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ABSTRACT

The need to characterize offshore resources as borrow areas for beach restoration has
initiated interest of the impact of storms to the inner continental shelf. While numerous studies
have investigated the response of coastal systems to major storms, very little is known about the
geological response of inner shelves to frequent and intense storms.

This approach integrated a geological study with modeling of hydrodynamics during
recent storms, in order to relate trends in the geological signature to physical forcing mechanisms
during storms. First, waves and hydrodynamic conditions were modeled during two major
recent storms that made landfall in the northeastern Gulf of Mexico. Results of the models were
used in calculations of bottom shear stress and potential for resuspension of sediments. These
results were further corroborated with satellite images of suspended particles. Second,
vibracores, seismic and bathymetry data were collected to characterize the geologic history and
recent changes to the geology of the inner shelf. These data were analyzed through physical

interpretations, granulometric and radiocarbon analyses, and erosion/accretion calculations.

The results indicate that storms have the potential to have a tremendous impact on the
continental shelf, and can resuspend sediments in depths of 80 m or more, and last for several
hours to a few days. A substantial offshore movement and downwelling component is also
evident, with implications for a southwest moving geostrophic flow. The results of the
geological analysis indicate that the stratigraphy of the inner shelf is a derivative of the last
glacial to interglacial changes in sea level, with a highly modified Holocene reworked section.

These modifications include winnowed sediments that coarsen to the inner shelf seafloor, the
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maintenance and migration of shelf shoals, and the development of numerous shelf ridges and
troughs.

These modifications are the direct result of frequent and intense hurricanes impacting the
northeastern Gulf of Mexico. The modifications observed can be directly correlated to different
phases of a storm’s impact on the shelf. From this, a conceptual model was developed that
summarizes these modifications and the phases from which they formed. This study provides a
framework and fundamental understanding of inner shelf characteristics and the impact of storm-
related hydrodynamics on erosion and deposition, in addition to providing insight on sand

resources on the inner shelf.
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CHAPTER 1. INTRODUCTION
1.1 Motivation and Scientific Significance

Given its location (Fig. 1.1) and importance to the United States in terms of industrial,
economic, ecological, and recreational resources, the Gulf of Mexico has been the subject of a
significant number of geological studies. Research conducted along the northeast Gulf of Mexico
(GoM), has become of particular interest in the past two decades with the rapid increase in
population and influx of tourists traveling to the Florida and Alabama coasts, as well as the
recent increase in hurricane activity and intensity (Muller and Stone, 2001) (see Fig. 1.2). A
keen understanding of the sediment transport dynamics and wave climate during storms is
important for any future coastal planning or development involving dredging, beach re-
nourishment, or coastal development and management; especially for the State of Florida and its
coastal counties (Byrnes et al., 1999; Donoghue et al., 2003; Byrnes et al., 2008). In addition,
knowledge of modern depositional environments facilitates recognition of similar systems in the
geologic record, which is especially useful in the identification of those containing economic
mineral deposits or petroleum resources (Palacas et al., 1972; McBride et al., 2004).

Sediment transport is of particular interest in the northeastern GoM due to concern
regarding coastal erosion, which has been exacerbated with the landfall of recent
hurricane/tropical cyclones. The long-term stability of the heavily developed Florida coast has
been threatened by the storm-induced sand depletion of the beach/backshore. Hence an
understanding of the wave transformation and sediment transport associated with different
meteorological and oceanographic (metocean) conditions along the inner shelf of this coast could

be important when deciding mitigation strategies. Limited information on sediment transport



processes and the impact of storms on the continental shelf exists for the northeastern GoM,
however, with most studies having been conducted along the Louisiana-Texas coast (Snedden et
al., 1988; Guidroz et al., 2007; Dellapenna et al., 2008).

Sedimentology and bottom stratigraphy are critical to any study of shelf sediment
transport and the GoM sedimentation patterns are very complex. Most geological studies in the
GoM have focused on the Mississippi Delta and offshore Louisiana, the northwestern GoM, and
the Apalachicola Delta, in Florida (see Fisk et al., 1954; Schnable and Goodell, 1968; Kindinger,
1988; Donoghue, 1992; Sydow and Roberts, 1994; Roberts, 1997; Anderson and Bart, 1999;
Rodriguez et al., 1999; Flocks et al., 2006). Research and detailed geology of the northeastern
GoM are comparatively scarcer and less documented, particularly off the central Florida
Panhandle. Most research has focused on the coastal bays (Palacas, 1968; Isphording and
Isphording, 1991; Bentley et al., 2000), sand sheet sediments (Doyle and Sparks, 1980; McBride
et al., 2004), or the Apalachicola Delta and embayment (Schnable and Goodell, 1968; Donoghue,
1992; Anderson and Bart, 1999; McKeown et al., 2004). Recent data suggests that the offshore
region is considerably complex, and that the sand sheet sediments are of economic importance
for beach restoration. Therefore, a study of the bottom stratigraphy and geological history of this
area is important to the scientific community, as well as for developing viable beach nourishment
projects for the adjacent coast. The tectonic stability of the region coupled with limited input of
riverine sediment in the modern system in the northeastern GoM, create an excellent natural
laboratory for the study of longer term phenomena, such as sea level changes, and shorter term
events, such as the impact of storms. Few studies have linked the geology of the region, in terms

of stratigraphy, geomorphology, and sedimentology, to the physical processes that force



sediment transport and erosion, especially during major storm events. Therefore, the scientific,
industrial, economic, and political communities drive the motivation behind this research.
1.2 Statement of Research Problem, Hypothesis and Objectives

It is proposed as a hypothesis for this thesis research that the frequent storminess
encountered in the GoM has a significant impact on the redistribution of bottom sediments on the
inner shelf. The geologic record of the inner shelf may or may not reflect this impact given a
number of factors, specifically the rate of sea level rise, the nature of offshore sediments and
stratigraphic relationships, the frequency and intensity of storms, their ability to generate wave
heights large enough to initiate and suspend sediments, and the nature of currents carrying
sediments in suspension.

As previously stated, this study involves two components: the first is a study of sediment
transport trends modeled during two hurricane case studies that entered the northeastern GoM.
The second is the geological history of the late Quaternary sediments and stratigraphy on the
inner shelf. Recent data from offshore Choctawhatchee Bay, Florida, in the northeastern GoM
(Fig. 1.1), indicates that the sedimentology and stratigraphy of this region does not conform to all
characteristics and properties of a normal marine transgression. It is proposed that the decrease
in rate of sea level rise in the past 3,000-5,000 yrs (Coleman and Smith, 1964; Torngvist et al.,
2004) has allowed modern hydrodynamics and sedimentation processes to reconfigure and
control the sedimentation and stratigraphy of the shelf; hence the stratigraphy of this region is a
product of both sea level rise and marine transgression, as well as modern hydrodynamic
processes of a storm dominated coast. This study addresses these factors, both geologic and

hydrodynamic, which control the stratigraphy and sedimentation during the late Quaternary.
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Figure 1.1. Location of the study area in the northeastern GoM: top, satellite image with coastal
features annotated; bottom, digital elevation model with major rivers and submarine features
annotated. The dark gray box indicates the approximate extent of the proposed study area.
Satellite imagery from www.zulu.gov; coastal bathymetry from Arnante (2009).
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Santa Rosa Island

Figure 1.2. Coasts of the Florida Panhandle. Top photos, development (left) and tourism.

Bottom left photo, destroyed road on Santa Rosa Island due to Tropical Storm Arlene. Bottom

right photo, beach restoration after Hurricane Ivan. Bottom two photos courtesy of B. Liu.
Incorporating these two elements, this research seeks to answer the following questions

regarding sediment dynamics on the inner shelf and in the sediment record:

1. To what extent do major storms play a role on the sedimentology of the inner shelf?

2. Can storm signatures (i.e. deposits, trends, sediment patterns, both spatial and temporal)
be observed in surface and near-surface sedimentology?

3. What is the nature of sediment transport during storm events on the inner shelf offshore

of the Florida Panhandle?



Specific objectives of this study will address the following:

=

Hydrodynamics during large storms, specifically during tropical storms and hurricanes,
2. The effect the wave and current regimes on shelf sediments during storms,

3. Sediment dispersal pathways,

4. Depositional environments and evolution during the late Quaternary,

5. Patterns of erosion and deposition on the shelf, and

o

A conceptual model for shelf development during a storm-dominated highstand.

1.3 Study Area and Present-Day System

According to the definition by Wright (1995), the inner shelf describes the region
immediately seaward of the surf zone where waves frequently agitate the seabed. The inner shelf
generally ranges in depth from 5 to 30 m of water and extends approximately 10 km offshore.
The GoM is a passive margin and an isolated sea (Bryant et al., 1991). The GoM shelves and
their modern morphology have been primarily controlled by sea level fluctuations during the
Pleistocene (Coleman et al., 1986). The northeastern GoM in particular, is experiencing a
somewhat stable highstand, and is very similar to the Atlantic eastern U.S. Coast, especially in
terms of sediment deficiency (Wright, 1995). It is considered an autochthonous shelf, as much
of its sediments are derived from reworking of older sediment, as opposed to sediments being
actively deposited from riverine input.

The study area for this thesis is the inner continental shelf off Choctawhatchee Bay,
Florida, on the central Florida Panhandle in the northeastern GoM (Fig. 1.1). The study area
encompasses the nearshore and inner to mid shelf area from approximately the 10 m isobath
down to the 30 m isobath, just beyond the flanks of a large submerged shoal on the inner shelf.

The area is encompassed by the coordinates 86°W to 87°W longitude and 30°N to 30.5°N
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latitude. Cape San Blas and the Apalachicola Embayment (Apalachicola) are to the east of the
study area, while to the west, offshore, is the head of the De Soto Canyon and farther west, the
bird’s foot delta of the Mississippi River. The beach/onshore region of the proposed study area
is characterized by Pleistocene headlands (Grayton Beach), white quartz sand beaches (Mirimar
Beach, Fort Walton Beach) and a barrier island (Santa Rosa Island) (Fig. 1.2). Large bays
characterize the coast of the northeastern GoM, including St. Andrews Bay, Choctawhatchee
Bay (landward of the study area), Pensacola Bay, Perdido Bay, and Mobile Bay (Fig. 1.1). At
the mouth of Choctawhatchee Bay, sediment from the bay is forming an ebb tide delta.

Several rivers flow into the northeastern GoM but are predominately third and fourth
order rivers (Winker, 1991) compared to the rest of the GoM. The Mobile River to the west and
the Apalachicola to the east, bound the northeastern GoM region with larger, secondary rivers.
Very little sediment is transported to the Gulf via these rivers. The majority is retained in the
bays along the coast (Boone, 1973). The Choctawhatchee River is the major river flowing into
Choctawhatchee Bay (Fig. 1.1). The region experiences a humid climate, with prevailing winds
from the southeast during most of the year. These winds are the controlling factor on general
wave direction (southeast to northwest) and longshore transport (east to west) (Fig. 1.1). The
region is micro-tidal (Ho = <0.75 m) with deviations of more than 0.6 m (2 ft), primarily due to
wind setup (Stone, 1991). The coast is moderate to low-energy during fair-weather conditions
(Tanner, 1960). The northeastern GoM is also storm-dominated, due to the inundation of
frequent cold front storms, tropical storms, and hurricanes (Stone, 1991; Muller and Stone,
2001).

Only recently has the transport of sediment between the coastal zone and the inner shelf

been examined along this region, with most of the focus placed on the coastal region and barriers



(Stone et al., 2007). Net transport in the area is westward, dominated by longshore transport,
from eroding headlands of Pleistocene bluffs along Grayton Beach, thereby providing
nourishment for Santa Rosa Island (Stone et al., 1992; Stone and Stapor, 1996). A cell of
longshore transport has been delineated in the study area that begins just east of Choctawhatchee
Bay and ends at the western terminus of Santa Rosa Island. A (small) southern transport
component also transports some sediments offshore to the inner shelf (Stone and Stapor, 1996).
However, some onshore transport of sediment during the Late Holocene has been recognized
(Stone and Stapor, 1996). Sediment sources in this area include erosion from the Pleistocene
headlands on Grayton Beach and Mirimar Beach, cannibalism of Santa Rosa Island, particularly
on Pensacola Beach, and resuspension on the inner shelf (Stone, 1991).
1.4 Factors Controlling Continental Shelf Geology

Continental shelf geology is controlled by a number of factors, including geological,
physical, and biological influences. The inner shelf is particularly sensitive to these processes.
Continental shelves are considered geologically ephemeral features in that they do not exist
during glacial lowstands or long periods of highstand where shorelines prograde to the shelf
break (Nittrouer and Wright, 1994). Therefore sea level change, eustasy, hydro-isostasy, and
glacial isostasy are all key geologic processes that affect continental shelves. Tectonism, passive
versus active margin, subsidence, uplift, growth faults, and basement subsidence are structural
factors that can affect the geology of shelves as well. The shelf geometry plays a role as well,
and can isolate a shallow sea (epicontinental) or open it to the deep ocean (pericontinental). The
width, depth, steepness, and landward and seaward boundaries (i.e. coast and shelf break) all

play a key role in the geology of the shelf. Riverine input, sedimentation, source regions and



composition, compaction rates, carbonate production, progradation of river deltas play a role in
the geology, as does particle shape, size, and composition of material that is deposited.

Other factors that are important in shaping the geology of shelves are physical in nature,
particularly where and when they influence the bottom boundary layer. The inner shelf is
friction dominated, where the surface and bottom boundary layers overlap (Wright, 1995). The
wave climate and regime, that is the orbital asymmetry of the waves, wave heights, wave
directions, are important to influencing the shelf through sediment suspension and transport.
Currents and geostrophic flow, internal waves, infragravity waves, buoyant plumes, and
upwelling and downwelling regimes are also important for sediment transport (Nittrouer and
Wright, 1994). Storms, weather and climate affect these physical oceanic processes, which in
turn influences the shelf. The frequency of such events causing erosion, transport, and
deposition, and the depth of the mixing and erosion also affect shelf stratification.

Other influences are biological and anthropogenic. Biological mixing occurs as
organisms burrow seafloor sediments. Many storm layers are often obliterated, or at least highly
modified, in the geologic record due to bioturbation. However organisms can contribute to the
sedimentation of the seafloor, adding organic oozes or carbonate skeletons. In recent decades,
humans have significantly impacted the shelf, by activities such as dredging sediments for beach
restoration or the construction of drilling platforms and pipelines and removal of sub-bottom
fluids.

1.5 Conceptual Framework

Based on the discussion above, it is, therefore, important to evaluate modern sediment

transport trends and potential on the inner shelf during storms, which is the topic of Chapter 2 in

thesis. In this chapter, modeled wave heights and calculated sheer stresses on the inner shelf are



interpreted as an indicator of the ability of storm waves to re-suspend sediments. Satellite
imagery is compared with model results to qualitatively assess the transport direction of the
sediment that is in resuspension. This chapter initiates this thesis research by examining the
wave climate, flow direction, and potential for resuspension during and after tropical cyclones.

It is also necessary to understand the sub-bottom stratigraphy that has evolved since the
last glacial lowstand, to properly assess any possible storm signature. In Chapter 3, a discussion
and in-depth analysis and interpretation of the geological record of the late Quaternary are
provided. Results from vibracores, seismic data, grain size analysis and radiocarbon dates are
used to interpret the depositional environment and history of sedimentation off Choctawhatchee
Bay, and used to ground truth the models applied in Chapter 2. The chapter concludes by
integrating these interpretations with the results of other stratigraphic and sedimentological
studies in this region.

Chapter 4 presents a synthesis of the results and evaluation of the initial research
question. A conceptual model is proposed that describes shelf development as a function of
storm forcing. Recommendations for future research are presented based on this study and those

of others. The fifth chapter summarizes the major conclusions of this research.
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CHAPTER 2. NUMERICAL MODELING OF TROPICAL CYCLONE
HYDRODYNAMICS AND SEDIMENT

2.1 Introduction

The recent increase in the frequency and strength of tropical cyclones along the
northeastern GoM has raised considerable concern and interest in monitoring the storm-induced
sediment transport, erosion and deposition of material in the northern Gulf (Isphording and
Imsand, 1991; Davis, 1997; Keen et al., 2004; Hapke and Christiano, 2007; Byrnes et al., 2008;
Dellapenna et al., 2008; Department of Environmental Protection, 2008). Landfall of frequent
and often destructive storms coupled with the substantial increase in coastal development and
tourism along the Florida Panhandle, have provoked an increasing interest in issues involving
sediment resuspension and transport both onshore and off, due to the interest in sand mining
from offshore shoals for replenishing severely eroding beaches. It is therefore necessary to
understand the hydrodynamics associated with these high energy events and their effects on shelf
sediments.

The northeastern GoM is micro-tidal (<2 m tidal range), however, a moderate-energy
wind and wave environment exists during fair-weather conditions (Tanner, 1960). Cold fronts
from the northwest, frequent the area at a rate of approximately 30 — 40 per year, generally
occurring from October to March or early April (Moeller et al., 1993). Tropical cyclones
(hurricanes and tropical storms) frequent the region as well (Muller and Stone, 2001) creating a
storm-dominated coast, particularly during the winter and late summer seasons.

2.1.1 Tropical Cyclone History

Return periods of tropical cyclones in the northern GoM are among the highest in the

Gulf and Atlantic coasts combined (Muller and Stone, 2001). In addition, recent studies have
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shown an increase in storm intensity and frequency in the past decade. Return rates for tropical
cyclones are estimated to be once every three years, while return rates for catastrophic hurricanes
(category three or higher on the Saffir-Simpson Hurricane Scale) are once every 35 years along
the western Florida Panhandle (Keim et al., 2007). Figure 2.1 illustrates the return rate of
tropical storms, hurricanes and catastrophic hurricanes (category 3 or higher on the Saffir-

Simpson hurricane classification scale).
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Figure 2.1. Average return periods (in years) for tropical storms and hurricanes, tropical
hurricanes (category 1-5) and catastrophic hurricanes (category 3-5) of the northeastern GoM.
Locations for averages from west to east: Boothville, LA; Gulfport, MS; Dauphin Island, AL;
Pensacola Beach, FL; Destin, FL; Panama City Beach, FL; Apalachicola, FL. Modified from
Keim, et al. (2007); bathymetry from Divins and Metzger (2008).

In the past decade alone, ten storms have impacted the northeastern GoM, from
Mississippi to Apalachicola, FL. Three of these storms were category 3 or higher: Ivan (2004),

Dennis (2005) and Katrina (2005). Other major storms to have impacted the region include
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Florence (1953), Camille (1969), Eloise (1975), Frederic (1979), Elena (1985), and Opal (1995)
(NOAA Coastal Services Center). For this study, two recent major hurricanes have been chosen
that made landfall on the northeastern Gulf coast very near to the area of interest (Fig. 2.2):
hurricanes Ivan and Dennis. These hurricanes were chosen as case studies for understanding the
effect of storms on the shelf due to their intensity, proximity to the study area, and availability of
data. Both hurricanes were category three at landfall; however they differed greatly in size,
extent, and history.

Hurricane Ivan was a classic long-lived hurricane that originated off the west coast of
Africa on 31 August 2004. Before making landfall on the northern Gulf Coast, Hurricane Ivan
reached category 5 status three times, making it the only category 5 hurricane of the 2004
Atlantic hurricane season. It made landfall at approximately 06:50 UTC on 16 September 2004
just west of Gulf Shores, Alabama as a large category 3 hurricane, approximately 100 km from
western Florida (Fig. 2.2). At this point, the eye diameter of the hurricane was approximate 74 —
93 km (40 — 50 n mi), resulting in the strongest winds occurring over western the Florida
Panhandle and Alabama border. The storm surge recorded was highest along the coast, from
Destin, Florida to Mobile Bay/Baldwin County, Alabama, ranging from 3.0 — 4.6 m (10 — 15 ft).
Ivan was unique and memorable in that upon landfall, the hurricane continued northeast
becoming extra-tropical in the northern Atlantic, made a clockwise circle and came back through
the GoM again as a tropical storm, making final landfall on the western Louisiana coast (Fig.

2.2) (Stewart, 2004).
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Hurricane Dennis was an unusually strong summer hurricane that originated off the west coast of
Africa on 29 June 2005. It reached category 4 status twice, and crossed Cuba and the GoM, but
dropped to a category 3 status just prior to landfall at approximately 19:30 UTC 10 July 2005.
Landfall occurred within the study area, on Santa Rosa Island, Florida, between Navarre Beach
and Gulf Breeze (Fig. 2.2). Post-landfall, Dennis weakened rapidly as it moved north-northwest.
Dennis was a much smaller storm in size than Ivan, with hurricane-force winds extending over
only a small portion of the western Florida Panhandle; however tropical storm force winds
extended over most of the northeastern GoM (Fig. 2.3). The highest storm surges were recorded

around Apalachicola, Florida, on the order of 1.8 to 2.7 m (6-9 ft) (Beven, 2005).
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Figure 2.3. Wind fields for hurricanes lvan (left) and Dennis (right). Contours (lines and colors)
represent maximum wind speed in m/s and have an interval of 2 m/s. Data from AOML
(http://www.aoml.noaa.gov/hrd/data_sub/wind.html).

Hurricane Cindy made landfall as a tropical storm near the study area within a few weeks
of Hurricane Dennis at 09:00 UTC 6 July 2005 (Stewart, 2006). Cindy made landfall southwest

of Waveland, Mississippi, to the west, over 150 km from the Florida Panhandle. Because of the
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significantly weaker wind and wave fields during tropical storms, the initial purpose of this study
was not to analyze tropical storm hydrodynamics. However, given the convenience of this
tropical storm making landfall in the northeastern GoM, close to the landfall of a hurricane
chosen for the case study, the wave model for Dennis was extended to compute the wave climate
during landfall of Cindy. Therefore, a limited discussion will be given to a third case study as
well, that of tropical storms.

2.1.2 Erosion and Deposition due to Storm Impacts

It is well established that barrier islands and beaches suffer greatly from erosion during
storms (Stone et al., 1985; Basillie, 1987; Davis, 1997; Keen and Stone, 2000; Stone et al.,
2004). In particular, barrier island breaching and overwash plays an important role in the
redistribution of sediments during storms (Stone et al., 2004). Stone et al. (2007) found that
eroded material from barrier island beaches is deposited in the lagoon or the bay behind the
barrier. They discussed barrier overwash as a mechanism for retaining barrier island volume,
and for post-Hurricane Ivan, 90 % of Santa Rosa Island sediments in Florida could be accounted
for in a study of beach profiles pre- and post- storm. Although a considerable amount of
sediment was lost in the overwash platform and dune, this material was found to be redeposited
on the bay beach and nearshore behind the island, where an increase in sediment volume was
observed. The study also concluded that smaller storms such as cold fronts generate high
frequency steep waves that erode material from the subaerial portion of the barrier, especially
along the bay side, thereby transporting it back on the island. Other studies support this idea of
barrier island overwash and sedimentation to the back-barrier lagoon or sound as well (Hayes,
1966; Bentley et al., 2000; Liu and Fearn, 2000; Bentley et al., 2002; Stone et al., 2004; Stone,

2006).
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Some studies suggest that when barrier islands are breached, channels in the barriers
allow for transport of sediment back to the nearshore and inner neritic zone during the return/ebb
flow of storm surge (Hayes, 1966, 1967; Kahn and Roberts, 1982). It is also suggested that sand
may be transported to the shelf from coastal sources (Curray, 1960; Mazzullo and Bates, 1985).
Siringan and Anderson (1994) observed channels on the Texas shoreface but concluded that
strong, along-shelf currents on the east Texas shelf prohibited the development of storm deposits
on the open shelf. However, these currents may have been the mechanisms for transport of sand
that formed storm beds on the central Texas coast (Siringan and Anderson, 1994). Many studies
suggest that the dominant sediment transport during storms is offshore, with deposition on the
inner shelf (Snedden et al., 1988; Nittrouer and Wright, 1994), however, disagreement lies in
how far offshore sediment is transported, indicating material could be deposited on the inner to
mid-shelf or worked off the shelf entirely, especially the fine-grained material.

Fine grained material is readily resuspended in the bays along the coast as well, and can
be expunged into the open water during return flow of storm surge (Isphording and Imsand,
1991). Isphording and Isphording (1991) estimated that several million tons of sediment leave
the bays with each event. In Apalachicola Bay, 80 million tons of sediment were removed after
hurricanes Elena and Fredric, and in Mobile Bay, 290 million tons of sediment were removed
and transported primarily offshore, due to these storms.

Extreme wave heights during hurricanes are large enough to resuspend sediment on at
least the inner shelf, and possibly greater depths depending on the size and speed of the hurricane
(Keen and Allen, 2000; Keen and Glenn, 2002; Teague et al., 2006; Dellapenna et al., 2008;
Spaziani et al., 2009). Large enough waves, depending on the water depth, produce bottom shear

stresses sufficient to resuspend sediment on the seabed while currents mix the sediment up into
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the water column and transport it along and across the shelf (Wright, 1995; Wiberg, 2000).
Along the Texas coast, pits and linear scour features have been observed offshore and at the toe
of the beach after Hurricane Claudette (Dellapenna et al., 2008). Bottom scour was calculated
for post-Hurricane Ivan, that resulted in seafloor modification off Mobile Bay, Alabama in 60 —
90 m water depth (Teague et al., 2006). The presence of megaripples on the inner shelf off
Panama City, Florida suggest a regional isobath-following flow post-hurricanes (Fleischer et al.,
1996).

The mechanisms for the formation and preservation of storm-related features and/or beds
on the shelf are not well understood, especially in consideration of the previous studies of the
direction of transport of material during and post storm. Wiberg (2000) states that it is very hard
to preserve storm beds, unless storms are in concert with extreme flooding from rivers, such as
the study from the Eel River, and low bioturbation ensues, similar to what one might see in low
oxygen conditions. Stratification of vertical distribution of stresses in water column limit depth
of which sediment can be resuspended to about 10 cm at depths of 50 m or greater indicating that
little erosion would occur and little deposition of an event layer, unless sediment is being
introduced from the coast or bays. Bioturbation of the top 10 cm would obliterate any sediment
resuspended in a storm (Wiberg, 2000). However, Hayes (1966, 1967) postulates that in storm-
dominated systems, the rock record may be comprised primarily of severe storm beds and
reworked deposits, as smaller storm deposits and features are ephemeral.

While fair-weather transport dynamics have been well-documented for the study area
(e.g. Stone and Stapor, 1996), the disagreement of these studies demonstrates that transport and
deposition, and to some extent resuspension, is not well understood during high-energy storm

events. The scientific question evolves when one study can account for erosion on the inner
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shelf while other studies focus on “event layers”. Many studies also only consider transported
sediment from suspended sediment (i.e. Wiberg, 2000), however, bedload and sheet flow
transport can have a significant impact on erosion and deposition (Li et al., 1997). This study
investigates hurricane-induced sediment resuspension and transport using a third-generation
spectral wave model, a coupled hydrodynamic and wave model, and satellite imagery, for
hurricanes Ivan and Dennis’ impact on the northeastern GoM. The purpose of this research is to
gain a better understanding of the role of major storms and their associated hydrodynamic
influence on resuspension, dispersion and deposition of sediments on the inner shelf. Specific
objectives include 1) assessment of the wave climate on the inner shelf during tropical cyclones,
2) prediction of sediment resuspension potential due to waves, 3) evaluation of suspended
sediments, both temporal and spatial on the shelf, and 4) identification of sediment dispersal
pathways and sediment sinks during the approaching and post-landfall phases of tropical
cyclones.

2.2 Methods

2.2.1 Satellite Imagery

Few studies have attempted to couple resuspension and satellite imagery (e.g. Stumpf and
Pennock, 1989). A fine spatial resolution of the sensor and frequent revisit intervals of the
satellite are important to capture short-term events such as sediment resuspension during and
post storm phases. Terra and Aqua (launched in 1999 and 2002, respectively), both carry the
Moderate-resolution Imaging Spectroradiometer (MODIS) instrument, and provide a revisit time
of 1-2 times per day which is crucial for capturing effects of short-term phenomena, i.e. storms
on the coast and shelf. Miller et al. (2005) provides an overview of the advantages of using

MODIS imagery to examine suspended sediments. The spatial capacity of MODIS varies, but at
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a resolution of 250 m, band 1, the red channel, and band 2, near infrared (NIR), provide the
higher definition required to observe suspended material along the coast and inner shelf. A
common method for the detection of suspended sediments in coastal waters is to relate
reflectance of sediments in suspension in a vertical water column to the reflectance measured in
the red portion (ca. 600-700 nm) of the visible spectrum (Stumpf and Pennock, 1989). In coastal
and inland waters scattering from suspended sediments frequently dominates this reflectance
spectrum, compared to pure water and phytoplankton absorption (Miller et al., 2005).
Suspended sediments are easily observed by reflectance data due to their contrast with highly
absorptive ocean water (Robinson, 2004). In general, approximately 90 percent of the signal is
reflected back to the satellite at the first attenuation length (Reza, 2008). Shorter wavelengths
(i.e. green and blue) penetrate deeper than those of red or infrared (Liu et al., 2003). Reza (2008)
suggests that in clear water, the depth of reflectances could be up to 40 m for the shorter
wavelengths, while longer ones may penetrate several meters or more. In the northeastern GoM,
reflections of the seafloor bottom can be seen on clear, calm days (Walker, N., personal
communication). However, both the presence of suspended sediments and increased turbidity
will significantly lower the penetration depth of light and therefore reduce the first attenuation
length significantly, restricting satellite observations of suspended sediments during high energy
events, such as storms, to the surface waters only.

The MODIS images, both Aqua and Terra, when available, processed to Level 1b
(Rayleigh scattering correction applied) were downloaded from the NASA Earth Observing
System (EOS) via the Earth Scan Laboratory at Louisiana State University (LSU). Five, nearly
cloud-free and sun glint-free images were chosen for Ivan (Appendix A). For Dennis, two

images were chosen, 11 July 2005 at 18:32 UTC and 12 July 2005 at 19:17 UTC, but were of
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much lesser quality. All images and band widths, with time and date of satellite pass are located
in Appendix A. The geo-positional accuracy of each image was assessed by overlaying a coastal
vector onto each image and adjusting the coordinates manually, where needed. An atmospheric
correction to reduce scattering from aerosols was applied to the red channel images using the
clear water pixel assumption. Briefly, the reflectance of clear water should be zero, or near zero
in the NIR channel due to negligible values of water-leaving radiance and any reflectance in
clear water (black in NIR) is due to aerosol scattering, referred to as the black pixel assumption
(Siegel et al., 2000). Using this theory, the lowest value of reflectance (from deeper water) was
obtained from NIR images from each day and subtracted from the entire corresponding red
channel image. Reflectance values were then extracted in a 250 m resolution grid over the study
area. Data were later eliminated over land and along the coast to reduce noise from high
reflectance values over land. The red, blue and green channels were also combined using the
program TVIS, in the Earth Scan Laboratory at LSU, to create a true color image for each day.
True color images can reveal significant indications of suspended material during or after storms
(Stone et al., 2005), as well as providing a time series of imagery and suspension events. These
images were crucial in choosing the time range over which the models were run. Images during
tropical storms and cold fronts were examined, but not chosen due to the lack of noticeable
material in suspension on the shelf.

In addition to MODIS images, three SeaWiFS (Sea-viewing Wide Field-of-view Sensor,
1 km resolution) level 2 images were also obtained from Dr. Eurico D’Sa at LSU, to analyze
specific concentrations of suspended particulate matter. Because SeaWiFS has a spatial
resolution of 1 km, MODIS images are more useful in determining coastal changes over a small

area. However, a MODIS algorithm was not available for conversion of the material in the
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image to volumetric concentrations, thus SeaWiFS imagery was used to attempt to quantify the
amount of sediment in suspension. A land and cloud mask was applied to these images from
wavelengths dominated by inorganic material. A simple algorithm (D'Sa et al., 2007) was used
to map reflectance in mg/l from the 670 nm and 555 nm wavelengths.

2.2.2 Wave Model

The spectral wave (SW) model, MIKE 21, was utilized to examine the wave fields on the
inner shelf during hurricanes lvan and Dennis. The commercially available model was

I™ Water and Environment based on flexible mesh. Details on the model

developed by DH
physics and parameterization can be obtained from Sorensen et al. (2004). The MIKE 21 SW
model has been successfully implemented for the GoM and Louisiana coast (Jose et al., 2007).
In particular, Kobashi (2009) and Kobashi et al. (2009)used this model to examine wave heights
during fair-weather, cold front storms and hurricanes over Ship Shoal in southwestern Louisiana
to assess the impact for sand removal. Freeman (2010) applied modeling techniques using the
computed wave heights and simulated flow from MIKE 21/3 coupled hydrodynamic model (also
used in this research) to evaluate change to a coastal lake bed in southern Louisiana. Finkle et al.
(2005) used MIKE 21 to assess the wave transformation over the continental shelf off southeast
Florida and evaluate submarine geomorphic changes.

Several variables (input) were used for the model, including wind speed, bathymetry
(water depth), wave boundary conditions, and sediment size (for bottom friction). The majority
of waves are generated by stress induced from wind blowing over the water. Therefore, wind
velocity is one of the most important variables to the wave model. Wind velocity was derived

from re-analyzed surface wind data from NOAA’s Atlantic Oceanographic and Meteorological

Laboratory (AOML, 2006) (Fig. 2.3). The surface wind analysis is based on measurements
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made in-flight (hurricane hunters), as well as input from any available surface weather
observations, such as buoys, coastal platforms, and satellite data. The high resolution (~6 km)
AOML data set was blended with NOAA’s North American Regional Reanalysis (NARR, 2007)
data set (~32 km resolution) to develop the gridded input wind data.

Hurricane-induced wave fields for the entire GoM, during hurricanes lvan and Dennis
were generated using this module of MIKE 21 (Fig. 2.4). Wave boundary conditions for a high
resolution coastal grid were extracted from the regional model for the study area, to account for
long period waves, according to the method established by Jensen, et al. (2007). The reduction
in size of the model area allowed for greater enhancement of the mesh grid (Fig. 2.4). The grid
contained 7,162 nodes and 14,023 triangular elements. The resolution in the coastal model
ranged from 0.5 km along the shore and inner shelf to 4.5 km along the mid to outer shelf.
Bathymetry was obtained from NOAA’s National Geophysical Data Center (Divins and
Metzger, 2008). Figure 2.5 presents sediment size distribution used as input for the model.
Bottom friction was based on mean grain size of sediment that was compiled from core tops of
vibracores samples processed at the Coastal Studies Institute at LSU (see Chapter 3, section 3.2
and Appendix G) and integrated with sediment data downloaded from usSEABED (Reid et al.,
2006). Careful examination of these data led to the removal of a value of 0.02 m offshore of
Panama City, FL, for sediment input and subsequent calculations with mean grain diameter (D)
as a variable. The model data were validated with in-field measured data downloaded from five
National Data Buoy Center (NDBC, 2008) buoys (Fig. 2.6, for locations).

2.2.3 Resuspension Calculations

To assess how wave conditions can affect the bottom and initiate sediment movement, a

series of calculations were implemented. The first step was to calculate bottom boundary layer
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parameters for non-cohesive sediments (i.e. sand). Bottom shear velocity (u-y) and shear stress

(tw) due to waves were estimated using linear wave theory from Madsen (1976):
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Figure 2.4. Local computational mesh grid and elements used for wave simulations. Top, nested
coastal model mesh and bathymetry; bottom, regional GoM model mesh and bathymetry for
boundary conditions (modified from Jose, et al., 2007). The blue square in the bottom map
indicates the extent of the top map and the subsequent figures from model output.
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Figure 2.5. Sediment sample distribution used for bottom friction input for the wave model,
compiled from grain size analysis (this study, Chapter 3), and usSEABED data. High density
data near the coast and on the inner shelf indicates locations of samples taken for this study.

U, = [ (1)

where Hs is significant wave height in m (from wave model). Linear wave theory was used over
higher orders because the area of interest was primarily deep water during fair weather

conditions. The wave number (k) for equations 1 and 2 was estimated by the dispersion relation:

2
(i—”j = gktanh(kh)

P (4)
where g is gravitational acceleration (9.8 m/s?).
From these calculations, an index of the potential for resuspension was developed by a

simple subtraction, hereafter referred to as the resuspension intensity or RI (Pepper et al., 1999;

Kobashi et al., 2007; Kobashi, 2009). Since the sediment entrainment threshold occurs at the
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critical shear stress and velocity, dependent primarily on grain size (Woodroffe, 2003), the
potential for resuspension of sediment can be estimated by subtracting the critical shear stress

(t¢r) from the calculated wave shear stress from equation 2:

RI = Ty — T4 ®)
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Figure 2.6. NDBC buoy locations and tidal gauges used for the validation of wave model
(NDBC buoys, black circles) and hydrodynamic model (NOAA tide gauge stations, blue
triangles). Study area highlighted by dark gray box. Bathymetry data from Arnante and Eakins

(2009).

The critical shear stress was estimated based on a modified Yalin’s parameter (\/E ),

derived in Miller et al. (1977) and Li et al. (1997). The advantage of the Yalin parameter (Yalin,
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1977), as opposed to Shield’s threshold curve, is that it can be calculated from known fluid and

grain parameters, and threshold 6, can be determined directly:

2
PV

(6)

where ps is the sediment density (2650 kg/m® for quartz sand) and D is the sediment diameter
(m). Using the method illustrated by Li et al. (1997), the following equations were used based

on Yalin’s parameter for sediment grain sizes in the study area:

log 6, = 0.04(log VE)? —0.356log VE -0.977 /= <100 (7a)

log 6, =0.132log vE -1.804 100 < /= < 3000 (7b)

The parameter logO represents Shields’ threshold criterion. These equations were
derived from a graphical comparison of Shields’ threshold criterion versus Yalin’s parameter in
Miller (1977). This curve was replicated with the data from this study, using both equations, 7a
and 7b, from Li et al. (1997), and then using only equation 7a (Fig. 2.7). The curve for this study
was smoother and better replicated that of Miller’s if equation 7b was not used. Careful
examination of the data in Miller’s plot showed a lack of data points where the Yalin parameter
was between 100 and 120, perhaps suggesting the curve derived by Li et al. (1997) was slighly
low. In addition, only 20 percent of samples from the study area fell under the qualifications for
equation 7b (where the Yalin parameter was between 100 and 120 for mean grain sizes in the
study area), which could also justify excluding this equation.

2.2.4 Coupled Hydrodynamic Model, MIKE 21/3 FM

To simulate three dimensional currents and flow patterns on the shelf, a coupled wave

and hydrodynamic model was implemented for Hurricane Ivan, MIKE 21/3 FM (flexible mesh),
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since sediment transport is mainly determined by wave conditions and associated with wave-
induced currents (Nielsen, 1992). This was run separately from the previous wave model so that
the wave model could be run on a smaller scale (see Fig. 2.4). This approach uses the MIKE 21
SW wave model coupled with a three dimensional flow model, MIKE 3 flow model. Like the
wave model, the approach for the hydrodynamic flow model is based on an unstructured flexible
mesh in the horizontal plane, but the vertical domain utilizes structured mesh in the 3D model.
Setup and parameterization of the model followed instructions outlined by DHI (2007) and
Jensen et al. (2007). The model equations are based on numerical solution of the three
dimensional incompressible Reynolds averaged Navier-Stokes equations subject to the
assumptions of Boussinesq and hydrostatic pressure and are explained in greater detail by DHI
(2006).

Input for the wave model was identical to that of the initial run. However, for the
coupled model, the domain was extended to incorporate a larger region of the northeastern GoM,
so that validation could be made using sea surface heights from tidal gauges at Panama City and
Apalachicola (Fig. 2.6). Accommodating the entire shelf and deeper water also allows for better
interpretation of currents at greater depths for the simulation. Higher resolution bathymetry (15
seconds) was incorporated along the coast and shelf of Choctawhatchee Bay, FL, while one
minute resolution was used further offshore. A new mesh grid was created to accommodate the
larger domain. The new mesh contained 13,714 nodes and 27,234 elements, with a resolution of

0.9 to 2.0 km over the entire shelf, and 5.0 to 6.5 km over deep water (Fig. 2.8).
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Figure 2.7. Replicated Miller’s curve (1977) using grain size data compiled for this study to
calculate Shields critical threshold versus Yalin’s parameter. Top, both equations (7a and 7b)
were used as extracted by Li et al. (1997) and bottom, using only the first equation of Miller’s

curve (for JE <100)- The smaller slope of the bottom graph more accurately reproduces
Miller’s curve.
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Figure 2.8. Computational domain, mesh grid and bathymetry for the coupled hydrodynamic
model. Bathymetry for this model run was converted from mean low lower water (MLLW) to
mean sea level (MSL), using VDatum (NOAA Coastal Services Center), in order to maintain
compatibility with the HYCOM boundary conditions.

Bed resistance was determined from Nikuradse roughness length, ks, which was
determined by ks=200D (Nielsen, 1992). D is the mean grain diameter from sediment samples in
this study and usSEABED data. In wave models with a sandy bottom, a roughness length of 4
cm has been determined to yield the best results (Tolman, 1991; Siadatmousavi et al., in review).
Back calculation from this value yields a constant of 200 based on a mean sediment size of 2 x
10" m. The result of this calculation was filtered by a lower minimum of 0.001 to avoid very
small numbers for which Nikuradse’s model may not be valid.

The wave and flow models are integrated using a fully spectral formulation that allows

for dynamic coupling of flow and wave calculations (DHI Water & Environment, 2007). Wave-

induced currents in the flow model are based on radiation stresses resulting from the wave
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model. Water level in the wave model varies as a result of the flow model simulation. Five
sigma layers were used for the 3D flow calculations.
2.3 Results

2.3.1 Wind/Wave Regimes Pre- During- and Post-Hurricane Landfall

Fair-weather conditions in the northeastern GoM show a consistent wind and wave
direction from the south-southeast to north-northwest (Mossa, 1984). Wind speeds are generally
low, less than 5 m/s, and hence significant wave heights are accordingly low, generally less than
0.8 m (Fig. 2.9). Peak wave periods are often short, due to the limited fetch of the GoM,
generally under 5 s. Long period waves with significant wave height (SWH) greater than 10 m
are formed when tropical cyclones pass through the region.

Ivan’s wind field was much larger than that of Dennis, especially in terms of the extent of
hurricane-strength winds (Fig. 2.3). Dennis was, in general, a much more compact storm. Wind
speeds for lvan over the northern GoM reached over 55 m/s, while maximum wind speeds for
Dennis were approximately 50 m/s. Post-landfall wind patterns differed slightly: post-lvan, wind
was directed to the east-northeast, and the wind speed remained elevated in the eastern quadrant.
During post-Dennis, wind was directed due north, and the wind speed was accordingly
distributed more evenly.

Data from a nearby NDBC buoy 42039 (Fig. 2.6), the closest buoy to the study area and
located to the east of the hurricane tracks (Fig. 2.2), showed a peak in significant wave height of
approximately 11 m, during the pass of lvan and approximately 10 m during the pass of Dennis
(Fig. 2.9), the latter occurring much closer to the buoy. During Ivan, long period waves
(approximately 14 s) were consistently measured at NDBC 42039 early 13 September 2004.

Figure 2.9 also shows that the peak wave period for Ivan was recorded at 14 s, while Dennis’

31



peak wave period was recorded at approximately 12.5 s. A similar spike in wave activity, with
much reduced intensity, was also recorded at nearby stations during Tropical Storm Cindy, with
a significant wave height of approximately 3 m and a peak wave period of approximately 8 s. In
general, the results of the wave model showed excellent correlation with the NDBC buoy
observations, particularly with data measured at the site directly offshore of the study area
(42039). Discrepancy noticed between the field-measured data and modeled data are mostly due
to the smoothing effect by the modeled data output at 3 hours as opposed to measured data for
every hour. This output interval was chosen to correspond with the input wind data interval of 3
hours. All validation plots for NDBC buoys around the GoM are located in Appendix B.

2.3.2 Post-Hurricane Plume Structure from Satellite Images

During fair-weather conditions, coastal plumes were not detected in red channel imagery
or observed in true color composites on the open northeast GoM shelf. Due to the lack of
sediment input during fair-weather, satellite imagery can be very clear, and the bottom sediments
may be observed or detected in reflectance from shallow water (Walker, N., personal
communication).

MODIS true color images during Hurricane Ivan were of high quality and revealed a
substantial plume of material covering the entire shelf during post-landfall (Fig. 2.14). This
plume persisted for at least three and a half days post-landfall, until 19 September 2004, after
which satellite images were not available due to cloud cover. In Figure 2.14, three distinctly
colored portions of the plume can be seen: the outer, lighter and bluish portions of the image,
especially prominent on the 17th and 18th, the bright white portion that comprises most of the
offshore portion of the image on the 17th, and the darker, brownish portion of the image that

appears to be concentrated around the bays. The time series of the true color images in Figure
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Figure 2.10. Simulated significant wave height and mean wave direction distributions during
Hurricane Ivan. Arrows indicate direction of waves. Bottom left image approximates landfall of
the hurricane. Extremely large waves (> 12 m) were observed over a large region of the inner —
mid shelf, while rapid dissipation of waves occurred post-landfall (right column). All times are
in UTC.

34



Significant Wave Helght Dennls

» : : 106:0010Jul 20057 =*| T T T ‘ 00:00 11 Jul 2005 N
NV0F- R ik : ¢
30204 30,20 ===y -
.10 3040}
E] —{ 300§
2@ 2980 4=
280 2280
un 270
28 280
572 =5 s s =: %2 w5 5 w2 w5 %5 %5 " =2 %0 =5
e e s 12:00 10 Jul 2005 | 7= | S B S 06:0011Jul 2005
2w I S ) . S
020 E
L Do 3010 ===
=
2
= 00 000
T
-
290 | a0 i
0 25
=80 | mand-- b ki
Sign. Warve Height [m]
S
o . Above 9.5
a5
- -| 29608
o . . , . . : [ ss-en
872 B0 BB BEE 864 B2 0 858 D 80-85
- 18:0010 Jul 2005 ....................................................... = ;3_32
W N 65-70
60-65
i 55-60
PG \ - 50-55
i, B ¢s-s0
SRR -
TSAENEINEN Bl 35-40
- RN Bl 30-35
A RS 25-30
il N
R TR 15-20
RN §:s Bl 10-15
NTREN NN Bl os-10
B | Bcio 05

a2 arn e 6 B4 862 %60 58 12 an R B66 w64 862 £60 858
Longitude

Figure 2.11. Simulated significant wave height and mean wave direction distribution during
Hurricane Dennis. Arrows indicate wave direction. Bottom left image approximates landfall of
the hurricane. Similar to that of the wind field, Dennis’ high waves were concentrated over a
much smaller region as the hurricane made landfall, indicating the dependence of waves on wind
for wave generation and sustenance.
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Figure 2.13. Peak wave period distributions during Hurricane Dennis in six hour increments.
Arrows represent wave direction. Landfall is approximated by the top right image (18:00 10
July). Unlike Ivan, peak wave periods during Dennis occurred during landfall. The low period
anomaly in the bottom left image may be a local feature that the model may not have adequately
resolved, and is therefore not included in the results and interpretations. All times are in UTC.
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2.14 show the plume becoming more transparent to the west and surrounding the mouths of the
estuaries along the coast. The plume remains the thickest and most opaque on the shelf off
Apalachicola. The plume also appears to strictly adhere to the shelf edge, clearly showing the
outline of the De Soto Canyon. However, eddies can be seen forming in the later time series and
moving off the shelf into deeper water.

Comparison of the true color images with channel 1 red images show a substantial plume
in the red channel, with similar shape and qualities (Fig. 2.15). Reflectance extracted from the
red channel (see the time series in Figs. 2.15, 2.16) indicates the presence and dissipation of the
plume in a smaller region of the inner to mid shelf. The SeaWiFS image of suspended
particulate material indicates that the denser portion of the plume visible in the in the MODIS
true color images has a concentration of more than 10 mg/L (Fig. 2.16).

Unfortunately due to excessive cloud cover and oblique sensor angles during its pass over
the GoM, satellite images for Dennis were of lesser quality than Ivan. However, a plume
remained visible on 11 and 12 July 2005, indicating it persisted for at least two days post-
landfall. The plume showed a similar pattern to Ivan’s, which formed around the De Soto
Canyon and protruded from the Apalachicola Embayment (Fig. 2.17). The plume is more
uniformly colored post-Dennis, and in particular, lacks the different colored material that appears
emerge from the bays post-Ivan. A jet-like projection of suspended material can be seen directly
offshore Panama City, Florida. In addition, red channel images from post-Dennis landfall
indicate a plume on the shelf. Images from post landfall of Tropical Storm Cindy were
examined in true color; however no noticeable plume was detected and therefore not included in

this research.
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Figure 2.14. True color satellite imagery time series during Hurricane Ivan. Black rectangle
indicates study area. The resuspension on the 17" and 18" was especially obvious on the shelf.
The numbers on the images correspond to the different colored portions of the plume. The
number 1 indicates the lighter outer portion of the plume, 2 is the bright white, main portion of
the plume, 3 is dark material coming out of the bays, and 4 is clear dark water from the bays.
For interpretation of these regions see the discussion section of the text.
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Figure 2.15. Top: mapped reflectance values extracted from band 1, red color images. Bottom:
red color image indicating the presence of sediment in the plume. Note the concentration and
apparent movement of the plume to the east, indicated by hotter colors in the top map, and by
lighter gray color of the bottom image. Also, a sharp change in the concentration of the plume is
noted at the base of the top image, and is interpreted as a sharp change in bathymetry. The
yellow box in the bottom image demarcates the extent of the upper image.
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Figure 2.16. Mapped suspended particulate matter concentration from SeaWiFS data. Note the
elevated concentrations (~6-20 mg/L) along the shelf, adjacent coast and bays.
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12 Jul 2005 19:17.UTC

Figure 2.17. True color satellite images from post-Dennis. The arrows indicate direction of
motion of the visible plume. Note how the post-Dennis plume distribution differs from that of
post-lvan. Also, post-Dennis plume was less intense than Ivan’s, indicated by lack of highly
reflective sediment in the shelf water. However, the pattern of the plume is nearly identical to
that of Ivan’s, indicating shelf bathymetry and prevailing coastal currents are very important to
plume evolution on the shelf.
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2.3.3 Bottom Shear Stress and Resuspension Intensity

During fair-weather conditions only the coastal zone and nearshore (greater than 10 m
isobath) has bottom shear stresses high enough to resuspend sediment, and therefore has a
positive RI. Sediment resuspension does not occur during fair-weather conditions.

East and west longitudinal profiles of bottom shear stress for both Ivan and Dennis are
seen in Figure 2.18 and 2.19. Pre-lIvan, shear stresses along the western transect are much higher
than those in the eastern transect. Pre-Dennis, shear stresses in the east were slightly lower than
that in the west, and attenuated towards the coast. Shear stress increased very rapidly during the
approaching phase of Dennis, especially when compared to Ivan-induced shear stress levels
which remained elevated over a longer period of time; approximately 12 hours. During both
Ivan and Dennis, the highest shear stress zones occurred over the large shoal in the study area
(Fig. 2.20) and at the head of the De Soto Canyon. During Dennis, the peak shear stress
occurred along the coast, reaching 1.7 N/m® During the pre- and landfall phases of the
hurricanes, particularly during Ivan, the peak in shear stress (Fig. 2.18) was amplified at the head
of the DeSoto Canyon, peaking at 2 N/m% Computed shear stress values during Dennis at the
apex of the DeSoto Canyon were lower, peaking at 1.4 N/m% These values were considerably
higher than the mean critical shear stress value of 0.4 N/m? Figure 2.18 illustrates that
additional peaks in shear stress occur over smaller shoals and scatter across the domain as well as
along the coast. Shear stress computations for both hurricanes clearly showed an increasing
trend with decreasing water depth. Shear stress is significantly reduced landward of the shoals
and in the canyon. During landfall of the hurricanes, shear stress is reduced along the coast,
where the bathymetry steepens and is less than 10 m water depth. During post-Ivan, shear

stresses in the east remain slightly elevated compared to those in the west. However, post-
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Dennis landfall, shear stress values were slightly higher in the east. Post-hurricanes, shear stress
remained elevated during Ivan, for an additional 6 hours, and then rapidly decreased, as opposed

to the gradual decrease during post-landfall.

Bottom Shear Stress - lvan
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Figure 2.18. Shear stress profiles for an eastern and western transect of the study area during
Hurricane Ivan. The profiles extend from the nearshore (on the right) to approximately the shelf
break (on the left).

Reflectance values were also plotted against resuspension intensity values for the period
corresponding to the satellite overpass, and are provided in Figure 2.21. These methods were

used in Miller et al. (2005) and Booth et al. (2000). Figure 2.21 shows that there is almost no

correlation between reflectance values and resuspension intensity.
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Bottom Shear Stress - Dennis
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Figure 2.19. Shear stress profiles for an eastern and western transect of the study area during
Hurricane Dennis.

During Ivan resuspension intensity (RI) turned positive over much of the domain almost
24 hours prior to landfall. Resuspension intensity built up west of the DeSoto Canyon and
moved east with increasing intensity, as the storm approached the northern GoM. As expected
maximum resuspension, that is, the highest Rl in the region for the given event occurred at
landfall, peaking at 1.9 N/m? and was highest over the shoals and at the mouth of the DeSoto
Canyon (Fig. 2.22). However, resuspension potential (positive RI) was confined to the 100 m
isobath. Most of the resuspension was constrained along the inner shelf to the west and directly
north of the DeSoto Canyon. Higher RI values were persistent west of the canyon and over the
shoals on the inner shelf, even after the hurricane made landfall. Lower RI was observed

immediately landward of the shoals. The RI began to decrease by 12:00 UTC, on 16 September.
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Resuspension potential for lvan lasted for 18 hours (until 17 September 00:00 UTC) post-

landfall, and overall, for 42 hrs (pre- and post-hurricane).
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Figure 2.20. Shear profiles plotted with water depth across the shelf during Hurricane Ivan.
Profiles extend from the outer shelf (left) to the coast (right). Transects were taken from the
western portion of the study area (top), the middle of the study area (middle, at the mouth of
Choctawhatchee Bay) and the eastern portion (bottom) during landfall of the storm. Shear stress
is clearly influenced by bathymetry, particularly over large shoals, canyon and shelf break.
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Figure 2.21. Resuspension intensity plotted against reflectance from red channel MODIS
images. Lack of correlation indicates that the majority of the plume does not originated from the
shelf. However, the isolated zones of positive RI value during the post-landfall phase of both
hurricanes indicate that sediment transport processes remained active on portions of the shelf
after landfall of the hurricane.

Values of RI during Dennis’s approach began increasing 18 hours before landfall (10
July 2005 00:00). Zones of higher RI values were less uniform than that of Ivan’s (Fig. 2.23),
however were uniform from the coast to offshore. As in the case of Ivan, Rl was the highest (1.4
N/m?) during landfall, peaks were observed at the head of the DeSoto Canyon and along the

crests of shoals. The RI during Dennis also remained elevated for an extended period of time

over the crest of shoals (Fig. 2.23). Resuspension potential lasted for 24 hours over the shelf
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(until 11 July 2005 18:00 UTC) and remained noticeable along the coastal zone for several more

hours. Pre- and post-landfall combined resuspension continued for 42 hours during Dennis also.
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Figure 2.22. Shelf distribution of RI during Hurricane Ivan in 6 hr intervals (time in UTC).
During landfall (bottom left image) RI was positive over the entire shelf, indicating most of the
shelf experienced sediment resuspension. During the post-landfall phase, R1 decreased rapidly.
A large shoal on the inner shelf is apparent in all images and has the highest RI in the study area.
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Tropical storm Cindy generated a comparatively weak resuspension profile, peaking at
0.6 N/m? in the western-most zone of the study area, off the Florida/Alabama border, and mostly
along the inner shelf and coastal areas. Due to this lower level of resuspension on the shelf
during this storm, the morphodynamic response of the inner shelf to tropical storms was not
further investigated.

2.3.4 Hydrodynamic Model

During fair-weather conditions, currents are predominately directed to the northwest
(Stone et al., 1985) and are less than 0.3 m/s at all depths. Along the coast and shallow inner
shelf, currents have a dominant western component. Water levels, obtained from coastal tide
gauges were used to validate the hydrodynamic model for Hurricane lIvan, and showed
reasonably good correlation; especially at the station at Panama City, Florida (Fig. 2.24). The
model overestimated less than 20 cm of sea surface height during pre and post surge, while an
overestimation of less than 10 cm of surge was evaluated (Fig. 2.24), during the peak of the
surge. This consistent overestimation may be due to the non-uniformity in the resolution and
datum of the bathymetry used in the coastal model and the HYCOM regional model, from which
the boundary conditions were extracted for the coastal model. Approximately 1.22 m of storm
surge was recorded at Panama City and approximately 1.3 m was simulated by the
hydrodynamic model. The MIKE 21/3 model also showed good agreement with the HYCOM

model outputs (Figs. 2.25 and 2.26).
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Figure 2.23. Shelf distribution of RI during Hurricane Dennis, over 6 hour time intervals (time
in UTC). Peak RI occurred at landfall (bottom left image), and was not as high or widespread as
in Ivan. However, Dennis’ RI increased very rapidly over a short time (left column) and
dissipated more slowly (right column), particularly along the coast.
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Measured and Simulated surge levels from Panama City, Florida
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Figure 2.24. Time series of water level from MSL at Panama City, Florida tidal station during
Ivan. The blue curve corresponds to the tidal fluctuations; the pink curve is de-tided measured
surge at Panama City station; the black curve is the simulated surge (without tide) from the
hydrodynamic model.
2.3.4.1 Pre-landfall Flow Patterns

Currents around the Apalachicola Embayment intensified first, as much as 5 days prior to
landfall. The current speed on the surface and at 10 m water depth peaked approximately 7 hrs
prior to landfall (Figs. 2.25 and 2.26). Peak current flow pre-landfall has been shown to occur in
other areas of the coast and for other tropical cyclones as well (Snedden and Nummedal, 1991).
Pre-hurricane flow is predominantly directed onshore (north) during the approaching phase of

the hurricane, until approximately 2 hours post-hurricane landfall, at nearly all levels. After this
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point, eddies develop in the west at all levels and to the east at the surface. Maximum surface
speeds reached approximately 1.6 m/s, although speeds were typically between 1 and 1.4 m/s
during the pre and landfall of the hurricane (Figs. 2.25 and 2.26). These flow speeds were the
maximum over the water column for pre-, landfall, and post-hurricane conditions.
2.3.4.2 Post-landfall Surface Flow

At 12:00 UTC on 16 September surface currents began to flow to the south along the
western boundary south of Pensacola Bay. By 15:00 UTC 16 September, surface currents began
to orient to the east and then to the southeast. One day later, 15:00 UTC 17 September, surface
currents moved to the south (Figs. 2.25 and 2.26). Surface currents remain directed south until
12:00 UTC 19 September, when they rotated to the west. Current speed remained high and
directed offshore over the De Soto Canyon (approximately 1 m/s) for approximately a day and a
half. Currents in the southern, offshore direction remained this way over most of the shelf, until
fair-weather conditions were reestablished several days post-landfall.
2.3.4.3 Post-landfall Sub-surface Flow

Post-hurricane flow is complex, particularly with depth, but overall flow was directed to
the west or southwest. A small anticlockwise eddy was formed at 9:00 UTC 16 September over
the head of the De Soto Canyon, after which current fields moved to the south in the western
portion over the De Soto Canyon. This eddy persists throughout the water column, and currents
sustaining the eddy remain active for 3 days after the hurricane made landfall. At20 m and 30 m
water depth, peak flow occurs 18 hrs prior to landfall, south of Apalachicola, at approximately
1.4 m/s. Peak distribution of flow occurs approximately 4 hours prior to landfall at 3:00 UTC 16

September.
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Figure 2.25. Simulated surface current speeds and direction obtained from HYCOM during Ivan
in 6 hr increments. A fast, narrow jet-like current can be seen in the vicinity of Apalachicola in
the left column images. Peak current speeds occurred more than 6 hrs prior to landfall (middle
left image). Data courtesy of Prasad and Hogan (2007).
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Figure 2.26. Sea surface flow for the study area, simulated from MIKE 21/3 in 6 hr increments.
Arrows indicate the direction of flow.
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Flow Velocity Time Series from 4 Stations on the Inner Shelf
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Figure 2.27. Time series of simulated flow velocity over several days extracted from 4 stations
on the inner shelf, from the surface, middle and bottom layers.
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Figure 2.28. Bottom layer currents simulated using MIKE 21/3, two hours after the hurricane
made landfall. Arrows indicate flow direction.

Flow field stratified just after the hurricane made landfall with surface currents moving
onshore and bottom currents moving offshore (Fig. 2.29). However, several hours post-landfall,
almost all velocity in the y-direction (north-south) is negative, indicating offshore flow. Velocity
in the y-direction strengthens at approximately 00:00 UTC 18 September along the mid-shelf,
and continues to increase until approximately 20 September, after which flow begins to rotate
back to the north-northwest. Directly north of the head of the De Soto Canyon, an elevated flow
field is almost always noticed with direction offshore. To the east and west of the canyon, strong
currents are visible in the flow velocity profiles; however, current velocity remains low over the
head of the canyon. Very strong onshore currents persist around the Panama City region of the
shelf. Currents also became stratified post-hurricane in the x-direction as well, with the surface

currents moving to the east and the weak bottom currents often moving west (Fig. 2.29).
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Figure 2.29. Current velocity transect at landfall along the 30.2°N latitude.
2.4 Discussion

The series of wave and hydrodynamic modeling studies along with the analysis of met-
ocean data collected during the hurricanes suggests that hurricane-generated high energy waves
and associated flow characteristics all have significant impacts on bottom shear stress and
resuspension potential on the inner shelf. Prevailing wind fields decide the trajectory of the
coastal sediment plumes, especially during the post-landfall phase. Flow was increasingly
complex with the hurricane’s evolution and approach, and stratified during and post-hurricane.

Sediment resuspension during hurricanes lvan and Dennis was apparent, even in deeper water on
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the mid-outer shelf. In terms of the hydrodynamic impacts on the sediments on the shelf, storms
can be broken into three phases: Phase 1, the resuspension phase during the approach of the
hurricane and similar to stage 1 by Mitchell et al. (2005); phase 2, the mixing phase during the
landfall and just after landfall (~ 2 hrs), similar to stage 3 (Mitchell et al., 2005) or Forced Stage
(Price et al., 1994); phase 3, the deposition phase post-hurricane, similar to Stage 4 (Mitchell et
al., 2005), or Relaxation Stage (Price et al., 1994). Table 2.1 summarizes these phases and the
hydrodynamic response and transport pattern associated with each phase, while Figure 2.29
illustrates the pattern of wind stress and flow during each phase. This model to describe flow
and transport is also consistent with and adapted from the ‘temporal acceleration’ model for shelf
storm deposits proposed by Swift and Rice (1984).

2.4.1 Pre-Hurricane: “Resuspension Phase”

The increase in wave period prior to the storms, particularly during Ivan, was due to long
period swells travelling across the GoM days before the storms made landfall. These long period
waves propagating ahead of the storm (Fig. 2.12) would create favorable hydrodynamic
conditions across the shelf that allow for a steady increase in Rl with increasing wave energy.
The RI increased steadily over two days during the approaching phase of Hurricane Ivan (Fig.
2.22), even when local wave heights were relatively low (Fig. 2.10). Resuspension intensity
dramatically increased during Ivan when the peak wave period increased; however, RI persists
even when wave period decreases. During Hurricane Dennis, RI increased very rapidly in a
short period of time prior to landfall. The difference in resuspension potential during the set up
phases of the two hurricanes may be due to the orientation of their track through the Caribbean:
Ivan entered the Gulf south of Cuba, propagating long period waves to the northern GoM for a

longer period of time and from a greater distance. Dennis however, traversed over Cuba,
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prohibiting swell waves from forming while it was over land. Dennis was also a much smaller
storm (category 1) while over Cuba, and did not reach category 4 status until it had entered the
GoM and encountered the warm waters of the Loop Current (Beven, 2005; Prasad and Hogan,
2007). Being a much larger storm, Ivan’s hurricane-strength winds affected roughly the same
area that Dennis’s tropical storm-strength winds did (Fig. 2.3), indicating a wider swath of storm
influence. A good example of this is illustrated by lowered shear stresses on the inner shelf
during pre-Dennis. Ivan’s immense size was able to produce a larger realm of hurricane-force
winds and long period waves that would affect the entire shelf, while Dennis affected a smaller
portion. Moreover, Hurricane Cindy made landfall over southeastern Louisiana on 6 July as a
Category 1 hurricane, creating wave heights along the Florida inner shelf large enough to initiate
resuspension along the crests of the shoals and ridges. It is possible that the sediment
resuspension, which may have been induced by Hurricane Cindy, facilitated more resuspension
during Dennis, due to already elevated hydrodynamic conditions in the region. This difference
in Rl development indicates the dependency of shear stress and RI, and therefore sediment
transport, on wave period. Grain size is also important to RI evolution, which is evident along a
coarse patch of sand offshore Panama City, Florida (Figs. 2.22, 2.23). In this region of coarse
material, RI takes longer to evolve, and is lower when compared to other areas with similar water

depth and wave fields.
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Table 2.1. Met-ocean hydrodynamic parameters and RI during the three phases of storm
transport.

Met-Ocean

parameter/Sediment Resuspension Phase Mixing Phase Deposition Phase

Response

Wind Speed Increasing Maximum Decreasing

Wind Direction West North Northeast

Sig. Wave Height Increasing Maximum Decr_ee_15|ng to fair-weather

conditions
Wave Direction West North Northeast
Peak Wave Period Increasing to Maximum Maximum Decreasing to fair-weather

conditions

Flow Speed

Maximum (x and y
direction)

Decreasing (with z
direction peaking)

Fair-weather conditions

Flow Direction

West/northwest
Some upwelling

Surface flow to the north
bottom flow to the south =
downwelling

Surface = east/southeast
Middle = west
Bottom = southwest

RI Due to Waves

Increasing resuspension

Maximum resuspension

Decreasing resuspension
to deposition

Effect on sediment
motion

Sediment agitation and
motion initiates

Sediment is entrained in
bedload (dominant) or
suspension; Peak transport
occurs

Sediment in plume falls
out of suspension;
Sediment transport
(bedload) ceases

Direction of sediment

transport

Limited onshore

Limited vertical;
Maximum offshore

Alongshore and offshore

Peak current speed occurred in a narrow current that extended to all depths many hours

prior to landfall, suggesting that this current gained speed from the setup of sea level against the
coast and the forward motion of the hurricane track. This setup may have accelerated the already
persistent Loop Current, a prominent feature in the Gulf particularly in the summer, and a jet
associated with the current on the west Florida shelf (Hetland et al., 1999; He and Weisberg,
2002) (Figs. 2.25, 2.26). This current can even be seen in fair-weather conditions, although, not
as pronounced. While the pre-landfall phase accelerated this current, it appears that the post-
landfall phase was dominated by downwelling (Fig. 2.30), effectively abating this jet, as
observed by the lack of this current during and post-landfall (Fig. 2.25). Peak flow conditions
(for all vertical layers) occurred several hours in advance of the hurricane. This was in good
agreement with the observations from Mitchell et al. (2005) of Ivan on the outer shelf, that of
winter storms on the Scotian Shelf by Li et al. (1997), and Hurricane Allen observations on the
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Texas shelf by Snedden et al. (1988). At this time period, Ekman layers showed minimal
veering with depth, in agreement with the findings from Mitchell et al. (2005) on the outer
continental shelf, who used a cluster of 14 acoustic Doppler current profilers (ADCPSs) to
examine the oceanic response to Ivan. The alignment of current vectors throughout the water
column and with the wind direction indicates that the strong winds driving hurricanes dominates
the current flow during its peak, particularly surface waves and currents (Chen et al., 2008). The
strong westward flow over the entire domain of the model was also in good agreement with
observations by Teague et al. (2006). This demonstrates the impact of wind as a forcing
mechanism during hurricanes. The small amount of Ekman veering to the northwest allowed for
some upwelling to occur as the hurricane approached.

During this phase, it is unlikely that any significant transport of sediment occurs,
particularly because the shear stresses are just progressively increasing above the critical shear
stress. Any transport that may occur would be directed onshore, in agreement with the work of
Hayes (1966, 1967). Even though the current velocity peaks at this point, most of the impact on
the bottom sediment would likely be bed agitation and the initiation of sediment motion.

2.4.2 Hurricane Landfall: “Mixing Phase”

As might be expected, maximum RI and shear stress occurred with maximum wind
speed, wave heights and wave period that occurred at the peak of the storm, that is, landfall. At
this point, RI extended through all depths of the shelf, out to the shelf break (~ -100 m), during
Ivan, and over most of the shelf (~ -80 m) during Dennis. This extensive distribution of RI and
the ability of storms to resuspend sediments at such depths, indicates the ability of waves to
influence the entire shelf (Wang et al., 2005; Teague et al., 2006), with the majority of the energy

impacting the inner shelf. Correlation of positive RI to the shelf break and high RI values along
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the crests of shoals also demonstrates the importance of water depth and morphology in RI
evolution (Fig. 2.20). The shallowest regions sustained the highest RI for an extended period of
time. However, shallow features were significantly impacted, such as large shoals on the inner
shelf. Model results indicate that R1 is the highest and remains persistent over the crests of these
shoals. The results also show a slight decrease immediately landward of the shoals, indicating
that the shoals act as a buffer of wave energy shear stress (Figs. 2.22 and 2.23). These extremely
high values of RI (2.0 N/m? during Ivan) also implies that high wave energy expended over these
shoals would be translated into additional resuspension (Figs. 2.22 and 2.23) and mixing over the
shoal, and ultimately would result in winnowing of the shoal sediments (Mehta, 2002). In a
similar but much larger fashion, the DeSoto Canyon acts as a funnel for shear stress. When
waves move over the canyon and suddenly encounter shallow water, an increase in shear stress
and RI results due to the convergence of the wave crests. Waves are steepened, the speed slows,
and convergence occurs. It was also observed that the De Soto Canyon buffered RI along the
shelf to the east during Ivan and along the shelf to the west during Dennis. Due to the effect of
depth control on shear stress, the shelf edge and canyon are very important in RI evolution and
sediment mobility (Fig. 2.22). The higher values of RI to the right of the hurricanes indicate that
the majority of sediment motion is focused on the eastern side of the storm’s track.

During the peak of the storm, most of the higher energy swell waves (period > 8s) break
further offshore and there was a substantial reduction in shear stress in the nearshore (<5 m
depth). The rapid forward speed of the hurricane likely resulted in the breaking of long period
southerly swells farther offshore, which resulted in the lower shear stress values simulated near
the coast. An additional explanation may be the non-inclusion of water level variability in the

wave model. Wave simulations used a constant water level and did not account for the effects of
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storm surge. If it were included the swells may have propagated further inshore before they
would become unstable and break. However, if waves are breaking farther offshore, as one
might expect with the large wave heights that were simulated, it is indicated that the inner shelf
would sustain the major impact of the storm. Bentley et al., (2002) found that numerically
modeled resuspension depths increased seaward post-Camille offshore Mississippi. By means of
complex wave-wave interaction, wave energy would be effectively transferred from low period

swells to locally generated waves in the intermediate and shallow waters.
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Figure 2.30. Three phases of sediment movement on the shelf before (resuspension phase),
during (mixing phase) and after (deposition phase) hurricane landfall. The small vectors directly
below the wave crests indicate wave direction. Modified from Wright (1995) and Swift et al.
(1983).

The peak current during pre-landfall and relaxing of the current speed during landfall
indicated that hurricane-induced flow is somewhat like a semi-diurnal tidal signal. Water level

sets up against the coastal boundary as the storm approaches. At the peak of the storm, like peak
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of high tide, the flow tends to become stagnated even though the surge is at the highest. This
decrease in current speed during the peak of the storm may also be due to the forward wind
speed of the hurricane relaxing as it makes landfall, due to increased friction the hurricanes
would encounter over the land. A significant decrease in current speed was observed in the
model over the De Soto Canyon (Fig. 2.29), and is attributed to the conservation of mass
(continuity equation). Horizontal advection and vertical velocity was greatest at this time,
indicating a well-mixed homogenized water column. This idea of a well-mixed water column is
supported by Mitchell, et al. (2005)’s observations of current velocities on the outer shelf. At
this point, downwelling began to initiate as surface flow was directed onshore and bottom flow
offshore. Also, winds rotate faster than currents, ultimately slowing them after the hurricane
passes (Mitchell et al., 2005). The rotation of the surface currents to the east and offshore is due
to Ekman transport (Wright, 1995).

Studies have indicated that transport peaks at the peak of the storm (Li et al., 1997) and
during the ebb-surge (Bentley et al., 2002). The highest values of RI, in particular during the
landfall of both storms, support this idea, and the flow direction of bottom currents at this time
would indicate an offshore, south-west to south-southwest dominant transport direction, part of
the ebb-surge or geostrophic flow.

2.4.3 Post-Hurricane: “Deposition Phase”

Presence of the plume in red channel satellite images indicates that the plume is primarily
comprised of particulate matter. The plume may not be entirely sediment-laden; however it
appears to be dominated by it. Brownish areas may indicate tannins and organics transported
from the bay. Stone et al. (2005) indicates that some algal blooms may exist along the edges of

the plume. The bright white/light brown material that comprises the majority of the plume is
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interpreted as predominately sediment, from its presence in red channel images (Fig. 2.15). The
clear dark areas immediately seaward of the bays are interpreted as freshwater during the ebb-
induced return flow associated with storm surge.

While the computed RI decreased substantially, solid material remained in suspension in
the study area, as confirmed by the satellite imagery, indicating the presence of fine-grained
material than sand. A correlation of RI to reflectance in Booth et al. (2000) and Miller et al.
(2005) indicate that material in the plume they detected in satellite images was from the bottom
of Lake Pontchartrain. The lack of this correlation in this study, along with the low correlation
with wind speed, indicates that wind speeds, wave heights, and therefore RI, has returned to
more fair-weather magnitudes at this time. Therefore, material in the plume is most likely being
expunged from the bays, with less than 0.1 % of the material in the plume originating from the
shelf. However, Walker and Hammack (2000) argue that 75-80 % of the plume visible in
satellite imagery post-cold front storms on the Louisiana shelf is from resuspension on the inner
shelf, and not material from the rivers. They argued that the sediment in the plume could not
travel as far offshore as it did with the current speed measured during that time. They also
argued that the plume’s alignment with the isobaths indicated resuspension, as material from the
river would not occupy such a wide space of the shelf and terminate along the 15 m isobath.
While the water depth in the Louisiana study was similar to the Florida shelf, the majority of
sediment on the Louisiana shelf was fine-grained material, which would stay in suspension much
longer than that of the sand that dominates the northeast GoM. Also, the adherence of the plume
to a particular isobath, the -15 m on the Louisiana shelf post-cold front, or the shelf edge post-
hurricane in the northeast GoM would more likely be due to a steeper slope in bathymetry

causing a significant decrease in wave-bottom interaction, current speed and bottom shear stress.
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The sediment would rapidly fall out of suspension in this case. Finally, a mechanism is needed
for bringing the sediment from the seafloor to the surface, or at least the top meter of the ocean
surface, in order for material from the shelf to be visible in satellite imagery. The most probable
cause would be strong mixing and currents in the z-direction (vertical). While mixing does
occur, it is primarily during the peak of the storm (phase 2), and even then magnitudes of vertical
velocity of currents are relatively low (maximum = 0.01 m/s) in comparison to velocity in the u
and v directions. Given a settling velocity of approximately 0.15 m/s of the average grain size in
this region (based on measurements from Baba and Komar (1981)), sand in suspension from the
shelf would settle out much faster than the rate at which it was resuspended.

This is apparent in the plume observed in the MODIS imagery post-hurricanes. From
these images, sediment sinks can be inferred from the behavior of the plume. The DeSoto
Canyon, the upper slope, and the point off Apalachicola all indicate potential sinks for sediment.

One exception may indicate that an estimate of less than 0.1% of material in the plume of
the shelf is a low estimate. The calculated resuspension intensity is only from shear stress due to
waves. Many studies have shown the importance of combined wave-current flow in sediment
transport (Grant and Madsen, 1979; Grant and Madsen, 1986; Snedden et al., 1988; Drake et al.,
1992; Wiberg, 2000), however shear stress due to currents is difficult to calculate due to the
variability in roughness coefficients. Furthermore, the combination of shear stresses is not linear
and cannot simply be combined (Li et al., 1997). Li et al. (1997) concluded that shear stress due
to currents would only impact the total combined shear stress by as much as 20 % if the ratio of
wave shear stress to current shear stress approximated 1. If either wave shear stress or current
shear stress was much higher or lower than the other, the effect on total shear stress would be

less than 5 %. In addition, the angle between wave and current direction must be taken into
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account, and often the result is less of an effect on total shear stress, unless the currents and
waves are completely aligned or completely against each other. Given that the peak current
speed occurs in the study area are out of phase with significant wave heights and peak wave
period, the influence of current shear stress during storms should be significantly less, as when
current shear stress is high, wave shear stress is not, and when wave shear stress is high, current
is not. Finally, bottom currents are nearly opposite to wave direction, post-hurricane, when the
ratio shear stresses might be closer to one, indicating less effect from current shear stress.

After 12 — 18 hrs, the inner shelf energy dissipation pattern returns back to fair-weather
magnitudes and high shear stress is observed near the coast/beach, particularly during Dennis.
The rapid dissipation of energy is attributed to the rapid decrease in wind speed when the
hurricane makes landfall. Warm waters are not available along the shelf to fuel the hurricane,
plus coastal friction decreases wind speed. The elevated shear stresses along the coast during
post-Dennis are attributed to the elevated wind speeds due to the hurricane’s trajectory to the
north-northwest. This maintains high winds along the right side of the hurricane, concentrated
over one area for a longer period of time.

The eastern transect retains elevated stress values for a prolonged period compared to a
sharp drop on the western transect for both hurricanes (Figs. 2.22, 2.23). The reason for Dennis
is likely due to the location of landfall and the weaker left side of the hurricane being observed
along the western transect of the study area. A plausible reason for the decrease in stress,
simulated for Ivan may be due to the north-eastward trajectory after landfall (Fig. 2.2). Wind
stress was elevated along the eastern portion of the transect directing the flow and dominant
wave direction to the east. Also, pre-landfall funneling of wave energy would cause sudden

dissipation that likely resulted in lower shear stresses of the western transect.
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During this post-landfall deposition phase, direction becomes more important than
magnitude in terms of wave field and coastal currents. Flow is especially complex during this
time and exhibits increasingly more downwelling along with Ekman veering. Surface flow
moves to the east, in concert with wind and wave direction, and supports the time series satellite
images during lvan (Fig. 2.9) that indicate movement of the plume to the east. The north wind
during post-Dennis indicates that material in the Dennis plume did not migrate along the coast as
much as that during Ivan, as seen in the time series of images. This surface plume is interpreted
as the positively buoyant, hypopycnal plume. The mid-depth flow simulated in the model is
interpreted as a geostrophic flow that develops along the mid-outer shelf post-storm.
Geostrophic flows have been recognized in shelf deposits due to pressure gradients from the set
up of sea level during storms (Snedden et al., 1988; Snedden and Nummedal, 1991; Siringan and
Anderson, 1994). Geostrophic flow that develops during the landfall and/or post-landfall of the
hurricane may be the primary factor driving downwelling and sediment transport offshore
towards the DeSoto Canyon. Frictional forces along the seafloor cause the flow to turn to the
left, relative to the direction of the flow, creating offshore transport (Swift, 1985). However, it is
difficult to say conclusively from the data presented here that tropical cyclone transport is a
result of geostrophic flow or storm ebb-surge, even though current vectors in the middle of the
water column are dominated by flow to the west, nearly 180 degrees opposite of the surface
flow. The bottom offshore flow is the negatively buoyant, hyperpycnal plume. This flow is
likely still laden with sediment entrained from the storm. This tripartite flow scheme supports
the model proposed by Snedden et al. (1991), Nittrouer and Wright (1994), and Wright (1995),

and reproduced in Figure 2.28c. An event characterized by three distinct transport phases is also
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further substantiated by depositional sequences of storm surge deposits interpreted in Bonaire by
Spiske and Jaffe (2009).

The RI calculations for both Ivan and Dennis indicate that the time period for sediment
movement is approximately 42 hours for a category 3 hurricane. However, many studies have
indicated that while waves cause sediment motion, currents play the role of an actual transport
carrier (Keen and Glenn, 2002). With this in mind, sediment movement, may last longer than 42
hours especially that of finer grained material than sand. The results of this study indicate that
large storms, such as lvan, have the capability of moving much sediment on the shelf during the
peak of the storm, but also moving a tremendous amount of sediment from the bays offshore, in
suspension. However, the mechanism of transport on the shelf is not clear: the results of the RI
calculations show that there is clearly some suspended transport of material; however it is
uncertain what depth it is suspended to, due to the relatively small vertical velocity component.
In addition, much of the sediment on the shelf is likely transported along the bottom, in either
sheet flow conditions (Trembanis et al., 2004) or episodic pulses of bedload transport (Spiske
and Jaffe, 2009). Very little is understood by way of distinguishing types of transport during
storms (Li et al., 1997), especially in the study area, and more research is required for a more
accurate description and quantification of transport types. De Soto Canyon acts as an efficient
drain for hurricane-induced surge and sediment in suspension from the inner shelf and material is
being worked further offshore than the inner shelf. Smaller storms may have significant
potential to move sediment on the shelf bottom, however sediment in the plume may settle out

on the outer reaches of the shelf.
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2.5 Summary

Results from a suite of wave, hydrodynamic and sediment resuspension models indicate
that significant amounts of sediment were resuspended on the inner shelf, particularly on
bathymetric highs such as shoals and ridges, during high-energy storm events such as tropical
cyclones. Long period waves arriving days ahead of the storm facilitate an environment for
increasing RI with increasing wave height and energy. Resuspension potential was generated on
the entire inner shelf and extended to depths of 100 m and persisted for several days following
landfall of the hurricanes. The head of the De Soto Canyon was consistently the lowest values of
RI, indicating sediment is being winnowed off the shoal and deposited farther offshore.

These model results were confirmed by true color satellite images and measured
reflectance values from the red channel. However, satellite imagery indicated that the suspended
material plume persisted several days after Rl decreased when deposition began to occur,
indicating that much of the surface plume sediment is not derived from the shelf, but most likely
finer grained material from the bays. Peak current flow occurs several hours before hurricane
landfall, during which the current becomes completely wind-dominated. Flow and sediment
movement during the approach, landfall and aftermath of a hurricane can be broken into three
phases: the resuspension phase, mixing phase, and deposition phase. Significant downwelling
occurs during the mixing and deposition phases. Flow vectors indicate movement of the plume

and possibly bottom sediment further offshore than most of the inner shelf.
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CHAPTER 3. STRATIGRAPHY, SEDIMENTOLOGY AND GEOMORPHOLOGY OF
AN INNER SHELF, NORTHEASTERN GULF OF MEXICO

3.1 Introduction

The northeastern GoM is a tectonically stable region, experiencing a relatively slow,
almost stable rate, of sea level rise in comparison to the most recent transgression (Donoghue et
al., 2003). This stability has created an excellent natural laboratory for the study of sediment and
stratigraphy since the last glacial period and lowstand. In fact, many studies (i.e. Donoghue,
1992; Sydow and Roberts, 1994; Fleischer et al., 1996; McBride et al., 1999) have been
conducted offshore around Apalachicola and eastern Louisiana, Mississippi and Alabama.
However, few comprehensive studies exist detailing the stratigraphic framework of the western
Florida Panhandle, west of Apalachicola, and those that do exist are not well dated (Hyne and
Goodell, 1967) or lack core data (Ludwick, 1964; Doyle and Sparks, 1980; Locker and Doyle,
1992). New technology in seismic surveys and coring methods are available now that allow for
more precise and accurate scientific analysis. A study of this kind would be significant in
closing an “information gap” of the geology of the shelf in this region. In addition, results from
such a study would be useful to many entities, including local and state environmental and
coastal organizations and communities involved with borrowing offshore sand resources for
replenishing beaches. Understanding the geology of shelf sheet sands would also serve as a
modern analog to ancient sheet sands and oil sands, benefiting the oil and gas industry and
exploration (Mancini, 2008). Finally, knowledge of bottom sediments and geomorphology is
essential for understanding the effect of physical processes that affect this region, in particular

sediment transport.
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Given previous studies from the region, especially sea-level studies in the GoM, the inner
shelf off the Florida Panhandle should reflect the last major lowstand followed by a major
transgression and then a decrease in the rate of sea level rise. The stability of the region in the
past few thousand years would allow for modern hydrodynamic processes to take over and
further rework this sediment and possibly modify the upper stratigraphy. The purpose of this
portion of the study is to examine the late Quaternary (approximately, the last glacial lowstand to
present day sea level) stratigraphy, sedimentological and bathymetric expression on the inner
shelf offshore of the western Florida Panhandle.

Specific objectives of this portion of the study include: 1) to identify the stratigraphic
components and environmental interpretation of the late Quaternary on the inner shelf, 2) to
identify the Pleistocene contact and Holocene reworked material, 3) to determine the bathymetric
expression of the seafloor and its stability in the modern system, and 4) to apply a conceptual
model of the history of the inner shelf over the late Quaternary.

3.2 Previous Work

While many studies have examined the sediments and sub-bottom stratigraphy of the
northeastern GoM, there are still details lacking in discrete areas across the shelf (see Table 3.1).
One of these regions is offshore Choctawhatchee Bay, on the western Florida Panhandle (Figs.
1.2, 3.1). Many studies in the region have been large regional studies of the geology comprising
the shelf (Ludwick, 1964; Doyle and Sparks, 1980; Mazzullo and Bates, 1985; Locker et al.,
1988; Locker and Doyle, 1992; Koch, 2006), and therefore have not been able to focus on the
detail required to determine short term changes to the shelf geology. Many studies of the region
are also now dated, using more obsolete methods and less precise techniques (Ludwick, 1964;

Hyne and Goodell, 1967; Doyle and Sparks, 1980). Other studies lack core detail or age
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constraints (Locker and Doyle, 1992). Table 3.1 summarizes the major geologic studies, dates,

locations, and type of data collected, including this study.

Table 3.1. Summary of major studies within the northeastern GOM, the published date of the

study, approximate location, and type of data collected.

Study Year Location Data Collected
Along and across shelf transects off Chandeleur Surface samples and
Ludwick 1964 Is., MS Sound, Mobile Bay, Choctawhatchee P

Hyne and Goodell 1967

Doyle and Sparks 1980

Mazzullo and

Bates 1985
Kindinger 1988
Otvos 1988
Donoghue 1989
Locker and Doyle; 1988, 1992
Locker et al.

Byes: Mebride; 19951997,
McBride et al. 1999, 2004
Bart and

Anderson 2004
Gardner et al. 2005
Koch 2006
This study 2010

Bay, and St. Vincent Is.

Inner-mid shelf off Choctawhatchee Bay

Mid-outer shelf off Mobile Bay, St. Andrew Bay

and Cape San Blas

Shelf off MS to St. Andrew Bay

Shelf off MS to birdsfoot delta

Barrier/nearshore/inner shelf off MS, AL, and

NW FL

Nearshore/inner shelf off St. Andrew Bay to St.

Georges Sound

Shelf off Perdido Bay to St. Andrew Bay

Shelf off Mobile Bay to Pensacola Bay

Mid-outer shelf off Mobile Bay to

Choctawhatchee Bay

Outer shelf off Choctawhatchee Bay to St.

Andrew Bay

Inner-mid shelf in transects off Pensacola,
Choctawhatchee, St. Andrew, Bays, with detail

offshore Apalachicola Bay

Nearshore and inner shelf off Choctawhatchee

Bay

gravity cores

Seismic and short cores

Surface and water
samples

Surface grab samples

Seismic

drill samples

Vibracores and seimic

Seismic, side scan sonar,
surface grab samples,
and well data

Vibracores, surface grab
samples

Seismic

Multibeam echosounder

Seismic and vibracores

Vibracores, shallow high
resolution seismic,
bathymetry
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3.2.1 Geologic Framework

The Quaternary history of the northern GoM includes a complexity of sea-level change
during the last glacial and interglacial events which have been recorded in the stratigraphic
structure of the continental shelf. A shelf-wide early Wisconsinan erosional unconformity
characterizes the northern GoM during a sea level drop below the shelf edge (Kindinger, 1988).
Anderson et al. (2004) describes this time period, from approximately 120 ka to 70 ka (where ka
is 1,000 years ago) as the Early Highstand. Below this, the northern GoM and much of Florida,
Alabama and Missisippi are underlain by Miocene sediments, and in some places Pliocene
limestone and calcarenites that were severely eroded during Wisconsinan glaciations (Schnable
and Goodell, 1968; Donoghue, 1992). The northeastern GoM has been described as tectonically
stable since Pamlico (Sangamon, Oxygen Isotope Stage (OIS) 3 to 5 (Fullerton, 1997)) time by
Doering (1956), however, some studies acknowledge the occurrence of subsidence of sediment
and the possibility of isostatic readjustment due to the weight of advancing seas since the last
glaciation (Schnable and Goodell, 1968). From approximately 70 ka to 22 ka, sea level fell then
rose rapidly, then fell again during the last glacial, referred to as the Late Highstand ‘Falling
Stage’ (Anderson et al., 2004). It was during this time period that deposition of many shelf-edge
deltas began, allowing the deltas to become quite large, despite the short lowstand (Sydow and
Roberts, 1994; Roberts et al., 2004).

During the last glacial period (Late Wisconsinan), rivers along the northern GoM incised
deep valleys on the inner and mid shelf, debouching a large amount of sediment on the outer
shelf and facilitating the formation of shelf-edge deltas (Curray, 1964; Mazzullo and Bates,
1985). Sea level dropped approximately 120 m to the shelf break and a sequence boundary is

documented across the northern Gulf during this lowstand, approximately 22 ka (Anderson et al.,

74



2004). Incised valleys are well documented from the Mississippi and Pearl rivers (Kindinger,
1988; Sydow and Roberts, 1994), the Choctawhatchee River (Hyne and Goodell, 1967; Locker et
al., 1988), and Apalachicola River (Schnable and Goodell, 1968; Donoghue, 1992; McKeown et
al., 2004) (Fig. 3.1). Shelf-edge deltas have also been documented along the outer shelf in the
northeastern GoM (Kindinger, 1988; Sydow and Roberts, 1994; Winn et al., 1998; Bart and
Anderson, 2004; Gardner et al., 2005).

The post-glacial rise of sea level caused a major transgression during the early to mid-
Holocene in the GoM, approximately 16 ka to 4 ka (Anderson et al., 2004). The vast amount of
sediment deposited on the outer shelf during the Late Pleistocene lowstand was subsequently
reworked and deposited on the inner shelf as a major sheet sand, one of the most dominant
stratigraphic features in the region, known as the Mississippi Alabama and Florida (MAFLA)
sand sheet (Ludwick, 1964; Doyle and Sparks, 1980; McBride, 1997; McBride et al., 1999;
McBride et al., 2004). The rapid rise in sea level during most of the Holocene drowned the river
valleys incised during the lowstand and forming the estuaries seen along the Gulf coast today.
As sea level rose, at least one, possibly more, still stands are documented by offshore shoals and
bars on the inner shelf, in particular, offshore Perdido and Pensacola bays (McBride, 1997,
McBride et al., 1999), Choctawhatchee Bay (Hyne and Goodell, 1967), and Apalachicola Bay
(Gunter, 1931; Schnable and Goodell, 1968; Koch, 2006).

Post stillstand, a slower rate of sea-level rise is proposed (McFarlan, 1961a; Coleman and
Smith, 1964; Schnable and Goodell, 1968) since the past 6 to 3 ka. This slower rate has allowed
the modern coastal system of coastal estuaries and barrier islands to form (Stapor, 1973;
Donoghue and Tanner, 1992), and in particular, the sediment-starved, flooded shelf that

characterizes the northeastern GoM today. Anderson et al. (2004) refers to this as the Late
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Holocene Highstand and suggests that a condensed section is forming, the maximum flooding

surface, particularly in the estuaries along the coast.
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Figure 3.1. Relict features on the northwest Florida shelf from the last glacial period. Created
with http://ross.urs-tally.com/Default.aspx.

3.2.2 Stratigraphy and Sedimentology

Previous studies of the northeastern GoM have been abundant in seismic collection
(Locker et al., 1988; Locker and Doyle, 1992) and sediment surface samples (Ludwick, 1964;
Doyle and Sparks, 1980; Mazzullo and Bates, 1985) (See Table 3.1). Many studies have also
documented the late Quaternary stratigraphy adjacent to the study area. McBride et al. (1999;

2004) examined the late Quaternary stratigraphy in detail offshore Mobile, Perdido and
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Pensacola Bay, via vibracores, bathymetric data, macro-, and microfauna, and formed the
foundation for this research. The study described six facies and three surfaces based on
sedimentology, paleontology and radiocarbon dates, essentially documenting the falling stage
systems tract of the late Pleistocene to the modern Holocene seafloor. Donoghue (1992)
describes the Miocene to Holocene seismic stratigraphy of Apalachicola but primarily groups the
Pleistocene and Holocene stratigraphy together as undifferentiated sands and the Citronelle
Formation. Locker et al. (1988) and Locker and Doyle (1992) investigated the Neogene to
recent shelf/slope geology of the northwestern Florida shelf, but delineated basic seismic
packages with no detail of the thin Holocene sediments. Otvos (1988) focused on detailed
Neogene to recent stratigraphy along the coast of the northeastern GoM. Koch (2006)
determined the top of the Intracoastal (Pliocene/Miocene) Formation via three cores and seismic
lines on the inner shelf off Choctawhatchee Bay. Hyne and Goodell (1967) described the
sedimentology of the inner shelf and shoal off Choctawhatchee Bay and the geologic history
based on shallow cores (see Table 3.1 for more details of these studies).

The sediments are dominated by the transgressive, predominately quartz, sand sheet and
therefore are a product of transport and reworking during sea-level rise. Most of the sediment
from the Choctawhatchee River is deposited in the bay. Therefore, sediment on the shelf is relict
from the lowstand, and is very mature quartz sand (Mazzullo and Bates, 1985). Quartz sand
grains of the eastern Gulf tend to be more elongate and angular, indicating a source provenance
in the lower Appalachian Mountains (Mazzullo and Bates, 1985). Heavy mineral assemblages of
the sand offshore are also characteristic of Appalachian origins (Van Andel and Poole, 1960). In
addition, a kaolinite suite dominates the clay fraction and also suggests material from the

Appalachians, as the Mississippi River is dominated by an illite-montmorillonite suite of clays
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(Hyne and Goodell, 1967; Schnable and Goodell, 1968). These studies also suggest westward
sediment transport along the northeastern GoM coast, due to the dominance of kaolinite suite of
clay minerals. However, increasing illite-montmorillonite suite down-core suggests eastern
transport and current direction, for short durations, in the past (Hyne and Goodell, 1967) and is
substantiated by Curry (1960) in his study of the northwestern GoM. Due to the westward flow,
grain size decreases from east to west along the coast of the northeastern GoM coast, while
sorting increases (Koch, 2006). Mean grain size of offshore sands also decreases seaward
(Ludwick, 1964).

3.2.3 Geologic Features

It is clear that the geology and geologic features of the northeastern GoM is quite
complex, and can be explained as a direct response of the sea-level fluctuations previously
described. The coast is characterized by four estuarine systems: Perdido Bay, Pensacola Bay,
Choctawhatchee Bay and St. Andrew Bay (Figs. 1.2 and 3.2). Further to the east, the
Apalachicola Embayment and Cape San Blas protrude into the Gulf, forming a concave seaward
coastline (Donoghue and Tanner, 1992). While there have been numerous studies in the northern
Gulf, it is acknowledged that there is considerable variability in stratigraphic architecture across
the margin (Anderson et al., 2004).

The Choctawhatchee River enters Choctawhatchee Bay in the eastern-most portion of the
bay (Mazzullo and Bates, 1985) where it is slowly filling in (Jackson et al., 1991).
Choctawhatchee Bay is a drowned estuary and almost entirely closed from the Gulf, except via
Destin East Pass, where an ebb tide delta is forming (Hyne and Goodell, 1967) (Fig. 3.2) and is
frequently dredged (Rosati, J.D., personal communication). Two jetties on either side of the pass

help maintain a channel (Fig. 3.3). Santa Rosa Island (approximately 84 km long and 1.5to 1 km
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wide), is an elongate barrier island in the western portion of the study area, is the largest barrier
in the eastern Gulf and consists of a broad beach backed by dunes (Boone, 1973). East of Destin
East Pass, a Pleistocene “headland” comprises the coast from Grayton Beach to Destin East Pass
(Stone and Penland, 1992).

Beyond the beach and barriers, relict paleo-shorelines are present in both the nearshore
and offshore (Koch, 2006) (Fig. 3.1). The shelf is gently sloping (<3°) and is described as a
passive ramp margin (Sydow and Roberts, 1994; Bart et al., 1998; Richmond et al., 2000; Bart
and Anderson, 2004; McKeown et al., 2004). Subsidence is relatively low, approximately 0.5
mm/yr (Anderson et al., 2004). In the study area, the shelf varies in width from 30 km (at the
head of the DeSoto Canyon) to over 50 km to the east. Two offshore shoals are recognized in
the study area (Fig. 3.4): one at approximately 25 m water depth and a smaller one at 30 m water
depth, as well as numerous ridges and troughs with smaller dimensions (Hyne and Goodell,
1967).
3.3 Methods

A comprehensive geophysical and geological data set was utilized in this project,
originally collected for the Department of Environmental Protection of the state of Florida for the
assessment of offshore resources (borrow areas) for beach restoration. The collection of the data
was done by several geophysical companies as noted in this chapter. All laboratory work and
interpretations were done by the author unless otherwise noted. Because the data was collected
by and for engineering firms and the state of Florida, all collection, laboratory and interpretation
measurements were performed in English units (feet) and later converted to metric for this thesis.
Therefore, measurements will be given in both systems for this chapter. All depths in this

chapter are referenced to MLLW unless otherwise noted.
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Figure 3.2. Late Pleistocene/Holocene features of the northwest Florida shelf. Created from
http://ross.urs-tally.com/Default.aspx.

Figure 3.3. Rock jetty at Destin East Pass, which traps a significant amount of sand along the
coast.
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Figure 3.4. Bathymetric features in the study area. Three distinct features are recognized: two
shoals on the inner to mid shelf; two ebb tide deltas, one that is still active; and small ridges and
troughs on the nearshore to mid shelf. Some of the crests of the major ridges are highlighted
with black lines.

3.3.1 Seismic Data

Approximately 1,100 km of sub-bottom seismic profiles were collected by Alpine Ocean
Seismic, Inc., in October 2004 and Sonographics, Inc., in October 2006, covering the nearshore
to inner shelf to the east and west of Destin East Pass and a large sand shoal on the shelf (Fig.
3.5). The seismic profiles were shallow, high resolution, ranging from approximately 2 — 4 m
and were collected with a DataSonics CHIRP II system or an ORE Geopulse “boomer-type”
profiling system. For the CHIRP data (Alpine), standard DGPS navigation input was used with
Hypack Max software for generating the X-Y data from the GPS system with a reading every
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150 ft. The frequency ranged from 2 — 10 kHz. Unfortunately, the navigation did not record to
the .seg files, and were subsequently damaged. The data were printed directly from the logger at
5 milliseconds (ms) of two-way travel time per inch, or approximately 4 m vertical resolution.
Sonograph profiles were recorded using a 125 ms sweep with bandpass filters set for .5 — 6 kHz.
Navigation for the survey was provided by LORAN C. Positions were acquired every 10
minutes for the high-resolution seismic, and depth profile data. These data were also scaled for
prints at 5 ms two way travel time per inch. The .segy files were not provided. Seismic data was
interpreted from the unprocessed print outs for key reflectors and characteristics of major facies
bounded by these reflectors. Seismic data were then correlated to vibracores and utilized in
cross-sections.  Selected raw and interpreted profiles are provided in Appendix D. Depths
reported in this section are in meters below the seafloor and are based on a standard acoustic
velocity of 1500 m/s.

3.3.2 Vibracores

Three hundred and five vibracores were collected along the nearshore and inner shelf and
further offshore on the shoal (Fig. 3.6 and Appendix E, for annotated core logs). Most of the
cores were approximately 6 m (~20 ft) in length, although some were a little shorter, and 7.6 cm
(3 in) in diameter. The cores were collected by Alpine Ocean Seismic, Inc., on contract to
Taylor Engineering Inc., to confirm the presence and quality of offshore sand resources for beach
restoration. Because the coring purpose was with the intent to locate large quantities of sand
viable for restoration, the core locations were somewhat skewed towards sand bodies identified
from the seismic data. Coring cruises were completed by Taylor Engineering in 2002,
November 2005, February 2006, September 2006, and February 2007, to calculate the volume of

sand available of sufficient quality for beach restoration. Cores were split longitudinally and
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photographed by Floyd De Mers, and logged for approximate lithology (gravel, sand, fines),
heavy bioturbation, and presence of organics, by Drs. Baozhu Liu, Harry Roberts, and Felix Jose
at the Coastal Studies Institute at LSU. Photographs and logs from 258 cores (Appendix E) were
later analyzed in more detail by the author to identify all possible structures, such as bedding and
laminations, and material type. Selected annotated core photographs and logs are available in
Appendix E. Stratigraphic columns were interpreted and the core depths were corrected for
MLLW. Correlations were made in strike and dip cross sections, and compared to seismic and

radiocarbon ages for interpretation of facies.
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Figure 3.5. Location of seismic lines with figure numbers labeled for sections to be shown and
discussed later in the chapter.
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3.3.3 Bathymetry

Bathymetry data were obtained from two sources for the study: the data compiled from
the NGDC website (Divins and Metzger, 2008) used in the modeling study and from the coring
and seismic cruises. Bathymetry data from the NGDC Digital Elevation Model is a 3 arc-second
coastal relief model that utilizes almost a century of compiled bathymetric soundings and
topographic data from the USGS. Data can be downloaded in a variety of horizontal spatial
resolutions, ranging from 10 minutes to 3 seconds. The horizontal resolution of the bathymetry
data downloaded for this section was based on the closest approximation of the data collected
that it was being compared to, for precise calculations and comparison. The data compiled for
the study area covered a range of surveys dating from 1935 — 1992, with the majority of it
collected in the late 1970s.

Bathymetry was collected by Alpine Ocean Seismic, Inc., in both low and medium
resolution grids during the coring cruises in 2002, November 2005, February 2006, September
2006, and February 2007. Alpine also collected bathymetry data in high resolution grids during
seismic surveys in September 2004, September 2005, September 2007, and November 2007. All
navigation locations were collected in Florida North State Plane system. The horizontal
projection was later converted to UTM, using ArcGIS software, for all data sets, including
NGDC data, for coherence in horizontal datum and for later calculations of area and volumetric
change due to the influence of hurricanes Ivan and Dennis. The vertical datum varied for each
cruise, so all data were corrected to MLLW using VDatum (NOAA Coastal Services Center).
The tracks for bathymetry surveys that were not part of the seismic or core cruises (i.e. Figures

3.5 and 3.6) are shown in Appendix C.
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Figure 3.6. Locations of cores collected. The labeled cores indicate the location of cores, in
particular those sampled for radiocarbon dating, discussed later in this chapter. Stratigraphic
correlations illustrated in subsequent figures are also labeled.

The ArcGIS spatial data analysis package, from ESRI, was used to create surfaces and
contours for each data set and to assess the bathymetric features generated on the shelf from high
energy events occurring prior to the surveys. Data that were determined having sufficiently high
enough resolution to visualize most of the morphologic features on the inner shelf were used for
erosion/accretion and volumetric analysis. This analysis utilized the spatial analysis feature in
ArcGIS and methods outlined in Price (2002) and Pepe and Coutu (2008). Specifically, this
involved using a subtraction technique on the bathymetry data from two consecutive surveys, in

the raster calculator feature, to assess depth changes, and the cut/fill feature, to assess volumetric

changes, both under spatial analyst. Analyses were preformed for a longer interval (24 years)
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pre- and post-lvan, and a shorter interval (2.5 years) pre- and post-Dennis. The longer time
interval utilized the NGDC and October 2004 data sets, immediately following Hurricane lvan,
and the shorter interval utilized the October 2004 and November 2007 data sets, post-Dennis.

3.3.4 Granulometry

Granulometric analysis was performed at the Coastal Studies Institute at LSU by the
author, Drs. Felix Jose, Baozhu Liu, Daijiro Kobashi, Yixin Luo, and Yuliang Chen. Vibracores
were sampled at 46 cm intervals (1.5 ft) for granulometric analysis to obtain a quantitative
assessment of the lithologic changes in the cores. This also provided accurate and up-to-date
data with sufficient spatial resolution as input for the models discussed in the previous chapter
(2). Cores or sections of cores that were predominantly fine-grained (>4.0 phi) upon visual
inspection were not sampled. Thus, sampling often did not extend all the way to the base of the
core. Approximately 20 g of sediment were used in each sample for the sieving process.
Samples were washed to remove any salts, dried overnight in a low temperature oven
(approximately 40°C), and the large shell fraction (>2 mm) was weighed and removed to avoid
skewing the particle size distribution (Ellis and Stone, 2006). Dry sieving was accomplished
using 0.25 phi intervals with the GilSonic AutoSiever™ in accordance with methods outlined in
Ellis and Stone (2006). This technique was chosen because the samples of interest (for beach
restoration) were largely free of clay and silt (Folk, 1980). The GilSonic AutoSiever™
combines three different motions that provide rapid and accurate grain size results (Gilson,
1992). Acrylic sieves of 7.6 cm (3 in) were used in sets of seven, running the sample through the
siever a total of three times per sample. Sieve mesh ranged in size from 0 to 4 phi. All sets were
run for 2.5 minutes each. Sieves were brushed and cleaned daily with an ultrasonic bath to

prevent accumulation of lodged grains in the mesh.
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Grain size statistics were calculated using the graphic method as defined by Folk and
Ward (1957), using the MicroCal™ Origin software package that allows weights by sieve to be
directly imported to into a spread sheet. Initial sieve weight, final sieve weight, sample weight,
weight percent and cumulative weight percent per sieve interval and saved in a text file, while a
graph of weight percent versus cumulative weight percent are automatically generated for each
sample. Mean phi, sorting, skewness, and kurtosis are also calculated using Folk and Ward
method (1957). This method was selected over other methods (i.e. Inman, moments) to allow
comparisons of results with previous studies in the northern Gulf of Mexico. Additionally, if
small errors associated with the sieves or methods were present, the resulting statistical output
would still be valid if the graphic methods were used (Folk, 1980). All calculations were done in
phi (¢) and millimeters (mm), with phi being used primarily, except for the sediment size data
used in the previous chapter (2) for the numerical modeling. Mean grain size data from all cores
are provided in Appendix F.

Mean grain sizes for all surface samples were compiled for input to the models in
Chapter 2. Mean grains of surface samples were also used to map the size distribution of
surficial sediments for major sand size divisions (0.5 and 0.1 phi increments). Where cores were
not sampled due to surface sediments being too fine, a value of 4.0 phi was arbitrarily assigned
for mapping, to indicate areas of fine grained material.

In order to assess how much calcium carbonate was present in the samples, three cores
were chosen for traditional acid digestion test. A “representative” sample was created by taking
samples from the top of selected cores, down to 3.6 or 4.5 m (12-15 ft) core depth, dried and
weighed. Five hundred mL beakers were filled with the dried sediment and hydrochloric (HCI)

acid (10 %) and left on a shaker for two days. The samples were then triple washed to remove
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any remaining solubles, dried, and weighed. The results of the analysis are provided in Table
3.2.

Table 3.2. Percentage of carbonate content in selected cores.

Sample Sample Wt (g) Final Wt (g) % Carbonate
WA-10 96.4 94.292 2.186721992
WA-38 40.311 38.821 3.696261566
WA-43 37.44 35.691 4.671474359

3.3.5 Radiocarbon Dating

To accurately establish the beginning of the Holocene and/or the end of the Pleistocene
(roughly, the end of the lowstand or beginning of the highstand) with hard dates, radiocarbon
(*'C) dating techniques were utilized. Many of the cores, particularly the bottom portions,
contained extensive deposits of peat, organics and organic-mixed sediments, and woody
fragments, some of which were excellent samples for radiocarbon dating. Sixty samples of wood
and peat were extracted from 45 different cores, and stored in a cool, dark location. From these
samples, five peat samples (see Table 3.3) were chosen from two different cores, one on the
nearshore, and one on the shoal (Fig. 3.6) to be sent to BETA Analytic, Inc., to be dated. The
samples were chosen based on location, multiple samples down core, and the presence of peat
and absence of wood. Peat was chosen over other materials present to be dated because basal
peats have been proven to be suitable in use for sea-level indicators (Gould and McFarlan, 1959;
McFarlan, 1961b; Torngvist et al., 2004). In addition, samples at considerable depth were
chosen in order to avoid the surface mixed layer. The rationale of this approach is that a
widespread peat deposit would be in situ, particularly if found within a back lagoon-type
environment, overlies a relatively consolidated (commonly Pleistocene) basement experiencing
negligible compaction, and can be related to the paleo-(ground)water level, which is assumed to
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be closely related to mean-sea level (Tornqvist et al., 2004). Wood was rejected because rootlets
may contaminate the sample with younger dates, while shell was rejected due to the possibility
of recrystallization.

Accelerated Mass Spectrometer (AMS) technique was used for low carbon/bulk sediment
samples, commonly used with peat. Samples were sent to BETA for pretreatment and all were
washed with acid. Calibration of the '*C data to calendar years was performed with the
INTCALO4 database (INTCALO4, 2004). The 2-sigma (95 % probability) and 1-sigma (68 %
probability) results were calculated (Talma and Vogel, 1993) for results less than 20,000 **C
years BP. These results were then compared to radiocarbon results from Hyne and Goodell
(1967) and Koch (2006), the only other dates published in this region (Table 3.3).

Stable carbon isotopes (**C/*2C) were also measured at BETA and their ratio was
calculated (Table 3.4). A serious limitation of basal peats as sea-level indicators is the difficulty
to interpret their environment of deposition and establish their dates with respect to sea-level
(Tornqvist et al., 2004). Stable carbon isotope ratios (5°C) have been proven to be extremely
useful in estimating the salinity regime of vegetation and sediments in modern Mississippi Delta
wetlands (Chmura et al., 1987), and is therefore used in this study to determine the relative
location of samples in relation to sea-level.

3.4 Results

3.4.1 Seismic Facies

Four facies are distinguishable in the seismic based on acoustic signature and bounding

surfaces. Selected annotated profiles are provided in Appendix D.
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3.4.1.1 Facies D

Facies D (Fig. 3.7) is relatively clear and featureless, containing almost no reflections in
the profiles and is therefore acoustically impenetrable. The bottom of Facies D is obscured by
the seafloor multiple, but generally at least 12 m or more is present in the profiles. However,
Facies D is generally absent where Facies C is present. This facies is correlated to AE3 from
Locker and Doyle (1992) (Table 3.5).

Table 3.3. Radiocarbon ages from sediment cores extracted from this study, compared to ages
from Hyne and Goodell (1967), and Koch (2006).

Core  Total Radiocarbon Horizontal
Study Sample Depth Depth Material Age (yrs BP) Error (+/-
(m)  (m) ety yrs BP)

Hyne and Goodell clastic limestone fragment
(1967) 19 0.24 21.54 g 22042 200
Hyne and Goodell shells, Macrocallista
(1967) 10 036 21.66 maculata 4918 200
Hyne and Goodell fragmented calcareous
(1967) 10 036 21.66 skeletal material 6000 200
Koch (2006) PCl1A 466 18.891 organic sediment 37470 1060
Koch (2006) EP1IA 3.72 26.891 Wood - rootlet 46850 1500
Koch (2006) SR3A  3.72 31.9998 Wood - stem or branch 38370 760

. peat, woody material
Th W-16A 4.801 25.5274 .

Is Study 6 80 > removed, some burrowing 18400 100
This Study W-168 5486 262124 Pe3bwoodymaterial

removed, some burrowing 1g5¢q 100

This Study W-27A 4.572 25.87752 pure peat, slightly oxidized ;5799 160
This Study W-27B 5.004 26.30952 pure peat, slightly oxidized 57560 170
This Study W-27C 5.486 26.79152 pure peat, slightly oxidized 79150 240

90



3.4.1.2 Surface 1

Surface 1 (Fig. 3.7) is a discontinuous reflection above Facies D. It most commonly
occurs where Facies A is missing from the profile. Where it does occur, it is slightly irregular or
is the outer-most surface of large channels. The depth to Surface 1 is quite variable: generally on
the order of 10 m or greater. This surface is correlated to BD in the eastern region of the Locker
and Doyle (1992) study and C of the northwest Florida shelf region of their study. Kindinger
(1988) refers to this surface as Horizon D. Koch (2006) interprets this surface as the top of the
Intracoastal Formation (Donoghue, 1992) (Table 3.5). This surface is much closer to the
seafloor in the eastern section of the study area than anywhere else.

Table 3.4. Stable carbon isotope ratios, conventional radiocarbon dates and calendar calibrated
ages with 1- and 2- sigma ranges where applicable.

Conventional Calendar 1-sigmarange 2-sigmarange

Core &%C(0/00) Error (+/- yrs)

Radiocarbon Age (yrs) (yrs BP) (yrs BP) (yrs BP)
W-16A  -26.6 18400 100 22010 21520-22150 21350-22230
W-168B -24 19560 100 23115-23630 22814-23740
W-27A  -244 25290 160
W-27B -24.2 27560 170
W-27C -23.8 29150 240

3.4.1.3 FaciesC

Facies C (Fig. 3.8) is present only in certain strike lines, and is obvious in a large channel
feature. It is characterized by multiple small channel-like reflectors that appear to cut into each
other and are possibly truncated at Surface 3. Reflections are spotty at best and sometimes
difficult to interpret due to lack of continuity. Locker and Doyle (1992) interpret this as possibly

AE4, and AES.
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3.4.1.4 Facies B

Facies B (Fig. 3.7) is more noticeable in dip sections, and characterized by long, gently
dipping seaward, weakly acoustic clinoforms. The reflections are faint and difficult to determine
the type of termination. Locker and Doyle (1992) call this section AE5. Koch (2006) interprets

this as mid-Wisconsinan.

Figure 3.7. Top image, raw seismic, un-interpreted. Bottom image, interpreted line drawing of
image. The yellow vertical lines are cores. The black line in the bottom image is surface 4, the
seafloor.

3.4.1.5 Surface 2
Surface 2 is somewhat sparse in the nearshore, or disrupted, but more common on the
shoal. It is sometimes very gently dipping seaward, in very long, clinoform-like features. Koch
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(2006) interprets this reflector as the maximum flooding surface (MFS) of the mid-Wisconsinan
before sea level dropped (Table 3.5).
3.4.1.6 Surface 3

Surface 3 (Figs. 3.7, 3.8) is a fairly continuous and flat reflector, visible in almost all
profiles. It ranges from at the seafloor to approximately 4 m below the seafloor in depth (Table
3.5).

Table 3.5. Seismic and litho-facies of this study correlated to facies described by other previous
studies.

This study Locker and . Koch 2006
o Doyle 1992 McBride et al. 1999 o
Seismic Core Seismic Core

Surface4  (Surface 4 Surface 3

5 Facies 6, 5 Beach/Barrier
A Surface 3 AES5 Erosional surface 2 |Holocene

4 Facies 2, 3, 4? lagoon, delta
Surface 2 n/a MFS
B 3 AE4? n/a Mid-Wisconsinan IcEisetlf[J:rine/lagoon/
C 2 Facies 1
Surface 1 BD/C Erosional surface 1
D 1 AE3 n/a Intracoastal Fm n/a

3.4.1.7 Facies A

Facies A (Figs. 3.7, 3.8) contains high amplitude reflections that are difficult to penetrate
with the seismic. High amplitude features are present but rare and difficult to see due to the
highly acoustic facies. Due to the impenetrability of this facies, it is interpreted as the quartz

sand that is common in the area. Facies A is at most 4 m thick, however, often disappears where
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troughs in Surface 4 dissect it. Locker and Doyle (1992) call this facies AE5. Koch (2006)

interprets this facies as Holocene reworked beach, nearshore and barrier sands (Table 3.5).

Figure 3.8. Top image, un-interpreted raw seismic image. Bottom, interpreted line drawing of
the above image. The image is part of a large incised channel, in which multiple smaller
channels occur. The black line in the bottom image is Surface 4, the seafloor, with multiple
ridges and troughs, down cutting into Surface 3.
3.4.1.8 Surface 4

Surface 4 is the seafloor, bounding the top of Facies A and occasionally B. It is
characterized by ridge and trough like features, particularly noticeable in strike sections (Fig.

3.8). Where these troughs occur Facies A is often missing, however, where the ridges occur

Facies A shows maximum extent. The ridges are asymmetric, with a steeply dipping side to the
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west or southwest and a gently dipping side to the east or northeast. The troughs, on the other
hand, are nearly symmetric. The shoal itself also appears to be slightly asymmetric, with a
slightly steeper side dipping landward. This morphology was also noted by McBride et al.
(1999) on the landward sides of North and South Perdido shoals on the inner shelf offshore
westernmost Florida Panhandle. These shoals also had similar orientation to the shoal in this
study.

3.4.2 Lithological Facies

Five facies are described from the cores based on lithology, composition, and to some
extent sedimentary structures. In addition to the figures, selected annotated cores are located in
Appendix E. Table 3.5 lists the lithological facies correlated to the seismic and other studies.
3.4.2.1 Facies 1 — Quartz and Carbonate-cemented Calcarenite

Facies 1 (Fig. 3.7) is a weakly carbonated-cemented sand that is very uniform in particle
size and color. The facies is featureless and dark gray. Where the facies is found with other
sediments, it is always at the base of the core. Refusal of the vibracoring often came soon after
penetrating this facies. The facies is most common in eastern cores and closer to the shore. It is
never found beneath the shoal. A few cores are entirely composed of this facies. The extent of
the formation is unknown in this area. Locker et al. (1988) and Locker and Doyle (1992)
indicate that this unit may outcrop along the eastern section of the study area (Fig. 3.9). It is
correlated to Facies D in the seismic.
3.4.2.2 Facies 2 — Silt and Clay

Facies 2 (Fig. 3.10) is a fine-grained silt and clay deposit with shells mixed throughout.

The facies is dark gray-brown in color. Thin beds of silt and clay often alternate (Fig. 3.10).
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Facies 2 is correlated to Facies C in the seismic (Table 3.5). The facies is not present in most

cores, but when present, is substantial.
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Figure 3.9. Intracoastal Formation (Facies 1). A. Isopach map from the seafloor to surface BD,
modified from Locker et al. (1988). B. Location of cores from this study containing mostly
Facies 1: cores WD-5, W-74, and W-72 were completely composed of this facies, while cores
W-73 and W-76 contained the facies within the first meter of the core to the bottom of the core.
C. Core WD-5 is completely composed of Facies 1.
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3.4.2.3 Facies 3 — Oxidized Clay and Peat

Facies 3 (Figs. 3.11) is an oxidized clay and peat section that is mottled orange, brown
and black in color. It is very fine grained, clayey, and organic-rich. Thin (~ 2 — 5 cm) peat beds
are present in many of these cores, often containing more than one bed of peat. Peat is also
mixed in with clay and silt in the cores. Wood fragments are common as well, and some rootlets
are observed. In the east, the base is on occasion truncated by Facies 1, but most of the cores do
not contain the base of Facies 3. In seismic profiles, a reflector is often observed at or very near
the top of this layer (Fig. 3.8). It is correlated to Facies B in the seismic (Table 3.5).
3.4.2.4 Facies 4 — Bioturbated Muddy Sand

Facies 4 (Fig. 3.12) is a moderately to highly bioturbated muddy sand. The color of the
facies is variable, ranging in color from whitish sands swirled with brown and grey sediment to
dark brown-grey sediment. The sand in this facies is often organically stained and is
characterized by abundant shells, scattered throughout, and/or in a significant hash layer,
generally towards the top of the facies. This layer is small, on the order of approximately 10 cm.
Facies 4 is approximately 0.5 to 2 m in vertical extent. The bottom boundary is often distinct,
noted by the lack of shells in Facies 2 or lack of sand in Facies 3, while the top boundary grades
into the shelly sands and clean sand facies above. Correlation to the seismic (Table 3.5) is to the
upper portion of Facies B. In the seismic, reflections often bound both the top and bottom of
Facies 4. This facies is easily correlated across the study area (Fig. 3.12).
3.4.2.5 Facies 5 — MAFLA Sand

Facies 5 (Figs. 3.11, 3.12, and 3.13) is a mature quartz sand with little shell fragments.
The facies is white to light brown in color and contains some scattered burrows. This unit is

very clean, but some mud is present in a few cores, mostly contained to flaser bedding or vertical
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burrows. Shell content often increases toward the base of the facies. The facies is approximately
0.5 to 4 m in vertical extent, and is correlated to Facies A of the seismic (Table 3.5). The facies

is easily correlated across the region (Figs. 3.12 and 3.13).
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Figure 3.10. Channel deposits (Facies 2) of fine-grained material. Core W-47 (left) is
completely composed of Facies 2. The channel deposit in core WN-25 was covered with an
organic layer (Facies 3) and MAFLA sand (Facies 5). Beds of alternating silt and clay are
visible core WN-25.

3.4.3 Radiocarbon Ages

Two radiocarbon ages were obtained from core WN-16 (Table 3.4) on the middle of the

crest of the shoal on the inner shelf. These samples were taken from peat (Facies 2 (lithology), B
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(seismic)) with some wood in the sample. The wood was removed for radiocarbon analysis. The
samples were dark brown, organically stained sand and silt mixed with peat. A few burrows
were present within several centimeters of the sample. The samples yielded ages of 18,400 **C
years BP (WN-16A) and 19,560 **C years BP (WN-16B). The 2-sigma range (95% confidence)
calendar calibrated result for sample WN-16A was 21,350 — 22,230 years BP (where BP is
before 1950, according to radiocarbon standard). The 2-sigma range for WN-16B was 22,814 —
23,740 years BP.

The stable carbon isotope ratio (8°C ) result for sample WN-16A was -26.6 %o,
indicating a freshwater environment of deposition (Chmura et al., 1987). The §"*C result for
WN-16B was -24 %o, indicating a more intermediate depositional environment for this peat.

Three radiocarbon ages were obtained from core W-27 (Table 3.4, Fig. 3.14) on the
eastern inner shelf region. These samples were of pure peat (litho-Facies 2, seismic Facies B).
The samples were slightly oxidized and dark brown, a thick, very uniform and featureless peat
deposit. No burrowing was evident for over a meter of the core surrounding this deposit (Fig.
3.14). Silt and clay interbedded the peat. The shallowest sample, W-27A yielded an age of
25,280 1*C years BP. The next deepest sample, W-27B, yielded an age of 27,550 **C years BP.
The deepest sample, W-27C, yielded an age of 29,130 *“C years BP. Due to the age of these
samples, they were not calibrated to calendar years.

The 8*3C of these samples ranged from -24.4 %o (W-27 A) to -23.8 %o (W-27C). While
these samples were predominately intermediate (Chmura et al., 1987), the increasing ratios

indicate increasing salt influence (towards brackish or marine) environments down-core.
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LITHOLOGIC LOG
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Figure 3.14. Radiocarbon ages from previous study and this study plotted against total depth. Inset, core WN-27, with sample
locations.
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The comparison to other age results from studies in this region (Fig. 3.14) is complicated
in that very little correlation is readily seen. The two younger dates from Hyne and Goodell
(1967) are extremely young for such depths, and do not compare well with the rest of the data.
Also, according to their study, if these dates are accurate, and represent the drowning of the
shoals, then sea level would have had to have risen 25 m in the last 4,000 — 6,000 years. It may
be possible that dates from Hyne and Goodell (1967) have been contaminated by younger
material, likely recrystalization of the shell material, due to the type of material that was dated
(shells) or vertical mixing of the Holocene material. A significant amount of older carbon is
required to contaminate a sample; however, younger contamination is possible with a small
amount of material (Hatfield, R., personal communication). Because of this, the age results of
core WN-16 may be slightly younger than reality. This may be due to younger contamination
from burrows or woody fragments (fresh water). Comparison of the dates from core W-27 and
Koch’s sample SR3A to Frazier (1974) curve of sea-level ages from the Texas and Louisiana
coast (Fig. 3.15), however Frazier’s data was sparse for pre-20 ka, and are not supported by other
sea-level histories outside of the GoM. Other studies in the region (i.e. Balsillie and Donoghue,
2004) do not extend far enough into the past for comparison. Comparison to global sea level
curves (Lambeck and Chappell, 2001; Siddall et al., 2003) indicate that the samples should be
much deeper, however, a hiatus of sedimentation that would have occurred when sea level was
further lowered (i.e. during the late Pleistocene lowstand) and this region fully exposed, was not
corrected for in this study’s depth error calculations. The surface that would have been exposed
and eroded during this time period can be seen by reflectors in the seismic (Surface 3).

Therefore, the ages of core W-27 are interpreted to be in situ due to the extensive deposit of the
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peat in the core, the lack of burrowing and wood, and the presence of a major reflection in the

seismic bounding of this facies.
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3.4.4 Sedimentology

Results from the granulometric analysis confirmed the presence of fine grained material
in Facies 2, 3, mixed sand with some mud and finer grained material in Facies 4, clean sand in
Facies 5. However, the results also indicated that an overall coarsening upward signature occurs
within Facies 4 to 5. The sand coarsens from approximately 3 phi (very fine sand) to less than
0.5 phi (coarse sand), with a mean sediment size per depth interval range of 2.5 phi at the bottom
to less than 1 phi (Fig. 3.16).

The surface sediment size distribution map indicates that most of the sediment at the
surface is approximately medium sand (1.5 — 1.0 phi) (Fig. 3.17). Some patches of coarse sand
(less than 1.0 phi) occur at the mouth of the Destin East Pass and near a large patch of sand (Fig.
3.10) in the east (Fig. 3.17). Analysis of sediment size on the surface of the shoal indicates that
the shoal is finest in the middle, and coarsens slightly to the northeast and southwest, ranging
from 1.3 to 1.6 phi.

Mean grain sizes were graphed with depth down core, and then cores were chosen from
the crest of the shoal and the nearshore to create a transect of mean grain size with depth (Fig.
3.18). The transect cuts the inner shelf from the nearshore in the northeast to the southwest tip of
the shoal, through which a fining trend is observed in the offshore direction (Fig. 3.17). The
nearshore cores are quite homogenous with uniform grain sizes through most of the core, while
the offshore southern shoal cores exhibit a fining downward trend through the core. In addition,
more shell, particularly shell hash, existed on the stoss (seaward) side of the shoal, and cores on
this side tended to be more variable in grain size down core, due substantial burrowing and shell
hash. In comparison, cores on the crest of the shoal decreased uniformly in mean grain size with

depth (Fig. 3.18).
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Figure 3.17. Mean grain size of surface samples from the cores in the study area (top map) and
mean grain size over the shoal (bottom map). The shoal is highlighted by the light gray dotted
lines in the bottom map, and the extent of the bottom map is indicated by the red box in the top
map.
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Figure 3.18. Mean grain size distribution with core depth along a shelf transect from the nearshore, northeast of the shoal to the
southwest tip of the shoal. Note that the nearshore cores are fairly homogenized through the core, but the southwestern cores fine
downcore.
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3.4.5 Bathymetric Calculations

It is well established that the features on the seafloor of the northeastern GoM are relict
from the latest rise in sea level (Hyne and Goodell, 1967; McBride et al., 1999; Donoghue et al.,
2003; Koch, 2006). Large shoals are visible on the shelf, as well as smaller ridges super-
imposed over these shoals and the majority of the shelf (Fig. 3.4). The shoals range in length
from approximately 10 — 17 km, are 2 — 3.5 km wide, and less than 8 m above the surrounding
bathymetry. The shoals are generally sub-parallel to the coast, oriented east-northeast to west-
southwest, and may be analogous ridges described on the Atlantic coast (Figueiredo et al., 1981;
Swift and Field, 1981; McBride and Moslow, 1991; Snedden et al., 1994; Snedden and
Dalrumple, 1999; Snedden et al., 1999; Hayes and Nairn, 2004) and ridges/shoals described in
the Gulf (McBride, 1995; McBride et al., 1999; Edwards et al., 2003; Twichell et al., 2003;
McBride et al., 2004; Rogers et al., 2009). The ridges, also noted in the seismic (Fig. 3.8), are
secondary features that are roughly perpendicular and super-imposed on the shoals. These ridges
are shore-oblique, with a steep side facing roughly southwest, and gently sloping on the northeast
side, similar to dune or large ripple morphology. The troughs appear more symmetric than the
ridges (Fig. 3.6). The ridges are approximately 50 m wide or less, less than 4 m high, and are
quite variable in length from less than a kilometer to approximately 4 km. These ridges have
been recognized by Fleischer et al. (1996) post-hurricane impact offshore Panama City, Florida.

Simple calculations of the symmetry and size of the ridges can provide information
regarding the type of flow or parameter forming these features. The rippled index (ripple length/
ripple height) (Collinson and Thompson, 1982) was calculated for a few selected ridges and
yielded a value of 12.05. The ripple symmetry (length of the stoss side/length of the lee side)

(Collinson and Thompson, 1982) was calculated for the same ridges, yielding a value of 6.7.
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Results from the subtraction of bathymetry data over a 24 year period (Fig. 3.19)
indicated that a significant amount of erosion occurs along the both sides of the shoal and the
northeast end of the shoal, over a multi-decadal scale and post-lvan. Erosion, possibly scour,
occurs in a trough pattern, perpendicular to the axis of the shoal, parallel to the ridges. However,
deposition appears to be more uniform and blanket-like, particularly at the southwest end of the
shoal. On the landward side of the shoal, deposition is more ridge-like. A net volume of 16.75
million m® was lost over this time period (Table 3.6). Maximum depth of erosion was 2.4 m,
while maximum deposition thickness was 3.3 m.

Due to limitations of high resolution bathymetry data change analysis from the short term
pre- and post-hurricane scenario was restricted to a much smaller area, confined to a sand-rich
area within the shoal; therefore the comparison is not exhaustive. It appears that the highest
volume and vertical accretion occured on the backside of the shoal; however, the deepest scour
occured here as well, with a value of 4.1 m of scour depth (Fig. 3.20). This was much higher
than erosion rates calculated from a numerical model, post-Camille in the Mississippi Sound, by
2.7 m (Bentley et al., 2002). This may be attributed to substantial energy attenuation of
hurricane-generated waves, prior to their reaching the barrier islands, and a reduction in shear
stress during the maximum influence of the hurricane (see Chapter 2, section 2.3.3 and 2.4.2).
Maximum thickness of the deposition is the same as in the long-term calculation: 3.3 m. The
seaward side of the shoal experiences more erosion than the landward side; however it is not as
deep, and more uniform than the landward side erosion.  Fleischer et al. (1996) noticed similar
features offshore Panama City post-hurricanes Elena and Kate, that they referred to as mega-

ripples.
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Figure 3.19. Bathymetry subtraction (top) and volumetric analysis (bottom) using the cut/fill
tool in ArcGIS, for a 24 year period. The top map shows depth of scour and accretion thickness,
while the bottom map contrasts the spatial patterns in erosion and deposition.
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Table 3.6. Statistics for the volumetric calculations for both area and volume for surface
sediment eroded and accreted over a 24 year time period (left, Ivan) and 2.5 year time period

(right, Dennis).

2004-1978 (Ilvan/Long Term Analysis) 2007-2005 (Dennis/Short Term Analysis
Volume Area Volume Area
Count 225 225 117 117
Minimum -22891717.188 1600.000 -129220.963 2500.000
Maximum 330825.146 44929600.000 [5040728.455 1380000.000
Sum -16745377.249 59268800.000 |3750763.683 14690000.000
Mean -74423.899 263416.889 32057.809 125555.556
Std Dev 1525639.043 2986454.122 465719.067 1045959.366

3.5 Discussion

3.5.1 Depositional Environment Interpretation

All facies, bounding surfaces, environments of deposition, and geologic and actual ages
can be seen in Table 3.7, in summary of this discussion (see also Fig. 3.8). Facies 1 is correlated
to Facies D (Table 3.5) in the seismic and below the BD surface from Locker and Doyle (1992).
Koch (2006) calls this facies the Intracoastal Formation. The cemented sand would create an
impenetrable surface for shallow seismic, as seen in the Chirp data (Fig. 3.7, Appendix D). The
Intracoastal Formation is interpreted to be Middle Miocene to Late Pliocene in age and
stratigraphically equivalent to the Choctawhatchee Formation of Miocene age (Schnable and
Goodell, 1968; Donoghue, 1992) (Table 3.6). Donoghue (1992) attributes the variation in depth
to the top of the Intracoastal Formation to subaerial exposure and fluvial erosion.

Facies 2 was not noted in other studies, except for Locker and Doyle (1992), who note

the presence of channels in the BD and C reflector in their profiles near Choctawhatchee Bay.
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Due to the irregularity of this facies, its fine-grained nature, and the presence of the facies in

channel-like reflectors in the seismic, this Facies 2 is interpreted as channel fill.
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Figure 3.20. Bathymetric subtraction (top) and volumetric calculation (bottom) using the cut/fill
tool in ArcGIS for a 2.5 year period following the landfall of Hurricane Dennis. The top map
shows the depth of erosion and thickness of accretion, while the bottom map shows the spatial
distribution patterns of net erosion and accretion.

114



McBride (1997) and McBride et al. (1999) interpret Facies 3 (this study) as Facies 1 in
their cores, a continental or coastal environment and strand plain masked by the soil horizon, part
of the highstand and falling stage systems tract (Table 3.5). Koch (2006) interprets this as a mid-
Wisconsinan deposit. This study interprets the facies as a soil horizon or marsh deposit, sub
aerially exposed during a lowstand (Table 3.6), and possibly the Pleistocene Prairie Formation
(Otvos, 1988; McBride, 1997; McBride et al., 1999), due to the oxidation that is visible within
the core (Fig. 3.11) and the radiocarbon dates obtained from this unit (Table 3.4 and Fig. 3.14).

Facies 4 is correlated to Facies 2, 3, and 5 in McBride et al. (1999), who interprets this
facies as an estuarine environment, part of the lower transgressive systems tract. Koch 2006
describes this facies as estuarine, back barrier lagoon or delta. This study interprets this facies as
back barrier lagoon or prograding delta, due to mixed sediment content, extensive burrowing and
shells. It is underlain by a sharp reflector that marks the ravinement surface separating it from
erosional ravinement surface, possibly the last lowstand, which separates Facies 4 from fluvial
and terrestrial sediments below (Figs. 3.7, 3.8, 3.10, and 3.11).

Facies 5, the surface deposits of the seafloor, is the MAFLA sand sheet recognized in
numerous studies of the northeastern GoM shelf (Ludwick, 1964; Doyle and Sparks, 1980;
Mazzullo and Bates, 1985; Kindinger, 1988; Locker et al., 1988; Locker and Doyle, 1992;
McBride, 1995, 1997; McBride et al., 1999; McBride et al., 2004; Koch, 2006). It is interpreted
as beach/nearshore/barrier sand that was deposited on the outer shelf/upper slope during the

lowstand and reworked onshore as sea level rapidly rose during the Holocene.
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Table 3.7. Lithologic and seismic facies with bounding surfaces and environmental interpretations. Modified and updated from
McBride, et al. (1999).

Lithological Seismic Environmental C' Age

Descripti h | i h
Facies Facies escription Interpretation  (yrs BP) Chronology Sequence Stratigraphy
Ridges, t hs and | . .
Surface 4 Idges, troughs and farge Modern seafloor Stillstand/Highstand
hummocks
Mature clean auartz sand: high Nearshore to Mid-Late Holocene reworked
Facies 5 Facies A ) g s Nig inner shelfsand  N/A sheet sand, MAFLA (Doyle and Major transgression
amplitude
sheet Sparks, 1980
Surface 3 Continuous below ridges Ridge base Erosional ravinement
Slighly muddy to shelly quartz Back barrier
Facies 4 Facies A sand, highly burrowed, flaser beach, lagoon, or N/A Early Holocene Early transgression
bedding; spotty reflections ebb tide delta
Surface 2 Spar_se, but relatively flat to gently Maximum flooding
sloping surface
Muddy sand to sandy mud, highly
Facies 3 Facies B omdged, some burrowing, lots of Intrafluvial marsh, 25290 - Mid-Wisconsinan Léte trangression to
organics, peat, wood; some paleosol 29150 highstand
clinoforms
Facies 2 Facies C Fine grained silts and clays; Incised vfalley fill, N/A Ear.ly - Mid Wisconsinan/Late Early - mid transgression
multiple channels estuary fill Pleistocene
Surface 1 Highly variable and disconneted, Lowstand/Sequence
large channels Boundary

Open marine
Facies 1 Facies D Carbonated cemented sands (Schnable and N/A
Goodell, 1968)

Miocene - Pliocene
(Donoghue, 1992)
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3.5.2 Geological History and Shelf Evolution

During the Early Wisconsinan, a major lowstand exposed the entire shelf and upper
slope, allowing fluvial processes to cut large channels across the shelf into Miocene strata. A
major lowstand with fluvial activity extending across the shelf is substantiated by the presence of
channels in the seismic profiles collected in this study and the presence of a peat bed overlying
portions of these channels (Fig. 3.10). Other studies have concluded that the area has been
incised by Early Wisconsinan channels adjacent to this study area as well (Locker and Doyle,
1992). As sea level rose during the Middle Wisconsinan, the channels were filled in with fine
grained fluvial sediment. Figure 3.21 shows a model of shelf development for the northeastern

GoM modified from McBride et al. (1999)
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Figure 3.21. Shelf evolution and development modified from McBride et al. (1999) for the
northeastern GoM.
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The results of the radiocarbon dates indicate that litho-Facies 3 and seismic-Facies B are
Late Pleistocene in age, deposited during a transgression as sea level rose for the last time during
the last glacial period (Fig. 3.15). These dates and the depth at which they occur are in good
agreement with Frazier’s (1974) curve from the northwestern GoM (Fig. 3.15). Timing of this
deposit would be during the end of the Mid-Wisconsinan and oxygen isotope stage 3 (OIS3)
(Beard et al., 1982; Gibbard and Kolfschoten, 2004). Results from the 5'°C indicate that the
samples are becoming increasing fresh water up-core, thus indicating a fall in sea level. All
samples indicate that sea level is below (seaward) of the sample location in the core. The
intermediate samples indicate that the environment of this peat was an intermediate marsh, much
like what one would see around Lake Salvador, south of New Orleans, today (Chmura et al.,
1987). Given this type of system, sea level may have been approximately 30-50 km basin-ward,
but perhaps only a few meters (or less) below the environment of Facies 3 where the radiocarbon
samples were taken.

As sea level dropped again, the most recent lowstand and Last Glacial Maximum, the
organic sediments were exposed and oxidized. This lowstand is represented by a ravinement
surface of erosion in the seismic (Fig. 3.7), and the transition of peat and organic material to
sandy deposits with little organics, representing the Pleistocene-Holocene boundary (Figs. 3.12
and 3.13). At this time period, shelf-edge deltas debouched sediment on the outer shelf (Gardner
et al., 2005). A rapid rise in sea level during the subsequent transgression allowed for this
material on the outer shelf to be reworked on the middle to inner shelf, depositing a major sheet
sand known as the MAFLA sand sheet (Doyle and Sparks, 1980).

The trangression may have paused twice on the inner shelf (McBride et al., 1999).

During these pauses, ebb tide deltas would have formed in sand sinks on the shelf, similar to the
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ebb tide delta at Destin East Pass (Fig. 3.4). These stillstands are consistent with those elsewhere
in the GoM (i.e. Frazier, 1974) and this region (Hyne and Goodell, 1967; Schnable and Goodell,
1968; McBride et al., 1999). Waves and currents would cause these features to become detached
ridges on the shoreface (McBride and Moslow, 1991), possibly barrier islands (Hyne and
Goodell, 1967). The shoals in this region are in a reasonable path of retreat from the modern
Choctawhatchee Bay, and are along the same isobaths as North and South Perdido shoals
(McBride et al., 1999), suggesting that these features formed at concurrently via the same
processes. Figure 3.22 illustrates this idea of shoal development from ebb tide deltas detaching
from the shoreface. The smaller shoal in this study, along with South Perdido shoal, lies just
landward of the region where isobaths begin to straighten and parallel the shelf break. This
region is also approximately the boundary of maximum RI and wave influence during storms
(Chapter 2). As sea level began to rise again, these features were likely overstepped and
drowned. The presence of a relict ebb tide delta to the northeast of the shoal, along with the
fining of shoal sediments offshore and with depth (Fig. 3.18), support the idea that this shoal was
formed from a detached ridge of an ebb tide delta. The presence of thin flaser mud beds along
the northeastern point of the shoal also is consistent with this idea of a detached ebb tide delta.
Sea level reached its present level approximately 3,000 years ago (Coleman and Smith,
1964) and ebb tide deltas and barriers formed again along the coast. High energy processes
associated with tropical cyclones and cold front storms began to take over as the dominant
process affecting and shaping shelf features and sediments. This has caused modification of both
the seafloor and the sedimentology/stratigraphic nature of the inner shelf. The coarsening
upward trend of sediments throughout Facies 5 (Fig. 3.16), and in particular on the shoal,

indicates that this sand sheet is being reworked at considerable depths. The reworking and
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winnowing of sediment in the near-seafloor shallow stratigraphy is substantiated by both the
short term and long term bathymetric calculations (Figs. 3.19 and 3.20). Bathymetric
calculations also indicate that the stoss side of the shoal is eroded, but at minimal depths overall,
with deposition on the backside of the shoal. The steeper landward side and erosion on the
seaward side of the shoal may indicate some barrier migration onshore. However, bathymetric
calculations also indicate deposition over the crest and to the southwest, suggesting that the shoal
is being maintained over time and migrating offshore, in the direction illustrated by the shoal
detachment model (Fig. 3.22). The bathymetric calculations also indicate the further
development of ridge and troughs on the inner shelf, which is well illustrated in the seismic (Fig.
3.8) and long term bathymetric calculations (Fig. 3.19). These calculations show that there is a
large volume of sediment that is lost to the inner shelf, both over a longer time period, and a
short interval (Table 3.6). The concept that storms are impacting the shelf is further corroborated
by the results of the ripple index and symmetry from the ridges. These results indicate that the
ridges are formed by strong waves and currents, to predominantly current conditions, (Collinson
and Thompson, 1982) associated with hurricanes and large storms.
3.6 Summary

Vibracores, shallow seismic, and bathymetry data were utilized to interpret the
stratigraphic framework and depositional environments of the late Quaternary inner shelf in the
northeastern GoM. Four seismic facies with four bounding surfaces were recognized in the
seismic, and five lithological facies were recognized within the cores. These facies represent a
major portion of the late Quaternary history, including the Mid-Wisconsinan incised channels
and transgression, and the Late-Pleistocene lowstand and Holocene trangression. Radiocarbon

ages confirm the large temporal distribution of these facies.
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Figure 3.22. Shoal development from a detached ebb tide delta, explaining the origin of the
shoals in this study. Dotted lines represent former tidal inlet shorelines. Modified from McBride
and Moslow (1991).

Two shelf shoals represent stillstands during the last trangression. The shelf shoals
formed from an ebb tide delta that was reworked and detached from the shoreface as sea level
rose. Since sea level has stabilized in the last couple thousand of years, the shelf has undergone
substantial reworking and winnowing of sediment due to storms. This well-mixed sediment has
created a sheet sand that coarsens upward to the seafloor, and over time has evolved into

numerous ridge and trough bathymetric features. Erosion and deposition is often localized due

to these patterns, and has further modified the stratigraphic framework.
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CHAPTER 4. SYNTHESIS AND A CONCEPTUAL MODEL FOR THE LATE
HOLOCENE GEOMORPHIC EVOLUTION OF THE WEST FLORIDA SHELF

4.1 Conceptual Model for Shelf Evolution

While no single layer of sediment on the inner shelf can be attributed to a specific
hurricane or “event”, significant changes have occurred on the shelf due to the impact of frequent
storms. While studies such as those from bays or lagoons (i.e. Bentley et al., 2000; Liu and
Fearn, 2000) or the Texas coast (Snedden et al., 1988; Snedden and Nummedal, 1991; Siringan
and Anderson, 1994) describe discreet sand layers from individual storms, this cannot be applied
to the northeastern GoM shelf due to the fact that the composition of the shelf is nearly identical
to that of the coast and barrier islands. Other influences are noticed however, based on
sedimentology and geomorphic changes, which have been integrated with the hydrodynamic
forcing, specifically when powerful hurricanes crossed the region, and computed using third
generation numerical models. Figure 4.1 summarizes these influences of storms on the inner
shelf. This study will corroborate the results of the numerical modeling by correlating the
geologic features observed on the shelf with the processes that impact the shelf during major
storms.

4.1.1 Sediment Redistribution

One general trend that is noticed on the shelf is the winnowing of sediments of the

MAFLA sand sheet and the deposition of patchy thin beds of clay on the shelf. The coarsening
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Figure 4.1. A conceptual model demonstrating the three dominant geomorphic/sediment
transport processes originating from the passage of frequent storms across the northeastern GoM.
From the top, reworking and winnowing of shelf material, and deposition of fine grained bay
material; shoal maintenance due to shoaling waves and wave convergence, and geostrophic flow;
trough scour and ridge building due to downwelling and geostrophic flow. For flow description
and phases see Figure 2.29, Chapter 2. Diagrams were modified and synthesized from several
studies (Snedden and Nummedal, 1991; Myrow and Southard, 1996; Snedden et al., 1999; Suter
and Clifton, 1999; Wiberg, 2000; Hayes and Nairn, 2004).
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upward trend of the entire shelf (Figs. 3.16 and 4.1) is indicative of a substantially reworked
deposit. The calculations of material lost and gained over time (Fig. 3.19), and before and after
Hurricane Dennis (Fig. 3.20), indicate that sediments are being reworked at a considerable depth
and that can be as much as a few meters for one event. The movement of large volumes of
sediment during storms has resulted in extensive vertical mixing of the sediment column
(Anderson et al., 1997), likely causing sedimentary structures to be obliterated with the
frequency of storms. Therefore, there is little preservation potential of the transgression on the
shelf, only the effects of the highstand. Nittrouer et al. (1979) describes this region as the
“surface-mixed layer”, the region where sediments are under the influence of surface activity.
Seismic profiles indicate that this surface-mixed layer may extend through the entire
transgressive deposit to Pleistocene material (Fig. 3.8). Dellapenna et al. (2008) also describes a
section on the Texas shelf near the Colorado River delta that is exposed Pleistocene sediments
due to strong storm currents and erosion.

It is possible that storms, particularly smaller ones, such as tropical storms or cold fronts,
may also deposit a drape of mud from the bays on the shelf or some patchier deposits of fine
grained material. The presence of fine grained material is noted in some cores as flaser mud
bedding, and in some cross-sections (Fig. 3.10) as larger deposits of mud and organics.
Dellapenna et al. (2008) noted scour pits on the shelf that were filled with as much as a meter of
mud after Hurricane Claudette. On the Louisiana shelf, ADCP’s deployed at Coastal Studies
Institute stations 15 and 6 were also buried well below 1 m of sediment post-hurricane Gustav
and were subsequently lost (Gibson, W., personal communication). Bentley et al. (2002)
described a mechanism in which sand is transported and advected on the shelf after which a mud

drape is deposited. They also found that reworking of the sediment extends well below the
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erosional depth cause by transport. This mud is subsequently burrowed and reworked so that the
drape becomes fill for the burrows in the sand sheet. As storms impact the region again and
again, the sediment is repeatedly winnowed, and material is worked off the shelf (see discussion
in Chapter 2). It has been suggested that some of this material being worked off the shelf,
particularly the material being deposited in the De Soto Canyon, may be forming a highstand
wedge at the slope toe (Bart, P., personal communication).

4.1.2 Shoal Morphology and Maintenance

It is evident from the bathymetric calculations (Figs. 3.19 and 3.20) that the general
morphology of the shoal is being maintained (Fig. 4.1). It is difficult to ascertain whether the
shoal is migrating onshore, as suggested by other studies (Penland et al., 1988; Byrnes et al.,
1999), due to the limited bathymetry data collected; however, it may be likely that the shoal is
migrating onshore due to the steeper northern side of the shoal seen in seismic images (McBride
et al., 1999). The shoal is likely being maintained by the approaching hurricane waves (Rogers
et al., 2009), which increase in height and decrease in length when approaching the shoal, thus
converging and shoaling on its crest (Hayes and Nairn, 2004). This convergence and shoaling of
waves would create the erosion seen in the bathymetric calculations, particularly for Dennis (fig.
3.20). Deposition along the crest indicates that the crest is being built up, in agreement with the
model proposed by Hayes and Nairn (2004) of shoal maintenance by converging waves on the
crest. Convergence of wave would likely occur during storm events, particularly during phases 1
and 2, given the high shear stresses along the shoal crest, discussed in Chapter 2. The deposition
of material in the west-southwestern section of the shoal may indicate a pathway for these
currents that are winnowing the shoal crest or a pathway for the removal of sediment that is

being lost from the shoal, shown in the volumetric calculations. Further research may be needed
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to substantiate this idea, but this pathway is consistent with flow vectors of the central portion of
the flow in the current model and discussed in Chapter 2. This may also support the idea of the
presence of geostrophic flows during storms (Swift et al., 1983; Snedden et al., 1988; Snedden
and Nummedal, 1991). Fining of the shoal to the west, particularly with depth (Fig. 3.18) also
supports the idea that sediment on the shoal is moving in a southwesterly directions due to storm
flow. The sides of the shoal, in particular the seaward side, are being dissected by ridges and
troughs on the seafloor.

4.1.3 Ridge and Trough Topography

Many researchers have recognized the presence of sand ridges or megaripples on the
shelf and attributed them to the influence of storms but virtually no one has attempted to explain
their origin in the northeastern GoM beyond that of wave reworking (Kindinger, 1988; Locker
and Doyle, 1992; McBride, 1995, 1997; McBride et al., 1999; Bart and Anderson, 2004). Due to
the depths of these ridges, it is likely that they are the direct result of storm erosion and
sedimentation. Many have suggested that a nucleus be available for the ridges to form, and it is
postulated that these ridges were formed when sea level was lower and the fair-weather wave
base could interact with the sand wave field. The storminess of the inner shelf in the
northeastern GoM has further shaped these ridges. The results of the bathymetric calculations
suggest that the troughs are being deepened while the swales are being built up and flattened out.
The images of the seafloor in the seismic profiles also confirm this, having broad, somewhat flat
swales, and narrow, deep troughs (Fig. 3.6). The steep facing sides on the southwest of the
ridges indicate flow to the southwest, consistent with the ebb flow and downwelling post-
hurricane landfall (Chapter 2, Fig. 2.29). In addition, studies indicate that bedform growth takes

place during current deceleration (Yalin, 1977; Snedden and Nummedal, 1991) suggesting that
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these features are being maintained on the ebb flow or downwelling post-storms. The ridges are
very similar to megaripples recognized offshore Panama City, FL (Fleischer et al., 1996). It was
concluded from this study that these ridges were formed post-hurricanes Elena and Kate, from
isobath following flows. These features described by Fleischer (1996) differ slightly in
orientation than the megaripples in this study, indicating a direction of flow to the northwest.
This could be due to the variability in currents off the Apalachicola Embayment, and eddies that
resulted in the flow model (Chapter 2).
4.2 Factors Controlling Geology in the Northeastern Gulf of Mexico: Revisited

It is clear that the major factor affecting the modern northeastern GoM inner shelf is the
frequent impact of storms and their associated hydrodynamics. All three phases of
hydrodynamics associated with storms, described in Chapter 2, can be seen in the sedimentology,
stratigraphy, and geomorphology of Chapter 3. The pre-landfall, resuspension phase of the
hurricane is important in terms of wave action on the sediments. This high-energy wave action
fosters resuspension on the shelf, particularly on the shoal, as waves converge and shoal over it
(Fig. 4.1). This helps maintain the shoal feature and winnow the sediments. During landfall, the
mixing phase, also allows for winnowing the MAFLA sediments on the shelf, particularly of the
shoal. Post-landfall downwelling and geostrophic flow become especially important in the
maintenance of the shoal, development of ridge and trough topography, and carrying the fine
grained material from the bays further offshore. The development of ridges and the maintenance
of the shoal, in particular, is evidence for geostrophic flow during and/or post-hurricane landfall.

While the role of storms on the inner shelf is primary, other factors are secondary in shelf
development that has allowed the precedence for storm impact. As discussed in Chapter 3, the

stratigraphy below the inner shelf is a direct function of sea level fluctuations and has formed the
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foundation for this setting. The relative stability currently associated with the northeastern GoM
is important in allowing storms to significantly affect the sediments and stratigraphy. Also
important is the lack of sediment input from riverine sources during fair-weather conditions.
Lack of burial of storm deposits or erosional features has created a layer of sediment that is being
constantly reworked and refined.

4.3 Directions for Further Research

One of the most prominent concerns in this area of research is quantifying sediment
transport during a storm event, as well as over a longer period of time, such as decadal or century
time scales. These models, however, are extremely complex and require a significant amount of
computational power, resources, host of input data; not to mention the complex model
parameterization and calibration procedures. Requirements for the success of such a model
would require skill assessment of the flow model for different metocean conditions. Wind
forcing may be the single most important factor in any hydrodynamic modeling and therefore
improvements to the quality of wind data and modeling are essential. The availability of current
data could also greatly assist such a study, allowing for both input and calibration. Also, updated
bathymetry data could significantly enhance the flow simulations; particularly for the shallow
water environments.

The collection of suspended sediment data during hurricanes would be useful for
providing both a means for calibration and the development of an algorithm for sediment
resuspension from satellite imagery. Such an algorithm has been successfully developed for
parts of Louisiana and Mobile Bay (Booth et al., 2000; Miller and McKee, 2004; Miller et al.,

2005) and can be useful to subsequent research in the same area.
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Another area of research that has very limited understanding is that of combined flow
(wave and current) properties. While it may be relatively small, understanding the shear stress
due to currents combined with that of waves is essential to any sediment transport modeling, but
the equations governing such properties are rather limited in their applications. This in turn
would be important to understanding the dominant type of movement of sediment on the shelf,
that is, geostrophic flows, episodic bed load transport, or sheet flows of sediment.

Many questions were also raised in regard to the stratigraphy of the inner shelf due to the
limited extent of data collected for this study. One question is the timing of the channel fill and
the creation of these channels on the shelf. Radiocarbon dates/depths of adjacent peat material
suggest that these channels, particularly the large ones may be Mid-Wisconsinan, but it is
difficult to ascertain if these channels were filled during the Mid-Wisconsinan transgression or
the last Holocene transgression. In addition, peat deposits occurred at a variety of depth intervals
on the shelf, even the surface. By determining the origin of these deposits, it would greatly
facilitate a better understanding of the reworking processes that occur on the shelf. Both of these
issues could be addressed by more random coring methods across the shelf, and better processing
of the seismic data.

Finally, the bathymetric calculations were extremely useful in understanding the degree
of change that occurred on the shelf both over longer and shorter time periods. More
calculations with a wider spatial distribution would be extremely useful in corroborating a
sediment transport model and would constitute a study on its own. These calculations would
require the collection of data before, and immediately after large storms, as well as over longer
time scales (decadal or multi-decadal). Very few studies have been attempted in this direction.

With the advancement in data collection technologies, such as high resolution LIDAR data for
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coastal mapping, or real time observations of metocean data for model validation, smaller
features and more ephemeral changes can be observed. In addition, enhanced understanding of

the geological impact of major storms would be beneficial to science.
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CHAPTER 5. CONCLUSIONS

It is clear from this thesis research that storms are the dominant factor currently shaping
the geology and geomorphic features of the northeastern GoM inner shelf. The overall purpose
of this research was to assess how these storms affect the northeastern GoM and what these
impacts are was accomplished through both physical modeling and geologic interpretations from
an extensive data set combing met-ocean data with stratigraphic, sedimentological, and
bathymetric data. The results of this work indicate that storm influence is manifested in three
distinct features obvious on the shelf, which are the product of several different mechanisms that
influence the region during major storm events. These features include 1) winnowing of
sediment that creates a coarsening upward sand sheet in the upper Quaternary/Holocene
stratigraphy; 2) the maintenance of sand shoals on the inner shelf; and 3) the development of
ridge and trough topography on the shelf, particularly the inner shelf.

The upper Quaternary stratigraphy is a direct product of sea level change in the northern
GoM and the cores and seismic, supported with radiocarbon ages are indicative of two major
transgressions (the Mid-Wisconsinan and the Holocene), separated by the last lowstand at the
end of the Pleistocene. Granulometry data from the facies deposited during the Holocene
transgression indicates that it is a substantially reworked deposit, not only from the rise in sea
level, but the continued winnowing from storms that can move at least a few meters of sediment
in one event. The hydrodynamic model simulation suggests that this material is likely moved in
episodic bedload transport during the peak of the storm. The model coupled with satellite
imagery suggests that a large amount of fine-grained bay material is moved out on the shelf post-
storms, but the lack of this material in the majority of cores indicates that finer-grained material

from the bays and shelf is deposited in deeper water, further offshore than the inner shelf.
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Alternatively, if this material is never buried on the shelf, it is possible that with the coring
technique used this material may not be recorded.

The shoal on the inner shelf is being well-maintained, indicated by the deposition of
material along the crest calculated for a 24 year period. This deposition on the crest of the shoal
is likely due to the convergence of wave crests during approaching storms, in the pre-landfall
phase, and geostrophic flow that develops in the landfall and post-landfall phases. Wave
convergence over the shoal has also caused a migration of the shoal to the southwest and further
offshore. This migration of the shoal is consistent with the detached ridge and ebb tide delta
model for inner shelf shoal evolution.

Ridges and troughs have formed on the inner shelf as secondary features, possibly tertiary
to larger sand wave features. The ridge and trough topography is fairly ephemeral but consistent:
while the ridges almost always exist on the shelf due to the frequency storms in the northeastern
GoM, their locations and depths may vary. The ridges and troughs are most pronounced post-
storms, while quiescent periods allow for dissemination of the ridges, in particular. These ridges
and troughs are a product of scour from return flow downwelling during the post-landfall phase
of the storm.

The presence of these three features on the inner shelf, a winnowed sand sheet, the
maintenance of a shoal, and the development of ridges and troughs, indicate that the northeastern

GoM stratigraphy is a result of frequent and complex storm influence.
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APPENDIX A: SELECTED SATELLITE IMAGES
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A.1 MODIS Images

Table A-1. MODIS Bandwidths used in this study, modified from http://modis.gsfc.nasa.gov.

Image Channel Bandwith (nm)
True Color Composite (Red, 13and 4 620 — 670; 459 — 479; 545 —
Green, and Blue) ’ 565
Red 1 620 — 670
Near Infrared (NIR) 2 841 — 876

A.1.1 Ivan Images

Figure A.1. Aqua, True Color Composite: 18:47 UTC, 08 September 2004.
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Figure A.2. Aqua, Red Channel: 18:47 UTC, 08 September 2004.

150



Figure A.3. Aqua, NIR Channel: 18:47 UTC, 08 September 2004.
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Figure A.4. Aqua, True Color Composite: 18:42 UTC, 17 September 2004.
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Figure A.5. Aqua, Red Channel: 18:42 UTC, 17 September 2004.
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Figure A.6. Aqua, NIR Channel: 18:42 UTC, 17 September 2004.
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Figure A.7. Aqua, True Color Composite: 19:22 UTC, 18 September 2004.
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Figure A.8. Aqua, Red Channel: 19:22 UTC, 18 September 2004.
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Figure A.9. Aqua, NIR Channel: 19:22 UTC, 18 September 2004.
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Figure A.10. Aqua, True Color Composite: 18:27 UTC, 19 September 2004.
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Figure A.11. Aqua, Red Channel: 18:27 UTC, 19 September 2004.
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Figure A.12. Aqua, NIR Channel: 18:27 UTC, 19 September 2004.
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Figure A.13. Terra, True Color Composite: 16:42 UTC, 21 September 2004.
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Figure A.14. Terra, Red Channel: 16:42 UTC, 21 September 2004.
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Figure A.15. Terra, NIR Channel: 16:42 UTC, 21 September 2004.

163



A.1.2 Dennis Images

Figure A.16. Aqua, True Color Composite: 18:32 UTC, 11 July 2005.
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Figure A.17. Aqua, Red Channel: 18:32 UTC, 11 July 2005.
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Figure A.18. Aqua, NIR Channel: 18:32 UTC, 11 July 2005.
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Figure A.19. Aqua, True Color Composite: 19:17 UTC, 12 July 2005.
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12 July 2005.

Figure A.20. Aqua, Red Channel: 19:17 UTC
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Figure A.21. Aqua, NIR Channel: 19:17 UTC, 12 July 2005.

A.2 SeaWIFS Suspended Particulate Images

Table A.2. SeaWiFS Bandwidths used in this study.

Channel Bandwith (nm)
5 555
6 670
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A.2.1 Ivan Images

Figure A.22. 18:23:58 UTC, 17 September 2004.
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Figure A.23. 18:06:48 UTC, 19 September 2004.
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A.2.2 Dennis Images
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Figure A.24. 18:57:53 UTC, 11 July 2005.
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Figure A.25. 17:59:11 UTC, 12 July 2005.
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APPENDIX B. MODEL VALIDATION PLOTS
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B.1 Ivan Wave Model Validation

For all figures in this section, blue is measured data, red is modeled data.
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Figure B.1. Validation at NDBC 42040 for modeled data.
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Figure B.2.

In-situ Vs Simulated Wave Characteristics at NDBC 42040 station
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Figure B.3. Model validation at NDBC buoy 42003.
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In-situ Vs Simulated Wave Characteristics at NDBC 42036 station
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Figure B.4. Model validation at NDBC buoy 42036.
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Figure B.5. Model validation at NDBC buoy 42039.
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B.2 Dennis Wave Model Validation

For all figures in this section, blue is measured data, red is modeled data.

In-situ Vs Simulated Wave Characteristics at NDBC 42001 station
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Figure B.6. Model validation at NDBC buoy 42001.
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In-situ Vs Simulated Wave Characteristics at NDBC 42003 station
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Figure B.7. Model validation at NDBC buoy 42003.
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Figure B.8. Model validation at NDBC buoy 42039.
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In-situ Vs Simulated Wave Characteristics at NDBC 42036 station
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Figure B.9. Model validation at NDBC buoy 42036.
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Figure B.10. Model validation at NDBC buoy 42040.
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B.3 Ivan Hydrodynamic Model Validation

Measured and Simulated surge levels from Apalachicola Bay, Florida
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Figure B.11. Model validation at Apalchicola Bay tidal gauge station in Florida.
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APPENDIX C. INDIVIDUAL CRUISE TRACKS

Cruise tracks for bathymetry collected and used in bathymetric calculations.
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Figure C.1. Collected by Alpine Ocean Seismic, Inc., October 2004: seismic cruise.
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Figure C.2. Collected by Morgan and Eklund, Inc., November 2007.
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APPENDIX D. ANNOTATED SELECTED SEISMIC IMAGES*

*Because most of these lines were not digital, the interpretations were done on paper and later
transferred to digital copies for this study. During the process, Line 33 was extensively
interpreted and annotated, containing a large channel and many clear reflectors. Unfortunately,
this line was lost before the seismic profiles could be made digital. For all images, one inch
equals 5 ms of two-way travel time, or approximately 4 m. The vertical exaggeration varies per
figure.
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Figure D.2. Line 26.
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Figure D.3. Line 50.
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APPENDIX E. SELECTED ANNOTATED CORE LOGS
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Figure E.1. Core WN-1 log.
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LITHOLOGIC LOG
Walton County Core
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Figure E.2. Core WN-2 log.
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Figure E.3. Core WN-3 log.
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Figure E.4. Core WN-4 log.
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Figure E.5. Core WN-5 log.
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Figure E.7. Core WN-7 log.
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Figure E.8. Core WN-8 log.
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Figure E.9. Core WN-9 log.

197



LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
WN-10 WN-10
o o
=1 2 i HE: = g
e S s COMMENTS 2 E|% S z COMMENTS
Depth  |Z|%|2\3 €28 Depth (212215 | | E 3|3
@ 2> < —
SR I S R RO K HE S R
] ’ 3.7
0.1 1 3.81 !
0.2 Sand with a 55 ! S
1.0 0.3 High Content of 13.0 40, | ome Urganic
0.4 4 Shell Fragments i | C|Sta|.n|rl1§; with
5 ay In Burrows
0.5 1 4.2 4 !
2.0 0.6 1 14.0 43 |
071 4.4 I
0.8 1
4.5
304 o091 L 1509 464 A o
1.0 i)
1.1 4
4.8
4.0 1.2 1 16.0 4.9
1.3 1 '
i il High Shell
’ 5.11 Content with
504 137 1709 524 Clay in Sand
1:61 5.3 Matrix
1.7 4
5.4
6.0 1.8 18.0 5.5 4
1.9 ]
e Very High i
o / Shell and Shell .
7.0 : Fragment Content : 5.8
221 with Clay in 5.9 L
231 the Sand Matrix 6.0 1
8.0 244 20.0 6.1
2.5 1 62
2.6 1 63
909 271 2101 6.4
2.8 - | U . l
2 Highly burrowed 523
9 6.6 -
1009 301 2204 67
3.1 1 654
3.21 6.9 1
11.0 2511 ) . 23.0 7.0
3.4+ White sand with dark 714
3.5 burrows 721
12.0 361 24.0 7.3

Figure E.10. Core WN-10 log.
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Figure E.12. Core WD-12 log.
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Figure E.14. Core WN-14 log.
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Figure E.15. Core WN-15 log.
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Figure E.16. Core WN-16 log.
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Figure E.17. Core WN-17 log.
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LITHOLOGIC LOG
Walton County Core
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0.1
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0.7
0.8
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9.0

10.0
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Figure E.18. Core WN-18 log.
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0.8
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1.7 4
6.0 1.8
1.9
2.0
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2.8
2.9
3.0
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3.2
3.3
3.4
3.5
3.6
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11.0

), i i i i G L
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scattered shells
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Shell
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with Scattered
Shell

12.0

Figure E.19. Core WN-19 log.
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Figure E.20. Core WN-20 log.
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1.4 1
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1.6 1
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3.1 4
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3.3 1
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LITHOLOGIC LOG
Walton County Core

WN-21
©

2|5 2 -

S|E|2 = 2
L_ = COMMENTS

gl3|3 2 =
HEEEIPE RS 2
S|S|= | |F|T| @ o

12.0 361

C

-—— ) -
—— ——

o o 5, i ], o o, e ] o o, G i o st (STUELL
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scattered shells
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Shell and Shell
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(Possibly Burrowed)

Major reflection, line 31

Figure E.21. Core WN-21 log.
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1.9 1
2.0 1
2.1 1
2.2 1
2.3
2.4 4
2.5 1
2.6 1
2.7
2.8 4
2.9+
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|
|
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Figure E.22. Core WN-22 log.
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3.4
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Figure E.23. Core WN-23 log.
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Figure E.24. Core WN-24 log.
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Figure E.25. Core WN-25 log.
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LITHOLOGIC LOG
Walton County Core
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Depth
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Fine Sand

Coarse Sand
Silt

Gravel
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Clay

BURROWING
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0.1 1
0.2 1
1.0 0.3
0.4
0.5 1
2.0 0.6 1
0.7 4
0.8
3.0 0.9 1
1.0 1
1.1
4.0 1.2 4
1.3
1.4 4
5.0 1.5 1
1.6 1 &
1.7 1
6.0 1.8
1.9 1
2.0 4

701 21
2.2

23
8.0 241
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904 271
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2.9
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3.1

32

33

3.4
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11.0

\\!

- = = = = = — — —ISHELL

Mud flaser

Seismic reflector

12.0

Figure E.26. Core W-26 log.
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Figure E.27. Core W-27 log.
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Walton County Core
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Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

o- 04

Clay

BURROWING

ORGANICS

COMMENTS

0.1
0.2
1.0 0.3
0.4
0.5
2.0 0.6
0.7
0.8
3.0 0.9 4
1.04
1.1
4.0 1.2
1.34
1.4
5.0 1.5 \
1.6 4
1.7 4
6.0 1.8
1.94
2.0

7.0 2.1
2.2 4

23
804 241
25
26
2.7
2.8
2.9
3.0
3.1
3.2
33
3.4
354
3.6

10.0

11.0

I — T

White sand

Mud-filled Burrows
Dark brown/mixed
with white sand

Splamicraf

12.0

Figure E.28. Core W-28 log.
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LITHOLOGIC LOG

Walton County Core
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Depth
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Fine Sand
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Silt
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0 0
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COMMENTS
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0.2

1.0 0.3
0.4

0.5 1

2.0 0.6
0.7 4
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3.0 0.9 1
1.0 4

1.1 4

4.0 1.2 1
1.3 4

1.4 4

5.0 1.5 1
1.6

1.7 4

6.0 1.8
1.9 4

2.0

7.0 2.1 1
221
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251

26+
9.0 2.7 1
28+
2.9
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3.1
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3.4
351
36+

10.0
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12.0

- S s o s SHELL

Clean white sand

Figure E.29. Core W-29 log.
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(] Big whole Shell
= O Fine sand filled Burrow

Muddy dark brown
sand




LITHOLOGIC LOG

Walton County Core
W-30

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 0

Clay

BURROWING

ORGANICS

COMMENTS

0.1 1
0.2 1
1.0 0.3
0.4 4
0.5 /
2.0 0.6
0.7 1
0.8
3.0 0.9 4
1.0
1.1
4.0 1.2+
1.3 4
1.4 4
5.0 1.5 1
1.6
1.7 4

1.9

2.0
704 211

221

231
sod 241
251
261
2.7 1
2.81
2.9
3.0
3.1 1
3.21
331
341
351
361

10.0

11.0

= = = = e SHELL

Clean white sand

Whole Shell

12.0

Figure E.30. Core W-30 log.
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Depth
Ft. M.

120
3.7 1

3.8 1
3.9 1
4.0 A
4.1
4.2 4
4.3 A
4.4 4
4.5
4.6 A
4.7
4.8 A
4.9
5.0 4
5.14
5.2 4
5.3 1

5.4
1804 55

13.0

14.0

15.0

16.0

17.0

5.6
5.7 4
19.0 5.8 4
5.9
6.0 -
20.0 6.1 4
6.2
6.3
21.0 6.4
6.5 -
6.6
22.0 6.7 4
6.8 -
6.9 -
23.0 7.0
7.1 4
7.2

LITHOLOGIC LOG
Walton County Core

24.0 7.3 -

W-30
o
2|5 2 A
SE[R z s
| 8|5|3 14| % COMMENTS
HEIEEEE R
S|O|=S|EZ|H|0|| @ | & o
Fine Sand filled Burrows
O
I
(m] Big Shell Piece
I
Big Whole Shell




LITHOLOGIC LOG
Walton County Core
W-31

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 0

COMMENTS

Clay
BURROWING
ORGANICS

0.1
0.2 1
1.0 0.3 1
0.4
0.5 -
2.0 0.6
0.7
0.8
3.0 0.91
1.04
1.4
4.0 1.2
1.34
1.4
5.0 1.51 N\
1.6 4
1.7 4

6.0 1.84
1.9 1

2.0
20 211
2.2

23

804 247
2.5

261

909 271
2.8

2.9

1009 391
3.1 N

3.2

3.3

3.4

3.5

3.6

11.0

Clean white sand

Big Shell Pieces

Shell

Big Whole Shell and
Small Shell Debris
Slightly muddy

Large shell pieces

———mm e m— == =[O == =flm === = = = =[F = = = — — —{SHELL

12.0

Figure E.31. Core W-31 log.
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Ft.
12.0

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

220

23.0

24.0

Depth

M.
3.7
3.8
3.9
4.0
4.1
424
43
444
454
4.6
474
48
4.9
5.0 1
5.1 4
5.2 4
5.3
5.4 1
5.5 4
5.6
5.7 4
5.8 1
5.9
6.0
6.1
6.2 1
6.3 1
6.4
6.5
6.6
6.7 4
6.8
6.9
7.0
724
7.2 4

LITHOLOGIC LOG
Walton County Core

7.34

W-31
©
2|5 2 ~
alcl= s g
=|2|E|l& S|4 |2 COMMENTS
HEEIEINE EERE
G|S|=|E|G|C|| 2 | & | ©
7 T
I
I
l A .
| | Fine Sand filled Burrows
|
I
|
I
|
A |
4] [
(] Peaty organics
I




LITHOLOGIC LOG

Walton County Core
W-32

Depth

Medium Sand
Fine Sand

Silt

Coarse Sand
Clay

.,,
Ly
k<
Gravel

0 0

BURROWING

SHELL

ORGANICS

COMMENTS

0.1
0.2 4
1.0 0.3
0.4 4
0.5
2.0 0.6 4
0.7 4
0.8
3.0 0.9 1
1.0 4
1.1
4.0 1.2 4
1.34
1.4
5.0 1.5
1.6 4
1.7 4
6.0 1.8+
1.9
2.0 1
7.0 2.1 1
2.2 1
2.3 1
8.0 2.4
2.5
2.6
909 271
2.8
2.9+
3.04
3.1 1

10.0

3.2 .
3.3
3.4 A
3.5
3.6 1

11.0

0

O === =0

Clean white sand

Whole Shell

Small horizontal
burrow

Shell

12.0

Figure E.32. Core W-32 log.
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Depth
Ft. M.

12.0
3.7 4

3.8
3.9
4.0
4.1
424
43
4.4 4
454
4.6
474
4.8
4.9
5.0
5.1 4
5.2
5.3
5.4 4
5.5 4
5.6

5.7 1
1904 538

13.0

14.0

15.0

16.0

17.0

18.0

5.94
6.0 -
20.0 6.1
6.2
6.3
21.0 6.4 4
6.5 -
6.6 -
22.0 6.7 4
6.8 -
6.9 -
23.0 7.0
7.1
7.2 4

LITHOLOGIC LOG
Walton County Core

W-32
B

o
2|5 = wn
J|2|B = =

=

T E S Q z COMMENTS
Eggi‘:’zi‘% <
O|O|=|iZ|&H|O el =

24.0 7.3 -

Big Shells & Small
Shell Debris

Dark gray brown,
muddy sand
Organics

7 | SHELL

Peaty organics

CO-———————————




LITHOLOGIC LOG
Walton County Core

W-33

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 01

Clay

BURROWING

ORGANICS

COMMENTS

0.1 1
0.2
1.0 0.3 1
0.4
0.5
2.0 0.6
0.7 1
0.8
3.0 0.9 4
1.0 1
1.1 1
4.0 1.2 1
1.3 1
1.4 1
5.0 1.5 1
1.6 1
1.7 1

1.9+
20+
204 21
221
231
sod 24;
251
26+
9.0 2.7:1
28+
2.9+
3.0+
3.1
324
331
341
354
361

10.0

11.0

12.0

e e e — === O 0== == = O~ = = = = = = — = —{SHELL

Clean, slightly shelly
white sand

Figure E.33. Core W-33 log.
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Depth
Ft. M.

12.0
3.7 1

3.8 1
3.9
4.0 4
4.1
4.2 4
4.3 4
4.4 1
4.5 A
4.6 A
4.7 A
4.8 A
4.9
5.0 4
5.1 4
5.2 4
5.3 4

5.4 4
18.0 55

13.0

14.0

15.0

16.0

17.0

5.6 4
5.7 4
19.0 5.8 4
5.94
6.0 1
20.0 6.1 4
6.2 1
6.3 1
21.0 6.4 4
6.5
6.6
22.0 6.7
6.8
6.9 4
23.0 7.0
7.14
7.24

LITHOLOGIC LOG
Walton County Core

24.0 7.3 -

W-33
2|E g "
I 5 £ 2 % i = COMMENTS
HEEE B
S|O|=Z|Z|H|T| = 2] o
|
IR
I
|
|
|
I
|
I
|
|
|
I
|
| ! Muddy, dark brown
| : burrows
A I 1




LITHOLOGIC LOG
Walton County Core
W-34

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 0

Clay

BURROWING

ORGANICS

COMMENTS

0.1
0.2
1.0 0.3 1
0.4
0.5 1
2.0 0.6 1
0.7 1
0.8
3.0 0.9 1
1.0 1
1.1 1
4.0 1.2 1
1.3 1
1.4 1
5.0 1.5 1
1.6 1
1.7 1
6.0 1.8
1.9 1
2.0
704 211
221
231
8.0 241
2.5
26
904 271
2.8
2.9
3.0
3.1 1
3.2
3.3
3.4

3.5 1 \
3.6 4

10.0

11.0

L S U S 1 T T ey SR SRS 1T

Clean white sand

Burrow

Burrow

Big Shells
Muddy burrows

Shell-debris-filled
Burrow

12.0

Figure E.34. Core W-34 log.
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Depth
Ft. M.

12.0
3.7

3.8 1
3.9
4.0 {
4.1
4.2 4
4.3 4
4.4 4
4.5 A
4.6 A
4.7 4
4.8 A
4.9+
5.0 1
5.1 4
5.2 4
5.3 1

5.4 4
18.0 s

13.0

14.0

15.0

16.0

17.0

5.6
5.7 4
19.0 5.8 4
5.9
6.0 -
20.0 6.1
6.2
6.3
21.0 6.4
6.5
6.6
220 6.7 4
6.8
6.9
23.0 7.0
7.1 A
7.2

LITHOLOGIC LOG
Walton County Core

W-34

Gravel

Coarse Sand

Medium Sand
Fine Sand

Silt

Clay

BURROWING

ORGANICS

COMMENTS

24.0 7.3

——— = = SHELL

Brown sand

Dark brown burrow

Scattered dark brown
burrows




LITHOLOGIC LOG
Walton County Core

W-35

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 01

Clay

BURROWING

ORGANICS

COMMENTS

0.1 4
0.2 1
0.3 1
0.4 4
0.5 1
0.6 1
0.7 1
0.8
0.9 1
1.0 4
1.1 1
1.2 1
1.3 1
1.4 1
154
1.6 1
1.7 4
1.8
1.9 1
2.0 1
2.1 4
2.2
2.3
2.4 1
2.5 1
2.6 1
2.7 1
2.8 1
2.9+
3.0 1
3.1 1
3.2 4
3.3 1
3.4 1
3.5 1
3.6 1

10.0

11.0

12.0

e m = = = = = = [} = = —{SHELL

Clean white sand with
scattered shells

Shell concentration

Mud filled small
burrows

burrow

Dark brown organic
rich material

Figure E.35. Core W-35 log.
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Depth
Ft. M.

12.0
3.7 4

3.8
3.9
4.0
4.1
424
43
4.4 4
4.5
4.6
474
4.8
4.9
5.0 4
5.1 4
5.2
5.3
5.4 4
5.5
5.6
5.7 4
5.8 4
5.9
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
744
7.2 4

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

22.0

23.0

LITHOLOGIC LOG
Walton County Core

W-35
o
2|8 2
al<l= =
5|3|5|3 S|4 COMMENTS
mmgwu>~n: w
s 3 clz|=ll 2 |
O|O|=|Z|&H|O = v}

24.0 7.3 -

— e = = = == = ORGANICS

Dark brown organics




LITHOLOGIC LOG
Walton County Core
W-36

Depth

Coarse Sand
Fine Sand

Gravel
Silt

0 01

Clay
BURROWING
ORGANICS

COMMENTS

0.1 1
0.2 1
0.3 1
0.4
0.5 1
0.6 1
0.7 1
0.8
0.9 1
1.04
151
1.24
1.34
1.44
154
1.6 1
1.7 4
1.84
1.94
2.0 1
2.1
2.2 4
2.3 1
2.4
2.5 4
2.6
2.7 A
2.8 4
2.9
3.0 4
3.1 4
3.2 4
3.3
3.4 4
3.5 1
3.6 4

,—— Medium Sand

10.0

11.0

—— e el = o ] = = ] SHELL

Clean white sand

Burrow?

Smally shelly layer

Burrow

12.0

Figure E.36. Core W-36 log.
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Depth
Ft. M.

12.0
3.7 {

3.8 4
3.9
4.0 1
4.1
4.2 4
4.3 A
4.4 1
4.5 A
4.6 A
4.7 A
4.8 4
4.9
5.0 1
5.1 4
5.2 4
5.3 1
5.4 4
5.54
5.6
5.7 4
5.8 4
5.94
6.0 A
6.1 -
6.2 A
6.3 A
6.4 4
6.5 A
6.6 A
6.7 -
6.8 A
6.9 A
7.0
7.1
7.2

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

220

23.0

LITHOLOGIC LOG
Walton County Core

24.0 7.3 -

W-36
o
2|5 2 o
S|ElB = =
<25l 4| % COMMENTS
HEHEEAE EIEAE:
O|O|=Z|Z|H|O @ [z} o
| Mud in burrow
| Big Shell

Interbedded Fine
Sand and Silt

Very dark brown and

organic rich




LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
W-37 W-37
. o
2|3 g g HE g g
K|ElB = E 3|g|2 = =
EIEI =% COMMENTS Depth FIEIEIR iz | % COMMENTS
Depth & p I
z|s|8|gl=3| S| 2|8 338|352 |2
’g- "6‘-682&%0«:- % | O 1;; M ISIS|IZ|EIGIS| 8|S | S
| I : 3.7 C
0.1
0a. ! 3.8 Mud with
’ I 3.9 4 lenticular sands
1.0 0.3 I 13.0 i
0.4 :
.1 4.1
2': ] 1 42
=0 07 ] 1 1404 454
0'8_ Small shells and 4.4 1
’ fragments 4.5 |
304 091 | 1503 46/
1.0 4 | =y
139 =1 481 ] Big whole shell
4.0 1.2 1 | 16.0 4.9
134 I 5.0
1.4 I .
5.0 1.5 1 | 17.0 52
1.6 1
| 5.3 1
179 5.4
6.0 1.8 + Big whole shell 18.0 55
1.9 4 | e
2.0
70 2.1 1 ! . 19.0 -
: 2 Big whole shell 5.8 1
221 so
| 1 7
23 | 6.0
24 1 . 20.0
8.0 ] Big shell fragments 6.11
2.5 1 o)
| | ’
p ' Medium sand with 631
2.7 iu wi 21.0 3
20 58] flaser mud 64
; 6.5 1
2.9 6.6 1
1009 301 2209 67
sl 6.8
324 691
3.3 1 )
s 1 Sand with flaser mud 23.04 7.0
4 | 714
3.5 1 _
12.0 201 l 24.0 7.3

Figure E.37. Core W-37 log.
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LITHOLOGIC LOG
Walton County Core
W-38

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

o- 0

Clay
BURROWING
ORGANICS

COMMENTS

0.1
0.2
1.0 0.3
0.4
0.5
2.0 0.6
0.7 1
0.8
3.0 0.9 4
1.0 4
1.1 4
4.0 1.2 1
1.3 4
1.4 4
5.0 1.5 1
1.6
1.7 4

1.9
2.0
704 2711
2.2
2.3
8.0 2.41
2.5
26
2.0 2.7 1
2.81
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6

10.0

11.0

12.0

= =ffjl=— =1 SHELL

Shell fragments

Big shell

Fine sand filled
burrows

Figure E.38. Core W-38 log.
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Ft.
12.0

13.0

14.0

15.0

16.0

18.0

19.0

20.0

21.0

22.0

23.0

24.0

Depth

M.
3.7 1
3.8 1
3.9
4.0 4
4.14
4.2 4
4.3 A
4.4
4.5 4
4.6
4.7 1
4.8
4.9
5.0 4
5.1 4
5.2 4
5.3 1
5.4
5.5 1
5.6
5.7 {
5.8 4
5.9
6.0
6.1 4
6.2
6.3
6.4 -
6.5
6.6 -
6.7
6.8 A
6.9 4
7.0
7.1 A
7.2 4

LITHOLOGIC LOG
Walton County Core
W-38

Gravel

Coarse Sand

Medium Sand
Fine Sand

Silt

Clay
SHELL

COMMENTS

734

- - = = = == == ={ BURROWING
- - - = = == = ORGANICS

With lenticular
sands




LITHOLOGIC LOG
Walton County Core
W-39

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 0

Clay
BURROWING
ORGANICS

COMMENTS

0.1 1
0.2 1
0.3 1
0.4 1
0.5 1
0.6 1
0.7 1
0.8
0.9 4
1.0 1
1.1
1.2 1
1.3 1
1.4 1
1.5 1
1.6 A
1.7 1
1.8
1.9 4
2.0 1
2.1 1
2.2 1
2.3
2.4 1
2.5
2.6 1
2.7 1
2.8 4
2.94
3.0 1
3.1 1
3.2 4
3.3 1
3.4 1
3.5 1
3.6 1

10.0

11.0

12.0

= =1 SHELL

e mm e e e e e e e — = m——————

Big whole shells and

fragments

Big whole shells

Figure E.39. Core W-39 log.
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Depth
Ft. M.

12.0
3.7 1

3.8
3.9
4.0
4.1
42
434
4.4
45
46
47
48 4
4.9
5.0 1
5.1
5.2
5.3 1
5.4 1
5.5 1
5.6
5.7 1
5.8
5.9
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7 4
6.8
6.9
7.0
7.1 4
7.2

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

22.0

23.0

LITHOLOGIC LOG
Walton County Core

W-39
o

[}
-g% = wn
2|2 = 2

=

2|58 2 Z COMMENTS
%E'Uu) >| & [}
Slolalel=E|I=| 2 o
O|O|=|T|&H|O = =

24.0 7.34

[ I N | [ ————— [ T ]

Carbonate-cemented

sands

Big whole shell




LITHOLOGIC LOG
Walton County Core
W-40

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

Clay

BURROWING

ORGANICS

COMMENTS

(0] 04
0.1 4

0.2 1

1.0 0.3 4
0.4 1

0.5 1

2.0 0.6 1
0.7

0.8+

3.0 0.9 1
1.0 1

1.1 4

4.0 1.2 4
134

1.4 4

5.0 1.5 1
1.6

1.7 4

6.0 1.8+
194

2.0+

7.0 2.1
2.2

231
804 247

251

261
904 271
281
2.9
3.0
3.1
3.2
33
3.4
351
361 /

10.0

11.0

12.0

— R e Dk s R s PR s S V1

Big shell fragments

Big whole shell

Big shell fragments

Figure E.40. Core W-40 log.
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Depth
Ft. M.
12.0
3.7 {

3.8
3.9 4
4.0
4.1
42
43
4.4
454
46
47
48
4.9
5.0 4
5.1 4
5.2
5.3
5.4
5.5
5.6

5.7 4
1909 538l

13.0

14.0

15.0

16.0

17.0

18.0

5.94
6.0
20.0 6.1
6.2
6.3
21.0 6.4
6.5
6.6
220 6.7
6.8
6.9
23.0 7.0
7.1 4
7.24

LITHOLOGIC LOG
Walton County Core

24.0 7.34

W-40

<|2 9
c| o = V2]
3|¢|e = g

=
3 E 3 g - é COMMENTS
ss|8|2=B S| E|&
C|O|ZS|Z|HK|O|| ® | & | O

Carbonate-cemented
sands




LITHOLOGIC LOG
Walton County Core
W-41

Depth

Coarse Sand
Fine Sand
Silt

.,.,
ut
2
Gravel

0 0

Clay

BURROWING

ORGANICS

COMMENTS

0.1 4
0.2 1
1.0 0.3 1
0.4 4
0.5 4
2.0 0.6 1
0.7 4
0.8+
3.0 0.9 1
1.0 1
1.1 4
4.0 1.2 1
1.3 1
1.4 4
5.0 1.5 1
1.6 1
1.7 4
6.0 1.8
194
2.0+

N\ |Medium Sand

7.0 2.1
221

23+
804 241
25
26+
o0d 27
2.8
2.9-
3.0
3.1
32-
33+
3.4
35
36+

10.0

11.0

e T " s i EE s PSS V1Y

12.0

Figure E.41. Core W-41 log.
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Depth
Ft. M.

12.0
3.7 4

3.8 4
3.9 1
4.0 A
4.1
4.2 4
4.3 4
4.4 1
4.5
4.6 -
4.7
4.8
4.9
5.0 4
5.14
5.2 1
5.3 1

5.4
18.0 s

13.0

14.0

15.0

16.0

17.0

5.6
5.7 4
19.0 5.8 4
5.9
6.0 -
20.0 6.1
6.2 -
6.3
21.0 6.4
6.5
6.6
22.0 6.7 4
6.8 -
6.9 -
23.0 7.0
7.1 4
7.2

LITHOLOGIC LOG

Walton County Core
W-41
o

2|5 2 o

S|Ee|B = 2
=|2|5|l& S z COMMENTS
> 5|50 > e (G}
s 3 = &
S|S|2|E|3|S 2 S

24.0 7.34

i e S o . ) it s . i [ 1 5 SHELL

Carbonate-cemented
sands




LITHOLOGIC LOG
Walton County Core

W-42

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 0

Clay

BURROWING

ORGANICS

COMMENTS

0.1 1
0.2 1
1.0 0.3 4
0.4 4
0.5 1
2.0 0.6 1
0.7 1
0.8+
3.0 0.9 1
1.0 1
1.1 1
4.0 1.2 4
1.3 4
1.4 4
5.0 1.5 1
1.6 1
1.7 1
6.0 1.8+
1.9 4
2.0+

7.0 211
2.2

2.3

804 247
25
26
00d 27
2.8+
2.9
3.0
3.1
32-
33+
34+
35
36+

10.0

11.0

e e e e[ === == e e m == = = = = = = = = =|SHELL

Carbonate-cemented
sands

12.0

Figure E.42. Core W-42 log.
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Depth
Ft. M.

12.0
3.7 4

3.8
3.9
40
4.1
4.2 4
43
4.4
45
46
47
4.8
4.9
5.0
5.1
5.2
5.3

5.4
1804 55

13.0

14.0

15.0

16.0

17.0

5.6
5.7 4
19.0 5.8 4
5.9
6.0 -
20.0 6.1 4
6.2 -
6.3 1
21.0 6.4
6.5 -
6.6 -
220 6.7 4
6.8 -
6.9 4
23.0 7.0
7.1
7.2 4
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LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Walton County Core
W-43 W-43
2|3 g 5 2|5 2 o
Ale g % s COMMENTS S g 3 z COMMENTS
pepth (22|13 | 1€ |23 Depth 2121313 | I &2 |3
oM |S5|SIS|EGIS| B |5 S . M (GISIZ|E|ES| B[ & | S
0 0- . 12.0 S
0.1 1 364 i
0.2 1 50 ;
1.0 0.3 1 13.0 40 i
sl | 4.1 I
0.5 | 45 (I
209 061 | 1404 .| 1|1
0.7 1 | aa) I
0.8 | a5 |
3.0 0.9 | 15.0 ied 1
1.0 1 | 4.7 - | I
111 I 48 !
4.0 121 | 1603 49 F
131 I 5.0 4 |
43 | 5.1 !
5.0 1.5 c 1 17.0 5.2 ]
1.6 N\ I 53
1.7 4 ] 544
6.0 1.8 ) 18.0 55
1.9 ) 56
2,01 I 5.7
7.0 2.1 4 | 19.0 5.8
2.2 4 | Carbonate-cemented 5.0
23] Sediments
1 6.0 1
804 241 | 2009 6.1
2.5 I a5
291 I 631
9.0 2.7 I 21.0 6.4 1
2.8 1 I 65
2.94 I 6.6
1009 307 2209 674
311 6.8 1
3.2 69
11.0 337 23.0 7.0+
3.4 i
351 7.2
12.0 361 24.0 7.3

Figure E.43. Core W-43 log.

231



LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
W-44 W-44
e 2 % = COMMENTS 3|e g g s COMMENTS
Depth g % 22 MEIZ|S Depth g % = JEIZ2|S
Ft ISR EEE EERERRS ;‘0 Mo ISISIZ|EIGIS)| 3|5 | S
& O.?__ u Lots of shell 1203 3] T
ragments 384 1 I
0.2
3.9 1 .
1.0 0.3 1 13.0 ey |
sad ! 4.1 1
0.5 | o] |
2.0 0.6 1 | 1403 .| |
wadd I 441 1
il I 45 1
3.0 0.9 | 15.0 a6
101 I 471
s ! 481 I
4.0 1.2 16.0 i) I
vl 501 I
: 5.1
5.0 1.5 1 17.0 5.2 I
7] | |
- 1 5.4 |
6.0 : I 18.0 55
1.91 I 5.6 4 I
;11) 1 | 5.7 1 \ !
7.0 14 I 19.0 5.8 \
i; | ) 5.9
: 6.0 L
8.0 241 I 20.0 6.1 CD
2.5 : | C
26 ! 63
9.0 2.7 1 | 21.0 6.4 1
2.8 | s
2.9 | 55}
1004 307 1 2209 67
B 6.8
3.2 .y
11.0 334 23.0 7.0
3.4 ]
32 7.2
12.0 361 24.0 734

Figure E.44. Core W-44 log.
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Walton County Core Walton County Core
W-45 W-45
- 2 U]
=2 o -| €
HEE = g alZlz = g
% S = = MENTS
Depth |8 S a 2|2 | = COMMENTS Depth =l 2 5 5 g 3418 COM
JEEEEE EEERR e oM |EI8I2IEI2I8I 2SS
Ft M. 15|S|S|E|F|C|| =& | & | © i S|S|=|E|GF|C| =2 | &
0 0- i
Shell fragments 3.7 1 |
0.1 1 6] :
0.2 1 0]
1.0 0.3 1 13.0 201
041 1 4.1
031 | 42
2.0 0.6 14.0 b
0.7 4 Ifl Shell fragments an ]
0.8
45
_
3.0 0.9 O 15.0 a
1.0 1 .y
1.1 1 48
4.0 1.2 16.0 4.9
1.3 1 56
1.4 1 -
5.0 159 Medium sand with 17.0 5.2
1.6 1 interbedded mud layers 5.3 ]
LN I 5.4
6.0 1.8 1 18.0 5.5 4 I
1.9 1 1 5.6 |
2.0 4 1 5.7 1 |
704 211 | 1903 538/ |
2.2 1 ? 5.9 |
234 1 6.0 |
8.0 2.4 | 20.0 6.1 :
2.5 | 6.2
2.6 | 6.3
904 271 | 2103 6.4
2.8 I 6.5
2.9 I 6.6
100 397 | 2209 67
3.1 1 I 63
3.2 | 69
11.0 234 | 23.0 7.0
3.4 | 71
3.5 | 22
12.0 361 24.0 7.3

Figure E.45. Core W-45 log.
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Walton County Core

W-46

Depth

Coarse Sand
Fine Sand

Gravel
Silt

0 0

Clay

BURROWING

ORGANICS

COMMENTS

0.1 1
0.2 1
1.0 0.3 1
0.4 1
0.5 1
2.0 0.6 1
0.7 1
0.8

1.0 1
1.1
4.0 1.2
1.3
1.4
1.5 1
1.6 4
1.7 1
6.0 1.8
1.9
2.0

« w
o o
o
L}

O - Medium Sand

7.0 2.1 1
22

234
804 241

25

26
o0d 27
2.8+
2.9-
3.0+
3.1
32-
33+
3.4
35+
36+

10.0

11.0

12.0

o= off= e o= == - | SHELL

Interbedded thin
mud layers

Figure E.46. Core W-46 log.
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4.3
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4.8 A
4.9+
5.0 4
5.1 4
5.2 4
5.3

5.4
18.0 s |

14.0
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17.0
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5.7 1
19.0 5.8
5.9
6.0 A
20.0 6.1
6.2 -
6.3 -
21.0 6.4
6.5 -
6.6
22.0 6.7 4
6.8 A
6.9 -
23.0 7.0
7.1 4
7.2 4
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LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
W-47 W-47
o o
| € o - | € (G}
53| e g g 5|8|= s g
wlgle = £l S =
bepth | z| 2|53 S|4 |2 COMMENTS — s| 2|55 S|4|2 COMMENTS
JEEHEHBEE AR JHEEHE R B
i)t “(/)"GSEEEU“J LS, 1;; M. SISIZE|EGIS| 8|5 | S
ey v Shell debris 37 I
’ | 3.8 |
02 | 3.9 |
1.0 0.3 I 13.0 20
o.:~ I 4.1 |:|
0. | 42 1
2.0 0.6 I 14.0 ey I
07 1 4.4 |
0.8 | 45 ] |
3.0 0.9 1 | 15.0 4.6 |
:'?' | 4.7 |J_'|
: 1 4.8
4.0 1.2 1603 40
95 | : 1
141 ! 91 !
; 5.1
5.0 1.54 : 17.0 524 ﬂ
1.6 1
1.7 1 : :Z
6.0 1.8 I 18.0 55
1.9 1 I 564
2.0
5.7
|
20 2.1 1 I 19.0 5.8
221
5.9
23] | ol L |
I j
8.0 2.4 1 H 20.0 6.1
2.5 624
2.6
6.3
904 271 2107 641
2.8 6.5
2.9
6.6
1003 301 2209 674
3.1 4 6.8 4
3.2 6.9
11.0 333 T 23.0 7.0
3.41 571
3.5 : 7.2
12.0 361 24.0 7.3

Figure E.47. Core W-47 log.
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Walton County Core Walton County Core
W-48 W-48
o ©
o
g E - g S ,'%, E &5 § é)
Alele 2 = Slelg =
Depth || &[3|S Q| 2|2 COMMENTS Depth I EI l=21= COMMENTS
AEEEEE EEERR: JEEEEE ERERR:
Ft. M. |5|S|S|EG|S| 2|5 | S £t M5 |SIZ|E|GIS)| 8|5 | S
0 0- 12.0 ey E
0.1 ]
0.2 i, s, |
3 13.
1.0 0.3 | 20
0.4 - I i)
0.5 1 | 4.2
2.0 0.6 1 | EXE .
0.7 1 L | 4.4
0.8
| 45 4
3.0 0.9 1 . 15.0 Q6
1.0 4 | 4.7
1.1 ol
| ]
4.0 1.2 I 16.0 4.9
13 I o
144 | 5.1 -
5.0 1.5 1 I 17.0 524 O
1.6 1 53
179 D 5.4 |
6.0 1.8 | 18.0 55 ) 1
1.9 : iy
2.0 57
703 211 | 1904 5z
221 | 5.}
2.3 )
J Big whole shells 6.0
803 241 (scallop) 2007 6.1
2.5 55
2.6 - 6.3
904 271 2109 64
2.8 1 I 654
2.9 | 6.6
1004 397 | 2209 674
3.1 68
3.2+ c: 1 6.9
11.0 334 23.0 7.0
3.4 7.1
3.5 7.2
12.0 361 24.0 7.3

Figure E.48. Core W-48 log.
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Walton County Core Walton \%oxgty Core
W-49 = =
- 2 o 2 & = v
HH = g M 3 z COMMENTS
—|2|E|& 312 COMMENTS Depth EIEIEIR el 2| =
Depth g o|2(v 1= =T I HEEIEIME =R
HEHEEEE EEEAR= Ft. Mo ESIgIElZIEN 2| 5| 8
Ft M. =10 gl=12l 2 = 9O iZ|&»|0O ()
o o O|O|=|iZ|&H|O| @ ) o 12.0 37
e . 7]
0.1 | 3.8 1 Mud filled burrows
0.2 1 | 3.9
1.0 0.3 4 I 13.0 40
0.4 1 | 4.1
0.5 A | 4.2
2.0 0.6 I 14.0 5. 1
0.7 1 | 4.4 I
0.8+ | 45 I
3.0 0.9 I 15.0 i I
1.0 1 o 4.7 4 |
10 ) 4.8
4.0 124 I 16.0 4.9
1.3 | 5.0
1.4 I 5.1
5.0 1.5 I 17.0 524
1.6 1 5.3 4 I
1.7 4 |:| 5.4 - :
6.0 1.8 : 18.0 55
1.9 . 564
201 I 571
7.0 2.1 4 19.0 5.8
2.2 : 5.9
2.3 A 6.0
g5] 244 | 2004 61
2.5 : 6.2
2.6 I 6.3
2.7 21.0
9.0 6.4 4
284 | Carbonate cemented
| sands 6.5
O
2.9 : 6.6
10094 397 | 2209 67
3.14 6.8 4
3.2 : 6.9
11.0 £ 23.0 7.0
3.4 i
3.5 1 7.2 4
12.0 S]] 24.0 734

Figure E.49. Core W-49 log.
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Walton County Core Walton \%Olsl(l)lty Core
W-50
o
-2 o 2|5 g o
R § g 4 g 2 3 s COMMENTS
—|2|E|S 3.2 COMMENTS Depth EED: 22|53
Depth gl e S ﬁ > = o (U] Ft M S 3|2 2 = E D = o o
Ft M cl3lelel=z|ml S| T | & 3 5 G|O|Z|Z|H|T|f @ | & | ©
& 0~_ S|O|=Z|[Z|(H|T| @ \ O 12.0 3.7 |
’ ) Fine sediment filled
011 3.8 1 burrows
0.2 i 3.9 |
1.0 0.3 1 ¢ 4.0 I
0.4 4.1 I
0.5 1 I Fine sand filled 4.2 I
2.0 0.6 I burrows 14.0 45 I
0.7 4.4 1
I
0.8+ 4.5 >
) | 15.0
3.0 0.9 1 I 4.6
1.0 1 4.7 4
1.1 I 4.8 1
I 16.0
4.0 1.2 I | Shell fragment 4.9
1.3 1 5.0 4
1.4 ! 5.1
5.0 1.5 I 17.0 5.2
1.6 1 5.3 1
1.7 4 5.4 4
6.0 1.8+ 18.0 55 ]
9 ; 5.6
! Big whole shells and
2.0 1 shell fragments 541
21 19.0 5.8
7.0 - »
2.2 4 5.9
2.3 6.0
/ 20.0 ]
8.0 2.4 4 6.1
2.5 1 6.2 4
2.6 6.3
] 21.0 6.4 1
9.0 2.7 I o
2.8 1 .5 1
2.9 : 6.6
N 22.0 6.7 4
10.0 30 .
3.14 6.8 4
3.2+ 6.9 4
i 23.0 7.0
11.0 o
3.4 7.1 4
3.54 7
I 361 24.0 7.34

Figure E.50. Core W-50 log.
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Walton County Core
W-51 vy Walton County Core
= W-51
2|5 2 B
HEEEE EIIRE 23 e T,
Depth T|8|32|S 2|l o | Z COMMENTS 3l el = o
Ft W HEEEPE ELERE Depth = EIN [SI I COMMENTS
. - |8 |O|=S || F|T|| @ & S Ft M HEEIEIME BS o] IG)
o 3 s = | O clE|= = = = o
T 12.0 OO |=|Z|H|O| = v o
0.1 4 ’ 3.7 4 T | -
o5 | 35 ) & Fl?e sand or mud
§ Shell debri ) illed burrows
1.0 0.3 1 0 2 3.91 I |
| 13.0
0.4 1 4.0 1
0.5 1 | 4.1 |
2.0 0.6 - | » 424 |
0.7 | 0 4.3 1
0.8 | 4.4 1
3.0 0.9 4 ! Fm% sand filled 45 ] |
urro! g
5] P! ws 15.0 icl i
1.1 P! 47/ "
203 12- | 48 I
134 1 16.0 294 |
1.4 1 50 I
5.0 1.5 5.1 )
164 17.0 o :
1.7 4 5.3 )
6.0 1.8 5.4 |
1.0 18.0 55 l
2.0 5.6
7.0 2.1 1 | o 5.7 4
2.2 ) - 5.8
23 5.9
8.0 2.4 1 6.0
2.5 2009 6.1 4
26 | 6.2
| ]
9.0 2.7 6.3
2.8 | 21.0 6.4
2.9 | 6.5 -
| :
10.0 3.01 6.6
3.1 | 22.0 6.7 4
324 I 6.8
] | 6.9
1150 33 .
3.4 1 I || Fine sand or mud filled 2304 701
3.5 1 | burrows 7.1
] | 7.2
12.0 3.6 |
24.0 7.3

Figure E.51. Core W-51 log.
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Walton County Core Walton County Core
W-52 W-52
© ©
2|2 g " 2|5 = o
5 2le S ) S| gl = g
= =
bepth ||| 5|3 8|42 COMMENTS Depth <|g| 5|5 8l4|2 COMMENTS
zls|8leg|l=3l S| E|E m |ElslB|glelB)| S| 2|8
Ft. M |G|S|=|E|G|S|| 2 | & | © Ft. - El8IElEIzIEl 25| S
0 0- T 1209 -
0.1 1 | 3.8 4 I
0.2 L 3.9 ? I
104 03- (I mod ol I
0.4 4.1 1
051 42 |
204 06 1404 5 |
0.7 - oy :
il 45 |
3.0 0.9 1 15.0 464 |
101 471 |
o I 481 |
4.0 1.2 4 1 16.0 4.9 1
v ’ 5.0 L
141 i .
5.0 1.5 1704 o,
191 531
171 5.4 4
6.0 1.8 1804 55|
1.9 5.6
2.0 ey
704 271 1904 s5g
2.2 ol
231 6.0 -
804 241 2009 g1
2.5 i
26 63 ]
9.0 2.7 1 1 21.0 6.4
2.8 1 1 6.5 4
2.9 | 6.6 -
100 397 | 2204 674
3.1 e
321 I 6.9
11.0 33 I 23.0 7.0
3.4 | 7.1
3.5 | 7
12.0 36+ 1 24.0 734

Figure E.52. Core W-52 log.
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Walton County Core Walton County Core
W-53 W-53
= °
2|& 2 9 2|5 2 9
S|E|= = = S|E|2 = s
s|¢|E|s 5|2 COMMENTS beoth | sl 2| 5|5 g8l4|3 COMMENTS
ot 1E|E|E|2|<|2l E |2 | 2 g JHEEBE B ERE:
Ft M |SISIZ|EIGIS| 8|S | S Ft. mo E|SI2IEZIEl 2| S| 5
Y 04 12.0 37.] T
o1 3.8 1
0.2 1 pesy — \
1.0 0.3 4 13.0 by = I
041 | 4.1
051 | 4.2
2.0 0.6 1 I 14.0 e i
0.7 4 el :
s 454 -
3.0 0.9 15.0 46 ]
101 Z 47
129 4.8 —
4.0 121 C 16.0 46 —
8 —
13 S I 5.0
4 5.1 4 —
5.0 1.51 17.0 i —
1.6 22 — |
' 5.3 1 1
1.7 oal I
6.0 1.8+ 18.0 5.5 4 - I
1.9 - 5.6 —) |
2.0 A 57 I}
2.0 2.1 4 19.0 584 —
221 5.9
234 ooy -
8.0 2.4 1 20.0 6.1
439 6.2
2.6 am Mud with lenticular 634
9.0 2.7 1 sands 21.0 6.4
2.8 .y
2.9 ]
1004 307 . | Fine sediment filled 2209 671
3.1 4 | burrows 6.8 1
321 1 6.9
11.0 33 1 23.0 7.0
349 7.1
3.5 7.2
12.0 361 24.0 734

Figure E.53. Core W-53 log.
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W-54

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 01

Clay

BURROWING

SHELL

ORGANICS

COMMENTS

0.1
0.2 1
1.0 0.3 1
0.4 1
0.5
2.0 0.6 1
0.7 4
0.8
3.0 0.9 1
1.0
1.1
4.0 1.2
1.3 1
1.4 1
5.0 1.5 1
1.6
1.7
6.0 1.8
1.9
2.0
704 2711
2.2 4
234

=
ll N

-

sol 24

251

264
2.0 2.7 1
28+
2.9
3.0+
3.4
32+
3.3
3.4
351

10.0

11.0

3.6 1

e e ek

Big shell fragments

12.0

Figure E.54. Core W-54 log.
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4.0
4.1
4.2
43
4.4
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4.9
5.0 4
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5.4 4
18.0 55

13.0

14.0

15.0

16.0

17.0

5.6 1
5.7 4
19.0 5.8 4
5.9
6.0 -
20.0 6.1
6.2 A
6.3 A
21.0 6.4
6.5 -
6.6 -
220 6.7 4
6.8 -
6.9
23.0 7.04
7.1
7.2 4
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Walton County Core Walton County Core
W-55 W-55
o o
o
2 5 = [%) B 5 % w
(2| = g AE|E S s
= IS = COMMENTS =
Depth || |23 MR EAERE Depth 3| 8|3|4| | 2l14% COMMENTS
[ =| o < © =
e E|EoEEROls & o feoom (518121858258
0.1 1 . 371 I
0-2 1 3.8 I
1.0 0.3 l 3.9 |
) 0.4 : 13.0 4.0 |
.4 4
05 4.1 |
2 42
g 0.6 [:] 3
20 o 14.0 a5
0'8 | 4.4 4
3.0 094 ! High Content of &t 45 Clean quartz sand
1 shell fragments 4.6 1 with no shell
1.0 I i fragments
1.1 4 )
I 4.8 4
1.2
4.0 2 I 16.0 29
1'4: 1 5.0
’ | 5.1
5.0 1.5 I 17.0 52
1.6 1
1.7 1 ! >3
’ { 5.4 Brown staining
6.0 1.8 ] 18.0 5.5 4 of quartz sand
1.94 — 5.6 4
2.0
2.14 B 19.0 >
7.0 2 _ . 5.8
221 5.9
234 Clay matrix with 6.0
8.0 2.4 sand and shell 20.0 6.1
4 fragments )
25 ~ 1 g 6.2
2.6 | 6.3
9.0 2.7 1 | 21.0 6.4
2.8 | 6.5 -
2.9 1 6.6 -
1004 397 1 _— 2209 674
3.1 | oot burrows 55
3.2 1 | 6.9 4
11.0 333 1 23.0 7.0
3.4 4 1 7.1
3.5 4 | 7.2 4
12.0 361 1 24.0 7.3

Figure E.55. Core W-55 log.
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u u
Walton County Core Walton County Core
W-56 W-56
© o
2|5 g 9 HE = 9
S| el = g S|g| = g
Depth =|2|Ela Sl 4|2 COMMENTS Depth o|g|5|8 Slo| % COMMENTS
s s|8|el=3 S| 8| HEEEIME R
Ft. M |SISIZ|E|GIS| 8|S | S Ft. M SSIZ|EIGIS| 2| | S
0 0 I 12.0 37 T
.14 ’
N !
< I 3.9 ; ini
1.0 0.3 1 | 13.0 pol Organic Staining
0.4 ’
o5 I 4.1
.5 1 1 4.2
2.0 0.6 1 | Scattered 14.0 434
0.7 1 shell and shell
0.8 | fragments 444 P—
y 1 45
3.0 0.9 1 I 15.0 o shell fragments
1.01 47 Cemented nodular
1.1 : 4'8 masses
4.0 124 | 16.0 4.9
1.3
141 I%I z?
5.0 1.5 | 17.0 5.2
1.6
1 534 { ||
1.7 1 I 5.4 ~ [ ] Large shell
6.0 1.8 | 18.0 s | fragments
1.9
2.0 1 : ;j : T
2.1
7.0 = a2 19.0 5.8 4 |
224 5.0 -
234
6.0
|
80 2.4 4 Cemented nodular 20.0 ol
masses I
2.5 62
261 Clay matrix 6.3 :
274 with abundant 21.0 \
20 shell fragments 641
281 6.5
2.9 6.6
1009 301 Local cementation 2204 67
3.19 6.8
3.21 6.9
11.0 331 | 23.0 7.0
z.‘s‘ 1 1 7.1
1 | Stained sand 7.2
12.0 361 1 24.0 7.3

Figure E.56. Core W-56 log.
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Walton County Core Walton County Core
W-57 W-57
o o
2| 2 . 2|5 2 %!
3|E|B = g ML 2 =
=2 Els S| u|=Z COMMENTS Beoih =le Els S| .| 2 COMMENTS
et 18|5|E| 2|2l £ 2 | & ° JHEERE EERE:
%t %-GSEEﬁGm & | o 1;t0 Mo EISISIEIEIESI 21 5| 8
) I ’ 3.7 ;
RE
— I 3.8 |
10 03 ! 1304 7]
3 0.4 l N 4.0 I
]
o- | 4.1 !
0':* 1 424 I
2.0 6 1 14.0
0.7 1 ! Scattered 43
o5} I shell fragments 4.4 Stratified
0'9 1 4.5 4 L
30 91 ) 1509 46/
107 1 4.7 4
1.1 4 ;
1 4.8 Clay unit
4.0 1.2 | 16.0 4.9 with sand
1.3 - -
1l | 5.0 1
’ | 5.11
5.0 1.5 2 17.0 5.2 4
1.6 1 I;l Wood 55
1.7
5.4
604 18 1 1803 55
1.9 | Abundant
| 561 shell fragments
2,01
1 ! 5.7
704 211 | 1 1907 58
221 | 1 5.9
2.3 | | 6.0 4 —
804 247 | [;| [ Shell layer 2009 6.1
2.5 | | 6.2
2561 RN 6.3 1
904 271 R 21.09 6.4
2.8 1 RN 6.5
2.9 AREN 6.6
10094 397 RN 2209 674
z; HEER 6.8
2 6.9
1mo0d 33 LJ|] Wood 2309 7.04
3.4
3.5 : ~
3'6 | 7.24
12.0 e 1 24.0 7.3

Figure E.57. Core W-57 log.
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Walton County Core Walton County Core
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Figure E.58. Core W-58 log.
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Figure E.59. Core W-59 log.
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Figure E.60. Core W-60 log.
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Figure E.61. Core W-61 log.
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Figure E.62. Core W-62 log.
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Figure E.63. Core W-63 log.
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Figure E.64. Core W-64 log.
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Figure E.65. Core W-65 log.
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Figure E.66. Core W-66 log.
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Figure E.67. Core WN-67 log.
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Figure E.68. Core W-68 log.
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Figure E.69. Core W-69 log.
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Figure E.70. Core W-70 log.
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Figure E.71. Core W-71 log.
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Figure E.72. Core W-72 log.
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2.0 0.6 14.0 a5
0.7 1 _ ’
08 4.4
§ 4.5 -
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0 4.7
119 4.8
40 1.2 1 1603 49
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5.0 1.5 1 17.0 5.2 4
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6.0 1.8 18.0 5.5 4
1.9 4 se )
2.0 .
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Figure E.73. Core W-73 log.
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LITHOLOGIC LOG
Walton County Core
W-74

Depth

Coarse Sand
Fine Sand

Gravel
Silt

COMMENTS

Clay
BURROWING
SHELL
ORGANICS

0 0-
0.1 1
0.2
1.0 0.3 1
0.4
0.5
2.0 0.6
0.7
0.8
3.0 0.9 1 C
1.0 1
1.1 1
4.0 1.2 4
1.3 1
1.4 1
5.0 1.51
1.6 1
1.7 1
6.0 1.8
1.9 1
2.0

_—— Medium Sand

7.0 2.1 1
2.2 1

231
804 241

25

26
00d 271
2.8+
2.9-
3.0+
3.1
32+
33+
3.4
35
36+

10.0

11.0

12.0

O

Shell fragment

Carbonate cemented
sediments from 6"
to the bottom

(] Big shell fragment

Figure E.74. Core W-74 log.
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Ft.
12.0

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0
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240

Depth

M.

3.7
3.8 1
3.9
4.0
4.1
4.2
43
4.4
45
4.6
474
4.8
4.9
5.0 4
5.1
5.2
5.3
5.4 4
5.5 4
5.6
5.7 4
5.8 1
5.9
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2 4

LITHOLOGIC LOG
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W-74
©
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S|E| = e
=|2|E|l& S| 4|2 COMMENTS
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LITHOLOGIC LOG
Walton County Core
W-75

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

COMMENTS

Clay
BURROWING
SHELL
ORGANICS

0 0-
0.1
0.2 1
1.0 0.3 1 N
0.4 1
0.5
2.0 0.6
0.7 4
0.8
3.0 0.9 1
1.0 1
1.1 4
4.0 1.2 4
1.3
1.4 1
504 151 N
1.6
1.7 4
6.0 1.8
1.9 1
2.0 4

7.0 2.1
2.2

2.3 1

251
26+

9.0 2.7 1
281

2.9

3.0+

3.1

324

331

3.4

351

36+

10.0

11.0

O

Big whole shell

Medium sands with
flaser muds

Carbonate cemented
sediments

12.0

Figure E.75. Core W-75 log.
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Depth
Ft. M.

12.0
3.7 {

3.8 4
3.9 1
4.0 4
4.1
4.2 4
4.3
4.4
4.5
4.6
4.7 4
4.8 4
4.9+
5.0 A
5.1 4
5.2 1
5.3 1

5.4 4
18.0 55

13.0

14.0

15.0

16.0

17.0

5.6
5.7 4
19.0 5.8 4
5.9
6.0
20.0 61
6.2
6.3
21.0 6.4
6.5 -
6.6
22.0 6.7 4
6.8
6.9
23.0 7.0
7.1 A
7.2 4

LITHOLOGIC LOG
Walton County Core

24.0 7.3 -

W-75
©

2|5 2 -
22z s g

| g|3 = S| 4 z COMMENTS
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LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
W-76 W-76
2|8 2 o o|8 2 i
e E g B COMMENTS M 2 % z COMMENTS
Depth 1ZIEISISI |l E| |3 Depth 912213 | 1&|3d|3
. oM |G|SIZ|EEIS]| 3|5 | S F. M |G|SIZIEIEIS]| 2| F | S
. 0_?__ NOID I 1203 a2 Carbonate cemented
| 3.8 sediments

021 1 391
1.0 0.3 - I 13.0 e
041 | 4.1
0511 1 42
20 0.6 I 14.0 ial
07 1 44
081 | Carbonate cemented 45
3.0 0.9 - I sediments 15.0 a6
] 4.7
171 Ij Shell fragments 4.8
4.0 1.2 16.0 4.9
131 5.0 1
141 5.1 4
5.0 1.54 17.0 5.2
1.6 5.3 -
179 541
6.0 1.8+ 18.0 5.5 4
1.9 ez |
2.0 oy
7.0 2.1 1 19.0 5.8 ]
224 5o
2.3 &6
8.0 2.4 4 20.0 6.1 4
2.5 sl
2.6 -
909 271 21.04 6.4
2.8 e
2.9+ 6.6
1009 301 2204 671
3.1 4 6ol
3.24 6.9
11.0 331 23.0 7.0+
3.4 i |
3.5 72
12.0 361 24.0 7.3

Figure E.76. Core W-76 log.
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LITHOLOGIC LOG
Walton County Core
W-77

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 01

COMMENTS

Clay
BURROWING
ORGANICS

0.1 1
0.2 1
1.0 0.3 1
0.4
0.5
2.0 0.6 1
0.7 1
0.8
3.0 0.9 1
1.0 1
1.1
4.0 1.2 1

5.0 1.5 1
1.6 1

1.7 7

6.0 1.8
1.9 4

20+
704 211
2.2
231
80 241
254
26+
904 271
2584
2.9+
3.0
3.1
3.2
331
3.4
3.5
3.6

10.0

11.0

1.3
1.4 4

Big shell fragment

NP N ————

VvVOID

Carbonate cemented
sediments

(] Big shell fragment

12.0

Figure E.77. Core W-77 log.
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Depth
Ft. M.
120 3.7 4

3.8 1
3.9 1
4.0 4
4.1
4.2
4.3 A
4.4
4.5
4.6 A
4.7 1
4.8 4
4.9
5.0 1
5.1 4
5.2 4
5.3 1
5.4
5.5 1
5.6 1

5.7 4
1909 538

13.0

14.0

15.0

16.0

17.0

18.0

5.9
6.0 -
20.0 6.1
6.2 -
6.3 4
21.0 6.4
6.5 -
6.6 -
22.0 6.7 4
6.8 -
6.9
23.0 7.0
7.1
7.2

LITHOLOGIC LOG
Walton County Core

W-77

<| 2 9

| = = v
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sediments




LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
W-78 W-78
el ©
HE g g 2|5 - g
a[<|z = = - = g
= =
e o|2|5|&8 Sl4|2 COMMENTS Depth 5| g|5|S S|4 z COMMENTS
E 8 -8 g S % % % g Ft M & 8 g q:) e % % l:'lc'l <
Ft M. 1G|S|S|E|F|TC|| & | & | © s - |GG |E|G|T| 2 | & | ©
0 04 12.0 iy
0.1
55 | Shell fragments 3.8 1
< 3.9
| ( 1 ) .
1.0 03 Medium sands with 13.0 40 4
0.4 - flaser muds 4.1
0.5 -
4.2
2.0 0.6 I 14.0 a5
0.7 1 |
4.4
0.8 | 2]
304 091 1 1509 L6
1.0 1 |
4.7 4
1.1 |
[m) 4.8
4.0 1.2 1 Wood 16.0 4.9
1.3 4 50
1.4 1
¢ 5.1
5.0 1.51 17.0 5.
1.6 4 s
1.7 4
5.4
6.0 1.8 | 1804 55
1.9 1 1 5.6 4
20 1 5.7
7.0 2.1 19.0 58]
22 50
23
6.0
804 241 2009 61
254 6.2
26
6.3
909 271 2104 64/
2.8 &5
2.9
6.6
1009 301 2209 67
3.1 6.8
3.2 .
11.0 331 23.0 7.0
3.4 7
3.5 75
12.0 36+ 24.0 7.3

Figure E.78. Core W-78 log.
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LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
W-79 W-79
o o
S8 = e S|E|2 = o
=
- s|2| 5|5 S|4 |2 COMMENTS — s|2|El& 2lg|2 COMMENTS
slz|8|gl=B) S| 2|8 3l z|8|el=B)| S |2 |
Ft M. 1G|S|=|E|F |0 = ) o Ft. M. S|ISIZ|EIZIS]I 2 = S
0 0- 12.0
3.7
0.1 1
3.8 =
0.2 1 |
104 o3 A9
: . I 130 4.0
0.4 =
4.1
0.5 : 45
204 06 \ . :
I 14.0 a5
0.7 1
4.4 4
0.8
00 | 4.5 (
3.0 : | 15.0 26 | 1
1.0 VOID ~— "
i | 4.7 Y
1'2 | 4.8 Ve |
4.0 21 I 16.0 i 1
1.3 1
14 | 5.0 1 |
1 1 5.1 4 1
1.5 1 L
5.0 - VOID 17.0 s '
: 5.3 1
1.7 1 1 5.4 4
6.0 1.8+ | 18.0 55
1.9 1 | 5.6
2.0+ | 5.7 4
7.0 2.1 1 I 19.0 58
221 | 5]
231 I 6.0
8.0 2.4 4 | 20.0 6.1
2.5 | 6.2
2.6 1 6.3
o0 2.7 1 i 21.0 6.4
2.8 1 I 55
2.9 I 66
1009 307 2209 67
3.1 VOID I
I 6.8 -
3.2 i 69
11.0 334 I 23.0 7.0+
3.4 1 7|
3.5 ! 7.4
12.0 361 1 24.0 7.3

Figure E.79. Core W-79 log.
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LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
W-80 W-80
Al g % s COMMENTS M £ g s COMMENTS
oo |3/8\513| | 12|23 oo (2181218 | 18 (3|3
T G BISIEEEIE 1515 K EHE S R
I ’ 3.7
0.1 1 I ]
3.8
10 32 ' 1303 7] D ool
i . | : 4.0
g:- | 4.1 |
20 0.6 1 ) 14.0 421 | Wood
0.7 Big shell fragments 4.3 1 1
0.8 4.4 4 1
4.5 1
3.0 0.9 i 15.0 46 :
:'?' | 471 I
4.0 1.2 4 : 16.0 ::2_ VOID |
:'i' 50 I
’ 5.1 |
5.0 1:54 17.0 5.2 4 |
] 3 I
’ 5.4 4 |
6.0 1.84 18.0 505
1.9 -
2.0 ey
704 211 1904 538/
221 5.9
23 ]
804 241 2009 61
231 6.2
il 6.3 1
904 271 2109 64
2.8 e
2.9 ey
1004 397 2209 674
319 6.8
3.2 4 .
11.0 234 23.0 7.0
3.4 Shells and shell 714
354 fragments -
12.0 361 C 24.0 7.34

Figure E.80. Core W-80 log.
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LITHOLOGIC LOG
Walton County Core
WA-1

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 0

Clay

BURROWING

ORGANICS

COMMENTS

0.7 1
0.2 1

1.0 0.3 1 —

0.4 1
0.5 41
2.0 0.6 1
0.7 4
0.8+
3.0 0.9 4
1.0 4
1.1 1
4.0 12+
1.3 4
1.4 4
5.0 1.5 1
1.6 1
1.7 4
6.0 1.8
1.9 4
2.0+
703 21
2.2 4
234
8.0 2.4+
2.5 4
2.6 4
904 271
2.8 4
2.9+
3.0
3.1 4
3.2 4
334
3.4 4
3.5 4

10.0

11.0

3.6 1

+ = [0 | SHELL

Mud-filled burrows

Small piece of wood
Mud-filled burrows

Big shell

Wood

12.0

Figure E.81. Core WA-1 log.
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Depth
Ft. M.
12.0
3.7 4

3.8
3.9
4.0 4
4.1
42
43
4.4
45
46
47
48
4.9
5.0
5.1 4
5.2
5.3 4
5.4
18.0 55

5.6

5.7 1
1904 sg

13.0

14.0

15.0

16.0

17.0

5.9
6.0 1
20.0 6.1
6.2 1
6.3
2109 64
6.5
6.6
22.0 6.7
6.8 -
6.9
2304 7.0
7.1
724

LITHOLOGIC LOG

Walton County Core
WA-
o

2|5 2 “

S|e|B = e
R ] = COMMENTS
HEIFIEIME B Q2
S|S|Z|E|Z |3 3 S

24.0 7.3 -

i, s i o, s SHELL

Carbonate-cemented
sediments from
12'to 15'

Mud-filled burrows




LITHOLOGIC LOG
Walton County Core
W,

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

0 0

COMMENTS

Clay
BURROWING
ORGANICS

0.1 1
0.2 1
1.0 0.3 1
0.4 1
0.5 4
2.0 0.6 -
0.7 1
0.8
3.0 0.9 1
1.0
1.1 4
4.0 1.2 1
1.3 4
1.4 4
5.0 1.5 1
1.6
1.7 4
6.0 1.8
1.9 4
2.0 1

704 2717
221

2.3
8.0 241
2.5
26
9.0 2.7 1
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6

10.0

11.0

[ SHELL

| Mud-filled burrows

Carbonate cemented
sands from 7'5"
to 15'8"

12.0

Figure E.82. Core WA-2 log.
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Depth
Ft. M.

12.
o 3.7 4

3.8 1
3.9 1
4.0 A
4.1
4.2 4
4.3 4
4.4 4
4.5 1
4.6
4.7 4
4.8 1
4.9+
5.0 4
5.14
5.2 4
5.3
5.4 4
5.5+
5.6

5.7 4
1909 538/

13.0

14.0

15.0

16.0

17.0

18.0

5.9+
6.0 A
20.0 6.1
6.2
6.3 1
21.0 6.4
6.5 -
6.6 -
22.0 6.7 4
6.8 -
6.9 4
23.0 7.0
7.1
7.2

LITHOLOGIC LOG

Walton County Core

24.0 7.34

WA-2

o

2|5 2 i

3|E|B 2 =
<l 5l (S I = COMMENTS
HEEEHEER ERERR:

O(O|=|Z|H|O @ [2) (o)

] O Peat

Mud-filled burrows

Small piece of wood




LITHOLOGIC LOG
Walton County Core
WA-4

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

o- 0

Clay
BURROWING
SHELL
ORGANICS

COMMENTS

0.1 1
0.2 1
0.3 1
0.4 4
0.5 1
0.6 1
0.7 1
0.8
0.9 1
1.0 1
11
1.2 4
1.3 1
1.4 1
1.5 1
1.6 1
1.7 1
1.8
1.9 1
2.0 1
2,14
2.2 1
2.3 1
2.4 1
2.5 1
2.6 1
2.7 1
2.8 1
2.94
3.0 1
3114
3.2 4
3.3 1
3.4 1
3.5 1
3.6 1

10.0

11.0

O

Big shell pieces

Mud-filled burrows

Mud-filled burrows

12.0

Figure E.83. Core WA-4 log.
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Depth
Ft. M.

12.0
3.7 4

3.8
3.9
4.0
4.1
424
43
44
454
4.6
471
48
4.9
5.0 1
5.1 4
5.2
534
5.4 1
5.5 4
5.6 1
5.7 4
5.8 1
5.9
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7 1
6.8 1
6.9
7.0
7:1.4
7.2 1

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

22.0

23.0

LITHOLOGIC LOG
Walton County Core

24.0 7.3 -

WA-4
©

(&}
-cc’% = v
SlelB = v
—|2|El& ol l=Z COMMENTS
w20 = = <C
HEIRAR > e o 9
Slo|leles|z(m S b o 3
O|O|=|Z|&H|Tf| @ 2} o

I

I

Carbonate cemented

sediments from
15'to 16'2"




LITHOLOGIC LOG
Walton County Core
WA-5

Depth

Medium Sand
Fine Sand

Coarse Sand
Silt

Gravel

Clay

BURROWING

SHELL

ORGANICS

COMMENTS

0 01
0.1 1
0.2 1
1.0 0.3
0.4
0.5
2.0 0.6
0.7 1
0.8
3.0 0.9 1
1.0
1.1
4.0 1.2+
1.3 4
1.4 4
5.0 1.5
1.6
1.7 4
6.0 1.8
1.9 4
2.0

7.0 2.1
2.2 1

2.3

804 241
25+
26
2.7
2.8+
2.9-
3.0
3.14
32+
33+
3.4+
35
36+

10.0

11.0

12.0

Mud-filled burrows

Figure E.84. Core WA-5 log.
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Depth
Ft. M.

12.0
3.7 4

3.8 1
3.9 1
4.0 A
4.1
4.2 1
4.3 1
4.4 4
4.5 A
4.6 A
4.7 1
4.8 A
4.9+
5.0 4
5.1
5.2 4
5.3

541
1803 55

13.0

14.0

15.0

16.0

17.0

5.6 -
5.7 4
19.0 5.8
5.9
6.0
20.0 6.1
6.2
6.3
21.0 6.4 4
6.5
6.6
22.0 6.7 4
6.8
6.9
23.0 7.0
7.1 4
7.2 1

LITHOLOGIC LOG
Walton County Core

24.0 7.3 -

WA-5
o

(&)
'25 = [V2)
K|E|EB = 2
_ 12| E|& S|l L] Z COMMENTS
w2 = | <T
HEIBAR] > e w O
Clol2lel=zl=l 2 | =
O|O|=|iT|HR|TOf| @ [} o

I

|

|

Carbonate-cemented
sediments from
132"t0 13'10"




LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
WA-6 WA-6
° ° W
S|E|B = g AE|E 2 i
Dt =|2|5l& S|4 |2 COMMENTS Depth z|g|5|5 S| o |2 COMMENTS
2l s|T| @ > e o 9 HEIEFEIME S o 8
Ft M [Els|glElZIE8II RIS Ft. M. 518 ESISN231F5 |8
- |O|O|=|Z|HF|TO| @ 7 o 12.0 S|O|ZS|iZ|&H|Of| @ %]
(0] 04 T < 3.7
0.1 1 3.8
0.2 1 | 13.0 3.94 (
109 039 I ! 40 Mud-filled burrows
0.4 I e |
0.5 4 | 4.2 I
2.0 0.6 I 14.0 A |
0.7 4 | 4.4 I
0.8 451 !
3.0 0.9 15.0 461 |
19 1 47 4
1.7 1 | 4.8 4
4.0 1.2 4 | 16.0 4.9
1.34 1 5.0 4
1.4 5.1
5.0 1.54 17.0 5.2 4
1.6 1 ] Carbonate-cemented
53 | .
1.7 4 I sediment from
541 1 17'6" to 20'
6.0 1.8 | 18.0 5.5 4 I
1.9 s6 |
2.0 57 I
7.0 2.1 19.0 58] I
2.2 5.9
2.3 6.0 !
’ L I
8.0 241 20.0 6.1
2.5 624
26 6.3
904 271 2109 6.4
2.8 1 6.5
2.9 6.6
1009 391 2204 67
3.1 6.8 1
3.2 6.9
11.0 32 23.0 7.0
3.4 714
3.5 I 721
12.0 261 24.0 734

Figure E.85. Core WA-6 log.
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LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
WA-7 WA-7
o o
2|5 E - 2|5 2 i
S|E|2 = 2 S|E|R = g
Disth =|2| 5|5 Sl4|2 COMMENTS Depth /2| 5|8 S|la2 COMMENTS
s|s|8|gl=3| S| 2|8 HEEEHE R ERERR:
Ft. M SISIZ|E|GIS| 8| & | S Ft. M IG|SIE|E|GIS)| 2 |5 | S
0 0- 12.0 S T
0.1 1 1) )
024 3.9 I
1.0 0.3 1 13.0 o
0.4 1
4.1
0.5 1
; 42
204 o6 - Big shell 1204 5] | Wood
0.7 1
44
0.8 I Mud-filled burrows g
304 091 I 1504 L 1
1.0 |
1.1 ! 7 |
: 48
4.0 1.2 : 16.0 494 I
1.3 1 | 5.0 4 !
1.4
[ 5.1 D
5.0 1.54 17.0 524
167 531
1.7
5.4
6.0 1.8+ 1803 55 |'—l]
1.9 sEd |
2.0 | 5.7 4 |
7.0 211 19.0 5.8 1
2.2 1 5.9 1
231 1 6.0 -
8.0 2.4 1 | 20.0 6.1
2.5 | 6.2
2,01 1 631
9.0 2.7 4 21.0 6.4
2.8 oy
2.9 6.6 -
1004 307 2209 67
3.1 66
3.2 | Mud-filled burrows 69
11.0 33 I 23.0 7.0
3.4 4 I 7.1 4
3.5 4 I 7.2
12.0 361 I 24.0 7.3

Figure E.86. Core WA-7 log.
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LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
WA- -
o o
2|5 2 A 2|5 2 i
5|2|2 S g g el g z COMMENTS
pepth |2|%1215) | 2|3 |3 COMMENTS Depth  |2|%121%) | 23|53
— © —
SR | I o] R R R S EHEE HIEE
’ 3.7 4 I Mud-filled burrows
0.1 1 3.8 I
0.2 1 S )
1.0 0.3 1 13.0 45 I
il =] 4.1 > 1
U2 42 I |
20 0.6 14.0 g3 I |
0.7 | Mud-filled burrows 4.4 |
0.8 | 45
3.0 0.9 1 15.0 46
1.0 ! =y
114 ! g
1 4.81 Carbonate-cemented
4.0 121 1604 4o sediments from
1.3 1 5.0 15'9"to 19'
1.4 1 5.1
5.0 1.5 \ 17.0 5.4
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Figure E.87. Core WA-8 log.
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Figure E.88. Core WA-9 log.
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Figure E.89. Core WA-10 log.
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Figure E.90. Core WA-11 log.
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Figure E.91. Core WA-12 log.
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Figure E.92. Core WA-13 log.
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Figure E.93. Core WA-14 log.
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Figure E.94. Core WA-15 log.
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Figure E.95. Core WA-16 log.
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Figure E.99. Core WA-26 log.

287



2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0

12.0

Depth

0
0.7 1
0.2 1
0.3 1
0.4 1
0.5 1
0.6 1
0.7 1
0.8+
0.9 1
1.0 1
1.7 1
1.2 1
1.3 1
1.4 1
1.5 1
1.6 1
1.7 1
1.8
1.9 1
2.0 1
2.1 4
2.2 1
2.3
2.4 4
2.54
2.6 1
2.7 4
2.8 1
2.94
3.0 1
3.1 4
3.2 4
3.3 1
3.4 1
351

LITHOLOGIC LOG
Walton County Core

3.6 1

WA-27
©
2|5 g %
S|E[B = =
=2 ga 8la|= COMMENTS
HHEEIME ERERE:
S|S|=|E|G|IT|| 2 | & | ©
|
ol
|
|
| )
| Mud-filled burrows
I
I
I
O

Carbonate-cemented

sediments from
10' to bottom

Figure E.100. Core WA-27 log.
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Figure E.101. Core WA-28 log.
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Figure E.102. Core WA-29 log.

290



LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
WA-30 WA-30
k=] e (V)
S|elB = S 3| e = g
bepth || & El S| 4 é COMMENTS Déiith z|2|S|8] | AERE COMMENTS
aleTlel | = o 338 ol 2
oM S|ISIZ|EGIS| B |5 S F. M 5|G|S|EF|IS 3|5 |S
0 0- 12.0 s |
01 H 7
0.2 " 3.9
1 13,
1.0 0.3 0 i
0.4 | 4.1
0.5 1 o : a0
2.0 0.6 | 14.0 ia)
0.7 1 i o
0.8 )
3.0 0.9 | 15.0 A
1.0 1 47
1.1 1 4.8 4
40 1.2 1 1609 49
131 5.0 4
1.4 4 |:| el
5.0 1.5 1 17.0 5.2
1.6 -
Mud-filled burrows 531
1.7 1 o)
60d 18 1804 55| |
1.9 1 2 5.6 4
2.0 1 5.7 |
7.0 2.1 1 19.0 5.8
221 5.0
231 6.0
8.0 241 20.0 6.1
2.5 .
2.6 1 1 6.3
1
2.0 2.7 1 21.0 6.4 4
2.8 6.5 -
2.9 1 5.
1004 307 ! 2209 67
311 6.8 1
3.2 6.9
11.0 234 23.0 7.0
3.4 71
3.5 72
12.0 361 24.0 7.34

Figure E.103. Core WA-30 log.
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Figure E.104. Core WA-31 log.
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Figure E.105. Core WA-32 log.
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Figure E.106. Core WA-33 log.
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Figure E.107. Core WA-34 log.
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Figure E.108. Core WA-35 log.
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Figure E.109. Core WA-36 log.
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Figure E.110. Core WA-37 log.
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Figure E.111. Core WA-38 log.
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Figure E.112. Core WA-39 log.

300



LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
WA-40 WA-40
e 2 % s COMMENTS Ale £ % s COMMENTS
Depth | Z1E1S10 || E |3 | S epth  1ZIEISISI 2l 2|2 |3
’;‘- "(’)‘-_ S|S|ZEIZS| 2|55 1;8 M IGISIZ|EISIS 3| S| S
| 2 3.7 4
S = 3.8 - Whole shell
0.2 1 0 3.9
1.0 0.3 1 0 13.0 ey
0.4 1 | 4.1
054 | 424
204 06" I 1404 43 N = Fine sand with
0.7 1 ) 44 lenticular medium
0.8 x5 sand
30 0.9 : 15.0 g
1.01 1 4.7 4
111 4.8
40 1.2 ' 16.0 26}
1.3 1 5.0
1.4 1 1 el
5.0 1.5 I 17.0 5.2
1.6 1 - 5]
1.7 54 n
T I 1809 o] [ Carbonate cemented
1.9 1 : sands from 17'9
e | 5.6 to bottom
’ I 5.7 4
7.0 2.1 4 | 19.0 5.8
224 I 5.0
2.3 e
8.0 2.4 | 20.0 6.1 4
2.5 ( (B 6.2 4
261 1 63 ]
ood 271 1 2109 64
2.8 I 6.5
2.9+ | 6.6 4
1004 397 o I 2209 67
3 6.8
3.2 6.9
11.0 331 23.0 7.0
3.4 1 =] Whole shell 7.1
3.5 1 . 7.2:4
3.6 4 O Big whole shell
12.0 24.0 7.3

Figure E.113. Core WA-40 log.
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Figure E.114. Core WA-41 log.
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Figure E.115. Core WA-42 log.
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Figure E.116. Core WA-43 log.
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Figure E.117. Core WA-44 log.
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Figure E.118. Core WA-45 log.
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Figure E.119. Core WA-46 log.
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Figure E.120. Core WA-47 log.
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Figure E.121. Core WA-48 log.
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Figure E.122. Core WA-60 log.
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Figure E.123. Core WA-61 log.
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Figure E.124. Core WA-62 log.
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Figure E.125. Core WA-63 log.
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0.7
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1.3 4
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1.6
1.7 4
6.0 1.8
1.9 4
2.0

5
o
w
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701 21
2.2
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9.0 2.7 1
2.8 1

2.94
3.0 1
3.1 4
3.2 4
3.3 1
3.4 4
3.5 1
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0

 —

12.0

Figure E.126. Core WA-64 log.
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LITHOLOGIC LOG
Walton County Core
WA-65

Depth

Medium Sand
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Coarse Sand
Silt

Gravel
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BURROWING
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0.2 1

0.4 1
0.5 1
2.0 0.6 1
0.7 1
0.8
3.0 0.9 1
1.0 4
1.1 4
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1.3
1.4 4
5.0 1.5 1
1.6 4
1.7 4
6.0 1.8
1.9 4
2.0 1

7.0 2.1
2.2 4

23+
804 241
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9.0 2.7 1 y
2.8 1

2.9+

1009 301

3.1
3.2 »

Void

3.3
3.4 4
3.5 1
3.6 1

11.0

B= = =1 SHELL

0= ==

Big shell pieces

Mud-filled burrow

12.0

Figure E.127. Core WA-65 log.
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Figure E.128. Core WA-66 log.
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Walton County Core
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Silt

Gravel
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BURROWING

SHELL
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COMMENTS

0.1 1
0.2 1

0.4 1
0.5 1
2.0 0.6 1
0.7 4
0.8
3.0 0.9 4
1.0 1
1.1
4.0 1.2
1.3 1
1.4 4
5.0 1.5 1
1.6 1
1.7 4
6.0 1.84
1.9 1
2.0 1

704 2711
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909 271

2.8

2.9

1004 391 |
3.1

3.2

3.3
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3.5

11.0

3.6 1

12.0

Figure E.129. Core WA-67 log.
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Figure E.130. Core WA-68 log.
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Figure E.131. Core WA-70 log.
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Figure E.132. Core WB-3 log.
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Figure E.133. Core WB-5 log.
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Figure E.134. Core WC-2 log.
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Figure E.135. Core WC-5 log.
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Figure E.136. Core WD-2 log.
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Figure E.137. Core WD-5 log.
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Figure E.138. Core WE-1 log.
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Figure E.139. Core WE-2 log.
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Figure E.140. Core WE-3 log.
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Figure E.141. Core WE-4 log.
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Figure E.142. Core WE-5 log.
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Figure E.143. Core WE-6 log.

331



LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
WE-7 WE-7
o el
2|5 2 v 2|5 2 9
Sle| g 3 s COMMENTS MEE 3 s COMMENTS
Depth || %|2|R 2|3 | = Depth | 8|38 |l 2| =
A E R EREER AEIEEME B EER
,:)t '\(/)"_ G|S|Z|E|G|IS| 2|5 | S 1;t0 M SISIZIEISIEI 2| S| S
I ’ 3.7 4 Mud-filled burrows
0.1 & =
0.2 | 3.9 |
1.0 0.3 1 I 13.0 4%}
0.4 - L a1l 0
0.5 - | 45
2.0 0.6 I 14.0 05 . I
0.7 1 I 4] ,
0.8+ | 4.5 == |
3.0 0.9 4 | 15.0 464 |
1.0 4 I i ;
1.1 4
4 4.8 4
A
4.0 1.24 | 16.0 4.9
1.3 1 I 5.0
1.4 1 \. I -
50 1.5 4 I 17.0 5]
1.6 4 si3
lfl 34
L7 5.4
6.0 1.8 18.0 55
1.9 5.6 1
2.0 5.7
704 211 1904 538/
22 55 -
23 6.0
8.0 2.4 1 20.0 6.1
2.54 6.2
26 63
50 2.7 21.0 i)
2.8 6.5 4
2.9 -
/ O Mud-filled burrows 6.6 4
1004 307 2204 67
3.11 6.8 1
3.2 6.9
11.0 334 ! 23.0 7.0
3.4 4 1 7.1
3.5 1 \\ 7.24
12.0 3.6 1 = Mud-filled burrows 24.0 7.3

Figure E.144. Core WE-7 log.
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Figure E.145. Core WE-8 log.
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Figure E.146. Core WE-9 log.
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Figure E.147. Core WE-10 log.
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Figure E.148. Core WE-11 log.
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Figure E.149. Core WE-12 log.
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Figure E.150. Core WE-13 log.
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Figure E.151. Core WE-14 log.
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Figure E.152. Core WE-15 log.
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Figure E.153. Core WE-16 log.
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Figure E.154. Core WE-17 log.
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Figure E.155. Core WE-18 log.
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Figure E.156. Core WE-19 log.
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Figure E.157. Core WE-20 log.
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Figure E.158. Core WE-21 log.
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Figure E.159. Core WE-22 log.
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Figure E.160. Core WE-23 log.
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Figure E.161. Core WE-24 log.
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Figure E.162. Core WE-25 log.
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Figure E.163. Core WE-26 log.
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Figure E.164. Core WE-27 log.
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Figure E.165. Core WE-28 log.
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Figure E.166. Core WE-29 log.
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Figure E.167. Core WE-30 log.
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Figure E.168. Core WE-36 log.
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Figure E.169. Core WE-37 log.
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Figure E.170. Core WE-38 log.
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Figure E.171. Core WE-39 log.
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Figure E.172. Core WE-40 log.
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Figure E.173. Core WE-41 log.
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Figure E.174. Core WE-42 log.
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Figure E.175. Core WE-43 log.
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Figure E.176. Core WE-44 log.

364



LITHOLOGIC LOG LITHOLOGIC LOG

Walton County Core Walton County Core
WE-45 WE-45
HEHE § 4 HEH . é B
— g g é % | % = % COMMENTS Bepih g g § % . g = E COMMENTS
T P |SlSElElES) 2 |5 18 Feoom (5I8121EEE 2|58
’ 3.7 1 I Mud-filled burrows
011 = 3.8 1
] 391 1
1.0 0.3 |:| 13.0 454 I
0.4 b I
0.5 4o |
2.0 0.6 1 I 14.0 e I
0.7 . i) I
= 4.5 1 | |
3.0 0.9 1 15.0 4.6 Void | -
1.0 1 i I
1.1 i6) |
4.0 1.2 1 16.0 4.9 I
el 5.0 |
1.4 51 I
5.0 1.51 17.0 52 I
167 5.3 |
1.7 |_? e I
6.0 1.8 ) 18.0 55
194 I I Mud-filled burrows oy 1
| " |
2.0 1 | 5.7 4 |
70 2.1 | I 19.0 554 I
2.2 1|y 5.9 1
2.3 4 | | 6.0 4
8.0 2.4 1 1 I 20.0 6.1 4
2.5 1 | 6.2 4
26 | i , 6.3
2.0 271 1 21.0 6.4 1
2:841 | : 6.5
2.9 | ] 6.6
10094 307 | ! 2209 67
3.1 6.8 -
3.2 - 6.9 -
11.0 339 23.0 7.0
34 74
32341 1 \ 7.2
12.0 5611 1 24.0 7.3

Figure E.177. Core WE-45 log.
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Figure E.178. Core WE-46 log.
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Figure E.179. Core WE-47 log.
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Figure E.180. Core OK-1 log.
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Figure E.181. Core OK-2 log.
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Figure E.182. Core OK-3 log.
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Figure E.183. Core OK-4 log.
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Figure E.184. Core OK-5 log.

Depth

0
0.1 1
0.2 1
0.3 1
0.4 1
0.5 1
0.6 A
0.7 1
0.8
0.9 1
1.0 1
1.1 1
1.2 4
1.3 1
1.4 1
1.5 1
1.6 A
174
1.8
1.9 1
2.0 1
2.1
2.2+
2.3
2.4 1
2.5
2.6 1
2.7
2.8 1
2.94
3.0 1
3.1
3.2 1
3.3 1
3.4 4
3.5 1

LITHOLOGIC LOG

Okaloosa County Core

3.6 4

2|8 g ”
3|¢|2 s g
sl¢|E|l& 8|52 COMMENTS
JEEHEE EIEE:
VIO |Z|[Z|H|T| = I (o]
I
th Big shell
I
|
=]
|
|
1|7
1|1
| |
I |
I |
I |
I |
' |
|
|
P
1
L
I
I
I
|
1
I
J Big piece of wood

372

Ft.
12.0

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

220

23.0

24.0

Depth

M.
3.7 4
3.8 4
3.9 1
4.0 4
4.14
4.2 4
4.3 A
4.4 A
4.5 4
4.6
4.7 4
4.8 A
4.9
5.0 4
5.1 4
5.2 4
5.3 1
5.4 4
551
5.6 4
5.7 4
5.8 4
5.94
6.0 -
6.1 4
6.2 4
6.3 1
6.4 4
6.5 A
6.6 A
6.7 A
6.8 4
6.9 A
7.0+
7.1 4
7.2

LITHOLOGIC LOG

Okaloosa County Core

7.3

OK-5
o
=18 =2 -~
3|ElE 5 s
3|8|5 5 S| a2 COMMENTS
HAEEEEE B ERR
S|O|=S|Z|HF|T|| & | & | O
I
|
|
|
lj Mud-filled burrows
|




LITHOLOGIC LOG LITHOLOGIC LOG

Okaloosa County Core Okaloosa County Core
OK-6 OK-6
22 2| |, 2|3 2 |g
Ale|2 3 z COMMENTS 3E(2 3 z COMMENTS
Depth |Z|&I2I12) | 2|25 Depth |BIH313 | (2|3
o.M |GISIZIEIES)|B]F S F. M |G|S|Z|E|G|IS| 2|5 |S
0 0 : 1203 L) T
g‘;: 2 3.8 1 |
- I 3.9
1.04 031 ; 1304 ]
A bl 1
: I 4.2 4
209 06+ d 140 ;]
0:79 4.4
0.8 4 45 I
3.0 0.9 4 15.0 4.6 I
1.0 4.7 1
1.14 an) |
4.0 1.2 4 16.0 4.9- I
3 5.0 4 5
1.41 Mud-filled burrows 5.1
5.0 1.5 I;I 1709 o, |
1.6 1 53
177 | 5.4
604 181 1 1803 55
1.9 | 5.6
201 | 5.7 1
701 21 | 19094 535
2.2 | 5.9+
2.3+ o
804 241 2004 6.1
251 1 6.2
2.6 | 6.3
9.0 2.7 4 ] 21.0 6.4
2.8+ £l
2.2 6.6
100 307 I 2209 674
3.1 65
3.2 a0l
nod 33 2304 7.0
3.41 77
3.5 5]
12.0 3.6 1 24.0 7.34

Figure E.185. Core OK-6 log.
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Figure E.186. Core OK-7 log.
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Figure E.187. Core OK-8 log.
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Figure E.188. Core OK-9 log.

376



2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0

12.0

Depth

0.1 1
0.2 1
0.3 1
0.4 1
0.5 1
0.6 1
0.7 1
0.8
0.9 1
1.0 1
1.1 1
1.2 1
1.34
1.4
1.5 1
1.6 1
1.7 1
1.8
1.9 1
2.0
2.14
2.2
2.3
2.4
2.5
2.6
2:74
2.8 4
2.94
3.0 1
3.14
3.2 1
3.3
3.4
3.5

LITHOLOGIC LOG

Okaloosa County Core

3.6 1

OK-10
E=]
2|5 2 9
3|E|2 z s
=z
=l 2l 5|8 2 - =2 COMMENTS

IR AR || e o [}
Clolelec|l=z|=| 2 I [
S|O|ZS|[C|H|T| @& | & | O

I

|

|

|

|

|

Mud-filled burrows

Figure E.189. Core OK-10 log.
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Figure E.190. Core OK-11 log.
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Figure E.192. Core OK-13 log.
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Figure E.193. Core OK-14 log.
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Figure E.194. Core OK-15 log.
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Figure E.195. Core OK-16 log.
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Figure E.196. Core OK-17 log.
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Figure E.197. Core OK-18 log.
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Figure E.198. Core OK-19 log.
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Figure E.199. Core OK-20 log.

387

Depth
Ft. M.

12.0
3.7 4

3.8 4
3.9
4.0 4
4.1
4.2 4
4.3 A
4.4 A
4.5
4.6 4
4.7 4
4.8 4
4.9+
5.0
5.14
5.2 4
5.34

5.4
1804 55

13.0

14.0

15.0

16.0

17.0

5.6 4
5.7 4
19.0 5.8 4
5.9
6.0 -
20.0 6.1
6.2
6.3 1
21.0 6.4 4
6.5 -
6.6 -
22.0 6.7 4
6.8 4
6.9 4
23.0 7.0
7.1 4
7.2

LITHOLOGIC LOG
Okaloosa County Core

24.0 7.3

OK-20
el
2|5 2 .
|'E|R = =
=2 g 5 S| 4|2 COMMENTS
HEEE MR EAERE
O|O|Z|Z|H|O| = “ o
\
— -
[_J
C]
C')
|
|:| Mud-filled burrows




LITHOLOGIC LOG LITHOLOGIC LOG

Okaloosa County Core Okaloosa County Core
OK-21 OK-21
o o
2|5 2 n 2|5 2 -
S|E|2 = g S| E|= = 9,
peoth | w|2|5|3 S|4 |2 COMMENTS Depth MR S COMMENTS
R RS EAEAE: HEHEHEE EAEAE:
R M |S[S|Z[E|G|S) 2 | % | S 1;; M- 1G[S|S|E|G|S)| 2 | & | O
" I ’ 3.7 I
0'; ] | 3.8 1 1
] ) 391 1
1.0 0.3 4 Big shell fragments 13.0 40 |
0.4 Ry I
0.5 1 4.2 I
| .
2.0 0.6 ) 14.0 a3i) [
0.7 1 1 4.4 "
0.8 | 454 | Mud-filled burrows
3.0 0.9 1 I 15.0 Al |
1.0 1 ) 47 I
1.1 1 | 4.8 - I
40 1.2 I 16.0 zo:) |
:'i' ) 5.0 |
1501 I wod o] I
5.0 . 1 : 5.2 |
1.6
1.7 4 ! o '
1.8 | e 5.4 4 1
6.0 : | : 5.5 4
1.9 ; 56
2.0
5.7 4
7.0 2.1 g D 19.0 584
2.2 | 5.9
234
6.0
I
8.0 244 I 20.0 6.1
2.5 =
2.6 | earl
| 1 '
904 27 " 2109 6.4
2.8 65
2.9 D s}
1004 301 | 2209 67
314 6.8
3.2+ I 6.9 4
nod 337 ! 2304 7.0
3.4 I ]
351 | 7.2
12.0 361 ! 24.0 7.3

Figure E.200. Core OK-21 log.
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Figure E.201. Core OK-22 log.
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Figure E.202. Core OK-23 log.

390

Ft.
12.0

13.0

14.0

15.0

16.0

17.0

18.0

19.0

20.0

21.0

220

240

Depth

M.

3.7 1
3.8 1
3.9 1
4.0 4
4.14
4.2 4
4.3 1
4.4 4
4.5
4.6 4
4.7 4
4.8 A
4.9
5.0 4
5.1
5.2 4
5.3 4
5.4 4
5.5 4
5.6 4
5.7 1
5.8 4
5.94
6.0 1
6.1 1
6.2 4
6.3 1
6.4 -
6.5 -
6.6 -
6.7 -
6.8 -
6.9 4
7.0
7.1 4
7.2

LITHOLOGIC LOG

Okaloosa County Core

OK-23
©
2|5 g o
S|e = =
<l gl§ S| 4|2 COMMENTS
HEIEENE EAERRE
S|O|= »|Of|| @ 7] o

7.3

1 f Fine Sand

Mud-filled burrows




20

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

11.0

12.0

Depth

0
0.1 1
0.2 1
0.3 1
0.4 1
0.5 1
0.6 1
0.7 1
0.8
0.9 1
1.0 1
1.1 1
1.2 1
1.3 1
1.4 1
1.5 1
1.6 A
174
1.8
1.9 1
2.0 1
2.1
2.2 1
2.3
2.4 1
2.5
2.6 1
2.7
2.8 1
2.94
3.0 1
3.1 1
3.2 1
3.3 1
3.4 4
3.5 1

LITHOLOGIC LOG
Okaloosa County Core

3.6 1

e e e e e e e e e[ = = = { SHELL

OK-24

o

2|5 2 3

S1El2 = Y
3353 S = COMMENTS
AEEEME B 2
VO|O|[=|[Z|(H|T|| = o

\ 1

Figure E.203. Core OK-24 log.
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Figure E.204. Core OK-25 log.
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Figure E.205. Core OK-26 log.
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Figure E.206. Core OK-27 log.
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Figure E.207. Core OK-28 log.
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Figure E.208. Core OK-29 log.
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Figure E.209. Core OK-30 log.
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Figure E.210. Core OK-31 log.
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Figure E.211. Core OK-32 log.
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Figure E.212. Core OK-33 log.
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Figure E.213. Core OK-34 log.
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Figure E.214. Core OK-35 log.
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Figure E.215. Core OK-36 log.
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Figure E.216. Core OK-37 log.
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Figure E.217. Core OK-38 log.
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Figure E.218. Core OK-39 log.
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Figure E.219. Core OK-40 log.
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Figure E.220. Core OK-41 log.
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Figure E.221. Core OK-44 log.
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Figure E.222. Core OK-45 log.

410

Depth
Ft. M.
120

3.8 4
3.9 1
4.0 4
4.14
4.2 4
4.3 A
4.4 A
4.5 4
4.6 A
4.7 4
4.8 -
4.9
5.0 4
5.1 4
5.2 4
5.3
5.4 4
551
5.6 4

5.7 4
1909 s5gl

13.0

14.0

15.0

16.0

17.0

18.0

5.94
6.0 -
20.0 6.1 4
6.2
6.3
21.0 6.4 4
6.5
6.6
22.0 6.7 4
6.8 4
6.9 4
23.0 7.0
7.1 4
7.2

LITHOLOGIC LOG

Okaloosa County Core

24.0 7.3

OK-45
©
2|5 2 o
A "E’ 2 = s
AEEE S| 4|2 COMMENTS
slslB|egl=lml S |2 |2
G|S|Z|E|GF|C| 2 | & | ©
| Mud-filled burrows
1
|
I
I
1
VOID

Mud-filled burrows




LITHOLOGIC LOG LITHOLOGIC LOG

Okaloosa County Core
Ok F y Okaloosa County Core
= OK-46
2|3 g B
E|S = S|A|o = 9]
Depth | 83|38 S|l =2 | = COMMENTS Al el = g
<o 1B BIE(E <5 B || 2 oo (ZIESE | N E |G |5] M
o M- S|SIZ|EEIS) 2 | & | S oo omo |EISIEIEI2IB1 2| 2|8
12.0 o C|r|O| « ) o
01 3.7
0.2 3.8
10 03] 3.9
13.0
0.4 4.01
0.5 4.1
2.0 0.6 - 140 4.2
074 * 4.3
0.8 I 444
3.0 0.9 1 ' 15.0 ol
- | : 4.6
1.1 ! 47
40 1.2 | 4.8
= | 16.0 4.9 | Mud-filled burrows
141 ! 204
I
- yisd 8 5.1
V5 1 1703 52 /
174 1| ! Mud-filled burrows 534
604 187 1! sl
= ) 18.0 s
o] i 1 5.6
21 1 5.7
7.0 1 I 19.0
2.2 i 5.8
2.3 I 5.9
8.0 2.4 6.0
) 20.0 6.1 4
26 | 6.2
31
909 271 I 21.0 .
>8] 1 6.4 4
2.9 | 6.5
3.0 0 6.6
10.0 22.0
3.1 | ’ 6:71
25 6.8 -
6.9
11.0 237
34 23.0 7.0
351 ( ol
7.2 4
12.0 3.8
24.0 7.3

Figure E.223. Core OK-46 log.
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Figure E.224. Core OK-50 log.
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Figure E.225. Core OK-51 log.
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Figure E.226. Core OK-52 log.
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Figure E.227. Core OK-53 log.

415



LITHOLOGIC LOG LITHOLOGIC LOG

Okaloosa County Core Okaloosa County Core
OK-54 OK-54
© ©
-l € o -| € [V}
58| § 8 &|3|e § ]
BIE|lSs = £l e =
Depth =|'2|E|& S l4l% COMMENTS o =|2|E|= Sl 4|2 COMMENTS
HEHEEEE AR HEEEEE AR
Ft M ISISIZ|EIGIS| 8|5 | S Ft. M IG|S|IZEIGIS| 8|S | S
0 0- 12.0 55
0.1 3'8 J
0.2 1 )
3.9
1.0 0.3 13.0 i
0.4 ' )
- 4.1 ' Mud-filled burrows
2] 4.2
2.0 0.6 - 14.0 5] |
07 44 |
0.8 45 ] |
3.0 0.9 A 15.0 46 ] ) s
1.0 ey
1.1
48
4.0 1.2 4 16.0 4.9 1
13 5.0
1.4
5.1
5.0 1.5 1 17.0 5.4
164 5.3
1.7 1 i
5.4
6.0 1.8 \ 18.0 5.5 J
1.9 -y
2.0
5.7
7.0 2.1 19.0 5.8 =]
2.2 2l
23
6.0
8.0 2.4 1 20.0 6.1 4
2.5
; 6.2 1
2.6 4 $ Thin peat layers &3
9.0 2.7 1 | 21.0 6.4
2.8
2.9- : :Z:
1004 397 2207 671
311 6.8
3.2
6.9
nod 33 | 2304 7.0
3.4
. | 7.1
3.6 ] | 7.24
12.0 . 1 24.0 7.34

Figure E.228. Core OK-54 log.
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Figure E.229. Core OK-55 log.
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Figure E.230. Core OK-56 log.
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Figure E.231. Core OK-57 log.
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Figure E.232. Core OK-58 log.
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Figure E.233. Core OK-59 log.
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LITHOLOGIC LOG LITHOLOGIC LOG
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Figure E.234. Core OK-60 log.
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Figure E.235. Core OK-61 log.
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Figure E.236. Core OK-62 log.
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Figure E.237. Core OK-63 log.
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Figure E.238. Core OK-64 log.
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Figure E.239. Core OK-65 log.
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Figure E.240. Core OK-66 log.
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Figure E.241. Core OK-67 log.
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Figure E.242. Core OK-68 log.
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Okaloosa County Core Okaloosa County Core
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Figure E.243. Core OK-69 log.
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Figure E.244. Core OK-70 log.
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Okaloosa County Core Okaloosa County Core
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Figure E.245. Core OK-71 log.
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Figure E.246. Core OK-72 log.
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Okaloosa County Core Okaloosa County Core
OK-74 OK-74
© o
25|, 2 9 25|, 2 Y
< ]
wlgle = = M T Glegle = .
— ® § 5 5 ) g 4|2 COMMENTS Bisith 3 % 5 5 | g 4| 2 COMMENTS
el © -
. M (GISIZ|EIEIS| 8|5 [S F. M GISIZ[EIGIS)| B |5 |8
0 0- 12.0
0.1 | il
’ I 3.8
0.2 4 L é 39
: 0.3 4 ; )
4.5 @ 0 13.0 a0
. | 4.1
071 424
2.0 0.6 14.0 A
0.7 - A
0.8- +5
3.0 0.9 1 15.0 26
1.0 1 4.7 4
IRE 4.8
4.0 1.2 1 16.0 4.9
1.3 1 it
1.4 1 -
5.0 1.5 1 17.0 52 ]
104 _:I 534 C
171 5.4 -
6.0 1.8 18.0 5.5 4
1.9 5 sl
2.0 i 5.7 4 [
7.0 2.1 1 19.0 5.8 4
2.2 1 =511
23 | 6.0 -
8.0 2.4 4 | 20.0 6.1 4
2.5 | 62
2.6 631
904 271 2107 6.4
2.8+ 6.5
2.9 . sl
1009 301 2209 67
3.1 4 68 4
3.2 651
11.0 337 | 23.0 7.0
3.4 7.1 4
3.5 I 7.2
| |
12.0 3.0 24.0 7.3 4

Figure E.247. Core OK-74 log.
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Figure E.248. Core OK-75 log.
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Figure E.249. Core OK-76 log.
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Figure E.250. Core OK-82 log.
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Figure E.251. Core OK-83 log.
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Figure E.252. Core OK-84 log.

440



LITHOLOGIC LOG LITHOLOGIC LOG

Okaloosa County Core
OK .85 Y Okaloosa County Core
- OK-85
2|8 2 2 w
= wv c
YHEREHME 3% | [5].]¢
D <l2|5 - COMMENTS » < =
i eptf‘,lw HHHRE EE 3 Depth  |z|% Els Sl4|2 COMMENTS
2 ol S|SIZEIFISI B3| F | S Ft. m |E|8|8|el=|B| S|E|E
T 12.0 V|O|=Z|Z|R|T|| = »n o
0.1 1 ) . 3.7
0.2 3.8
1.0 0.3+ 3.94
13.0 h
0.4 1 4.0
05 1 4.1
2.0 0.6 - ' 14.0 4.2 4
0.7 1 | : 43
0.8 ! 4
3.0 0.9 1 |:| i 4.5 4
1.0 1 s 4.6 4
114 4.7
4.0 1.2 1 4.5
i 16.0 26:]
- 5.0
5.0 1.5 1 514
o) 17.0 52
T LF 5.3
1.8+ | 574
6.0 18.0
e 1 5.5
> 1 5.6
S 55 | 5.7 -
0 19.0
2.2 | 5.8
23 I 5.9
56 2.4 ] | - 6.0
251 1 : 614
2.6 1 6.2
9.0 271 | 21.0 o3
23] = . 6.4
2.9 L o 651
S 6.6
10.0
314 220 6.7 4
) 6.8
] 6.9
11.0 33
34 23.0 7.0
5] 7.1
| ’ 7.2
12,0 3.6 ﬂ Big shell fragments
24.0 7.34

Figure E.253. Core OK-85 log.
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Figure E.254. Core OK-86 log.
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Figure E.255. Core OK-87 log.
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Figure E.256. Core OK-88 log.
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Figure E.257. Core OK-89 log.
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Depth (ft) 0 03 0.5 0.6 0.8 1.5 1.6 2 2.5 3 33 4 43 4.5 4.9 5.3 6 6.3 6.5 6.6 7.3 7.5 8
Depth (m) 0.00 0.09 015 0.18 024 046 049 061 076 091 101 122 131 137 149 162 183 192 198 201 223 229 244
Core ID

DE-1 1.67 1.75 2.10 2.14 2.00

DE-2 1.64 1.92 2.00 2.09 2.05

DE-3 1.77 2.17 2.12 2.06 2.02

DE-4 1.77 1.64 1.48 1.97 2.12

DE-5 1.74 1.85 2.06 2.03 2.01

DE-6 2.07 1.96 2.10 2.04 2.18

DE-7 1.84 1.81 2.02 2.16 2.08

DE-8

DE-9 2.14 2.04 2.03 1.98 2.10

DE-10 1.88 1.86 2.01 1.90 1.76

DE-11 1.88 2.02 2.07 1.90 1.99

DE-12 1.91 1.95 1.51 1.96

DE-13

DE-14 1.92 1.99 2.03 2.02 2.12

DE-15

DE-16 1.88 1.97 2.12 2.04 2.13

DE-17 1.89 1.96 2.22 2.11 2.28

DE-18 1.91 2.02 1.97 2.18 2.19

DE-19 1.94 2.08 1.83 1.99 1.93

DE-20 1.88 2.00 2.12 1.97 2.14

DE-21

DE-22 2.01 1.95 2.08 2.07 2.15

DE-23 1.82 1.95 2.17 2.13 2.13

DE-24 1.80 1.87 2.03 1.92 1.93

DE-25 2.17 2.06 1.94 1.91 2.02

DE-26 1.88 1.66 2.02 2.09 1.90

DE-27

DE-28 1.95 1.99 2.10 2.18 2.19

DE-29

DE-30 1.95 1.96 1.62 1.93 1.97

DE-31 1.92 2.06 2.09 2.09 2.11

DE-32 1.55 1.47 1.40 1.92 1.70

DE-33 1.43 1.87 1.69 1.57 2.07

DE-34 1.98 2.12 1.85 1.80 1.61

DE-35 1.74 1.78 1.75 1.59 1.59

DE-36 2.07 2.01 2.21 1.96 1.98

DE-37 1.49 1.81 1.64 1.80 1.50

WN-1 1.81 1.90 1.94 2.17 2.31

WN-2 1.09 1.33 1.91 1.73 1.64 2.39
WN-3 1.36 1.36 1.55 1.59 1.72 2.16
WN-4 0.80 1.62 1.85 1.99 1.82 2.26
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WN-5
WN-6
WN-7
WN-8
WN-9
WN-10
WN-11
WD-12
WN-13
WN-14
WN-15
WN-16
WD-17
WN-18
WN-19
WN-20
WN-21
WN-22
WN-23
WN-24
WN-25
W-26
W-27
w-28
W-29
W-30
W-31
W-32
W-33
w-34
W-35
W-36
W-37
W-38
W-39
W-40
w-41
W-42
W-43
W-44
W-45
W-46
W-47
W-48
W-49
W-50
W-51
W-52
W-53
W-54
W-55
W-56

1.30
0.99
1.43
1.24
1.14
1.14
0.96
1.69
1.90
1.75
1.47
1.27
1.73
0.85
1.21
1.09
1.43
1.43
1.42
1.63
1.52
1.78
1.32
1.30
1.76
1.71
1.34
1.75
1.38
1.47
1.68
1.94
1.70
1.49
1.06
1.54
1.45
1.22
1.31
0.82
1.18
1.55
7.00
0.84
0.89
0.81
1.27
1.06
1.51
2.02
0.37
1.28

1.39
1.01
1.14
1.55
1.30
1.26
0.72

1.24
0.97
1.53
1.58
1.34
1.74
1.62
1.87
1.32
1.64
1.78
1.78
1.35
1.77
1.48
1.46
1.76
2.03
1.81
1.72
1.74
1.73
1.47
1.32
1.34
1.11
1.45
1.30
7.00
1.34
1.40
0.96
1.24
1.04
1.81
2.22

0.70
0.98

1.39
1.83
1.04

1.69

1.38
1.11
0.97
1.60
1.19
1.46
0.82

2.24

1.84

1.20
1.07
1.58
1.66
1.58
1.71
1.77
1.88
1.35
1.72
1.84
1.78
1.45
1.80
1.46
1.63
1.78
2.03
2.02
1.76
1.20
1.46
1.44
1.42
1.39
1.50
2.06
1.44
7.00
1.62
2.11
1.48
1.47
1.58
2.40
1.99

0.87
1.12

448

1.81

1.15

2.02

1.40
1.06
1.58
1.81
1.43
2.38
0.83

1.45

1.59
1.22
1.62
1.68
1.46
1.52
1.89
1.95
1.42
1.74
1.93
1.88
1.58
1.77
1.43
1.57
1.49
2.02
2.18
2.08
1.48
1.88
1.56
1.54
1.72
1.69
2.06
1.57
7.00
1.73
2.24
1.12
1.89
2.02
1.74
1.64

1.27
1.05

2.18

1.71
1.11
1.87
1.93
1.58
2.07
0.97

2.08
1.94

2.09
1.62
1.55
1.72
1.85
1.65
1.73

2.12
1.52
1.87
1.93
1.95
1.60
1.63
1.63
1.75
1.94
2.10
2.24
2.19
1.67
2.20
1.97
1.82
2.00
1.29
1.83
2.14
6.00
1.86
1.38
1.97
1.89
2.20
1.46
1.50

1.52

1.83

0.90
0.97

2.12

2.05
1.35
1.91
1.94
2.19
0.77
1.05

1.45
1.53
1.73

1.64
1.90

1.92
1.65
1.93
1.79
1.97
1.48
1.78
1.68
1.77
2.07
2.01
2.46
2.18
1.64
2.22
2.06
2.00

1.57
1.53
2.06
6.00
1.79
1.48
2.29
1.56
2.24
1.64
1.45

1.62

1.28



W-57
W-58
W-59
W-60
W-61
W-62
W-63
W-64
W-65
W-66
W-67
W-68
W-69
W-70
W-71
W-72
W-73
W-74
W-75
W-76
W-77
W-78
W-79
W-80
WA-1
WA-2
WA-4
WA-5
WA-6
WA-7
WA-8
WA-9
WA-10
WA-11
WA-12
WA-13
WA-14
WA-15
WA-16
WA-17
WA-18
WA-19
WA-26
WA-27
WA-28
WA-29
WA-30
WA-31
WA-32
WA-33
WA-34
WA-35
WA-36

0.83
0.97
0.78
0.95
1.14
0.49
0.83
0.62
0.83
1.67
0.74
1.52
2.42
0.63
1.13
1.97
1.82
1.88
1.46
1.87
1.05
2.12
0.87
0.97
1.82
1.34
1.46
1.28
1.60
1.58
1.59
1.39
1.54
1.49
1.68
1.66
1.37
1.61
1.45
1.53
1.41
1.06
1.20
0.69
1.24
1.36
1.49
1.50
1.37
1.60
1.43
1.51
1.67

0.61
1.00
1.11
1.48
1.40
1.10
1.07
1.34
0.91
2.03
1.92
0.63
0.65

1.97

1.69
1.10
1.45
1.49
0.99
0.98
1.56
1.36
1.38
1.56
1.73
1.54
1.57
1.48
1.52
1.50
1.55
1.54
1.51
1.59
1.52
1.54
1.35
1.37
1.06
1.19
1.23
1.44
1.76
1.56
1.45
1.68
1.50
1.58
1.82

0.86
1.97

1.46
1.24
1.57
2.34
1.34
1.05
1.35
1.29
0.91
2.11
1.29
1.41
0.92

1.95

1.29
1.87
1.54
1.10
1.39
1.72
1.42
1.99
1.80
1.63
1.64
1.58
1.51
1.66
1.58
1.59
1.59
1.65
1.50
1.67
1.37
1.41
1.42
1.43
1.29
1.55
1.89
1.62
1.51
1.97
1.70
1.72
1.98

1.26
1.46
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2.21
1.53
1.69
3.31

1.51
1.75
2.10
1.80
2.33
1.84
1.54

1.89

1.31
1.79
1.03
1.51
1.33
1.83
1.42
2.05
1.76
1.92
1.97
1.83
1.50
1.90
1.67
1.72
1.68
1.89
1.65
1.83
1.46
1.50

1.55
1.37
2.07
1.80
1.52

1.90
1.53
2.02

0.94
1.63

1.71
1.84
2.38
3.58

1.52
1.85
2.27

1.90

2.51

1.45
1.69
1.63
1.78
1.83
1.92
1.71
2.11
1.87
2.09
2.08
1.99
1.64
2.10
1.91
1.80
1.74
1.96
1.76
1.97
1.56
1.70

1.84
1.83
2.05
1.94
1.82

1.99
1.68

0.94
1.26

1.54

1.29
1.54

2.02
2.40
1.40
1.82
1.84
1.81
0.89

2.60

2.12
1.18
1.99
1.48

1.91
2.08
1.95
2.11
2.10
2.14
1.85

1.96
1.90
1.74
1.95
1.80
2.05
1.77
1.79

1.87
1.56
2.18
1.89
1.84

2.08
1.74



WA-37
WA-38
WA-39
WA-40
WA-41
WA-42
WA-43
WA-44
WA-45
WA-46
WA-47
WA-48
WA-60
WA-61
WA-62
WA-63
WA-64
WA-65
WA-66
WA-67
WA-68
WA-70
WB-3

WB-5

WC-2

WC-5

WD-2

WD-5

WE-1

WE-2

WE-3

WE-4

WE-5

WE-6

WE-7

WE-8

WE-9

WE-10
WE-11
WE-12
WE-13
WE-14
WE-15
WE-16
WE-17
WE-18
WE-19
WE-20
WE-21
WE-22
WE-23
WE-24

1.82
1.51
1.54
1.67
1.52
1.72
1.61
1.50
1.65
1.42
1.67
1.50
1.77
1.80
1.69
1.78
1.57
1.79
1.98
1.63
1.51
1.65
1.66

0.92
0.89
1.00
1.29
1.21
0.91
0.86
0.99
1.04
1.10
1.13
1.19
1.54
1.47
1.28
1.02
0.93
0.86
1.01
0.91
1.00
0.78
0.90
1.11

1.80
1.47
1.46
1.54
1.57
1.65
1.59
1.56
1.70
1.59
1.55
1.56
1.82
1.94
1.71
1.88
1.56
1.85
1.91
1.71
1.51
1.55
2.10

0.99
0.98
1.00
1.25
1.15
0.88
0.95
1.19
0.87
1.03
0.91
1.07
1.32
1.48
1.22
1.13
1.04
0.85
0.88
0.84
0.95
0.95
0.94
1.05

1.78
1.50
1.61
1.65
1.56
1.52
1.71
1.57
1.68
1.58
1.62
1.62
1.87
1.97
1.79
1.89
1.61
1.92
1.91
1.75
1.64
1.77
1.70

0.97
1.05
0.93
1.43
1.04
0.95
0.96
1.52
1.02
1.16
1.02
1.41
1.32
1.43
1.33
1.15
0.99
0.98
0.85
0.82
0.96
1.00
0.92
1.06
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1.70
1.59
1.68
1.74
1.79
1.78
1.62
1.78
1.92
1.64
1.69
1.94
2.35
1.91
1.77
1.97
2.05
2.02
1.79
1.77
1.81

1.12
1.04
0.98
1.38
1.47
1.27
0.82
2.10
1.09
1.22
0.81

1.18
1.72
1.49
1.53
1.31
1.14
1.06
0.89
0.96
1.01
1.06
1.09

1.67
1.61
1.96
1.84
1.83
1.87
1.80
1.86
1.87
1.67
1.80
2.01

1.90
2.12
1.94
2.15
2.04
1.85
1.78
2.01

1.18
1.38
1.28
1.70
1.64
1.40
1.25
2.12
1.30
1.48
1.29

1.18
1.98
1.63
1.67
1.58
1.37
1.29
1.00
0.94
1.26
1.03
1.36

1.71
1.70
2.02
1.87
1.92
1.83
1.78
1.92
2.03
1.77
1.83
2.10

2.04
2.12
1.79

2.22
1.78
1.89
2.08

1.29
1.52
1.64
1.91
1.76
1.10
1.71
1.64
1.51
1.77
1.29

1.31
2.20
1.85
1.90
1.64
1.41
1.37
1.14
1.01
1.15
0.97
1.36



WE-25 1.23
WE-26 1.06
WE-27 1.14
WE-28 1.11
WE-29 1.77
WE-30 0.73
WE-36 0.82
WE-37 0.93
WE-38 1.04
WE-39 1.27
WE-40 0.94
WE-41 0.70
WE-42 0.89
WE-43 0.91
WE-44 0.90
WE-45 0.82
WE-46 1.21
WE-47 2.03
WE-60

WE-61

WE-62

WE-63

WE-64

WE-65

WE-66

WE-67

WE-68

OK-1 1.19
OK-2 1.48
OK-3 1.03
OK-4 2.13
OK-5 1.72
OK-6 1.38
OK-7 1.03
OK-8 1.19
OK-9 0.91
OK-10 0.92
OK-11 1.79
OK-12 1.51
OK-13 1.98
OK-14 1.02
OK-15 N/A
OK-16 0.98
OK-17 1.12
OK-18 1.92
OK-19 N/A
OK-20 1.50
OK-21 1.05
OK-22 1.05
OK-23 1.92
OK-24 1.16

1.29
1.12
1.12
1.27
1.55
0.88
0.94
1.02
1.06
1.15
1.15
0.88
0.90
0.90
0.87
0.81
1.22

0.70
1.23
1.39
1.95
1.52
1.01
0.87
1.03
1.05
0.94
1.65
1.72
1.90
1.07
1.25
1.24
1.79
1.77
0.70
1.37
0.99
1.42
1.95
1.20

1.57
1.42
1.25
1.42
1.84
0.90
1.61
1.32
1.69
1.27
1.42
0.98
1.05
1.01
0.88
1.19
1.14

1.47
1.81
1.36
1.79
1.84
1.76
1.64
1.34
1.20
1.14
2.03
1.78
1.87
1.15
1.45
1.28
1.82
1.82
1.06
1.54
1.14
0.77
2.02
1.08
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1.72
1.55
1.43
1.55
1.55
1.61
1.09

1.93
1.61
1.72
2.00
1.30
1.60
1.45
0.85

1.62
2.04
1.22
1.19
1.56
1.36

1.23
1.23
2.01
1.56
1.90
1.29
1.01
1.38
2.10
1.94
0.98
1.80
1.16
0.94
2.03
1.39

2.00
1.86
1.66
1.65
2.10
2.40

0.99
1.85
2.16
2.17
1.70
1.80
1.52

1.25
1.13
1.40
1.60

1.26

1.21
1.80
1.36
1.15
1.78
1.97
1.79
1.08
2.00
1.65
0.53
2.03
1.47

2.18
1.94
1.75
1.87
2.24

0.99
1.94
1.87
2.24
1.73
1.86
1.33

1.66
1.81
1.31
1.43

1.71

1.14
1.93
1.28

2.12

1.88
1.89

1.48

1.95
1.50



OK-25
OK-26
OK-27
OK-28
OK-29
OK-30
OK-31
OK-32
OK-33
OK-34
OK-35
OK-36
OK-37
OK-38
OK-39
OK-40
OK-41
OK-44
OK-45
OK-46
OK-50
OK-51
OK-52
OK-53
OK-54
OK-55
OK-56
OK-57
OK-58
OK-59
OK-60
OK-61
OK-62
OK-63
OK-64
OK-65
OK-66
OK-67
OK-68
OK-69
OK-70
OK-71
OK-72
OK-74
OK-75
OK-76
OK-82
OK-83
OK-84
OK-85
OK-86
OK-87

1.24
1.33
2.11
1.07
0.93
1.29
1.45
1.38
N/A
2.00
0.76
1.28
1.16
N/A
1.04
N/A
0.80
1.20
1.18
1.00
1.17
N/A
0.83
1.40
1.21
1.36
5.00
N/A
0.98
0.92
0.80
0.91
1.20
0.92
0.74
0.61
0.93
0.84
1.24
0.65
1.27
1.05
1.01
1.40
0.99
0.92
1.51
1.52
1.70
1.63
1.74
1.67

1.31

1.75

0.92

1.30
1.56
1.99
111
1.05
1.22
1.38
1.79

1.99
0.76
1.18
1.04

0.98
1.09
0.72
1.18

1.11
1.19
1.93
1.16
1.03
1.07
1.33
5.00
1.07
0.69
0.93
0.82
0.84
1.00
0.79
0.85
1.07
1.00
0.91
1.38
0.65
1.21
0.97
0.86
1.30
0.66
0.99
1.64
1.58
1.80
1.69
1.84
1.73

1.43
1.60
1.82
1.27
1.25
1.28
1.45
2.37

1.91
0.83

1.17

1.07
1.24
0.83
1.40

1.10
1.11
2.05
1.25
1.32
1.73
1.39
3.00
1.12
0.95
0.86
0.88
0.91
1.02
0.82
1.67
1.45
1.05
1.08
1.39
0.67
1.19
1.19
0.87
1.82
1.10
1.00
1.60
1.76
1.93
1.44
1.76
1.76
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1.56
1.72
1.69

1.38
1.46
1.38

1.77

1.20

1.24
1.44
1.62
1.55

1.23
1.16
1.55
1.23
1.16
2.04
1.54
7.00
1.16

0.90
0.96
0.96
1.00

0.78
2.09
1.30

1.63
1.45

1.75
0.76
1.87
1.01

1.37
1.73
2.18
1.81
1.85
1.82

1.97
2.04
2.11

1.37
1.55
1.70

2.18

1.40

2.24
1.84
1.76
1.93

1.48
1.42
1.93
1.72
1.92
2.26
1.57
7.00
1.19

1.57
1.68
1.39
1.83

2.32
1.93

1.74
1.48
1.00
1.17

1.89
1.86
2.14
1.85
1.98
2.05

1.81
1.84
2.03

1.61
1.86
1.80

2.10

1.62

2.02
1.56
2.01

1.70
1.56
1.34
1.89

2.03
7.00
1.63

1.81
2.22

1.88

1.82
1.91
2.32
1.75
2.05
2.00



OK-88
OK-89

1.65
1.58

1.75
1.63

1.83
1.68

1.58
1.67

1.87

2.08

453



Depth (ft) 8.2 8.5 9 9.3 9.8 10 10.5 10.8 11 115 12 12.8 13.1 135 14 15 16.4 16.5 16.7 18 19.2 195
Depth (m) 250 259 274 2.99 3.05 3.20 329 335 351 366 390 399 412 427 457 500 503 509 549 5.85 594
Core ID

DE-1 1.83 1.27
DE-2 2.12 1.71
DE-3 1.84 1.90
DE-4 2.10 2.06
DE-5 2.10 2.14
DE-6 1.65 1.93
DE-7 2.00 1.94

DE-8

DE-9 2.07 2.22
DE-10 2.06 2.20
DE-11 2.14 2.10
DE-12 1.86 1.99
DE-13

DE-14 2.28 2.25
DE-15

DE-16 1.94 2.07
DE-17 1.98 2.23
DE-18 1.70 2.16
DE-19 2.00 2.12
DE-20 2.08 2.12
DE-21

DE-22 2.01 2.19
DE-23 2.23 1.74
DE-24 2.09 2.45
DE-25 2.00 2.03
DE-26 1.83 2.02
DE-27

DE-28 2.03 2.24
DE-29

DE-30 2.14 2.12
DE-31 1.97 2.29
DE-32 1.81 1.78
DE-33 2.18 2.07
DE-34 1.62 1.79
DE-35 1.80 1.96
DE-36 1.54 1.97
DE-37 1.55 1.86
WN-1

WN-2

WN-3 1.89 1.79 1.63 1.50 2.93
WN-4 2.23 2.08 1.87
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WN-5
WN-6
WN-7
WN-8
WN-9
WN-10
WN-11
WD-12
WN-13
WN-14
WN-15
WN-16
WD-17
WN-18
WN-19
WN-20
WN-21
WN-22
WN-23
WN-24
WN-25
W-26
W-27
W-28
W-29
W-30
W-31
W-32
W-33
W-34
W-35
W-36
W-37
W-38
W-39
W-40
W-41
W-42
W-43
W-44
W-45
W-46
W-47
W-48
W-49
W-50
W-51
W-52
W-53
W-54
W-55
W-56

1.31
1.25

2.18

1.33

1.47
2.18
1.81
1.22
2.00
1.77

2.43

1.79

1.78

1.60
1.69

1.84
1.71
2.07
1.97
2.13
1.50
1.47
1.69
1.79
1.96
2.07
2.45
2.21
1.61
2.24
2.03
2.15

1.12
1.53
1.39
6.00
0.87
1.36
1.47
0.70
1.43
2.58
1.30

1.13
1.75

1.68

1.28

2.02
2.01
0.85
0.91

1.89

1.82
1.79

2.44
1.80
2.03
2.05
2.16
1.69
1.99
1.83
1.79
2.60
1.87
2.49
1.75
1.88
2.10
2.19
2.16

1.15
1.89
1.13
6.00

0.81
0.95
1.27
1.26
2.20
1.16

2.00

2.34
1.80

2.23
2.19
1.42

2.32

1.84

2.26
1.87

2.54
1.98
1.82
2.07
2.22
1.79
2.05
1.96
1.87
2.79
2.14

6.00

1.36
1.87
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2.42

1.96

1.25

1.94

2.35

2.54
2.03
1.64
2.14
2.13
1.82
2.36
2.11
2.12
2.58
2.36

6.00

1.49

2.14

2.32

2.53
2.34
1.93
1.77
2.15
1.76
2.15
2.02
2.07

2.52

6.00

1.90

2.16

2.65
2.64
2.18
1.82
2.36
1.99
2.31
2.08
2.10

2.46

6.00

1.89

2.11

2.69
2.63
2.84
1.92
2.32

2.02

2.34

6.00

2.13

2.23

1.76

1.93

6.00




1.72
1.44

1.30
1.52

1.74
0.65
2.01
1.53
2.09
1.66
0.92

1.90

2.06
1.21
1.99
1.75

1.84
1.35
2.00
2.13
2.17
2.06
1.96

1.98
2.00
1.85
1.99
1.94
2.06
1.65
1.88

2.19

1.88

2.03
2.09

2.21
1.88

1.73
1.51

2.15
1.78

1.59
2.24
1.84
1.88
1.50
2.18
1.40

1.60

2.06
1.29
1.77

2.35

2.14

2.16
2.05

2.05
1.97
1.92
2.06
2.05
1.97
1.86
1.97

1.86
1.44
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2.15

2.21
1.92

1.87
1.91
1.88
2.08
2.14

2.00
2.13

1.98

1.90

1.92
2.03

1.77

2.23

1.97

2.13




WA-37
WA-38
WA-39
WA-40
WA-41
WA-42
WA-43
WA-44
WA-45
WA-46
WA-47
WA-48
WA-60
WA-61
WA-62
WA-63
WA-64
WA-65
WA-66
WA-67
WA-68
WA-70
WB-3

WB-5

WC-2

WC-5

WD-2

WD-5

WE-1

WE-2

WE-3

WE-4

WE-5

WE-6

WE-7

WE-8

WE-9

WE-10
WE-11
WE-12
WE-13
WE-14
WE-15
WE-16
WE-17
WE-18
WE-19
WE-20
WE-21
WE-22
WE-23
WE-24

1.70
1.78
1.95
2.08
2.00
1.92
1.83
2.17

1.92

2.06

2.13

1.92

1.83
1.72
1.88

1.62
1.64
1.67
1.74
1.33
1.26
2.19

1.94
1.30

1.32

2.02
1.92
1.50
1.41
1.03
1.22

1.26
1.18
1.46

2.02
1.91
2.09
2.05
2.18
1.86
2.08

1.98

1.87

1.97

2.00
1.91

1.25
1.83
1.95
2.07
1.67
1.18
0.91

1.51

2.04
2.06
1.48
1.33

1.19

1.30

0.99
1.28

457

2.05
2.05
2.19
2.06
2.18
1.84
1.87

1.97

2.12
1.98

1.91

1.48
1.83

2.09

2.20
2.26

1.40

0.99

2.23

1.93
2.10

1.79

2.05

1.68

1.49
2.28

2.22

1.24

2.07
2.28

2.22

1.90

1.74

1.58

1.01




WE-25
WE-26
WE-27
WE-28
WE-29
WE-30
WE-36
WE-37
WE-38
WE-39
WE-40
WE-41
WE-42
WE-43
WE-44
WE-45
WE-46

WE-47

WE-60
WE-61
WE-62
WE-63
WE-64
WE-65
WE-66
WE-67
WE-68
OK-1
OK-2
OK-3
OK-4
OK-5
OK-6
OK-7
OK-8
OK-9
OK-10
OK-11
OK-12
OK-13
OK-14
OK-15
OK-16
OK-17
OK-18
OK-19
OK-20
OK-21
OK-22
OK-23
OK-24

1.55
2.24
1.64
2.14

2.27
2.08
1.56
2.10
1.88
1.83
1.38

1.76
1.30
1.77
1.32

1.77
1.94

1.39

1.15

1.88
1.37

1.74
2.13
2.34
1.09

2.32
2.11

1.72
1.96

2.50
1.09
1.48
1.47

1.90
2.08

2.10

1.92

2.06
1.48

2.17
1.53

1.85
2.26
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2.35

0.93
2.34

2.14

1.92




OK-25
OK-26
OK-27
OK-28
OK-29
OK-30
OK-31
OK-32
OK-33
OK-34
OK-35
OK-36
OK-37
OK-38
OK-39
OK-40
OK-41
OK-44
OK-45
OK-46
OK-50
OK-51
OK-52
OK-53
OK-54
OK-55
OK-56
OK-57
OK-58
OK-59
OK-60
OK-61
OK-62
OK-63
OK-64
OK-65
OK-66
OK-67
OK-68
OK-69
OK-70
OK-71
OK-72
OK-74
OK-75
OK-76
OK-82
OK-83
OK-84
OK-85
OK-86
OK-87

1.88

1.35

1.55
2.03
1.87

2.26

1.35

2.05
1.48
1.16

1.32
1.50
1.27
1.70

1.50
1.81

1.68
1.95

1.99

1.07

1.43
2.03
2.20
1.52
2.06
1.68

1.29
2.08

1.42
2.11

2.27

1.99

1.90
1.94
1.84

1.80
1.60
1.68

1.50

2.18

1.85

1.29

2.00
2.20

2.04
2.12
2.07

2.00
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2.00

1.50

1.50

0.50

0.50




OK-88 1.97 2.14
OK-89
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