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Storm-Generated Sediment Distribution Along the
Northwest Florida Inner Continental Shelf

W. Chad Vaughan, Kevin B. Briggs, Jin-Wook Kim, Thomas S. Bianchi, and Richard W. Smith

Abstract—Hurricane Ivan made landfall along the Alabama-
Florida coastline on September 16, 2004 as a category 3 storm.
Ivan provided a rare opportunity to quantify surficial sediment
changes following a significant storm event. Sidescan sonar im-
agery was collected immediately offshore Santa Rosa Island, FL,
five days before and after Ivan’s landfall 100 km west of the
study area. Particle-size, multisensor core logger, X-radiography,
photography, scanning electron microscopy (SEM) grain shape,
direct shear, radiocarbon isotope, and lignin—phenol analyses were
performed on grab or vibracore samples collected after the storm.
Sonar observations before Ivan’s landfall revealed a mostly sand
bottom with uniform, small-scale wind-wave ripple morphology,
and a distinct area of low backscatter trending NW-SE that was
interpreted to be a mud swale. Ivan introduced new material to
the relict sediments and resulted in the deposition of fine-grained
material across the shelf that settled in the bathymetric lows and
formed mud flascr dcposits. Hardbottoms were draped by sand in
some locations, but exposed in others. Ripple morphology changes
occurred along sand ridges. Hurricane Ivan created major sedi-
ment distribution changes along the near-shore shelf, yct scrved to
reinforce and to maintain the ridge-and-swalc topography of the
northeastern Gulf of Mexico near-shore continental shelf.

Index
sediments.

Terms—Lignin, seafloor imagery, sedimentation,

I. INTRODUCTION

PISODIC tropical storm events in the northern Gulf of

Mexico often shape the continental shelf seabed. For in-
stance, strong tropical events can be preserved in the near-shore
seabed by event layering resulting from the mobilization, en-
trainment, resuspension, and redeposition of sediment due to the
physical force of these storms. Typical of storm sedimentation
preserved in the seabed are coarse lag layers, fining-upward se-
quences, and hummocky cross stratification [1]. The impact of
strong tropical systems on muddy near-shore and estuarine en-
vironments of the northern Gulf, specifically the preservation
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of sandy event layers, is documented [2]-[4]. The uniformity
of sand and the shallow water along the northeastern Gulf and
the Florida Panhandle shelf may make long-term preservation
of event layers much less likely. However, tropical systems are
known to cause large disruptions to fine-grained estuarine and
back-barrier environments along the northern Gulf that result in
outflow of sediment to the off shore as well as washover fans into
the lagoon [5]-[8].

Hurricane Ivan made landfall along the Alabama-Florida
coastline on September 16, 2004 as a category 3 storm on
the Saffir-Simpson hurricane scale (SSHS). The timing and
location of Ivan’s landfall provided an excellent opportunity
to document surficial sediment changes following a significant
storm event. As part of the U.S. Office of Naval Research
program to investigate the influence of sediment heterogeneity
on coastal dynamics, sidescan sonar data were collected within
a 6-km? area along the Florida Panhandle within 1 km off-
shore of the Santa Rosa Island barrier beach in 3-21 m of
water before Ivan’s landfall (Fig. 1). The site lies offshore
a 90-m-high observation tower that is one location for the
Video Imaging System for Surf Zone Environmental Recon-
naissance (VISSER), a system of worldwide surf zone video
imaging sites operated by the U.S. Naval Research Laboratory
(NRL). These imaging sites provide hydrodynamic and mor-
phodynamic information from automated image processing
techniques. The sidescan sonar survey was conducted in
view of the VISSER system to provide sediment distribution
information for the *“Coastal Dynamics in Heterogeneous
Sedimentary Environments” basic research initiative at NRL.
In addition, the survey was conducted concomitantly with the
2004 Sediment Acoustics Experiment (SAX04), which was
conducted September—November 2004, 11 km to the east in
similar water depths. The area south of the VISSER tower was
resurveyed and grab and vibracore samples for ground-truthing
were collected after Ivan’s landfall to observe the poststorm
redistribution of sediment types within this study area.

For a storm to cause a major disruption of bottom sediments
in estuaries and bays several characteristics are required,
including: 1) a storm path to the west of the bay, 2) strong
sustained wind speed, 3) long duration of high storm surge,
4) occurrence during normal high tide, and 5) slow passage [6].
Santa Rosa Island and its back-barrier lagoon and adjacent bays
likely experienced each of these conditions as Hurricane Ivan
passed just to the west, produced Category 3 wind speeds, and
a 3.0-4.5-m storm surge near the time of the National Oceanic
and Atmospheric Administration’s predicted mean higher high
water at Pensacola.! Thus, Hurricane Ivan could be expected to

Thttp://tidesandcurrents.noaa.gov/
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Fig. 1. Gulf of Mexico site maps along the NW Florida Panhandle. The small-scale map shows the general path of Hurricane lvan. The sampled areas of the
VISSER, SAX04, and Choctawhatchee Bay sites are shadowed in gray in the midscale map. The SAX04 experiment site is about 11 km to the east of the VISSER
site, and the Choctawhatchee Bay samples are an additional 12-22 km to the east inside the Bay. Each location of the four grab samples in Choctawhatchee Bay
is marked by an X on the midscale map and named CBay1—4 in the east to west direction. The VISSER tower is marked by the X on the large-scale map, with
sidescan sonar tracklines shadowed in gray and grab samples as circles and vibracores as triangles. NOAA Coastal Relief Model bathymetry is shown with 5-m
contour intervals in the midscale map until the 100-m depth contour where the interval changes to 25 m. The VISSER site map bathymetry is contoured at 2-m
intervals and shows the ridge-and-swale topography of the region.

cause sediment dispersal to the continental shelf and influence This paper discusses the effects of a major storm event on
sediment distribution along the near-shore Gulf shelf. sediment distribution in the near-shore environment with a
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goal to map the sediment distribution with acoustic imagery
and ground-truth the imagery with sediment sampling. Our
larger objective is to determine large-scale sediment horizontal
distribution and vertical heterogeneity (substrate thickness)
from a near-shore environment in the Gulf of Mexico; espe-
cially to characterize event-driven (storm-generated) changes
in sediment distribution and heterogeneity and relate it to the
physical forcing and sediment properties. A secondary objec-
tive is to provide a regional geologic context for geoacoustic
measurements conducted during SAX04.

II. PHYSICAL DESCRIPTION

A. Regional Geologic Setting

The study site lies along the northwest Florida Panhandle
inner continental shelf, the east flank of the Mississippi embay-
ment, and the Gulf Coast Geosyncline. The shelf in this region
is wide, low gradient, and low energy. Thick terrigenous clastic
sequences have accumulated beneath the Alabama-Florida
Shelf since Miocene to Recent times [9]. Modern surface
sediments in this area, referred to as the Mississippi-Al-
abama-Florida (MAFLA) sand sheet lie within the Eastern
Gulf Province, a sediment province that stretches east along
the shelf from the abandoned St. Bernard delta lobe to the
Apalachicola delta [10]-[12].

Numerous investigations have concentrated on the Neogene
to Recent shelf geology, including the Late Pleistocene geology
and Holocene surficial sediments of the northwestern Florida
shelf, especially the morphologic and stratigraphic signatures
of the last eustatic sea-level rise [13]-{19]. Our study area lies
within the Eastern Gulf Province, and within the shore-parallel
geomorphic zone dominated by shore-oblique (70°) shelf and
shoreface-connected sand ridges [20], [21]. A combination
of pretransgressive, transgressive, and post-transgressive pro-
cesses have served to superimpose higher order Holocene
features over first-order Pleistocene features [22]. These sur-
ficial features include shore-perpendicular bathymetric lows,
shelf-edge lobes, shore-parallel long linear shoals and bathy-
metric lows, and shore-oblique shelf and shoreface sand ridges.

Six primary sedimentary facies characterize the last eustatic
sea-level rise in the northeastern Gulf shelf subbottom for the
transgressed MAFLA shelf [17], [19]. During the Late Quater-
nary (Wisconsin) sea-level drop approximately 18 000 years be-
fore present (B.P.), the drainage systems of northwest Florida
cut across the shelf forming bathymetric lows and shelf-edge
delta lobes. Shore-perpendicular bathymetric lows in the region
likely result from fluvial systems in response to the glacio—eu-
static sea-level fall. Linear shoals southwest of the study area at
the 25- and 35-m isobaths suggest former barrier shoreline posi-
tions during sea-level lowstands around 7000 and 11 000 years
B.P., respectively. However, the shoals themselves probably re-
late to transgressive and post-transgressive processes rather than
actual barrier sedimentary deposits since their preservation is
unlikely as the sediments lie above a shoreface ravinement, and
open marine species dominate the foraminiferal and molluscan
assemblages [19]. Erosional retreat of the shoreline during the
transgression draped a trailing sand sheet over the transgressive
topography. Post-transgressive processes, such as tide, wind,

current, and storm events, reworked the sand shelf once sea level
reached its present day shoreline 6000 to 3000 years B.P. Thus,
the last fall and subsequent rise in eustatic sea level greatly in-
fluenced the surface morphology of the northeastern Gulf [22],
[23].

Eastern Gulf Province sediments are fluvial in origin. How-
ever, the sedimentologic dominance of the Mississippi River
diminishes with distance east of the Louisiana shelf. Eastern
Gulf sands have an Appalachian origin based on mineralogy
[12]. Therefore, the major sediment suppliers are the Mobile
River to the west of the study area and the Apalachicola River
to the east. The Florida Panhandle shelf is restricted from Mo-
bile Bay sediment due to the net long-shore currents [22], [24].
A subtle, yet distinct east-to-west size and sorting trend exists
from moderately sorted, medium-grained quartz sand to mod-
erately well-sorted, fine-grained quartz sand. There is a sharp
sedimentologic boundary between the Mobile and Apalachicola
subprovinces 25 km west offshore Perdido Bay [22].

Clay and heavy mineral assemblages, grain size, and grain
shape further indicate that the Eastern Gulf Province sediments
are dominated by the Apalachicola River and other rivers of
the southeastern United States [11], [13], [14], [24]. Seismic
studies show that the Perdido, Escambia, Choctawhatchee,
and Apalachicola River systems incised a network of channels
on the continental shelf during the Late Quaternary lowstand
with the Apalachicola being larger than any of its modern day
counterparts with significantly larger discharge. Although the
modern Apalachicola River deposits its sediment load in a
shallow estuary (Apalachicola Bay) further to the east, it likely
was the dominant supplier of sediment to this shelf area and
the probable source of coastal sands of the Florida Panhandle
shelf when it was as much as twice its current size [10], [15],
[25]. Thus, the study area along the near-shore Panhandle shelf
contains palimpsest sediments delivered by the Apalachicola
River system during the last fall and subsequent rise in eustatic
sea level and mostly reworked during the Pleistocene.

The sediments are fine- to medium-grained quartz sand that
generally fine westward in the direction of the net long-shore
sediment transport. Sediments along the beaches have been de-
scribed as having a strikingly uniform texture, composed pre-
dominantly of quartz with few accessory minerals [10], [22],
[26]. The source of these quartz sediments along the eastern
half of Santa Rosa Island is an eroding Pleistocene “headland”
east of Destin [27]. Moreover, Recent beach sands are similar
to the Pleistocene sands in grain size and mineralogy. Hence,
the beach sands of the study area and of northwest Florida were
likely derived by the reworking of older Pleistocene sediments,
and not transported from the modern Apalachicola River [26].

B. Santa Rosa Island and Santa Rosa Sound

Santa Rosa Island is a narrow, low-profile, dune, and
washover barrier island of Holocene origin approximately
80 km in length. The island is about 500 m in width adjacent to
the study area and is bounded by the Pensacola Bay to the west,
Choctawhatchee Bay to the east, the Gulf of Mexico to the
south, and Santa Rosa Sound to the north separating the barrier
island from the Florida Panhandle mainland. Santa Rosa Sound
is a shore-parallel lagoon approximately 0.4 km wide and up to
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7.5 m deep. The Santa Rosa Island core evolved during marine
transgression and is composed of Late Pleistocene barrier de-
posits underlain by the Pleistocene Biloxi Formation, which is
composed of open near-shore and brackish water deposits. This
Pleistocene core at no point rises above present mean sea level
on the island, and was submerged during the transgression and
overlain by Holocene shoreface, beach, and dune deposits [16].
Most of the island has maintained relative historical stability
(28].

Santa Rosa Island is part of a barrier island complex sepa-
rating a series of lagoons, bays, and estuaries from the Gulf of
Mexico. These estuaries north of the barrier islands are sinks
for fine-grained sediment, and little sediment is transported to
the Gulf except from the Mobile Bay plume or during hurricane
events [5]-[7], [29]-[31].

C. Hurricane Ivan

Hurricane Ivan made landfall just west of Gulf Shores, Al-
abama on the morning of September 16, 2004 as a Category 3
storm. This was approximately 100 km west of our study area.
Persistent maximum wind speeds were highest in the outermost
concentric eyewall of the northeastern quadrangle for several
hours before landfall. The 50-nmi-diameter eyewall resulted in
a maximum recorded Doppler radar wind speed of 54 m/s 72 km
west of our study area. Geographically, the study area lies be-
tween the officially recorded sustained surface wind speeds of
39.1 m/s with 47.8-m/s gusts at the Pensacola Naval Air Station
and 30.9-m/s winds with gusts of 39.6 m/s at the Destin Airport
[32].

The National Data Buoy Center’s (NDBC) buoy 42040
(64 nmi south of Dauphin Island, AL) recorded a significant
wave height of 15.96 m, the largest ever reported by the NDBC
(until the following year when the same buoy recorded a
significant wave height of 16.91 m during Hurricane Katrina)
[33]. Wave-tide gauges deployed near this buoy by the Naval
Research Laboratory, Stennis Space Center, MS, measured
wave heights up to 17.9 m during Ivan, as well as the largest
maximum individual wave height of 27.7 m [34]. These
measurements were recorded while Hurricane Ivan was still
classified as a Category 4 storm as it approached the outer
continental shelf.

Although Hurricane Ivan underwent weakening as it came
onshore, the storm resulted in a 3.0-4.5-m storm surge in
the study area [32]. Aerial reconnaissance immediately after
Ivan indicates that at least a portion of Santa Rosa Island was
completely submerged. Moderate-resolution imaging spec-
troradiometer (MODIS) imagery reveals estuarine sediment
discharge plumes in the Gulf following the storm, including
plumes from Pensacola and Choctawhatchee Bays on either
side of the study area [8].

III. METHODS

A. Acoustic Surveys

Sidescan sonar data was collected using a Marine Sonic Tech-
nology, Ltd. (White Marsh, VA), 300-kHz system with PC-Win-
dows-based Sea Scan PC software for data acquisition. Raw
data files were processed using Chesapeake Technology, Inc.
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(Mountain View, CA), SonarWeb Pro software to create sonar
mosaics and waterfall imagery. The survey conducted parallel
to shore was aborted due to Hurricane Ivan’s approach, and re-
peated five days after landfall. Three additional poststorm track
lines were surveyed perpendicular to shore to about 6 km off-
shore: one in line with the VISSER tower, and two at each edge
of the survey box. The surveys were conducted aboard the R/V
Pelican, a 35-m research vessel operated by the Louisiana Uni-
versities Marine Consortium (LUMCON), in water depths as
shallow as allowed by the vessel’s 3-m draft and within the surf
zone. Thus, short cable-out lengths and wave conditions cre-
ated distinct artifacts in some of the sonar data as a result of
vessel heave. These artifacts are particularly prominent in data
collected in the shallow-water areas.

A multibeam survey of the area was conducted by the Uni-
versity of New Hampshire Center for Coastal and Ocean Map-
ping/Joint Hydrographic Center, Durham, on September 3, 2004
about two weeks before Hurricane Ivan’s landfall and again in
October 2004, 41 days after Hurricane Ivan made landfall. The
high-resolution multibeam backscatter data were collected with
a 300-kHz Kongsberg Maritime (Kongsberg, Norway) EM3002
system, and the imagery was draped over 455-kHz Reson 8125
bathymetry at a 25-cm grid [35].

B. Sediment Sampling

Fifteen grab samples were collected at select locations based
on a preliminary analysis of the poststorm sidescan data. Fif-
teen additional grab samples, labeled A through O in the in-
shore direction, were collected in a shore-normal transect in line
with the VISSER tower in 21-m water depth at 5 km offshore
to 4.7-m water depth at 300 m offshore the island beach. Grab
samples were collected using a Smith-McIntyre grab sampler.
Eleven additional samples were manually collected on the beach
from the base of the VISSER tower into the swash zone and one
sample was collected in the lagoon behind the VISSER tower in
August 2005. Also, four grab samples were collected in eastern
Choctawhatchee Bay with a PONAR grab sampler in January
2007 and sand samples were manually collected by divers at
six of the locations along the shore-normal transect in February
2007. Each sample was bagged and stored in a cooler until trans-
ported to the laboratory for particle-size analysis.

Twenty-six vibracores were collected in July and August
2005, eleven offshore the VISSER tower site and fifteen from
the nearby SAX04 site. The vibracores were collected aboard
the U.S. Geological Survey (USGS) R/V Gilbert using 7.6-cm
diameter, 6-m length aluminum barrels attached to a pneumatic
Rossfelder vibrator. Core recovery length varied between 0.67
and 5.6 m, and averaged 3.4 m. Five of those vibracores (16-20)
were collected in line with the VISSER tower in water depths
between 3.5 and 18 m, essentially along the shore-perpen-
dicular sidescan trackline and the grab sample transect in the
center of the survey box.

C. Sediment Laboratory Analysis

The vibracores were transported to the laboratory and
logged at 1-cm intervals with an automated Geotek Limited
(Daventry, U.K.) multisensor core logger. The logger obtained
gamma-ray-attenuated sediment bulk density data with a



VAUGHAN et al.: STORM-GENERATED SEDIMENT DISTRIBUTION ALONG THE NORTHWEST FLORIDA INNER CONTINENTAL SHELF 499

Bl x]Os-Bq Cs-137 gamma radiation source at energies of
0.662 MeV and compressional (FP-wave) speed data with a
500-kHz transducer/receiver recording directly through the
core liner. Acoustic impedance was calculated as the product
of the density and P-wave speeds, and fractional porosity was
estimated assuming a grain density of 2.65 g/cm3.

P-wave speed measurements proved difficult to measure due
to a low signal-to-noise ratio (SNR) of the received acoustic
signal. The attenuated signal was a result of the aluminum liners
in which the sediment was collected by the vibracorer, as well
as the shell fragments that allowed for disruption of sediment
fabric inside the cores. Moreover, some cores may have experi-
enced drainage during transportation as indicated by drying of
the sediment near the top of the cores. Consequently, speed data
were “thinned” by removing all data where the relative ampli-
tude fell below 50 on a log scale of 100, and speeds that were
less than 1450 m/s. The relative amplitude is defined by a min-
imum and maximum voltage setting, and the relative value of
50 at the defined settings represents the level at which the elec-
tronics loses the ability to pick a timing pulse. Despite the dis-
continuous record of P-wave speed and impedance values due
to data rejection, the data values are still valid as a relative mea-
surement of acoustic trends within or between cores.

X-radiographs were collected using a Faxitron X-Ray, LLC
(Lincolnshire, IL) 43855C system with a digital EZ40M line
scanner. Because individual scans span approximately 25 cm
in length, each scan was merged with its adjacent scan to con-
struct a single 0.5-m length X-radiograph. Upon obtaining the
X-radiograph images, each core was split into two halves: one
half was photographed and archived, and the second half was
sampled at 20-cm intervals (in addition to sampling of visually
apparent sediment facies) for grain size analysis.

Sediment grain size analysis was conducted on each grab
sample and vibracore subsample, using the grain size classi-
fication based on [36] and standard sieve and pipette proce-
dures described in detail in [37]. In brief, the wet samples were
sieved through a 62-um screen to separate the coarse (sand-
and gravel-sized) fraction from the fine (silt- and clay-sized)
fraction. The fine fraction was collected in a 1000-mL cylinder
of dispersant. Each coarse fraction was analyzed at quarter-phi
intervals (Krumbein scale) with the sand- and gravel-fraction
passing through a series of sieves on a sieve shaker. The silt and
clay fractions were separated via a pipette aliquot from the fine
fraction contained in suspension. When significant amounts of
mud were present (generally >5% by [dry] weight), the com-
plete mud fraction was analyzed using a Micromeritics (Nor-
cross, GA) Sedigraph Model 5120 that employs X-ray absorp-
tion to determine the particle size distribution for particles finer
than 63 pm in an aqueous suspension. Pipette aliquots were also
collected at the 11- and 12-phi intervals for those samples ana-
lyzed with the Sedigraph.

D. Grain Shape Analysis

To attain knowledge of cumulative, long-term processes
transporting the shelf sediments off Santa Rosa Island, we
examined the grain shape of a spatially separated series of
sand samples utilizing a scanning electron microscope (SEM)
equipped with an integrated software package “EDS 2006

by IXRFsystems, Inc. (Houston, TX). Grain shape parameters
were compared for sand grains from grabs collected along the
VISSER tower transect in 2004 and 2007. In addition, two
samples from a sectioned diver core collected at the nearby
SAX04 site were analyzed for grain shape.

1) Scanning Electron Microscopy: Sample preparation is
critical to obtain the optimum resolution by SEM for inves-
tigating grain shape. A total of 60-120 grains from seven
locations (A, C, G, J, L, M, and the base of the VISSER tower)
were selected for resin embedding. The sediment samples were
cleaned, dried, and encased in epoxy (Bondo) resin. Well-de-
fined contact between grain boundary and resin is necessary
for the grain shape image analysis by SEM micrographs.
Bondo epoxy resin, to our best knowledge, yields a superior
grain boundary compared with L. R. White/Nanoplast resin.
After curing for 8 h at room temperature, sample mounts were
ground down to intercept the sand grains and then polished with
a decreasing sequence of corundum grit, ultimately reaching
0.3-um grit size. The samples were cleaned in an ultrasonic
bath for 2 min and then transferred to an oven at 60 °C for
drying overnight. The samples were coated with 250 A of
carbon under a vacuum of 0.00133 Pa. A digital AMRAY
1820 SEM was operated at an acceleration potential of 15 kV,
a working distance of 18 mm, a sample tilt of 0°, and a final
aperture size of 400 um at the Electron Microscopy Laboratory,
University of New Orleans, New Orleans, LA.

2) Image Analysis: SEM images were captured via the
integrated software package “EDS 2006” at a resolution of
512 x 512 pixels and using an average of 16 screen renderings.
The image analysis software used with SEM is capable of
measuring a grain’s 2-D parameters such as diameter, area,
and perimeter with binary black-and-white images that are
converted from the secondary SEM images. The values of
cross-sectional area, perimeter, diameter, length, and width of
grains were measured and output in a spreadsheet. The values
were labeled on each grain in both the original digital image
and in the binary image for ease of comparison to recognize
and eliminate any artifacts. In this analysis, only the values
for whole grains were considered; all grain fragments were
disregarded. The values for roughness, Riley sphericity, and
aspect ratio were then calculated using the following equations:

rimeter
roughness = pe—_
diameter X 7
sphericity = 1/ =~
p Y D.
aspect ratio = Eagih
pe = Width

where D; is the diameter of the largest inscribed circle and D,
is the diameter of the smallest circumscribing circle.

3) Direct Shear Test: The angularity of sand grains has been
shown to affect the friction angle of sand specimens such that the
more angular the grains, the greater the friction angle [38)]. The
direct shear test is used to determine the friction angle of grains
when sheared across a predetermined plane in a shear box. Test
specimens collected from the shore-normal transect in February
2007 were prepared in accordance with the American Society
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for Testing and Materials standards (ASTM D-3080). Sand sam-
ples were oven dried and then rehydrated to a consistent mois-
ture content and relative density. Each sample was then placed
in a split-ring shear box apparatus for testing. A normal stress is
applied to consolidate the sand before shearing. Upon comple-
tion of the consolidation phase, a motorized gearbox drives the
two halves of the shear box apart creating a forced shear plane
in the sample. Shear stress is measured with a load cell and hor-
izontal and vertical deformation is measured with linear vari-
able displacement transducers. During shear, the normal stress
is held constant and a motorized gearbox shears the sand sample
slow enough that the sample is allowed to drain and no excess
pore pressures are generated. Tests were performed with ver-
tical confining (normal) stresses of 0, 34.5, 69, and 138 kPa.
Maximum shear stress for each stage of applied normal stress
was plotted as a function of each applied normal stress, and a
best-fit regression line through the data points was calculated,
from which the friction angle was determined as the arctangent
of the slope of the regression.

E. Lignin—Phenol Analysis

Lignin—phenol analyses were performed on the mud frac-
tion of two grab samples (M and F) from the VISSER site, the
mud fraction from one diver-collected core from the SAX04
site (FWB17-1), and four grab samples from Choctawhatchee
Bay (CBay 1-4). This method has commonly been used to iden-
tify terrestrial source materials in coastal sediments [39]-[42].
Lignin is a refractory phenolic macromolecule uniquely found
in the structural components of vascular plants [43]. Oxidation
of lignin with CuO yields eight dominant vanillyl, syringyl, and
cinnamyl phenols, which can be used to distinguish between
woody and nonwoody tissues of gymnosperm and angiosperm
origin (e.g., seagrasses, mangroves, terrestrial grasses, agricul-
tural plants, and trees) [39], [41], [44].

Freeze-dried sediment samples were analyzed for lignin—phe-
nols using the CuO method of [39], as modified by [40].
Lyophilized sediment samples were weighed to include 3-5 mg
of organic carbon and transferred to stainless steel reaction
vessels. Samples were digested with CuO in 2N NaOH and
in the absence of Oz at 150 °C for 3 h. Reaction products
were extracted with diethyl ether, dried, and converted to
trimethylsilyl derivatives with trimethylsilane (TMS) using
Bis-(trimethylsilyl)-trifluoroacetamide (BSTFA). Lignin oxida-
tion products were analyzed with an Agilent Technologies, Inc.
(Santa Clara, CA) 6890N/5973 gas chromatograph coupled
with a quadrupole mass spectrometer (GC-MS). Quantification
was based upon internal standards ethyl vanillin and new
response factors where generated with each batch by using
a mixed standard of the target compounds. While replicates
were not performed for each sample, the standard deviation
based upon two samples using replicates (n = 2), for the sum
of lignin—phenols was less than 8% while that for individual
compounds ranged from 1% to 19%.

Lambda-8 (Ag) is defined as the sum of vanillyl (vanillin,
acetovanillone, vanillic acid) and syringyl (syringaldehyde, ace-
tosyringone, syringic acid) phenols, and cinnamy! (p-coumaric
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Fig. 2. Sidescan sonar waterfall imagery that provides visual examples of
bottom type. Each image has 50-m range and gencral castward orientation to
the top. Each image is approximately 200 m in length. Lighter shades are higher
backscatter. Prestorm images (a)«(c) display small-scale ripple morphology,
sinuous mega-ripples, and hardbottoms, respectively. lmage (a) displays high
backscatter throughout indicative of the small-scale ripple crests found in the
prestorm imagery and hardbottoms (c) indicated by the arrows and inside the
boxed areas. Poststorm images (d)—(f) show a change in sediment distribution
with localized mud-filled depressions, degraded mega-ripples, and lack of
hardbottoms. Arrows (d) point to low-backscatter mud-filled depressions.
Poststorm images were collected in the same location as prestorm images.

and ferulic acid) phenols. Total cinnamyl/vanillyl and syringyl/
vanillyl phenols represent C/V and S/V ratios, respectively. Ra-
tios of vanillic acid to vanillin (Ad/Al)v, syringic acid to sy-
ringaldehyde (Ad/Al)s were used as indices of lignin decay [44].
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Fig. 3. (a) Pre-lvan sediment texture map of VISSER site based on sidescan sonar imagery. (b) Post-Ivan sediment texture map based on sidescan sonar and
sediment samples. Rectangular box in poststorm map indicates area of multibeam data. Sidescan sonar waterfall images presented in Fig. 2 are morphologic

examples used to construct these textural maps.

IV. RESULTS

A. Acoustic Imagery

Sidescan sonar imagery revealed several morphologic and
textural changes to the seafloor following Hurricane Ivan that
provide a glimpse into sediment distribution patterns following
a major storm event (Fig. 2). Sediment morphologic and char-
acteristic boundary maps were constructed based on sidescan
sonar imagery both before and after Hurricane Ivan (Fig. 3).

Sonar imagery collected before Ivan’s landfall reveals four
general bottom characteristics. First, the study area is mostly a
sand bottom with regions of uniform, small-scale wind-wave
ripple morphology that exists mostly in water depths greater
than 10 m on the western side of the survey area [Fig. 2(a)].
The ripple orientation is shore-normal, with crests and troughs
extending in the E-W direction. Spacing between ripple crests
is approximately 0.5-0.6 m.

Second, the ripple morphology is less apparent on the eastern
side of the survey area where sonograms show a continuous area
oriented E-W through the middle of the survey area in about 6 m
of water that exhibits a sinuous-mottled texture [Fig. 2(b)]. This
indicates possible mega-ripples. The rippled morphology dis-
appeared in the shallow areas (<4 m) with little or no apparent
bottom structure.

Third, scattered areas of high backscatter appeared that
stretched discontinuously through the middle of the survey in
about 9 or 10 m of water 0.5 km offshore, in slightly deeper

water than the detected mega-ripples. Similar features also
appeared in a small area close to the shore directly in front
of the VISSER tower. These high-backscatter features often
exhibited a thin, linear, NE-SW directional trend, but they also
appeared in a thick zigzag or cuspate shape of extreme high
backscatter in some locations. These areas are interpreted to
be hardbottoms. Hardbottoms are common along the MAFLA
sand sheet and the inner continental shelf of the northeastern
Gulf [45], [46]. The hardbottoms are the exposed, resistant
Pleistocene deposits partly veneered by the thin sand sheet
that was mobilized during the Late Pleistocene and Holocene
eustatic sea-level rise and reworked during modern times.

The fourth, and most prominent seafloor feature of the pre-
hurricane sonar imagery, is a distinct area of low backscatter at
the eastern end of the survey area in water depths greater than
10 m. This area is interpreted to be a mud swale. Although the
shelf slope decreases between water depths of 9 and 18 m, the
18-m contour curves toward shore, approaching the area where
the mud swale was detected.

Following Hurricane Ivan, this mud swale on the eastern end
of the survey area narrowed spatially, as defined by the areal ex-
tent of low backscatter, yet the boundary of the swale became
less diffuse (Fig. 3). The swale trends in a NW-SE direction
much like the subtle bathymetric trend in the immediate area,
and is clearly shown in the posthurricane sonar imagery (Fig. 4).
An additional mud swale became evident, albeit less distinct,
on the western end of the survey area in the post-Ivan imagery.
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Fig. 4. Poststorm sidescan image of mud swale surrounded by areas exhibiting the ripple-mottled texture of small-scale ripples and mud-filled depressions. The
location of this image is noted by the box in the vicinity map in the lower right comer of the figure. Two bathymetric contours (14 and 16 m) indicate depth of
the are