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Abstract

Light Detection and Ranging (Lidar) data are used to report the temporal and spatial patterns
of subsidence as well as the potential contributors to subsidence within the Barataria and
Terrebonne Bays. In recent decades, subsidence in southeast Louisiana has become a topic of
substantial and growing concern to the scientific community, the local residents, and all those
invested in the region. Lidar data were acquired from the United States Geological Survey
(USGS) and the LSU Center for Geoinformatics. The data has been manipulated to map the
differenced Lidar, complete an instantaneous slope analysis, and determine the thickness of the
Holocene sediments. The goal was to gain a more comprehensive understanding of the
subsidence patterns and the dynamic processes driving subsidence within the study area. These
efforts provide a better ability to plan for the future of the Louisiana working coast and mitigate
against relative sea level rise and coastal land loss.

Keywords: Lidar, subsidence, land loss, relative sea level rise, Mississippi River Delta
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I. Introduction

Subsidence in the Mississippi River Delta is a significant problem. It contributes to land
loss, lower elevation of infrastructure such as levees and, along with global sea level rise it adds
to relative sea level rise and an increase in coastal flooding. Despite the clear importance of
understanding subsidence, the scientific community still has questions about subsidence rates,
spatial and temporal variability in these rates, and the underlying geological and anthropogenic
factors driving subsidence.

Land loss in the Mississippi River Delta Plain is an issue that has been of considerable
concern and has been escalating for more than a century (Alexander et al., 2012). The disconnect
between the Mississippi River’s main channel and its distributary network due to damming and
the building of levees is one of many variables contributing to land loss in the deltaic region
(Alexander et al., 2012). Up-river damming causes the base level of the river to adjust in such a
way that base discharge is increased downstream while the overall variability of river discharge
is lessened (Alexander et al., 2012). Artificial levees inhibit overbanking, which, in turn causes a
lack of sediment introduced from the river to the delta plain during flood events (Kesel, 1988).
The Mississippi River provides to the delta plain only 30 % of the sediment load it carried in
1850 due to revetments, dikes and large reservoirs, and changes in agricultural practices (Kesel,
1988). Some of the foremost implications of this include a: (1) loss of elevation of channel-bed
boundary; (2) loss of channel dynamism; and (3) loss of interaction between the primary river
channel and its distributary network (Alexander et al., 2012). Loss of sediment load is a large
factor in land loss in the Mississippi River Delta. Additionally, subsidence also contributes
significantly to land loss in the coastal region.

Subsidence in coastal Louisiana is the result of many mechanisms and many of the
subsidence processes began before the delta was settled (Figures 1 & 2) (Yuill et al., 2009).
However, the problem has been exacerbated since human engineering began in the Mississippi
River Delta and sea level rise began to increase (DeLaune and Pezeshki, 1994). Concerns are
growing due to the recent record magnitude of subsidence rates documented for many areas of
Louisiana’s coastal zone. Subsidence has the potential to impose serious damage to coastal
wetlands, cities, infrastructure, wildlife habitats and agricultural regions (Shinkle & Dokka,
2004).

Faulting, Forebulge Collapse, and Compaction

Faulting has been implicated to have an effect on subsidence rates and patterns across
southeast Louisiana (Gagliano et al., 2003a; Dokka, 2006). Through parts of the Cenozoic, the
uplift and formation of the Rocky Mountains during the Laramide orogeny provided sediment to
coastal regions as river systems formed (Dokka, 2006). This led to the rapid progradation of the
northern Gulf margin. Because of this, much of the Mississippi River Delta’s underlying strata is



tectonically unstable (Dokka et al., 2006; Tornquist et al., 2008). The instability is exacerbated
by the relative buoyancy of the underlying Jurassic salt horizons (Yuill et al., 2009).

Many studies suggest that salt migration and fault movement within the region cannot be
ignored when considering the patterns of subsidence (e.g. Morton et al., 2005; Armstrong et al.,
2014; Dokka, 2006; Dokka et al., 2008; Gagliano et al., 2003a). As the buoyant salt intrudes
upward through the deltaic sediment strata, it causes an increase in local pressure gradients,
which can lead to fault movement in existing fault zones (Diegel et al., 1995). Additionally,
radial faults form around the salt diapirs, increasing the concentration of faults in these areas.
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Figure 1: Original graphic from Yuill (2009) plotting the spatial and temporal ranges of subsidence contributors. The
time ranges are quantified as follows: instantaneous includes 0-1 year, management includes 1-20 years,
anthropocene includes 20—400 years, and geologic ranges at least 400 years (Yuill et al, 2009).

Figure 2: A modified version of the Yuill graphic reflecting the observations anticipated by this study during the
hypothesis phase. A logarithmic scale is used for temporal and spatial ranges.

The impact of faulting is sometimes visible at the surface in wetlands due to increased
subsidence on the hanging wall side (hanging wall side will be inundated). River channels will
also tend to follow the strike on the hanging-wall side of growth faults due to the increased
subsidence (Armstrong et al., 2014; Gagliano et al., 2003b).

Instability of much of the Cenozoic strata in the region originated prior to the growth of the
Holocene delta, however, following the retreat of the Laurentide ice sheets, the Gulf Coast
experienced ice-sheet forebulge collapse (Toérngvist et al., 2012). Though the resulting
lithospheric flexure may continue for millennia, the effect of this is several orders of magnitude
smaller than that of lithospheric flexure due to sediment loading (Yu et al., 2012).

Faulting and forebulge collapse are processes that control regional land elevation changes.
More small-scale processes may control subsidence on the horizontal scale of meters or
kilometers and exist closer to the land surface. Near surface processes involve high rates of
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immediate subsidence, especially within peat layers. Peat horizons have been analyzed to
determine the rate at which they compact. Typically, the majority of peat compaction due to
physical and biological processes occurs relatively quickly (within 100-1000 yr) initially, but on
the millennial scale, compaction rates average 5 mm/yr (Tornqvist et al., 2008). This implies that
Holocene sediment compaction is a sizeable contributor to local subsidence, wetland loss and
relative sea level rise (RSLR) (Térngvist et al., 2008).

Study Area

The focus of this research is on two areas, Terrebonne and Barataria. The Terrebonne data
covers most of Terrebonne Parish. In the west, it extends from Morgan City to Cocodrie but
excludes some of the Terrebonne Bay marshland. All of the barrier islands south of Terrebonne
Parish are excluded. The Barataria data covers parts of Lafourche, Jefferson and Plaguemines
Parishes. The Barataria data includes the barrier islands and extends east to the Mississippi River
and south to Venice (Figures 3 & 4).
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Figure 3: Map of south central coastal Louisiana showing the areas of study and place names that are referred to in
the text.
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Figure 4: Map of study area showing the distribution of Lidar data used in this study. Warm colors indicate
subsidence (reds and oranges), whereas and cooler colors such as greens and blue indicate accretion.

Obijective

The objective of this study was to develop a high resolution map of subsidence for targeted
areas in coastal Louisiana, and to use this map to help inform a better understanding of the
processes that drive subsidence in coastal Louisiana.

Hypothesis

Across decades and tens of kilometers, the primary drivers of subsidence are regional
faulting, fluid withdrawal, and the impacts of impoundments on near surface sediment
compaction.

1. Methods

For this study, Lidar data were gathered and then manipulated with ancillary datasets to
determine trends and patterns of subsidence. The Lidar were collected from an array of sources

4



(e.g. USGS and LOSCO) and processed with ArcGIS 10.3.1. Table 1 provides specifications on
each dataset including their spatial resolution. The units of z values, geoid and datum were all
made congruent for ease of processing. A GIS layer package from 2007 Louisiana Coastal
Marsh-Vegetative Type Map of the Louisiana Coastal Marsh-Vegetative Type Database was
used to mask out significant water bodies from generated map that was generated. Following
initial processing, the USGS (2013/2015) and LOSCO (2002/2003) Lidar datasets were
differenced (Figures 5 & 6). The differenced map was adjusted mathematically to render
subsidence rate (mm/yr) maps for the approximate given time period (Figure 8).

Raw LLOSCO Lidar Data
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Figure 5: Seamless LOSCO Lidar data, adjusted to datum and units made congruent (metric) to other datasets;
Homogenously colored areas indicate water bodies; A vertical swath error is present in the center of the Barataria
data, identified by the south-trending lineation of blue colors.

A Holocene thickness map was created to determine if the thickness of the Holocene is a
control of subsidence within the study area. A map of the Holocene-Pleistocene Boundary
(Holocene Surface Isopach Map, 2013) was obtained from CPRA. The thickness map was
created by differencing the Holocene-Pleistocene contact elevation raster from the LOSCO and
USGS surveys. Point values from the resulting Holocene thickness maps were then plotted



against those of the subsidence rate map to identfiy any potential trends.
USGS Raw Lidar Data (2013/2015)
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Figure 6: Raw USGS Lidar data shows areas of high elevation in cool colors and areas of low elevation in warm
colors; large water bodies were extracted from the original data.

Shapefiles of oil and gas wells, injections wells, levees, salt domes, faults and coastal
restoration project sites were cross-referenced with the subsidence rate map to determine
correlations between each feature set and associated anomalous subsidence rates. See Table 1 for
specifics of the datasets acquisition.

All of these data have sources of uncertainty including, but not limited to: path of the plane
while in flight (variations in vertical distance from land surface), correction algorithm errors,
discrepancies between the datum and time the data were collected, and inherent precision value
of the Lidar. Additionally, in many areas the water could not be extracted from the map and is
instead displayed as values ranging from -8.1 to -1.5 m in the finalized maps. The results assume
a constant rate of change during the time interval of the study (2002/2003 - 2015) on a mm/yr
observational scale.

A. Lidar Difference Maps
The LOSCO Lidar was acquired as a seamless raster of Digital Elevation Model (DEM)
files. For accurate processing, the seamless Lidar was separated by the acquisition date of the



individual Digital Elevation Model (DEM) files (Figure 7).
LOSCO Acquisition Dates
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Figure 7: LOSCO data was acquired in parts during February 2002, January 2003 and March 2003; Barataria data
was collected entirely in March 2003 and Terrebonne data was collected in February 2002 and January 2003.

The majority of these data were collected during February of 2002 for Terrebonne Basin,
with additional acquisition occurring in February of 2003. Each difference map combined
several datasets, consisting of a number of DEMs, which were collected concurrently within 1
year (Figure 7). A list of the merged datasets, and their acquisition properties is presented in
Table 1. An accurate subsidence rate was determined by using the acquisition date of each DEM
while differencing the Lidar datasets. The LOSCO Lidar in Barataria were entirely shot in 2003
(Figure 7). The USGS Terrebonne (2015) and Barataria (2013) datasets were then differenced
from the LOSCO 2002/2003 data.
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Figure 8: Following initial processing, the USGS (2013/2015) and LOSCO (2002/2003) Lidar datasets were
differenced; the differenced map was adjusted mathematically to give subsidence rate (mm/yr) maps for the given
time period.

1. Instantaneous Slope

The instantaneous slope of the LOSCO Lidar and USGS Lidar dataset were calculated and
differenced in order to determine potential causes of elevation change in a given area or region.
The instantaneous slope for each data set was derived from elevation values using the Slope tool
in ArcMap 10.3. The slope is utilized to measure if subsidence controls in a given area are
regional or more precisely concentrated. The “Slope” feature in ArcGIS 10.3.1 Spatial Analyst -
Surface feature set was used to determine the instantaneous slope of the differenced LOSCO
Lidar and USGS Lidar. The “Slope” tool “identifies the slope (gradient or rate of maximum
change in z-value) from each cell of a raster surface.”

Instantaneous Slope map of Barataria = Instantaneous slope of LOSCO Lidar -
Instantaneous slope of USGS Barataria Lidar

and



Instantaneous Slope map of Terrebonne = Instantaneous slope of LOSCO Lidar -
Instantaneous slope of USGS Terrebonne Lidar

B. Holocene Thickness
The Coastal Protection and Restoration Authority (CPRA) created the Holocene surface isopach
map in 2013 through the collection and analysis of hundreds of cores (Heinrich, et al., 2015).
The Holocene-Pleistocene surface was created using the Spline with Barrier Interpolation
method. Using these data, maps were made of the Holocene thickness for the Barataria 2013 and
Terrebonne 2015 Lidar datasets. The purpose of the extraction of the thickness between the
Holocene base and modern land surface was to examine whether there exists a correlation
between Holocene thickness and subsidence rates determined from the Lidar data.

Holocene-Pleistocene Boundary Surface Raw Data
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Figure 9: Structure contour showing the depth to the Holocene-Pleistocene Boundary but clipped to the data frame
and with water extracted (map data from Heinrich, et al., 2015).

To do this, sections (or, raster clips) were made of each section of the Holocene-Pleistocene
boundary raster that corresponded with the USGS_Bara 2013, USGS_Terre_2015 and
USGS_NBara_ 2013 data. These were differenced in order to create a cohesive map. Then, the
USGS Bara 2013, USGS NBara 2013, and USGS_Terre 2015 data were subtracted from their
respective sections of the Holocene-Pleistocene boundary raster (“hp_surfacel” raster). This



created a difference between the two surfaces, which serves as the approximate thickness of the
Holocene.

Depth to Holocene-Pleistocene Surface from LOSCO Lidar
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Figure 10: The depth to the Holocene-Pleistocene Boundary map shows that the Holocene is thickest near the mouth
of the Mississippi River, where the depth to the Holocene-Pleistocene boundary can be as much as -93 m; The
Holocene is also thick near Cutoff and central Terrebonne where depths to the boundary approach 70 m.

The formula is as follows:

Holocene surface clipped raster - USGS_Bara_ 2013 clipped raster = Holocene thickness
map

This process was repeated with the USGS_Terre_2015 and LOSCO_Bara_2002/3 data.

C. Oil and Gas Wells
Shapefiles of oil and gas well sites in addition to injection well site locations were overlain
on the difference maps. These data were acquired through the Louisiana Department of Natural
Resources (LDNR) public access Strategic Online Natural Resources Information System
(SONRIS) database.
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D. Levees
Louisiana levee system shapefiles were also acquired through the LDNR public access
SONRIS site. These were then compared with the difference maps to determine general trends in
land elevation change on either side of an engineered levee system during a given time period.
Additionally, several areas were analyzed to determine more precise cause and effect
relationships between the levees and notable changes in land surface elevation.

E. Coastal Protection Project Sites
A shapefile containing detailed information on coastal restoration projects was acquired
through the LDNR public access SONRIS database. These sites were studied simultaneously
with the difference maps to determine if any elevation changes have occurred near already
constructed projects or what the general trend of elevation change is in proposed project sites.

F. Salt Domes
Salt dome and fault location data was cross-referenced with the subsidence rate to
determine if there were linkages between salt domes and subsidence. The fault map was obtained
from Nancye Dawers (pers. comm), and has been presented in Dawers et al., (2017).

G. Fieldwork/Ground Truthing

Fieldwork was completed to ground-truth the Lidar data and examine notable areas of
significant subsidence rates. Real-Time Kinematic (RTK) Rover data were gathered at these sites
and compared to calculated subsidence rate values and raw data measurements. RTK data has a
greater accuracy that is more reliable than broad-scale Lidar because of fewer variables. The
precision for RTK data is <1 cm for 3 minute points and <3 cm for instantaneous points. For this
study, instantaneous point measurements were used. These data were gathered July 29, 2017
using RTCM_IMAX reference. Data was collected from areas near Chauvin, Port Fourchon and
Dulac, and are listed in full in Table 4. Trimble R8 RTK GPS Rover Station was used to gather
real time GPS Points in the following areas of interest:

1.Leonard’s Property
2.Chauvin
3.Port Fourchon

The RTK data from the Chauvin site were taken along the levee just west of the West Lake
Boudreaux Shoreline Protection and Marsh Creation Project (CWPPRA) (Figure 31 and 31b).
Just northeast of the western levee, high subsidence rates were concentrated near a pasture where
water was being pumped from the pasture to the other side of the levee (Appendix B, Figure 38).
The removal of surficial water may account for the elevation loss rates exceeding  -240
mm/yr.

These ground-truthed values indicate the Lidar data to be adequately precise for the
purposes of this study as all values for the USGS data were <0.26 m off from the GPS/RTK
values. The difference between the GPS determined elevation and the LOSCO Lidar determined
elevation ranged from 0.331 to -2.40 m, and averaged -0.671 m. The difference between the GPS
and the USGS Lidar ranged from 0.251 to -0.023 m, and averaged 0.117 m. Difference between
GPS determined elevations and either Lidar dataset determined elevations appear to be
associated with the construction of levees.
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Fieldwork | Latitude Point # | 2016 LOSCO | Terre- Differ- Calculated Difference b/w
area GPS/RTK | value bonne enced Diff b/w Terrebonne
Measure- | (m) Value (m) | Lidar LOSCO and | and GPS/RTK
ment (m) Value (m) | GPS value measured
(m) value (m)
Leonard’s 3832;1992\1\1 Al17 | 1.398 (top |1.615 1.459048 |-0.2128 0.217 0.061
Property N ‘ of levee)
Leonard’s | 90°354.9"W ~|A118 -0.6556 -0.9144 | -0.5698 0.3744 -0.2558 0.0858
Property ,2\19 2859211 (bottom of
ditch)
Chauvin 90°41'55.775" | A119 1.433 (top | 0.4877 1.410 0.4594 -0.9453 -0.023
w of levee,
29°26'22.54" next to
N
pump)
Chauvin 90°41'55.775" | A120 0.7264 0.6401 0.9647 0.7778 -0.0863 0.2383
‘2’202622 ” (basin side
N ' of levee)
Chauvin 90°41'55.775" | A121 0.06485 0.3962 0.3155 0.5650 0.3314 0.2506
W (cow farm
29°26'22.54" side of
N levee)
Chauvin 90°41'55.775" | A122 -0.0217 -0.3048 | 0.0640 0.3834 -0.2831 0.0857
‘2’2026,22 ” (outside of
N ‘ levee)
Chauvin 90°41'55.775" | A123 2.098 (top |-0.3048 |2.145 2.448 -2.4028 0.0470
w of levee)
29°26'22.54"
N
Chauvin 90°41'55.775" | A124 0.4224 -0.3048 | 0.6145 1.627 -0.7272 0.1921
‘2’2026.22 i (basin side
N ' of levee)
Port 90°12'0.219" | A125 1.080 0.0914 No data No data -0.9886 No data
W -
Fourchon 29°8'16.474"N g(;]ogrs;;)lctl
Port 90°120.219" | A126 1.658 0.0914 No data No data -1.567 No data
w
Fourchon 29°8'16.474" (road)
N
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Table 4: Compiled RTK Fieldwork/Ground-truthing data; Points A119, A120, A121, A122, A123, A124 are
associated with the West Lake Boudreaux Shoreline Protection and Marsh Creation Program; points A117 and A118
were taken at the Leonard’s Property site, adjacent to an old levee system, which extended inland from Lake

Boudreaux and a newer levee which cut off the old levee inland section; points A125 and A126 were taken at Port
Fourchon nearby a newly constructed parking lot.
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The Leonard’s Property site is adjacent to an old levee system - which extended inland from
Lake Boudreaux — and a newer levee that cut-off the old levee inland section. The Chauvin site is
associated with the West Lake Boudreaux Shoreline Protection and Marsh Creation Program.

Additionally, a flight over the study area was completed in order to observe areas of interest
more closely and therefore aid in the understanding of the processes affecting the study area. It
also served to allow visual verification of anomalous rates within inaccessible areas.

I11. Results

Figure 5 is an elevation map of coastal Louisiana developed using data from the LOSCO
sources from the 2002-2003-acquisition period (dataset LOSCO_2002/3). This map shows areas
of high elevation in cool colors and areas of low elevation in warm colors. The LOSCO Lidar
dataset has a horizontal resolution of 5 m. The vertical precision of the raw point data is 0.15 to
0.30 m (6 to 12 inches) and horizontally between 0.91 to 1.8 m (3 to 6 ft). Point spacing is every
4 m in phase 1 of data collection and 3 m in stage 2. In the raw data the vertical value or
elevation in meters is relative to the datum, NAD83. Overall, elevations in coastal Louisiana
ranged from -5.2 to 15.8 m, with 95% of values in the range of -0.27 to 0.77 m assuming a
normal distribution. Example areas of low elevation include inside the Cutoff-Galliano-Golden
Meadow Leveed Area (CGGM), an area just south of Raceland, around Belle Chasse the leveed
area around the NAS Joint Reserve Base and in barrier island overwash areas. The Bayou
Lafourche floodplain near Thibodaux is generally of higher elevation than surrounding areas
(Figure 6).

Figure 6 is an elevation map of coastal Louisiana developed using data from the 2013 and
2015 USGS data (datasets USGS_Terre_2015, USGS_NBara_ 2013, USGS_Bara_2013) (Figure
6). This map shows areas of high elevation in cool colors and areas of low elevation in warm
colors. Overall, elevations in coastal Louisiana ranged from -3.04 to 3.07 m, with 95% of values
in the range of -1.06 and 0.68 m assuming a normal distribution. Outliers such as levees can be 9
to 25 m in height. Examples areas of low elevation include the leveed areas near the Mississippi
River at Alliance, and the CGGM. The highest elevations are in the Bayou Lafourche floodplain
and the developed areas around Port Fourchon.

Figure 8 is a difference map of coastal Louisiana developed using data from the USGS and
LOSCO Lidar sources (datasets USGS_Terre_2015, USGS_NBara_2013, USGS_Bara_2013 and
LOSCO_2002/3). This map shows areas of high subsidence in warm colors and areas of
accretion in cool colors. Overall, subsidence rates in coastal Louisiana ranged from -170 to 51
mm/yr, with most values in the range of -30 to -12 mm/yr. Areas with the highest subsidence
rates include marsh edges in cusps and bays, inland marshes and overwash areas of barrier
islands. Land elevation gain is observable at project sites, such as the Little Lake Shoreline
Protection marsh creation project; the Barataria Basin landbridge dedicated dredging area and
large-scale marsh creation (NRDA), and near the Mississippi River at Triumph.
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A. Raw Data

Several key features are observable in the raw LOSCO Lidar dataset. Low elevations are
observed inside the CGGM leveed area, south of Raceland, around Belle Chasse/ the leveed area
around the NAS Joint Reserve Base, leveed areas on the west side of the Mississippi River and in
barrier island overwash platforms. Within the CGGM leveed area, elevations range from -0.30 to
-1.25 m, with the highest closest to Bayou Lafourche. Another example of marked low elevation
is the area just south of Raceland where elevations range from -0.5 to -1.46 m. Higher elevations
are present in the Bayou Lafourche floodplain near Thibodaux with elevations ranging from
around 2.2 to 3.4 m.

In the USGS Terrebonne and Barataria data (Figure 6), all of the notable areas of high and
low elevations from the LOSCO Lidar are the same. Some of the lowest elevations are found
within the CGGM levee system, the leveed area near Alliance and the area just south of
Raceland. The most marked change between these data and the LOSCO Lidar are the higher
elevation values found on barrier islands. Segments of barrier islands - particularly Grand Isle -
have clear positive elevation values of ~ 0.31 to 1.5 m. The developed areas near Port Fourchon
give a good indication of how higher elevation developed areas appear in the data. Some of the
highest elevations within the dataset are in Port Fourchon and are as much as 1.75 m.

1. Differenced Maps

Table 3 identifies the raw datasets that were used to create the differenced Lidar maps,
which identify the rate of elevation change between the 2015 Terrebonne and LOSCO Lidar as
well as the 2013 Barataria and LOSCO Lidar (Figure 8).

Figure 8 shows the differenced Lidar map. Land elevation changes of -170 to -50 mm/yr
along marsh edges of bays, cusps, and lakes are represented by the differenced Lidar map of
Figure 11. Inland marshes near Lake Boudreaux, Little Lake and the sulfur mining area west of
Galliano all show high subsidence rates, typically between -50 to -94 mm/yr. Barrier island
overwash areas are another notable high subsidence area - particularly on Grand Isle where can
be as much as -150 mm/yr.
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Figure 11: Subsidence rates over-50 mm/yr line the cusps and shorelines of Little Lake; there is slight accretion
behind the shore edge, which could be indicative of something like a barrier island rollover effect.

The positive land elevation gain at project sites, such as the Little Lake Shoreline Protection
marsh creation project is apparent (Figure 29). At this site, apparent accretion rates range from
37 to 100 mm/yr. Overall, the Terrebonne Bay is undergoing more positive rates of land
elevation change than Barataria. Accretion values near the Mississippi River at Triumph range
from 20 to 50 mm/yr with some outlier values, which reach 80 mm/yr.

Due to a data processing error in the original data, much of the eastern portion of the
Barataria data is skewed. The error follows a clearly defined north trending line and seems to be
a result of incorrect calibration of the Leica Geosystems ALS40 LIDAR mapping system for the
swath of anomalous Lidar. It also could be the result of a miscalibration or miscalculation by the
software or algorithm involved in immediate data processing (ELVIS software). Despite this,
conclusions regarding relative rates of change on the m-scale may still be made. Additionally,
hydroflattening errors occur within large bodies of water, but subsidence rates within water
bodies are not measurable using Lidar - making these anomalies inconsequential for this study.

2. Instantaneous Slope Maps

16



The instantaneous slope map (Figure 12) is used to observe the rate of change of the
subsidence during a specified time period (dip magnitude or slope). A high slope value
corresponds to more variability in elevation of the area. A fixed area of marsh with a drop off of
~15.2 cm (6 in) to water level would have a relatively high instantaneous slope value. This is
because the change in the slope occurs drastically from the elevation of the top of the marsh to
the elevation of water level. The same size area on the side of a sand dune or hill would have a
relatively low slope value. A low value in the output raster corresponds to low variability of
elevations in the area. An area that is particularly flat or smooth, such as a parking lot or beach,
will have a much lower instantaneous slope value than marshland or forest.

Instantaneous Slope Map
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Figure 12: This map is the result of subtracting the 2013/15 USGS slope map from the 2002/3-slope map. This was
done to observe the rate of change of the subsidence during the specified time period. A high slope value
corresponds to more variability in elevation of the area. A low value in the output raster corresponds to low
variability of elevations in the area. Values near zero indicate little to no change in geologic processes over the time
period.

Positive slope values may correspond with decreasing rates of subsidence/land loss or water
inundation on cusps and shorelines (Figure 14). These positive values specifically show the
effect of depositional processes, seasonal erosion or short-term subsidence patterns. Negative
values correspond with increasing rates of subsidence, likely due to regional contributors, such
as differential subsidence, fault motion and halokinesis. Short-term subsidence contributors have
a larger effect in the study area than regional components. At the hundreds of kilometers scale,
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slope values of ~-4.2 to -0.9° are concentrated in the central-southwestern portion of the

Terrebonne dataset.
Instantaneous Slope: Tens of Kilometers
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Figure 13: Instantaneous slope over the CGGM levee system showing a higher concentration of negative values
within the levee perimeter and positive values outside; the blues along shorelines outside the levee perimeter
indicate marsh edge loss. The negative values inside of the levee may indicate longer-term subsidence such as
natural sediment compaction.

The importance of the instantaneous slope map is clear by viewing it in on spatial scales that
range from 10* to 10* m. At the tens of kilometers scale, the CGGM Levee Complex models the
effect of levees and leveed areas on subsidence rates. The Complex serves as a good model due
to its central location in an area experiencing many of the known factors that contribute to land
loss and subsidence in South Louisiana. On the basis of the instantaneous slope patterns within
the CGGM Levee complex, (Figures 13) the expectation would be to see more negative values
within the levees due to sediment starvation. In fact, Figure 13 shows a slightly higher
concentration of negative values within the levee perimeter and positive values outside possibly
indicate sediment starvation plays a role here.
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Instantaneous Slope: Tens of Kilometers

Water inundation on cusps
and shorelines

2 . . 24 .

Moos1 2 3 4

| MW Kilometers
Legend

Degrees B 7a-s7 ] -27-18 [l o2-1.1 [l 3s-5 M e-oo
W o7-87 [ ] -56-43 ] -17--09 [ 12-2.1 [ 5.1-65
B s6-72[ | -42--28 [l 08-01 [ 22-35 [l 66-79

Figure 14: Slope values are distinctly positive on the shorelines of bays and cusps, specifically in the northwest
section of Barataria Bay. Positive values range from 0.2 to 0.65 °. This indicates clearly that this is marsh edge loss;
there was a relatively large elevation value in the earlier data that was converted to zero (or water level) in the newer
data.

In Figure 14, bays within the Barataria Lidar data are studied in order to document trends on
the tens of kilometers scale. Figures 14 show the slope values are distinctly positive on the
shorelines of bays and cusps - specifically the northwest section of Barataria bay. Positive values
range from 0.2 to 0.65 °.
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Figure 15: There is a higher concentration of negative slope values near Triumph, some exceeding 7 °; these values
may indicate accretion or land building.

Instantaneous slope analysis seems to be the most useful on the spatial scale of kilometers.
Figure 15 shows a higher concentration of negative slope values near Triumph. In the
northwestern portion of the figure, there are clusters of highly negative values that exceed 7 °.
Like Figure 13, this site shows the effects of levees. Figure 16 shows in detail the effects of new
construction, such as that completed in Port Fourchon within the data collection period.
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Figure 16: Negative slope values correspond with a low degree of variability in elevation in 2002 and a high degree
of elevation variability in 2015. The areas around levees built between 2002 and 2015 or new construction in Port
Fourchon exhibit this as new construction would increase the elevation variability.

B. Ancillary data with Raw data
1. Holocene Thickness

a. Raw data

The LOSCO Lidar data were differenced with the Depth to the Holocene-Pleistocene
Boundary Map to yield the approximate thickness of the Holocene (Figure 10). The Holocene is
thickest near the mouth of Mississippi, where the depth to the Holocene-Pleistocene boundary
exceeds 90 m. Other locations of thick Holocene are found near Cutoff and central Terrebonne
where depths to the boundary approach 70 m.

b. Processed data

In Figure 10, there is a clear, general thickening of the Holocene towards the modern
Birdsfoot delta lobe. The borders of the Terrebonne Basin which are included in the study area
also show slight thickening of the Holocene. It is possible that infilling of the latest Wisconsin
incised valley of the Mississippi River with Holocene strata may account for this.

C. Ancillary Data with Difference Maps

To model the relationship between elevation change and factors that may contribute to
elevation change in the Mississippi River Delta, key anthropogenic and non-anthropogenic
features were spatially identified. These data include oil and gas wells, levees, salt domes and
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coastal protection and restoration projects. In the dataset, there are 4300 oil and gas wells, which
are located primarily over salt domes and within known oil fields. There are 5750 levees in the
dataset, with many of the most important levees constructed in the 1980s. There are 1071
polygon features of restoration projects in this region, with key projects developed within the
time period of this study. Finally, there are four major salt domes in this region, some of which
are associated with the Marchand-Timbalier-Calliou salt-ridge complex, and the Golden
Meadow Fault zone.

1. Oil and Gas Wells
a. Hundreds of Kilometers Scale
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Figure 17: This figure shows the locations of all known oil and gas wells in SE Louisiana; Here, the subsidence map
is overlain by the oil and gas well shapefile acquired from the Louisiana Department of Natural Resources (LDNR)
SONRIS database.

In Figure 17 the Lidar difference map is overlain by the LDNR SONRIS shapefile of oil and
gas well sites. As expected, clusters of well sites are concentrated on the surface above known
salt domes. There is no clear trend of increased concentration of extraction wells and increased
change in land elevation rate at this scale.
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b. Tens of Kilometers Scale

For the tens of kilometers scale, the areas approximately overlaying the Clovelly and Bully
Camp salt domes model the potential effects that oil and gas production may have on subsidence.
At Bully Camp and Clovelly, the wells are clustered over the approximate location of the salt
dome.

Oil and Gas Wells: Tens of Kilometers Scale
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Figure 18: Wells are clustered over the approximate location of the Bully Camp and Clovelly salt domes. The salt
dome locations are projected to their land surface locations from their known intersections with the Pleistocene
surface.

Figure 18 shows the concentration of well sites over the Clovelly salt dome on the east side
(also see Figure 35) and Bully Camp on the west side (also see Figure 33). Subsidence over the
Clovelly salt dome is as much as -110 mm/yr in some very localized areas. The land surface
above the Bully Camp salt dome has subsidence rates as high as -90 mm/yr, observed most often
within marsh edge environments.

¢. Kilometer Scale

For the kilometer scale analysis of subsurface fluid production, elevation changes were
observed in the leveed area west of Chauvin (Figure 19) and the Venice salt dome (Figure 20).
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Figure 19: Just west of Chauvin, LA, oil and gas wells are observed outside of a levee system; some spoil banks
show accretion only meters from a well site, whereas others show significant subsidence within the same spatial
parameters. Wells in the center showing land elevation gain may actually be berms and equipment for the wells

installed within the time between the different Lidar datasets.

The leveed area west of Chauvin was chosen because there are fewer concerns about the
role of salt as a control of subsidence in this area. In addition, the area is primarily marshland so
positive or negative land elevation changes were clear and immediate.

The Venice salt dome offers higher variance in land elevation change rates as its location
near the Birdsfoot makes it part of a highly dynamic environment. Observing the pattern of
accumulation and subsidence in the land surface over the Venice salt dome can indicate if
subsidence due to subsurface fluid extraction is capable of out-pacing accretion near the river
mouth.

Wells focused in the center of Figure 19 show a high variability in land surface vertical
motion. Some areas are accreting at rates of as much as 56 mm/yr only meters from a well site,
whereas others show subsidence of as much as -106 mm/yr within the same spatial parameters.
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Oil and Gas Wells: Kilometer Scale

Wells Iocated" B :".."'."-‘ \ ::\. . ® .
ininundated 1.+ 4% &Y Accretion outpaces

.areas . -

4

subsidence on the
northern and eastern
sides, but subsidence

Legend outpaces accretion

mmiyr I 170 --107 [ -73--65 [ | -36--31 [ 4-5 [ 37-51 [ 87 - 98 ® Oiland Gas on the western side
I 240 --236 [ -106--95 [ ] -64--50 [ ] -30--12[ ]6-19 [N 52-65 [ oo- 115 Wells
I 235--171 [ 04 - 74 49--37 [l -11--5 [ 20-36 [ 66 -cc I 116 - 236

A5 8 4
0 0204 08 1.2 1.6
O W Klometers .
.

bosal

Figure 20: The Venice salt dome shows a higher variance in land elevation change rates as its location near the
Birdsfoot delta makes it part of a highly dynamic environment. Many oil and gas wells are situated in what is now
water, particularly on the western side of the dome’s surficial expression. On the northeastern side, however, many
wells appear in areas showing high accretion rates (up to 51 mm/yr).

Figure 20 shows the well sites surrounding the Venice salt dome. Many oil and gas wells are
situated in what is now water, particularly on the western side of the dome’s surficial expression.
This makes it impossible to determine subsidence rates in their immediate vicinity. On the
northeastern side, however, many wells appear in areas showing high accretion rates- some as
much as 51 mm/yr. Figure 21 varies greatly from the dynamic system near the mouth of the
river. The Leeville salt dome also has a large number of oil and gas wells producing over and
around it, however there is not as much variation in elevation rates as there are at the Venice salt
dome site.
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Oil and Gas Wells Over Leeville Salt Dome
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Figure 21: Observing the Leeville Salt Dome area, it’s impossible to determine if there is a correlation with land
elevation change rates and salt motion or subsurface fluid withdrawal.

2. Levees
a.Hundreds of Kilometers Scale

In Figure 22 the Lidar difference map is overlain by a shapefile of the levee system. Within the
confines of the levees, the stretch from Cutoff to Golden Meadow is clearly defined by slower
rates of subsidence than the surrounding areas.
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Figure 22: This figure shows the locations of all known levees in SE Louisiana; Here, the subsidence map is
overlain by the levee shapefile acquired from the Louisiana Department of Natural Resources (LDNR) SONRIS
database. Within the confines of the levees, the stretch from Cutoff to Golden Meadow is clearly defined by slower
rates of subsidence than the surrounding areas.

b. Tens of Kilometers Scale

The impact levees can have on subsidence rates at the tens of kilometers scale is clear,
especially within the CGGM Levee System. This is a good model for how a complete levee
system, geographically positioned within inundated marsh land, can impact subsidence rates. At
the tens of kilometers scale, areas within levees subside at lower rates than areas outside the
levee system. Rates within levee systems are generally -30 to -5 mm/yr vertical loss whereas
surrounding areas are subsiding at rates as high as -70 mm/yr (Figure 23). The effect of the levee
is not as evident on the eastern side, near Golden Meadow.
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Figure 23: The CGGM Levee System is a good model for how a complete levee system, geographically positioned
within inundated marshland, can impact subsidence rates. At the tens of kilometers scale, areas within levees
subside at lower rates than areas outside the levee system. Rates within levee systems are generally -30 to -5 mm/yr
vertical loss whereas surrounding areas are subsiding at rates as high as -70 mm/yr.

c. Kilometer Scale

The Leonard Farm Site in Figure 24 is located in the leveed area just west of Chauvin near
Lake Boudreaux. The smaller leveed areas were observed for the role levees play on the
kilometer scale. Spatial changes in subsidence rate can vary substantially by the meter in this
area, making it ideal for studying levee effects on subsidence at the kilometer scale.
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Levee Map: Kilometer Scale
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Figure 24: This site is located in the leveed area just west of Chauvin near Lake Boudreaux. The levees clearly
infilled with blue were likely constructed in 2011 (between the 2002 and 2015 collection dates of the differenced
Lidar datasets). The apparent accretion inside the levee is actually caused by a water level in the new data that was
higher in elevation than the land surface was in the older (2002) data. It seems to have texture because of the marsh
that was there in the earlier data.

The figure shows the basins confined by levees appear to be accreting as much as 65 mm/yr
whereas the surrounding area shows general subsidence of approximately 30 to 65 mm/yr. The
western levees were likely constructed in 2011- between the 2002 and 2015 collection dates of
the differenced Lidar datasets. Just north of Dulac, the West Lake Boudreaux Shoreline
Protection Project site displays the effective use of levee systems (Figure 25). Marsh edge
erosion has eliminated much of the land east of the levee. However, on the protected side of the
levee, land is preserved with slightly higher subsidence rates than the land in the western portion
of the figure.
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Levee Map: Kilometer Scale
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Figure 25: The site near Dulac provides examples of effective levee systems as well as marsh edge erosion. The land
is gone east of the levee, but west of it, it is preserved with slightly higher subsidence rates than the land in the
western portion of the figure.

Just south of Avondale, Figure 26 shows the increased subsidence within the leveed area versus
the area outside of it. Much of the area outside the levee has subsidence near zero or is accreting,
but the subsidence rates within the levee may exceed -170 mm/yr. Just east of Montegut, there is
apparent accretion occuring just south of the more western levee (Figure 27). This may be due to
sediment deposition or relative water level being higher in newer data due to the marshes outside
of levee system keeping pace with RSLR.
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Levee Map: Kilometer Scale
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Figure 26: Just south of Avondale, increased subsidence has occurred within the leveed area versus the area outside

of it. Much of the area outside the levee has subsidence near zero or accreting, but the subsidence rates within the
levee may exceed -170 mm/yr.
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Figure 27: Near Montegut, there is apparent accretion occuring just south of the more western levee; this may be due
to sediment deposition or a higher relative water level in newer data due to the marshes outside of levee system
keeping pace with RSLR. Additionally, the Point Farm refuge planting included 75 acres of bitter pecan, cow oak,
nuttall oak and water oak, planted in 1993. The project was completed by CPRA and included a total of 363 trees.
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3. Coastal Protection Project Sites

a. Hundreds of Kilometers Scale

At this scale, it is clear that there is a significant amount of protection efforts across
southeast Louisiana (Figure 28). All completed projects show a positive vertical change in land
surface on the scale of tens of mm/yr.

Coastal Restoration Project Sites: Hundreds of Kilometers
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Figure 28: This figure shows the locations of all known Coastal Restoration Projects in southeast Louisiana; Here,
the subsidence map is overlain by the Coastal Restoration Project shapefile acquired from the Louisiana Department
of Natural Resources (LDNR) SONRIS database.

b. Tens of Kilometers Scale

The Little Lake Shoreline Protection marsh creation project, shown in Figures 29 and 29b, is
a good example of the effect of projects on the tens of kilometers scale because it is the largest
project completed within the study area and it was constructed within the period of data
collection.
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Figure 29: The Little Lake Shoreline Protection marsh creation project, is a good example of the effect of projects
on the tens of kilometers scale because it is the largest project completed within the study area and it was
constructed within the period of data collection. There is a notable difference of positive vertical change (6 to 65
mm/yr) within the project area in comparison to surrounding areas (-73 to -12 mm/yr).
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Figure 29b: The Little Lake Shoreline Protection Project, completed by the Coastal Wetlands Planning, Protection
and Restoration Act (CWPPRA), had a construction date of 3/1/2007, putting it in between the collection dates of
the differenced Lidar data maps (2002/3-2015); The project focused on marsh nourishment, adding 2,162,906 m? of
dredged material to create 0.76 m of elevation in 3.84 km? of marshland (based on NAVD 88 elevation).
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There is a notable difference of positive vertical change (6 to 65 mm/yr) within the project
area in comparison to surrounding areas (-73 to -12 mm/yr). The Little Lake Shoreline Protection
Project, completed by the Coastal Wetlands Planning, Protection and Restoration Act
(CWPPRA), had a construction date of 3/1/2007, putting it in between the collection dates of the
differenced Lidar data maps (2002/3-2015). The project focused on marsh nourishment, adding
2,162,906 m? (2,828,974 cubic yards) of dredged material to create 0.76 m (2.5 ft) of elevation in
3.84 km? (950 acres) of marshland (based on NAVD 88 elevation).

Coastal Restoration Project Sites: Tens of Kilometers
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Figure 30: CWPPRA’s Barataria Barrier Island Complex: Pelican Island and Pass La Mer to Chaland Pass
Restoration Project is shown with positive vertical changes concentrated in the overwash areas. This site is
significant to our study due to drastic changes in elevation it created over tens of kilometers within the study period.
The positive trends exceed 100 mm/yr in some areas.
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Coastal Restoration Project Sites: Tens of Kilometers
v
*a

I Sediment source

Barataria Barrier Island
Complex: Pelican Island and
Pass La Mer to Chaland Pass
Restoration Project
(CWPPRA)

Legend

mmlyr I -170 - -107 [ -73- 65 36--31 [ <-5 [ 37-51 [ o7 -8
I 2<0--236 [ -106--95 [0 -64--50 [0 -30--12 [ 6-19 [N 52-65 [ oo 115
B 235--171 [ e4--74 [ |-40--37 [ -11--5 [ 20-36 N c6- e [ 116 - 236

Figure 30b: The Barataria Barrier Island Complex: Pelican Island and Pass La Mer to Chaland Pass Restoration
Project is a beach fill project with a construction date of 11/28/2012.

CWPPRA’s Barataria Barrier Island Complex: Pelican Island and Pass La Mer to Chaland
Pass Restoration Project is shown in Figure 30 and 30b with positive vertical changes
concentrated in the overwash platforms. This site is significant to our study due to drastic
changes in elevation it created over tens of kilometers within the study period. The positive
trends exceed 100 mm/yr in some areas. This is a beach fill project with a construction date of
11/28/2012.

c. Kilometer Scale

Figure 31 and 31b show the West Lake Boudreaux Shoreline Protection and Marsh Creation
Project (CWPPRA), which is a dredge fill project completed on 10/31/2009. Like the others, this
project was completed within the data collection period for this study. However, it was a slightly
smaller endeavor, creating less than 300 acres of marsh. Throughout the project site there are
positive vertical change values. In some areas, these exceed 50 mm/yr.
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Coastal Restoration Project Sites: Kilometer Scale
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Figure 31: The West Lake Boudreaux Shoreline Protection and Marsh Creation Project (CWPPRA) is a dredge fill
project completed on 10/31/2009. Like the others, this project was completed within the data collection period for
this study. However, it was a slightly smaller endeavor, creating less than 300 acres of marsh.
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Figure 31b: Throughout the West Lake Boudreaux Shoreline Protection and Marsh Creation Project site there are

positive vertical change values. In some areas, these exceed 50 mm/yr.
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It is important to note that many of these projects were started within the 2002/3-2015-time
period between the collections of the differenced datasets. Therefore, the full impact of these
projects cannot be represented within this study.

4. Salt Domes
a. Hundreds of Kilometers Scale

At the hundreds of kilometers scale, there is no obvious visual correlation between salt dome
location and surface elevation change within the time scale of our study (Figure 32).

Morgaﬁ
| Cify @

Salt Domes Analysis

Raceland

Empire .
£ Venice

; cio\;elty i "93

0 5 10

20 30 40

e

0

Cocodrie

_ Salt Dome

Terrebonne

Bay | eeville

Salt Dome &=

/
Port
Fourchon

a
/zrand Isle

Chaland Pass

Salt Dome

v
Lo,y

Pelican

Island

Venice

B N ometers

Legend

mmiyr - o--107 [ 365 [ | -s6--31 [ 4-5 [ 37-51 [ 67 -8
I 22026 [ -106--95 [ 64--50 [ -s0--12 [ 6-19 [N 52-65 [ o2 15
I 27 [ s4-74 [ | 49--37 [ -11--5 [ ] 20-36 [ 66- 56 [ 116- 236

o Salt Domes (N.
Dawers)

Figure 32: This figure shows the locations of a few notable salt domes in southeat Louisiana; the subsidence map is
overlain by surficial projections of the salt dome’s intersections with the Holocene-Pleistocene surface. These data
were gathered from Nancye Dawers (pers. comm.) and Chris McLindon (pers. comm.).

b. Tens of Kilometers Scale: Bully Camp and Leeville

The Bully Camp salt dome provides an example of the impacts salt domes may have on
surficial subsidence rates at the tens of kilometers scale because it is the largest salt dome within
the study area (Figure 33). The Bully Camp salt dome is largely overlain by water (Lake Bully
Camp) so an analysis was conducted with the Lidar data of remaining land over the dome. The

37



land surface around this dome has subsidence rates greater than 50 mm/yr, which trend farther
inland from the marsh edge than is observed in areas just north of the dome.
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Figure 33: The Bully Camp salt dome is largely overlain by water (Lake Bully Camp); land surface around this
dome has subsidence rates greater than 50 mm/yr, which trend farther inland from the marsh edge than is observed
in areas just north of the dome. Homogenously (orange or yellow) colored areas in this figure are water.

The Leeville salt dome has potential to impose effects on subsidence rates for tens of
kilometers within the region north of Port Fourchon. The surface expression of the Leeville salt
dome is notable due to a greater degree of variance in vertical change values compared to
surrounding areas. Although larger subsidence values appear directly above the predicted
location of the dome, there is also measurable accretion. These sparse positive values exceed 33
mm/yr, indicating that they may be equipment or pilings related to oil and gas production (Figure
34). Most of these values appear on marsh edges and extend south of the predicted dome
location.
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Salt Dome Analysis: Leeville
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Figure 34: The surface expression of the Leeville salt dome is notable due to a greater degree of variance in vertical
change values compared to surrounding areas. Although larger subsidence values appear directly above the
predicted location of the dome, there is also measurable accretion.

c. Kilometer Scale: Clovelly and Venice

The Clovelly salt dome is smaller than the Bully Camp dome and impacts the land surface
on a smaller scale, which makes it a good model for kilometer-scale study. The Clovelly salt
dome is overlain by a land surface with a generalized increase in subsidence rates from the
surrounding area (Figure 35). The difference may be anywhere from 20-50 mm/yr higher than
nearby areas. There is also a concentrated number of canals directly over the estimated location
of the salt dome.
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Figure 35: There is a generalized increase (from -20 to -50 mm/yr greater than surrounding areas) in subsidence
rates over the surficial projection of the Clovelly salt dome. It is also important to note that there is a concentrated
number of canals directly over the estimated location of the salt dome.

Like Clovelly, the Venice salt dome has a higher concentration of variable subsidence rates,
which makes it a more effective study for kilometer-scale observations. Figure 36 shows the
approximate location of the Venice salt dome as well as a clear surface expression in the
differenced Lidar data. The apparent offset of the dome top location is due to the depth at which
the dome was observed at the Holocene-Pleistocene boundary rather than the land surface. Some
greater subsidence can be seen inside of the circular surface expression of the dome. Here, rates
are as high as -95 mm/yr. However, positive elevation change values are found on the northeast
side. Again, this is a highly active oil and gas production area as noted in Figure 20.
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Figure 36: The apparent offset of the dome top location is due to the depth at which the dome was observed at the
Holocene-Pleistocene boundary rather than the land surface. Like Clovelly, the Venice salt dome has a higher
concentration of variable subsidence rates, which makes it a more effective study for kilometer-scale observations.
Some higher subsidence are present inside of the circular surface expression of the dome (rates ~ -95 mm/yr),
however, positive elevation change values are found on the northeastern side. This is a highly active oil and gas
production area as noted in Figure 20. The cause of the strongly positive values in the center and more southwestern
portions of the dome expression cannot be clearly accounted for.

1. Discussion

A. SUBSIDENCE

There are questions and controversies regarding the contributing mechanisms to subsidence
in Louisiana. The outcome of this research is an improvement in the understanding of the spatial
and temporal scales of subsidence as well as the driving mechanisms of subsidence. Overall, the
greatest subsidence magnitudes are associated with anthropogenic activities, with the highest
subsidence rates found in areas that are surrounded by levees, likely the result of peat auto
compaction/degradation in desiccating areas. Other observable drivers of subsidence include
coastal restoration project areas. In the observed time period, fluid withdrawal, the thickness of
the Holocene and tectonic forces did not play a contributing role to the subsidence rates.

1. Rate variability and inherent error
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The accreting basins at the Leonard Farm Site in Figure 24 show a significant discrepancy
in elevation change rates. The cause of the apparent high accretion within the levees is likely an
artifact of the high water level within the levees. The bright red appears to be Leonard’s crawfish
pond, which was most likely constructed between the two collection dates. The textured
appearance of the area within the levees seems to be an artifact of the marsh terrain in the earlier
dataset. The marsh was not present in the more recent 2015 Lidar dataset.

2. Near surface processes

Subsidence on and near levee systems typically involves fill compaction and loading effects,
although some researchers have speculated that deeper processes such as faulting can play a role
(Culpepper et al., 2019; Gagliano et al., 2003a; Tornqvist et al., 2008; USACE and IPET, 2009).
Typically, Holocene sediment will compact initially at rates of >10mm/yr during temporal
ranges of 10to 102 yrs. (spatial scale 10! m?), but on the millennial scale, peat compaction rates
average 5 mm/yr (Toérngvist et al., 2008). This implies that Holocene sediment compaction is a
sizable contributor to local subsidence, wetland loss and RSLR (Térnqvist et al., 2008).

Levees are used to protect specific areas from moderate flooding in South Louisiana.
Unfortunately, levees have other effects on the river basin including: causing a rise in flood
stage, lessening channel capacity, and disconnecting the floodplain from the river and its
tributaries (Alexander et al., 2012). Before significant engineering of the Mississippi River Basin
began, annual flood events would bring new sediment and nutrients into the flood plain,
rejuvenate nearby wetlands and restore riparian forests. (Yin and Nelson, 1996; Alexander et al.
2012; Galat et al., 1998; Dixon et al., 2010). The lower Mississippi River Basin current has more
than 5,600 km of levees, which effectively cut-off 90 % of the delta plain from the river
(Alexander et al., 2012; Mississippi River Commission, 2011).

Levees in South Louisiana are built from compacted sediment with impermeable clays
positioned on the same side as the river to protect the integrity of the structure (Alexander et al.,
2012; U.S.A.C.E, 2000). There are some questions regarding the sediments used and the amount
of subsidence that the levee undergoes after construction (Dixon et al., 2006). Dixon (2006)
proposed that levee failures during Hurricane Katrina could have been partially due to the
integrity of substrate beneath the levee. The results of Dixon et al. (2006) suggested that the
levee failure was related to more than a meter of subsidence, which had occurred since the levees
were constructed.

Within certain levee systems, such as the CGGM, subsidence rates are slower than those of
other levees, such as those just west of the Mississippi River (Figure 22). Subsidence rates within
the CGGM vary from -30 to -5 mm/yr and in levees on the western shore of the Mississippi
River, they range from -170 to -149 mm/yr. In the raw data, these areas of slower subsidence are
notable for substantially lower elevations on the order of 5 m below sea level. The subsidence
rates within levee systems may be slower than surrounding areas but without influx of new
sediment from yearly floods, the elevation loss due to subsidence cannot be countered with
accumulation. This causes a net negative effect over years and is the reason for lower elevations
within established levee systems.

On the tens of kilometers scale, the subsidence rates within the CGGM levee are slower than
those outside. Just east of Golden Meadow, there is increased subsidence (Figure 23). This could
be due to the natural sediment compaction over time, activity of the Golden Meadow fault or
fluid production.
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Despite the unassuming subsidence rates within levee systems, it is clear this study
corroborates the results of Dixon et al. (2010) and others, on the basis of the lower elevations of
these leveed areas in the raw data maps. Levees, although a seemingly good first-line defense
against storm surge and other threatening flooding events, have long-term impacts on the land
they sequester from the hydrodynamic system of the delta.

3. Deep fluid withdrawal, oil and gas

Fluid withdrawal (spatial scale 10'-10% m?, temporal scale 10%-10° yrs) can be an important
cause of subsidence in many regions across the globe. Historically, there is a link between fluid
withdrawal and subsidence in South Louisiana. Data from Galveston, TX and Grand Isle, LA
suggests that there exists a temporal pattern in subsidence that is linked to the temporal pattern in
fluid withdrawal (Kolker et. al, 2011). Three-quarters of the cumulative volume of hydrocarbons
ever produced from Louisiana were extracted during a specific 17-year period (1964-1981)
following which, Miller (2006) suggested that rates of subsidence increased to historical highs.
From 1965 to 1993, subsidence rates were observed to range between 8 to 12 mm/year, however
during the last 5000 years, Morton et al. (2005) suggested that rates were only 1 to 5 mm/year. It
is important to recognize however that these variations in rates are fundamentally linked to the
relative time frames of measurement (Morton et al., 2005).

The relationship between subsurface fluid production and subsidence is partially a function
of geology of the aquifer or reservoir. For example, shallow reservoirs- such as most in onshore
Louisiana drilling operations- might be expected to will cause less subsidence when produced
than deeper, more compacted reservoirs. This is due to shallow reservoirs tending to be
geopressured and more compressible (Carreon-Freyre, 2010; Goddard & Zimmerman, 2003).
There also exists a lag time of about 10 years between production of a reservoir and land surface
impacts such as subsidence (Morton et al., 2006; Barras et al., 2008; Morton et al. 2008).

In addition to fluid withdrawal causing reservoir or aquifer compaction, some have
proposed that depressurization of reservoirs leads to fault motion within the subsurface (Morton
and others: 2006, 2001). However, Olea and Coleman (2014) hold that local subsidence over a
producing field should be a direct function of the production rate, causing subsidence to cease
when production is complete. Using mathematical modeling, Mallman and Zoback (2007) found
that only the subsidence immediately above the reservoir was accounted for and they could not
reproduce the regional subsidence trends proposed by Morton et al., 2006 (Olea and Coleman,
2014).

The land surface over the Bully Camp salt dome has subsidence rates as high as -90 mm/yr,
observed most often within marsh edge environments (Figures 18). In areas inundated with water
the subsidence rate cannot be determined using Lidar data. The Clovelly salt dome - with
subsidence rates about 20 mm/yr higher than Bully Camp in some places - may serve as an
analog for what the subsidence rates over Bully Camp may have been previously.

Proximal to the Venice salt dome surface expression (Figure 20) many of the wells on the
western side of the salt dome are situated in inundated canals and ponds. This makes it
impossible to determine subsidence rates in their immediate vicinity.

Unfortunately, within the scope and methods of this study, it is impossible to determine if
the apparent higher rates of land elevation loss over Bully Camp are due to marsh die off, fluid
extraction, halokinetics or natural sediment compaction. In areas unaffected by possible salt
motion, the results are varied. There can be no clear correlation between oil wells and the
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subsidence rates over the time frame analyzed in this study. Even with specific production data
from all the wells over a given salt dome, any correlations made regarding the relationship

between fluid withdrawal and subsidence using these data would be challenged to differentiate
between the causative roles of natural sediment compaction, halokinetics and fluid withdrawal.

4. Salt Domes

The study of salt domes, faulting and the effects of related processes on subsidence in South
Louisiana remained largely underrepresented in the literature until recent years. Faulting has a
significant effect on small-scale to regional subsidence within southeast Louisiana (spatial scale
10* t010® m?, temporal scale 10* t010° yrs) Since the formation of the delta, rapid sediment
accumulation, in conjunction with weake evaporite and shale horizons at depth has caused
gravitational instability in the region and the facilitation of slippage (Dokka et al., 2006; Yuill et
al., 2009). Because of the relative buoyancy of the of sediment overlying low-density salt domes,
much of Mississippi River Delta’s underlying strata is tectonically unstable (Dokka et al., 2006;
Torngvist et al., 2008; Yuill et al., 2009). Regionally, Figure F.3.3 shows the suggested vertical
and southward movement of the entire deltaic section south of Lake Pontchartrain as the
underlying Louann salt serves as a ductile surface for slippage (Dokka et al., 2006).

Halokinesis causes variable local pressures within the subsurface, which can induce or
amplify fault motion (Yuill et al., 2009). Additionally, salt diapirism causes radial fault zones to
form, affecting local subsidence rates over 10° years and 10° to10° m? (Diegel et al., 1995; Yuill
et al., 2009). At least 15 of the 45 onshore salt domes in Louisiana have undergone the Frasch
process of injecting heated water into the mine in order to extract sulfur (Olea et al., 2014). Many
studies suggest that salt mining, salt migration and fault movement within the region cannot be
ignored, though there have been few specific endeavors to understand the impacts these may
have on local subsidence rates as of yet (Yuill et al., 2006 and refs therein; Dokka et al., 2006;
Morton et al., 2005; Autin, 2002).

The Bully Camp salt dome underwent extensive sulfur mining in the 1960s and 70s (Morton
et al., 2005). In addition, it has been a popular site for oil and gas production. Figure 33 shows
the concentration of oil and gas wells over Bully Camp. The subsidence around the Bully Camp
salt dome is of greater magnitude compared to other salt domes in the area such as Clovelly and
Leeville. Although an increase in subsidence is clear, the proportion of that value which is due, if
any, to oil and gas production, sulfur mining or halokinetics cannot be differentiated.

The Leeville salt dome is part of the Marchand-Timbalier-Calliou salt ridge-stock complex
(presentation, Nancye H. Dawers). This area was also largely affected by sulfur mining in the
early 20" century. Figure 21 shows oil and gas wells over the Leeville salt dome site. No trends
in subsidence rates are apparent in these data for the Leeville salt dome.

The Clovelly salt dome site is notable for the increased concentration of canals and oil and
gas production (Figure 18.). Similar to Leeville, there are no clear trends in subsidence rates that
could be attributed to the tectonic action of this salt dome.

The Venice salt dome shows greater variance in surface elevation change (Figure 36). In the
dome center accretion values exceed 116 to 236 mm/yr, but subsidence rates can exceed -94
mm/yr. Figure 20 shows the oil and gas activity around the dome. The location of this dome on
the Birdsfoot delta may contribute to more active surface processes than the other salt domes
evaluated in this study. Larger quantities of sediment influx would facilitate higher accretion
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rates, whereas significant fault motion due to differential subsidence and oil and gas production
might increase subsidence in the dome center.

Overall, there can be no conclusions on the correlation between salt dome location or
activity and subsidence rates in this study. Given the temporal range of the data, it is likely the
salt domes play an insignificant role in subsidence rates reflected in the final maps.

5. Thickness of the Holocene

Subsidence on or nearby a levee system involves near surface processes, specifically
shallow subsidence. Near surface processes involve high rates of immediate subsidence,
especially within peat layers. Peat horizons have been analyzed to determine the rate at which
they compact. Typically, Holocene sediment will compact initially at rates of >10mm/yr in the
temporal ranges of 10 to102 yrs (spatial scale 10! m?), but on the millennial scale, peat
compaction rates average 5 mm/yr (Toérngvist et al., 2008). This implies that Holocene sediment
compaction is a sizable contributor to local subsidence, wetland loss and RSLR (Tornqvist et al.,
2008).

In comparing the Holocene/Pleistocene Boundary Map (Figure 9) and the Instantaneous
Slope Map (Figure 12), there is a possible correlation to be made between thicker Holocene
strata - an artifact of the Terrebonne Trough - and an increased density of negative slope values
in the south-central Terrebonne data. Though the subsidence map does not show greater
magnitudes of elevation loss in this area, the negative slope values imply a greater variability in
land surface elevation magnitudes. The increased Holocene thickness (more than 170 m) is also
apparent near Leeville and the Birdsfoot (Figure 9). It has been established that Holocene
deposits within the Mississippi River Delta there are subjected to subsidence due to their rapid
deposition, lack of sufficient consolidation and slippage along weak stratigraphic horizons at
depth (Dokka et al., 2006; Tornqvist et al., 2008; Yuill et al., 2009). The density of negative
instantaneous slope values in south-central Terrebonne could result from other regional trends,
such as an increase in natural sediment compaction in areas with thicker Holocene deposits or
variations in vegetation between datasets.

In northern Terrebonne, there is an area of slightly lessened subsidence just south of
Thibodaux that is congruent with a thinner Holocene (Figure 9). However, this area also has
more infrastructure, including highway 90, so the link between these rates and Holocene
thickness is not clear.

Unfortunately, the Holocene-Pleistocene comparison did not yield any other clear
correlations with the remainder of the data. Given the temporal range of the data as 12 to13
years, it follows that this variable would not play a large role in observed subsidence during this
time. Additionally, the vertical resolution of the Holocene surface isopach exceeds 30.5 m (100
ft) in some areas, making the margin of error of these data orders of magnitude greater than the
land elevation change rate values (see Figure 39 in Appendix B for precision values for these
data).

B. ACCRETION

1. Coastal Protection Project Sites
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Many coastal protection projects were started during the period of data collection (2002/3-
2015). Their impacts were easily identifiable even at the hundreds of kilometers scale due to
positive changes in land surface elevation. The projects resulted in an increase in land elevation
in the tens to hundreds of mm/yr, starkly contrasting the surrounding areas that continued to
subside.

The Little Lake Shoreline Protection and Marsh Creation Project involved the construction
of dikes adjacent to the shoreline and marsh in-filling/creation. More than 2.34 km? (2,800,000
cubic yards) of dredged material were moved to create and elevation increase of 76.2 cm (2.5 ft)
across 3.84 km? (950 acres) of marshland (based on NAVD 88 elevation). Along the Little Lake
shoreline, 7,620 m (25,000 ft) of rock dike were built (Herbert Inc., 2014). The project was
headed by CWPPRA and completed in 2007, about 8 years prior to the collection of the second
Lidar dataset. Comparing the project site and surrounding areas, it is clear the project was
successful in reversing the land loss that would have occurred along this southern cusp of Little
Lake. Surpassing avoiding subsidence, this area is showing near uniform accretion (Figure 29b).

Like the Little Lake project, the Barataria Barrier Island Complex Project: Pelican Island
and Pass La Mer to Chaland Pass project was multi-faceted (Figure 30b). It included beach in-
filling, the building of dunes and berms, and the creation of a back-barrier marsh platform
(Montiano, 2004). About three years passed between the completion of this project and the
collection of the final Lidar dataset in 2015. Over this time, the project’s success is still apparent
on the Chaland headland and Pelican Island. In some areas there is apparent accretion of 87
mm/yr or more. Subsidence rates exceeding -107 mm/yr are apparent on the western shore near
Bay Long, an area not included in the project.

The West Lake Boudreaux Shoreline Protection and Marsh Creation Project (West Lake
Boudreaux, 2007) involved the creation of 1.15 km? (284 acres) of marsh from dredged material
and the construction of 3,962.4 m (13,000 ft) of rock dike (Figure 31b). Construction was
completed in 2009 but positive vertical change values exceed 50 mm/yr in various areas of the
project.

Each of these projects have similar construction outlines and comparable success rates. All
of these projects involved the influx of new sediment to the project area and construction of
some form of infrastructure to retain the material. The Little Lake Shoreline Project was
completed the earliest of the three analyzed (2007) but the positive land elevation change in the
more recent project areas is still significant. These project sites represent some of the most
pronounced change in elevation rates within the study area and time.

2. Accretion associated with sediment transport from the Mississippi River

The notable high accretion rates near wells on the northeastern side of the Venice salt dome
could be the result of greater accretion due to the influx of sediment coming from the river
(Figure 20). This is probable given the direction of flow coming from the river, supplying new
sediment continuously. This could also be the result of infrastructure built around the wells to
support production. This seems to indicate that it is possible for accretion to outpace fluid
withdrawal-related subsidence, if it exists, in dynamic areas as this.
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C. Erosion

While not a primary focus of this study, the results presented here show examples of erosion
across the study region. The largest magnitude of erosion appears to be anthropogenic scour
associated with levee construction. One particular example of this is Figure 19, which is located
at the Leonard’s Farm site where new levees had been constructed between the two data
collection periods. Erosion rates here may be estimated to exceed -170 mm/yr across a kilometer
and ~ 20 m? area. Another example of erosion appears at marsh edges that were likely impacted
by waves (Figures 14 and 25). Figure 14 shows marsh edge loss on the shore of Little Lake.
Erosion rates here may exceed -94 mm/yr, over a spatial area of hundreds of kilometers long and
covering tens of square kilometers.

D. Instantaneous Slope

One way to distinguish between potential drivers of land elevation change is by examining
the instantaneous slope. In the analysis of instantaneous slope, the differenced value of the
LOSCO 2002/3 slope and USGS 2015 data set’s slope was determined for the study region.
When the “Slope” function was used on the 2002/3 and 2015 datasets, the output raster of each
showed the elevation variability in the study area based on the elevation magnitude of the point
in the data set, and those points immediately adjacent to it. Each point is a 5x5m area and the
instantaneous slope function compares one cell to the surrounding eight cells, making up a 15 x
15m area. A high slope value in the output raster corresponds to a large variability in elevation of
the area. A fixed area that contains a curb with a drop off of ~6 inches would have a higher
instantaneous slope value than the side of a hill with a gradual slope. A low value in the output
raster corresponds to low variability of elevations in the area. An area that is more smooth, such
as a parking lot or beach, will have a much lower instantaneous slope value than marshland or
forest. After evaluating the instantaneous slope sets 2002/3 and 2015 individually, the sets were
subtracted to determine the slope over time. The 2015 data was subtracted from the 2002 data.

The resulting map, Figure 12, shows highly positive values, highly negative values, and
areas close to zero. Positive values corresponded to a high degree of variability in elevation in
2002 that lessened in the same area in 2015. In this scenario, land appears to have undergone a
smoothing effect in the highly positive areas. This may occur in inundated areas if water level is
higher in the later dataset, or it can occur as a result of vegetation loss.

For example, on the shores of Little Lake, the positive slope values parallel the shorelines of
bays, which suggests there was a larger, positive slope previously due to the presence of marsh,
but now there is no slope due to wetland loss (Figures 14 and 14b). Due to the location of this
change, the mechanism of wetland loss is likely erosion. Marsh edge loss due to die-off,
saltwater intrusion or a difference in water level between the differenced Lidar collection dates is
clearly denoted by positive slope values (Figure 14).

Negative values corresponded with a low degree of variability in elevation in 2002 and a
high degree of elevation variability in 2015. A good example of this would be new construction
such as buildings or levees (Figure 15) or new construction in Port Fourchon (Figure 16). Areas
converted from water to marshlands would show negative values as well. An example of this is
the negative slope values clustered in central-southwestern Terrebonne (Figure 12). Lidar data in
this region may have been shot later in the year - possibly in March - which could mean there is
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more vegetation in this region in the 2015 data (2002/3 data may have been shot
January/February). This could cause more negative slope values in the final map.

Alternatively, it is possible that such a broad area showing negative values implies regional
forces are the cause of land surface elevation change. There could be tectonic activity in this
region and is a potential contributing factor to these observations (Armstrong et al., 2014;
Dokka, 2006; Gagliano et al., 2003b, Kuecher & Roberts, 2001; McCulloh and Heinrich, 2012;
Wallace, 1962; Morton et al., 2005; and Culpepper et al., 2019).

The CGGM levee system shows a slightly higher concentration of negative values within
the levee perimeter (Figure 13). This affirms that levees could be contributing to subsidence
inside their bounds. This process would cause a non-uniform consolidation of sediment such that
variability in elevations would be greater. Overtime, sediments deposited on a land surface will
compact by expelling water from the pore space between grains (Tornqvist et al., 2008). With a
lack of influx of sediment from annual floods, the accommodation on the compacting land
surface cannot be infilled with new sediment, causing a net loss in land elevation. Outside of the
levee, erosional and depositional forces are prominent causes of vertical loss as shown by the
greater number of positive slope values.

Near Triumph, just west of Fort St. Philip, there is a greater concentration of negative slope
values (Figure 15). These negative values mean there is more variability in the elevations of the
land surface in this area. This could mean the area is being converted to marsh. More positive
values in this region indicate land or marsh loss due to die off, or water inundation.

There were also areas with no change from 2002 to 2015. These areas showed no change in
variability magnitude over the specified time. These areas would be estimated to be undergoing
the same geological processes during the time period.

Utilizing instantaneous slope with Lidar data can prove useful when following the progress
of Coastal Restoration Projects and areas of interest for future projects. Within the Little Lake
Shoreline Protection and Marsh Creation Project area, uniform positive and negative values
indicating that the accretion occurring there is occurring relatively uniformly throughout the
project area. Using this tool, one can see if change is occurring where expected and possibly
predict the type of changes occurring.

V. Conclusion

A combination of spatial elevation datasets and GIS layers of geologic and anthropogenic
features were compared against each other to assess the patterns of subsidence within southeast
Louisiana and the function of various factors involved in land surface changes.

A fundamental result of this effort was the development of spatial and temporal datasets that
provide a better understanding of the spatial and temporal distribution of subsidence patterns as
well as insight to the causative mechanisms of subsidence. There were four primary results of
this effort: 1) Areas with thicker Holocene deposits do not clearly correlate to higher subsidence
rates suggesting natural sediment compaction may not play a significant role in land elevation
loss on a decade scale, or data was insufficiently precise 2) Levees and coastal restoration
projects have a clear effect on subsidence within the given time period, 3) Salt motion,
halokinetics, and tectonics do not have an obvious effect on subsidence rates on a decadal scale,
4) Fluid extraction does not have a clear effect on subsidence on a decade or kilometer scale, but
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may have a role at a spatial scale of meters during monthly to annual time frames, instead of
decades.

A secondary objective of this study was to determine if Lidar data allowed for more accurate
and precise values of subsidence on a decade scale, which it did. Additionally, an effort was
made to use instantaneous slope analysis as a way to measure land elevation change processes
and determine its potential use in similar studies in future.

The hypothesis that natural sediment compaction and levees were significant contributors to
subsidence over decades and tens of kilometers was correct. However, regional faulting and fluid
extraction proved to be less influential over the observed temporal and spatial parameters of the
study. Faulting likely plays a much larger role on the hundreds to thousands of years scale. Fluid
withdrawal would be a more focused issue on the 10*-10? scale and during months to years but
no clear indication emerges from this study.
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VI1I. Appendix A: Tables
Table 1: LIDAR Datasets

Dataset Acquisition | Acquisition | Spatial | Horizontal Vertical | GEOID Pixel Precision | Pulse Number
dates dates within | resolut | Datum Datum Depth/ Shot and of
study area | ion radiometr NPS bands
ic res units
Losco_2002 | 1999-2008 | 2002/2003 |[5m UTM Zone 15 [ NAD83, | GEOID99 32 bit Vert. N/A 1
/3 N meters, NAVDS acc.: 6 -
NAD 83 8 12in
(GRS80) ft Horiz.: 3-6
ft
USGS_Bara | March 2013 | March 2013 |2 m UTM Zone 15 | NAD83 | GEOID12A | 32 bit 3decimal | m 1
2013 N meters places
(mm)
USGS_NBa | March 2013 | March 2013 |1m UTM Zone 15 | NAD83 | GEOID12A | 32 bit 3decimal | m 1
ra_2013 N meters places
(mm)
USGS_Terr | 2015 2015, 1m UTM Zone 15 | NAD83 | GEOID12A | 32 hit 3decimal | m 1
e 2015 Revised Dec N meters places
2016 (mm)

Table 2: Ancillary Data Sources
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Dataset

Source

Specs

Holocene_Pleistocene
Raster

CPRA

Data Type: Raster
Resolution: 100 ms

Z range: -310.70- 498.36 m
Datum: NAVD88
Compiled 2013

Oil & Gas Wells

LDNR public access SONRIS
database, Office of
Conservation

Data Type: Point File
Display: All wells permitted by the State

Injection Wells

LDNR public access SONRIS
database

Data Type: Shapefile

Levees LDNR public access SONRIS | Data Type: Shapefile
database GCS_North_American_1983
Linear Unit: Meter (1.000000)
NAD_1983 UTM_Zone 15N
DATUM: D_North_American_1983
PROJECTION: Transverse_Mercator
Salt Domes N Dawers (pers. comm)

C. McLindon (pers.comm)

Coastal Protection
and Restoration
Project Sites

Coastal Protection and
Restoration Authority of
Louisiana (CPRA) and the
USGS National Wetland
Research Center via LDNR

Datum: NAVD88

“Contains polygon features for infrastructure associated with CPRA
coastal protection and coastal restoration projects. These features
include but are not limited to borrow sites, marsh creation, marsh

nourishment, fill areas, and dunes.”
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public access SONRIS database

2007 Louisiana
Coastal Marsh-
Vegetative Type Map
of the Louisiana
Coastal Marsh-
Vegetative Type
Database

Louisiana Department of
Wildlife and Fisheries, Fur and
Refuge Division, LSU
AgCenter, and U.S. Geological
Survey's National Wetlands
Research Center

Data Type: Vector Line

The original data set was collected through visual field observation
by Charles Sasser and Jennke Visser of LSU. The observations
were made while flying over the study area (Louisiana Coastal
Zone) in a Bell 206 Jet Ranger helicopter. Flight was along
north/south transects spaced 1.87 miles apart from the Texas State
line to the Mississippi State line. Vegetative data was obtained at
pre-determined stations spaced at 0.5 miles along each transect. The
stations were located using a Trimble Ag 122 Global Positioning
System (GPS) and a computer running ArcGIS. This information
was recorded manually into field tally sheets and later this
information was entered into a Microsoft Access database. At this
point, this information was brought into a GIS application by
converting the file to a database format (dbf). The marsh type
delineation lines were produced by freehanding contours through
on-screen interpretation. The flight line data was used as a guide for
drawing the lines. The new data set resulted in a line coverage
delineating vegetative marsh types.

Table 3: Composition of Created Maps
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Map

Data Sources Used

Holocene Thickness from Losco_Bara_2002/3 Surface

Losco_Bara 2002/3

USGS_Bara_2013

USGS_Terre_2015

Holocene_Pleistocene
Raster

Depth to Holocene-Pleistocene Boundary (Holocene Thickness from
USGS Bara 2013/USGS_Terre_2015 Surface)

Losco_Bara_2002/3

USGS_Bara 2013

USGS_Terre_2015

Instantaneous Slope

Losco_Bara 2002/3

USGS_Bara_2013

USGS _Terre_2015

Lidar Difference Map/ Subsidence Map

Losco_Bara_2002/3

USGS_Bara 2013
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USGS_Terre_2015
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V1IIl. Appendix B: Supplemental Images

Trimble GPA Datapoints for Ground Truthing:

A117-A118 A
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Figure 37: Fieldwork completed near Leonard’s Farm site; RTK values A117-A118.

Trimble GPA Datapoints for Ground Truthing:
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Figure 38: Fieldwork completed near the West Lake Boudreaux Shoreline Protection and Marsh Creation Project.
The pumping of the pastured area appears to have caused significant subsidence in a short period of time. RTK
values A119-A124.

RTK values A119-A124.

el

Holocene-Pl
o - B

stocene Boundary Isopach Precision

0 20 40 80 120 160
I TN 00 . <ilometers

Legend

Bl o3s-48[ 1 776-975 12.7-17.1 [0 23.7 -33.5 [l 48.2 - 70.0
B 4s-776 9.75-127 | 17.1-23.7 [ 335-48.2 [} 70.0- 1030

Figure 39: Precision Map of Holocene-Pleistocene Boundary Isopach; cooler colors indicate lower precision
due to lack of data or poor data integrity.
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