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ABSTRACT

Nearshore storm sedimentation on the surf zone and inner continental shelf has
previoudy been documented by beach profiles and cores, but these methods usudly
provide only pre- and post-sform meassurements. By connecting these discrete
measurements with continuous sonar dtimetry, sesbed devation changes during storms
were used to interpret the dratigraphic signature of modern nearshore storm deposits and
assess the seabed eevation variability documented by fairwegther profiles.

Time series of sesbed devation and co-located measures of wave and current
characteristics a 3 water depths (5.5, 8, and 13 m) were collected offshore of Duck,
North Carolina. Detailed andyses of seabed eevation changes were conducted for
hurricanes and northeaster storms during 1994-1997. Maximum vaues of net sesbed
accretion occurred at locations within the outer surf zone, but maximum vaues of net
seabed erosion occurred & locations offshore of the surf zone. At outer surf zone and
inner shelf locations, northeaster storms were more likely to cause net accretion than
either no net change or net deposition, but hurricanes were as likely to cause net erosion
as net deposition.

For a northeaster storm that occurred during the October 1997 SandyDuck
experiment, sonar dtimeter measurements of seabed eevation were used to establish the
chronology of storm sediments collected with diver-operated boxcores. Downcore depths
to basd eroson contacts in post-storm cores corresponded remarkably well with erosion

maxima measured by sonar dtimeters during sorm events. Repid depostion of sediments
iv



occurred in the few hours preceding and initid 4-20 hours following maximum wave
heights, when gradients in wave height, mean currents, and associated bed shear Stresses
were relatively large. Nearshore storm deposits conssted of up to 20 cm of padld to
sub-pardle  laminated sediments, with occasond ripple cross-dratification and lag
deposits composed of gravel and shdll fragments.
Continuous sonar dtimeter measurements during storm events were compared

with nearby pre- and post-storm beach profile data. Sonar dtimetersat 5.5, 8, and 13 m
depths measured arange of seabed eevations of gpproximately 40 cm. Smdler ranges of
seabed elevations were measured by profiles at 5.5 and 8 m depths, because fairweather

beach profiles only document net seabed e evation changes resulting from storm events.



ACKNOWLEDGMENTS

To complete this dissartation, | have been asssted by numerous people. Kent
Hathaway and the daff a the USACE Fed Research Facility in Duck, NC, have
shouldered the responshility for collecting the bipod data snce 1994. These long-term
data represent a tremendous accomplishment in nearshore science and comprise the
backbone of this dissataion. Bill Birkemder and Kent Hahaway have unfalingly
answered questions, critiqued drafts, and offered encouragement with this dissertation. J.
Baley Smith provided my initid ingruction on boxcore processng. | thank dl
participants of the SandyDuck’ 97 experiment, particularly Dr. Alex Hay, Dr. Dan Hanes,
Dr. Steve Elgar, Dr. Edie Gdlagher, and Grace Battisto, for providing additional pieces
to the puzzle of storm sediment dynamics at Duck.

My dissertation advisor, Dr. Peter Howd, has provided a sirong back for pulling
cores from the seafloor and wisdom for pulling hestant thoughts from my brain. Peter
gave me the opportunity to explore new ocean ‘depths and supplied examples of
excdlent fidd skills and information gathering. | thank my Ph.D. committee members
Drs. Orrin Pilkey, Tom Drake, Peter Haff, and Lincoln Pratson, for introducing me to
many nuances of the North Carolina coast and meking my firg forays into fluid
mechanics so much fun that | continue to revist the sediment-water interface.

Tim Boynton knew when to redtrict my activities as a scientific diver and when to
dlow me the freedom to safely pursue the science | enjoy. Numerous scientific divers,
particularly Dr. Rob Thider, Dr. Tracy Andacht, Carolyn Smyth, Dr. David Brown, and

Eddie Roggengtein, volunteered their time, which could have been otherwise focused on

Vi



their graduate studies and jobs or spent diving in warm, clear waters, to hep me collect
cores a Duck. Scott Taylor spent endless hours transforming my inconsistent core xrays
into photographic images of scientific merit.

The Duke Universty Maine Laboratory fathfully provided my dipend for 5
years. | thank the US Army Corps of Engineers and the Office of Naval Research for
grants to Dr. Howd to fund bipod ingrumentation and data anadlyses. Dr. Ed Thornton
gracioudy provided the current meters initidly deployed on the bipods. | received grants
from the Geologicd Society of America, American Asociation of Petroleum Geologists,
Sigma Xi, and the American Academy of Underwater Sciences to support core collection
and processing expenses. Additiond funds from various sources a Duke University and
the Southeastern Section of the Geologcd Society of America provided conference
travel funds to present portions of this research a numerous mestings.

Drs. Bill Fox, Bud Wobus, and Al Curran have encouraged my research and
teeching efforts ever snce | was an undergraduate a Williams College. Many graduate
dudents, undergraduate sudents, faculty, taff, and friends have made my work in
Durham, NC, Beaufort, NC, Duck, NC, and S. Petersburg, FL enjoyable. The
unconditional support of my family, my dog Brandy, and friends, paticulaly Eddie,
Rachdl, and Hilary, have made this degree possible.

| dedicate this dissertation to Dr. Elizabeth Stalvey. Thank you for reminding me

that anything is possible with enough determination.

Vi



TABLE OF CONTENTS

F N Y I 7N O [T RR v
ACKNOWLEDGMENTS ...ttt se e e sne e san e vi
TABLE OF CONTENTS ... Viii
LIST OF FIGURES ... .ottt st n e e nae e s nne e Xi
LIST OF TABLES ... oottt n e e nne e Xiii
LIST OF ABBREVIATIONS ... .ottt st XivV
CHAPTER 1: INTRODUGCTION ......coiiiiiiieieiesiee e eiee e seeesaeassessseesneessessneesseesnneens 1
(€7 0] oo Lol 1 1] oo USSR 3
WaVeS and MEaIN CUITENES........cceiieieieiiesieste sttt n e n e sneene e 5
(01 7= 0] [ S 12
CHAPTER 2: SEABED ELEVATION RESPONSE TO STORM EVENTS................... 14
INEFOTUCTION......ce ettt n e nesn e n e nreenis 14
SEOM PEENS ... s 16
Bipod INSIFUMENTEEION ... 19
RESUILS. ...ttt et b bbb e b e e nenn e 25
RS o1l o] o PSSP PPV 35
CONCIUSIONS ...t bbb e b h e e et e e e e e e nnesneenenre s 36

CHAPTER 3: STRATIGRAPHIC SSIGNATURE OF A NORTHEASTER STORM

EVENT ON THE SURF ZONE AND INNER CONTINENTAL SHELF................... 37
[Fa10 g0l (U1t (K] o AT T TR RRRR 37
SandyDUCKO7 EXPEITMENT .....o.eiieieieiie ettt 39



CONCIUSIONS. ...ttt mnmsmsmsmsmnmsmnnsmsmsmnnnmnmnnsmnnnnnnn 73

CHAPTER 4: EVALUATING PROFILE DATA AND DEPTH OF CLOSURE

WITH SONAR ALTIMETRY .ot 74
INEFOTUCTTION. ...t r e r e enenr e 74
Seabed ElEVALiON DELA..........coiierieeieeeeeeee e 76
Sonar Altimetry vs. BeaCh Profil€S........vcvveiiiieie e 81
Hurricane Felix- AUQUSE 1995 ..........ooiiiiiirieeee e 84
ClOSUrE DEPLN.......eeiiecie e e e e b et e e nre e enreenneas 87
DISCUSSION. ...ttt r et r e s e b e e e st st e e bt n e e e s e nrenn e e enenre e 89
CONCIUSIONS ...t bbbt e e e bbbt e e s e nnesneenenne s 91

CHAPTER 5: CONCLUSIONS ...t s 92

APPENDIX 1: BOXCORE COLLECTION ..ottt 95
INEFOAUCTION. ... n e r e r e nr s 95
DINV/= glelo = gz = 0l = T0)r(olo = C SR 95
=TS gTo T =] S To oo 1 | oo SRR 96
N o o1 1 o] = 100

APPENDIX 2: BOXCORE PROCESSING.......coioiiiiiieiee et 102
COrE EXIIACHION. ...ttt n e n e sn e 102
@0 (= o o 1 oo USRS 103
D £ Y T TP TRR TR 104



Relief Peels...

REFERENCES

BIOGRAPHY ..



LIST OF FIGURES

Figure Pege
2.1. Definition sketch of the inner continental shelf and adjacent surf zone regions ....... 15
2.2. FRF [OCAHON M@ ... ettt sttt st st b e e nne e 18
2.3. Location of bipod iNStrumentation .............ccceeiieeiie e 20
2.4. Bipod INSLUMENLELION.......ccveieeiieeieeeeseeiesee st ete s e eeeesreesreeseesseeseeeneesseenseeseesseenees 23
2.5. Wave heights and seabed elevation changes during February 1996 ..........cccocvenenee. 27
2.6. Net seabed elevation changes for 1994-1997 hurricanes and northeaster storms .....30
2.7. Net and range of seabed elevations for 1994-1997 hurricanes..........ccccceeerenerennenn 32
2.8. Net and range of seabed elevations for 1994-1997 northeaster Storms ..........ccccve..... 34
3.1. Wave heights and relative seabed locations during October 1997 .........ccccccvevereenen. 45
3.2. Longshore and cross-shore currents during October 1997 .......ccccevevvvveenenieneenen, 47
3.3. Seabed elevation changes and data outliersin 13 m depth........c.cccevvvvvveevecciecienee. 48
3.4. Xrays and elevation of cores collected on October 14 and October 24 in 13 m......... 51
3.5. Mean grain size changes of cores collected in 5.5 m, 8 m, and 13 m depth............... 52
3.6. Wave heights and seabed elevation changes during SandyDuck storm .................... 54
3.7. Bed shear stress and seabed elevation changes during SandyDuck storm ................ 55
3.8. Xray of storm deposit in 13 M depth........c.ccceveeieciecece e 56
3.9. Xrays and elevation of cores collected on October 14 and October 24 in 8 m........... 61
3.10. Xray of storm deposit in 8 M depth..........cccveiieeie i 62
3.11. Xrays and elevation of cores collected on October 14 and October 24 in 5.5 m......65
3.12. Xray of storm deposit in 5.5 M depth.........cooveriiiiiiie e 66



4.1. Location of bipod instrumentation and profilesat FRF ..........cccccoevveviciiiecece 76

4.2. Bipod INSEUMENTALTION.......cviitiiteeieeiieieee sttt st e srenreas 79
4.3. August-December 1995 seabed elevations and offshore wave heights...................... 82
4.4. August 1995 seabed elevations and offshore wave heights...........cccocvevvicevecciecenne, 85
4.5. August 1995 longshore and Cross-SNOre CUMENLS ..........eevvereereereeseesieesee e seeeee e 86
4.6. August 1995 elevation change along Profil@ 62 ..........cccccveeevievevie v 88
A.1. Stainless steel boxcorer with slide hammer and removable door ............c.cccccvvenee. 96
A.2. BOXCOING EOUIPIMIENE ... .cetieieeiiesieestesieesiee e seeesseesaesseesseessesessaeessessessseessesnesssesssesneens 97
A.3. Diver ColleCting DOXCOIE.........cceeiieece e 98
A.4. Boxcorer filled with SBdiment ..........cooiiiiiiieee e 100

Xii



LIST OF TABLES

Table Page

2.1. Wave heights and water depth at the suf zone edge for 1994-1997 hurricanes. ........ 28

2.2. Wave heights and water depth at the surf zone edge for selected 1994-1997
L0 S S = S (0] 1 1SR 29

A.1. Recommended SettingS for COre Xrays ......ccvvmimiiereeieieese e seese e 106

Xiii



ADV
Dec
EST

FRF

Hmo

Hrms

LIST OF ABBREVIATIONS

Acoustic Doppler Ve ocimeter

Closure depth

Eagtern Standard Time

Field Research Facility

Local water depth

Weater depth at bresking

Dimensonless ‘depth’ rdative to surf zone postion
Wave height

Root- mean-square wave height

von Karmon's constant

Peak spectral wave period
Elevation-dependent mean current velocity
Shear velocity related to mean current
Veticd axis

Bed roughness

Ratio of rmswave height to local water depth
Water density

Bed shear stress

Grangze —og (granszein mm)

Xiv



CHAPTER 1

INTRODUCTION

Ever snce geologists redized tha migrating bedforms depost layered sediments
like those preserved in rocks, they have atempted to relate the evolution of seabed
morphology to internal sedimentary sructures and externd flow conditions  Along most
coadtlines, flows near the seabed are greatest during storms.  Storm winds generate
surface gravity waves that shod in shdlow water depths and undergo a series of
nonlinear interactions when they bresk in the surf zore (Elgar et d., 1990). Within surf
zones, the region of active bresking waves, forces that result from the disspation of
bresking waves dominate circulation (Wright et a., 1991). These forces can increase
bottom friction and sediment transport (Thornton and Guza, 1983), dter seabed
morphology (Hay and Wilson, 1994), and create storm deposits (Smith et al., 1995)
where these transported sediments accumulate.

Due to the difficulty of monitoring the evolution of the seebed during storms,
ladboratory flumes have been the only previous setting where it was feasble to
continuoudy monitor bed configuration and sample shdlow dratigraphy created during
smulaed high-energy events (Arnott and Southard, 1990). This study presents some of
the first fied results of nearshore cores collected where the seabed devation and
hydrodynamic forcing are continuoudy measured by ingrumentation during storms. The

data were collected offshore of the US Army Corps of Engineers Field Research Facility
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in Duck, NC from 1994-1997. Continuous measurements of seabed eevation changes
were made at 3 locations in 5.5, 8, and 13 m water depth and encompass a wide range of
hydrodynamic conditions. Previous deployments on the inner continenta shef and the
surf zone only lasted up to afew months (Wright et d., 1994a).

Many scales of morphologic and dynamic integration are required to assess the
fate of sediments during storms. In Chapter 2, seabed eevation changes during hurricanes
and northeaster storms are evaduated to determine if ether type of sorm results in
identifisble patterns of net eroson or net depodtion on the surf zone and inner
continenta shelf. In Chapter 3, sediments deposited a 3 locations during a northeaster
gorm are linked (at cm scae) with overlying physica processes. In Chapter 4, 5 months
of continuous Mmeasurements of seabed eevation changes are compared with less frequent
beach profile data to evauate the aspects of seabed response to storm events captured by
beach profile data The following sections describe the variability in the morphology
(geologic setting) and fluid dynamics (waves and mean currents) which exig a Duck,

NC.

Geologic Setting

The Fedd Ressarch Facility (FRF) of the US Army Enginer Waerways
Experiment Station is located on the Atlantic Ocean near the middle of Currituck Spit.
Currituck Spit forms the northern end of the Outer Banks and extends over 100 km

southeast from Cape Henry, Virginia, to Oregon Inlet, North Carolina. Currituck Sound,



the northernmost of a series of extensve shalow sounds behind the Outer Banks, is
connected to the Atlantic Ocean at Oregon Inlet.

The Outer Banks form the seaward margin of the Coastd Plain province. West of
the sounds, the coastd plain is low-lying and covered by extensve swamps and lakes.
The main topographic features are a series of north-south trending terraces which rise in a
sepwise manner westward and mark former shorelines corresponding to higher sea leve
stands during the Pleistocene (Meisburger and Judge, 1989).

The eastern hdf of the coagtd plan is underlan by Quaternary sediments that fill
a depogtiond basn known as the Albemarle Embayment and unconformably overlie late
Tetiary sediments (Meisburger and Judge, 1989; Riggs et d., 1995). Superimposed on
this regiond dratigraphy is an ancient drainage sysem resulting in series of fluvid
valeys filled with younger sediment separated by interfluve areas of older dratigraphic
units (Riggs e d., 1995). In northeastern North Caroling, Riggs et a. (1992) documented
portions of as many as 18 Quaernary sealevd highdands within 60 m of these
Quaternary deposts. Quaternary searlevel fluctuations have produced an extremdy
complex sediment record reflecting migration of depodtiond regimes and associated
erosond events (Riggs et d., 1992). During lowered sea level of glacid periods, fluvid
sediments were distributed across the continentd shelf, and evidence of extensve fluvid
channding remains (Rice et a., 1998). Huvid sand and gravel deposts remain in cored
sections of channd depodits (Riggs et d., 1992), and fluvid and edtuarine sediments

remain in backfilled paeochannds (Rice et al., 1998).



Field and Duane (1976) presented evidence that most barrier idands in the mid-
Atlantic region formed seaward of the present coast during the Holocene transgression
and migrated to their present podtion in response to rising sea level. Thus, the northern
Outer Banks barier system is perched on underlying pre-modern sediments. Offshore
contours are reatively draight to 13 m depth with some irregularities adjacent to the
research pier. One or two nearshore sandbars are usualy present (Lippmann and Holman,
1990). The shoreface is covered by a sand sheet (Schwartz et a., 1997) which thins to
less than 1 m at about 11-12 m depth (Rice et d., 1998). At gpproximatdy 18 m water
depth, the bathymetry portrays significant (> 3 m) variability and is accompanied by an
increese in the number of paeofluvia channds that crop out on the seefloor (Rice et d.,
1998). Older sediments are exposed on the inner shelf as bathymetric highs and influence
modern shoreface dynamics and composition (Cox et a., 1995; Riggs et d., 1995).

Sediments become finer offshore to 13 m depth (Schwartz et d., 1997) and are
wdl-sorted fine to very fine sands (0.21 to 0.07 mm or 2.3 to 3.8 f). Sediments consst
primarily of quartz sand, with a secondary component of rock-fragment and shel grave
(Mesburger and Judge, 1989). Five nonopague heavy minerds (garnet, Staurolite,
epidote, amphiboles, and tourmaine) occur with regularity and with frequency of 2 % or
higher (Meisburger and Judge, 1989). Mica, an easly eroded and transported minerd,
and is often associated with sediments of finer grain 9ze. Glauconite pdlets are common
in most sediment samples but are probably detritd grans and do not form in stu
(Mesburger and Judge, 1989). The dominant foraminifera in dl samples are Elphidium

excavatum (Terquem).



Tides are sami-diurnd and have a mean range of approximately 1 m. Average
annud dgnificant wave height is 1.0 + 0.6 m (1980-1991) with a mean peak spectra
period of 83 + 2.6 s (Leffler et d., 1993). Extratropicd northeasters are the most
common dgnificant storms with increesed incidence from October to March. Tropica

storms and hurricanes can occur from July to October but are not as common.

Waves and Mean Currents

Along open ocean coasts, waves are nearly ubiquitous and contribute to shaping
the morphology of the shdlow seabed. Wind-generated ocean surface waves are the
maor driving force for nearshore circulation and sediment trangport in the surf zone and
inner continental shef (Wright et d., 1991). As waves shod in coasta waters, wave
energy spectra evolve owing to refraction, nonlinear energy transfers to higher and lower
frequencies (Elgar et a., 1990), and energy disspation caused by wave bresking and
bottom friction (Thornton and Guza, 1983). Less obvious, but equdly important, are the
effects of mean currents.  Surf zone and inner shef mean currents may be forced by a
variety of mechanisms including waves, wind, tides, and regionad pressure gradients, but
the wave-driven surf zone component has been the most intensvely sudied (Hubertz,
1986; Thornton and Guza, 1986; Haines and Sdlenger, 1994). Both longshore currents
generated by oblique wave approach to the shoreline and strong near-bed offshore flows
(undertow) are clearly wave-forced since current velocities drop to near zero outside the
aurf zone (Stive and Wind, 1986; Thornton and Guza, 1986; Haines and Sallenger, 1994).
Of dl the approaches explaining the generation of nearshore currents, those based on
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radigion dress, the excess flux of momentum due to the presence of waves, have the
srongest theoretical bass (Longuet-Higgins and Stewart, 1964). However, predictions
of nearshore currents using only wave bresking and bottom conditions (topography and
roughness) may be in error in magnitude and direction if other forces such as wind, ide,
or regiona pressure gradients are significant (Whitford and Thornton, 1993).

At intermediate depths over the shoreface, tida- and wind-forced currents are
frequently dronger in the near-bed region than wave orbitd velocities (Wright et d.,
1991). In the Middle Atlantic Bight, wind-driven, jet-like, southerly currents produced by
northeaster storms have been observed on the inner shelf and can produce secondary, but
grong, downwelling. These upwdling and downwelling flows rdlated to wind dress are
among the more powerful mesoscae motions which operate seaward of the wave-
dominated surf zone (Wright et a., 1986).

Previous studies have recorded near-bottom and interior fluid flows during far
wegther and storm conditions (Hubertz, 1986; Wright et a., 1986; Wright et a., 1991,
Cacchione et al., 1994; Wright et a., 1994a Wright et a., 1994b) and concluded that
inner shelf processes are dominated by storm-generated flows. These storm-generated
cross-shore mean flows have been proposed as dominant mechanisms in both onshore
and offshore sediment movement (Rodvink and Stive, 1989; Trowbridge and Young,
1989; Wright et a., 1991). Wave and current bottom dresses aso cause sediment
mobilizetion on the surf zone and inner shef and determine the amount of sediment
available for transport (Lyne et d., 1990; Cacchione et d., 1994; Vincent and Downing,

1994; Maa et d., 1995). On the continental shelf, bed stresses due to waves will dominate
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the resuspension of the bed materids, but the combined stresses due to the waves and
currents are important for the net trangport of sediment in ether the longshore or cross
shoredirection (Vincent and Downing, 1994).

In turbulent boundary layers, the bed shear dress t,, is related to the shear

veocity, W, by

U = (to/r )2 1)

where r is water densty (Wiberg and Harris, 1994). Because the locd shear dtress
remans condant with devation within the logaithmic flow layer, the devaion
dependent mean current velocity, w(z), can be used to caculate u, the shear veocity

related to the mean current, and the hydraulic roughness length, 7, ,

U(2) = (UcIn(Z2))/ K @)

where 7z, is given by the veticd intercept (where w(z) = 0) in the extrapolated
logarithmic velocity profile. K, von Karmon's congtant, is 0.4, and z is distance above the
seabed (Wright, 1995). A minimum of three veocdty measurements within 1.5 m of the
bed can be used to obtain abed shear stressvalue, t, (Drake and Cacchione, 1992).

On the inner continental shelf, interaction of waves and mean flows determine the
magnitude of bed shear stress which suspends sediments, while the oscillatory and mean

flows may transport the sediments independently. Wiberg and Smith (1983) indicate that
7



it is necessary to account for the presence of waves and wave-current interactions on the
continental shelf when estimating bottom dresses, ather from fidd data or theoreticaly.
Waves and currents over sandy shorefaces experience an effective bottom roughness
goproximatdly consgent with exiding semi-empirical  representations of the roughness
charecterigtics of wave formed sand ripples (Trowbridge and Agrawal, 1995), thus
knowledge of dl three, waves, currents and bedforms, are needed for accurate prediction
of bed shear dresses and resulting sediment transport.  Edimates of wave energy
disspation due to bottom friction are derived from empirica parameterizations typicaly
without the benefit of fidd measurements of bottom roughness or sediment type. This
lack of quantitative data obtained in ether the laboratory or the fidd has left a mgor
deficiency in our understanding of the dissipative processes.

In most inner shef environments waves coexig with wind-driven and tidd
currents, causng the thin oscillatory boundary layer of waves to be nested at the base of
the thicker current boundary layer. Bottom friction is enhanced in combined wave and
current boundary layers, and the total bed dress is grester than a linear addition of the
solitary wave and current contributions. A notable effect of the waves is to increase the
gpparent roughness height, z,’ , estimated by extrgpolation of the arrent log-layer profile
(Wright, 1995).

The boundary layer structure of the overlying fluid and the roughness dements of
the bed comprise a morphodynamic feedback loop (Sherman and Greenwood, 1984).
Changes in the overlying water column directly impact the surface of the sedbed that in

turn will modify mations in the ovelying fluids. The few locd measurements of wave
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bottom boundary layer (WBBL) dynamics have dso been concentrated on coasts with
relatively smooth, gertly doping sandy bottoms. On these shelves the verticad extent of
the WBBL is typicdly smdl, on the order of a few centimeters making it difficult to
accuratedly measure smdl-scde velocity profiles given the resolving capabilities of
exiging technology (Foster et a., 1994). Subsequently, disspation estimates have large
uncertainty. Moreover, measurements in these regions are often complicated by the
presence of nondaionary, migrating ripple fidds of variable dimension, particularly
when the bed eevation changes by more than the thickness of the WBBL. As a reault, it
has thus far been unredidic to quantify the overadl damping in a shoding wave field over
smooth, dowly varying topogrgphy from point messurements of disspation rates.
Sediment transport and bedform migration are two processes that are driven by this fluid-
sediment interaction.

The trandtion from measurements of wave and current activity to predictions of
sediment transport and bedform activity during storm conditions is difficult at best. Even
with these chdlenges, examining wave and current induced sediment suspension over
time scdes of fractions of seconds to hours with Smultaneous time series of flow
velocities and sediment concentration is one method of investigating sediment trangport
which has met with increesng success (Madsen et d., 1993; Beach and Sternburg, 1996;
Amos et a., 1999). Corrdaion of morphologicad changes with measured rates and
directions of suspended sediments on the shoreface has been partly successful (Cacchione
and Drake, 1982; Aagaard and Greenwood, 1994), and nearshore depth changes during

autumn gsorms have been recorded where mean flows are the driving force behind
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sediment transport (Hay and Bowen, 1993; Thornton et a., 1996). Though many studies
have concentrated on the mechanisms of transport and the forces which can initiate and
sudain sediment trangport, the actual amplitudes and nature of bed responses on the
shoreface have usudly been infered indirectly, not measured, until a series of
deployments were begun on the shoreface of the Middle Atlantic Bight.

Research on the shoreface of Duck, NC has documented a variety of fluid motions
and associated bed devation changes in far and foul weether conditions through
numerous deployments of tripods to support eectromagnetic current meters, arrays of
optical backscatter sensors (OBS), acoudtic dtimeters, and pressure sensors. Wright et d.
(1994b) deployed two tripods in 8 and 13 m depths during the "Haloween storm” of
1991 when wave heights exceeded 6 m and periods reached 22 s. The 8 m tripod was
log entirdy and only the current and sediment concentration data were recovered from
the 13 m dte. Degpite the loss of the insrumentation, data andyss of the recovered
records showed suspended sediment fluxes were dominated by the contribution from
mean flows, but infragravity oscillations and wave orbital veocities were dso important
(Wright et a., 1994b). Wind-driven mean longshore currents a 1.24 m above the bed
reached 50 cm/s. Seaward directed cross-shore flows varied from 5-15 cm/s and
intendfied with groups of higher waves (Wright et a., 1994b). A previous series of four
tripod deployments in 7-17 m depth measured cross-shore flows from near zero in fair-
westher conditions to greater than 20 cnv/s offshore during storms  (Wright et d., 1991).

From these deployments, they conclude mean flows dominate in storms and cause

10



offshore fluxes of sediment. Incident waves were the dominant source of bed shear stress

and caused both shoreward and seaward transport.

Chapters

In Chapter 2, andyses of seabed devation data from sonar dtimeters & 3 depths
(55, 8, and 13 m) are combined with co-located measures of wave characteristics to
document the range of seabed eevation changes in response to the forcing of hurricanes
and northeaster storms. Although it is well established that northeasters are the most
common sorms a Duck, NC, the maximum ggnificant wave heights measured a Duck,
NC since 1980 were recorded during hurricanes Gloria (1985) and Gordon (1994). The
range of seabed eevations and patterns of net eroson and net accretion are different for
hurricanes and northeaster storms & locetions in the surf zone and on the continental
shdf.

In Chapter 3, sonar dtimeter measurements of seabed devation changes
throughout storms, rather than radiometric dating, are used to establish the chronology of
sediments in pos-storm cores. During the SandyDuck experiment in October 1997,
diver-operated boxcores were collected near sonar dtimeters at 5.5, 8, and 13 m water
depths. Downcore depths to eroson surfaces in post-storm cores correspond remarkably
well with eroson maxima messured by sonar dtimeters during sorm events. Although
post-depostiona processes, including the effects of bioturbation and subsequent storms,
may remobilize these sediments, these cores provide wel-constrained modern nearshore
storm deposits.

11



In Chapter 4, sonar atimeter data are used to evauate profile data that are
traditiondly used to define the seaward limit of significant net sediment transport, or the
depth of closure (D) during storms. Due to physicd limitations of survey equipment and
personnd, beach profiles are surveyed pre-storm and during some stage of the post-storm
beach recovery process when hydrodynamic and meteorological conditions permit. By
comparing pre- and post-storm surveys, integrated effects of storms on beach profiles
and D can be assessed. To incorporate seabed eevation changes throughout storms and
extend observations to 13 m depth, continuous data from downward-looking sonar
dtimeters are used to evauae the seabed devation changes measured by less frequent
beach profiles. An earlier verson of this chapter will be published in a June 1999 volume
for the Coastdl Sediments conference (Beaverset d., 1999).

The method developed to collect boxcores in the active surf zone and deeper
waters of the inner continental shelf is described in Appendix 1. The mgority of this
gopendix was published in the 1997 volume for the annua American Academy of
Underwater Sciences conference (Beavers et a., 1997a8). The core processing procedure
in Appendix 2 was initidly based upon notes prepared by Judy Roughton and J. Bailey

Smith of the US Army Corps of Engineers.
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CHAPTER 2

SEABED ELEVATION RESPONSE TO STORM EVENTS

Introduction

Storm activity is often associated with eroson of the subaerid beachface (List and
Farris, 1999) and inner surf zone. These same sorms may aso lead to eroson or
accretion degper on continenta shelves due to exchange of sediments between onshore
and offshore locations. Even with this sediment exchange, offshore decreases in profile
vaiadlity (Nicholls et d., 1998) suggest that the inner continental shelf is responding to
waves and currents a different tempord scdes than the subaeria beachface and inner
surf zone.

Many sudies have concentrated on the forces which can initiadte and sudtain
sediment transport on continental shelves, but the actua amplitudes and nature of sesbed
responses to sorm events are not well congrained (Morton, 1988). In paticular,
processes controlling scour and crestion of marine eroson surfaces are not wel
documented (Field et dl., 1999).

With advances in technology, longer-term observations of seabed dynamics have
the potentia to increase our understanding of seabed eevation response to different types
of sgorm events (Beavers et d., 1999). Fieddd measurements of seabed devation changes

during northeaster storms (Wright et d., 1994a) and hurricanes (Beavers et a., 1999)
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have been documented on the inner continental shelf, but rardy have both types of sorm
events been documented &t the same location on the shelf.

By mantaining instrument packages @ the same location for severd years (1994-
1997), tempord patterns in seabed response and the spatid variability of hydrodynamic
forcing can be dudied for a variety of storms. In order to obtain continuous seabed
obsarvations and document hydrodynamic  conditions throughout sorm  events,
insrument packages were deployed in 5.5, 8, and 13 m water depths beginning in 1994.
Desgned to span the trangtion from the inner continenta shelf to the outer surf zone,
these packages occupy a dynamic zone where both wind and wave forcing may be
important (Fig. 2.1). The 2 mgor storm systems responsible for producing this wind and

wave forcing a Duck, NC, are hurricanes and northeaster storms.

Beach
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Figure 21. Definition sketch of the inner shdf and adjacent surf zone regions of the

shoreface (adapted from Wright et ., 1991).
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Storm Paths

Tropica cydones or hurricanes form during June-November in the low latitudes
of the Atlantic Ocean or Gulf of Mexico. When sunlight warms the upper ocean waters,
evaporation and conduction trandfer large amounts of heat and moidure to the
amosphere. As thundergorms intensfy in wesward moving low-pressure troughs,
known as tropicd waves, a depresson may develop (Barnes, 1998). Winds within this
depresson curve aound the centra low pressure, and the cyclone spins
counterclockwise. As long as these cyclones reman over warm waters, they may
intengfy into tropica storms or, ultimately, hurricanes.

Strong counterclockwise winds aso rotate around an area of low pressure in
extratropical cyclones or northeaster sorms. Warm waters of the Gulf Stream alow both
gorms to srengthen (Barnes, 1998). Even with these amilarities, northeaster sorms are
distinct for severa reasons. Northeasters lack a centrd warm ar mass and well-defined
eye. Northeasters typicdly occur in the winter months and form in 2 ways. A srong low-
pressure system in the upper amosphere may transfer energy to a developing low-
pressure system off the mid-Atlantic coast. Other systems form near the Gulf of Mexico,
cross into the south Atlantic, and drift into podtion off Cape Haiteras (Barnes, 1998).
Sugtained wind gpeeds in northeasters range from 10-25 m/s (20-50 mph), whereas
hurricane force winds begin a 32 m/s (74 mph) (Dolan and Davis, 1992). Northeaster
gorms are more frequent, are usudly geographicdly larger than hurricanes, and generdly

move dower (Dolan and Davis, 1992).
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Since the early 1980's, the USACE Fed Research Facility in Duck, NC (Fig.
2.2) has measured waves and tides on a routine basis. Tides are semi-diurnd and have a
mean range of approximately 1 m. Average annud sgnificant wave height is 1.0 + 0.6 m
(1980-1991) with a mean peak spectral period of 8.3 + 2.6 s (Leffler e d., 1993).
Although the grestest pesk offshore wave heights were measured during hurricanes
Gloria in 1985 (6.8 m) and Gordon in 1994 (6.5 m), over 20 of the 30 biggest peak wave
events a Duck, NC were northeaster storms (FRF, 1999). Significant wave heights are
comparable for both hurricanes and northeaster storms, but maximum wave conditions
may last 2-3 times longer for northeaster gorms in the western Atlantic than hurricanes.

The orientation of shordines and shelves with respect to the paths of magor storms
controls sorm dominance (Morton, 1988). The shoreline a Duck, NC (Fig. 2.2) faces the
open North Atlantic Ocean, with shore-norma directed east-northeastward at
approximately 70° true. Northeast incident waves from dow moving or nearly sationary
northeaster storms often affect shef processes and the underlying sesbed for severd
days. The strongest storms at Duck, NC usualy occur in October, November, December

and March (Birkemeier et d., 1999) and are often northeaster storms.
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Figure 2.2. FRF location map.

Hurricanes gpproaching North Carolina from the south may follow many paths,
but al hurricane landfdls in North Carolina have been south of Duck, NC. Some
hurricanes skirt the eastern edge of the date, leaving the powerful, right-front quadrant of
the sorm a sea as the hurricane brushes the Outer Banks. Hurricanes Bertha and Fran
made landfdl a the southern end of the state near Wilmington, NC in 1996, whereas

Hurricane Gordon stayed offshore and produced winds and high waves a Duck, NC from
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November 17-19, 1994 before turning south and disspating. Mogt hurricanes will cross
the continentd shelf in less than a day unless ther path is pardlel to the coast or looped.
Even then, the influence of a hurricane on a given area is normdly of limited duration
because of the fast forward motion (Morton, 1988). August and September storms at
Duck, NC ae typicaly short duration, intense passng tropicd storms and hurricanes

(Birkemeier et d., 1999).

Bipod Instrumentation

Sedimentologic and hydrodynamic data were collected from 1994-1997 at
the U.S. Army Corps of Engineers Field Research Facility (FRF) in Duck, North
Carolina (Fig. 2.2). The FRF is located on the northern Outer Banks near the
middle of Currituck Spit, a 100 km unbroken stretch of shoreline. This spit is a
transgressive barrier island, approximately 800 m wide at the FRF, bordered by
Currituck Sound on the west (Schwartz et d., 1997). The shoreface consists
primarily of quartz sand, with a secondary component of rock-fragment and
shell gravel (Meisburger and Judge, 1989). Sediments become finer offshore to 13
m depth (Schwartz et ., 1997) and are well-sorted fine to very fine sands (0.21 to

0.07mmor2.3t03.8f).
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surf zone, a multi-year monitoring program of near-bottom and interior flows and seabed
were deployed in 5.5 and 13 m water depths in September and October 1994 (Fig. 2.3).

elevation changes across the shoreface of the FRF was initiated in 1994 (Howd et 4d.,

In May 1995, athird instrument package was deployed in 8 m water depth.

1994).
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Figure 2.3. Location of bipod instrumentation (stars) at the FRF. Contours are in meters.



Instrument packages were secured on ‘bipod’ frames (Fig. 2.4) designed to deeve
over two 64 m long pipes jetted veticdly 4 m into the sesbed. Power and
communications were provided from shore via amored multi-conductor cables. Except
for sensor repairs or replacement, these instrument packages collected data during

numerous storms from 1994-1997.

Current meters

Each bipod (Fig. 24) initidly induded 3 MastMcBirney dectromagnetic
current meters located on the offshore end of the frame. The biaxid dectromagnetic
current meters were replaced in fdl 1997 with nonrinvasve triaxiad acoustic current
meters. This end of the frame was deployed to the southeast to minimize interference of
current meters and vertical support with wave orbita velocities during northeast waves.
Current meters were initidly deployed a nomind devations of 0.2, 055 and 1.5 m
above the sesbed to permit caculation of bed shear dresses associated with different
flows by the veocity profile method (Drake and Cacchione, 1992). With a shordine
orientation of agpproximatdy N20W, longshore currents flow toward 340° (i.e

northward) or toward 160° (i.e. southward). Similarly, cross-shore currents are either

onshore at 250° (westward) or offshore at 70° (eastward).

Pressure sensor
A pressure sensor (Fig. 2.4, P), sonar dtimeter (S), and eectronics housings (A,

B, and C) were secured to the frame crossbeams. Current meters and Sensometric strain
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gauges were sampled a 2 Hz. Pressure fluctuations were measured to alow caculation
of the wave spectrum and water devaion (tides). Initidly, an andog Sensometric dtrain
gauge (Fig. 24, P) was deployed with each instrument package. These sensors were
relatively inexpensve and rdiable, but often exhibit mean pressure drifts over long time
periods, such as 10-20 cm in a month.  In September 1997, digita Paroscientific gauges
replaced the dtrain gauges for more precise and stable pressure measurements.  These
gauges output voltage signd with a frequency proportiond to the pressure and operate at
a nomind 38 kHz. The Tatletde Modd 8 operated in a frequency-count mode to
meesure the Paroscientific sgnd over a 50 ms averaging interva, a a 2 Hz rate.  This
sample intervd was determined to be short enough to have negligible filtering effect for
wave measurements (2+ ), and long enough for an accurate pressure (frequency)
measurement of better than 1 mm.

Wave height, Hyo, Was computed as an energy-based Satistic equa to four times
the standard deviation of the sea surface eevations. Wave height reported from the
pressure gauge has been compensated for hydrodynamic atenuaion using linear wave
theory. Wave variance is computed from energy spectra and band limited to frequencies
> 0.05 Hz (period <20 s) with a high frequency cutoff based on wave attenuation where
linear theory amplitude correction is 10. Wave period is identified from the computation
of a variance (energy) spectrum with 60 degrees of freedom cdculated from a 34 minute
record. Pesk wave period, T,, is defined as the period associated with the maximum

energy in the spectrum.
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U

Hgure 2.4. Bipod instrumentation.
Sonar dtimeter

The Datasonics dtimeter (Fig. 2.4, S) transmits a 210 kHz acoustic pulse once per
second (1 Hz) with ‘bottom’ return echoes detected after each pulse. Returns are range-

binned for 34 minutes. The bin with the maximum number of returns is recorded as the
seabed devation during that 34-minute period.

In [aboratory tests, the mean distance to
22



the bottom (Fig. 24, d) measured with the atimeter was accurate to + 1 cm of an
independent distance measurement. The dtimeter transducer beamwidth is gpproximately
10° and results in an approximately 20 cm diameter footprint & 1 m range. The footprint
of the sonar dtimeter is too large to resolve short wavdength (1-5 cm) ripples (Galagher

et d., 1996); instead, larger scale patterns of erosion and deposition are resolved.

Boxcores

During 1994-1997, the bipod instrument locations served as the ste of over 150
diver-collected boxcores which provide a 15 cm wide x 30 cm deep section of the near
surface sediments (Appendix 1). Cores were collected during the cam summer months
to serve as a far weather basdine for cores collected directly after northeaster storms and
hurricanes.  This sediment coring program tested the correlaion between seabed
elevation changes recorded by the dtimeters and the thickness of depostiond units
obsarved in the cores and invedtigated the spatid variability of sediments and preserved
sedimentary dtructures in the vicinity of the bipods. The atimeter data agree with depth
to eroson contacts in the post-storm boxcores (Chapter 3). This independent test of
seebed dtimeter data verifies the fluctuations in seabed elevation measured by a sonar

dtimeter (Fig. 2.5) during storm events are indeed redl.

Results
Continuous records of wave heights and seabed devations throughout hurricanes

and northeaster storms were used to evaluate the range in seabed eevations and net
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seabed eevation changes a 3 cross-shore locations in 5.5 m, 8 m, and 13 m water depths
(Fig. 2.3). During storm conditions, incident waves bresk and propagate into the surf
zone, an area dynamicaly defined by the presence of active wave bresking. In the inner
surf zone, wave energy becomes saturated and root-mean-square wave height (Himg) is a
function of loca water depth (h),

Hms=gh D
where g varies with bottom dope and wave steepness.  Field studies in Duck, NC have

shown g has a range of 0.29-0.55 (Sdlenger and Holman, 1985). Using a vaue of 0.4 for

gin Egn. 1 (Thornton and Guza, 1983), the depth at the edge of the surf zone (hy), the
point a which most waves are bresking, was calculated for each storm based on wave
heights recorded at awaverider buoy 4 km offshore (Tables 2.1 and 2.2).

To compare seabed eevation changes a dl locations, the depth (h) a each
location (5.5 m, 8 m, or 13 m) was converted to a dimensionless ‘depth’ (h) relative to
the depth at the edge of the surf zone (h,) for each storm

(h—h)/h, = h 2

For example, during a February 1996 northeaster (H;ms = 2.3 m), the edge of the surf zone
was in 5.7 m depth (Table 2.2), and the relative depth (hy) at the 13 m bipod was 1.3. Also
during this northeagter, the 5.5 m bipod was a the edge of the surf zone (h = -0.03),
whereas the 8 m bipod was outsde of the surf zone on the inner continentd shdf (h =

0.4).
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The range in sesbed devation & each dte was defined by the maximum and
minimum sesbed eevation recorded during a maximum of 11 times for each storm (Fig.
25). The firda 5 thresholds were edablished during incressng wave heights. When
thresholds of 1.0 m, 1.5 m, 20 m, 25 m, and 3.0 m in wave heights (Hno) were exceeded
a the 13 m bipod (Fig. 2.538), corresponding seabed elevations at the 5.5, 8, and 13 m
were evduaed. The next 6 times correspond with maximum wave height, and the find
time wave heights remain above thresholds from 3.0 m to 1.0 m in 0.5 m intervas. This
method was chosen to evduate the seabed response to changes in wave height but may
underestimate the range in seebed devations. When the maximum or 0.5 m increments of
wave heght do not correspond with the sesbed eroson maxima (eg.- Fig 2.3d), the
lowest eevation measured by the sonar dtimeter may not be included in caculating the
range of seabed devations at that location during the sorm.

Net seabed devation change for each sorm was caculated as the difference
between sesbed eevation measurements a each location when wave heights a the 13 m
gte first and last exceeded the 1.0 m thresholds (Fig. 2.2, solid vertical lines). Net sesbed
eevation change cdculated by this method does not evauae post-storm seabed
adjusments. Vadues of net change and range of seebed eevations may be in eror if
gmdl-scae bedforms with wavdengths less than the gpproximady 20 cm diameter sonar

dtimeter footprint are present (Gallagher et d., 1996).
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February 1996

Figure 2.5. Wave heights (a) and seabed eevation changes measured a 55 m (b), 8 m
(©, and 13 m (d) gStes during February 1996 northeaster storm. Net seabed eevation
change is cdculated as the difference in sesbed devations when wave heights () firg

exceed 1.0 m (solid verticd line, left) and last exceed 1.0 m (solid verticd line, right).

Five hurricanes (Table 2.1) were included in these analyses. Seabed devation

changes were messured a dl 3 locations during each sorm with the following

exceptions. Gordon - no 8 m data, Bertha - no 5.5 m or 13 m data, and Fran- no 5.5 m
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data A totd of 11 redizations of seabed devation changes during hurricanes were

andyzed.

Table 2.1. Wave heights (H;mg) and water depth at the surf zone edge (h,) for 1994-1997

hurricanes.

Y ear

1994

1995

1996

1996

1996

Dates

November 16-22
August 13-21

July 10-13

August 29-September 3

September 4-7

Name

Gordon

Fdix

Bertha

Edouard

Fran

Hrms (M) hp (M)

4.6

3.3

21

24

24

115

8.2

5.3

6.0

6.0

Six northeaster storms (Table 2.2) were included in these andyses. These sorms

include the Duck 94 (October 1994) and SandyDuck (October 1997) experiment storms.

October 1995 and 1996 northeaster storms and northeaster storms in January and

Februay 1996 were aso included. Seabed edevation changes were measured a al 3

locations during each sorm with the following exceptions. October 1994 - no 8 m data

and October 1996- no 55 m data. A tota of 16 redizations of seabed devation changes

during northeaster storms were anayzed.
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Table 2.2. Wave heights (Hrms) and water depths a the surf zone edge (h,) for selected

1994-1997 northeaster storms.

Y ear Dates Hrms (M) hp (M)
1994 October 10-20 3.2 8.0
1995 October 20-21 15 3.7
1996 January 6-8 24 6.0
1996 February 2-5 2.3 5.7
1996 October 3-9 21 5.1
1997 October 15-23 2.8 6.9
Net Seabed Elevation Changes

In Figure 2.6, net seabed eevation changes for hurricanes (stars) and northeaster
sorms (circles) are compared. By converting the depth (h) a each location (5.5 m, 8 m,
or 13 m) to a dimensonless ‘depth’ (h- Egn. 2) relative to the depth at the edge of the
aurf zone (Fig. 2.6, solid verticd line a 0), data from al storms and locations can be
compared. Locations indde the surf zone during maximum wave heights will plot as
negdtive ‘depths, and locations beyond the surf zone edge (at 0) will plot a increasingly
postive ‘depths with increasing distance from the surf zone. Both northeester storms and

hurricanes have seabed devation measurements from 4 locations in the surf zone, but
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northeaster storms have measurements from a grester number of locations (11 vs. 7)

offshore of the surf zone.
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Figure 2.6. Net seabed evation changes for hurricanes (star) and northeaster scorms
(circle) during 1994-1997. No locations exceeded 6 cm of net erosion (dashed line)

during northeaster storms.

Both hurricanes and northeaster storms cause net erosion (negative seabed
elevation change) and net accretion (postive sesbed devation change) a locations within
and offshore of the surf zone. The range of net seabed eevation changes during

northeaster storms is approximately 30 cm (-6 cm to 23 cm) and is less than the
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aoproximately 40 cm range measured during hurricanes (-19 cm to 22 cm). Although
both hurricanes and northessters result in over 20 cm of net accretion a some surf zone
locations, these northeasters storms never resulted in over 6 cm of net eroson a any
location in the surf zone or on the inner shdf (Fig. 2.6, dashed ling). Hurricanes resulted
in greater magnitudes of net eroson a most locations, exceeding 20 cm of net eroson &
the 13 m bipod during hurricane Gordon.

Northeaster sforms and hurricanes result in maximum vaues of net sesbed
accretion in the surf zone (Fig. 2.6), but maximum vaues of seabed erosion occurred
outsde the surf zone during hurricanes. During these sorms, wind-generated ocean
surface waves ae the mgor driving force for nearshore circulation and sediment
trangoort in the surf zone and inner continental shdf (Wright et d., 1991). With
increesed  disspation of wave energy in the surf zone during wave bresking and
associated bottom friction (Thornton and Guza, 1983), it is not surprisng to see a wider
range of seabed devations within and near this dynamic zone. As expected, net seabed

eroson and accretion diminished with distance offshore of the edge of the surf zone,

Hurricanes

Even though the net seabed accretion (Fig. 2.7, stars) is greastest within the surf
zone, it is surprisng that net seabed erosion and the range of seabed eevations (Fig. 2.7,
bars) observed during hurricanes is not adways greatest insde the surf zone. Severd

locations experienced a range in sesbed devations of gpproximaidy 30 cm.  This
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aoproximately 30 cm range was measured when the 55 m location was within the surf
zone during hurricane Gordon, but the 13 m location mesasured corresponding
goproximately 30 cm ranges in seebed devations when this location was offshore of the

surf zone during hurricanes Gordon and Felix.
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Figure 2.7. Net (star) and range (bar) of seabed eevations for 5 hurricanes during 1994-

1997.

Even more surprisang, the 8 m location adways experienced an approximatdy 15
cm range in seabed eevations whether it was encompassed by the surf zone edge or
remained offshore of the edge of the surf zone. The 5 m location was adways in the surf

zone during hurricanes, but only had a range of approximately 5 cm during hurricanes
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Edouard and Fdix. During hurricanes Edouard and Fran, the 13 m location had
respective ranges of seabed devation changes of approximately 5 and 15 cm. Hurricanes
ae dmog as likely to cause net erosion (5 occurrences) as net deposition (6 occurrences)

a these surf zone and inner shdf locations.

Northeaster storms

Like hurricanes, net seabed accretion (Fig. 2.8, circles) during northeaster storms
is greatest within the surf one, but the range of seabed eevations (Fig. 2.8, bars) during
northeester storms is not aways grestest ingde the surf zone. Unlike hurricanes,
northeaster storms are more likely to cause net accretion (12 occurrences) than no net
change in seabed devation or net depostion (4 occurrences) a these surf zone and inner
shdlf locations.

Wave heights for the northeaster storm in October 1995 (Table 2.2) were lower
than wave heights for the smdlest hurricane (Bethd) (Table 2.1). During the October
1995 rortheaster storm, the 5.5 m location was offshore of the surf zone, and the 13 m
dte was in 2.5 times greater depth than the edge of the surf zone. With this distance from
the edge of the surf zone, it is not unexpected that the range in seabed devations (8 cm)

was smdl.
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Figure 2.8. Net (circle) and range (bar) of seabed devations for 6 northeaster storms

during 1994-1997.

An gpproximately 25 cm range in sesbed eevations was measured when the 55
m locaion was within the surf zone during the February 1996 and October 1997
northeasters. The 8 m location measured a corresponding approximately 25 cm range
when this location was offshore of the surf zone during October 1996. All other locations
experienced ranges in seabed devation (from 9-20 cm), whether or not they were within

the outer surf zone at the peak of the storm or aways offshore of the surf zone.
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Discussion

By comparing seebed devation changes during 1994-1997 for 5 hurricanes and 6
northeasters storms, some intriguing trends have emerged. Both northeaster storms and
hurricanes resulted in maximum values of net seabed accretion indde the surf zone. As
expected, net seabed eroson and accretion diminished with distance offshore of the edge
of the suf zone This inverse reationship between net sesbed devation change and
digance offshore of the surf zone indicates linking sedimentation processes across time
scdes and surf zone and inner shef environments must incorporate andyses of the
trandtion in fluid motions from the inner shelf to the surf zone.

Even though net seabed accretion is usudly grestest when the 55 or 8 m locations
are within the outer surf zone, net seabed eroson and the range of sesbed devations are
not dways gresiest indde the surf zone. The maximum range in seabed eevations for
locations in the surf zone and on the inner continentd shelf was goproximately 25 cm
during northeaster storms and goproximatedly 30 cm during hurricanes. During
hurricanes, the range in seabed eevations was approximately 15 cm at the 8 m location
and approximately 5 cm a the 55 m locaion. During northeaster storms, dl locations
experienced a various range of seabed eevation changes (8-25 cm) and did not cluster
around any particular range like seabed devation ranges during hurricanes.

Given the condraints that these andyses are based on a smdl number of storms
with varigble duration, maximum wave heights wave periods, and currents these data
indicate hurricanes and northeaster storms have different impacts on the seabed at these

aurf zone and inner shef locations. Northeester storms are more likdy to cause net
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accretion than no net change in seabed devation or net deposition, whereas hurricanes are
dmog as likdy to cause net eroson as net depostion. With overlapping paths and
greater ggnificant wave heights, hurricanes may trangport and rework sediment in deeper
water than northeasters (Morton, 1988). Additional research on the effects of wave
period, currents, and storm duration may help eucidate the reasons for these differences

in seabed response for northeaster storms and hurricanes.

Conclusons

1. Northeaster storms and hurricanes result in maximum values of net seabed accretion
a locations in the outer surf zone. Net seabed erosion and accretion diminished with
increasing distance offshore of the edge of the surf zone.

2. The maximum range in sesbed devaions was approximady 25 cm during
northeaster storms and gpproximately 30 cm during hurricanes.

3. At these outer surf zone and inner continental shelf locations, northeaster storms are
more likey to cause net accretion than no net change in seabed devation or net

depaosition, but hurricanes are dmogt as likely to cause net erosion as net deposition.
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CHAPTER 3

STRATIGRAPHIC SSGNATURE OF A NORTHEASTER STORM EVENT ON THE

SURF ZONE AND INNER CONTINENTAL SHELF

Introduction

Trandating observations of modern depostiona environments to ancient andogs
in the dratigraphic record is one of the most fundamenta tasks of sedimentary geologids,
it is ds0 one of the mog difficult (Davis, 1992). Due to the difficulty of monitoring the
evolution of nearshore morphology during sorms, laboratory flumes have previoudy
been the only sating where it was feasble to continuoudy monitor ‘sea bed
configuration and sample shdlow dratigraphy crested during Smulated high-energy
events (Arnott and Southard, 1990).

High wave orbital velocities and mean currents in the nearshore restrict sesbed
observations by SCUBA divers to cadm conditions (Davis, 1965; Clifton et d., 1971,
Davidson-Arnott and Greenwood, 1976; Greenwood and Mittler, 1979; Hunter et d.,
1979). During storms, increased concentrations of suspended sediments (Vincent & 4.,
1991; Beach and Sternburg, 1996; Osborne and Vincent, 1996; Battisto et a., 1999) can
obscure the view of the seabed and limit observation of the bottom using underwater
stereo cameras or video cameras (Amos et a., 1999). This intense hydrodynamic regime

aso impaoses congtraints on nearshore instrumentation and data transmission.
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Acoudic ingrumentation deployed in arays on frames (Hay and Bowen, 1993;
Gdlagher et d., 1996; Jette and Hanes, 1997) and towed sde-scan sonar surveys
(Thornton et d., 1998) have increased the variety of nearshore environments and
conditions under which sesbed observetions have been made. The first near-continuous
2-dimensond images of nearshore sesbed configuration during storms were provided by
rotary fanbeam sonars (Hay and Wilson, 1994) over an area exceeding 10 m3. The
trangtions in bed configuration associated with variations in wave date a a fixed dte
(Hay and Wilson, 1994) ae dmilar, but not identicad, to the spatid didtributions of
bedforms across the nearshore observed by Clifton (1971). The order of bed date
progresson observed with sonars during increasing wave orbital velocities a Duck, NC
is (1) irregular 3-D, short crested ripples, (2) oblique cross-ripples, combined with
patchy, shore pardld ripples and occasond megaripples, (3) long-crested shore-pardld
ripples, with occasond megaripples, and (4) ‘fla’ bed conditions (Hay and Wilson,
1994).

Until this study, linking seabed observations to the dratigraphic record has been
limited since seabed changes during storm and non-storm conditions have not been
obsarved where cores were collected. Even though interna sedimentary dructures in
nearshore cores have been interpreted as storm deposits (Clifton et d., 1971; Davidson
Arnott and Greenwood, 1976; Greenwood and Mittler, 1979; Morton, 1988), this link
was not directly established.

Recent advances in acoudic imaging technology provide the opportunity to
directly link sesbed changes during storms to preserved dratigraphy. The chronology of
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sorm events that erode and depost sediments may be quantified by remote observation
of both the seabed with sonar dtimeters (Jette and Hanes, 1997; Gallagher et d., 1998)
and hydrodynamic forcing with co-located pressure sensors and current meters. With the
chronology of storm sedimentation provided by remote observation, diver-operated cores
collected post-storm can be interpreted to reved the dratigraphic sSgnature of storm

deposits.

SandyDuck97 Experiment

Sedimentologic and hydrodynamic data were collected during the SandyDuck97
nearshore experiment (Burns, 1998) hdd a the U.S. Army Corps of Engineers Field
Research Facility (FRF) in Duck, North Carolina. The FRF is located on the northern
Outer Banks near the middie of Currituck Spit, a 100 km unbroken dretch of shordine.
This spit is a transgressive barrier idand, approximately 800 m wide at the FRF, bordered
by Currituck Sound on the west (Schwartz et d., 1997). The shoreline a the FRF faces
the open North Atlantic Ocean, with shore-norma directed east-northeastward at
goproximately 70° true. The shoreface condsts primarily of quartz sand, with a secondary
component of rock-fragment and shell gravd (Meisburger and Judge, 1989). Sediments
become increasingly finer offshore to 13 m depth (Schwartz et a., 1997) and are wdl-
sorted fine to very fine sands (0.21 to 0.07 mm or 2.3 to 3.8f ).

Timing of the dx-week SandyDuck experiment from mid-September — October
1997 was based on previous studies of sandbar behavior at Duck and expectations that a

wide range of conditions would occur. Incident sgnificant wave heghts varied from
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cdm (<0.5 m) to a short-lived pesk of just over 3.5 m during the "SandyDuck storm” that
occurred between October 18 and 22, 1997. The SandyDuck storm was an extratropical

northeaster, the most common significant storm that occurs at the FRF.

Bipod Instrumentation

By October 1, 1997, instrument frames were deployed at 3 locations in 5.5, 8, and
13 m water depths along a cross-shore transect (Beavers et d., 1999). Instrument
packages were secured on ‘bipod’ frames designed to deeve over two 6.4 m long pipes
jetted verticdly 4 m into the seabed. Power and communications were provided from
shore via armored multi-conductor cables.

Each bipod included 3 SonTek Acoustic Doppler Veocimeters (ADV) located on
the offshore end of the frame. This end of the frame was deployed to the southeast to
minimize interference of indruments and verticd support with measured wave orbita
velocities during northeast waves. With a dhordine orientation of gpproximately N20W,
longshore currents flow toward 340° (i.e. northward) or toward 160° (i.e. southward).
Smilarly, cross-shore currents are either onshore a 250° (westward) or offshore at 70°
(eastward). Located 18 cm from the current meter transducer, ADV sampling volumes
were approximatey 30 cm (bottom), 85 cm (middle), and 160 cm (top) above the seabed
when frames were deployed.

A sonar dtimeter, pressure sensor, and eectronics housings were secured to the

frame crossbeams. Paroscientific pressure gauges measured pressure fluctuations to alow
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cdculation of wave height, wave period, and water eevations. Current meters and
pressure gauges were sampled at 2 Hz.

The Datasonics dtimeter transmits a 210 kHz acoudtic pulse once per second (1
Hz) with ‘bottom’ return echoes detected after each pulse. Returns are range-binned for
34 minutes. The bin with the maximum number of returns (from a tota of 2048 returns)
is recorded as the seabed devation during that 34-minute period. In laboratory tests, the
mean disance to the bottom measured with the dtimeter was accurate to + 1 cm of an
independent  distance measurement. The dtimeter transducer beamwidth is gpproximatey
10° and results in an gpproximatey 20 cm diameter footprint a 1 m range. The footprint
of the sonar dtimeter is too large to resolve short wavelength (1-5 cm) ripples (Galagher
et d., 1996); instead, larger scale patterns of eroson and deposition are detected.

The lowermost ADV was used as a second of sesbed dtimeter. The ADV
transmits a 4 MHz acoudtic pulse and detects ‘bottom’ return echoes after each pulse.
During 9 minutes of each 3 hour interva, the bottom ADV was sampled for 3 minutes to
collect 50 *bottom’ returns. Ignoring outlier values based on a known acceptable range of
valid data, a median distance to the ‘bottom’ was determined, and a distance to the
seabed was computed by averaging vaues within 5 cm of the median. This results in one
vaue of the seabed location every 3 hours and provides a verification of sonar dtimeter
data

With a transducer beamwidth of less than 1°, an approximatedy 2 cm diameter
footprint is formed when the ADV acoudtic pulse is trangmitted from 50 cm above the

sesbed. Even though the ADV is collecting data from a smdler area of sesfloor than the
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sonar dtimeter (approximately 2 cm vs. goproximately 20 cm), the ADV operates a@ a
higher frequency (4 MHz vs. 210 kHz) and is more likely to record fase bottom returns
during sorm events with high levds of suspended sediments. Given the limitations that
the ADV is only sampled once every 3 hours and is subject to greater variability during
gorms, sonar dtimeter measurements will be used as the primary record of seabed

dtimetry.

Boxcores

Diver-operated boxcores (15 cm wide x 10 cm deep x 30 cm long) were collected
on October 14 and 24 a dl 3 instrumented locations. By comparing pre- and post-storm
cores, sediment structures formed by physica processes during the SandyDuck storm can
be identified in core dratigraphy. These primary sructures form during or dightly after
sediment accumulation and exclude secondary biogenic dructures (Reineck and Singh,
1980).

The core process is briefly described. For more detailled information on boxcore
collection and processng, please consult the Appendix. The cores were opened in the
laboratory and planed to a 2 cm thick dab. The centra 13 cm of sediment was placed in a
plexiglass tray with 1 cm molded d9des Usng only the centrd portion of the core
reduced the structura distortion that occurred at the sides of the corer, but downwarping
is dill visgble on the edges of many cores. Warping of sediment dong the back sde of the
corer displaced the core sediments as an entity and did not affect the rdationships

between bedding planes.
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Information on interna structure of the cores was obtained using 2 methods. Firgt
the processed 1 cm thick section of core was exposed to xrays using a portable veterinary
xray unit. Next, cheesecloth was placed on the sediment surface, and a mixture of epoxy
resn and hardener was painted over the cheesecloth to create a relief ped. Find
Sructura interpretation of the cores was based on both surface relief features and xrays.

During core extraction, boxcore sediments were subsampled at the sediment-
water interface (core top), 3-5 cm downcore, and 13-15 cm downcore for gran sze

andyses. Sediment samples were wet Seved with a 63 nm (4 f) mesh screen, dried, and

weighed. Approximately 20 g of the > 63 nm (4 f) fraction was dry Seved in a 0.5 f
interval Seve stack on aseve shaker for 10 minutes.

Snce the location of each core redive to the indrumentetion on the frame is
known, seabed elevation data measured by a sonar dtimeter can be used to etablish the
chronology and associated thickness of drata preserved in the cores. The sratigraphic
sggnatures of a northeaster storm in 5.5, 8, and 13 m water depths are evaduated in light of
synoptic hydrodynamic conditions that caused bed shear stresses associated with the

deposition, erosion, and transport of seabed sediments.

Results

By the morning of October 19, 1997, a dtationary front had developed into a low
pressure system about 100 km offshore of Cape Hatteras, North Carolina. During this
SandyDuck northeaster storm, maximum onshore winds reached 18 m/s at 1408 EST on

October 19. The maximum sgnificant wave height measured by an offshore Waverider
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buoy reached 3.87 m a 1600 EST on October 19. The peak spectra period (T,) of these
waves was 9.1 s. Further inshore a 13 m water depth, maximum wave heights (Hmo) of
349 m (Tp=9.5 s) were measured at 1708 EST on October 19 (Fig. 3.1).

During storm conditions, incident waves break and propagate into the surf zone,
an aea dynamicdly defined by the presence of active wave bresking. In the inner surf
zone, wave energy becomes saturated and root-mean-square wave height (Himg) is a
function of loca water depth (h),

Hrms=gh «y
where g varies with bottom dope and wave stegpness. Field studies in Duck, NC have
shown g has arange of 0.29-0.55 (Sdlenger and Holman, 1985). Using avaue of 0.4 for
gin Egn. 1 (Thornton and Guza, 1983), the depth at the edge of the surf zone (h,= 6.9 m)
amog extended to 7 m water depth when root- mean-square wave heights reached 2.8 m.
During this northeagter, the 5.5 m location was well within the surf zone, andthe8 m
location was on the offshore edge of the surf zone at the height of the storm. The inner

continental shelf 13 m location was dway's offshore of the surf zone.
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Figure 3.1. October 1997 (a) wave heights and (b) relative seabed locations.

Figure 3.2 presents the mean longshore and cross-shore current velocities
recorded approximately 30 cm above the seabed by the bottom current meters. Longshore
currents were usudly directed to the south and exceeded 50 cnv/s a dl locations by 1500
EST on October 19. Cross-shore currents were predominately directed offshore and
reached the greatest velocities at 13 m. Offshore flows were dways less than 10 cnv/s at
5.5 m but reached 29 cnm/s at 1334 EST on October 19 at 13 m.

Seabed devation changes measured at the 5.5, 8, and 13 m bipods are presented

relative to the pre-storm seabed eevation on a each location on October 14 (Fig. 3.1).
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Severd gmilaities exig for sesbed behavior during the northeester storm. At Al
locations, the sesbed experienced net eroson during storm spin-up on October 18-19
when wave heights and current velocities were increasng. On October 19, seabed erosion
maxima (Fig. 3.1, solid vertica line) preceded maximum wave heights by <5 hours but
coincided with maximum cross-shore current velocities a 13 m (Fig. 3.2, solid verticad
line). Bed shear stresses (for calculations see Chapter 1) were greatest for current profiles
messured during the seabed eroson maxima on October 19.

As wave heights pesked, currents decressed, and sediment accreted at Al
locations (Fig. 3.1, right of solid verticd line) and formed storm deposits. Differences in
seebed behavior during and after the sorm have a dgnificant effect upon the Structure
and thickness of sediment preserved from this event. Resulting storm deposits are next
presented for a 13 m inner continental shelf location, an 8 m location near the offshore

edge of the surf zone, and a 5.5 m location well within the surf zone.
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Figure 3.2. October 1997 longshore and cross-shore currents at (a) 5.5, (b) 8,

m water depths.

Inner Shaf Stratigraphic Sgnatures. 13 m dte

and (c) 13

Although many dudies have documented hydrodynamic processes during storm

events, the amplitudes and nature of seabed responses on the inner continental shelf have

rarely been measured (Wright et al., 1994a). Figure 3.3a presents the seabed eevation

changes measured in 13 m during October 1997. Seabed elevation measurements from a
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210 kHz sonar dtimeter (Fig. 3.3, solid line) are compared with boundary detection of
the seabed by a4 MHz ADV (Fig. 3.3 +), located 1.5 m away. Both instruments record
the same trends in seebed devation but are limited by the conditions in which they can

precisely measure seabed eevations.
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Figure 3.3. (8) Seabed devation changes and (b) data outliers measured in 13 m water

depth during October 1997.

Offsats in pre-storm seabed elevations on October 14 are < 6 cm (Fig. 3.39) and

may partialy be attributed to the rippled seabed observed by SCUBA divers on October
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14. ADV measurements of seabed eevation in an goproximatey 2 cm diameter footprint
are robust with few outliers (Fig. 3.3b, stars), but sonar dtimeter returns from a larger,
aoproximately 20 cm diameter footprint cannot resolve bedforms with characterigtic
length scaes < 20 cm.  Although outliers, defined as dl measurements outside the mode,
ae not uncommon in sonar dtimeter measurements (Fig. 3.3b, dots), >50 % of the
seebed measurements during severa sampling intervals on October 14-16 were outliers.
Higher variability in sonar dtimeter measurements may be caused by (1) returns from the
veticd extent of the footprint over a rippled seebed, (2) a change in the scattering
properties of the seabed due to sediment dilation during ripple formation (Galagher et
al., 1996), or (3) bedform migration during longer sampling intervals.

ADV measurements of seabed eevation can be used to detect smal scale (+1 cm)
seebed devation changes during nortstorm conditions, but sonar dtimeters are better
indruments for documenting storm-induced sesbed eevation changes on the inner shelf.
With >50 an/s currents measured on October 19, small ripples were likely replaced by a
highly mohbile plane bed in 13 m depth. With an gpproximately 20 cm diameter footprint,
the sonar dtimeter can measure the verticd excurson of a planar seabed more precisdy
than a rippled seebed (Fig. 3.3b, dots). Additiondly, the higher frequency 4 MHz ADV
measurements (Fig. 3.3b, stars) are not as robust as the lower frequency 210 kHz sonar
dtimeter measurements during the storm on October 18-22. The higher frequency
measurements are more sendgtive to suspended sediments. Concentrations of suspended

fine sediments (<60 nm) were high during the storm, and samples exceeding 0.2 g/L
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were collected near the seabed at the end of the FRF pier in 6 m water depth on October
20 (Battisto et d., 1999).

Figure 3.4 presents the xrays of cores collected on October 14 and 24. Both cores
have been postioned dong the sonar dtimeter record according to the sesbed devation
when they were collected. When depths, equa to negative devations, are used to
reference core features, ether the entire range of a feature (eg.- 13.25-13.30 m) or the
depth downcore to the base of the feature and the sde of the core (e.g.- 13.25 m (l&ft))
may be given. Sediment peds provide additiond information on the core Structure
however, those images are not presented.

A pre-storm core was collected on October 14 when the seabed was at 13.22 m
depth (Fig. 34, left). Preserved primary dructures include sub-pardld laminations with
1-2 mm scde spacing in the lower portion of the core. Laminae are visble as dternating
black and dark grey horizonta bands from 13.30-13.43 m. Core sediments are very fine

sands; 3.7 f at 13.25-13.27 m and 13.35-13.37 m and contain 4 % dlt Szed or smdler

(<63 mm) sediment by weight (Fig. 3.5¢).
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Figure 3.5. Mean grain size changes by depth downcore for boxcores collected on

October 14 (stars) and 24 (circles) in 5.5 m (a), 8 m (b), and 13 m (c) water depths.

Secondary or biogenic core features include a bioturbated upper 9 cm (Fig. 3.4,
left). Ripples and worm tubes were observed on the seabed when this core was collected,
but bioturbation has removed any trace of ripple cross-laminaions that might have been
asociated with the formation and migration of ripples. A gastropod shdl fragment is
visble as a light circle (Ieft) a 13.29 m. Numerous polychaete worms have reworked the

primary sediment structures and created less dense (lighter) areas of the core between
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13.25-13.30 m and dong the left sde of the core to 13.37 m. Worm tubes are preserved
at 13.29 m (right), 13.33 m (left), and 13.37 m (left). Cracks, vishble as lighter areas near
the core surface a 13.24 m (right), are an artifact of core processng and are not
uncommon at the core surface, dong bedding planes, or in the thinner region a the base
of acore.

During the storm, the seabed eroded to 13.30 m depth a 1334 EST on October 19
(Fig. 3.6). Also a this time, mean cross-shore currents of 29 cn/s were directed offshore.
Shortly thereafter a 1422 EST, maximum longshore currents of 52 cm/s to the south
were measured (Fig. 3.2). Just over 25 hours after the seabed erosion maxima, wave
heights reached a maximum of 3.49 m a 1708 EST (Fig. 3.6).

After 1334 EST on October 19, sediments began to accumulate. Since neither
eroson nor depodition occur in a continuous manner in most environments, it is not
aurprisng that cycles of depostion (Fig. 3.8, ac) were followed by limited intervas of
eroson during the net depogtion of this storm deposit. Loca maxima in seabed accretion
appear to correspond with local maxima in wave height, whereas locd maxima in eroson
appear to correspond with loca minimain wave height (Fig. 3.6).

Bed shear dress, to, (Fig. 3.7) was cdculaed from measured mean currents
according to the method in Chapter 1 (Egns. 1 and 2). Maximum vaues of bed shear
gtress coincide with the seabed eroson maxima. As values of bed shear stress decreased,

sediments were deposited.
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Figure 3.6. Wave height and seabed el evation changes associated with deposition of units

a, b, and c in SandyDuck storm deposit at 13 m location.
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Figure 3.7. Bed shear stress and seabed eevation changes associated with deposition of

units a, b, and ¢ in SandyDuck storm deposit at 13 mlocation.

By October 24, the seabed was a 13.08 m depth when the post-storm core was
collected (Fig. 3.8). Net depostion of 22 cm occurred since the storm erosion depth of
13.30 m a 1334 EST on October 19. The upper 2 cm of core sediments were likely
reworked by post-storm sesbed activity, so depostion of only the initid 20 cm of

sediment during the SandyDuck storm is indicative of sorm processes.
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Figure 3.8. Xray of SandyDuck storm deposit. Core was collected on

October 24, 1997 when seabed elevation (solid line) was -13.08 m.
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According to the sonar dtimeter record (Figs. 3.6-3.8, dark solid ling), the initid 12 cm
of sorm draa in interva a (13.18-13.30 m) were deposited in the 3 hours following the
gorm eroson maxima. From 13.25-13.30 m depth, cross-bedded strata include numerous
intact and fragmented smdl surf cdams (Mulinia lateralis). At 13.23 m (right), a surf
clam shdl is convex up, wheress another surf clam fragment a 1325 m (right) is
concave up. Cracks (lighter areas) in the core above 13.30 m correspond with bedding
surfaces. Above 13.25 m, cross-bedded sediments are replaced by dternating dark and
light horizonta bands of pardld to sub-pardld laminated sediments with 1-4 mm thick
laminee.  The thinnest laminee are usudly composed of fine sediments (usualy dark
bands), and the thickest laminae are coarser. Larger sand Szed sediments are dominated
by quartz, which is less dense than the finer, common heavy minerds, and will appear
lighter in xrays. Sediments from 13.21-13.23 m are very fine sands (3.8 f) and consst of
24% dlt-szed or smdler sediments by weight (Fig. 3.5c). Above 1321 m, laminee
become increasingly thinner (1-2 mm thick).

The next 4 cm of storm drata (13.14-13.18 m) were deposited in the 3 hours
following a locad eroson maxima (Fig. 3.8, b). A crack across the core just above 13.18
m pardles the bedding. Sub-pardld laminations from 13.16-13.18 m are overlain by
gndl scade onshore dipping cross-beds at 1316 m and probably formed by ripple
migration. From 13.14-13.16 m, larger scae cross-beds with an erosona base and tops<t,
foreset, and toeset laminae may be classified as hummocky cross-dratification (Duke et

al., 1991).
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The next 4 cm of sorm drata (13.10-13.14 m) were deposited in the 2.5 hours
following ancther locd eroson maxima (Fig. 3.8, ¢). Padld to sub-padld laminations
with 1-2 mm thick laminae are dominant. Sediments are very fine sands (3.8 f) and
conss of 26 % slt-9zed or smdler sediments by weight (Fig. 3.50).

The variability in primary sediment dructures in this sorm depost can be linked
to fluctuations in hydrodynamic forcing. Although wave heights (Fig. 3.6) and associated
orbital velocities increased to the pesk of the storm, mean longshore and cross-shore
currents and associated bed shear stresses (Fig. 3.7) were decreasing when cross-bedded
dirata were deposited at the base of the storm deposit (13.25-13.30 m). At maximum
orbital velocities, pardld to sub pardld laminated sediments were deposited (13.18
13.25 m), potentidly associated with plane bed conditions. As wave heights and currents
continued to decrease, additiond sub-pardld laminated sediments were deposited
(13.16-13.18 m). As wave heghts increased to another loca maxima and cross-shore
flows decreased, bedforms, presumably smal ripples, migrated onshore and deposited
onshore dipping foresst laminae (13.16 m). As longshore and cross-shore flows
continued to decrease before reverang a few hours later, a hummocky cross-dratified
unit was deposited (13.14-13.16 m). The upper 4 cm of sub-pardle laminated sediments
(13.10-13.14 m) were deposited when currents were yet again decreasng after a locd
current velocity maxima on October 20.

Sediments deposited in 13 m may have originated from aress to the north since
southerly longshore flows were common throughout this event. Even though cross-shore

flows were dominantly directed offshore, reversds in flow direction were documented for
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both longshore and cross-shore flows (Fig. 3.2) (P. Howd, pers. comm.). The increased
percentage of dlt in the cores may indicate an offshore source of sediments during
periods of onshore flow, snce inshore sediments are generdly coarser (Fig 3.5¢c). A
longer core on October 24 would have encountered another laminated zone below 13.33
m, comparable to the sediments collected below this depth on October 14, since these

strata remained bel ow the storm seabed erosion maxima of 13.30 m (Fig. 3.4).

Surf Zone Edge Stratigraphic Signatures: 8 m ste

On October 14, the seabed was a 7.85 m depth when a pre-storm core was
collected (Fig. 3.9, left) a the 8 m dte. Primary sediment structures include sub-parald
laminations a the core surface from 7.85 - 7.87 m. From 7.87 - 7.89 m, incressed
abundance of denser heavy minerals create a darker zone on the xray. The absence of
diginct laminations below 7.89 m is atributed to bioturbation. A 3 cm length of a
polychaete worm tube is preserved in the sediment peds a 7.95 m. An articulated bivave
is present a 7.94 m (center), and a gastropod is located a 8.01 m (left). Little surf clams
(Mulinia lateralis) occur throughout the core and are concentrated at 7.89 m (left) with
sndl gravel. Core sediments are fine sand: 34 f at 7.88-790 mand 3.3 f a 7.98-80m
(Fig 3.5h).

During the northeaster ssorm on October 19, wave heights reached 3.44 m a 1600

EST, and the edge the surf zone moved offshore, dmost to 7 m depth. A seabed eroson
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maxima of 7.97 m occurred a 1216 EST. Maximum mean currents were recorded at
1516 EST and were directed offshore at 18 cm/s and south at 58 cnv/s.

On October 24, a post-storm core was collected in 7.84 m depth and documented
net depostion of 13 cm. The initid 8 cm of sorm drata (7.89-7.97 m) were deposited in
the 1.5 hours following the sorm eroson maxima (Fig. 3.10, @ when wave heights and
currents were dl increasing. Primary core features include a lag or accumulaion of shell
and gravel from 7.89-7.92 m, dominated by numerous intact and fragmented smal surf
clams in both concave and convex up postions. The lack of a basad eroson contact in the
coreat 7.97 mis somewhat surprising.

Above 789 m, the shel and gravel lag depost is overlan by cross-drdified
sediments with cracks visble dong bedding planes from 7.84-7.86 m (Fig. 3.10). The 4
cm of sediment from 7.857.89 m (Fig. 3.10, b) were deposted during decreasing
longshore and cross-shore currents and a locd maxima in wave height. A high

concentration of heavy minera sediments form adark layer in the xray at 7.87-7.88 m.
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Figure 3.10. Xray of SandyDuck storm deposit. Core was collected on

October 24, 1997 when seabed elevation (solid line) was -7.85 m.
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Sediments from 7.88-7.90 m ae fine sands (35 f) with 4 % glt-szed or andler
sediments by weight (Fig 3.5b).

Physca processes which correspond with post-storm core fegtures include
increasng currents and wave heights during depodtion of a surf dam and gravd lag a
7.89-7.92 m. Cross-bedded sediments dominated by heavy minerds were deposited from
7.85-7.89 m during decreasing currents and a local maxima in wave height. As expected,
sediments below 7.97 m are indeed smilar to sediments below 7.97 m in the pre-storm
core collected on October 14; however, absence of a distinct basa erosion @ntact in the

post-storm core was not expected.

Surf Zone Stratigraphic Signatures. 5.5 m ste

On October 14, the seabed was a 5.76 m depth when a pre-storm core was
collected a the 55 m dte (Fig. 3.11, left). Cross-bedding from 5.81-5.83 m and pardld
to sub-pardld laminations from 5.83-5.85 m are the dominant primary dructures in this
core. Below 5.80 m, polychaete worm tubes (light, irregular 23 mm diameter tubes) are
common but are not as prevaent in the upper 5 cm. The upper 5 cm from 5.76-5.81 m
and dl sediments downcore from 5.85 m are bioturbated. A surf clam shdl is convex up
a 593 m (right). Grain Sze andyses indicate core sediments from 5.79-5.81 m are fine
sands (3.3 1) with only 2 % st Szed or smdler sediments by weight (Fig. 3.53).

During the SandyDuck northeaster storm, wave heights reached 269 m and
maximum currents of 57 cm/s to the south were recorded by 1216 EST on October 19.

Unfortunately, a data gap exists for severa hours beginning 1216 EST on October 19
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when he seabed had eroded to 5.95 m. This ingrumentation was not working from 1216-
2200 EST. Wave heights, currents, and seabed elevation changes may have exceeded the
values recorded at 1216 EST, so0 these storm parameters will be used cautioudly.

On October 24, the seabed was at 5.81 m depth when a post-storm core was
collected (Fig. 3.12) to document net deposition of 15-18 cm that occurred since the
height of the storm. Post-storm core features include parale to sub-pardld laminations
above 5.99 m and numerous smal surf dam shels a 595596 m. Below 5.99 m the
sediments lack primary structures like the sediments below 5.99 m in the core collected
on October 14 (Fig. 3.11). Although the maximum depth recorded by the dtimeter was
595 m, the continuous nature of boxcore deposition above a digtinct basal erosion
contact (Fig. 3.12, a) indicates an erosion depth of 5.99 m was likely on October 19.

Asuming a maximum depth of eroson of 599 m, 4 cm of pardld to sub-pardld
laminated sediments (5.95-5.99 m) with 1-4 mm thick laminae were deposted following
the sorm eroson maxima (Fig. 3.12, a). Primary core features dso include a lag of shell
and gravel from 5.95-596 m, dominated by numerous intact and fragmented smal surf
cdams (Mulinia lateralis) in both concave and convex up postions. This shel and grave
lag corresponds to a horizontal crack (light band) across the core. Grain sze andyses
indicate core sediments near this lag depost (5.94-5.96 m) are fine sands (3.2 f) with

only 1 % slt szed or smdler sediments by weight (Fig. 3.53).
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The shel lag depost is overlan by more dternating dark and light bands of pardld to
sub-pardle laminated sediments. The 10 cm of sediment from 5.85-5.95 m (Fig. 3.12, b)
may have been depodted during decreasng longshore and cross-shore currents and
decreasing wave height. Sediments from 5.84-5.86 m are fine sands (3.5 f) with 4 % st
szed or smdler sediments by weight (Fig. 3.59).

By late October 19, the instruments were again recording data. The 3 cm of
sediment from 5.82-5.85 m (Fig. 3.12, ¢) were deposited during increasing longshore and
cross-shore currents and decreasng wave height. Sub-pardld laminations (2-3 mm thick)
are overlain by ripple cross-gratified sediments beginning at 5.83 m.

Observations of physica processes that correspond with post-storm core features
were limited by a data gap for 10 hours during the sorm. The upper 3 cm of the storm
deposit (5.82-5.85 m) were crested during increesing currents and decreasng wave
height. The presence of a distinct basd eroson contact in the post-storm core indicates a
total of 18 cm of sediment can be attributed to surf zone processes during this northeaster
gorm. Sediments below the eroson maxima of 599 m on October 24 lack primary
sediment structures, have probably been reworked by bioturbation, and appear smilar to

sediments below 5.99 m on October 14.

Discusson
Remote acoustic obsarvation of the seabed and diver-collected cores were
combined to document seabed fluctuations of gpproximately 25 cm in 55, 8, and 13 m

water depths during a 10 day interva in October 1997 tha included a northeaster storm
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(Fig. 3.1). Although a previous deployment in 14 m depth offshore of the FRF during
1992 measured seabed fluctuations up to 18 cm (Wright et a., 1994d), nearshore
scientigs are just beginning to atribute sonar dtimeter measurements of seabed eevation
changes in excess of 10 cm to factors other than scour around instrument frames
(Gdlagher et d., 1998). Although some scour probably occurred around instrument
pipes, the corroborating locations of (1) basa erosion contacts in cores collected at least 1
meter away from the frames and (2) sonar dtimeter measurements of eroson maxima

below the frames (Figs. 3.6-12) indicates scour around pipes was minimal.

Sediment Mobhility

As post-storm cores illugtrate, sediments deposited during storms record surf zone
and inner continental shelf processes and can be collected after these processes have
diminished.  According to sesbed devation data, storm deposits reached maximum
thickness of 25 cm at dl locations, but sampled storm deposits are only 18 cm thick at 5.5
m, 13 cm thick a 8 m, and 22 cm thick at 13 m due to eroson during subsequent seabed
activity. Sediments transported to 55 m and 8 m water depth and deposited in the surf
zone during the storm did not remain above the pre-storm seabed level by October 24
(Fig. 3.1). In contrast, 15 cm of sediment transported to an inner shdf location in 13 m
water depth remained above the 'pre-storm’ seabed level through November 1997 (Fig.

3.7), resulting in net post-storm accretion only on the inner shelf.
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Steve Elgar (pers. comm.) collected sonar atimeter measurements of seabed
elevation changes inshore of 55 m water depth during this sorm. In the inner surf zone,
the seabed eroded on October 17-18, remained in an eroded state until October 20, and
then began to accrete. By October 22, the seabed between 260 m and 390 m offshore had
returned to the pre-storm eevation measured on October 17 (pers. comm. Steve Elgar).
Foreshore surveys conducted by Lig and Farris (1999) aso document eroson from
October 13-20, and the accretiona pattern adong the beach from October 20-25 was
nearly a mirror image of the previous erosond patern. Since dtimeters and beach
surveys inshore of 13 m did not record net erosion or accretion, the sediments deposited
a 13 m during this northeaster sorm may have originated from a source outsde of the
SandyDuck instrument array-either further offshore or alongshore.

Since sdiment is sugpended during storms, it is unlikdy that dl sediment is
deposited where it was initidly eroded. Maintaining the equivdent of 10+ cm of ‘eroded
sediment in suspendon is inconsgent with measured sediment concentrations. Even
though respective concentrations of suspended sands and fines gpproached 1 g/L and 0.1
g/L a 2003 EST in 6 m depth on October 19 (Battisto et a., 1998), these concentrations
are much less than would be created by mixing 10 cm of sediment throughout the water
column of a 1 km wide surf zone. With wave orbitd veocities sugpending sediments,
mean currents with velocities exceeding 50 cm/s would advect sediments. Further
evidence of sediment trangport includes consgtently finer mean gran dzes a Al

locations (Fig. 3.5) in dl depths downcore. Since mean grain sSize decreased by 0.1-0.2 f
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a dl locetions, the source of sediment is further indicated to be finer sediments from
offshore or longshore.

Even if longshore or offshore sources of sediment could be identified, the effects
of seabed microgratigraphy of the upper 30 cm sediment column must be considered. As
these cores have shown, grain diameters are not homogeneoudy distributed below the
seabed surface but vary appreciably over short depth intervals (cm scale).  As successive
layers are exhumed during an eroson event, the mean gran Sze of sediments a the

sediment water interface may change and thus sizes of gran-Size dependent bedforms

may change.

Primary sediment structures

With coincident measurements of hydrodynamic forcing, the primary dructures in
storm signatures can be characterized as follows:

Parallel to sub parallel laminations. are deposted in inner continental shelf and
aurf zone environments. Units are 10+ cm thick and may include shdl lags Individua
laminee are 1-4 mm thick. Laminae were deposted during increesng wave heights and
decreasing (at 13 m) or increasing (at 5 m) mean currents.

Cross-stratified units ae depodted in inner continenta shef and surf zone
environments. Units are 2-6 cm thick and are deposited above shel lags (&t 8 m) and
basd eroson contacts (at 13 m). Individua laminae are 1-3 mm thick. Cross-dratified

sediments include ripple cross-dratification and an occurrence of hummocky cross-
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dratification. These units were deposited during gradients in physica processes including
increesing and decreasng wave heights and decreasing (at 8 m and 13 m) or increesng
(a 5 m) mean currents.

Shell and gravel lag deposits are deposted in inner continental shelf and surf
zone environments. Units are 24 c¢cm thick and are deposited above bioturbated sediments
(@ 8 m) and padld to sub-padld laminations (a 13 m). Lags are deposited during
increasng wave heights and increasing (at 8 m) mean currents.

Basal erosion contacts were very didinct in surf zone sediments from 5 m and
are dightly obscured by the thin sediments a the core base in 13 m. However, an
anticipated basal eroson contact a& 7.97 m was not present in the core collected on

October 24.

Recent observations of seabed accretion events by Hanes et a. (1998) dong a 1.5
m cross-shore aray have documented smilar magnitudes of seabed erosion followed by
mm scale seabed accretion in 4 m water depth during this SandyDuck northeaster storm.
The post-storm core collected 200 m offshore at 5.5 m depth (Fig. 3.12) documents mm
scde padld to sub padld laminations during the same storm when these mm scae
accretion events were observed in 4 m depth. Laboratory observations of migrating low-
relief bed waves over aggrading plane beds result in depostion of planar laminae (Bridge
and Best, 1997); a dmilar mechanisn may be responsble for the creation of these

laminated storm sediments.
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Preferentidly oriented shdls, hummocky cross-dratification (Fig. 3.7, 13.14-
1316 m), and ripple cross-dratification were documented in these storm deposts.
Although these sedimentologic festures have been described (Morton, 1988) and
modelled (Clifton, 1976; Myrow and Southard, 1991) as diagnogtic features of marine
sorm deposits, these cores validate previous studies and provide opportunities to test

models of storm deposition in future studies.

Depostion rates

Only 4-20 hours of depostion are recorded in storm deposts from the surf zone
and inner continentd shelf. According to sonar dtimeter data, these sediments accreted in
2 or more phases. Depostion rates may have been fast as 5 cm/hr at the base of these
deposits, but al deposition rates exceed 1 cnvhr.

Storm deposits are associated with rapid erosive and depostiona events in seabed
elevation recordg(Smith et a., 1995). However, not every rapid eroson and depostion
event observed in the nearshore can be attributed to a storm depost, Snce migrating
bedforms can cause large excursgons of the seabed (Gallagher et d., 1998). Although
‘event’ depodts form a mgority of modern and ancient nearshore sedimentary drata,

these units form during a minor percentage of the time (Dott, 1996).

Conclusons
Combining deployed instrumentation and diver-operated cores in the nearshore is

criticd to better understanding sediment fabric. This combination has proved successful
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in documenting the sedimentary drata crested by a northeaster storm. Storm  deposits
from the surf zone and inner continental shelf reached a maximum thickness of 25 cm 4
al locations, but sampled storm deposits are only 18 cm thick a 5.5 m, 13 cm thick at 8
m, and 22 cm thick a 13 m due to post-deposition eroson by subsequent seabed activity.
Storm sediments accreted in 2 or more phases that totaled 420 hours. Depostion rates
may have been fagt as 5 cm/hr a the base of these deposts, but al depostion rates
exceed 1 cm/hr. Since mean grain size decreased by 0.1-0.2 f a dl locations, the source
of sediment which resulted in 15 cm of net depogtion on the inner shelf was probably
further offshore or to the north.

Primary sediment structures created by a northeaster storm include parale to sub
padld laminaions, cross-gdratification, shell and grave lags, and basd eroson contects.
Laminae were 1-4 mm thick and were deposited during increasing and decreasing wave

heights and decreasing (at 8 m and 13 m) or increasing (at 8 m and 5 m) mean currents.
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CHAPTER 4

EVALUATING PROFILE DATA AND DEPTH OF CLOSURE WITH SONAR

ALTIMETRY

Introduction

Egablishing the dimaology of the shoreface sediment prism is citica for
understanding coastal evolution and nearshore sediment budgets for sandy coastd
environments.  One important engineering parameter, the seaward limit of significant net
sediment transport, or the depth of closure, D., has traditiondly been determined by
comparing cross-shore profiles to locate the point beyond which negligible vertica
change has occurred. Although D is expected to vary with environmenta conditions and
time scaes, the depth limitations of most beach and nearshore profiling methods do not
permit estimation of D, for dl events (Nicholls et a., 1998; Birkemeier et d., 1999).

Numerous studies have andlyzed beach profile data sets for the impacts of storms
(Lee et d., 1998; Birkemeer et d., 1999), D. limits for event-dependent and time-
interval cases (Nicholls et al., 1998), and seasona patterns of cross-shore sediment
movement (Aubrey, 1979; Larson and Kraus, 1994). Extensve beach/nearshore profile
data spanning dmogt 20 years have been collected at Stes such as the US Army Corps of
Engineer's Fidd Research Facility (FRF) in Duck, NC. Andyses of these data indicate

that seabed devation changes occur rapidly during sorms. Although pod-storm recovery
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can occur quickly on the inner profile, recovery on the upper shoreface (> 5 m depth)
occursvery dowly (Birkemeier et d., 1999).

Due to physcd limitations of survey equipment and personnd, beach profiles are
surveyed pre-sorm and during some stage of the post-storm beach recovery process
when hydrodynamic and meteorologica conditions permit. By comparing pre- and post-
sorm surveys, integrated effects of sorms on beach profiles and D, can be assessed.
These surveys do not document the absolute timing or magnitude of sediment erosion and
accretion during sorms (Pilkey et al., 1993). Additiond measurements of sesbed
elevation changes are required to define the shoreface eroson and recovery process. To
incorporate seabed eevation changes throughout storms and extend observations to 13 m
depth, we use continuous data from downward-looking sonar dtimeters to evduate the
sesbed elevation changes messured by less frequent beach profiles.

Fird, we describe the long-term fidd deployment during which our data were
collected. Next, we describe the method for establishing the chronology of seabed
elevations with beach profiles and remotely sensed acoustic seebed elevation data a 3
cross-shore locations. Findly, we present our results that document traditional beach
profile measurements of D. for a paticular event do not fully resolve seebed eevation

variability during sorms.
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Seabed Elevation Data

Study Area

The US Army Engineer Fidd Research Facility (FRF) is located on the Atlantic

Ocean in Duck, NC, near the middle of Currituck Spit dong a 100 km dretch of

shordine. Offshore contours (Fig. 4.1) are rdlaively straight to 13 m depth with some
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irregularities adjacent to the research pier. One or two nearshore sandbars are usudly
present (Lippmann and Holman, 1990). Sediments condst primarily of quartz sand, with
a secondary component of rock-fragment and shdl gravd (Meisburger and Judge, 1989).
In the outer littord zone where D is often observed (Nicholls et d., 1998), sediments
become finer offshore to 13 m depth (Schwartz et d., 1997) and are well-sorted fine to
very fine sands (0.21 to 0.07 mmor 2.3t0 3.8f).

Tides are sami-diurna and have a mean range of approximately 1 m. Average
annud dgnificant wave heght is 1.0 + 0.6 m (1980-1991) with a mean pesk spectra
period of 83 + 2.6 s (Leffler et d., 1993). Extratropicd northeasters are the most
common ggnificant dorms with increased incidence in fdl, winter and early sporing
months. Tropicad storms and hurricanes can occur from July to October but are not as

common.

Beach Profile Data

Beach profiles to 8 m depth are collected biweekly and after ssorms when wave
heights are less than 2 m. Profiles are surveyed with the Coastal Research Amphibious
Buggy (CRAB), a 10-m tal amphibious vehicle. Offshore distances are measured reldive
to a shore pardld basdine located behind the frontal dune. Elevation data are referenced
to the 1929 National Geodetic Veticd Daum (NGVD). Horizontd and verticd

accurecy of the CRAB survey sysemis gpproximately + 3 cm.
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Survey data from July 1981 to July 1993 were used by Nicholls et a. (1998) to
evaluate D.. They found that beach surveys to 8 m are occasondly of insufficient length
to document D. for the largest events. In a recent study of these data collected between
1981 and 1991, Lee et d. (1998) examined the cross-shore movement of sediments and
the importance of storms and storm groups on nearshore morphology. Extending this
sudy through 1998, Birkemeier e a. (1999) found tha the deepest, most sgnificant
changes resulted from seguences of two or more storms occurring within a period of less

than 40 days with each storm having root-meansquare wave heights >3.15 m.

Bipod Instrumentation

The need for continuous sesbed observations across and beyond the nomina
aurveying limit of 8 m motivaied the deployment of sedbed monitoring ingruments.
Instrument packages to monitor waves, currents, and sesbed eevation changes were
deployed in 5.5 and 13 m water depths in September and October 1994 (Fig. 4.1). In
May 1995, athird instrument package was deployed in 8 m water depth.

Instrument packages are secured on ‘bipod’ frames (Fig. 4.2) designed to deeve
over two 64 m long pipes jetted veticdly 4 m into the sesbed. Power and
communications are provided from shore via armored multi-conductor cables. Except for
sensor repairs or replacement, these ingrument packages have been collecting data since
fdl 1994. During August - December 1995, dl 3 bipods were continuoudy monitoring

conditionsin 5.5, 8, and 13 m depths.
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Figure 4.2. Bipod insrumentation.

Each bipod (Fig. 4.2) included 3 Marsh-McBirney eectromagnetic current meters
located on the offshore end of the frame. This end of the frame was deployed to the
southeast so the current meters would be upstream of verticad support posts during
northeast waves. Current meters were initidly deployed a nomina devations of 0.2,
0.55, and 1.5 m above the seabed to permit caculation of bed shear stresses associated

with different flows by the veocity profile method (Drake and Cacchione, 1992). With a
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shoreline orientation of gpproximatedy N20W, longshore currents flow toward 340° (i.e.
northward) or toward 160° (i.e. southward). Similarly, cross-shore currents are either
onshore at 250° (westward) or offshore at 70° (eastward).

A sonar dtimeter (Fig. 4.2, S), pressure sensor (P), and eectronics housings (A,
B, and C) are secured to the frame crossbeams. Sensometric strain gauges (P) measure
pressure fluctuations to determine wave height, wave period, and water €evations.
Current meters and Sensometric strain gauges were sampled at 2 Hz.

The Datasonics dtimeter (Fig. 4.2, S) transmits a 210 kHz acoustic pulse once per
second (1 Hz) with ‘bottom’ return echoes detected after each pulse. Returns are range-
binned for 34 minutes The bin with the maximum number of returns is recorded as the
sebed devation during that 34-minute period. In laboratory tests, the mean distance to
the bottom (Fig. 4.2, d) measured with the dtimeter was accurate to + 1 cm of an
independent distance measurement. The adtimeter transducer beamwidth is gpproximatey
10° and results in an gpproximatey 20 cm diameter footprint a 1 m range. The footprint
of the sonar dtimeter is too large to define short wavelength (1-5 cm) ripples (Galagher

et d., 1996); instead, larger scae patterns of erosion and deposition are resolved.

Sonar Altimetry vs. Beach Profiles

During August - December 1995, 8 surveys to 8 m depth were collected adong
Profile 62, and 4 surveys to 7 m depth were completed dong Profile 73 (Fig. 4.1). Cross-
shore coordinates of 580 m on Profile 73 and 920 m on Profile 62 are most proximal ©

the sonar atimeters located on the 5.5 and 8 m bipods respectively (Fig. 4.1). Surveyed
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seabed devations at these cross-shore coordinates were plotted with the corresponding
sonar atimeter data (Figs. 4.3aand b).

Surveyed seabed eevations (Fig. 4.3a and b, open circles) are within 8 + 4 cm of
continuous sonar dtimeter measurements (Fig. 4.3, X) during August — December 1995.
This correlation between dtes that are separated by <70 m in the longshore direction is
not surprisng and provides a basis from which to evauate sorm-induced bed eevation
changes and D.

Even with the correspondence of bed eevation measurements on the days beach
profiles were surveyed, surveys do not document the entire range of seabed devations
during sorms and far weather conditions. The range of seabed eevations decreased with
depth dong surveyed profiles (25 + 6 cm range at 5.5 m and a 10 + 6 cm range a 8 m).
Even though sonar dtimeters measured a decreased range of sesbed eevations with
increesng depth, this decrease was much smdler. At al 3 bipod locations, the range of
seabed eevations was approximately 40 cm (45 + 2cma 55 m, 38 + 2 cm a 8 m, and

36 +2cmat 13 m).
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Figure 4.3. Seabed devations collected by sonar dtimeters and beach profiles (a-c) and

offshore wave heights (Hmo) (d) during August-December 1995.

This approximately 40 cm range in seabed devations recorded by the sonar
dtimeters is not an artifact of sound velocity variations in the water column, scour around
ingrument frame pipes, or sdtling of the ingrument frame. The most significant evidence

to support this variability in sesbed devation is a suite of over 100 boxcores collected
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near deployed atimeters during 1994 t01997. Comparison of pre- and post-storm cores,
which are 15 cm wide x 30 cm deep, verify the magnitude of events in dtimeter data
(Fig. 4.3), dnce downcore depths to eroson surfaces in post-storm cores correspond
remarkably wel with sonar dtimeter eroson maxima occurring during storm  events
(Beavers et d., 1997b). During 1994 to 1997, individua storm deposits ranged from <1
cmto >25 cmthick in 5.5, 8, and 13 m depths (Beavers et d., 1998).

From August — December 1995, the 5.5 m dte experienced net eroson, while the
8 and 13 m locations did not. The longer-term eevation changes a these dtes can be
placed in context by evauating longer-term sonar atimeter records (1994-present), beach
profile records (Birkemeler et a., 1999), and sand bar observations (Lippmann and
Holman, 1990).

Prdiminary andyses of the impact of incressed hydrodynamic forcing during
sorm events, represented by wave heights (Fig. 4.3d), on nearshore seabed eevations
reved seabed eevations measured by sonar dtimeters (Fig. 4.3a-¢) do not coincide at dl
3 depths for every event. In fact, during August 1995, the range of bed eevation changes
(20+2cma55m,25 +2cma 8m, and 36 + 2 cm a 13 m) increases with increasing
water depth. A mgor influence on the hydrodynamic forcing during August 1995 was
Hurricane Fdix. This hurricane produced the maximum wave heights recorded during

August-December 1995.

Hurricane Felix - August 1995
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Hurricane Fdix devdoped in the mid-Atlantic and moved northwest, then
wederly on August 15, putting North Carolina on det for hurricane landfal. Feix
gdled when interacting with a high pressure system about 300 km west of Cape Hatteras,
turned northeast, and was downgraded from a category 3 to a category 1 hurricane (on the
Saffir/'Smpson Hurricane Scale) (Baron et al., 1995). By ealy August 17, Hurricane
Fdix moved northward away from the North Carolina coast and never made landfall.
Maximum southerly winds reached 17 m/s a 1816 Eastern Standard Time (EST) on
Augug 16. Maximum wave height (Hmo) a an offshore Waverider buoy reached 4.6 m a
0208 EST on August 16 (Fig. 4.4d). The peak wave period (Tp) was 15.1 s.

As Hurricane Felix approached the North Carolina coadt, the 13 m sSite eroded 26
+ 2 cm during the 24 hours preceding 1516 EST on August 16. During this interva,
maximum Hpo reached 4.6 m at 0208 EST, and mean currents a 13 m (Fig. 4.5) were
directed southward (24 cm/s at 1300 EST) and onshore (9 cm/s at 0316 EST). Further
indore, longshore and cross-shore currents reached maximum northward (62 cm/s) and
offshore (50 cm/s) velocities at 0242 EST a 5.5 m before reversing to flow southward
and onshore like 13 m. Onshore flows a 13 m and offshore flows a 5.5 and 8 m on the
morning of August 16 indicate flow convergence on the shoreface between 8 and 13 m.
This reversd in current directions a inshore locations preceded the eroson maxima

recorded at 1516 EST at 13 m.
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Figure 4.4. August 1995 seabed eevations (a-¢) and offshore wave heights (Hmo) (d).

For the next 35 hours, until 0016 EST on August 18, 36 + 2 cm of sediment were
deposited a 13 m. Hy, decreased as Hurricane Felix veered away from the North
Carolina coast, and southward (63 cm/s at 0316 EST a 8 m) and onshore (23 cm/s at
0134 EST a 8 m) flows reached pesk velocities a al locations and then decreased (Fig.

4.5). Depostion occurred a 13 m during onshore flows and may be due to a shoreward



flux of sediment. Sediments were dso advected by southward currents, but longshore

fluxes of sediment were not constrained by this cross-shore array.
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Figure 4.5. Longshore and cross-shore mean currents measured gpproximately 20 cm

above the seabed at the 5.5, 8, and 13 m bipods.

Somewhat surprisingly, the 55 and 8 m depths (Fig. 4.4a and b) experienced a
more limited range of bed eevaion changes during Hurricane Fdix. The 8 m dte
experienced a 16 + 2 cm range, and timing of these changes did not coincide exactly with
changes in 13 m. In 55 m, the 10 + 2 cm range of bed devation changes was even

gndler. Evduding smdl- scde seabed devation fluctuations in sonar dtimeter data is
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limited by the resolution of the data ¢ 1 cm) and must consider the presence of bedforms
(Hay and Wilson, 1994; Gallagher et al., 1998).

Northeaster storm events on August 7-8, 18-20, and 28 had wave heights at the
Waverider buoy which exceeded 20 m (Fig. 4.4d) and southward longshore currents
(Fig. 45). Although none of these northeaster storms produced bed eevation changes
gpproaching the 36 + 2 cm of accretion measured & 13 m during Hurricane Fdix, the
gorm on Augus 7-8 was associated with net accretion at al 3 depths. When combined
with Hurricane Felix on August 15-18, the storm on August 18-20 sustained Hy, near or
above 20 m for 5 days and dso affected the profile morphology that was surveyed on

August 22.

Closure Depth

Figure 4.6 shows the profile surveys before and after Hurricane Felix including
changes caused by 2 smdler sorms on August 7-8 and 18-20. Using a 6 cm change
criteria between surveys to determine the most landward point of observed closure
(Nichallset a., 1998), the event-dependent depth of closure (D) isonly <4.0 mNGVD
(-36 m Mean Low Water). This observed D. is wel under the predicted D for

Hurricane Fdlix of -8.3 m based on 12-hour exceeded wave height (Halermeier, 1977).

Between surveys, the sandbar moved approximatdy 40 m offshore, and this

movement is quantified by event-dependent D.. By comparison, the impact of Hurricane
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Fdix dong the outer profile gopears minimal when viewed a the entire profile scae (Fig.
4.6). From August 2 to 22 (Fig. 4.4), surveyed devations at 5.5 m and 8 m experienced

14 + 6cmand 3 + 6 cm of erosion lespectively. Sonar atimetry recorded a comparable
11 + 2 cm of eroson a 5.5 m but documented a contrasting 11 + 2 cm of accretion at 8
m. These comparable measurements a 55 m bode wel for event-dependent D.
cdculaions that dedgnate the innermogt profile depth with limited change, but

discrepancies a& 8 m depth represent potentid errors for shoreface sediment  budget

cdculations.

. HURRICANE FELIX: 15-18 Aug 1995
] -2 Aug 1995

! 22 Aug 1995

“\_ CLOSURE

Elevation {m, NGVD)

5.5 m bipod

8 m bipod

200 400 B0 800 1000
Distance from Baseline {m)

Figure 4.6. Elevation change aong Profile 62 during August 1995.
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Discussion

Sonar dtimeter data complement beach and nearshore profile data while rasng
new quesions. During August — December 1995, seabed eevations measured by both
methods are within 8 + 4 cm in 5.5 and 8 m depth (Figs. 4.3a and b). By establishing this
relaionship during non-storm conditions, stormrinduced sesbed eevation  changes
measured by sonar dtimeters can be used to refine our undergtanding of profile
dynamics.

As expected from previous andyses of profile data, the range of seabed devations
decreased with increesng depth dong surveyed profiles.  Although the range of
continuously measured seabed eevations decreased dightly from 5.5 to 13 m depth, the
range a dl locaions was gpproximaedy 40 cm. By encompassng seabed edevaion
changes during sorms, we have documented that sediments seaward of event-dependent
D. are highly mobile. In fact, the seabed & 13 m experienced a greater range of eevation
changes than ether 5.5 or 8 m depths during Hurricane Felix (Fig. 4.4).

Potentid reasons for this increase in seabed mobility a 13 m diring August 1995
include minor changes in sediment grain size and compostion, paticularly sit and day
content. Bioturbation of sediments by polychagtes (worms) and sanddollars has been
documented at dl locations (Beavers et a., 1998). Since bioturbation rates are generdly
higher a offshore dtes and in warmer waters (Diaz et d., 1994), increased seabed
mobility a 13 m during August 1995 may be due to higher rates of bicturbation.

During Hurricane Felix, sediments were deposited in 13 m depth during onshore

flows, indicaiing a shoreward flux of sediment. Even though event-dependent D. (-4.0 m
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NGVD) defined the offshore movement of the sandbar, discrepancies between bed
elevation measurements a 8 m depth represent potentia errors for shoreface sediment
budget caculations. Additional studies have dso documented accretion beyond surveyed
profile depths during onshore flows. Observations by Wright et d. (1994a) offshore of
Duck, NC in 14 m depth documented 18 cm of seabed accretion. This accretion occurred
after the passage of a mild storm event in October 1992 and a a time when net sediment
flux was observed to be directed shoreward (Wright et a., 1994a). These ragpid large-
scale sediment accretion events, including the 36 + 2 cm of sediment deposted & 13 m
during Hurricane Fdix, often create digtinct storms deposits (Beavers et a., 1998). Since
the atimeter record of storm events can be verified by sediment cores, incorporating
measurements of seabed variability during storms is necessary to address some lingering
questions about shoreface dynamics. A few of these questions include:

Given that D; may be identified as the most landward point of negligible post-storm

profile change, does a range of sesbed eevation changes of approximately 40 cm in

5.5, 8, and 13 m depths indicate another quantifiable index of shoreface variability?

What hydrodynamic processes are responsble for the timing and meagnitude of

nearshore seabed devation changes during sorms?

How do sequences of storm events affect seabed e evation changes?

Conclusions
Reaults of these andyses of fiddld measurements collected during August —

December 1995 at the FRF in Duck, NC may be summarized as follows.
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1. Surveyed profile data and sonar atimetry measurements of seabed devations were within
8+ 4cminb5.5and 8 mdepths.

2. Continuous sonar dtimeter measurements were collected during storm events and span a
range of sesbed eevations of approximately 40 cm in 5.5, 8, and 13 m water depths.
Biweekly and post-storm profiles recorded a range of only 25 + 6 cm at 5.5 m depth and
10 + 6 cm a 8 m depth.

3. During Hurricane Fdix, sediments were deposited in 13 m depth during onshore flows,
and may be due to a shoreward flux of sediment.

4. Event-dependent closure depth (D) may be in eror depending on the extent of profile
adjustment which occurs before post-storm surveys are completed.

5. Sediment budgets must account for additional cross-shore fluxes of sediment beyond D.
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CHAPTER 5

CONCLUSIONS

This sudy presents the firg fidd results of outer surf zone and inner continenta
shelf cores collected where the seabed eevation and hydrodynamic forcing are
continuoudy messured by ingrumentation during storms. Sonar dtimeter measurements
of seabed devation changes throughout storms have been used to define net eroson or
accretion patterns for northeaster storms and hurricanes (Chapter 2), the chronology of
sediments preserved in post-storm cores (Chapter 3), and seabed variability during storms
that is not captured in fairweather nearshore surveys (Chapter 4).

In Chapter 2, comparison of sonar dtimeter measurements of sesbed devation
changes during 1994-1997 for 5 hurricanes and 6 northeasters storms produced some
expected and unexpected results. Both northeaster storms and hurricanes resulted in
maximum vaues of net seabed accretion at locations in the outer surf zone. As expected,
net seabed eroson and accretion diminished with distance offshore of the edge of the surf
zone. This inverse rdationship between net sesbed devation change and distance
offshore of the surf zone indicates linking sedimentation processes across time scaes and
aurf zone and inner shelf environments must incorporate andyses of the trangtion in fluid

moations from the inner shdf to the surf zone
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A somewhat unexpected result emphasizes that not al sorms are dike. At surf
zone and inner shef locations, northeaster storms are more likely to cause net accretion
than no net change in seabed eevation or net depostion, whereas hurricanes are amost
as likely to cause net eroson as net depostion. Given the condraints that these analyses
ae based on a smal number of sorms with variable duration, maximum wave heights,
and wave periods, these data indicate hurricanes and northeaster storms have different
impacts on the seabed a surf zone and inner shelf locations.

In Chepter 3, the combination of deployed ingrumentation and diver-operated
cores proved successful in documenting sedimentary drata crested by a northeaster
gorm. Sediment deposits that are approximately 20 cm thick have been dtributed to
gorms in other coasta areas (Morton, 1988), but this is the fird study to condusively
document the thickness, deposition rate, primary structures, and associated hydrodynamic
regime of a nearshore sorm depost. Storm depodts from the surf zone and inner
continental shelf reached maximum thickness of 25 cm a dl locations, but sampled
sorm depodts are not as thick due to post-depostion erosion by subsequent sesbed
activity. Detailed andyses of sonar dtimeter data and the adjacent cores reved storm
sediments accreted in 2 or more phases that totaled 4-20 hours. Initid depostion rates
may have been fast as 5 crvhr, but al deposition rates exceed 1 crmvhr.

Primary sediment structures created by a northeaster storm include paralel to sub
padld laminations, hummocky and ripple cross-dratification, shell and grave lags and

basd eroson contacts. Laminae were 4 mm thick and were deposited during increasing
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and decreasing wave heights and decreasing (at 8 m and 13 m) or increasing (at 8 m and
5 m) mean currents.

Measuring seabed devaion changes during sorms diminaes the need to
interpret nearshore cores on the bass of preserved signatures done. However,
interpreting paleonearshore conditions on the bass of preserved Sgnatures done will
benefit from additiona field tudies to document what portion of storm events and nor:
storm conditions erode and deposit sediments in modern nearshore environments.

During Augus-December 1995, surveyed profile data and sonar  dtimetry
measurements of sesbed eevations were within 8 + 4 cm in 55 and 8 m depths.
Continuous sonar atimeter measurements were collected during storm events and span a
range of seabed eevations of gpproximately 40 cm in 55, 8, and 13 m water depths.
Since profile measurements are not collected during storms, event-dependent closure
depth (D) may be in error depending on the extent of profile adjusment which occurs
before post-storm surveys are compl eted.

During Hurricane Fdix, sediments were deposited in 13 m depth during onshore
flows, indicating a shoreward flux of sediment. Even though event-dependent D. (-4.0 m
NGVD) defined the offshore movement of the sandbar, discrepancies between bed
elevation measurements a 8 m depth represent potentid errors for shoreface sediment
budget caculations. This research provides results that suggest additional measures of
cross-shore fluxes of sediment beyond D, should be used to quantify nearshore sediment

budgets.
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APPENDIX 1

BOXCORE COLLECTION

Introduction

Boxcoring is an easly executed method for obtaining shalow sediment cores.
These boxcorers are modified Klovan style boxcorers (Greenwood et al., 1984) and are
useful both on land and in water. First, the boxcorer is described. Next, logigtics and
equipment that greeily increase diver safety while obtaining cores in shdlow weaters are

presented.

Diver-operated Boxcorer

The dainless stedl boxcorers used in this work are 15 cm wide x 10 cm deegp x 30
cm long and have a removable dide hammer and angled diding door (Fig. A.1). Grooves
aong the open dde of the corer guide the removable diding door down the open face
once the corer is in place in the sediment. This angled diding door eiminaes the need to
excavate and expose the lower surface of the corer to ingtal a lower plate as was required
in previous versons of diver-collected ‘box’ cores.

One diver easly manipulates this corer. The primary component is the wedge
shaped box that has a hollow pipe handle that can be threaded to the top of the corer. The
hammer is comprised of a diding deeve on the pipe handle.  The diding door has a

handle of wood, synthetic polymer, or meta to enable pushing the door into place.
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Figure A.1. Stainless stedl boxcorer with dide hammer and removable door.

Nearshore Boxcoring

To commence coring in waters deeper than 2 m, a diver descends dong a down
line with a lift box containing 1-3 corers and a 50 Ib. lift bag (Fig. A.2). The second
diver carries the dide hammer atached to an additiona corer should 4 cores be planned.
The use of a lift box equipped with a lift bag adlows 2 divers to descend and ascend aong
a down line with minima equipment. Our lift box is a plagic container with %4 inch
holes drilled in the base and lid to dlow the closed box to fill with water. Lines attached

to each side of the box provide a bridle to attach to alift bag.
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Figure A.2. Boxcoring equipment: (left to right) lift box on its sde with 50 Ib. lift bag

clipped to bridle, tag line with clips on each end, boxcorer with removable diding door
and hammer, filled boxcore with door removed, clear tray, and metal dide used to extract

core from boxcorer.

Once on the seabed, divers proceed to the coring site (Fig. A.3) aong a known

bearing and a set digance from the instrument frame. In low vishility conditions, a tag
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line (Fig. A.2) is dipped to the ingrument frame. The lift box can dso be secured to the

ingrument frame during coring activity.

Figure A.3. Diver diding door into second of an orthogonal pair of boxcores.
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A boxcorer with dide hammer attached is hdd perpendicular to the sediment
surface and oriented with the diver's compass. Light to moderate force with the diding
hammer is usad to drive the corer into the sediment. Forceful pounding of the hammer
can drive target sediment away from the corer. In very fine sands, the corer can be driven
level with the sediment surface in 1-2 minutes  In fine to medium sands, especidly
sediments compacted by wave action, the coring may take 35 minutes per corer. Once
the corer top is flush with the sediment surface, the corer is full. The diding door is
aligned with the guide grooves and did into the sediment until it reaches the base of the
corer (Fig. A.3).

The second corer is then placed orthogond to or in series with the first corer. The
process of hammering in the corer, inserting the diding door, removing the hammer, and
readying anew corer is continued until finished a a particular location. The cores can be
extracted by pulling on the dide hammer or pulling the corer from the sediment without
the hammer in place.

To minimdly digurb the cores, the extracted cores are placed in the lift box.
Elevating the base of the filled corers in the lift box helps to prevent sediment draining
from the bottom of the corer. Once the cores are secured in the lift box, a 50 Ib. lift bag is
atached to the lift box bridle, inflated, and facilitates trangport of cores to the water
asurface.  If the cores are not trangported in a lift box, tilting the base of the core dightly

above horizonta prevents loss of sediment from the base of the core.
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Figure A.4. Boxcorer filled with sediment. Core top isto the left. Scdeisin cm.

In the lab, the boxcorer door is removed (Fig. A.4), and the sediment is alowed to
dry for 4-24 hours. Methods for extracting the core, making sediment relief pedls, and

developing xrays of core sediments are contained in the following appendix.

Applications

The unique application of this method of core collection near deployed acougtic
dtimeters has dlowed us to document individud storm event beds in the sediment
record.  Depth downcore to changes in sediment Structures or type corresponds
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remarkably wdl with erodond maxima documented during storm events by sonar
dtimeters (Beavers et a., 1997b). While conditions prevent diving during sorms, a
deployed dtimeter and post-sorm  diver-collected boxcores can be combined to
document the sediment record from storm events.

This boxcorer can be effectively used in muddy to gravely sands. Although diver-
collected boxcores work well in numerous sediment types, they cannot penetrate large
rocks or shells. These boxcorers have been used to collect a transect of cores extending
below the waterline to subaerid portions of a sandy spit near Beaufort, NC. This transect
of coreswas able to document hurricane overwash deposits.

With an operationd range that includes subaerid and subagueous sediments,
ingruction on the coring procedure can be demondrated to scientific divers on land
before they enter the water to collect boxcores. When fundamentals of this technique,
including core orientation, use of the dide hammer, and digning the diding door, ae

practiced and mastered on land, in-water core collection can proceed more efficiently.
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APPENDIX 2

BOXCORE PROCESSING

Core Extraction

1) Collect boxcore.

2) Remove boxcore door and alow sedimentsto dry. If sediments are very wet, the base
of the core may be eevated 5-10 cm to prevent sediments draining from the core.
Process the core while the sediments are still moist but not saturated. If you cannot
process the core within 48 hours, keep the door on the boxcore until you are ready to
process the core.

3) Remove uppermost sediments from corer with 4" putty knife.

4) Subsample corefor grain size and composition analyses.

5) Leavealevd 2 cmthick dab of sediment. Remove 1 cm or less of sediment from the
sdes of the boxcore to dlow a 13 cm x 30 cm plexiglass tray with 1 cm molded sides
to securely cover the core sediments. Be careful not to make the dab too thin. The
core should never be lessthan 1 cm thick.

6) Labd sdesand base of plexiglasstray with top and bottom of core, orientation (note:
when coreis flipped, the orientation with respect to observer will change), and core

label (e.g.-971013-8).
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7) Invert plexiglasstray on top of sediments. Place 14 cm x 30 cm metd dide between
the sample and boxcore. Maintain pressure on the metd dide to keep it flush againgt
the boxcore, particularly near the top of the core.

8) Keeping alight pressure on the tray and meta dide, lift the sediments from the corer.
Invert or ‘flip’ the sample so the boxcore sediments now rest in the tray. Note that
orientation of the sediment has changed.

9) ‘Side themeta dide off the sediment surface. Shave the surface of the tray
sediments in the direction of the bedding until the thickness of the sediment is even
with the height of the tray. Shave around gravel or shell fragmentsthet originatein

the lower 1 cm of sediment.

Core Logging

1) Place scae next to core.

2) Describe primary sedimentary features (grain size, grading, bedding, etc.) and
secondary sedimentary features (e.g.-bioturbation).

3) Photograph and digita image core.

Xrays

Operating Instructions for the Vet-Ray VR8020LBC

1) Prepare core sample.

2) Wear radiation detection badge.
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3)

4)

5)

6)

7)

8)

9)

Securely mount the portable Vet-Ray unit on the stand. Connect the unit to an
electricd outlet. Insert the exposure hand switch plug into the connector.
Turn on the light beam collimator lamp and adjust the beam to highlight the
approximate area to be exposed.
Turn onthe LV (line switch) and gradudly increase the settings until the LV pointer
isin line with the red diamond.
St distance from xray unit to film. Recommended settings arein Table A.L.
Set the exposure time.
Sdlect the proper Kv/IMa setting. Higher Kv (Kkilivolts) increase penetration, and
higher Ma (miliamps) produce better contrast. Proper exposures of core sediments
may require ahigh Kv and low Ma.
When changing parameters, change distance (6), time (7), and Kv/Ma(8), in that
order. Theided xray islow penetration (Kv), high contrast (Ma), and a short
distance. Increasing Kv/Ma decreases the required exposure time.
With polariods (which give postive prints) increase time to lighten, and decrease
time to darken.
With Dupont Cronex film (which give negative prints) increase time to darken,

and decresse time to lighten.

10) Place film under xray unit. Pogition the core on top of the film.

11) Place lead letters and numbers for the sample name and an arrow with ON indicating

onshore on left Sde of sample. Place letters BOT on left Sde at the base of the core. It

is often easier to secure lead | etters on duct tape, and place near the sample.
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12) Direct and center the xray emission port (collimator cross mark) on the sample.

13) Confirm the film to tube focus distance with tape measure.

14) Stand behind aradiation barrier.

15) Start the exposure by pressing and holding the exposure hand switch. During the
exposure, the exposure light will illuminate. The Ma meter shows the actud Ma
Amperage of the xray unit changes from 17 to 26 amps. A 20 amp breaker will work,
but it is recommended to increase amperage of breaker to 30 amp.

16) Turn the line switch off.

17) Allow the xray unit to cool between xrays for 2 minutes for every second of xray.

18) Mark the ydlow paper cover of indusirex film with the core identification. Place film

in cover and archive.

Table A.1. Recommended settings for core xrays.

Material Sand boxcore Silt boxcore Epoxy peel
Samplethickness | w/ /8" plexi- w/ 1/8" plexi-glass 1.27 cm
glass 1.27cm 1.27cm
(V2)
Height of camera | 53 cm 53cm 53 cm
Kv/IMa 60/20 70/15 70/15
Exposure time 25s 35s 24s
Deveoper time 25 min 25min 25 min
Fixer time 25min 25min 25min
Himdgze 8" x 10" 8" x 10" 8" x 10"

Devdoping Kodak Industrex film

Order the smdlest containers of developer and fixer that will usein 1-2 day intervd,

otherwise the remainder of alarger container will oxidize and spoil.
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Premixed solutions are only effective for alimited time (i.e. afew weeks).

The developer istoo old to use when it has turned brown.

Kodak industrex film is single emulsion (sde with dull gray color). Kodak Technica
Customer Service is (800) 242-2424 (Ask for Hedlth Science); Kodak Government
Sales (800) 828-6203

Wear gloves and eye protection when developing film, mixing chemicals, or handling

the xray film.

1) Place deveoper, fixer, and water in plastic bins. Place separate "drip” binsfor excess
developer, fixer, and water near the respective bins.

2) Sed off dl light coming into the room, and turn on the red darkroom lights.

I n darkroom

3) Remove film from the film envelope

4) Pacethefilm in the developer bin. There should be enough solution to completely
submerge the film. Do not place more than one film in the developer solution
smultaneoudy. Deveoping time will vary according to the temperature of the
solution that is a function of the temperature of the room. The temperature of the
xray room (behind Mr. Scarborough's office at the FRF) is 72°. Develop for 3
minutes a 72° or 75°, 5 minutes at 68° (preferred), and 7 minutes at 62°.

5) Agitate the solution every 30 seconds for 5 seconds.
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6)

7)

8)

9)

Before placing film in the fixer, let the excess developer drip from the film into the
drip bin.

Repeat steps 4-6 for the fixer bath with the exception that you can place more than
onefilmin thefixer & the sametime.

Before placing film in the weter bin, let the excess fixer drip off the film into the drip
bin.

Pace the film in the water bin for aminimum of 20 minutes. At this paoint, the lights

may be turned on. Change the water often.

10) Frequently agitate the film in the water to rinse chemicas from the film.

11) Before hanging the film to dry for 24 hours, |et the excess drip off film in the drip bin.

Reief Peds

1)

2)

3)

4)

Process and xray boxcore.

Cut cheesecloth into 18 cm x 35 cm pieces. Place 3 layers of cheesecloth over 1 cm
thick corein plexiglasstray.

In asturdy container, mix resin and hardener in the following ratios.

3 pumps epoxy resin and 3 pumps hardener for 30 cm of core. WestSystem epoxy
resin is recommended.

3 0z polyester resin and hardener for 30 cm of core

Use a disposable paintbrush to paint resin on cheesecloth until the cheesecloth and
uppermost core sediments are saturated. The thickness of the ped should be 3-8 mm

thick, so avoid applying too much resin.
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5)

6)

7)

8)

9)

Place labelsfor core identification and orientation on cheesecloth and affix with resin.
Allow the ped to harden.

Remove the ped from the Plexiglastray. It may be necessary to use a spatula or other
utens| to pry the ped from the tray. Be careful not to bresk or crack the tray or ped.
Remove excess sediments from the ped with running water (a garden hoseis grest
for robust peels) or knock the side of the ped againgt a hard surface.

Trim excess cheesecloth from ped edges with scissors. Affix the ped to alabeled

masonite board with additiond resn.
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