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IMPLICATIONS OF ENVIRONMENTAL CHANGE FOR WETLAND VULNERABILITY AND

CARBON STORAGE IN COASTAL LOUISIANA

DISSERTATION ABSTRACT

Natural systems can be altered, over a wide range of time scales, through changes in
environmental conditions. In the Mississippi Delta, which has been shaped by changes in sediment
deposition and sea level at the land-ocean interface over the Holocene, changes to environmental conditions
lead to state changes that can be observed in both modern ecosystems and the depositional record. Alluvial
strata (which comprise the bulk of the world’s sedimentary record) can provide insight into past triggers for
ecosystem state changes and can be compared to modern monitoring data to paint a fuller picture of system
response to environmental change. Given the large potential impact of anthropogenic climate change on
natural systems, this combination of modern and paleo-environmental information may improve our ability
to predict future conditions.

This dissertation explores coastal and delta plain ecosystem responses to environmental change,
particularly relative sea-level rise over annual to millennial timescales (Chapters 2 and 3) and rates of
carbon storage by organic and clastic deposits in the Mississippi Delta (Chapter 4). Chapter 2 describes the
results of an analysis of how subsidence and relative sea-level rise affect modern wetlands in coastal
Louisiana. Using 274 rod surface-elevation table — marker horizon records, GPS measurements, and
satellite altimetry data from the Gulf of Mexico, this chapter assesses present-day wetland vulnerability
given current environmental conditions.

Chapter 3 describes an analysis of how changes in past environmental conditions, specifically
variable rates of relative sea-level rise, impacted marshes in the Mississippi Delta throughout the Holocene.
Using 355 sediment cores, this chapter identifies relative sea-level rise tipping points that lead to marsh
collapse and a state shift from marsh to open water. Using **C dating, foraminiferal assemblage analysis,

and stable isotope geochemistry, this chapter also estimates the time necessary for reestablishment of



terrestrial conditions after an initial marsh collapse and conversion to open water at one selected location.
Together, these results provide a framework for projecting likely marsh response to future increased rates
of relative sea-level rise in coastal Louisiana. The combination of these studies provides a more complete
picture of modern and future wetland vulnerability in coastal Louisiana and provides unique insights into
the limitations of short-term observational studies of marsh conditions for projecting long-term outcomes in
response to environmental change.

Chapter 4 describes the results of a comparative analysis of carbon storage rates in organic and
clastic deposits within the Holocene sedimentary record near Bayou Lafourche in the Mississippi Delta.
Using **C and OSL dating, elemental analysis, and bulk density measurements collected from three
sediment cores, this chapter calculates carbon storage rates to determine the relative carbon storage
efficiency of these deposits. This chapter provides an important comparison to similar work in deltaic
deposits of the Wax Lake Delta. Furthermore, the high rates of carbon storage within the dominantly clastic
deposits, which are interpreted as a proxy for planned sediment diversions in the region, provide an

estimate for future carbon storage potential by these coastal restoration efforts.
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1. Introduction

The modern landscape of coastal Louisiana, including the Mississippi Delta plain, has been
formed and subsequently altered through the complex interactions of natural and human processes. While
North American watersheds have drained into the Gulf of Mexico since the early Cretaceous (Buffler,
1991) and the region is underlain by an extensive, largely compaction-free Pleistocene-aged deposit (Fisk,
1938), it is Holocene deposition that has arguably defined coastal Louisiana and the Mississippi Delta
plain.

Dating back to the 1930s, geologic research on the Holocene Mississippi Delta plain (e.g.
Trowbridge, 1930; Russell, 1936; Fisk, 1938) revealed that great swaths of coastal Louisiana’s land were a
result of the overlapping deposits of abandoned Mississippi River delta lobes. In the 1940s and 1950s,
further research (e.g. Russell, 1940; Fisk, 1944; Fisk et al., 1954; Fisk and McFarlan, 1955; Kolb and Van
Lopik, 1958) refined the understanding of the processes behind these deposits, known as delta cycling, that
involved the progradation of a delta lobe in one location followed by subsequent river path abandonment
and shift of deposition to another area following avulsion.

Reworking of delta sediments through transgressive events following delta abandonment (Penland
et al., 1988) and deposition of riverine sediments through overbank flooding, crevasse splays, and
distributary systems has further altered the Holocene geology of the region (e.g. Saucier, 1994; Roberts,
1997). Organic deposits, notably thick peat beds, also underlie the Mississippi Delta plain (Fisk, 1960;
Frazier and Osanik, 1969; Kosters et al., 1987) and formed through the anaerobic burial of alluvial and/or
coastal wetland vegetation (e.g. Tye and Kosters, 1986; Kosters et al., 1987; Kosters, 1989) linked to
changes in sea-level rise through the Holocene.

Historically, marshes in the Mississippi Delta plain existed at the intersection of fluvial and coastal
influences. Freshwater marshes adjacent to the natural levees of the Mississippi River and the proximal

portion of its distributaries were maintained through periodic flooding that supplied freshwater and



sediment to the alluvial plain, while salt marshes benefitted from tidal transport of marine sediments and
nutrients onto the marsh surface. Salinity was also mediated by the interaction of freshwater and saltwater
throughout these marsh systems. Importantly, overbank flooding as well as levee breaching by crevasse
splays provided marshes with freshwater, nutrients, and sediments that helped alleviate salt stress, allowing
marsh vegetation to thrive. These clastic and organic contributions helped maintain marsh surface elevation
and allowed marshes to persist, even as relative sea level rose through time.

Since the start of the 20" century, significant environmental changes — in particular, man-made
changes — have led to remarkable land loss in coastal Louisiana. In the past ~80 years, the state of
Louisiana has suffered ~5000 km? of land loss with very little land building (concentrated around the
mouth of the Atachafalaya River) to counteract it (Couvillion et al., 2017). A decades long history of river
leveeing by the US Army Corps of Engineers and significant upstream damming to provide flood
protection for Midwestern communities has decreased sediment supply to the delta and alluvial plain (e.g.
Blum and Roberts, 2009) resulting in less clastic deposition to support land building and marsh
maintenance. Extensive land use changes have resulted from oil and gas exploration and development in
the region, including the alteration of hydrology and marsh integrity due to dredging of navigation canals
(Day et al., 2000), and altered rates of subsidence due to subsurface fluid extraction (Kolker et al., 2011).

Rapid marsh loss in coastal Louisiana not only alters the state in map view but also increases
migration pressures on indigenous coastal populations (Maldanado et al., 2013) and significantly decreases
the value of ecosystem services provided by wetlands, including wildlife habitat and storm protection
(Costanza et al., 2014) and carbon storage (DeLaune and White, 2012). Furthermore, the issue of large
scale land loss is only exacerbated by the interconnectedness of these ecosystems, with initially localized
marsh collapse often expanding to larger areas as the overall system is weakened (Fagherazzi, 2013; Ortiz
etal., 2017).

Given the importance of these coastal ecosystems and the threats to their persistence in the
landscape, many studies have been undertaken to characterize current coastal conditions in an attempt to
project future outcomes. For instance, modern wetlands are at risk from the impacts of current and future
climate change, particularly relative sea-level rise (RSLR) (e.g. USGCPR, 2017). In order to better

understand what the future may hold for coastal marshes in Louisiana, it is important to have a clear



3
baseline of current conditions and short-term vulnerability. Over the past 30 years, surface-elevation tables
have been used to track changes in surface elevation and vertical accretion in both natural and
experimentally manipulated marsh settings (e.g. Ford and Grace, 1998; Lane et al., 2006; Day et al., 2011;
Cahoon et al., 2011). These studies have traditionally been limited in size, with, generally fewer than 20
surface-elevation table sites in use for a given study, prompting calls (Lovelock, et al., 2015; Webb et al.,
2013) for large-scale, regionally continuous monitoring. Such a large-scale monitoring effort could
significantly add to our understanding of marsh vulnerability to environmental change in coastal Louisiana.

To more effectively predict future marsh response to increasing rates of RSLR, records of
response to Holocene changes in sea level are important as it is not assured that observations for the past 5-
10 years will translate into longer-term wetland resilience. In the Mississippi Delta plain, alluvial strata
contain information about past changes including the timing and location of delta building and progradation
(e.g. Fisk, 1938; Roberts, 1997; Shen et al, 2015; Chamberlain et al., 2018) and delta switching events (e.g.
McFarlan, 1961; Frazier, 1974; Saucier, 1964; Tornqgvist et al., 1996).

Environmental responses to changes in Holocene sea level, including rapid RSLR events, are also
recorded in alluvial strata (Tornqvist et al., 2004a; Térnqvist et al., 2004b; Gonzalez and Térnqvist, 2009).
However, there is potential for additional insights to be extracted from the alluvial record, in conjunction
with these previous sea-level studies, to answer questions about the link between RSLR and Holocene
landscape evolution. For instance, we know that some sites have drowned and then had terrestrial
conditions being re-established, but it is not well understood what changes to environmental conditions,
and at what rates, lead to these outcomes, as well as their implications for a coastal Louisiana at risk due to
anthropogenic climate change and RSLR.

Environmental change can also impact geochemical cycles. Organic carbon (OC) is exchanged
between the terrestrial, marine, and atmospheric reservoirs on short (annual to decadal) and long
(centennial to millennial) time scales. It is well-known that organic-rich deposits, such as peats derived
from coastal marshes, accumulate carbon at rapid rates of ~200 g/m%yr (Chmura et al., 2003; Baustian et
al., 2017) in modern ecosystems. What is less well-known is whether this modern (annual to decadal time
scale) OC accumulation rate is representative of long-term (centennial to millennial time scale) OC storage

rates for organic rich deposits. Furthermore, it is unknown how depaosition in different subdelta



environments (e.g., inland, freshwater swamps in the delta plain, flood basins, and crevasse splays)
compare in terms of OC storage rates over longer time scales. The rich alluvial record in the Mississippi
Delta plain, with extensive peat beds and diversion-like crevasse-splay deposits, could be analyzed to
determine how carbon storage for these different deposits compare and to examine possible implications

for the global carbon cycle as well as coastal restoration efforts.



from marshes in North America and Europe suggests that concerns about marsh vulnerability to sea-level
rise may have been overstated (Kirwan et al., 2016). However, these authors also acknowledge the “limits
to marsh adaptability in places such as coastal Louisiana”, a region they recognize as underrepresented in
their study. With present-day relative sea-level rise (RSLR) rates among the highest in the world (12 £+ 8
mm yr?), coastal Louisiana may provide a window into the future for similar settings worldwide given
global sea-level predictions with similar rates later in this century.

Louisiana’s coastal wetland loss (~5000 km? between 1932 and 2010; Couvillion et al., 2011) is a
complex problem, impacted by decreased sediment supply due to river leveeing and damming (Blum and
Roberts, 2009), dredging of navigation canals (Day et al., 2000), and subsurface fluid extraction (Kolker et
al., 2011). The resilience of coastal wetlands is influenced by a number of feedbacks (FitzGerald et al.,
2008; Fagherazzi et al., 2012) and for these ecosystems to persist, surface elevation must be gained at a rate
that equals or exceeds that of RSLR, particularly since landward migration is not always possible (Kirwan
and Megonigal, 2013). Short-term (annual to decadal) resilience often involves non-linear responses to
environmental factors that may be detrimental over longer timescales. For example, RSLR may induce
short-term positive surface-elevation change (SEC) through increased mineral deposition during inundation
(Reed, 1995). Modest environmental stress from RSLR may spur increased plant productivity (Morris et
al., 2002), organic matter accretion, and trapping of clastic sediment (Fagherazzi et al., 2012) in some
cases, although for wetlands with limited elevation capital (i.e., low initial elevation as is the case in coastal
Louisiana) prolonged inundation decreases plant productivity (Kirwan and Guntenspergen, 2012).
Importantly, vertical accretion (VA) at the wetland surface can be partially or entirely offset by subsidence,
including shallow subsidence (SS). Therefore, the interplay between these two variables determines
whether net surface-elevation gain occurs (Cahoon et al., 1995) (Fig. 2.1).

An influential attempt to model marsh dynamics (Morris et al., 2002) found that salt marshes may
be able to withstand RSLR rates up to ~12 mm yr™, given optimal primary productivity and high sediment
loading in a mesotidal environment with monotonic RSLR. A subsequent synthesis of five numerical
models (Kirwan et al., 2010) concluded that marshes with suspended sediment concentrations of >20 mg I
and a tidal range of <1 m — conditions applicable to coastal Louisiana — may not become vulnerable to

drowning until RSLR rates are on the order of ~10 mm yr™. However, observational evidence to test these
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Figure 2.1. Relationship between study variables. Representation of surface-elevation change, vertical
accretion, shallow subsidence (vertical accretion — surface-elevation change), deep subsidence, total
subsidence (shallow subsidence + deep subsidence), sea-level rise, and relative sea-level rise (total
subsidence + sea-level rise) as used in this study. When the vertical accretion rate exceeds the rate of
relative sea-level rise there is an accretion surplus; when the vertical accretion rate is less than the rate of
relative sea-level rise there is an accretion deficit. Figure is not to scale. Modified from Webb et al., 2013.



model results is sparse. Currently available SEC rates are derived from relatively small case studies in
coastal Louisiana (Ford and Grace, 1998; Lane et al., 2006; Day et al., 2011; Cahoon et al., 2011) (<20
sites; Appendix A, Table A2) and have produced results that are inconclusive as to whether RSLR outpaces
wetland surface-elevation gain. Additionally, the complex feedbacks of multiple variables (e.g., vegetation
type and initial elevation) vary among wetland sites, limiting the usefulness of data from a small number of
sites to elucidate broader trends. Thus, it is increasingly clear that much larger datasets are required to
address this problem (Kirwan et al., 2016; Lovelock et al., 2015).

Here we test the hypothesis that wetlands in coastal Louisiana are keeping up with present-day
rates of RSLR. We evaluate 274 new records (Fig. 2.2) derived from rod surface elevation table — marker
horizon (RSET-MH) measurements, a well-established method for studying coastal wetland change (Webb
et al., 2013). Our dataset, provided through Louisiana’s Coastwide Reference Monitoring System (CRMS)
(Steyer et al., 2003), is an order of magnitude larger than any currently available regionally continuous
dataset worldwide (Appendix A, Table A2). The size and density of this dataset therefore offer
unprecedented opportunities for studying present-day coastal wetland dynamics along with its
uncertainties, spatial patterns, and the delicate interplay between VA, SS, and SEC (Fig. 2.1). We find that
many wetland sites across coastal Louisiana, and especially those concentrated in its westernmost portion,

exhibit an accretion deficit that results in vulnerability to modern rates of RSLR.

2.3 Results
2.3.1 Calculated rates

SEC rates exhibit substantial variability among individual sites (s.d. = 7.4 mm yr; Table 2.1).
Mean (5.7 mm yr'*) and median (5.8 mm yr™) SEC rates are higher in the Mississippi Delta than in the
Chenier Plain (-0.2 and -0.5 mm yr, respectively) (Fig. 2.2a, Table 2.1). This difference is statistically
significant according to a one-way ANOVA test (F(1,272) = 43.5, p = 2.2E-10). It is important to note that
SEC rates are expressed with respect to the base of the RSET rod, which may itself be subsiding. This
would make our measured rates upper limits for the true SEC values. However, recent studies (Yu et al.,

2012; Wolstencroft et al., 2014; Karegar et al., 2015) allow us to estimate deeper subsidence rates for sites
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anchored below the Pleistocene surface where rates are comparatively stable, as discussed in more
detail below.

VA rates also vary widely (s.d. = 7.8 mm yr’; Table 2.1). Mean (12.8 mm yr') and median (11.3
mm yr) VA rates in the Mississippi Delta are considerably higher than in the Chenier Plain (6.3 and 5.9
mm yr, respectively) (Fig. 2.2b, Table 2.1); this difference is also statistically significant (F(1,272) =
48.3, p = 2.7E-10). In contrast with previous studies (Fagherazzi et al., 2012), our results do not show a
significantly higher VA rate for wetlands at lower elevations as compared to those at higher elevations.
This is likely due to the narrow elevation range among the sites (-0.2 m to 0.6 m, Supplementary Data 2.1),
a reflection of the microtidal regime in coastal Louisiana. No meaningful differences in SEC and VA rates

between wetland types were observed (Appendix A, Table A3).

2.4 Discussion

Differences in SEC and VA rates between the Mississippi Delta and the Chenier Plain (Appendix
A, Fig. Al) may be related to the differing geomorphological features and processes in each region (e.g.,
proximity to riverine sediment inputs, connectivity to the Gulf of Mexico, impact of chenier ridges and
impoundments). The trend of SEC and VA rates within the Chenier Plain, decreasing from east to west
(Figs. 2.2a, b), supports this interpretation. The areas with higher SEC and VA rates in the Mississippi
Delta likely reflect deposition during frontal passage and tidal exchange (Roberts et al., 2015), storm events
(Tweel and Turner, 2012), or major floods (Falcini et al., 2012).

Our results show a high spatial variability of SS rates with no geographic trend (Fig. 2c). We find
that median Mississippi Delta (6.0 mm yr™) and Chenier Plain (5.8 mm yr™) SS rates are strikingly similar
(Fig. 2.2c, Table 2.1). Previous work has suggested that subsidence rates increase with the thickness of
Holocene strata (Karegar et al.,2015; Meckel et al., 2006; Torngvist et al., 2008; Blum and Roberts, 2012).
Holocene deposits are generally much thicker (32.8 £ 22.5 m) in the Mississippi Delta than in the Chenier
Plain (5.8 £ 3.5 m) (Fig. 2.3), yet the SS rates for the two regions are indistinguishable. This indicates that
SS rates are primarily controlled by shallow sediment compaction known to vary rapidly over short
distances (Torngvist et al., 2008), and fully captured in the 5-10 m thick Holocene veneer of the Chenier

Plain. The median SS rate for Mississippi Delta sites anchored in the consolidated Pleistocene substrate



Table 2.1. Rates of change in coastal Louisiana wetlands

11

Overall surface-elevation
change rate
(mmyr™) (n=274)

Mean 3.8
Median 4.1
Standard

Deviation 7.4
Minimum -41.0
Maximum 46.0

Mississippi Delta surface-
elevation change rate
(mmyr™) (n=185)

Mean 5.7
Median 5.8
Standard Deviation 7.2
Minimum -41.0
Maximum 46.0

Chenier Plain surface-
elevation change rate
(mmyr?) (n=89)

Mean -0.2
Median -0.5
Standard Deviation 6.3
Minimum -17.3
Maximum 22.5

Overall vertical
accretion rate
(mmyr?) (n=274)

Mean 10.7
Median 9.5
Standard

Deviation 7.8
Minimum 0.2
Maximum 83.7

Mississippi Delta vertical
accretion rate
(mmyr™) (n=185)

Mean 12.8
Median 11.3
Standard Deviation 8.4
Minimum 1.6
Maximum 83.7

Chenier Plain vertical
accretion rate
(mmyr™) (n=89)

Mean 6.3
Median 5.9
Standard Deviation 3.7
Minimum 0.2
Maximum 20.6

Overall shallow
subsidence rate
(mmyr?) (n=274)

Mississippi Delta shallow
subsidence rate
(mmyr™) (n=185)

Chenier Plain shallow
subsidence rate
(mmyr™) (n=89)

Mean 6.8 Mean 7.1 Mean 6.5

Median 6.0 Median 6.0 Median 5.8

Standard

Deviation 7.9 Standard Deviation 8.7 Standard Deviation 6.3

Minimum -39.4 Minimum -39.4 Minimum -11.2

Maximum 60.7 Maximum 60.7 Maximum 22.9
Overall total Mississippi Delta total Chenier Plain total

subsidence rate
(mmyr?) (n=274)

Mean 10.0
Median 8.7
Standard

Deviation 8.3
Minimum -35.0
Maximum 65.8

subsidence rate
(mmyr?) (n=185)

Mean 11.2
Median 10.0
Standard Deviation 8.8
Minimum -35.0
Maximum 65.8

subsidence rate
(mmyr?) (n=89)

Mean 7.5
Median 6.8
Standard Deviation 6.3
Minimum -10.2
Maximum 23.9

Overall relative sea-level

rise rate
(mmyr?) (n=274)
Mean 12.0
Median 10.7
Standard
Deviation 8.3
Minimum -33.0

Maximum 67.8

Mississippi Delta relative sea-
level rise rate
(mmyr?) (n=185)

Mean 13.2
Median 12.0
Standard Deviation 8.8
Minimum -33.0
Maximum 67.8

Chenier Plain relative sea-
level rise rate
(mmyr?) (n=89)

Mean 9.5
Median 8.8
Standard Deviation 6.3
Minimum -8.2
Maximum 25.9
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Figure 2.3. Surface-elevation table rod depth compared to the depth of the Pleistocene-Holocene
contact in coastal Louisiana. Depths are with respect to North American Vertical Datum of 1988. Because
the surface elevation at the 274 sites used in this study ranges from -0.2 to 0.6 m, the map (Heinrich et al.,
2016) can be interpreted as a Holocene isopach map. Scale bar is 50 km.
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(6.1 mmyr, n = 64, mean depth of Pleistocene surface 10.1 m; Fig. 2.3) is remarkably similar to the
median SS rate for all Mississippi Delta sites, confirming that the majority of SS is occurring in the
shallowest portion of the Holocene succession. Taking into account the limited thickness of Holocene strata
in the Chenier Plain, we conclude that SS occurs mainly in the uppermost 5-10 m.

In order to assess whether wetlands are keeping pace with RSLR, the rate of RSLR must be
determined with respect to the land surface. Tide gauges measure RSLR with respect to benchmarks that in
settings like coastal Louisiana are typically anchored a few tens of meters below the land surface. In view
of our finding that shallow subsidence accounts for a large proportion of total subsidence (and, thus,
RSLR), tide gauges in this region do not capture the full amount of RSLR. Therefore, unlike most previous
studies that have relied on tide gauges, we calculate the rate of RSLR with respect to the land surface for
each individual site by adding an estimate of the deep subsidence (DS) rate and the present-day rate of sea-
level rise in the Gulf of Mexico to the known SS rate. In the Mississippi Delta, RSET-MH measurements of
SS and GPS measurements of DS are complementary, given that GPS anchor depths (mostly >15 m;
Appendix A, Table A4) are generally comparable to mean RSET rod depths (22.9 £ 6.3 m). GPS records
show that DS rates increase toward the coast (Karegar et al., 2015) with an approximately linear trend
(Blum and Roberts, 2012). We use this relationship (Fig. 2.4) to quantify the DS rate as a function of
latitude at the Mississippi Delta sites. For Chenier Plain sites, a rate of 1 mm yr is used to characterize DS,
based on GPS data from outside the Mississippi Delta (Karegar et al., 2015) and supported by glacial
isostatic adjustment modeling for the central US Gulf Coast (Wolstencroft et al., 2014), in turn constrained
by high-resolution Holocene RSL data (Yu et al., 2012). The sum of SS and DS vyields the total subsidence
(TS) rate (Fig. 2.1) for each site (Table 2.1) and we find that SS accounts for 60% and 85% (on average) of
TS in the Mississippi Delta and Chenier Plain, respectively. Finally, we add the mean rate of sea-level rise
in the Gulf of Mexico from 1992-2011 satellite altimetry data (2.0 + 0.4 mm yr™) (Letetrel et al., 2015).
The mean present-day rate of RSLR is 12.0 + 8.3 mm yr™* overall (Fig. 2.2d, Table 2.1) and 13.2 + 8.8 and
9.5 + 6.3 mm yr™ in the Mississippi Delta and the Chenier Plain, respectively. These rates are slightly
higher than previously published rates of RSLR (Penland and Ramsey, 1990) of ~12 and 6 mm yr™ as
obtained from tide-gauge records in the two regions, respectively. It should be noted, however, that our

methodology is fundamentally different. Tide gauges measure RSLR with respect to an anchor point well
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below the land surface and therefore do not capture the SS component. The relatively high rates that were
recorded nevertheless can most likely be attributed to the fact that the published tide-gauge data cover a
time interval considerably older than our records. It has been shown (Kolker et al., 2011) that the high rates
of oil and gas extraction between 1950 and 1980 were a likely contributor to the anomalously high rates of
RSLR during that time period.

We assess present-day coastal wetland vulnerability by plotting RSLR rates vs. VA rates and find
that the data in the Mississippi Delta generally cluster around a 1:1 line (Fig. 2.5a). Sites that fall slightly
below the 1:1 line may also persist, as a limited accretion deficit can be counteracted by increased
productivity in the short term. Therefore, we consider sites with an accretion deficit of >2 mm yr™* below
the present-day RSLR rate particularly vulnerable. In the Mississippi Delta, 35% of sites exhibit such an
accretion deficit. In contrast, despite the lower rates of RSLR, the Chenier Plain (Fig. 2.5b) is currently
facing accretion deficits at 58% of the sites. The Chenier Plain exhibits a higher concentration of vulnerable
sites in its western portion, where 64% of sites are not keeping up with RSLR. These findings are
consistent with the sustained wetland loss in this area (Couvillion et al., 2011), although it is important to
note that our analysis does not specifically consider the possible impact of smaller scale geomorphological
features (e.g., alluvial ridges, chenier ridges) on inundation patterns. Both regions feature striking
juxtapositions (Supplementary Data 2.1) with highly vulnerable sites that are in close proximity to sites
where the VA rate currently exceeds the rate of RSLR.

We should stress that our assessment of wetland vulnerability is highly conservative. First, the
methodology excludes any sites with negative VA (i.e., erosion), thus inflating mean VA rates. Second, the
sites are inherently biased toward stability because RSET-MH stations tend not to be located in rapidly
degrading settings (e.g., wetlands that are currently converting to open water). Finally, while the mean rate
of sea-level rise in the Gulf of Mexico appears to have remained below the global mean over the past few
decades (Roberts et al., 2015), it is far from certain that this will continue to be the case in the future,
considering, for example, increasing rates of Antarctic ice melt (Mitrovica et al., 2009; DeConto and
Pollard, 2016).

Our conclusions therefore represent a best-case scenario for coastal Louisiana and it remains to be

seen whether observations for the past 5-10 years will translate into longer-term wetland resilience. While
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Figure 2.5. Vulnerability of coastal Louisiana wetlands to present-day rates of relative sea-level rise.
a, Mississippi Delta; b, Chenier Plain. Sites that fall within the accretion surplus field have vertical
accretion rates that exceed the rate of relative sea-level rise. Sites within the gray buffer zone have an
accretion deficit that is <2 mm yr™ and are assumed herein not to be vulnerable (although this is uncertain).
Sites that fall below this buffer zone have an accretion deficit >2 mm yr™* and are considered vulnerable
given current rates of relative sea-level rise. Outliers in the Mississippi Delta (n = 5, with 4 experiencing an
accretion surplus) are not shown for ease of comparison between the two regions.
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the inevitable increase in the rate of RSLR may be counteracted in carefully selected portions of the
Mississippi Delta by means of major sediment diversions (Paola et al., 2011), the Chenier Plain is already
in serious jeopardy due to its isolation from the primary sediment source (i.e., the Mississippi River) and
less favorable topographic conditions (i.e., chenier ridges). This is particularly the case in the western
Chenier Plain which represents a highly vulnerable ~3000 km? area where accretion deficits are currently
already substantial. Since coastal Louisiana is currently experiencing rates of RSLR that will become
increasingly common across the globe in the future, our findings may provide a less optimistic perspective

on the fate of coastal wetlands worldwide than what recent studies have suggested.

2.5 Methods
2.5.1 Data source and selection criteria

The Coastwide Reference Monitoring System (CRMS) (Steyer et al., 2003) has been operational
since 2006 and at present consists of 391 sites across coastal Louisiana. At each CRMS site, SEC, VA, and
vegetation data (among others) are collected through a partnership of the United States Geological Survey
and Louisiana’s Coastal Protection and Restoration Authority; all raw data used in this study are publicly
available online (CPRA, 2016). A subset of 274 CRMS sites (Fig. 2.3, Table 2.1) was selected based on the
following criteria: (1) they have never had to be re-established due to damage; (2) they have a continuous
VA record from one set of marker horizons (MH); and (3) the monitoring period is > 5 years. Vegetation
monitoring results were used to investigate possible differences between wetland types (Visser et al., 2002)

(Appendix A, Table A3).

2.5.2 Data collection

Data collection was overseen by United States Geological Survey and Coastal Protection and
Restoration Authority staff through the CRMS program and followed the RSET-MH methodology (Cahoon
et al., 2002). A rod was driven vertically into wetland sediments to the point of refusal (mean coastwide rod
depth is 20.6 + 6.8 m) and secured with a P\VC-pipe-bounded concrete casing at the surface (Folse et al.,
2014). During each site visit the RSET arm was attached to the rod and in each of 4 directions, 9 pins were

lowered to rest on the wetland surface, for a total of 36 pin height measurements per site visit. Initial pin
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heights provide a baseline. SEC, measured biannually, was determined by taking the difference between
site visit and baseline pin heights and then taking the mean of all 36 measurements.

Vertical accretion (VA) measurements were carried out using a liquid N, cryo-coring
methodology (Cahoon and Lynch, 1996). During the first 36 months after CRMS site establishment,
measurements were taken every 6 months. Four measurements were taken from each of 3 MHs which
comprise the first establishhed VA plot set (known as “Plot Set 1””). Measurements were then repeated
every 18 months until the MH were no longer intact and the plot set no longer yielded data (Folse et al.,
2014). All sites included in this study have complete VA records through Fall 2015. A mean of the 12 VA
measurements was calculated after each site visit. SEC and VA rates were calculated using linear
regression. SS is defined as VA minus SEC (Reed, 1995) relative to a fixed vertical reference point (i.e.,
the rod depth), or the amount of SEC that does not result from the addition/subtraction of material at the
land surface (Fig. 2.2).

CRMS protocols require SEC and VA data collection to be conducted from a raised boardwalk
with access from the same location during each site visit to ensure that personnel do not disturb the site.
Whenever possible, measurements at a given site are taken by the same individuals as previous
measurements to ensure consistency and familiarity with site conditions. Finally, data is entered and all
data is subsequently verified before being released to ensure data quality (Folse et al., 2014). These steps

limit potential error during data collection.

2.5.3 Statistical analyses

To examine the potential effect of including highly noisy records (i.e., records for sites with
significant scatter around the linear trend of SEC or VA) on our statistical analyses, we compared the
results using the full dataset (n = 274) to a dataset with the highest SEC and/or VA root mean square error
records removed (n = 227). While this reduced the standard deviation in several cases, the mean and
median values were essentially unchanged. As a result, we did not omit any CRMS sites from our statistical

analysis due to noisiness.
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Descriptive statistics were calculated for overall SEC, VA, and SS rates, as well as for the
Mississippi Delta and the Chenier Plain separately (Table 2.1). One-way Analysis of Variance (ANOVA)
tests were carried out to determine if differences in mean SEC, VA, and SS rates were statistically

significant for the Mississippi Delta and Chenier Plain data subsets, as well as for different wetland types

(Appendix A, Table A4; Appendix A, Fig. Ab).



2. Vulnerability of Louisiana’s coastal wetlands to present-day rates of relative sea-level rise
This work has been published and this chapter presents that work as found in:
Jankowski, K. L., Térnqvist, T. E., & Fernandes, A. M. (2017). Vulnerability of Louisiana’s coastal

wetlands to present-day rates of relative sea-level rise. Nature Communications, 8, 14792.

2.1 Abstract

Coastal Louisiana has lost about 5000 km? of wetlands over the past century and concern exists
whether remaining wetlands will persist while facing some of the world’s highest rates of relative sea-level
rise (RSLR). Here we analyze an unprecedented dataset derived from 274 rod surface elevation table-
marker horizon stations, to determine present-day surface-elevation change, vertical accretion, and shallow
subsidence rates. Comparison of vertical accretion rates with RSLR rates at the land surface (present-day
RSLR rates are 12 + 8 mm yr'') shows that 65% of wetlands in the Mississippi Delta (SE Louisiana) may
keep pace with RSLR, whereas 58% of the sites in the Chenier Plain (SW Louisiana) do not, rendering
much of this area highly vulnerable to RLSR. At least 60% of the total subsidence rate occurs within the
uppermost 5-10 m, which may account for the higher vulnerability of coastal Louisiana wetlands compared

to their counterparts elsewhere.

2.2. Introduction

Coastal wetlands provide exceptionally valuable ecosystem services, including wildlife habitat,
food production, biogeochemical cycling, and storm-related disturbance regulation (Costanza et al., 2014).
Globally, 64-71% of wetlands (including coastal wetlands) have been lost since 1900 AD (Davidson,
2014). Louisiana is home to 40% of wetlands in the contiguous United States, yet has suffered 80% of the

total wetland loss (Bourne, 2000). A recent analysis of surface-elevation change and vertical accretion data



3. Holocene coastal marsh drowning and re-emergence in response to relative sea-level rise

3.1 Introduction
Ecosystem resilience is defined as the magnitude of disturbance that a system can experience
before it shifts from an initial state to an alternate state (Holling, 1973) and is directly related to the

environmental conditions affecting that ecosystem. Changes to external forcings, such as inter-annual
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climate variability or the rate of relative sea-level (RSL) rise, can trigger rapid environmental changes (e.g.,

Hoegh-Guldberg, 1999, Breshears et al., 2005), whether those changes are due to a distinct disturbance
event or are the result of more gradual shifts to external forcings on decadal to centennial timescales. For
ecosystems where the cumulative effect of gradual environmental change moves the system past a
disturbance threshold, the resulting shift from an initial state and set of environmental conditions to an
alternate state with different environmental conditions may be non-linear (Gunderson et al., 2002) and
drastic (e.g. Scheffer and Carpenter, 2003; Steneck et al., 2002). For marsh ecosystems, this concept of
shifting state after reaching a disturbance threshold may have important implications in a world with
increasing rates of relative sea-level (RSL) rise.

We can use a conceptual model (Fig. 3.1) to consider the impacts of rising rates of RSL on a
coastal marsh ecosystem characterized by very low elevations and with very low elevation gradients. To
remain in a terrestrial state, coastal marshes require the rate of organic and/or clastic accretion to equal or
exceed the rate of RSL rise. Ecosystem responses to changes in the external forcings that control this
balance vary depending on the degree and duration of the change and can be characterized by shifts
between two equilibria (Fig. 3.1 a) or even multiple equilibria (Fig 3.1 b) depending on ecosystem
conditions. The modest environmental stress experienced by marshes facing increasing rates of RSL rise
may initially increase plant productivity (Morris et al., 2002), organic matter accretion, and trapping of

clastic sediments (Fagherazzi et al., 2012), allowing these ecosystems to persist on annual to decadal
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Ecosystem state

Conditions

Figure 3.1. Conceptual model of potential environmental responses for a marsh ecosystem. A marsh
begins at an initial state (S1), in this case as a terrestrial ecosystem, and maintains the initial state through
changes in conditions (along the dashed line) until it reaches a tipping point (white X) so that there is a
state shift and the ecosystem shifts to an open water condition (blue field) and maintains this alternate state
(S2) until the external forcings reverse to a more favorable condition leading to recovery and re-
establishment of a terrestrial ecosystem. Figure is modified from Scheffer et al., 2001.
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timescales (Chapter 2). This continues until a threshold is reached and increasing RSL rise rates can no
longer be withstood. When the sustained RSL rise-related stress results in more frequent flooding and
causes vegetation stress and/or die-back (Mendelssohn et al., 1981; DeLaune et al., 1983), it can lead to
vegetation mortality and root network structure collapse (DeLaune et al., 1994). This is an example of a
RSL rise rate threshold being reached, where the ecosystem has a non-linear response as reflected by
catastrophic marsh drowning (Couvillion and Beck, 2013) and conversion to open water.

The rates of RSL rise that trigger drowning remain poorly constrained due to uncertainties
associated with models and difficulty of assessing the short observational record. Theoretical models have
suggested that marshes can keep up with rates of RSL rise of ~10 mm/yr (Morris et al., 2002) or higher
depending on local conditions such as suspended sediment concentration (SSC) and tidal range (Kirwan et
al., 2016). However, surface-elevation change and vertical accretion measurements from 185 sites across
the Mississippi Delta (Chapter 2) showed that modern marshes are facing mean rates of RSL rise of ~13
mm/yr over the period of observation (6-10 years), with approximately 1/3 of these sites currently at risk of
drowning. A recent remote sensing-based study (Couvillion and Beck, 2013) predicts probable marsh
resilience to intermittent inundation depths of between ~150-350 mm above mean water level, depending
on marsh type (e.g. intermediate, brackish, or saline). This highlights that ecosystem history also plays a
key role in evaluating resilience: as part of a 20 year long study, a Mississippi Delta marsh was observed to
collapse after being overwhelmed by modern RSL rise rates (Day et al., 2011). This marsh persisted for
several decades prior to and through the observation period (e.g. Cahoon et al., 1995; Rybczyk et al., 2002)
before finally collapsing, suggesting that observed marsh persistence in a time of increasing rates of RSL
rise may be heavily influenced by the duration of the observation window and that gradual environmental
change may lead to impacts that are simply not observable over annual to decadal time scales. Therefore,
the question remains what differences in marsh response to RSL rise may exist between annual to decadal
and centennial to millennial timescales.

To evaluate the resilience of wetlands on centennial to millennial timescales, we examine marsh
persistence over a range of RSL rise rates over the last 8.5 kyr, including the rapid rise during the early
Holocene. This time period is of particular interest because the high rates of sea-level rise observed prior to

~7 kyr ago due to the rapid, final retreat of the Laurentide Ice Sheet (e.g., Carlson et al., 2008) are similar
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to those expected by the end of this century (USGCRP, 2017) and a record of marsh response to those RSL
rise rates could inform projections of coastal stability in light of anthropogenic climate change and the
resulting accelerated RSL rise.

Using a RSL record, derived from 72 sea-level index points (SLIPs) collected from across the
Mississippi Delta (Fig. 3.2), and a set of 355 sediment core records (72 from the SLIP boreholes, and 283
from additional boreholes which lack direct age control; Appendix B, Table B1) we characterize
environmental change due to RSL rise over the past 8.5 kyr. Facies and facies succession analysis is used to
identify instances of state shift between terrestrial and open water conditions and, when linked with our
RSL record, can be used to better understand the rates of RSL rise that may serve as threshold rates for
those state shifts. We use these data to investigate marsh drowning and re-emergence in the Mississippi
Delta. First, we examine whether a threshold rate of RSL rise exists that leads to marsh systems shifting to
open water in the Mississippi Delta through the Holocene. Second, given that all our boreholes were drilled
on land, we know that once-drowned sites can re-establish terrestrial conditions, so we also estimate how
long that process takes.

In order to accomplish these tasks, we use a number of different data sources. First, we identify
common sedimentary facies (Table 3.1) within the 355 boreholes, interpret the facies successions (Table
3.2) and then compare these sedimentary records of paleo-environmental change across the Mississippi
Delta. Second, we combine our facies successions analysis with our SLIP-derived RSL curve (Fig 3.3) to
estimate rates of RSL rise experienced at the Pleistocene-Holocene transition horizon, which is defined
here geologically as the top of the Holocene paleosol overlying the Pleistocene basement sediments, for the
283 additional boreholes. This allows for the determination of which threshold rates of RSL rise are
associated with a state shift from terrestrial marsh to open water within the Mississippi Delta during the
Holocene. Whereas there are a number of mechanisms that can lead to marsh loss that are not directly tied
to RSL rise, particularly lateral marsh edge erosion (Fagherazzi, 2013), a strong relationship between RSL
rise rate and the occurrence of marsh drowning in our boreholes would suggest drowning is the mechanism
for the state shift from terrestrial to open water in our stratigraphic record.

We are also interested in estimating the amount of time it takes for terrestrial conditions to return
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Figure 3.2. Distribution of the 355 boreholes across the Mississippi Delta that were used for the
paleo-marsh analysis. Note that the distance between the two regions that were investigated (A, B) is
about 100 km and that boreholes within these two regions are scattered up to 40 km apart. This circumvents
sampling bias associated with local conditions that may not be representative for a wider region. The
location of the 15 boreholes illustrated in Fig. 3.4 is shown in orange or red. The location of the Lutcher IX

core is indicated (B).



Table 3.1. Facies classification of Holocene strata.

. . Sediment . Oxidiz Recognlgabl Sedimentary
Facies unit 1 Matrix color e fossil
texture ed Fe - structures
remains
2 Dark brown, Woody
Swamp peat Peat, clayey peat brown, gray brown Absent material Absent
Marsh peat® Peat, clayey peat Dark brown, Absent Herbacgous Absent
brown, gray brown material
Undifferentiate Peat, clayey peat Dark brown, Absent Absent Absent
d peat brown, gray brown
Well-drained ;
C_Ila Y, sllltylclay, Gray, brown gray | Present Absent Absent
swamp mud? silty clay loam
Poorly-drained Humic clay, Woody Sand lenses
, clay, silty clay, Gray, brown gray | Absent material ossible
swamp mud silty clay loam P
Humic clay, Herbaceous Sand lenses
Marsh mud® clay, silty clay, Gray, brown gray | Absent - .
. material possible
silty clay loam
Clay, silty clay, Shells and
silty clay loam, shell Laminations
Lagoonal mud | silt loam, sandy Gray Absent fragments .
. . possible
loam, very fine (e.g., Rangia
sand, fine sand* cuneata)
. . Humic clay,
Undgf;rjgtlate clay, silty clay, Gray, brown gray | Absent Absent Absent
silty clay loam
Paleosol Slightly humic Dark gray Absent Absent® Absent

silty clay loam

Descriptions of clastic facies follow the United States Department of Agriculture texture classification

system.

Freshwater environment.

Dominantly intermediate, brackish, or saline environments, although occasionally freshwater conditions
may occur.

Sandy layers are sometimes encountered in the lagoonal facies that are otherwise generally mud-
dominated.

Intruded roots are occasionally present, but organic matter is generally highly decomposed.



Table 3.2. Facies successions associated with basal Holocene strata.
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Facies Pleistocene- Lagoonal
. Holocene Terrestrial facies go Interpretation
succession o facies
transition
Paleosol overlain Overlie the No evidence
. . paleosol and
Fully terrestrial | by terrestrial mud Absent for marsh
extend throughout .
or peat drowning
the core
Overlie the
aleosol and Marsh
Paleosol overlain P Overlie >30 cm drowning
Gradually . extend >30 cm .
by terrestrial mud of terrestrial occurred over
drowned before lagoonal . .
or peat . facies centennial
mud is .
timescales
encountered
If present, overlie Marsh
Paleosol overlain the paleosol and . drowning
. . Overlie paleosol
Rapidly by terrestrial mud extend <30 cm occurred over
or <30 cm of .
drowned or peat, or by before lagoonal - . multidecadal
. terrestrial facies
lagoonal mud mud is or shorter
encountered timescales
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form of the relative sea-level curve (equation and parameters inset in figure). The rate of relative sea-level
rise is indicated with the black solid line, though our record truncates at 0.15 cal kyr B.P., thus missing the

modern relative sea-level acceleration.
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after initial drowning. To identify facies successions where an initially terrestrial site converts to open
water and then returns to terrestrial facies we use a combination of stratigraphic analyses and *C dating (as
above) along with microfossil and stable isotope analyses to track environmental change through time. We
can then use these data sets to characterize marsh ecosystem response to variable RSL rise rates (Fig 3.3)
and make an estimate of the duration of the recovery back to a terrestrial ecosystem at a previously

drowned site.

3.2 Methods
3.2.1 Sea-level index points and the RSL curve

This study relies on a high resolution ~8.5 kyr RSL rise record (Fig. 3.3) derived from 72 sea-level
index points (SLIPs) from across the Mississippi Delta (Fig. 3.2). SLIPs are recognized in the core
stratigraphy as organic-rich basal peat deposits which overlie a Holocene-aged, transgressive wetland
paleosol (Tdrngvist et al., 2004a; Vetter et al., 2017) atop a highly consolidated, virtually compaction-free
Pleistocene substrate (Fisk, 1938). These peats, which form in response to a rising groundwater level
(Jelgersma, 1961), are indicative of a point in the coastal landscape between mean sea level and mean high
water (Van de Plassche, 1986) and therefore represent a past sea-level elevation. §*3C ratios (Chmura et al.,
1987; Torngvist et al., 2004b), plant macrofossils (Térnqvist et al., 2004a), and foraminiferal assemblages
(Li etal., 2012) are used to infer paleo-environmental conditions and indicate that the majority of basal
peats formed in brackish to intermediate (i.e., intertidal) environments. This interpretation limits the
uncertainty of pinpointing RSL using basal peats because of the microtidal (~30 cm) regime of the
Mississippi Delta that likely persisted through most of the study period (Hill et al., 2011).

For each SLIP, the age was determined by **C dating of plant macrofossils within the basal peat
bed (see Yu et al., 2012 for further details). To develop the RSL rise record, the paleo-elevation of the basal
peat was defined by the midpoint of the *“C sample interval that was then adjusted based on the indicative
range for the basal peat and underlying paleosol as relative to a reference water level (a value calculated as
the mean of mean tide level and mean higher high water; Yu et al., 2012). The 72 SLIPs were plotted (Fig.
3.3) with respect to North American Vertical Datum of 1988 (NAVD 88) with paleo-elevations that range

from 0.23 to 15.62 m below the datum (Appendix B, Table B1).
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The curve fitting software package TableCurve2D, version 5.01.02

(www.sigmaplot.com.uk/products/tablecurve2d/tablecurve2d.php), was used to fit and rank 3665 equations
to obtain the RSL curve using the central values of the SLIPs (see Yu et al., 2012 for further details). Since
the Holocene RSL history of the Mississippi Delta region is dominated by glacial isostatic adjustment
(Love et al., 2016), we only considered curves characterized by monotonic RSL rise. Whereas subtle,
century-scale RSL fluctuations with amplitudes of a few decimeters (Gonzalez and Tornqvist, 2009) likely
existed, they would have a minor impact on the most important portion of our RSL record when rates of
RSL rise were the highest (i.e., the effect would be limited to subtle accelerations and decelerations). The
RSL fits were graphically evaluated and assessed for goodness of fit (R?) and the standard error between
the data and the fitted curve. Our selected RSL model takes the form y=(a+cx)/(1+bx). The RSL rise rate at

any point along the curve is determined by calculating the first derivative of this RSL curve (Fig. 3.3).

3.2.2 Facies and facies succession analyses

Initial stratigraphic analysis of paleo-environmental change was conducted using the 72 SLIP
cores. This analysis used detailed descriptions of texture (USDA soil classification system), organic matter
content, color, presence of plant or other fossil remains, and oxidation state to determine sedimentary facies
within each borehole at 10 cm increments. Each SLIP record features an organic-rich marsh facies that
immediately overlies the paleosol at the Pleistocene-Holocene transition, though the facies that overlie the
SLIPs vary widely, ranging from marsh and swamp muds to sediments deposited under open water
conditions (Table 3.1).

Facies successions (Table 3.2, Fig. 3.4) with terrestrial facies and no evidence for drowning are
classified as fully terrestrial. Facies successions that exhibit a terrestrial to open water state change are
classified as drowned. Facies successions lacking clear evidence for either fully terrestrial or drowned
status are classified as inconclusive. These classifications were then combined with the RSLR curve to

determine which rates of RSLR are threshold rates for marsh drowning.

3.2.3 Estimating ages from the RSL curve

Using core log records, the facies analysis was extended to 283 additional boreholes (Appendix B,
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Figure 3.4. Characteristic transgressive facies successions from the past 8500 years.

A selection of 15 representative sedimentary logs features the transition from a wetland paleosol to basal
Holocene facies (commonly marsh peat in these examples, although freshwater facies are common in the
younger portion of the record) and the overlying succession (details about facies units are provided in Table
3.1). For ease of comparison, the logs have been adjusted vertically so as to align the top of the paleosol
and arranged with increasing age (and depth) from left to right (in reality, the elevation of the top of the
paleosol decreases from ~0.5 to 16 m below NAVD 88). The serrated pattern is used for logs that do not
extend all the way to the land surface. For each log, the weighted mean calibrated age (in cal kyr BP) of the
basal facies that drape the paleosol and the rateof RSL rise (the first derivative of the equation in Fig. 3.2)
is provided. Directly dated cores are indicated in bold; for the other cores the age of the basal Holocene
facies was calculated by means of the equation in Fig. 3.2. Note the extremely rapid transgression of
lagoonal mud over marsh peat at the three oldest sites (>8.2 cal kyr BP), the more gradual transgression at
the next five sites, and the absence of indicators for open-water conditions once basal ages are <6.8 cal kyr
BP. Also note that the two logs marked by arrows with largely similar stratigraphy are ~100 km apart (their
locations are shown in Fig. 3.1). Additional sedimentary logs are shown for the western and eastern study
areas separately in Fig. 3.8.
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Table B1) from across the Mississippi Delta (Fig. 3.2) which lack direct age constraints but have a
stratigraphically similar transition overlying the paleosol which is interpreted to mark the Pleistocene-
Holocene transition. The impact of local conditions for each borehole (e.g., distance to active distributaries,
differences in hydrology) resulting in individual sedimentary record variability is minimized due to the
large number of observations in this study and the spatial distribution of the data (>100 km from the eastern
to the western extent of borehole sites) in the Mississippi Delta (Fig. 3.2). To be included in the set of 283
additional these boreholes had to meet a number of criteria. First, if the core log indicated a gradually or
rapidly drowned facies succession over the basal terrestrial unit it was included regardless of whether the
record extended all the way to the land surface or not. Second, if a core log exhibited a fully terrestrial
facies succession, the record must extend to the land surface to be included. Boreholes that extended to the
land surface but did not contain recognizable terrestrial or lagoonal facies are still included in the data set,
but these boreholes are termed inconclusive. All 283 additional boreholes included in the analysis were
located within the Mississippi Delta and featured an intact paleosol at the Pleistocene-Holocene transition
without indications of erosion. For each core log that met these criteria, the elevation of the top of the intact
paleosol was used to solve the Holocene sea-level curve equation in order to predict an age for the base of
the Holocene succession in that borehole. Due to the tight age-depth relationship in our RSLR record (Fig.
3.3), estimated ages (standard error = ~0.2 kyr) were assigned to the facies transition at the top of the
paleosol in these additional 283 undated core logs, and the rate of RSLR was estimated for each site. The
predicted age of each additional borehole had to fall within the **C age range of 72 SLIP sites. Sites with a
predicted age of <0.15 or >8.42 cal kyr B.P. were excluded from our analysis. The same facies (Table 3.1)

and facies succession analysis (Table 3.2, Fig. 3.4) was applied to these 283 additional boreholes.

3.2.4 Environmental change analysis

An in-depth analysis of environmental change at a single location was conducted using a ~6 m
long core (Lutcher 1X), collected near Lutcher, LA (Fig. 3.2 b). The surface elevation at the site, 3.1 m
above NAVD 88, was determined from LIDAR data. This site was selected due to stratigraphic evidence
for marsh drowning (i.e., lagoonal mud with brackish mollusks) and the eventual re-appearance of

terrestrial facies. The stratigraphy of Lutcher 1X was described in the field using the methods outlined in



the previous section, and major facies changes served as the basis for further sampling. **C samples
(charcoal fragments and plant macrofossils) were collected from 4 organic-rich horizons within the
stratigraphy (Table 3.3) corresponding with the base, midpoint, and top of the basal peat bed located
between 1350-1375 cm depth in the core, and the base of an organic-rich unit between 970-973 cm.

The *C samples were then measured using accelerator mass spectrometry at the University of California,
Irvine. The *C ages were calibrated using OxCal software version 4.3 (Bronk Ramsey, 2009) using the
IntCall3 calibration curve (Reimer et al., 2013) and the weighted mean age along with 1o uncertainty are

reported in this study (Table 3.3).

3.2.4.1 Microfossil analysis
Foraminiferal analysis was used to refine the environmental change analysis of the Lutcher IX
core. Targeted sampling (modeled after Nevitt, 2009) was used to select a total of 20 sampling horizons

within the borehole, with a 2 cm® sediment sample collected from each horizon. Each of the 20 samples
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was washed and sieved using seven sieve sizes (850 um to 63 pm mesh) prior to examination using a Wild

M5 binocular microscope.

We used the shape and composition (calcareous vs. agglutinated) of the foraminiferal tests (shell
to identify individual specimens to the most specific level possible (genus or species). For the specimens
which lacked a test due to poor preservation (e.g., bioturbation or exposure to acidity), the pseudo-chitino

linings were used for identification.

)

us

The relative abundance of foraminifera taxa was determined using a frequency system (Kohl et al.,

2004) where the abundance of each taxon for each sieve size was determined (ranging from very rare to
very abundant) and then combined to calculate the overall abundance for each taxon in each sample.
Biofacies were designated based upon the first, second, and third most dominant taxa in a given sample.
Changes between biofacies within the borehole were used to track paleo-environmental transitions as
foraminiferal assemblages vary based upon environmental conditions (e.g. salinity, water depth,
temperature, turbidity, food availability, and pH) (Phleger, 1970; Murray, 1973; Murray, 2006; Culver et
al., 2012). Based upon the habitat requirements of present-day foraminiferal assemblages, facies

determinations were refined.



Table 3.3. Radiocarbon ages for the Lutcher IX borehole. This site is located in UTM Zone 15R with

coordinates 3324860 m N, 720880 m E. Site elevation 3.1 m.

Depth below surface . lf\ge UCIAMS
Sample nhame Material dated ("Cyr laboratory
(cm)
B.P.) number
Lutcher IX-1a 1360-1362 2 charcoal 6900 + 159370
fragments 25
Lutcher IX-1b 1360-1362 6 charcoal 6840 + 159371
fragments 25
Lutcher IX-1c 1360-1362 12 Scirpus 6795+ 159372
fragments 20
Lutcher 1X-2a 970-973 3 charcoal 5115+ 187166
fragments 15
Lutcher 1X-2b 970-973 3 charcoal 5120 + 187167
fragments 15
Lutcher 1X-3 1350-1352 several charcoal 6680 + 187168
fragments 20
Lutcher 1X-4 1372-1374 several charcoal 6835 + 187169
fragments 25
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3.2.4.2 Stable isotope analysis
Samples were collected adjacent to microfossil samples for 5"3C analysis. Each sample was oven-
dried at 50°C, homogenized, and acid-treated using 10% HCI to remove carbonates. Samples were then
rinsed four times in deionized water to bring them to a neutral pH, re-dried, and re-homogenized.
Decarbonated sediment samples were then loaded into tin capsules and analyzed for §"3C on a Carlo Erba
2500-11 Elemental Analyzer coupled to a Thermo DeltaPlus XL isotope ratio mass spectrometer at the

College of Marine Science, University of South Florida.

3.3 Results
3.3.1 Sea-level rise record

Our Holocene relative sea-level record (Fig. 3.3) covers the period from approximately 8.4 to 0.15
cal kyr B.P. As shown by Li et al. (2012), the earliest part of the record exhibits rapid rates of RSL rise that
gradually decrease through the Holocene. Our curve shows changes of RSL rise rates through the Holocene
that start at about 10 mm/yr in the earliest portion of the record (~8.4 cal kyr B.P.) and rapidly drop to
approximately 4 mm/yr (~7.5 cal kyr B.P.) before gradually decreasing to <1 mm/yr in the most recent
portion (after ~4.0 cal kyr B.P.) of the record. The model underestimates observed RSL rise rates in the
most recent portion (i.e. the last ~2.0 kyr) of the record, but the facies analysis below shows that this does
not have any significant implications for our threshold analysis.

Observed facies successions are illustrated using a subset of 15 representative boreholes from
across the Mississippi Delta (Fig. 3.4) which were selected in order to illustrate the variety of sedimentary
records over the wide range of RSL rise rates within this study. There are nine facies (Table 3.1) that make
up the sedimentary record in these core logs. The base of each core log is marked by the transition between
the paleosol and the basal terrestrial facies (most often peat). Above this initial horizon, the facies
successions observed vary with swamp and marsh peats, swamp and marsh muds, and lagoonal muds
identified based on the criteria laid out in Table 3.1. Some portions of the core logs lacked evidence that
allowed for a definitive facies designation and are therefore labeled “undifferentiated”. It is important to

note that these facies may represent either terrestrial or open water deposition.
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Whereas the facies and their thicknesses vary from core to core, we identify three major facies
succession categories. Fully terrestrial facies successions are comprised of terrestrial facies throughout the
borehole (Fig. 3.4) with undifferentiated facies, if present, limited to <50 cm in thickness. Shifts between
swamp and/or marsh peat facies and swamp and/or marsh mud facies are common.

All boreholes with a RSL rise rate <2 mm/yr exhibit a fully terrestrial facies succession and lack
indicators of open-water conditions (e.g., shells of the brackish mollusk Rangia cuneata). For core logs with
a RSL rise rate <3 mm/yr (n=286), 90% (n=257) still fall within the fully terrestrial (i.e., never drowned)
facies succession classification which dominate the past ~6.9 cal kyr B.P. (Supplementary Data 3.1). Facies
successions for the remaining 10% of boreholes with an RSL rise rate of <3 mm/yr are either inconclusive
(6%, n=16) or exhibit drowned facies successions (4%, n=12) (Fig. 3.5).

Drowned facies successions are identified wherever lagoonal facies are observed, indicating a
previously terrestrial system that shifted to open water. The occurrence of fully terrestrial records decreases
substantially as the RSL rise rate increases (Appendix B, Table B1; Fig. 3.5). For core log records with a
RSL rise rate of >3 mm/yr (n=70), 81% of boreholes (n=57) exhibit drowned facies successions (Fig. 3.4)
as reflected by shells and shell fragments within lagoonal muds. Only 9% (n=6) of boreholes with a RSLR
rate of >3 mm/yr exhibit fully terrestrial facies successions and 10% (n=7) of boreholes have inconclusive
facies successions. Given the stark contrast between the fate of marshes experiencing RSL rise rates <3
mm/yr, which largely remain terrestrial, and those experiencing RSL rise rates >3 mm/yr, which largely
exhibit signs of a state change from terrestrial to open facies, we interpret the RSL rise rate of 3 mm/yr to
be a threshold rate for drowning within this system.

Importantly, these results are not limited to the 15 representative cores (Fig. 3.4) nor are they
spatially dependent. Facies successions from an additional 20 cores (Fig. 3.6), including 10 each from the
eastern and western study areas, exhibit the same relationship between RSL rise rate and fully terrestrial,
gradually drowned, and rapidly drowning facies successions. Drowned facies successions are distributed
across both the eastern and western study areas (Fig. 3.7), indicating that the results are not tied to local
conditions affecting a few cores but rather represent a larger trend in marsh response to rates of RSL rise in

the Mississippi Delta. Additionally, the results show that the relationship between the decreased occurrence
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Figure 3.5. Frequency of facies succession occurrence related to relative sea-level rise rate. The
relative proportion of facies successions (Table 3.4) is determined for eight increments of rates of RSL rise
to identify the tipping point for marsh drowning. The abrupt increase in the proportion of drowned sites
between 2.5 and 3.0 mm/yr illustrates the non-linear nature of the marsh response to the rate of RSL rise.
Similar plots are shown for the western and eastern study areas separately in Fig. 3.8.
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Figure 3.6. Characteristic transgressive facies successions in the western (a) and eastern (b) study areas.
A selection of 10 additional sedimentary logs features the transition from a wetland paleosol to basal Holocene
facies and the overlying succession. For legend and further details, see Fig. 3.4.
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of fully terrestrial facies coincides with increased rates of RSL rise in both the eastern and western study
areas (Fig. 3.8), again indicating the robustness of the results.

Furthermore, our results (Fig. 3.4) indicate that the stratigraphy of core logs with drowned facies
successions can vary widely in terms of the thickness of initial terrestrial deposition (e.g. marsh peat and
marsh mud) ranging from 0 m to 1.5 m (Appendix B, Table B1), with 56% of pre-drowning terrestrial
packages at thicknesses >0.3 m and 44% at thicknesses of <0.3 m. The duration of marsh persistence for
the sites that eventually flooded can be estimated from the thickness of the drowned marsh facies, assuming
that vertical accretion initially kept pace with the rate of RSL rise and using a reduction in thickness by a
conservative factor of 2.5 due to postdepositional compaction (Van Asselen, 2011). This suggests (Table
3.4) that marsh drowning prior to 8.2 kyr B.P. typically occurred in ~50 years, while between 8.2 and 6.8

cal kyr B.P. marshes were able to persist ~300 years on average.

3.3.2 Marsh persistence, drowning, and marsh re-establishment

The sediment core taken at the Lutcher X site extends an existing borehole transect (Tdrngvist et
al., 2004b) and captures a record of paleo-environmental change, from marsh drowning to terrestrial re-
establishment. The stratigraphic record at Lutcher 1X can be correlated to adjacent sites (Lutcher 1V — VIII;
Tornqvist et al., 2004b) via largely continuous peat beds (Fig. 3.9). Microfossil and stable isotope analyses
(Steinmetz, 2015) provide additional details about the paleoenvironmental evolution of the site. Lutcher IX
exhibits a drowned facies succession (Fig. 3.10) with a basal peat bed overlain by a lagoonal mud facies
(based on foraminiferal biofacies evidence) and a subsequent appearance of Rangia shells.

The *C dating results for Lutcher 1X provide ages (Table 3.3) of ~7.6 cal kyr B.P. for the base,
and ~7.5 cal kyr B.P. for the top of the basal peat, respectively. Lutcher IX has a 100 cm thick package of
very fine sand above the open water facies, which is then overlain by humic clays that transition into a 20
cm thick organic rich layer clay bed, the base of which yields a *“C age of ~5.8 cal kyr B.P. (Table 3.3).

Microfossil analysis (Fig. 3.10; after Steinmetz, 2015) show that foraminifera are absent below the
basal peat, likely because these species of foraminifera only occur in brackish to saline waters. Above the
paleosol, the H. wilberti biofacies occurs within the basal peat, suggesting that the marsh which produced

the peat was likely fringing marsh (Kane, 1967) and formed in an environment with a salinity of 5-18 psu
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Table 3.4. Thickness and estimated lifespan of drowned marsh facies.

Drowned marsh facies — all sites* Drowned marsh facies — selected sites?
Median Median Number of Median Median ~ Number of
(mean) (mean) observations (mean) (mean)  observations
thickness lifespan thickness lifespan
(m) (years)® (m) (years)

Gradual 0.30 (0.43) 212 (282)* 51 0.50 (0.58) 310 (372) 25

drowning

(post-8.2

cal kyr BP)

Rapid 0.10(0.18) 25 (50) 17 0.15(0.34) 46 (98) 8

drowning

(pre-8.2

cal kyr BP)

1. All sites (n = 68) that feature lagoonal facies, including those where the contact between

2.

terrestrial (usually marsh) and lagoonal facies is erosional.

Selected sites (n = 33) where the terrestrial to lagoonal facies contact is less likely to be
erosional.

Estimated by correcting the thickness for compaction (a factor of 2.5) and assuming that the
accretion rate approximately tracked the rate of RSL rise.

Note that mean values always exceed median values (typically due to one or a few sites with
relatively large numbers); therefore, median values are used in the interpretation.
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Figure 3.8. Relationship between the rate of relative sea-level rise and marsh persistence for the western
(a) and eastern (b) study areas. The relative proportion of facies successions is determined for eight
increments of rates of RSL rise to identify the tipping point for marsh drowning. The trend seen in Fig. 3.5, with

a dominance of drowning when rates exceed 3.0 mm/yr, is also seen in the two study areas separately.
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Figure 3.10. Stratigraphy, '*C dating, foraminiferal assemblages, and 8"°C values to characterize
paleo-environmental change at the Lutcher IX site. Stratigraphic column to the left shows sedimentary
facies including the initial, basal peat at 1350-1372 cm. Weighted mean **C ages are indicated to the left of
the stratigraphic column. Biofacies zones are based upon foraminiferal assemblages. §"°C results are shown
as %o VPDB. The relative abundance of calcareous (teal lines) and agglutinated (orange lines) foraminifera
is also shown (modified from Steinmetz, 2015).
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(Eichler, 2007). Above the basal peat, 8 foraminiferal biofacies zones were identified in ~2.5 m of
sediments (Fig. 3.10). Each of these foraminiferal assemblages represent brackish conditions with varying
salinities (e.g. Kane, 1967; Eichler, 2007; Murray, 1991; Poag, 1978, Horton, 1999) and suggest that the
basal peat is overlain by lagoonal facies. The appearance of other paleo-fauna, in particular Rangia at 1240
cm depth confirms marsh drowning.

A 100 cm thick sandy layer occurs at 1100 cm depth in the borehole. The lack of foraminifera
from the base of the sandy unit through the overlying clayey units suggests that with the deposition of the
thick sand layer the borehole had transitioned out of a brackish environment into a freshwater, terrestrial
environment. These results are confirmed by stable carbon isotope analysis which show the top of the basal
peat with a §"3C value of -20%o (indicative of brackish conditions) that gradually transition into a 8**C
value near the upper peat of -26%o (indicative of fresh conditions) (Fig. 3.10).

At Lutcher IX, the local RSL rise rate that lead to drowning was approximately 4.5 mm/yr (Fig.
3.3), a rate greater than the 3 mm/yr threshold rate for drowning identified earlier in this study. It is
important to note that the relationship between paleo-elevation and age found for the basal-peat derived
SLIPs cannot be assumed to hold true for non-basal peats or organic-rich units. This is because the paleo-
elevation of SLIPs is considered fixed as the basal peats rest on the highly consolidated, virtually
compaction-free Pleistocene substrate that underlies the region, whereas peats located at higher elevations
within the borehole are underlain by compressible Holocene muds and organic-rich facies and their paleo-
elevation cannot be considered fixed. As a first order approximation of the rate of RSL rise at the time of
terrestrial re-establishment we might compare the re-established peat to basal peats of similar age (~5.8 cal
kyr B.P.) which were exposed to RSL rise rates of ~1.5 mm/yr. However, it is conceivable that the actual

local rate of RSL rise was higher due to the compaction of underlying strata.

3.4. Discussion
3.4.1 Tipping points related to RSLR

Previous work (Li et al., 2012) has suggested that transgressive stratigraphic successions with very
thin basal peat units (<10 cm) were rapidly drowned, while those with thicker terrestrial facies were more

gradually drowned. Our **C results from the Lutcher 1X site confirm this, demonstrating that the thin basal
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peat (~20 cm) represents a marsh that persisted on the order of ~50-150 years (see **C results above) before
the appearance of lagoonal mud facies (Fig. 3.10), indicating marsh drowning. We can use the distribution
of terrestrial package thicknesses prior to drowning (Appendix B, Table B1) to classify boreholes with
drowned facies successions as either gradually drowned (basal terrestrial deposit thickness >0.3 m) or
rapidly drowned (basal terrestrial deposit thickness <0.3 m). Using this method, we find that for paleo-
marshes with drowned facies successions with a RSL rise rate between ~3 and 7.5 mm/yr, marshes are
nearly equally likely to drown gradually (55%) as they were to drown rapidly (45%). For paleo-marshes
with a RSL rise rate that exceeds 7.5 mm/yr however, 94% of sites exhibit a rapidly downing facies
succession. This suggests that at a RSLR rate of >7.5 mm/yr yet another tipping point is reached and rapid
drowning becomes the dominant form of state change from marsh to open water. As a test of the robustness
of this result, we can observe the geographic distribution (Fig. 3.8) of sites that exhibit drowning facies
successions. We find that in the Mississippi Delta, sites located >100 km apart with similar basal ages show
very similar facies successions (Fig. 3.4).

Marsh resilience is tightly associated with the rate of RSL rise (Figs. 3.5 and 3.8). Marshes that
were exposed to RSL rise rates of <2 mm/yr exhibit terrestrial facies (predominantly marsh mud) that
persist throughout the borehole (Fig. 3.4), indicating that elevation gain kept pace with, or exceeded, the
rate of RSL rise on centennial to millennial timescales. Above this rate, marshes show evidence of gradual
drowning at RSL rise rates of more than ~3 mm/yr, where many of the sites exhibit a >0.3 m interval of
terrestrial deposition between the basal unit and the eventual appearance of lagoonal mud facies.

Stratigraphic interpretation of our boreholes shows that at RSLR rates of over ~7.5 mm/yr,
marshes drown rapidly. Our interpretation is that at rates of RSL rise between approximately 3 and 7.5
mm/yr marshes are, for a time, able to withstand rising water levels before their rate of elevation gain falls
below the rate of RSL rise and therefore becomes insufficient for them to persist. Strikingly, the lower end
of this range is very close to current global sea-level rise rates (USGCRP, 2017) and far less than present-
day RSL rise in the Mississippi Delta (13 + 9 mm/yr) (Chapter 2), which indicates a strong dependence on
the timescale of observation.

We note that Holocene conditions in the Mississippi Delta may have favored marsh persistence as

compared to modern conditions. Modern SSC measurements of 20-70 mg L™ (Kirwan et al., 2010) are
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significantly lower than extreme-event SSC values - up to 150 mg L'1 during the 2011 flood in Atchafalaya Bay
(Falcini et al., 2012) — which are thought to more closely represent the SSC conditions that dominated the
Mississippi Delta through the Holocene. Early Holocene atmospheric CO, concentrations, however, were about
65% of present-day values which would not act to increase the organic contribution to marsh accretion (Langley
et al., 2009). The present-day regional microtidal range (<0.5 m) may limit marsh resilience by limiting
inundation-derived sedimentation. However, the regional tidal range may have been higher prior to 8 kyr ago
(Hill, et al., 2011) which would enhance marsh resilience.

Measurements of modern shallow subsidence rates in the Mississippi Delta (mean = 7.1 + 8.7 mm/yr)
(Chapter 2) are in line with recent findings (T6rnqgvist et al, 2008; Meckel et al., 2006) that compaction of
Holocene strata is a major contributor to regional land-surface subsidence. Studies (Kaye and Barghoorn, 1964;
Van Asselen, 2011) have shown that autocompaction, which is initiatied through the accretion of high porosity,
low bulk density wetland sediments (Wang et al., 2016), increases the local rate of RSL rise to values well
above the initial threshold rates (~3 to ~7.5 mm/yr) obtained from our compaction-free RSL rise record. This
results in marshes being closer to the tipping point that triggers drowning than the initial rate of RSL rise

calculated for the basal peat would suggest (Kaye and Barghoorn, 1964).

3.4.2 Re-establishment of terrestrial conditions after drowning

Marshes that are lost to rapid RSL rise rates typically re-establish after the initial drowning, as
evidenced by the terrestrial conditions at borehole sites with thick lagoonal packages. However, how long
this process takes is not well understood. The radiocarbon age of the Lutcher IX re-established terrestrial
layer is ~5.8 cal kyr B.P., suggesting that marsh re-establishment occurred approximately ~1.7 kyr after the
initial conversion to open water. Whereas this estimate of time before marsh re-establishment is derived
from just a single borehole, we can determine the thickness of the sediment package between drowning and
re-establishment to see how it compares to the thickness of similar packages from core logs at other sites.

As all cores were collected on land, terrestrial re-establishment occurred in all boreholes with
gradual or rapidly drowned facies successions (n=51 cores with core descriptions that extend to the present-
day surface). The thickness of the sediment package between marsh drowning and terrestrial re-

establishment for Lutcher IX is 2.5 m. This is comparable to the mean thickness (2.09 £ 0.95 m) of this
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interval between drowning and re-establishment for all boreholes exhibiting gradually or rapidly drowned
facies. Whereas additional chronological analyses are needed to determine the time it took for each
drowned site to re-establish, our results suggest that this is likely on the order of centuries to millennia in
the Mississippi Delta region.

It is important to note, however, that our results indicate the re-established marsh is not identical
to the basal marsh that once occupied this site. Both 8**C and foraminiferal analysis suggest that the
Lutcher 1X site underwent an overall shift from brackish marsh to freshwater marsh over time, which
indicates that larger scale environmental shifts (such as changes in the distance from active Mississippi

River distributaries) may also have a strong influence on re-equilibration processes.

3.5 Conclusions

On annual to decadal timescales, observations clearly indicate that coastal marshes respond to
rapid RSL rise rates through surface-elevation gain in order to persist in the landscape (Chapter 2). Paleo-
environmental records, however, indicate that it is common for marshes to convert to open water and re-
establish centuries to millennia later in this region. We interpret the strong correlation between the rate of
RSL rise and the conversion to open water for cores in the earliest part of our record as evidence that this
process is dominated by ecosystem response to RSL rise, though this does not rule out the possibility that
some of our “drowned” sites may in fact have experienced lateral marsh edge erosion. Rapid drowning is
the typical response for marshes facing rates of RSL rise similar to those predicted for the end of the 21%
century (USGCRP, 2017), suggesting that large-scale loss of marshes due to drowning in coming decades
is a real threat. It is important to note that the particular conditions (such as SSC and tidal range) needed to
support marsh persistence likely vary with location and therefore specific threshold rates of RSL rise
reported here are not likely to be transferable to other coastal marsh settings. We also note that
uncertainties in the facies analysis could potentially shift threshold rates resulting in tipping points
downward (i.e. undifferentiated mud may in some cases actually be drowned facies and in others they
represent fully terrestrial facies). The value of this study, however, is in recognizing the large disparity
between rates of RSL rise that affect marsh persistence over annual to decadal vs. centennial to millennial

timescales.
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Degradation of Mississippi Delta marshes due to land-use changes and other impacts (Day et al.,
2007) has resulted in reduced resilience which makes them more likely to experience rapid shifts in
environmental conditions (Scheffer et al., 2001) (e.g., drowning and conversion to open water). This
contrasts with the apparent short-term resilience of wetlands to much higher rates of RSL rise as shown
through observational (Chapter 2) and modeling results (Kirwan and Megonigal, 2013; Morris et al., 2002).
Given modern RSL rise rates in the Mississippi Delta that exceed the threshold rate for rapid flooding and
unfavorable modern conditions (e.g. degraded wetlands and limited possibility for landward migration), we
suggest that the long-term fate of Mississippi Delta marshes may be less favorable than previously thought,

requiring increased attention and urgency in coastal protection planning and in restoration efforts.
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4. Organic carbon storage rates in clastic strata outpace rates in organic-rich strata in the Mississippi

Delta

4.1 Abstract

Modern wetlands — both coastal and inland - have long been recognized for their rapid rates of
organic carbon (OC) accumulation on short (annual to decadal) timescales. Recent work has found higher
energy, clastic-dominated, land-building deposits exhibit high rates of OC accumulation over similar
timescales of observation, challenging the conventional wisdom that OC accumulation rates are highest in
deposits that are rich in organic matter. It remains unknown, however, whether these short-term rates of OC
accumulation are representative of OC storage rates on longer (centennial to millennial) timescales for
organic and clastic-dominated depositional environments. Here we use the sedimentary record of the last
~6000 years from an inland, freshwater swamp setting in the central Mississippi River delta plain to
investigate OC storage rates for peats and clastic overbank deposits (flood-basin and crevasse-splay
deposits). We compare OC storage rates between depositional environments to gain insight into the
potential role of alluvial OC storage in the global carbon cycle. We use these data to test a pair of
hypotheses: first, that OC storage rates are higher in organic-rich deposits than in clastic deposits within
this inland alluvial setting and second, that in lower energy inland alluvial settings, OC storage rates are
higher than those recently found in higher energy, coastal deltaic settings.

Our results show that mean rates of long-term OC storage rates are up to ~2.5 times more rapid in
clastic deposits (~75-150 g/m?/yr) than in organic-rich deposits (~35-150 g/m?/yr), a surprising result that is
strongly influenced by episodic clastic accretion rates 1-2 orders of magnitude higher than accretion rates
of organic-rich strata. We find that in our inland, freshwater swamp study area within the delta plain, long-
term OC storage rates in clastic deposits are comparable to short-term OC storage rates for clastic deltaic

deposits. Our results suggest that despite relatively low OC content, alluvial deposition of fluvially-derived
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clastic sediments is likely an important contribution to the global residual terrestrial OC sink, and may be

an important unintended but direct benefit of fluvial sediment-based coastal restoration projects.

4.2 Introduction

Fluvial transport of organic carbon (OC) from terrestrial settings to the deep ocean is an important
part of the global carbon cycle (Schlesinger and Melack, 1981; Degens et al., 1991). Erosion by rivers
facilitates the delivery of previously stored OC to the ocean where it may be oxidized or re-buried. Rivers
also actively transport OC laterally in alluvial systems (Cole et al., 2007; Battin et al., 2009) which can
result in labile contemporary and resistant ancient OC being re-deposited in floodplains and deltas (e.qg.,
Stallard, 1998; Walling et al., 2006; Ye et al., 2015; Shields et al., 2017). This process of transport, erosion,
and deposition therefore links short-term (modern) and long-term (geologic) carbon cycling processes
(Hedges and Keil, 1995; Burdige, 2005). For at least three decades, researchers quantifying fluxes between
global carbon reservoirs have recognized that annual emissions are not entirely balanced by oceanic and
atmospheric uptake (e.g., Kolchugina and Vinson, 1993; Fan et al., 1998; Hoffman et al., 2013, Jones et al.,
2013) and that an unidentified residual terrestrial sink must take up ~3 Pg/yr of carbon that is not accounted
for otherwise (LeQuéré et al., 2016).

In order to function as a long-term sink for OC, a sedimentary system requires two properties.
First, OC must accumulate at a rate that outpaces removal or remineralization during deposition. Second, in
order to facilitate OC storage, the post-depositional rate of degradation or removal of OC must be minimal.
Here, we make the important distinction between OC accumulation (a syndepositional process) which takes
place over shorter (annual to decadal) timescales and OC storage, which is linked to the balance between
OC accumulation and post-depositional degradation and takes place over longer (centennial to millennial)
timescales.

Alluvial strata make up the majority of the Earth’s terrestrial sedimentary record (e.g., Allen and
Allen, 1991), and previous studies have quantified OC accumulation and storage in alluvial systems (or
portions thereof), suggesting that up to 66% of OC in these environments is terrestrial in origin (Keil et al.,
1997). However, highly variable OC accumulation rates, deposit types, and system dynamics mean that

estimating the overall alluvial contribution to global terrestrial OC storage is difficult. In coastal marshes,
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rapid burial under anoxic conditions ensures high rates (~200 g/m?/yr) of OC storage (Chmura et al., 2003;
Baustian et al., 2017). Freshwater swamp environments have been shown to accumulate OC at ~100
g/m?/yr (e.g., Craft et al., 2008; Villa and Mitsch, 2014). While conventional interpretations of floodplain
deposition dictate that OC is primarily accumulated and stored in organic-rich deposits, other alluvial
depositional facies may account for a significant component of the missing OC sink (e.g., Hoffmann et al.
2009; Cierjacks et al. 2010; Wohl et al. 2012; Wohl et al., 2015; Sutfin et al. 2016).

The Mississippi River feeds the largest alluvial system in North America, draining ~40% of the
United States. This alluvial system encompasses a variety of depositional environments, including swamps
and marshes, in its alluvial reach (the Lower Mississippi Valley and the Mississippi Delta). The variety of
depositional settings in the Mississippi Delta has therefore resulted in a stratigraphy comprised to a
significant extent of clastic fluvial sediments (mostly silts and clays, with lesser amounts of sand) and
organic-rich deposits including swamp and marsh peats (Fisk, 1960; Frazier and Osanik, 1969; Kosters et
al., 1987; Kosters, 1989), making the Mississippi Delta a prime location to investigate OC storage in a
variety of alluvial facies.

Here we compare the OC storage rates of clastic and organic-rich deposits in an inland, freshwater
setting in the central Mississippi River delta plain (Fig. 4.1a) — a depositional environment that has not been
previously evaluated for OC storage rates - using three sediment cores that are 4-10 m long. We analyze
overbank deposits to evaluate the OC storage associated with clastic deposition, while underlying organic-
rich strata enable us to evaluate OC storage in peat-forming wetlands. First, we compare OC storage rates
in organic-rich deposits and clastic deposits within this inland alluvial setting. We then discuss the role of
OC storage in these settings within the context of the missing terrestrial carbon sink and suggest that
alluvial deposition may play an important role. We also consider the possible implications for coastal

restoration in Louisiana within this context.

4.3 Methods
4.3.1 Sample collection and stratigraphy
We collected three sediment cores from the alluvial ridge of Bayou Lafourche (Fig. 4.1b), an

abandoned precursor of the present-day Mississippi River, using a Geoprobe 6610 DT drilling system.
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Figure 4.1. Regional (A) and study area (B) location maps. The study area is located along Bayou
Lafourche (thin white line), a distributary of the Mississippi River (thick white line) in southern Louisiana.
The Wax Lake Delta (study area of Shields et al., 2017) is also shown. Within the study area, three
sediment cores were collected for this study: Paincourtville I (PV 1), Napoleonville 11 (NV 1), and
Napoleonville IV (NV 1V).
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Sediment texture, color, and the presence or absence of visible organic matter were described in the field at
10 cm increments using the US Department of Agriculture classification system. We focused on a
relatively large crevasse splay near Napoleonville, Louisiana, and a smaller crevasse splay near
Paincourtville, Louisiana. We collected ~10 m long cores from each crevasse splay (Paincourtville I - PV 1
and Napoleonville II — NV II; Figs. 4.2a and 4.3a, respectively) which capture the representative
stratigraphy of the region: overbank deposits underlain by a laterally extensive wood peat bed (Térngvist et
al., 1996; Shen et al., 2015). We also collected an additional, shorter (~4 m long) core (Napoleonville IV —
NV 1V; Fig. 4.4a) primarily targeting the underlying wood peat bed to increase the number of samples

within the organic-rich strata.

4.3.2 Bulk density and OC content measurements

In each of the three cores, samples of known volume were collected for bulk density (either 5 or
10 mL) and OC content (1 mL) measurements, at ~20 cm intervals. For each bulk density sample, the
known volume of sediment was dried at 60 °C overnight (8-16 hours) before weighing. To prepare
sediment samples for OC content analysis, they were dried overnight (8-16 hours) at 60 °C, crushed and
homogenized with a ceramic mortar and pestle, and then acid-treated with 10% HCI for 24 hours to remove
inorganic carbonate material. Acid-treated samples were then centrifuged and the sediment brought to a
neutral pH by rinsing (4x) in deionized water. The re-dried and re-homogenized, decarbonated samples
were then transferred into tin capsules. Combustion elemental analysis was used to determine OC content
(% by mass) of each sample using a Vario MicroCube elemental analyzer. Loss-on-ignition (LOI) analyses
were also conducted on sediments at 20 cm increments and a discussion of the comparison between the

LOI results and the OC measurements can be found in Appendix C (Figs. C1-C2).

4.3.3 ¥C dating

To obtain *C ages for the peat beds in the NV 11 and NV IV cores (Table 4.1), plant macrofossils
or charcoal fragments were picked from the top and base of the wood peat bed. Multiple subsamples were
dated in most cases, following the methods of Térnqgvist et al. (1996). At NV 1V, an additional sample was

collected from a thin organic-rich layer above the wood peat bed. All *C samples were pre-treated with an



Table 4.1. Radiocarbon data.

Sample name Material dated Depth “Cage(yr | UTM UTM Lab
below land BP) (N)* (E)* number
surface
(cm)
Paincourtville | 1 Taxodium 920-922° 1469 + 35 | 3319240 | 686920 | UtC-3871
I-la distichum twig
Paincourtville | 1 Taxodium 920-922° 1486 + 55 | 3319240 | 686920 | UtC-3872
I-1b distichum cone
Paincourtville | 10 Scirpus cf. 1056-1058” | 3780 +59 | 3319240 | 686920 | UtC-3873
-2 robustus nuts
Paincourtville | 5 Carex sp. nuts 1140-11427 | 4869+51 | 3319240 | 686920 | UtC-3874
-3
Napoleonville | 1 Taxodium 1066-1068 | 1415+20 | 3312800 | 690540 | UCIAMS-
I1-5a distichum cone 137467
fragment
Napoleonville | 1 Taxodium 1066-1068 | 1430+ 20 | 3312800 | 690540 | UCIAMS-
11-5b distichum cone 137468
fragment
Napoleonville | 4 charcoal 1241-1243 | 4280+ 20 | 3312800 | 690540 | UCIAMS-
I1-6a fragments 137465
Napoleonville | 6 charcoal 1241-1243 | 4195+25 | 3312800 | 690540 | UCIAMS-
11-6b fragments 137466
Napoleonville | 4 charcoal 871-873 1965 + 35° | 3312020 | 688520 | UCIAMS-
IV-4a fragments 137469
Napoleonville | >20 unidentified 871-873 4265+ 20° | 3312020 | 688520 | UCIAMS-
IV-4b macrofossils 137470
Napoleonville | 2 charcoal 871-873 1675+ 15 | 3312020 | 688520 | UCIAMS-
IV-4c fragments 187164
Napoleonville | 1 charcoal 871-873 1690+ 20 | 3312020 | 688520 | UCIAMS-
IV-4d fragment 190601
Napoleonville | 6 charcoal 1147-1149 | 3820+45 | 3312020 | 688520 | UCIAMS-
IV-5a fragments 137471
Napoleonville | 1 Taxodium 1147-1149 | 3740+ 20 | 3312020 | 688520 | UCIAMS-
IV-5b distichum cone 137472
fragment
Napoleonville | 1 wood fragment 797-799 1305+ 15 | 3312020 | 688520 | UCIAMS-
V-6 187165

'All sites are located in UTM zone 15R with reference to NAD 27.
2 Depths differ from those originally published; sample depths were obtained by projecting the samples
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from Tdrngvist et al. (1996) on corresponding facies boundaries in the newly obtained core for the present

study.

*Rejected (see text for further discussion).
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acid-base-acid rinse of HCI and NaOH at 75°C prior to combustion and then measured using accelerator
mass spectrometry at the University of California, Irvine. Previously published *C ages for the PV I site
were adopted from Térngvist et al. (1996) (Table 4.1).

4.3.4 Age-depth modeling

We combine our new *C results with previously published optically stimulated luminescence
(OSL) (Shen et al., 2015) and **C (Térnqvist et al., 1996; Table 4.1) data from the same sites to create
integrated age-depth models for all three cores. OSL dating has been successfully used for developing
chronologies in clastic sediments in the Mississippi Delta (Shen and Mauz, 2012; Chamberlain et al., 2018)
and here we use this technique to date clastic overbank deposition from Bayou Lafourche (Shen et al.,
2015). OSL ages from both the Napoleonville and Paincourtville sites point to distinct episodes of accretion
between 1600 and 600 cal yr BP. OSL ages are typically reported relative to 2010 CE, whereas
calibrated *C ages are reported relative to 1950 CE. To allow for a single age-depth model for each core
that combines ages from these two dating techniques, we adjusted the OSL ages to be relative to 1950 CE.
Previously published *C ages at Paincourtville (Térnqvist et al., 1996) were from samples collected at
similar facies transitions as those encountered in the present study. We therefore projected the previously
published **C ages from the PV I site onto the corresponding facies contacts in the new core that was used
here.

Age-depth models were created using the Bayesian statistical accumulation model Bacon (Blaauw
and Christen, 2011) to determine accretion rates for all the strata between chronological data points (OSL
and *C ages). This approach assumes that accretion rates are always positive; i.e., that the rate of sediment
accretion outpaces the rate of syndepositional or short-term erosion. Priors for accretion rates in different
sections of the core were chosen based on existing *“C and OSL data (Appendix C, Figs. C3-C5). Storage
rates were calculated at 10 cm intervals within each core by Markov Chain Monte Carlo (MCMC)
iterations. *C ages used to construct the age models were calibrated in Bacon using the IntCal13 curve

(Reimer et al., 2013).



56

4.3.5 OC storage rates

Accretion rates are calculated at 10 cm intervals within each core. Since OC content and bulk
density samples were taken at 20 cm intervals, values were interpolated between each sample (based on the
values on either side) so that there was a value at every 10 cm interval. We can therefore determine OC
storage rates at 10 cm intervals using the equation

Ratege = Rategee X %0C X ppuik

where R 5 is the sediment accretion rate (mm/yr), %OC is the OC content (% by mass), puux IS the bulk

density (g/m%), and Rateqc is the OC storage rate (g/m?/yr).

4.4. Results and Interpretation
4.4.1 Stratigraphy

The stratigraphy of the study area has been established by previous investigations (Fisk, 1952;
Tornqvist et al., 1996; Shen et al., 2015) and includes an extensive wood peat bed (likely dominated by
Taxodium distichum) overlain by clastic overbank deposits, including flood-basin and crevasse-splay
deposits. Bayou Lafourche was active between ~1550 and 550 cal yr BP (Toérnqvist et al., 1996; Shen et al.,
2015; Chamberlain et al., 2018). The three sedimentary logs for PVI, NV 1l, and NV IV (Figs 4.2a-4.4a) all

include the wood peat bed and, in PV | and NV I, are overlain by the clastic overbank deposits.

4.4.2 Bulk density and OC content

In each of the three cores, the bulk density varies as a function of sediment texture (Figs 4.2d,
4.3d, and 4.4d) with mean bulk density values ranging from 0.7 g/cm? for peats to 1.6 g/cm?® for the sandy
facies (Table 4.2). Organic-rich deposits in all three cores exhibit high OC content with mean values of
14% (PV 1), 22% (NV I1) and 20% (NV 1V), whereas clastic deposits have mean OC contents ranging from

1-5%, varying significantly within each core (Figs. 4.2e, 4.3e and 4.4e).



Table 4.2 Organic carbon content and bulk density by sediment texture.

Bulk density OC content Number of

Sediment Texture 10°g/m®? (% by mass)? samples

Peat" 0.68+0.17 17.92+6.26 11
Clayey Peat* 0.89+0.16 9.78 + 4.37 15
Humic Clay* 1.08 £ 0.09 4.80+2.19 8

Clay 1.23+0.23 1.62£2.20 14

Silty Clay 1.38£0.25 0.96+0.73 5
Silty Clay Loam 1.46 £0.19 1.30 £ 3.02 19
Silt Loam 1.49+£0.08 0.27+£0.20 10
Sandy Loam 1.58+0.01 0.16 +0.14
Very Fine Sand 1.48£0.01 0.20+0.12 2

! Organic-rich facies.
2 Uncertainties are reported as one standard deviation of the mean for each sediment texture.
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Figure 4.2. Stratigraphy and organic carbon storage rates at the Paincourtville 1 site. Core log (a)
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carbon storage rate. All data can be found in Appendix C.
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carbon storage rate. All data can be found in Appendix C.
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4.4.3 Accretion rates
4.4.3.1 Paincourtville 1
For PV I (Fig. 4.2), the accretion rate for the wood peat can be calculated using the **C ages from
Tornquist et al. (1996) (Table 4.1). Using these *C ages, we obtain accretion rates for the organic-rich
portion of PV I of ~0.5 mm/yr. Our age model in the clastic portion of the PV | core uses five OSL-dated
levels (Shen et al., 2015) to calculate a long-term, averaged accretion rate of ~20 mm/yr, but as discussed

further below, this should be taken as a minimum value given the episodic nature of deposition in this area.

4.4.3.2 Napoleonville 11

Using *C ages (Table 4.1) from the top and base of the wood peat at NV 11 (Fig. 4.3b) we
calculate an accretion rate of ~0.5 mm/yr for the organic-rich portion of the NV Il core, similar to the rate
found in the organic-rich portion of PV I. OSL ages (Shen et al., 2015) were used to calculate accretion
rates the clastic portion of NV II, ranging from ~12-15 mm/yr. These rates are at least an order of
magnitude higher than accretion rates in the organic-rich portion of the record and they are higher than the
median accretion rate of ~10 mm/yr for NV 1l obtained using a probabilistic model by Shen et al. (2015).
That study, however, found that multiple depositional events could be distinguished (each with rates of up

to ~30 mm/yr) which may explain this difference.

4.4.3.3 Napoleonville IV
For NV 1V, ¥C ages (Table 4.1) were obtained for three organic-rich horizons. Our initial **C ages
(NV IV-4a and NV 1V-4b) for the top of the main peat bed were from unidentified seeds and charcoal
fragments (Table 4.1), but the *C results were inconsistent. We re-sampled charcoal from the same horizon
(NV IV-4c and NV 1V-4d) and obtained consistent ages, allowing us to reject the initial samples as too old.
The accretion rate for the organic-rich portion of the NV 1V core between the lowermost **C
sample and the top of the wood peat bed is estimated at ~1 mm/yr. The accretion rate between the top of the

wood peat bed and the uppermost *“C sample (NV 1V-6) is calculated to be ~2 mm/yr.



62
4.4.4 OC storage rates

The mean OC storage rate in organic-rich deposits for PV | is ~55 g/m?/yr. This contrasts with
~130 g/m?/yr for the clastic deposits, ~2.5 times more rapid than in the organic-rich deposits. For NV 11 the
rate of OC storage in the organic-rich deposits is ~35 g/m?/yr as compared to between ~75-150 g/m?/yr for
the clastic deposits (mean OC storage rate of ~115 g/m?/yr), which similarly outpaces the OC storage rate
of the organic-rich deposits by a factor of ~2.5. We also observe that in both PV | and NV |1 the maximum
rates of OC storage correspond to the clay beds between the peat and the overlying, siltier strata, with
values of ~200 g/m?/yr and ~400 g/m?/yr, respectively. One possible explanation for this result is the well-
known association of OC with clay minerals in soils and other deposits (e.g., Amato and Ladd, 1992;
Jenkinson, 1988), where OC essentially coats high surface area clays and, where it fills pores between the
clay minerals, is protected and leads to higher OC content in clay-dominated deposits. While the flood-
basin deposits contain 5-50% of the OC content of the peat (Table 4.1), they feature a distinct increase in
sediment accretion rates (4.2c and 4.3c) and, as a result, an increase OC storage rates.

The organic-rich deposits from NV 1V have the highest rate of OC storage among the peats
examined in our study at ~150 g/m?/yr. It is important, however, to note that our OC storage model
produces minimum OC storage rates for the clastic strata. Shen et al. (2015) showed that overbank
accretion rates at these sites could be up to an order of magnitude higher than the calculated rates and, if
this is the case, it would mean that our clastic OC storage rates could in reality be as much as an order of

magnitude higher than in the organic-rich portions of our cores.

4.5 Discussion
4.5.1 Sedimentology and OC storage rates

Despite the widely held view that organic-rich deposits are the primary OC repositories in wetland
ecosystems, our results show that despite containing 4-20 times less OC (% by mass) than the organic-rich
deposits, clastic deposits accumulate OC more rapidly, at rates of up to 400 g/m%yr. This result is strongly
tied to the much more rapid accretion rates of the overbank deposits, in comparison to the organic-rich

deposits. Since our calculated sediment accretion rates for clastic deposits are generally ~20 times higher
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than those for the organic-rich deposits, these results suggest that sediment accretion rate is a dominant
influence on overall rates of OC storage.

Rates of OC storage in organic-rich deposits are also strongly linked with accretion rate and vary
up to 3 times between individual sites. The rate of OC storage in the organic deposits of PV | and NV 11
ranged from ~35-55 g/m?/yr. OC storage rates at NV IV were the highest calculated at ~150 g/m?/yr,
though this is likely explained by the fact that accretion rates were twice as high as the organic rich portions
of NV Il and PV | as well as the greater number of OC content samples that were located in high OC
content peat facies. While we are unaware of any published rates for OC accumulation in Louisiana
swamps, the average value of OC storage in organic-rich deposits for the three sites (~80 g/m?/yr) is
comparable, if somewnhat slower, than the average OC accumulation rate for comparable, peat-forming
modern swamps (~100 g/m?/yr) in Georgia and Florida (Craft et al., 2008; Villa and Mitsch, 2014),
indicating that spatial variability may be a factor in these settings.

Whereas our methodology allows us to calculate a long-term average accretion rate for clastic
sediments at NV 11, it is important to note that Shen et al. (2015) identified two distinct episodes of
crevasse-splay formation in the study area, with emplacement that occurred over much shorter timescales.
Our results, therefore, likely underestimate the true rates of OC storage in the clastic deposits as each of
these high-energy, episodic events would have deposited material more rapidly than we are able to estimate
with our age-depth model. Because the available OSL ages for NV 1l are not sufficient to resolve the depth
within the core at which one depositional episode ceased and the next began, we use a plausible rate of 40
mm/yr (from Shen et al., 2015) to estimate the upper bounds of OC storage rates in this setting.

These findings have implications for the framework in which we interpret OC storage rates in a
coastal deltaic setting, such as the Wax Lake Delta, in comparison to inland, freshwater swamps within the
Mississippi River delta plain. Geologically, the formation and destruction of alluvial deposits is controlled
by internal river processes as well as climate change on millennial and longer time scales. Currently, in
coastal Louisiana at the mouth of the Mississippi River, changes in alluvial deposits happen much more
quickly. Approximately 5000 km? of land has been lost over the past ~80 years (Couvillion et al., 2017)
and continued loss is expected in the future given the vulnerability of coastal wetlands to relative sea-level

rise (RSLR) (Chapters 2 and 3). However, land use changes impact the global carbon cycle through
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anthropogenic climate change (e.g. Houghton, 1995), including loss of coastal marshes due to sea level rise
which may threaten future coastal marsh OC storage potential (e.g. DeLaune and White, 2012). One of the
few areas of present-day land building in coastal Louisiana is the Wax Lake Delta (Fig. 4.1a), the product
of an outlet channel cut into the lowermost Atchafalaya River in 1941. Recent work (Shields et al., 2017) in
the Wax Lake Delta found OC accumulation rates of ~250 g C/m?/yr in modern, muddy (>50% mud:;
Esposito et al., 2017) deltaic deposits and OC storage potential through continuous, self-organized building
of land on decadal timescales. Whereas this OC accumulation rate implicitly includes short-term OC losses
due to emissions and erosion, it remains unclear whether this rate is representative of the rates of OC
storage after centuries or millennia of diagenesis have passed. While examples of land building are rare in
the modern Mississippi River delta plain, the sedimentary record can be readily used to examine OC
storage during past land-building events.

Our long-term average OC storage rate of ~75-150 g/m?/yr in clastic deposits at inland sites is
only 30-60% of the ~250 g /m?/yr calculated for the Wax Lake Delta (Shields et al., 2017). However, when
calculating OC storage rates using both our age-depth model and the probabilistic sediment accretion rates
for individual episodic land-building events of Shen et al. (2015), we find that the OC storage rates of
clastic deposits at our study sites may be as high as ~400 g/m?/yr, i.e., higher than those observed in the
Wax Lake Delta.

One important note, however, is that the OC storage that we find in our cores is calculated over
century to millennium timescales, as compared to the much shorter (~60 years) observation period in the
Wax Lake Delta. In addition, the OC in our cores was deposited and has been stored for periods ranging
from ~1300 to ~5400 years, which may impact the rates we calculate. Whereas OC in our cores initially
accumulated during deposition, it also has potentially been exposed to long-term diagenetic processes that
could have preferentially removed OC over time, decreasing the total long-term OC storage at our sites.
Our rates of OC storage can therefore be considered minimum estimates for this reason as well. Additional
investigation is needed to determine if that means that the rapid rates (~250 g/m/yr) of OC storage reported
by Shields et al. (2017) in the Wax Lake Delta is due in part to the relatively short time window, where
processes of OC degradation on centennial to millennial timescales have not yet begun to affect the overall

pool of OC storage.
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4.5.2 Carbon cycling

We find that the rate of OC storage is strongly correlated with sedimentary facies and recognize
that the original OC source may be a significant factor herein. This has key implications for carbon cycling
and storage in alluvial systems. For instance, the primary source of OC in crevasse-splay deposits is likely
to be allochthonous riverine particulate OC, which is frequently sourced from a location well upstream
within the watershed (e.g., Hedges and Parker, 1976; Galy, et al., 2007). Recent work has shown that this
allochthonous particulate OC in modern river systems can contain a significant proportion of carbon with
an old **C age (Rosenheim and Galy, 2012). This older OC has already undergone partial degradation and
consists of more chemically and thermally resistant compounds, so the remaining material that is deposited
is more resistant to subsequent loss through diagenetic processes.

During high-discharge events in the Mississippi River, particulate OC can contain a higher
proportion of “old” allochthonous OC that has been reworked from upstream alluvial strata (Rosenheim et
al., 2013). In contrast, wetlands generate sedimentary OC in place (autochthonous) by wetland vegetation
primary production, with smaller contributions from allochthonous OC emplaced during occasional
deposition of clastic sediments. The peats produced by these low-energy wetlands can reach up to ~40%
OC but preferentially contain “fresh” OC which has more labile compounds (Hedges and Keil, 1995). As a
result, this autochthonous OC is more susceptible to degradation and early diagenesis, which has
implications for degradation and preservation of OC. When coupled with our findings that OC
accumulation rates in organic-rich deposits are only 15-25% of accumulation rates in clastic facies, these
results suggest that clastic alluvial deposits outpace organic rich deposits for long-term OC storage, and
could potentially account for a component of the missing terrestrial OC sink.

These results also have implications for ongoing coastal restoration efforts in Louisiana as there is
an increased focus on using the Mississippi River, specifically its sediment supply, to the largest benefit:
nourishing wetlands and building land (Coastal Protection and Restoration Authority, 2017). To combat the
rapid land loss, the Louisiana Coastal Master Plan proposes several large sediment diversions along the
lowermost Mississippi River. These diversions are intended to build land and maintain vegetated wetlands
(e.g., Allison and Meselhe, 2010; Day et al., 2011) and therefore may impact future OC storage potential

within the Mississippi River delta pain. An increase in the amount of sediment transported by the river and
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deposited on the delta plain, whether through sediment diversions - which may build land via processes
similar to crevasse splays (Yuill et al., 2016; Esposito et al., 2017; Nienhuis et al., 2018) — or through Wax
Lake Delta-style land forms will continue to accumulate OC at rapid rates and may increase the

contribution of alluvial deposition to the unidentified terrestrial OC sink.

4.6 Conclusions

Our results suggest that the conventional notion that OC is primarily accumulated and stored in
organic-rich floodplain strata may need revision. With accretion rates 1-2 orders of magnitude higher than
organic-rich deposits, clastic deposits can accumulate significant amounts of OC rapidly through alluvial
deposition of fluvially-derived sediments. This, when paired with the abundance of clastic alluvial deposits
on a global scale, suggests that OC accumulation and storage may in fact be less concentrated in organic-
rich deposits and more dispersed throughout clastic deposits. The fact that our results suggest alluvial
deposition as a significant sink for the missing 3 Pg/yr of OC renders the areal comparison of clastic vs.
organic-rich deposition in alluvial strata a high priority in carbon budgeting. We also stress that our results
— with rates as high as ~400 g/m?/yr - represent minimum rates of OC storage in clastic deposits and may in
fact significantly underestimate the contribution of clastic alluvial OC storage.

Additionally, our results show that rates of long term (centennial to millennial) OC storage in
inland, freshwater swamp ecosystems within the delta plain are comparable to — and in some locations
exceed - the high rates of short term (annual to decadal) OC accumulation in coastal marshes and delta
fronts. This result is important because whereas the OC accumulation rates may incorporate limited losses
due to erosion and oxidation, the long-term OC storage rates incorporate century to millennium scale
histories of diagenetic OC alteration and loss — meaning that our results again likely underestimate the rates
of OC storage in these settings.

Whereas the Mississippi River and its floodplain have been altered by decades of levee building
and altered hydrology, our results show that fluvially-derived deposition has led to the rapid storage of OC
in clastic deposits. With ongoing plans for coastal restoration efforts in Louisiana to include large scale
sediment diversions to maintain and build land, it is important to note that there will be associated OC

accumulation that should be considered a direct, if perhaps unintended, result of these efforts. Depending



on the status of carbon valuation efforts, this has the potential to be a component of financing coastal

restoration efforts in the state.
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5. Summary
Summary of Chapter 2: Vulnerability of Louisiana’s coastal wetlands to present-day rates of relative sea-
level rise

This chapter aims to answer the question “How vulnerable are modern wetlands to relative sea-
level rise (RSLR)?” Our methodology relies on comparing vertical accretion data from 274 sites across
coastal Louisiana to RSLR rates at those same locations to determine vulnerability to drowning as reflected
by accretion surplus or deficit.

One significant contribution of our study is the unique way in which the rate of relative sea-level
rise is calculated. Previous studies used tide gauge data to characterize the rate of RSLR. However, because
tide gauges are anchored well below the land surface, they actually measure how water levels are changing
relative to that sub-surface anchor elevation, rather than the marsh surface. We calculate rates of relative
sea-level rise by combining site-specific measurements of shallow subsidence (based on rod surface-
elevation table — marker horizon data) with GPS-derived deep subsidence rates and measurements of
eustatic sea level rise from satellite altimetry, giving us a clearer picture of what is happening at the marsh
surface — where the risk of drowning exists.

This study is the first large-scale analysis of surface elevation and vertical accretion data from the
Coastwide Reference Monitoring System (CRMS) to characterize shallow subsidence and wetland
vulnerability in coastal Louisiana. Using CRMS data we found that 35% of wetland sites in the Mississippi
Delta and 58% in the Chenier Plain are vulnerable due to modern rates of RSLR (mean of 13 and 9 mm per
year, respectively, for these two regions). This confirms previous studies that suggested RSLR rates >10
mm/yr are near the upper limit that Louisiana wetlands can withstand.

An important finding from our study is that there is a sub-regional trend of higher vulnerability for

wetlands in the western Chenier Plain (64%) as compared to 58% of sites for the Chenier Plain as a whole.
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Our results indicate that the very low vertical accretion rates at Chenier Plain sites explain much of this
vulnerability, although there may be other factors at play as well. We recognize that there is a large number
of variables and biogeochemical feedbacks that impact wetland surface elevation and that our methodology
considers the cumulative result of these interactions, rather than the individual processes.

Another key finding from our study is that shallow subsidence is concentrated in the uppermost portions (5-
10 m) of the Holocene package. This means that while deep subsidence rates may be influenced by the thickness of
the Holocene package in any given location (resulting in variable deep subsidence rates in the Mississippi Delta, for
example), the shallow subsidence rate is likely driven by short-term compaction that occurs within the most recent
sedimentary deposits at a rate that is, on average, constant across coastal Louisiana (~6 mm/yr). This may also
suggest that active compaction is mostly completed in the time that it takes for ~5-10 m of sedimentary material to
aggrade in coastal Louisiana; future research could focus on defining the timeline for this to occur.

While this study is an examination of the vulnerability of wetlands to RSLR in present-day coastal
Louisiana, there are many avenues of further research that would greatly improve our understanding of what drives
wetland vulnerability and how these environments respond to environmental change. Future work can be undertaken
to see if links exist between soil characteristics, such as bulk density and organic matter content, and shallow
subsidence rates.

While an initial analysis of the relationship between shallow subsidence rates and these soil characteristics
was completed as part of the preliminary work for this study, the bulk density and organic matter data were only
available from the time prior to CRMS site establishment and were therefore not suitable to link with shallow
subsidence rates 6-10 years after that initial measurement. The CRMS program is in the process of obtaining a
second set of bulk density and organic matter measurements which would give insight into how these characteristics
have changed over time and whether shallow subsidence rates might be correlated with any discernable trend in

those variables.

Summary of Chapter 3. Holocene coastal marsh drowning and re-emergence in response to relative sea-level rise
The intention of this chapter is to determine the rates of RSLR that lead to marsh collapse and conversion

of terrestrial ecosystems to open water and to provide an estimate of the time required for re-establishment of a
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terrestrial ecosystem. Our methodology relies on comparison between a high-resolution Holocene RSLR record and
a stratigraphic analysis of facies successions from 355 sediment cores from across the Mississippi Delta to identify
threshold rates of RSLR that lead to marsh drowning over the past ~8500 years. We also use stratigraphic
analysis, “C dating, foraminiferal assemblage analysis, and stable isotope geochemistry to track and constrain the
timing of paleo-environmental changes, including marsh collapse, conversion to open water, and terrestrial
ecosystem reestablishment.

We use a set of 72 sea-level index points to establish a robust RSLR record (tracking the elevation of sea
level through time) through the Holocene. We then use that relationship between age and elevation to expand our
analysis to an additional 283 sites beyond the 72 sites with sea-level index points and investigate trends in this much
larger data set.

This study uses a combination of in-depth geochemical and microfossil analyses to track paleo-
environmental change at a single site, Lutcher 1X, as well as **C analysis to evaluate how long it takes for re-
establishment after drowning. Stratigraphic records from 51 cores with evidence of marsh drowning are analyzed
and the thickness of deposition between drowning and re-establishment are compared to that found in the Lutcher 1X
core (which has geochronological control indicating ~1700 years for re-establishment) to make a reasonable
estimate of the time required for re-establishment in marsh systems. While previous studies have established a
framework to describe the theory behind marsh collapse, conversion to open water, and re-establishment of a
terrestrial ecosystem, this is the first test of that framework using the sedimentary record. Our results suggest that
this response in marsh systems occurs on the order of centuries to millennia.

One key outcome of this analysis is the identification of threshold rates of RSLR that lead to marsh
drowning and conversion to open water in coastal Louisiana. When rates of RSLR exceed ~3 mm/yr, we find
evidence of marsh drowning in ~80% of the study sites. We also find that when rates of RSLR exceed ~7.5 mm/yr,
another tipping point is reached and 94% of sites drown rapidly. This is an important finding because, as was
discovered in Chapter 2, modern marshes in the Mississippi Delta are already facing rates of RSLR of ~13 mm/yr.
While the short-term (annual to decadal scale) observations of modern marsh conditions of Chapter 1 suggest that

35% of marshes are vulnerable due to current rates of RSLR rise, the results from the paleo-record would suggest
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that this is a vast underestimation of actual vulnerability on centennial timescales. To further refine the hysteresis
analysis of this study would require additional in-depth geochemical and microfossil analyses of cores where
hysteresis response is observed. By extending the analysis to additional sites beyond Lutcher X, we can determine

how robust our initial results of ~1700 years to marsh re-establishment may be.

Summary of Chapter 4. Organic carbon storage rates in clastic strata outpace rates in organic-rich strata in the
Mississippi Delta

In this chapter, we test a pair of hypotheses: first, that OC storage rates are higher in organic-rich deposits
than in clastic deposits within this inland alluvial setting and second, that in lower energy, inland deltaic settings,
OC storage rates are higher than those recently found in higher energy, coastal deltaic settings. We rely on **C and
OSL dating, elemental analysis, and bulk density measurements collected from three sediment cores collected near
Bayou Lafourche, a former distributary of the Mississippi River, to calculate carbon storage rates for organic-rich
and clastic strata and to determine the relative carbon storage efficiency of these deposits.

One significant contribution of our study is the surprising finding that while clastic strata contain
significantly less OC (~1-5%) than organic strata (~14-22%), the clastic strata store carbon at at least ~2.5 times the
rate of organic-rich strata. We find that the rapid accretion rates associated with overbank deposition that produce
the clastic strata allow for much more rapid OC storage than the formation of organic-rich strata. We also find that
OC storage rates in these inland, freshwater swamp settings are comparable to the short-term OC accumulation rates
for coastal marshes (~200 g/m?/yr) and delta front deposits such as those in the Wax Lake Delta (~250 g/m?/yr over
the past ~60 years), despite having been exposed to possible diagenetic alteration that could lead to OC loss (and
therefore underestimated rates of OC storage). Our results suggest that OC storage within clastic alluvial deposits
may have a larger role in the global carbon cycle than previously recognized, which may also have implications for

future OC accumulation due to coastal restoration efforts.
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Table A2. Size of previously published rod-surface elevation table data sets. The list below includes the
number of rod-surface elevation tables (RSETSs) used in 63 previously published studies. Our data set (n =
274) is an order of magnitude larger than the largest regionally contiguous RSET data set®. Supplementary
Table 1 is an extension of previously published RSET data compilations (Cahoon et al., 2015; Webb et al.,
2013).

Study/Reference # Number of RSETs Location
United States
Boumans et al., 2002b 6 California
Reed, 1995 unspecified California
Wallace et al., 2005 8 California
Rooth and Stevenson, 2000 2 Chesapeake Bay
Kirwan et al., 2016 179 East Coast (and parts of
Europe)
McKee, 2011 16 Florida and the Carribbean
Cahoon and Lynch, 1997 unspecified Florida
Hendrickson, 1997 unspecified Florida
Whenlan et al., 2005 9 Florida
Whelan et al., 2009 9 Florida
Cahoon et al., 2011 2 Louisiana
Lane et al., 2006 18 Louisiana
Rybczyk and Cahoon, 2002 6 Louisiana
Boumans et al., 1997 9 Louisiana
Cahoon et al., 2011 10 Louisiana
Ford and Grace, 1998 20 Louisiana
Guntenspergen et al., 1995 3 Louisiana
Bowron et al., 2011 6 Maine
Kroes and Hupp, 2010 6 Maryland
Delgado et al., 2013 12 Maryland
Childers et al., 1993 25 Maryland
Erwin et al., 2006 14 Massachusetts, New Jersey, and
Virginia
Cahoon et al., 2000 1 Mississippi Delta Region
Day et al., 2011 12 Mississippi Delta Region
Ford et al., 1999 6 Mississippi Delta Region
McKee and Cherry, 2009 4 Mississippi Delta Region
Boumans, et al., 2002a 14 New Hampshire and
Massachusetts
Roman et al., 2007 unspecified New York
Mattheus et al., 2010 3 North Carolina
Cornu and Sadro, 2002 2 Oregon
Morris et al., 2002 3 South Carolina
Cahoon et al., 1995 4 Southern Region



Cahoon et al., 2008
Cahoon et al., 2011
Cahoon et al., 2004
Baldwin et al., 2009
Cahoon et al., 1999

Rogers et al., 2006
Rogers et al., 2013
Rogers et al., 2005a
Rogers et al., 2005b
Howe et al., 2009
Lovelock et al., 2011
Oliver et al., 2012
Lovelock et al., 2014
Krauss et al., 2010
Stokes et al., 2009
Lovelock et al., 2015

Pacquette et al., 2004
Van Proosdij et al., 2006
Van Proosdij et al., 2010

McKee et al., 2007
Cahoon et al., 2003

Hensel et al., 1999
Day et al., 1999
Day et al., 1998
Scarton et al., 2000
Ibafiez et al., 2010
Ibafiez et al., 1997
Day et al., 2011b
Vandenbruwaene et al., 2011
Cahoon et al., 2000b
French and Burningham, 2003
Spencer et al., 2012

22

15

12

10
unspecified

69

24
12
12

18
12
153

16

18

20
10

55
13
10

11
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Southern Region and Caribbean
Texas and Louisiana
Texas
Washington DC
Washington

Oceania
Australia
Australia
Awustralia
Australia
Awustralia
Australia (Brisbane)
Australia (Minnamurra River)
Australia (Queensland)
Micronesia
New Zealand
Indo-Pacific Region

North and Central America
Canada (Bay of Fundy)
Canada (Bay of Fundy)
Canada (Bay of Fundy)

Belize
Honduras

Europe
France (Rhone Delta)
Italy (Venice Lagoon)
Italy (Venice Lagoon)
Italy (Venice Lagoon)

Spain (Ebro Delta)

Spain (Ebro Delta)

Spain, France, Italy
The Netherlands
United Kingdom
United Kingdom
United Kingdom
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Table A3. Rates of surface-elevation change, vertical accretion, and shallow subsidence by wetland
type.

Vertical
Surface-elevation change rate accretion Shallow subsidence rate
(mmlyr) rate (mm/yr) (mmlyr)
Mean Median sd  Mean Median sd Mean Median sd n %
All 3.8 4.1 7.4 | 10.7 9.5 7.8 6.9 6.0 7.9 274 | 100
10.
Ft 44 4.7 7 12.2 10.3 7.6 7.8 8.7 10.7 31 | 11
12 2.5 2.0 7.5 9.9 9.5 6.3 7.4 7.1 5.8 83 | 30
B’ 3.0 35 5.4 8.7 8.6 4.5 5.7 53 4.8 74 | 27
12.
Sa’ 6.3 7.7 8.4 | 13.6 10.0 5 7.3 3.4 12.3 57 | 21
sw’ 4.1 3.9 34 | 105 9.5 4.7 6.4 6.1 4.9 29 | 11
MD 5.7 5.8 72 | 128 11.3 8.4 7.1 6.0 8.7 185 | 100
10.
F 8.1 7.0 5 14.8 15.0 7.8 6.7 8.7 12.7 19 | 10
I 5.4 5.1 7.2 | 13.7 12.7 6.2 8.2 8.0 4.8 42 | 23
B 4.6 44 48 | 10.6 10.3 4.1 5.9 55 4.3 45 | 24
13.
Sa 6.9 8.1 8.8 | 145 11.6 0 7.6 3.4 13.0 50 | 27
Sw 4.1 3.9 34 | 105 9.5 4.7 6.4 6.1 4.9 29 | 16
CP -0.2 -0.5 6.3 6.3 5.9 3.7 6.5 5.8 6.3 89 | 100
F -1.6 -3.0 8.4 8.0 7.5 5.0 9.6 9.8 6.7 12 | 13
I -0.6 -1.0 6.7 6.0 6.0 3.6 6.6 6.2 6.7 41 | 46
11.
B 0.5 15 5.4 5.8 4.5 6 5.3 5.1 5.6 29 | 29
Sa 1.7 1.3 2.8 7.0 6.3 35 5.3 3.7 4.1 7 8
N/ N/
Sw N/A N/A A N/A N/A A N/A N/A N/A 0 0

1. Fresh marsh.

2. Intermediate marsh.
3. Brackish marsh.

4. Saline marsh.

5. Swamp.
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Table A4. GPS-measured and predicted deep subsidence rates in the Mississippi Delta. Vertical
velocity data were obtained from 13 GPS stations (data from Karegar et al., 2015) within the Mississippi
Delta that were used to create a linear model (Fig. 4) of deep subsidence rates. Predicted vertical velocity is
obtained by solving this linear equation as a function of latitude. Only GPS sites within the Mississippi
Delta with >5 years of observation were included.

GPS
minus
predicte
GPS Predicte d
GPS measured d vertical
Length of foundation vertical vertical  velocity
GPS observation depth velocity velocity  (mml/yr
Station Lat Long (yr) (m) (mmlyr) (mmlyr) )
BVHS -89.41  29.34 11.93 >20 -5.7 -5.27 0.43
COVG -90.10  30.48 10.02 >15 -0.8 -1.04 -0.24
DSTR -90.38  29.96 8.38 unknown -2.0 -2.97 -0.97
ENG1 -89.94 29.8 18.54 ~3 -2.3 -3.26 -0.96
GRIS -89.96  29.27 8.89 unknown -5.6 -5.53 0.07
HAMM -90.47  30.51 13.45 >15 -1.0 -0.92 0.08
HOUM -90.72  29.59 10.67 >15 -3.9 -4.34 -0.44
LMCN -90.66  29.25 11.26 36.5 -6.5 -5.61 0.89
LWES -90.35  29.90 6.67 unknown -2.7 -3.19 -0.49
MSSC -89.61  30.38 9.23 unknown -1.5 -1.41 0.09
NDBC -89.61  30.36 13.18 unknown -1.3 -1.48 -0.18
SJB1 -91.11  30.40 5.36 unknown -1.5 -1.33 0.17
1LSU -91.18 3041 11.21 <15 -2.9 -1.30 1.60
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Figure A2. Methodology to determine rates of surface-elevation change and vertical accretion.
Following each site visit, individual measurements are averaged and plotted vs. time. A linear regression is
carried out to determine the rate of surface-elevation change (a, c) and vertical accretion (b, d). For both
SEC and VA records, mean site visit (i.e., static) measurements are indicated by the blue dots and the
orange line indicates a linear regression analysis of the record which yields the eventual (i.e., long-term)
SEC or VA rate. Short-term perturbations in the accretion history at individual CRMS sites contribute to
within-site variability. It is important to note that due to the MH methodology, individual events that
deviate from the overall trend of accretion at a CRMS site are necessarily time-averaged between site visits,
and so the relative importance of individual events is dependent on the frequency of sampling.
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Figure A3. Comparison of eventual and site visit surface-elevation change linear regression analyses
for site 0605. The step-wise establishment of CRMS sites has resulted in variable durations of observation
among sites. We determined the eventual (i.e., long-term) surface-elevation change rate for site 0605 with
blue dots indicating site visit surface elevation measurements and the solid orange line indicating the linear
regression (i.e., the eventual SEC rate) for this record (a), i.e., similar to Supplementary Fig. 2c. We then
determined linear regressions for site visit SEC rates at each time step (i.e., approximately every six months
through the duration of observation) with each of the dotted lines representing a site visit SEC rate of
different length and the solid orange line representing the eventual SEC rate (b). Short-term site visit SEC
rates (<4 years of observation) produce highly variable campaign SEC rates that may deviate significantly
from the eventual SEC rate. Longer-term site visit SEC rates (=5 years of observation) approximate the
eventual SEC rate.
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Figure A4. Comparison of eventual and site visit surface-elevation change for the 9 longest records.
The difference between each site visit SEC rate (orange line) and the eventual SEC rate (dashed blue line)
is plotted for the 9 sites with the longest duration of observation. The difference at each time step is tracked
over the full duration of observation for each of the 9 selected sites. We find that in most cases, the
difference between the site visit SEC rate and the eventual SEC rate approaches its minimum after 5 years
of observation (and sometimes earlier). All sites included in this analyses have been monitored for 6 years
or more. It is important to note that this analysis fundamentally assumes that SEC rates at a given site
approach a “true” value over time and that these rates are appropriately represented by a linear relationship
as time progresses. While this is not necessarily correct, it constitutes a more stringent assessment of
required length of observation record than what has commonly been used”’.
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Table A5. Effect of removing noisy surface-elevation change and vertical accretion records.
Descriptive statistics for rates of surface-elevation change and vertical accretion and for the Mississippi
Delta and Chenier Plain sub-regions were calculated using the full data set as well as a smaller, reduced
error data set. We compare the descriptive statistics of these two data sets to evaluate the effect that noisy
data may have on the results. In the reduced error data set, sites with a root mean squared (RMS) error in
the 90" percentile (i.e., the noisiest records) for surface-elevation change and/or vertical accretion were
removed. Removal of high RMS error records generally removed exceptionally low minimum and/or high
maximum values and lowered the standard deviation.

Full data Reduced error data Full data Reduced error
set set set data set
n=274 n=227 n=274 n=227
Overall
Surface-elevation change rate Vertical accretion rate (mm/yr)
(mm/yr)
Mean 3.8 3.7 10.7 10.5
Median 4.1 4.1 9.5 9.5
Standard deviation 7.4 6.0 7.8 7.8
Minimum -41.0 -18.0 0.2 0.9
Maximum 46.0 31.9 83.7 83.7
Mississippi Delta
Surface-elevation change rate Vertical accretion rate (mm/yr)
(mm/yr)
Mean 5.7 5.6 12.8 12.6
Median 5.8 5.8 11.3 11.2
Standard deviation 7.2 5.1 8.4 8.5
Minimum -41.0 -18.9 1.6 2.0
Maximum 46.0 31.9 83.7 83.7
Chenier Plain
Surface-elevation change rate Vertical accretion rate (mm/yr)
(mm/yr)
Mean -0.2 -0.9 6.3 6.1
Median -0.5 -0.6 5.9 55
Standard deviation 6.3 5.1 3.7 34
Minimum -17.3 -17.3 0.2 0.9

Maximum 22.5 12.2 20.6 14.7




ary  Visualzagon  Frogam

Single-click the yeliow symbology on the map to view CHMS Site information.

# Brackish
& ¥ Saline
® ¥ Intermediate
& ¥ Fresh
& 7 Swamp
& ¥ Other
- Mers Stats

LZoom To:
CRMS0002

1 kini® Buffer

200 m? Buffer

RealTime Hydro
tes

Floating Marsh
Classify
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Appendix B. Supplementary Information for Chapter 3.
Table B1. Study database.
Digital file.
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Appendix C. Supplementary Information for Chapter 4.

Appendix C analysis: Loss-on-ignition vs. elemental analysis comparison

Many studies have explored the link between sediment texture and organic-matter content through loss-on-
ignition measurements (Kearns and Davison, 1983; Kosters, et al., 1987). Organic matter differs from OC.
Organic matter includes OC, in addition to other elements that make up organic compounds (e.g. H, N, S,
and O). For example, leaf litter is 100% organic matter, but typically only 40-50% OC. Organic matter is
generally a good proxy for OC but there are a number of considerations such as the greater amount of OC
associated with sediment textures that have a greater surface area to mass ratio (e.g., clays) (Kearns and
Davison, 1983; Kosters et al., 1987) that impact the actual organic matter to OC ratio; therefore, variations
in the conversion factor warrant discussion. The relationship can vary widely based on several factors,
including the origin of the OC and the depth of burial (e.g., Allen et al., 1974; Schnitzer and Khan, 1978;
Perie and Ouimet, 2008; CPRA, 2012).

A factor of 1.724 — equivalent to organic matter containing 58% OC - has often been used as a
general conversion factor between organic matter and OC (see Allen, 1974), although this assumption has
been challenged by empirical and theoretical studies (Schumacher, 2002; Zhong and Wu, 2009; Pribyl,
2010). Louisiana-specific values for the relationship between organic matter and OC content were
measured in coastal marsh sediments and reported by the Coastal Protection and Restoration Authority
(CPRA, 2012). The results (Fig. C1) show that for Louisiana marsh sediments at shallow depths (<50 cm)
the organic matter to OC conversion factor is 2.2, representing ~45% OC in organic matter. This suggests
that more precise values can be obtained by using a local, experimentally derived conversion factor than
when using the generalized factor of 1.742.

As part of this study, we measured organic matter content within our three cores using loss-on-
ignition. Each sample was weighed and dried overnight (8-16 hours) at 100 °C. These dried samples were

then crushed and homogenized with a ceramic mortar and pestle, weighed, and then heated to 550°C for 24
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hours to ignite and remove all organic matter. The samples were then weighed and the amount of organic
matter lost (% by mass) was calculated. We then compared the organic matter values to the OC values we
determined using Elemental Analysis (see Methods) to determine a conversion factor for each core (Fig.
D2). Though we find some variation between the conversion factor in the cores, the OC content of organic
matter in our study cores falls between ~48-57%, suggesting that there is spatial variability (as much as
~10%) in the amount of organic matter that is comprised of OC. This result means that quantifying the OC
content of sedimentary deposits may require specific measurements in the study location to obtain more

precise values.
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Figure C1. The relationship between organic matter (derived from loss-on-ignition analyses) and OC
content for coastal Louisiana marsh sediments (CPRA, 2012).
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Figure C2. The relationship between organic matter (derived from loss-on-ignition analyses) and OC
content for the Napoleonville 11, Napoleonville 1V, and Paincourtville I cores.
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Appendix C. Bacon age-depth model outputs

OSL and *C ages are reported in years B.P. This involved converting the OSL ages (which were
previously reported with reference to 2010 C.E.) from Shen et al. (2015) to B.P. by subtracting 60 years
from the ages to convert them so they are with reference to 1950 C.E. as **C ages commonly are reported.
Radiocarbon ages were calibrated within a Bayesian accumulation model (Bacon) Blaauw and Christen,
2011) using the IntCal13 curve (Reimer, et al., 2013). Bacon is used to construct age-depth models by
calculating accretion rates at regular intervals within each core using Markov Chain Monte Carlo (MCMC)
iterations. In cores NV Il and PV I, a “hiatus” (hiatus mean = 10 yr) was included above the peat bed to
clear the memory of the model to accommodate the rapid change in accretion rate at the point where
deposition changes from organic to clastic sediments. This is important because within Bacon the accretion
rate is informed by all accretion rates occurring previously and there is a fundamental difference in the
mechanisms that control organic deposition (decayed plant material) and clastic deposition (flooding) in
this system. Priors for accretion rates in different sections of each core were estimated based on existing **C
and OSL data (Figs. C3, C4, and C5).

Accretion rates for each core were calculated in Matlab using the Bacon age model output. The
Bacon output data were sampled at 10 cm depth intervals. The difference in years at each of the sampled 10

cm intervals in the core was calculated and then divided by 10 cm to produce an accretion rate.
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Figure C3. Priors and age-depth model for Paincourtville I. The lower panel shows the calibrated **C
ages (transparent blue), the converted OSL ages (transparent green) and the age-depth model. For the age-
depth model the grey shading indicates the likelihood of calendar ages and the grey dotted lines shows 95%
confidence intervals. The red curve shows the optimal age-depth model based on the weighted mean age
for each depth. The smaller, upper panels show the iterations of MCMC runs (upper left) and the prior
(green curves) and posterior (grey histograms) distributions for the accretion rate (upper center) and
memory (upper right) of the model.
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Figure C4. Priors and age-depth model for Napoleonville 11. The lower panel shows the calibrated **C
ages (transparent blue), the converted OSL ages (transparent green) and the age-depth model. For the age-
depth model the grey shading indicates the likelihood of calendar ages and the grey dotted lines shows 95%
confidence intervals. The red curve shows the optimal age-depth model based on the weighted mean age
for each depth. The smaller, upper panels show the iterations of MCMC runs (upper left) and the prior
(green curves) and posterior (grey histograms) distributions for the accretion rate (upper center) and
memory (upper right) of the model.
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Figure C5. Priors and age-depth model for Napoleonville 1V. The lower panel shows the calibrated **C
ages (transparent blue) and the age-depth model. For the age-depth model the grey shading indicates the
likelihood of calendar ages and the grey dotted lines shows 95% confidence intervals. The red curve shows
the optimal age-depth model based on the weighted mean age for each depth. The smaller, upper panels
show the iterations of MCMC runs (upper left) and the prior (green curves) and posterior (grey histograms)
distributions for the accretion rate (upper center) and memory (upper right) of the model.



Table C1. Age-depth model data output from Bacon software using IntCal13 calibration curve.

Digital file.
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Table C2. Accretion rates calculated using Bacon software.

Napoleonville 11

depth (m)
2
2.2
2.4
2.6
2.8
3
3.2
3.4
3.6
3.8
4
4.2
44
4.6
4.8
5
5.2
5.4
5.6
5.8
6
6.2
6.4
6.6
6.8
7
7.2
7.4
7.6
7.8
8
8.2
8.4

mm/yr
111
111
111
111
11.1
111
111
111
10.5
111
111
111
12.5
13.3
13.3
13.3
13.3
13.3
14.3
13.3
14.3
13.3
12.5
13.3
13.3
13.3
13.3
14.3
13.3
13.3
12.5
13.3
12.5

Napoleonville 1V

depth (m)
8
8.2
8.4
8.6
8.8
9
9.2
9.4
9.6
9.8
10
10.2
10.4
10.6
10.8
11
11.2
11.4

mm/yr
0.0021
0.0021
0.0021
0.0016
0.0011
0.0011
0.0011
0.0011
0.0011
0.0011
0.0011
0.0011
0.0011
0.0011
0.0011
0.0011
0.0011
0.0011

depth (m)
1.3
15
1.7
1.9
2.1
2.3
2.5
2.7
2.9
3.1
3.3
3.5
3.7
3.9
4.1
4.3
45
4.7
4.9
5.1
5.3
5.5
5.7
5.9
6.1
6.3
6.5
6.7
6.9
7.1
7.3
7.5
7.7

Paincourtville I
mm/yr
1.67
1.82
1.67
1.82
1.67
1.82
1.67
1.82
1.82
1.67
1.82
1.67
1.82
1.82
1.67
1.82
1.82
1.82
1.82
2.0
1.82
2.0
1.82
2.0
2.0
1.82
2.0
1.82
2.0
1.82
2.0
2.0
1.82
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Napoleonville 11
depth (m) mm/yr
8.6 12.5
8.8 12.5
9 12.5
9.2 12.5
94 12.5
9.6 13.3
9.8 12.5
10 12.5
10.2 12.5
10.4 12.5
10.6 1.3
10.8 0.5
11 0.5
11.2 0.5
11.4 0.5
11.6 0.5
11.8 0.5
12 0.5
12.2 0.5

12.4

0.5

Napoleonville 1V

depth (m)

mm/yr

depth (m)
7.9
8.1
8.3
8.5
8.7
8.9
9.1
9.3
9.5
9.7
9.9
10.1
10.3
10.5
10.7
10.9
111
11.3

Paincourtville |
mm/yr
2.0
2.0
1.82
1.82
1.67
1.33
3.0
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.6
0.6
0.6
0.6
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Table C3. Bulk density and organic carbon content.

Napoleonville 11
bulk density % OC
depth (m) (g/m3) (by mass)

0.67 1.45 0.36
0.87 1.50 0.26
1.07 1.37 0.26
1.67 1.60 0.46
1.87 1.52 0.41
2.07 1.52 0.49
2.27 1.39 0.60
3.10 1.51 0.37
3.38 1.60 0.64
3.58 1.60 0.48
4.17 1.59 0.21
4.38 1.51 0.14
457 1.49 0.28
5.75 1.57 0.06
5.95 1.58 0.26
6.26 1.48 0.11
6.65 1.48 0.28
9.14 1.28 1.04
9.44 1.21 2.76
9.76 0.77 2.84
9.88 1.52 0.95
11.04 0.60 6.37
11.45 0.77 22.22
12.17 0.73 6.39
12.38 0.71 5.01
12.56 0.75 6.73
12.65 1.22 1.20
12.86 1.28 1.23
13.06 1.63 1.21
13.26 1.56 1.47
13.45 1.28 1.20
13.60 1.39 1.89
13.83 0.99 11.67

13.98 1.20 2.39



Napoleonville 1V

depth (m)
7.98
8.31
8.59
9.40
10.02
10.18
10.73
10.95
11.14
11.35
11.55
11.75

bulk density

(9/m3)
0.86
1.09
0.70
0.69
0.75
0.64
0.63
0.66
0.66
0.64
0.85
0.97

% OC
(by mass)
7.13
2.97
2.54
24.27
18.16
25.90
16.55
15.34
23.18
16.99
9.64
7.24
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Paincourtville 1

depth (m)
3.76
3.96
4.85
5.07
5.28
5.47
5.68
5.88
6.01
6.62
6.76
6.82
7.04
7.11
7.32
7.39
7.53
7.83
8.05
8.25
8.46
8.65
8.85
9.06
9.26
9.44
9.64
10.05
10.25
10.33
10.43
10.54
10.85
10.98
11.09
11.20
11.29
11.40
11.49
11.58
11.70
11.78
11.90
11.99

bulk density
(9/m3)
1.53
1.43
1.47
1.43
1.54
1.35
1.39
1.59
1.47
1.49
1.62
1.39
1.51
1.44
1.59
1.48
1.48
1.59
1.46
1.40
1.55
1.36
1.36
1.39
1.08
1.12
1.04
0.68
0.68
1.07
0.71
0.76
0.79
0.88
0.97
0.95
1.01
1.04
0.79
0.98
1.09
1.09
1.00
1.10

% OC
(by mass)
0.21
0.03
0.18
0.19
0.18
0.10
0.57
0.19
0.10
0.21
0.69
0.51
0.56
0.67
0.73
0.53
0.54
0.70
0.58
0.94
0.63
0.75
0.69
0.88
8.81
7.13
4.43
9.57
9.56
5.81
6.07
13.83
13.62
21.36
13.44
6.49
12.72
5.89
10.18
6.54
2.02
0.67
0.50
0.64
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Table C4. Organic carbon accumulation rate outputs from Bacon software.

Napoleonville 11 Napoleonville IV Paincourtville |
depth (m) g/m2/yr depth (m) g/m2/yr depth (m) g/m2/yr
2.07 82.76 8.31 67.44 3.76 58.36
2.27 92.67 8.59 29.15 3.96 7.63
3.10 62.06 9.40 181.03 4.85 48.06
338 113.72 10.02 14591 5.07 53.59
3.58 81.35 10.18  179.86 5.28 50.77
4.17 37.08 10.73  112.12 5.47 26.71
4.38 26.11 1095  110.49 5.68 14553
4.57 55.04 11.14  167.20 5.88 59.93
5.75 12.78 11.35 11884 6.01 29.42
5.95 57.60 6.62 59.07
6.26 21.33 6.76  208.26
6.65 55.25 6.82 136.72
9.14 166.45 7.04 158.70
9.44 42273 711 176.48
9.76  279.93 732 23194
9.88 180.26 7.39 157.37
11.04 18.94 753 157.38
11.45 81.10 7.83 21549
12.17 23.42 8.05 169.09
12.38 17.98 8.25 24465
8.46  177.27
8.65 173.38
8.85 132.03
9.06 62.36
9.26 94.99
9.44 39.07
9.64 22.40
10.05 31.61
10.25 32.01
10.33 30.78
10.43 22.02
10.54 55.98
10.85 62.05
10.98  109.02
11.09 77.21
11.20 36.28

11.29 76.00
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