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ABSTRACT: In-channel sand mining by dredge removes large quantities of bed sediment and alters channel morphodynamic pro-
cesses. While the reach-scale impacts of dredging are well documented, the effects of the dredged borrow pit on the local flow and
sediment transport are poorly understood. These local effects are important because they control the post-dredge evolution of the
borrow pit, setting the pit lifespan and affecting reach-scale channel morphology. This study documents the observed morphological
evolution of a large (1-46 million m®) borrow pit mined on a lateral sandbar in the lower Mississippi River using a time-series of
multibeam bathymetric surveys. During the 2-5 year time-series, 53% of the initial pit volume infilled with sediment, decreasing
pit depth by an average of 0-88 myr~". To explore the controls of the observed infilling, a morphodynamic model (Delft3D) was used
to simulate flow and sediment transport within the affected river reach. The model indicated that infilling rates were primarily related
to the riverine sediment supply and pit geometry. The pit depth and length influenced the predicted magnitude of the pit bed shear
stress relative to its pre-dredged value, i.e. the bed-stress reduction ratio (R*, a metric that was correlated with the magnitude and
spatial distribution of infilling. A one-dimensional reduced-complexity model was derived using predicted sediment supply and
R*to simulate patterns of pit infilling. This simplified model of borrow-pit evolution was able to closely approximate the amount
and patterns of sediment deposition during the study period. Additional model experiments indicate that, for a borrow pit of a set
volume, creating deep, longitudinally-shorter borrow pits significantly increased infilling rates relative to elongated pits. Study results
provide insight into the resilience of alluvial river channels after a disturbance and the sustainability of sand mining as a sediment

source for coastal restoration. Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction

Sand mining in alluvial rivers by hydraulic or bucket dredge
causes a disturbance within the geomorphic processes control-
ling the river form and function (Kondolf, 1997; Meador and
Layher, 1998). Dredging removes a significant volume of
sediment, typically from a channel bar, creating a large,
steep-walled excavation pit within the channel bed. The exca-
vation pit, commonly referred to as a ‘borrow pit’, directly
impacts the sediment transport regime by reducing the local
supply of bed sediment available for transport downstream. A
wealth of past research (e.g. Bull and Scott, 1974; Collins and
Dunne, 1989; Petit et al., 1996; Mossa and MclLean, 1997,
Rinaldi and Simon, 1998; Marston et al., 2003; Lou et al.,,
2007; Padmalal et al., 2008; Wishart et al., 2008; Kori and
Mathada, 2012) indicates that this reduction in sediment
supply may have a profound influence on the river channel
character during the lifespan of the pit, leading to deflation
within the proximal channel bar as well as bed incision and
textural coarsening further downstream. An additional impact
of the borrow pit is that it alters the hydraulic properties of the
flow (e.g.velocities and shear stress) as the flow approaches,

enters, and exits the affected area of the channel bed (van Rijn,
1986; Chang, 1987; Chen, 2011). One of the primary effects of
this altered hydraulic environment is the net reduction in sedi-
ment transport capacity which leads to an increase in sediment
deposition within the borrow pit, reducing the time it takes to
‘heal” the disturbance to the system (Simon, 1989; van Rijn
and Walstra, 2002). While the rate at which the infilling occurs
is an important variable because it sets the lifespan of the pit
and its impact on the fluvial system, little is known about its
controls in rivers. Theoretically, the borrow-pit infilling rate
would be dependent on the supply of sediment to the borrow
pit and the reduction of the fluvial forces within the borrow
pit that leads to sediment deposition (van Rijn, 1986); however,
the nature of these dependences has not been well quantified
into a coherent relationship using field observational data in
rivers.

In addition to instream mining, other anthropogenic
activities require the excavation of sediment from alluvial
channel beds and may result in the formation of borrow pit-
type landforms and impacts (Watson et al., 1999). For
example, dredging bed sediment to deepen channels for
improved navigation (e.g.Hossain et al., 2004; Ohimain
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2004) and flood control (e.g.Bird, 1980; Griggs and Paris,
1982; Bai et al.,, 2003) may result in elongated or diffuse
excavation pits that decouple the river channel morphology
from the river’s ability to transport its typical load of flow
and sediment in much the same manner as instream mining.
Despite the increased occurrence of these activities in major
waterways worldwide over the last few decades (IADC/IAPH,
2010; USACE, 2015), a survey of published literature suggests
that case studies of the local geomorphic response to these
activities are rare.

This paper reports the results of an investigation on the
relationship between sediment supply, borrow-pit flow
hydrodynamics, and borrow-pit infilling within a lower
Mississippi River (LMR) channel bar in Louisiana, USA using
both field-based and numerical methods. An improved under-
standing of infilling patterns and rates enhances the ability of
river engineers and managers to predictively model how a river
channel bar will respond to mining-related disturbances and to
schedule future dredging accordingly (van Rijn and Walstra,
2002). This ability also has theoretical implications, offering
insight on river-system resilience to morphodynamic
disturbances analogous to extreme natural events that cause a
sudden, high-intensity reduction in sediment supply such as
the formation of a debris (or ice, lava) dam or flood scour
(e.g. Gupta and Fox, 1974; Keller and Swanson, 1979; Costa
and Schuster, 1988; Grant and Swanson, 1995; Lapointe et al.,
1998; Smith and Pearce, 2002). Furthermore, accurate predic-
tion of the persistence of a borrow pit through time allows
resource managers to better assess the duration of its ecolog-
ical impacts, such as altered current velocities and water
quality (e.g.salinity, temperature, turbidity), which can
adversely affect aquatic and benthic habitats (Saloman et al.,
1982; Meador and Layher, 1998; Rempel and Church, 2009).

This paper has three primary objectives. The first objective of
this paper is to summarize and interpret field measurements of
borrow-pit evolution. The second objective is to investigate
how borrow-pit geometry affected the local river hydrodynam-
ics and how, in turn, the hydrodynamics affected bed sediment
(i.e.sand) transport and borrow-pit infilling. The third objective
is to formalize the relationship between pit geometry, flow
dynamics, and borrow-pit infilling into a one-dimensional
reduced-complexity model that replicates the observed
borrow-pit evolution.

Background
Sand mining in alluvial rivers

Alluvial river channels often contain large reserves of coarse
sediment (i.e.sands and gravels) that have utility to many
industries (e.g. commercial development, environmental resto-
ration) as a construction material (Langer and Glanzman,
1993; Meador and Layher, 1998). These reserves are the
product of natural fluvial suspended load and bedload
sediment transport processes that concentrate a well-sorted,
surficial and near-surficial sediment deposit. These deposits
typically have significant monetary value to industry because
of their accessibility and uniformity of material (Poulin et al.,
1994; Kondolf, 1997). The coarse sediment may be mined
using a multitude of different methods (Langer, 2003); however,
mechanical dredging is commonly employed to excavate
sandy material from submerged regions of the river channel
bed and bars. Dredging allows targeted removal of sediment
from a borrow area while minimally disturbing the surrounding
channel bed. The geometry of the resultant borrow pit is typi-
cally contingent on a priori conditions such as: (1) the volume

Copyright © 2015 John Wiley & Sons, Ltd.

of borrow material needed; (2) the method of extraction; (3)
the thickness and extent of the coarse sediment deposit; (4)
the potential impact of mining on nearby navigational channels
or on river bank stability.

In rivers, our contemporary understanding of borrow-pit
hydrodynamics and sedimentation is primarily limited due to
a lack of comprehensive field observations which are difficult
and costly to obtain; the majority of our knowledge on the
subject is theoretical and has been developed from numerical
and laboratory experiments (Kraus and Larson, 2001, 2002;
van Rijn and Walstra, 2002; Bender and Dean, 2003). There
are a small number of relevant field observational datasets in
river channels (e.g. Owen et al., 2012); however, the majority
of field-based borrow-pit research tends to be in coastal areas
that are significantly impacted by waves, tidal cycles, and
multi-directional currents (e.g. Kojima et al.,, 1986; Hoitink,
1997; Klein, 1999; Boers, 2005; Gonzalez et al., 2010;
Van Lancker et al., 2010) which reduces its application to river-
ine systems.

Fredsoe (1979), Bijker (1980), and Alfrink and van Rijn
(1983) were among the first to derive theoretical models of
borrow-pit morphodynamics. Their research identified two
general driving phenomena: (1) the transition of the upstream
channel into the borrow pit that increases the local river depth,
reduces the near-bed flow velocities, and promotes fluvial
sediment deposition and (2) the transition from the borrow pit
to the downstream channel that contracts and accelerates flow,
causing local bed sediment erosion. The net result of these
phenomena cause downstream translation of the pit accompa-
nied by gradual infilling in most environments; super-critical
flow may initiate significant erosion at the channel edge
upstream of the pit and cause net upstream translation (Ponce
etal., 1979).

Fredsoe (1979) predicted that borrow-pit infilling was
predominately a result of bedload transport rather than
suspended load transport. This was because the length-scales
of typical dredged pits are small relative to the length-scale
required for a significant fraction of the suspended sediment
to settle out of the flow due to the reduction in flow velocity.
More recent studies have sought to refine these theoretical
models by testing the average effects of parameters such as
borrow-pit geometry (Lee et al., 1993; Jensen and Fredsee,
2001; Roos et al., 2008), the pit location within a channel
(Neyshabouri et al., 2002), and the pit orientation relative to
dominant currents (van Rijn 1986; Jensen et al., 1999).

Van Rijn and Tan (1985) developed a comprehensive com-
putational model specifically designed to simulate sedimenta-
tion in submarine trenches (SUTRENCH) applicable to
engineering problems; it predicts sediment deposition primarily
as a function of sediment input, the approach velocity of the
flow, and trench geometry. While functionally the model is
applicable to riverine borrow pits, it has been predominantly
validated-in and applied-to marine applications (Walstra
et al., 1998; Klein, 1999; Walstra et al.,, 1999). Despite the
breadth of information produced by the studies identified
earlier, the relative absence of published research coupling
field observations with quantitative analyses, especially on
borrow pits in rivers, has limited further model development
and application to real word predictions in fluvial
environments.

Sand dredging in the lower Mississippi River (LMR)

The LMR below New Orleans, Louisiana has been increasingly
used as a source of sand for coastal restoration projects over the
last few decades as the magnitudes of the available sand within
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the channel system have become apparent (Allison et al., 2012;
Allison et al., 2014; Nittrouer and Viparelli, 2014). Recent sur-
veys estimate that there is approximately 250 million m?® of
sand located in the large channel bars that punctuate the chan-
nel (Moffatt and Nichol 2012a). These channel bars are
typically 10 to 30 m thick and consist of well-sorted fine and
medium sands between 0-12 and 0-4 mm in diameter (Finkl
et al., 2006). The top 1 to 2 m of these bars consist of modern,
seasonally mobile, deposits of fluvial bedload (Allison and
Nittrouer, 2004) covered in dunes, while deeper material is
likely relict sediment of similar texture.

As the LMR channel bars are increasingly exploited as
borrow areas for a wide range of uses, resource managers
have begun to examine their long-term sustainability (Khalil
and Finkl, 2009). Sand mining is sustainable if the exca-
vated sediment is recharged by new sediment supplied by
upstream sources. Sustainable recharge requires that two
provisions be met: (1) the sediment is, on average, not
removed at rates faster than it can be replaced and (2) the
new sediment has the same physical properties (e.g.grain
size) as the original bar material. In coastal Louisiana the
growing number of planned restoration projects in need of
sandy borrow material (Peyronnin et al., 2013), coupled
with the fact there are no signs that the significant rates of
land loss will naturally cease (e.g.Blum and Roberts,
2009), produce tremendous pressure to mine sand for marsh
creation and barrier island restoration at the maximum-
sustainable rate (Khalil and Finkl, 2009). The identification
of this optimal rate of sand mining is difficult because there
are few field studies illustrating how borrow pits evolve in
rivers and there is a paucity of predictive models applicable
to fluvial systems like the LMR. For example, past research
provides little insight into what environmental variables con-
trol the rate at which a borrow pit would infill in a real
world setting. Identifying these variables is vital to develop-
ing and managing sustainable sand mining activities.
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Study Area

From November 2009 to March 2010, approximately 3 million m?
of sediment was dredged from a ~1-0km? LMR channel bar
(Figure 1) to provide borrow material for the State of Louisiana’s
BA-39 Bayou Dupont marsh creation project (see Richardi et al.,
2013; http://lacoast.gov/new/Projects/Info.aspx?num=ba-39). For
the purpose of this paper, the river channel study site is referred
to as ‘Bayou Dupont’. The channel bar is located between river
kilometer (RK) 1017 and RK 105, measured as distance upstream
from the mouth of the LMR at the Head of Passes. The channel
bar is predominately composed of sands approximately 0-13 to
0-25 mm in diameter. The first bathymetric survey conducted af-
ter the cessation of the dredging activity (i.e. the first post-dredge
survey) occurred in May 2010; at that time the borrow pit was
280 000m? in area and 1-46 million m® in volume. Dredge
operators reported that significant borrow-pit infilling occurred
during the dredging period (Moffatt and Nichol, 2012b) so it is
likely that the borrow pit experienced significant evolution
between the actual cessation of dredging and when the first
post-dredge survey was completed. The maximum dredge depth
likely never exceeded an elevation of —21-3 m NAVDA83 (i.e. the
North American Vertical Datum of 1988); the lowest permitted
dredge elevation for that project.

In August 2012, a ~0-1km? fraction of the Bayou Dupont
borrow area was re-dredged by the US Army Corps of
Engineers (USACE) to provide material for a salt water sill
located at the downstream end of the channel bar. The sill
was a temporary submarine berm (8 m high, on average) con-
structed laterally across the channel thalweg to block the intru-
sion of salt sea water progressing up the Mississippi River
channel (Fagerburg and Alexander, 1994). This salt water
intrusion typically initiates during low river discharges
(<5660m>s™") and may threaten the water supply of the
New Orleans, Louisiana and other communities at discharges
lower than 2900 m>s~".

Bed Elevation
(m, NAVD88)

Regional (A) and reach-scale (B) maps of the study area in the lower Mississippi River, Louisiana, USA. The black polygon in B, shows the

approximate extent of borrow-pit area dredged in the lateral bar to at least a depth of 2:5 m prior to March 2010. The location of borings collected in
April 2012 (discussed in the Results section) are also plotted. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Copyright © 2015 John Wiley & Sons, Ltd.
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Methods

The study methods consist of three main components. The first
component is an investigation of a time series of bathymetric
surveys that document the morphological evolution of a LMR
channel bar borrow pit. Rates of borrow-pit infilling were
calculated from differencing the bathymetric surveys and
accounting for the length of the inter-survey time period. The
second component is the collection and analysis of observed
river discharge and sediment transport data at the up-stream
boundary of the study area to estimate flow and sediment
dynamics within the borrow-pit area which has little observed
data available. In the third component, a field data-calibrated
numerical model was employed to estimate the river hydrody-
namics around idealized and observed borrow-pit geometries
and to explore the temporal and spatial relationships between
local metrics of flow, in terms of boundary shear stress or ‘bed
stress’, and the observations of infilling. The model was also
employed to execute a scenario that estimated the amount of
sand transport routed into the borrow pit by river flow.

Calculation of borrow-pit infilling

Bathymetric survey data were collected over a 2-5year time
period at the study site using both single beam and multibeam
sonar imaging. A total of seven surveys were conducted,
beginning with one pre-dredge survey on August 2009 and
continuing at irregular intervals after the dredging was
completed in May 2010, January 2011, April 2011, May
2011, August 2011, and October 2012. The survey timing
was based on the priorities of state and federal management
agencies charged with monitoring the borrow area. The survey
data were interpolated to raster digital-elevation models
(DEMs) using the ESRI ArcGIS (http://www.esri.com/) environ-
ment. The horizontal resolution (cell size) of the DEMs were
dependent on the resolution of the processed sonar datasets
archived by the State of Louisiana/USACE and ranged from 1
to 8:5m”. Further description of the bathymetric survey
methods is included in the online Supporting Information.

Infilling rates were computed by first differencing the eleva-
tion (i.e. DEM raster cell values) of each consecutive survey
and then by dividing the results by the length of the time inter-
vals between the surveys. To quantify regional patterns of
infilling (or erosion) occurring within different areas of the
borrow pit and the proximal channel bar, spatially-averaged
infilling rates for 11 sub-regions of the study site were com-
puted (Figure 2). Eight of the sub-regions compose the borrow
pit (P1-P8). There are three additional sub-regions located
immediately upstream (Up), downstream (Down), and laterally
adjacent (East) relative to the borrow-pit location. To further
identify infilling trends through the study site, elevation was
measured along a longitudinal transect, X-X'. This transect is
also used to explore the results of the modeling experiments
discussed later in this section.

Visual analysis of the October 2012 survey DEM indicated
that a fraction of the study site, including approximately
25% of the upstream half of the borrow pit, was impacted
by the USACE sill dredging that occurred in August 2012.
To mitigate the effects of the sill dredging on the infilling
calculations, the sill borrow-pit area was clipped from the
October 2012 DEM and replaced with elevation values
predicted by linearly extrapolating the surrounding topogra-
phy through the clipped area. This procedure reduces the
precision of the elevation data in the clipped area but should
preserve broader spatial trends.

Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 2. Map of the eight borrow-pit sub-regions (P1-P8) and three
proximal bar sub-regions (Up, Down, East) for which sediment infilling
was analyzed. The black/dark gray areas on the channel bed shows the
approximate location of the main borrow pit. The longitudinal bound-
aries of these sub-regions are aligned with the pre-dredged elevation
contours, —12, —13-5, =15, and —24 m NAVD88. This map also shows
the location of transect X—X’ used for additional analyses in this study.

Estimation of flow and sand transport at the
up-stream boundary of the study area

The flow at the Bayou Dupont study site was estimated based
on river discharge data collected at or near the US Geological
Survey (USGS) river gauge station located at Belle Chasse,
Louisiana (USGS gauge number 07374525). High river
discharges are truncated downstream of New Orleans due to
the operation of the Bonnet Carré spillway (located at RK 206)
which is designed to divert up to 7100 m® s~ of river water into
Lake Pontchartrain for flood control purposes. The USACE ini-
tiates spillway operation when the river stage exceeds 5-:2m
NAVD88 at New Orleans which has occurred 10 times since
1937. The Belle Chasse station is the closest flow gauge to
the study site (within 18 km) that collects near-instantaneous
(six minute intervals) water measurements. River flow is
measured at this station using a fixed, horizontal acoustic
Doppler current profiler that was installed in 2008.

In addition to the river discharge data, fluvial sediment trans-
port was estimated for the river reach proximal to the Belle
Chasse station to provide upstream boundary condition data
for the numerical modeling employed by this study. The fluvial
transport of sand (sediment between 0-063 and 2:0 mm in di-
ameter) was estimated by coupling a bedform transport (Qg)
rating curve with suspended sand (Qss) data reported in Allison
et al. (2012):

Qg = 146.3 exp' 7784 7@ (1

Qs = 2.5 x107°Q* + 0.15Q-3.3 x 10* )

where Qg and Qs are in tonnes per day (T d=") and Q'is river
discharge in cubic meters per second (m*s™'). Both functions
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were derived using the Belle Chasse station flow data and
sediment measurements collected in the proximal channel
reach over the period of 2008 to 2010. Bedform transport was
calculated using the bathymetric differencing technique
outlined in Nittrouer et al. (2008). The suspended sand
discharge was estimated from boat-based sediment concentra-
tion measurements recorded using a depth-integrated water
sampling methodology (i.e.employing a D90-series isokinetic
sampler at five standardized depths per measurement station)
along a channel cross-section at three to seven stations. The
sediment concentration values were multiplied by river
discharge derived by boat-based acoustic Doppler current
profiler (ADCP) measurements to calculate values of sediment
flux. Equation (2) was derived for suspended sand transport
by removing sediment smaller than 0-064 mm in diameter from
the concentration measurements; sediment grains larger than
sand (>2 mm in diameter) do not make up a significant fraction
of the bed material in the LMR and were not observed in
suspension during the study period). Five large lateral channel
bars lie between the Belle Chasse channel reach and the study
site that may impact sand transport between the two areas by
serving as additional sediment sources or sinks depending on
local flow conditions and sediment loads.

Further information on flow data collection using ADCP
measurements at the Belle Chasse river gauge station and as
deployed by boat is included in the online Supporting
Information.

Numerical modeling

Numerical modeling scope

This study uses numerical modeling to simulate river hydrody-
namics in and around ‘idealized’ and ‘observed’ borrow-pit
geometries located on the Bayou Dupont channel bar. Model
runs employing idealized pit geometries were to identify
characteristic relationships between metrics of pit geometry
(e.g. mean pit depth, total pit length) and bed stress (e.g. magni-
tude and spatial distribution). Model runs employing the
observed borrow-pit geometries were to estimate the magni-
tudes and spatial distributions of bed stress within the observed
borrow pit at specific time steps (i.e.the bathymetric survey
dates).

Model overview

Flow and sediment transport were simulated using Delft3D, an
open-source multidimensional river hydrodynamics and sedi-
ment modeling package. Delft3D computes flow by solving
the Navier—Stokes equations of fluid motion and the equations
of sediment transport and continuity on either a two- or three-
dimensional curvilinear finite-difference grid. The model also
offers a number of turbulence models for the modeler to choose

Table I. Summary of model scenarios simulated for this study

from. The Delft3D code is well documented (http://oss.deltares.
nl/web/delft3d) and it is routinely used by the research commu-
nity to model river morphodynamics (e.g. Hajek and Edmonds,
2014; Matsubara and Howard, 2014; van Dijk et al., 2014).
The model employed by this study is a modified version of that
described in Gaweesh and Meselhe (in press).

An objective of the numerical modeling experiments in our
study was to calculate the magnitude and spatial distribution
of bed stress, the driver of sediment transport, in and around
the borrow-pit area. Delft3D computes bed stress (z,), depen-
dent on the two- or three-dimensional velocity profile, as:

Uju
5, =282 3)
where p is the density of water, g is acceleration due to gravity,
U'is flow velocity and Cis the Chezy roughness coefficient. For
two-dimensional simulations, U is set as the magnitude of the
depth-averaged horizontal velocity. For three-dimensional
simulations, U is set as the horizontal velocity for first hydrody-
namic layer of the model domain just above the river bed.

To simulate the three-dimensional river hydrodynamics in
the study area, a computation grid was created to represent
the LMR reach extending from RK 89-6 to RK 121-6. The grid
cell width was approximately 5m; grid cell length varied
between 5 and 30 m, increasing with distance away from the
borrow area. The vertical grid structure was composed of 30
vertical layers, stratified parabolically. The total grid height
was dependent on the modeled river stage. The modeled
bathymetry for the channel outside of the immediate study site
was based on interpolation of the USACE decadal single-beam
bathymetric survey; the bathymetry for the study site was
derived from the bathymetric surveys discussed in the previous
section.

Model scenarios

The hydrodynamic modeling scenarios (Table 1) were
developed to estimate parameters of the hydrodynamic flow
field, specifically the flow velocity and bed stress, around and
within the borrow-pit area. These scenarios employ four
‘idealized” and four ‘observed’ borrow-pit geometries. The
idealized geometries represent a rectangular borrow-pit
morphology (250 m by 1600 m in area) dredged to one of four
different uniform bed elevations (i.e. —15, —18, —20, and
—22m NAVD@88).The observed pit geometries were extracted
from the pre-dredge (i.e. August 2009), May 2010, January
2011, and the August 2011 bathymetric surveys. For each pit
geometry, four different steady river discharges were simulated.
To model a steady three-dimensional flow, Delft3D was run
using a single discharge until an approximate steady-state
condition was achieved. The four different discharge values
were selected to simulate the typical range of flows in the

Scenario type

Bathymetry

Discharge(s)

Hydrodynamic: idealized geometries (uniform pit depths)

e pit bed elevation=—15m

e pit bed elevation=—18m

e pit bed elevation=—-20m

e pit bed elevation=—22m

e Observed pre-dredged bathy
eborrow area=May 2010

Hydrodynamic: observed geometries (from survey data)

elow, 11327 m’s™!
eModerate, 19 822 m>s™"
3 —1

eHigh, 28317 m’s

oFlood, 33 980m>s ™"

eborrow area =January 2011
eborrow area = August 2011

Sediment transport

eborrow area=May 2010

o Observed hydrograph (May 2010-October 2012)

Copyright © 2015 John Wiley & Sons, Ltd.
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LMR: low (11 327m3s™"), moderate (19 822m>s™ ), high
(28 317m>s™ "), and flood level (33 980m>s™ ).

An additional scenario was setup to calculate the sand load
that entered the borrow-pit area and that was available to con-
tribute to the borrow-pit infilling during the study period. This
scenario predicted non-cohesive sand transport using the van
Rijn 1984 transport function which was partially developed
using Mississippi River based data (Van Rijn, 1984a, 1984b).
Sediment transport rates were prescribed at the upstream
boundary of the model domain based on the sediment
measurements collected within the Belle Chasse river reach.
Very fine, fine and medium sand (i.e. median diameter equal
to 0-083, 0-167, and 0-333 mm, respectively) were used to
represent the sand classes dominant in the river (Allison et al.,
2012; Meselhe et al., 2012; Ramirez and Allison, 2013). The
estimated spatial variation of the sediment thickness and bed
stratification was mapped into the model to differentiate
between sediment-rich areas (e.g.alternating sandbars) and
areas where no dune migration was assumed (e.g. thalweg line
and deep holes at river bends) (Allison and Nittrouer 2004).
The sediment thickness linearly varied between 10 m and zero,
while bedrock was assumed to exist at an elevation of —35m
NAVD88. This scenario employed the model domain and
bathymetry used in the May 2010 hydrodynamic scenarios
but with the horizontal resolution reduced by a factor of two
and simulated in two-dimensions for computational efficiency.
The objective of this scenario was to predict the volumetric flux
of sandy sediment into the Bayou Dupont borrow area rather
than to simulate the morphological evolution of the borrow
pit, therefore, the mobile bed capabilities of Delft3D were not
employed. This modeling technique was necessary because
of the relative absence of observational sediment transport
measurements available at or nearby the borrow area.

Model calibration

Model hydrodynamics were calibrated against observed depth-
averaged flow velocities and vertical-velocity profiles. Bed
roughness was used as a key variable during calibration tests.
Initial calibration was completed using observed flow veloci-
ties acquired at five cross-sectional river transects distributed
throughout the model domain using boat-based ADCP velocity
measurements during a 19 822 m?s~" river discharge (April 7,
2009 survey date). Generally, model performance was in good
agreement with the measurements, with an average coefficient
of determination value (r?) of approximately 0-82 (Legates and
McCabe, 1999), an average bias of 5:3%, and an average mean
error of 0-18ms~' (Meselhe and Rodrique, 2013). An
additional test was executed to confirm model performance
using observed flow data derived from 14 ADCP transects at
a 23 251m*s™! river discharge (April 13, 2010 survey date).
Performance metrics from this test had an average r* of 0-85,
a percent bias of 2:7%, and a mean average error of
0-22ms~'. Calibration tests found that a Chezy roughness
value of 65 reproduced the most realistic hydrodynamic envi-
ronment; this value is approximate to Manning’s roughness
coefficients (0024 to 0:026 dependent on flow depth) that are
routinely used to estimate flow velocity in the Mississippi River
(e.g.Jordan, 1965). The key model parameters selected for use
in this study following model calibration are shown in Table II.

Results

Field observations of borrow-pit infilling

Figure 3 shows the observed bed elevations for the borrow-pit
area calculated from the bathymetric DEMs analyzed in this

Copyright © 2015 John Wiley & Sons, Ltd.

Table 1l. Key model calibration parameters used in each model
scenario
Scenario type Model parameter Value(s)
Hydrodynamic  computational time step 0:1 min
Three-dimensional turbulence  k-Epsilon
closure method
computational time step 0-3 min

Sediment bedload function Van Rijn, 1984a,
Transport 1984b
Van Rijn reference height 1-5m
active layer thickness 0-5m
suspended sediment transport  advection-diffusion
Both bed roughness Chezy =65
horizontal eddy viscosity 0-1Tm?s™
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Figure 3.  Summary statistics of the bed elevation values computed for
the borrow-pit area from each of the seven bathymetric datasets. The
first, second, and third quartile values are abbreviated as Q.1, Q.2,
and Q.3, respectively.

study. The borrow-pit area was differentiated as the bar area lo-
cated within the eight borrow-pit sub-regions shown in Figure 2.
The initial, pre-dredge elevation of the borrow-pit area ranged
from —12 to —15m (NAVD88), averaging —13-14 m. Dredging
likely decreased the borrow-pit elevation by up to 9m, to
values approaching —22m which is the minimum dredge-
elevation permitted by law at this site. The mean borrow-pit
elevation was —16-7 m during the first post-dredge bathymetric
survey (May 2010) and increased to —14-73 during the last
post-dredge survey (October 2012). Between May 2010 and
October 2012, the mean borrow-pit elevation increased at an
average rate of 0-88 m per year. The borrow pit increased in
elevation during each inter-survey time period except between
January 2011 and April 2011.

Figure 4 shows the longitudinal transect X-X’ of the channel
bar bathymetry for multiple survey time periods. The August
2011 data indicate that some locations (i.e. the upstream third)
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Figure 4. Bed elevation transect X—X' computed from the bathymetric
datasets. The location of the transect is shown in Figure 2. Arrows
labeled L1, L2, and L3 show the approximated location of the upstream
edge of the borrow in May 2010, January 2011, and August 2011,
respectively.
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of the borrow pit were approaching the pre-dredged elevation
while other areas experienced much less change. Figure 4 also
shows that a large fraction of the longitudinal variation in eleva-
tion occurred at length scales less than 100 m. Much of this
variation was due to the presence of large mobile bedforms that
had typical heights approaching 0-5m and wavelengths near
20 m within the pit.

Table Il summarizes the calculated sediment infilling that
occurred in the study site during each inter-survey period.
Table Il includes the spatially-averaged values for each sub-
region as well as the average value for the borrow pit and the
outer channel bar areas. The extents of the bathymetric surveys
were not uniform so data coverage in each of the outer sub-
regions (i.e. Up, Down, East) varied between surveys. Analysis
of two geotechnical borings collected within the study site
(the boring locations are shown in Figure 1) in April 2012
indicate that the newly deposited material was similar in
texture as the initial bar material (see online Supporting
Information for a full description of this analysis).

A comparison of the infilling rates in the borrow-pit sub-
regions indicates that the maximum amount of infilling initially
occurred at the upstream-edge of the borrow-pit area and
translated downstream over time. There was also a tendency
for the deeper sub-regions in the eastern half of the pit to
infill at greater rates than the shallower western sub-regions
when the average bed depths were standardized by initial
depth (i.e.accounting for the fact that initially deeper pit
regions can accommodate more total infilling than
shallower regions). Over the study interval, the spatially
and temporally averaged infilling rates for the borrow-pit
sub-regions P1 and P2 (i.e.the upstream most sub-regions),
P3 and P4, P5 and P6, and P7 and P8 (i.e.the downstream
most sub-regions) were 0-46, 0-40, 0-37, and 0-13myr '
per meter pit-depth respectively. The average infilling rates
for the eastern (P2, P4, P6, and P8) and western (P1, P3,
P5, and P7) sub-regions were 0-43 and 0-26myr~' per
meter pit-depth respectively. Figure 5 shows the spatial dis-
tribution and degree of infilling computed for each inter-
survey period.

The average rates of pit infilling tended to scale temporally
with the elevation changes observed in the outer bar area,

indicating that the infilling rate likely had some dependence
on the bar-wide sediment dynamics. For example, between
January 2011 and April 2011, both the borrow-pit area and
the outer channel bar experienced relatively large values of
net erosion. This could indicate that, during this time period,
the channel bar was experiencing general deflation which tem-
porarily overwhelmed any infilling processes active within the
borrow pit. Further, Figure 5 shows that many areas of the bor-
row pit that experienced infilling correspond to the location of
large bedforms which are the product of the bar-wide sediment
dynamics rather than infilling processes. In the elevation-
change maps (Figure 5), the locations of these bedforms appear
as large curved stripes organized perpendicular to the flow
direction. The three outer bar sub-regions experienced a loss
of mean bed elevation during the first inter-survey period that
included the initial dredging (August 2009 to May 2010). It is
unclear if the magnitude of this apparent erosion outside of
the borrow pit was influenced by the dredging operation,
directly, from errant dredging, or indirectly, from the effects of
the reduction to the local sediment supply.

Estimated flow and sand transport near the Belle
Chasse river gauge station

The range of flows and sand transport rates computed for the
LMR at the Belle Chasse river gauge station (i.e.at the up-
stream boundary of the study area) is shown in Figure 6. During
the dredging period, the river experienced multiple hydrograph
peaks, fluctuating between 15 000 and 30 000m?*s~'. The
Mississippi River experienced a record flood in 2011, exceed-
ing 37 000m>s™". During the peak of the flood hydrograph
(May 9 through June 20), the USACE opened the Bonnet Carré
spillway, located 101 km upstream of the Bayou Dupont
channel bar, as a flood control measure, which limited river
flow through the study area. The timing of the rising limb of
the 2011 flood hydrograph corresponds to the inter-survey
period when the borrow-pit bed experienced net erosion
(i.e.January to April 2011). In 2012, the river experienced a
spring peak near 29 700m>s~" followed by a period of very
low flow (~ 5000 m>s™").

Table I1I.  Spatially averaged infilling for each inter-survey time period for each sub-region identified in Figure 2
Infilling between surveys (m)
August 2009— May 2010- January 2011- April 2011- May 2011- August 2011-
Sub-region May 2010 January 2011 April 2011 May 2011 August 2011 October 2012
Borrow pit
P1 -2-57 0-67 (26°1) -0-55 (4-5) 0-87 (38-5) 0-74 (67-2) 0-04 (68-9)
P2 -2-53 1-33 (52-6) -0-26 (42-2) 0-57 (64-8) 0-39 (80-1) 013 (85-4)
P3 -4-02 0-67 (16-8) -0-74 (-1-6) 0-76 (17-2) 1-60 (57-1) 0-29 (64-3)
P4 -2-64 0-72 (27-1) -0-51 (7-9) 1-44 (62-4) 0-01 (63-0) 0-57 (84-7)
P5 -4-56 061 (13-3) -0-72 (-2+5) 078 (14-5) 1-07 (38°1) 0-64 (52-2)
P6 -2-50 0-42 (16-7) -0-81 (-156 1-03 (25-4) 0-98 (64-5) 0-49 (84-1)
P7 —4-27 0-57 (13-4) -0-97 (-9-2) 0-39 (0-0) 0-79 (18-5) 0-48 (29-7)
P8 -1-94 012 (6-4) -1-01 (-456 0-35 (=27-7) 0-83 (15-1) 065 (48-3)
Average -3-55 063 -0-74 072 0-88 0-45
Average rate per year 0-89 —4-22 6-12 3-38 0-38
Outer bar
Up -0-41 0-00 -0-70 0-24 0-64 0-10
East -1-39 0-41 -0-36 -0-14 0-43 -0-17
Down -1-65 011 -1-10 -0-22 0-58 1-80
Average -1-36 0-26 -0-64 -0-12 0-47 0-27

Note: Values in parentheses represent the cumulative percentage of the initial borrow-pit depth that has infilled by the conclusion of that period.

Copyright © 2015 John Wiley & Sons, Ltd.
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Infilling for inter-survey
periods (by start date):
| (A.) May 2010

| (B.) Jan. 2011
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| (D.) May 2011

(E.) August 2011

Maps showing the infilling computed for five inter-survey time periods. The black dashed polygon identifies the sub-region that experi-

enced the greatest average infilling for each inter-survey period. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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Figure 6.

Flow discharge and combined suspended and bedload sand transport (Qs) calculated for the lower Mississippi River near Belle Chasse,

Louisiana (location shown in Figure 1) for the study period. The plot shows the relative timing of the dredging, bathymetric surveys, and 2011 river
flood. The black dashed line shows the median mean-daily river discharge for the period of gauge operation, 2008-2015. The gray dashed line shows
the estimated mean-daily sand flux calculated using the average-annual hydrograph and Equations (1) and (2). This figure is available in colour online

at wileyonlinelibrary.com/journal/espl

Typically in the LMR, rates of total sand transport do not be-
come significant until river discharge exceeds 10 000 m*s™"
which is the approximate threshold at which sand becomes
suspended in flow (Ramirez and Allison, 2013). The discharge
record over the study interval indicates that little sand was in
transport (1) between August 2010 and April 2011, (2) between
August 2011 and December 2011, and (3) from May 2012
through to the end of the study (i.e. October 2012).

’

Copyright © 2015 John Wiley & Sons, Ltd.

Results of the hydrodynamic numerical model
scenarios

The hydrodynamic model scenarios that employed idealized
borrow-pit geometries predicted that the borrow pit significantly
impacted the hydraulics of the full depth profile of the flow.
Figure 7 illustrates how the model predicted that the borrow
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Figure 7. Modeled flow velocity (in m s~ profile along a central lon-
gitudinal transect X-X’ of the borrow-pit area. The data are derived
from the model scenario employing the borrow pit with the idealized
bed elevation at —22 m NAVD88 and the ‘high’ river discharge. The
depth-averaged trend, in terms of flow acceleration (+) and decelera-
tion (—) is shown at the bottom of the plot.

pit typically reduced flow velocities relative to the upstream
values in two distinct areas along the transect X-X’, (1) as flow
initially enters the borrow pit and (2) as the flow approaches
the downstream edge of the borrow pit. As a flow volume
entered the borrow pit, the flow velocity was reduced by up
to 20% of the value computed immediately upstream and
remained generally below the pre-dredged values along the
entire length of the borrow pit. Figure 8 shows how bed stress
varied along the same longitudinal transect for four borrow-pit
geometries and two river discharges. Within the borrow pit,
values of bed stress were lowest at the immediate upstream
edge of the pit and increased at a decreasing rate with
distance downstream, approaching the pre-dredged value
after approximately 1000m. Bed stress was also relatively
low at the very downstream edge of the borrow pit as the flow
velocity slowed upon approaching the pit wall. The model
predicted that bed stress abruptly increased immediately
downstream of the pit as the flow accelerated to accommo-
date the reduction in flow depth. In general, the model results
predicted that the magnitude of bed stress within the borrow
pit was strongly dependent on the borrow-pit depth and
longitudinal position within the pit. While the absolute

magnitude of the spatial variation in bed stress was also
dependent on the river discharge, bed stress expressed as a
percentage of the pre-dredged value only varied by + < 0-5%
due to changes in the discharge value.

Results of the sediment transport model scenario

The volume of sand predicted to enter the study site over the
2-5 year study period was estimated by the Delft3D sediment
transport scenario and is summarized in Figure 9. Using the
sand transport values calculated from measurements at or
near the Belle Chasse river gauge station to populate the
upstream sediment boundary conditions, the model predicted
approximately 68 million tonnes (T) of sandy sediment
entered the study site river reach; of that volume, 40%
was predicted to have been routed to the borrow-pit area
(which spans 20 to 30% of the total wetted width of the
channel). Approximately 95% of the sediment routed into
the borrow-pit area entered through the upstream edge.
Within the study site, 3 to 4% of the predicted longitudinal
(parallel to the mean flow direction) sediment transport was
bedload and 10 to 15% of the predicted lateral transport
was bedload. The model did not update bed bathymetry in
response to sediment deposition or erosion so the results of
this scenario cannot be used to directly calculate a reach-scale
sediment budget.

Discussion
Observed patterns of infilling

The bathymetric datasets do not record a coherent temporal
pattern of borrow-pit infilling. Despite the dense time series of
observations reported in this study relative to other similar
datasets (e.g. Rempel and Church, 2009; Owen et al., 2012),
the length of the time series was not long enough to define a
statistically significant trend given the high variability of the
mean inter-survey infilling rates, which range from
—4-22myr~" (erosion) to 6:12myr~'. Fitting a linear trend line
to the field data and extrapolating the trend into the future pre-
dicted that the time required for the observed borrow pit to
completely infill was 4-4 years.
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Figure 8.
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The predicted bed stress along transect X=X’ for multiple idealized pit geometries and the pre-dredged channel and two simulated
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Into Study Area:
* Bed load: 1.96 x 10°
Suspended Load: 6.55 x 107
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(38 % of sediment entering study area)
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Figure 9. Predicted accumulated volume of sandy suspended and
bedload transport entering the study area between May 2010 and
October 2012. Percentage values show the fraction of the total sand
input that enter the borrow pit during the study interval.

If the erosional period between January 2011 and April 2011
was removed as an anomalous data point from the dataset by
only considering data from after that period (April 2011 to
October 2012), the temporal pattern of infilling appeared
logarithmic, with the rate steadily decelerating over time. In this
case, when infilling was characterized as a logarithmic func-
tion rather than a linear trend line, the time required to infill
the May 2010 borrow pit increased to 59 years. A previous
modeling study of borrow-pit infilling in the LMR (i.e. Moffatt
and Nichol, 2012b) found that infilling rates tended to follow
a logarithmic rather than a linear pattern over time periods
between one to three years. However, past research on the
morphology of the LMR channel (e.g.Davies, 1966; Ray,
1979; Ramirez and Allison, 2013) indicates that alternating
periods of bar- or reach-scale bed erosion and aggradation
may be commonplace at sub-annual timescales, suggesting
that a period of bar-wide erosion may not be anomalous within
the study period. The period of channel bar erosion identified
in this study (i.e.spring 2011) was characterized by rapid fluc-
tuations in river discharge which may have temporarily
decoupled the typical balance between the channel sediment
transport capacity and the amount of sediment supplied by
upstream sources (assumed to be channel bars not further than
tens of kilometers upstream). The mean spring-time sand trans-
port rate for the LMR at Belle Chasse relative to that estimated
for 2011 is shown in Figure 6. The rapid rise of the 2011
Mississippi flood hydrograph suddenly increased the sand
transport capacity by approximately 200% of the mean
spring-time value.

Perhaps the most coherent spatial pattern identified in the
observed infilling dataset was the downstream translation of
the zone within the borrow pit that contained the highest local
infilling rates. This zone was generally located immediately
downstream of the upstream-edge of the borrow pit, which
itself translated downstream over time (identifiable in Figures 4
and 5). The hypothesized processes causing this pattern
include: (1) as flow passed over the steep elevation gradient
located at the transition between the upstream channel and
the borrow pit, the sediment transport capacity of the flow
declined due to the sudden drop in bed stress; (2) in response
to the reduced transport capacity, sediment drops from the flow
and becomes deposited in the pit; (3) the rate of sediment depo-
sition decreased with downstream distance due to a gradual
decline in the bed stress gradient; (4) this differential in sedi-
ment deposition allowed upstream pit areas to infill and return
to their pre-dredge elevation faster than downstream areas; (5)

Copyright © 2015 John Wiley & Sons, Ltd.

once an upstream area sufficiently infilled, its hydrodynamics
(velocities and bed stresses) returned to its pre-dredged state
and the channel-pit transition zone shifted to a position down-
stream of that area. This pattern is suggestive of results reported
in previous modeling studies (e.g. Fredsoe, 1979; Ponce et al.,
1979; van Rijn, 1986) which also typically identified a
tendency for the channel bed immediately downstream of the
borrow pit to erode as flow was accelerated out of the relatively
deep pit into the shallower channel. The modeling studies
predicted that, coupled with the selective infilling occurring
at the upstream zone of the borrow pit, the erosion of the down-
stream channel bed would cause the apparent position of the
borrow pit to translate in the downstream direction. While
some bed erosion was observed downstream of the Bayou
Dupont borrow pit, the observed pit position remained
relatively stable during the period of analysis.

Similar to borrow-pit infilling, infilling rates in surface-water
reservoirs located upstream of river dams are typically greatest
at the transition between the incoming river channel and the
reservoir basin (Morris and Fan, 1997). However, the bed stress
gradient is much steeper in reservoirs than river-channel
borrow pits as the flow velocity is reduced to near zero in the
reservoir pool, as opposed to within the observed borrow pit,
where the flow velocity was only reduced by a maximum of
20% of value immediately upstream. Because of this
difference, models of reservoir infilling, which are often based
on the mechanics of delta propagation (Morris et al., 2008),
are not likely applicable to borrow-pit infilling.

The effects of borrow-pit geometry on predicted
bed stress

To identify how metrics of borrow-pit geometry affected the
local bed-stress field, predicted values of bed stress for the
initial pre-dredged channel bathymetry and the idealized
borrow-pit geometries were computed along the transect X-X’
and averaged at 200 m intervals. The ratio of the pre-dredged
and borrow-pit bed stress values, referred to herein as the
bed-stress reduction ratio (R*),

R* = 71, /tpho 4)

where 1, is the initial pre-dredge bed stress, were calculated
for each pit geometry and simulated river discharge. However,
as discussed in the hydrodynamic-modeling results section, the
relative ratios of 7,5 and t}, for each modeled pit geometry were
relatively insensitive to flow discharge so it is assumed that the
effect of discharge on R* can be neglected from further
analyses.

Comparison of R* and metrics of pit geometry found that R*
decreased with borrow-pit depth below the initial pre-dredge
channel elevation (d) and with horizontal distance from the
upstream-edge of the borrow pit (x,). Values of R* scaled line-
arly with d and exhibited a more complex relationship with
Xp. Values of R* increased logarithmically with x, except in a
small area of the pit bed very near the downstream-edge of
the pit. In this area, the downstream edge of the borrow pit
obstructed the approaching flow and reduced the horizontal
velocity of the flow to near zero (as observed in Figure 7). This
reduction in flow velocity led to a localized decrease in R* with
increasing x, until the flow volume was routed up and out of
the pit into the channel downstream.

The dependence of R* on d agrees with the mathematical
analysis in van Rijn and Walstra (2002), which predicts that
the difference between the upsteam flow velocity (U,) and
the velocity in the borrow pit (Up) would scale with ratio of
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the initial flow depth (h,) and the flow depth in the borrow-pit
area (hpy7) in accordance with the continuity equation:

Upir = Us(ho/ hpir). (5)

The range of borrow-pit depths examined in this study
typically increased overall flow depths by 10 to 30% of the
pre-dredged value and resulted in the same approximate
percentage decrease in depth-averaged flow velocities within
the borrow pit. As suggested by Equation (3), the reduction in
bed stress scaled with the square of reduced flow velocities.

Figure 10 summarizes the relationship between R* d, and x,,.
Near the upstream-edge of the borrow pit, R* values are below
0-9 for pit depths exceeding 3 m and below 0-8 for pit depths
exceeding 6 m. For reference, the USACE may permit dredge
depths down to 15 m below the channel bed level within the
LMR dependent on local channel and flood-control levee prop-
erties (Moffatt and Nichol, 2012a).

The relationship between predicted bed stress and
observations of borrow-pit infilling

To quantify how bed stress, in terms of the bed stress reduction
ratio (R*, affected borrow-pit infilling, R* values for the
observed borrow-pit geometries (i.e. May 2010, January 2011,
and August 2011) were computed along the longitudinal tran-
sect X—X" at T0m intervals. These values were then compared
to the magnitude of observed infilling that occurred during
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Figure 10. The modeled relationship between borrow-pit depth (d)
and spatially-averaged R* for 200 m longitudinal sections of a borrow
pit with a total length of 1600 m. The relationships are fit by applying
a linear trend line to the Delft3D model results.

t = May 13, 2010

t=Jan. 27, 2011

the following inter-survey period along the same longitudinal
transect.

Figure 11 shows the relationship between R* and infilling
within the borrow pit. Values of infilling were negatively
correlated with R*, using both standard (Pearson’s) and non-
parametric (Kendall’s Tau) correlation tests. Non-parametric
correlation was performed because the distribution of variable
values did not meet the definition of a normal distribution at
95% confidence. Results shown in Figure 11 indicate that
the further the bed stress deviated from its pre-dredged value
(i.e. the pre-dredge R* value=1) at a given location, the more
likely that location would experience bathymetric evolution
during the following inter-survey period. Pit areas with bed
stress significantly below the pre-dredged values were more
likely to infill, while pit areas with bed stress above the pre-
dredged value were more likely to erode. As areas with
relatively low R* values were typically associated with the
deepest borrow-pit areas, the net result of this pattern of depo-
sition and erosion would be gradual channel evolution back
to its pre-dredge bathymetry.

An R*based modeling experiment to simulate
borrow-pit infilling

To further examine the dependence of R* on borrow-pit evolu-
tion, a reduced-complexity numerical-modeling experiment
was devised. The objective of the modeling experiment was
to test if the patterns of observed borrow-pit infilling could be
accurately simulated using the simple relationships between
borrow-pit geometry, bed stress, and pit bed evolution identi-
fied in this study. Reduced-complexity models have been
increasingly used over the past decade to investigate the role
of different geomorphic processes on landscape evolution by
selectively activating or excluding specific aspects of the
governing physics (Murray, 2007; Nicholas, 2010). The model
computes sediment infilling longitudinally along a one-
dimensional borrow pit based on R* values estimated by
locally-averaged pit depth and distance from the upstream
edge of the borrow pit (i.e. d and x,). A detailed description of
the model of borrow-pit infilling used for this experiment is
included in the online Supporting Information.

Results of the modeling experiment

The reduced-complexity modeling experiment calculated that
over the 2-5year study period, 55% of the initial borrow-pit
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Figure 11.  The relationship between modeled R* and the observed sediment infilling for three survey periods (beginning May 2010, January 2011,
and August 2011) along transect X—X'. The sediment infilling is calculated as the depth of the infilling observed during the following inter-survey
period (e.g.for t=May 2010, the inter-survey period spans from that date to the next survey date, January 2011) averaged at 10 m intervals along
the transect. In each plot the r value is given for the linear regression trend line shown, as well as the Pearson’s correlation coefficient (1 and Kendall’s
Tau coefficient (Ty). Each test coefficient is significant to at least 99-9% confidence.
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volume (1-46 million m?) would infill with sand. This calcu-
lated value is remarkably similar to the observed value derived
from the bathymetric survey dataset (53%). Figure 12 shows
both the calculated and the observed cumulative sediment
infilling over the study period. The results of the modeling
experiment generally resolve the temporal trend in the
observed values, differentiating periods of relatively low and
relatively high infilling; over each inter-survey period, the
model typically predicted cumulative infilling within+5 to
50% of that observed. The modeling results did not reproduce
the observed period of net erosion between January 2011 and
April 2011. This may be because the modeling results
estimated sediment supply as a simple function of upstream
bed stress and cannot resolve hysteresis effects originating from
sediment supply limitations. As discussed previously, the rise of
the spring 2011 flood hydrograph rapidly increased the
sediment transport capacity of the LMR. If upstream sediment
supply was unable to keep pace with the increase in sediment
transport capacity during this time period, sediment supply
limited transport conditions would have prevailed or, if already
present, become significantly enhanced.

The calculated pattern of the longitudinal borrow-pit infilling
is illustrated in Figure 13. The model experiment predicted a
slightly steeper longitudinal decline in cumulative infilling
relative to that indicated by the final observed pit bathymetry.
The model predicted that the initial upstream length of the
borrow pit essentially infilled to the pre-dredge elevation while
the elevation of the downstream margins of the borrow pit
experienced little change or net erosion. The difference in the
spatial pattern between the calculated and observed infilling
is likely due to the simplicity of the employed model versus
the complexity of the channel sediment dynamics. For
example, the model predicts that sediment transport rates im-
mediately adapt to the prescribed levels of bed stress, which
is typically not the case in real-world fluvial environments
(Phillips and Sutherland, 1989; Chen et al., 2010; Gouverneur
et al., 2013), especially in turbulent, high-velocity flow, where
sediment settling may experience significant lag effects
(e.g. where horizontal velocity > > sediment settling velocity)
(Van Rijn and Walstra, 2002). A numerical modeling study by
Knaapen and Kelly (2012) found that incorporating these lag
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Figure 12.  (A) Total sand transport into the borrow-pit area (sediment
supply) and the fraction of that transport that was deposited within the
pit (infilling) as calculated by the reduced-complexity model. Also
shown are the observed values of infilling derived from the bathymetric
surveys. Note that the datapoint for the April 2011 survey is negative
and is not shown on this plot. Inset plot (B) shows the observed versus
calculated percentages of the total infilling that occurred during each
inter-survey period.
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Figure 13. The calculated and observed (Obs.) borrow-pit bed
bathymetry over the period of analysis. Infilling is computed at the
centroid of each of the 10 longitudinal cells of the pit using
spatially-averaged geometries and sediment transport values. Bed
bathymetries are shown for four time intervals: 1, 100, 500, and 897
(Final) days.

effects in a physics-based trench infilling model reduced the
longitudinal gradient of infilling and generally increased the
predictive accuracy of the model. Further, a significant fraction
of bed material transport in the LMR takes place through the
translation of large bedforms (i.e.dunes). Recent research
(Nittrouer et al., 2008; Ramirez and Allison, 2013) has shown
that these dunes may rapidly change size and position over
short timescales (i.e.on the order of days) in response to the
hydrodynamic environment. For example, Nittrouer et al.
(2008) reports that dunes in the LMR routinely reach heights
(3 m) that would approach the initial depth of the borrow pit
during large river discharges ( > 20 000 m*s™"), and that dune
heights may even exceed 10 m during large floods. Bed material
flux due to these large dunes creates unsteady modulations in
the local sediment transport regime which may diffuse broader,
more gradual temporal or spatial trends of bed evolution
(McElroy and Mohrig, 2009) such as those caused by infilling
processes.

The fact that the modeled values of cumulative borrow-pit
infilling closely approximate the observed values suggest that
the processes simulated within the model experiment may be
adequate to predict borrow-pit infilling rates in Mississippi
River channel bars and similar fluvial systems. The model
calculates infilling as simple functions of only two types
of parameters: sediment supply and borrow-pit geometry
(i.e. borrow-pit depth and longitudinal length). The identifica-
tion of the key parameters in this study offers insight into the
key mechanics of infilling processes in general, improving our
ability to build simple, accurate, and widely applicable tools
to better manage sand mining in rivers. For example, models
like that proposed earlier can be used to select a pit geometry
that produces the fastest infilling rate. Figure 14 shows the re-
sults from three additional reduced-complexity modeling exper-
iments that calculated cumulative infilling for a 1-5 million m*
borrow pit with different initial bed depths (3, 5, 10 m). For each
experiment, the mean-annual LMR hydrograph (calculated
from the eight-year period of record at the Belle Chasse river
gauge station) was cycled (one full cycle=one annual
hydrograph) to predict sediment supply into the pit area until
the borrow-pit depth became negligible (< 1 m). The initial
conditions of the model domain were set so that an increase
in the initial pit bed depth was offset by a decrease in the initial
pit length to maintain a single initial pit volume (the initial pit
footprint was rectangular with a uniform, flat bed and a constant
250 m pit width). Interpretation of the results of these idealized
experiments indicate that relatively deeper borrow pits infill at
significantly faster rates than elongated pits. Increasing the
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Figure 14. Modeled relationship between sediment supply, borrow-
pit geometry (i.e. initial pit depth, and length), and borrow-pit infilling
for a borrow pit with an initial volume of 1-5 x 10° m>. Infilling for three
different borrow-pit geometries are shown; initial pit volume and width
are held constant. Both cumulative sediment supply and cumulative
infilling are standardized by the initial borrow-pit volume.

initial borrow-pit depth from 3 m to 5m, increased the mean
infilling rate by a factor of three; increasing the initial pit depth
from 3 m to 10 m, increased the mean infilling rate by a factor
of eight. These results suggest that, to minimize the time
required for a borrow-pit bed to infill to its approximate
pre-dredged elevation, borrow-pit design should favor deeper
rather than longer borrow-pit geometries. Reducing borrow-
pit recovery time increases the frequency at which the borrow
area can be sustainably mined (as defined in the Introduction)
and reduces the duration in which the borrow pit would affect
the natural flow and sediment transport regime of the river
reach.

The impact of borrow pits on flow and sediment
transport and its implications for channel recovery

This study helps to illustrate the direct impacts of a borrow pit
on the local flow and sediment transport fields within the
surrounding channel. From an engineering perspective, these
impacts are significant because they influence the post-dredge
evolution of the borrow pit, including the dimensions, location,
lifespan of the pit, and the duration in which the pit will
produce both direct and indirect reach-scale impacts on the
channel morphology and sediment transport. If river engineers
can accurately predict the extent and duration of these impacts,
dredging operations can be better optimized to extract the
maximum amount of borrow material while keeping the spatial
and temporal extent of the affected environment to a minimum.
The borrow pit analyzed in this study initially disrupted the
local flow regime, reducing predicted flow velocities by up to
20%, but most of this disruption had likely dissipated within
two to three years after dredging. Observations show that at
the conclusion of the 2-5year study period, over half of the
borrow-pit volume had infilled with new sediment.
Interpretation of the results from the reduced-complexity
modeling experiment indicate that the mean rate of infilling
decreased as the borrow-pit depth decreased. As the borrow-
pit depth returned to its pre-dredge elevation, the pit bed stress
also returned to its pre-dredge value which increased the
amount of sediment that was passed through the borrow-pit
area rather than became deposited and stored within it.

Copyright © 2015 John Wiley & Sons, Ltd.

Modeled rates of infilling suggest that, within the first six
months of the study period, 11% of the sand routed through
the borrow-pit area was entrapped while, during the final six
months of the study period, that value decreased to 5%. Model
results also suggest that the borrow pit trapped less than 2% of
the total sand entering the study site river reach over the study
period, a result also supported from interpretation of the
observed infilling data coupled with the Delft3D sediment
transport predictions. Based on the modeling results and the
observational data it is likely that sediment entrapment within
the pit area, as well as the other reach-scale impacts, continued
to decline with passing time. If the reduced-complexity model
was run for an extended hypothetical time period that continu-
ally cycled the mean-annual LMR hydrograph, the model
results estimate that a Bayou Dupont-size borrow pit would
infill to more than 95% of its initial bed elevation 10 annual
cycles after dredging. In this simplified case, the model results
suggest that a 10year interval between dredging campaigns
may be necessary to ensure long-term sustainability of the
borrow site. The ability of this type of model to accurately pre-
dict total infilling is uncertain as there are currently no valida-
tion observational datasets that document the full recovery of
a borrow pit. In contrast to the reduced-complexity model
results, the extrapolation of the observed infilling patterns (as
identified at the beginning of the Discussion section) suggests
that the pit may infill in less than six years.

Predictions of channel recovery relative to
alternative field observations and geomorphic
theory

Due to the relative scarcity of field studies on borrow-pit
infilling in fluvial systems, there are few alternative observa-
tional datasets available to compare the results of this study.
Rempel and Church (2009) examined the effects of in-stream
mining on a gravel bar in the Fraser River, British Columbia,
Canada, a river with bed sediment loads (2:5x10*T d™') in
the same order-of-magnitude as the Mississippi River. Approxi-
mately 1-8 x 10° T of sediment was removed from the top of the
bar by scalping, a mining technique that removes the top-most
layer of sediment without excavating a true borrow pit, over a
period of days. In three years, approximately 30% of the
scalped sediment was replenished, with the vast majority of
the new sediment deposited during one seasonal flood in the
third year. Similarly, recent observations of channel bed
evolution in response to moderate, repeated gravel mining
in the Mad River, California, USA (typical sediment
loads =~ 60-800T d~'; mining removes 1-12x10°Tyr™" of
gravel, on average) suggest that sediment infilling at that
location is primarily influenced by the peak river flows
(Knuuti and McComas, 2003; Lehre et al., 2009). Lehre
et al. (2009) indicate that between 1993 and 2007, the
mean annual rate of sediment infilling within the Mad River
channel bed, as derived from topographic survey data, was
correlated with the peak annual river discharge (which
ranged from 433 to 1546 m>s ' during the study period).
Owen et al. (2012) reports observations of borrow-pit
infilling within a small (bankfull discharge~500m*s™")
sand-gravel river channel. The observed borrow pit (pit
volume = 400 m> ) was reported to have maintained a static
position within the channel bed (no translation) and to have
infilled in less than a year, primarily due to inputs of
bedload sediment during a single flood event. The results
of Rempel and Church (2009), Lehre et al. (2009), and
Owen et al. (2012) suggest that, in beds with coarser
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textured bed than the LMR, infilling processes may be much
more pulsatory than that reported in this study, and are reliant
on large flooding flows due to the lower relative mobility of
the bed sediment.

Rovira et al. (2005a) performed a sediment budget of the
lower Tordera River in Spain after a prolonged period of in-
channel sediment mining. Approximately 8:0x10°T of sand
and gravel were removed from two large borrow pits within
the channel bed over a 30year period, lowering the reach-
averaged bed elevation by 1-5m. Over 15 years subsequent
to the cessation of the mining, the affected channel reach
infilled at rates approaching 12 mmyr~', suggesting that the
channel bed would take at least 420 years to reach its pre-
mining elevation. Considering the river reach receives
approximately 1-0x10°T of sediment influx annually (75%
traveling as bedload) (Rovira et al., 2005b), infilling processes
would extract an estimated 18% of the sediment in active trans-
port over that time period. This is a much higher sediment
extraction rate than that reported in this study and may be more
indicative of bedload dominated sediment transport regimes.

Channel evolution is the primary process that a river uses to
optimize transport of its load of water and sediment (Lane,
1955; Kirkby, 1976; Huang and Nanson, 2000). Theoretically,
optimal transport is accomplished by adjusting the channel
network to evenly distribute and minimize energy dissipation
(Langbein and Leopold, 1964; Yang, 1976). As discussed in this
paper, dredging drastically disturbs the morphology and sedi-
ment transport capacity of the local river channel. This disrupts
the equilibrium energy balance indicative of the undisturbed
condition of the river in its steady-state (Simon, 1992). Accord-
ing to theory, a river will respond to this imbalance by shifting
its hydraulic geometry and sediment load to increase energy
dissipation at the site of the disruption. However, the rate at
which the river can make these shifts is dependent on certain
geomorphic properties of the fluvial system and the nature of
the disturbance. The results of this study help identify which
geomorphic properties are most influential in determining the
rate of river response to disturbance, adding real world context
to the general theories of river channel and landscape evolu-
tion (e.g. Chorley, 1962; Phillips, 2003).

For the Bayou Dupont study site, river response to mining-
related disturbances is heavily influenced by local sediment
supply and the borrow-pit geometry which is a first-order
control of the bed stress within the pit. Mississippi River
engineers and planners should focus monitoring efforts on
these properties as they seek to identify sustainable mining
practices. These properties may also play key roles in the
response of other fluvial systems to similar disturbances. Past
research (e.g.Rovira et al., 2005a; Rempel and Church, 2009)
suggests that river response to mining can vary greatly depend-
ing on the fluvial system. Future research needs to test how
applicable the conclusions of this study are to other environ-
ments, identifying which properties of infilling are universal
and what properties are unique to a fluvial system; this will
require greater effort to acquire new field datasets.

Conclusions

A comparison of bathymetric surveys indicates that approxi-
mately 53% of the initial borrow-pit volume (1-46 million m?)
was infilled with new fluvial sediment over a 2-5 year period
of analysis, from May 2010 to October 2012. The pit bed
aggraded at a mean rate of 0-88 myr ™' but with an interruption
in between January and April 2011, which may have been due
to very large fluctuations in reach-scale sediment transport rate
promoted by the rising limb of the 2011 flood hydrograph.

Copyright © 2015 John Wiley & Sons, Ltd.

Extrapolation of the observed infilling trends indicate the
borrow pit will infill in 4-4 (using linear regression) to 5-9 (using
logarithmic regression) years. The zone of the channel bed
experiencing the highest infilling rates was located immedi-
ately downstream of the upstream-edge of the borrow pit. This
zone translated downstream through time as predicted by
existing theory (e.g. van Rijn, 1986).

The results of the Delft3D hydrodynamic numerical model-
ing indicate that dredging reduced flow velocity in the borrow
pit by up to 20% of its pre-dredged value. The magnitude of the
reduction in bed stress (R*) appeared dependent on pit depth
(d) and the distance of the borrow-pit bed relative to the
upstream-edge of the borrow pit (x,). The observed spatial
distribution of borrow-pit evolution, in terms of both infilling
and bed erosion, were significantly correlated with modeled
values of R*. Pit areas with bed stress significantly below the
pre-dredged values were more likely to infill, while pit areas
with bed stress above the pre-dredged value were more likely
to erode.

A reduced-complexity modeling experiment was derived
to test if simple metrics of sediment supply and borrow-pit
geometry could accurately predict borrow-pit infilling. Over
the 2-5year study period, the model replicated the temporal
and spatial patterns of infilling observed in the investigated bor-
row pit fairly well, estimating that the amount of sand routed
into the pit area that became entrapped declined from 11 to
5% during that time. The model also predicted that the pit
infilling could be approximately complete after a 10 year pe-
riod that repeatedly cycled the mean-annual river hydrograph.
Results from additional modeling experiments suggest that, for
a given borrow-pit volume, deeper borrow pits will infill faster
than elongated pit geometries.
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