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Abstract:

 Although the Mississippi River deltaic plain has been the subject of abundant research over recent decades, there is a paucity of data concerning field measurement of sediment erodibility in Louisiana estuaries. Two contrasting receiving basins for active diversions were studied: West Bay on the western part of Mississippi River Delta and Big Mar, which is the receiving basin for the Caernarvon freshwater diversion. Push cores and water samples were collected at six stations in West Bay and six stations in Big Mar. The average erodibility of Big Mar sediment was similar to that of Louisiana shelf sediment, but was higher than that of West Bay. Critical shear stress to suspend sediment in both West Bay and Big Mar receiving basins was around 0.2 Pa. A synthesis of 1191 laser grain size data from surficial and down-core sediment reveals that silt (4–63 μm) is the largest fraction of retained sediment in receiving basins, larger than the total of sand (>63 μm) and clay (<4 μm). It is suggested that preferential delivery of fine grained sediment to more landward and protected receiving basins would enhance mud retention. In addition, small fetch sizes and fragmentation of large receiving basins are favorable for sediment retention.
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1. Introduction

Deltas occupy only 5% of the Earth’s surface, but nourish over a half billion people around the world. This leads to an average population density of about 500/km2 along deltaic coasts, more than 10 times of the world average [1]. Many river deltas worldwide are disappearing, leading to significant threats to our natural, economic and social systems [2]. This is mainly due to the combined effects of anthropogenic changes to sediment supply and river flow, subsidence, and global sea level rise. Sinking deltaic coasts pose an immediate threat to millions of residents who live in coastal megacities [3], and scientists have been trying to find strategies dealing with the challenge of “building land with rising sea” [4,5].

Being home of over two million people, Louisiana′s deltaic coast supports the largest commercial fishery for the lower 48 U.S. states, supplies 90% of the nation′s outer continental shelf oil and gas, and facilitates about 20% of the nation′s annual waterborne commerce. Louisiana wetlands play a number of important roles in the environment, primarily life habitat, flood control and sediment retention; the wetlands also buffer the storm surge and protect the coast from severe damage during hurricanes. These wetlands, however, are in peril as Louisiana is currently responsible for about 90% of the nation′s coastal wetland loss [6]. Since the 1930s, coastal Louisiana has lost over 4660 km2 of land, diminishing wetland habitats, increasing flood risk, and endangering coastal environment.

This land loss is primarily associated with decreased sediment discharge from the Mississippi and Atchafalaya Rivers, relative sea level rise, levee construction, sediment compaction, withdrawals of water, oil and gas, as well as other natural and human activities [7,8,9,10,11,12]. Thus, stabilizing disappearing wetlands and maintaining them as one of the most productive natural areas in the world are critical to the nation′s economy. In 2012, Louisiana Coastal Protection & Restoration Authority (CPRA) issued Louisiana′s Comprehensive Master Plan for a Sustainable Coast [13]. One of the recommended restoration tools is the diversion of sediment-laden water from the Mississippi and Atchafalaya Rivers into adjacent receiving basins to build new land. Diversions reconnect the river to the deltaic plain via river reintroductions, the reopening of old distributaries, and crevasse-splay development [7]. In the next 50 years, about $50 billion is planned to be spent on marsh creation, sediment diversion and other types of projects along the Louisiana coast. For instance, between 2012 and 2031, the estimated total cost of sediment diversions at Atchafalaya River, middle Barataria Bay and middle Breton Sound (Figure 1) will exceed $2.5 billion.

Figure 1. The study area in the Louisiana coast as well as the Mississippi and Atchafalaya Rivers. Green arrows are future large diversions proposed in Louisiana′s Master Plan (CPRA, 2012). Baton Rouge, Belle Chasse and Caernarvon are three stations in which water discharge was measured. Shell Beach is the National Oceanic and Atmospheric Administration’s National Data Buoy Center (NDBC) station for wind speed measurement. Black dots on Louisiana shelf are the stations for an erodibility study by Xu et al. [18]. Bathymetric contours are in 10, 20, 50, 100 and 300 m. BS = Breton Sound; BB = Barataria Bay. See Figure 2A,B for details of two study areas.
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Sediment diversions are impacted by biological, chemical, geological and physical processes which interact with human activities. There is, however, a considerable argument on whether sediment diversions can create significant land. Some research groups believe that these diversions are a key tool to restore the shrinking land and protect the coast when they are designed effectively and used properly [7,10,14,15]. Turner et al. [16] argued that the major source of mineral sediment to coastal marshes is from hurricanes, not river floods; a more recent detailed study finds that fluvial sediment supply is more important than hurricanes over decadal timescales and longer [17]. Blum and Roberts [9] even suggested that the significant drowning of the Louisiana coast is inevitable because of insufficient sediment supply, rapid compaction of young sediment and faster global sea level rise in the coming century.



Based on comprehensive synthesis, Paola et al. [19] proposed that the area of a delta plain Aw in a receiving basin for sediment diversion is primarily controlled by an Equation:
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(1)




where Qs is the sediment supply via diversion; fr is the sediment retention rate; ro is the volume ratio of organic matter to mineral sediment; C0 is the overall solids fraction in the sediment column (1-porosity); σ is subsidence rate; and H is the rate of global sea-level rise.
A critical, but elusive, parameter is sediment retention rate fr, i.e., the fraction of sediment retained in the subaerial and subaqueous parts of delta to help build and sustain land. This will, at least partially, determine whether many Louisiana sediment diversion projects will be successful in the next century. The retention rate is controlled by many factors, including texture, sediment concentration, waves, tides, sediment erodibility, sediment consolidation, bioturbation, plant-sediment interaction, river discharge, relative sea level change, storm activities, and many others. For instance, comparing with unconsolidated mud, sand is harder to resuspend and tends to settle quickly to facilitate land building. Waves can easily resuspend muddy sediment for transport by tidal currents, which move sediment in and out of coastal bays and estuaries. Erodibility is defined as the measured propensity for sediment to be resuspended from the sediment surface [20]; normally a higher erodibility leads to a lower sediment retention rate.

Shallow-water deltas on the Louisiana coast, such as the relatively high-energy distributary channels of Wax Lake Delta [21] inside of Atchafalaya Bay (Figure 1), tend to be sand-dominated, because muddy sediment is prone to resuspension (or non-deposition) and export away from the receiving basins before sufficient consolidation can occur to impede erosion. However, mud and sand represent, respectively, >80% and <20% of sediment load in the Mississippi and Atchafalaya Rivers [14], so the loss of mud represents a substantial issue in the land-building process. The mechanism of sand transport in aquatic systems is widely understood [22]. Muddy sediment dynamics, however, are much more complicated and are widely recognized as nonlinear processes operating at rates highly dependent on local conditions [23], which must be evaluated on an individual basis.

Studies of mud erodibility on the Mississippi Delta have commenced only recently, and have addressed some of the wide variability of delta sediments. Xu et al. [18] and Mickey et al. [24] collected a total of 106 sediment cores on Louisiana shelf and quantified critical shear stress and eroded mass based on field experiments in early spring and late summer seasons. Lo et al. [25] collected sediment from Lake Lery which is downstream of Big Mar that receives discharge from Caernarvon freshwater diversion (Figure 1), and did ex-situ sediment erodibility experiments in a lab to quantify the erodibility changes one, two and four weeks after initial settling. However, there is currently a paucity of data of field measurement of sediment erodibility in Louisiana estuaries and bays. The lack of field erodibility data poses a challenge to the ongoing modeling work of Louisiana CPRA to predict land growth and sediment retention in receiving basins for future large diversions. Although the Mississippi River deltaic plain has been the subject of abundant research over recent decades [12], few studies have quantified erodibility and high-resolution grain size distribution, both of which control the sediment retention rate in receiving basins.

In this study, we focus on the fundamental sedimentary processes in seaward parts of receiving basins for diversions. We do not discuss the land growth or crevasse-splay development in the “proximal” parts of deltas. Rather, our work is focused on the relatively “distal” parts of subaqueous deltas in which diverted river flow is weak, wave resuspension is frequent, and volumetrically-dominant mud can escape out of the receiving basins. Specific objectives of this research are: (1) to quantify the high-resolution grain sizes of both surficial and down-core sediment in two existing diversion receiving basins: West Bay and Big Mar, and to compare with other grain size datasets from Louisiana coast; (2) to measure the erodibility of bed sediment in the field at West Bay and Big Mar; (3) to calculate wave-induced shear stresses in Louisiana bays and discuss the implication of texture and erodibility for sediment retention of Louisiana coastal diversions; and (4) to provide suggestions for the designing and implementation of receiving basins for future Louisiana sediment diversions.



2. Study Areas

There are two contrasting areas in our study: West Bay and Big Mar (Figure 2A,B). West Bay represents a semi-enclosed bay which is under strong oceanographic influence and is located on top of the Mississippi River Delta (MRD) with a rapid subsidence rate of 15 mm/year. Big Mar is a more landward water body, surrounded by fresh to brackish wetlands, with a much slower subsidence rate of 2 mm/year and much less influence from the open ocean (Table 1).

Table 1. Comparison of two diversion receiving basins in West Bay and Big Mar.


	Study Area
	Area before Diversion (km2)
	Tidal Range (m)
	Subsidence Rate (mm/year)
	Connectivity to Open Ocean
	Purpose of Diversion
	Water Discharge (km3/year)
	Sediment Discharge (Mt/year)





	West Bay
	40 a
	0.3 m a
	15 b
	semi-enclosed
	sediment diversion and nourishing marsh
	33 c
	3.2 c



	Big Mar
	4
	negligible
	3 b
	enclosed
	water diversion for salinity control now. planned for sediment diversion in the future
	2 c
	0.2 c





Notes: a from Andrus [26]; b from CPRA [13]; c from Allison et al. [14].








West Bay was selected as one of our study areas because it is the only operational artificial diversion to date designed specifically for land building in coastal Louisiana [10]. The discharge of West Bay is also similar to that of future diversions at Breton Sound and Barataria Bay (Figure 1). Physical settings of all three above bays are semi-enclosed, connecting to both open water and vegetated land, although seaward ends of the Barataria and Breton receiving basins are more sheltered than that of West Bay. Thus, West Bay is a good existing analog for the most energetic marine conditions likely for future major diversions. West Bay is one of the six subdelta complexes comprising the modern Mississippi bird-foot delta. Its subdelta started to develop around 1839 due to a flood break in the river levee and led to rapid development of land until 1932. After 1932, subsidence, sea-level rise, storms and reduced sediment deposition all contributed to land deterioration and formed the current open water body [12,15,27]. In order to restore vegetated wetlands and create land, since 2003 water and sediment have been diverted from a non-gated crevasse at a 120° angle along the west bank of the Mississippi River 7.6 km upstream of the Head of Passes of MRD (Figure 2A). This project was designed to divert sediment and water to create and nourish about 9831 acres of fresh to intermediate marsh. Earthen dike structures, called Sediment Retention Enhancement Devices (SREDs), were placed southwest of the crevasse to maximize the wetland creation.

Andrus [26] compared multiple-year bathymetric data and found that the deepening of West Bay since 2003 was probably caused by sediment erosion due to the large waves and surges generated by Hurricane Katrina. Allison et al. [14] reported that annual total sediment load into West Bay was about 3.2 million tons (Mt) but only 0.3 Mt of sand actually entered the bay (Table 1). Kolker et al. [15] found that the maximum deposition in West Bay occurred at the seaward end of the diversion project boundary, contradictory to simple sedimentary models which predict that depositional center should be close to the river bank. Because of rapid relative sea level rising due to compaction of >100 m thick of Holocene sediment and less hydraulic head available to move coarse sediment, there was little growth of a delta in West Bay before the 2011 flood. Following the Mississippi River flood in 2011, however, a significant portion of West Bay shows growth of a subaqueous delta (Figure 2A). As a result, the Louisiana Coastal Wetlands Planning, Protection and Restoration Act Task Force decided to rescind its previous decision to close the West Bay sediment diversion, and to allow it to remain open for at least another ten years.

Comparing with West Bay, Big Mar is shallower in depth (0.23 m in Big Mar vs. 1.26 m in West Bay), smaller in size (4 km2 in Big Mar vs. 40 m2 in West Bay) and is a more enclosed system (Table 1 and Table 2; Figure 2A,B). Big Mar is an artificial pond caused by an agricultural impoundment [28]. It is located south of the small gated Caernarvon freshwater diversion on the lower Mississippi River to limit salt water intrusion with minimal sediment capture [10]. Allison et al. [14] reported that annual water and sediment discharge passing through Caernarvon diversion are 2 km3/year and 0.2 Mt/year, respectively. Water passing through the Caernarvon diversion structure immediately enters Big Mar and Lake Lery, and then through the complex Breton Sound estuary system [29,30]. Often the Caernarvon diversion is not operated when sediment spikes are present and therefore does not maximize potential sediment retention. Despite this intermittent operation and the nature of freshwater diversion, there has been incidental sediment accumulation in Big Mar pond to permanently support emergent wetland plant on a new subdelta [31] (Figure 2B). Although smaller in size, the morphology of this new emerging subdelta is not unlike typical river-dominated bay-head deltas in West Bay and Wax Lake Delta. Since 2004, land gain and wetland growth in Big Mar has been significant. Lopez et al. [31] reported approximately 4 km2 of new emerging land and about 201,800 m3 of sediment retention in Big Mar pond.


Table 2. Depths, locations, total suspended solids (TSS) of water bottle samples, and organic matter percent of surficial sediments in West Bay and Big Mar receiving basins. N.D. = no data.



	
Study Area

	
Station

	
Fieldtrip Date

	
Water Depth (m)

	
Longitude

	
Latitude

	
TSS (mg/L)

	
Organic Matter Percent of Surficial Sediment (%)






	
West Bay

	
WB1

	
19 November 2014

	
0.91

	
89°18.962′ W

	
29°10.187′ N

	
12.95

	
2.16




	
WB2

	
19 November 2014

	
1.34

	
89°19.455′ W

	
29°9.128′ N

	
26.65

	
3.50




	
WB3

	
20 November 2014

	
1.52

	
89°19.962′ W

	
29°7.985′ N

	
11.25

	
4.28




	
WB4

	
19 November 2014

	
1.22

	
89°17.821′ W

	
29°10.148′ N

	
17.10

	
5.77




	
WB5

	
19 November 2014

	
1.22

	
89°17.871′ W

	
29°8.933′ N

	
N.D.

	
5.38




	
WB6

	
20 November 2014

	
1.37

	
89°18.458′ W

	
29°7.582′ N

	
10.75

	
4.88




	
Average

	
-

	
1.26

	
-

	
-

	
15.74

	
4.33




	
Big Mar

	
BM1

	
7 March 2015

	
0.23

	
89°54.982′ W

	
29°50.577′ N

	
120.35

	
12.94




	
BM2

	
6 March 2015

	
0.10

	
89°54.601′ W

	
29°50.338′ N

	
69.91

	
5.81




	
BM3

	
7 March 2015

	
0.34

	
89°54.826′ W

	
29°50.301′ N

	
48.19

	
12.80




	
BM4

	
6 March 2015

	
0.20

	
89°54.292′ W

	
29°50.113′ N

	
108.20

	
7.09




	
BM5

	
7 March 2015

	
0.17

	
89°54.190′ W

	
29°49.818′ N

	
75.49

	
6.09




	
BM6

	
7 March 2015

	
0.35

	
89°54.067′ W

	
29°49.483′ N

	
57.57

	
13.63




	
Average

	
-

	
0.23

	
-

	
-

	
79.95

	
9.73











3. Methods


3.1. Coring

A shallow-draft Carolina Skiff was used for the fieldtrip in West Bay on 19–20 November 2014. Due to the shallow water depths, an airboat was used in Big Mar on 6–7 March 2015. In each of these two study areas, there were 6 stations: WB1–WB6 in West Bay and BM1–BM6 in Big Mar (Figure 2A,B; Table 2). West Bay samples were taken along two N-S parallel transects on the eastern and western sides of the bay. Samples at Big Mar were taken along a roughly single transect and were evenly spaced in the narrow water body of Big Mar pond (Figure 2A,B). At each station, two cores (up to 0.5 m long) were collected using a 10-cm internal diameter push corer designed for shallow water mud coring and undisturbed preservation of water-sediment interface and one core was collected using a 7.5-cm push corer sampling to ~1 m sediment depth. Thus, a total of 18 cores were collected at West Bay and 18 from Big Mar. All cores were inspected carefully to make sure that no significant sample disturbance occurred during core penetrations and retrievals, and that both overlying water and sediment were well preserved. Two 10-cm internal diameter cores from each station were kept vertical and transferred to a nearby marina and erodibility was measured immediately using the method described in Section 3.3. The 7.5-cm internal diameter core from each station was transferred back to Louisiana State University (Baton Rouge, LA, USA) for further analyses of grain size and organic matter. Water depths were measured using a meter rod on the boat and reported in Table 2, but tidal corrections were not done on these depths.





3.2. Total Suspended Solid

At each station a water sample was collected at the water surface using a 2-L bottle. Upon return to LSU, samples were filtered using 0.7 μm pore-size glass fiber pre-weighted filters. Total suspended solids (TSS) were then calculated (Table 2). Because no combustion was performed to remove organic matter, TSS reported in this study included both organic and inorganic (mineral) materials in two receiving basins.



3.3. Field Measurement of Erodibility

Erodibility was measured in the field using a dual-core Gust Erosion Microcosm System (GEMS) which was originally designed by Gust and Muller [32]. The GEMS system was composed of a laptop, a power control box, two turbidimeters, a pump controller, two rotating motors, two erosional heads, two sediment chambers, source water, collection bottles, and a suction filtration system. An illustration and a picture of the GEMS system can be found in Lo et al. [25] and Xu et al. [18], respectively. Sediment was eroded from the core top by applying a shear stress via a magnetically-coupled rotational head. The shear stress was increased over the course of the experiment from 0.01 to 0.6 Pa. As the shear stress increased, the surface of the core was eroded, and the eroded material was suspended and passed through a turbidimeter and collected in bottles. The water in the bottles was then filtered, after which the filters were dried and weighed to quantify the eroded mass. Seven steps of shear stresses (0.01, 0.05, 0.1, 0.2, 0.3, 0.45 and 0.6 Pa) were applied with a step duration of 20 min for all cores. Erodibility data were analyzed following the methods of Sanford and Maa [33], Dickhudt et al. [34,35], and Xu et al. [18]. The formulation developed by Sanford and Maa [33] and Sanford [36] was used as:



E(m,t) = M(m) [τb(t) − τc(m)]



(2)




where E is the erosional rate parameter; M the depth varying erosion rate constant; τb the shear stress applied to the bed; and τc the depth-varying critical shear stress for erosion.


3.4. Grain Size Analysis

Grain size analysis was conducted using a Beckmann–Coulter laser diffraction particle size analyzer (Model LS 13 320) for both surficial (0–2 cm on sediment surface) and down-core samples. This analyzer can measure particle sizes ranging from 0.02 to 2000 μm, and the method of Xu et al. [37] was used. Cores WB5 and BM5 were used in the down-core analysis. The two cores were split in a lab at LSU and 2-cm thick slices were prepared. About 1 g subsample from each slice was placed in a centrifuge tube, and 10–20 milliliters of 30% hydrogen peroxide was added. The samples were left on a hot plate set to 70 °C for up to 12 h to oxidize any organic matter. The samples were then rinsed with deionized water to remove any leftover particles, centrifuged to separate sediment from water, and disaggregated using a Vortex mixer. After that, the samples were placed into the laser analyzer. The sizes were then converted from grain size in mm to the logarithmic unit φ, using the equation from Folk [38]:
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(3)




Then the fractions of sand (>63 μm; φ < 4), silt (4–63 μm; φ is 4–8) and clay (<4 μm; φ > 8) were determined. Mud discussed in this study is the summation of silt and clay.



3.5. Organic Matter Analysis

Organic content was measured by the loss-on-ignition method [39]. Each sample was left in a drying oven for 48 h, after which the samples were ground to a fine powder using a mortar and a pestle. The ground samples were transferred to crucibles and then combusted in a muffle furnace at 550 °C for 3–4 h.



3.6. Wave and Shear Stress Calculation

For comparison with GEMS results, Lo et al. [25] calculated wave-induced shear stress in a variety of wind speed, fetch and depth conditions for coastal bays. Here fetch is defined as the distance over water that the winds blow in the same direction. In this study we used a similar approach to calculate fetch- and depth-limited wave height H, length L and period T using the methods from the US-ACE [40]. Then wave-induced bed shear stresses were calculated with a range of water depth h using the equations based on the linear wave theory from Wright [41]. Maximum wave orbital velocity near the bed ubmax, wave orbital excursion amplitude aw, wave friction factor fw, and wave-induced shear stress τw were calculated using the following four equations:



ubmax = π H/[T sinh (2πh/L)]



(4)






aw = H/[2sinh (2πh/L)]



(5)






fw = exp[5.213(kb/aw)0.194 − 5.977]



(6)






τw = 2ρ fw ubmax2/(3π)



(7)




where kb is effective roughness and ρ is water density.
A water depth range of 0.1 to 5 m, a wind speed range from 0 to 16 m/s at 10 m above surface, and a fetch distance (i.e., the width of bay) from 0 to 40 km were used in our calculations because these ranges represent typical conditions in coastal Louisiana.




4. Results


4.1. Wind and Discharge

Our two study areas are under the influence of both local winds and the Mississippi River discharge. Wind speeds at Shell Beach station (Figure 1) varied between 3 and 14 m/s from 2011 to 2015, being high in winter and low in summer (Figure 3A). The water discharge of the Mississippi River also displayed its seasonality, with peak discharge from March to June. The discharge going through Caernarvon diversion in 2011–2015 was low and intermittent, as shown in Figure 3D. In particular, the discharge passing Caernarvon diversion in January–February 2015 was much lower than that of spring months of 2011–2014. From 2011 to 2015 there were two major events during which sediment transport in West Bay and Big Mar may be impacted. One was the Mississippi River flood in 2011 and the other was Hurricane Isaac in 2012. During Hurricane Isaac, there was a short period of discharge disturbance from sea at Belle Chasse station but this was not seen at the Baton Rouge station (Figure 3).

Figure 3. (A) Wind speed (in m/s) from Shell Beach station. (B–D) Water discharge (in m3/s) from Baton Rouge, Belle Chasse and Caernarvon stations, respectively. There was a river flood in the year 2011 and Hurricane Isaac in 2012. Fieldtrips to West Bay and Big Mar were on 19–20 December 2014 and 6–7 March 2015, respectively. See Figure 1 for the locations of gauging stations.
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4.2. Grain Size

Surficial sediment from both West Bay and Big Mar showed a typical bimodal pattern on grain size distribution curves (Figure 4). A tall sand peak at about 150 μm was found at WB1 station of West Bay, which is downstream of SREDs (Figure 2A) and close to the emerging subaqueous delta developed after the 2011 flood. On average, sand, silt and clay represent, respectively, 38.7%, 47.7% and 13.6% at West Bay and 24.9%, 60.1% and 14.9% at Big Mar, with silt being the largest fraction (Table 3).

Figure 4. Grain size distributions of surficial sediments of West Bay (A) and Big Mar (B).
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Table 3. Sand, silt and clay percentages of samples collected from West Bay and Big Mar receiving basins as well as from other study sites in Breton Sound, Barataria Bay and Wax Lake Delta. The numbers of samples in cores are for the subsampled slices.



	
Study

	
Area

	
Number of Samples

	
Type

	
Sand (%)

	
Silt (%)

	
Clay (%)






	
This Study

	
West Bay

	
6

	
Surficial

	
38.7

	
47.7

	
13.6




	
This Study

	
Big Mar

	
6

	
Surficial

	
24.9

	
60.1

	
14.9




	
This Study

	
West Bay Core WB5

	
42

	
Down-core

	
25.4

	
58.2

	
16.4




	
This Study

	
Big Mar Core BM5

	
35

	
Down-core

	
24.6

	
56.0

	
19.4




	
Bentley et al. [42]

	
Lower Breton Sound

	
296

	
Down-core

	
23.2

	
50.7

	
26.1




	
Bentley et al. [43]

	
Middle Breton Sound

	
258

	
Down-core

	
24.8

	
52.0

	
23.2




	
Bentley et al. [42]

	
Lower Barataria Bay

	
243

	
Down-core

	
24.9

	
52.9

	
22.2




	
Bentley et al. [43]

	
Middle Barataria Bay

	
271

	
Down-core

	
16.0

	
54.5

	
29.5




	
Elliton et al. [44]

	
Mike Island, Wax Lake Delta

	
29

	
Surficial

	
19.9

	
62.1

	
18.0




	
All

	
1191

	
-

	
24.7

	
54.9

	
20.4













Down-core sediment data also had a bimodal pattern for all sediment subsamples in Core BM5 and the majority of Core WB5 (Figure 5). The average grain size percentages of both cores indicated the dominance of silt in both study areas; silt fraction was even larger than the sum of sand and clay in both core WB5 and BM5 (Table 3). Color plots of down-core grain size frequency revealed sediment variations with depths (Figure 6). In particular, the modes of grain sizes shifted between coarse silt and fine sand multiple times in Core WB5, reflecting a laminated nature in this core.

Figure 5. Grain size distributions of down-core sediments of Core WB5 in West Bay (A) and Core BM5 in Big Mar (B).
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Figure 6. Color volume-frequency plots of grain size distributions of down-core sediments of Core WB5 in West Bay (A) and Core BM5 in Big Mar (B).
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4.3. Erodibility

Although differing in magnitude, time-series turbidity derived from the resuspension of West Bay and Big Mar core tops generally displayed similar changes in response to seven levels of applied shear stresses from 0.01 to 0.6 Pa (Figure 7 and Figure 8). In most experiments the turbidity decreased with time during the first three time steps. When 0.20 Pa of shear stress was applied, turbidity spikes were found in most core tops. The highest turbidity generated among all the cores collected from West Bay was about 120 nephelometric turbidity units (NTU) in West Bay, but it was almost 300 NTU in Big Mar, indicating more mobile and erodible sediment at Big Mar. The response of Core BM3 was a bit abnormal (Figure 8). When core BM3 was taken in the field, a school of small shrimp was captured inside the core tube. During the erodibility experiment, shrimp were digging holes and disturbing sediment surface. As a result, turbidity spikes and exponential decays were not so obvious on the turbidity curve of BM3 (Figure 8C).

Figure 7. (A) Spinning rate of erosional head (RPM, revolution per minute) and (B–D) turbidity (NTU, nephelometric turbidity unit) of sediment suspended from core tops in six stations of West Bay. C1 and C2 were cores 1 and 2 collected at the same station and were measured at the same time using the dual-core Gust Erosion Microcosm System.
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Figure 8. (A) Spinning rate of erosional head (RPM, revolution per minute) and (B–D) turbidity (NTU, nephelometric turbidity unit) of sediment suspended from core tops in six stations of Big Mar. C1 and C2 were cores 1 and 2 collected at the same station. Note that only one core was measured at BM1 and one at BM3.
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The relationship of eroded mass m and applied shear stress τc was established for all the cores collected at West Bay and Big Mar (Figure 9). Based on the best fit curves, 0.2 Pa also seemed to be the critical shear stress because the curves were relatively flat when shear stress was less than 0.2 Pa, to the right of which the curves are steeper. Based on the comparison of two average thick curves of West Bay and Big Mar, sediment from Big Mar was more erodible than that of West Bay (Figure 9).

Figure 9. The curves of applied shear stress (Pa) vs. eroded mass (kg/m2) of stations in West Bay (A) and Big Mar (B); C1 and C2 were cores 1 and 2 collected at the same station. Thick black line in panel (A) and thick dashed line in panel (B) are the best fitting curves of all six stations for West Bay and Big Mar, respectively. (C) These two lines are compared with the curve derived from 106 sediment cores collected on Louisiana shelf by Xu et al. [18]. See black dots in Figure 1 for the locations of these 106 cores.
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5. Discussion


5.1. Critical Shear Stress and Erodibility Comparison

In this study the shear stress at which the first rapid increase of turbidity is generated is defined as the critical shear stress. Wright et al. [45] used a critical shear stress of 0.11 Pa for a sediment transport study in the inner Louisiana shelf. In a numerical modeling study by Xu et al. [46], 0.03 and 0.08 Pa was used as critical shear stress of fluvial sediment from the Mississippi and Atchafalaya rivers and these values were comparable to the values used in other studies of muddy river systems. In addition, Xu et al. [47] used 0.11 and 0.13 Pa for seabed sediment shear stress in a study of shelf sediment transport during Hurricanes Katrina and Rita. Based on our results in Figure 7, Figure 8 and Figure 9, 0.2 Pa seems to be the critical shear stress for the sediment resuspension on top of most cores. This 0.2 Pa initial shear stress indicates somewhat consolidated sediment in both West Bay and Big Mar. As shown in Figure 3, sediment cores were collected in November 2014 (a dry season) at West Bay and in March 2015 (after a long period of little to no discharge) at Big Mar. If we were able to collect sediment during the peak of flood season, freshly deposited sediment might be more erodible. After the flood season, finer and mobile sediment is winnowed out of the receiving basins firstly, and coarser sediment left in the receiving basins consolidates over time, leading to a higher critical shear stress in the dry season. Thus, 0.2 Pa is a good representation of critical shear stress of Louisiana bay sediment during winter-early spring season.

Xu et al. [18] collected a total of 106 sediment cores on Louisiana shelf in April and August of multiple years, and reported an averaged curve of eroded mass vs. shear stress (Figure 9C). Interestingly the curve provided by Xu et al. [18] is very similar to that of Big Mar (Figure 9C). Despite the differences in contrasting shelf and estuarine settings, the erodibility of Louisiana shelf sediment is similar to that of Big Mar. Comparing with West Bay, surficial sediment in Big Mar is finer and contains more organic matter (9.7% in Big Mar vs. 4.3% in West Bay; Table 2). The shallow average water depths of 0.23 m may also lead to frequent wave mobilization in Big Mar. When 0.45 Pa of shear stress is applied, the eroded mass is 0.044, 0.178 and 0.164 kg/m2 in West Bay, Big Mar, and Louisiana continental shelf, respectively.



5.2. Shear Stress in Louisiana Bays

There are numerous bays and estuaries along the Louisiana coast, and their widths vary from <1 to 40 km and their depths are from nearly zero up to 5 m. For example, Lake Pontchartrain is about 40 km wide and its center is about 4.5 m deep; Big Mar is only about 2 km wide and 0.23 m deep. Based on Figure 3A, wind speed at 10 m above surface in Shell Beach varies between 3 and 14 m/s. Based on our calculation, for a shallow bay water depth of 1 m, increasing either fetch or wind speed generally yields higher shear stress (Figure 10A). Only about 2.2 m/s wind blowing over a bay 40 km wide and 1 m deep can generate shear stress of 0.2 Pa, sufficient to erode sediment (Figure 10A). Such conditions would be unfavorable for mud retention in coastal Louisiana bays. Mariotti and Fagherazzi [48] reported that when fluvial sediment supply to a bay is reduced, the land:water area ratio decreases, which in turn exposes more marsh edge to wave erosion. As more marsh edge erodes, the land:water area ratio decreases more, and the average wind fetch increases, generating larger waves and more erosion. Thus, there might be a tipping point at which wave-induced marsh edge erosion is accelerated [49]. Based on our analysis, smaller and deeper bays should experience lower bed shear stresses (Figure 10B,D) and have high muddy sediment retention. When water depths are between 0 and 1 m, however, the depth-limited waves can cause shoaling, which produces initial increase of shear stress, then decrease due to depth-limitation of wave height and period, as shown in the bottom right side of Figure 10B,D. Moreover, if wind speed is held constant at 10 m/s, >0.2 Pa of shear stress can be generated in almost any bays deeper than 0.5 m and wider than 2 km (Figure 10D). Since 10 m/s wind is common in Louisiana during frequent winter cold fronts (Figure 3A), sediment suspension is thus very common in winter in bays wider than 2 km in Louisiana coast.

Figure 10. Wave-induced shear stresses under the influence of fetch (in km) of the bay, wind speed at 10 m above sea surface (m/s), and water depth of the bay (m). Four scenarios are used: (A) water depth = 1 m; (B) wind speed = 5 m/s; (C) water depth = 2 m; and (D) wind speed = 10 m/s. Note that ~0.2 Pa is the critical shear stress to suspend sediment in West Bay and Big Mar.
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5.3. Sediment Texture

As mentioned above, mud and sand represent >80% and <20% of sediment load in the Mississippi/Atchafalaya water respectively [14]. Meselhe et al. [50] collected river sediment samples from the Myrtle Grove area under a range of discharge levels and reported that sand, silt and clay contents are 27%, 66% and 7%, respectively. In our study, a total of 12 surficial and 77 down-core samples were used for our grain size analysis. Bentley et al. [42,43] reported extensive down-core grain size data of sediment samples from nearly one hundred 3-m to 5-m long vibracores collected from lower and middle Breton Sound as well as lower and middle Barataria Bay (Figure 1). In addition, Elliton et al. [44] reported surficial sediment grain size on Mike Island, Wax Lake Delta, which is downstream of the Atchafalaya River system. Despite the diversity of datasets we have compiled, a surprising similarity can be found among the 1191 samples. On average, sand, silt and clay contents are 24.7%, 54.9% and 20.4%, respectively, in sediment samples from Louisiana bays and estuaries (Table 3). Thus, it is clear that silt is the largest fraction of not only river sediment but also the preserved sediment in bays and estuaries. However, the above percentages cannot be applied to very sandy environments like distributary channels and proximal parts of deltas along the Louisiana coast.



5.4. Sediment Retention Rate

Although sediment budgets are poorly constrained for many rivers, Blum and Roberts [9] reported that about 30%–70% of the total sediment load can be trapped on the alluvial deltaic plain, with remaining amount transferred to the delta front and alongshore. However, before the retention rate can be calculated, the boundary of the receiving basin or calculated retention area must be defined. Our scientific community has not yet reached an agreement on this boundary. For consistency, our study defines the seaward boundary as the mouths of bays and the barrier islands in our discussion of sediment retention in Louisiana coast. Multiple studies on sediment retention have been performed in Louisiana. For example, Wells et al. [51] reported that the retention rate of Atchafalaya River sediment in Atchafalaya Bay is about 27%. Bentley et al. [52] found that the retention rate of Mississippi sediment in Lake Pontchartrain during the opening of Bonnet Carré Spillway in response to the 2011 great flood is nearly 100%. Shen [53] believed that the sediment retention in a crevasse splay of Bayou Lafourche (a paleo river course of the Mississippi system) is 62% or higher. Day et al. [54] reported that sediment retention in upper Breton Sound in response to a levee breach at Caernarvon during 1927 Mississippi River flood was from 55% to 75%. Moreover, Meselhe et al. developed a numerical model of Wax Lake Delta and reported that sand retention rate is close to 80%–100%, whereas mud retention is lower than ~30% (personal communication with E. Meselhe); their work reveals the preferential retention of coarser sediment in the receiving basin, which is typical in many sedimentary environments.

In this study, river kilometer (RK) is defined as the distance upstream from the “Head of Passes” (for either the Atchafalaya or Mississippi Rivers), and is roughly a proxy of the basin′s connectivity to the open ocean. Compiling the above information together, there seems to be a relationship between the river kilometer and retention rate in Louisiana estuaries and bays (Figure 11). In general, a more landward receiving basin correlates to a higher sediment retention rate (Figure 11).

Figure 11. The semi-quantitative relationship between river kilometer and sediment retention rate. Circles are for modern Mississippi and Atchafalaya systems, whereas the red square is for an ancient Bay Lafourche system [26,51,52,53,54]. The estimated rate by Day et al. [54] is between 55% and 75%.
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5.5. Implication for Sediment Diversion

In terms of the sediment budget in coastal Louisiana, silt is the largest fraction of both river-supplied sediment and retained sediment in receiving basins. Thus, sand, silt and clay all should be considered in the design of future sediment diversion projects. High-discharge diverted water carries more sediment into a receiving basin. However, the energetic flow of the diverted water flushes a large portion of fresh and unconsolidated mud out of the receiving basin, causing mud loss. Operation strategies should be considered that allow sediment consolidation and reduce sediment loss/bypass. This can also be used in intermittent diversion or the rotations on multiple receiving basins to maximize the benefit of total land gaining in Louisiana. However, such operation must be used with caution because it may cause large fluctuation in salinity in the receiving basins, which is a critical parameter to ecosystem and fish. Since the retention rates in more landward (large RK) receiving basins are generally higher than these of more seaward (small RK) basins, river mud can be diverted preferentially into a more protected/landward environment in which retention rates are high; similarly river sand can be transferred to a more seaward environment. Our calculation of wave-induced shear stress indicates that a smaller and deeper basin would yield a lower shear stress, which is more favorable for sediment retention. Thus, the fragmentation of large receiving basins can help decrease the fetch size which in turn facilitates retention. SREDs have been used in West Bay diversion for multiple years and seem to be an effective device to trap sediment and decrease wave fetch. Thus, SREDs might be considered for future diversions as well, especially when they are used in combination with marsh creation and dredging activities.




6. Conclusions

(1) Based on our synthesis of grain size data of 1191 sediment samples, sand, silt and clay contents are, respectively, 24.7%, 54.9% and 20.4% in surficial and down-core samples in Louisiana bays and estuaries. Silt is the largest fraction of not only river sediment but also retained sediment in receiving basins.

(2) The average erodibility of Big Mar sediment is similar to that of the Louisiana shelf, but is higher than that of West Bay. When 0.45 Pa shear stress is applied, the average eroded mass is 0.044, 0.178 and 0.164 kg/m2 in West Bay, Big Mar, and Louisiana continental shelf, respectively.

(3) There seems to be an inverse relationship between river kilometer and the retention rate based on the synthesis of multiple studies. Since the retention rate is high in more landward receiving basins, preferential delivery of fine grained materials to more landward and protected receiving basins would likely enhance mud retention.

(4) The critical shear stress for sediment resuspension in Louisiana bays is around 0.2 Pa. Under the influence of a variety of fetches, depths and wind speeds, >0.2 Pa can be generated in many bays and estuaries. The fragmentation of large receiving basins can help decrease the fetch sizes and minimize wave-induced sediment resuspension.
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