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Abstract

Subsidence in south Louisiana is a fundamental process and major source of uncertainty influencing restoration planning and
design and wetland habitat resilience. The primary goal of this study was to conduct an analysis of recent subsidence rates within
the Barataria Basin. High-resolution geodetic GPS elevation measurements at 19 benchmarks were used to determine recent
subsidence rates for the Barataria Basin. Net elevation changes at all stations equaled or exceeded predicted measurement
uncertainties based on session duration. Water elevation change from two gauges in the southern part of the basin supplemented
survey data, resulting in a range of subsidence velocities at 21 locations from about 2 to 7 mm/year. These data record short-term
subsidence trends (6- to 16-year time series) that are expected to be representative of conditions at proposed restoration sites over
the next 20 to 50 years. Foundation/rod depths for benchmarks ranged from near surface to about 30-m deep. None of these
foundations/rods were sleeved or anchored and thus were not isolated from surrounding consolidating sediment and associated
downdrag forces. Therefore, subsidence rates at these sites were considered representative for the entire sediment column.
Subsidence rate comparisons for nearby deep and shallow rod benchmarks support this conclusion. Spatial variability in subsi-
dence indicates a compelling relationship between subsidence rates and the age, composition, and thickness of Holocene deltaic
deposits. The Coastal Protection and Restoration Authority of Louisiana intends to use this same approach to continue refining
subsidence rates throughout coastal Louisiana to support coastal restoration planning and design.

Introduction

Subsidence in south Louisiana is a primary factor influencing
restoration planning and design and wetland habitat resilience.
Subsidence is defined as a downward movement of the earth’s
surface relative to a vertical datum such as sea level, which
includes localized impacts of settling due to overburden and
marsh consolidation associated with hydrologic changes.
Natural subsidence processes include consolidation of
Holocene, Pleistocene, and Tertiary age sediments (Dokka
2009); fault-induced elevation changes due to basin tectonics
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(Dokka 2006; Dokka et al. 2006; Dokka 2011); and
downwarping of the Gulf Coast geosyncline due to sediment
loading (Blum et al. 2008; Yuill et al. 2009). Human-induced
subsidence processes include lowering of the groundwater
table through forced drainage of saturated organic soils (marsh
and swamp), causing measurable shrinkage of the soil column
(oxidation of organic matter) (Jones et al. 2016); overburden
associated with flood protection levees; and marsh surface
settling resulting from alterations to natural marsh hydrology
(Yuill et al. 2009). Subsurface fluid withdrawal has been iden-
tified as a localized cause of subsidence (Morton et al. 2006);
however, the geographic extent and vertical contribution to the
subsidence signal is difficult to quantify based on a variety of
reservoir characteristics and geologic controls impacting the
degree to which surface changes may occur (Chan and Zobak
2007; Mallman and Zobak 2007). Further, Olea and Coleman
(2014) reported that oil and gas production plays only a minor
role relative to subsidence, with sediment loading and normal
faulting dipping basinward accounting for >90% of the sig-
nal. Subsidence rates vary widely across south Louisiana due
to the age and complexity of deltaic deposits, underlying geo-
logic controls, and human alterations to wetland habitat.
Consolidation of fine-grained, deltaic Holocene deposits
with high water content is considered the principal contributor
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to subsidence in the Louisiana coastal zone (Kolb and Van
Lopik 1958; Roberts 1985; Roberts et al. 1994; Térnqvist
et al. 2008; Jankowski et al. 2017). Primary consolidation
occurs as soil volume is reduced due to dewatering under
the weight of overlying sediment. Oxidation of organic matter
through chemical reactions also reduces soil volume. Thicker
sediment deposits contain more interstitial water available for
removal, which leads to high rates of subsidence as they con-
solidate. Older deltaic deposits have undergone primary con-
solidation for a longer period and therefore should exhibit
lower subsidence rates than recently deposited sediments.
Keucher (1994) and Keucher et al. (2001) have indicated that
early consolidation of highly organic and clay-rich facies
within a newly deposited delta is a primary component of
subsidence. In other words, areas of the deltaic plain overlying
thick Holocene deposits within the entrenched Mississippi
River valley are expected to subside at higher rates than areas
outside the valley where Holocene sediment thickness is less
(Roberts 1985).

Although Dokka (2006, 2011) identified deep seated sub-
sidence (upper Pleistocene and older) as a primary contributor
to subsidence on the delta plain, he assumed that all measured
elevation changes reflected movement below the base of pil-
ings or rods in consolidating Holocene clay, thereby ignoring
the potential impact of downward drag forces (e.g., Endo et al.
1969; Bozozuk 1972; Blanchet et al. 1980; Fellenius 1984,
Tran and Nguyen 2003; Fellenius 2006; El-Mossallamy et al.
2013; Abdrabbo and Ali 2015) caused by settling of Holocene
sediment through which a pile or rod was driven. In geotech-
nical terms, shear stresses that act downward on a pile or rod
within a consolidating sediment column are called negative
skin friction (Davisson 1993; Briaud and Tucker 1996; Huang
etal. 2015; Fellenius 2018). This downward force on a pile or
rod from the surrounding sediment is called downdrag. Unless
coatings or sleeves are applied during the installation of piles
or rods in consolidating sediments, downdrag forces will act
to pull piles or rods downward as the sediment subsides
(Floyd 1978; Chao et al. 2006; Fellenius 2018).

Understanding the causes and rates of subsidence across
the Louisiana coastal zone is critical to successful planning
and implementation for State Coastal Master Plan projects.
Estimates of subsidence have been made by comparing
benchmark leveling data (e.g., Shinkle and Dokka 2004), tide
gauge measurements (e.g., Penland and Ramsey 1990; Kolker
et al. 2011; USACE 2015), and radiometric dating of buried
peat horizons (e.g., Roberts 1985; Kulp 2000; Dokka 2009).
Estimates of recent subsidence rates generally are derived
from data obtained from sites on or near engineered structures
(e.g., roads, bridges, buildings). Therefore, resulting subsi-
dence rate estimates may not fully reflect natural marsh sub-
sidence processes unrelated to the confounding effects of hu-
man disturbances. Given the geologic complexity and diverse
processes contributing to subsidence, it has been difficult for

@ Springer

the Coastal Protection and Restoration Authority of Louisiana
(CPRA) to generalize subsidence rate estimates over spatial
scales ranging from 10 to 10* km? (i.e., project scale). In this
regard, the 2012 Coastal Master Plan developed plausible
ranges of subsidence identified during an expert advisory pan-
el meeting in September 2010 that subsequently were adopted
as part of the 2017 Coastal Master Plan (Fig. 1; Reed and Yuill
2016).

The primary goal of the present study was to conduct an
assessment of recent subsidence rates (velocities) within the
Barataria Basin (Fig. 2). In particular, campaign-style geodetic
GPS (global positioning system) elevation measurements (8-
to 24-h continuous measurements for a minimum of two sep-
arate days) were evaluated for CPRA/National Geodetic
Survey (NGS) secondary benchmarks and Continuously
Operating Reference Station (CORS) elevations (primary sur-
vey markers). These data record short-term subsidence trends
(6- to 16-year time series) from direct survey measurements
and are expected to be indicative of conditions at proposed
restoration sites over the next 20 to 50 years. Further, the US
Army Corps of Engineers (USACE), US Geological Survey
(USGS), and National Oceanic and Atmospheric
Administration (NOAA) water-level gauge measurements
were evaluated for documenting subsidence relative to eustat-
ic sea-level rise estimates for the northern Gulf of Mexico
(GoM). Because Holocene geology and sediment consolida-
tion are primary factors controlling subsidence, defining the
geological setting of the Barataria Basin was deemed critical
for understanding local geological controls and their impact
on observed subsidence velocities.

Physical setting

During the last glacial advance, the Late Wisconsinan, conti-
nental ice accumulation caused sea level to be lowered ap-
proximately 125 m below its present level (Clark et al. 2009;
Yokoyama et al. 2018). As a result, the Louisiana shoreline
was as far as 160 km south of its present position (Kolb and
van Lopik 1958). Lowered sea level led to incision by
gulfward-flowing streams and their tributaries into the newly
exposed Pleistocene Prairie Formation. Entrenchment of the
ancestral Mississippi River into the Prairie Formation formed
an alluvial valley with branching tributary valleys approxi-
mately 16- to 40-km wide. With the onset of glacial melting,
sea level rose and glacial outwash formed substratum sand
and gravel deposits in the entrenched valley. Sea level contin-
ued to rise until between 4000 and 7000 years ago, when an
approximate stillstand of sea level occurred slightly lower
than the present level (Nummedal 1983; Coleman et al.
1991; Milliken et al. 2008). The Mississippi River began
building a series of lobate deltas, displacing Gulf waters that
had extended up the Mississippi River alluvial valley. As such,
the deltaic plain is composed of active and several inactive
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Fig. 1 Subsidence rate ranges used as input to 2017 Coastal Master Plan modeling efforts. The ranges depict plausible subsidence rates estimated to be
indicative of conditions over the next 50 years (modified after Reed and Yuill 2016)
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Fig. 2 Satellite image (Landsat 8 OLI/TIRS) illustrating the hydrologic boundary and physiographic features for the Barataria Basin, as well as GPS
benchmark and water-level gauge locations for evaluating subsidence
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delta complexes, including from oldest to youngest, the
Maringouin, Teche, St. Bernard, Lafourche, Plaquemines/
Modern (Frazier 1967), and the Atchafalaya/Wax Lake com-
plexes (Fig. 3).

Delta building over the past 7000 years has resulted in a
thick sequence of fine grained deposits filling the ancestral
Mississippi River valley (Frazier 1967; Coleman 1988;
Roberts 1997; Kulp et al. 2005). These deltaic deposits reach
a maximum thickness of 130 m at the mouth of the present
Mississippi River and about 60 m in the ancestral valley near
Grand Isle (Dunbar et al. 1994; Heinrich et al. 2015). Since the
early 1900s, engineering activities have had a major influence
on many of the key elements controlling the delta cycle. The
Old River Control Structure has disrupted the delta switching
process by maintaining the Mississippi River in its present
course. Flood protection levees built beginning in the late
1700s confined the flow of the Mississippi River, eliminating
overbank flooding of nutrients and sediments that accompany
floods (Davis 2010). Further, suspended sediment load of the
Mississippi River declined by approximately 50% between
the 1930 to 1952 period and the 1963 to 1982 period (Kesel
1988; Blum and Roberts 2009). This decline has been attrib-
uted to erosion control measures such as bank stabilization by
revetments and to dams constructed on the Missouri River and
other large tributaries. As the natural delta-building process
became constrained, the impact of Holocene sediment consol-
idation (subsidence) became more pronounced as relative sea-
level rise and erosion began to dominate the coastal landscape,
accelerating wetland vegetation changes and land loss.

The Barataria Basin, which encompasses approximately
7100 km?, is located west and south of the Mississippi
River, east of Bayou Lafourche, and is bounded at its southern
extent by barrier islands fronting the GoM (Fig. 2). The basin
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Fig. 3 Mississippi River delta complexes (modified after Frazier 1967),
including natural levee deposits from the 1984 Geologic Map of
Louisiana. Although not illustrated, multiple delta lobes often are present
within delta complexes (see Frazier 1967). Within the Barataria Basin, St.
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is approximately 110-km long and widens southward from the
junction of Bayou Lafourche and the Mississippi River at
Donaldsonville. The widest part of the basin is along the bar-
rier islands at the GoM, between the mouth of Bayou
Lafourche and the Mississippi River. Elevations are highest
on natural levees bordering the Mississippi River, reaching
approximately 4 to 5 m, and lowest in the marshes where they
are slightly above sea level (outside the polders and flood
protection systems). From north to south, habitats transition
from swamp to freshwater marsh to intermediate marsh to
brackish marsh to salt marsh and mangroves. Major physio-
graphic features include natural and artificial levees of the
Mississippi River and Bayou Lafourche, the Gulf
Intracoastal Waterway (GIWW), US Highway 90, Lac des
Allemands, Lake Cataouatche, Little Lake, Lake Salvador, a
swamp zone in the upper basin, a central marsh landmass, a
beach ridge complex, and a chain of barrier islands. The
USACE maintains three navigation channels in the basin:
(1) Barataria Bay Waterway, which runs from Barataria Pass
at Grand Isle to the GIWW east of Lake Salvador; (2) the
GIWW, which runs east-west through the central reaches of
the basin; and (3) the Empire Waterway, which runs from the
GoM to the Mississippi River (Fig. 2).

The Barataria Basin is characterized by a complex history
of delta development due to multiple episodes of delta lobe
progradation. The basin filled with deltaic sediment reaching
thicknesses of approximately 60-90 m near the coast, beneath
which lie substratum sands reaching 45—50 m thick below
Grand Isle (Dunbar et al. 1994; Heinrich et al. 2015).
According to the delta cycle (Roberts 1997), erosional head-
lands and barrier islands, separated by tidal inlets at the south-
ern extent of the Barataria Basin, are the result of subsidence
and erosion due to delta abandonment. All of the island and

Bernard delta lobes range in age from about 4500 to 2000 years BP;
Lafourche delta lobes range from about 2000 to 300 years BP; and
Plaquemines delta lobes range from about 1000 years to present
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headland segments, except Grand Isle, are migrating land-
ward. Island segments are associated with two periods of
Holocene deltaic progradation and abandonment. The western
beaches are associated with development of the Lafourche
Delta complexes, and the eastern islands are remnants of the
Plaquemines Delta Complex (Fig. 3). As each delta lobe was
abandoned, erosion and subsidence became the dominant pro-
cesses reshaping marginal landforms. Erosion, reworking, and
redistribution of coarser deltaic sediment led to development
of barrier islands and headland beaches. These beach and is-
land environments play a critical role in protecting interior
marshes from erosion and saltwater intrusion from the GoM.
Overall, wetland environments in the Barataria Basin are cur-
rently in the transgressive phase of the delta cycle, with ero-
sion and subsidence dominating landscape change.

Methods

Three independent survey data sets were used to estimate
variations in short-term subsidence rates within the Barataria
Basin. These included (1) NOAA, USACE, and USGS water-
level gauges; (2) CORS primary benchmarks; and (3) CPRA/
NGS secondary benchmarks. Because we were most interest-
ed in determining subsidence rates or velocities associated
with the general location of coastal restoration sites (primarily
natural marshes, swamps, and barrier islands), our main focus
was with secondary benchmarks and water-level gauges.
Although many potential survey locations were identified
within the basin, time series length and data quality dictated
the final number of sites used to describe variations in subsi-
dence rates throughout the basin.

Fifteen water-level gauges were available for evaluation
within the Barataria Basin. An additional water elevation time
series was evaluated for Cedar Key, Florida, to determine the
eustatic sea-level change signal for the northern GoM at a
stable location (Fig. 4). Although relative sea-level change
for the Pensacola gauge is often considered representative of
eustatic sea-level change for the northern GoM (e.g., Penland
and Ramsey 1990; Kolker et al. 2011), Zervas et al. (2013)
indicated that land movement at Cedar Key was closest to zero
(stable) for all NOAA gauges in the northern Gulf. As such,
sea-level change for the 105-year water-level record at Cedar
Key (2.1 mm/year) was considered most representative of
eustatic changes for the northern GoM.

Elevation time-series data were compiled for 20 bench-
marks within the Barataria Basin. Data observation periods
of 13 to 24 h were analyzed for five CORS primary bench-
marks, resulting in sub-centimeter measurement accuracy for
determining subsidence velocities (Eckl et al. 2001; Snay et al.
2002; Soler et al. 2006). Fifteen CPRA/NGS secondary
benchmarks provided discrete elevation measurements that
contained 8- to 24-h observation periods, which indicated

measurement accuracies of sub-centimeter to 2 cm (Snay
et al. 2002).

High-resolution vertical measurements (static GPS) for
each CPRA/NGS secondary site were collected by licensed
surveying firms or federal agency personnel. Historical raw
GPS datasets (RINEX files) for locations within the Barataria
Basin between 2003 and 2019 were compiled, including three
surveys completed as part of this study. These surveys follow-
ed protocols for data collection, processing, and adjustments
for acquiring ellipsoid heights to sub-centimeter-level accura-
cy (session durations >13 h; Snay et al. 2002). Prior to
performing static GPS observations, all 2-m-fixed height tri-
pods were calibrated for correct antenna height measurements
and checked for vertical accuracy. After field surveys were
completed, all survey files were processed using Trimble
Business Center software (Fenstermaker 2017). The IGS
Precise Ephemeris was downloaded from the NGS website
for each day the GPS data were collected. CORS locations
that were selected as the primary reference frame were also
downloaded from the NGS website and post-processed with
static GPS data.

Several adjustment scenarios for all primary and secondary
benchmarks were evaluated using a variety of CORS loca-
tions, after which, the adjustment for the GPS network was
minimally constrained to the published adjusted NADS&3
(2011) Epoch 2010.00 and published ellipsoid height at the
antenna reference point for CORS benchmark LMCN. Once
an initial adjustment was performed, all baseline outliers were
disabled and the network readjusted until all outliers were
removed (Fenstermaker 2017).

Linear regression was used to calculate subsidence rates
(elevation change with time) associated with water level and
elevation measurements for all survey locations in the
Barataria Basin. A derived general linear model predicts the
trend of a series of data points and establishes an equation that
minimizes the distance between the fitted line and data points
(Clark and Hosking 1986). When evaluating the difference
between observed values and predicted values, the coefficient
of determination (R?) is used to estimate goodness-of-fit or the
percentage of response variation that is explained by the linear
model (Taylor 1997). Generally, the higher the R* value, the
better the linear model fits the data.

While R? provides an estimate of the strength of a relation-
ship between model and response variables, it does not ad-
dress whether the relationship is statistically significant. To
test the overall significance for a regression model, an F-test
is used to evaluate the model derived using specific data to a
model with no predictors (null hypothesis is the two models
are equal) (Clark and Hosking 1986). A low P value indicates
the relationship between the linear model and data points is
statistically significant. R* and P values were calculated for
each statistical model to assess goodness of fit and signifi-
cance between data points and the model trend.
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Fig. 4 Water-level change rates within Barataria Basin and at Cedar Key, Florida

Results

Subsidence rates (velocities) derived from geodetic GPS ele-
vation surveys at benchmarks and water-level change trends
indicate a range between approximately 2 and 7 mm/year for
the Barataria Basin. The upper end of this range is less than
half that reported for earlier estimates (2 to 20 mm/year; Reed
and Yuill 2016). Differences may be because previous esti-
mates of subsidence velocities were based primarily on subsi-
dence derived from water-level change estimates and expert
opinion (Reed and Yuill 2016), whereas the present study
relied mainly on campaign-style geodetic GPS elevation sur-
veys to derive subsidence velocities, a more direct measure-
ment of elevation changes.

Water-level change trends Data for 15 water-level gauges
documented elevation change trends for time series that
encompassed approximately 14 years to greater than 70 years.
Analyzed water-level changes within the Barataria Basin
ranged from less than zero to 38.9 mm/year (Fig. 4; Byrnes
et al. 2018). The longest period of record was the NOAA
Grand Isle gauge (8761724) where a relative sea-level rise rate
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of 9.1 mm/year was documented. The Grand Isle gauge is
located on the thickest sequence of Holocene sediment within
the basin (~60 m) and is maintained by NOAA, the agency
responsible for tidal records around the USA. As such, its
trend is the standard by which all other water-level trends were
evaluated. All measurements were adjusted where datum
shifts were specified in agency data files. Two USGS stations
show negative to very low water-level rise rates, indicating
possible gauge installation or recording problems. Nine of
the remaining gauges illustrate markedly greater water-level
rise rates than Grand Isle, suggesting that measured trends
may be influenced by hydrologic processes within the basin
other than sea-level rise and fall. Higher relative sea-level rise
rates would not be expected at interior marsh water-level
gauges because water-level changes at these locations are sub-
jected to lags in hydrologic flow due to friction from the pres-
ence of natural marsh ecosystems (Inoue et al. 2008). Further,
human alterations to the marsh landscape related to water
management and flood control, including roads, hurricane
protection levees, locks, navigation channels, and others, have
strong influence on surface water ingress and egress that af-
fects water-level change rates at interior marsh locations
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(Bracken et al. 2013). As such, only four of the 15 water-level
gauges illustrated reasonable trends of relative sea-level rise:
(1) NOAA Grand Isle, 9.1 mm/year; (2) NOAA Bayou
Gauche, 9.1 mm/year; (3) USGS Barataria Bay North of
Grand Isle, 9.1 mm/year; and (4) USGS GIWW East of
Larose, 9.5 mm/year.

Based on water-level time series length and observed
benchmark elevation changes adjacent to water-level sta-
tions, two of the four records were used for estimating
subsidence velocities. NOAA Grand Isle and USGS
Barataria Bay North of Grand Isle were located in areas
that had direct contact with open-water marine environ-
ments (Fig. 4), and thus provide water elevations unaffect-
ed by anthropogenic hydrologic controls (e.g., roads, flood
control and hurricane protection structures, navigation wa-
terways) in the basin. Further, both gauges had time-series
lengths of at least one tidal epoch, the minimum time re-
quired to account for cycles of 18 to 19 years in tidal
amplitude and phase, as well as averaging meteorological
effects (NOAA 2000). For both stations, the eustatic sea-
level rise signal for the northern GoM (2.1 mm/year from
the NOAA Cedar Key gauge) was subtracted from the rel-
ative sea-level rise trend to determine subsidence rates.

GPS-derived subsidence rates High-resolution geodetic GPS
elevation measurements recorded at 20 locations within the
Barataria Basin documented subsidence rates ranging from
0.7 to 7.1 mm/year. (Fig. 5). All elevation measurements were
made to an accuracy of 1-2 cm. As such, benchmark G365
was eliminated from our analysis because only 1-cm vertical
change was recorded at this location. Further, the relationship
between the trend line and data points for G365 was not sig-
nificant (Table 1). It should be noted that G365 was the only
benchmark with a sleeved rod (9-m-long sleeve) where the
base of the benchmark rod was in Pleistocene sediment. All
other stations recorded at least 1.7-cm total change for their
respective measurement periods; elevation change ranged
from — 1.7 to — 10.2 cm. Record length also varied from 6 to
16 years, with the longest period recording the greatest
change.

Five subsidence velocities were determined using CORS
data, with velocities ranging from about 2.0 to 7.1 mm/year
(Table 1). All but station GRIS were located along the eastern
and northern margins of the basin (Fig. 5). Four of the five
CORS benchmarks were located on existing concrete struc-
tures and one was located on a tower on a concrete pad
(ENGS). After investigating each CORS location using NGS
site descriptions and photos of the structures upon which the
stations were attached, it was concluded that all associated
foundation depths likely were within approximately 6 m of
the ground surface. This indicated that the base of all footings
or piles was located in slowly consolidating Holocene
sediment.

Conversely, rod depths were known for all but one (BA23
SM02) CPRA/NGS secondary benchmark; rod depths ranged
from 1 to 33 m. The common assumption has been that sub-
sidence rates recorded at these locations represent velocities
for depths greater than rod lengths (Keogh and Térnqvist
2019). However, unless benchmark rods are sleeved and/or
anchored, downward forces exerted by consolidating sedi-
ment will influence elevation changes at the rods (Fig. 6).
Floyd (1978), Dunnicliff (1993), Chao et al. (2006), and
USACE (2012) provide detailed descriptions of the use of
sleeves as a means of shielding benchmark rods from the
forces associated with consolidating sediment. As such, all
elevation changes for benchmarks monitored in the Barataria
Basin include the effects of subsidence throughout the entire
sediment column.

For the 14 secondary benchmarks (not including G365),
subsidence velocities ranged from about 4.3 to 6.1 mm/year.
All trends had high coefficients of determination and showed
a statistically significant relationship between the model (trend
line) and data points at P<0.07 (Table 1). Although subsi-
dence estimates at BA15 SM 01, BA34 SM 04, and BA-
SCOFIELD?2 could not be analyzed statistically because only
two measurements were available for calculating a subsidence
rate, subsidence velocities determined at these sites were con-
sistent with adjacent benchmarks, supporting regional subsi-
dence trends within the basin (Fig. 5). Finally, even though the
subsidence trend at benchmark G365 was not considered sta-
tistically significant, the 12.4-year elevation change time se-
ries from a partially sleeved benchmark rod driven into indu-
rated Pleistocene sediment suggests that subsidence below the
rod base (deep subsidence) is approximately an order of mag-
nitude less than recorded for overlying Holocene deltaic
deposits.

Discussion

Spatial variability in subsidence velocities within the Barataria
Basin illustrates a compelling relationship between subsi-
dence and age, composition, and thickness of Holocene del-
taic deposits. In the northern Barataria Basin, where modern
deltaic deposits are shallower than approximately 20 m
(Heinrich et al. 2015), velocities generally are less than
3 mm/year (Fig. 7). This area is characterized by the oldest
deposits from the St. Bernard deltaic complex adjacent to the
main river channel (Fig. 3), where sediment texture is coarser
and more consolidated than finer grained, more recent de-
posits in the southern basin (Kolb and Van Lopik 1958; May
et al. 1984; Dunbar et al. 1994; Heinrich 2005). Where subsi-
dence rates increase to about 5 to 7 mm/year (southern basin),
deltaic deposits are younger and thicker (40 to 70 m), resulting
in greater consolidation potential. The relationship between
age and thickness of deltaic deposits and resulting rates of
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Fig. 5 Subsidence rates for primary (CORS) and secondary benchmarks (CPRA/NGS) in Barataria Basin

subsidence has been described previously by Kolb and Van
Lopik (1958), Penland and Ramsey (1990), Keucher (1994),
Roberts et al. (1994), Kulp (2000), and Torngvist et al. (2008).
Although time series of high-resolution geodetic GPS eleva-
tion surveys were not available prior to the early 2000s, the
relationship between magnitude of subsidence and Holocene
sediment composition and thickness developed prior to this
time appears to be substantiated by our results.

In a recent study, Jankowski et al. (2017) and Nienhuis
et al. (2017) suggest that variations in subsidence throughout
coastal Louisiana may contradict established relationships be-
tween subsidence velocities and characteristics of Holocene
deltaic deposits. Their analyses relied upon Coastwide
Reference Monitoring System (CRMS) vertical accretion
and surface elevation change measurements to derive shallow
subsidence rates across the Louisiana delta and chenier plains.
CRMS vertical accretion and surface elevation monitoring
documents marsh surface processes such as erosion/accretion,
growth/decay, and shrink/swell (Cahoon et al. 2011).
However, in consolidating Holocene clays, differencing verti-
cal accretion and surface elevation change to derive a process
called shallow subsidence is not valid for stations where the
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reference rod associated with surface elevation measurements
is not anchored and sleeved to create stability and isolate the
rod from settlement forces between the marsh surface and
base of the rod (Floyd 1978; Dunnicliff 1993; Chao et al.
2006; USACE 2012; see Fig. 6). Cahoon (2015) recognized
the importance of a stable foundation upon which a rod base
should rest (i.e., ideally set on bedrock) for estimating subsi-
dence. To determine total subsidence for each CRMS location,
Jankowski et al. (2017) combined CORS velocities (assumed
to be estimates of deep subsidence) with their shallow subsi-
dence estimates. However, even if CRMS rod surface eleva-
tion table (RSET) rods were installed with anchors and
sleeves, rod depths associated with surface elevation measure-
ments generally are deeper than CORS foundations/rods. As
such, summing shallow subsidence estimates and CORS ve-
locities will always overestimate their total subsidence.
When evaluating subsidence at any CORS, water level,
benchmark, or CRMS RSET station, one must consider the
influence consolidating sediment may have on foundations
and/or rods. Concrete buildings in south Louisiana, upon
which CORS instruments often are mounted, are supported
by footings and/or piles. The depth to which foundations
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Table 1 Summary of subsidence velocities for GPS benchmarks in Barataria Basin
Station Foundation/rod depth (m) Period Years Net elevation Subsidence R? P
change (cm) velocity
(mm/year)
AWES (CORS) 1 (as per NGS; concrete Sep 2010-Mar 2019 8.47 -1.7 2.0 0.85 0.009
building)
BVHS (CORS) Unknown (concrete Feb 2003-Mar 2019 16.15 -10.2 5.2 0.95 0.000
school building)
ENGS (CORS) ~3 (steel tower) July 2008-Mar 2019 10.70 -29 2.5 0.69 0.000
GRIS (CORS) Unknown (pile-driven Oct 2006-Mar 2019 12.42 -9.1 7.1 0.95 0.000
building)
LWES (CORS) Unknown (concrete July 2008-Mar 2019 10.70 —43 3.2 0.81 0.000
school building)
BAO1 SM 03 15.85 Feb 2003-Jan 2018 14.97 -73 4.8 0.99 0.031
BAO1 SM 05 15.85 Jan 2003-Mar 2019 16.15 -73 43 0.93  0.009
BA02 SM 01 19.51 Jan 2003-Mar 2018 16.15 -8.0 5.2 0.99 0.006
BA02 SM 02 15.85 Feb 2003-Jan 2018 14.97 -84 5.4 0.92 0.043
BAO0O3C SM 02 14.63 Jan 2003—-Jan 2018 15.01 -7.8 5.1 0.98 0.011
BAI15 SM 01® 14.63 Feb 2003-Jun 2014 11.34 -52 4.6 N/A  NA
BA23 SM 02 Unknown (likely >3 m)  Jan 2003-Jan 2018 15.01 -89 5.8 0.99 0.034
BA34 SM 04® 14.63 Oct 2006-Jun 2014 7.66 -34 4.4 N/A NA
BAFS SM 03H 15.85 Jan 2003—-Jan 2018 15.03 -7.6 4.5 0.88 0.064
BA-SCOFIELD2* 20.73 Aug 2007-Feb 2017 9.49 -58 6.1 N/A NA
CMS-BM-01 1 Feb 2013-Mar 2019 6.08 -39 5.7 0.87 0.002
EMPIRE AZ MK 2 ~2 May 2004—Sep 2016 12.35 -58 4.7 0.99 0.014
G365 Sleeved to 9 m; 32.92 May 2004—Sep 2016 12.36 -1.0 0.7 0.09 0.695
H359 24.38 May 2004—Apr 2018 14.81 -95 5.9 0.98 0.000
TE23 SM 01 29.27 Jul 2008—-Apr 2018 10.70 -94 5.7 0.89 0.005

 only two elevation measurements were available for calculating subsidence velocity

® January 2018 elevation measurements were inconsistent with previous measurement trends, suggesting possible benchmark disturbance

The bases of all benchmark rods are in Holocene sediment, except for G365 where the rod base is in Pleistocene sediment

extend into Holocene sediment likely varies but most of these
structures are located on relatively stable levee deposits, and it
is unlikely that foundations extend deeper than required by
modern construction guidelines (about 6 m; FEMA 2011).
Because the base of all foundations and/or rods within the
Barataria Basin resides in consolidating Holocene clays and
no coatings or sleeves were indicated for any CORS founda-
tions or rods, forces acting on piles or rods by consolidating
sediment slowly drag piles and rods downward with consoli-
dating sediment. Downdrag is a well-defined process in geo-
technical literature associated with pipes and pilings in uncon-
solidated fine grained environments where the settlement rate
of'soils surrounding a pile is greater than the settlement rate of
the pile (Bozozuk 1972; Fellenius 1984; Tran and Nguyen
2003; Fellenius 2006; Abdrabbo and Ali 2015; Huang et al.
2015; Kiprotich 2015). This consolidation force is caused by
negative skin friction on a pile or rod. As an example,
Bozozuk (1972) documented this force acting on a 49-m-
deep open-ended pipe (test pile) surrounded by marine clay
(comparable with a small diameter rod surrounded by fine
grained deltaic silt and clay) and found that settling clays

surrounding the pipe dragged the pipe slowly downward.
Based on settling measurements at the top of the pipe
(1.54 ft) relative to settlement of the original ground surface
(1.77 ft) over a five-year period, approximately 87% of
ground movement was reflected in test pile settlement.
These results imply that velocities, measured with instruments
mounted to buildings or relative to benchmark rods driven
into consolidating Holocene sediment, record subsidence for
the entire sediment column, not just for sediment deposits
deeper than the base of a pile or rod.

Downdrag forces on a rod in consolidating clays are well-
recognized for benchmark installation as well. Chao et al.
(2006) discuss design and installation of benchmarks and the
need for sleeved and/or anchored benchmark rods to attain
stability and avoid downdrag forces associated with consoli-
dating sediment. Subsiding Holocene deltaic sediment is the
type of soil for which sleeves were designed to isolate bench-
mark rods from the effects of consolidating sediment above
the base of the rod. Although most secondary benchmarks
evaluated as part of our study recorded velocities for rods
between 14 and 30 m long, to our knowledge, none of these
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Zone 2

Zone 3

Time 1 (T4)

Time 2

Fig. 6 Illustration of downdrag force exerted on a benchmark rod (with
and without anchor and sleeve) due to consolidating Holocene deltaic
sediment. When there is no separation (anchor/sleeve) between the rod
and consolidating sediment, rod elevation change between Times 1 and 2
records subsidence throughout the entire sediment column. An anchored
and sleeved rod is protected from consolidation forces and records
subsidence below the base of the anchor. Zone 1 is the active marsh
where surface shrink/swell, accretion/erosion, and organic growth/decay
processes impact marsh evolution under relative sea level (RSL) change.
In our depiction, the marsh surface keeps pace with RSL rise between
Times | and 2. Zone 2 represents consolidating Holocene deltaic sedi-
ment. Zone 3 represents consolidated sediment

benchmark rods were installed using sleeves and anchors.
Consequently, friction on a rod by consolidating sediment
includes subsidence forces throughout the entire sediment col-
umn, as recorded by elevation measurements.

A side-by-side comparison for shallow- and deep-rod
benchmarks within the Barataria Basin, to confirm unan-
chored rods within consolidating Holocene deltaic sediment
record subsidence for the entire sediment column, does not
presently exist; however, subsidence velocities for CMS-
BM-01 (1-m rod depth; 5.7 mm/year) and H359 (24.4-m rod
depth; 5.9 mm/year) are comparable and within 6 km of each
other (see Fig. 5). Further, benchmark TE23 SM 01, located
between CMS-BM-01 and H359, and within 860 m of CMS-
BM-01, documents a subsidence velocity of 5.7 mm/year
(29.3-m rod depth), similar to adjacent benchmarks. To the
cast but in the same general proximity as these benchmarks,
CORS station GRIS and the Grand Isle water-level gauge
record nearly equivalent subsidence velocities (7.1 and
7.0 mm/year, respectively), although their foundation/rod
depths vary (<6 m and 19.8 m, respectively), indicating spa-
tial variability for the area of approximately + 1 mm/year.
Based on these observations, and contrary to the conclusions
of Keogh and Tornqvist (2019), it appears that elevation
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changes for unanchored and unsleeved benchmarks moni-
tored in the Barataria Basin include the effects of subsidence
throughout the entire sediment column. Although the degree
to which downdrag forces acting upon rods and/or founda-
tions in Holocene deltaic sediment in south Louisiana may
be expected to vary depending on the geotechnical properties
of consolidating sediment, observations from the present
study indicate that benchmarks record total subsidence.
Additionally, benchmark anchors used to quantify consol-
idation settlement associated with beach restoration on
Caminada Headland (Byrnes et al. 2015) were installed with
sleeves to isolate variations in settlement at specific subsur-
face layers and avoid downdrag forces caused by settling soil
above the rod base. Varying subsidence velocities were re-
corded for each consolidating layer within which a Borros
anchor was installed, resulting in greater surface displacement
for shallow anchors versus deep anchors (Fig. 8). In other
words, consolidating sediment above deep anchors that were
sleeved settled at a greater rate, resulting in an increased dis-
tance between the top of rod and the ground surface relative to
the PVC casing lid. This phenomenon was not documented
for any benchmarks analyzed for the present subsidence study,
and the authors are not aware of other unsleeved and unan-
chored benchmarks in south Louisiana marsh environments
where this process of differential settlement has been noted.
Subsidence estimates derived using direct measurements of
elevation from high-resolution GPS surveys as part of the
present study, as well as variability in rates, are lower than
those determined by Jankowski et al. (2017) and illustrated
by Nienhuis et al. (2017). Within our most rapidly subsiding
zone of the southern Barataria Basin, data from Jankowski
et al. (2017) yielded an average total subsidence rate of 10.3
+ 6.7 mm/year (n=30), whereas our analysis recorded average
subsidence of 5.8 +0.7 mm/year (n=13). Even with the re-
moval of two outliers from their data set, large variability in
subsidence likely reflects data noise associated with marsh
surface processes recorded by CRMS measurements.
Comparison of CRMS surface elevation and vertical accretion
measurements provides a valuable indicator of surface
erosion/deposition processes as a function of hydrologic var-
iations (e.g., water level, currents, waves, storms) within and
between sites. Surface physical processes, and their spatial
variations, often result in changing sedimentation and erosion
patterns over short distances (Butzeck et al. 2015). Further,
small-scale variations in vegetation growth and decay, as well
as bioturbation, impact vertical accretion and surface elevation
change. Differencing these parameters to derive shallow sub-
sidence assumes no spatial variation in marsh density, vegeta-
tion type, and growth and decay processes at a given site.
However, marsh surface changes vary widely over short dis-
tances, creating an undulating and variable marsh surface
(Rogers et al. 2005), even within CRMS locations.
Subsidence does impact the active marsh zone, but surface
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Fig. 7 Subsidence zones identified for Barataria Basin based on high-
resolution elevation change measurements at benchmarks and water-level
gauges. Holocene sediment thickness contours illustrate a general

processes associated with marsh elevation changes (e.g.,
floods and droughts, variations in tidal flow throughout the
marsh due to small-scale gradients in surface elevation and
vegetation density, storm impacts, percent organic versus min-
eral sediment, vegetation growth/decay, spatial variation in

Fig. 8 Shallow (a) and deep (b)
benchmark rod tops illustrating
differential subsidence relative to
rod depth. Both rods were
installed at the same time, with
the same distance from top of rod
to casing cover, and both rods
were anchored and sleeved

decrease in sediment thickness from south to north corresponding to a
general decrease in subsidence rates

sedimentation/erosion) have the greatest impact on marsh el-
evations (Kemp et al. 1999; Cahoon et al. 2011).
Consequently, a derived subsidence quantity from a compar-
ison of surface elevation and vertical accretion measurements
is not reasonable for coastal Louisiana.
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Finally, no geographic pattern with subsidence throughout
south Louisiana was detected by Jankowski et al. (2017), in-
dicating no apparent relationship to the primary factor
influencing subsidence in south Louisiana—consolidation of
Holocene deltaic sediment (Kolb and Van Lopik 1958;
Tornqvist et al. 2008). This anomaly was recognized by
Jankowski et al. (2017) as an inconsistency relative to existing
studies, but discussion regarding marsh surface processes re-
corded in CRMS data, unrelated to subsidence, and its impact
on subsidence calculations was not included. Subsidence
trends for the present study are consistent with variations in
Holocene deltaic sediment thickness and time of deposition;
younger and thicker sections within the ancestral Mississippi
River valley record largest subsidence velocities (Fig. 7).

Conclusions

High-resolution geodetic GPS elevation measurements at 19
benchmarks were used to determine recent subsidence veloc-
ities for the Barataria Basin. Elevation change time series
encompassed 6- to 16-year periods. Net elevation changes at
all stations equaled or exceeded predicted measurement un-
certainties based on session duration. Water elevation change
at two gauges in the southern part of the basin supplemented
the survey data, resulting in a range of subsidence velocities at
21 locations from approximately 2 to 7 mm/year. Foundation/
rod depths for benchmarks ranged from near surface to about
30 m. However, none of these foundations/rods were isolated
from the surrounding consolidating sediment and associated
downdrag forces. As such, subsidence velocities at these sites
were considered representative for the entire sediment col-
umn. Subsidence velocity comparisons for deep and shallow
rod benchmarks within about 6 km of each other support this
conclusion (CMS-BM-01 rod depth = 1 m and velocity =
5.7 mm/year; H359 rod depth = 24.4 m and velocity =
5.9 mm/year; TE23 SM 01 rod depth = 29.3 m and velocity
= 5.7 mm/year).

Maximum subsidence rates were recorded in the southern
portion of the basin where Holocene sediment thickness is
greatest, deltaic sediment is youngest, and subsurface sedi-
ment composition is primarily fine grained. Velocities ranged
from about 5 to 7 mm/year in this region. Mid-basin subsi-
dence rates ranged from 3 to 5 mm/year, and those to the north
where Holocene sediment is relatively thin and overlapping
delta lobes are common, velocities generally were less than
3 mm/year. These data indicate that subsidence rate ranges
used in the 2017 Coastal Master Plan for Barataria Basin
can be refined from 2 to 20 mm/year to approximately 2 to
7 mm/year. Presently, the second phase of this study is focused
on evaluating subsidence trends east of the Mississippi River
and Lake Pontchartrain, as well as further assessing the influ-
ence of Holocene sediment consolidation on downdrag forces
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for benchmark rods of varying depths. Future evaluations are
expected to extend westward from Bayou Lafourche through
Terrebonne Basin and the Chenier Plain.
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