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ABSTRACT

Over the past two centuries, coastal wetlands have become increasingly
threatened by accelerated relative sea-level rise and anthropogenic modification.
Engineered structures such as sea walls, levees, and drainage systems prevent natural
processes of sediment distribution, reducing the resilience of coastal ecosystems. Land
subsidence and shoreline erosion combine with global sea-level rise to make low-
elevation coastal zones increasingly vulnerable to submergence. This dissertation
examines processes of sediment accumulation, compaction, and relative sea-level rise in
coastal wetlands and assesses strategies for restoration. | find that organic content
strongly controls sediment compaction in wetland sediments. At least 80% of compaction
happens quickly, largely within the first 100 years after deposition and in the top 1 m of
the subsurface. This rapid shallow compaction is generally not recorded by traditional
methods of measuring relative sea-level rise in low-elevation coastal zones (i.e., tide
gauges and global navigation satellite systems). As a result, tide gauges generally
underestimate rates of relative sea-level rise in low-elevation coastal zones and these
areas may be at a greater risk of flooding than previously realized. However, despite
accelerated rates of relative sea-level rise and rapid sediment compaction, coastal
restoration efforts such as river diversions can be successful in building new land in some
areas. | find that sediment deposition responds non-linearly to water discharge, reaching a
maximum at moderate discharge. Wetlands are more likely to keep up with relative sea-
level rise if hydrodynamic conditions are optimized to retain mineral sediment in targeted
restoration areas.
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INTRODUCTION

Coastal wetlands are some of the most dynamic environments on Earth,
constantly reshaped by competing terrestrial, oceanic, and atmospheric forces. Over the
past two centuries, however, coastal wetlands have become increasingly threatened by
accelerated relative sea-level rise (RSLR) and anthropogenic modification. Worldwide,
more than 625 million people live in river deltas and other low-elevation coastal zones
(LECZs), including the populations of megacities such as Shanghai, Lagos, Cairo, and
Buenos Aires (Neumann et al., 2015). Engineered structures such as sea walls, levees,
and drainage systems prevent natural processes of sediment distribution, reducing the
resilience of coastal ecosystems. Land subsidence and shoreline erosion combine with

global sea-level rise to make LECZs increasingly vulnerable to submergence.

This dissertation investigates modern processes occurring in coastal wetlands and
the challenges of maintaining LECZs in the face of accelerated RSLR. Although the
Mississippi Delta serves as the primary study region for this research, many of the
processes described here (subsidence, sea-level rise, coastal land loss, and environmental
engineering) are often universal. LECZs around the world are at risk of drowning
(Syvitski et al. 2009). At the same time, wetlands are highly resilient environments. In
this dissertation, | examine how the balance between sediment accretion and subsidence

controls coastal wetland growth and decay. The better we understand these processes, the



more prepared we will be to protect critical coastal environments and adapt to changing

coastlines.

The first chapter of this dissertation investigates the role of organic material in the
accretion and compaction of deltaic wetlands. Outside of active floodplains, modern
deltaic wetlands are often organic-rich. In this chapter, | explore the relationships
between soil organic content, compaction rate, and overburden mass. Results are used to
assess the long-term sustainability of wetlands and to identify a tipping point in organic
content, above which wetlands will likely no longer keep up with current and future rates

of RSLR over century to millennial timescales.

Because organic-rich strata are susceptible to compaction, wetland soils often
experience high rates of subsidence in the shallow subsurface. The second chapter of this
dissertation investigates how shallow subsidence affects traditional methods of measuring
RSLR. In deltas and other LECZs, tide gauges and GPS stations are typically anchored at
depth and do not capture processes occurring above their foundations. As a result, these
instruments do not record shallow subsidence, a major component of total subsidence. In
LECZs, the accuracy of RSLR projections has major implications for land management,

city planning, and flood preparedness.

Even under conditions of reduced sediment supply, rapid compaction, and the
resulting high rates of RSLR, it remains possible to build new land in some targeted
areas. The third chapter presented here explores options for coastal restoration.
Specifically, I investigate how hydrology affects sedimentation within a delta plain.

Maximizing mineral sediment retention increases the likelihood that wetlands will



successfully keep up with RSLR. Results show that sediment deposition responds non-
linearly to water discharge, reaching an optimum at moderate discharge. | use these
results to make recommendations for the operation of river diversions, an emerging
restoration tool that reconnects rivers to their floodplains through engineered channels

and restart natural land-building processes.

The chapters of this dissertation provide a three-pronged approach to
understanding the processes that control the growth and decay of modern coastal
wetlands. In the current era of accelerated RSLR, understanding these processes will help

refine plans for coastal protection and restoration.



CHAPTER 1: WHAT IS THE ROLE OF ORGANIC MATTER IN DELTA

ACCRETION AND SUBSIDENCE?

Molly Keogh, Torbjérn Tornqvist, Alexander Kolker, and Gilles Erkens

ABSTRACT

Globally, mineral sediment supply to deltaic wetlands has generally decreased as
a result of the construction of levees and other flood-control infrastructure. As a result, in
deltas with intact wetlands ecosystems, wetland sediments have become increasingly
organic-rich. Because organic-rich sediments, especially peats, tend to be more
compressible than their organic-poor counterparts, many modern wetlands are vulnerable
to compaction, subsidence, and conversion to open water. Using a combination of
sediment core data and numerical modeling, we examine organic-rich facies in the
Mississippi Delta in order to identify the depth range and timescales over which most
sediment compaction occurs. By comparing the bulk densities of sediments at the surface
with similar deposits buried at depth, we quantify the thickness lost to compaction and
investigate whether organic-rich sediments are able to maintain sufficient volume for the
overlying wetlands to keep pace with relative sea-level rise. We find that organic content

strongly controls sediment compaction. Most compaction occurs in the top 1 m of the



subsurface and within the first 100 years after deposition. The compaction rate decreases
rapidly with depth and time. At a site in the Mississippi Delta with nearly 40 m of
Holocene strata, the Holocene sediment package has already lost ~24% of its potential
thickness due to compaction. In other areas, the top ~3-5 m of sediments are even more
extensively compacted (~46-59%). Over 100-year timescales, renewed sediment
deposition in highly organic-rich wetlands may cause more elevation loss to compaction
than is gained due to accretion. On the other hand, marshes overlying crevasse splays and
other organic-poor lithologies may support the weight of renewed deposition and allow
net elevation gain. For example, the Mid-Barataria Sediment Diversion, which is
currently planned for the lower Mississippi Delta, will likely cause another ~0.35-1.13 m

of compaction but leave a net elevation gain of ~0.01-1.75 m.

1. INTRODUCTION

In many modern deltas, mineral sediment supply to the deltaic plain has decreased
dramatically since the mid-20th century, largely due to the construction of dams, levees,
and other flood-control infrastructure (Syvitski et al., 2005; Syvitski and Saito, 2007;
Giosan et al., 2014). In the Yangtze and Mississippi Rivers, for example, dams have
reduced the suspended sediment concentration by >40% and 50%, respectively (Yang et
al., 2006; Blum and Roberts, 2009). Globally, 40% of river discharge is intercepted by
large-capacity reservoirs (Vorésmarty et al., 2003), which have trapped more than 100
billion tons of sediment (Syvitski et al., 2005). Artificial levees prevent overbank
deposition and the remaining sediment from reaching deltaic wetlands. Although

wetlands may receive some mineral sediment through tidal exchange (e.g., Stevenson et



al., 1988), the turbidity of coastal waters has generally decreased as a result of increased
sediment trapping on land (Syvitski et al., 2005). With reduced mineral sediment input,
coastal wetlands must rely on the accumulation of organic matter to keep pace with sea-
level rise. Reductions in mineral sediment supply are particularly important in areas such
as river deltas where high subsidence rates lead to elevated rates of relative sea-level rise
(Giosan et al., 2014). If relative sea-level rise exceeds vertical accretion, wetlands

typically drown and convert to open water.

Previous work has debated the respective importance of organic and mineral
matter in delta accretion. Because organic-rich sediments, especially peats, are typically
more compressible than their organic-poor counterparts, many modern coastal wetlands
are vulnerable to compaction-driven subsidence and conversion to open water resulting
from the drowning and die-off of vegetation (e.g., Kaye and Barghoorn, 1964; Térngvist
et al., 2008; Van Asselen et al., 2010). Organic-poor marine muds are also highly
compressible (Baldwin, 1971; Rieke and Chilingarian, 1974; Minderhoud et al., 2018;
Zoccarato et al., 2018) and may be at least as compressible as organic-rich sediments in
some cases (e.g., Chamberlain, 2017). Additionally, organic-poor marshes may also be
less prone to storm-driven erosion than adjacent organic-rich marshes, making them

especially important as coastal buffers (Amer et al., 2017).

Despite its compressibility, organic matter is an important component of accretion
in some locations. For example, in fresh, intermediate, and brackish marshes of the
modern Mississippi Delta, Nyman et al. (1990) found that in the top 38-50 cm, organic

matter occupies 27-198% more sediment volume than mineral matter. This is likely



universally true for unconsolidated peats because of the low density of organic matter
compared to mineral matter. Turner et al. (2002) found that vertical accretion in coastal
marshes is related to organic accumulation but not sediment bulk density and suggested
that there is a minimum rate of organic accumulation (but not mineral accumulation)
necessary to for saltmarshes to survive RSLR. Similarly, Nyman et al. (2006) found that
in the top 45-55 cm, vertical accretion is more closely correlated with organic
accumulation rate than with mineral accumulation rate. Going further, Turner et al.
(2006) studied sedimentation rates in cores up to ~40 cm in length using the radioisotopes
210pp and *’Cs and concluded that organic accumulation controls vertical accretion over
timescales of up to a century. In a review of 76 tidal freshwater marshes in North
America and Europe, including both organic- and clastic-dominated systems, Neubauer
(2008) quantified the relative importance of organic matter in the top ~30 cm and
concluded that 62% of marsh accretion is due to organic accumulation and the remaining

38% is due to mineral sedimentation.

Sediment bulk density is known to increase with increasing burial depth (and thus
also with time) as a result of compaction. However, details of the bulk density versus
depth relationship are not well known. Near the surface (0-10 cm depth), coastal wetland
sediments typically have very low bulk densities, generally within the range of 0.1-0.6 g
cm3 (Marsh et al., 1999; Nyman et al., 2006; Giosan et al., 2013; Keogh et al., 2019). At
depth (>2 m), the bulk density of clastic deposits commonly reaches 1.5 g cm (Kuecher
et al. 1993; Brevik and Homburg, 2004). Jankowski et al. (2017) found that the majority

of sediment compaction in the Mississippi Delta occurs in the top 5-10 m of strata,



suggesting that sediment bulk density may increase rapidly with initial burial. The
research presented here suggests that this interval of rapid compaction may be restricted

to even shallower depths.

In the present analysis, we use a combination of sediment core data and modeling
to examine organic-rich facies in the Mississippi Delta. We identify the depth range and
timescales over which most sediment compaction occurs and predict future compaction-
driven surface elevation change. By comparing the bulk density of sediments at the
surface with similar deposits buried at depth, we quantify the thickness lost to
compaction and investigate whether organic-rich sediments are able to maintain sufficient
volume for the overlying wetlands to keep pace with relative sea-level rise. To better
understand the role of organic matter in delta accretion, we will test the following
hypothesis: the bulk density of organic matter increases non-linearly with burial depth
and overburden mass, with a high compaction rate during initial burial that decreases
asymptotically to a slow but more constant rate at depth. As a result, the accumulation
rate of organic matter in the Mississippi Delta is sufficient for wetlands to keep pace with
relative sea-level rise over the short term (years to decades) but not over longer

timescales (centuries to millennia) as compaction continues at a slow and steady rate.

2. DATA

To address this hypothesis, we synthesized sediment data from 5 sources
consisting of 330 cores previously collected in coastal Louisiana, USA (details provided

below). Data associated with each core include dry bulk density, loss-on-ignition (LOI, a



measure of organic content), and geochronology. All data will be released in conjunction

with a forthcoming journal article. Core locations are shown in Figure 1.1.
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Figure 1.1. Location of 330 sediment cores across the Louisiana coast that were used for
analysis. Colors correspond to core length.

2.1. Coastwide Reference Monitoring System (CRMS) cores

The majority of the cores used in this analysis (n = 264) were collected across the
Louisiana coast as a part of the Coastwide Reference Monitoring System (CRMS; CPRA,
2018). At each CRMS station, three 24-cm sediment cores were collected immediately
following site construction. Most CRMS sites were established between 2006 and 2010.
Cores were collected by hand and analyzed as described in Folse et al. (2012). CRMS
cores included in our analysis have dry bulk density and LOI measurements every 4 cm
(for a total of 6 increments per core) and modern vertical accretion rates from feldspar
marker horizons as calculated by Jankowski et al. (2017) based on at least 5 years of data

collected between 2006 and 2015. Note that the vertical accretion rates postdate the time
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interval covered by the cores. For each sample interval, dry bulk density and LOI
measurements from each of the three triplicate cores were averaged to produce one value
with an error. Linear extrapolation of modern vertical accretion rates was used to estimate
the age of buried sediments, which may result in the overestimation of sample ages. The

validity of this and other assumptions is discussed in detail in Section 4.5.
2.2. Davis Pond cores

Short (0.05-0.5 m) hand cores (n = 45) were collected in the receiving basin of the
Davis Pond Freshwater Diversion, adjacent to the Mississippi River ~30 river km
upstream of New Orleans. These cores were collected by Keogh et al. (2019) in 2015 and
2016. Data for five of these cores are previously unpublished. Dry bulk density, LOI, and
activity of the radioisotope 'Be were measured in 1-cm increments for the top 5 cm and
in 5-cm increments below that to the base of the core. ’Be activity and vertical accretion

rates provided in Keogh et al. (2019) were used to estimate the age of buried sediments.
2.3. West Bay cores

Seventeen vibracores ~3-5 m in length were collected in the receiving basin of the
West Bay Mississippi River Diversion, which is located ~7 km above Head of Passes
near the mouth of the Mississippi River. In these cores, dry bulk density, LOI, and
activities of the radioisotopes 2*°Pb and **’Cs were measured in 10-cm intervals (Kolker
and Ameen, 2014). 2*%Pp and *¥’Cs activities were used to estimate the age of buried
sediments. Sediment compaction, which often occurs during the collection of vibracores,

ranged from 3-13% of total core length. Core length and bulk density measurements were
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corrected for coring-related compaction, assuming that compaction occurred uniformly

throughout the core.
2.4. Upper Lafourche cores

Three longer (~12-14 m) cores were collected with a Geoprobe in the upper
Bayou Lafourche area near Paincourtville and Napoleonville, Louisiana, in 2014. Dry
bulk density and LOI data are available in ~10-cm depth intervals beginning 0.6 m, 3.7
m, and 7.8 m below the surface (Jankowski, 2017). At shallower depths, bulk density and
LOI values were estimated based on texture descriptions made in the field. Bulk density
values were calculated using subsamples with a known volume collected in the field
(Jankowski, 2017). The LOI data are previously unpublished and were provided by K.L.
Jankowski. The ages of buried sediments were estimated using **C and optically
stimulated luminescence (OSL) ages measured in organic and clastic sediments,

respectively, in adjacent cores (Shen et al., 2015).
2.5. Myrtle Grove | core

In 2016, a 38.7 m piston core was collected near Myrtle Grove, Louisiana, about 2
km from the Mississippi River and ~60 river km downstream of New Orleans, as part of
a subsidence monitoring superstation. Dry bulk density and LOI measurements were
made at 5-25 cm intervals (Bridgeman, 2018) beginning at a depth of 1.2 m. At shallower
depths, bulk density and LOI values were estimated based on texture descriptions. The

bulk density values were calculated using subsamples of a known volume collected in the
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lab (Bridgeman, 2018). *C and OSL ages measured in organic and clastic sediments,

respectively, (n = 12; Bridgeman, 2018) were used to estimate the age of buried deposits.
3. METHODS

Data from 2886 samples in 330 sediment cores were used to assess the
vulnerability of wetlands in coastal Louisiana to sediment compaction. In cores with
vertical gaps between samples, measurements associated with each sample are assumed
to also apply to sediment in the interval in between samples. This interval is defined here
as the sample interval, and sample intervals are separated at the mid-point between
sample depths. For each sample interval, we calculated effective stress, decompacted dry
bulk density, decompacted thickness, percent compaction, and compaction rate. For cores
longer than 0.5 m, values were integrated over the length of each core to calculate total
compaction. Potential future compaction was modeled using the geotechnical modeling

software D-Settlement.
3.1. Correcting for differences in sampling methods

In the Davis Pond and West Bay cores, dry bulk density was calculated using the
measured LOI and estimated densities of 2.6 and 1.2 g cm™ for mineral and organic
matter, respectively (Adams 1973; Kolker et al. 2009; Morris et al. 2016). For all other
cores used in this analysis, bulk density was directly measured using a subsampler with a
known volume. Based on a comparison of these two methods using data from the Upper

Lafourche and Myrtle Grove | cores, a correction factor of 1.75 was applied to all Davis
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Pond and West Bay bulk density values. Details of this comparison are provided in

Appendix I.
3.2. Calculating effective stress

Using measured values of LOI (%) and dry bulk density (g cm®) and following

the method described in VVan Asselen et al. (2018), effective stress (¢, kPa) is calculated

as
o'=0—u 1)
where o is total stress and u is pore water pressure. Details are provided in Appendix 1.

For the purposes of this calculation, we assume that the clastic component of all
sediments is silty clay loam (35% clay, 55% silt, and 10% sand), a dominant sediment
texture in crevasse splays (Esposito et al., 2017), and that the specific gravity of organic
matter, clay, silt, and sand is 1.47, 2.70, 2.65, and 2.65 g cm™, respectively. Although the
grain size distribution is a required input for the calculation of effective stress (see
Appendix 1), the specific gravities of sand, silt, and clay are similar enough that the
assumed grain size distribution has essentially no impact on the resulting effective stress
value. All other assumptions, including values for pore volume and degree of saturation,

are the same as those made in Van Asselen et al. (2018) and are described in Appendix 1.
3.3. Calculating percent compaction

To calculate sediment compaction, we first identified a subset of near-surface

sediment samples in our dataset to be used as a reference for uncompacted material. This
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reference dataset includes all of the uppermost samples (0-4 cm) from the CRMS cores.
These samples were assumed to be 0% compacted, given that at depths <4 cm, the

sediment has experienced minimal loading from overlying material. The relatively even
spacing of the CRMS sites across coastal Louisiana prevents the reference dataset from

being biased toward any one region.

The reference dataset was then used to establish a relationship between
uncompacted bulk density (pdy) and organic content (LOI). Using the TableCurve 2D
software (http://www.sigmaplot.co.uk/products/tablecurve2d/tablecurve2d.php), 75
equations were tested for goodness-of-fit. Only monotonic equations with no more than
three parameters were considered. The resulting best-fit relationship and measured LOI
values were then used to estimate the uncompacted bulk density of sediment samples at

the time of deposition, before they were buried and subjected to loading.

Samples included in the reference dataset were excluded from subsequent
analyses. For the remainder of samples, a distinction was made between organic-rich
sediments (LOI >26%) and organic-poor sediments (LOI <26%). Above ~26% organic
content, mineral grains in a typical wetland sediment lose contact with one another and
the sediment becomes supported by a matrix of organic matter (Den Haan and Kruse,

2007; Erkens et al., 2016).

Following Van Asselen (2011), the change in bulk density due to loading was

used to calculate the uncompacted thickness of each sample interval (hy):

hu = (pdc /pdu) X hc (2)
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where hc and pd. are the measured (compacted) interval thickness and bulk density,
respectively. Because processes of accretion and compaction occur simultaneously, hy is
a theoretical maximum thickness that may never have existed in reality. Finally,

compaction (C, %) was calculated as
C = (hu—hc) / hy x 100 (3)

Note that here we are calculating sediment compaction by length, following Van Asselen
et al. (2018). In contrast, Van Asselen (2011) calculated compaction by volume, ignoring

lateral strain.
3.4. Calculating compaction rate

Based on the geochronology and vertical accretion rates available for each core,
ages were calculated for all sediment intervals. Intervals were assigned to one of six age
bins, indicating the time elapsed since deposition: 0-1 year, 1-10 years, 10-50 years, 50-
100 years, 100-500 years, or 500-6000 years. For each interval, sediment compaction rate

(R, % yr) was calculated as

R=C/t (4)
where t is the age of the sample in years.
3.5. Calculating total compaction

Following Van Asselen et al. (2018), total compaction per core (m) was

calculated for all cores >0.5 m in length using the following equation:

total compaction (m) =3 hy—> hc (5)
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Additionally, we calculated total percent compaction as:
total compaction (%) = (3 (hu —hc) / 3 hy) x 100 (6)
3.6. Geotechnical modeling

The Deltares geotechnical modeling software D-Settlement (version 18.2,
https://www.deltares.nl/en/software/d-settlement-2/) was used to predict sediment
compaction that may occur at the Myrtle Grove site as a result of additional loading of
the wetland. D-Settlement is a two-dimensional modeling program that incorporates
processes of settlement (vertical lowering due to sediment compression and the resulting
instantaneous volume change), consolidation (time-dependent volume reduction resulting
from the release of over-pressurized porewater), and secondary creep (consolidation that
continues after the sediment has reached a new pressure equilibrium). A detailed review
of these processes is provided by Van Asselen et al. (2009). The Myrtle Grove | core was
selected as the basis for modeling because it is nearly 40 m in length and contains
features of interest for compaction modeling such as organic-rich intervals and sandier

layers.
4. RESULTS
4.1. Developing an organic content — bulk density relationship

The 330 sediment cores used for analysis include a total of 2886 sample intervals
with paired bulk density and LOI measurements. Of these, 264 sample intervals are

included in our reference dataset of uncompacted sediment (samples from CRMS sites at
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depths <4 cm; Figure 1.2). Another 864 samples are organic-rich (i.e., defined here as

peat; LOI >26%) and 1757 samples are organic-poor (LOI <26%).

For our reference dataset of uncompacted sediments in coastal Louisiana, we find
that the best-fit relationship between organic content (LOI) and bulk density (pd.) takes the

form
pdy=a+bxLOI® (7)

where a = -0.211, b = 2.247, and ¢ = -0.489 (r? = 0.72; Figure 1.3). Although this best-fit
equation is different from the equation used in Van Asselen (2011), the curves are similar
in shape. Our best-fit equation falls slightly below the Van Asselen equation, predicting
lower bulk density values for given organic contents. Unlike the equation used in Van
Asselen (2011), which was fit to fall just below their reference data cloud of
uncompacted peat, our equation was fit to the center of our reference data cloud. We
conclude that surface sediments in coastal Louisiana are more pristine than those found in
the Rhine-Meuse Delta (which has been extensively modified by humans over the last
1000 years; Erkens et al., 2016) and are more likely to be entirely uncompacted.
Although the Mississippi Delta as a whole is heavily human impacted, our study sites are
typically located in relatively pristine, natural wetland environments (i.e., undrained and
vegetated with typical wetland plant species). Our best-fit equation and the equation used
in Van Asselen (2011) are also similar in shape to the one used by Morris et al. (2016),
which examined organic content and bulk density in coastal marshes across the United

States. The Morris et al. (2016) equation was determined using an ideal mixing model
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and fits to the center of their data cloud, which consists of sediment samples collected
primarily in the uppermost 0.5 m (thus including both compacted and uncompacted
sediments). The three curves differ the most at their inflection points, which occur at
moderately-low LOI values (~5-20%). All three studies include multiple peat types (i.e.,
wood peat and herbaceous peat), suggesting that the differences we see in organic content

bulk density are not due to peat type.

Note that because our best-fit line falls through the center of the reference data
cloud, some of the reference data points fall below the line. Additionally, some data
points in the dataset used for subsequent analyses also fall below the best-fit line (Figure
1.3). These points end up with negative values for calculated compaction. We do not
expect that these intervals are expanding; instead, negative compaction values are likely
mathematical artifacts that occur when studying large datasets and spatially variable
parameters such as organic content and bulk density. We have chosen to include these
samples in our dataset because the negative compaction values represent occasions where
our methods under-predict compaction and balance out instances where our method may

be over-predicting compaction.
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Figure 1.2. Organic-matter content vs. depth for 2886 sample intervals used for analysis.
Reference samples (red markers, n = 265) are from the top 4 cm of the CRMS cores. Black
markers indicate organic-rich samples (LOI >26%; n = 864). Grey markers indicate organic-poor
samples (LOI <26%, n = 1757). Note that the black and grey markers include samples from all
depths, excluding the samples that are part of the reference dataset.
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Figure 1.3. Relationship between organic content and bulk density for all 2886 sample intervals,
sorted by organic content (a) and data source (b): CRMS (n = 1584), West Bay (n = 808), Myrtle
Grove (n = 138), Davis Pond (n = 194), and Upper Lafourche (n = 162). The solid line in both
panels represents the best-fit equation that is used for subsequent analyses in this paper (r*> =
0.72). In panel a, the dashed line and the dotted line represent the best-fit equations used in Van
Asselen (2011) and Morris et al. (2016), respectively.

4.2. Evaluating the impact of effective stress on sediment compaction

In the Mississippi Delta, effective stress varies closely with depth (Figure 1.4). In

the analyses presented here, effective stress can be thought of as a function of depth for a
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first-order interpretation of the relationships. Note that this tight depth-effective stress
relationship may be true for locations with relatively homogenous stratigraphy (e.g.,
Yang and Aplin, 2004) but may be less applicable in regions with more variable

stratigraphy.

In general, sediment compaction appears to increase rapidly with initial burial and
the corresponding increase in effective stress (Figure 1.5). At ~10 kPa, which
corresponds to a depth of ~1.2 m (Figure 1.4), compaction exceeds 45% in most organic-
rich samples. At higher effective stresses, the increase in compaction proceeds at a much

slower rate. Effective stresses of ~100 kPa correspond to compaction of ~60-80%.

The degree of compaction is controlled in part by organic content (Figure 1.5a
and b). In general, sediment with higher organic content is more compacted than less
organic-rich sediment under the same effective stress. Although organic content varies by
peat type (e.g., Kazemian et al., 2011), compaction has not been shown to be significantly
different between peat types (Van Asselen et al., 2018). Notably, although organic-rich
samples tend to be more compacted than organic-poor samples, a significant amount of
compaction has occurred in sediments with <26% organic matter (Figure 1.5a and b). In
the Myrtle Grove | core, for example, a thick interval of organic-poor silty clay (~11.5-35

m depth) has compacted by 27 + 9%

Age also appears to have an impact on compaction (Figure 1.5¢ and d). Logically,
older samples tend to be more compacted than younger samples, likely due to higher
effective stresses that result from deeper burial. Sediment samples at effective stresses of

~10 kPa, the tipping point above which most sediment compaction appears to have
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occurred, are generally in the 50-100 year age bin, suggesting that the bulk of compaction
occurs within the first 100 years after deposition. The rate of compaction decreases
rapidly with depth, with most compaction occurring in the top 1 m of the subsurface

(Figure 1.6). Compaction continues at depths below ~1 m at very slow but steady rates

(<1% per year).
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Figure 1.4. Effective stress vs. depth for 864 organic-rich sediment samples. The data shown here
include samples from all cores at all depths but exclude the organic-rich samples that are part of
the reference dataset.
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Figure 1.5. Effective stress vs. compaction for 864 organic-rich sediment samples, sorted by
organic content (a, b) and age (c, d). In panels a and b, organic-poor samples are shown in grey.
Effective stress is plotted on a linear scale in panels a and ¢ and on a log scale in panels b and d.
The best-fit logarithmic curves are the same in the right-hand and left-hand panels. For clarity,
five organic-poor samples with compaction values of -300% to -600% are not shown.
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Figure 1.6. Depth vs. compaction rate per sample interval for six age bins of organic-rich
sediment. In panel a, depth is shown on a log scale. Panel b shows only samples with positive
compaction rates and both depth and compaction rate are plotted on a log scale. The compaction
rates presented here correspond to individual sample intervals within a core and thus may not
reflect rates occurring throughout a core or seen at the land surface.

4.3. Stratal thickness loss due to compaction

For cores longer than 50 cm, compaction in each sample interval was integrated to
calculate the total amount of thickness loss that has occurred due to compaction. Total
compaction ranges from 24% to 59% with a mean of 51 + 9%. At the location of the
Myrtle Grove I core, we find that the Holocene sediment package has compacted by 24%,
which corresponds to a thickness loss of 11.7 m. Note that processes of sediment
accumulation and compaction occur simultaneously and the thickness loss values
presented here do not represent true elevation loss. In West Bay, the top 3-5 m of strata
have experienced even more extensive compaction (54 + 4%), which corresponds to a
thickness loss of 5.3 + 1.1 m. Calculated compaction in the three Upper Lafourche cores
ranged from 39-56%, corresponding to thickness losses of 7.7-14.2 m. In Davis Pond, the

0.5-m core was compacted by 31%, resulting in a thickness loss of 0.22 m. Note that the
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Upper Lafourche and Myrtle Grove cores lack bulk density and LOI data for the top 0.6-

7.8 m so these gaps were filled via estimation based on sediment texture descriptions.

4.4. Potential for future compaction

Although across the Mississippi Delta the Holocene sediment package has already
compacted by ~25-60%, modeling using D-Settlement suggests that additional
compaction is possible if the wetlands are loaded by renewed sediment deposition. The
D-Settlement modeling was completed using the Darcy model of fluid flow through a
porous medium and the Netherlands Standardization Institute (NEN) Bjerrum model of
settlement, which uses linear strain sediment parameters (listed in Table 1.1 and
described below) and follows the international standard for settlement predictions

(Deltares, 2018).

In order to streamline the model, the stratigraphy from the Myrtle Grove | core
(Bridgeman, 2018) was simplified into six lithologies (Figure 1.7; Table 1.1). Each
lithology was given fixed values for the unit weights above and below the phreatic
surface, vertical permeability, and over-consolidation ratio (OCR). OCR is a
dimensionless parameter defined as the maximum effective stress experienced in the past
divided by the present effective stress (Deltares, 2018). The results of a set of preliminary
model experiments indicated that larger OCR values lead to extensive autocompaction
(i.e., compaction that occurs without loading). For each sediment type, an OCR value was

selected in order to limit the role of autocompaction.
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Three additional geotechnical parameters were allowed to vary. To bracket a
range of likely outcomes, two endmember stratigraphies (“weak stratigraphy” and “stiff
stratigraphy”’) were modeled for each lithology, using the typical ranges for the
reloading/swelling ratio (RR), compression ratio (CR), and the coefficient of secondary
compression (Ca; Table 1.1). RR is used to calculate the settlement that occurs at stresses
less than the pre-loading stress. It relates the linear strain to the logarithm of stress during
unloading. CR is used to calculate the settlement that occurs at stresses greater than the
pre-loading stress. It relates the linear strain to the logarithm of the stress during initial
loading. Ca is used to calculate the secondary, time-dependent settlement. It relates linear
strain to the logarithm of time after initial loading. Note that these three parameters are
dimensionless ratios. Complete mathematical definitions are given in the D-Settlement

User Manual (Deltares, 2018).

Table 1.1. Lithologic designations and geotechnical input parameters used for modeling.
Geotechnical parameter values are from the Netherlands Standardization Institute (2006). Details
are provided in Appendix I.

Unit Unit . . .
. . Weak stratigraphy Stiff stratigraphy
weight weight .
Vertical
Depth . above below .
Lithology h . h . permeability OCR
(m) phreatic  phreatic (m ) RR CR Ca RR CR Ca
surface  surface
(kN m3) (kN m3)
0-1 Peat 11.00 10.50 5.00E-06 2.00 0.153 0.460 0.023 0.102 0.307 0.015
1-7 Silt loam 20.00 19.00 7.00E-06 1.25 0.011 0.033 0.001 0.008 0.023 0.001
7-10 f;':‘r’nc'ay 20.00 19.00 1.036-07 150 0031 0.092 0004 0017 0.051 0.002
10-11.5 Sand 22.00 20.00 7.00E-06 1.00 0.004 0.012 0.000 0.002 0.006 0.000
11.5-35 Silty clay 19.00 18.00 7.00E-07 1.75 0.038 0.115 0.005 0.021 0.061 0.003
35-36.5 Sand 22.00 20.00 7.00E-06 1.00 0.004 0.012 0.000 0.002 0.006 0.000
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The two stratigraphies were each subjected to three different loads (no loading,
small river diversion, large river diversion) for a total of six scenarios. For the small and
large diversion scenarios, the load consisted of silty clay loam (with a unit weight of 20
kN m above and 19 kN m™ below the phreatic surface) deposited at a rate of 1 cm yr?
and 5 cm yr, respectively, for 50 years. These deposition rates are comparable to rates
observed seasonally in areas of the Mississippi Delta that are actively receiving river
sediments (e.g., Rosenheim et al., 2013; Keogh et al., 2019), and that can persist up to
centuries (Shen et al., 2015). Silty clay loam is a dominant sediment texture in crevasse
splays (Esposito et al., 2017). The yearly load amount was deposited instantaneously on
the first day of each model year. In the no-loading scenarios, an extremely small load was
required in order to allow the model to run (a 1 mm-thick deposit with a unit weight of 10
kN m above and below the phreatic surface). The groundwater table was set at 10 cm
below the land surface for each scenario. The model was allowed to run for 100 years

with results available at daily time steps.

At the Myrtle Grove I site, the four modeling scenarios that simulated loading
from a river diversion resulted in 0.35-1.13 m of compaction (1.0-3.1%; Figure 1.8).
Unlike the theoretical thickness losses reported above (section 4.3), this is an estimate of
true thickness loss. For comparison, the two no-loading scenarios produced very minor
compaction (0.1-0.2%). Much of the compaction occurred in the peat layer at the top of
the sediment column. Although this peat layer is only 1 m thick, it compacted by 25-69%,
depending on the loading scenario, and contributed 61-70% of the total compaction. The

23.5-m thick layer of silty clay also contributed significantly to the total compaction.
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Although the silty clay compacted by only 0.2-1.1% in the loading scenarios, it
contributed 16-23% of the total compaction due to its thickness. Detailed results from all

six model scenarios are given in Table 1.2.
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Figure 1.7. To streamline modeling, the stratigraphy in the Myrtle Grove | core [left, from
Bridgeman (2018)] was simplified into six lithologies (right).
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Table 1.2. D-Settlement model results of six scenarios showing potential compaction of
stratigraphy at the Myrtle Grove I site.
Total Net
Modelin Original Compacted Total Compaction  Compaction accretion surface
e Lithology thickness  thickness compaction P P (load elevation
scenario (% of layer) (% of total) ;
(m) (m) (m) thickness;  change
m) (m)
Peat 1 1.04 -4.20 -66.13
Silt loam 6 5.98 0.35 33.87
No
dlver5||<()n, Silty clay loam 3 2.98 0.061 0.57 27.42 0.001 -0.060
wea Sand (upper) 1.5 1.50 0 0
strata
Silty clay 23.5 23.44 0.28 104.84
Sand (lower) 1.5 1.50 0 0
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Peat 1 1.016 -1.60 -34.04
No Silt loam 6 5.985 0.25 31.91
d|ve:sf|fon, Silty clay loam 3 2.991 0.047 0.30 19.15 0.001 -0.046
st Sand (upper) 1.5 1.5 0 0
strata
Silty clay 23.5 23.461 0.17 82.98
Sand (lower) 1.5 1.5 0 0
Peat 1 0.671 32.90 67.56
Silt loam 6 5.959 0.68 8.42
Small 0.83 5.13
diversion, Silty clay loam 3 2.975 ’ ’
K 0.487 0.07 021 0.5 0.013
sV:reaata Sand (upper) 1.5 1.499 : :
Silty clay 23.5 23.409 039 18.69
Sand (lower) 1.5 1.5 0 0
Peat 1 0.754 24.60 70.49
silt loam 6 5.969 0.52 8.88
small 0.50 4.30
diversion,  Silty clay loam 3 2.985 ’ )
. 0.349 0.5 0.151
stiff 0.00 0.00
strata Sand (upper) 1.5 1.5
Silty clay 235 23.443 024 16.33
Sand (lower) 1.5 1.5 0 0
Peat 1 0.308 69.20 61.24
Silt loam 6 5.892 1.80 9.56
Large
dl\\/;zl(()n, Silty clay loam 3 2.932 1.130 2.27 6.02 25 1370
Sand (upper) 1.5 1.499 0.07 0.09
strata
Silty clay 23.5 23.24 1.11 23.01
Sand (lower) 1.5 1.499 0.07 0.09
Peat 1 0.525 47.50 63.50
Silt loam 6 5.922 1.30 10.43
Large
d|v:tri?c:con, Silty clay loam 3 2.961 0.748 1.30 5.21 25 1.752
Sand (upper) 1.5 1.498 0.13 0.27
strata
Silty clay 23.5 23.346 0.66 20.59
Sand (lower) 1.5 1.5 0 0

4.5. Validity of assumptions

Our reference dataset includes samples with good spatial coverage across the
Louisiana coast and a broad range of organic contents (4-88%). However, because of the
lack of reference data at organic contents below 4%, the shape of the curve is not well

constrained at the lower end. Some of the cores used for analysis, particularly the Myrtle
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Grove | core, include sediments with very low organic content (i.e., <4%), likely due to
the decomposition of organic matter. These most organic-poor samples are not well
represented by our reference dataset. Through experimentation with other fit equations,
we found that small changes in the shape of the curve can have relatively large changes in

calculated compaction.

In each core, vertical accretion rates were linearly extrapolated in order to
estimate the age of each sample interval. By using this method, we are assuming that
vertical accretion rates are constant through large stretches of time and varied
stratigraphy. In reality, accretion rate is likely highly variable. Organic-rich intervals tend
to accumulate slowly, whereas organic-poor crevasse splay deposits accumulate more
rapidly (e.g., Shen et al., 2015). This variability in accretion rate (and thus age
distribution) has implications for our calculations of compaction rate. In West Bay, for
example, near-surface sediment samples are likely younger than predicted because
accretion rates in the modern diversion-fed wetland are likely higher than longer-term
average rates. In contrast, samples at the base of organic-rich intervals at depth are likely
older than predicted because the peat likely accumulated at a rate slower than the long-
term average. This method of estimating sample age also assumes zero compaction of
newly-deposited sediments and thus our calculated ages may be overestimated in some
cases. As a result of these assumptions, interpretations should focus on the six age bins

used for analysis rather than individual sample ages.

In calculating compaction, we assumed that the clastic component of all

sediments is silty clay loam (35% clay, 55% silt, and 10% sand). Although Bird et al.
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(2004) determined that the particle size distribution of clastic matter is less important in
determining bulk density than is the sediment organic content, Van Asselen et al. (2009)
disagreed. In their review of peat compaction studies, Van Asselen et al. (2009) pointed
out that sediments enriched in silt and clay are more compacted than sand-rich intervals,
suggesting that grain size distribution is in fact an important control on compaction. In
the Mississippi Delta, however, wetlands are primarily mud-dominated, with minor sand
(e.g., Snedden et al., 2007; Esposito et al., 2017). As a result, our original assumption of

grain size distribution is acceptable.

Additionally, we assumed that all sediments, regardless of elevation, are 98%
saturated by groundwater. This assumption is reasonable for cores taken at or very near
sea level (i.e., those from West Bay and Davis Pond as well as at Myrtle Grove and most
CRMS sites). During astronomical and meteorological low tides, however, these
locations may experience short-duration drainage of the top ~10-20 cm of sediment,
which would then be vulnerable to compaction. Locations near sea-level also periodically
experience water loading due to tidal, meteorological, or diversion-driven flooding,
which temporarily increases effective stress and may cause additional compaction. Cores
at elevations above sea level or in areas with an artificially lowered groundwater table
(i.e., those from Upper Lafourche and inland CRMS sites) likely have a permanently
drained interval at the surface that is subject to accelerated compaction. In the Upper
Lafourche area, the groundwater table is typically a few meters below the land surface. In
this study, we do not account for drainage or flooding and thus our estimates of

compaction should be considered minimum values.
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Our method of calculating compaction produces negative compaction values for
some samples. These samples generally fall into one of two main categories: 1) very
organic-poor sediments with high bulk density, and 2) very low-bulk density, surficial
samples with small (1- to 4-cm) sampling intervals. In the first category, organic content
is low enough that other factors are likely more important in controlling bulk density. In
the second category, we expect that small changes in thickness that occur over small
sampling intervals are leading to exaggerated compaction values. We have included all
calculated compaction values, including negative values, in our calculations of total
compaction per core. We expect that negative values balance out excessively high values
and lead to realistic results. However, our estimates of compaction again should be

considered minimum numbers.

5. DISCUSSION

Subsidence driven by the compaction of organic-rich sediment poses a major risk
to coastal landscapes, particularly in areas where mineral sediment supply has been
reduced. Unlike many other causes of wetland subsidence (e.qg., fluid withdrawal, glacial
isostatic adjustment, tectonics), compaction-driven subsidence is both large in magnitude
and widespread across delta settings globally, making it especially difficult to mitigate
(Torngvist et al., 2008; Teatini et al., 2011; Van Asselen, 2011; Marriner et al., 2012;

Zhang et al., 2015; Allison et al., 2016).

5.1. Global variability in peat compaction
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In the Mississippi Delta, peat compaction (measured by length) appears to reach a
maximum at ~80% (Figure 1.5). Above ~30 kPa (and up to maximum observed effective
stresses of ~100 kPa), increases in overburden no longer correspond to significant
increases in compaction, suggesting a mechanical limit to compaction potential. The bulk
of compaction in organic-rich sediments appears to occur rapidly after initial deposition
and burial. In the Mississippi Delta, we find that ~80% of the apparent maximum
compaction has occurred by the time sediment samples reach effective stresses of ~10
kPa (Figure 1.5). According to the generalized effective stress versus depth relationship
shown in Figure 1.4, an overburden of 10 kPa corresponds to a depth of 1.2 m. However,
a closer analysis of changes in compaction rate with depth and age suggests that most
compaction occurs in the top 1 m below the land surface and within the first 100 years
after deposition (Figure 1.6). Below this depth, the rate of sediment compaction decreases

rapidly from ~1% yr? to <0.1% yr.

This rapid decrease in compaction rate occurs on a shorter timescale than
suggested by previous studies. In a study of the interior Cumberland Marshes of Canada,
Van Asselen et al. (2011) found that most peat compaction coincides with initial loading
and occurs primarily within the first few hundred years. Subsidence rates decreased once
the peat was buried by ~2 m of overburden, but compaction continued at a slower rate
eventually reaching a maximum modeled compaction of ~40%. Similarly, a modeling
study of saltmarsh dynamics found that compaction rates decreased dramatically from 5.7
to 1.7 mm yr! after 350 years (Zoccarato and Teatini, 2017). These differences in

compaction rate through time are likely due to the temporal resolution of each study. Van
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Asselen et al. (2011) averaged compaction rates over 50-year time intervals and the initial
modeling time step used by Zoccarato and Teatini (2017) was 100 years. Our database of
330 cores includes nearly 2000 sediment samples collected in the uppermost 1 m of the
subsurface and within the first 50-100 years after deposition, giving our analysis

unparalleled depth-time resolution.

Upper limits to compaction may be variable, perhaps driven by local differences
in organic content and affected by processes of peat degradation such as drainage,
oxidation, and diagenetic remineralization. In some areas of the Mekong Delta, for
example, sediment compaction appears to plateau at ~70% (Zoccarato et al., 2018). In the
Rhine-Meuse Delta, the most heavily-loaded sediments have compacted by only ~65%,
which corresponds to effective stresses of 60-70 kPa (Van Asselen et al., 2018). The
higher compaction values observed in the Mississippi Delta are likely due to the fact that
our reference samples have lower bulk densities and are probably more pristine than the

reference sediments in the Mekong and Rhine-Meuse deltas.

Due to the relatively thin Holocene sediment package in the Rhine-Meuse Delta
(20-25 m; Hijma et al., 2009), natural loading produces effective stresses of generally no
more than ~25 kPa (Van Asselen et al. 2018). Although anthropogenic loading can
produce effective stresses up to 60-70 kPa, sparse data at high effective stresses makes it
difficult to determine if compaction plateaus at an apparent maximum value.
Hypothetical further increases in effective stress may lead to greater compaction in the

Rhine-Meuse Delta.
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Non-deltaic coastal peats are also subject to extensive compaction. In Singapore,
Bird et al. (2004) found that mangrove sediments overlain by up to 9 m of overburden
were compacted by up to 67%. This compaction may be driven by drainage during low
tide. At a site in the United Kingdom now ~18 km inland from the Bristol Channel,
Haslett et al. (1998) found a maximum compaction of 55% in a peat overlain by ~2 m of
intertidal clay. Though studies of marshes in coastal Louisiana consistently find that
sediment compaction is the primary driver of surface elevation change (Cahoon et al.,
1995; Tornqvist et al., 2008), compaction in marshes on the U.S. Atlantic coast is more
variable and difficult to interpret. Whereas Bloom (1964) found that peat in a tidal marsh
in Connecticut had compacted by 13-44%, meta-analysis of field data from salt marshes
on the Atlantic coasts of North America and Europe by Kirwan et al. (2016) suggested
that modern rates of sediment compaction are near zero. Compaction rates on the Atlantic
coast may be low because marshes in these areas are typically highly organic-rich (>30%
LOI) and thus have low effective stresses (Redfield, 1972; Bricker-Urso et al., 1989;

Kolker et al., 2009; Brain et al. 2015).

Some peats may reach higher compaction values because they start out at a lower
bulk density. The close coincidence of the Morris et al. (2016) best-fit curve (which
represents a combination of compacted and uncompacted sediments) and the Van
Asselen (2011) curve (which represents uncompacted sediments only) together with the
observation that our best-fit equation for uncompacted sediments underlies both of these

other curves suggests that the reference datasets used in these other studies were not
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entirely compaction-free. By starting out at lower bulk densities, the relatively pristine

wetlands in the Mississippi Delta may have a greater potential for compaction.
5.2. The future of deltaic wetlands

In the modern era of accelerated relative sea-level rise, increased sediment
accretion will be essential for the survival of many deltas (Giosan et al., 2014). Although
wetlands starved of regular sediment deposition tend to rapidly lose elevation (Syvitski et
al., 2009), renewed sedimentation can dramatically increase vertical accumulation rates
over short timescales. In the Ganges-Brahmaputra Delta, for example, poldered islands
have lost up to 1.5 m of elevation while neighboring un-embanked wetlands have
remained stable (Auerbach et al., 2015). After catastrophic cyclone-related embankment
failure occurred on one poldered island, the interior of the island was reconnected to tidal
flooding and sediment accretion rates increased by an order of magnitude. Over two
years, tens of cm of new sediment was deposited in the subsided interior of the island
(Auerbach et al., 2015). Similarly-high rates of vertical accretion have occurred in the
Sacramento-San Joaquin Delta, where leveed islands have subsided by up to 7 m below
sea level and intentional flooding resulted in sediment accumulation rates of up to 9 cm

yr! (Miller et al., 2008).

In the Mississippi Delta, river diversions are one of the primary methods proposed
to combat wetland subsidence. Diversions are engineered structures that divert a portion
of the river’s water, sediment, and nutrient load into an adjacent wetland. In order for
diversions to be successful in building land, the thickness of newly deposited sediment

must exceed the elevation lost to compaction. Over 100-year timescales, it is possible that
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renewed sediment deposition in highly organic-rich wetlands may cause more elevation
loss to compaction than is gained due to accretion. On the other hand, marshes overlying
crevasse splays and other organic-poor facies may support the weight of renewed
deposition and allow for net elevation gain. Low rates of sediment compaction are not
necessarily detrimental to wetland building, however. Modeling by Nienhuis et al. (2018)
found that the largest crevasse splays form in association with moderate sediment
compaction, which provided the accommodation necessary for the accumulation of new

material.

The modeling results presented here suggest that the stratigraphy at Myrtle Grove
may successfully support the weight of diversion-deposited sediments. Although renewed
deposition from a river diversion may cause as much as 1.13 m of compaction, vertical
accretion may outpace compaction and result in a net elevation gain of 0.01-1.75 m
(Table 1.2). Multiple new river diversions are currently planned for the lower Mississippi
Delta, and the success of these diversions will be critical for wetland restoration efforts
(CPRA, 2017). Net elevation gain is as much as 12 times greater when the pre-existing
strata are stiffer and compaction is limited. Stiffer stratigraphy becomes increasingly
important with larger diversions that deposit more sediment. As a result, river diversions
must be sited thoughtfully. The results presented here suggest that Myrtle Grove is a
good location for the proposed Mid-Barataria Sediment Diversion in terms of compaction
and subsidence. Diversions will likely build more sustainable land if they are sited in

areas with existing stable stratigraphy (e.g., immediately adjacent to the river atop
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existing crevasse splay deposits rather than in more distal, organic-rich inter-distributary

basins).

Although river diversions may be viable tools for coastal restoration in relatively
organic-poor locations such as Myrtle Grove, other locations in the Mississippi Delta and
in deltas around the world are much more organic rich. The Rhine-Meuse Delta, for
example, has much more extensive peat deposits (Van Asselen et al., 2018). In this type
of environment, deposition of dense, organic-poor sediment from a river diversion may
cause more compaction of the peat than is made up for with vertical accretion, rendering
the diversion counter-productive. Interestingly, some deltas such as the Mekong have
exceedingly high rates of sediment compaction despite being relatively organic-poor
(Zoccarato et al., 2018). In the Mississippi Delta, we find that organic-poor sediments are
commonly compacted by ~50% and can be compacted by as much as 80% (Figure 1.5a
and b). Regardless of organic content, the thickness of the Holocene succession in the
Rhine-Meuse Delta is only 20-25 m (Hijma et al., 2009) compared to 25-40 m in the
Mekong Delta (Ta et al., 2002; Tanabe et al., 2003b) and 50-100 m in the Mississippi
Delta (Heinrich et al., 2015). Even if percent compaction is higher in the Rhine-Meuse
Delta due to the high organic content of the sediments, surface elevation change may be

greater in the Mississippi Delta.

Some previous studies have suggested that organic accumulation alone may be
sufficient for coastal wetlands to keep pace with relative sea-level rise (e.g., Turner,
1997). However, given that organic matter can compact by up to 80%, our findings show

that deltas are unlikely to simply grow themselves out of their elevation deficit even if
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short-term vertical accretion rates equal or exceed rates of relative sea-level rise. The
compaction of both organic-rich and organic-poor sediment leads to vertical displacement
of wetland stratigraphy when compared to compaction-free basal peat samples. In coastal
North Carolina, where wetland sediment packages are relatively thin (<2 m), Brain et al.
(2015) found that stratigraphy was vertically displaced by only ~2 cm. In locations with
thicker Holocene stratigraphy, however, vertical displacement can be much more
extensive. In the Rhine-Meuse Delta, for example, sediments have subsided by as much
as ~3 m (Van Asselen, 2011). In the Mississippi Delta, vertical displacement rates
averaged over millennial timescales are as high as 5 mm yr and total displacement is as
much as 8 m at Myrtle Grove (Tornqgvist et al., 2008; Bridgeman, 2018). This magnitude
of displacement is comparable to the calculations of compaction presented here, which
suggest that wetland sediments have lost nearly 12 m of thickness to compaction at

Myrtle Grove and up to 14 m in Upper Lafourche.

Globally, accelerated subsidence rates are often seen in areas where the
groundwater table has been artificially lowered (e.g., Phien-wej et al., 2006; Erban et al.,
2014; Higgins et al., 2014; Minderhoud et al., 2017). Drainage of a wetland results in the
double effect of reduced pore water pressure, which increases effective stress, and
aeration, which causes peat oxidation (e.g., Erkens et al., 2016). One of the best ways to
prevent peat compaction is to maintain the pore water pressure, i.e., maintain
groundwater levels at or near the surface. As the global population increases, however,
groundwater extraction will likely increase in order to reclaim land, prevent flooding, and

provide drinking water. Continued extraction may create a feedback cycle of continued
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groundwater table lowering and land subsidence (e.g., Erkens et al., 2016). Human
manipulation of coastal areas (e.g., groundwater extraction, loading) will likely cause
greater compaction in more pristine (i.e., un-drained, un-loaded) and organic-rich
landscapes that have lower initial bulk densities. Strategies to limit compaction-related
subsidence may become increasingly important as rates of global sea-level rise continue
to accelerate and the elevation deficit in deltas and other low-elevation coastal zones

increases (e.g., Bettinetti et al., 1996; SFEI-ASC, 2016; CPRA, 2017).

6. CONCLUSIONS

In low-elevation coastal zones, the compaction of organic matter is often an
important control on landscape evolution (e.g., Long et al., 2006; Tornqvist et al., 2008;
Erkens et al., 2016). In this analysis of sediment compaction in the Mississippi Delta, we
identify the depth range and timescales over which most sediment compaction occurs and
make predictions regarding future compaction-driven surface elevation change. We reach

the following conclusions:

e Organic content strongly controls sediment compaction.

e Sediment compaction rate decreases rapidly with depth and time.

e Most compaction occurs in the top 1 m of the subsurface and within the first 100

years after deposition.

e At Myrtle Grove, Louisiana (near a proposed river diversion site), the Holocene

sediment package has already lost 24% of its thickness due to compaction.
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Renewed deposition from the Mid-Barataria Sediment Diversion will likely cause
another ~0.35-1.13 m of compaction, increasing total compaction to 25-27%, but

leave a net elevation gain of ~0.01-1.75 m.
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CHAPTER 2: MEASURING RATES OF PRESENT-DAY RELATIVE SEA-LEVEL

RISE IN LOW-ELEVATION COASTAL ZONES: A CRITICAL EVALUATION

Molly E. Keogh and Torbjérn E. Térngvist

ABSTRACT

Although tide gauges are the primary source of data used to calculate multi-
decadal to century-scale rates of relative sea-level change, we question the usefulness of
tide-gauge data in rapidly subsiding low-elevation coastal zones (LECZs). Tide gauges
measure relative sea-level rise (RSLR) with respect to the base of associated benchmarks.
Focusing on coastal Louisiana, the largest LECZ in the United States, we find that these
benchmarks (n = 35) are anchored an average of 21.5 m below the land surface. Because
at least 60% of subsidence occurs in the top 5 m of the sediment column in this area, tide
gauges in coastal Louisiana do not capture the primary contributor to RSLR. Similarly,
Global Navigation Satellite System (GNSS) stations (n = 10) are anchored an average of
>14.3 m below the land surface and therefore also do not capture shallow subsidence. As
a result, tide gauges and GNSS stations in coastal Louisiana, and likely in LECZs
worldwide, systematically underestimate rates of RSLR as experienced at the land

surface. We present an alternative approach that explicitly measures RSLR in LECZs
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with respect to the land surface and eliminates the need for tide-gauge data in this
context. Shallow subsidence is measured by rod surface-elevation table—-marker horizons
(RSET-MHSs) and added to measurements of deep subsidence from GNSS data, plus sea-
level rise from satellite altimetry. We show that for a LECZ the size of coastal Louisiana
(25,000-30,000 km?), about 40 RSET-MH instruments suffice to collect useful data.
Rates of RSLR obtained from this approach are substantially higher than rates as inferred
from tide-gauge data. We therefore conclude that LECZs may be at higher risk of

flooding, and within a shorter time horizon, than previously assumed.
1. INTRODUCTION

In the current era of accelerated sea-level rise, accurate measurements of relative
sea-level change are critical to predict the conditions that coastal areas will face in
coming decades and beyond. Such measurements traditionally come from tide gauges,
which provide the longest available instrumental records of relative sea-level rise
(RSLR). Some of the oldest tide gauges have records spanning 150-200+ years [e.g. Key
West, USA (Maul and Martin, 1993); Brest, France; Swinouj scie, Poland; New York,
USA; and San Francisco, USA (Woodworth et al., 2011); and Boston, USA (Talke et al.,
2018)]. Tide-gauge data have played a central role in calculations of global sea-level rise
(e.g. Gornitz et al., 1982) and they continue to do so today (e.g. Church and White, 2011;

Church et al., 2013; Hay et al., 2015).

Tide-gauge data are also heavily relied upon to evaluate the vulnerability of low-
elevation coastal zones (LECZs) (e.g. Syvitski et al., 2009; Nicholls and Cazenave, 2010;

Kopp et al., 2014; Pfeffer and Allemand, 2016). LECZs include large deltas and coastal
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plains that often have accumulated thick packages (tens of meters or more) of highly
compressible Holocene strata and are the home to some of the world’s largest population
centers (e.g. Tokyo, Shanghai, Bangkok, Manila) that are increasingly at risk due to
RSLR. At the regional level, tide-gauge data have been used to study a variety of
spatially variable processes. For example, in coastal Louisiana, the largest LECZ in the
United States, tide-gauge data have been used to measure land subsidence (Swanson and
Thurlow, 1973), the acceleration of RSLR (Nummedal, 1983), multi-decadal rates of
subsidence and RSLR (Penland and Ramsey, 1990), and the impact of fluid extraction on

RSLR (Kolker et al., 2011).

The Permanent Service for Mean Sea Level (PSMSL,; http://www.psmsl.org;
Holgate et al., 2013) maintains records for nearly 2000 tide gauges globally, including
five in coastal Louisiana: Eugene Island (data from 1939-1974), Grand Isle (1947-
present), South Pass (1980-1999), Shell Beach (2008-present) and New Canal Station
(2006-present). In many parts of the world, however, tide gauges with long, continuous
records are few and far between. As a result, many studies of RSLR rely on tide-gauge
records that are too short (longer than 50 years is preferable but at least 30 years is
necessary to filter out natural variability due to phenomena such as storms, EI Nifio-
Southern Oscillation cycles, changes in the orbital declination of the moon, shifts in
ocean currents, and atmospheric pressure variability; Pugh, 1987; Douglas, 1991;
Shennan and Woodworth, 1992), are from inappropriate locations (e.g. outside of the area
being studied), or both. For example, of the 32 tide gauges used by Syvitski et al. (2009),

21 were located outside the delta of interest, 11 had records of <30 years, and 8 had both
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shortcomings. Furthermore, subsidence rates are highly spatially variable, often
increasing or decreasing 2- to 4-fold within short distances (a few km or less) as a result
of subsurface fluid withdrawal and differential compaction, among other factors (e.g.
Teatini et al., 2005; Térnqvist et al., 2008; Minderhoud et al., 2017; Koster et al., 2018;
also see the review by Higgins, 2016). As a result, tide gauges provide limited
information on subsidence rates beyond the instrument’s immediate surroundings. Even
if a tide gauge has a sufficiently long record and is appropriately located, it is critical to
determine what processes the tide gauge is measuring, and what it is not measuring. In

LECZs, this is commonly not straightforward.

Tide gauges measure RSLR with respect to a nearby set of benchmarks. Leveling
campaigns are conducted regularly [for example, at least once every six months for
National Oceanic and Atmospheric Administration (NOAA) tide gauges; NOAA, 2013]
to account for any changes in the elevation of the tide gauge with respect to these
reference points. Tide gauges are typically leveled using a benchmark designated as the
primary benchmark; secondary benchmarks are used to assess the stability of the primary

benchmark (NOAA, 2013).

Figure 2.1 shows a schematic of tide gauges and associated benchmarks in three
contrasting environments. Along rocky coastlines, benchmarks are typically anchored
directly onto bedrock that is exposed at the surface (Figure 2.1a). A tide gauge in such a
setting therefore measures RSLR with respect to the land surface. In contrast,
benchmarks in LECZs are typically anchored at depth. In thin LECZs, which are defined

herein as those with unconsolidated sediment packages <20 m thick, benchmark
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foundations typically penetrate the surficial layer of unconsolidated (usually Holocene)
sediment and are anchored in the underlying consolidated (usually Pleistocene) strata
(Figure 2.1Db). In thick LECZs, defined as possessing unconsolidated sediment packages
that are >20 m thick, benchmark foundations are generally not sufficiently deep to reach

the consolidated strata and are anchored within the unconsolidated sediment (Figure

2.1c).
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Figure 2.1. Schematic of a tide gauge and associated benchmark on a rocky coastline (a), a thin
LECZ (b), and a thick LECZ (c). In all three environments, the tide gauge measures RSLR with
respect to the base of the benchmark foundation, which is indicated by a star in each panel.

Regardless of the environment, all tide gauges measure changes in water surface
elevation with respect to the foundation depth of their associated benchmarks. As a result,
tide gauges with benchmarks anchored at depth do not account for processes occurring in

the shallow subsurface, above the benchmark foundation (Cahoon, 2015). For the
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purposes of this study, we define the subsidence that occurs above a benchmark’s
foundation as “shallow subsidence” (sensu Cahoon et al., 1995). Subsidence below a
benchmark’s foundation is termed “deep subsidence”. In coastal Louisiana, at least 60%
of subsidence occurs in the shallowest 5-10 meters (Jankowski et al., 2017). Tide gauges
with benchmarks anchored at depth do not record this key component of RSLR (Cahoon,
2015). This issue was also recognized by Jankowski et al. (2017) and Nienhuis et al.
(2017), but neither study elaborated on this problem. Here, we present a detailed
assessment of benchmark information associated with tide gauges, followed by a

discussion of its implications as well as methods to remedy this issue.

In order to better understand the contribution of vertical ground motion to RSLR,
tide-gauge data are often used in conjunction with Global Navigation Satellite System
(GNSS) data (e.g. Mazzotti et al., 2009; Wéppelmann et al., 2009; Woppelmann and
Marcos, 2016; see also the Intergovernmental Oceanographic Commission manuals on
sea-level measurement and interpretation, available at
http://lwww.psmsl.org/train_and_info/training/manuals/). In LECZs, GNSS stations are
typically mounted on existing buildings or attached to rods that are driven to refusal (i.e.
the depth at which friction prevents deeper penetration; see International GNSS Service
station information at http://www.igs.org/network and National Geodetic Survey station
information at https://www.ngs.noaa.gov/CORS/) and record the deep subsidence that
occurs beneath their foundations. Similar to tide gauges, GNSS stations are nearly always
anchored at depth and thus face many of the same concerns: they do not record shallow

subsidence that occurs in the strata above the depth of their foundations.
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Accurate measurements of RSLR are vital to predict the sustainability of world
deltas and for communities in LECZs to adapt to their changing coastlines. In this study,
we investigate the nature of tide gauge benchmarks and GNSS station foundations in
coastal Louisiana and assess the implications for measurements of RSLR and subsidence
in LECZs worldwide. Re-analysis of time series from tide gauges and GNSS stations is
not the purpose of our study. Instead, we present an alternative approach to measuring
RSLR in LECZs where shallow subsidence is determined using the rod surface-elevation
table-marker horizon method [RSET-MH; see Webb et al. (2013) and Cahoon (2015) for
detailed descriptions of this method] and deep subsidence is determined using GNSS
data. Using the Mississippi Delta (a thick LECZ) and the Chenier Plain (a thin LECZ) in
coastal Louisiana as the primary study areas, we determine benchmark foundation depths
and the type of strata in which the foundations are anchored. This allows us to determine
which subsidence processes are measured by tide gauges and GNSS stations and to
evaluate their usefulness as recorders of RSLR. We then place our findings in the context
of LECZs worldwide. Our results suggest that tide gauges (and existing analyses of tide-
gauge data) in these environments may underestimate rates of RSLR as observed at the
land surface, and as a result, many LECZs may be at higher risk of submergence than

previously recognized.

2. DATA AND METHODS

Relative sea level and subsidence data are abundant in the Mississippi Delta and
Chenier Plain, making coastal Louisiana an excellent target to assess methods of

measuring RSLR. Records for at least 131 operational or previously operational tide
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gauges in this region are maintained by NOAA (https://tidesandcurrents.noaa.gov), the
U.S. Army Corps of Engineers (USACE; http://www.rivergages.com and Veatch, 2017),
and the U.S. Geological Survey (USGS; http://nwis.waterdata.usgs.gov). Although 37 of
these tide gauges have records spanning more than 30 years, many of their records are
incomplete and have large data gaps. Many other tide gauges in coastal Louisiana have
short records; nearly half have time series <10 years and a quarter are <2 years long (see

Table A2.1 for information on all 131 tide gauges).

By means of exhaustive record combing of NOAA, USACE, and USGS archives,
benchmark foundation depths were determined for tide gauges located in the Holocene
landscape of the Mississippi Delta and Chenier Plain. Foundation depths were then
compared to the local elevation of the Pleistocene surface (with respect to the North
American Vertical Datum of 1988, NAVD 88; Heinrich et al., 2015). Because the land
surface elevations at the tide gauge locations are close to sea level, the elevation of the
Pleistocene surface is essentially equivalent to its depth beneath the land surface. When a
tide gauge is associated with multiple benchmarks, the benchmark with the deepest
known foundation was used for this analysis. For comparison, the analysis was repeated

using primary benchmarks only.

A similar approach was taken to determine foundation depths of GNSS stations.
GNSS station information was compiled from Dokka et al. (2006) and Karegar et al.
(2015). Of the 45 GNSS stations used for analysis by one or both studies, 17 are located

in the Holocene landscape of coastal Louisiana. GNSS station foundation depths were
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compared to the local depth of the Pleistocene surface, similar to what was done for the

tide gauges.
3. RESULTS

The 131 tide gauges in coastal Louisiana were examined for benchmark
information (Table A2.1, Figure 2.2). Benchmark foundation depths are available for
only 35 tide gauges (Table 2.1), including 31 maintained by NOAA and 4 maintained by
USACE (see Table A2.1 for information on all 131 tide gauges). Each of these NOAA
tide gauges is associated with 3 to 11 benchmarks (mean = 6 benchmarks), 77% of which
have known foundation depths. The total number of associated benchmarks is unknown
for the USACE tide gauges. Benchmarks with known foundation depths are typically
mounted on steel rods driven to refusal. Benchmarks with unknown foundation depths
are typically mounted on concrete structures of a variety of types (e.g. building
foundations, bridge abutments, and seawalls). These concrete structures are likely to have
foundations that extend into the subsurface, but specific construction details are
unknown. It is important to note that an unknown foundation depth should not be
interpreted as a foundation depth of zero. The remaining 96 tide gauges (73% of the total)

have no available benchmark foundation information.
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Figure 2.2. Location of tide gauges (circles, n = 131) and GNSS stations (squares, n = 17) in the
Holocene landscape of coastal Louisiana. Dashed lines delineate geographic areas discussed in
the text.

For tide gauges with available benchmark information, benchmark foundation
depths range from 0.9 to 35.1 m, with a mean of 21.0 £ 5.4 m and a median of 20.7 m.
Deepest known benchmarks are anchored an average of 21.5 + 7.4 m below the ground
surface, with a median depth of 23.2 m. Comparing this mean to the mean foundation
depth of primary benchmarks (21.4 £ 3.9 m, n = 23), we find that there is no meaningful
difference. Note that for 8 of these 23 tide gauges (35%), the primary benchmark is also
the benchmark with the deepest known foundation. The mean foundation depth for the

shallowest known benchmarks is 17.3 + 7.0 m.

When a tide gauge is associated with multiple benchmarks, the benchmark with
the deepest known foundation was used for this analysis. Figure 2.3 shows the location of
tide gauges in coastal Louisiana (circles) and the foundation depth of their associated
benchmarks relative to the local depth to the Pleistocene surface. The depth to the
Pleistocene surface from the land surface at tide gauge locations ranges from 5 to 142 m,

with a mean of 47 + 34 m and a median of 44 m (Figure 2.4). Thus, benchmark
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foundations are anchored an average of 26 m above the Pleistocene surface. Only 11 of
the 35 tide gauges (31%) have benchmarks anchored in Pleistocene strata; the remaining

24 tide gauges (69%) have benchmarks anchored in Holocene strata.

Of the 17 GNSS stations in coastal Louisiana, 10 (59%) have known foundation
depths (Table 2.2, Figure 2.3). Information for all 17 GNSS stations in coastal Louisiana
is available in Table A2.2. Foundation depths of the 10 GNSS stations range from 1 to
36.5 m, with a mean of >14.3 + 11.9 m and a median of 14.9 m (Table 2.2). Note that for
two GNSS stations only minimum foundation depths are available; these minimum
values are used in the analysis in order to produce conservative results. At GNSS station
locations, the depth to the Pleistocene surface ranges from 10 to 78 m, with a mean of 39
+ 20 m and a median of 35 m (Figure 2.4). Thus, GNSS station foundations are anchored
an average of 25 m above the Pleistocene surface. Only one of the 10 GNSS stations
(10%) is anchored in Pleistocene strata, whereas the remaining 9 GNSS stations (90%)
are anchored in Holocene strata. Figure 2.3 shows the location of GNSS stations in
coastal Louisiana (squares) and their foundation depth relative to the local depth to the

Pleistocene surface.

Table 2.1. Tide gauges in the Holocene landscape of coastal Louisiana with known foundation
information (n = 35).

Benchmark
Maximum Depth to foundation
benchmark  Pleistocene height above
foundation surface Pleistocene
Tide gauge name Agency Latitude Longitude depth (m) (m) surface (m)
Amerada Pass NOAA 294500  -91.3383 27.4 21 Set in Pleistocene
Barataria Waterway USACE 29.6694  -90.1106 7.4 36 29
Bay Gardene NOAA 295983  -89.6183 23.2 43 20
Bay Rambo NOAA  29.3617  -90.1400 24.4 54 30

Bayou Petit Caillou USACE 29.2543  -90.6635 24.4 57 33



53

Bayou St. Denis
Billet Bay

Breton Island
Calcasieu Pass
Caminada Pass
Chef Menteur Pass
Comfort Island
Cypremort Point
East Bay

East Timbalier Island
Freshwater Canal Locks

Grand Isle

Grand Pass
Greens Ditch
Hackberry Bay
Lafitte

Lake Judge Perez
Leeville

Martello Castle
Mendicant Island
Mermentau River
North Pass

Pass Manchac
Pelican Island
Pilottown

Port Eads

Shell Beach
Southwest Pass
St. Mary's Point
Weeks Bay

NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
NOAA
USACE
NOAA
NOAA
NOAA
NOAA
USACE
NOAA
NOAA
NOAA
NOAA

29.4967
29.3717
29.4933
29.7683
29.2100
30.0650
29.8233
29.7133
29.0533
29.0767
29.5517
29.2633
30.1267
30.1117
29.4017
29.6667
29.5583
29.2483
29.9450
29.3183
29.7704
29.2050
30.2967
29.2667
29.1783
29.0147
29.8683
28.9250
29.4317
29.8367

-90.0250
-89.7517
-89.1733
-93.3433
-90.0400
-89.8000
-89.2700
-91.8800
-89.3050
-90.2850
-92.3050
-89.9567
-89.2217
-89.7600
-90.0383
-90.1117
-89.8833
-90.2117
-89.8350
-89.9800
-93.0135
-89.0367
-90.3117
-89.5983
-89.2583
-89.1658
-89.6733
-89.4183
-89.9383
-91.8367

23.2
21.9
16.8
25
21.9
351
16.8
194
14.6
28.8
17.1
19.8
23.2
21.9
30.5
30.5
24.4
28
19.51
244
15
15.2
20.7
21.9
32
0.9
274
244
244
14.3

44
52
70
18
55
13
38
10
106
46
15
57
15

52
37
39
57
19
55

142
15
64
88
128
27
109
50

21
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Figure 2.3. Elevation of the Pleistocene surface in coastal Louisiana (with respect to NAVD 88),
which approximates the depth of the Pleistocene surface beneath the land surface given land
surface elevations close to mean sea level. Circles and squares indicate tide gauge and GNSS
station locations, respectively, and are color coded according to foundation height above the
Pleistocene surface. Note that two GNSS stations (ENG1 and ENG2, see Table 2.2) have the
same coordinates (and the same foundation depth) and plot on top of one another. The dashed
white line, located at longitude 92° W, divides the Mississippi Delta from the Chenier Plain.
Solid white lines show the Mississippi and Atchafalaya Rivers. Black lines indicate shorelines.
Pleistocene depth information is from Heinrich et al. (2015).
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Figure 2.4. Schematic dip-oriented cross section comparing the depth of tide gauge benchmarks
and GNSS station foundations to the local depth to the Pleistocene surface. Sites are arranged by
increasing depth of the Pleistocene surface. Note that two GNSS stations have minimum
foundation depths (see Table 2.2), indicated here by small, downward-pointing arrows. See
Figure 2.2 for the location of geographic areas.
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Table 2.2. GNSS stations in the Holocene landscape of coastal Louisiana with known foundation
information (n = 10).

Foundation
GNSS Depth to height above
station Foundation  Pleistocene Pleistocene
code Latitude Longitude depth (m) surface (m)  surface (m) Data source
AWES 30.10 -90.98 1 29 28 Karegar et al. (2015)
BVHS 29.34 -89.41 >20 62 <42 Dokka et al. (2006);
Karegar et al. (2015)
ENG1 29.88 -89.94 ~3 27 ~24 Karegar et al. (2015)
ENG2 29.88 -89.94 ~3 27 ~24 Dokka et al. (2006)
FRAN 29.80 -91.53 14.7 10 Set in Pleistocene  Dokka et al. (2006)
FSHS 29.81 -91.50 1 15 14 Karegar et al. (2015)
HOMA 29.57 -90.76 18.3 40 22 Dokka et al. (2006)
HOUM 29.59 -90.72 >15 40 <25 Dokka et al. (2006);
Karegar et al. (2015)
LMCN 29.25 -90.66 36.5 57 21 Dokka et al. (2006);
Karegar et al. (2015)
VENI 29.28 -89.36 30.5 78 48 Dokka et al. (2006)

4. DISCUSSION

4.1. Implications for the interpretation of tide gauge and GNSS records

In coastal Louisiana, foundation information for tide gauge benchmarks and
GNSS stations is often not available, essentially precluding the interpretation of resulting
time series in terms of rates of RSLR. Although many of the tide gauges listed in Table
2.1 are not useful for RSLR analyses due to their short records, all of the benchmarks
used for the present analysis are currently published and considered stable. Furthermore,
some of the tide gauges that currently have short time series could become important in

the future as their records become longer (e.g. Shell Beach). Because all tide gauge
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benchmarks with known foundation information are anchored at depth rather than at
ground level, and most (91%) are anchored well below the land surface (>10 m), their
interpretation is far from straightforward. Tide gauges with benchmarks anchored at
depth measure deep subsidence plus the component of RSLR associated with changes in
real (geocentric) ocean level, but do not capture shallow subsidence, often a dominant
element of total subsidence in this region. Similarly, all GNSS stations are anchored at
depth (60% are anchored >10 m deep) and also do not record shallow subsidence. Thus,
tide gauges and GNSS stations in coastal Louisiana systematically underestimate the

rates of local RSLR and subsidence, respectively.

Many tide gauges in coastal Louisiana have benchmarks that are mounted on
existing concrete structures. The primary benchmark for the Grand Isle tide gauge, for
example, is mounted on a seawall. Similar to tide gauges that measure RSLR with respect
to a benchmark mounted on a steel rod driven to depth, the Grand Isle tide gauge
produces a time series of RSLR with respect to the foundation of the concrete structure
into which its primary benchmark is mounted. Although we were unable to acquire
construction details for the seawall at Grand Isle, it is highly unlikely that it is simply
resting on the land surface. We expect that the seawall foundation extends at least several
meters into the subsurface in order to provide stability and protection to the adjacent
Grand Isle Coast Guard station. Five other tide gauges also have primary benchmarks
anchored on concrete structures: Caminada Pass, East Bay, Freshwater Canal Locks,
Lafitte, and Martello Castle. Although all of these primary benchmarks are likely

anchored at some depth below the surface, it is conceivable that their foundations are
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shallower than that of the deepest benchmarks (e.g. 19.8 m at Grand Isle). This may

reduce the underestimation of the rate of RSLR measured by these tide gauges.

On the other hand, the RSET-MH data presented by Jankowski et al. (2017)
suggest that shallow subsidence occurs dominantly in the uppermost 5 m in coastal
Louisiana. Using data from 274 monitoring stations, Jankowski et al. (2017) calculated a
mean shallow subsidence rate of 6.8 + 7.9 mm yr!. Limiting this analysis to stations
where the instrument is anchored in Pleistocene strata and the overlying (Holocene) strata
are <5 m thick, we find a mean shallow subsidence rate of 6.4 + 5.4 mm yr* (n = 55).
The similarity between these two numbers suggests that shallow subsidence is
concentrated in the uppermost 5 m in this region. The implication would be that tide
gauges with benchmarks anchored as little as 5 m below the surface would still not

capture shallow subsidence and thus underestimate the rate of RSLR.

If a tide gauge benchmark is anchored in Pleistocene deposits, deep subsidence
consists solely of subsidence within the Pleistocene and underlying strata (Figure 2.1b).
This scenario is common in LECZs with a relatively thin Holocene sediment package,
such as the Chenier Plain. In the Chenier Plain, the Pleistocene surface subsides at a rate
of ~1 mm yr?, yet the wetland surface is subsiding notably faster, at a rate of 7.5 mm yr*
on average (Jankowski et al., 2017). The remaining 6.5 mm yr? of shallow subsidence
occurs above the depth of local benchmark foundations and is typically not captured by

tide gauges in this region.

In the case of a benchmark that is anchored in Holocene strata, deep subsidence

also includes subsidence of the part of the Holocene sediment column that underlies the
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benchmark foundation. This scenario (Figure 2.1c) is common in LECZs with thick
sediment packages such as the Mississippi Delta, and further complicates the
interpretation of tide-gauge data. Compaction of deeper Holocene strata may result in an
increase in the measured rate of RSLR when compared to tide gauges with benchmarks
anchored in Pleistocene strata. However, tide gauges with benchmarks anchored in
Holocene strata still record rates of RSLR that are considerably lower than what is seen at
the land surface in the Mississippi Delta (13 + 9 mm yr; Jankowski et al., 2017). For
example, Kolker et al. (2011) and Karegar et al. (2015) calculated modern RSLR rates
from tide-gauge data in the Mississippi Delta of ~3 mm yr? (after adding the long-term

rate of RSLR measured at Pensacola, Florida) and at least ~7 mm yr, respectively.

Around the world, many LECZs have sediment packages that exceed 20 m in
thickness, and some are as thick as 100 m or more (Table 2.3). Benchmarks in these areas
are likely constructed in a broadly similar fashion to those in coastal Louisiana: either
attached to rods driven to refusal or mounted on existing structures with non-negligible
foundation depths. Tide-gauge benchmarks in The Netherlands, for example, are
anchored 5-25 m deep (R. Hoogland, personal communication, 2018) and generally reach
the Pleistocene basement except in areas where the Holocene sediment thickness is
greatest (Table 2.4). Thus, conditions in The Netherlands are roughly comparable to
those in the Chenier Plain of coastal Louisiana (and likely other “thin” LECZs): tide
gauges do not capture the shallow subsidence component of RSLR, but because

benchmarks are generally anchored in a relatively stable substrate they are easier to
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interpret than many of the tide gauges in the Mississippi Delta (and likely other “thick”

LECZs) where benchmarks are essentially “floating” in the Holocene succession.

In LECZs globally, tide gauges likely underestimate the local rate of RSLR. A
lack of reliable RSLR data will be increasingly problematic in several large deltas that are
home to major population centers (e.g. Ganges-Brahmaputra, Song Hong, Yangtze,
Mekong, Nile) and are experiencing rapid subsidence (Alam, 1996; Mathers and
Zalasiewicz, 1999; Shi et al., 2008; Erban et al., 2014; Gebremichael et al., 2018). In
these areas and in LECZs globally, people and infrastructure may therefore be even more
vulnerable to flooding than previously recognized (e.g. Syvitski et al., 2009; Tessler et

al., 2015).

Two studies that considered delta vulnerability on a global scale (Ericson et al.,
2006; Tessler et al., 2015) are noteworthy because they did not depend on tide-gauge
data. These studies determined RSLR by adding the historic rate of real (geocentric) sea-
level rise to natural and anthropogenic subsidence data (Ericson et al., 2006) or by
combining sea-level rise from satellite altimetry with subsidence estimates associated
with fluid extraction (Tessler et al., 2015). While these approaches bypass the problems
with tide gauges discussed above, they are also inherently limited by the need to
characterize individual deltas by single metrics, by relying on measurements of global
rather than local sea-level rise, and/or by not considering all major subsidence processes
(notably shallow compaction). In the next section, we build on the recent study by

Jankowski et al. (2017) to offer an alternative approach to measure RSLR in LECZs.
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Table 2.3. Holocene sediment thicknesses of LECZs around the world, measured close to the

shoreline where coastal strata tend to be the thickest.

Maximum LECZ
Low-elevation coastal zone thickness (m) type  Reference
Chenier Plain, Miranda, New Zealand 3-5 thin Woodroffe et al. (1983)
Chenier Plain, SW Louisiana, USA 5-10 thin Heinrich et al. (2015)
Venice Lagoon, Italy 10-15 thin Zecchin et al. (2009)
Chao Phraya Delta, Thailand 10-15 thin Tanabe et al. (2003a)
Vistula Delta, Poland 10-20 thin Moijski (1995)
Rhine-Meuse Delta, The Netherlands 20-25 thick Hijma et al. (2009)
Huanghe Delta (modern), China 20-25 thick Xue (1993); Yi et al. (2003)
Po Delta, Italy 20-25 thick ~ Amorosi et al. (2017)
Tokyo Lowland, Japan 20-60 thick ~ Tanabe et al. (2015)
Mekong Delta, Vietnam 25-40 thick  Taetal. (2002); Tanabe et al. (2003b)
Nobi Plain, Japan 30-40 thick ~ Hori et al. (2011)
Shatt al-Arab Delta, Iraq 30-40 thick Larsen (1975)
Nile Delta, Egypt 30-50 thick  Stanley and Warne (1993)
Song Hong Delta, Vietnam 35-40 thick  Funabiki et al. (2007)
Fly Delta, Papua New Guinea 35-45 thick  Harris et al. (1993)
Ganges-Brahmaputra Delta, Bangladesh 50-100 thick ~ Goodbred and Kuehl (2000)
Mississippi Delta, SE Louisiana, USA 50-100 thick  Heinrich et al. (2015)
Yangtze Delta, China 60-90 thick Li et al. (2000)
Indus Delta, Pakistan 110-120 thick  Clift et al. (2010)

Table 2.4. Benchmark foundation depths and local depth to the Pleistocene surface for tide
gauges in The Netherlands. Benchmark depths from R. Hoogland (personal communication,
2018). Pleistocene surface depths are from Vos et al. (2011).

Benchmark
foundation
Tide Benchmark Depth to height above
gauge foundation  Pleistocene  Pleistocene
name Agency Latitude Longitude depth (m) surface (m)  surface (m)
Vlissingen  Rijkswaterstaat 51.4422 3.5961 17.6 4-6 Set in Pleistocene
Hoek .
OPKVAN  piikswaterstaat  51.9775  4.1200 14 20-22 6-8
Holland
IJmuiden Rijkswaterstaat  52.4622 4.5547 13 18-20 5-7
Den Helder  Rijkswaterstaat  52.9644 4.7450 5-25 2-4 Set in Pleistocene
. . Likel i
Harlingen  Rijkswaterstaat 53.1756 54094 5-25 4-6 tely set in
Pleistocene
Delfzijl Rijkswaterstaat  53.3264 6.9331 20 6-8 Set in Pleistocene
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4.2. An alternative method for measuring present-day rates of relative sea-level rise

In order to accurately measure present-day RSLR in LECZs, we propose an
alternative approach that combines measurements of shallow subsidence from RSET-
MHSs with measurements of deep subsidence and the oceanic component of sea-level rise
from GNSS and satellite altimetry data, respectively (Figure 2.5). This approach results
in RSLR measurements expressed with respect to the land surface and eliminates the
need for tide-gauge data. Nevertheless, we stress that best scientific practices will make
use of all available data and compare the results of various measurement techniques.
Furthermore, tide gauges remain critical for measuring many other processes, including
tides (the original purpose of tide gauges) and event-scale phenomena such as storm

surge, and remain invaluable in this regard.

In principle, both GNSS stations and tide gauges could be used to measure deep
subsidence and these data could then be combined with measurements of shallow
subsidence (plus geocentric sea-level rise, in the case of GNSS data) to calculate RSLR.
However, tide gauges must have sufficiently long time series (at least 30 years) and
known foundation depths to be useful in this context. In coastal Louisiana, the number of
tide gauges that meet these criteria (n = 5) are fewer than the number of GNSS stations
with known foundation depths (n = 10). Additionally, concerted efforts are currently
underway to address the complexities regarding GNSS monumentation. At a newly
constructed subsidence superstation located in the lower Mississippi Delta, for example,
three GNSS instruments are anchored at different depths in order to obtain a depth-

integrated subsidence profile (Allison et al., 2016). Although this type of analysis is new,
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it can greatly improve our understanding of subsidence in LECZs in the future.
Furthermore, GNSS data are less susceptible to short-term environmental conditions (i.e.
wind speed and direction, tides, atmospheric pressure changes) than are tide gauge data.

Thus, GNSS is the preferred method for measuring deep subsidence.

HE-EN Satellite
Altimeter
GNSS
Sea-Level Station
Rise

Vertical
Accretion

MH

Surface

Elevation

Shallow Change
Subsidence

x

Unconsolidated Sediment

Deep Consolidated Sediment
Subsidence

Figure 2.5. Schematic of combined instrumentation that includes a RSET-MH, which measures
shallow subsidence, and a GNSS station, which measures deep subsidence. To measure shallow
subsidence using a RSET-MH, surface elevation change is subtracted from vertical accretion
(Cahoon, 2015). Surface elevation change is the change in height from a horizontal arm at a fixed
elevation to the wetland surface, measured using vertical pins. Vertical accretion is the thickness
of sediment that accumulates above a feldspar marker horizon. If constructed with similar
foundation depths (as shown by the star), the RSET-MH and GNSS station collect data that are
complementary and can be added together and combined with satellite altimetry data to calculate
the rate of RSLR.

Although RSET-MHSs, GNSS, and satellite altimetry all have unique limitations,
technology is rapidly improving and reducing these shortcomings. Until recently, for

example, satellite altimetry was ineffective in coastal areas (Cipollini et al., 2017).
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However, the launch of the Surface Water and Ocean Topography (SWOT;
https://swot.jpl.nasa.gov/home.htm) mission in 2021 is one of several efforts that are
expected to significantly improve the quality of sea-surface records in the coastal zone
and could therefore become an important element of the approach advocated here
(Vignudelli et al., 2011). One remaining limitation of our proposed method of measuring
RSLR is that RSET-MHs are only useful in wetland environments such as marshes (e.g.
Day et al., 2011) and mangroves (e.g. Lovelock et al., 2015). However, space-based
geodetic methods such as interferometric synthetic-aperture radar (INSAR) are effective
at measuring subsidence rates (the sum of shallow and deep subsidence rates) in heavily
human-modified delta environments (e.g. urban areas, agricultural land; Dixon et al.,
2006; Jones et al., 2016; Da Lio et al., 2018), and thus can be complementary to RSET-
MH datasets in this context. Care must be taken though to avoid reliance on permanent
scatterers (e.g. buildings) with foundations at depth that may also not fully capture the
shallow subsidence component. Ideally, RSET-MHs are installed with similar foundation
depths as nearby GNSS stations in order to confirm that the two instruments are neither
duplicating nor missing subsidence intervals. In coastal Louisiana, however, 33% of
GNSS stations have no known foundation information, and this lack of information is

likely a common phenomenon worldwide.

Currently, coastal Louisiana has nearly 350 RSET-MHSs operated by the USGS as
part of the Coastwide Reference Monitoring System (CRMS; https://lacoast.gov/crms2),
which provide shallow subsidence data at high spatial resolution. Although data from a

single RSET-MH are commonly too noisy to produce a reliable trend (Jankowski et al.,
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2017), partly because most RSET-MHSs were installed within the last decade and thus
have time series that are mostly <10 years long, such a high density of RSET-MHs is not
necessary to produce adequate estimates of shallow subsidence rates for a wider region.
Using a Monte Carlo approach, we took random samples from subsets of the full RSET-
MH dataset for coastal Louisiana (n = 274) to determine the smallest sample size that
would still produce reasonable outcomes with an acceptable error. While determining the
acceptable error is inherently somewhat arbitrary, the results show that in coastal
Louisiana a minimum of 40 RSET-MHs would be needed in order to produce a mean
shallow subsidence rate with a sufficiently narrow 95% confidence interval (4.54-9.18
mm yrt; Figure 2.6). In terms of density and given the size of coastal Louisiana (25,000-
30,000 km?), we estimate that two RSET-MHs per 1000 km? would suffice. Although
this density is slightly higher than strictly needed in coastal Louisiana, it is conceivable

that higher densities may be necessary in smaller LECZs.
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200 deviation in mm yr?)
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Figure 2.6. Probability density functions of the mean shallow subsidence rate for a given number
of RSET-MHs, calculated using a Monte Carlo simulation and 10,000 randomizations per
analysis.
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In addition, averaging data from at least 40 RSET-MHs will encompass the high
spatial variability commonly seen in shallow subsidence. In coastal Louisiana, spatial
correlation in subsidence rates is largely limited to distances <5 km, and no correlation
exists beyond 25 km (Nienhuis et al., 2017). As a result, the relevance of a single
measurement of shallow subsidence is limited to the area immediately around the
instrument. Around the world, tide gauges are generally spaced tens if not hundreds of
kilometers apart. Even if tide gauges had benchmarks anchored at the land surface and
were able to measure shallow subsidence, there simply are not enough tide gauges with
records that are sufficiently long for RSLR analysis to capture the large spatial variability
in shallow subsidence. In LECZs worldwide, our ability to predict local rates of RSLR
will improve as more RSET-MHs are added to a growing global network. We therefore
echo Webb et al. (2013) who first proposed this type of global RSET-MH network,
arguing that the instruments are low-cost and produce highly valuable measurements of

shallow subsidence.

5. CONCLUSIONS

In the Mississippi Delta and Chenier Plain of coastal Louisiana, tide gauge
benchmarks and GNSS stations are anchored an average of 21.5+ 7.4 mand >14.3 +
11.9 m below the land surface, respectively. By comparison, the local depth to the
Pleistocene surface averages 47 + 34 m at tide gauge locations and 39 £ 20 m at GNSS
stations. Instruments located in the Chenier Plain, a thin LECZ with Holocene strata

typically only 5-10 m thick, are generally anchored in consolidated Pleistocene strata. In
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the Mississippi Delta, a LECZ where the Holocene sediment package is an order of
magnitude thicker, tide gauge benchmarks and GNSS stations are typically anchored
within unconsolidated Holocene strata and therefore produce time series that are very
difficult to interpret. Instruments anchored at depth do not capture shallow subsidence, a
major component of total subsidence in this area. As a result, tide gauges and GNSS
stations in coastal Louisiana, and likely in LECZs worldwide, underestimate rates of

RSLR and subsidence with respect to the land surface by a variable but unknown amount.

In order to accurately measure present-day RSLR in LECZs, we propose an
alternative method which combines measurements of shallow subsidence from RSET-
MHSs with measurements of deep subsidence and the oceanic component of sea-level rise
from GNSS stations and satellite altimetry, respectively. This approach produces rates of
RSLR that are explicitly tied to the land surface and eliminates the need for tide-gauge
data in this context. We find that for an area the size of coastal Louisiana, a minimum
density of two RSET-MHs per 1000 km? is necessary in order to obtain robust shallow
subsidence data. We support the call for a global network of RSET-MHs as first put
forward by Webb et al. (2013) and recently echoed by Osland et al. (2017). Data from
such a global network will help refine existing plans for coastal adaptation that presently

may be inadequate to deal with potentially higher-than-anticipated rates of RSLR.
6. ACKNOWLEDGEMENTS

This work was supported by the U.S. National Science Foundation (EAR-
1349311). We would like to thank Carl Swanson for writing the Python code to run the

Monte Carlo analysis, William Veatch for locating benchmark information for USACE



67

tide gauges, and Rena Hoogland (Rijkswaterstaat, The Netherlands) and Marc Hijma
(Deltares, The Netherlands) for providing Dutch benchmark data. We appreciate
comments on the manuscript provided by Don Cahoon. Thoughtful reviews by Phil

Woodworth and an anonymous referee led to considerable improvements.



68

CHAPTER 3: HYDRODYNAMIC CONTROLS ON SEDIMENT RETENTION IN AN

EMERGING DIVERSION-FED DELTA

Molly E. Keogh, Alexander S. Kolker, Gregg A. Snedden, and Alisha A. Renfro

ABSTRACT

The morphodynamics of river-dominated deltas are largely controlled by the
supply and retention of sediment within deltaic wetlands and the rate of relative sea-level
rise. Yet, sediment budgets for deltas are often poorly constrained. In the Mississippi
River Delta, a system rapidly losing land due to natural and anthropogenic causes,
restoration efforts seek to build new land through the use of river diversions. At the Davis
Pond Freshwater Diversion, a new crevasse splay has emerged since construction was
completed in 2002. Here, we use beryllium-7 activity in sediment cores and USGS
measurements of discharge and turbidity to calculate seasonal sediment input, deposition,
and retention within the vegetated Davis Pond receiving basin. In winter/spring 2015,
which included an experimental period of high discharge through the diversion, Davis
Pond received 106,800 metric tons of sediment, 44% of which was retained within the
basin. During this time, mean flow velocity was 0.21 m s and mean turbidity was 56

formazin nephelometric units (FNU). In summer/fall 2015, the Davis Pond basin received
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35,900 metric tons of sediment, 81% of which was retained. Mean flow velocity in
summer/fall was 0.10 m s and mean turbidity was 55 FNU. The increase in sediment
retention from winter/spring 2015 to summer/fall 2015 may be due in part to the
corresponding drop in water flow velocity, which allowed more sediment to settle out of
suspension. Although high water discharge increases sediment input and deposition,
increased turbulence associated with higher current velocity appears to increase sediment
throughput and thereby decrease the sediment trapping efficiency. Sediment retention in
Davis Pond is on the high end of the range seen in deltaic wetlands, perhaps due to the
enclosed geometry of the receiving basin. Future diversion design and operation should
target moderate water discharge and flow velocities in order to jointly maximize sediment

deposition and retention and provide optimal conditions for delta growth.
1. INTRODUCTION

The morphodynamics of river-dominated deltas are largely controlled by relative
sea-level rise and the supply and retention of sediment within deltaic wetlands. Over the
last century, human engineering of river channels has greatly reduced the amount of
sediment delivered to deltas (Stanley and Warne 1993, Syvitski et al. 2005, Yang et al.
2005, Blum and Roberts 2009, Meade and Moody 2010). Dams reduce downriver
suspended sediment concentration and containment levees prevent overbank deposition.
Yet, despite recent reductions in fluvial sediment supply to many coastlines around the
world, some rivers still carry sufficient sediment to build new deltas at their mouths [e.g.
Atchafalaya and Wax Lake deltas, Louisiana (Roberts et al. 2003, Rosen and Xu 2013,

Carle et al. 2015); Rio Sinu Delta, Colombia (Suarez 2004); Rio Patia Delta, Colombia
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(Restrepo and Kettner 2012)]. In these cases, reduced sediment supply may be mitigated

by high rates of sediment retention within the delta complex.

Today, many low-lying river deltas starved of sediment input are threatened by
subsidence, sea-level rise, and other natural and anthropogenic processes such as
dredging (Turner 1997), subsurface fluid withdrawal (Kolker et al. 2011), sediment
compaction (Térngvist et al. 2008), hurricane and storm surge erosion (Barras 2006), and
eustatic sea-level rise (Blum and Roberts 2009), which together may impair the
sustainability of these landscapes. At the same time, deltas and other low-elevation
coastal zones are home to over 625 million people globally (Neumann et al. 2015) and
support numerous mega-cities (Syvitski and Saito 2007). In the Mississippi River Delta
(MRD:; Figure 3.1a), the combination of natural and anthropogenic processes has resulted
in rapid land loss, with nearly 5,000 km? of land having converted to open water over the
last 80 years (Couvillion et al. 2011). Built over the last ~7,500 years as distributary
channel avulsions relocated sediment depocenters, the MRD is now largely in the
transgressive phase of the delta cycle (Frazier 1967, Roberts 1997). Since the 1950s,
sediment load in the Mississippi River has decreased by half (Blum and Roberts 2009,
Meade and Moody 2010). Though growth and decay of individual delta lobes is a natural
part of the delta cycle, the abovementioned anthropogenic impacts (dredging, subsurface
fluid withdrawal, eustatic sea-level rise) have exacerbated land loss in the MRD,
threatening coastal Louisiana’s economy, infrastructure, and the overall sustainability of

the delta (Turner 1997, Blum and Roberts 2009, Kolker et al. 2011).
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Current restoration efforts in the MRD aim to maximize wetland building using
the remaining sediment load in the river. Freshwater and sediment diversions play a
central role in these endeavors (CPRA 2017). These diversions are strategic, gated
structures through the river levee that are designed to mimic natural deltaic land-building
processes by restoring the delivery of fresh water, sediment, and nutrients to the adjacent
wetlands (Roberts et al. 2003, Snedden et al. 2007, Kim et al. 2009). Interestingly, river
diversions are anthropogenic countermeasures intended to mitigate land loss caused in
large part by other anthropogenic activities. Each diversion structure can be engineered to
optimize a variety of physical and ecological parameters specific to its location and
purpose, including water discharge, velocity, and stage as well as impacts to fisheries in
the basin and navigation in the Mississippi River (Allison and Meselhe 2010, De Mutsert
2017, Peyronnin et al. 2017). When river water flows through a diversion, it leaves the
engineered realm and typically enters a relatively natural wetland setting. As water
spreads across the wetland, it slows and drops its suspended sediments. Over time, if
sediment deposition exceeds that which is lost through erosion and relative sea-level rise,
wetlands may expand laterally and gain elevation (Roberts 1997). The percent of
sediment retained within a diversion receiving basin is critical in determining whether the
wetlands expand or succumb to subsidence and sea-level rise. Indeed, a close analysis of
Blum and Roberts (2009) indicates that large shifts in sediment retention rate can convert
projections of land loss in the MRD to land gain, even under conditions of accelerated

sea-level rise.
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Figure 3.1. (a) The Mississippi River Delta, southeastern Louisiana, USA. The red box indicates
Davis Pond Freshwater Diversion (shown in detail in b). The boxes indicate locations shown in
detail in Figures 3.7b and c. (b) Satellite imagery of the Davis Pond area on April 6, 2016. The
receiving basin is outlined in white; the coring area is outlined in black. Spring 2015 coring
locations within the receiving basin are shown as white circles (note that two coring locations at
the mouth of the diversion inflow channel are very close together and have symbols that largely
overlap); grey squares indicate coring locations outside the receiving basin. White rectangles
mark the 7 outflow channels that drain Davis Pond. The star indicates U.S. Geological Survey
channel monitoring station 295501090190400 and black circles show the locations of two
Coastwide Reference Monitoring System (CRMS) stations. Satellite imagery modified from
Google Earth.
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Many interrelated factors affect sediment retention within a wetland, including
vegetation type and density (Gleason et al. 1979, Braskerud 2001, Adame et al. 2010),
basin elevation gradient (Hook 2003), and water residence time (Kleiss 1996, Koskiaho
2003). The purpose of this study is to further quantify hydrodynamic controls on
sediment retention in a developing delta. Specifically, we compare sediment input,
deposition, and retention at high and low water discharge through a river diversion. We
hypothesize that optimal sediment deposition is determined by a balance between
sediment supply and retention that varies with water discharge. Whereas increasing
discharge delivers more suspended sediment to a developing delta, decreasing flow
velocity reduces sediment throughput and leads to a greater percent sediment retention.
Here, sediment throughput is defined as sediment that passes into and immediately out of
a basin without being deposited. This hypothesis is tested in the receiving basin of the
Davis Pond Freshwater Diversion, a sheltered, low-gradient freshwater marsh in

southeastern Louisiana (Figure 3.1b).

Our hypothesis implies that increasing water and sediment input to a deltaic
wetland does not always lead to greater sediment deposition within the wetland. This is a
novel hypothesis because previous discussions of river diversions have assumed that
higher discharge is always better in terms of wetland building (e.g. Peyronnin et al.
2017). We suggest instead that there may be a tipping point along the discharge
continuum, above which the increased water discharge no longer results in additional
land building and increases the potential for detrimental ecosystem impacts. Diverting

excess water may increase the inundation depth of wetlands and stress on vegetation (e.g.
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Snedden et al. 2015), intensify the flood risk for local landowners and communities (e.g.
McAIpin et al. 2008), and more drastically alter the basin’s salinity regime and harm
local fisheries (e.g. Reed et al. 2007). Although Peyronnin et al. (2017) suggest that the
operation of diversions during winter months would limit damage to vegetation and

fisheries, further research is needed on this topic.

The ideal operation regime for a river diversion maximizes sediment delivery and
deposition while minimizing water delivery. The water discharge associated with an ideal
operation regime is expected to vary between diversions based on location, maximum
discharge potential, geometry, and other site-specific characteristics. Here, we present
short-term sediment accumulation rates for high- and low-flow seasons and compare
them to long-term retention rates measured in the MRD and other deltas. Our findings
may enhance the efficacy of engineered river diversions as restoration tools (specifically
the planned Mid-Barataria Sediment Diversion in the lower Mississippi River Delta) and
help ensure that optimal hydrodynamic conditions are achieved for sustainable delta

building.
2. STUDY AREA

Davis Pond Freshwater Diversion is located on the right descending bank of the
Mississippi River, ~30 km upstream from New Orleans, Louisiana (Figure 3.1b). Davis
Pond is a controlled diversion that redirects a variable amount of water from the river into
a low-gradient receiving basin in upper Barataria Basin (Figure 3.2a). Mean discharge
through the diversion was ~36 m® s over the study period (Nov. 2014 — Oct. 2015).

Occasional periods of high discharge increase the flow up to a maximum of ~300 m3 s!
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and raise the water level in the receiving basin (Figure 3.2b). These high discharge events
typically last a few weeks and are often timed to coincide with a springtime rising limb of

the Mississippi River hydrograph (Figure 3.2c) when basin salinities are elevated.
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Figure 3.2. Discharge through the Davis Pond inflow channel (a), water level in the Davis Pond
receiving basin (b), and Mississippi River discharge at Belle Chasse (c) from Nov. 1, 2014 to Oct.
31, 2015. The two 159-day seasons used for analysis are shaded: winter/spring is in green and
summer/fall is in orange. The dark green bar in the winter/spring season marks the two-week
experimental high discharge event in Davis Pond.

Subsidence in the MRD averages ~9 mm yr* (CPRA 2017, Nienhuis et al. 2017).
Although subsidence is often highly spatially variable in wetland environments, recent

studies suggest that subsidence in the Davis Pond area is near or slightly below the delta-
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wide mean (CPRA 2017, Nienhuis et al. 2017). In the MRD, the rate of relative sea-level
rise averages 13 mm yr! (CPRA 2017, Jankowski et al. 2017). Meanwhile, rates of
vertical accretion in the MRD are also spatially variable, but the delta-wide median value

is ~11 mm yrt (Jankowski et al. 2017).

The ~38 km? receiving basin at Davis Pond is bounded by guide levees on three
sides. To the south, water exits the basin primarily through seven man-made channels cut
through the northwestern rim of Lake Cataouatche. From there, water flows through a
series of shallow lakes and marshes, eventually reaching the Gulf of Mexico ~80 km to
the south. Tidal range in Lake Cataouatche is limited to ~10 cm, and tides are diurnal. As
a result, water levels in Lake Cataouatche and Davis Pond are primarily driven by
meteorological conditions (wind direction and strength) and by variations in diversion

discharge.

Construction of Davis Pond was completed in 2002
(http://www.mvn.usace.army.mil/About/Projects/Davis-Pond-Freshwater-Diversion/).
Although freshwater diversions such as Davis Pond are primarily designed and operated
to regulate salinity rather than to build land, a new crevasse splay has emerged at the
mouth of the Davis Pond inflow channel. Mouthbar deposits and fringing marsh have
begun to fill in previously open ponds. Today, wetlands in the receiving basin are
dominated by herbaceous species (Sagittaria lancifolia, Colocasia esculenta, Mikania
scandens, and Polygonum punctatum) with black willow (Salix nigra) colonizing higher

elevation islands (CPRA 2015).
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In this study, we focus on sediment deposition occurring within the relatively
small receiving basin immediately adjacent to the Davis Pond inflow channel (Figure
3.1b). The wetland restoration potential of a diversion is greatest if the majority of the
sediment passing through it is retained within the immediate ponding area. The
concentration of sediment in a targeted area helps to offset relative sea-level rise and
facilitates rapid wetland building. Although sediment that bypasses the Davis Pond
receiving basin is likely trapped within the larger Barataria Basin, it is insufficient to
build land across this entire area and may be considered lost, at least temporarily, from a

wetland restoration perspective.

Davis Pond is one of the smallest engineered diversions currently in operation in
the Mississippi River Delta. Some proposed diversions are nearly an order of magnitude
larger in terms of discharge. The proposed Mid-Barataria Sediment Diversion, for
example, will have a maximum discharge of ~2,100 m® s* (CPRA 2017). Despite the
small size of Davis Pond, sediment delivery and deposition in the receiving basin are
sufficient to build new land, which is clearly visible in historical satellite imagery (Figure
A3.1) and analysis by the Deltares Aqua Monitor (http://aqua-monitor.deltares.nl;
Donchyts et al. 2016). Additionally, critical similarities exist between Davis Pond and the
Mid-Barataria diversion. Both diversions direct water and sediment into an existing
framework of deteriorating wetlands rather than into an open bay. For this reason, Davis
Pond is in some ways more useful as an analogue for the Mid-Barataria diversion than is
the Wax Lake Delta, which is prograding into open water with no wetlands. Yet, the Wax

Lake Delta is perhaps the most common analogue for the Mid-Barataria and other
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proposed diversions on the lower Mississippi River (e.g. Kim et al. 2009, Allison and
Meselhe 2010, Paola et al. 2011). Study of the land building at Davis Pond can better
inform the design, operation, and expectations of future diversions that will be critical to

restoring the MRD and other deltas around the world.
3. METHODS
3.1. Calculation of seasonal sediment input

Total seasonal sediment input into Davis Pond was calculated using daily
measurements of water discharge and turbidity following methods described in Allison et
al. (2012). The U.S. Geological Survey (USGS) measures discharge in the Davis Pond
inflow channel (29.91694° N, 90.31778° W; USGS 2018a) and turbidity in the
Mississippi River at Belle Chasse (29.85694° N, 89.97778° W; USGS 2018b), ~70 river
km downstream from Davis Pond (Figure 3.1a). Allison et al. (2012) assumed that
turbidity of the water entering Davis Pond is the same as that at Belle Chasse, and we
make the same assumption here. Turbidity measurements made at Belle Chasse provide a
good estimate of turbidity at Davis Pond because only one significant diversion of
Mississippi River water exists between Davis Pond and Belle Chasse. The mean
discharge through this other diversion (the Caernarvon Freshwater Diversion) was only
~13 m3 s during 2015, and thus was likely much too small to significantly impact
downstream Mississippi River sediment loads. Furthermore, results from Allison et al.
(2012) indicate that together Davis Pond Freshwater Diversion, Caernarvon Freshwater
Diversion, and the Bonnet Carre Spillway (~15 river km upstream from Davis Pond;

Figure 3.1a) account for 50% and 26% of the observed decrease in water discharge and
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suspended sediment load, respectively, between Baton Rouge and Belle Chasse. The
authors hypothesize that the remaining suspended sediment is deposited and stored in the
basin via channel aggradation and/or overbank deposition (Allison et al. 2012). Between
Davis Pond and Belle Chasse, the Mississippi River levees closely follow the banks of
the river, leaving batture that is generally only 30-300 m wide. Erosion and direct runoff
into the river is likely minimal. As a result, turbidity measurements at Belle Chasse

provide a minimum estimate for the turbidity of the water entering Davis Pond.

Daily suspended sediment concentration of the Mississippi River at Belle Chasse
was calculated by inputting daily turbidity measurements into the following best-fit linear

regression based on Belle Chasse data collected by the USGS (Figure 3.3):
TSS = 2.047 x turbidity + 2.1827 1)

where TSS, or total suspended solids, is the mean daily suspended sediment concentration
at Belle Chasse (mg L) and turbidity is the mean daily turbidity at Belle Chasse

(formazin nephelometric units, FNU).
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Figure 3.3. Ratings curve used to predict Mississippi River TSS values from measured turbidity
at Belle Chasse.
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Daily sediment mass input into Davis Pond, fluxseq, was calculated as
fluXsed = TSS % Qdiv 2)

where qgiv IS the mean daily discharge through the Davis Pond inflow channel. Total mass
of sediment input through the Davis Pond diversion during each study season, masssed,

was calculated as
MasSsed = fOT fluxgeqdt (3)

where O-T is the time interval of interest and t is time. Total mineral sediment input,

sedinput, Was calculated as
Sedinput = MasSsed X MCriver 4)

where mcriver i the average mineral content of Mississippi River suspended sediment
(81.54%; Table A3.1). Where gaps existed in the USGS turbidity data (Jun. 16 - Jul. 15
and Oct. 6), values were estimated by linear interpolation between the data points on

either side.
3.2. Calculation of Seasonal Sediment deposition

To reconstruct seasonal-scale sediment deposition in Davis Pond, sediment cores
6.5 cm in diameter and 5 cm deep were collected in April and October 2015. Twenty-two
coring locations (Figure 3.1b and Table A3.2) were selected to assess lateral and distal
variability in sediment mineral content, bulk density, and deposition rate across the
receiving basin. Eighteen cores were collected on the marsh platform at elevations

ranging from 10 cm above to 25 cm below water level at the time of coring. The four
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cores most distal from the diversion inflow channel were collected in 1.5-2 m of water at
the northwestern rim of Lake Cataouatche. Initial sampling occurred on April 21, 2015,
following an experimental period of high discharge through the diversion from March 13
to March 26. During this period, diversion discharge increased from a mean base flow of
~36 m? s to a maximum rate of ~300 m® s (Figure 3.2a). At this time, Mississippi

River discharge was rising, nearing its first major peak of the water year (Figure 3.2c). To
capture seasonal variability, a second set of cores was collected on October 15, 2015,
when river discharge was near minimum for the water year and mean diversion discharge

had been ~36 m® st for the prior ~7 months.

In the lab, cores were sectioned into 1-cm depth intervals and analyzed for the
following geotechnical parameters (see Tables A3.3 and A3.4): 1) water content,
determined by weighing a sample before and after it is dried at 60°C for 24 hours or until
a constant weight is reached; 2) mineral content, calculated by combusting a dry sample
at 450°C for 6 hours and subtracting the mass loss on ignition; 3) dry bulk density,
calculated using water and mineral content (Kolker et al. 2009); and 4) new sediment
deposition, determined using activity of the radioisotope beryllium-7 (‘Be) as measured
by a low-energy gamma spectrometer (Sommerfield et al. 1999, Esposito et al. 2013; see
Figures A3.3 and A3.4). Measurements of mineral content and bulk density were
averaged over the interval of "Be detection to get a single value for each parameter per
core. For cores in which no 'Be was measured, mineral content and bulk density

measurements from the top 1 cm were used for subsequent calculations.
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Seasonal sediment deposition was measured using the presence of 'Be within
samples (analyzed at 1-cm depth intervals) as an indicator of newly deposited sediment.
"Be adheres to mud-size particles and has a short (53-day) half-life, making it an
excellent tracer of seasonal-scale sediment dynamics (Sommerfield et al. 1999, Esposito
et al. 2013). If a core interval contained detectable surficial ‘Be, the sediments were
considered to have been deposited within the last three half-lives of the isotope, or 159
days (Kolker et al. 2012). After three half-lives, the vast majority (87.5%) of the 'Be has
decayed. Sediments in cores containing no detectable ‘Be were considered to have been
in place for more than 159 days. At each coring location, the mass of mineral sediment

deposited in the previous 159 days, sedcore (g cm™), was calculated as
Sedcore = ZBe7 X BD x mc (5)

where zge7 is the depth (cm) to which "Be was detected, BD is the dry bulk density (g cm
%), and mc is the mineral content (%) of the sample. Values for sedcore Were then spatially
interpolated across the 13.5 km? coring area for each 159-day season using a natural
neighbor interpolation algorithm (Sibson 1981) in ArcGIS to provide seddeposit, an

estimate of the total mineral mass deposited during each season.

Although the coring area encompasses only ~35% of the Davis Pond receiving
basin, it includes the channels with the most active sediment transport, as visible in
satellite imagery (Figure 3.1b). This visual assessment is supported by data from the two
Coastwide Reference Monitoring System (CRMS) stations that are located within the
Davis Pond receiving basin (Figures 3.1b and A3.2; https://www.lacoast.gov/crms2). At

CRMS station 3169, which is located within the coring area (and within the area of high
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sediment transport), the top 24 cm of soil show distinct surface-ward trends of increasing
bulk density and decreasing organic content, suggesting input of mineral-rich sediment
from the diversion. In contrast, at CRMS station 3166, which is located within the
receiving basin but outside of the coring area, the top 24 cm of soil have consistently low
bulk density and high organic content, suggesting little to no input from the diversion.
Additionally, qualitative observations of water flow during field work supported our
assertion that waterways outside of the coring area have minimal flow and appear clearer,
suggesting they carry less suspended sediment. The locations of these channels remain
stable over timescales relevant to this study (months to years; Figure A3.1), and thus our

coring area provides a reasonable estimate of basin-wide sediment trapping.
3.3. Calculation of seasonal sediment retention

Two study seasons were defined, each the length of three half-lives of 'Be (159
days) leading up to a core collection date. The winter/spring season is November 14,
2014 to April 21, 2015. The summer/fall season is May 10, 2015 to October 15, 2015.
The percent of sediment retained within the receiving basin during each 159-day season,

sedretain, Was calculated as

Sedretain = Sedgeposit / S€input (6)
4. RESULTS
4.1. Geotechnical parameters

New sediment deposited in the coring area ranged in thickness from 0 to 5 cm in

the winter/spring (Figures 3.4a and A3.3) and 0 to 3 cm in the summer/fall (Figures 3.4b
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and A3.4). Controlling for distance along the basin axis, the thickness of new sediment
was significantly greater in the winter/spring than in the summer/fall, according to a one-

way ANCOVA statistical test (F1,721 = 89.92, p <.0001; Figure 3.5a and b).

Spatial patterns of soil mineral content and bulk density corresponded well with
field-based qualitative observations of water flow through the Davis Pond receiving
basin. In the winter/spring, mineral content ranged from 56% to 96% by mass (Figure
3.4c). Samples collected near the mouth of the inflow channel had the highest mineral
content. Adjacent to main channels, mineral content was also high, and generally
decreased with downstream distance. Cores with lowest mineral content were collected in
areas of backwater marsh where flow was minimal. Soil bulk density in the winter/spring
ranged from 0.1 g cm to 0.7 g cm™ (Figure 3.4e). Spatial patterns in bulk density were
similar to those for mineral content, with higher bulk densities near the mouth of the
inflow channel and through the center of the receiving basin in areas proximal to main
channels, and lowest bulk densities in areas of backwater marsh with minimal flow and
low mineral content. Distributions of mineral content and bulk density were similar in the
summer/fall low-flow season (Figures 3.4d and f, respectively), both in terms of the range
of measured values and spatial patterns across the study area. Controlling for distance
along the basin axis, one-way ANCOVA statistical tests show that there were no
significant seasonal differences in soil mineral content (F1,721 = 0.09, p > .05; Figure 3.5¢c
and d) or in bulk density (F1,721 = 0.95, p > .05; Figure 3.5e and f). Detailed sediment

core data are available in Tables A3.2-A3.4.

4.2. Seasonal sediment retention
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In the winter/spring, Davis Pond received an input of 106,800 metric tons of
mineral sediment from the Mississippi River, based on measurements of water discharge
and turbidity. During this time, mean turbidity of the Mississippi River was 56 FNU, and
mean flow velocity in the Davis Pond inflow channel was 0.21 m s™. Forty-four percent
of the mineral sediment flux (47,100 metric tons) was deposited and retained within the
13.5 km? coring area. Figure 3.4g shows the spatial distribution of new mineral sediment

accumulation. Table 3.1 summarizes seasonal parameters affecting sedimentation.

In the summer/fall, Davis Pond received 35,900 metric tons of mineral sediment
from the Mississippi River, about one-third of the sediment mass received in the
winter/spring (Table 3.1). According to a one-way ANCOVA statistical test, mineral
sediment accumulation was significantly greater in the winter/spring than in the
summer/fall, controlling for distance along the axis of the basin (F1,722 = 111.47, p <
.0001; Figure 3.5g and h). In the summer/fall, mean turbidity of the Mississippi River
was 55 FNU (calculated using the 128 days of available data), and mean flow velocity in
the Davis Pond inflow channel was 0.10 m s™*. Although mineral sediment input
decreased from the winter/spring to the summer/fall and water turbidity remained the
same, sediment retention increased to 81%, as 28,900 metric tons of mineral sediment

were deposited in the 13.5 km? coring area (Figure 3.4h).
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Figure 3.4. Measurements and natural neighbor interpolation of new sediment thickness (a, b),
mineral content (c, d), and bulk density (e, f), and calculated mineral accumulation (g, h) at 22
coring locations in the winter/spring and the summer/fall of 2015. Solid grey lines indicate major
flow paths through the receiving basin (determined visually from satellite imagery, Figure 3.1b).
Dashed black lines indicate the lines of section used in Figure 3.5.
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Figure 3.5. Changes in soil geotechnical parameters with distance along the basin axis, in the
winter/spring and the summer/fall of 2015. Each profile is constructed from the natural neighbor
interpolation data shown in Figure 3.4. See Figure 3.4 for locations of the lines of section.



88

Table 3.1. Summary of parameters affecting sedimentation within the Davis Pond receiving basin
for the two study seasons.

Winter/Spring 2015 Summer/Fall 2015
Parameter
(Nov 14, 2014 - Apr 21, 2015) (May 10, 2015 - Oct 15, 2015)
Mean water discharge into
i & 62 m3st 26 m3s?
Davis Pond
Mass of mineral sediment 106,800 metric tons 35,900 metric tons
input into Davis Pond: (656 metric tons day™) (220 metric tons day™)
Mass of mineral sediment 47,100 metric tons 28,900 metric tons
deposited in receiving basin: (296 metric tons day™) (182 metric tons day™)
Percent of mineral sediment
. . L . 44% 81%
retained in receiving basin:
Mean Mississippi River
o 56 FNU 55 FNU
turbidity at Belle Chasse:
Mean flow velocity in Davis
0.21ms? 0.10ms?

Pond inflow channel:

5. DISCUSSION

5.1. Controls on sediment retention

5.1.1. Water discharge, velocity, and turbidity

High sediment flux through the Davis Pond diversion during the winter/spring
corresponds with the typical springtime rise in the Mississippi River hydrograph (Figure
3.2¢). Sediment stored on the riverbed is remobilized by the increased flow, increasing
river TSS concentrations, and is subsequently conveyed through the diversion. The
winter/spring season also included a rare two-week pulse of high discharge into Davis
Pond that provided ideal conditions for the natural experiment studied here. During this

time, the discharge was roughly tenfold higher and velocities roughly double those that
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occurred during typical diversion operations for the remainder of the winter/spring
(Figure 3.2a, Table 3.1). Increased velocity may account for the lower sediment retention
in the winter/spring as compared to the summer/fall. Faster flow retains more sediment in
suspension and decreases water residence time in the receiving basin. Accumulation of
new sediment at the edge of Lake Cataouatche was slightly higher in the winter/spring
than in the summer/fall (Figures 3.4g and h), suggesting more throughput of suspended
sediment during the period of elevated flow velocity. Sediment bypassed the receiving
basin and settled out of suspension at the edge of the lake, where the channelized flow

spread out and slowed.

In the summer of 2015, Mississippi River discharge remained unusually high,
exceeding 17,000 m® st until mid-August (Figure 3.2c). Despite the elevated river
discharge, average discharge through Davis Pond diversion in summer/fall was less than
half of what it was in the winter/spring, and mineral sediment delivery to the diversion
decreased by two-thirds. Though the drop in sediment input is primarily due to the
decrease in diversion discharge, it is likely also due in part to a decrease in Mississippi
River TSS concentration from the winter/spring to the summer/fall that is not fully
captured in the average measurements reported here due to gaps in the USGS turbidity
data (Figure 3.6a). The USGS has continuous turbidity data for previous years, however.
From the winter/spring to the summer/fall, turbidity dropped by 38% in 2013 and 13% in
2014. In a typical year, the bulk of the sediment stored on the riverbed is remobilized

during the first large flood pulse of the spring (Mossa 1996, Snedden et al. 2007). Less
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sediment is available for remobilization during subsequent flood pulses later in the

summer.
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Figure 3.6. Predicted Mississippi River TSS at Belle Chasse (a) and predicted TSS input into
Davis Pond (b) from Nov. 1, 2014 to Oct. 31, 2015. In panel a, grey line segments indicate linear
interpolations used to fill gaps in the USGS data. The two 159-day seasons used for analysis are
shaded: winter/spring is green and summer/fall is orange. The dark green bar in the winter/spring
season marks the two-week experimental high discharge event in Davis Pond.

5.1.2. Vegetation

In addition to hydrodynamic regime, vegetation type and density also impact
sediment retention rates in wetlands. In general, wetland vegetation tends to decrease
water flow velocity and thus decrease turbulence and shear stress at the soil-water
interface and reduce soil erosion (Leonard and Luther 1995, Neumeier and Ciavola 2004,
Gedan et al. 2011). Previous work has shown that vegetation biomass in marshes is

typically maximized at the end of summer (Hopkinson et al. 1978), and several studies
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have identified linkages between vegetation density and sediment deposition in salt
marshes (e.g. Kadlec 1990, Leonard and Luther 1995, Christiansen et al. 2000,
Fagherazzi et al. 2012). In deltaic freshwater marshes, Nardin and Edmonds (2014) found
that vegetation of moderate height and density maximizes sediment deposition during
river floods. Thus, our fall 2015 cores from Davis Pond include material deposited over
the summer growing season when vegetation conditions were near optimal for sediment
trapping. This vegetation effect likely contributes to the observed increase in sediment

retention from the winter/spring to the summer/fall.
5.1.3. Basin geometry and energy level

The high sediment trapping efficiency we observed in Davis Pond may partially
result from the closed geometry and sheltered nature of the receiving basin (Figure 3.7a).
Water flows out of the receiving basin and into Lake Cataouatche via seven discrete
channels, and each channel mouth is armored to prevent widening. Guide levees prevent
lateral flow. This restricted geometry forces water to pond within the receiving basin,
decreasing flow velocity and increasing residence time, both of which contribute to
increased sediment deposition. In contrast, Wax Lake Delta is prograding into
Atchafalaya Bay, restricted only by the pre-existing shoreline (Figure 3.7b). Flow
velocity there remains relatively high (0.05-0.73 m s depending on the tide, Shaw and
Mohrig 2014), carrying sediment, particularly mud, out of the semi-enclosed basin. The
Birdfoot Delta is an open basin, unrestricted by levees below 16.5 km above Head of
Passes (Figure 3.7c). Here, distributaries flow directly into the Gulf of Mexico near the

edge of the continental shelf. High river velocity exports sediment into the Gulf, where it
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IS subject to continued suspension by wind, waves, and currents. As a result, local

sediment retention in the Birdfoot Delta is likely low (Wright 1977).

Although our coring area encompasses only ~35% of the Davis Pond receiving
basin, it includes all major sediment transport channels and adjacent marsh platform
(Figure 3.1b) and thus provides a good estimate of sediment retention in entire receiving
basin. Any deposition that occurs in more lateral sections of the receiving basin (and thus
not captured in this study) is expected to be very minor. Studies of other crevasse splays
(e.g. Esposito et al. 2017) indicate that sediment deposition can be laterally extensive if
the depositional basin is unconstrained. But the channels within the Davis Pond receiving
basin are tightly constrained. On the west side of the basin, pre-existing topography from
an 1884 crevasse splay (visible in satellite images as linear forested ridges) deflects
modern channels to the southeast. To the east, intact and un-channelized marsh creates a
barrier to substantial water flow. At the southern end of the basin, channel mouths are
armored with rip rap and sheet piling to prevent widening and lateral migration. In
addition, an examination of historical satellite imagery (Figure A3.1) shows that
sediment-laden water is consistently confined to the center of the receiving basin
(through time and varying water levels), coincident with our coring area. Bulk density
and organic content data from CRMS stations 3169 and 3166 (Figure A3.2) further
support these observations. Together, these lines of evidence strongly suggest that
sediment deposition is extremely minimal in the lateral portions of the Davis Pond
receiving basin. Any deposition that occurs outside of our coring area is not included in

our estimates of sediment deposition, and thus our results are conservative. On the other
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hand, the coring area includes ~1.2 km? at the edge of Lake Cataouatche, which is outside
of the receiving basin. Sediment deposition at the edge of Lake Cataouatche builds the
initial subaqueous platform necessary for new marsh growth and thus is also useful for

wetland restoration.

a. Enclosed basin: b. Semi-enclosed basin: <. Open basin:
Davis Pond Freshwater Diversion Wax Lake Delta Birdfoot Delta

\ﬂ% Lake
o, Cataouatche

Head of
Passes

N 5km N 10km N 20 km Gulf of Mexico

Figure 3.7. Three basin geometry types. Solid blue lines indicate major water flow paths and
dashed yellow lines indicate levees or restrictive shorelines. See Figure 3.1a for basin locations.

5.2. Comparison with other systems

Exceeding 80% during parts of the year, sediment retention in Davis Pond (Table
3.1) is higher than in many deltaic wetlands around the world (e.g. Nittrouer et al. 1995,
Allison et al. 1998, Draut et al. 2005, Térngvist et al. 2007, Blum and Roberts 2009).
Blum and Roberts (2009) estimate that deltas typically trap between 30% and 70% of
sediment and use an estimated delta-wide trapping efficiency of 40% for their
calculations of land loss in the Mississippi River Delta. Long-term (multi-decadal to
century-scale) sediment retention has been measured at 39-71% in the Ganges-
Brahmaputra Delta (using a field-based approach with methodologies similar to those

presented in this manuscript; Allison et al. 1998), 33% in the Amazon Delta (using a
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mass-balance approach and a review of field-based methods; Nittrouer et al. 1995), 23%
in Wax Lake Delta (using both a mass balance and a geometric approach; Térngvist et al.
2007), and 27% in greater Atchafalaya Bay (using a mass-balance approach; Draut et al.

2005).

The spread in retention rates measured in these global deltas is largely due to the
range of energy levels in their depositional environments (Roberts et al. 2015). Whereas
these deltas with lower rates of sediment retention are all prograding into open water and
subject to waves and currents, the Davis Pond diversion is building land within a
framework of existing, sheltered marsh. This low-energy environment allows the
deposition and retention of mud-size sediment. In contrast to Wax Lake Delta deposits,
which are sand-dominated (Roberts et al. 2003), typical crevasse splay deposits in the
MRD consist of >95% mud (Snedden et al. 2007, Esposito et al. 2017). Furthermore,
Esposito et al. (2017) find that crevasse splays that are building into protected
environments (such as Davis Pond) experience sediment retention rates that exceed 75%

and may approach 100%.

Sedimentation at Davis Pond is comparable to that in the immediate ponding area
of the Caernarvon Freshwater Diversion, another controlled Mississippi River diversion
located ~60 km downstream. Annual mineral sediment input was 152,300 metric tons at
Davis Pond (Nov. 2014 — Oct. 2015; this study) and 100,000 to 130,000 metric tons at
Caernarvon (Feb. 2003 — January 2004; Snedden et al. 2007). During the respective study
years, the two diversions experienced similar average annual diversion discharge (43 m3

s’ at Davis Pond and 42 m® s* at Caernarvon) despite different hydrodynamic regimes.
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Flood pulses at Caernarvon were more frequent (2 per year) but had lower discharge
(140-200 m® s) and were separated by long periods of zero or near-zero discharge. At
Davis Pond, flood pulses were less frequent (1 per year) but had high discharge (280 m3
s'1) and typical non-flood discharge was well above zero (36 m® s1). During water years
2008-2010, water and mineral sediment input were higher for both diversions, although
still within the same order of magnitude (Allison et al. 2012). During these years, Davis
Pond and Caernarvon received an average of 390,000 and 273,000 metric tons of mineral
sediment per year, respectively (calculated using 81.54% as the average mineral content

of Mississippi River suspended sediment; Table A3.1).

Seasonal rates of mineral sediment deposition and retention in Davis Pond are
also comparable to the rates observed in Caernarvon. Flood season (winter/spring)
deposition averaged 22 g m? d! in the Davis Pond coring area (this study) and 15-20 g
m2d? (at minimum) in areas within 6 km of the Caernarvon diversion structure
(Wheelock 2003). Sediment retention during this time was 44% in Davis Pond (this
study) and 48% in Caernarvon (synthesizing sediment deposition data from Wheelock
2003 with co-incident sediment input data from Snedden et al. 2007). Non-flood season
(summer/fall) deposition averaged 13 g m d* in Davis Pond and 5 g m? d* in

Caernarvon, and sediment retention was 81% in Davis Pond and 78% in Caernarvon.
5.3. Implications for coastal restoration

Efficient sediment trapping in coastal wetlands is critical in order to restore the
MRD. Dam construction in the Mississippi River watershed has reduced the suspended

sediment load in the river by half (Blum and Roberts 2009). Meanwhile, the current rate
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of relative sea-level rise in the MRD averages 13 mm yr! (CPRA 2017, Jankowski et al.
2017). Although the rapid progradation of Wax Lake Delta indicates that the sediment
load in the modern Mississippi River is sufficient to build substantial amounts of land
(Shaw and Mohrig 2014), the remaining sediment in the river is a critical resource. For
river diversions to be successful in building new deltaic wetlands in the face of
subsidence and rising sea levels, sediment deposition and retention must be jointly
maximized in the receiving basins. Scaling relationships for many hydrological processes
are well known (e.g. Leopold 1994) and in some cases have been validated for diversion-
like settings (e.g. Snedden et al. 2007, Esposito et al. 2013, Shaw et al. 2018), providing a
pathway for engineering studies to optimize water discharge and velocity in future
diversions. While not the central focus of this study, diversion engineering and operation
management will likely also incorporate an understanding of ecosystem impacts in the
receiving basin and impacts to navigation in the Mississippi River (Allison and Meselhe

2010, De Mutsert et al. 2017, Peyronnin et al. 2017).

Previous work has shown that high-discharge flood pulses are critical for delta
building and, in some locations, may deposit enough sediment to offset relative sea-level
rise (Snedden et al. 2007, Kolker et al. 2012, Esposito et al. 2013, Rosenheim et al. 2013,
Carle et al. 2015, Shen et al. 2015). In Davis Pond, an experimental pulse of high
discharge (March 13-26, 2015) delivered 41% of the total annual sediment supply in just
14 days (Figure 3.6b). Although erosion may occur during periods of high discharge,
modeling by Nienhuis et al. (2018) indicates that maximum land building in a crevasse

splay occurs when rates of sediment deposition and erosion are balanced.
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A conceptual model constructed from our data (Figure 3.8) suggests that, for a
given TSS concentration and diversion discharge capacity, moderate mean water
discharge (which could encompass flood pulses and periods of lower discharge) may
maximize sediment deposition in a developing delta. To construct this conceptual model,
we first built a sediment input curve (blue curve, Figure 3.8a) by relating observations of
daily diversion discharge (Figure 3.2a) to sediment input (Figure 3.6b) using a power
function. Next, we developed a sediment retention curve (red curve, Figure 3.8a) by
fitting an exponential function through our two sediment retention data points (Table 3.1)
and setting the y-intercept to 100%. We chose an exponential function because it
asymptotes to zero and sediment retention is unlikely to reach 0%, and a y-intercept of
100% because zero discharge logically produces 100% sediment retention. To generate a
hypothesis about sediment retention at discharges greater than those observed in Davis
Pond during our study period, we extrapolated the curve to higher discharges. Finally, we
developed a sediment deposition curve (Figure 3.8b) by multiplying the sediment input
curve by the sediment retention curve. Our conceptual model suggests that as water
discharge and sediment input increase, throughput of suspended sediment also increases,
leading to a decrease in the basin sediment retention rate. Meanwhile, sediment
deposition may eventually reach a maximum where further increases in sediment input no
longer lead to greater deposition because the reduced retention rates at higher discharges

completely offset the increased sediment input.
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Figure 3.8. (a) Conceptual model relating sediment input (blue) and retention rate (red) to
diversion water discharge. The dashed portion of the retention curve offers a hypothesis for
sediment retention at discharges higher that those observed in this study. (b) Receiving basin
deposition rates predicted by the conceptual model. See text for details on how the curves were
constructed. The shaded “optimum zone” encompasses discharges that result in >90% of
maximum sediment deposition. Our observations for the winter/spring (W/S) and the summer/fall
(S/F) seasons (Table 3.1) are indicated by the squares and circles, respectively.

The range of moderate discharges that lead to near-maximum sediment deposition
are considered optimum in terms of land building. For Davis Pond, discharges within this
optimum range are greater than the mean discharges seen during either the winter/spring
or the summer/fall seasons studied here, but notably lower than the maximum discharge
of the diversion (~300 m® s1). At discharges significantly higher than those observed in
the present study, we hypothesize that sediment deposition and retention will both

decrease. Note that the moderate discharges we describe here as optimal are

approximately double to triple the mean discharge seen in the winter/spring of 2015,
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which we refer to as our “high-flow” season in order to distinguish it from the low-flow
summer/fall 2015 season. In reality, mean discharge during the winter/spring of 2015 was

also relatively low, at only 21% of the maximum diversion discharge.

We expect that additional measurements of sediment retention (collected in future
studies) will slightly alter the shape of the sediment retention curve seen in Figure 3.8a
and thus slightly shift the optimum discharge value (Figure A3.5). However, we expect
that the shape of these curves will remain generally the same. Sediment retention cannot
exceed 100% and is unlikely to drop to 0%. Thus, additional data will refine our

conceptual model and it is likely that an optimum discharge will continue to be evident.

The conceptual model presented here uses parameters specific to the Davis Pond
diversion. These parameters (e.g. maximum diversion discharge, rate of sediment input,
measurements of sediment retention) can be changed to fit other diversions. Because no
two diversions are identical, the zone of optimum discharge is expected to be different for
each diversion. However, scaling relationships in hydrology (e.g. Leopold 1994) coupled
with a wealth of regional studies (e.g. Allison and Meselhe 2010, Esposito et al. 2013,
Peyronnin et al. 2017) and site-specific data provide a means by which this conceptual

model can be applied to other systems in the MRD and globally.

Determining optimal flow regime conditions for river diversions is an emerging
area of concern for water managers in the MRD (e.g. Peyronnin et al. 2017) and in basins
around the world such as the Shatt al-Arab Delta in Iraq (Richardson et al. 2005) and the
Ganges-Brahmaputra Delta in Bangladesh (van Staveren et al. 2017). Our findings

suggest that optimal discharge conditions for maximizing sediment accumulation at
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Davis Pond may exceed those observed here. The validity of this conclusion could be
objectively assessed with future investigations that quantify retention rates under higher
diversion discharge conditions, using methods applied here or perhaps with a mass-
balance approach applied to continuous flux measurements made at the upstream and
downstream ends of the receiving basin. Results from future studies can be used to test

and refine the conceptual model presented here and adapt it for use in other delta basins.

6. CONCLUSIONS

In this study of a river diversion in the Mississippi River Delta, we quantify
relationships between hydrodynamics and sedimentation in a developing delta. We reach

the following conclusions:

e Although greater water discharge delivers more sediment to the receiving basin,
the corresponding rate of sediment retention is decreased, likely because more of

the sediment is retained in suspension and carried out of the basin.

e Thus, increasing discharge results in diminishing returns in terms of sediment

deposition.

e Asaresult, there may be an optimum that occurs at moderate discharge where

sediment deposition is maximized.

e Discharges above this optimum zone would result in decreased sediment

deposition.
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Findings from this research suggest that planning for future diversions may more
explicitly investigate sediment trapping efficiency. Maximizing the beneficial impact of
river diversions to restoration and management of coastal wetland ecosystems requires an
understanding of how to achieve optimal hydrodynamic conditions for sustainable delta
building. Diversions of moderate water discharge and flow velocity that discharge into
enclosed receiving basins may be effective configurations to explore when planning for
future sediment diversions to maximize the land-building potential of the Mississippi

River’s remaining sediment load.
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CONCLUSIONS

In the modern era of accelerated sea-level rise, wetlands in coastal Louisiana are
canaries in the coal mine for global environmental change. With its low tidal range and
limited elevation, the region is especially sensitive to changes in sediment availability
and water level. Globally, low-elevation coastal zones are continually shaped by a
balance of accretionary and erosional processes as well as extensive anthropogenic

modification.

This dissertation examined processes of sediment accumulation, compaction, and
relative sea-level rise in coastal wetlands and assessed strategies for restoration. | reached

the following main conclusions:

e In wetland soils, organic content strongly controls sediment compaction. Wetland
soils, especially those with high organic content, are highly susceptible to

compaction.

e At least 80% of compaction happens quickly, largely within the first 100 years

after deposition and in the top 1 m of the subsurface.

e This rapid shallow compaction is generally not recorded by traditional methods of
measuring relative sea-level rise in low-elevation coastal zones (i.e. tide gauges

and GNSS stations).
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e Thus, tide gauges underestimate rates of relative sea-level rise in low-elevation

coastal zones.

e Asaresult, low-elevation coastal zones may be at a greater risk of flooding than

previously realized.

o Despite accelerated rates of relative sea-level rise and rapid sediment compaction,
coastal restoration efforts such as river diversions can be successful in building

new land in some areas.

e Wetlands are more likely to keep up with relative sea-level rise if hydrodynamic

conditions are optimized to retain mineral sediment in targeted restoration areas.

Coastal wetlands are critical ecosystems, both economically and ecologically, and
thus the study of sediment compaction, relative sea-level rise, and wetland restoration is
not merely of academic interest. The research discussed here can inform future action to

help stem the tide of coastal land loss in the Mississippi Delta and worldwide.
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APPENDICES

APPENDIX |
1. Correcting calculated values of bulk density

Two primary methods exist for measuring the dry bulk density of sediment. In the first
method, bulk density (pa) is directly measured using a sampler with a known volume (V)

and using the following equation:

pa=V/m (AL.1)

where m is the mass of the sample. This method was used for sediment samples in the

CRMS, Upper Lafourche, and Myrtle Grove | cores.

The second method of calculating dry bulk density uses measurements of LOI and
assumed densities of mineral and organic matter (Adams 1973; Kolker et al. 2009; Morris

et al. 2016). Bulk density is calculated as

pd=1-W/[(W/pw) +((L-W)/ps)] (A1.2)

where W is the water mass (expressed as a fraction), pw is the density of water (assumed

to be1.02 g cm®), and ps is the density of sediment and is calculated as

ps=(1—LOI x 2.6) + (LOI x 1.2) (AL1.3)
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where 2.6 and 1.2 g cm™ are the assumed densities of mineral and organic matter,

respectively. This method was used for samples in the Davis Pond and West Bay cores.

Based on comparisons of these two methods using data from the Upper Lafourche and
Myrtle Grove | cores (Figures Al.1-Al.4), a best-fit correction factor of 1.75 was applied
to all Davis Pond and West Bay bulk density values.

Dry bulk density (g cm™)
0.0 0.5 1.0 1.5 2.0

10 - —
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Figure Al.1. Comparison of two methods of measuring bulk density using data from the Myrtle
Grove | core. The blue curve represents the measured (true) bulk densities. The orange curve
represents the calculated bulk densities. The calculated values have been corrected to match the
measured values using a correction factor of 1.70 (grey curve).
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Figure Al.2. Comparison of two methods of measuring bulk density using data from the
Napoleonville Il core. The blue curve represents the measured (true) bulk densities. The orange
curve represents the calculated bulk densities. The calculated values have been corrected to match
the measured values using a correction factor of 1.85 (grey curve).
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Figure Al1.3. Comparison of two methods of measuring bulk density using data from the
Paincourtville | core. The blue curve represents the measured (true) bulk densities. The orange
curve represents the calculated bulk densities. The calculated values have been corrected to match
the measured values using a correction factor of 1.80 (grey curve).
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Figure Al.4. Comparison of two methods of measuring bulk density using data from the
Napoleonville IV core. The blue curve represents the measured (true) bulk densities. The orange
curve represents the calculated bulk densities. The calculated values have been corrected to match
the measured values using a correction factor of 1.80 (grey curve).

2. Calculation of effective stress

For each sediment sample interval, we calculated effective stress following the steps

outlined in the supplementary material to VVan Asselen et al. (2018).
To begin, the mass density (pm, g cm™) of is calculated using the following equation:

pm =1/ [(forg/ 1.47) + (flast X felay/ 2.70) + (fotast X Tsite/ 2.65) + (fetast X fsand / 2.65)]

(Al.9)
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where forg is the fraction of organic matter determined from measurements of loss on
ignition (LOI; forg = LOI/100) and feiast is the fraction of clastic material (fciast = 1 — forg).
The variables fciay, fsiit, and fsang refer to the fraction of clay, silt, and sand that make up
the clastic material. The specific gravities of organic matter, clay, silt, and sand are

assumed to be 1.47, 2.70, 2.65, and 2.65 g cm™, respectively.
Pore volume (@, dimensionless) is then calculated as
g=1-(pa/ pm) (AL5)
where pq is the measured dry bulk density (g cm™).
The unit weight of the sediment (yses, KN M=) is calculated as
Vsed = [(pa % 1000) + (S X @ X pw)] X (Ywater / 1000) (AL1.6)

where S is the saturation of the sediment, which is assumed to be 0.98, pw is the density
of water, which equals 1000 kg m=, and ywater is the unit weight of water, which equals

9.81 kN m?,

Total stress (o, kKN m™) and pore water pressure (i1, kKN m) are calculated as

o= h X Vsed (Al?)

and

1 =h X ywater (AL.8)

respectively, where h is the thickness of the overlying column of sediment (m).
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Finally, effective stress (c”, kN m™) is calculated as

b

6’=0—H

3. Geotechnical parameters used for compaction modeling

(A1.9)

Table A1.1. Values for the reloading/swelling ratio (RR), compression ratio (CR), and coefficient
of secondary compaction (Ca) based on sediment type (Netherlands Standardization Institute,

2006).
Consistency RR CR Ca
sand pure weak 0.0038 0.0115 0
moderately stiff | 0.0013 0.0038 0
stiff 0.0008 0.0005 | 0.0023 0.0015 0
weakly silty 0.0017 0.0012 | 0.0051 0.0035 0
silty 0.0038 0.0019 | 0.0115 0.0058 0
loam | weakly sandy | weak 0.0307 0.0920 0.0037
moderately stiff | 0.0170 0.0511 0.0020
stiff 0.0110 0.0077 | 0.0329 0.0230 | 0.0013 0.0009
sandy 0.0170 0.0110 | 0.0511 0.0329 | 0.0020 0.0013
clay pure weak 0.1095 0.3286 0.0131
moderately stiff | 0.0511 0.1533 0.0061
stiff 0.0307 0.0256 | 0.0920 0.0767 | 0.0037 0.0031
weakly sandy | weak 0.0767 0.2300 0.0092
moderately stiff | 0.0383 0.1150 0.0046
stiff 0.0256 0.0153 | 0.0767 0.0460 | 0.0031 0.0018
sandy 0.0307 0.0055 | 0.0920 0.0164 | 0.0037 0.0007
organic weak 0.1022 0.3067 0.0153
moderately stiff 0.0767 0.0511 | 0.2300 0.1533 | 0.0115 0.0077
peat no loading weak 0.1533 0.1022 | 0.4600 0.3067 | 0.0230 0.0153
moderate loading | moderately stiff | 0.1022 0.0767 | 0.3067 0.2300 | 0.0153 0.0115
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APPENDIX II

Table A2.1. Information on 131 tide gauges in coastal Louisiana. Note that several tide gauges
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Table A2.2. Information on 17 GNSS stations in coastal Louisiana.

Benchmark
Depth to foundation height
GNSS Foundation Pleistocene above Pleistocene
station code Latitude Longitude depth (m) surface (m) surface (m)
AWES 30.10 -90.98 1 29 28
BVHS 29.34 -89.41 >20 62 <42
CAMR 29.80 -93.33 unknown
DSTR 29.96 -90.38 unknown
ENG1 29.88 -89.94 ~3 27 ~24
ENG2 29.88 -89.94 ~3 27 ~24
FRAN 29.80 -91.53 14.7 10 Set in Pleistocene
FSHS 29.81 -91.50 1 15 14
GRIS 29.27 -89.96 unknown
HOMA 29.57 -90.76 18.3 40 21.7
HOUM 29.59 -90.72 >15 40 <25
LAFR 29.79 -91.50 unknown
LMCN 29.25 -90.66 36.5 57 20.5
LWES 29.90 -90.35 unknown
MSSC 30.38 -89.61 unknown
NDBC 30.36 -89.61 unknown
VENI 29.28 -89.36 30.5 78 47.5
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APPENDIX II

v,
o 72
s
,\
.
|

Apr6,2016

. ”\3\\
Noy 29=20T1="

Figure A3.1. Satellite imagery of
the Davis Pond receiving basin
from November 29, 2011 (a),
March 5, 2013 (b), October 31,
2014 (c), August 25, 2015 (d), and
April 6, 2016 (e). In each panel, the
satellite image on the left is
overlain by the outline of the main
channels used in Figure 3.4 in the
main text. The satellite images on
the right are un-annotated. The
main channels in Davis Pond are
stable over the timescales relevant
to this study (months to years) and
channel geometry did not change
appreciably in the five years
surrounding the study period (Nov.
2014 — Oct. 2015). Satellite
imagery modified from Google
Earth.
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Figure A3.2. Bulk density
and organic content data
from the top 24 cm of soil at
two Coastwide Reference
Monitoring System (CMRS)
stations located within the
receiving basin of the Davis
Pond Freshwater Diversion.
The soil at CRMS station
3169, which is within the
coring area of the present
study, shows distinct surface-
ward trends of decreasing
organic content (a) and
increasing bulk density (b),
suggesting input of mineral-
rich sediment from the
diversion. At CRMS station
3166, which is outside the
coring area of the present
study, the soil has
consistently high organic
content (c) and low bulk
density (d), suggesting little
to no input from the
diversion.
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Figure A3.3. 'Be activity vs. depth profiles for the 22 sediment cores collected in April 2015.
Note that when an interval containing measurable ‘Be occurred below an interval with no
measurable Be (e.g. as seen in core DP-4/15-7), the "Be in the deeper interval was not used for

analysis.
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Figure A3.4. 'Be activity vs. depth profiles for the 22 sediment cores collected in October 2015.
Note that when an interval containing measurable ‘Be occurred below an interval with no
measurable Be (e.g. as seen in core DP-10/15-16), the "Be in the deeper interval was not used for
analysis.
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Figure A3.5. Changes to the conceptual model (Figure 3.8) that could result from hypothetical
additional data. Adjustments to the best-fit exponential curve representing sediment retention (red
curves, panel a) result in different sediment deposition curves (corresponding black curves, panel
b), each with a different zone of optimum water discharge. Although the optimum zone shifts
dramatically, it continues to exist. As long as the sediment deposition curve remains convex-up,
there will be a corresponding optimum water discharge, above which higher discharges will lead
to decreasing sediment deposition and retention. Solid lines indicating sediment input (blue),
retention (red), and deposition (black, “Original” curve) are the same as in Figure 3.8 in the main
text. Circles and squares indicate measured values from the summer/fall (S/F) and winter/spring
(WI/S) study seasons, respectively.

In panel a, the three sediment retention curves (shown in red) are exponential functions with a y-
intercept of 100% and the following equations:

Original (solid line): y = 100g0%
Scenario A (dashed line): y = 100e9%%
Scenario B (dash-dot line): y = 100e 014

The equations for Scenario A and B were selected in order to bracket the original exponential
equation.
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Table A3.1. Mean mineral content of Mississippi River suspended sediment. As part of a
previous study of the Caernarvon Freshwater Diversion (Snedden et al. 2007), TSS
concentrations and loss-on-ignition were determined from water samples obtained at four depths
along five equally-spaced vertical transects across the diversion outfall channel that conveys
diverted river water into the Breton Sound estuary immediately (~100m) downstream of the
Caernarvon diversion structure. This procedure was performed on five dates under discharge
conditions ranging from 0 to ~200 m® s, The TSS concentrations were reported in Table 1 of
Snedden et al. 2007; the loss-on-ignition values were not. They are reported here. For each date in
the table presented here, the cross-sectional average and standard deviation of mineral sediment
concentration (mg L) and mineral content (%) are reported. The average mineral content across
all five dates was 81.54%.

Date Caernarvon Mineral sediment Mineral content (%)
water discharge concentration (mgL?)
(m?s?)
Ve men  Men en

1/23/2002 0 25.93 5.58 84.25 3.19
2/7/2002 152 177.00 8.83 90.97 0.53
2/28/2002 19 46.67 8.01 91.28 1.24
3/14/2002 189 7.88 2.52 53.55 4.05
4/10/2002 16 62.04 16.41 87.78 2.25
overall: 64.33 60.70 81.54 14.62

Table A3.2. Collection date and location of sediment cores

Core ID CoII)I::::e d Latitude Longitude

DP-4/15-1 4/21/2015 29.9056 -90.3015
DP-4/15-2 4/21/2015 29.9037 -90.3066
DP-4/15-3 4/21/2015 29.9038 -90.3069
DP-4/15-4 4/21/2015 29.8999 -90.3088
DP-4/15-5 4/21/2015 29.8970 -90.3005
DP-4/15-6 4/21/2015 29.9019 -90.2952
DP-4/15-7 4/21/2015 29.8983 -90.2763
DP-4/15-8 4/21/2015 29.8950 -90.2830
DP-4/15-9 4/21/2015 29.8865 -90.2921
DP-4/15-10 4/21/2015 29.8765 -90.2834
DP-4/15-11 4/21/2015 29.8671 -90.2738
DP-4/15-12 4/21/2015 29.8695 -90.2700

DP-4/15-13 4/21/2015 29.8810 -90.2767
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DP-4/15-14 4/21/2015 29.8906 -90.2874

DP-4/15-15 4/21/2015 29.8844 -90.2721

DP-4/15-16 4/21/2015 29.8722 -90.2630

DP-4/15-17 4/21/2015 29.8879 -90.2635

DP-4/15-18 4/21/2015 29.8766 -90.2551

DP-4/15-19 4/21/2015 29.8582 -90.2610

DP-4/15-20 4/21/2015 29.8620 -90.2548

DP-4/15-21 4/21/2015 29.8568 -90.2499

DP-4/15-22 4/21/2015 29.8668 -90.2471

DP-10/15-1 10/15/2015 29.9056 -90.3014

DP-10/15-2 10/15/2015 29.9039 -90.3069

DP-10/15-3 10/15/2015 29.9039 -90.3069

DP-10/15-4 10/15/2015 29.9000 -90.3089

DP-10/15-5 10/15/2015 29.8969 -90.3003

DP-10/15-6 10/15/2015 29.9017 -90.2950

DP-10/15-7 11/4/2015 29.8956 -90.2772

DP-10/15-8 10/15/2015 29.8953 -90.2828

DP-10/15-9 10/15/2015 29.8864 -90.2919

DP-10/15-10 10/15/2015 29.8764 -90.2836

DP-10/15-11 10/15/2015 29.8644 -90.2728

DP-10/15-12 11/4/2015 29.8694 -90.2703

DP-10/15-13 10/15/2015 29.8811 -90.2769

DP-10/15-14 10/15/2015 29.8906 -90.2872

DP-10/15-15 10/15/2015 29.8843 -90.2719

DP-10/15-16 11/4/2015 29.8722 -90.2628

DP-10/15-17 10/15/2015 29.8894 -90.2653

DP-10/15-18 10/15/2015 29.8761 -90.2542

DP-10/15-19 10/14/2015 29.8572 -90.2608

DP-10/15-20 10/14/2015 29.8619 -90.2547

DP-10/15-21 10/14/2015 29.8558 -90.2478

DP-10/15-22 10/14/2015 29.8667 -90.2481

Table A3.3. Winter/spring sediment core data
Water Be Total mineral

Depth content Losson Bulk Be activity Mineral accumulation
interval (% by ignition  density activity error accumulation  per core,

Core ID (cm) mass) (%) (g cm3) (mBqg?') (mBqg?l) (g cm??) sedcore (8 cM2)

DP-4/15-1 0-1 62.7887 8.0847 0.3595 29.1507 5.0812 0.33 0.62
1-2 66.4373 10.6049 0.3210  31.2504 6.4438 0.29
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DP-4/15-2
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DP-4/15-6

DP-4/15-7

DP-4/15-8
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2-3
3-4
4-5
0-1
1-2
2-3
3-4
4-5
0-1
1-2

3-4
4-5

4-5
0-1
1-2
2-3
3-4
4-5
0-1
1-2
2-3

67.1964
69.5721
67.9471
31.3380
29.6239
28.6675
27.8662
28.6651
25.9287
29.3939
28.2277
31.2785
27.9288
56.5078
47.3652
40.9904
40.5768
50.4947
63.2757
63.1362
62.5689
62.1010
66.0779
87.8802
85.4374
85.0649
82.7112
79.2263
88.1046
87.0233
86.1971
85.0814
80.6096
85.0245
84.2408
81.8745
79.9640
78.3067
88.7847
82.0483
79.4172

11.7011
14.0504
14.3737
3.5185
3.6210
3.9962
3.9243
4.2411
3.6744
4.2836
4.0580
5.1685
4.0923
6.9364
5.8568
5.2786
5.6245
8.0617
8.0239
9.0307
9.2193
10.3120
12.9816
27.5449
28.2258
29.9687
29.0745
26.1479
28.7948
30.9322
30.0718
28.6540
24.5513
17.4923
20.0943
18.9046
19.2771
18.3320
26.2821
22.7305
21.6690

0.3121
0.2868
0.3003
0.6670
0.6821
0.6881
0.6960
0.6863
0.7156
0.6794
0.6917
0.6561
0.6941
0.4199
0.5072
0.5679
0.5698
0.4701
0.3551
0.3541
0.3588
0.3603
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0.1145
0.1350
0.1369
0.1568
0.1881
0.1119
0.1199
0.1274
0.1377
0.1786
0.1451
0.1508
0.1728
0.1893
0.2047
0.1070
0.1681
0.1916

0
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0

0

0
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51.7745
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30.7764
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0
0
0
0
0
0

33.3544
68.7449
55.8371
23.1846
0
0
52.7137
0
0

4.8010

2.6923
3.2609

4.6583

3.2672

3.4688
6.9958
7.6063
4.6248
5.4151
7.7074
2.3024
3.4018
3.4490

7.8182
16.6450
17.4245

6.7175

21.0643
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0.65

0.33
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0.32
0.28
0.08
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0.38
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84.7749
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88.1515
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68.0012
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66.0983
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63.7045
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0.1571
0.1718
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0.2576
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0.1391
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0
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4-5 85.9458 50.0000 0.1072 0 0
DP-4/15-18 0-1 74.4206 24.7505 0.2282 11.4910 2.9877 0.17 0.45
1-2 77.3284  29.5290 0.1981 6.9570 2.5260 0.14
2-3 77.2217 30.6411 0.1970 6.8869 3.6526 0.14
3-4 76.6994 30.2536 0.2015 0 0
4-5 76.5910 30.9249 0.2012 0 0
DP-4/15-19 0-1 75.4984  25.3482 0.2188 0 0 0
1-2 76.6710 23.5409 0.2121 0 0
2-3 79.8656 30.5893 0.1774 0 0
3-4 76.0613  27.5551 0.2108 0 0
4-5 72.0542 22.1932 0.2513 0 0
DP-4/15-20 0-1 74.4513  21.3549 0.2335 7.9904 3.2389 0.18 0.36
1-2 75.8885 22.1320 0.2205 5.5130 4.3468 0.17
2-3 78.0348 24.3350 0.2000 0 0
3-4 82.5439 33.8753 0.1530 0 0
4-5 83.9718 44.0109 0.1292 0 0
DP-4/15-21 0-1 73.2387 14.7011 0.2537 0 0 0
1-2 70.1710 13.8622 0.2819 0 0
2-3 72.4309 15.0127 0.2603 0 0
3-4 62.9122 17.1774 0.3356 0 0
4-4.5 71.4214 13.5390 0.2714 0 0
DP-4/15-22 0-1 75.7165 16.2521 0.2298 3.2344 2.7324 0.19 0.19
1-2 73.4007 16.2487 0.2500 0 0
2-3 73.2973 16.0166 0.2512 0 0
3-4 74.9797 17.1504 0.2351 0 0
4-5 75.8304 18.1730 0.2264 0 0
Table A3.4. Summer/fall sediment core data
Water 'Be Total mineral
Depth content Losson  Bulk 7Be activity accumulation
interval (% by ignition  density  activity error accumulation  per core,
Core ID (cm) mass) (%) (gcm3) (mBqg?') (mBqg?l) sedcore (g8 cm2)
DP-10/15-1 0-1 78.9302 11.9584 0.2052 45.6763 7.0149 0.18 1.02
1-2 64.4450 8.2204 0.3440 17.6725 2.8378 0.32
2-3 40.1716 7.3957 0.5638 8.6781 2.9096 0.52
DP-10/15-2 0-1 34.0756 6.3021 0.6236 14.6544 2.4404 0.58 0.58
1-2 36.9491 8.2857 0.5863 0 0
2-3 41.8154 11.4205 0.5277 0 0
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DP-10/15-3

DP-10/15-4

DP-10/15-5

DP-10/15-6

DP-11/15-7

DP-10/15-8

DP-10/15-9
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DP-10/15-13

DP-10/15-14

DP-10/15-15
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0-1
1-2
2-3
0-1
1-2
2-3
0-1
1-2
2-3
0-1
1-2
2-3
0-1
1-2
2-3
0-1

0-1
1-2

0-1
1-2

0-1
1-2
2-3
0-1

24.9385
25.2590
24.4659
59.9266
54.9344
51.3390
73.0110
67.7251
57.5066
80.4998
76.5262
75.5793
64.2227
59.6198
56.6312
84.8810
79.6887
74.4572
74.0070
76.4139
70.7848

84.1582
82.4628
87.3010
87.3197
83.7181
85.4766
89.3844
87.8373
86.3929
70.4239
76.0672
74.2665
49.2930
441711
42.6371
64.0194
55.3445
65.7061
85.5796

2.3295
2.4768
2.4443
8.1332
6.9335
6.9541

13.1330

11.7129
9.7330

16.8868

15.1042

15.6716

14.1580

13.1283

13.0060

17.9767

15.5932

12.8065

16.4659

18.0133

15.1931

55.1755
49.0050
57.5095
57.0858
42.7606
46.2413
28.8150
27.1417
25.5408
13.1618
16.5468
16.2480

9.8545

8.7326

8.5515
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13.1621
17.9975
36.9110

0.7356
0.7314
0.7391
0.3854
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0.4668
0.2579
0.3074
0.4025
0.1867
0.2240
0.2317
0.3325
0.3742
0.3995
0.1462
0.1951
0.2453
0.2444
0.2216
0.2743

0.1041
0.1283
0.0842
0.0852
0.1328
0.1162
0.1007
0.1150
0.1285
0.2809
0.2264
0.2425
0.4732
0.5222
0.5363
0.3297
0.4097
0.3110
0.1268

9.5808
0

0
11.8123
21.0485
0
36.4140
41.7632
31.4341
43.9240
0

0
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0

0
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38.8017
0

0

0
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0
0
39.6994
0
0
82.1468
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3.3972
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7.0058
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6.1480
6.0162

7.2681

13.6676
9.0803
5.9208

21.2160
6.7260

23.7078

31.5201
29.2888

7.5534

7.4132

23.2179
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0.29
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0.00
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0.00
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0.08
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1-2 85.5932 37.7820 0.1258 0 0
2-3 85.9421 39.2857 0.1217 53.4043 17.2705 0

DP-10/15-17 0-1 87.3755 44.3340 0.1061 0 0 0.00
1-2 84.8020 38.0872 0.1314 0 0
2-3 84.1157 37.3824 0.1372 0 0

DP-10/15-18 0-1 73.7444  35.0448 0.2120 0 0 0.00
1-2 69.8653 26.1111 0.2598 0 0
2-3 70.9203 26.0518 0.2522 0 0

DP-10/15-19 0-1 72.0044 14.3994 0.2650 48.6378 9.9155 0.23 0.23
1-2 77.6941 22.2047 0.2055 0 0
2-3 82.4236 32.2774 0.1557 0 0

DP-10/15-20 0-1 56.3981 10.8780 0.4085 0 0 0.00
1-2 73.4470 21.5503 0.2413 0 0
2-3 74.2759 24.4898 0.2298 0 0

DP-10/15-21 0-1 76.5811 14.1961 0.2245 0 0 0.00
1-2 69.8514 13.0601 0.2861 0 0
2-3 70.5833 13.9124 0.2782 0 0

DP-10/15-22 0-1 72.1298 15.3409 0.2624 87.7644 19.1794 0.22 0.22
1-2 70.0316 13.7322 0.2834 0 0

2-3 69.7125 13.3667 0.2868 0 0
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