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1  |  INTRODUCTION

Many countries have been experiencing coastal land 
loss due to accelerating sea- level rise, subsidence and 
sediment- supply reduction (Blum & Roberts,  2009; Day 
et al., 2007; Day & Giosan, 2008; Kim, 2012; Kim, Mohrig, 

et al.,  2009; Paola et al.,  2010; Syvitski,  2008; Syvitski 
et al.,  2009). For example, the Mississippi River Delta 
has lost on average 44 km2 of land per year for the past 
several decades (Morton et al., 2005). Anthropogenic ef-
fects exacerbate these problems: In the Mississippi River 
Delta, sediment supply has been significantly diminished 
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Abstract
The loss of land in coastal regions is an emerging topic across the scientific com-
munity, as many countries struggle to minimize the consequences of an accelerat-
ing relative sea- level rise. Various methods have been attempted to mitigate land 
loss, and river diversion for the Mississippi River Delta, which makes use of the 
natural river delta- building process, has been proposed and significantly exam-
ined. Prior delta- building models predicted possible ranges of new delta- building 
rates and verified the feasibility of reduction in land loss on the Louisiana coast by 
river diversion by only considering the delta topset and foreset deposition with-
out incorporating the muddy bottomsets because sand was regarded as the main 
delta- building sediment, and mud was treated as washload. Since sand flux is 
significantly smaller than mud flux in most coastal rivers and muddy bottomsets 
are common in most deltas, it is critical to understand the depositional processes 
of mud in deltas. Here, we present the results of a coupled numerical modelling 
and flume experiment that includes a moving boundary at the foreset- bottomset 
break in addition to the shoreline. We find that bottomset aggradation can  
accelerate the shoreline progradation by decreasing the foreset length (i.e., depth 
at the delta front). We also apply our model to a field scale based on parameters 
taken from the Wax Lake Delta. When 10%– 50% of the mud supplied to the delta 
is retained in the bottomset, the subaerial delta area increases by 4.4%– 25.4% 
compared to that in a delta with no bottomset accumulation. Therefore, consider-
ing the bottomset in land- building modelling can provide more accurate predic-
tions for a new land- building area by river diversion.
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due to man- made engineering structures, such as dams 
and levees (Day et al.,  2005, 2007; Day & Giosan,  2008; 
Kim, 2012; Kim, Mohrig, et al., 2009; Paola et al., 2010). 
There have been proposed many different methods to 
build new land to mitigate the land loss (Day et al., 2005, 
2007): (1) river diversions towards the delta plain via en-
gineering crevasse- splay developments (Day et al., 1997; 
Delaune et al., 2003), (2) restoring hydrological processes 
by installing locks and trapping sediment (Boumans & 
Day, 1994; Turner & Streever, 2002), (3) creating and re-
storing wetlands (Mendelssohn & Kuhn,  2003) and (4) 
barrier islands (Gregory et al., 1997; Hester et al., 1994) by 
pumping dredged sediment from offshore (Kim, Mohrig, 
et al., 2009; Xu et al., 2019). Amongst those methods, the 
river diversion that is opening levees to create controlled 
river avulsions to build a new land for coastal restoration 
has received more attention (Kim, Mohrig, et al.,  2009; 
Paola et al., 2010; Xu et al., 2019). Furthermore, the previ-
ous studies (Paola et al., 2010; Xu et al., 2019) emphasized 
an understanding of the natural delta- building processes 
of rivers in mitigating land loss is more critical than di-
rectly applying the conventional engineered restoration 
methods.

Natural river deltas are built by rivers at the point 
where they meet standing bodies of water (e.g., lakes 
and oceans). As a result of the decrease in flow veloc-
ity at this boundary, sediment is deposited and cre-
ates a significant area of wetland, which makes deltas 
fundamentally regressive (Bhattacharya,  1992). A typ-
ical delta is composed of three distinct depositional 
surfaces: topset, foreset and bottomset (Barrell,  1912; 
Cattaneo et al., 2007; Nittrouer et al., 1996). The topset 
is a gently sloped fluvially deposited region, whilst the 
foreset is steeper than the topset, and forms in front of a 
delta by the interaction of fluvial and coastal processes. 
Typically, the topset and foreset are coarser- grained 
mostly formed by fluvial bedload sediment transport 
and distributary mouth jet- flow processes, respec-
tively, and the bottomset is formed from the settling 
of suspended fine grains (Barrell,  1912; Gilbert,  1885) 
from buoyant sediment plumes, i.e., hypopycnal flows 
(Bates,  1953) or the settling of plunging gravity flows, 
i.e., hyperpycnal flows (Mulder et al.,  2003; Mulder & 
Syvitski, 1995). The density difference between the river 
plume and standing body of water decides the type of 
river plume outflow either being buoyant or negatively 
buoyant. In certain cases, the similarity in density be-
tween the river plume and standing body of water re-
sults in homopycnal flow (Mulder et al., 2003; Mulder & 
Syvitski, 1995). Especially in marine settings, hypopyc-
nal plumes are dominant due to higher density of sea-
water (1.025 kg/L) compared to that of sediment- laden 
river flows, whilst hyperpycnal plumes are less likely 

to occur because they should exceed at least 3.6– 4.2 kg/
m3 of the suspended sediment concentration (Mulder 
et al., 2003). The required range of the suspended sed-
iment concentration is also dependent on the tempera-
ture and salinity of the ocean water to be negatively 
buoyant (Mulder & Syvitski, 1995).

The combined effect of sea- level change, sediment sup-
ply and subsidence determines whether a delta progrades 
or retrogrades, and/or aggrades or degrades and thus los-
ing or building land. Amongst these three main factors, 
sediment supply acts as a key factor in delta restoration 
because sediment is the solely manageable factor and is 
the raw building material for deltaic construction (Paola 
et al., 2010). It has been generally believed that sand- sized 
sediment should be sufficient for new land building (Kim, 
Mohrig, et al., 2009; Lorenzo- Trueba et al., 2012; Nittrouer 
et al., 2012; Nittrouer & Viparelli, 2014; Paola et al., 2010; 
Roberts et al.,  2003). One of the main reasons behind 
this can be found in the example of the newly prograd-
ing sand- dominated Wax Lake Delta (WLD), connected to 
the Atchafalaya River branching off the Mississippi River 
(Figure 1). According to Roberts et al. (2003), the recent 
deposit accumulated in WLD consists of 50%– 70% sand 
even though sand is only 10% of the Mississippi River's 
total load (Nittrouer et al.,  2008). Numerous upstream 
damming significantly reduced the sand budget in the 
Mississippi River Delta (Blum & Roberts, 2009; Nittrouer 
et al., 2008; Syvitski, 2008; Syvitski et al., 2009). Although, 
sand, even constituting a small fraction of the supply, 
might be critical in initiating delta building (Nittrouer & 
Viparelli, 2014).

Due to the importance of sand in deltaic land build-
ing and the current reduction in sand supply in the 
Mississippi River, there have been questions about 
the effectiveness of river diversions to build new land 
on the Louisiana coast (Törnqvist et al.,  2007; Turner 

Highlights
• Foreset- bottomset break is treated as a moving 

boundary in addition to the shoreline in the 
current delta- evolution model.

• Muddy- bottomset aggradation accelerates the 
shoreline progradation by decreasing the fore-
set length.

• Mud is significant in sediment transported in 
fluviodeltaic systems and deposited in coastal 
deltas.

• Bottomset should be considered for an accurate 
prediction of a new land building in the delta 
restoration project by river diversion.
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et al.,  2006, 2007). However, the land- building model-
ling results from Kim, Mohrig, et al.  (2009) and Paola 
et al.  (2010) propose that sufficient land can still be 
created using the sand available from the Mississippi 
River to mitigate the land loss. These models predicted 
the shoreline advance based on sediment mass conser-
vation under given scenarios of water discharge, sedi-
ment supply, subsidence and sea- level rise. The models 
considered only the topset and foreset with sand, but 
the subaqueous (prodelta) mud deposits were not thor-
oughly incorporated. Mud was only captured propor-
tionally to the sand volume being deposited in the topset 
and foreset of the model (Kim, Mohrig, et al., 2009).

However, modern deltas have muddy prodelta de-
posits that aggrade at rates up to 1.5 cm/year (Cattaneo 
et al.,  2003; Cattaneo et al.,  2007; Kuehl et al.,  1986, 
1996, 1997; Liu et al.,  2004, 2017; Neill & Allison,  2005; 
Palinkas & Nittrouer,  2007). Even in shallow water, al-
though wave reworking is known to play a dominant 
role that hinders mud aggradation in the bottomsets of 
deltas (Neill & Allison, 2005), mud layers form below the 
fair- weather wave base (Dean & Dalrymple, 1991) in the 
Barataria Bay and Breton Sound of the Mississippi River 
Delta, which also indicates the possibility of mud accu-
mulation in shallow bays (Bomer et al.,  2019; Wilson & 
Allison,  2008). In the previous land- building prediction 
model, bottomset deposits were neglected, yet bottomsets 
in the modern deltas exist and are volumetrically signifi-
cant. Considering the relatively large remaining mud sup-
ply to modern deltas after the reduction of sand supply 
due to the upstream damming, e.g., the Mississippi River 
Delta (Allison et al., 2012; Milliman & Farnsworth, 2013; 
Nittrouer et al., 2008), a better understanding of mud in 

the land- building process should be achieved so we can 
provide more accurate predictions of land- building rates 
as well as better evaluation of the feasibility of coastal res-
toration by river diversion.

In this study, we present modelling results of a 
quantitative investigation of the influence of bottom-
set mud deposits on the progradation rate of deltas. A 
one- dimensional (1D) delta modelling with two moving 
boundaries (i.e., shoreline and foreset- bottomset break; 
FBB) (Kostic & Parker, 2003) was modified to apply to the 
coastal deltaic system to explore the quantitative linkage 
between the muddy bottomset evolution and the shore-
line progradation. We further performed a series of flume 
experiments that include bottomset deposits and compare 
them against the model predictions. Finally, the model 
was expanded to be two- dimensional (2D) and applied to 
the WLD condition using the model parameters after Kim, 
Mohrig, et al. (2009).

2  |  NUMERICAL MODELLING

The current model includes two separated modules, each 
to model the subaerial and subaqueous sediment trans-
port and landscape change. The shoreline dynamics in 
this model are coupled with the evolution of FBB, which is 
based on the model in Kostic and Parker (2003) but modi-
fied to use advection settling to form bottomset deposits of 
a delta developed in shallow inner shoreface and/or bay 
environments. A more detailed description of the numeri-
cal treatment of the linked shoreline and FBB migrations 
is available in Kostic and Parker (2003), and we briefly de-
scribe the model here.

F I G U R E  1  Wax Lake Delta (WLD) and Mississippi River Delta in Louisiana, USA.
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Consider a fluviodeltaic system that is composed of the 
topset, foreset, and bottomset surfaces in the downstream 
(x) direction advancing into a standing body of water 
(Figure 2). This model treats the shoreline (x = s) and FBB 
(x = u) as moving boundaries. It is assumed that the flu-
viodeltaic river carries a mixture of sand and mud with 
grain sizes of Ds and Dm, respectively. In the model, sand 
is transported as bedload only over the fluvial topset and 
foreset surfaces. A fraction of mud is deposited along with 
sand over the topset and foreset surfaces at a given rate 
proportional to the sand depositional rate. The remaining 
mud is carried through the fluvial system as washload and 
is settled to form the bottomset beyond the end of the fore-
set over the basin floor. Herein, we assume grain settling 
occurs from fully mixed homopycnal river plume, as river 
diversion sites are typically selected within shallow bays. 
Greater degrees of mixing of suspended sediments would 
be maintained through the river in a shallow- bay envi-
ronment close to the river mouth and form a homopycnal 
plume rather than hypopycnal or hyperpycnal flows. We 
note that the main purpose of this study is to understand 
the effects of bottomset deposit on the shoreline advance 
in respect of large- scale sediment mass balance rather 
than to capture the exact process of bottomset sedimenta-
tion from river effluent plumes under natural conditions.

2.1 | Fluvial (subaerial) regime: Bedload  
transport

A backwater formulation is used to compute the gradu-
ally varied fluvial flow depth (Chaudhry, 2007). The fric-
tion coefficient on the fluvial reach, Cf is assumed to be a 

specified constant (Kim, Mohrig, et al., 2009). The back-
water formulation takes the following formula:

where Fr denotes the Froude number, St is the topset slope 
and H is flow depth. The flow depth at the shoreline is 
defined as H|s = Z0 + ζt –  ηt|s, where Z0 denotes the initial 
sea level, ηt|s denotes the topset elevation at the shoreline 
and we assume that the sea level rises at a constant rate, ζ 
in time. The flow depth H in Equation (1) is introduced to 
the following relationship to calculate the dimensionless 
shear stress as

where �∗ is the Shields stress, �b is the boundary shear stress 
at the bed, R is the sediment submerged specific gravity, g is 
gravitational acceleration, qw is the wer discharge per unit 
width, D is the average grain size for sand and � is the water 
density.

In the present implementation, sediment transport on 
the fluvial reach is dominated by bedload which is calcu-
lated using the Engelund and Hansen (1967) formulation. 
�∗ in Equation  (2) is then used to produce the bedload 
transport rate (q∗s) in a dimensionless form:

where �∗c is the critical shear stress, with the coefficients 
of � = 0.05 and n = 2.5 for recovering the Engelund and 
Hansen (1967) relationship. The fluvial (subaerial) regime 
takes the following Exner equation (Paola & Voller, 2005) 
of sediment mass conservation to update the topset surface 
elevation:

where λp denotes the porosity of the deposited sediment; ηt 
represents the topset surface elevation; t denotes time; qs is 
the total volume transport rate of sand per unit width; If  is 
an intermittency, i.e., a dimensionless time fraction for flu-
vial activity; Λms is the volume ratio of mud captured in the 
fluvial reach per unit sand deposit.

Sand across the shoreline is deposited entirely over 
the foreset, such that sand vanishes at the toe of the fore-
set. This assumption yields a shock condition that can 
be represented by integrating the sediment conservation 
Equation  (4) across the delta front over the foreset sur-
face. The foreset slope (Sf ) is assumed to be linear and kept 

(1)�H

�x
=
St − Cf Fr

2

1 − Fr2
,

(2)�∗ =
�b

�RgD
=

Cf q
2
w

RgDH2
,

(3)q∗s =�
(
�∗−�∗c

)n
,

(4)(
1−�p

)��t
�t

= −
If
(
1+Λms

)
�qs

�x
,

F I G U R E  2  Schematic of a numerical delta model with two 
moving boundaries, i.e., shoreline (s) and foreset- bottomset  
break (u).
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constant in the model and thus elevation across the foreset 
(s < x < u) can be written as 

ηf = ηt[s(t), t] –  Sf (x- s) (Kim, Mohrig, et al., 2009; Paola et 
al., 2010). Substituting a time derivative of this foreset pro-
file into the shock condition yields a solution for the shore-
line migration rate (ṡ) in the x direction as

where St|s denotes the topset slope at the shoreline. 
Then the shoreline migration rate is determined by the 
sediment flux and topset aggradation rate, both at the 
shoreline.

2.2 | Bottomset (subaqueous) regime: 
Suspension transport

In the bottomset, a homogeneously mixed sediment cur-
rent with suspended mud is assumed. Suspended sedi-
ment from the river effluent starts to settle at the delta toe 
(u) and develops the bottomset. Conservation of sediment 
in suspension can be expressed as

where c denotes the local volume sediment concentration 
averaged over turbulence, C is the vertically averaged vol-
ume concentration of suspended sediment. The coefficient 
ro = cb∕C represents the degree of near- bed sediment pro-
file, where cb is a near- bed suspended sediment concentra-
tion; and vs is the grain fall velocity which is yielded by the 
Dietrich (1982) relationship.

The vertically averaged volume concentration of sus-
pended sediment C from Equation  (6) is used to calcu-
late the time change of the bottomset surface elevation ηb 
using the following Exner equation:

As the foreset terminates downdip against the bottomset 
surface, the elevation at the downstream end of foreset 
matches continuously with the bottomset elevation at x = u 
as ηb [u(t), t] = ηt[s(t), t] –  Sf{u(t) –  s(t)}. Taking a derivative 
with respect to time of this relationship yields a moving 
boundary solution for the delta toe as

where Sb|u denotes the bottomset slope at the delta toe. 
The delta toe migration rate (u̇) is mainly controlled by the 
shoreline migration rate and the depositional rates at the 
shoreline compared to that at the delta toe. This series of 
calculations from the fluvial to bottomset regimes are itera-
tively performed in the model for each node each time step.

3  |  MODELLING RESULTS

The numerical model is used to test the effects of (1) the 
presence of the mud bottomset and (2) the difference in the 
initial basin depth on the shoreline and FBB migrations. 
Varying ratios of sand to mud at sand/mud = 100/0, 90/10, 
and 80/20 in volume whilst keeping the total sediment sup-
ply at a constant rate were first tested, and two different 
basin depths (5 and 10 m) were modelled. We used arbitrary 
sand to mud ratios for testing and visualizing the effect of 
bottomset on delta progradation. Here, most parameters 
were roughly scaled with the WLD (e.g., sediment size, 
slope and sea- level rise rate, etc., see Tables 1 and 2). In the 
model, a delta progrades over a flat basement in response to 
a constant base- level rise rate of 5 mm/year. Sediment sup-
ply (= 0.0005 m2/s) and water discharge (= 1 m2/s) were kept 
constant for each modelling run (Table 1). Modelling runs 
are referred to herein as ‘SX0M00- D05’, ‘S80M20- D10’, etc., 
using their experimental conditions. For example, in the run 
name of S80M20- D10, ‘S80’ represents 80% sand, ‘M20’ rep-
resents 20% mud and ‘D10’ denotes 10- m basin depth.

Figure 3 shows the cross- sectional views of deltas each 
developed over 10 years in response to a sediment ratio and a 
basin depth. All the runs start with a pre- existing, bottomset- 
free initial delta with the shoreline at 1000 m from the up-
stream end, which divides the fluviodeltaic profile into the 
topset and foreset surfaces each with an assigned constant 
topographic slope. The topset slope is initially assigned with 
2.0 × 10−5 but self- organized over time by the sediment 
transport and depositional processes in the model, whilst 
the foreset slope is always at the assigned constant of 0.002. 
The total of 20 cross- sectional timelines excluding the ini-
tial delta topography represents the sediment surface pro-
files every 0.5 years. The shoreline trajectory shows a slight 
concave- up, but almost horizontal line due to the minor ef-
fect of sea- level rise over the short modelling time (5 cm rise 
in 10 years). FBB also migrates basinward, but the trajectory 
shows a convex- up shape that can be characterized by the 
following trend: (1) initial aggradation with minor progra-
dation changes to (2) smaller aggradation and faster progra-
dation, and gradually merges to (3) a strong progradation 
without significant elevation change (Figure 3).

�f = �t [s (t ) ,t ] − Sf (x − s )

(5)ṡ=
1

(
Sf − St||s

)

{
qs[s(t), t](
1−�p

)
(u− s)

−
��t

�t

||||s

}

,

(6)d

dt

(

∫
H

0

c dz

)

+
�qs
�x

= −rovsC,

(7)
(
1−�p

)��b
�t

= If rovsC.

(8)u̇=
1

(
Sf − Sb||u

)

{
��t

�t

||||s
−

��b

�t

||||u
+
(
Sf − St||s

)
ṡ

}
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3.1 | Sediment ratio and basin depth

Figure 4a shows the locations of the shorelines and FBBs 
in SX0M00- D05, S90M10- D05, and S80M20- D05 (i.e., the 
runs with different sediment ratios but the same 5- m basin 
depth). In the initial stage of the bottomset- free run (i.e., 
SX0M00- D05), the shoreline locations are more advanced 
than those in the runs with bottomset (S90M10- D05 and 
S80M20- D05). However, the shoreline migration in the 
deltas with bottomset starts to accelerate and gradually 
catches up to those in SX0M00- D05 with time. In other 
words, the progradation in SX0M00- D05 decelerates with 
time (slightly over this runtime period) whilst the progra-
dation rates in the runs with bottomset are maintained 
and/or increased as the bottomset deposit develops with 
time (Figure 4d). The acceleration in the shoreline migra-
tion starts earlier and is larger in the model with the higher 
mud supply. Thus the shoreline in S80M20- D05 chases 
after the shoreline in SX0M00- D05 quicker than one in 
S90M10- D05 and thus advances further in the final stage 
compared to S90M10- D05 (Figure 4a,b). Likewise, the FBB 
locations of SX0M00- D05 show a similar pattern with the 
shoreline because the FBB migrates over the flat base-
ment with a constant foreset slope, and the sea- level rise 

is minor. However, in the runs with bottomset, the shore-
line (solid line) and FBB (dashed line) locations are getting 
closer with time as the bottomset accumulation reduces 
foreset length (Figure  4a). Under the 10- m basin depth 
condition (Figure 4c), as the initial foreset length is almost 
doubled, first, overall delta progradation rates for the shore-
line and FBB are slower than those in the 5- m basin depth 
runs, and second, the runs with bottomset deposits cannot 
prograde further beyond SX0M00- D10 within the given 
runtime as the bottomset aggradation in S90M10- D10 and 
S80M20- D10 are not sufficient to make such accelerations 
as shown in the 5- m basin depth runs (Figure 4c,d). Despite 
there are no cross- over points in the shoreline locations 
(Figure 4c), we can observe cross- over points in the progra-
dation rates even in the 10- m basin depth cases (Figure 4d). 
The timings for the cross over are about twice longer in the 
10- m runs (about 7 years) compared with ones in the 5- m 
runs (about 3.5 years) (Figure 4d).

4  |  EXPERIMENTAL DESIGN

A series of flume experiments were conducted at the 
University of Texas at Austin with different sea- level 

Description Values Parameter

Grain size of sand [mm] 0.1 Ds

Grain size of mud [mm] 0.015 Dm

Submerged specific gravity of sand [] 1.65 Rs

Submerged specific gravity of mud [] 1.65 Rm

Sand bed porosity [] 0.6 λs

Mud bed porosity [] 0.6 λm

Fraction of mud deposited per unit sand [] 0 Λms

Flood intermittency [] 0.35 If

Rate of base level rise [mm/year] 5 ξ

Water discharge at flood over width [m2/s] 1 qw

Total sediment discharge [m2/s] 0.0005 qs

Sand ratio to total sediment [m2/s] 0.8– 1 SR

Initial elevation at the top of the foreset [m] 5, 10 ηti

Initial fluvial bed slope [] 0.00002 Sf

Foreset slope [] 0.002 Sa

Subaqueous basement slope [] 0 Sb

Initial fluvial length [m] 1000 ri

Maximum basin length [m] 150,000 rmax

Critical shields stress [] 0 τsc

Subaerial dimensionless Chezy resistance coefficient [] 20 Cza

Subaqueous dimensionless Chezy resistance coefficient [] 20 Czs

Near bed mud concentration [] 1 ro

Time step [s] 31.56 dt

T A B L E  1  Modelling parameters
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rise rates of 0.75, 1, and 1.5 mm/min and an initial 5- cm 
basin depth with two different sediment mixtures. The 
flume dimensions are 88 cm (length), 1.5 cm (width), 
and 50 cm (depth) with a flat basement (Figure  5). We 
used a mixture of crushed walnut shell sediment (brown) 
and quartz sand (white). The crushed walnut shell sedi-
ment has a median grain size of 0.15 mm and a density 
of 1300 kg/m3. The quartz sand sediment has a median 
grain size of 0.17 mm and a density of 2650 kg/m3 which 

is about twice as dense as the crushed walnut shell sedi-
ment. The specific density difference between these two 
sediments served as a proxy for a mixture of sand and 
mud. Before the start of each run, quartz sand and water 
were introduced into the flume without base- level rise to 
build an initial subaqueous delta until the foreset grew 
enough so the topset just emerged from the surface of 
the water (Figure 5). After building the initial delta, the 
base- level rise was started, and the sand- mud sediment 
mixture and water were discharged into the flume at 
constant rates of 7.8 and 841.2 g/min, respectively. Two 
different sediment mixtures were used, at volume ratios 
of sand and mud of 3 to 7 and 7 to 3. In the experiment, 
quartz sand was transported as bedload whilst walnut 
sediment was mostly transported as suspended load in 
the fluvial reach. Coarse grains were deposited in front of 
the shoreline to advance the foreset, and fine grains form 
suspended sediment plumes that were advected and set-
tled to form the bottomset.

Time- lapse images in cross- sectional view were taken 
every 20 s from the side of the flume at a fixed location. 
Camera lens distortion and perspective in every sixth 
image (every 120 s) were corrected via Photoshop to dig-
itize the upstream end, shoreline, FBB and downstream- 
end locations. The measured locations are further used to 
compare with the model prediction below.

5  |  EXPERIMENTAL RESULTS 
AND MODEL PREDICTION

Time evolutions of two experimental deltas are presented 
in Figure 5. The topset includes mostly sand, whilst the 
submerged foreset and bottomset deposits are composed 
of mostly walnut shell sediment. The migrations of the 
shoreline and FBB, two moving boundaries are observed 
clearly in the profile views of the experimental results 
(Figure 5). The shoreline trajectory is controlled by the 
base- level rise and sediment partitioning between the 
topset and foreset surfaces and appears as a concave up-
ward pattern with a higher curvature during the higher 
base- level rise rate. The trajectory for FBB is controlled 
by sediment partitioning between the foreset and bot-
tomset surfaces and produces a convex upward pattern.

The experimental conditions are similar to previous 
studies (Baumanis & Kim,  2018; Kim, Dai, et al.,  2009; 
Swenson & Muto,  2007). In the experiments, sediment 
concentration is high and channels are organized to be 
very thin (a few mm in depth), which are not suitable 
for applying most existing sediment transport relations 
(Engelund & Hansen,  1967). Similar to previously doc-
umented studies, we take an approach that uses slope- 
driven sediment transport relations to describe the sand 

T A B L E  2  Modelling parameters used in WLD cases

Values Parameter

Grain size of sand [mm] 0.1 Ds

Grain size of mud [mm] 0.015 Dm

Submerged specific gravity of 
sand []

1.65 Rs

Submerged specific gravity of 
mud []

1.65 Rm

Sand bed porosity [] 0.6 λs

Mud bed porosity [] 0.6 λm

Fraction of mud deposited 
per unit sand []

0.49 Λms

Flood intermittency [] 0.35 If

Rate of base level rise [mm/
year]

7 ξ

Water discharge at flood 
[m3/s]

4100 Qw

Sand load during floods 
[m3/s]

0.2404 Qs

Bottomset retention 
efficiency [%]

0- 50 MR

Initial elevation at the top of 
the foreset [m]

1.5 ηti

Initial fluvial bed slope [] 0.00002 Sf

Foreset slope [] 0.002 Sa

Subaqueous basement slope [] 0.00018 Sb

Initial fluvial length [m] 4300 ri

Maximum basin length [m] 25,000 rmax

Critical shields stress [] 0 τsc

Subaerial dimensionless 
Chezy resistance 
coefficient []

20 Cza

Subaqueous dimensionless 
Chezy resistance 
coefficient []

20 Czs

Near bed mud concentration [] 1 ro

Time step [s] 63.11 dt

Channel width [m] 300 Bc

Total run time [year] 100

Delta opening angle [°] 120
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and crushed walnut shell sediment transport in the ex-
perimental topset surface. Slopes are measured using the 
digitized location data (i.e., the upstream end and the 
shoreline) and compared with the given sediment to water 
discharge ratios. New measurements are added to the data 
reported in Baumanis and Kim (2018) for a better regres-
sion. An updated empirical relationship between Qs / Qw 
and the slope is obtained as

with a dimensionless coefficient α  =  104.4 and an expo-
nent value n  =  3.58 for the sand- dominated experiment 
and α  =  54.41 and n  =  3.273 for the mud- dominated ex-
periment (Figure  6). The calculated slope exponents fall 
within the previously reported range of 1.5– 4.5 (Kim, Dai, et 
al., 2009; Parker et al., 2008; Swenson & Muto, 2007) for sim-
ilar sediment grain sizes, sediment supply rates and water 
discharges.

The slope- driven empirical sediment transport rela-
tionships are applied to the numerical model to predict 
the moving boundary migrations in the experiments 
(Figure  7). The shoreline and FBB in the experiments 

(open circles) are well captured with the numerical mod-
els (solid lines). The model overpredicts bottomset ac-
cumulation in some cases because the model assumes 
no reworking of deposit by coastal processes in the sub-
aerial part whereas the experiment develops eddies that 
can erode the uppermost part of the bottomset surface. 
Overall, the shoreline and FBB trajectories both from the 
physical experiments and the numerical modelling using 
the slope- driven sediment transfer rates show good agree-
ments with each other.

6  |  FIELD APPLICATION: WAX 
LAKE DELTA IN ATCHAFALAYA 
BAY, LOUISIANA

We apply our model to WLD using the parameters reported 
in Kim, Mohrig, et al. (2009) (Table 2). WLD is sandy and 
may not have significant bottomset deposits. However, 
the delta has been monitored closely since its active pro-
gradation in 1973 (Kim, Mohrig, et al.,  2009; Majersky 
et al., 1997; Paola et al., 2010; Parker & Sequeiros, 2006; 
Roberts et al., 2003; Shaw et al., 2013; Wellner et al., 2005) 
and provides input parameters for modelling and hindcast 

(9)
Qs
Qw

=�Sn,

F I G U R E  3  Numerical modelling results of delta evolution under basin depths of (a– c) 5 m and (d– f) 10 m and under sand fractions of 
(a,d) 1.0, (b,e) 0.9 and (c,f) 0.8. Total run time is 10 years and topographic surfaces are drawn every 0.5 years. The top blue line indicates 
water surface.
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of modelling result for the early stage of a natural delta 
evolution. Due to these uniquely available water dis-
charge, sediment supply and grain size data and the vi-
cinity of WLD to the Mississippi River Delta, modellers 
have tested their delta models against WLD to predict the 
future large- scale sediment diversion in the Mississippi 
River Delta restoration project (Kim, Mohrig, et al., 2009; 
Paola et al., 2010). Here, we also attempted to apply our 
model to the WLD condition and will revisit the reason 
behind the choice of WLD in the discussion section.

We do not intend to reproduce all the exact natural 
delta processes in detail, which would require a three- 
dimensional (3D) modelling that includes sediment- 
transport, hydrodynamic, and coastal processes. Rather 
than dealing with the high complexity and computational 
cost, the model developed in this study focuses on under-
standing the first- order influence of bottomset on delta 

progradation based on the sediment mass balance and 
moving boundary problem.

For the analogue delta application, we expand our 1D 
model into a 2D model, assuming a radially symmetri-
cal fan- shaped delta. The model captures the space-  and 
time- averaged delta evolution by calculating the charac-
teristics of (1) effective channel and (2) offshore plume. 
First, the channel location is not specified but it is as-
sumed to migrate, avulse, and flood in such a way as to 
develop overall radial symmetry of the delta as it builds 
a deltaic topset. Second, the offshore plume is not specif-
ically located either, but it is assumed to develop a bot-
tomset in front of the channel and maintain the overall 
radial symmetry of the prodelta. Note that the offshore 
plume does not have a lateral spreading but is assumed 
to keep the initial width the same as the channel width 
for simplicity. We will discuss the implication of these 

F I G U R E  4  Numerical modelling results of shoreline and foreset bottomset boundary (FBB) locations for (a) 5 m basin depth with 
(b) a magnified plot to show times for shoreline crosses and (c) 10 m basin depth. (d) Shoreline progradation rates for both basin depth 
conditions.

104
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assumptions in the discussion section. The sand supply 
rate at the upstream end is constant over the duration 
of each experiment and applied the same to all experi-
ments whilst we control the amount of mud used in the 
model by defining an ‘offshore mud retention’, which 
represents a percentage of mud flux across the shore-
line that is captured in the delta bottomset. We change 
the offshore mud retention every 10% from 0% to 50% 
(e.g., MR20 indicates a run with 20% mud retention) 
and compare them with MR0 that indicates the previous 
delta model without the formation of the bottomset de-
posits. In this way, we can compare different model re-
sults and estimate how much more land building would 
occur when the additional mud is deposited near the 
delta front. We note that the offshore mud retention is 
different from the sand to mud ratio applied earlier in 
the test models. In the earlier test models, we kept the 
total sediment deposited in a delta the same, whereas 
in the field application, the model examines how much 
more land would be built by utilizing additional mud to 
develop bottomset.

The modelling results with the mud retentions of 0%, 
20%, and 40% are presented in Figure  8. As the delta 

progrades over the sloped basement in MR0, the fore-
set length increases whereas the distances between the 
consecutive foreset surfaces become shorter with time. 
These indicate a reduction in the shoreline prograda-
tion rate, which is caused by increases in both the basin 
depth and the delta width as the delta advances over 
deeper water and wider area. As the model uses higher 
mud retention from 20% to 40%, the bottomset deposits 
get thicker, resulting in shallower water for delta foreset 
and faster shoreline progradation rates. The FBB tra-
jectories shown in Figure 8b,c look lines slightly tilted 
basinward, representing relatively rapid foreset progra-
dation compared to bottomset aggradation (Fongngern, 
et al., 2016; 2017). It is different from the highly con-
vex- up trajectories shown in the 1D modelling results 
(Figure 3) because the water depth increases faster than 
the aggradation of bottomset as the deltas prograde 
basinward. The accelerating shoreline progradation 
shown in the 1D modelling results is hard to observe 
in these 2D models associated with the foreset length 
that does not decrease as rapidly as in the 1D modelling 
results.

We investigate how much more land can be built com-
pared to the non- bottomset delta case (MR0). We approx-
imate the bottomset accumulation rate using the average 
aggradation rate of the FBB over 100 years, which yields 
0.26– 1.22 cm/year for the 10%– 50% mud retention. These 
bottomset accumulation rates yield 4.4%– 25.4% more 
land building in 100 years (Figure  9). In other words, if 
20% of mud from the river is deposited (0.26 cm/year) in 
the bottomset rather than wasted to the deep ocean, 9.3% 
more land (12.54 km2) can be built, and if 50% of mud is 
retained in the bottomset (1.22 cm/year), 25.4% additional 

F I G U R E  5  A sequence of images taken during at initial, 
middle, and final stages showing the experimental delta evolution 
(under sea level rise rate = 1.0 mm/min) with distinct topset, 
foreset, and bottomset deposits.

(a)

(b)

F I G U R E  6  Power law relationships for mud- dominated 
(dashed line) and sand- dominated (solid line) experiments derived 
from regression of the relationship between sediment flux, water 
flux, and topset slope from the experiment data.
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land (72.61 km2) can be gained than that in the bottomset- 
free case. The additional land areas gained in these exper-
iments are achieved by the shoreline progradation rates 

that remain higher a the longer period than one without 
bottomset due to the shortening of the foreset length asso-
ciated with the bottomset deposition.

F I G U R E  7  Time series of shoreline and FBB locations mapped from time- lapse images of experiments under sand to mud ratios of 3:7 
and 7:3 and sea- level rises of 0.75, 1.0, and 1.5 mm/min, compared with modelling results shown in the solid lines.

(a) (d)

(b) (e)

(b) (f)
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7  |  DISCUSSION

7.1 | Bottomset evolution and FBB 
trajectory

Delta evolution along with the shoreline and FBB migra-
tions is controlled by sediment partitioning based on mass 
balance over the delta depositional areas: topset, foreset, 
and bottomset. Coarse sediment (i.e., sand) is first distrib-
uted in the topset (delta aggradation) and foreset (delta 
progradation) of a delta. When a delta progrades, the delta 
plain (topset) area increases in length and width (based on 
the opening angle). If the amount of supplied coarse sedi-
ment is assumed to be constant, the amount of sediment 
across the shoreline and available for the foreset gradually 
decreases as more sediment is consumed in the growing 
topset. Therefore, the delta progradation is getting slower 
as the delta gets bigger. Meanwhile, fine sediment (i.e., 
mud) is mostly advected across the shoreline and settled 
in the bottomset reach. An advection length scale, la for 
the fine grains can be represented as

where u is the flow velocity, hs is the grain settling height 
and ws is the grain settling velocity for a given grain size. 
Considering a delta evolving over a flat basement, the ad-
vection length for mud at the shoreline can be approximated 
using the basin depth, the channel width and water discharge 
(for the flow velocity), and the grain size (for the mud settling 
velocity). If they are set as constant values, the bottomset 

(10)la=
uhs
ws

,

F I G U R E  8  Numerical modelling results for WLD under mud 
retention rates of (a) 0%, (b) 20%, and (c) 40%. Total run time is 
100 years and topographic surfaces are drawn every 5 years. The top 
blue line indicates water surface.

(a)

(b)

(c)

F I G U R E  9  Numerical modelling results of normalized 
increase in land area depending on different mud retention rates 
compared to a non- bottomset delta.
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aggradation near the prograding delta front should take a 
state of dynamic equilibrium, and the foreset maintains a 
constant depth. (1) When the bottomset aggrades, it short-
ens the foreset length so then the shoreline progrades faster 
(positive feedback on the shoreline progradation), (2) as the 
shoreline advances rapidly, the source point for the advec-
tion of sediment moves quickly basinward, which decreases 
the bottomset accumulation over a unit area (negative influ-
ence on the bottomset accumulation) and (3) the shoreline 
progradation rate reduces again (negative influence on the 
shoreline progradation). However, this dynamic equilib-
rium cannot be achieved because the sediment supply rate 
across the shoreline decreases as discussed above. The slow 
shoreline advance due to the increasing delta topset area al-
lows more time for the bottomset to accumulate so the fore-
set length slowly but further diminishes.

In the initial stage shown in Figure  3, the bottomset 
aggradation (i.e., foreset shortening) is more effective than 
the delta progradation which is responsible for the upward 
migration of FBB and leads to the accelerating shoreline 
progradation. As we discussed above, the rapid shoreline 
advance has a negative feedback on the bottomset accu-
mulation and thus shoreline progradation. However, for 
the shoreline progradation, since the foreset is already 
shortened (and the bottomset is already developed), the 
delta progradation maintains high rates despite the nega-
tive feedback, which is responsible for the horizontal part 
of the upward convex FBB trajectory. The FBB trajectory 
becomes flattered but slightly elevated due to decrease in 
the sediment discharge across the shoreline over time.

7.2 | Mud in land building

The goal of the Mississippi River Delta restoration pro-
ject (Bomer et al.,  2019; Esposito et al.,  2017; Kolker 
et al., 2012; Moodie & Nittrouer, 2021; Paola et al., 2010; 
Xu et al., 2019) is to maximize the land building. Recent 
research (Kim,  2012; Nittrouer et al.,  2012; Nittrouer & 
Viparelli, 2014) on the engineering river diversion consid-
ered sand as a key land- building material. Therefore, the 
known lack of available sand along the Mississippi River 
was one of the major reasons for the objection to the en-
gineering river diversion. However, we neglected more 
than 80% of the remaining mud in the river even after the 
upstream damming that significantly reduced the sand 
supply to the delta. In addition to this, there has been an 
increasing interest that mud retention must be consid-
ered to optimize the land building through river diver-
sion (Esposito et al., 2017; Sha et al., 2018; Xu et al., 2016, 
2019). Mud was known as an important nourishing ma-
terial in a floodplain and/or marsh by deposition during 
floods (Lauzon & Murray, 2018; Olliver et al., 2020). The 

cohesiveness of mud and subsequent vegetation growth 
help to increase the stability of landform to resist ero-
sion, therefore, mud has an important role in the del-
taic morphology (Caldwell & Edmonds,  2014; Edmonds 
& Slingerland,  2009; Lauzon & Murray,  2018). Esposito 
et al.  (2017) suggested that sediment trap efficiency in a 
river diversion over a vegetated inland area could be above 
75%, that is higher than WLD in the coastal area (5%– 30% 
sediment retention rate). Mud has already received atten-
tion in the community, but so far, the bottomset dynamics 
of delta building are relatively understudied.

Although Kim, Mohrig, et al.  (2009) considered pre- 
existing prodelta mud (on the bay surface) as a layer that can 
be squeezed instantaneously when a delta progrades over it, 
contemporary mud bottomset aggradation was not incorpo-
rated in the model. Mud was considered too light to settle 
and contribute to the delta building. Even if mud is settled, 
it was assumed to be easily resuspended due to wave and/or 
storm and removed. Nevertheless, Kim, Mohrig, et al. (2009) 
captured the WLD evolution over the last 30 years without 
considering the bottomset deposition. This might be because 
WLD is located in the high- energy environment so that mud 
is effectively removed, and/or the delta is still in the early 
stage of the evolution before the bottomset effect is more 
pronounced. The latter is supported by the current model-
ling result in the field application which captures the initial 
WLD development with minor overprediction. If WLD ma-
tures and becomes muddier like the Mississippi River Delta, 
mud will play a more important role as the current model 
with bottomset predicts the accumulative effect of bottom-
set in the shoreline progradation with time.

Then how about with an appropriate protected en-
vironment like a bay over a longer duration? Would the 
bottomset potentially be more important? In the West Bay 
diversion a few kilometres upstream from the Southwest 
Pass in the Mississippi River (Figure 1), prodelta mud lay-
ers are currently accumulating from 0.7 to 1.5 cm/year, de-
pending on locations (Kolker et al., 2012; Xu et al., 2016). 
Bay bottom mud aggrades 0.48 ± 0.16 cm/year in the 
Barataria Bay, and 0.59 ± 0.50 cm/year in the Brenton 
Sound (Wilson & Allison, 2008). Also, prodelta mud in the 
Lafourche subdelta from 0.6 to 1.6 ka is approximately 2- m 
thick and is widely developed over the delta (Chamberlain 
et al., 2018). These including the river diversion candidates 
(i.e., shallow coastal areas such as the Barataria Bay and 
Brenton Sound) show examples that delta bottomset do 
develop. In our model, the bottomset accumulation rates 
are 0.26– 1.22 cm/year (using the mud retentions from 10% 
to 50%) calculated using the FBB trajectories in the final 
100- year modelling results. These accumulation rates 
fall within the range of natural values measured in the 
Mississippi River Delta including the existing diversion 
sites. Considering the predicted 4.4%– 25.4% additional 
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land building in 100 years (Figure  9), river derived mud 
accumulation in the subaqueous environment of the 
prodelta should be carefully evaluated. Although the cur-
rent model simplifies many complicated depositional pro-
cesses, our results highlight the potential increase in land 
building via bottomset aggradation, which is evidenced 
in the modern coastal system. If a future river diversion 
project is designed at an appropriate depositional environ-
ment favourable for mud deposition, e.g., protected and/
or sheltered locations, the river diversion should build the 
bottomset that shortens the foreset and enhances delta 
progradation cumulatively over time.

7.3 | Flocculation: Potential influence 
on the mud advection length and 
bottomset accumulation

Flocculation is an aggregation process of fine particles. 
Flocculated mud grains settle faster and enhance the 
deposition of fine sediments due to their bigger sizes than 
an individual mud grain (Gratiot et al.,  2017; Schieber 
et al.,  2007; Schieber & Southard,  2009; Skinnebach 
et al., 2019; Winterwerp, 2002). There has been an increas-
ing interest in flocculation as an important mechanism to 
consider in mud transport. Organic contents and salin-
ity are known to help mud aggregate (Lamb et al., 2020; 
Sutherland et al., 2014; Winterwerp, 2002). When a river 
meets the saline ocean water in an estuary and/or coastal 
delta, flocculation intensely occurs (Curran et al.,  2002; 
Fox et al.,  2004; Gratiot et al.,  2017; Hill et al.,  2000; 
Milligan et al.,  2007; Winterwerp,  2002). The advection 
length in the current model for WLD using Equation (10) 
with the falling velocity of 1.94 mm/s (for non- flocculated 
grains with Dm = 0.015 mm), basin depth of approximately 
2 m, and flow velocity of 0.2– 0.6 m/s (Shaw et al., 2016) is 
roughly 3.10– 6.19 km. However, from the study of Lamb 
et al.  (2020), the flocculated mud falling velocity is sug-
gested as 0.35 mm/s, which is about 1.8 times the modelled 
grain falling velocity. In other words, in the case of floc-
culation, there is potentially more deposition of fine sedi-
ment closer to the river mouth with the reduced advection 
length to 1.76– 3.53 km. Therefore, our land- building pre-
diction can represent a conservative assessment because 
we use a modest mud grain falling velocity. Since the floc-
culated mud falling velocity in Lamb et al. (2020) was for 
the fresh river condition, flocculation associated with an 
increase in salinity can further enhance the bottomset ef-
fect in land building for coastal deltas. Furthermore, for-
mer studies suggested that flocculated mud can transport 
in bedload and deposit mud beds at flow conditions that 
are suitable for bedload transport of sand- sized grains 
(Schieber et al., 2007; Schieber & Southard, 2009). Even 

though flocculation is not directly implemented in the 
current model, it is expected that more flocculation pro-
duces a similar result with a run that uses a larger Λms, 
which increases the mud retention in the deltaic system 
and thus promotes a faster shoreline regression.

7.4 | Model limitations

Our model uses the bimodal sand and walnut sediment 
mixture. However, there are grain sizes distributed over 
a wide range in nature. The wide distribution of fine 
sediments produces a range of settling velocities. Various 
grain sizes can be incorporated in the model and the effect 
of multiple grain sizes in the mud class can make some 
changes in the overall bottomset geometry. For example, 
a wide grain- size distribution can cause proximally and 
distally enhanced deposition in the bottomset compared 
to a narrow distribution. However, the aim of the study is 
to evaluate the first- order effect of bottomset accumula-
tion on land building that is well achieved currently using 
the averaged grain sizes for sand and mud.

Wave and tidal currents are important in delta build-
ing which can resuspend and redistribute sediment over a 
wide area in the basin and modify the foreset and bottomset 
geometries (Kuehl et al., 1986; Pellegrini et al., 2015; Peng 
et al., 2020). We note that the land- building process is cur-
rently modelled using the sediment mass balance along 
with the purely depositional scheme for what is considered 
a fluvial- dominated delta (Galloway, 1975) without consid-
ering wave and tidal processes, assuming a protected place 
like a bay. This model can be best applied to, but not limited 
to the fluvial- dominated deltas because the offshore mud 
retention in the model can be used to represent a range of 
degrees in coastal reworking by wave and tidal processes.

The Holocene mud successions are known to be com-
pacted and induce subsidence (Mazzotti et al.,  2009; 
Törnqvist et al.,  2008). The subsidence driven by com-
paction generates accommodation to be filled by sedi-
ment and hinders delta progradation. The recent study 
on compaction of shallow Holocene deposits and delta 
progradation within the Lafourche subdelta showed that 
the compaction reduces ~13% in delta area gain in the 
millennium timescale, but only ~0.7% in the engineering 
timescale of 100 years compared to the delta under no 
compaction. The main reason behind this minimum ef-
fect of compaction in the delta growth is that compaction 
is proportional to the overbank deposit thickness, so the 
subsidence is mostly concentrated in the relatively narrow 
delta apex area where the topset is thickest (Chamberlain 
et al., 2021). In this regard, compaction will improve the 
accuracy in the land- building prediction, but the main 
findings in the current study should be still valid.
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We assume one trunk channel with a constant width 
to avulse over the delta plain, distributes sediment 
evenly and makes a symmetric radial- shaped delta 
instead of a distributary channel network (Wellner 
et al.,  2005). Furthermore, the river effluent plume 
spreading is not modelled (Albertson et al.,  1950; 
Bates, 1953) but the plume width is also assumed to be 
the same as that of the channel width. Whilst in nature, 
a river plume spreads laterally like a jet plume (Wellner 
et al.,  2005) when it enters a standing body of water. 
The constant width plume in the model transports mud 
longer distances than an expanding current can do 
because the expanding plume reduces its velocity sea-
ward. For this reason, the expanding plume can focus 
bottomset accumulation near the delta front, which 
in turn improves land building (Albertson et al., 1950; 
Bates,  1953). Although the presented model is simpli-
fied, it is capturing the sediment volume partitioning 
between delta sub- environments. The current study 
proposes the additional land areas gained through the 
bottomset deposition using the conservative predictions 
and yet demonstrates the significant effect of mud bot-
tomset in land building that we should consider in the 
future river diversion projects.

8  |  CONCLUSIONS

The previous models for land loss mitigation emphasize 
sand- size sediments even though (1) delta bottomset is 
being formed out of mud in the delta front and prodelta 
and (2) mud accounts for the most sediment transported 
in modern rivers to coastal deltas. The current study pre-
sents a numerical model with two moving boundaries, 
the shoreline and FBB that couples a simple advection 
settling model for suspended mud transport and depo-
sition in the bottomset reach. A series of flume experi-
ments with a bimodal sediment mixture at two different 
ratios was conducted. The model outputs match well the 
experimental results and demonstrate that the bottomset 
aggradation shortens the foreset and promotes the shore-
line progradation. We also applied the model to a natural 
system scaled with the WLD conditions and found that 
the mud bottomset (using the additional 10% to 50% mud 
across the shoreline retained in the bottomset) can pro-
mote 4.4%– 25.4% more land area over 100 years with the 
bottomset aggradation rates of 0.26– 1.22 cm/year that is 
well within the range of field observation. Our findings 
indicate that mud retention in bottomset may in fact pro-
mote a long- term gain in land building, therefore, sup-
porting for the restoration strategy by engineered river 
diversions.
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