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Offshore Sand Resourcesin Central Maryland
Shoal Fields

by
Robert D. Conkwright
and

Christopher P. Williams

Executive Summary

Extensive beach restoration projects on the Maryland coast are placing increased
pressureon known offshore sand resourceswithin statewaters. Assessment of potential sand
resources in Federal waters will encourage both the development of new resources, and
further restoration projects. Previous studies suggest that most usable sand deposits will
occur within linear shoals on the inner continental shelf. A shoal field in waters off
Assateague Island, MD was sampled for potential sand resources. This field, designated
Shoal Field I, islocated approximately 6 kilometersoff Assateaguelsland. Theeasternedge
of the shoal field extends to 20 kilometers offshore.

Vibracore samples were used to estimate the quality and quantity of sediments
contained in five shoals. The following figures represent the minimum amount of sand
contained in the shoals, suitable for beach nourishment projects:

Shoal B - 30.I million cubic meters

Shoa C - 2.5 million cubic meters

Shoal D - 12.3 million cubic meters

Great Gull Bank - 11.5 million cubic meters
Little Gull Bank - 19.3 million cubic meters

These sand resourcesare similar in character to native beach sandsfound on Assateague and
Ocean City beaches.



INTRODUCTION

Atlantic coast beaches are primary economic and recreational resourcesin Maryland.
Two barrier islands separated by the Ocean City Inlet comprise Maryland's coastline.
Fenwick Island, to the north of theinlet, ishighly developed and isthe site of the state'sonly
coastal resort, Ocean City. The 12.9 km of Fenwick Island within Maryland consist of
public beaches fronting commercial and private real estate. South of theinlet, the 51.3 km
of Assateaguelsland in Maryland are undevel oped state and Federal park lands. Maryland’s
barrier islands and coastal bays are readily accessible to nearly thirty-million people.

Although coastal landsareimmensely val uable resources, they areal so potentially an
expensiveliability. Whilebarrier islandsare ephemeral land forms, they are often devel oped
as though they were permanent features. Urbanization of these fragile islands may actually
enhance their inherent instability. The natural migration of barrier island/inlet systems,
exaggerated by devel opment, posesathreat to regional economic and cultural commitments.
In Maryland, rapid shoreward erosion of these islands jeopardizes both property and
economy. A variety of shoreline stabilization and remediation schemes are available to
protect established communitiesand investments. Beach nourishment iscurrently oneof the
most attractive options for barrier island protection.

Studies conducted by the U.S. Army Corps of Engineers in the 1980's indicated an
immediate need for beach replenishment along the Ocean City shoreline (U.S. Army Corps
of Engineers, 1980). The Army Corpsstudy also examined potential sand sourcesduring the
planning phase of Delmarva beach restoration projects north of the Ocean City Inlet. A
subsequent Army Corpsstudy projected aneed for beach replenishment on Assateaguelsland
(U.S. Army Corps of Engineers, 1994). Beach nourishment projects demand that sand
resources meet certain physical, economic, and environmental criteria. Sand used for
replenishment must be of an optimum grain size, which is determined by kinetic factors
specific for each region. The volume of sand required for restoration is also dependent on
these factors. Proximity of sand sources to nourishment projects is an important economic
factor. The Army Corps studies concluded that offshore sands are the most desirable
materials for beach nourishment projectsin Maryland.

Currently utilized resources are located north of Ocean City Inlet, within the three-
milelimit of statejurisdiction. These sandsare committed to thereconstruction and periodic
nourishment of Ocean City beaches. An increase in the frequency of strong storms has
accelerated erosion of the restored beaches, placing increased demands on sand resources
within state waters. It isconceivablethat these resources could be depleted within adecade.
New sand sources must befound to meet the growing demand for suitabl e beach nourishment
material. Accessto aggregate resourcesin Federal waterswould encouragethe continuation
of shoreline restoration projects. While the general distribution of offshore sand is
understood, detailed information on potential resources is sparse. Site-specific data will
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encourage development of these resources.

TheMaryland Geological Survey/Delaware Geological Survey/MineralsManagement
Service Cooperative agreement was created to encourage and expedite an inventory of
potential offshore sand resources for beach nourishment in the Delmarva region.
Specifically, the cooperative agreement seeks to exchange field, laboratory, financial, and
data resources for efficient production of this information.

The Maryland portion of the cooperative project is referred to as the Offshore Sand
Resources Study. This report summarizes the fourth year investigations of the five year
project. To date, the study has identified eighteen shoalsin three shoal fields, containing an
estimated 925 million cubic meters (1230 million cubic yards) of sand (Conkwright and Gast,
19944, Conkwright and Gast, 1994b, Conkwright and Gast, 1994c). The fourth year
objective was to detail sand resources within five of the eight shoalsin Shoal Field Il. The
shoals are currently being considered as a sand source for beach restoration projects on
Assateague Island, MD. We confined the study to five of the eight shoals, based on their
resource potential determined during the 1993 Offshore Sand Resources Study (Conkwright
and Gast, 1994)

Acknowledgments

The cooperative wasfunded by agrant from U.S. Minerals Management Service, and
contributions from Maryland Department of Natural Resources, and Delaware Geological
Survey. Kelvin Ramsey, Delaware Geological Survey's principa investigator in the
cooperative, was of invaluable assistance. We are grateful to Darlene Wells for her
assistance in background preparation for this study. Special thanks to Richard Y ounger,
captain of theR.V. Discovery, for histechnical expertisein field data collection techniques.
We also extend thanks to Randall Kerhin and Dr. Emery Cleaves for their suggestions and
comments.



FOURTH YEAR GEOLOGICAL INVESTIGATIONS
Objective

Shoal Field Il is an important sand resource for both Ocean City and Assateague
Island beach restoration projects. In 1993 the shoal field’'s resource potentia was
investigated (Conkwright and Gast, 1994b). That study used seismic profile interpretations
and archival vibracore data to examine the resources. Because insufficient sedimentologic
data was available on the shoals to characterize sand quality and quantity accurately, only
estimates of these parameterswere calculated. Based on thesefindings, shoasB, C, D, and
Little and Great Gull Banks were targeted for sampling in 1995.

The objective of this study is to accurately define the resource potential of these
shoals. This was achieved by vibracore sampling to determine sediment quality in each
shoal. Shoal sands were then classified as having high, moderate or |ow resource potential
based on grain size, sorting and deposit depth. The volume of sand for each resource
classification was calculated. Generally, volumes were calculated only to the depth of
vibracore penetration, rather than to the base of the shoal. Thus, the volumes represent a
minimum quantity of sand in each shoal, with known, not estimated, grain size parameters.

Previous Studies

Numerous scientists have investigated the Atlantic inner continental shelf.
Comprehensive reviews of these works have been published by Duane and others (1972),
Field (1976, 1980), Toscano et al. (1989), McBride and Moslow (1991), and Wells (1994).
Of primary interest to this study are the origins and morphology of linear shoals on the
Atlantic inner shelf. Linear shoals have long been recognized asimportant sand reservoirs
on the Atlantic shelf. Asagroup, linear shoals share severa common features. Duane and
others (1972) characterized these features:

1) Linear shoal fields occur in clusters, or fields, from Long Island, New York to
Florida.

2) Shoals exhibit relief up to nine m, side slopes of afew degrees, and extend for
tens of kilometers.

3) The long axes of linear shoals trend to the northeast and form an angle of less
than 35° with the shoreline.

4) Shoals may be shoreface-attached, or detached. Shoreface-attached shoals may
be associated with barrier island inlets.

5) Shoa sediments are markedly different from underlying sediments. Shoals are
composed of sands and generally overlay fine, occasionally peaty, sediments.



With so many common characteristics, early researchers assigned acommon origin
to these features. Generally, it was assumed that linear ridges represented relict barriers or
subaerial beaches, developed at alower sealevel stand, and preserved by the transgressive
oceans (Veatch and Smith, 1939; Shepard, 1963; Emery, 1966; Kraft, 1971; and many
others). Improvementsin seismic data collection and reexamination of earlier dataled to a
new hypothesis of shoal evolution: linear shoals are post-transgressive expressions of
modern shelf processes. In particular, Field's (1976, 1980) work on the Delmarva shelf
could find no support for the theory of relict, submerged shorelines. Many investigators
(including Field 1980; Swift and Field, 1981) concluded that ridge and swale topography
developed from the interaction of storm-induced currents with sediments at the base of the
shoreface. Astheshorefaceretreated during transgression, shoreface-attached shoal sbecame
detached and isolated from their sand source. Once detached, the shoal s continued to evolve
within the modern hydraulic regime.

McBride and Moslow (1991) employed a statistical approach to analyze existing
geomorphologic and sedimentol ogic dataon linear shoals. They found acorrelation between
the distribution of shore-attached and detached shoals and the locations of historical and
active inlets along the Atlantic coast. They developed a model for shoal field genesis and
evolution, based on the formation and migration of ebb-tidal deltas. This model describes
asource of sediment for shoal formation, and explainsthe orientation, shape, distributionand
evolution of linear shoals. While the authors recognized that diverse mechanisms account
for shoal formation, the ebb-tidal shoal model provided thefirst field-tested explanation for
the formation of shoal fields.

A model of late Tertiary and Quaternary stratigraphy on the Maryland shelf has been
published by Toscano and others (1989) and Toscano and Kerhin (1989). The model uses
Field's (1976, 1980) framework, and clarifies spatial, temporal, and climatic relationships
through extensive seismic, sedimentologic, and paleontologic investigations. Application
of themodel tofieldinvestigationsled Kerhin (1989) and Wells (1994) to concludethat sand
resources off the Maryland coast are confined mainly to the linear shoal fields. It was
Kerhin's (1989) preliminary assessment that any non-shoal sand resources within the
explored Maryland shelf were limited to 39 km east of the Maryland-Virginia boundary.
Wells (1994) found that significant sand sources within her study area, east of Ocean City,
were confined to shoals. Furthermore, she found that shore-attached shoals generaly
contained fine sands and muds, unsuitable asbeach fill. Coarser sandswere generally found
in shore-detached shoals. The Offshore Sand Resources Study employsthe Toscano-Kerhin
model of Maryland Quaternary shelf deposits to define shoal field structures.

Study Area

Shoal Field |1, located approximately 6.4 km east of Ocean City Inlet, was the focus
for the 1995 Offshore Sand Resources Study. The eastern edge of the shoal field extendsto
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19.3 km offshore. The study region includes Great Gull and Little Gull Banks, off northern
Assateague Island, and five unnamed shoals, designated A through E. Shoa Field 11
encloses 244 square km of ocean floor, from depths of -4.8 mto -30 m below NGVD. This
shoal field wasthe subject of a1993 resource study. Lack of available sedimentologic data
on the shoals permitted only estimates of grain size parameters and volumes of shoal sands.

The Maryland Department of Natural Resources has suggested some practical limits
for offshore sand resource locations (J. Loran, pers. comm., 1992). Economic and
mechanical limitationsimply that resources be located within a24 km radiusfrom the point
they are needed, and in waters less than 15 m deep. Portions of Shoal Field || conform to
these suggested parameters. Figure 1 details the location of Shoal Field 1.
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Study M ethodology

Our goal in the fourth year of the Cooperative was to accurately define the potential
sand resources within Shoal Field 1. To achieve this goal, forty-three, 6 m vibracores we
taken in and around the shoal field. Seismic data obtained during the 1993 study
(Conkwright and Gast, 1994b) provided a basisfor stratigraphic and volumetric analysis of
the shoals. Textural parameters of shoal sediments are based on vibracore samples and
seismic records. Data from vibracores obtained by Field (1976), and Toscano and Kerhin
(1989) are dso available for thisregion. Using thisinformation, the shoals were classified
according to their resource potential. The data also contributed to the model of regiona
shoal classification.

Previousstudiesby McBrideand Moslow (1991), Toscano and Kerhin (1989), Kerhin
(1989), and Wells (1994) show that significant sand deposits will most likely be found in
linear shoals. We therefore concentrated our data collection to the shoals and their flanks.
Seismic lines were arrayed to provide cross-sections and axial profiles of the linear shoals,
and the perimeter of the shoal field. Sediment samples provided ground truthing for seismic
interpretations.

Bathymetry and Subbottom Profiling

Bathymetry and subbottom structures were determined by high-resolution seismic
profiling. We carried out the seismic survey on board Maryland Department of Natural
Resources’ R.V. Discovery. The survey took place in August 1993. More than 185 km of
seismic lineswererecorded off the Maryland coast. We used aDatasonicsacoustic profiling
system for data collection. The best subbottom acoustic records were obtained at 3.5 kHz.
While the Datasonics system can provide penetrations greater than 91 m, shallow water
depths and a generally hard, sandy sea floor limited penetration to less than 27 metersin
shoal areas. However, thislimitation was not significant for the study because our interests
were in shallow and surficial sediments. Better seismic penetration was obtained in inter-
shoa regions, due to the presence of more acoustically transparent, fine sediments.
Bathymetry wasrecorded at 200 kHz. Trackline positioning was determined by an onboard
geographical positioning system, which provided fix marksat five minuteintervals (Figure
2). Horizontal data is reported in Maryland State Plane Coordinates (NAD 83, meters).
Water depths from electronic soundings were corrected to NGV D, and based on NOAA
predicted tides for the time of sampling. Conversion between Maryland State Plane
Coordinates and geographic coordinates was performed by CORPSCON software.
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Sediment sampling

Forty-three vibracores were obtained during the fall and winter of 1995. Vibracore
sampling stations were selected based on the findings of the 1993 Offshore Sand Resources
Study (Conkwright and Gast, 1994b). That study found Shoals B, C, and D to have the
highest resource potential, based on archival vibracore data. Great Gull Bank was estimated
to have only a moderate potential, but its proximity to Assateague |sland beaches was the
reason for itsinclusion in this study. Little Gull Bank was not explored in the 1993 study,
and was also included this year due to its proximity to the shore. Coring stations were
generally positioned to fall on or near existing seismic lines (Figure 2).
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Vibracore Sites and Seismic Survey Tracklines
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Table 1 summarizes vibracore station details. Severa cores were taken on the
northeast-trending, long axis of each shoal. Coreson the southwest crest, the center, and the
northeast tail provide axial trend information. Cores from the west and east flanks provide
cross-sectional data. We hoped to penetrate the lower boundary of the shoalson at least one
flank.

Vibracoring was contracted to Ocean Surveys, Inc. of Old Saybrook, CT. Ocean
Surveys provided a 34 m vessel for thework. A custom drill rig, the OSI Model 1500, was
outfitted to take 6 m by 9.2 cm cellulose butyrate-lined vibracores. The rig was fitted with
a penetrometer and a high pressure water pump for jet retries. When the penetrometer
indicated penetration refusal of lessthan 0.3 min two minutes, the choiceto retry inthe same
location would be made. During repenetration, theincompl ete coreiswithdrawn and saved,
and the corer isreplaced on-station. The core barrel is jetted down to the depth of refusal,
and vibracoring is continued for another 6 m, or until another refusal isencountered. Upon
retrieval, the 6 m cores were cut into 1.5 m sections and labeled for transportation to the
laboratory.
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TABLE 1

Vibracore Locations

ore easting northing Tatitude Tongitude depth | corelength
B-1 582663.60 | 70543.74 | 38 17'00.00" | 74 54'43.50" -13.08 3.96
B-2 583117.76 | 70025.58 | 38 16'42.92" | 74 54' 25.31" -11.95 4.27
B-3 583367.70 | 70886.96 | 38 17'10.67" | 74 54'14.21" -10.03 4.36
B-4 583624.96 | 70488.89 | 38 16'57.57" | 74 54'04.01" -10.15 4.57
B-5 583590.82 | 71647.44 | 38 17'35.16" | 74 54' 04.31" -13.47 2.13
B-6 583916.66 | 7120792 | 38 17'20.66" | 74 53'51.33" -10.64 3.44
B-7 584326.02 | 70904.34 | 38 17'10.52" | 74 53 34.77" -9.20 351
B-8 584416.24 | 71949.20 | 38 17'44.33" | 74 53" 30.07" -12.22 2.90
B-9 584800.30 | 71517.30 | 38 17'30.03 74 53' 14.68" -8.69 3.35
B-10 585096.57 | 71139.66 | 38 17'17.57" | 74 53' 02.85" -13.11 4.88
B-11 58477256 | 72729.50 | 38 18 09.36" | 74 53'14.67" -13.90 4.24
B-12 585265.43 | 72207.99 | 38 17'52.08" | 74 52'54.89" -10.00 2.13
B-13 585601.63 | 71836.14 | 38 17'39.77" | 74 52'41.41" -10.70 3.17
B-14 585563.84 | 73059.00 | 38 18'19.45" | 74 52'41.79" -12.71 4.54
B-15 586378.28 | 72422.28 | 38 17'58.19" | 74 52' 08.89" -12.28 4.27
B-16 586451.44 | 73791.76 | 38 18'4253" | 74 52'04.57" -12.65 4.48
B-17 587000.40 | 73269.33 | 38 18 25.18" | 74 51'42.48" -12.28 4.42
B-18 587328.37 | 74391.93 | 38 19'01.33" | 74 51' 27.90" -12.92 4.20
B-19 587727.67 | 73951.80 | 38 18 46.75" | 74 51'11.90" -13.50 4.69
C-1 583966.95 | 6840252 | 38 15'49.67" | 74 53'51.92" -12.22 3.72
C-2 584625.03 | 69217.87 | 38 16'15.61" | 74 53' 24.08" -12.56 4.33
C-3 584919.47 | 68827.73 | 38 16'02.74" | 74 53" 12.34" -12.74 3.84
C-4 585356.26 | 69552.86 | 38 16'25.92" | 74 52'53.68" -14.14 5.45
D1 587976.08 | 70199.98 | 38 16'44.91" | 74 51'05.31" -18.17 5.54
D2 586754.41 | 67685.65 | 38 15 24.33" | 74 51'57.98" -11.55 3.52
D3 588573.50 | 69753.76 | 38 16'29.99" | 74 50'41.17" -12.35 3.76
GG-1 569969.94 | 65267.85 | 38 14'18.08" [ 75 03' 30.29" -7.22 3.69
GG-2 570681.96 | 65503.15 | 38 14'48.49" | 75 03'00.18" -8.35 4.48
GG-3 57089441 | 66220.96 | 38 14'48.35" | 75 02'51.45" -8.23 4.18
GG-4 571230.30 | 67129.87 | 38 15'17.58" | 75 02' 36.84" -12.10 3.47
GG-5 571879.23 | 66904.62 | 38 15'09.83" [ 75 02'10.35" -9.14 4.57
GG-6 57197494 | 67617.86 | 38 15'32.89" | 75 02'05.78" -7.86 3.44
GG-7 572995.74 | 68476.49 | 38 16'00.01" [ 75 01' 23.04" -9.27 4.33
LG-1 568716.58 | 70117.86 | 38 16'56.20" | 75 04' 17.60" -6.22 6.10
LG-2 569496.28 | 70399.19 | 38 17'04.79" | 75 03'45.29" -8.05 4.24
LG-3 569602.05 | 71233.74 | 38 17'31.78" | 75 03'40.20" -8.32 1.83
LG-4 570617.96 | 71302.02 | 38 17'33.29" [ 75 02'58.35" -8.32 411
LG-5 572254.16 | 73416.12 | 38 18'40.70" | 75 01'49.16" -8.26 411
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Core Processing

Core segments were opened by cutting the plastic liners along their length. An
electro-osmotic knife (Strum and Matter, 1972) was used to split muddy cores lengthwise.
This tool slices the sediment without smearing internal structures, thus providing a clear
cross-section for photography. Sandy cores did not require electro-osmotic cutting. The
coreswere photographed and logged for sedimentary and bi ogenic structures, texture, color,
approximate grain size and other features. Sediment, biologic, and age dating sampleswere
removed for further analysis, and the remaining material swere seal ed and archived for future
work.

Textural Analysis

Grain sizewas anayzed by two laboratories. Sedimentsfrom Shoals B, C and Great
Gull and Little Gull Banks were analyzed by the U.S. Army Corps of Engineers, Baltimore
District, SoilsL ab, according to their standard methodology (U.S. Army Corpsof Engineers,
1984). Samples from Shoal D were analyzed by Maryland Geological Survey. The Army
Corps uses wet sieve techniques, while the Survey employs a rapid sediment analyzer.
Although the data obtained from these differing techniques are not directly comparabl e, they
both produce valid and reasonably accurate grain size distribution estimates.

Maryland Geological Survey’stextural analysis procedureis detailed in Kerhin and
others (1988). Sediment samples were first treated with 10% solution of hydrochloric acid
to remove carbonate material such as shells and then treated with a 6 or 15% solution of
hydrogen peroxideto remove organic material. The sampleswerethen passed through a63-
micron mesh sieve, followed by a 2-mm sieve, separating sands from mud and gravel
fractions. Mud fractions were analyzed using a pipette technique to determine silt and clay
contents. Weights of the sand, silt and clay fractions were converted to weight percentages.
Sediments were categorized according to Shepard's (1954) classification based on percent
sand, silt and clay components.

Sand fractions were analyzed using a rapid sediment analyzer (RSA) (Halka and
others, 1980). The RSA technique measured cumulativeweight in¥%f (phi) intervals. Data
were normalized to a 100% sand distribution, and the method of Folk and Ward (1957) was
used to report graphic mean and sorting. When mud contents were less than 5%, grain size
analyses were conducted only on the sand fraction. Pipette analyseswere used to determine
silt and clay content in samples with greater than 5% mud.

Digital analysisof Bathymetric and Subbottom Data

Seismic data were collected on an analog strip chart recorder but were required in
digital form. We developed a method of transferring the two-dimensional, graphic
information into athree-dimensional, digital model. We used a Calcomp 9800, large format
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digitizer to enter the seismic datainto AutoCAD 13. A program wasdevel oped for AutoCAD
that calculates the three coordinates for each digitized point. Bathymetric and subbottom
reflectors were digitized along each trackline to produce three-dimensional profiles of the
bottom and subbottom.

We used a third party program, Civil/Survey (Softdesk), within the AutoCAD
environment to generate surface models of the ocean floor and seismic reflectors, based on
the digitized data. Civil/Survey uses triangular irregular networks, or TINS, to construct
surface models. Thisis the most commonly employed method for constructing elevation
models. TINsaregenerated by connecting el evation pointswith linestoformtriangles. The
network of interconnected trianglesforms an interpol ated surface model. These modelscan
be represented in several forms, including contour maps, cross-sections, and a variety of
gridded and rendered surfaces. Separate TINs are generated for bathymetric data and each
digitized subsurface horizon. The TIN surfaces derived from these data are then used to
calculate area, volume, slope, intersecting surfaces and elevations.

Our bathymetric model was constructed from a digital bathymetric database of the
Delmarva Atlantic shelf, compiled by the National Ocean Service. The bathymetric model
generated from this database is accurate and highly detailled. The surface models of
subbottom reflectors areless detailed dueto the limited amount of data pointsavailablefrom
thedigitized data. Because the shoalsare usually acoustically opaque several metersbelow
their surfaces, few subsurface data points under the shoals were obtained. The contours
depicted under the shoal s are extrapol ated by the contouring program from data surrounding
and under thethinner, moreacoustically transparent marginsof theshoals. Seismicreflectors
are subject to the phenomenon of ‘pull-up’. This effect is seen as a change in depth of the
reflector asit passes under ashoal. Thedensity and thickness of shoa sediments changethe
two-way travel time of the acoustic signal and artificially warp the underlying seismic
signatures. This causes anomalous contour highs on reflector surfaces under ridges.
Predicting the net effect of this phenomenon on seismic reflectorsisdifficult. Although the
pull-up effect causes inaccuracies in portions of the surface models, it is limited to a
tolerance of approximately a meter and has minimum influence on volumetric calculations.
We assume that, while the contours under the shoals may not accurately reflect the detailed
surface geometry, they are areasonabl e representation of the mean depth of these reflectors.

Volumetric Calculations

Volumetric determinations were carried out by Civil/Survey. This program offers several
methodsfor volumedeterminations. Thegrid methodismost appropriatefor thetype of data
available. Todetermineshoal volumes, the upper and lower surfacesof the shoals, and their
flanking boundaries must be defined. The upper surface is defined as the bathymetric
surface, derived from the bathymetric model. The lower bounding surface is determined
from core and seismic data. Shoal edges are defined by either pinch-out of shoal sediments,
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or asignificant fining in flank sediment texture. Pinch-out was considered to occur where
shoal sediments thin to one meter or less, which is the practical limit for dredging. These
conditions were determined from seismic and core data. The volumetric program overlays
grids on the upper and lower TINSs, within the shoal boundaries. The three-dimensional
coordinates for the corners, or nodes, of each grid cell on both surfaces are sampled. If any
corner of any cell falls outside the boundary of either surface, the cell is discarded. The
volume between each upper and lower cell is split vertically to produce two prisms. The
volumes of both prism halves are summed to determine the cell volume. Cell volumes for
the entire grid are summed to produce the total volume between the grids (Figure 3).

Grid Method
Volumetric Calculations

Grid
Surface #1

(constructed over
bathymetry TIN)

volume
segment
Grid

Surface #2

(constructed over
ravinement
surface TIN)

<r L]\

volume segment individual prisms

(represents the volume between the (volumes calculated for each prism and
bathymetric surface and ravinement summed. Repeated for all volume
surface for this cell) segments between the two surfaces.)

Figure4
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RESULTS
Shoal Field Structure

Shoal Field Il includes Great Gull Bank, Little Gull Bank and five unnamed shoals,
designated alphabetically A through E. A bathymetric map of Shoal Field I showsfeatures
typical of alinear shoal field (Figure 4). Depths range from a maximum of -4.8 m on the
crest of Little Gull Bank to aminimum of -30 min atrough in the northeast corner of the
field. The mean depth of the shoal field is-18 m. While each shoal possesses a unique
shape, they al display the general morphologic characteristics associated with linear sand
ridges:

< elongated bodies with northeast axial trends;

a bathymetric high, or crest, proximal to the shore to the southwest;
depth increases to the northeast toward the shore distal end,;

relief above surrounding terrain of usually less than 15 meters,
flank slopes between 0.2E and 7.0E;

seaward flanks are steeper than landward flanks.

N NN N AN

The bathymetric map (Figure 4) showsthe variationsin form of these shoals. Shoals
A and E arenarrow in the southwest and spread out to the northeast. Shoals B and C appear
broad and blunt.
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Shoal C has the smallest surface area. Shoa D has an arcuate crest that abruptly
bends to the west at the proximal end. Great Gull Bank also displays this arcuate crest. A
summary of shoal geometry is presented in Table 2. Based on these parameters, all shoals
in Shoal Field 11 fit the McBride/Moslow model for ebb tidal inlet shoal origins.

PHYSICAL PARAMETERS

Parameter Shoal B Shoal C Shoal D Little Gull Bank | Great Gull Bank
area (million meter?) 11.5 1.9 6.6 7.6 7.3

axis (E from north) 49 45 43 47 41

base length (km) 7.5 24 5.8 6.8 6.0
maximum width(km) 2.0 10 14 14 15
minimum depth (m) -8.2 -10.1 -11.0 -4.8 -5.2

base depth (m) -18.3 -18.3 -18.3 -13.0 -15.2

TABLE 2

Subsurface details of Shoal Field |1 have been previously described by Conkwright
and Gast (1994). The shoal bodies exhibit little internal structure. Whilethisisin part due
to the acoustic opacity of these sand bodies, it is also an indication of the massive,
homogeneous structure characteristic of linear sand shoals. Theseinternal reflectors suggest
changesin sediment density. Inter-shoal areas show buried channels and bedding features.

Shoal Field Il isunderlain by a basal reflector. In the west, under Little and Great
Gull Banks, the reflector has a mean depth of -15.5 m and slopes upward toward the
southwest. Inthecenter of theshoal fieldthereflector hasrelatively flat relief, varying from
-20 mto -22 m, with amean depth of -21 m. Thereflector istruncated to the west of Shoal
E to the east of Shoal C and by troughs with depths exceeding -21 m. It reemerges east of
Shoal C and is seen under Shoal D, but isindistinct and not entirely mappable there. A 30
m deep trough to the east of Shoal D truncatesthereflector. Thisseismicreflector represents
the surface upon which the linear shoals have devel oped.

Toscano and others (1989) described this basal reflector as evidence of a time-
transgressive ravinement surface. Theravinement surface devel oped asaresult of erosional
and depositional processesoperating onthe shoreface during thelast Holocenetransgression.
As sealevel rose, the base of the shoreface was eroded and the shoreface profile retreated
landward and upward. Theerosional surface created at the shoreface basefoll owed the same
retreat path. Shoreface sedimentsredeposited abovetheerosional surfacewere subsequently
reworked by shelf processes to form the modern seafloor. Thus the ravinement surfaceis
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both an erosiona surface and a sediment transfer surface (Nummedal and Swift, 1987).
Modern shelf sands that make up the sea floor, including the linear shoals, overlay the
ravinement surface. The ravinement surface is not always apparent on seismic records due
to severa factors. Mixing of the bounding lithologies may occur during its formation
(Toscano and others, 1989) and prevent the appearance of an acoustically significant
reflector. Sometimes, the seismic signature is masked by the closeness of the ravinement
surface to the ocean floor.

In the 1993 sand resources study (Conkwright and Gast, 1994b) the seismically
defined ravinement surface was used as the lower structural boundary for volume
calculations. However, the purpose of the current study is to estimate only the volume of
sand with measured physical parameters. Therefore, the lower boundary for volumetric
calculations was determined primarily by the grain size parameters of vibracore samples.
Thelower boundary surface was set at the depth where the sampled sand became too fine or
too poorly sorted for use as beach fill. In those cases where the entire length of core
contained usable sand, the boundary surface was set at the depth of maximum vibracore
penetration. Because vibracore penetrations on Little and Great Gull Banks were generally
within a meter of the ravinement surface, that surface was used as the lower boundary for
those shoals, unless vibracore samples indicated otherwise.

Shoal edges are usually observed in seismic records as a feathering out of shoal
sediments over underlying units. However, shoal edges are not always this distinct,
particularly where shoal sands have migrated over or overlapped older units. We have
defined shoal edge boundariesfor thisstudy by thethickness of sediments, or abrupt changes
inlithology. Because to dredging sand from deposits less than 1 meter thick isimpractical,
wedelimited the shoal to thicknesses greater than 1 meter. Additionally, we definethe shoal
edge where seismic records suggest sediment types become abruptly fine or muddy. These
lithologies are not considered potential beach fill material. This condition occurs where
shoal faces truncate the ravinement surface. The truncation of the basal reflectors at the
edges of the shoals marks the boundary of shoa sediments.

SAND RESOURCE POTENTIAL OF SHOAL FIELD 11
Criteriafor estimating resour ce potential

Several factors must be considered in determining the utility of a particular deposit
for use as beach fill. The U.S. Army Corps of Engineers and Maryland Department of
Natural Resources have previously concluded that offshore deposits are the most desirable
from economic and engineering standpoints. Additionally, sand deposits within a 24 km
radius from the point of use are most desirable. Water depths of less than 15 m are also
advantageous for dredging technologies.

Potential beach fill material should exhibit textural parameters similar to the native
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sandsthey areintended to replenish. The Shore Protection Manual (U.S. Army Corps, 1984)
describes methodologies to determine acceptable beach fill textural parameters for any
particular site. An important consideration is the overfill factor. The overfill factor is
derived from thecomparison of textural propertiessuch ascompositegraphic mean (Folk and
Ward, 1957) and sorting of the potential borrow sedimentsto those of the native beach sand,
using an overfill criteria developed by James (1975). The overfill factor takesinto account
that portion of borrow material expected to remain onthe beach after equilibriumisachieved.
High overfill factors indicate the borrow material will be unstable on the native beach
because finer fractions will be removed more rapidly than coarse fractions. Thus, alarger
volume of borrow material with a high overfill factor must be placed on the beach to
maintain stability.

Native Ocean City beach sands have acomposite graphic mean diameter of 1.84f and
asorting of 1.22 f (Anders and others, 1987; Anders and Hansen, 1990). Sands native to
northern Assateague Island have a composite graphic mean diameter of 1.76f (U.S. Army
Corpsof Engineers, 1996). Sedimentsthat arefiner or more poorly sorted than native sands
will have increasingly higher overfill factors. Therefore, sand suitable for beach fill should
have amean grain size coarser than 1.84 f (medium sand) and have a sorting value lessthan
1.22f (moderately sorted). To beclassified as high potential sand resources, deposits must
exceed these grain size parameters. Sands that fall between 1.88 and 2.0 f mean diameter
and/or with lessasorting of greater than 1.22f are classified as having amoderate potential.
Deposits below -15 m are also considered to have a moderate potential. Sediments with
mean diameterslessthan 2 f are considered low potential.

None of the vibracores taken at the shoal crests penetrated the entire shoal bodies.
Significant sand deposits may exist below the maximum vibracore penetration depths, but
no attempt was made to include these hypothetical sands in volume calculations. Only
sedimentsthat were analyzed wereincluded in thisstudy. A sampling project that used a12
m vibracorewould penetrate these shoal sand provide an accurate estimate of sand resources
in Shoal Field II.

Sediment quality

Figures 5 to 19 compare vibracore samples’ mean diameter to depth. The data are
summarized in Appendix A. Interpretation of sediment quality in Shoal Field 11 isbased on
these cores and the seismic record. Seismic reflections vary according to sediment type, an
effect that produces characteristic seismic signatures. Coarse sedimentstend to be excellent
reflectors, and limit the amount of signal penetration into underlying sediments. Fine
sedimentsare more acoustically transparent than coarse material. Coarse sediments produce
dark, surface reflectors with little detail below the surface. Thus the seismic record when
compared to sediment samples can assist in determining sediment types.
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Vibracore Descriptions
Shoal B

Shoal B was sampled with 19 vibracores. Except cores B-10 and B-19, all cores
contained sandsthat meet or exceed high potential grain size parameters. Material along the
crest of Shoal B, especialy in the south-west, is the coarsest. Finer, but suitable sands are
found in the northern crest and upper flanks. Core B-11, the second deepest, penetrated to
adepth of -18 meters, and contained medium sand at that depth. Because all of these cores
contained suitable sand to the depths of penetration, volume calculations we based on
penetration depths, except for B-10 and B-19. The lower surface at these points was set at
-15mand -16 m, respectively, because sands bel ow these depths became too fine for beach
fill.

Shoal C

Shoal C was sampled with four vibracores. Cores C-1 and C-2 indicated this shoal
contains usable sand along the crest, especialy in the central region. Core C-1 contained
medium sand to a depth of - 16 m except a 1.2 m segment of sand from -14.4 mto -15.6 m,
which was dlightly finer (1.95f ) than native Ocean City sand. Core C-2 contained medium
sand to a depth of nearly -17 m. Both cores C-3 and C-4 suggest sand on the northeastern
section and flanksistoo fine for beach fill. The best quality sands on Shoal C are confined
to the central crest, to adepth of at least -14 m.

Shoal D

Threevibracoresweretaken on Shoal D. Core D-1, located on the northwest edge of
the shoal, contained 0.5 m of medium sand overlaying fine sand and mud. Core D-2 was
taken on the southwestern crest, where seismic records show a hard bottom, suggesting
sediments are coarse and well-packed. The core penetrated only 1.5 m before refusal,
confirming the seismic interpretation. Sand in D-2 was coarse, and well sorted to adepth of
-13m. CoreD-3, on the northeastern crest penetrated to -17.6 m. The entire core contained
very well sorted, medium sand. Based on core data and seismic data, the lower volumetric
surface was set at -18 m except in the vicinity of D-2, where it was set at -13 m. The best
beach nourishment sands are found along Shoal D’ s crest to at least -13 m.

Great Gull Bank

Seven vibracores were obtained from Great Gull Bank. Core GG-1 contained
moderately sorted, medium sandsto adepth of -11 m. Similar sand wasfound in core GG-3,
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from the shoa’s center, to -12.5 m. Somewhat finer sand was present in GG-2 and GG-5 ,
to-13 mand - 14 m respectively. Core GG-4 indicated coarse to medium, moderately well
sorted sand existsto -16 m aong the northwest flanks. Below this depth, sand finer than 2
f ispresent. Medium sand changes abruptly to fine sand at -10.4 m in core GG-6, located
on the northeast crest. Cores GG-2, 4, 5, and 6 define the extent of Great Gull Bank’s
coarser sands. Core GG-7, onthe northeastern edge, contained sand finer than 1.9f t0-13.6
m. Thisissmaller thantheoptimum 1.84f diameter suggested for beach fill. High potential
sands are limited to the southwestern half of Great Gull Bank’s crest, to at least -14 m.

Little Gull Bank

Little Gull Bank was sampled with fivevibracores. Core LG-1 penetratedto-12.3 m
and contained coarse, well sorted sand. Medium, well sorted sands were found to
approximately -12.5min coresLG-2, 4 and 5. LG-3, in the center of the shoal, showed 1.6
m of medium, very well sorted sand atop a layer of coarse sand, cobbles and shell, which
prevented further penetration. Little Gull Bank’s best sands are confined to the southwest
crest to at least -12 m.

Sediment volumes

A summary of sediment volumes contained within the shoals studied is presented in
Table2. Total shoal volumes, and volumes of regionswith moderate and high potentialsare
calculated. Generally, volumesare based on an entire shoal body, fromitssurfaceto the base
of vibracore penetration. Shoal B has the largest volume of usable sand. Shoals D and C
have smaller volumes of sediment, limited by an abundance of fine sediment and depths
below -15m. Great Gull and Little Gull Banks have similar volumes of high potential sand.
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Table3

Sediment Volumes (million cubic meters)

SHOAL REGION VOLUME (million m?)
B total 38.4
high potential 30.1
C total 6.3
moderate potential 25
D total 17.8
high potential 12.3
Great Gull Bank total 42.5
moderate potential 14.7
high potential 11.5
Little Gull Bank™ total 35.8
state and federal | high potential 19.3
waters moderate potential 7.0
total 12.3
federal watersonly | high potential 4.6
moderate potential 24
Total, high potential 73.2
Total, moder ate potential 24.2

Little Gull Bank straddles the three mile limit, and is therefore partialy within Maryland waters.
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RESOURCE POTENTIAL

A summary of sediment grain size parameters and volumesis presented asamap in
Figure 20. The map outlines those regions that contain usable sand resources within Shoal
Field 1. Areasof high potential contain sands

1) have mean grain size greater than 1.84 f and sorting lessthan 1.22 f
2) areindepthslessthan-15m;

Areas of moderate potential contain sands
1) have mean grain size between 1.84 and 2.0 f and sorting greater than 1.22 f
or

2) areindepths-15 m or more

Areas of low potential are regions with sediments finer than 2 f .
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Sand Resour ces Potentials
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Figure 20
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CONCLUSION

Five shoalswithin Shoal Field Il contain at least 73.2 million m® of sand with amean
grain diameter of 1.84f or larger, and asorting of 1.22f or less. Because these sands have
physical parameters that meet or exceed required for beach nourishment projects in the
Maryland region, Shoal Field Il isamajor sand resource. The sand deposits are within -15
m of the surface, which makes them accessible to dredging equipment used in the area.
Significant deposits may exist below this depth. Sampling of these deposits was limited to
6 m below the ocean bottom, the length of vibracoring for this project. Significant deposits
maly exist below these depths, but because they were not sampled, they were not considered
inthis study. Twelve meter cores are required to penetrate the shoal bodies.

43



REFERENCES
and
Bibliography

Anders, F.J., Hansen, M., and McLéellan, N., 1987, Atlantic coast beach protection
project,: Ocean City, Maryland- Draft Final Report: U. S. Army of Engineers, CERC-
WES, Vicksburg, Miss., June, 1987, 60 pp. with Appendices.

Anders, F. J. and Hansen, M ., 1990, Beach and borrow site sediment investigation for a
beach nourishment at Ocean City, Maryland: Technica Report CERC-90-5,
Waterways Experiment Station, Coastal Engineering Research Center, U.S. Army
Corps of Engineers, Vicksburg, MS., 98 pp.

Conkwright, R.D., and Gast, R.A., 1994a, Potential Offshore Sand Resourcesin Northern
Maryland Shoal Fields, Maryland Geol ogical Survey FileReport No. 94-8, Baltimore,
MD., 48 pp.

Conkwright, R.D., and Gast, R.A., 1994b, Potential Offshore Sand Resourcesin Central
Maryland Shoal Fields, Maryland Geol ogical Survey FileReport No. 94-9, Baltimore,
MD., 49 pp.

Conkwright, R.D., and Gast, R.A., 1995, Potential Offshore Sand Resourcesin Southern
Maryland Shoal Fields, Maryland Geol ogical Survey FileReport No. 95-4, Baltimore,
MD., 43 pp.

Belknap, D.F., and Kraft, J.C., 1977, Holocene relative sea-level changes and coastal
stratigraphic units on the northwest flank of the Baltimore Canyon trough
geosyncline: Jour. Sed. Petrology, vol. 47, p. 610-629.

, 1985, Influence of antecedent geology on stratigraphic
preservation potential and evolution of Delaware's barrier systems. Marine geology,
vol. 63, p. 235-262.

Duane, D.B.,Field, M .E., Meisburger, E.P., Swift, D.J.,and Williams, S.J., 1972, Linear
shoals on the Atlantic inner continental shelf, Floridato Long Island; in, D.J. Swift,
D.B. Duane, and O.H. Pilkey, eds., Shelf Sediment Transport: Process and Pattern:
Dowden, Hutchinson, and Ross, Stroudsburg, Pa, p. 447-498.

44



Emery, K.O., 1966, Atlantic continental shelf and slope of the United States, a geologic
background: U.S. Geological Survey Prof. Paper 529-A, p. 1-23.

Field, M.E., 1976, Quaternary evolution and sedimentary record of a coastal Plain Shelf:
Central Delmarva Peninsula, Mid-Atlantic Bight, U.S.A.: Ph.D. Dissertation, Dept.
Geology, George Washington Univ., Washington, D.C., 200 pp.

, 1979, Sediments, shallow subbottom structure, and sand resources of theinner
continental shelf, central Delmarva Peninsula: Technical Paper 79-2, U.S. Army
Corps of Engineers, CERC, Ft. Belvoir, Va.,, 122 pp.

, 1980, Sand bodies on Coastal Plain shelves, Holocene record of the U.S.
Atlantic inner shelf of Maryland: Jour. Sed. Petrology, vol. 50, p. 505-528.

Folk, R.L., 1954, The distinction between grain size and mineral composition in
sedimentary-rock nomenclature: Jour. Geology, vol. 62, p. 344-359.

, 1980, Petrology of Sedimentary Rocks: Hemphill Publishing Co., Austin,
Texas, 184 pp.

Folk, R.L., and W.C. Ward, 1957, Brazos River Bar: a study in the significance pf grain
Size parameters. Jour. Sed. Petrology, v. 27, p. 3-26.

Halka, J.P.,R.D. Conkwright, R.T.Kerhin, D.V. Wells, 1980, Thedesign and calibration
of arapid sediment analyzer and techniques for interfacing to a dedicated computer
system: Maryland Geological Survey Information Circular 32, 32 pp.

James, W.R., 1975, Techniques in evauating suitability of borrow material for beach
nourishment: Technical Memorandum 60, U.S. Army Corpsof Engineers, CERC, Ft.
Belvoir, VA.

Kerhin, R.T., 1989, Non-energy mineral and surficial geology of the continental margin of
Maryland; in, M.G. Hunt, and S.V. Doenges, eds, Studies related to continental
Margins: Marine Geology, vol. 90, p. 95-102.

Kerhin, R.T., and Williams, SJ., 1987, Surficia sediments and later Quaternary

sedimentary framework of theMaryland inner continental shelf: Proceedings, Coastal
Sediments '87, Am. Soc. Civil Engineers, New Orleans, LA, vol. I1, p. 2126-2140.

45



Kerhin, R.T., J.P. Halka, D.V. Weélls, E.L. Hennessege, P. J. Blakesleg, N. Zoltan, and
R.H. Cuthbertson, 1988, The surficial sediments of Chesapeake Bay, Maryland:
physical characteristics and sediment budget: Maryland Geological Survey Report
of Investigations No. 48, 82 pp.

Kraft, J.C., 1971, Sedimentary facies patterns and geologic history of a Holocene marine
transgression: Geol. Soc. Am. Bull., v.82, p. 2131-2158.

McBride, R.A., and Moslow, T.F., 1991, Origin, evolution, and distribution of shoreface
sand ridges, Atlantic inner shelf, U.S.A.: Marine Geology, vol. 97, p. 57-85.

Nummedal, D., and Swift, D.J.P., 1987, Transgressive stratigraphy at sequence-bounding
unconformities. some principles from Holocene and Cretaceous Examples; in, D.
Nummedal, O.H. Pilkey, and J.D. Howard, eds., Sea-level fluctuation and coasta
evolution, Society of Economic Paleontol ogists and Mineral ogists Special Paper No.
41, Tulsa, OK, p. 241-260.

Shepard, F.P., 1954, Nomanclature based on sand-silt-clay ratios. Jour. Sed Petrology, V.
24, p. 151-158.

, 1963, Submarine Geology, Harper and Row, New York, NY ., 2nd ed., 557

pp.

Sheridan, R.E., Dill, C.E., Jr., and Kraft, J.C., 1974, Hol ocene sedimentary environment
of the Atlantic Inner Shelf off Delaware: Geol. Soc. Amer. Bull., vol. 85, p. 1319-
1328.

Shideler, G.L ., Swift, D.J.P., Johnson, G.H., and Holliday, B.W., 1972, L ate Quaternary
stratigraphy of the inner Virginia continental shelf: A proposed standard section:
Geol. Soc. Amer. Bull., vol. 83, p. 1787-1804.

Strum, M. and A. Matter, 1972, The electro-osmotic guillotine, a new device for core
cutting: Jour. Sed Petrology, v. 42, p. 987-989.

Swift, D.J. and Field, M .E., 1981, Evolution of aclassic sand ridgefield: Maryland sector,
North American inner shelf: Sedimentology, vol. 28, p. 461-482.

Toscano, M.A., Kerhin, R.T., York, L.L., Cronin, T.M., and Williams, S.J., 1989,

Quaternary stratigraphy of the inner continental shelf of Maryland: Maryland
Geological Survey Report of Investigation 50, 117 pp.

46



Toscano, M.A. and Kerhin, R.T., 1990, Subbottom structure and stratigraphy of the inner
continental shelf of Maryland, in, M.C. Hunt, S.V. Doenges, and G.S. Stubbs, eds.,
Studies related to Continental Margins, Y ears Three and Four Activities. Bureau of
Economic Geology, Univ. of Texas, Austin, TX.

Toscano, M.A.and York, L.L., 1992, Quaternary stratigraphy and sea-level history of the
U.S. middle Atlantic Coastal Plain: Quaternary Sci. Rev., vol. 11, p. 301-328.

U.S. Army Corps of Engineers, 1980, Atlantic Coast of Maryland and Assateague,
Virginia; Main Report, May, 1980.

, 1984, Shore protection manual: Waterways Experiment

Station, Vicksburg, MS.

, 1988, Atlantic Coast of Maryland Hurricane Protection
Project, Phase|: Final General Design Memorandum: Baltimore District, Baltimore,
Maryland, 3 books.

, 19893, Atlantic Coast of Maryland Hurricane Protection
Project, Phasell: Final General Design Memorandum: Baltimore District, Baltimore,
Maryland, 3 books.

, 19890, Atlantic Coast of Maryland Hurricane Protection
Project: Renourishment borrow study: U.S. Army Corps of Engineers, Baltimore
District, August, 1989.

, 1994, Ocean City, Maryland and Vicinity Water Resources
Study Reconnaissance Report: U.S. Army Corps of Engineers, Baltimore District,
May, 1994.

, 1996, Ocean City, Maryland and Vicinity Water Resources
Study: Integrated Feasibility Report | and Programmatic Environmental Impact Statement,
Restoration of Assateague Island, U.S. Army Corps of Engineers, Baltimore District, in
preparation.

Veach, A.C.,and P.A. Smith, 1939, Atlantic submarinevalleys of the United Statesand the
Congo submarine valley: Gol. Soc. Am. Spec. Paper 7, 101 pp.

Wehmiller, J.F., 1984, Rel ative and absol ute dating of Quaternary molluskswithamino acid

racemization: Evaluation, application, questions; in, Quaternary Dating Methods, W.C.
Mahaney, ed., Elsevier, Amsterdam, p. 171-193.

47



Wehmiller, J.F., 1986, Amino acid racemization geochronolgy; in, Dating Y oung

Sediments, A.J. Hurford, E. Jager, and J.A.M. Ten Cate, eds., United Nations, Ccop
Techn. Publ. No. 16, Bangkok, p. 139-158.

Waells, D.V., 1994, Non-energy resources and shalow geologic framework of the inner

continental margin off Ocean City, Maryland: Maryland Geological Survey OpenFile
Report No. 16, Baltimore, MD.

48



Appendix A

Vibracore Sample Grain Size Parameters

Core depths and sampling intervals are reported in meters below NGVD.
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Vibracores analyzed at the U.S. Army Cor psof Engineers Soils L ab

Core upper | lower mean |sorting| % % % description
ID f f sand | gravel | mud

B-1 -13.08] -13.99| -0.11 0.83] 829 16.6| 0.5]brown coarse sand with shell

B-1 -13.99| -15.51| -0.16/ 0.88| 81.9 17.4| 0.7]brown coarse sand with shell, higher shell concentration
50.1'-50.3'

B-1 -1551] -17.04| 0.18] 1.21| 829 15.7| 1.4]|brown coarse sand with shell

B-2 -11.95| -13.17| 0.83] 0.31| 988 0.5 0.7|brown med/coarse sand with shell

B-2 -13.17] -13.75| 0.78 0.31] 9838 0.7] 0.5|brown med/coarse sand with shell

B-2 -13.75| -16.22| 0.88] 0.36] 98.5 1.0] 0.5|brown med/coarse sand with shell, greyish sand @ bottom
0.6

B-3 -10.03] -11.52] 0.59 0.55] 929 6.3| 0.8|brown coarse sand with shell

B-3 -11.52] -13.05| 048] 0.54| 931 6.2 0.7|brown coarse sand with shell, heavy
shell zone 39.8'-40.8'

B-3 -13.05| -14.39] 0.73] 0.54| 96.0 3.4 0.6|brown coarse sand with shell

B-3R | -14.23| -14.54 0.93] 043 98.7 0.9] 0.4]brown and grey med sand, trace shell

B-3R | -14.54| -16.06] 0.88] 0.47| 98.6 1.2] 0.2|brown med sand, trace shell, heavy shell layer 52.4'-52.7'

B-4 -10.15| -10.30] 1.38] 0.69] 98.1 1.4| 0.5|brown med sand, trace shell

B-4 -10.30| -10.70] 1.35] 0.68[ 98.1 1.3] 0.6|grey/brown med sand, trace shell

B-4 -10.70| -14.72| 1.63] 0.56( 99.1 0.2| 0.7|grey med/fine sand, trace shell

B-4R | -14.42( -16.25| 1.13] 054 99.0 0.4| 0.6]brown med sand, trace shell, moist

B-5 -13.47| -13.93| 0.24] 0.72| 87.3 12.3| 0.4]brown coarse sand, shell frag, shell
layer 45.6'-45.8'

B-5 -13.93| -14.84| 0.42] 055 90.3 9.1 0.6]brown med/coarse sand, shell frag

B-5 -14.84| -15.61] 0.39] 0.59| 89.0 10.3| 0.7]brown/grey med/coarse sand, shell, heavy shell layer
49.9-51.2'

B-5R | -15.61| -16.52| 0.42] 054 91.6 7.9] 0.5|brown med/coarse sand, shell fragments

B-5R -16.52| -16.95| 0.59 0.52] 934 5.0 1.6|grey med sand, shell
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Core

mean

sorting

%

%

%

D |upper lower f f sand | gravel |mud description
B-6 -10.64| -11.77| 0.83] 0.46 959 21| 2.0|brown med/coarse sand, shell fragments
B-6 -11.77] -13.29] 1.33] 049 99.0 0.8| 0.2]brown med/fine sand, shell fragments
B-7 -9.20( -9.66| 1.12 0.34] 986 0.8| 0.6|grey med sand, shell, wet
B-7 -9.66| -10.21] 1.11] 0.34] 995 0.3[ 0.2]brown med sand
B-7 -10.21| -11.19| 1.10] 0.36] 98.8 0.6] 0.6]brown/grey med sand, trace shell
B-7 -11.19| -12.10] 1.02] 0.36] 96.2 3.6/ 0.2|brown med sand, shell, shell layer @ 37.9'
B-7 -12.10| -12.47| 1.47] 042 99.2 0.1 0.7|grey/brown med/fine sand
B-7 -12.47) -12.71] 1.82] 048] 99.0 0.1 0.9|grey fine sand
B-7R -13.62| -14.84| 1.35 0.39] 986 1.2] 0.2|brown med sand, trace shell, heavy shell lens 47.0-47.7'
B-8 -12.22( -13.59( 097] 043] 987 0.9| 0.4|brown coarse sand, trace shell
B-8 -13.59| -15.12| 0.99] 0.45| 989 0.6 0.5]brown coarse sand, trace shell
B-9 -8.69| -875 1.31] 0.33] 993 0.1 0.6]brown med sand
B-9 -8.75] -8.99| 0.92 042 96.6 2.7] 0.7|grey/brown med sand, trace shell
B-9 -8.99| -9.66] 0.99] 0.36] 99.0 0.6 0.4|brown med/coarse sand, trace shell
B-9 -9.66| -11.55( 1.37{ 040 99.0 0.3| 0.7|grey/brown med/coarse sand, trace shell
B-9 -11.55| -12.04] 1.20] 0.34] 98.0 1.2| 0.8|brown/grey coarse sand
B-10 -13.11| -14.94] 1.76] 0.55] 99.0 0.3| 0.7|grey/brown med sand, trace shell
B-10 -14.94| -15.76] 198 0.57| 96.6 3.1 0.3|light grey med/fine sand, trace shell
B-10 -15.76| -17.07| 2.17] 049 99.1 0.2[ 0.7|brown fine sand, trace shell
B-10 -17.07| -17.37] 2.07 0.56| 97.9 1.2] 0.9|brown fine sand, shell
B-10 -17.37| -17.98| 2.15] 0.50[ 98.9 0.3| 0.8|grey/brown fine sand, trace shell
B-11 -13.90| -14.39| 1.10] 0.55[ 97.9 1.4] 0.7|grey coarse sand, trace shell
B-11 -14.39( -14.54| 1.08] 0.53] 99.0 0.5| 0.5]brown coarse sand, trace shell
B-11 -14.54| -16.61| 1.02] 0.50[ 97.6 1.8] 0.6|grey/brown coarse sand, trace shell
B-11 -16.61| -18.14| 1.17] 0.74f 951 45| 0.4|brown/grey coarse sand, shells
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Core

mean

sorting

%

%

%

D |YPPE lower f f sand | gravel | mud description
B-12 -10.00{ -10.61( 0.83] 057 94.7 4.6] 0.7|brown very coarse sand, shell
B-12 -10.61( -11.40| 1.16] 0.39] 994 0.4| 0.2]brown coarse sand, trace shell
B-12 -11.40] -12.13] 1.44] 0.39] 99.3 0.1 0.6|grey/brown med/coarse sand, trace shell
B-13 -10.70| -12.34| 1.39] 0.37| 985 0.9] 0.6|grey/brown med sand, trace shell
B-13 -12.34| -13.87| 1.40] 0.37 99.1 0.2| 0.7|grey/brown med sand, trace shell
B-14 -12.71( -13.17| 128 0.40| 98.8 0.8| 0.4]brown med sand, trace shell
B-14 -13.17( -14.20( 1.31] 0.41] 99.2 0.1] 0.7|grey med sand, trace shell
B-14 -14.20| -17.25| 1.29] 048 99.2 0.1 0.7|grey/brown med sand, trace shell
B-15 -12.28| -13.50] 150 0.38[ 99.2 0.2| 0.6|grey/brown med sand, trace shell
B-15 -13.50| -15.03] 1.49] 0.38] 985 0.9] 0.6]brown/grey med sand, trace shell
B-15 -15.03| -16.55| 1.88] 0.36] 99.6 0.2| 0.2]brown/grey med/fine sand
B-16 -12.65| -13.47| 1.42] 0.49| 984 1.0] 0.6|grey/brown med sand, trace shell
B-16 -1347| -15.61| 1.71] 041 993 0.1 0.6|grey/brown med/fine sand, trace shell
B-16 -15.61| -16.82| 1.49] 0.59( 97.7 1.5| 0.8|grey/brown med/fine sand, shell layer 52.9'-53.1'
B-16 -16.82| -17.13| 1.38] 057 974 2.0| 0.6|grey/brown med sand
B-17 -12.28| -13.66| 1.52] 0.39] 994 0.2| 0.4|brown/grey med/coarse sand, trace shell
B-17 -13.66| -15.88| 1.50| 0.40| 98.6 0.8| 0.6]brown/grey med/coarse sand, trace shell, shell layer @52.1'
B-17 -15.88| -16.70| 1.64] 0.36] 97.3 1.9] 0.8|brown/grey med/coarse sand, trace shell
B-18 -12.92| -15.61| 155 0.35] 99.5 0.2| 0.3]brown med sand, trace shell
B-18 -15.61( -17.23| 157 0.41] 98.0 1.2 0.8|brown med sand, trace shell
B-19 -13.50| -15.91| 1.87] 0.41] 99.0 0.3| 0.7|brown/grey med sand, trace shell
B-19 -15.91| -18.20] 1.90] 044 979 0.6] 1.5|grey/brown med sand, trace shell
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Core

mean

sorting

%

%

%

D |YPPE lower f f sand | gravel | mud description
C-1 -12.22( -12.89( 1.77] 0.43] 99.2 0.2| 0.6]brown/grey med sand
C-1 -12.89| -14.42| 1.78] 0.36] 99.0 0.2| 0.8]brown/grey med sand
C-1 -14.42( -15.64| 1.95| 0.40] 99.3 0.0] 0.7]brown/grey med sand
C-1 -15.64( -15.94| 1.70] 0.51] 98.8 0.7] 0.5]brown med/coarse sand
Cc-2 -12.56| -13.84| 1.49] 043 99.2 0.2| 0.6|grey/brown med sand
C-2 -13.84( -16.37| 152| 0.47] 98.6 0.8| 0.6|grey/brown med sand
C-2 -16.37( -16.89| 1.00] 0.73] 923 7.0| 0.7]brown coarse sand, shell
C-3 -12.74| -15.06] 2.09] 0.51f 98.9 0.3| 0.8|grey med/fine sand
C-3 -15.06( -16.58( 2.16] 0.46] 99.2 0.2| 0.6]brown med/fine sand
C-4 -14.14( -16.58( 1.99] 0.49] 99.1 0.2| 0.7|brown/grey med/fine sand
C-4 -16.58| -18.11| 2.04] 049 97.2 1.9] 0.9|grey med/fine sand, shell layer 55.3'-56.6'
C-4 -18.11| -19.63| 2.41] 048 98.1 1.0] 0.9|grey med/fine sand, some shell
LG-1 -6.22| -8.14| 095 0.51] 96.3 3.2| 0.5]brown coarse sand
LG-1 -8.14| -8.84| 1.12 0.39| 987 0.7] 0.6|gray med/coarse sand
LG-1 -8.84( -9.27] 0.39| 1.01| 86.6 12.9| 0.5]brown coarse sand
LG-1 -9.27( -9.78| 094 043] 980 1.8 0.2|brown med/coarse sand
LG-1 -9.78] -10.79| 0.58[ 0.95| 89.7 9.8| 0.5|gray/brown coarse sand w/ shell
LG-1 |-10.79| -12.31| 0.77] 0.88] 914 8.2| 0.4|brown/gray coarse sand w/ trace shell
LG-2 -8.05] -9.17( 1.60[f 043 99.0 0.4| 0.6|gray/brown med sand
LG-2 -9.17( -11.00] 1.42| 0.52| 985 1.1 0.4|brown med/coarse sand
LG-2 |-11.00{ -12.28] 1.34] 0.45] 99.0 0.3] 0.7]brown coarse sand
LG-3 -8.32( -887| 150 0.35 994 0.0] 0.6]brown med sand
LG-3 -8.87 -9.94| 104 035] 978 1.8 0.4|brown coarse sand
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Core mean |sorting| % % %

D |upper lower f f sand | gravel |mud description

LG-3 -9.94] -10.15( -0.55( 1.62| 60.0 39.9( 0.1|brown very coarse sand w/ cob. & shells

LG-3R | -10.33| -10.49 43.8 55.5| 0.7|coarse sand & cob. w/ shell
LG4 -8.32| -10.91| 1.78| 0.49| 99.2 0.2 0.6|brown/gray med/fine sand
LG-4 |-1091| -12.44 164 0.63[ 97.7 1.9] 0.4{brown med/fine sand
LG-5 -8.26| -10.39| 1.87 059 99.1 0.4| 0.5]brown/gray med/fine sand

LG5 |[-10.39] 1237 1.87] 0.69( 975 21| 0.4]brown/gray med/fine sand

GG-1 -7.22] -7.86 1.13| 060 984 1.2] 0.4|brown/gray coarse sand w/ trace shell
GG-1 -7.86] -9.39| 0.15( 108 834 16.1] 0.5]brown/gray very coarse sand
GG-1 -9.39( -10.18| 1.66| 0.48| 99.1 0.1 0.8|gray med sand

GG-1 | -10.18| -10.49| 1.27 0.72 99.0 0.3] 0.7|brown med/coarse sand

GG-1 | -1049| -10.73] 1.74] 0.56] 99.0 0.1 0.9]brown/gray med sand

GG-1 | -10.73| -10.91] 0.39] 1.17] 87.2 12.3| 0.5]brown very coarse sand

GG-2 -8.35| -8.75[ 1.90f 048] 98.7 0.6] 0.7|gray/brown med sand

GG-2 -8.75| -8.81| 1.00 0.89 96.0 3.5 0.5]brown med/coarse sand

GG-2 -8.81| -957] 1.92] 048] 984 0.8 0.8|gray med sand

GG-2 -957] -9.69 1.11f 083 948 45| 0.7|gray med/coarse sand w/ shell

GG-2 -9.69| -10.88| 1.86 047 99.3 0.2| 0.5|gray/brown med/fine sand

GG-2 | -10.88( -11.09] 1.40| 0.87] 95.1 4.3| 0.6|brown med sand w/ shell

GG-2 | -11.09( -12.83| 1.62[ 052 99.2 0.3| 0.5|brown med sand

GG-3 -8.23] -9.36| 1.39| 0.63| 97.7 1.7] 0.6|brown/gray med sand w/ trace shell
GG-3 -9.36| -11.19] 1.38/ 0.58| 98.8 0.8 0.4|brown/gray med sand

GG-3 | -11.19| -12.41] 161 048] 99.1 0.2| 0.7|gray med/fine sand

GG-4 | -12.10| -1353] 0.87] 0.74] 923 7.2 0.5|brown/gray coarse sand w/ tr. cobbles

GG-4 | -1353| -14.94] 1.05] 0.65] 955 3.8 0.7|brown/gray coarse sand
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Core

mean

sorting

%

%

%

D |upper lower f f sand | gravel |mud description
GG-4 | -14.94| -1558| 2.11] 0.59| 984 0.5| 1.1jgray finesand
GG-5 -9.14] -10.06f 1.98 0.53| 99.0 0.3| 0.7|gray/brown med sand
GG-5 | -10.06] -10.18| 1.48 098] 974 21| 0.5|brown coarse sand
GG-5 |-10.18| -10.45] 1.88] 0.62] 985 0.8| 0.7|gray/brown med sand
GG-5 | -10.45] -10.52| 1.69 0.89] 971 24| 0.5]|brown med/coarse sand
GG-5 | -10.52( -10.67| 1.86 0.67| 981 1.2| 0.7|brown med sand
GG-5 | -10.67] -12.01| 1.93 0.61] 98.9 0.7] 0.4]brown fine sand
GG-5 |-12.01| -12.13] 0.83] 154 824 14.1| 3.5|dark gray fat clay w/ sand
GG-5 |-12.13] -1241| 211 0.50] 97.0 1.3] 1.7|brown/gray med/fine sand
GG-5 | -1241( -1256( 056 127 91.8 7.7 0.5]brown coarse sand w/ shell
GG-5 | -1256] -13.72| 2.01 0.42] 984 0.7 0.9]brown/gray med/fine sand
GG-6 -7.86( -9.78] 1.55 0.49] 985 1.0] 0.5|gray/brown med sand
GG-6 -9.78| -10.39] 1.51] 0.67| 98.0 1.7] 0.3|brown med sand
GG-6 | -10.39] -11.31| 2.32 0.40] 99.2 0.1 0.7]brown fine sand
GG-7 -9.27] -10.55( 1.98| 044 994 0.1 0.5]brown/gray med/fine sand
GG-7 | -10.55| -13.59] 1.94] 0.59| 985 0.6] 0.9|brown/gray med sand
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Vibracores analyzed by Maryland Geological Survey

(n/aindicates not analyzed)

Sample [upper | lower |%sand|% mud |%gravel | %silt|%clay| mean |sorting| Shepard'sClass Folk's Class
No. f f
D1-A1 [-18.20f -18.30 98.8 0.5 0.7 n/a n/a] 175 0.48|SAND SAND
D1-A2 |[-18.45] -18.51 98.9 0.6 0.6 n/a nal 1.75 0.48[SAND SAND
D1-A3 [-18.61| -18.64 95.7 0.5 3.7 n/a n/a] 150 0.59|SAND SAND
D1-A4 |-1868| -18.74] 780 220 00| 89| 132| 283| 0.88|SAND MUDDY
SAND
D1-A5 ([-19.10] -19.15 98.5 15 0.0 n/a nal| 242 0.41{SAND SAND
D1-A6 [-19.62 -19.67 98.6 14 0.0 0.9 04| 242 0.41|SAND SAND
D1-B1 [-19.88| -19.93| 98.8 12 00| n/a] n/la] 242 0.41|SAND SAND
D1-B2 [-20.30f -20.35 98.6 14 0.0 n/a n/al| 242 0.41|SAND SAND
D1-B3 |-20.80| -20.85| 98.6 14 00| 10| 14| 242 041|SAND SAND
D1-C1 |[-2143| -21.48 98.7 13 0.0 n/a n/a] 2.25 0.52|SAND SAND
D1-C2 [-21.90] -21.95] 99.1 0.9 00| n/a] nla] 217 0.41|SAND SAND
D1-C3 [-22.20( -22.25 98.1 12 0.6 n/a n/a] 1.92 0.62|SAND SAND
D1-C4 |-2240| -2245| 79.1 0.5 204| nfal nfal 203[ 1.75/SAND SAND
D1-C5 [-2249| -22.54 99.1 0.9 0.0 n/a nfal| 217 0.41|SAND SAND
D1-C6 |[-2257| -2259| 433| 567 0.0 204| 36.3] 342 0.78/SAND/SILT/CLAY |SANDY MUD
D1-C7 [-22.70( -22.75 99.2 0.7 0.1 n/a nfal| 217 0.41|SAND SAND
D1-D1 [-22.86| -22.89] 99.6 04 00| n/a] n/a] 2.00[ 0.48|SAND SAND
D1-D2 [-23.20f -23.23 96.7 3.3 0.0 16 171 225 0.52|SAND SAND
D1-D3 |-23.67| -23.70] 99.5 0.5 00| n/a] n/a 125 0.31|SAND SAND
D1-D4R[-23.78| -23.81 2.8 97.2 0.0 60.1] 37.1] 4.00 0.00|CLAYEY SILT MUD
D1-D5R |-24.16] -24.21 16 98.4 0.0 53.8| 44.6 4.00 0.00{CLAYEY SILT MUD
D2-1 -11.60| -11.63| 994 0.0 05| n/a] n/a] 1.00] 0.28/SAND SAND
D2-2 -11.95| -11.98 99.8 0.0 0.1 n/a n/a] 1.00 0.28|SAND SAND
D2-3 -12.20| -12.23] 94.0 0.0 6.00 n/al n/al 058 0.98/SAND SAND
D2-4 -12.60] -12.63 98.7 0.1 12 n/a n/a] 1.08 0.41|SAND SAND
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Sample [upper | lower |%sand|%mud |%gravel | %silt|%clay| mean |sorting| Shepard's Class Folk's Class
No. f f
D2-5 -12.94| -12.98| 964 0.1 35/ n/al nla 092 0.49|SAND SAND
D3-Al [-12.33| -12.36] 99.9 0.1 01/ n/a] n/a] 150 0.28/SAND SAND
D3-A2 [-12.70( -12.73 99.7 01 0.2 n/a n/a] 150 0.28|SAND SAND
D3-A3 [-13.04| -13.07] 99.9 0.1 00| n/a] n/a] 150 0.28/SAND SAND
D3-B1 [-13.30f -13.34 99.9 0.1 0.1 n/a n/a] 150 0.28|SAND SAND
D3-B2 [-13.90| -13.94] 99.9 0.1 00| n/a] n/a] 150 0.24|/SAND SAND
D3-B3 [-14.56 -14.58 99.8 0.0 0.1 n/a n/a] 150 0.24|SAND SAND
D3-C1 [-14.80| -14.82] 99.9 0.1 01| n/a] n/a] 150 0.28/SAND SAND
D3-C2 [-1542( -15.46 99.7 01 0.2 n/a n/a] 150 0.24|SAND SAND
D3-C3 [-16.10| -16.12| 99.9 0.1 00| n/a] n/a] 150 0.28/SAND SAND
D3-D1 [-16.24 -16.28 99.9 0.0 0.0 n/a n/a] 150 0.28|SAND SAND
D3-D2 [-16.94| -16.98] 99.7 0.1 02| n/a] n/a] 150 0.28/SAND SAND
D3-D3 [-17.34| -17.38 99.6 0.0 0.3 n/a n/a] 133 0.31|SAND SAND
D3-D4 |-17.60| -17.62] 99.7 0.1 02| n/a] n/a] 150 0.28/SAND SAND

57




