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ABSTRACT

Ship Shoal has been a high-priority target sand resource for dredging activities to restore
the eroding barrier islands in Louisiana, USA. Many studies have been performed in Ship Shoal
in recent decades, but our knowledge of temporal and spatial variations of sediment transport and
post-dredge morphology is still limited. The objectives of this dissertation are to explore the
sediment infilling process, the spatial and temporal evolution of the morphology of dredge pits
near and on Ship Shoal by using multiple methods. Scientific methods used in this study include
(a) geophysical observation using bathymetry, side-scan and subbottom technique, (b) sediment
transport hindcasts using Regional Ocean Modeling System, and (c) machine learning technique
including random forest, classification tree, and logit lasso.

There are a total of four primary findings in this dissertation. (1) Caminada dredge pit
located on the east of Ship Shoal displays a unique mixing and redistribution of cohesive mud
with noncohesive sand. Initial sediment infilling in this pit appears to be dictated by micro-
topography on the pit bottom created by the dredging cuts. Raccoon Island dredge pit located
north of Ship Shoal is in a mixed environment in which sand was capped by mud before
dredging, and it was filled with mud after dredging. The sediment infilling rate and pit wall slope
changing rate in Raccoon Island pit is greater than these in the Caminada pit, likely due to turbid
ambient sediment concentration and trough-like morphology. (2) A sediment transport model
shows a minimal amount of suspended mud from the Atchafalaya River that can be delivered to
Ship Shoal in a one-year time scale, but suspended mud from nearby estuaries and inner shelf
could be episodically transported to Ship Shoal to fill in dredge pits. Two hurricanes and one
tropical storm during 2017-2018 changed the direction of sediment transport flux near Ship

Shoal and contributed to the pit infilling (less than 10% for this specific period). (3) Geophysical



and geomorphological features, including backscatter, roughness derived from bathymetry,
rugosity derived from backscatter, and bathymetry, are identified as the most effective predictors
of sediment texture in Caminada pit via multiple supervised machine learning methods. (4) High-
quality sand from sandy shoals (such as Caminada pit) and mud-capped paleo-channels (such as
Raccoon Island pit) can both be used as borrow areas for barrier system restoration in Louisiana
coast. However, Caminada and Raccoon Island pits are not considered as renewable resources
for future restoration due to the high content of mud infilling. Prospective observational and
modeling studies are needed to keep monitoring the nonlinear pit infilling and post-filling-up

processes like degassing and consolidation.
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CHAPTER 1. INTRODUCTION

Barrier barriers protect the mainland coast and interior wetlands from meteorological
and marine forcings and help to regulate estuarine conditions. It was reported that the barrier
islands in southern coastal Louisiana have been experiencing the highest rates of land loss
problem (Allison et al. 2014). A significant component of the State of Louisiana’s effort to
manage coastal land loss is to restore degraded barrier shorelines by dredging sand resources
from borrow sites and delivering to the coastal sedimentary environments. High-quality sand for
dredging is mostly limited to isolated shoals or infilled paleo-river channels in estuaries and shelf
of coastal Louisiana (CEC, 2017). At present, one type of offshore sand resource on the
Louisiana shelf is submarine sandy shoals, which include Ship Shoal, Tiger and Trinity Shoals,
Sabine Bank and others (Dubois et al. 2009). Ship Shoal is located off the south-central
Louisiana coast, which is a transgressive sand deposit located 15 km offshore of Isles Dernieres
near the 10 m isobaths. Ship Shoal is comprised of well-sorted, clean quartz sand, where the
median grain diameter on the crest of Ship Shoal ranges from 2.73 - 3.20 phi (0.1 - 0.15 mm)
(Nairn et al. 2005). Ship Shoal has been a high-priority target sand resource to restore the Isles
Dernieres barrier chain, Caminada-Moreau headland, and Timbalier island system, all of which
are among the high -loss regions in Louisiana (e.g., Drucker et al. 2004; Penland et al. 2005;
Khalil et al. 2007; Williams et al. 2012). Caminada (dredged in 2014; volume: 9.1 x 108 m®) and
Block 88 (dredged in 2019; volume: 3.1 x 10% m®) dredge pits are two of the largest located on
Ship Shoal. Understanding the sediment transport process and geomorphological evolution of
seafloor in/near Ship Shoal is critical for the dredging activities and environmental monitoring in

Ship Shoal.



An alternative type of offshore sandy resource for barrier island restoration in
Louisiana is sandy paleo-channels. Unlike sandy shoals, excavating sand from paleo-channels in
the Gulf of Mexico requires the removal of mud overburden formed by modern sediment
transport processes. Raccoon Island pit was excavated in 2013 from a paleo-river valley north of
Ship Shoal for the restoration of Raccoon Island of Louisiana. However, our knowledge of the
similarities and differences of the sediment process near Caminada and Raccoon Island pits and
their influences on the morphologic evolution is still limited. Caminada dredge pit in a
submarine sandy shoal and Raccoon Island pit dredged from a sandy paleo-channel are selected
as two main study sites to monitor long-term changes of geometry in dredge pits of two different
resources. In this dissertation a total of three methods will be applied, including geophysical
observation, sediment transport modeling, and machine learning, to study the sediment infilling
process, the spatial and temporal evolution of the morphology of Caminada dredge pit in a sandy
shoal environment, and the comparison with Raccoon Island pit in a paleo-channel environment
near Ship Shoal.

There are six chapters in this dissertation. Chapter Two is focused on the sediment
infilling and geomorphic change of Caminada pit on the eastern tip of Ship Shoal. This pit has a
size of 2.5 km x 6.0 km, and the horizontal resolution of bathymetric data is 1 km x 1 km (Table
1.1.). Chapter Three explores the seafloor change of Raccoon Island pit and makes a comparison
with Caminada pit. Raccoon Island pit has a smaller size of 1.0 km x 1.5 km and the same
horizontal resolution of 1 km x 1 km. Chapter Four is focused on seafloor sediment types
identification via multiple supervised machine learning methods in Caminada dredge pit (Table
1.1.). Chapter Five is to study possible sediment sources supplying the infilling of Caminada and

Raccoon Island pits via ROMS modeling method. It has a study area size of roughly 200 km x



250 km, a horizontal model grid cell resolution of 250m, and a temporal scale of 20 s in the

model domain. This model’s temporal resolution is much higher than the monthly to yearly

scales in chapters two and three. Chapter Six includes a summary of this dissertation and

recommended future work.

Table 1.1. Study areas and topics of each chapter

Chapter | Study areas | Topics Methods Study Area | Horizontal | temporal
number Size Resolution | scale
(m)
Two Caminada | Sediment infilling | Geophysics | 2.5 x 6.0 1 years
Pit and (km?)
geomorphology
change
Three Raccoon Seafloor change | Geophysics | 1.0 x 1.5 1 years
Island Pit and comparison (km?)
with Caminada
Four Caminada | Seafloor sediment | Machine 2.5x6.0 1 years
Pit types learning (km?)
identification
Five Ship shoal | Sediment source | ROMS 200 x 250 250 20s
and and transport modeling | km?
Atchafalaya
shelf/bay




CHAPTER 2. GEOMORPHOLOGIC RESPONSE AND PATCHY MUD
INFILLING IN A SANDY DREDGE PIT IN SHIP SHOAL, COASTAL
LOUISIANA SHELF, USA

2.1. Introduction

Barrier islands are sandy sedimentary environments separated from the mainland by
estuary or lagoon environments, which protect the mainland coast and interior wetlands from
meteorological and marine forcings (Otvos et al. 2018). Japan, Netherlands, China, Korea,
United Kingdom, United States, and others are currently some of the leading countries using
sand dredging from coastal areas to protect barrier island systems (Waye Barker et al. 2015). In
recent years, the increasing demand for dredging sand from the Gulf of Mexico is driven by
human activity to manage the coastal land loss (e.g., Day et al. 2007; Morton et al. 2008; Viles et
al. 2014; Wiegman et al. 2018), which has been ongoing for a century or more (e.g., Alleway et
al. 2015; Needles et al. 2015). The Louisiana coast has been facing extensive coastal land loss
due to subsidence, shortage of sediment supply from the Mississippi River, occasional hurricane
landfalls, frequent passages of winter storms, and human intervention such as levee construction,
dam construction, and dredging navigation channels (Allison et al. 2014; Twilley et al. 2016; Xu
et al. 2019). A major effort to manage coastal land loss is to restore degraded barrier shorelines
by dredging sand resources from borrow areas and deliver to the coastal sedimentary
environments (Khalil et al. 2010). Offshore/nearshore, estuarine/bays, and fluvial/riverine
sediment resources available for critical restoration projects will also be limited in quality and
quantity (Khalil et al. 2018), which makes the future utilization of sand resources more difficult
and costly. Although billions of cubic meters of sand are needed for initial and recurring

restoration (e.g., Stone, et al. 2004; Hanley et al. 2014; Jonah et al. 2015; Brown et al. 2015;



Rangel et al. 2015), high-quality sand is largely limited to isolated submarine shoals or infilled
paleo-river channels on the inner shelf.

At present, the largest sand resources on the Louisiana shelf are submarine sandy shoals,
such as Ship Shoal, Tiger and Trinity Shoals, and Sabine Bank, and some paleo-channels such as
Peveto Channel, Raccoon Island, and Sandy Point (Dubois et al. 2009). Previous studies found
most of these paleo-channels are now covered by muddy overburden from delta transgression
and modern continental shelf sedimentation. Nairn et al. (2005) defined this kind of sediment
deposit as ‘mud-capped’ sandy resources. Obelcz et al. (2018) studied the mud-capped dredge
pits of Sandy Point (northwest of the modern Mississippi River Delta). They found the infilling
rate (~200,000 m3/year) was higher than dredge pits in the sandy substrate, sediment-starved
settings. Wang et al. (2018) analyzed the physical oceanographic conditions (e.g., currents and
waves) in Sandy Point dredge pit. They found that the dominant source infilling the pit was the
suspended sediments from the Mississippi River plume in summer with little resuspension of
seafloor sediment locally. Robichaux et al. (2020) reported nonlinear accumulation rate and
continuing degassing and consolidation even after 100% sediment infilling at Peveto Channel
dredge pit in the western Louisiana shelf. In terms of sandy shoals, Ship Shoal borrow area
(SSBA\) is considered the closest available sand resource for barrier shorelines in Louisiana and
has been dredged for significant volumes of the high-quality beach and dune restoration
sediment in Port Fourchon and Grand Isle of Louisiana (Fig. 2.1.). Dredge pits in Ship Shoal are
on the inner continental shelf, and the dredging and transporting sediment from Ship Shoal to
coastal barriers are expensive because of the great distance (Fig. 2.2.) (CEC, 2017). However,
our understanding of long-term changes of geometry in sandy dredge pits and impacts from

dredging is still relatively poor. In total, Ship Shoal is estimated to have 1.2 billion cubic meters



of potential high-quality quartz sand (Kobashi et al. 2007). However, a previous survey suggests
the existence of transient mud bypassing on the seabed surface, which could fill borrow areas
and affect physical/biological processes and sand quality for future coastal restoration (Stone et
al. 2009; Liu et al. 2017; Xue et al. 2017; Xu et al. 2018; Liu et al. 2018; Liu et al. 2019). Nairn
et al. (2005) predicted the infilling rate of a simulated pit in Block 88 of the SSBA and estimated
that it would take ~ 5 years to fill a 365-m wide and 5.2-m deep pit. Kobashi et al. (2007) found
that the sediment on the crest of Ship Shoal could change drastically from mud to fine sand
during two months in the winter storms season, which suggested the deposition of fine-grained
mud, following by winnowing and remobilization during winter storms. Stone et al. (2009)
hypothesized that occasional sediment plume shifts from the Atchafalaya Bay to the southeast
might result in the accumulation of a thin fluid-mud layer on some portions of the shoal. Liu et
al. (2018, 2019) applied multiple machine learning classifiers to identify the sediment types and
found mud was prone to deposit in the trough zones with lower backscatter values in a dredge pit
of Ship Shoal. These findings indicate that mud may temporarily blanket the shoal but is later
transported elsewhere. However, there is minimal knowledge about the process and forcing of
the continental shelf and shoal mud deposition. Thus, dredge pits of SSBA provide a unique and
artificial container to capture the mud-bypassing process in a sandy shoal depositional
environment, which can be used to reveal the mechanism for mud infilling in the dredge pits.
Alterations to seafloor topography and pit marginal edge deformation from dredging
practices in SSBA might potentially affect proximal oil and gas infrastructure (e.g., pipelines,
platforms). Nairn et al. (2005) predicted that the pit in Ship Shoal will be filled up quickly about
3-6 years after initial dredging and predicted that the horizontal migration rate of the pit in both

onshore and longshore directions could be 3 to 5 m/year. This prediction was used to inform



dredging companies’ decisions regarding dredging setback distances from pipelines and potential
cultural resources. To date, site-specific data required to make accurate predictions and empirical
measurements to test and validate predictive models are somewhat limited. Our study will
provide a better understanding of sandy-shoal dredge pits by filling data gaps and validating
predictive models. Thus, the objective of this study is to address the issue of bypassing mud
transport and geomorphologic response within the sandy dredging pit in a sandy environment on
the continental shelf offshore Louisiana. Specifically, this study strives to (1) quantify the pit
geomorphic evolution including infilling rate and pit wall slope in a dredge pit of SSBA,; (2)
characterize and observe the geomorphic control on mud distribution inside the dredging pit; (3)
test Nairn et al. (2005)’s model and provide recommendations for future sand management of
dredged areas; and (4) compare this sandy pit with other dredge pit sites in East and Gulf Coasts
of USA.
2.2 Background

Ship Shoal is located off the south-central Louisiana coast (Fig. 2.1.), which is a
transgressive sand deposit located 15 km offshore of Isles Dernieres near the 10 m isobaths. The
shoal is approximately 50 km long, varies in width from 2 to 10 km, and is the easternmost
member of a group of Holocene inner shelf shoals located southwest of the modern Mississippi
River deltaic plain (Penland et al. 1986). Ship Shoal composes of well-sorted, clean quartz sand,
where the median grain diameter on the crest of Ship Shoal ranges from 2.73 - 3.20 phi (0.1 -
0.15 mm) (Penland et al. 1986; Nairn et al. 2005). It has been a high-priority target sand resource
to restore the Isles Dernieres barrier chain, Caminada-Moreau headland, and Timbalier Islands
system, all of which are among the high-barrier-island-loss regions in Louisiana (e.g., Drucker et

al. 2004; Penland et al. 2005; Khalil et al. 2007; Williams et al. 2012). In the past few years,



several pits were dredged in SSBA, including Caminada and Block 88 dredge pits. The area in
SSBA analyzed in this study is Caminada dredge pit (hereafter abbreviated as Caminada) located
50 km west of Bayou Moreau in Lafourche Parish (Fig. 2.2.). The Caminada restoration project
was the first such project to use sand resources from the Ship Shoal area for barrier island
restoration and is the largest Louisiana monetary investment in restoration to date (Stone et al.
2004; Dartez et al. 2016; CEC, 2017). Sand dredging in Caminada pit included of two
increments, | and 11, during which a total volume of 9.07x10° m? of sand was excavated from
December 2014 to October 2016 based on the calculation of data collected during pre- and post-

construction surveys (CEC, 2017).

yIuTwW rUTW
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.....

Figure 2.1. (A) Location of three mud-capped dredge pits and two sandy pits along the Louisiana
shelf (After Xu et al. 2016). The elevation map was extracted from ETOP1 (NOAA), which were
considered WGS 84 geographic as the horizontal datum and sea level as (caption cont’d).
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the vertical datum. Mud-capped dredge pits are Peveto channel, Raccoon Island, and Sandy
Point. Sandy dredge pits are Caminada and Block 88 dredge pits. (B) Two borrow areas in Ship
Shoal are Caminada and Block 88. The black dashed lines are 2m isobaths intervals. CSI
stations are referring to the wave-current surge information system from the Coastal Studies
Institute.
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Figure 2.2. (A) Deltas, barrier islands, and major sand shoals in coastal Louisiana (After Khalil
et al. 2018). (B) Caminada dredge pit in Ship Shoal and restoration areas in Caminada Headland,
which include increment | and Il of Caminada Headlands Restoration Project (After CEC, 2017).

2.3 Methods
Interferometric swath bathymetry and side-scan sonar imaging were used to quantify the

seafloor morphology, topography, and evolution of Caminada pit. Bathymetric data from three



post-dredging surveys (2016, 2017, and 2018) were utilized and processed in CARIS HIPS and
SIPS v.11.2. Bathymetric data were applied tides correction, sound velocity profiles, patch tests,
and using filtering, then exported to ArcMap 10.2 for generating Digital Elevation Models
(DEMs), Difference of Depth maps (DODs), gradient maps and calculating volumes. The
vertical bathymetry control was referenced to, and verified by, NOAA Texas Gas Platform,
Caillou Bay, LA (Station ID: 8763535). The gross volume gain primarily determines the infilling
rate over time. The time intervals of 2016-2017 and 2017-2018 surveys were nine months and
thirteen months, respectively. This study converted the unit of volumetric infilling rate to
md/year.

The Atchafalaya River water discharge data were obtained from the U.S. Geological
Survey (USGS) station at Simmesport, LA. Hourly wind data were downloaded from the
National Oceanic and Atmospheric Administration (NOAA) Data Buoy Center at Grand Isle
station, LA. Additional supporting wave and current data were collected to provide background
information for our study area. An Acoustic Doppler Velocimeter (ADV) Ocean from Sontek
was mounted on a tripod, which was about 1.5 km northwest of Caminada pit from 07/08/2018
to 09/14/2018. High-resolution 3D velocity data were collected about 0.5 m above seafloor
using a sampling rate of 8Hz, a burst duration of 4.3 minutes, and a burst interval of 60 minutes.
Burst-averaged horizontal velocities were calculated using the method of Wang et al. (2018). A
wave gauge was used during the same period to collect data using a sampling rate of 10Hz, a
burst duration of 20 minutes, and a burst interval of 60 minutes. Wave spectral analysis was
performed using the toolbox developed by Karimpour and Chen (2017) with the corrections of

wave attenuation with depth.
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Modeling wave data were downloaded for Gulf of Mexico region from WAVEWATCH
Il Hindcast and Reanalysis Archives (https://polar.ncep.noaa.gov/waves/); spatial and temporal
resolutions of wave data were 1/15° and 3 hours, respectively. Modeling surface current velocity
data were downloaded from the archive of HYCOM + NCODA Gulf of Mexico Analysis
(https://www.hycom.org/data/gomlOpt04/expt-32pt5); spatial and temporal resolutions of
velocity data were 1/25° and 24 hours, respectively. Wave and velocity data were then
interpolated to Caminada pit for comparison with the observed tripod data to provide background
information.

Slope calculations were performed using the DEM Surface Tools following the method
of the Arc-Chord Ratio (Du Preez et al. 2015). Side-scan mosaics were also generated in HIPS
and SIPS and then exported in ArcMap to identify the reflectivity change of seabed inside the
dredge pit. Reference uncertainty for DEMs and DODs in the different bathymetric dataset was
quantified by the fixed-point method of Schimel et al. (2015). Grain size analysis was performed
to identify the type and distribution of surficial sediment in the dredge pits. A total of 65 samples
were collected using a Ponar grab in the post-dredging survey of 2018. Grain size analysis was
conducted using a Beckmann Coulter laser diffraction particle size analyzer (Model LS 13 320).
To prepare samples for this analysis, ~1 g subsample from each sample was placed in a
centrifuge tube, and 10-20 milliliters of 30% hydrogen peroxide was added to remove organic
matter. More details of processing and analysis can be found in Xu et al. (2016).

2.4 Results
2.4.1 Physical conditions near Ship Shoal
Physical conditions near Ship Shoal are essential in driving sediment transport and

developing coastal morphology. Atchafalaya river discharge reached near 2*10* m%/s in spring
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2018 (Fig. 2.3.A). Wind speeds were higher than 4 m/s during two geophysical surveys (Fig.
2.3.B). The average wave height near Caminada dredge pit was about 0.5 m (Fig. 2.3.C), which
was verified by tripod data in Fig. Al. (Appendix). The average current velocity was 0.18 m/s
near Caminada from July 2017 to September 2018 in HYCOM maodel (Fig. 2.3.D). However, the
average current velocity from ADV in Caminada pit was less than 0.1 m/s from August 2018 to
September 2018 (Fig. Al). The current velocity reached the peak near 0.3 m/s in August 2017
for Hurricane Harvey and 0.5 m/s in October 2017 for Hurricane Nate (Fig. 2.3.D).
2.4.2 Caminada pit infilling

Repeat bathymetric maps in 2016, 2017, and 2018 showed similar overall morphology of
the pit walls but shoaling depths inside the pit over time (Fig. 2.4.A, B & C). As of July 2017
(nine months after increment 11), sediments in Caminada mostly deposited inside the pit. The pit
depth was approximately 13.3 m below sea level, compared to the ~9 m depth of the
surrounding seafloor. As of August 2018, the average depth was 12.8 m (Fig. 2.5.). DOD maps
of three post-dredging surveys revealed that nearly no net new sediment deposited outside pit,
but there existed new sediments filling the troughs and wall margin inside the pit (See dotted
polygons in Figs. 2.4.D & 2.4.E). The southern wall was found to be shoaling (blue in Fig.
2.4.D) while the northern wall showed erosion (red color), which indicated sediment transported
and filled in Caminada from the southeastern wall. Morphological evidence for the localized

failure (wall erosion and collapse) of pit walls was observed in the northern wall (Fig. 2.4.).
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Figure 2.3 Time-series results outside of the Caminada pit from 07/01/2017 to 10/01/2018. (A)
Daily river discharge at USGS station 07374525 Atchafalaya River in Simmesport, LA. (B)
Daily wind speed from NOAA station GISL1-8761724 in Grand Isle, LA. (C) Daily wave
heights from NOAA WAVEWATCH Il near Caminada dredge pit; (D) Daily horizontal current
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Figure 2.4. (A)(B)(C) Bathymetry map in three different surveys from 10/2016, 07/2017, and
08/2018. The black polygon is the same one and is the margin of the bathymetry map in 2016,
which is considered as the reference polygon for comparison of repeated surveys. The depth
value is positive with a unit of meter. The scale of the color bar is the same in panels (A)-(C).
MN shows the location of transect in Fig. 2.5. (D) A difference of depth in meters between 2016
and 2017 surveys; (E) Difference of depth in meters between 2017 and 2018 surveys. The dashed
lines in D and E highlight major zones of shoaling. Values within the 2c range of uncertainty
(0.1 m) are generally in beige and considered no significant depth change.

The estimation of the annual sand transport rate is essential to predict pit evolution for
Caminada. The volume of infilling sediment calculated for the nine months in 2016-2017 is
approximately like that of the 13 months in 2017-2018. It reveals that the sediment infilling rate
in 2016-2017 was higher than that of 2017-2018. Post-dredging volumetric analysis of 2017-
2018 indicates that Caminada is presently infilling at an average rate of approximately 27,480

m3/year (~ 0.15 m/year in terms of averaged thickness).
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Figure 2.5. Bathymetric profiles of 2017 and 2018 along the transect MN (location in Fig. 2.4.B).
The average sediment deposit is about 0.15 m/year.
2.4.3 Seafloor backscatter

A side-scan mosaic map in the 2017 survey showed three lineations that were associated
with lower backscatter values (Fig. 2.6.A) and deeper depth (Fig. 2.4.B). Two lineations oriented
northwest-southeast were in the central pit, and one elliptical lineation was located in the
northeastern corner (Fig. 2.6.A). All of these are low-topography zones (hereafter referred to as
troughs) inside Caminada pit, which are interpreted as a product of dredging activities. As of

August 2018, the low-reflection troughs inside Caminada increased in size following the

previous depositional pattern and direction (Fig. 2.6.B & 2.6.C).
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Figure 2.6. (A)(B) Side-scan maps of Caminada pit for two post-dredging surveys in 2017 and
2018. The side-scan mosaic shows the difference in backscatter values in the unit of Db
(Decibel). Note the dark brown indicates the patchy mud with low backscatter value, while the
bright yellow is associated with sandy sediment with high backscatter value. Note the scale of
the color bars is different. The black contour is the margin of dredge pit in 2016. White dots
show the location of surficial grab sediment samples collected in 2018 with an ID number for the
grain size analysis (results are shown in Fig. 2.7.). (C) Overlaid side-scan mosaic map between
years 2017 and 2018 (highlighting low backscatter values in black and green, respectively) show
that muddy sediment deposited in the topographic lows within one year.

2.4.4 Median grain size
The grain size of a subtotal of 9 samples from inside and outside the Caminada pit is shown
in Fig. 2.7. The grain size of relatively muddy samples inside the pit (M07, M14, M22, and M31)

indicated the dominance of silt with a mean size of 15 um. On average, sand and silt represented

16



23% and 74%, respectively, with silt being the dominant fraction for the four muddy samples
(Fig. 2.7.A). However, the other four samples within the pit (S01, S34, S52, and S53) compose
of a coarser sandy grain size of 100 um (Fig. 2.7.B), which sand and silt represented 97% and
3%, respectively. Outside the pit, the surficial sediment (S56) was purely sandy with a mean

grain size of 110 um (Fig. 2.7.B).
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Figure 2.7. The grain size distribution of surficial sediment inside and outside of Caminada
dredge pit (see Fig. 2.6. for grab sample locations). (A) The grain size of four muddy samples
and (B) Grain size of the five sandy samples.
2.4.5 Caminada pit wall slope change

Between the 2017 and 2018 surveys, the seafloor of the Caminada pit became smoother
and flatter with the sediment infilling topographically-low areas (Fig. 2.8.). Nearly all pit walls

lost steepness in the first two years after dredging. Morphological evidence for localized failure

was observed and primarily confined to the pit walls, particularly in the northern wall (Fig.
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2.2.A). Total wall volume loss between the 2017 and 2018 surveys was approximately 3% (780-
824 m®) of infill volume in 2017-2018 (27,480 m®/year). During both the years 2017 and 2018,
the western walls were always steeper than the eastern walls (Figs. 2.8.A & 2.8.B). From 2017 to
2018, the pit wall slope decreased from 3.3-6.6 to 1.7-3.6 degrees (i.e., became gentler), which
proves a ‘relatively’ stable condition for the dredging pit between these years. Previous
bathymetric survey (Penland et al. 1986) found Ship Shoal migrated landward at a rate of 7
m/year (in the east) to 15 m/year (in the west). But the gradient change between the two surveys

indicated Caminada did not experience much outward wall migration during the 2.5 years after

dredging.
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Figure 2.8. (A)(B) Gradient map of the Caminada dredge pit derived from 2017 and 2018
bathymetry. Green colors represent flatter surfaces, while red colors indicate steeper surfaces.
Dashed polygons are the extents of northern and southern walls used for gradient analysis, which
showed decreased slopes from 2017 (red) to 2018 (yellow).
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2.5 Discussion
2.5.1 Sources of infilling sediments

The sandy Ship Shoal is under the combined influence of wind-driven currents, storm
waves, tides, and the dynamic Atchafalaya and Mississippi river dispersal systems (Stone et al.
2009). Stone et al. (2004) found the sediments on the shoal were coarser at the eastern part than
at the western shoal, which indicated the influence of the river discharges containing muddy
sediment from the Atchafalaya River. Previous studies (e.g., Walker et al. 2005; Kobashi et al.
2007; Xu et al. 2011) also indicated that suspended sediment dispersal from Atchafalaya River
(i.e., hypopycnal plume) often shifted in the direction from westward to southeastward during
high river discharges and strong northwest winds. Ship Shoal is on the pathway of the shifted
dispersal and is predominantly characterized as having a sandy bottom near the seabed. During
conditions of high discharge and strong northwest winds, it could be covered with concentrated
benthic suspension from Atchafalaya River, which dramatically alters its bottom sediment
characteristics (Stone et al. 2009; Kobashi et al. 2009).

Additionally, the depth-averaged currents near Ship Shoal were estimated to be westward
for the majority time in the long-term numerical model (Xu et al. 2011), which could carry
muddy sediment from the Mississippi River plume toward Ship Shoal. Flows ultimately bring
some suspended sediment to Ship Shoal when longshore current from the Mississippi River has a
strong effect on sediment transport (Nairn et al. 2005). As shown in our results, DODs maps
prove that nearly no new net sediment accumulated outside Caminada over the period analyzed
(2016 to 2018), and bathymetric data show that Caminada pit of Ship Shoal served as an
artificial trap to capture the transient mud inside the pit. Side-scan mosaic maps indicate new

muddy sediment was transported into the troughs of Caminada pit from 2017 to 2018 (Fig. 2.6.).
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Moreover, dating of beryllium-7 ("Be) radioisotope activity (TY? =53 days) in the muddy
sediments collected using a multi-corer inside Caminada indicates at least a portion of the mud
deposited within ~6 months before core collection (Xue, 2019). Xue (2019) found clays and fine
silts deposited in Caminada pit were likely sourced from the Atchafalaya River plume during the
study period in a long-term view based on satellite imagery of hypopycnal plumes. Walker and
Hammack (2000), Kobashi et al. (2007) and Stone et al. (2009) also observed Atchafalaya
hypopycnal surface plume could extend over Ship Shoal. Previous studies show the fine riverine
sediment contributes to the deltaic wetlands such as Fourleague Bay (Restreppo et al. 2019),
Breton Sound (Wang et al. 2019), and Barataria Bay (Wilson et al. 2008). As these winter storms
or cold fronts pass, wind patterns shift from blowing from the southeast to blowing from the
north with a decrease in barometric pressure (Stone et al. 2009). This postfrontal, north-
originating wind could resuspend recently deposited sediments and distribute fine silts and clays
on the continental shelf near Ship Shoal (Walker and Hammack, 2000; Kobashi et al. 2007; Xue,
2019).

The sediment infilling process in Caminada is also impacted by the erosion/deposition of
the adjacent seabed sediment by waves and currents. The DODs map of 2016 and 2017 surveys
showed deepening occurred in the southwestern corner outside the pit (red in Fig. 2.4.D), which
was formerly a sediment mound spilled from a spider barge for dredging sediment delivery.
Local wave and currents likely mobilized this sediment outside the pit and transported it in a
northwestern direction to fill a proximal location within the pit that exhibited sediment shoaling
(Blue zones in the dotted lines of Fig. 2.4.D, 2.4.E). Additionally, the erodible materials
produced by local wall failure could contribute to the sediment infillings. The gradient of pit

wall became gentler from 2017 to 2018 (Fig. 2.8.), which indicated the sandy sediment near the
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pit margin could be transported into the pit, supplying some of the sand infills (Figs. 2.6.B &
2.7.).

Lastly, episodic extreme events such as hurricane and storms are likely another factor for
sediment filling Caminada during the geophysical surveys (07/17-08/18). These high energy
wind events (hurricanes and other tropical events) were strong enough to resuspend coarse silts
and sands on the shelf and redeposit them as sediment layers that have been seen elsewhere
across the Louisiana Shelf (Goni et al. 2007; Walker and Hammack, 2000; Xu et al. 2015).
Kobashi et al. (2007) conclude that during the fair-weather conditions, a dense benthic mud layer
on Ship Shoal originating from the Atchafalaya river is deposited, later resuspended and mixed
during winter and spring storm passage. Xue (2019) found the timing of hurricanes or the
tropical storms in 2017 correlated well with the occurrence of coarser grain size (coarse silt)
inside Caminada pit, suggesting these coarser laminations are related to storm-induced
deposition. It is well known that the sediment infilling process in pits will slow down through
time. The episodic extreme events, such as hurricane and tropical storms, should be considered
when calculating the sediment infilling rate. There were only two hurricanes during our study
period. Hurricanes Nate and Harvey in 2017 did not pass Ship Shoal directly but were with a
distance of ~ 200 km (Fig. A2). Hurricane Harvey changed to a tropical storm when it made
landfall in Louisiana. These two hurricanes could bring sediments to Ship Shoal as one possible
contribution to sediment filling in Caminada.

The sediment infilling process in Caminada is likely impacted and controlled by sediment
availability, which is under the combined controls of the four aforementioned sediment supply
mechanisms (suspended sediments from hypopycnal plumes of rivers, or concentrated benthic

suspension seasonally deposited in the nearshore environment, the erosion of the adjacent seabed

21



sediment by waves and currents, sediments yielded by wall failure filling in the pit and
hurricanes or tropical storms). However, bathymetry and backscatter maps of the past three
surveys indicate new sediments deposited inside the Caminada contained mud primarily. Fig.
2.1.B shows that Caminada is in the east end of Ship Shoal, which is near the shoal crest with
high topography of the seafloor. Comparing with mud sediments, sandy sediments likely need
higher energy to be moved westward and upslope to Caminada pit.

2.5.2 Topography’s control on mud distribution

Grain size analysis of samples collected inside and outside pit indicated sediment types
had a close relationship with the side-scan backscatter value. The sediments (M07, M14, M22,
and M31) collected from these three low-reflection troughs (Brown zone in Fig. 2.6.B) were
proved to be patchy mud (Fig. 2.7.A). However, the sediments (S01, S34, S52, and S53) from
dark yellow zone inside pit were sand or sand mixed with mud (Fig. 2.7.B), which revealed the
high backscatter values (Fig. 2.6.B). Also, S56 was the pure sandy sediment collected from the
outside pit, which corresponded with the bright yellow and highest backscatter value (Fig.
2.6.B).

The topography of seafloor inside Caminada pit has direct control over the patchy mud
distribution. Figure 8A shows the troughs (blue-green color) inside Caminada of the 2017
bathymetric survey, which was the footprint of dredging activities. Suspended mud deposits
(dark brown color in Fig. 2.9.B) appear to be prone to deposit within these low topography areas.
In essence, the boundary of patchy mud distribution in the side-scan map of 2018 (white dash
lines in Fig. 2.9.B) matches the troughs in the bathymetry survey in 2017 (Fig. 2.9.A). Two-

dimensional transects from repeat bathymetric surveys indicate the troughs have not been filled
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up yet (Fig. 2.5.). Based on that trend, it is expected that more mud sediment will deposit in the

troughs in the coming years.
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Figure 2.9. (A) 3-D geomorphology map of Caminada dredge pit in 2017 survey with the
overlaid boundaries of distribution of patchy mud in 2018. The vertical exaggeration is 32 times.
White dashed polygons are exacted from (B), which are boundaries of areas with low backscatter
values. It indicates the new muddy sediments are prone to deposit in the troughs inside Caminada
pit within one year. Dark blue color inside the pit indicates the topography-low zones, which
refers to the patched zones. (B) Side-scan backscatter maps of Caminada for the post-dredging
surveys in 2018.

2.5.3 Geomorphic model of SSBA sandy environment evolution

"Be penetration depths observed in repeat multi-coring study in Caminada pit
documented 2—-15 cm of fresh deposition within ~100 days, equivalent to the seasonal
sedimentation rates 7.3-55 cm/year (Xue et al. 2018). The lower estimate of the 'Be infilling rate

matched well with the infilling rate of 15 cm/year calculated by a repeat bathymetric survey in
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2017-2018. Nairn et al. (2005) applied a 1D analytical model to study the evolution of a
proposed dredge pit in Block 88 of Ship Shoal (see location in Fig. 2.1.B) 31 km west of
Caminada pit. They included the empirical coefficients, settling velocity of mud, water depth of
inside and outside the pit, background concentration outside, and tidal period but did not
consider wave resuspension, episodic extreme hurricane and other tropical events (Equation 2.1).
Caminada pit has a depositional environment generally like proposed Block 88 pit. We keep all
the parameters the same but only changed ho and h: in Nairn’s model to compare the infilling
percentage in the first two years after dredging. Nairn’s model of Block 88 infilling percentage

(~75% ) is much greater than what is observed in Caminada pit ( ~ 10%) (Fig. 2.10.).

3
1 h
AZ, =kCyo T 1—(—”]
Pary
(2.1)

Where AZy is total sedimentation thickness per tide (m), which is used to calculate the
infilling percentage in Figure 10. K1 is empirical coefficients. Co is background concentration
outside the pit, which is generally determined by using the tide-mean and depth-averaged
sediment concentration for the surrounding area (kg/m? or mg/1). ws is settling velocity of mud

(m/s). T is a tidal period (s). pdry is dry bulk density (kg/m®). ho is water depth outside the pit

(m). hy is water depth inside the pit (m).
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Figure 2.10. Observed infilling percentage in Caminada over time and its comparison with
Nairn’s model in a proposed Block 88 pit. Volumetric calculations for our surveys with
uncertainty were made using the Cut-Fill tool in ArcMap

Based on our findings, a conceptual model is presented here to represent the sediment
infilling process within sandy dredge pits based on observed Caminada pit evolution after sand
excavation (Fig. 2.11.). The first and second phase occurs immediately when strong currents and
waves continuously impact the pit: eroded sediments from slope/pit margin are transported into
the dredge pit under the controls of short-timescale forcings such as currents, tides, and waves.
Where dredge sediments are freshly deposited outside of the pit, they can be transported by the
same short-timescale forcings into the pit along the pit slope/margin. After initial rapid failing
and stabilization of the pit walls, far-field suspended muddy sediment from rivers, and sandy
sediment from local erosion (Fig. 2.4.D) dominate infilling volumetrically (Fig. 2.11.A). As
discussed previously, muddy sediment can be sourced from hypopycnal plumes of the
Atchafalaya or Mississippi Rivers, or advection of concentrated benthic suspension that are
seasonally deposited in the nearshore environment (Stone et al. 2009). These muddy sediments

likely blanket the pit as a sheet-like layer (Fig. 2.11.B). Subsequently, sediments deposited inside
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Caminada (both sand and mud) are re-suspended by local currents or storm winds that generate
high bottom shear stress, strong bottom sediment suspension, and vertical mixing within the
dredge pit (Fig. 2.11.C). The finest of these suspended sediments (mud) are then prone to deposit
in the troughs inside the pit, as explained below (Fig. 2.11.D). Wall failure continues throughout
all the phases, but the wall volume loss is less than 3% of total infill volume inside pit. Over
time, freshly deposited sediments experience compaction and consolidation. These processes are

cyclic and can restart once far-field muddy sediment or local sandy sediment is transported into

the dredge pit.
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Figure 2.11. Schematic evolution model of SSBA Caminada dredge pit near a fine-grained
sediment source. The graphs are dimensionless and not to the scale. (A) and (B) take place when
the muddy sediment transport and fill into the pit. (C) The third phase of evolution, which local
currents, waves, and storms drive the suspended sediment re-suspension and vertical mixing. (D)
The last stage shows that mixed sediments re-distribution inside the pit. The troughs are prone to
deposit finer and muddy sediments.

In this conceptual model, waves, currents, slope, sediment texture, and erodibility all can

impact sediment transport and redistribution. For instance, based on the linear wave theory, the

impact of the wave on the seabed can be quantified using the near-bed wave orbital velocity
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(Wiberg and Sherwood, 2008). This theory predicts that the maximum horizontal component of
orbital velocity Uy is directly proportional to wave height and depends inversely on water depth.
We calculated the bottom wave orbital in the outside pit (9 m), pit bottom (13.3 m), and
topographic lows (40 cm depth relative to the average pit bottom depth) from Wiberg and
Sherwood (2008). Wave height (average of 0.5 m) and wave peak period (average of 5s) in
Caminada were collected from the tripod sensors (Fig. Al). Wave orbital velocity outside pit was
0.0741 m/s, which was greater than 0.0413 m/s in pit bottom and 0.0393 m/s in topographic lows
in pits.

The effect of wave on bottom shear stresses is calculated based on the theory from Grant
and Madsen (1979). In this model, the maximum bottom shear stress is giving by:
Tw = pUw? =%p>l<fw>|<Ub2 (2.2)
in which p is the water density, uw is wave friction velocity, Tw is the maximum wave bed stress,
fw is the wave friction factor, and Uy is the near-bottom wave orbital velocity we calculate from
Wiberg and Sherwood (2008). Wave shear stress is proportional to the square of orbital velocity
if other parameters kept constant. Based on equation (2. 2), it is clear that deeper water depth in
the pit bottom topographic lows would experience smaller bottom orbital velocities and shear
stress when compared to pit bottom and the seafloor outside the pit. Although 40 cm is a small
percent (3%) of total water depth of 13.3 m, it plays a role in the maximum wave bed stress
because of the nonlinear change of Tw with water depth (Xu et al. 2016). Although no current
data were collected in Caminada pit, Wang et al. (2018) collected valuable current data inside
Sandy Point dredge pit in the eastern Louisiana shelf and reported a high turbidity layer and
sluggish environment on the pit bottom. It is well known that (a) sediments tend to move

downslope under the control of gravity in the coastal environment and that (b) newly-deposited
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fine sediments are more mobile (and thus erodible) than coarser ones. Thus, we conclude that
the slopes along the sides of small ridges on pit bottom, small wave orbital velocities, slower
currents, sediment texture, and high erodibility of mud all promote the patchy mud deposition
found in Caminada dredge pit.
2.5.4 Comparison and Implication

The dredging sand volume of Caminada pit is one of the largest in the U.S. eastern
seaboard and Gulf Coast. The amount of sediment excavated from Caminada and the rate of
subsequent infill can be compared with published results from other sandy and muddy dredge
pits located in different geographic and geological settings (Table 2.1.). Byrnes et al. (2004a,
2004b) modeled the nearshore wave and sediment transport in post-dredging conditions and
found sand mining at multiple sites (Corson Inlet and Mobile Quter Mound) in Alabama and
New Jersey had a minimal environmental impact on sediment dynamics and wave height. Our
results indicate Caminada pit is keeping a 27,480 *10° m®/year sediment infilling rate, while
dredge pits in the area of Mobile Quter mound (AL) have lower sediment infilling rates due to
insufficient sediment supply from the major rivers feeding the pits and low longshore sediment
transport rate (Byrnes et al. 2004b). Byrnes et al. suggested the proximity to sediment sources is
an important variable for the infilling process. Compared with the muddy-capped dredge pits in
Louisiana including Sandy Point and Peveto Channel borrow areas (15 years Obelcz et al. 2018;
13 years in Robichaux, 2020), Caminada pit has a relatively slower sediment infilling rate. All of
these three muddy pits are close to major river sources, which again suggests the importance of

proximity to fluvial sediment sources (Byrnes et al. 2004b)
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Table 2.1. Multiple dredge pit areas and volumes in the East and Gulf Coasts

Resource Depositional | Sand Infilling | Wave Current | Hurricanes(year)
Area environment | Volume rate (10° | heights velocity
(105 m®) | m¥lyear) | (m) (cm/s)

Corson Shelf/Sandy | 8.8 164 0.3 13-31 simulating 50-yr

Inlet, NJ* hurricane and
storm events

Mobile Bay/Sandy 8.4 135 0.2-0.4 25-35 50-year storm

Quiter simulations

Mound, AL?

Palm Beach, | Beach/Sandy | 0.938 276 6.1 NA Hurricanes

FL3 (during Frances (2004),

hurricane) Jeanne (2004),

Katrina (2005)

Caminada, | Shoal/Sandy | 9.07 27.48 0.5 0.18 Hurricanes

LA Harvey (2017),
Nate(2017)

Proposed pit | Shoal/Sandy | ~3.103 62.06 NA NA Not consider

in Block 88,

LA?

Sandy River/Muddy | 3.74 200 0.1-0.2 0-5 Hurricanes from

Point, LA® 2012-2015

Peveto Paleo- 2.059 377.3 NA NA Hurricanes from

channel, channel/Mud 2006-2016

LAS dy

Source:1. Byrnes et al. (2004a) modeled the wave transformation and included the simulating
50-yr hurricane and storm events in the model. 2. Byrnes et al. (2004b) considered the seasonal
change of wave heights and 50-year storm simulations. 3. Kennedy et al. (2010) studied the
infilling of dredge pits during 2004 and 2005 energetic hurricane seasons. 4. Nairn et al. (2005).
The dredge pit of Block 88 in this table is a proposed one for modeling purposes in 2005. The
real dredge pit in Block 88 was dredged in 2018 summer and with a total volume of 10.51
million m3. 5. Obelcz et al. (2018) and Wang et al. (2018). 6. Robichaux et al. 2020.

However, these above sites are quite different from smaller pits such as in Boca Raton,

Palm Beach, Fort Myers Beach, Panama City Beach, and John’s Pass in Florida, which are

predicted to be filled up within only a few years (Kennedy et al. 2009). This indicates that the

excavation volume of dredge pits can also be an important factor controlling the filling time.

Previous studies stated hurricane could be another important factor for sediment infilling dredge

pits (Byrnes et al. 2004a, Kennedy et al. 2009). Kennedy et al. (2009) studied hurricane response
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of nearshore borrow pit with smaller volumes such as in Boca Raton, Palm Beach, Fort Myers
Beach, Panama City Beach and John’s Pass in Florida. Two bathymetry surveys before and after
hurricanes in 2005 indicated groups of pits captured volumes were the equivalent of up to four
years of net longshore transport during hurricane seasons. These sandy dredge pits such as
Corson Inlet (NJ), and Palm Beach (FL) had the highest sediment infilling rate with the relatively
higher wave height or current velocity, which were likely the sediments brought by tropical
cyclones and hurricanes (Kennedy et al. 2009). Although two hurricanes passed the Louisiana
shelf in 2017-2018, the distance between hurricane landfalls and Caminada dredge pit was very
far (>X km; Fig. A2). These hurricanes’ impacts are likely to be small on Caminada dredge pit
and are beyond the scope of this study.

Sources of infilling sediment in Caminada pit are mainly derived from (1) far-field river
plume suspended sediments (e.g., from the Atchafalaya and Mississippi Rivers), (2) local sandy
sediments under the impact of current and wave resuspension, (3) pit wall failure materials, and
(4) hurricane or tropical storms. Caminada pit is in a unique depositional environment because of
the interesting mixture of local sand with episodic mud bypassing the Ship Shoal. Caminada pit
was dredged in the sand-dominated condition, where the infilling rate is significantly less than
the prediction of Nairn et al. (2005). Because mud is useful for marsh restoration but is not
considered a quality sediment resource for barrier island restoration, the infilling sediment of
Caminada pit is not a renewable resource for the high-quality sand needed. Our findings indicate
that it will take a long time to fill up Caminada pit. However, time-series geophysical,
hydrodynamics and physical data should be collected so that we can better evaluate whether
dredging activities in sandy dredge pits, such as in SSBA, are cost-effective and sustainable.

Additionally, the quantity of sand available for restoration is drastically reduced due to setback
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buffer distance required by regulatory agencies for subsea oil and gas infrastructures and cultural
concerns over dredging in these shoals. Relatively small outer migrations (<1 m) of Caminada'’s
walls indicate the current setback buffer distances of ~300 m from planned pipelines are
sufficient. Our results will increase the government’s decision-making ability regarding safety
and protecting environmental and cultural resources and provide for better management of
valuable sand resources in Caminada pit.
2.6 Conclusion

The sand volume of Caminada dredge pit in Ship Shoal is one of the largest in East and
Gulf Coasts of the USA. The integration of repeat bathymetric and backscatter surveys in ~2
years following the dredging allowed for geomorphic analysis of pit evolution, which was
characterized by patchy mud deposition inside Caminada dredge pit. Our conclusions are as
follows:

(1) DOD maps of three post-dredging surveys indicated that nearly no new net sediments
deposited outside pit but new sediment was deposited inside Caminada pit. Post-dredging
volumetric analysis indicated that Caminada is presently infilling at an average rate of
approximately 0.15 m/year, or 27,480 m®/year.

(2) The topography of seafloor inside pit has a direct relationship with the patchy mud
distribution. Side-scan mosaic maps showed topographic lows, or troughs, inside Caminada
infilled with mud within two years after dredging. The seafloor inside Caminada pit became
smoother and flatter with sediment infilling. Pit walls became gentler in two years after
dredging, indicating slope failure also supplied some sediment (sand) to the pit. Relatively
small outer migrations of Caminada's walls indicate the current setback buffer distances of

~300 m from planned pipelines are sufficient.
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(3) The sediment infilling rate in Caminada dredge pit, like many dredge pits nationwide, is
strongly impacted and controlled by sediment availability. In the case of Caminada pit, this
is under the combined controls of the supply of far-field river plume suspended sediments,
the erosion of the adjacent seabed sediment by waves and currents, the sediments filling in

the pit produced by wall failure, as well as the sediments brought by the hurricane and

tropical storms.

32



CHAPTER 3. SEDIMENT INFILLING AND GEOMORPHOLOGICAL
CHANGE OF A MUD-CAPPED DREDGE PIT COMPARED TO A SANDY
DREDGE PIT, SHIP SHOAL, LA

3.1 Introduction

Barrier islands are critical sedimentary environments because they serve as buffers to
coastal areas during storms. It was reported that the barrier islands in southern coastal Louisiana
have been experiencing the highest rates of land loss (Allison et al. 2014). Louisiana has suffered
90% of the total coastal wetland loss in the continental United States, and land loss between
1932 and 2010 was estimated to be 4877 km? (Couvillion et al. 2011). In recent years cumulative
wetland loss in Louisiana has continued at a lesser but still significant rate of ~25 km?/yr
(Couvillion et al. 2017). A major component of the State of Louisiana’s effort to manage coastal
land loss is to restore degraded barrier shorelines by dredging sand resources from borrow sites
for the replenishment of these coastal sedimentary environments (CEC,2017). With the
implementation of barrier island restoration projects in Louisiana since the early 1990s, many of
the nearshore sand sources have already been used, and beach-compatible sediment has become
increasingly scarce and expensive (CEC,2017). Offshore sand environments provide an
alternative resource.

The seabed of the continental shelf off the coast of Louisiana is mainly capped by a layer
of mud, but a few sandy shoal environments exist (Stone et al. 2004). At present, one type of
offshore sand resource on the Louisiana shelf is submarine sandy shoals, which include Ship
Shoal, Tiger and Trinity Shoals, and Sabine Bank (Dubois et al. 2009). Caminada (volume: 9.1 x
108 m®) and Block 88 (3.1 x 10° m®) dredge pits are two of the largest dredge pits located on
Ship Shoal, a sandy shoal located 15 km offshore of Isles Dernieres, central Louisiana. Liu et al.

(2017) found muddy sediments were transported into sandy Caminada pit and deposited in
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heterogeneous patches within two years after dredging. Xue et al. (2017) found at least a portion
of the mud in the muddy sediments from Caminada dredge pit was derived from river plumes
and deposited within ~6 months based on the presence of beryllium-7 (‘Be) radioisotope activity
(TY2 =53 days). Liu et al. (2019) applied multiple machine learning classifiers to identify the
sediment types and found mud was prone to deposit in the trough zones with lower backscatter
values in Caminada pit near Ship Shoal. Moran et al. (2019) collected the bathymetry and side-
scan data in Block 88 pit. They found the steepest slopes were mainly at pit walls, and biogenic
gas were found above low reflectivity sediment inside the pit.

An alternative type of offshore sandy resource for barrier island restoration in Louisiana is
sandy paleo-channels. Unlike sandy shoals, excavating sand from paleo-channels in the Gulf of
Mexico requires the removal of mud overburden formed by modern sediment transport processes
(Nairn et al. 2005; Xu et al. 2016; Obelcz et al. 2016; Xu et al. 2018). Dredging in such an
environment will create ‘mud-capped dredge pits’ (MCDPs), which are expected to evolve
differently than their pure-sand counterparts. Peveto Channel, Raccoon Island, and Sandy Point
dredge pits are three MCDPs located in western, middle and eastern Louisiana shelf,
respectively, and they were dredged in 2003, 2013 and 2012, respectively (Xu et al. 2018).
Obelcz et al. (2018) studied the mud-capped dredge pit of Sandy Point (northwest of the modern
Mississippi River Delta). They found the infilling rate (~200,000 m®/year) was higher than
dredge pits in the sandy substrate, sediment-starved settings in East Coast of USA. Robichaux et
al. (2020) reported nonlinear accumulation rate and continuing degassing and consolidation even
after 100% sediment infilling at Peveto Channel dredge pit in the western Louisiana shelf.

Two areas of our study are Caminada and Raccoon Island pits. Previous geological and

geophysical results of Caminada pit were published in Liu et al. (2020 and under review). New
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results of Raccoon Island pit will be presented in this paper. Caminada pit was dredged in 2016
in a sandy submarine shoal environment on the inner Louisiana continental shelf that was used
for the restoration of Caminada Headland. Raccoon Island pit was excavated in 2013 from a
paleo-river valley north of Ship Shoal for the restoration of Raccoon Island of Louisiana.
However, our knowledge of the similarities and differences of the sediment process and their
influences on the morphologic evolution is still limited. Thus, the objective of this research is to
study geomorphologic response within two contrasting dredge pits on the continental shelf
offshore Louisiana: in a paleo-channel and a sandy shoal. Specifically, this study strives to: (1)
quantify the pit geomorphic evolution including infilling rate and wall slope in Raccoon Island
dredge pit; (2) characterize and observe the geomorphic control on mud distribution inside
Caminada and Raccoon Island dredge pits; (3) compare the physical and geological processes
impacting Caminada dredge pit and Raccoon Island pit. This study will also discuss the
implications of dredging activities to morphology and benthic community, and provide
recommendations for future coastal restoration, dredge site selections, sand resource
management.
3.2. Geological setting
3.2.1 Racoon Island dredge pit in a paleo-channel

The Isle Dernieres barrier shoreline is a barrier island arc 22.0 miles long in Terrebonne
Parish of Louisiana (Penland et al. 2005). The Isle Dernieres arc is part of the Lafourche deltaic
complex formed as a result of the abandonment of the Caillou Headland approximately 500 years
ago (Penland and Boyd, 1986). Raccoon Island is the western-most island in the Isles Dernieres
chain, which is located approximately 50 miles south of Houma, Louisiana (Fig. 3.1). A long

narrow dredge pit located north of Ship Shoal was excavated, and the sandy sediments inside the
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paleo-channel were excavated and transported to Raccoon Island in 2013 (Fig. 3.1.B). Paleo-
channels for Raccoon Island dredge pit were the stratigraphic remnants of ancient courses of the
Mississippi River and its distributaries (Connor, 2017). Raccoon Island pit is located in a slight
topographic low, very similar to a ‘trough’ ( 6.2 m deep and 100 m wide), between Ship Shoal
and Isle Dernieres.
3.2.2 Caminada dredge pit in a sandy shoal

Ship Shoal is considered to be the final phase of Maringouin delta, which was active
7500- 5000 years BP (Penland et al. 1986). The morphology of Ship Shoal is the product of a
process combining relative sea-level rise with regressive (delta building) sequences, and
transgressive (delta abandoning) sequences of the Mississippi River (Penland et al. 1986). Short
periods of rapid relative sea-level rise led to the transgressive submergence of shorelines, which
today can be recognized at the 10 m to -20 m isobaths on the Louisiana continental shelf. Ship
Shoal makes up the -10 m late Holocene shoreline trend and overlies a deltaic headland, which
offset to the east. The Caminada Headland is the modern Gulf of Mexico shoreline that spans
from Belle Pass on the west to Caminada Pass on the east, a distance of approximately 21.4 km
(Fig. 3.1.A). Since 2014, the Caminada Headland Beach and Dune Restoration Projects (BA-45
& BA-143) were the first to use sand resources from the Ship Shoal area for barrier island
restoration since 2014 (CEC, 2017). Ship Shoal is comprised of well-sorted, clean quartz sand,
where the median grain diameter on the crest of Ship Shoal ranges from 2.73 - 3.20 phi (0.1 -
0.15mm) (Nairn et al. 2005). It is estimated to have 1.2 billion cubic meters of potential high-
quality quartz sand (Kobashi et al. 2007). Ship Shoal has been a high-priority target sand
resource to restore the Isles Dernieres barrier chain, Caminada-Moreau headland, and Timbalier

Islands system, all of which are among the high-barrier-island-loss regions in Louisiana (e.g.,
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Drucker et al. 2004; Penland et al. 2005; Khalil et al. 2007; Williams et al. 2012). Sand dredging
in Caminada pit comprised of two increments, | and 11, during which a total volume of 9.1x10°
m? of sand was excavated from December 2014 to October 2016 based on pre- and post-

construction surveys (CEC, 2017).
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Figure 3.1. (A) and (B) Locations of Ship Shoal, and Raccoon Island and Caminada dredge pits
on the south-central Louisiana continental shelf. The elevation map is extracted from ETOP1
(NOAA), which used WGS 84 as the horizontal datum and sea level as the vertical datum. The
black dashed line in (B) is the 6m isobath for Ship Shoal.
3.3 Data and Methods

Interferometric swath bathymetry and side-scan sonar imaging were used to quantify the

seafloor morphology, topography, and evolution of the Caminada pit and Raccoon Island pit.
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Bathymetric data from three post-dredging surveys (2013, 2015, and 2018) were utilized and
processed in CARIS HIPS and SIPS v.11.2. Bathymetric data were applied a tidal correction,
sound velocity profiles, patch tests, and using filtering. These data were then exported to
ArcMap 10.2 for generating Digital Elevation Models (DEMs), Difference of Depth maps
(DODs), and gradient maps. The vertical bathymetry control was referenced to, and verified by,
NOAA Texas Gas Platform, Caillou Bay, Louisiana (Station ID: 8763535). Slope calculations
were performed using the DEM Surface Tools following the method of the Arc-Chord Ratio (Du
Preez et al. 2015). Side-scan mosaics were also generated in HIPS and SIPS and then exported in
ArcMap to identify the reflectivity change of seabed inside the dredge pit. Reference uncertainty
for DEMs and DODs in the different bathymetric dataset was quantified by the fixed-point
method of Schimel et al. (2015).
3.4 Results
3.4.1 Sediment infilling inside Raccoon Island pit

Repeat bathymetric maps in 2013 and 2015 showed different morphology of the pit walls
and the depth of shoaling inside Raccoon Island pit over these two years. As of March 2013 (two
months after dredging activities), the pit depth was approximately 13.5 m below sea level,
compared to the ~8 m depth of the surrounding undisturbed seafloor (Fig. 3.2.A). As of June
2015, the average depth was 11.5 m (Fig. 3.2.B). DOD maps of these two post-dredging surveys
revealed that nearly no new sediment deposited outside pit (less than 2c range in uncertainty) but
there existed ~2 m of new sediments filling the pit (Fig. 3.2.C). Morphological evidence for three
pit-wall-failure zones was found in the western wall margin (See red dots in Fig. 3.2.C). The pit

was filled up by our 2018 survey (Fig. 3.3.). We calculate the average infilling rate in Raccoon
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Island pit from repeat bathymetric surveys were about 1.1 m/year (2013-2015) and at least 1.4

m/year (2015-2018).
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Figure 3.2. (A) and (B) Bathymetry map from two surveys (03/2013 and 06/2015) in Raccoon
Island dredge pit. The depth value is positive with a unit of meter. MN shows the location of
transect in Fig 3. (C) Difference of depth between 2013 and 2015 surveys. Values within the 2¢
range of uncertainty (0.3 m) are generally in beige and considered no significant depth change.
The coordinate system is UTM 15N zone.
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Figure 3.3. Bathymetric profiles of 2013, 2015, and 2018 along the transect MN (see location in
Fig.2). The average sediment deposition rate increases from 1.1 m/year in 2013-2015 to >1.4
m/year between 2015-2018.
3.4.2 Geomorphology change

Between the 2013 and 2015 surveys, the seafloor of the Raccoon Island pit became
smoother and flatter with sediment infilling the pit (Fig. 3.4.). All pit walls lost some steepness in
the first two years after dredging. Morphological evidence for localized failure was mainly on
the pit walls, particularly in the western wall (Fig. 3.2.C & 3.4.B). From 2013 to 2015, the pit
wall slope decreased from 14.2-15 to 7.5-8.2 degrees (i.e., became gentler; Figs 3 & 4). Western
wall in Raccoon Island pit was steeper than the eastern wall in 2013 and 2015 (Fig. 3.4.). The pit

wall shows no obvious outward migrations from 2013 to 2015 (Fig. 3.3. & 3.4.).
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Figure 3.4. (A)(B) Gradient map of the Raccoon Island dredge pit derived from 2013 and 2015
bathymetry. Blue colors represent flatter surfaces, while red colors indicate steeper surfaces.
(C)(D) Side-scan mosaic maps of Raccoon Island pit for two post-dredging surveys in 2015 and
2018. Side-scan mosaic reflected the difference in backscatter values in the unit of dB (Decibel).
The dashed black line is the pit margin of the side-scan map in 2015, which is used as the
reference borderline in other maps.

A side-scan mosaic map in the 2015 survey showed dark zones inside the pit with low
backscatter values where bathymetry shows the depth is deep compared to outside the pit (Fig.
3.4.C). The 2018 survey map similarly showed lower backscatter value inside the pit but of
lesser magnitude in 2015 (Fig. 3.4.D). There were also relatively low backscatter values
observed in an area northwest and outside of the pit (Fig. 3.4.D). Sub-bottom seismic profiles

show Raccoon Island dredge pit was dredged in a paleochannel, which can be seen bounded by
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strong reflectors in Figure 5. Seismic profiles in 2015 and 2018 show a different reflection
character for the sediment deposited in the pit. In particular, biogenic gas (degassing) was found

in both infilling sediment and the water column in the 2015 and 2018 profiles (Fig. 3.5.B
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Flgure 3. 5 (A) (B) and (C). Sub bottom se|5|c profiles collected ac‘roés Raccoon Island
dredge pit in 2015 and 2018. The blue lines delineate the bottom boundary of the pit. Two
boundaries of paleo-channels are marked in red and yellow color. (A) and (C) are along the same
surveying line but in different years and different lengths.
3.5. Discussions
3.5.1 Factors controlling sediment infilling in Raccoon Island pit

Raccoon Island pit is likely under the combined influence of the dynamic Atchafalaya and

Mississippi river dispersal systems, wind-driven currents, pit wall failure, storm waves, and

others. The suspended sediment load in the Mississippi and Atchafalaya Rivers is approximately
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90% mud and 10% sand (Nittrouer, et al. 2008). Previous studies (e.g., Walker et al. 2005;
Kobashi et al. 2009; Xu et al. 2011) found that suspended sediment from Atchafalaya River (i.e.,
buoyant hypopycnal plume) often shifts in the direction from westward to southeastward during
high river discharges and strong northwest winds. An earlier study by Connor (2017) found the
coring site outside Raccoon Island pit contained no “Be, indicating that river sediment does not
normally accumulate on the seabed outside the pit (i.e., if it is deposited, it is removed quickly
and transported elsewhere on the continental shelf). However, dating of ’Be radioisotope activity
in the muddy sediments collected inside Raccoon Island pit indicates a significant portion of the
mud was derived from fluvial sources and deposited within ~6 months before core collection
(Connor, 2017). It indicates that sediments from Mississippi and Atchafalaya Rivers are
contributors of at least a fraction of the sediment delivered to and deposited in Raccoon Island
dredge pit (Fig. 3.6.). Otherwise, previous studies show the fine riverine sediment contributes to
the deltaic wetlands such as Breton Sound (Wang et al. 2019), and Barataria Bay (Wilson et al.
2008; Li et al. in prep). The mud around on the shelf and eroded from nearby coastal marshes
that could be resuspended and supply sediments to the pit.

Wind forcing, a pivotal contributor to buoyant plumes from the Mississippi and
Atchafalaya Rivers, exhibits energetic seasonal patterns, which have been observed during a
variety of discharge and wind combinations using satellite imagery (Walker & Hammack, 2000;
Walker et al. 2005). A combination of high discharge and strong easterly winds could result in
the most extensive hypopycnal plume area to central Louisiana, including the Ship Shoal area
(see Fig. 3.6. for an example; Walker et al. 2005). The western portion of the Mississippi River
plume can travel up to 1000 km to the west, ultimately joining the Atchafalaya plume (Dinnel &

Wiseman, 1986; Murray, 1998) when persistent easterly winds create steady longshore currents
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(Murray, 1998). Kobashi et al. (2007) conclude that during fair weather, a dense benthic mud
layer originating from the Atchafalaya river is deposited, later resuspended and mixed during
winter and spring storm passage. He estimates the consolidated mud layer is between 10 and 15
cm thick (Kobashi et al. 2007). However, coring samples collection by Allison et al. (2000)
found no modern sedimentary record near Ship Shoal, indicating that the benthic mud layer is
ephemeral and episodic, and too frequently resuspended by the passage of cold fronts to
consolidate into hard mud (Allison, et al. 2000; Kobashi et al. 2007).

The sediment infilling Raccoon Island pit is also impacted by the erosion/deposition of
the adjacent seafloor sediment triggered by waves and currents. The DODs map of 2013 and
2015 surveys showed erosion in the western wall margin (Fig. 3.2.C). The erodible materials
produced by local wall failure could contribute to the sediment infillings. The gradient of the pit
wall became gentler from 2013 to 2015 (Fig. 3.4.), which indicated the sediment near the pit

margin could be transported into the pit.
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Figure 3.6. Buoyant plumes from the Mississippi and tchlya Rivers to Raccoon Island pit
and Caminada pit near Ship Shoal in 2017. (A) July 25, 2017, and (B) Sep 08, 2017.

According to a previous model of pit sedimentation, the sediment infilling process should
slow down over a 5-20 year time frame (Nairn, 2005). However, the infilling rate in Raccoon
Island pit displayed a surprising trend. The average sediment infilling rate in Raccoon Island pit
was 1.1 m/year from 2013 to 2015 but increased to 1.4 m/year from 2015 to 2018 (Fig.
3.2.&3.3.). The rate of 1.4 m/year is a conservative estimate because Raccoon Island pit could
have been 100% filled up several months before our survey in 2018. One possible reason is
extreme episodic events, such as hurricane and tropical storms affect the sediment infilling rate
in Raccoon Island pit. There were three hurricanes and one tropical storm during our study
period (2013-2018) passing Raccoon Island pit within a 200 km range: Tropical storm Karen in

2013, as well as hurricanes Nate, Cindy and Harvey in 2017, passed within a distance of 100 -

200 km of Ship Shoal and the dredge pits (Fig. 3.7.). Hurricane Harvey weakened to a tropical
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storm when it made landfall near the Texas-Louisiana border. Tropical storm Karen similarly
weakened before landfall and became a depression while centered about 140 mi southwest of
New Orleans. These episodic extreme events all could move sediments to Raccoon Island pit and

contribute to the fast sediment infilling during 2015-2018.
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Figure 3.7. Hurricane and tropical storms track from 2013 to 2018 near Ship shoal (within 200
km). Data of tracks of Tropical Storm Karen, and Hurricanes Harvey, Cindy, and Nate
downloaded from NOAA national hurricane center( https://www.nhc.noaa.gov/).
3.5.2 Comparison of mud-capped Raccoon Island dredge pit with sandy shoal Caminada
dredge pit

Caminada pit can be compared with Raccoon Island pit in geometry, infilling sediment
source, and controlling factors (Table 3.1.). Caminada pit was dredged in 2016 with the sand
volume of 9.1x10° m2, while the Raccoon Island pit was dredged in 2013 with a much smaller
volume of 0.2x10°% m3. Caminada pit was dredged in a sandy shoal, where the pit wall was sandy

sediment. However, Raccoon Island pit was dredged in a paleo-channel system, where the pit
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wall was mainly overburdened mud mixed with sand. The pit wall slope decreased on average

2.3 degrees in Caminada pit within two years, but it dropped averagely 6.8 degrees in Raccoon

Island pit within two years. This indicates pit wall erosion and pit wall failure happened in a

muddy paleo-channel environment.

Table 3.1. Comparison of Caminada pit with Raccoon Island pit

Feature Caminada Pit Raccoon Island Pit
Study Dredging year 2016 2013
period Study period (Month/Year) | 07/2017-08/2018 03/2013-08/2018
Pit Ambient seafloor water 12 8
geometry | depth (m)
Sand Volume (10° m?®) 9.1 0.2
Pit margin slope change 3.3-6.6 (2017) to 14.2-15(2013) to
(degree) 1.7-3.6 (2018) 7.5-8.2 (2015)
Sediment | Sediment infilling rate 0.15 1.1
infilling (m/year)
process Physical setting Sandy in sandy Muddy in paleo-channel
shoal
Infilling material Mud with few local | Mud
sand

Previous studies of Stone et al. (2009) and Kobashi (2009) reported that sediment transport

processes on Ship Shoal include contrasting non-cohesive sand and cohesive mud transport.

Muds from the Atchafalaya Bay can be delivered to Ship Shoal area and then resuspended and

transported elsewhere. As mentioned previously, the transient mud is likely one of the sediment

sources to both Raccoon Island pit and Caminada pit (Xue et al. 2017; Liu et al. 2018). Connor

(2017) found that “Be profiles from Raccoon Island accumulation rates exceeded an average

of .24 cm/day and that multicores within pit contained almost entirely silt. The sediment infilling

rate in these two pits was different, in which Caminada was with a relatively slow rate of 0.15

m/year, but Raccoon island showed a much higher rate of 1.1 m/year. Based on previous coring

samples inside two pits, Caminada pit was mainly filled with mud from fluvial sources and
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minor quantities of sand from seafloor outside the pit (Xue et al. 2019). However, Raccoon
Island pit was filled up only with mud (Connor,2017).
3.5.3 Implication and broader impact

Ribberink (2005) and Nairn (2005) applied the 1D analytical approach and modeled the
evolution of a proposed dredge pit near Ship Shoal (see location in Fig. 3.1.B). They included the
empirical coefficients, settling velocity of mud, water depth of inside and outside the pit,
background concentration, and tidal period. However, these authors did not consider wave
resuspension, episodic extreme hurricane, and other tropical events, which this paper is essential
in the previous discussion. We applied Nairn’s model and compared modeling results with the
observed infilling percentages in the first two years after dredging. Narin’s modeling infilling
percentage (~75% ) is much higher than what was observed in Caminada pit (~10%) (Fig. 3.8.).
The infilling rate in Raccoon Island pit, however, was over-estimated in the first two years and
then under-estimated by Nairn’s model (Fig. 3.8.). It is well known that sediment concentration
rate and sediment setting velocity can change with the time and evolution of the dredge pit. In
future work, the seasonal change of sediment plume from rivers, current, and wind, the episodic
extreme events, such as hurricane and tropical storms, should be included when predicting the

sediment infilling rate.
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Figure 3.8. Observed infilling volume in Caminada and Raccoon Island pits over time and
comparison with Nairn’s model in a proposed Block 88 pit. Volumetric calculations for our
surveys with uncertainty were made using the Cut-Fill tool in ArcMap. Stars and crosses are
observational dada for Caminada and Raccoon Island pits, respectively.

When comparing muddy-capped dredge pits in Louisiana with sandy dredge pits, sandy
pits have a relatively low sediment infilling rate in the first five years after dredging (~0.15
m/year at Caminada compared to muddy pits: Raccoon Island (~1.10 m/year ), Peveto Channel
(>2.00 m/year; Robichaux, 2020), and Sandy Point (>0.54 m/year; Obelcz et al. 2018). Proximity
to mobile sediment sources appears to be necessary, as all of the muddy pits studied to date are
relatively close to major rivers (Obelcz et al. 2018; Robichaux, 2020). The infilling rate between
Caminada and Raccoon Island pits showed a noticeable difference (Fig. 3.8.). One possible
reason is the topography of seafloor could control the sediment infilling rate. Fig. 1B shows that
Caminada is in the east end of Ship Shoal, which is near the eastern shoal crest. The high
elevation of eastern shoal crest makes it challenging to transport sandy sediment westward (thus
upslope). However, Raccoon Island pit is located within a topographic low between Ship Shoal

and Isle Dernieres, where facilitates downslope transport and traps sediments. Thus future
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dredging activities may consider choosing topography lows which can facilitate rapid sediment
infilling.

Previous studies discussed the geological, physical, and ecological effects of dredging
activities on the seafloor and nearby environments. Dredging can change the benthic community
drastically, resulting in lower benthic abundance, biomass, and diversity that persists for years
(Palmer et al. 2008). Desprez (2000) explored the physical and biological impact of marine
aggregate extraction along the French coast of the Eastern English Channel and found the effect
of overflowing sands on benthic macrofauna in the surrounding deposition area proved equally
significant as in the dredged area. Boyd et al. (2003) found sediments from the southeast coast of
England exposed to the highest dredging intensity contained proportionally more sand than other
sampled sediments. Multivariate analyses indicated a strong relationship between macrofaunal
community structure and dredging intensity at this site. Yozzo et al. (2004) proposed beneficial
projects which included the use of dredged material for the construction of artificial reefs, oyster
reef restoration, intertidal wetland, and mudflat creation, bathymetric recontouring, filling dead-
end canals/basins, creation of bird/wildlife islands, and landfill/brownfields reclamation. Newell
et al. (2004) did a survey of benthic macrofauna in the vicinity of a coastal marine aggregate
dredging site off the south coast of the UK. They found trailer dredging had no impact on the
community composition of macrofauna within the dredge site. Spebroeck et al. (2006) suggested
to choose nourishment sands with a sediment composition comparable to the natural sediments
and avoid short-term compaction by ploughing immediately after construction due to ecological
consideration. Bayraktarov et al. (2016) performed a synthesis of 235 studies with 954
observations from restoration or rehabilitation projects of coral reefs, seagrass, mangroves,

saltmarshes, and oyster reefs worldwide. They found coral reefs and seagrass were among the
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most expensive ecosystems to restore. Even though Raccoon Island pit is filled up, the low
backscatter on the surface of infilling sediment indicates possible finer texture, low porosity, and
higher organic matter (Fig. 3.4.). Thus it is likely that the benthic community in Raccoon Island
pit has not reached an equilibrium with ambient seafloor yet.

Syed et al. (2018) summarized the availability of sediment resources for the ecosystem
restoration of coastal Louisiana. They found the quantity of sediment resources available for
critical restoration projects is likely to decrease. Sandy shoals (such as Ship Shoal pits) are
prominent and high-quality sand sources off the Louisiana coast. Still, the transportation distance
between the dredging pit to the restoration site makes it not cost-effective. Instead, borrowing
sand from abandoned paleo-channels (such as Raccoon Island pit) provides an alternative and
cost-effective method for sandy shoal dredging. Caminada pit is in a unique depositional
environment because of the mixture of local sand with episodic mud bypassing the Ship Shoal.
Raccoon Island dredge pit also is in a mixed environment in which the pit was filled with mud.
Mud is useful for marsh restoration but is not considered a quality sediment resource for barrier
island restoration. Xue et al. (2019) found that the Caminada sandy dredge pit is not a renewable
resource for the high-quality sand needed in future barrier island restoration; we similarly find
here that muddy dredge pits like Raccoon Island pit are not renewable resources either.

Additionally, the quantity of sand available for restoration is drastically reduced due to
safety buffer requirements by regulatory agencies for subsea oil and gas infrastructures and
cultural concerns over dredging in these shoals. Relatively small or no dramatic outer migrations
(<1 m) of Caminada's and Raccoon Island’s walls indicate the current setback buffer distances of
~300 m from planned pipelines are sufficient. However, the degassing of the mud infilling

sediment in Raccoon Island pit indicates it is still under the consolidation process (Fig. 3.5.C),
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which is not a safe zone for the construction of new oil and gas pipelines. Our results could
increase the government’s decision-making ability regarding safety and protecting environmental
resources and provide for better management of valuable sand resources in the Caminada pit and
Raccoon Island pit.
3.6 Conclusion

Raccoon Island dredge pit was excavated from a paleo-river valley north of Ship Shoal for
the restoration of Raccoon Island of Louisiana. The integration of repeat bathymetric and side
scan surveys in ~5 years following the dredging allowed for a geomorphic analysis of pit
evolution and comparison with Caminada pit dredged in a sandy shoal environment. The
conclusions are as follows:

(1) DOD maps of three post-dredging surveys (2013, 2015, 2018) revealed that nearly no net
new sediment deposited outside pit, but there existed muddy sediments filling in Raccoon
Island pit. Three pit-wall-failure zones were found in the western wall of Raccoon Island pit.
The average infilling rate in 2013-2015 was about 1.1 m/year. All pit walls lost steepness in
the first two years after dredging in Raccoon Island pit, decreasing from 14.2-15 to 7.5-8.2
degrees in 2013-2015.

(2) The infilling rate in Raccoon Island pit (1.10 m/s) was higher than in the Caminada pit (0.15
m/s). Raccoon Island pit was filled up on or before 2018, but Caminada pit is still collecting
sediments. Repeat bathymetric surveys showed the pit margin in Raccoon Island and
Caminada pits were generally stable with no obvious migration, which indicated the current

setback buffer distances of ~300 m from oil and gas pipelines were sufficient.
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(3) The sediment infilling process in both Raccoon Island and Caminada pits were likely under
the combined influence of wind-driven currents, storm waves, and the dynamic Atchafalaya
and Mississippi river dispersal systems.

(4) Sandy shoals (such as Ship Shoal pits) are prominent and high-quality sand sources off the
Louisiana coast, but the long transportation distance makes it not cost-effective. Instead,
borrowing sand from paleo-channels (such as Raccoon Island pit) provides an alternative
and cost-effective method for sandy shoal dredging. Caminada and Raccoon Island pit are
not considered as a renewable resource for future restoration due to high mud content. Even
after 100% infilling, it will take time for sediment and benthic community to reach a status

indistinguishable to ambient seafloor.
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CHAPTER 4. SEDIMENT IDENTIFICATION USING MACHINE
LEARNING CLASSIFIERS IN A MIXED-TEXTURE DREDGE PIT OF
LOUISIANA SHELF FOR COASTAL RESTORATION

4.1. Introduction

Barrier islands protect the wetlands and deltaic plains from meteorological and marine
forcings and help stabilize estuarine conditions. Many barrier and deltaic systems, as well as
megacities around the world, are under the threat of land loss and rapid relative sea-level rise due
to a variety of natural and human activities (Byrnes et al. 2004; Syvitski et al. 2009; Vérésmarty
et al. 2009). Dredging has been used in barrier island restoration, beach nourishment, marsh
creation, and other coastal protection and restoration projects (Kennedy et al. 2009; CEC,2017;
Syed et al. 2018). Sediment has been dredged from multiple types of offshore and onshore
borrow sites such as shelves, bays, marshes, river channels, and other sources and delivered to
coastal sedimentary environments (CEC, 2017; Syed et al. 2018).

The Louisiana coast has been facing tremendous coastal land loss (~43 km? per year since
1985) due to subsidence, levee construction, a shortage of fluvial sediment supply, hurricane
landfalls, and other factors (Allison et al. 2014). Although billions of cubic meters of sand are
needed for initial and recurring restoration in Louisiana (Stone et al. 2014; Stone et al. 2009;
Hanley et al. 2014; Jonah et al. 2015; Brown et al. 2015; Rangel et al. 2015), high-quality sand is
largely limited to isolated shoals or paleo river channels on the inner Louisiana shelf. At present,
the largest high-quality sand resources on the Louisiana shelf are submarine sandy shoals, such
as Ship, Tiger, and Trinity Shoals, and Sabine Bank, as well as some paleochannels (Dubois et

al. 2009; Obelcz et al. 2018; Wang et al. 2018; Liu et al. 2017; Xue et al. 2017). These shoals

This chapter was previously published as Liu et al., 2019. Sediment Identification Using Machine
Learning Classifiers in a Mixed-Texture Dredge Pit of Louisiana Shelf for Coastal Restoration. Water,
11(6), p.1257.
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typically are home to a valuable biological community dominated by a variety of sand, shell,
oyster beds, and coral-algal reefs in coastal Louisiana (CEC, 2017; Syed et al. 2018). While the
direct physical impacts of dredging are relatively short and spatially restricted to the size of the
pits, the impacts of dredging on the ecological function of habitats are not well constrained yet
(Pearce et al. 1994; Nairn et al. 2004). The dredging impacts on biological communities in an
excavated pit can occur due to the defaunation of sediment, physical changes to the water
column caused by stratification, water quality changes such as hypoxia, and changes in sediment
characteristics in and around the pits (Nairn et al. 2004; Munnelly et al. 2019). Additionally, the
Ship Shoal borrow area (SSBA, Fig. 4.1) is considered the nearest shoal sand resource for barrier
restoration along the central Louisiana coast, and tens millions of cubic meters of high-quality
sand have been dredged for beach and dune restoration in Port Fourchon and the Grand Isle of
Louisiana (CEC, 2017). Previous studies have suggested the existence of a transient mud
bypassing Ship Shoal (Stone et al. 2009) and new mud and sand deposition in topographic lows
of the bottom of the Caminada pit within two years after dredging (Xue et al. 2017; Liu et al.
2018). Muddy infilling sediments can greatly affect the living quality of benthos (Stone et al.
2009; Liu et al. 2017; Xue et al. 2017), and the identification and prediction of mud distribution
inside the dredge pits are critical for the management of valuable sand resources.

Synthesizing historical data and continuously monitoring the pits have been an interest of
mineral resource managers and decision-makers (CEC,2017; Stone et al. 2009; Rangel et al.
2015; Liu et al. 2017; Xue et al. 2017; Liu et al. 2018). Traditional methods used to study the
pre-dredge, during, and post-dredge processes include geophysical surveys (bathymetric, sub-
bottom, and side-scan), corings and grabs, water sampling, time-series observation using optical

and acoustic sensors, profiling, vessel-based transects, and other methods (Obelcz et al. 2018;
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Wang et al. 2018). Corings and geophysical methods have been widely used to identify the
sediment types, but these data can be spatially limited and expensive to obtain. For instance,
sediment coring is an effective ground-truthing method. Still, it is time-consuming and labor-
intensive, generally occurring once during multiple months or years (e.g., seasonal samplings)
(Xu et al. 2014). A multi-beam bathymetric survey is useful to study detailed morphological
evolution but is very costly; many dredge pits have been served only once every two to five
years. Compared with the narrow swath of multi-beam surveys, the side-scan method uses a
relatively wide swath and has been a powerful tool to detect sediment substrates such as hard
bottoms, shipwrecks, oyster reefs, sand, and mud (Obelcz et al. 2018; Denny et al. 2007;
Freeman et al. 2007).

The growing availability of large geoscience datasets provides an opportunity to use
machine learning (ML) to combine observational data with simulations (Diesing et al. 2014;
Karpatne et al. 2018). Multi-beam bathymetric and side-scan sonar data are generally collected
using acoustic equipment and represent a spatiotemporal field, but their spatial coverages are
often limited (Diesing et al. 2014). These bathymetric data can be interpolated in space but can
generate uncertainty and sometimes even miss detailed geological features (Stephens et al.
2014). In recent decades, ML methods have been used for identifying seafloor sediment types
based on multi-beam backscatter and bathymetry (Diesing et al. 2014; Stephens et al. 2014;
Valentine et al. 2016; Lacharite et al. 2018; Blondel et al. 2009), and they provide a statistically
optimal estimate by incorporating disparate data and manual interpretation, especially in the
locations that cannot be measured directly. However, based on our knowledge, ML methods
haven’t been used in the identification of seafloor types and bathymetric terrain analysis in the

rapidly changing dredge pits for coastal restoration yet, and our understanding of the
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relationships among sediment types, bathymetry, and backscatter data in such a setting is
relatively poor. The objective of our study is to apply ML methods to SSBA on the Louisiana
continental shelf to identify the sediment deposition and classify the seafloor sediment types.
Specifically, we strive to (1) quantify the grain size of sediment within a dredge pit; (2) derive
and analyze the features from bathymetry and backscatter data for statistical terrain analysis; (3)
compare multiple classification models; and (4) provide recommendations for future sand and
mud resource management. How to best utilize the sand resources, predict the mud distribution,
and minimize the impact on sensitive seafloor habitats has been an interest of scientists,
engineers, stakeholders, mineral resource managers, and decision-makers. We hope that our
study will serve as a stepping stone to develop monitoring plans and improve the predictions of
pit morphological evolution and ecological response at onshore and offshore dredging
environments in many coastal areas around the world.
4.2. Background

Ship Shoal is located off the central Louisiana coast (Fig. 4.1.), which is in the eastern
portion of the late Holocene shoreline (Penland et al. 2005). On the inner shelf, which has a
depth shallower than 10 m, the gentle southern slopes and steep northern slopes of Ship Shoal
indicates an active northward shoal migration. This shoal is approximately 50 km long and varies
between 5-7 km in width, as delineated by the 6-m isobaths (Fig. 4.1.). The 6-m isobaths of the
shoal are located in a high-energy environment where currents and waves mobilize well-sorted
sandy sediment. Sediment on top of this shoal is mainly comprised of clean quartz sand (Stone et
al. 2009). It is a high-priority sand resource for the restoration of the Isles Dernieres barrier
island chain, Caminada—Moreau headland, and Timbalier Islands, all of which suffered a high

rate of land loss in recent decades (Drucker et al. 2004; Khalil et al. 2007; Williams et al. 2012).
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The Caminada Headland is a Gulf of Mexico shoreline that spans from Belle Pass on the
west to Caminada Pass on the east, which is a distance of 21.4 km (Fig. 4.2.). The Caminada
Headland Beach and Dune Restoration Projects were the first ones to use sand resources from
the Ship Shoal area for barrier island restoration; these also comprised the costliest restoration
effort, and the longest beach and dune restoration project in Louisiana to date (CEC, 2017). The
restoration of the Caminada Headland was comprised of two increments: Increment | (BA-45)
and Increment Il (BA-143). The Increment | Project (in 2014) was the first to utilize the sand
resources from Ship Shoal. Subsequently, the Increment 11 Project (in 2016) for Caminada
Headland and the Caillou Lake Headland Restoration ventured into the nearshore continental
shelf for sediment resources. The area of the Caminada dredge pit (hereafter abbreviated as
‘Caminada’) is approximately 6.3 km? (1.8 km x 3.5 km), and a total volume of 9.07 million m*
of sediment was dredged. Post-dredging volumetric analysis indicates that Caminada is presently

infilling at an average rate of 0.15 m/year, or 27,480 m*/year (Liu et al. 2018).
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Figure 4.1. (A) A map showing the location of two sandy pits along the Louisiana shelf. The
Texas gas platform station is the NOAA (National Oceanic and Atmospheric
Administration) tide and current station (ID: 8763535) for tide and bathymetry correction.
(B) Two borrow areas in Ship Shoal are Block 88 and Caminada. This study focuses on the
Caminada dredge pit.

4.3. Methods
4.3.1. Primary and Secondary Data

Bathymetric and side-scan sonar data were used to quantify the seafloor morphology and
topography of the study area. Bathymetric data from a post-dredging survey in August 2018

were processed in CARIS HIPS and SIPS v.11.2 (Teledyne CARIS, Canada) (Fig. 4.2.A). The
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bathymetric data were referenced to an NOAA station at the Texas gas platform (Fig. 4.1.A),
Caillou Bay, Louisiana (LA). Side-scan mosaics with backscatter values were first generated in
CARIS and then exported into ArcMap (Fig. 4.2.B). Details of the processing and analysis of
bathymetry and backscatter data can be found in Obelcz et al. (2018) and Liu et al. (2017).

The slope, aspect, curvature, and relative position of features and terrain variability were
the derived secondary features of the bathymetry and backscatter datasets (Wilson et al. 2007;
Lecours et al. 2016). Some previous studies suggested a range of secondary features that were
possibly associated with substrate types from terrain analysis, which includes the bathymetric
position index (BPI), roughness, curvature, aspect, Moran’s I, and Sobel filter (Stephens et al.
2014; Valentine et al. 2016; Lacharite et al. 2018). BPI is the vertical difference between a cell
and the mean of the local neighborhood (Wilson et al. 2007), which is deemed to be significant
for sediment transport under the effect of waves and currents. This study used 20-m horizontal
resolution as the cell size, which is hereafter defined as ‘BPI_20'. Roughness and rugosity are the
derived features for terrain variability and refer to the difference between the minimum and
maximum of cell and its eight neighbors, which is calculated based on bathymetry and
backscatter. Rugosity is a measure of small-scale variations of amplitude in the height of a
surface, whereas roughness is the deviations in the direction of the normal vector of a real
surface from its ideal form Wilson et al. (2007). In this study, all the derived secondary data were
calculated in ArcGIS 10.0 via the BTM (Benthic Terrain Modeler) toolbox (Walbridge et al.
2018). Since sediment samples in this study were collected in the relatively flat seabed with no
obvious slope change (Fig. 4.2.C), the slope and aspect feature such as northness and eastness
are subsequently removed from the derived features in this model. Then, BPI_20,

Roughness_bathymetry (roughness derived from bathymetry), Roughness_backscatter
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(roughness derived from backscatter), and Rugosity backscatter (rugosity derived from

backscatter) were selected for further analysis, as described below (Table 4.1.).
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Figure 4.2. (A) Bathymetry map in a survey from August 2018 with 1-m horizontal
resolution. The depth value is positive with a unit of meter. (B) Side-scan map of Caminada
pit in August 2018 with 10-m resolution. Note that the dark brown indicates the patchy mud
with low backscatter values, while the bright yellow is associated with sandy sediment with
high backscatter values. (C) Gradient map of the Caminada pit derived from August 2018
bathymetry. Green colors represent flatter surfaces, while red colors indicate steeper ones.
The dotted polygons are steep pit walls.
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Table 4.1. Secondary acoustic features generated from bathymetry and backscatter

Derivative Features Variables Names

Seabed curvature Curvature

Bathymetric position index (BPI) | BPI 20 m

Terrain variability Backscatter_roughness,
Bathymetry roughness
Rugosity backscatter

4.3.2. Surficial Sediment Data

Surficial sediment samples (n = 58) were collected using a clam-shell grab sampler in the
bathymetric survey area in 2018. Grain size analysis was conducted using a Beckmann Coulter
laser diffraction particle size analyzer (Model LS 13 320). A subsample from each grab (1 g) was
digested with 30% hydrogen peroxide to remove any organic matter. More details of processing
and analysis can be found in (Liu et al. 2018; Xu et al. 2014). The sediment types were classified
into two basic groups based on grain size analysis of the relative proportions of mud (median
grain size d < 63 pm) and sand (63 pm<d <2000 pm).
4.3.3. Classification Methods

Decision Tree (Buhl et al. 2009; lerodiaconou et al. 2011; Gonzalez et al. 2012) and
Random Forest learning (lerodiaconou et al. 2011) were recently used in seabed mapping.
Unlike parametric methods, tree-based methods do not have any parametric assumption on the
data. Trees can automatically handle the mixed type of data (e.g., categorical and numeric
variables) and missing values (Atkinson et al. 2000). The recursive partition algorithm is a
popular technique to construct a binary tree, in which each node can have at most two branches.
At each splitting node, the tree algorithm finds the “optimal” splitting variable and location
through an exhaustive search. The “optimal” here means minimizing some predefined criterion,
such as cross-entropy for classification and the sum of squared errors for regression. The

splitting process is repeated recursively on the right and left branches derived from the previous
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split until some stopping criterion is met (e.g., the minimum sample size to split). Usually, a fully
grown tree is highly complicated and overfits the data. To avoid overfitting, the algorithm
“prunes” the overfitted tree by collapsing some internal splits and finds the optimal subtree that
minimizes the cross-validation error (Atkinson et al. 2000). In this study, the default setting was
used to construct and prune the classification trees using the ‘rpart’ package in R.

The Random Forest algorithm (Breiman, 1996) is one of the most popular ensemble
methods in data mining. The fundamental idea of Random Forest is to boost the prediction
performance of a single tree by fitting multiple trees and combining their predictions. The
Random Forest algorithm uses two ways to make the trees in the forest as diversified as possible.
First, each tree is constructed using a random subset of the sample through bootstrapping (i.e.,
random sampling with replacement). Second, at each split, the optimal splitting variable is
chosen from a random subset of variables. The observations not used to construct a tree are
called out-of-bag samples. Instead of using cross-validation, the Random Forest algorithm uses
the out-of-bag errors to estimate the predictive performance on new samples and stops growing
more trees when the out-of-bag error converges. Additionally, regularized logistic regression was
a popular classification method by adding a penalty term (e.g., lasso penalty) to the log-
likelihood function (Tibshirani et al. 2011), which can be used to pick out the most essential
features. The randomForest and ‘glmnet” packages with default settings were used in this study
to run the Random Forest and regularized logistic regression models, respectively.

In this study, Random Forest, Decision Tree, and Regularized Logistic Regression with
Lasso penalty (hereafter abbreviated as Logistic Lasso) were run using randomForest, rpart, and
glmnet packages in R, respectively (Fig. 4.3.). The data were randomly split into training (80%)

and test (20%) sets. The models were fitted using the training samples only, while the test
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samples were used to evaluate the models’ predictive performance. The results were based on a
total of 250 random splits of the data. The accuracy rate and AUC (Area Under the Curve) score
were used to evaluate the model performance (Huang et al. 2005). Accuracy is defined as the
proportion of samples that were correctly classified for the test set. AUC, which is based on the
Receiver Operating Characteristic (ROC) curve, provides an aggregate measure of performance
across all the possible classification thresholds. A model whose predictions are incorrect has an
AUC of 0.0; one whose predictions are all correct has an AUC of 1.0. In our models, each
sample contained (1) primary features: bathymetry (m) and backscatter data (dB), and (2)
derived secondary features: BPI_20, Roughness_bathymetry, Roughness_backscatter, and
Rugosity backscatter. Each classification method in this study was trained three times using
different combinations of features: 1) all six features, 2) only primary features (bathymetry and

backscatter), and 3) a subset of features chosen by the Random Forest algorithm.
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4.4. Results
4.4.1. Grain Sizes

The grain size distributions of a total of 58 samples from Caminada pit are shown in figures
3A & 3B. The majority of the 30 sandy samples within the pit contain about 90% sand and 10%
silt, with modes around 100 um (Fig. 4.4A). However, there are a few sandy samples whose
modes are near 63 um. The grain sizes of the other 28 samples indicate the dominance of silt
with modes around 15 um (Fig. 4.4B). On average, the sand, silt, and clay represent 21%, 75%,
and 4%, respectively, with silt being the largest fraction.
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Figure 4.4 Grain size distributions of surficial sediment samples collected inside Caminada
pit in August 2018 (see Figure 2B for grab sample locations). (A) Shows the grain size
distribution of 30 sandy samples and (B) shows 28 muddy samples.
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4.4.2. Data Exploration

The training samples showed that the bathymetry of samples ranges from 9 m to 13.5 m, and
most of the data are between 12.0-13.5 m (Fig. 4.5.A). The backscatter data revealed a sampling
of values between 0-5 dB (Fig. 4.5.B), with the majority being in the 2-3 dB (Fig. 4.5.B).Further
exploration of the sediment types of training data showed that, in general, coarser sediments

were associated with higher backscatter and shallower water depths (Fig. 4.5.C, D).
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Figure 4.5. A summary of training data. (A) and (B) show the distribution of bathymetry
values and backscatter values. (C) and (D) show the distribution of sediment types with
bathymetric and backscatter values.
4.4.3. Feature Selection

The correlation matrix shows that backscatter and bathymetry have a strong correlation with

sediment types, and the absolute values are both greater than 0.43. Backscatter and all the
corresponding derived features indicate a positive relationship with sediment types, whereas

bathymetry and BPI_20 have a negative relationship with sediment types (Fig. 4.6.). It shows

that a higher backscatter value with shallower water depth is prone to be classified as sand. The
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four derived features show autocorrelation with their original primary features. The Random
Forest method was applied ten times to calculate the variable importance (Table 4.2.). The
results indicate that backscatter, roughness_bathymetry, and rugosity backscatter bathymetry

were the most significant features that were included in the model with a subset of features.
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Figure 4.6. The correlation plot is showing the relationship between all the features with
sediment types. Blue color means a positive relationship, but the red color indicates a
negative connection. Sediment_Type_num: 0 is mud, and 1 is sand.

Table 4.2 Output from Random Forest selection algorithm. The first four bold scores (all
greater than the threshold, which we defined as 1.5) are the most important features to
identify sediment types.

Feature Score
Backscatter 16.77
Roughness bathymetry | 2.39
Rugosity backscatter | 2.28

Bathymetry 1.51
Roughness_backscatter | 0.76
BPI_20 0.20
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4.4.4 Model Performance

Table 4.3. summarizes the test set performance for nine models (the combination of three
sets of features and three classification methods) based on 250 random splits of the data. The
number refers to three types of models with different input features used in the model. In set 1,
all the features were used; in set 2, only the primary features (bathymetry and backscatter) were
used; in set 3, a subset of four features chosen by the Random Forest algorithm discussed above
was used. For example, DT1 stands for the Decision Tree model using all the features.
Table 4.3. Model performance comparison. The average accuracy rate and Area Under the
Curve (AUC) score calculated on the test sets from 250 replications. The model number
indicates the input features used in the model. (RF = Random Forest; CT = Classification
Tree; Logit_Lasso = Logistic Lasso classification). The number in the parenthesis is the

standard deviation of accuracy. The accuracy in bold indicates the best performance in each
of the three types of models (RF, CT, and Logit_Lasso).

Model Accuracy (Standard Deviation) | AUC
RF1 0.82 (0.12) 0.93
CT1 0.84 (0.13) 0.85
Logit Lassol | 0.83 (0.09) 0.93
RF2 0.85 (0.12) 0.92
CT2 0.84 (0.13) 0.85
Logit Lasso2 | 0.84 (0.12) 0.93
RF3 0.90 (0.10) 0.95
CT3 0.87 (0.10) 0.85
Logit_Lasso3 | 0.84 (0.12) 0.94

As we discussed above, each model was trained by 250 randomly split datasets, and then the
average accuracy and standard deviation were recorded in Table 2. In terms of the first-type
models, Classification Tree has the best performance with an accuracy of 0.84. However, the
AUC only reaches 0.85, which is the smallest among all these three models. Likewise, the
classification power increases when the model is only trained with the two primary features,
which are the second-type models. The accuracy of the Logit_Lasso models increases from 0.83

to 0.84. Random Forest_2 has the best performance with an accuracy of 0.85 and AUC of 0.92.
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The best model of all the 12 is the Random Forest_3, which is trained by only four selected
features, and reaches the accuracy of 0.90 and AUC of 0.95. Additionally, Decision Tree and
Logistic Lasso classification take the longest time to run among all the 12 models.
4.5. Discussion
4.5.1. Model Evaluation and Comparison with Previous Studies

Previous studies show that the slope, aspect, curvature, and relative position of features and
terrain variability were the four different geomorphological relevance in marine-based studies
(Table 4.4) (Lecours et al. 2016; Buhl et al. 2009). The slope can be used to evaluate the stability
of sediments deposition/acceleration and erosion/movement, which are applied to calculate the
basic slope (steepest) and directional slope (Lundblad et al. 2006; Lanier et al. 2007; Micallef et
al. 2012; Micallef et al. 2012; Dolan et al. 2014; lenness et al. 2004). Orientation is related to the
direction of dominant geomorphic processes and the orientation of the seabed, i.e., which
direction it is facing (Galparsoro et al. 2009). Aspect, Northness, and Eastness are the three
terrain attributes of orientation (Wilson et al. 2007). Northness equals the cosine of the aspect,
which is the direction of the steepest slope measured in clockwise degrees from north, and
eastness refers to the sine of the aspect (Monk et al. 2011). Curvature is useful in the
classification of landforms, such as flow and the channeling of sediments/currents (lenness et al.
2004). Previous studies used Mean Curvature (Dolan et al. 2014), Profile Curvature (lenness et
al. 2004; Guinan et al. 2009), Plan Curvature (Ross et al. 2015), and BPI (Monk et al. 2010;
Pirtle et al. 2015) to calculate terrain attributes of curvature. Lastly, the terrain variability and
structures that are present reflect dominant geomorphic processes, which contains Rugosity
(Dunn et al. 2009), Vector Ruggedness (Tempera et al. 2012), Bathymetric Roughness (Wilson

et al. 2007), Relative Relief (Elveness et al. 2013), and Fractal Dimension (Wilson et al. 2007).
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In terms of our model, bathymetry and backscatter were identified as two critical features in the
model. Our results indicated that bathymetry roughness and backscatter roughness were two
important secondary features, which is in line with multiple previous studies (Diesing et al. 2014;
Stephens et al. 2014; Lacharite et al. 2018). The BPI was not selected as a significant feature,
which was possibly due to the relatively coarse cell size of 20 m when compared with the area of
the seabed sampled by the grabs. Additionally, this study limited the number and types of input
features to keep the model simulations manageable. A decision was made to limit the secondary
features to those that were easily derived with standard GIS software to make this study
compared with others. Also, the slope and aspect of the seabed did not change dramatically
inside the Caminada dredge pit, and thus northness and eastness were not used.

Table 4.4. Summary of the most commonly used terrain attributes derived from bathymetry and
backscatter in marine-based studies

Slop Orientation | Curvature Terrain Variability
Terrain (1) Basic (1) Aspect | (1) Mean curvature | (1) Rugosity
attributes | slope (2) (2) Profile (2) Vector ruggedness
and (steepest) Northness curvature) measure (VRM)
examples | (2) (3) Eastness | (3) Plan curvature | (3) Bathymetric

Directional (4) Bathymetric Roughness

slope position (4) Relative relief

index (BPI) (5)The fractal dimension

Supervised machine learning techniques that have been applied to seafloor mapping include
Maximum Likelihood Estimation (Elvenes et al. 2013; Hasan et al. 2012), k-Nearest Neighbor
(Lucieer et al. 2013), Decision Trees (lerodiaconou et al. 2011; Hasan et al. 2012), Random
Forest (Marsh et al. 2009), Artificial Neural Networks (Marsh et al. 2009; Liu et al. 2018), and
Support Vector Machines (Hasan et al. 2012; Liu et al. 2018). Many choices of supervised
classification methods make it difficult to select the most appropriate method for a specific study

site (Stephens et al. 2014). Brown et al. (2008) classified the side-scan sonar mosaics into three
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groups and predicted the seabed surface characteristics of observed biological habitats via an
unsupervised classification procedure in the United Kingdom with the water depth between 10—
60 m. They also found there was a low-to-moderate correlation between the side-scan
backscatter and particle size. Blondel et al. (2009) applied the unsupervised classification of the
k-means method to a textural analysis of Stanton Banks on Northern Ireland continental shelf
with water depths varying from 120 to 160 m and detected different types of seafloor based on
multi-beam sonar imagery. Diesing et al. (2017) compared different approaches including
manual interpretation, geostatistics, object-based image analysis, and machine learning to test the
accuracy of acoustic data interpretation in the western North Sea off the Scottish coast of the
United Kingdom based on bathymetry, backscatter, as well as seabed samples in the water depth
shallower than 100 m. They found that overall thematic classification accuracy was acceptable,
but the difference among statistical methods was not significant. ML methods were also used to
compare different supervised or unsupervised classification methods for the prediction of a
marine benthic habitat using multi-beam echosounder and grain-size data (Stephens et al. 2014).
Liu et al. (2018) applied Decision Tree, Random Forest, Neural Network, and SVM to predict
substrate types based on multi-beam sonar imagery in Busszard bay, Massachusetts. They found
that Neural Network was a good option classifying sediment types of seafloor with complicated
features. In terms of our four ML methods, the Random Forest method achieved the highest
accuracy scores, performing significantly better than all the other model runs (Table 4.1.). In
terms of three combinations of input features, RF3 had the best classification power with an
accuracy rate of 0.9. RF2 included only two primary features but was not as good as RF3, which
indicated bathymetry and backscatter data that contained partial information to classify the

sediment types. Conversely, RF1 performed worse than all the other model runs according to the
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accuracy rates, indicating that the performance of all the features suffered due to the presence of
some irrelevant features.

This study focused solely on the prediction performance of the classifiers but did not focus
on the tuning and training stages for the classifiers. In general, Random Forest and Logistic
Lasso are computationally expensive algorithms compared to Decision Tree, since Random
Forest is an ensemble of hundreds of trees, and Logistic Lasso requires choosing the tuning
parameter through cross-validation. Additionally, this study focused solely on the classification
approach to identify sediment types. Regression methods would be another path to reach a good
prediction of variables.

4.5.2. Limitations and Future Work

After evaluating the models, some limitations of our work should be recognized. Firstly, the
input features were aggregated to a particular spatial resolution. These were limited by sampling
equipment (multi-beam sampling density) and, more significantly, the computing power
available for processing the data. The bathymetric and backscatter data were gridded to
resolutions of 1 m and 10 m, respectively. However, the variations of sediment types within an
area of 6300 m? of the Caminada pit seafloor were not at the same scale as the bathymetric and
backscatter grids. Future work should investigate the impacts of varying gridding cell sizes when
the predictor variables have a coarser resolution than the sampling data.

Secondly, the model was very capable of predicting dominantly sandy or muddy samples,
but poor at predicting mud-sand mixture. Grain size analysis indicated the mixed sand and mud
environment in the depression zones (Fig. 4.2.B and Fig. 4.4). This study divided the sediment
types into two types using 63 pum as the boundary. The mud-sand mixtures were challenging to

predict, and they were also the misclassified ones. A partial dependence plot showed that six
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sandy samples existed near the classification boundary at 63 um (Fig. 4.7.). Samples 5, 16, and
48 all have grain size modes near 63 um (Fig. 4.8.), which was the blind zone of the model for

classification. It also showed only sandy samples appeared across the classification boundary,

which indicated that the model could better predict mud than sand (Fig. 4.7.).
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Figure 4.7. Partial dependence plot of backscatter and Roughness_bathymetry. The dotted
line is the classification boundary between mud and sand. Backscatter and
Roughness_bathymetry are the two most important features to classify the sediment types.

Lastly, positional and sampling accuracy is a challenge in the field. To save time, our
sampling boat was not anchored in the field. All 58 samples were collected in one day to
save cost, and multiple trials were performed in some sandy sites in which it was hard to
penetrate using a clam-shell grab sampler. Strong currents kept moving the boat when

sediment samples were collected. It takes 3-5 min to collect one sample using the sampler,
but the planned and actual sampling locations can be different. Also, strong currents caused

some tilting of the winch cable attached to the grab sampler, leading to some coordinate

differences between GPS on top of the boat and actual sampling locations on the pit bottom.
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Figure 4.8. Grain size distributions of three sandy samples with the grain size near the

classification boundary. Numbers 5, 16, and 48 are sample IDs. See the locations of these

samples in Fig. 4.2.B.
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Even a small difference between the planned and actual locations of sediment samples can be
significant in Caminada pit, because of the mic-topography and patchy sediment distribution
(Fig. 4.4.). A partial importance plot shows that samples 13, 25, and 42 are near the classification
boundary (Fig. 4.7.). However, these three sandy samples exist in the depression zone (Fig
4.2.B). According to the Random Forest model, these samples should contain high backscatter
value, which is predicted as mud. The positional error of these three samples is likely the
possible reason for the misclassification.
4.5.3. The implication to Coastal Restoration

It was reported that the majority of Caminada pit infilling is mainly derived from far-field
muddy sediments, either the Mississippi River or Atchafalaya River or inner shelf sediments
transported by currents and waves (Xue et al. 2017; Liu et al. 2018). Caminada pit is in a unique
depositional environment in which the existing sandy sediments are mixed with bypassing mud.
Fine-grained bypassing muddy sediments were found inside Caminada and not considered as
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reusable resources. The change from sandy to muddy (or even mixed) substrate on Ship Shoal
may greatly influence the activities of benthic communities. The deposition and redistribution of
muddy inside Caminada would not allow the reuse of infilling sediment for future barrier island
restoration. More time series geophysical, hydrodynamic, and sediment data are needed for post-
construction management and monitoring in SSBA to evaluate whether the dredging activities in
SSBA are cost-effective and sustainable (Stone et al. 2009; Xu et al. 2018).

Sandy shoals such as Tiger Shoal, Trinity Shoal, and Sabine Bank, ebb-tidal deltas such as
Barataria Pass, and paleochannels in the Louisianan coastal zone all can potentially have mixed
texture environments, similar to the Caminada pit. Block 88 in Ship Shoal was dredged recently
in spring 2018 (Fig. 4.1.B) and had a depositional environment similar to the Caminada pit.
Future dredging areas in coastal Louisianan zones will be focused on the sandy shoals and
paleochannels, which are a sandy environment with possible mud trapping, and our model can be
used for sediment identification in such an environment. Furthermore, the dredging pits in East
and Gulf Coasts have a similar issue of the muddy sediment infilling in sandy pits. Manasquan
Inlet (New Jersey), Mobile Bay (Alabama), and Mobile Quter mound (Alabama) were predicted
to exist for more than 100 years due to less sediment supply and transport (Byrnes et al. 2004).
Our model provides a new method to predict the change of mixed sediments (mud and sand)
distribution inside sandy dredge pits for post-construction management. However, this model
may not be applied to a homogenous substrate such as the muddy bay areas where sediment is
more uniform; similarly, this model probably would not perform well when new sand fills in a
sandy pit. Hard bottoms and oyster reefs are substrate types differing with sand and mud. Our

model did not include these substrate types due to the lack of such substrate in Caminada pit, but

75



our method can be used to predict a variety of contrasting seabed substrate types in future
research.

Additionally, dredge pits in Ship Shoal are in inner-shelf shoals offshore Louisiana, where
dredging and transporting sediment from offshore is expensive as nearshore sediment sources are
being explored and depleted (Syed et al. 2018). Our model provides a cost-saving method to
evaluate the seafloor sediments in sand—mud mixed environment. Our results show that
backscatter is the single most important feature to predict sediment types (Table 4.2.). When the
budget is limited, only collecting backscatter data will be acceptable and cost-effective because
of its powerful prediction capability. In other words, after establishing a reliable ML model for
dredge pits, sediment samples and multi-beam data can be collected much less frequently than
side-scan data. When a monitoring plan is developed, sediment and multi-beam data may be
collected once every year, or even every other year, whereas side-scan data can be collected
seasonally. Synthesizing observation with modeling would eventually yield the best results for
sandy resource management. Our results can also be used to better understand the impacts on
biological communities by direct defaunation due to sand excavation and mud accumulation in
topographic lows. This study can increase the government’s decision-making ability regarding
safety and protecting environmental and cultural resources.

4.6. Conclusions

The sand volume of Caminada dredge pit in Ship Shoal is one of the largest in the United
States (USA) east and Gulf coasts. The integration of the bathymetric data, backscatter data, and
sediment collection in 2018 enabled us to apply ML methods to identify the mud deposition and
classify the seafloor sediment types in Caminada dredge pit on the continental shelf offshore

Louisiana, USA.
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(1) Grain size analysis of the 58 sediment samples inside the dredge pit shows that mud is
prone to deposit in trough zones with lower backscatter values, while sand is likely to
appear on the flat seabed with higher backscatter values.

(2) The variable importance analysis indicates that backscatter, roughness_bathymetry,
rugosity backscatter, and bathymetry (from high to low) are the four most significant
features to classify sediment types. A Random Forest model with these four selected
features has the best classification power with the accuracy rate of 0.9 to predict the
sediment types inside the dredge pit.

(3) The particular spatial resolution between multi-beam density and the availability of
sediment type, a simple mud-sand classification method, and the positional accuracy of
the sediment samples collected in the field are the three possible factors that likely lead
to differences between the planned and actual locations of sediment samples.

(4) The deposition and redistribution of mud inside the Caminada pit make it unusable for
barrier island restoration, but our model provides a new and efficient method to predict
the time-series change of sediments (mud and sand) distribution inside the Caminada pit

for post-construction management.
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CHAPTER 5. SEDIMENT TRANSPORT NEAR SHIP SHOAL FOR
COASTAL RESTORATION IN LOUISIANA SHELF: MODEL ESTIMATE
OF THE YEAR 2017-2018

5.1 Introduction

In recent decades, new multi-resolution and multidimensional approaches have been used
in the studies of coastal sediment modeling and morphological evolution (Chen et al. 2007;
Harris et al. 2008; Warner et al. 2010) in the Gulf of Mexico (GoM). The sediment module in
DELFT3D, for instance, implements algorithms for up to five different classes, which are
specified as either ‘mud’ or ‘sand’ (Lesser et al. 2004). A particularity of the approach used in
DELFT3D is that the bedload transport rate is related directly to the flow velocities instead of the
bed shear stress (Lesser et al. 2004). Additionally, cohesive processes such as flocculation,
consolidation, and fluidization are not in the sediment module in DELFT3D (Amoudry, 2008).
Caldwell and Edmonds (2014) used DELFT3D to simulate the effect of sediment properties (the
median, standard deviation, skewness, and percent cohesive sediment) on deltaic processes and
morphology of the Mississippi River.

HYbrid Coordinate Ocean Model (HYCOM) is another modeling approach to develop an
eddy-resolving, real-time global and basin-scale ocean hindcast, nowcast, and forecast system
(Chassignet, 2007; Chassignet, 2009). Currently, there are three main vertical coordinates in this
model. Still, none of them provides all three approaches at every time step, which makes the
model a dynamically smooth transition between the coordinate types via the continuity equation
(Chassignet, 2007). Prasad & Hogan (2007) employed a 20-layer nested Gulf of Mexico
HYCOM to examine the evolving three-dimensional ocean response to Hurricane lvan during
September 2004 and compare it with satellite-altimetry derived sea-surface height. Liu et al.

(2009) used HYCOM and satellite data to explore the mechanism that triggers the phytoplankton
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bloom after Katrina passage in 2005. Liu et al. (2011) used HYCOM numerical model and
satellite remote sensing resources to track the oil spill both at the surface and at depths in the
Gulf of Mexico, which guided mitigation efforts and ship surveys. Rudnick et al. (2015) applied
the GoM assimilation system in HYCOM to simulate the cyclonic eddies in the Gulf of Mexico,
which increased the accuracy of a global hindcast. Additionally, numerical experiments
modeling can be used to study on deltas and sediment cohesion focus on their morphology in
settings with constant sea level, with some notable exceptions, such as Mississippi River
(Armstrong et al. 2014).

Statistical modeling, including machine learning and deep learning, is also becoming
popular in the sediment studies, especially in the satellite image analysis and seafloor
morphology identification (Diesing et al. 2014; Stephens et al. 2014; Lacharité et al. 2018).
Statistical methods provide a statistically optimal estimate by incorporating disparate data and
manual interpretation, especially in the locations that cannot be measured directly. Liu et al.
(2019) tested multiple machine learning classifiers to identify the sediment types of Caminada
dredge pit in the eastern part of the submarine sandy Ship Shoal of Louisiana inner shelf of the
USA. In recent decades the regional ocean modeling system (ROMS) has been widely used in
the oceanographic community to investigate the dynamics of ocean circulation (Shchepetkin and
McWilliams, 2005; Haidvogel et al. 2008). This three-dimensional model implements algorithms
for an unlimited number of user-defined sediment classes and the evolution of the bed
morphology (Warner et al. 2008). This model has been incorporated in a coastal-circulation
model with two-way coupling between a wave model and the sediment transport module
(Warner et al. 2010; Kumar et al. 2012). Xu et al. (2016) studied seabed erosion and deposition

on the Louisiana shelf in response to Hurricanes Katrina and Rita in the year 2005 via 3-D
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sediment models in ROMS and found horizontal erosional patterns are mainly controlled by
hurricane tracks, and wave-current combined shear stresses. Moriarty et al. (2018) applied a
coupled hydrodynamic sediment transport-biogeochemistry mode in northern GoM. Zang et al.
(2019) adapted the coupled ocean-sediment transport model to the northern GoM over a twenty-
year period and found decreased river discharge would largely affect sediment concentration in
waters around the delta.

In recent decades the Louisiana coast has been facing extensive coastal land loss due to
subsidence, shortage of sediment supply from the Mississippi River, occasional hurricane
landfalls, frequent passages of winter storms, and human intervention such as dam construction
and dredging navigation channels (Allison et al. 2014; Twilley et al. 2016). A major effort to
manage coastal land loss is to restore degraded barrier shorelines by dredging sand resources
from borrow areas and delivering to the coastal sedimentary environments (Khalil et al. 2010).
Although billions of cubic meters of sand are needed for initial and recurring restoration (e.g.,
Stone, et al. 2004; Hanley et al. 2014; Jonah et al. 2015; Brown et al. 2015; Rangel et al. 2015),
high-quality sand is largely limited to isolated submarine shoals or infilled paleo-river channels
on the inner shelf. Ship Shoal is estimated to contain 1.2 billion cubic meters of potential high-
quality quartz sand (Kobashi et al. 2007). Ship Shoal is considered the closest available sand
resource for barrier shorelines in central Louisiana and has been dredged for significant volumes
of the high-quality beach and dune restoration in Port Fourchon and Grand Isle of Louisiana
(Fig. 5.1). In recent years, several pits were dredged on and near Ship Shoal, including Raccoon
Island, Caminada, and Block 88 dredge pits. The Caminada restoration project was the first such
project to use sand resources from the Ship Shoal area for barrier island restoration and the

largest Louisiana monetary investment in restoration to date (Stone et al. 2004; Dartez et al.
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2016; CEC, 2017). A total volume of 9.07x10° m? of sand was excavated from Caminada pit
based on pre- and post-construction surveys (CEC, 2017). However, previous surveys suggest
the existence of transient mud bypassing the seabed of Ship Shoal, which could fill borrow areas
and affect physical/biological processes and sand quality for future reuse of coastal restoration
(Stone et al. 2009; Liu et al. 2017; Xue et al. 2017; Xu et al. 2018; Liu et al. 2018; Liu et al.
2019). Stone et al. (2009) hypothesized that occasional sediment plume shifts from the
Atchafalaya Bay to the southeast might result in the accumulation of a thin fluid-mud layer on
some portions of Ship Shoal. O’Connor (2017) found that 'Be radioisotope activity in the muddy
sediments collected inside Raccoon Island pit indicates a significant portion of the mud was
derived from fluvial sources and deposited within ~6 months before core collection. Xue et al.
(2018) collected multiple corings in the Caminada pit and found that muddy sediment was
deposited within six months from fluvial sources. Liu et al. (2019) found muddy sediments were
transported into Caminada pit in Ship Shoal and deposited in heterogeneous patches within two
years after dredging. Liu et al. (2018, 2019) applied multiple machine learning classifiers to
identify sediment types and found mud was prone to deposit in the trough zones with lower
backscatter values in Caminada pit of Ship Shoal. Moran et al. (2019) collected the bathymetry
and side-scan data in Block 88 pit on western Ship Shoal and found the steepest slopes were
mainly at pit walls and biogenic gas was found above muddy sediment inside that pit. These
findings together reveal that transient mud may temporarily blanket the sandy shoal but is later
resuspended to fill in pits or transported to deeper water. However, there is very limited
knowledge about the source and transport process of suspended muddy sediments near Ship
Shoal. Thus, the objective of this study is to apply the ROMS model in Ship Shoal to: 1) quantify

sediment transport directions and fluxes near Ship Shoal, (2) compare the relative contribution of
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fluvial with estuary and shelf sediments delivered to Ship Shoal; 3) investigate the spatial
dispersal pattern of fluvial, estuary and shelf sediments, and (4) apply the model results in the
studies of dredges pits for future coastal restoration. Due to limitations on our current model
resolution, dredge pits are not included in our model. Rather, modeled ‘background’ sediment
concentrations near the pits will be used to calculated dredge pit infilling rates.
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Figure 5.1. (A)(B) The northern Gulf of Mexico (nGoM) and Atchafalaya Bay and Ship Shoal
(ABSS) domains used in the Regional Ocean Modeling System (ROMS) overlaid with water depth
(color-shading; ETOPO1), Grand Isle (red star), location of tripod observation (red triangle),
Caminada pit (red circle), Raccoon Island pit (red cross), and three black transects (north, south,
and east of Ship Shoal). (AB: Atchafalaya Bay; TB: Terrebonne Bay; MRD: Mississippi River
Delta)
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5.2 Model setup
In this study, we run a series of numerical models in the three-dimensional, open-source

Regional Ocean Modeling System, ROMS (Haidvogel et al. 2008; http://www.myroms.org/).

The Community Sediment Transport Modeling System (CSTMS; http://www.cstms.org/) is
incorporated into the ocean model (ROMS) to simulate sediment transport and deposition.
Combined wave-current bottom boundary layer (BBL) calculations were based on Styles and
Glenn (2000) along with moveable bed routines proposed by Harris and Wiberg (2001). More
detailed descriptions of sediment transport calculations are in Warner et al. (2008).

The modeling period was fifteen months from July 01, 2017, to October 01, 2018, which
was determined by the field surveying time of two geophysical field trips in Caminada pit for the
model validation (Fig. 5.2). Details of geophysical results can be found in Chapter Two. One
tripod-attached wave gauge sensor was deployed in August 2017, which was used to calculate
wave heights. Our model domain covered the Atchafalaya Bay and Ship Shoal (hereby defined
as ABSS domain) and has a 250m horizontal resolution with 16 weighted vertical layers (Fig.
5.1.A). The northern Gulf of Mexico (hGoM) model developed by Zang et al.(2019) was used to
generate east, south and west noundary conditions for ABSS domain. Initial conditions of current
velocity, sea level, temperature, and salinity were also interpolated from Zang et al. (2019).
Monthly average freshwater and suspended sediment inputs from rivers debouching into the
GoM were retrieved from the United States Geological Survey (USGS)’s Water Data for the
Nation website (http://nwis.waterdata.usgs.gov) and applied as the boundary conditions. The
mesh bathymetry was interpolated and smoothed from the ETOPO1 dataset
(https://www.ngdc.noaa.gov/mgg/global/). The wave data were generated by Simulating Waves

Nearshore model (SWAN, version 41.01) and then fed into ROMS as the wave forcing file.
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Model outputs were saved every 12 hours for further analysis. The time step for the ABSS
domain was 20s.

Zang et al. (2019) used four cohesive and two non-cohesive sediment classes for river
inputs and two cohesive and non-cohesive sediment classes for the seabed. This study focuses on
the sediment exchange between areas shallower and deeper than 5-m isobath. Thus, two shallow-
sediment and two deep-sediment classes are added for the seafloor based on the 5m water depth
contour (Fig. 5.3). Sand content of the seabed is interpolated from the USGS’s usSSEABED
database (Williams et al. 2006), following the method of Xu et al. (2011). We set the initial
sediment concentration in the water column as zero on Jan 01, 2017, and then we run the model

for six months till July 01, 2017, to reach a relatively stable condition.
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Figure 5.2. Time-series results in the Ship Shoal from 07/01/2017 to 10/01/2018. (A) Daily river
discharge at USGS station 07374525 Atchafalaya River in Simmesport, LA. (B) Daily wind speed
from NOAA station GISL1-8761724 in Grand Isle, LA. (C) SWAN-modeled wave height
calculated at the tripod location (see location in Figure 5.1). Two geophysical surveys were
completed in 07/2017 and 08/2018, marked as red blocks, respectively. Hurricanes Harvey
(08/17/2017-09/01/2017), Nate (10/04/2017-10/08/2018), and a cold front (12/01/2017) are
highlighted in grey blocks.
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Figure 5.3 Interpolated sand fraction within the model grid based on usSEABED data (Williams
et al. 2006), added contours of 5m and 15m. Shallow-sand and deep-sand classes are classified by
5m bathymetry contour. Polygon of Ship Shoal is marked in red and considered as the reference.
To achieve the most reasonable sediment parameterization, we used many parameters from
Xu et al. (2011, 2016) and Zang et al. (2019) and compared our simulation results of surface
suspended sediment concentration (SSC) against the map derived from Moderate Resolution
Imaging Spectroradiometer. In Table 5.1, we list a summary of the sediment model
parameterization used in this study. We prescribed four layers of sediment on the seafloor, each
with a thickness of 1.0 m. This study added a total of 10 classes of sediment tracers based on
Zang et al. (2019). Four classes of mud and two classes of sand from the Mississippi River and
Atchafalaya River are added into this model. The seabed is classified into four classes as shallow
sediments and deep sediments to explore the sediment exchange betwen shallow and deep water.
Seabed erosion—deposition was based on non-cohesive parameterizations (Warner et al. 2008;
Sherwood et al. 2018). SSC at the boundaries of the ABSS domain is interpolated from nGoM,

and this study applies the gradient and radiation boundary condition to avert unreal artificial

sediment plumes along the boundaries.
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Table 5.1 Sediment characteristics parameterization

Sediment Type Grain Settling Critical Erosional
Diameter Velocity Shear Stress | Rate
(mm) (mm/s) (Pa) (10 kg/m?/s)
Mud_01(Mississippi River) 0.004 0.1 0.1 5
Mud_02(Mississippi River) 0.03 0.1 0.16 5
Mud_03(Atchafalaya River) | 0.004 0.1 0.1 5
Mud_04(Atchafalaya River) | 0.03 0.1 0.16 5
Mud_05(Shallow mud) 0.004 0.1 0.1 5
Mud_06(Deep mud) 0.004 0.1 0.1 5
Sand_01(Mississippi River) 0.0625 1 0.2 5
Sand_02(Atchafalaya River) | 0.0625 1 0.2 5
Sand_03(Shallow sand) 0.0625 1 0.2 5
Sand 04(Deep sand) 0.0625 1 0.2 5

5.3 Model validation
5.3.1 Hydrodynamics model validation

ABSS domain is interpolated and nested on nGoM domain. Zang et al. (2019) validated
the performance of each nGoM model (wave, ocean, and sediment) using available in-situ
measurements. For wave, this study gathers daily averaged significant wave height at the tripod
station in Ship Shoal (Fig. 5.1.B). The model-data comparison reveals a very good agreement
between simulated and observed significant wave height (R? = 0.84; Fig. 5.4.). To further
evaluate model simulated salinity over a longer period, this study interpolated simulated salinity
to the observation sites at corresponding periods and compared it against available measurements
from the Southeast Area Monitoring and Assessment Program (http://seamap.gsmfc.org), which
has a total of 48 data points from surface, middle and bottom of water colum in 16 stations
covering the period from 2017 to 2018 (Fig. 5.5.). The model-observation comparison in Figure
5.5. B indicates that the ocean model is capable of reproducing the pattern of salinity distribution
(R?=0.69), with low salinity water embracing Atchafalaya Bay and coastal Louisiana over the
inner shelf and high salinity water further offshore.
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Figure 5.4. Comparison between observed and modeled daily mean significant wave height at
tripod station from 07/08/2018 to 09/14/2018. See the location of the tripod in Fig. 5.1.
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Figure 5.5. Salinity comparison between observations (data source: SEAMAP;
http://seamap.gsmfc.org and tripod sensors ) and model results of time-averaged surface salinity
in the ABSS domain from July 2017 to October 2018. See the stations of salinity observation in
A. For each station, we interpolate model results to the locations of the stations to ensure the
comparability (R?=0.69).
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5.3.2 Sediment model validation

For the sediment model, we compare the simulated surface SSC against the map derived
from the Moderate Resolution Imaging Spectroradiometer (MODIS-aqua; Fig. 5.6.). We select
two cloud-free satellite images in September 2017 and April 2018 and apply them to the ABSS
domain using the SSC algorithm developed by Miller and McKee (2004). In September 2017,
turbid water from the Atchafalaya River dominated the entire Atchafalaya Bay and coastal water
(water depth < 15 m). Westward sediment transport could be detected over the coastal Chenier
Plain, where the westward alongshore current was strong (Fig. 5.6.A). In April 2018, both SSC
and the spatial scale of sediment plume increased dramatically due to high fluvial discharge. The
water discharge from the Atchafalaya River reached the highest level in March 2018 (Fig.
5.2.A), which extended sediment plume toward the south (Fig. 5.6.D). The westward transport
along the Chenier Plain coast reduced compared with September 2017. During high river
discharge, sediment plume from the Atchafalaya River could reach Ship Shoal (Fig.5.6. D).
Modeling and satellite data generally agreed well on spatial patterns. The difference between the
model result and satellite image in inner bays was likely due to: i) low wave generated inside bay
near land, and ii) marsh-edge erosion and exchange are not considered in the model. The missing
satellite data inner bay (grey zones inside bay) was due to the presence of dense clouds, sun

glint, and water vapor in the coastal region.
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Figure 5.6. Comparison between 8-days averaged model-simulated surface SSC (left panel) and
MODIS (aqua)-derived surface SSC (right panel) in September 2017 (09/11/2017-09/19/2017) and
April 2018 (04/16/2018-04/24/2018), during which the number of good quality satellite images
(no sun glint and cloud-free) is largest. Unit is in logzo(mg/l).

5.4 Results
5.4.1 Averages for the year 2017 to 2018

For the period from 07/01/2017 to 10/01/2018, the model estimated that time-averaged
surface salinity was low close to the mouth of Atchafalaya River, with a buoyant plume
extending southwestward from the freshwater source (Fig. 5.7.A). Depth-averaged currents
flowed southwestward at 0.1-0.2 m/s, being relatively strong on the shelf and weakening
offshore. Wave orbital velocity was high near Ship Shoal and south of the barrier island near
Terrebonne Bay (Fig. 5.7.B). Peak wave height during the entire year increased from about 0.5 m
at the 5 m isobath to 1 m at 15 m isobath (Fig. 5.7.C). Shallow water depth and tall waves led to
high orbital velocity in these areas. Ship Shoal is located in a region with relatively shallow
depth with higher orbital velocity. In the mouth of Terrebonne Bay, the wave magnitude was

high compared with the inner and northern part of the bay, which showed as the elongated
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narrow yellow bar. Two small tidal inlets inside Terrebonne Bay also showed high orbital
velocity (Fig. 5.7.B). Time-averaged and depth-integrated suspended fluvial sediment in the
water column was estimated to be high close to the mouths of the Atchafalaya River (Fig. 5.7.D).
As shown in Figure 5.7.D, year-average sediment concentration in ABSS varied greatly from
100 mg/I to almost zero. Most Atchafalaya suspended sediment was confined to the inner-most
part of the shelf to the west of the bay mouth. Sediments deposited landward of the 5-m isobath,

and a small portion of surface sediments can transport to Ship Shoal within 15 m isobaths.
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Figure 5.7. (A) Time-averaged surface salinity (color) and mean current (m/s) calculated for the
year 2017 and 2018. (B) Near-bed wave orbital velocity (m/s). (C) Peak significant wave height
(m) estimated by SWAN. (D) Time-averaged and depth-integrated fluvial suspended sediment
(mg/l in logarithmic scale) in the water column calculated for the year 2017 and 2018.

5.4.2 Sediment dispersal

Seabed sediment mass can be determined from thickness, sediment-class distribution,
porosity, grain density, and others (Sherwood et al. 2018). This study averaged model-simulated
mud mass from 07/01/2017 to 10/01/2018 based on the changes in the sediment mass. Changes

of seabed mud mass during this period show the sediment transport from Atchafalaya River to
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the bay and then to the inner shelf of coastal Louisiana. As shown in Figure 5.8.A, mud
accumulated on seabedwas high near the mouth of the Atchafalaya River and then decreased in
the offshore direction to the inner shelf. A large amounts of the Atchafalaya sediments were
retained inside the bay. Over the western Louisiana shelf, fluvial sediments were transported
westward, crossing 91.2° W and deposited over the shelf (Fig. 5.8.A). From 07/01/2017 to
10/01/2018, a limited amount of sediment from the Atchafalaya River moved southeastward,
passed Ship Shoal and accumulated southeast of Ship Shoal (green, about 1 kg/m?). Still, the
negligible amount can actually be preserved on top of Ship Shoal (blue, about 0.01 kg/m?).
Previous studies hypothesized that occasional sediment plume shifts from the Atchafalaya Bay to
the southeast might result in the accumulation of a thin fluid-mud layer on some portions of the
shoal (Stone et al. 2009; Xue et al. 2019; Liu et al. 2019). Our model results verify and prove
that sediment bypassing above Ship Shoal is a possibility. Suspended mud may temporarily
blanket the shoal or inside Caminada pit but is later transported elsewhere. The sediment
transport process between bay and shelf exchange was dynamic in our model domain (Fig.
5.8.B). Suspended mud from the water shallower than 5m could transport to even cross Ship
Shoal, which is also considered as the primary sediment source infilling Caminada dredge pit
(Fig. 5.8.B). Over the simulation period, our model shows minimal fluvial sediment was
deposited in waters deeper than 10 m, indicating limited cross-shelf suspended sediment

transport.
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Figure 5.8. Change of seabed mud mass in ABSS domain from 07/01/2017 to 10/01/2018. (A)
Sum of mud_03 and mud_04 in logio scale from the Atchafalaya River (B) mud_05 in logio scale
from the bay and inner shelf shallower than 5m. Mud_03 are mud_04 are two sediment tracers
from A;tchafalaya river. Mud_05 is the shallow mud tracer showing in table 5.1. The unit is log1o
(Kg/m?).

5.5 Discussion
5.5.1 Sediment transport flux near Ship Shoal

Sediment transport fluxes were calculated along three transects (see locations in Fig.
5.1.B) north, east, and west of Ship Shoal, respectively. The magnitudes of east and west
sediment fluxes of all ten sediment tracers generally exceeded those of northward fluxes (Fig.
5.9.B & 5.9.C). Negative magnitude in north transect indicated southward sediment flux from

shallow areas in bay and inner shelf to Ship Shoal (Fig. 5.9.A). Though sediment flux in west
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and east transects was generally westward (Fig. 5.9C), at times, winds reversed, creating some
eastward flux (Fig 5.9B). During Hurricane Harvey (08/17/2017-09/01/2017) in 2017, for
example, the high eastward flux of 5 kg/m/s occurred during periods of wind (8 m/s) and high
wave height (2 m) (Fig. 5.2.B & 5.2.C). Eastward fluxes resumed once winds relaxed and
reversed, leading to eastward sediment transport for the storm. After that, Hurricane Nate
(10/04/2017-10/08/2017) and a cold front (12/01/2017) led to increased westward flux. It is well
known that the hurricanes are counter-clockwise in the northern hemisphere. Since Ship Shoal
was ~300 km east of the track line of Hurricane Harvey, its sediment transport was eastward.
However, Ship Shoal was ~200 km west of the track line of Hurricane Nate, and its sediment
transport was westward (Fig. 5.10.). This indicates hurricanes could bring sediments to infill
dredge pits in Ship Shoal. However, the contributions from hurricanes are highly depending on
the distance between hurricane track lines and dredge pits, the orientations, and the categoty of

hurricanes.
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See locations of transects in Fig. 5.1.B.
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Figure 5.10. Hurricane and tropical storms track from 2017 to 2018 near Ship shoal. Data on
tracks of Hurricanes Harvey and Nate downloaded from NOAA national hurricane
center( https://www.nhc.noaa.gov/).
5.5.2 Application to dredging studies for coastal restoration

In the recent years, several pits were dredged in the ABSS domain, including Raccoon
Island, Caminada, and Block 88 dredge pits (Fig. 5.3.). Calculation of sediment thickness
infilling dredge pits is critical for future dredging activities. Ribberink and Nairn (2005) applied
the 1D analytical approach and modeled the evolution of a proposed dredge pit in Block 88 (see
location in Fig. 5.1.B), which is 31 km west of Caminada pit. Their equation included the
empirical coefficients, settling velocity of mud, water depth of inside and outside the pit,
background concentration outside, and tidal period but lacked consideration of wave
resuspension, episodic extreme hurricane and other tropical events. It should be noted that they
used a constant value for sediment concentration. Due to proximity, it is assumed that Caminada
and Raccoon Island pits have a depositional environment similar with Block 88 pit. Due to the

model grid horizontal resolution of 250 m, our ABSS model domain did not include Caminada

and Raccoon Island pits in which sediments can be trapped (Fig. 5.8.). Instead of using one
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constant in Nairn model in mnay previous studies, we derived a time series of bottom sediment
concentrations (Co) inside Caminada and Raccoon Island pit based on the ABSS model output

from 07/01/2017 to 10/01/2018 and kept the other parameters the same (Nairn et al. 2005).

3
ﬂZb=k1CGaJ:T1 l—(ﬁ]
Pary

1)

Where AZj is total siltation thickness per tide (m), K1 is empirical coefficients. Co is background
concentration outside the pit, which is generally determined by using the tide-mean and depth-
averaged sediment concentration for the surrounding area (kg/m® or mg/1). ws is settling velocity
of mud (m/s). T is a tidal period (s). pary is dry bulk density (kg/m®). ho is water depth outside the
pit (m). hy is water depth inside the pit (m).

From our calculations, the sediment concentration inside Caminada pit was very low (near
0 mg/l) in most of the days during the modeling period (Fig. 5.10A). However, the sediment
thickness per day infilling Caminada pit increased to 0.005 m and even 0.017 m during the
hurricanes or cold front that occurred during our modeling period (Fig. 5.10B). In contrast,
sediment concentration inside the Racoon Island pit was much higher than in Caminada (0.05
mg/l), and sediment infilling in Raccoon Island pit was modelled to be dynamic and episodically
increased with storm events (Fig. 5.10C). These findings of sediment infilling rate from
modeling matched previous results from sediment coring and geophysical observation in
Caminada pit and Raccoon Island pit. Xue et al. (2019), for instance, analyzed 'Be penetration
depths in repeat multi-coring study in Caminada pit and found seasonal sedimentation rates
ranging between 7.3 cm/year and 55.0 cm/year in 2017. Liu et al. (2020) found the sediment
infilling rate in Caminada pit of 15.00 cm/year calculated by a repeat bathymetric survey in

2017-2018. Similarly, O’Connor (2016) found that 'Be profiles from Raccoon Island pit
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accumulation rates exceeded an average of 0.24 cm/day and that multicores within pit contained
almost entirely silt. Liu et al. (2020) also found sediment infilling rate in Raccoon Island showed
a much higher rate of 1.1 m/year. Our model also captured similar patterns, in which bottom
sediment concentration in Raccoon Island pit was generally higher than over Caminada during
the same time period. The total calculated sediment thickness in Raccoon Island pit from July
2017-Oct 2018 (~2.1 m) was more significant than in Caminada pit (~0.25 m) in the ABSS
model domain (Fig. 5.11).

Our modeling results show that hurricanes Harvey and Nate and one cold front in 2017
suspended sediment which can possibly contribute to infilling of dredge pits (Fig. 5.11), but they
accounted for less than 10% of sediments infilling in both Caminada and Raccoon Island dredge
pits from July 2017-Oct 2018. Xu et al. (2016) reported that the region to the east of tracks of
hurricanes Katrina and Rita had stronger winds, taller waves and deeper erosions at centimeter to
meter levels. The relatively low contribution of 10% should be mainly due to very-far distances
(> 100s km) from dredge pits to hurricanes Harvey and Nate. If eyes of hurricanes had passed
pits within a few kilometers, their contribution would be presumably much higher. In addition,
hurricanes can generate very tall waves which trigger landslides and mass wasting of pit walls
which is not in our model. Moreover, hurricanes contributions of 10% should be used with
cautions because of the following simiplications and assumptions: (1) the interaction between
dredge pits and hydrodynamic condition (including waves and currents) is negeleted; (2) the
wind input for our ROMS model may not be highly enough to fully resolve hurricanes Harvey
and Nate when dealing with high spatial resoltuon; and (3) as now our ROMS model only
included suspended sediment load but did not include any bed load or fluid mud processes which

can be significant contributors to pit infilling.
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Figure 5.11. Time series change of sediment thickness in Caminada pit (A and B) and Raccoon
Island pit (C and D) from 07/07/2017 to 10/01/2018. Two tropical events and one cold front were

marked in g

rey blocks.

Xue et al. (2019) found laminations from sediment coring were related to Hurricane

Harvey induced deposition in 2017. The depth-average bottom concentration from our model

correlated well with the occurrence of Hurricane Harvey, Nate, and cold front in 2017 (Fig.

5.11.). It indicated hurricanes or tropical storms were potential sources infilling Caminada and

Raccoon Island pits. However, Nairn’s model showing above was not included in this factor.

Also, Nairn’s model applied a constant sediment concentration when calculating the infilling

process. Still, our modeling result indicated sediment concentration was temporally dynamic
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inside Caminada pit and Raccoon Island pit (Fig. 5.11.). Future modeling work of the infilling
process should consider these factors.

Regarding the sediment budgets for coastal restoration in Louisiana, the longshore
transport in our model domain drived sediment coming from the river, inner shelf, and bay
westward to Texas (Fig. 5.8.). It will lead to decreasing/losing sediment, especially during the
strong long-shore current. Suspended mud sediment from rivers, inner shelf, and bay can bypass
or transport and deposit in Caminada pit, which indicated Caminada pit and Raccoon Island pits
would not be considered as a renewable pit for future sand dredging activities for coastal
restoration.

5.5.3 Limitation and future work

This simulation reproduced the overall pattern of sediment dispersal and bay shelf
exchange in the ABSS. However, it is noteworthy that a few critical sediment transport
mechanisms were not included in our model. First, sand and mud transport in a different way,
and for the future study comparison of these two will be tested. Secondly, this study does not
consider wave-supported fluid mud in the ABSS domain. Previous studies (Sheremet et al.
2011; Traykovski et al. 2015) found wave-supported fluid mud movement is another important
mechanism in terms of fluvial sediment across-shelf transport over the muddy Atchafalaya Shelf.
Lastly, marsh edge sediment inside bays is not considered into this model. It is likely to lead to
the low sediment concentration near marsh edge. For future modeling work, the ABSS domain
can be subdivided into a small domain with high-resolution grid nested dredge pits inside. It can
better to test and compare the sediment infilling process inside pits and outside pits. This study
only uses the sediment module in ROMS with waves feeding as the input file, and future studies

can be focused on the coupling of SWAN and ROMS.
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5.6 Conclusion

This study adapted the sediment transport model to the ABSS to investigate sediment
dynamics and exchange from riverine/bay/inner shelf to Ship Shoal. Our model simulation shows
that:

(1) Suspended fluvial sediment in the water column accumulated close to the mouths of
Atchafalaya River, and most of the suspended sediment was confined to the inner-most
part of the continental shelf to the west of the bay mouth. Only a small portion of sediments
can transport to Ship Shoal within 15 m isobaths. The coastal current carried some
Atchafalaya sediment westward.

(2) Suspended mud from the Atchafalaya river can transport and bypass above Ship Shoal.
The sediment transport process between bay and shelf exchange was dynamic in ABSS.
Suspended mud from the inner shelf could also be transported to even cross Ship Shoal and
generated a thin mud layer, which was also considered as the primary sediment source
infilling the Caminada dredge pit.

(3) Since Ship Shoal was ~300 km east of the track line of Hurricane Harvey, its sediment
transport was eastward. Ship Shoal was ~200 km west of the track line of Hurricane Nate,
and its sediment transport was westward. The magnitudes of sediment fluxes from east and
west of Ship Shoal exceeded those of north fluxes offshore of both sediment sources. Two
hurricanes and one cold front changed the direction of sediment flux near Ship Shoal, even
the distance between hurricanes and Ship Shoal was more than 200 km. This indicated
hurricanes could bring a proportion of sediments infilling pits in Ship Shoal. However,

hurricanes contributed less than 10% of sediments infilling in both Caminada and Raccoon
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Island dredge pits from July 2017-Oct 2018 due to far distances. This percentage can
change dramatically for other hurricanes during other periods.

(4) Our model also captured that bottom sediment concentration in Raccoon Island pit was
relatively higher than the one in Caminada in the same period. The total sediment thickness
in Raccoon Island pit (~2.3 m) was greater than in the Caminada pit (~0.25 m) in the ABSS
model domain. Suspended mud sediment from the river, inner shelf, and bay can bypass or
transport and deposit in Caminada pit and Racoon Island pit, which showed Caminada pit
and Raccoon Island pits would not be considered as a renewable pit for future sand

dredging activities for coastal restoration.
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CHAPTER 6. SUMMARY

This dissertation focuses on the study of sediment transport and geomorphological
evolution in the transgressive Ship Shoal using three different approaches, including geophysics,
ROMS modeling, and supervised machine learning.

Chapters two and three explored two case studies of Caminada dredge pit and Raccoon
Island pit near Ship Shoal using geophysical methods. The topography of seafloor inside
Caminada pit has a direct relationship with the patchy mud distribution. Sidescan mosaic maps
showed topographic lows, or troughs, inside Caminada pit infilled with mud within two years
after dredging. Repeat bathymetric surveys showed the pit margin in Raccoon Island and
Caminada pits were generally stable, with no obvious outward migration, which indicated the
current setback buffer distances of ~300 m from oil and gas pipelines were sufficient. However,
the integration of repeat bathymetric and backscatter surveys showed that the infilling rate in
Raccoon Island pit (1.10 m/s) was much higher than in the Caminada pit (0.15 m/s). Raccoon
Island pit was filled up on or before 2018, but Caminada pit is still collecting sediments slowly.
The pit wall slope change rate in Raccoon Island pit is also higher than in Caminada pit.
Caminada and Raccoon Island pit are not considered as a renewable resource for future
restoration due to high mud content.

Chapter four trains multiply machine learning models to identify the mud deposition and
classify the seafloor sediment types inside Caminada pit. Grain size analysis of 58 sediment
samples inside Caminada pit shows mud is prone to deposit in the deeper trough zones with
lower backscatter values, while sand is likely to appear on the flat seabed with higher backscatter
values. The variable importance analysis indicates that backscatter, roughness_bathymetry, and

rugosity backscatter, and bathymetry (from high to low) are four most significant features to
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classify sediment types. Random Forest model with these four selected features has the best
classification power with the accuracy rate of 0.9 to predict the sediment types inside Caminada
pit.

Chapter five uses the sediment transport model to the ABSS domain to investigate
sediment dynamics from riverine/bay/inner shelf to Ship Shoal. This model simulation reveals
that suspended fluvial sediment accumulated close to the mouth of Atchafalaya River, and most
of the suspended sediment was confined to the inner-most part of the shelf to the west of the bay
mouth. Only a small portion of suspended mud from the Atchafalaya River can be transported
southward and bypass Ship Shoal. Mud from the inner shelf could be transported to Ship Shoal
and was considered as the major sediment source infilling Caminada and Raccoon Island pits.
Two hurricanes and one tropical event impacted the direction of sediment transport flux near
Ship Shoal, even the distance between hurricanes and Ship Shoal was more than 200 km. This
indicated hurricanes could bring a proportion of sediments infilling pits in Ship Shoal. However,
hurricanes could contribute less than 10% of sediments infilling in both Caminada and Raccoon
Island dredge pits.

Sandy shoals (such as Ship Shoal pits) are prominent and high-quality sand sources off
the Louisiana coast, but the long transportation distance makes it not cost-effective. Instead,
borrowing sand from paleo-channels (such as Raccoon Island pit) provides an alternative and
cost-effective method for sandy shoal dredging. However, both geophysical and modeling
methods improve that suspended mud sediment from the river, inner shelf and bay can bypass or
transport and deposit in Caminada, and Racoon Island pits, which shows both pits would not be
considered as a renewable pit for future sand dredging activities for coastal restoration due to

high mud content.
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