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Abstract

Cores collected from Mississippi Sound and the inner shelf of the northeast Gulf of Mexico have been examined using *'°Pb
and "*’Cs geochronology, X-radiography, granulometry, and a multi-sensor core logger. The results indicate that widespread
event layers were probably produced by an unnamed hurricane in 1947 and by Hurricane Camille in 1969. Physical and
biological post-depositional processes have reworked the event layers, producing regional discontinuities and localized
truncation, and resulting in an imperfect and biased record of sedimentary processes during the storms. The oceanographic and
sedimentological processes that produced these event beds have been simulated using a suite of numerical models: (1) a
parametric cyclone wind model; (2) the SWAN third-generation wave model; (3) the ADCIRC 2D finite-element hydrodynamic
model; (4) the Princeton Ocean Model; (5) a coupled wave—current bottom boundary layer-sedimentation model; and (6) a
model for bed preservation potential as a function of burial rate and bioturbation rate. Simulated cores from the Mississippi
Sound region are consistent with the observed stratigraphy and geochronology on both the landward and seaward sides of the
barrier islands.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ancient continental shelf strata frequently consist
of intercalated sand and shale or mudstone beds. A
storm origin is inferred for the sand beds when they
contain hummocky cross stratification (HCS) and
have erosive bases (Dott and Bourgeois, 1982). Storm
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beds containing HCS range in thickness from about
0.1 to 2 m. It has been suggested that this association
of mud (deposited under more quiescent conditions)
and sand (storm beds) is deposited in water depths
below fair-weather wave base but above storm wave
base (Duke, 1985). In contrast to these thick sand
layers deposited in deeper water, storm sand beds
deposited on the inner shelf and shoreface may
comprise less than half the total sediment and be less
than 0.1 m thick (Driese et al., 1991). These thinner
beds may contain fine-scale HCS and be laterally
continuous for less than 10 m.
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Observations from modern continental shelves sug-
gest that storm beds range from 0.01 m on the middle
shelf (Hayes, 1967; Morton, 1981; Snedden and Num-
medal, 1991) to 0.2 m on the shoreface (Beavers,
1999). Modeling studies also indicate that storm beds
are irregular and discontinuous (Keen and Slingerland,
1993a,b; Keen and Glenn, 1998). A remaining problem
is the preservation of the storm beds after deposition. In
areas where storm beds are amalgamated, it is not
possible to identify individual sand layers. However,
if significant fine-grained sediment is deposited be-
tween intense storms, storm beds may be buried deeply
enough to escape reworking. In order to understand the
relationship between the initial characteristics of an
individual storm bed and its ultimate preservation in the
stratigraphic record, it is necessary to examine an event
bed that is unique and widely distributed. Bentley et al.
(2000, 2002) describe the sand layer deposited by
Hurricane Camille in August 1969 near its landfall in
an estuary in the northern Gulf of Mexico. Because of
the absence of more recent major hurricanes in this
region, this event bed has the potential to demonstrate
physical and biological influences on the preservation
of storm beds.

1.1. Background

The observations needed to evaluate the event layers
predicted by single-bed models like that of Keen and
Slingerland (1993a) have been scarce in the past
because of problems of scale and the preservation of
these thin sand beds. Snedden et al. (1988) and Morton
(1981) have described the spatial extent of event beds
deposited on the Texas coast during hurricanes but
definitive evidence of the correlation of these beds was
lacking because of reworking of the bed. In order to
identify an individual storm bed in multiple cores with
sufficient accuracy to test the quantitative predictions
of a numerical model, it is necessary to have better
control on the time of deposition of possible beds. It is
also important that bed amalgamation and reworking
are minimal. Because of these difficulties, it has not
been possible to simulate multiple event bed deposition
at time scales on the order of decades. Longer time
scales have been simulated using numerical models
(e.g., Thorne et al., 1991).

A category 4 hurricane made landfall on the Loui-
siana coast north of the modern Balize delta of the

Mississippi River on 19 September 1947 (Fig. 1),
producing a 4.8-m surge near Bay St. Louis, Missis-
sippi (Neumann, 1993; Stone et al., 1997). Hurricane
Camille, which was the second strongest hurricane to
hit the U.S. coastline in the 20th century, made landfall
on the Mississippi coast (Fig. 1) at 0430 UT on 17
August 1969. The central pressure was 901 mb and the
maximum sustained winds near the eye were more than
85m s~ ! just before landfall (Anonymous, 1969). The
storm surge near landfall within Mississippi Sound
exceeded 7 m. Bottom currents on the Florida coast
150 km east of landfall exceeded 1.6 m s~ ' (Murray,
1970). Prior to Camille, there were no major hurricane
strikes along this coast since 1947. Hurricane Georges
made landfall near Biloxi, MS, in 1998 (Stone and
Wang, 1999). However, Georges was much weaker
than Camille, and cores from Mississippi Sound sev-
eral months after Georges did not contain a significant
preserved event layer (Bentley, unpublished data).
Thus, Georges is not expected to have had a wide-
spread effect on amalgamation of previous storm beds.
It thus seems likely that if multiple identifiable and
datable event beds are to be found anywhere in the
U.S. coastal waters, it may well be in the sheltered
waters of Mississippi Sound.

1.2. Study area

The south-facing barriers islands fronting Missis-
sippi Sound (Fig. 1) formed by upward aggradation as
sediment from Mobile Bay was transported westward
by longshore currents (Otvos, 1970). Sediment within
Mississippi Sound consists of medium to coarse sand
along the barrier islands and silt and clay located within
the central parts of the sound (Upshaw et al., 1966).
Overall, the northern Gulf of Mexico barrier islands are
migrating to the west in response to wave-driven
longshore drift (Stone and Stapor, 1996). Ship Island,
consisting of West Ship Island (WSI) and East Ship
Island (ESI), appears to be rotating counterclockwise as
East Ship Island is eroding on its Gulf'side. The rotation
is partly attributed to accretion on the Gulf coast of WSI
while erosion is occurring on its sound side.

The Chandeleur Islands are a recurved eastward-
facing barrier chain fronting Chandeleur Sound. These
islands are migrating west-northwest over the subsid-
ing St. Bernard deltaic plain. Beach deposits consist of
shell fragments and fine quartz sand. The sediments of
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Fig. 1. (A) Map of the Mississippi Bight study area. The boxes refer to sedimentation model subgrids shown in Fig. 2. The 1947 hurricane path
is indicated by the dashed line and Hurricane Camille’s path is shown by a solid line. (B) Close-up map of the Mississippi Sound area. Key to
abbreviations: BSL=Bay St. Louis; WSI= West Ship Island; ESI= East Ship Island; HNI=Horn Island. The core locations listed in Table 1 are
shown by circled numbers in panels A and B.
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Chandeleur Sound comprise clay, silt and sand. The
dominant geomorphic factors in the evolution of the
Chandeleur barrier island chain are tropical cyclones,
which commonly overwash these low-lying islands
(Kahn and Roberts, 1982). However, the established
dunes of the northern islands contribute to their
durability by directing storm overwash into pre-exist-
ing channels. Kahn and Roberts (1982) noted that
fair-weather waves and currents rapidly redistributed
sediment eroded from the beach and dune system by
Hurricane Frederick in 1979. Much of this trans-
ported sediment contributes to the longshore drift
pool that can rapidly seal storm channels (Nummedal
et al., 1980). The beaches of the southern islands are
more exposed to storm waves than the northeast-
facing beaches of the northern islands. The southern
islands are therefore undergoing rapid erosion and
northwest migration. Hurricane Frederick flattened
the southern Chandeleur Islands, and they remain a
shoal today because of more recent storms such as
Hurricane Georges in 1998 (Stone and Wang, 1999).

1.3. Objectives

The objectives of this paper are: (1) to use obser-
vations and numerical models to constrain the initial
extent and thickness of the event beds produced by an
unnamed hurricane in 1947 and Hurricane Camille in
1969; and (2) to examine the processes affecting the
preservation of the sandy event layers. This paper will
show by means of core analysis that the storm beds
can be identified in cores from Mississippi Sound and
the adjacent shelf. This study also makes quantitative
predictions of sediment resuspension and transport
within Mississippi Sound and uses them to evaluate
patterns of storm bed deposition within the region.
Finally, simulated cores that reflect sand and mud
storm deposition, fair-weather deposition, and biotur-
bation are generated for use in discussing the preser-
vation potential of the storm beds.

2. Methods
2.1. Core retrieval and analysis

The Research Vessel Kit Jones completed three
cruises in the Mississippi bight between July 1999 and

July 2000. Box cores and gravity cores (Table 1) were
collected in western and central Mississippi Sound
and the adjacent inner shelf, in water depths between
4 and 10 m (Fig. 1, Table 1). Additional gravity cores
from the middle and outer shelf and Chandeleur
Sound (Fig. 1, Table 1) were provided by the Naval
Oceanographic Office’s Northern Gulf of Mexico
Littoral Initiative (NGLI). Inner-shelf sampling sta-
tions were located near the mud—sand transition both
seaward and landward of the barrier islands, based on
the hypothesis that if event layers are preserved,
identification would be facilitated by lithologic con-
trast between sandy event beds and muddy matrix.
Box cores were subsampled for radioisotopes and
physical properties at 0.01—-0.02-m intervals. Slabs
taken from the box cores using Plexiglas trays were
X-radiographed.

Gravity cores were analyzed using a GEOTEK
Multi-Sensor Core Logger (MSCL), an automated
system in which cores are logged horizontally. An
ultrasonic P-wave system measured P-Wave speed
through the cores at 500 kHz. Gamma ray density
(attenuation) was measured from a narrow beam of
gamma rays emitted from a 10 mCi "*’Cs source with
energies principally at 661 keV. Measurements were
conducted at atmospheric pressure, with cores equil-

Table 1
Summary of core locations and station numbers discussed in this
paper

Station Station name Box cores Gravity cores
number
in Fig. 1
1 Inner Shelf KJ070600 BC8  KJ070600 GC8
2 East Ship Island  KJ070600 BC6  KJ070600 GC6
3 Dog Keys Pass KJ040500 E
4 Horn Island KJ070600 BC1 ~ KJ070600 GC1
KJ040500 D
5 Bay St. Louis BSL070999 BSL091399
BCE GCA
KJ070999 BCE
6 Western KJO501D KJ0501GCD
Mississippi
Sound
7 Chandeleur 1199C3
Sound
8 East of 599C2
Chandeleur
Islands
9 Middle Shelf 599C4
10 Outer Shelf 500C3
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ibrated to laboratory ambient temperature (23 °C).
Subsamples were retained for radioisotope and gran-
ulometric analysis. Patterns of grain size were deter-
mined by measuring the percent sand and mud in
samples that were dispersed in 0.05% sodium meta-
phosphate solution, disaggregated in an ultrasonic
bath, and wet-sieved using a 4 ¢ (63 pm) screen.
The mud and sand fractions were then dried and
weighed.

Activities of 2'°Pb, with a half-life of 22 years, and
137Cs, with a half-life of 30.7 years, were determined
by y-spectroscopic analysis of dried sediment. 2'°Pb
activities were corrected for self-absorption by cali-
bration with standards of known activity (Cutshall et
al., 1983). Excess activities of 2'°Pb (*'Pb,,) were
determined by comparison with supported activities of
the parent radionuclides, 2'*Pb and *'*Bi. '*’Cs is an
anthropogenic impulse tracer that was introduced into
the environment in atmospheric atomic bomb testing
beginning in 1954. It reached a peak in 1963 and input
has been declining ever since. '*’Cs usually adsorbs
strongly and irreversibly to particle surfaces. The
minimum detection limit for *’Cs was 0.05 decays
per minute per gram (dpm g~ ') in 17-g samples.
Activities for all radioisotopes are reported in dpm

g~ !, with 60 dpm g~ ' equivalent to 1 Bq g~ ".

2.2. Numerical methods

This study uses a linked model system approach
similar to that described in Keen and Slingerland
(1993a). A parametric wind model is used to generate
the hurricane wind fields. The wind fields are used to
drive both wave and current models. The predicted
current and wave fields are then used to drive a
coupled bottom boundary layer-sedimentation model,
which predicts resuspension, erosion, and deposition.
The bottom topography used in the sedimentation
simulations comes from the National Ocean Service
(NOS) 3-s database and local surveys made during the
NGLI project.

A parametric cyclone wind model, which gives
good results for areas within the radius of maximum
winds (Keen and Slingerland, 1993a), is used to
generate wind fields from available meteorological
data. The wind field for these simulations is computed
on a 5-km grid of the entire Gulf of Mexico. This
study utilizes the third-generation spectral SWAN

model (Simulating Waves Nearshore) (Booij et al.,
1999; Ris et al., 1999) to compute waves. The SWAN
model calculates refraction, diffraction, wave break-
ing, dissipation, wave—wave interaction, and local
wind generation. The water depth used in SWAN
changes with the water surface elevation and, there-
fore, larger storm waves can be computed in otherwise
shallow water within the estuary. The elevation comes
from the hydrodynamic models. The wave model does
not calculate waves over the islands when they are
submerged, however. The wave model grid is the
same as the wind grid. The storm current fields are
computed using different hydrodynamic models as
discussed below. The astronomical tides are not cal-
culated for this simulation because of their minimal
impact during the hurricane. No river inflow is incor-
porated into the hydrodynamic models. The circula-
tion models also do not include wetting or drying.

The bottom boundary layer model (BBLM) of
Glenn and Grant (1987) has been extended to
promote better convergence of the numerical solution
for a wider range of wave and current regimes (Keen
and Glenn, 1994). This enhanced model is coupled
to a sediment transport and bed conservation model.
The coupled BBLM-sedimentation model is called
TRANS98 (Keen and Glenn, 1998). The sedimenta-
tion model uses a grid with a horizontal resolution of
approximately 650 m and 31 vertical levels. Wave
and current properties must be supplied at each grid
point in the domain at each model time step, which
is 1 h in this study. The significant wave height H,
peak period 7, and mean propagation direction 6 of
the wave field are available from the SWAN wave
simulation. The wave orbital speed u;, and diameter
A, are computed using linear wave theory. The
reference currents u, are given by depth-integrated
currents computed by the hydrodynamic models. The
angle ¢, between the current and wave directions is
also found. The current and suspended sediment
concentration profiles are computed for every time
step.

The sediment concentration profiles computed by
the BBLM are used to find the depth-integrated
suspended sediment transport rate for each size class
in suspension:

— —

Sn = uzcnzdz7 (1 )
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N
where u, is the vector current at height z and c,,. is the
concentration of size class n at height z. A bed load
transport rate is computed from:

1
B, = §Ancbn(u*cw —ux,)(T0 — Tn), (2)

where g is the gravity constant (9.81 m/s?), 4,, is a
dynamical parameter with a value of 10, ux, is the
critical shear velocity for grain size n, 7o is the
maximum shear stress, and 1,, is the critical entrain-
ment shear stress of grain size n. The bed load vector
is in the direction of wave propagation. The sediment
fluxes found from Egs. (1) and (2) are used to solve
bed conservation equations for the x and y directions.
The x-directed conservation equation is given by:
0 19 0S

po(1 = v) 5 (Ayhn) + s (A,B,) + W =0, (3)
where p; is the sediment density, v is the bed porosity,
h, is the bed elevation due to size class n. The y
direction conservation equation is of similar form.

Since the TRANS98 model as implemented in this
study does not include overtopping of barrier islands
or coastal areas by the storm surge, it is necessary to
represent coastal erosion by introducing sediment at
landward grid points. Thus, a no-gradient boundary
condition is applied for transports at the coast and at
the open boundaries of the model grid. This coastal
erosion simulates erosion from the interior of the
islands during overwash, as well as beach erosion.
Sediment is input to the model grid wherever erosion
is predicted at wet points adjacent to land. This
boundary condition assumes that landward erosion
by waves or overtopping is adequate to supply a
sufficient sediment volume to the shallowest wet grid
to prevent erosion. This treatment is necessary be-
cause the model does not calculate sediment entrain-
ment by breaking waves. A similar boundary
condition is included at open boundaries, except that
sediment can leave the model grid as well as enter it.

The TRANS98 model is applicable only to non-
cohesive sediments. Thus, the non-cohesive sediment
pool in the model is represented by ten size classes with
a mean of 88 x 10~ m (3.5 ¢). This study assumes
that sand is entrained and transported independently of
mud during the hurricane. This assumption is justified
because mud remains in the water column much longer

than coarser sediment. Consequently, in areas where
sand and silt are significant, the simulated storm layer
will consist of noncohesive sediment only.

2.2.1. The 1947 hurricane

The wind, wave, current and sedimentation simu-
lations were completed for 18—19 September 1947 on
a Cartesian grid of the Mississippi Bight area (Fig.
1A) with a horizontal resolution of approximately 800
m. The time step used for the SWAN wave model was
1 h. The resulting wave heights and periods outside of
the estuary are reduced because of limited deepwater
generation and propagation into Mississippi Bight.
These weaker waves are considered reasonable for
this study because of the focus on the shoreface and
inside the barrier islands. The steady currents were
calculated by the Princeton Ocean Model (POM)
model (Oey and Chen, 1992). For this study, POM
solves the vertically integrated equations for mass and
momentum conservation using a time step of 6 s. The
model does not include coastal flooding and drying.
The sedimentation model was run on three sub-grids
(Fig. 2) with the same resolution as the main grid.

2.2.2. Hurricane Camille

The wind, wave, current and sedimentation simu-
lations were completed for 14—19 August 1969. The
wind field for these simulations was calculated on a 5-
km grid of the entire Gulf of Mexico. The wave model
grid used by SWAN is the same as the wind grid. The
resulting low resolution within Mississippi Bight is
considered reasonable for this study because highly
detailed wave fields are not necessary and cannot be
validated. The steady currents were calculated by the
ADCIRC-2DDI hydrodynamic model, the depth-inte-
grated option of a set of two- and three-dimensional
fully nonlinear codes named ADCIRC (Leuttich et al.,
1992). ADCIRC-2DDI solves the vertically integrated
equations for mass and momentum conservation on a
grid with linear, triangular finite elements. The model
as used in this study does not incorporate coastal
flooding and drying. The model domain includes the
entire Gulf of Mexico and the western North Atlantic,
with resolution varying from 98 km in the open ocean
to 500 m near tidal inlets (Blain, 1997). The steady
currents from the ADCIRC model were used for
Hurricane Camille because they had been computed
as part of a previous study (Bentley et al., 2002). The
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Fig. 2. Maps of sub-domains used for sedimentation model runs. (A) Central Mississippi Sound region. The path of Hurricane Camille is
indicated by the solid line (WSI= West Ship Island; ESI=East Ship Island; DKP=Dog Keys Pass; HNI=Horn Island). (B) Western Mississippi
Sound and Lake Borgne. The path of the 1947 hurricane eye is shown by the dashed line; and (C) The Breton Sound and Chandeleur Sound area
(CI=Chandeleur Islands). The solid squares indicate the positions of simulated cores and time series discussed in text.
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sedimentation model was run on the same grids (Fig.
2) as the 1947 hurricane.

2.3. Simulated stratigraphy

The changes in bed elevation calculated from Eq.
(3) are used to define changes in the seafloor stratig-
raphy following Keen and Glenn (1998). When a net
loss of mass occurs at a grid point because of
advection, the resulting decrease in bed elevation is
herein termed erosion. An increase in bed elevation
associated with a net gain in mass is termed deposi-
tion. The resuspension depth is the equivalent thick-
ness of sediment suspended in the water column when
averaged over a wave period. The apparent bed
thickness, which results from advection and resuspen-
sion, is the thickness of the sediment between the
resuspension depth and the sea floor. This bed will be
referred to as the sandy event layer hereafter. Note,
however, that for a time interval less than the event
duration, this bed represents both transported sedi-
ment within the bed and sediment in suspension above
the bed. The simulated stratigraphy discussed in this
paper will consist of this simulated sandy layer and
mud layers estimated from field data.

The numerical sedimentation model was run inde-
pendently for the two hurricanes. This approach
assumes that the bottom sediment returns to a non-
storm distribution between major storm events. This is
reasonable since the storms are separated by 22 years.
The stacking of the storm beds assumes that all of the
mud will remain in suspension until the turbulence
level has decreased to fair-weather conditions for
some time. The consequence of this process is that a
lag layer of sand is available to construct a storm bed
independently of mud deposition. It follows that both
the resuspension and erosion depths predicted by the
model are independent of the noncohesive sediment
content of the bed. This assumption is only valid if
there are adequate quantities of sand and silt in the
seabed, and if cohesive sediments at the water—
sediment interface remain weak. Fine sand and silt
are plentiful within the Mississippi Bight region,
originating from Mobile Bay and other rivers within
Mississippi Sound, and from the old St. Bernard delta
underlying Chandeleur Sound.

The stratigraphic profile of each storm is com-
prised of three parts: (1) the sand layer, (2) the mud

drape, and (3) mud deposited during fair weather
after the storm. Bioturbation is overprinted on these
three depositional units. The thickness of the sand
layer is computed by TRANS98 using Eq. (3) as
defined above. The mud drape is estimated as 0.04
m from core data as discussed below. A uniform fair-
weather sedimentation rate of 1.5 x 10 ° m/year
determined from 2'°Pb profiles is used (Bentley et
al., 2000, 2002), which is greater than the rate of
2.4 x 10~ * m/year suggested by Ludwick (1964) for
the Holocene of Mississippi Sound. This rate is
multiplied by the number of years between the two
hurricanes, and from Hurricane Camille until the
present. Bioturbation depths are highly variable
and a single value of 0.06 m is used for the region.
The reference level for the simulated cores is mean sea
level (MSL). Depths are below MSL. The present
discussion assumes no loss of sediment at any of the
core locations. This is an oversimplification since
muddy sediment would be transported by storm and
fair-weather flows.

The simulated stratigraphic columns are produced
in the following manner. The 1947 hurricane simula-
tion is run to generate a sand layer. Then, the mud drape
and fair-weather mud are deposited. The model pre-
dicts the depth of erosion and resuspension depths (see
Keen and Glenn, 1998) to get the maximum depth of
reworking, which represents the bottom of the storm
sand layer. The Camille simulation is run independent-
ly and the model predictions are superimposed on the
1947 hurricane results. Thus, the bottom of the Camille
sand layer may be below the bottom or top of the
previous storm sand layer or anywhere within the
overlying mud. The resulting simulated cores may
consist of two discrete sand layers with intervening
mud, two sand layers with no intervening mud, or one
amalgamated sand bed. Undisturbed mud is deposited
on top of the Camille bed. Bed preservation with
respect to bioturbation is evaluated using a first-order
finite difference model that describes the transforma-
tion from primary physical sedimentary fabric to bio-
genic sedimentary fabric as a function of burial rate and
bioturbation rate (Bentley, 1998; Bentley and Nittrouer,
1999; Bentley and Sheremet, 2003). Conceptually,
sediment deposited on the seabed initially possesses
sedimentary fabric that is 100% physical in origin.
Once an organism has “‘interacted” with physical
fabric, whether by ingesting sediment or creating a
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burrow, the modified fabric becomes irreversibly bio-
genic unless eroded. Thus, this model tracks the trans-
formation of sedimentary fabric from physical to
biogenic, rather than tracking sediment particles or a
geochemical tracer. Bioturbation is portrayed as a first-
order reaction, constant in time, having an exponential
decrease of intensity with depth. The relevant equations
are:

AC, B oAC;,
=[] - ) (@)

Boundary conditions are applied, given by:

2= 0,Jug = 0C (5)
AC
— L _—
z b Az 0 (6)

where z=depth in sediment, «»=burial rate per year
(annual deposition—annual erosion, cm year '),
Ly=maximum depth of bioturbation, C'=fraction of
sediment volume at depth z and time # that is charac-
terized by primary physical sedimentary fabric, Js.q 1S
the flux of fresh sediment to the seafloor, and the
depth-dependent volumetric bioturbation rate #
(year™ ', or cm® cm™ ? year™ ') is described by:

n(2) = noexp(—0z), (7)

where o is a depth-attenuation coefficient. The value
for # can be interpreted as a decay constant, implying
that half of the volume of sediment at depth z is mixed
by an organism every 0.693/1, years. Thus, the half-
life of a sedimentary structure exposed to bioturbation
at the rate of n=1 is approximately 0.7 years. Bio-
turbation rates and depths were adapted from pub-
lished bioturbation data from Western Mississippi
Sound (Bentley et al., 2000); burial rate estimates
were derived from *'°Pb, geochronology and event-
layer development simulated by the models described
above.

3. Results
3.1. Core analysis
3.1.1. Radioisotope geochronology

Core profiles of *'°Pb, (Fig. 3) show significant
variability between stations. Individual profiles are

generally irregular, lacking the gradual exponential
decay with increasing depth that is associated with
steady-state processes of sediment bioturbation and
accumulation (Nittrouer and Sternberg, 1981; Bent-
ley and Nittrouer, 1999). Gradients in the uppermost
0.05-0.10 m of all profiles vary widely. Physical
and biological mixing processes tend to homogenize
particle-bound radioisotopes and produce a reduced
gradient of radioisotope activity with depth (Ben-
ninger et al., 1979; Dellapenna et al., 2000). Physical
mixing and/or deposition are indicated by the faint
bedding in the upper 0.05 m at station 5 (Fig. 4B)
and at 0.07 m below sea floor (bsf) at station 1 (Fig.
4D). Numerous macrobenthos that were observed
during core subsampling are also indicative of bio-
turbation. Other recent seabed studies of Mississippi
Sound (Bentley et al., 2000) concluded that rapid
bioturbation is limited to the upper 0.05-0.07 m,
consistent with the 2'°Pby profiles. All of the
219pp . profiles in Fig. 3 contain a zone of nearly
constant, or low but variable, activity at approxi-
mately 0.12 to 0.22 m bsf. The upper boundary of
this zone varies from a sharp discontinuity at station
2 (Fig. 3B) to a change in gradient with no sharp
discontinuity at station 4 (Fig. 3C). Higher surface
activities at station 1 (Fig. 3D) are presumably
associated with increasing *'°Pb,, water-column in-
ventories in high salinity waters offshore (Cochran,
1982).

Apparent sediment-accumulation rates were calcu-
lated for *'°Pb, profiles below the estimated depth of
bioturbation after Nittrouer and Sternberg (1981).
This approach assumes steady-state sediment accu-
mulation, constant 2!°Pb activity at the seabed, and
no bioturbation effects on the portion of the '°Pb,,
profile for which the least-squares fit is conducted.
Although it is unlikely that these conditions are met in
Mississippi Sound, this approach provides a straight-
forward means for comparing profile shapes. The
resulting estimate of the maximum rate of sediment
accumulation averaged over the past 40 years ranges
between 2.9 X 10”2 and 4.7 x 10~ * m year™ ! for the
profiles in Fig. 3. Maximum accumulation rates are
1.1 X107 m year ' for the middle shelf and
2.0x 107 ° m year ' for the outer shelf. No 2'°Pb,,
was detected in cores from the Chandeleur Islands,
probably due to the low affinity of >'°Pb for the coarse
sediments in these cores.
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Fig. 3. Profiles of 2!°Pb, (circles) and '*’Cs (squares) from box cores in the study area (see text for explanation).

Profiles of '*’Cs (squares in Fig. 3) show low and
variable activities to depths of approximately 0.22 m
at station 5, and 0.18-0.22 m bsf at station 2, below

in cores from the

which *7Cs is not detectable. '*’Cs is not detectable

Chandeleur Islands, and it is

restricted to the upper 0.1 m of middle and outer shelf
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Fig. 4. X-radiograph negatives of box cores from the Mississippi Sound area. Bright zones correspond to zones with high bulk density (sand)
and dark zones correspond to low bulk density (mud). For comparison with radionuclide profiles, the depth to disturbed areas of 2'°Pb, profiles
and maximum penetration depth of '*’Cs is indicated. The bottom of the sandy layer in panel D is indicated by a black line for clarity.

cores (not shown). The maximum penetration depth of
137Cs cannot be used to calculate sediment accumu-
lation rates in Mississippi Sound because of bioturba-
tion and physical reworking during storms (Nittrouer
et al., 1984; Bentley and Nittrouer, 1999; Bentley et
al., 2002). In cores from Mississippi Sound and the
adjacent inner shelf (station 1), the presence of '*’Cs
at 0.18—0.22 m bsf demonstrates that some portion of
the sediment at that depth has been deposited since the
1954-1963 time frame, even if '*’Cs-labeled particles

have been mixed downward by physical and biolog-
ical processes.

3.1.2. Physical properties

The sedimentary fabric in X-radiographs ranges
from partially stratified at station 5 (Fig. 4A) and
station 1 (Fig. 4D), to intensely bioturbated at station
2 (Fig. 4C). The X-radiographs reveal evidence of
sandy layers at depths 0of 0.10—0.17 m bsf. The original
sandy layers have been intermixed with muddier sed-
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iment, however, to produce zones of higher bulk
density, which show up as bright zones on the images.
The sharpest contacts are preserved on the inner shelf,
where a layer of laminated sand with a sharp basal
contact at approximately 0.17 m bsf (indicated by a line
in Fig. 4D) overlies coarser sediments with shell frag-
ments. Biogenic fabric dominates at station 4 (Fig. 4B)
and station 2. Mottling is produced by the density
contrast between swirls of alternating sandy and muddy
sediment.

The maximum penetration depth of '*’Cs and the
depth of a sharp break in the 2'°Pb, profiles are
indicated on the X-radiographs in Fig. 4. In general,
the depth interval bounded by the radionuclide pro-
files as discussed above coincides with sandy and
sometimes physically stratified sediment in an other-
wise muddy matrix in the X-radiographs.

The sand concentration was not determined for the
cores shown in Fig. 4; however, the percent sand was
measured in several cores collected near the cores
discussed above (see Fig. 1 for locations). The sand
concentration at station 6 (Fig. 5A) ranges from 20% to
50%, with maximum values at 0.04 m and 0.12-0.2 m
bsf. The sand concentration at station 3 (Fig. 5B) is
between 50% and 70%. The highest concentration
occurs at the surface but sandy zones are also located
at approximately 0.07 m and 0.17 m bsf (core depth is
approximately 0.22 m). The sediment at station 4 (Fig.

5C) contains more mud, and the sand content ranges
from 10% to 35%. Sandy zones are located at about
0.07 m bsf'and between 0.1 and 0.25 m bsf (core depth
is about 0.3 m). Although the cores shown in Fig. 5
were not collocated with the cores in Fig. 4, the depths
to the maximum sand content are comparable to the
bright zones seen in the X-radiographs.

Gamma density is a function of grain mineralogy,
particle size, and water content and thus correlates with
sand content in these cores. Maximum values for
gamma density (Fig. 6) occur in each core between
0.15 and 0.25 m bsf. At stations 5 and 6 (Fig. 6A and
B), two distinct maxima are evident. The gamma
density data at station 1 (Fig. 6E) indicate sandy layers
at 0.08—0.13 m and 0.17—0.29 m bsf separated by a
muddy layer. More subtle subsurface gamma-density
maxima are evident at station 2 (Fig. 6C) and station 4
(Fig. 6D). These maxima correspond in depth to sandy
and/or bedded zones that are seen in X-radiographs and
profiles of sand content (see Figs. 4 and 5). This
indicates that maximum values of gamma density are
associated with elevated sand content. The shaded
areas in Fig. 6 display the overlap depth range of
disturbed vertical *'°Pb,; profiles (upper boundary of
shaded area) and maximum penetration depths of '*’Cs
(lower boundary of shaded area).

Gamma density profiles of cores collected near the
Chandeleur Islands at stations 7 and 8 (Fig. 6F and G)
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Fig. 5. Sand content of box cores from Mississippi Sound. The horizontal error bars indicate the standard deviation of three replicate

measurements for one depth interval in each core.
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have variable profiles with density maxima at approx-
imately 0.05 and 0.15 m, and 0.25-0.35 m bsf.
Unfortunately, a lack of ?'°Pb,, and '*’Cs chronology
data prevents estimation of absolute ages for any of
these beds. The gamma density profiles for the middle
and outer shelf cores collected at stations 9 and 10
(Fig. 6H and I) have lower densities (approximately
1.5 g cm™?), which vary significantly over vertical
length scales of 0.05—0.1 m and are muddier than

Fig. 1 for the locations of the stations.

cores collected near the Chandeleur Islands. The low
maximum accumulation rates for these cores imply
that the upper 0.05-0.1 m of seabed has been
reworked during the past 50 years.

3.1.3. Interpretation

Gamma density data from stations 5 and 6 indi-
cate the presence of sandy layers at 0.12—0.18 and
0.23-0.29 m bsf in the western part of Mississippi
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Sound. The uppermost layer must be younger than
1954 because it contains '*’Cs; it is thus likely from
Hurricane Camille. Furthermore, the lower bed was
probably deposited by the 1947 hurricane. Two
sandy layers are also evident at station 1, which is
south of Ship Island. The inferred Camille bed is at
0.08—0.13 m bsf, and the probable 1947 hurricane
bed is located at 0.17—0.29 m bsf.

Radiochemical and fabric analyses show that the
initial 1947 and Camille storm beds in western
Mississippi Sound consisted of sandy basal layers
approximately 0.05 m thick with overlying mud
drapes 0.05-0.1 m thick (Bentley et al., 2000,
2002). Disruption by bioturbation destroyed primary
bedding in the mud drape of both beds, however.
The basal sandy layer is also truncated and only
discontinuous sandy lenses with faint internal lami-
nation in a bioturbated muddy matrix are preserved.
The same observations hold for the cores collected
near Horn Island (station 4), East Ship Island (station
2) and the adjacent inner shelf (station 1). Fabric
evidence (Fig. 4) shows that post-depositional bio-
turbation has destroyed most primary stratification at
stations 2 and 4 in the central part of Mississippi
Sound. A zone of bioturbated sandy mud is sand-
wiched between zones of bioturbated muddy sand in
these cores. Consequently, the best evidence for
initial bed geometry for these cores comes from
210pp_ . and 7Cs data.

The Camille bed contains a preserved radiochem-
ical signature that is characterized by an upper
boundary marked by a discontinuity in the '°Pb,q
profile. The lower boundary is marked by the
maximum depth of 137Cs. 210pp . activities are
relatively constant within the bed. Using these
criteria, the initial thickness of the bed was at least
0.1 m, including both the mud drape and basal
sandy zone, and it was located at 0.12—0.22 m bsf
(Figs. 3 and 4).

Cores from the Chandeleur Islands (stations 7 and
8), middle shelf (station 9), and outer shelf (station 10)
are not suitable for such high-resolution geochronol-
ogy because of low or undetectable activities of
radiotracers. However, gamma density logs show
significant stratigraphic variation within individual
cores, indicating that the seabed at these locations
was exposed to fluctuations in the intensity of rework-
ing through time.

3.2. Numerical model results

The numerical sedimentation model TRANSO9S is
used in this study to predict the initial properties and
distribution of the two hurricane event beds in Mis-
sissippi Bight. The model is run in three areas (Fig. 2):
(1) the central part of Mississippi Sound and the
adjacent shelf; (2) the western end of the sound and
in Lake Borgne; and (3) Chandeleur and Breton
Sounds to the southwest. These three areas were
selected to examine event layer stratification in dif-
ferent environments rather than to reproduce the field
stations discussed above. Therefore, the model output
will not be referred to by station number because that
would imply a direct correspondence to the core
stations. The locations of model output discussed
below are indicated by squares in Fig. 2.

3.2.1. Central Mississippi Sound

The 1947 hurricane made landfall in Breton Sound
but the largest waves computed by SWAN (Fig. 7A)
are predicted on the open shelf south of Ship Island
(dotted line). Maximum significant wave heights are
more than 1.4 m near Ship Island (solid line). The
predicted wave period (Fig. 7B) in the sound is more
than 7 s at the storm maximum. The simulated
currents (Fig. 7C) inside Mississippi Sound reach
12 m s ' during the storm buildup phase before
decreasing as the eye made landfall. Currents increase
to 1 ms~ ' as the storm surge ebbs. The first pulse is
associated with landward flow while the second is
seaward. The predicted bed shear velocity u,=(t/p)"?,
where 7 is the wave—current shear stress and p is
density of seawater, is moderate near Ship Island and
much higher on the open shelf.

The simulated initial sand layer deposited by the
1947 hurricane (Fig. 8A) is less than 0.1 m thick
over most of the central Mississippi Sound area.
Thick beds are deposited near the islands because
of the landward boundary condition used in
TRANS98, which supplies plentiful sand. The orig-
inal storm layer is subsequently modified during the
passage of Hurricane Camille in 1969, and the post-
Camille thickness of the 1947 sand layer (Fig. 8B) is
less than 0.05 m everywhere except on the shelf. It is
about 0.02—-0.03 m inside Mississippi Sound. It has
a highly irregular appearance on both sound and
seaward sides of Dog Keys Pass. A 0.2-m-thick bed
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(m s~ ") (D) at different locations within the Mississippi bight during the 1947 hurricane. See Fig. 2 for locations.

is preserved at Dog Keys Pass and at the northern tip
of the Chandeleur Islands.

Hurricane Camille passed directly over Ship Is-
land and the simulated storm waves (Fig. 9A) reach
3.8 m on the inner shelf south of Ship Island (dotted
line). The waves within Mississippi Sound (solid
line) are much lower. The predicted wave period
(Fig. 9B) in the open gulf (not shown) is constant
throughout the hurricane at more than 18 s, whereas
the wave period is 6 s near Ship Island. Steady

currents (Fig. 9C) on the inner shelf exceed 1.3 m
s~ ! during the storm. Two peaks are predicted inside
the sound, with the larger flow occurring during the
ebbing tide. Because of the large waves on the shelf,
the shear velocity (Fig. 9D) predicted by TRANS98
is more than 0.4 m s~ '. Smaller shear stresses are
predicted inside the sound.

The post-storm thickness of the simulated Camille
sand layer in central Mississippi Sound (Fig. 8C) is
much greater than the 1947 hurricane because of the
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Fig. 8. Contour plots of simulated hurricane sand layers from the central Mississippi Sound model grid. (A) Thickness (m) of the sand layer
immediately after the 1947 hurricane. (B) Thickness (m) of the 1947 hurricane sand layer after resuspension and erosion by Hurricane Carla. (C)
Thickness of the Hurricane Camille sand layer. The solid squares indicate the positions of simulated cores and time series discussed in text.

proximity of landfall. The sand layer inside the sound
is less than 0.05 m along the landward coast, thick-
ening to more than 1 m on the landward sides of the
barrier islands. The bed thins to less than 0.1 m
between Ship and Horn Islands because of seaward
transport by the ebbing storm surge. The sand layer on
the shelf is 0.2—0.3 m in thickness.

Simulated cores are constructed as described in
the Methods section. The core from inside the sound
near the eastern end of Ship Island (Fig. 10A)
reveals no preserved bed from the 1947 hurricane
or fair-weather mud deposition. The Camille sand
bed is almost 0.3 m thick, with a mud drape of
0.04 m and an equal amount of post-1969 deposition.
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The simulated stratigraphy on the shelf (Fig. 10B)
reveals two sand layers. The lower bed is the 1947
hurricane layer, which is less than 0.04 m in thick-
ness, whereas the upper (Camille) layer is 0.15 m
thick. Both the mud drape and part of the post-1947
sediment are preserved. A core from within Dog
Keys Pass (Fig. 10B) shows the stacking of 0.2-m-
thick sand layers from the two storms with no
intervening mud.

3.2.2. Western Mississippi Sound and Lake Borgne
Coastal water setup during the 1947 hurricane is
greatest in western Mississippi Sound and Lake
Borgne, with a maximum of 4 m predicted by POM.
The relatively large waves in Lake Borgne (dashed
line in Fig. 7) are possible because of the storm surge,
which doubles the depth of the lake. The predicted
storm waves also have a peak period of more than 7 s.
The maximum shear velocity is greater than 0.02 m
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s~ ! for only a short time, however, because the model
currents never exceed 0.5 m s~ '. The 1947 sand-layer
is not excavated by Hurricane Camille in the center of
Lake Borgne, however, and the preserved sand layer
is identical to the original except at the margins. This
bed (Fig. 11A) thins near the margins of Lake Borgne.
It exceeds 0.025 m in the narrow pass between the
lake and western Mississippi Sound.

A Longitude
-89.8 -89.6 -89.4
30.
0]
©
=
T
—1
30
-89.8 -89.6 -89.4
m

0 001 0.02 003 0.04

2

Latitude

The predicted Hurricane Camille storm waves
within Lake Borgne (dashed line in Fig. 9A) are less
than 1.4 m and the peak period never exceeds 4 s,
because of the small storm surge in this area. Steady
currents are greater than 0.9 m s~ !, which is larger
than for the 1947 hurricane. Consequently, the max-
imum shear velocity is greater than 0.2 m s~ '. The
landward boundary condition used in TRANS98
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Fig. 11. Contour plots of simulated hurricane sand layers from the western Mississippi Sound model grid. (A) Thickness (m) of the 1947
hurricane sand layer after resuspension and erosion by Hurricane Carla. (B) Thickness (m) of the Hurricane Camille sand layer. The solid
squares indicate the positions of simulated cores and time series discussed in text.
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assures that predicted shoreface deposition will be
significant during the storm; consequently, the sand
layer exceeds 0.3 m at the northern and southern
coasts and reaches almost 1 m at the eastern entrance
to the lake (Fig. 11B).

A simulated core from the western end of Mis-
sissippi Sound (Fig. 12A) indicates the importance of
Hurricane Camille within the sound. The 1947 hurri-
cane sand layer is less than 0.01 m thick, but the mud
drape and part of the 1947-1969 sediments are
preserved. More than 0.13 m of sand is deposited
during the Camille simulation, despite the lack of
significant disturbance of the older storm bed. Lake
Borgne is protected from the brunt of the storm waves
during both hurricanes. Consequently, the sand layers
(Fig. 12B) are much thinner and the simulated core is
dominantly mud.

3.2.3. Chandeleur and Breton Sounds

The predicted largest storm waves during the 1947
hurricane are very similar (about 1.2 m) in Breton
Sound (dot-dashed line in Fig. 7) and Chandeleur
Sound (dot-dot-dashed line in Fig. 7) because of
restricted wave fetch and shallow water depths. The
wave period predicted by SWAN is just over 6 s. The
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Fig. 12. Simulated cores from western Mississippi Sound: (A) the
western end of the sound; (B) Lake Borgne. See Fig. 2 for locations.
Key to abbreviations: OB=original bed; 47SL=1947 hurricane
sand layer; 47MD = 1947 hurricane mud drape; 47FS = fair-weather
sediment between 1947 and 1969; CSL=Camille sand layer;
CMD = Camille mud drape; CFS =post-1969 fair-weather sediment.

storm flow in Breton Sound exceeds 1.3 m's™ !, which
is the largest within the region, but currents in Chan-
deleur Sound are also more than 1 m s~ '. The storm
surge is low but the resulting smaller storm waves
nevertheless have a significant impact on the model
bed, especially in conjunction with the large currents.
Consequently, the calculated shear velocity exceeds
029 m s~ ' in Breton Sound and 0.24 m s~ ' in
Chandeleur Sound.

The 1947 hurricane passed directly over Breton
Sound, and shoreface deposition predicted by
TRANSO98 is extensive because of the landward
boundary condition for sediment transport. However,
the simulated initial sand layer (Fig. 13A) is less
than 0.04 m within this area because much of the
sediment eroded from within the sound is transported
to the inner shelf, where sand deposition exceeds 0.6
m. Deposition within Chandeleur Sound takes the
form of large linear sand waves oriented perpendic-
ular to the dominant flow direction. The sand layer
in the troughs is less than 0.02 m thick. The crests
contain as much as 0.4 m of sand. The simulated
1947 storm bed is modified by Hurricane Camille
and the preserved bed (Fig. 13B) is much thinner
near the pass at the southern end of the Chandeleur
Islands.

The modeled storm waves during Hurricane
Camille are less than 1 m in height within Breton
Sound (dot-dashed line in Fig. 9) and the peak period
is less than 3.5 s. The waves within Chandeleur Sound
(dot-dot-dashed line) are much larger. The ADCIRC-
predicted steady currents in Breton Sound exceed 2 m
s~ !, however, and the maximum shear velocities
computed by TRANS98 are greater than those in
Chandeleur Sound. The shear stresses within this
region are large enough to entrain most sediment
throughout the storm. Consequently, the preserved
Camille sand bed (Fig. 13C) is more than 0.03 m
thick throughout this area. Local beds exceed 1 m near
the islands and on the north side of the Balize delta.

A simulated core from Breton Sound (Fig. 14A)
contains two thin sand beds. The lower bed is 0.025 m
thick and the upper bed is approximately 0.03 m thick.
The sequence is capped by mud. Sand is plentiful
from the Chandeleur Islands and, consequently, the
simulated core from Chandeleur Sound (Fig. 14B)
contains a 0.185-m amalgamated sand bed overlying
the remnant of the 1947 sand layer. Much of this sand
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is removed from the barrier islands during both
storms. The simulated core from the open shelf near
the Chandeleur Islands (Fig. 14C) resembles that from
the inner shelf near Ship Island (Fig. 10C) but the
sand layers are slightly thinner.

3.2.4. Comparison of simulated and measured cores

The numerical models are used in this study to
examine the relationships between the environmental
forcing and the deposition of a sandy bed during the
hurricanes. They can be used to constrain the distribu-

tion of such a bed throughout the region because of
their use of physics rather than gross parameterizations.
However, there are many simplifications and assump-
tions inherent in such an approach, which make it
difficult to attempt a direct comparison between the
simulated event layer and that observed in cores. For
example, the bottom shear stress is sensitive to small
variations in the current and wave field. The large cell
size (650 m) used by TRANS98 cannot resolve the
actual bottom stress field and resulting sedimentation
during the storms. The treatment of the landward
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boundary condition is also quite different from the
reality of the storm surge overtopping the barrier
islands and allowing storm waves to erode otherwise
subaerial sediments. Nevertheless, if these warnings
are kept in mind, it is reasonable to make limited
quantitative and qualitative comparisons between the
observed and simulated cores. This exercise serves to
verify if the model is a reasonable approximation to the
storm sedimentation system and indicate possible
improvements to the model.

The simulated cores from Ship Island and Dog
Keys Pass (Fig. 10A and C) indicate a predominance
of amalgamated, sandy beds ranging from 0.37 to
0.51 m in thickness. These simulated cores can be
compared to the cores collected at stations 2 and 3,
respectively. Station 4, which is near Horn Island, is
also close to the model output location at Dog Keys
Pass. The measured cores from stations 2 and 4 (Fig.
4B and C) are bioturbated but show an increase in
sand content with depth. This pattern is similar to the
simulated cores, which contain a mud cap above the
Camille bed. The total Camille bed at these stations,
which is bounded by the *'°Pb and '*’Cs limits in Fig.
4,1s 0.1 m. The simulated stratigraphy is condensed at
Dog Keys Pass but the total Camille bed is 0.24 m,
whereas the amalgamated Camille bed at Ship Island
is 0.33 m. The thicknesses of the storm beds predicted

by the model at these locations are thus too large by a
factor of 2 to 3, probably because of their proximity to
the barrier islands and the resulting effect of the
landward boundary condition.

The simulated core from western Mississippi Sound
(Fig. 12A) can be compared to the cores from stations 5
and 6, which are located approximately 10 km to the
northeast. The simulated core contains two storm
layers; the 1947 storm bed is 0.04 m thick and the
Camille bed is 0.18 m thick. The X-radiograph of the
core collected at station 5 (Fig. 4A) reveals two distinct
sandy layers, which are verified by the gamma density
data at both this station and station 6 (Fig. 6A and B).
These storm beds have total thicknesses of 0.1 to
0.15 m for the 1947 hurricane and Camille, respec-
tively. This comparison is relatively robust because of
the preservation of the sandy layers in the cores.

The sedimentation model produced simulated cores
at two locations on the inner shelf, one south of Ship
Island and one southeast of the southern Chandeleur
Islands (see Fig. 2 for locations). The inner shelf
simulated core from near Ship Island is located near
station 1. This simulated core contains a 1947 storm
bed that is 0.07 m thick and a Camille bed thatis 0.15 m
thick. The X-radiograph of the core from station 1 (Fig.
4D) reveals a sandy layer, which would presumably be
the Camille sand bed, overlying a shell deposit. The
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thickness of the 1947 and Camille storm beds can be
estimated from the gamma density profile in Fig. 6E;
the 1947 bed is 0.12 m thick and the Camille bed is
estimated as 0.05 m in thickness. The similarity of the
simulated and measured cores is evidence that the
model has captured the critical environmental forcing
and sedimentary response. It is noteworthy that both
the model and the measurements indicate preservation
of the older storm deposit at this location. The more
southerly simulated core is from a water depth of
approximately 10 m, but it can be compared qualita-
tively to station 10, which is located 30 km to the east in
a water depth of 59 m. The measured gamma density at
station 10 (Fig. 6I) indicates faint stratification in the
upper ~ 0.15 m of the core, which has been deposited
and/or reworked during the last 50 years, based on
219pp geochronology. The simulated core from the
inner shelf (Fig. 14B) contains a total of 0.19 m of
reworked sediment from both hurricanes.

3.3. Biogenic destruction of primary fabric

Bioturbation is an important process in the post-
depositional modification of sedimentary fabric; how-
ever, very few bioturbation measurements that can be
used to model bed destruction have been made.
Available observations from the northern Gulf of
Mexico (Bentley et al., 2000) indicate that the upper
0.06—0.1 m of the seabed is subject to the most rapid
bioturbation and that the upper 0.01-0.05 m can be
mixed completely over timescales of 2 to 12 months.
Accordingly, we have assigned relatively shallow
bioturbation depths (L,=0.06 m, Eq. (3)) for regions
with lower salinity and more restricted circulation
(western Mississippi Sound and Lake Borgne), and
deeper bioturbation depths for more oceanic or less
restricted regions (L, =0.1 m for Dog Keys Pass, Ship
Island, and the inner shelf). Following the same
reasoning, a relatively low bioturbation rate (=1
year” ', Eq. (4)) has been assigned to the most
restricted setting, Lake Borgne, and a higher biotur-
bation rate (17o=2 year ') has been assigned to the
other stations.

Because of the limited data available for estimating
sediment flux and associated burial rates, the temporal
resolution of the model is coarse, particularly in
treating burial rates associated with the 1947 and
Camille hurricanes. Nevertheless, the results (Fig.
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Fig. 15. Simulated core profiles of preservation potential for
primary physical stratification, as a function of burial rate and
bioturbation rate and depth (Eqs. (4)—(7)), for selected locations.
Burial rate estimates are derived from 2'°Pb and '*’Cs geochronol-
ogy and bed thickness predicted by numerical modeling (Figs. 12—
14). Bioturbation rate and depth are derived from regional
experimental and observational studies explained in the text.
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15) show significant lateral variability in the degree of
preservation for both the 1947 storm bed and the
Camille bed. Interpretation of the bioturbation results
assumes that unbioturbated sediments would preserve
sharply alternating beds of mud and sand, and that
bioturbation mixes sand and mud across bed contacts.
Given this assumption, the results generally conform
to the distribution of bedding preserved in X-radio-
graphs (Fig. 4) and implied by the gamma density
logs (Fig. 6). Based on these simulations, it is only in
western Mississippi Sound and Dog Keys Pass that
we anticipate preservation of clearly identifiable beds
for both the 1947 hurricane and Camille. In the case of
Dog Keys Pass, the sandy character of both the 1947
and Camille beds would make it difficult to identify
the intervening boundary. In both cases, preservation
of the primary depositional fabric is permitted because
the event beds are thicker than the depth of biogenic
mixing, thus allowing basal portions of the beds to
escape bioturbation. Where initial bed thickness is
comparable to or less than the bioturbation depth, the
preservation potential for primary fabric is poor, as for
the Lake Borgne and inner shelf bioturbation simu-
lations. In these locations, the bed produced by the
1947 storm (0.11-0.15 and 0.23-0.29 m bsf, respec-
tively) would have been almost totally disrupted by
subsequent bioturbation. Finally, our simulations ap-
pear to overestimate the degree of preservation of the
Camille bed in western Mississippi Sound and possi-
bly other locations. This occurs in part because the
simulated bed thickness is greater than that observed
in the cores, but it may also arise if bioturbation
extends deeper than the 0.06—0.1 m depth used for
our model.

4. Discussion
4.1. Event bed deposition

Hurricane beds are generated in two stages (Aigner
and Reineck, 1981; Snedden and Nummedal, 1990).
First, a sandy basal layer is produced by resuspension,
erosion, advection, and deposition of coarse sediment.
Second, a mud drape is deposited during the waning
stages of the storm and during the following days.
This secondary sedimentation also includes both
coarse and fine sediment from river runoff associated

with storm rainfall. The numerical model is used to
simulate the first stage whereas deposition of the mud
drape has been estimated from observations within the
region.

The generation of a sandy event bed is controlled
by several factors, including storm waves and cur-
rents, water depth, the coastline, and the availability of
sandy sediments. External forcing factors, as repre-
sented by the storm strength and path, are filtered by
the local bathymetry and coastline. For example,
Breton Sound is 50 km from the track of Hurricane
Camille and directly along the 1947 hurricane path.
Consequently, the maximum hindcast wave height is
approximately 1.25 m for the 1947 hurricane (Fig. 7)
but less than 1 m for Camille (Fig. 9). However, the
peak hindcast current is more than 2 m s~ ' during
Camille, compared with less than 1.4 m s~ '. Chan-
deleur Sound lies directly between the two storm
tracks. The maximum waves for each storm are
approximately 1.3 m but the Camille currents are
1.5 m s ', compared to less than 1.1 m s~ ' for the
1947 hurricane. Surprisingly, the maximum hindcast
waves for both hurricanes at Ship Island are 1.5 m,
although Camille passed directly over the island. The
major difference between the simulated coastal ocean-
ographic responses to the two storms is the 7-m storm
surge produced by Camille, which was caused by its
direct approach to Mississippi Sound. This greater
storm surge generated stronger flow within the estuary
and thus more sediment transport. Peak storm waves
were similar for the two hurricanes and, therefore, the
storm currents were the dominant factor differentiat-
ing the sandy event layers from these two storms.

The availability of sand is a major limiting factor in
the deposition of a sandy event layer. The modeling
approach used in this study assumes that mud goes
into suspension and remains there until well after the
hurricane. This implies that a sufficient quantity of
sediment is entrained to supply the amount of sand
required by the sedimentation model. We can evaluate
the validity of this assumption for areas where the
sand content was measured. The average sand content
of near-surface sediments from western Mississippi
Sound (Fig. 5A) is approximately 30%. The mud
drape is estimated to be 0.05-0.1 m thick and,
assuming no advection of sand or mud, the thickness
of the total storm bed should be less than 0.15 m. The
model predicts a Camille sand layer 0.15 m thick (Fig.
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12A), which is three times that estimated from the
cores; however, the model output is dominated by
erosion from a nearby island (see Fig. 11B). The
predicted sand bed from the 1947 hurricane is less
than 0.01 m thick because of reduced coastal erosion
and transport in this area.

The thickest sand layers are predicted near the
barrier islands and within tidal passes. The most
important source of sand is the shoreface, which is
parameterized by the landward boundary condition in
the model. Thus, the sand layer is almost 0.3 m at Ship
Island and 0.2 m in Chandeleur Sound, which are both
behind the barriers; however, amalgamation dominates
at these locations. Sand is transported by the ebbing
storm surge currents through the passes, producing
thick, amalgamated beds as at Dog Keys Pass. Sedi-
ment deposited on the inner shelf is both locally
resuspended and transported from the Gulf side of
the barrier islands, producing irregular, discrete sand
beds less than 0.2 m thick. Finally, thin, discrete sand
beds are predicted in the most protected areas such as
Lake Borgne, but bioturbation can rapidly destroy all
primary fabric where storm deposition is reduced.

4.2. Amalgamation and bioturbation

Resuspension and erosion can rework existing
deposits, thereby producing amalgamated beds and
homogeneous >'°Pb profiles. In all locations with
geochronological control, the Camille bed is pre-
served to some extent (sandy bed, vertical 210py
profile with a base marked by the maximum penetra-
tion of '*’Cs), and the original bed thickness can be
estimated from the core data. Radiometric and phys-
ical data at stations 5 and 6 suggest that the geologic
signatures of both Hurricane Camille and the 1947
hurricane are preserved in western Mississippi Sound.
This is supported by the simulated stratigraphy in Fig.
12. Furthermore, knowledge of the environmental
forcing used in the model simulations shows that
weaker waves and currents reduce resuspension and
transport during storms. Reduced bioturbation in areas
with lower salinity and reduced circulation, such as
the western Mississippi Sound and Lake Borgne, is
thus a major factor in preservation.

The simulated cores indicate that Camille may
have reworked at least part of the 1947 storm bed in
the eastern portion of the study area. The presence of

only one bed in the simulated core at Ship Island (Fig.
10A) indicates that all of the 1947 sand layer was
incorporated into the Camille bed. This is consistent
with the homogeneous bedding (Fig. 4C) and gamma
density profile (Fig. 6C) at station 2. Part of the older
sand layer was amalgamated with the Camille bed at
Dog Keys Pass (Fig. 10B) and within Chandeleur
Sound (Fig. 13B). The resuspension depth is limited
by the active layer thickness in the model (Keen and
Glenn, 1998). Consequently, bed amalgamation pre-
dominantly occurs in areas where the storm currents
are largest during the Hurricane Camille simulation.
More specifically, when the suspended load transport
gradient increases in the flow direction, erosion is
predicted by the model; thus the removal of older
sediment occurs near tidal passes where the flow
accelerates and changes direction rapidly.

Bioturbation further modifies the storm beds,
resulting in mottled fabric and truncated sand lenses
as seen in X-radiographs (Fig. 4) and indicated in
model simulations (Fig. 15). Only in cases where the
bioturbation depth is less than the bed thickness has
primary depositional bedding been preserved. It is
also possible to preserve bedding in cases where
individual beds are thinner than the bioturbation depth
but where rapid burial occurs (e.g., Wheatcroft, 2000
and references therein). This is not the case for our
study area, however, because sediment accumulation
between 1947 and 1969 was relatively slow (approx-
imately 0.002 m year™ ') and the time span between
storms was sufficient to allow almost total bioturba-
tion of the shallow seabed. Thus, bed preservation
with respect to bioturbation is primarily controlled in
this case by initial bed thickness, bioturbation rate,
and bioturbation depth.

5. Conclusions

Two sandy layers have been identified in box
cores and gravity cores from the Mississippi Sound
area using radiometric, physical, and sedimentologi-
cal methods. The older bed was deposited by an
unnamed hurricane from 1947. Hurricane Camille
made landfall in the area in 1969 and produced a
second sandy layer that is observed in cores from the
region. Sedimentary fabric within the cores varies
from stratified to bioturbated.
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The deposition of the original sandy storm beds has
been simulated using a numerical sediment resuspen-
sion and transport model, which is forced by numerical
wave and current models. The sedimentation model
predicts a sandy bed that varies in thickness with
distance from landfall. The thickest sand layers are
deposited on the inner shelf near barrier islands and
tidal passes, which act to focus and intensify the
sediment-laden storm surge ebb flows. These deposits
exceed 0.5 m for both storms. The simulated 1947
hurricane sand layer inside Chandeleur Sound is irreg-
ular near the storm track, with a maximum thickness of
0.4 m. This bed thins to less than 0.05 m within
Mississippi Sound, which is 50 km from landfall. The
simulated Hurricane Camille storm currents are stron-
ger than the 1947 hurricane and thus a thicker bed is
predicted. This bed exceeds 1 m inside Mississippi
Sound near the barrier islands. The inner-shelf bed is
also more widespread, extending from Mississippi
Sound in the north to the modern Mississippi River
delta, more than 100 km distant. Both hindcast storms
produce a thin sand layer within Lake Borgne, which is
protected from strong wave action. Resuspension pro-
duces a uniform sand layer ranging from 0.01 to 0.04 m
in thickness whereas advection and deposition result in
an irregular bed, which is then disrupted further by
bioturbation. These processes would produce mottled
and truncated bedding as observed in X-radiographs.

The long-term sediment accumulation rate is sen-
sitive to local advection during the storm, which can
lead to low estimates in sediment source areas and
high estimates in sink areas. Physical and biological
processes are very important to the post-depositional
modification of a storm layer. Consequently, because
of non-uniform resuspension, erosion, deposition, and
post-depositional modification by physical and bio-
logical processes, the preserved storm bed is not
uniform in composition, thickness, or fabric. Thus,
“layer cake™ stratigraphic analysis principles cannot
be used to evaluate the sedimentological impact and
record of large storms.
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