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ABSTRACT

Hurricanesare well known for producing catastrophic devastation to both natural
and human environments along the northern Gulf of Mexico coastlureicbhe lke
made landfall on theasterrtip of Galveston Island, Texasn 13 September 2008, and
the region irthe rightfront quadrant of the storm experienced catastrophic storm surge
flooding. This study investigates spatial variations in sedimesitidution on McFaddin
National Wildlife Refuge, which is located in the geographic region that was impacted by
the rightfront quadrant of Hurricane IkEieldwork conducted in summer 2017 and
summer 2018 involved digging shallow pits on four transedtsden Sabine Pass
Texas and High Island, Texas. Eight pit sites westablishean Transect 1, the
easternmodransect, and six pit sites each westablishedn Transects 2, 3, and Wjth
Transect 4ocated farthest wesAll four transects exten880-1630meters with pit sites
beginning near the coastline and extending landward. Elevationsneasaired at each
pit site along all fourransects using a telescopic leaal stadia rodResultsobtained in
the fieldindicate that the Hurricane Ikediment deposit has been found on all four
transects, and that the deposits decrease in thickr@ssg landward along each
transect. O ransect latPit Site 1, the thickness of thidurricanelke depositvas61
centimetersthis same deposit gradualBpers down to a thickness of dntimetersat Pit
Site 8. OnTransect 4Pit Site 1 had asedimenthicknessf 53 @ntimeters whereast

Pit Site 6 the deposit was 5 centimetehsck. Additionally, there is evidence that

Xiv



sedimentation has been impachsdthe presence of manade leveethat lie
perpendiculato theGulf Coastat Transects 2, &nd 4

Furthermorethe observationatesults of this study areused in Regression
Analyses to moddiurricane storm surge sediment deposit thickness baggit site
distance inlandpit site elevation, and distanfrem the landfall of Hurricane lke.
Moreover, Analysis of Variance revealetiether distance inland, distance from landfall
location, and the interaction between distance inland and distanc&frdfall location
had any significant effect on storm surge deposit thickness. Actual sediteposit
thicknesses measured in the fieldrecompared tahe Regression anénalysis of
Varianceresults Results show that tHeower Law Curve fnm the Regreson Analyses
was the mostobustpredictorof pit sitesediment thicknedsased onlistance inland,
with an R value of 0.538Additionally, the Regression and Analysis of Varian@sults
revealed that transect distance frilralandfall locationof Hurricane Ikewasthe only
independent varidé that could not predidr explain storm surge deposit thickness.

The goal of this studwasto discover spatiatariations instorm surge
sedimatationin thegeographic region impacted by thight-front quadant ofHurricane
Ike. The findings of this study provide improvedderstanding of the spatial relationship
between storm surge sedimentation and storm surge heights, valuable knowledge about
the sedimentary response of coastal marshes subject to stgerdsposition, and useful
guidance to public policy aimet combéing the effects of selevel rise on coastal

marshes along the northern Gulf of Mexico coastline.

XV



1. INTRODUCTION

1.1 Overview

Coastal marshes along the northern Gulf of Mexico coagifiovde several
important functions, such as serving as habitat for a variety of flora and fauna
sequesteringarbon,andprotecting urban and indtrially developed locationsrther
inland by acting as a buffer taurricanesCoastal marshes along tGailf of Mexico
coastline act as sponges and absorb much of the wave energy and flooding rains from
these powerful storms&lowever, present rates adlativesealevel rise on th&astTexas
Gulf Coast are arourtet7 mm peryear (Kennish 2001). Relative skavel rise at Sabine
Pass, Texasas averaged 5.66 mm per year during thethas¢ decades (Thatcher,
Brock, and PendletoR013).Sealevel rise along the northern Gulf of Mexico is
primarily caused by thermal expansioiseawater due to increasinglgalwater
temperatures, regional subsidence due to groundwater and mineral extraction, and lack of
riverine sediment to fill growing accommodation space. These conditions threaten to
convert coastal marshes to open watih ¥he consequent loss of vallaimarsh
functions (DeLaune, Nyman, and Patrik®94; Kennish 2001Gedan, Silliman, and
Bertnes2009;Glick et al. 2013; Kent and Dokka 2013). Rates of northern Gulf of
Mexico marshdss have been dramatibetween 195and 1978, the loss of marshes
was127 knt per yeaii equivalent to the area of Rhode Island every 21 ydamsér
1997. These trends all point to a need to develop more accurate and robust methods for
assessing coastal marsh dynamics, particularly thdempacts ohatural hazareévents

such as hurricanes and floods.



One way the detrimental effect of rising sea level is countered is via natural
aggradation of marsh surfacessedimentation processes. Wheneasy studies have
documented the destructive force of hurricane storm susgeh as beach and dune
erosion, Hayes 1967Fitzgerald, van Heteren, and Montell®94;Dingler and Reiss
1995;Stone et al. 199 ang et al. 2008Doran et al. 2009Vatson D09 research
shows they are also a natural source of sedifoembharsh suace accretion (Turner et al.
2006; Williams and Flanigan 2009; Williams and Denlinger 2048 et al. 2015Hodge
and Williams 2016Yao, Liu, and Ryu2018. A storm surge is ase of sea level
generated by a strong cyclonic storm, above predictechastiioal tides. Hurricanes are
the main cause of storm surges because of the combination of their very low pressures
and high winds. The low atmospheric pressure causes oceartovatége up under the
hurricane while the hurricadferce onshore winds pusitean water landward, creating a
localized area of higher sea level, known as a storm sifi@etorm surge occurs during
high tide, the conditions are exacerbated due todhmal storm surge being in the area
of Earth within a tidal bulge; this contin is known as the storm tidEigure 1.1)In the
northern hemisphere, the area of greatest storm surge is located along thremtght
guadrant of a landfalling hurricane.rrexample, Jefferson County, Texas, the location of
McFaddin National Wildlié Refuge (NWR), was in the righront quadrant of
landfalling Hurricane lke irseptembeR008. The counteclockwise circulation of winds
in the storm caused the greatest buildtipvater along shorelines in this quadrant (see
Figures 12 and 13).

Many factors determine whether or not a storm surge inundates nearshore

terrestrial environments and the resulting depth of storm surge flooding. These factors



include the magnitude difie storm, the speed at which the storm advances, the nearshore
bathymetry, he coastal morphology, the nearshore topography and the presence and
height of coastal barriers, such as foredunes (Geqrgitagerald, and Stor2005). On
the Gulf Coast, it isommon for intense hurricanes to generate storm surges several
meters in hajht that flood nearshore environments many kilometers intdndicane
storm surges commonly transport sediment inland from bays, the nearshore seafloor,
beaches, and dunes theydorming storm surge deposits in nearshore terrestrial
environments, includg marshes and woodlands. The sediments deposited by storm
surges can extend a considerable distance
surge deposit extended over 3506tens inland, just east of High Island, Texas
(Williams 2010). Near the shdmee, storm surge deposits are typically thicker and
sandier, and commonly form washovan$ and terraces (Williams 2QHlso sed-igure
1.4). Farther inland, deposits become thinner and-fjnained. This thinning and fining
of the deposit is due the sediment having been deposited from suspension (Hodge and
Williams 2016). The smaller particles, such as clay and silt, weigh less and rertee
storm surgeds water column for a |l onger pe
than larger prticles, such as sand and pebbles.
1.2 Purpose Statement

In recent decades, researchers have focused on the role of hurricane storm surge
salimentation as a mechanism of aggradation in salt and brackish marshes bordering the
Gulf of Mexico Cahoon et al1995;Cahoon 2006; Turner et al. 2006; Williams 2009
Hodge and Williams 20)6Anomalous sand beds, deposited by hurricane storm surges,

areknown to be preserved in the subsurface of coastal marshes, and, if identified, can



provide a time marker horizahat can be used to assess local sedatientrates
(Turner et al. 2007Williams 2009 Hodge and Williams 2036A number of studies,
manythat involve hurricane storm surge sediment deposits, have aimed at measuring
vertical accretion ogoastaimarshe to determine if marsh accretioanckeep pace with
projected setevel rise (Cahoon 2006; Turner et al. 2006; Williams 2003, 2009, 2010,
2012; Williams and Denlinger 2013; Hodge and Williams 2016; Walters and Kirwan
2016 Yao, Liu, and Ryw2018.

Thepurpose of this researchtsdeterminehe spatial exterdf the Hurricane
Ike (2008)stormsurge sediment deposit thalikely preserved ofcastTexasGulf Coast
marshesThis study will build upon recent research at McFaddin NWR by Hodge and
Williams(2016) by digging shallow pitand identifying thdikely Hurricane Ikestorm
surge sediment deposit multiple coastal marsh transects between High IslangsTe
and Sabine Pass, Texas. The deposit is expected to be near the surfacaldrm: sho
compased ofsand(with coarser sand closer to the sthae and finer grained sandtiaer
inland) separatd by darker organidch sediment above and below the saictl deposit
(Hodge and Williams 2016).his project shoulgrovide improved understanding afa
hurricane sediment deposits gneeserved temporaliy thelow-lying marshes of the
Gulf of Mexico coastline, as well as how storm surge deposits are preserved at varying
di stances from a hurricaneds | andhsall | oca
project should also serve as an aid to coastal management aggmuie® combat rapid
conversion of marshes to open water due to a combination of regional subsidence and

sealevel rise.



1.3 Research Objectives
The uncertainty over the magnityagstribution and significance of hurricane

sediment inputs into coastaarshes, highlights the need for more research on hurricane
sedimentation and the potential importance of incorporating the contribution of
hurricanes to coastal marsh aggradatida aoastal management plans. Relatively few
guantitative studies havedredone assessing hurricane contributions to coastal marsh
aggradation. Better understanding of hurricane sediment inputs could have important
consequences for coastal managementientiat build and maintain seawalls, levees,
and dams which could inhttsediment accretion on coastal marstiesiore information
is found that supports the positive impacts of these coastal marsh accretion events, then
the findings could influence poly makers in order to allow storm surges to inundate
certain areas ohe coast to permit the maximum amount of possible sediment deposition.

Direct anthropogenic impacts sedimentatiomclude those that result from the
physical alteration and imrd&te loss of habitat during construction of bhkads,
dikes, weirs, dvees, piers, docks, pipelines, and other hard structures, as well as the
excavation of canals, ditches, amtdrill sites (Deegan, Kennedy, and N&884; Sasser
et al. 186; Swenso and Turner 1987; Delune et al. 1989; Turner 1990; White and
Morton 197; Bryant and Chabreck 199%ennish2001). Historically, the modification
of coastal marshes for agricultural purposes, such as draining and filling, and their
reclamation for domeistand industrial development have substantially reduced viable
wetland habitat area during the past cen{dgam 1990; Aderson et al. 199Xennish

2001).



Longer term, indirect impacts are also associated with some of these habitat
disturbances. Foxample, the construction of impoundment dikes, watettrol
embankments, levees, dams for flood controlyels as canals and their associated spoil
banks invariably alter the hydrology of these wetland systems, often interfering with
normal tidal floodng and drainage, modifying overland water flow, decreasing sediment
supply to the marsh surface, and arrestiartical accretion (Kennish 2001).

Additionally, riverine sediment deficits and the use of prescribed burns on coastal
marshes are two more coraglissues that affect the geomorphic health of coastal
marshes (Henton et al. 2013).

This projectencompasesseveral important objectives. First, field worksv
conducted in a series of four coastal marsh transects between High Islandamdxas
Sabire Pass, Texa order to dscoverthe spatial extent and variability of the Hurricane
Ike storm surge sediemt deposithat likely exists in this regiorSecond, the spatial
extent and thickness of the storm surge depasstcampared to theahdfall loation of
Hurricane lke. Iwasexpectedhat the thickest and most extensive storm surge deposits
are in the righfront quadrant of a landfalling hurricane. The entire study regam
within the rightfront quadrant of where Hurricane Ike made land&ail itwasvery
likely that the storm gge deposiexistsalong all four transect®ocumenting how the
sediment deposits differed amongst all four transects was an important aspect of this
study as well. Thirdthe results of this studyeseused in regession analyseas order to
modelhurricane storm surge sediment deposit thickness based on pit site distance inland,
pit site elevation, and location from the landfall of Hurricane Ikeirth Analysis of

Variance(ANOVA) revealedvhetherdistance inlanddistance from landfall location,



and he interaction between distance inland and distance from landfall locat@mja
significant effect on storm surge deposit thickness. Actual sediment deposit thicknesses
measured in the field @vecompared taheregression andNOVA results. Finally, tie

results of this project should be of interest and provide useful guidance to coastal
management agencies ainadombating the effects of skavel rise on coastal marshes

along the northern Gulf of Mexico coasth.



1.4 Chapter One Figures
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Figure 1.1.lllustration of the relationship between mean sea level and normahtde (
stormconditions) and a storm surge during high tide (NOAA 2018).
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Figure1.2. Typical hurricane storm sge and wind directions (Liu 2004).
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Figure1.3. The surface windef Hurricane lkeas it made landfall at
0730 UTC on 13 September 20080AA 2009).
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Washover Fans on McFaddin NWR Clam l'ake Road Legend

b
Hurricane ke's storm storm surge created washover fans near L
the intersection of State Highway 87 and Clam Lake Road.

Washover Fans

Figure1.4. McFaddin NWR shortly after Hurricanedknalelandfall. The image shows
washover fans latward of a heavily eroded beachddified from Google EartR017).
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2. LITERATURE REVIEW
2.1 Pioneering research in hurricane sedimentation

It has been well known for several hundred yéaaspowerful hurricanesvreak
havoc and destruction on human settlements in North America and the Caribbean.
However it was not until he 1960s that hurricanes were first scientifically seen as
geologic agents on coastal regions. Hurricanes erode and dsguzhsient especially in
regions where there are plentiful riverine sediment sources such as along the northern
Gulf of Mexicocoastline. The greatest geological effects from hurricanes are caused by
wind-driven waves ath storm surges. Miles Hayesrformedextensive reseanan
coastal geomorphology starting in the 1960s witHPtd. dissertation focused on
hurricaneinduced sdimentation on Padre Island, Texas (Hayes 2016) eiisnsive
field work and research (Figure 2.1) along Tlexas Gulf Coast, irestigatedhe
geological effects of Hurricanes Carla (1961) and Cindy (1963). Hayes (1967) wals one
the first studieso dacument catastrophic storm effects in the sedhitary rock record.

Most of hisfield work was conducted on South Padre Island, iNBetdre Island, and the
region of the coast up to Port Aransas.

According to Hayes (1967), wave action was the dominantalgarstcess in the
area, but hurricane sedimentation played an important role in nearshore sedimentation
processes. The study inveld a comparison of the before aftereffectsof Hurricane
Carla. Following Hurricane Carla, Haye®967) found that areag to 24 min depth just
offshore from Padre Island picked up mollusk shells, rock fragments, coral blocks and
other materials andeposited them onto the barrier island. This showed how the wave

action of strong hurricanes can have an effect on sea ls#bthose depths. Hayes also
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documented how finer sediment particles we
stormsurge.Inital | y, the strong currents of the st
narrower zones of the barrier island (Figure 2:)ich then connected the Gulf of
Mexico with the lagoons on the west side of Padre Island. After the storm passed, the
return flov deposited a thin layer of fine sand; as well as a graded ¢dyine sand, silt
and clayon the offshore she(Hayes 1967). Some important conclusions of his work
include how hurricanes can mix environmsgensitive faunas from a variety of
environmets into a single sedimentary deposit; and that hurricanes can play a primary
role in sediment transport in nearsh@nvironments.
Ball, Shinn, and Stockmgi967) conducted a significant study in the late 1960s
that involved research of the geological anfs of Hurricane Donna (1960) across South
Florida as it traversed from the Northern Caribbean Sea into the Quéaco. The
geology of the region was already detailed prior to the impact of Hurricane Donna, so it
was possible tondoatrasd® ehktedbsfofethe st
the storm were caused by the high storm surge (¢@Btmin some parts of the Florida
Keys) and large breakjnwaves (Ball, Shinn, and Stockm&a®67). The Florida Keys are
composed of a carbonate re&dtform, so all of the sedimentary deposits resulting from
the effects oHurricane Donna were limestomieh. Thepurpose of thénvestigation was
to determine: A. the geologic work of a hurricaneh8w this work differed from that
done by dayto-day gelogic processes, and tbe geologicecord of this work (Ball,
Shinn, and Stockmat®67). Methodologies for detaming the preHurricane Donna
geologic conditions included the use of photographs, cores, magsotmeh markers

(whichwere provided byhe Shell Oil Company)'hese materials were excellent for
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determining preDonna sea floor conditior{8all, Shinn,and Stockmai967) By
comparing photographs and coraken before and after the hurricane, the researchers
were able to observe its effeetisdto weigh hem against those of dag-dayprocesses

Field investigations after the storm included docunmgnérosion and deposition
of various sediment particle sizes on the reef tract, outside reef zone (such as Key Largo
Dry Rocks), patch reefsand shoals behind the reefs, sediment mounds, tidal passes,
|l agoons, tidal fl ats, mardgifirda.n dA bfoevd ea b sngr \
conclusions reached in the study include how hurricane currents ¢hadedmation of
coarse coral rubbland that this rubble wdsansported tohe leeward sies of the
platformedged reefs; as well as the significaapdsition of lime mud on the tidal flats
above normal higkide (Figure 2.3) (Ball, Shinn, and StocknE867). To add to this, a
major findirg was that mddy-sediment acumulations at the Rodriguez Bank and the
banks of Florida Bayvere not significantly affected by stotwave erosionBall, Shinn,
and Stockmai(1967) states that this is noteworthy because the ancient mudstone mound
structuresare more resistant to erosion than the organic corfs. rElee findings by Ball,
Shinn, ad Stockmar(1967)demonstrateatastrophic uniformitarianissuchthat events
that are catastrophic in terms of calendar time are important and common place in terms
of geologic time
2.2 Significant studies in the 1970s and 1980s

Researclon hurricane edimentation is quite limited in the decade of the 1970s,
however there is a continuation of and buifal of knowledge regarding coastal erosion
and depositional pagsses and hurricane washover fans (Pierce 1970; Fisher and Stauble

1977). Pierce (1970)wtlied aerial photographs of t@aiter Banks of North Carolina
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from the 1960s. His research discussed the conditions under which washover fans or tidal
inlets formednamely, on either the seaward side or lagoon side of a barrier island. By
analyzing aerigbhotographs, Pierce (1970) concluded that tidal inlets in a wide barrier
with extensive tidal flats are eroded from the lagoon side of the barrier island. Washover
fans were the result of an attack on a barrier island from the seaward side (Pierce 1970).

Fisher and Stauble (1977) did extensive field work on Assateague Island, Virginia
and Maryland. The goal of the study was to determine the role of Hurricane Belle
(August 1976) on island washovians andmnonitor any subsequent erosion. The results
indicated that 19rfof sand per meter of washover centerline was deposited at the survey
site. Due to the wind direction around the storm, there was no deflation ofshewea
deposit as the storm subsided; however, much of the freshly deposited washows fan w
eroded back onto the beach by strong offshore winds in 1977 (Fisher and Stauble 1977).
The significant finding of the study was that overwash of lower intensitgns may not
be significant enough to allow for lorigrm sediment accumulation on theriErisland
(Fisher and Stauble 1977).

In the 1970s, Morton (1978) studied rhomboid bed forms developed from
hurricane washovdans on the Texas Gulf Coast from Ratsland to the Matagorda
Peninsula. At the time of the study, there had already been extensive research as to how
storms modify and shape coastal landforms; however, there was still much to learn about
the permanentontributions that infrequent hurricasmake to the geological record.

Some significant conclusions of his work are that preservation of rhomboid bed forms
and internal structures are optimized if: A. the total duration of high discharge is short, B.

thefalling stage of discharge is very rdpC. the site is sufficiently elevated so that the
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sediment surface is not frequently inundated, and D. the sediment surface is protected
from further modification (Morton 1978).

The decade of the 1980s sawwanber of studies describing how hurricaneryves
as geomorphic agents along the northern Gulf of Mexico, especially on the Louisiana
coastline (RejmanelSasser, and Petersb®38; Nakashima 1989). Additionally, in a
related field tied to the importancéapastal marshes, studies of marsh accretion
subsidence and erosion were occurring during this timegédeLaune Baumann, and
Gosselinkl983; Baumann, Day, and Millé®84). The study by RejmaneRasser, and
Petersor{1988) was regionally focused time Mississippi River deltaic plain, Louisia.

It had been known in the latter half of thé"2@ntury that the marshes forming the

deltaic plain were rapidly subsiding and eroding. The study took into consideration the
amount of sediment the AtchafataRiver delivered to the area, as this sedimes

thought to help offset the subsidence of the marshes. The primary goal of the study was
to measure sedimentation rates in marshes influenced by floodwaters from the
Atchafalaya River in order to assess thte of marsh accretion (Rejman8lasserand
Petersori988).

The study site was located on Willow Bayou and included four distinct locations
that exhibited a different marsh grass. Feldspar clay marker horizons were established to
measure sedimentati rates. The study locations were visitegétimes in an eighteen
month time span and revealed that decaying organic matter as well as sediment
deposition from Hurricane Danny (1985) made a significant contribution to sediment
accretion on the marsh ¢itnanek Sasser, and Petersb®88). The redts of the study

indicated that in the Willow Bayou, normal river flooding contributes very little to marsh
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sedimentation rates as compared to hurrigadaced sedimentation; and that the
hurricaneinduced sedihentation represents a partial compensabqorévailing
subsidence of marshes in abandoned delta lobes (Rejn&amder, and Petersb®88).

Nakashima (1989) focused his study on the geomorphic effects of Hurricane
Bonnie on a 54 km lanpshorelinan southwest.ouisiana, bordering on Sabine Pass
the western edge. The study outlined the impacts of the onshore winds, waves and storm
surge on three different shoreline types in this region. The shoreline types studied
included a natural beach systenmemch that had been scraped by a road graddra
beach that had been artificially stabilized by a revetment (Nakashima 1989).

Data for the study ereacquired by extensive field work before and after the
impact of Hurricane Bonnie (1986). Eight beacbfite transects were established before
thestorm maddandfall, andwere subsequently surveyed before the storm and three
times over a six month period after Hurricane Bonnie made landfall. Each profile transect
was surveyed to the maximum extent of visgdiising an automatic level and stadia rod
(Nakashima 1989). The results of the study showed that Hurricane Bonnie caused net
erosion across the entire study area, with the greatest losses occurring along natural
shoreline ad modified shorelineThe least amount of erosion occurred along the
armoredsection.

The results of the study indicated that the net volumetric change for the natural
and modified beaches had a persistent recovery, and in many places;dtwmre
sediment volume had besarpassed. This showed that natural accretion was oggurr
on these beaches to offset the considerable wave erosion caused by Hurricane Bonnie.

The situation was different in the artificially stabilized beach. Erosion continued to
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dominate this section dfie study area throughout the entire six month moniggperiod
(Nakashima 1989). The results suggested that for this region, a totally natural or slightly
modified beach system consisting of a dune, wide backbeach, and gentle foreshore slope
withstandsstorms more effectivelyjhan a revetmenNakashima (198) concluded with
the argument that anthropogenic barriers to sedimentation are detrimental to the natural
recovery of beaches after a hurricane.
2.3Advances in the 1990s

The 1990s saw significaatlvancement of hurricane sedimentation studies along
the Gulf of Mexico Coastline. The impact of Hurricane Andrew (1992) on coastal marsh
salimentation waslocumented by several teams of researchers (Cahoon et al. 1995;
Nyman Crozietr and DeLaund 995; Rsi et al. 1995). Additionally, these studies focused
mainly on the impact of marsh sedimentation, as opposed to beachatogykhich
was more frequenh earlier decades (Ball, Shinn, and Stockrhf67; Hayes 1967).
Hurricane Andrew was a very rare caiggfive storm that crossed southern Florida,
entered te Gulf of Mexico and then made a second landfall on the Louisiana coastline
a category three storrithe noteworthy study by Cahoon et al. (1995) presented data on
storm tide characteristics, shoerm sediment accumulation, vertical accretion, and
elevation change in marshes and shallow watitoms associated with the passage of
Hurricane Andrew. Ol a small portion of the sedimentation measurements were taken
specifically to study Hurricane Andrew; however, the broad spatial and temporal
coverage othe datasets provided a more comprehensive view of storm impacts than was

previously studied (Cahoaet al. 1995).
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The influence of Hurricane Andrew on sediment distribution was determined
from field plots established prior to the passage of the stgranariety of measuring
techniques which integrate different time scales (Cahoon et al. 1995)xf€né and
temporal patterns of sediment deposition were determined from sediment traps, sediment
cores extracted from marshésgure2.4), marker horizongand benchmarks associated
with other studies by D. Cahoon. Heelata verecollected from eleven dérent sites
west of the Mississippi River in southeast Louisiana (Cahoon et al. 1995). Additionally,
storm tide data, and storm wind data were used isttldy, as those forces were known
to redistribute sediment on coastal marshes (Hayes 1967).

Cahooret al. (1995) found that there was a strong direct increase intshort
sediment deposition associated with the passage of the Hurricane Andrew stoitheid
increased rates ghorttermsediment deposition remained high until the first major
winter @ld front when water levels were lowered long enough to enhance the
consolidation of and removal of the readilysiesspended storm sediments from the
coastl marshes (Cahoon et al. 1995). Sediment dynamics were variable as sediment was
introduced from ouide the coastal arsh system in some areas, wheieagher areas
sediment was redistributed as the marsh substrate eroded during storm passage. Hurricane
Andrew generated more vertical accretion in one storm than an entire season of cold
fronts in both he year before and after the storm (Cahoon et al. 1995). The results
suggested that hurricanes play an important role in coastal marsh survival andstedt co
and marsh management agencies should implement ways which help facilitate natural

marsh accredin from hurricane sediment deposition (Cahoon et al. 1995).
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2.4 Advancements in the 21 Century

Entering he 2F century there is dramatic increasa hurricane sedimentation
studies along the Gulf of Mexico coastline. These studies are incrigasipgrtant,
especially as selavel rise and regional subsidence continue to threaten much of the
region, especiallyhie Louisiana cadline (Baumann, Dagnd Miller 1984; DelLaus,
Nyman, and Patrick994; Cahoon 2006; Tweel and Turner 2014; Walters and Kirwan
2016). A study by Liu et al. (2014) documented sediment deposition from Hurricane
Isaacnear Frenier, Louisian®rior to the stdy, sedimentary sighares of hurricane
deposits were documented in several different coastal environments along the northern
Gulf coast (Cahoon et al. 1995; Turner et al. 2006; Williams and Flanagan 2009;
Williams and Denlinger 2013), yet no studies wandertaken to analyztorm surge
deposition in wetlands adjacent to large, inland brackish water Hedigs as Lake
Pontchartrain) The study by Liu et al. (2014) presented results documenting the
distribution and characteristics of storm surge depalgtived from Hurriane Isaac
(2012) in a wetland on the western shore of Lake Pontchartrain, LouiBigoee 2.5).

Other significant research, specifically from 2€8®L6, has been conducted by
Harry Williams along the Texas and Louisiana Gulf Codstdd work documentig the
Hurricane Rita storm surge deposit was conducted shortly after the storm made landfall
in November 2005, in southwest Louisiana (Williams 2009). Results indicated that the
storm surge deposit was up to 0.5 m thick and extendedst 50 minland. Analysis of
the deposit indicated two distinct sedimentary layers: a thin layer of finer sand and mud
and an overlying thicker layer of coarser sand. The findings from Williams (2009)

suggested that the deposition from suspensiomef §and and mud was early stage
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of storm surge inundation, and that the coarser sand was a traction load deposit, formed at
a later stage of storm surge inundation.
Following the landfall of Hurricane lke, Williams (2010) documented the storm
surge @posit on M€&addin NWR on the Southeast Texas Gulf Coast in January 2009. A
series of pits were dug along a transect extending from 90 to 1230 m inland from the
coastline. Samples were obtained in order to document the texture, and were especially
focusedon areas directly alve and below the santth layer, in order to investigate the
possibility of offshore foraminifers in the deposit. Results indicated that the storm surge
deposit thinned and fined inland and was distinguished from the underlying logarsh
coarser textureplver organic content, and abundant offshore foraminifers (Williams
2010). An important implication of the study was that it could form the basis for
paleotempestological studies if foraminifers are preserved over long periods of time.
Hodge and WilliamsZ016) conducted a follow up study orcMaddin NWRIn
August 2014. The original purpose of the follow up research was to identify and
document the Hurricane Ike sediment deposit, and any possible storm surge deposits
located beneath the Ike deposit. Exteadield and laboratory work revealed that the
hur ri cane sedi ment deposits of Hurricanes?©®
Ike (2008) were preserved on the ma&hme conclusions of the study were that the
marsh dynamics were controlled by hcane activity (such as storm surge overwash),
flood-derived and organic sedimentation, changes in marsh surface elevation and degree
of compaction. Hurricane sedimentation was an important contributor of marsh
aggradation sinc&957 anchelped to countexct the effects of sdavel rise on marsh

elevaton. The results of the study were significant because they provided improved
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understanding of the sedimentary response of coastal marshes subject to storm surge
deposition and added support to other stuttiasencouraged coastal management
agencies toansider reducing physical barriers to storm surge sedimentation (Hodge and
Williams 2016).

Research on the geomorphic impacts of hurricanes in coastal regions has been
increasing rapidly in receniecadesrad is likely to continue throughout the 2gentry.
Another very relevant area of research that evolved from the pioneering work of Hayes is
paleotempestology. Paleotempestology ésstudy of past hurricaragtivity by using
geological proxies (Liu, 2M). Research done by Donnelly et aDq2), LiuandFearn
(2002), Liu (2004), and Donnelly (2005) are several examples of recent
paleotempestological studies in the United Staséwk by Chris Houser has focused on
dune morphology and their recoveryeafstorms, and much of his research takes place
on Padre Island (Housdrdapke, and HamiltoB008 Houser, Hobbs, and Sa&008
Houser et al2015). Hurricane Harvey (2017) produced similar impacts totthiens
documented by Housgrapke, and Hamilto(2008, Houser, Hobbs, and Saa2i008),
andHouser et al.Z015) by eroding and breaching theddunes on Padre Island (Figure

2.6).
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2.5Chapter Two Figures

Figure2.1 A small sample of research conductedhe
1960s A. Washover fan from Huicane Carla omentral
Padre IslandB. pit dug on Padre Islan@vealing
stratigraphy, an€. assortment of mollusk sheliieposited
by storm surge of Hurricane Carla (Hayes 1967).
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Figure2.2. Some imagery of Padre Island from the 19@Q0%erial image of Padre
Islandshowing geomorphic impacts from Hurricane CartdB. Map of Padre Island

showinghurricane channels, beach ridges, atiter barrier island landforms (Hayes

1967).
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Figure2.3. Two-inch-thick layer of lime mud stranded on Crane Key by the
hurricane ebb tidelhe dark surface under the new mud is thelpregicane algal
mat (Ball Shinn, and Stockmalb67).
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Figure2.4. Soil profiles following the landfall of Hurricane AndreWhese ®il profiles
weresampled at two different locations thiieeir months after thiandfall of Hurricane
Andrew. Theedatashowthe average of seven cores (Cahoon et al. 1995).
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Figure2.5. Lossorrignition curves for a sediment core
extracted ear Frenier, Louisiand he hurricane sediment
deposit is coarse in grain size and is shown in the top four
centimeters (Liu et al. 2014).
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Figure2.6. A breach in the foredunes on Padre Island, T.ekiais breach wasaused by
the storm surge of Huoane Harveyhich made landfall 67 km northeast of this
location(Hodge, Anzah, and Dixop018).
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3. RESEARCH METHODS
3.1 Study Site
McFaddinNWR is a 23,820 hectare tractaiastaimarshes antrackishlakes

located in Jefferson County the far southeast corner of Texas, approximately 20 km
southwest of Sabine Pass. A wide sandy beacked by low (22 m) discontinuous
foredunes forms thea. 35km boundary between the refuge and the Gulf of Mexico.
Inland, the refuge contains palusie emergent marsh that is categorized as temporarily,
seasonally, or semipermanently flooded, depending on subtle variations in elevation
(Williams 2010). MclRddin NWR includes one of the largest remaining freshwater
marshes on the Texas Gulf Chass vell as thousands of hecta@sintermedige to
brackish marsh. It ian important feeding and resting habitat for waterfowl, such as
geeseA considerable number of ditchestite marsh are home to alligatoasd feral
hogs inhabit the area as wdlheregion surrounding the study area in Jefferson County,
Texas is mostly made of marshlands and brackish lakes, and is home to a number of
wildlife management areas. The Gulf Intracoastal Waterway is also an important nearby
feature; it is a nagable chanal mostly used by recreationabats and bargesmportant
economic activities of the region include petroleum production, petroleum ggfinin
shipping ranchingand land management by the federal government.

The geol ogy of the diengiNWR siusr rcoounmpdo snegd
Hol oagree all uvbamraeawdl depessits. The allu
silt, aslawn"damindor ganit d ed di@Ewlsgdineds dvehpea iatss ar
composed of -praomoumngdneveehSabi ne Pass. The

regi on mostelay hcessnsifstneofsamdy | oams, silty
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t he marshes, with sedi ment particle sizes
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Hodge and Wi lliams (2016) originally <c¢h
to investigate the storm surge sediment be
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stormbtdi dne oc c er rree@B eomg TR0 S)t.or m made | andf
September 2008 at O070vhiUFCl athOdB8BANhe It &
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2005. Storm surge deposits from Hatriromralne
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suspensiog fFfhostdawdt eres 2000 )s.by and Rees
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3.2 Methods and Data Analysis

Six to ei(lgbtgphatedi bgsTransledgts adamanBiefct
Pit )Swetleoclated on each transect at McFaddin
The pit sietrlei hoad awp olnisnaevar |l y atl4d@a680tr ans:
m i nl anad udfomotalst . eTdrlei g mech swicttlhs twhe st orm
to allow sampling of the pdeposeéet hieveinnhbad
|l ocations. The geogr aptleirreecomodad nagiersg od @:
eTre@bi® Positi oBPBN t By satescmpua ratceyd of N 10 m
2011 The topographical reli@fmeasueadhbygi ae
t el escoapnigt alde we Ir 6Al, )( B itTghlee s ¢ dapnidc slteaedeika r o d
set aipf faetr ent pteaasasetabdaogidelwebivma near by
United States Geobegicbarartihie vmgarnf US&GE )1 ev el
bea©m the transects too far to tie into a |
measuomdt he mean sea | evel mar k (on the Gul
mi-day bet ween t heUphitgoh faongi tlloaw ¢ Wwidmegse t he t
l ewaset ampeqwi redrbesecdw 000 m.
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bewcsaeuthicker sedexmepadtoeporsitte twhee ecoast | i
sedi me&mte stshisawbst anrttitadrl yi mdleacnrd a(sttsd gea and
Theept h of anad harmpy ti dseinctai nfei asbel dei nheunrt deposi
measwi étti a meimensstraipcelg (abnidg Prheo DBD.gt Aph i t
|l ithol ogyexsoiaktpepdofirloenmst he pit, eanrned t he s
takedeawodi ptiioln/sl iotfh otlhoeg ye ooef daelascameSmii dd d si t e
texture was eval uat ed nbey tfheeele x twehni tic o fh esl epdei
each pit (Gardiner and Dackombe 1982).
After the thicknessuofjet BedHwmentcdprpobk
calcul ated (from evenMupttpbetBegneabl ohoA
Si mpl e egrnectasrd lefve rreun I hmoddHttar m surge depos
thickMueddss ple Linear Regression alskeewsalt he
ot her yawh&bépse Linear Regression all ows
f r om a(nCortohnekrTh2 pré&di@tion equation for multiple regressisiYy 6 o= B
B X1+ B2Xo+ € . . Bla thezprediction equation just mention&dds the dpendent
variable to be predicte@yis the yintercept; andB: andB; are slopes for each respective
independent variablgx). In this studytwo di f f erreendgr enuud it oeprleenal y s
ruans wehlrleegsartate simple | iTheamulhsigplessi on
regr eantailoyrms idoe niendlepeéeadent variable and t wo
dependenwawtaarimbd wler ge deepnotrae tt e ®ha ctkvme ss i n
i ndependent ddirge¢adidmel sandn cflrupdne mmdurei caolast | i ne

var i amdalleeelvabove gHeaumevecal nvadithebbba)yi abl e
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expl awiasedrm surge deposit thickness. The 1t
vari abfteess)t el t o semedetbovr wes U rhg dvt kdheepsss it t
The second multiplhetduslgegrdepéendenanalgesi a

t hree i ndebdeersdenlth ev areppasttdoa nd urnvge | hdag ees i t

The three indepeddieqnd aivmlra nado | ferso m eic@eu dceo a s t
numerical variable)pndisuadeceff Homrilkanlkah
X2, numeri ¢calahwavraitaibolne )a mo vieX§, e me t eval vari e

The vari abMastexpmm siumged depoesiitndep erkdersts .
variabl es (explkateeasttoerdy tvoa rsieaebdddbswyr mmes lir g e y
deposit AtdhWiidc ktvoensmag rmyl, e elgirneesasre ® n w armaTl hyes
prediction equation fYér =s a mpslheeXldieNéeanrd ernetg r
variabl e tai eti pedr eydcleipse dt,haendi ndegdreddntr setar
simple | ineas cemgdectse @ ni inf aodidalr dios tdert cca nfi
l andf al | (i ndceopuelndd sparoerdmacstui & g B ehl ekoness (dep
vari abkepeicmimidereecagrr essi on anal ysis whs run
pit site distance icnolualndd sp{roenddiecgtendentiepasi
thiclCuewve. Fits were al so ei ndlnedeaed rfearr etstsd C
The third simple |inear regression anal ysi
el evation (independent variable) could pre

To add to the quauwmttiiltiaz dtduehMrreetrttedoidssh idceail n-
Clustna&lryAi s wa$SP&G&nmpdnetredt o ngroup the pit si
i nl @mar t he ANO¥AI Qg roodtevwgperpeaan)ave @ N O \bAa n d

a sitwmegvd act or i awe rAaadNioVASP IS e A&MNONMAocedure th
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determines the proportion of wvariability a
of the most useful andawdialpdalbe e[l ank s20 @
way ANOVA compares the meamoupfs ttwo sere mdr d
any significant dif ffeiroesata e sAN@YAv,e etnhd heandi r
t hi ckness ( dewaesn dceonnip avraerdiianbbl@@eh)iice mpe sd emtc e

var i.ablseehceommaday ANOVA, t he s ecdceinmemtt tvhaird karbd
was comparedftomt hBmnadéwa fehanica8BMNOVA t est s t he
effect of two independent vampieableas omraad
t eowa yact ori awa®dNOWVAsurge depddlietpenmnidieakness
vari abl edsi sithacn cued @i rdli saidance fHuoimcameThama f al
we rtehr e-bey pabh e dweesva yafc t tehiNEOV/ A pr Oofcheecster @ ncl ude
Anul | hyHh)ott hemoi £ f f ect ot arim tgaonscigee ik i acnkdn eos
Hoof no effect on ditsotram cseu rfgreo mhelpbogbid ft anlblh i acrk

interaction of distance inl andpasnidt dti lsit @krece
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33Chapter Three Figures
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