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Abstract. The natural wetlands of coastal Louisiana are experiencing rapid subsidence rates averaging 9 &
1 mm yr_l. Recent measurements based on GPS data and CRMS surface elevation tables (SETs) have shown
that most of the subsidence is shallow and occurs in the uppermost 5 meters. Sources of subsidence and the
origin of their spatial variability are strongly debated. Here we use CRMS SETs together with historic maps
of coastal Louisiana to explore two hypotheses: (i) shallow subsidence is a result of accommodation created
by (long-term) deep subsidence processes and self-weight consolidation, and (ii) changes in marsh hydrology
(groundwater and surface water flows) have led to a recent increase in shallow subsidence.

First, we find that, although self-weight consolidation would result in generally high observed shallow sub-
sidence rates, it does not explain the rates nor the spatial variability of the CRMS SET data. Second, based on
historic maps, we find that shallow subsidence rates are significantly higher for CRMS sites where shipping
canals have reduced their distance to the marsh edge. This is potentially a result from increased sediment depo-
sition, but CRMS data also show altered groundwater levels near the marsh edge. We find some indication that
prolonged periods of low water could have led to increases in effective stresses that explain some of the rapid

rates of shallow subsidence observed along Louisiana’s coastline.

1 Introduction

Many low-lying coastal areas including coastal Louisiana
experience elevated rates of relative sea-level rise because
of subsidence (Jankowski et al., 2017; Minderhoud et al.,
2018; Nienhuis et al., 2017; Teatini et al., 2011). Recent data
collection through the Coastal Reference Monitoring Sys-
tem (Steyer et al., 2003; https://lacoast.gov/crms/, last ac-
cess: 1 August 2019) (Fig. 1a) has allowed for unprecedented
analyses of subsidence rates and patterns in coastal Louisiana
(e.g., Jankowski et al., 2017; Nienhuis et al., 2017; Sanks et
al., 2019), but subsidence mechanisms are still poorly under-
stood. Subsidence at depth is likely a combination of isostasy
and fault movement (Frederick et al., 2019), but tends to be
much slower compared to subsidence observed at the surface
(Frederick et al., 2019; Wolstencroft et al., 2014). For shal-
low subsidence, several mechanisms have been proposed,
including shallow hydrological modifications such as weirs

and impoundments (Turner, 2004), soil consolidation result-
ing from sediment deposition (Tornqvist et al., 2008), with
(Meckel et al., 2006) or without (Jankowski et al., 2017) a
relation to Holocene sediment thickness.

Here we analyze the CRMS dataset (Fig. 1) to better un-
derstand shallow subsidence. CRMS subsidence measure-
ments are obtained based on surface elevation change and
vertical accretion data of surface elevation tables (SET’s)
(Fig. 1b). Jankowski et al. (2017) compiled these data and
included deep subsidence from GPS measurements (Karegar
et al., 2015) to investigate decadal-timescale subsidence. We
use the data of Jankowski et al. (2017), together with CRMS
water level and soil property data (Steyer et al., 2003). We
use digitized land loss maps of Penland et al. (2000) instead
of more recent land loss maps (e.g., Couvillion et al., 2017)
because it is vectorized and because it includes a description
of the type of wetland loss (e.g. interior canals vs. shoreline
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Figure 1. (a) Location of CRMS stations used to determine sub-
sidence rates, at 274 sites along the Louisiana coast, based on
data collected through the Coastwide Reference Monitoring System
(CRMS) program. (b) Schematic of a CRMS-SET, including indi-
cated range of deep subsidence (DS) and shallow subsidence (SS),
reproduced from Jankowski et al. (2017).

erosion). We investigate two hypotheses: (1) shallow subsi-
dence is caused by self-weight consolidation, and (2) shallow
subsidence is caused by surficial hydrological change.

2 Self-weight consolidation

Self-weight (primary) consolidation implies that the weight
of accreted sediment expels pore-water fluid from underlying
layers, forcing their consolidation. Self-weight consolidation
can potentially create high surface subsidence rate (Teatini et
al., 2011; Tornqyvist et al., 2008; Tovey and Paul, 2002; Zoc-
carato et al., 2018). However, accommodation space must be
created by deep subsidence processes for these rates to be
sustained on long timescales.

Here we perform a simple analysis to investigate the po-
tential rate of self-weight-consolidation-driven subsidence.
We solve the following implicit function (Tovey and Paul,
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Figure 2. Equilibrium depth dependence of the (a) void ratio, as-
suming sediment deposition with a void ratio of 3.5, and (b) subsi-
dence rate (SS + DS), assuming mass-balance and a DS (deep sub-
sidence) rate of 3 mm yr_1 at a depth of 10 m. CRMS data show the
average void ratio across all CRMS sites.

2002), which describes the void ratio e as a function of depth
z (m),

e(z) = eg — cclogyg (00 +0'(2)) , (1)

with the added weight of overlying sediments (kN m~2),

L [ Gite
o' ()= f T )
0

where e is the void ratio of the deposited sediment at z = 0,
yw 1s the specific weight of water (~ 9.8 kN m~3), Gy is the
specific gravity of the sediments (~ 2.6), c. is a consolidation
coefficient (here ~ 1), and oy is a reference weight (here ~
0.1kNm™2).

Based on CRMS soil data of the upper 0.24 m of the marsh
surface and a void ratio of the deposited sediment of e of 3.5,
we obtain an approximate equilibrium void ratio distribution
(Fig. 2a). The void ratio distribution also determines the equi-
librium shallow subsidence rate (SS, mm yr‘l) at depth (z)
via mass-balance and the creation of accommodation. The
void ratio distribution implies a linear relationship between
deep (DS) and shallow (SS) subsidence rates,

e(2)+1 _1>’

$S(z) = DS ( e 3)

where epg is the void ratio at depth (Fig. 2b).

We apply Eq. (2) and estimate shallow subsidence rates
for every CRMS site based on local deep subsidence rates,
depth of the deep subsidence measurement, and local surface
void ratio (Fig. 3). We find that Eq. (2) underpredicts sub-
sidence rates and also does not explain the variability in the
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Figure 3. Estimated vs. predicted shallow subsidence based on
Eq. (2). Histograms show distribution of predicted and observed
rates, including their mean.

observed shallow subsidence rates. We do not find a corre-
lation between the deep subsidence and shallow subsidence
rates.

3 Altered surface hydrology

We explore the hypothesis that changes in horizontal sur-
face hydrology affect shallow subsidence rates in coastal
Louisiana. This hypothesis was raised by Turner (2004), who
suggested that prolonged wet and dry periods in marshes af-
ter the creation of canals and adjacent spoil banks through
marshes could lead to increased subsidence. Studies of other
marshes have also found that changing surface water (and
adjacent ground water) affects subsidence rates, even for
cases where surface water changes occur over relatively
short periods of weeks/months (Deverel and Leighton, 2010)
or days (Chai et al., 2017). Note that marsh groundwater
changes strongly depend on the distance to the marsh edge.
Eco-hydrological models of salt marshes generally find that
groundwater change is limited to places near edges (Mon-
talto et al., 2007; Ursino et al., 2004) but that the length scale
depends on the period of water level fluctuations (Moffett
et al., 2012). Interiors are determined by vertical processes,
or horizontal processes driven by differences in vegetation,
transpiration in the case of non-flooding tides (Moffett et al.,
2012).

3.1 Distance from CRMS sites to marsh edge

To explore our hypothesis, we first investigate hydrological
changes to Louisiana marshes. We do not use a hydrological
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Figure 4. MRD land area map for 1932 and 1990, based on Pen-
land et al. (2000), including CRMS stations, and average distance
of CRMS stations to the marsh edge.

model, rather we investigate land loss maps and assume that
the distance to the nearest open water can serve as a proxy for
marsh hydrology. Based on digitized land loss maps between
1932 and 1990 (Penland et al., 2000), we find that the median
distance from CRMS sites to open water has been reduced
considerably (Fig. 5). Of the 168 CRMS sites for which we
have data, 73 have gotten closer to open water because of
the construction of a canal, 21 have gotten closer because of
other types of land loss, and 74 have not seen the distance
to the marsh edge reduced. Note that these distances should
be considered maximum possible distances given the low-
resolution digital maps that tend to miss small water bodies
including narrow canals.

3.2 Effect of canals on shallow subsidence

Using the CRMS data together with land loss maps, we next
investigate the relationship between shallow subsidence and
local hydrology. We do not find a significant relationship be-
tween the distance to the marsh edge and shallow subsidence.
However, we do find statistically significantly higher shal-
low subsidence rates in CRMS sites where the distance to the
marsh edge has decreased between 1932 and 1990 (Fig. 5a).
Mean shallow subsidence in sites with equal distance to open
water is 64 1 mmyr~! (n = 95), compared to 94 1 mm yr~!
(n = 73) for sites which have gotten closer to open water be-
cause a canal had been constructed.

Next, we explore potential causes for increased shallow
subsidence rates. It is likely that these sites experience in-
creased vertical accretion of sediment because of their prox-
imity to canals or other water bodies that carry suspended
sediment when the marsh floods (Reed et al., 1999). Sedi-
ment accretion would then result in higher soil stresses and
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Figure 5. (a) Distribution of shallow subsidence rates for locations
where a shipping canal has (not) reduced the distance to the marsh
edge. (b) Distribution of minimum water level for sites within and
outside of 100 m from the marsh edge.

associated soil consolidation. Unfortunately, our subsidence
rates are derived based on the difference between vertical ac-
cretion (sedimentation) and surface elevation change. We do
not have independent sedimentation data for these CRMS
sites, making us unable to further explore the relation be-
tween subsidence and sedimentation.

Second, reduced distance to open water could also poten-
tially lower marsh groundwater and result in increased effec-
tive stress and soil consolidation. Regular (micro-tidal) sur-
face water changes only affect water tables for a very lim-
ited distance into the marsh (Montalto et al., 2007). How-
ever, we find that surface and groundwater data for many
CRMS sites (e.g. site 114, Fig. 6) show significant longer
timescale variability. These water table changes are likely to
be driven by precipitation, wind (e.g., Valentine and Mariotti,
2019), or other climatic variability. Ground water table fluc-
tuations appear larger for CRMS sites located closer to the
marsh edge (Fig. 5b). However, we are not able to directly
relate ground water fluctuations to subsidence data because
only a few CRMS sites have ground water table data. More
data is needed to quantify the potential effect of ground water
lowering on shallow subsidence.

Note that canals have been constructed since the 1950s and
that CRMS subsidence rates can be considered modern. Any
relation between canal construction and subsidence therefore
would imply long timescale subsidence.

4 Conclusions

We have investigated potential mechanisms for shallow sub-
sidence in coastal Louisiana based on the CRMS data. We
find that rapid shallow subsidence is unlikely to be driven
by self-weight consolidation in equilibrium with accommo-
dation created from deep subsidence processes. Comparison
of patterns of shallow subsidence rates to land loss maps
shows that the creation of shipping canals could have in-
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Figure 6. Ground water and surface water levels for CRMS
site 114, located 37m from the marsh edge from February—
September 2013.

creased shallow subsidence in coastal Louisiana, potentially
through a combination of increased vertical accretion of sed-
iment and prolonged periods of lowered groundwater tables.
Future studies should aim to quantify these trends.

Data availability. All data to reproduce these findings are avail-
able online. The subsidence map can be found at: https://osf.io/
m83z4/ (last access: 1 August 2019; Nienhuis et al., 2017). CRMS
measurement station data of coastal Louisiana wetland hydrology
and soils can be retrieved from: https://lacoast.gov/crms/ (last ac-
cess: 1 August 2019; Steyer et al., 2003). Land loss maps can
be found at: https://pubs.usgs.gov/dds/dds79/HTMLDOCS/catalog.
htm (last access: 1 August 2019; Penland et al., 2000).
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