km long reach
investigated and then averaged the bed elevation at each lateral distance in order to get one single cross sec-
tion representative of the entire reach. We have then applied the model to the averaged cross section only,
characterized by a longitudinal slope equal to the average slope of the reach. Flow velocity and depth-
averaged sediment concentration have been estimated by assuming a balance between friction and gravity,
which is reasonable considering the approximately constant reach thalweg gradient and cross-sectional
shape and area. The value of duration of deposition is calibrated to the actual bed thickness distribution from
the cores of the Y channel (Figure 12). The values of flow velocity (1.2m/s) and depth-averaged concentration
(C= 7.7 × 10�4) obtained from the model agree fairly well with the empirical relation by Sequeiros [2012] that
provides U=1.35m/s. The effective duration of the depositional process is smaller than the total flow dura-
tion, since it only accounts for the time required by the flow to trigger the net deposit and not for the time
when the entire erosional and depositional processes do occur. This effective duration has been used as a
calibration parameter to match the total thickness of the deposit observed.

With these data inputs, the model satisfactorily matches the grain-size trend with HAT (Figure 13). The model
also matches the bed thickness trend with HAT (Figure 12), with only a slight overprediction of bed thickness
in the upper part of the flow. This difference is probably caused by (1) our assumption of an average cross sec-
tion, when in reality the bed thickness data come from inner and outer bends with different margin angles,
and (2) our assumption that each flow transports the same volume of sediment. Core data from the margin
(e.g., Figure 11) indicate that bed thickness is variable, suggesting a distribution of flow volumes. While out of
scope for the present study, a future study could evaluate the effects on of flow volume distribution and dif-
fering margin angles. We have also explored the sensitivity of the model to different input parameters and
found that the model results agree fairly well when increasing the flow velocity up to 2m/s or varying the

Figure 12. Box plot of bed thickness versus height above thalweg (HAT),
demonstrating the decrease in bed thickness with increasing HAT. The box
andwhiskersshowP10–P90values,withblackdots indicatingoutliers. Theblue
line shows the result of the numerical model, which only slightly overpredicts
bed thickness in the upper part of the flow.
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depth-averaged concentration ±100%. However, the model is quite sensitive to the grain-size distribution of
the channel axis (Figure 7c). The effective duration of deposition provided by the model (0.1–0.2 h) is
consistent with observations [Talling et al., 2013] and calculations [Jobe et al., 2012] from field data. The
overall agreement of the model results with the data suggests that the model is robust and can be used
(1) as a predictive tool and (2) to explore the parameter space for flow properties from real-world data sets.

3.4. Implications for Outcrop and Subsurface Interpretation

Our data indicate that thick, coarse-grained, amalgamated sands in the channel axis quickly transition to con-
temporaneous thin-bedded, nonamalgamated, fine-grained sands in the margin, consistent with
observations in other modern submarine channels with core data [Babonneau et al., 2010; Paull et al., 2010;
Kolla et al., 2012] as well as outcropping, ancient submarine channel deposits [Cronin et al., 2000; Hickson
and Lowe, 2002; Lyons, 2004; Jobe et al., 2010; Di Celma et al., 2011; Hubbard et al., 2014]. Furthermore, the
moderngeomorphology of the Y channel aswell as radiocarbondating of ancient Y channel deposits indicates
that there is a significant difference in elevation between coeval axis andmargin deposits. The architecture of
the axis-margin transition, however, is quite variable within and between systems, and the chirp profiles in
the Y channel demonstrate this streamwise heterogeneity (Figures 3–6). Sand beds from the axis do not

Figure 13. Plot of laser grain-size data versus height above thalweg (HAT), with dots sized by bed thickness. Note the
decrease in grain size with increasing HAT (particularly the coarse D90 fraction in red). The solid lines are the result of
the numerical model. Note the close match between the data and the model results, indicating a predictive relationship.
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continue into the margin, and the two facies are separated by an erosional surface (e.g., Figure 6),
suggesting that sandy channel fill seen in outcrops is younger than laterally adjacent margin deposits.
Filling the modern Y channel with axis-facies sands would yield axis-margin stratal architecture similar to
outcrops described by Hubbard et al. [2014]. The difference in the number of sand beds between the
axis and margin in the Y channel indicates that many flows must have deposited thin sands in the
margin while bypass/erosion occurred in the thalweg/axis [cf. Hubbard et al., 2014].

Manymargin/inner-levee successions show a fining and thinning upward trend that records increasing chan-
nel relief through time [Shew et al., 1994; Clemenceau, 1995;Manley et al., 1997; Dennielou et al., 2006;Migeon
et al., 2012]. This seems to be the case for the most recent phase of the Y channel, where the margin aggrades
while the axis remains in bypass, leading to increased channel relief. The thinning upward trends in cores g4,
g9, g16, g16, g19, and g22 (Figure S1) record this increasing channel relief, supporting inferences of
margin/inner levee growth in the Y channel [Jobe et al., 2015].

We acknowledge that there can be significant differences between geomorphic channels and their preserved
stratigraphic expression; therefore, the application of these results to ancient submarine channel deposits
must be done cautiously. Furthermore, many submarine channel belts (including older deposits of the Y
channel [see Jobe et al., 2015]) show a variety of channel dimensions and architecture, and discerning these
in the subsurface with limited data can be difficult. We also focus on vertical facies changes but recognize
that there is abundant field data to constrain lateral facies changes in submarine channel environments
[Kane et al., 2007; Kane et al., 2010; Kane and Hodgson, 2011; Morris et al., 2014; Hansen et al., 2015].

However, we feel that with caution, the relationships between grain size, bed thickness, and height above
channel thalweg can be used predictively to estimate location of deposition relative to the base of the

Figure 14. Sample results of the numerical model developed by Bolla Pittaluga and Imran [2014]. (a) Flow velocity and
sediment concentration vary with increasing height above the thalweg. (b) The model predicts a decrease in deposition
rate and grain size with increasing height above thalweg (HAT). Full model predictions for the Y channel are shown in
Figures 12 and 13.
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time-equivalent geomorphic channel
when only limited data (e.g., core or
outcrop) are available (Figure 16).
For example, bed thickness and grain
size from an unknown core may be
compared with the modeled bed
thickness (Figure 12) and grain-size
(Figure 13) curves in order to predict
channel relief and/or thalweg posi-
tion (Figure 16). In the absence of
core data, well logs can be inter-
preted in a similar manner, albeit with
more uncertainty.

4. Conclusions

High-resolution seismic (chirp) and
piston core data from the western
Niger Delta slope demonstrate the
facies architecture of the Y channel
system. Thick, coarse-grained, amal-
gamated sands in the channel
thalweg/axis transition to thin, fine-
grained, bedded sands and muds in
the channel margin/inner levee. An
erosional surface with ~20m relief
exists between the axis and margin.
Radiocarbon dates indicate that axis
and margin deposits are coeval, sug-
gesting that deposition occurs in the
axis andmargin by the same turbidity
current, albeit with different grain
sizes and facies architectures. Cores
taken at the same elevation on the
margin show remarkable lateral con-
sistency of facies, indicating that the
margin is a stable depositional envir-
onment with little to no erosion. Axis
deposits are more heterogenous,
with fast lateral facies changes and
more overall heterogeneity, including
occasional mass-transport-deposits.

Twenty-one piston cores from axis
and margin indicate that bed thick-
ness decreases 5 times with 20m ele-
vation above the channel thalweg,
reflecting the axis to margin tran-
sition. Grain size (derived from a laser
particle size analyzer) also decreases
with height above channel thalweg,
showing a 1–2 ψ decrease from axis
to margin, a ~20m elevation change.
A numerical model using input
data from the Y channel accurately

Figure 15. (a) Spatial distribution of deposition and erosion in the model
calculated from a single cross section of the Niger Y channel. (b and c) The
spatial rates of deposition and erosion for two grain-size classes that
approximate mud and sand. (d) Deposit grain-size sedimentation and
erosion, demonstrating preferential sand deposition in the axis/thalweg, and
decreasing grain size with increasing HAT (compare with Figure 15a).
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reproduces the grain-size and bed thickness trends, suggesting that the model is widely applicable for
predicting grain-size and facies architecture variations in submarine channel systems. Further work should
focus on model sensitivity and applications to data-poor areas (e.g., outcrops and subsurface) to predict
and better understand facies architecture in submarine channel systems.

This study emphasizes that facies models for submarine channel deposits should take into account that
rapid facies change requires change in elevation above the thalweg. The transition from thick-bedded,
amalgamated, coarser-grained sands in the axis to conterminous thin-bedded, nonamalgamated, finer-
grained successions in themargin is primarily a reflection of a change in elevation above the channel thalweg.
Even a relatively small elevation change (e.g., 1m) is enough to result in a significant change in grain size, bed
thickness, and facies architecture.
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