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FOREWORD

This study is part of an ongoing geological research
program in coastal processes and the evolution of coastal
environments in Delaware. A number of previous projects
have analyzed historical evidence of coastal change, coastal
processes in the Cape Henlopen area, and the overall evolu-
tion of Delaware's coastal and estuarine geomorphic features;
through these studies, a broader understanding of processes
of the geology and processes of coastal Delaware has been
gained.

In this report, an analysis is presented, which
details the rates of sedimentation and erosion in the
Breakwater Harbor area from 1842 to 1971. The analysis is
based on bathymetric data available from surveys conducted
by the National Ocean Survey and its predecessors. Several
offshore breakwaters were constructed during this period,
and Cape Henlopen built rapidly toward the northwest. As
a result, the harbor has changed from an open roadstead to
a semi-enclosed harbor surrounded by a breakwater and a
rapidly advancing spit. Thus the sediment regime in the
harbor area has dramatically altered over the past 150 years.
In addition to the analysis of bathymetric change, peripheral
effects of shoreline erosion, spit development, tidal flow
and transport, and computer applications to bathymetric
comparisons are addressed.

The information on sedimentation and erosion patterns

in the harbor and vicinity gained in this study was a first

ii



step in a program to attain a precise understanding of

the sedimentary processes. Under Sea Grant Project
SG78-KRAFT-R/GY9, suspended sediment transport through
Breakwater Harbor area, sediment transport into the harbor
via littoral drift and overwash processes on Cape Henlopen,
and coastal erosion along harbor shorelines are being
studied. An integration of this ongoing research with this
study will facilitate a more precise understanding of
processes both past and present, and enable prediction of
future geomorphic evolution: information which is not only
of interest for scientific purposes but is also useful to

planners and potential users of Breakwater Harbor.

James M. Demarest II
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FRONTISPIECE

A sketch of the Cape Henlopen region, Breakwater
Harbor and Lewestown in 1831, by William Strickland,
Engineer. Taken from Kraft, 1971k (original source
Eleutherian Mills Historical Library).
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ABSTRACT

In order to understand the past sedimentary proces-
ses of the Breakwater Harbor-Cape Henlopen area, and to
evaluate man's influence on these processes, two aspects of
the area were studied. The present sedimentological condi-
tions were determined through sediment sampling and current
measurement, and past sedimentation was determined through
the analysis of historic bathymetric data available starting

in 1842,

The tidal flat on the west side of Cape Henlopen
consists of coarse to medium sand, which generally becomes
finer southward. Sand ridges are the dominant morphological
feature of the tidal flat, and their movement is dependent
on the relationships between wave energy, wave approach
direction and tidal stage. The magnitude of sediment
transport during times of sand ridge emergence relative to
submergence is the determining factor in morphological
development, migration rate, and orientation of the sand
ridges. Tidal currents on the tidal flat are negligible

in the absence of waves.
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Breakwater Harbor is dominated by silt, and the
sediment generally becomes coarser from the center of the
harbor, toward shore, and into the scour hole off the east
end of the inner breakwater. The coarsening seaward
found on the tidal flat does not continue into the harbor.
The tidal flat is prograding into the harbor, with a short
transitional zone from "tidal flat" sediments to "harbor"
sediments. Current data shows a strong dominance of ebb

tides in the harbor, both in magnitude and duration of the

currents.

In the second part of the study, seven bathymetric
surveys available from NOS of NOAA, were analyzed to identify
patterns of deposition and erosion as well as the effect
on these patterns of breakwater construction west of the
cape in 1831 and north of the cape in 1900. The data were
digitized and interpcolated to a grid system, from which
depth changes and shoaling rates were calculated. Construc-
tion of the breakwaters, in both cases, caused a brief
period of ercosion in the resulting narrowed areas followed
by general deposition. Average shoaling rates between sur-
vey intervals for Breakwater Harbor ranged from -0.02 ft/yr
(-0.6 em/yr) to 0.19 ft/yr (5.7 cm/yr). Rates off the spit
tip were as high as 3.0 ft/yr (90 cm/yr). Cape Henlopen
has grown toward the northwest 5000 ft (1500 m) since 1842,

filling in a 60 ft (18 m) deep channel.
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There does not appear to have been any development
of an accretional spit platform as defined by Meistrell
(1972} . 1Instead, the cape has prograded with a steep lead-
ing edge extending from about the low tide line to the floor
of the channel being filled. The shoaling on the "ebb-tidal-
lee" side of the inner breakwater is not a result of spit

growth.

Concentration of ebb tidal currents between inner
breakwater and the cape has prevented the cape from recurv-
ing to the west. As a result of the narrowing of the chan-
nels between the shore and the breakwaters by spit growth
and the resulting decrease in tidal flow, there has been
net deposition in most of the study area. The form and
rate of spit growth and associated bathymetric change appears
to have been storm dominated while local bay sedimentation
has been dominated by breakwater construction. These data
and analysis techniques have considerable application to

prediction and planning in similar areas.



CHAPTER I

INTRODUCTION AND GEOLOGICAL SETTING

Introductory Statement

Since the construction of the inner breakwater,
Breakwater Harbor in southeastern Delaware Bay has filled
in at a rate an order of magnitude greater than "normal"
estuarine shoaling rates, as defined by Rusnak (1967). 1In
addition, Cape Hlenlopen has grown toward the northwest over
two kilometers, partially filling in a deep tidal channel.
As a result of these and other factors, Breakwater Harbor
has gradually become of little use to shipping. In recent
years, the revitalization of Breakwater Harbor through
massive dredging has been proposed in order for the harbor
to be used as a support station for o0il drilling efforts
offshore. In light of these proposals and historic trends,
it is.important to understand marine processes in the

harbor area.



Purpose of Study

The purpose of this study is to investigate sedi-
mentary processes in the Breakwater Harbor-Cape Henlopen
area. Toward this end, shoaling rates, changes in the
pattern of sheoaling with time, and shoreline changes have
been determined through bathymetric comparison, using
survey data starting with the 1842 U, S. coastal survey map.
In addition, information about modern conditions and pro-
cesses in the study area has been obtained.through the
determination of sediment distributions within the harbor
and on the tidal flat, and by measurement of currents in

two locations in the harbor.

From the data thus obtained, the sedimentary pro-
cesses responsible for the filling of the harbor and the
effects of man-made structures on normal marine processes
can be hetter understood. Therefore, data is presented
for prediction of the future of Breakwater Harbor from a
geologic viewpoint and for planning of the future of the

harbor from a political-economical viewpoint.

Geography

Breakwater Harbor is situated in southeastern
Delaware Bay, just inside the entrance. It is bounded by

Cape Henlopen on the east; the inner breakwater, built in
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1831, on the north; the ferry jetty, built in 1964, on the
west; and the shore of Delaware Bay on the south (Figure 1).
Cape Henlopen is about 8000 feet (2500 m) long in the
north-south direction, with a slight recurve at the northern
end. Hen and Chickens Shoal, east of the cape, extends from
the spit tip to the southeast at about a 30° angle to the
Atlantic Coast of Delaware. The Harbor of Refuge is to the
north of the Cape on the west side of the outer breakwater.
A 60-foot (18 m) deep channel lies between the outer
breakwater and the spit tip. There is a large tidal flat on
the west side of the cape, with a 30-foot (9.1 m) deep
channel between the edge of the tidal flat and the inner

breakwater.

Historical Background

The history of the Breakwater Harbor area has been
reviewed by Kraft and Caulk (1972). Those interested in
details of historical aspects of construction projects of
the area and/or early settlement of the area are referred to

that publication.

For the purpose of this study, the history of
Breakwater Harbor began in 1831 with the construction of the
inner breakwater. 1In the early 1800s, the U. 5. Congress
authorized construction of the inner breakwater to protect

sailing ships while they waited for favorable winds for
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Figure 1 - Geographical index to study area. This is a
reduced copy of NOS Chart 12216, (formerly C & GS 411).

The study area is located in southeastern Delaware Bay,
just inside the entrance. Blocked in area indicates the
area studied through bathymetric analysis of historic data.



-5-

sailing up Delaware Bay or for adverse weather to clear.

The breakwater was built in two sections with a gap in the
center. Studies over the next few years by the Secretary of
War Office, the U. S. Army Corps of Engineers, and the U. 5.
Corps of Topographic Engineers expressed alarm over rapid
sediment infill of the harbor and attributed this increase
in sedimentation to the gap in the breakwater (Kraft and
caulk, 1972). In the late 1880s the center section of the
breakwater was filled. After an initial period of erosion,
the sedimentation rate again increased. Because of the
decreasing usefulness of the harbor, construction of the
outer breakwater was authorized in 1900 (Figure 1) (Kraft

and Caulk, 1972).

With the development of steam-powered ships and the
construction of the Harbor of Refuge (1900), Breakwater
Harbor gradually fell into disuse except for fishing boats
and, more recently, the Cape May-lewes Ferry. In addition,
during the 1940s, the harbor was used as a base for military
operations because of its strategic location with respect to
protection of the entrance to Delaware Bay. In 1964, the
ferry terminal jetty was constructed to stop sedimentation
in dredged areas adjacent to the terminal. At present,
there -are two ship channels within the harbor. One extends
from the ferry terminal, north past the west end of the

inner breakwater. The other extends northeast from the
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ferry terminal toward the east end of the inner breakwater

{see Figure 1). The last dredging was in 1974.

At the time of the construction of the inner
breakwater in 1831, Cape Henlopen was a gently rounded spit,
barely extending into Delaware Bay. Since that time, the
cape has continued to grow northward at an accelerating rate
(Maurmever, 1974). The effects of the breakwaters on spit
growth are difficult to differentiate from the effects of
natural processes. Spits at the southern Delaware Bay-
Atlantic Ocean juncture have grown more or less continuously
during the last 2000 years (Kraft, 1971b). For this reason
alone, growth of Cape Henlopen northward was inevitable.

Man's interventions have probably affected rates of growth

and shape of the spit.
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Geological Setting of Coastal Delaware

Holocene Geclogy

The Atlantic coast of Delaware is presently under-
going a marine transgression as a result of a rise in sea
level and a subsidence in the Baltimore canyon trough of
the Atlantic coast continental margin geosyncline (Kraft,
1971a). Transgressions and regressions of the sea across
this area have occurred several times in the geologic past,
as evidence by thick sections of marine and non-marine
sediments underlying the Delaware coast. These sediments
range in age from Jurassic-Triassic to Holocene and repre-
sent a wide variety of depositional environments (Kraft and
others, 1971}.

The Holocene transgressive sequence along Delaware's
Atlantic Coast, as described in detail by John (1977),
generally consists of a pre-Holocene erosional surface
overlaid by back-barrier sediments, which are in turn
overlaid by barrier sands. The only notable exception to
this is the Cape Henlopen beach-spit-dune complex, which
represents a small regressive sequence, with spit sands
overlaying estuarine-offshore marine sediments, which in
turn overlay the pre-Holocene erosional surface (Figure 2}
(John, 1877; Kraft, 1%71a).

The Holocene trapsgression has continued for the

past 14,000 years, beginning with the waning of the
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Figure 2 - Breakwater Harbor-Cape Henlopen area block
The stratigraphy presented is generalized.

diagram.
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Wisconsin glaciation and the resulting eustatic rise in sea
level (Kraft, 197la). Ten thousand years ago, the mid-
Atlantic coast of the U. S. was near the edge of the
continental shelf; it has subsequently migrated over 100

miles (160 km) to its present position (Kraft, 1971a).

Sea Level Rise

A comparison of rates of relative sea level rise
calculated by 1) geclogic data and 2) tide gauge records
shows a recent increase in the rate of sea level rise to
about twice the average late-Holocene rate. Belknap (1975),
.based on geologic evidence, found the rate of relative sea
level rise along the coast of Delaware to be 0.4 £t (12 cm)
per century, averaged over the past 2000 vears (also see
Belknap and Kraft, 1977). Tide gauge records from 1919 to
present for Breakwater Harbor show an average rate of rela-
tive sea level rise of 1.1 feet (33 cm) per century over
the last 50 years. The rate based on tide gauge data was
calculated by running a linear regression on the monthly
means for low water, high water, and mean sea level for
Breakwater Harbor. The values obtained compare very well
with those obtained in a similar way for this and other east
coast tide gauge records by Hicks and Crosby (1974). Figure
3 shows a plot of mean annual tide levels for Breakwater

Harbor, and the regression line calculated, using mean
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TIDE LEVEL ANNUAL MEANS FOR
BREAKWATER HARBOR
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Figure 3 - Tide levels from Breakwater Harbor tide gauge
records, Regression line for low water means was calculated
from monthly mean low water levels. Dashed lines indicate
gaps in the record. Sea level rise of 1.1 feet/century

(33 cm/century) compares favorably with rates calculated

by Hicks and Crosby (1974) for this and other east coast
tide gauge records. This is a relative rate of sea level
rise. (Source, NOAA, NOS, Tides Division)
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monthly low water levels. These data were obtained from

the National Ocean Survey, Tides Division,

Historic Coastal Change

Maurmeyer (1974) has determined that the Atlantic
side of Cape Henlopen has been retreating at rates of 10 to
18 feet/year (3.0 to 5.5 m/yr) over the last 200 years.
During that same time, Cape Henlopen has grown toward the
northwest at rates ranging from 15 to 60 feet/year (4.5 to
18.3 m/yr) apparently accelerating with time. Brickman and
others (1977) and Kraft (1971b) have determined that, in
recent years, Cape Henlopen has accelerated to a growth

rate of nearly 100 feet/yvear (30 m/yr).

Delaware Bay

Breakwater Harbor is part of Delaware Bay and,
therefore, is affected by processes in Delaware Bay.
Studies by Oostdam (1971), Strom (1972), and Weil (1977)
have identified in some detail the sedimentary processes
of the bay. A transgressive estuarine delta intrudes into
southern Delaware Bay (Weil, 1977). Present environments
of deposition and erosion are migrating upward and land-
ward.- Kraft {(1971la) and Weil (1977) have traced the
migration of these environments through time, and Weil

{1977}, Oostdam (1971) and Strom (1972) have identified
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the present sedimentological conditions of the bay.

Studies of Delaware Bay show that net transport of
sediment in the southern portion of the bay has been land-
ward (also see Meade 1969), because of the dominance of
tidal currents over river discharge (Weil, 1977). 1In
general Delaware Bay is not in equilibrium with present sea
level rise because of an insufficient supply of sediment and
the restriction of tidal currents at the mouth of the bay by
Cape Henlopen and Cape May, and, more recently, by the
outer breakwater. As a result, tidal currents are eroding
portiong of the bay floor, while waves are eroding portions

of the bay shoreline (Weil, 1977).

Geological Prediction of the Future

In discussing the ability to predict future trends
based on past geolegical history, Kraft and others (1976)

state:

The short-term geological past allows
prediction of short-term (100~1000 years)
future change. Our prediction of short-
term change is that the marine transgression
will continue at its present rate. ILong-
term past processes have varied. Therefore,
the long-term future (thousands to millions
of years) is unpredictable.



CHAPTER II

SEDIMENTOLOGICAL CONDITIONS AND PROCESESES

Methods of Study

During the summer and winter of 1975-197¢, field
investigations were conducted in order to characterize
present sedimentological conditions and marine processes
in Breakwater Harbor and vicinity. Figure 4 is an index
to sample locations, sample profiles, and current meter

stations. In addition, bathymetry and location of dredged

channels are shown.

A plane table and an alidade were used to survey
the tidal flat and to locate the exact position and
elevation of sediment samples along the profiles. Samples
in the tidal flat were taken by pushing a 2.5-inch (6.4 cm)
O.D..plastic pipe 8 inches (20 cm) into the sand and
emptying the contents into a cloth sample bag. This

technique assured that the sampling procedure was consistent.

-13-
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Sediment samples. from Breakwater Harbor were taken
with a modified Foster anchor dredge, except where the water
was shallow enough for a small coring device. The coring
device produced a sample of the top 8-12 inches (20-30 cm).
Only the top 8 inches (20 cm) were kept. Muddy samples

were put in plastic sample bags.

During October and November 1976, a General Oceanics
Model 2010 film recording tilt current meter was placed in
the center of Breakwater Harbor (Station 1, Figure 4).
During April and May 1977, the current meter was placed in
the channel between the inner breakwater and Cape Henlopen
(Station 2, Figure 4). The speed and direction of currents
were measured every 15 minutes for 23 days at Station 1
and 18 days at Station 2. Only half-hour readings were
tabulated, because preliminary examination of the data
showed that for the purposes of this study, 30 minute
readings was sufficient to characterize current regimes.
The tabulated data from each station consisted of over

1000 separate current measurements,
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The Tidal Flat

Data Presentation

The tidal flat on the west side.of Cape Henlopen is
dominated by "sand ridges".* The orientation of ﬁhese sand
ridges changes from coast-parallel in the north to coast-
perpendicular to the south {(Figure 5). Three sediment
sample and topographic profiles were made across the tidal
flat approximately perpendicular to the sand ridges. The
sedimentological data is listed in Appendix A and plotted in

Figure 4.

A fourth profile, along the axis of a ridge, was not
plotted because the elevations of the samples are unknown
because of surveying prcblems. However, it is known from
field notes that the ridge had a gradual increase in eleva-
tion from approximately one foot below low water to high wa-
ter, a vertical distance of about 4 feet (1.2 m). The aver-
age mean grain size of the samples along Profile 4 was 1.03
phi. Seven of the ten most seaward samples in Profile 4
had mean grain sizes larger than the average for the profile,

and all of the six landward-most samples had mean grain

*"gand ridge" is used in this text to refer to the elongate
morphological features (Figure 5) found on the tidal flat on
the west side of Cape Henlopen because the term is free from
genetic connotations. A theory for their genesis is
presented.
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' EBB TIDAL
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Figure 5 - Oblique aerial photograph of Tidal Flat, Fall
1976 (at mid-tide). Schematic representation of tidal
flat processes. Emergent and submergent are in reference
to the crests of the sand ridges. Wave fronts are
generalized. Conditions are fair weather, northwest winds.
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sizes larger than the average for the profile, and all of
the.sig 1andwardf@ost samples had mean grain sizes finer
than the éﬁerage-fbr'the profile, indicating general fining
landward. All samples except one had sortings of between
0.44fpﬁi and 0.54 phi. The sorting parameters along this

profile were less variable than along any other profile.

K A comparison of average mean grain size along
Profiles 1, 2 and 3 (Figure 6) shows a general fining
southward}‘O.SG phi for Profile 1; 0.88 phi for Profile 2;
and 1.08 phi for Profile 3. The fining from north ﬁo south
is coupled with an increase in sorting and a decrease in
elevation and relief, Direct correlation between mean
grain size and elevation along each profile was not found
except for an occasional slight coarsening and slight
decrease in sorting immediately behind sand ridges (Sample
locations 16, 21, and 61). This is more accurately
described as a correlation between morphologic position
of the sample and mean grain size and sorting, and is
probably caused by a sudden decrease in energy as waves

pass over the sand ridge during submergence.

The large "spikes" in the sorting and mean grain
size at sample locations 10 and 23 were due to a gravel
lag that could be found in the flat areas between many of

the. sand ridges, especially in the central section of the

~
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flat. This gravel lag is left behind as the sand ridge
moves across the tidal flat and produces a bimodal distri-
bution of the grain sizes in addition to the relatively

larger mean grain size and poorer sorting.

Profiles 1 and 2 (Figure 6) show that the amount of
fine material in each sample varied little with location
or elevaticn compared to the variability of the amount of
coarse material. Mean grain size plus one standard devia-
tion* plots as a straight line while mean grain size minus
one standard deviaticon shows considerable range. ‘This
suggests that the size of the largest sediment deposited
onto the tidal flat changes with "micro-environment,"”
while the size of the finest material deposited on the
tidal flat does not change significantly with "micro-

environment."

Inferred Sediment Transport Mechanisms on the Tidal Flat

The tidal flat was sampled to characterize the
general nature of the sediments and to identify the dominant
processes. The discussion which follows presents some
preliminary findings and a theory explaining sand ridge
orientation and movement, based on the sedimentological
and geomorphological data previously presented and field

*The standard deviation used was a graphic estimate calcula-
ted according to the procedure of Folk (1954).
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observations by the author. A summary diagram which
schematically shows the discussed processes is presented in

Figure 5 as an overlay on the aerial photograph.

The decrease in elevation and relief, the decrease
in mean grain size, and the increase in sorting from north
to south on the tidal flat suggest that the sediment is
transported from the tip of Cape Henlopen. Halsey (lQ?l)Iand
Kraft (1971b) have suggested the same source. The magnitude

of southward transport is unknown.

Wave energy on the tidal flat decreases from north
to south in part because of the configuration of the inner
breakwater. Only waves produced by northwest winds
approach the tidal flat directly; even then the southern
portion of the tidal flat is in the "wave shadow”" of the
breakwater. This results in the reorientation of the sand
ridges from coast-parallel to coast-perpendicular toward
the south by a decrease in the energy of the waves to the
point where they can no longer maintain a continuous ridge.
Northwest to southeast waves are refracted around the tip
of Cape Henlopen. Under these conditions the amount of
wave energy on the tidal flat decreases rapidly from the

spit tip toward the south.

In the northern portions of the tidal flat, the

sand ridges are built by longshore transport while emergent
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and are built by overwash while submergent (Figure 5).

As a result, they built southward or migrate landward
depending on the tide level. Movement is dominated by
landward overwash processes after a sand ridge first deve-
lops as a low tide spit-~like "bar" connected to the tip of
the cape near the low tide line. As the sand ridge moves
landward, it also rises in elevation {(Profile 1, Figure 6)
and continues to be supplied from the north through its
connection to the spit tip. As a result of an increase in
the duration of emergence, the ridge grows rapidly toward
the south and decreases in landward migration rate. It
eventually reaches a point at which it is essentially stable
at the northern end of the ridge and some eolian transport
of sand on the crest of the ridge occurs since it is affect-
ed by waves for only a very short time during high tide.

The southern end of the ridge is closer to the edge of the
tidal flat, and at a lower elevation. 2As a result sediment
continues to be transported southwest at the south end of
the ridge but not at the north. This thins the ridge until
it is breached forming an "island" of sand in the central

part of the tidal flat near the low tide lines (Figure 5).

In the central portion of the tidal flat, the
transport mechanism shifts, causing a reorientation of the
sand ridges to coast-perpendicular. Refraction of waves

around the breached portion of the coast-parallel ridge,
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transports the sediment landward forming a coast-perpendicu-
lar ridge, which is eventually connected to shore. The
sediment is alsqg transported southward by overwash while it
is submerged at high tide. This process continues in the
southernmost part of the tidal flat. Because of the
decreasing energy of the waves defracted between the inner
breakwater and the cape, transport by overwash becomes

less significant southward but tends to maintain the
orientation of the ridges. Transport by wave refraction
around the end of the ridge during emergence is still
significant although diminished. In the central area of

ﬁhe tidal.flat, southward migration rates have been measured

to be 0 to 7.5 meters per tidal cycle (Halsey, 1971).

Tidal current transport is insignificant compared
to transport by waves. ©No visible sand transport occurs as
a result of tidal currents on the tidal flat when there are
no waves. Because of wave-induced resuspensicon, sediment
tends to be transported off the tidal flat during ebb tide
and onto the tidal flat during flood tide. Since energy
decreases as waves move landward across the tidal flat, a
tendency for fining landward is produced. This tendency is
obvious only in the profile along the axis of a sand ridge
(Profile 4, not plotted). Other profiles do not sample the
same environment in relation to sand ridges and, therefore,

the trend is obscured. Coarsening seaward on tidal flats
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has been described in other areas by Postma (1967).

This theory explains the transport processes and
morphology of the sand ridges under "normal" wind and tidal
conditions. During storms energies are greatly increased
so that transport rates are quite different. It has been
a general observation, that the overall pattern of ridges
does not change although fewer, but larger ridges are
present after a storm compared to prior to the storm.

These ridges seem to be a product of sediment redistribution
into larger less frequent ridges. This is, however, only
an observation and must be proved or disproved by field

measurements.
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Breakwater Harbor

Data Presentation

Strom (1972) determined that the sediment from
Breakwater Harbor is characteristic of sediment deposited
from suspension in quiet water. This was determined by
population analysis of grain size data as outlined by many
authors including Pettijohn, Plumeley, and Allen (Strom,
1972). Samples used in this study were taken to identify

the distribution of sand, silt, and clay (Appendix A).

The samples from the harbor were taken along five
lines from the shoreline to the inner bhreakwater ({Figure 4).
Each of these samples was analyzed for percent of sand,
silt, and clay. In general, the sediment becomes sandier
from west to east in the harbor, into deeper water just
south of the east end of the inner breakwater, and into
shallower water toward shore (Figures 7, 8, and 9). An
anomalous area is present north and east of the ferry
terminal jetty, where slightly sandier sediment is found

{Figure 7).

It is evident that the area of sand accumulation is not
- restricted to the tidal flat but rather extends into deeper
water seaward of the intertidal zone. The area of sand

accumulation was observed to extend approximately to a
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Figure 7 - Abundance of sand in bottom sediments of

Breakwater Harbor.
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Figure 8 ~ Abundance of silt in bottom sedlment of
Breakwater Harbor.
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Figure 9 - Abundance of clay in bottom sediments of
Breakwater Harbor.
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break in slope which approximately corresponded with the

six~foot contour line.

Fiqure 10 is a summary diagram showing the conver-
sion of the percents in Figures 7-9 to verbal classification,
according to Folk (1954}, and points out the existence of a
very narrow zone of transition from "tidal flat" sediment
to "harbor" sediment. This diagram shows that a large
amount of silt is present in the harbor, and that the muddy
sands in the deep hole off the east end cof the breakwater

are the most poorly sorted of all the sediments in the

harbor.

Current meter data presented in Figure lla for
Station 1, and Figure 1lb for Station 2 (locations are
shown in Figure 4) are a new way of presenting these data
and, therefore, require some explanation., The National
Ocean Survey publishes predictions for slack water times
during each tidal cycle. For Breakwater Harbor, predicted
times of slack surface water are a little over six hours
apart. Figure 1]l shows the percentage of readings taken
during predicted ebb (black areas) and the percentage of
readings taken during predicted flood (white areas). The
percentage of readings taken during predicted flood is
always plotted outside the percentage of readings taken

during predicted ebb.
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5,50nd 5, s0ndy
Z.siltg, silty
C.clay; c,cloyey
M. mud; m myddy

{rom Foli, 1954)

BREAKWATER HARBOR
SAMPLE LOCATION e

FEET
== 3000
DISTRIBUTION OF o %% GETERS

BOTTOM SEDIMENT TYPE {’—""'———':"'"'—_ﬁ:—

Figure 10 - Distribution of bottom sediment type. The
data presented in Figure 7-9 were converted to verbal
classification according to Folk (1954).
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FIGURE 11 a and b

The diagrams on page 32 and 33 are plots of the
current data collected at Station 1 for 23 days during
October and November 1976 and at Station 2 for 18 days
in April and May 1977. The radius of each pie-shaped
section indicates the percentage of the readings for
that station that flowed at the indicated velocity and
direction. The calibration for the percentage is given in
the lower left of Figure lla. The pattern shows the
percentage of readings taken during predicted ebb
{black) and the percentage of readings taken during
predicted flood (white}. The readings during predicted
flood are always plotted outside the readings during
predicted ebb.

The data were collected using a General Oceanics
Model 2010 film recording current meter. The readings
were automatically recorded every 15 minutes, with only
the 30-minute readings being compiled. The current
meter was attached to a cement block, which measured
4-by-15-by-24 inches, (10-by-30-by-60 cm), and
weighed about 40 lbs submerged. Two Danforth anchors
were also attached to this block, The center of the
‘current meter was about 1.5 feet (45 cm) above the bottom
in both cases.
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CURRENT METER
STATION 2
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Figure 11b
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The radius of each pie-shaped section indicates the
percentage of readings for the station that flowed at the
indicated velocity and direction. The scale for the diagrams
is given in the lower right of Figure lla. Thus, a total
of 18% of the readings for Station 1 had a velocity of
30-40 cm/sec; currents were flowing between 80° and 100°
magnetic for 9.8%, 0.2% were recorded during predicted ebb

and 9.6% during predicted flood.

This procedure of plotting data was not employed
to show that the predictions were inaccurate but rather to
indicate irregularities in the currents of the area. The
data established that either (1) actual slack water time
lags behind predicted times or (2) ebb and flood tidal
currentg are not of the same duration as predicted. The
latter is the case, as evidenced by the lack of current
readings showing the water to be flowing in the "ebb
direction” during predicted flood tides. That is, the

duration of tidal directions is not equal.

From Figure lla and llb, it can be seen that
velocities were slightly higher at Station 2 than at Station
1. At low velocities the direction of flow was much more
variable at Station 1 than at Station 2. At higher veloci-
ties both stations had little variation in direction,

although the asymmetry between duration of ebb and flood
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seemed to be more obvious for Station 1 than for Station

2. When compiling the data for Station 2, it seemed that
the average duration of ebb tides was about 8-9 hours, with
fairly short build-up times after slack water. During some
tidal cycles the direction of flow did not switch at all.
Velocities dropped off to near zero and remained there for
gseveral hburs. For Station 1, the same type of asymmetry

was found, but it was not nearly so consistent.

Much of the directional variability during low
velocities at Station 1 may be explained by wave motion.
Thé current meter cannot respond to rapid fluctuations in
direction and velocity present during wave motions. For
this reason, when waves were hitting the current meter at
or near slack water, the photograph of the "tilt-ball" in
the current meter showed the meter to be in an unstable
configuration. An unstable position showed the ball tilted
at an odd angle not "up” parallel to the 6-12 O'Clock line
(Figure 12, Frames b). This unstable configuration of the
current meter occurred quite often during low flow
velocities at Station 1 and less often at Station 2. This
was probably due to the shallow depth of the current meter
at Station 1 (10 feet [3 m] vs. 40 feet [12 m] for Station

2), and, therefore, its greater susceptibility to waves.
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Frame

Unstable orientation
indicates turbulence,

b  possibly wave induced.
This frame shows thig
unstable orientation
because the pole position
on the tilt ball should
always point straight up,
parallel to the 12-6
o'clock line of the watch.

o b .

Figure 12 - This is a negative print of a section of the
Super 8 Tri-x Reversal movie film (Kodak)} used to record
the current data. The lines of "longitude and latitude”
indicate direction and tilt angle resgpectively. The tilt
angle is then converted to cm/sec velocity by a
manufacture'’'s calibration chart.
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Discussion

Very little of the sand from the tidal flat is
deposited in the harbor. Sand which moves off the tidal
flat is either carried out of the harbor during the strong
ebb tides or is stored in deeper water adjacent to the edge
of the tidal flat until such times as it can be carried out
with the ebb tides. For this reason, the coarse to medium
sand which is found on the tidal flat does not continue
into the harbor. A minor amount of fine sand or silt may
occasionally be carried into the harbor from the tidal flat

during flood tides.

Silt and some sand are carried by longshore drift
along Lewes Beach until they are deflected into the harbox
by the ferry jetty. During slack water, silt and clay are
deposited in the central areas of the harbor. This sediment
may or may not be resuspended during any given maximum tidal
current velocity, depending on the velocity reached during
that tidal cycle and the length of time the sediment has

been on the bottom.

Unpublished data (Hoyt, Personal Communication}
show that, off the tip of Cape Henlopen maximum current
velocity reached during ebb exceeds that of the flood, but
the difference is not as great as that for the two current

meter stations in Breakwater Harbor. Therefore, it appears
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that the configuration of the breakwater and shoreline
causes a "funnelling effect” during ebb tide, tending to
increase the velocities. During flood tides, the configura-
tion of the breakwater restricts flow through the harbor.
Therefore, only a small volume of water actually ﬁasses
through the harbor on flood tides relative to ebb tide.
Sometimes a large eddy develops on the west end of the
breakwater, producing an easterly flow in the harbor during

flood tide.

As a result of the continuing supply of coarse
sediments to the tidal flat and the lack of these coarse
sediments in the harbor in appreciable gquantities, it is
suggested that the tidal flat is prograding into the
harbor, while building toward the south and west along
Lewes Beach. Sediment moving off the flat is carried back
around the tip of the cape during high flow rates during

ebb tides.

Many of the low velocity currents recorded at
Station 1 in the northwest and southeast direqtions are due
to wave motion at or near slack water. The only direction
from which waves can approach the station with appreciable
fetch is from the northwest. This causes orbital velocities
which show up as northwest and southeast currents. &As a

result, if the wave-affected data could be removed from the
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data in Figure lla, the dichotomy between ebb and flood
tidal currents would probably be similar to that found for

Station 2,

Oostdam (1971) found a general coarsening of the
bottom sediments with increase in depth in Delaware Bay.
This coarsening trend was attributed to tidal current
scouring in the channels. Tidal current scouring occurs in
the deep tidal channel between the east end of the inner

breakwater and Cape Henlopen.



CHAPTER IV

BATHYMETRIC COMPARISONS

Introduction

The bathymetric data collected by Federal agencies
between 1842 and 1971 were analyzed to determine the rate
and patterns of erosion and deposition. The first step in
the analysis was the development of a computer program to
do all the repetitious calculations. The procedure,
digitizing the data to data display, is outlined in the
flow chart shown in Figure 13. All computer work was on a

Burroughs 7700.

The programming is divided into a main program and
eight subprograms, each of which performs a specific
function such as plotting, printing, interpolation, etc.
The main program acts as the control, which calls the

‘subpregrams at the proper times and facilities direct

operator control of the function and output. No calculations

are performed in the main program. All FORTRAN programs

are listed in Appendix B. They are completely documented

=0
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COMPUTER PRCCEDURE FOR THE ANALYSIS OF MAP DATA

DIGITIZE
DATA
CREATE
PRINT DATA FILE
DATA THAT IS
l° EDITABLE
CHECK l
READ o INPUT
DATA DATA <€ ARRAY
INTO ARRAY SIZE
INTERPOLATE
< DATA
T0 A
GRID SYSTEM INTERPOLATION
— e e e FROM ANOTHER
MAP
CALCULATE
< AMOUNT OF
SHOALING
w
PRINT CALCULATE CALCULATE
oR SEDIMENTATION VOLUMES OF
PLOT c ~ RATES IN SEDIMENT DEPOSITED
l° FEET/YEAR AND/OR ERODED
CHECK STATISTICAL
RESULTS € ——  ANALYSIS

> INTERPRET

Figure 13 - A flow c¢chart of the computer procedure
used in this analysis of Bathymetric Data. This is
essentially the organization and steps used in the
main program of the analysis with each of the steps
being performed in subprograms. The locaticn of ?
marks indicate the location of operator input or

value judgments.
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within the listings so that anyone with an elementary
understanding of the FORTRAN language should be able to

use or modify the programs as desired.

Description of Bathymetric Data

The data used in this study for the historical
analysis came from the National Ocean Survey and its
predecessors. Hydfographic surveys were run periodically
to update published nautical charts. The first detailed
survey of the Breakwater Harbor-Cape Henlopen area was in
1841 and is, therefore, used as the starting point for this
study. Subsegquent surveys, used in this study, were made
in 1863, 1883, 189%4, 1913, 1929, and 1971. 1In each case
except 1971 the primary survey data are used. The 1971
data were taken from the published chart (NOS Chart 12216)
1977 edition. This was the first edition published with
all the 1971 survey data, making the bathymetric data wvalid
for 1971. The shoreline was for 1977. Sallenger and others

(1975) discussed surveying techniques.

The bathymetric data were obtained by J. C. Kraft
from the National Archives by photolithic reproduction of
the original charts. The data were all hand-plotted, with
soundings plotted to the nearest foot in most cases. The
shorelines were the position of mean high water, while the

datum for the soundings was mean low water. In some
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cases the mean low water line was also plotted.

The mean low water datum was originally calculated
using tide level measurements made at a iand station during
the survey cruise. The soundings were corrected to this
datum, based on the time of the sounding and measured tide
level at that time. The datum was calculated by averaging
the tide level for the period of data collection, and

subtracting one~half the range of tides for that period.

Although the published charts were available at
more frequent intervals, the bathymetric data on them were
not updated unless information was available to invalidate
the existing data. Sources of these data were engineering
studies, reconnaissance surveying, and/or citizens.

For these reasons it is difficult to know precisely the

date the bathymetric data were valid on published charts.

Tn addition, the dates of wvalidity changed for different
soundings on the same published chart. Therefore, only

the information plotted on the criginal hydrogfaphic surveys,
which were all valid for dates within a three-or four-month
period, were used. This information about charts was
obtained through personal conversations with employees of

the National Ocean Survey, Hydrographic Division.

This section is divided into four parts: in the

first the computer programs are described; in the second
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the errors involved and the reliability of the data are
discussed; in the third the calculated data are presented;
and in the fourth the interpretation and implications of

the data are discussed.
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Methods of Analysis

Digitizing Procedure

All depth soundings for the harbor and vicinity
were recorded on magnetic tape using a Bendix Data Grid
Digitizer (Figure 14). The English measurement system
was used throughout the data manipulation in order to be
consistent with the original surveys. The digitizer
has a square grid coordinate system, and north-south on
each map was lined up parallel to the Y axis. The
origin for the coordinate system of each map was
established as 1500 feet (457 m) west and 2000 feet
(610 m) north of the west end of the inner breakwater,
with X values increasing to the east and Y values increasing
toward the south. Using scaling factors the coordinate
sfstem was converted to read directly to thé nearest
10 feef (3 m}. To record the data, the cursor was
placed over each depth, the depth value placed on a
digital display box, and the "record" button pushed.
This recorded the X, Y, and 2 (depth) values on the

magnetic tape, all in units of feet.
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Figure 14 - The Bendix Data Grid Digitizer located in the
Geography Department of the University of Delaware.
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In addition to the depths, the position of the
shorelines was recorded, using a depth of zerc and the
stream digitizing feature of the Bendix unit. The stream
digitizer records the depth in the digital display box
(in this case, zero) and the X and Y coordinates automatic-
ally every time the change in X plus the change in Y equals
a given value (in this case, 50 feet [13 m]). Stream
digitizing was also used to record the position of the
breakwaters and jetties, using a Z value of 99, and to
identify areas for which there was no data, using a Z value
of 98. These values were then used in the computer programs

as an indication of boundaries which should not be searched

through.

Throughout this procedure, it was assumed that the
position and size of the inner breakwater were correctly
determined for each map. The scaling of each map was
determined by measuring the distance between the east and
west ends of the breakwater. The positions of the ends of
the breakwater were checked for each map by triangulation
from the Cape Henlopen light and the Cape Henlopen beacon,
as these were the points of reference for the original
surveys {until the lighthouse fell into the ocean in 1926).
This procedure gave reasonable assurance that these points
were in the proper spatial relationéhips to each other.

The only thing left to be determined was the direction of
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true north.

Each of the original maps had geodetic coordinate
systems plotted on them in several different locations,
making it difficult to trust any of them. The angular
relatiopship between the present geodetic coordinate system
found on the most recent NOS Chart and the westernmost
section of the breakwater was used to determine the "true"
direction of north on the survey charts. If not "absolutely’
accurate, this procedure was at least consistent and, as
evidenced by the superposition of the bay shoreline, was
adequate to assure the proper location of soundings for map
comparisons. The superposition of shorelines compared very
well with that of the Corps of Engineers (Hoyt, personal

conmunication).

Data Input

The data that was digitized and recognized onto mag-
netic tape (hexadecimal) was loaded into a memory file in the
computer using one file for each map. A program, supplied by
the University of Delaware computing center, was run to
change the numbers from the hexadecimal system to decimal
equivalents. These data were printed on the line printer and
checked for errors, both machine and operator. The format

of the list was two points per record {line) with values
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listed in the order of Xl, Yl, Zl’ XZ' YZ' 22. After

necessary editing of the data file, the data were ready to

be used.

After entering the necessary central parameters to
the main program, the main program called subprogram 'FILL'.
First, 'FILL' preset all values in the array MAP to -1 to
indicate no data. It then read the two values from each
record, rounded off the X and Y values for each sounding to
the nearest 100 feet, and placed the Z (depth) value into
the X and Y position of the 90-by-120 array MAP. Each
position in the array represented a 100-by-100-foot (30-by-
30 m}) square box with the value in the array representing
the depth in the center of the square. This procedure of
filling the array in effect moved the depths, to the center
square. This resulted in a maximum movement of 71 feet
(21 m) for any given depth value. Looked at another way and,
perhaps, more meaningfully this was a maximum movement of
.084 inches {0.33 mm) on a map printed to a scale of 1:10,000.
This kind of movement of the data waé insignificant in light
of errors in navigation and soundingé, to be described
later. The only places where this sort of movement may have
been significant were areas that had steep slopes. However,
these areas occupied a small portion of the study area and,
therefore, would have had only a minor effect in the final

picture presented.
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The partially filled array was used as the search
array for the interpolation procedure described below. It
could alsoc be printed on the line printer for a gquick and
inexpensive check on the validity of the data as recorded
and read. The program for line printer output of'this

array was called subroutine 'PRTDTA' and is described later.

Interpolation Procedure ('INTERP')

In order to use the data from each map, they had to
be interpolated to a grid system so that depth values were
at the same points for each map. This was accomplished by
using the weighted averaging procedure outlined by Davis

(1975}, In this procedure values are substituted in the

equation:

nz.
> =
S,
A

P n
N 1
L 85y

'—A
"
[anrs

where Zi equals the depth at any point, Si is the distance
to that point from the grid point (Zp) being interpolated,

and n is the number of points used.

Difficulties arose in deciding which points should
be used for the interpolation, how many points should be

used, and how the computer should be programmed to find
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these points. Figure 15 is a flow chart of the interpola-
tion subprogram. Several procedures were considered,
including the simplest one of using the closest four or

six (or any number) of soundings in the equation. However,
in using this procedure invalid results could arise when all
the closest soundings were on one side of the point being
interpolated. Of primary importance in any interpolation
procedure was that the interpolation be done using soundings
which surround the grid point being interpolated, thereby
avoiding "extrapolation" of the data. A second important
consideration was the number of soundings used: if too many
were used, some of the detail was lost; if too few were
used, the grid depth calculated might not represent the

actual depth at that point.

The program adopted assured that the grid point was
surrounded by the soundings used by searching the four
surrounding 1000-foot-square (300 m) guadrants (southeast,
northeast, northwest, and southwest) for the closest four
soundings, one from each quadrant. Providing at least two
quadrants with data were found, the interpolation was done.
If four points were found, a subprogram called 'DATEST'
was called to test the geometric relationship of the

soundings.

'"DATEST' determined which of the four closest data

points was the farthest away. It then tested to see if the
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data from the three other quadrants surrounded the grid
point being interpolated. If the point was surrounded by
the three closest soundings, then the fourth was not used
in the interpolation. If it was not surrounded by the
three closest soundings, then all four soundings, one from

each gquadrant, were used in the interpolation.

The 'DATEST' procedure was developed after 1)
programming the procedure for searching the quadrants,
2) printing the calculated values, and 3) visually testing
them against the original maps. It became obvious that
discrepancies (i.e., the value visually interpolated did
not agree with that calculated by the interpolation proce-
dure) occurred when the three closest soundings surrounded
the interpolated value, but a fourth "outside" sounding was
also used. The 'DATEST' program was devised to do away with

this problem.

Depth Change Calculation

The thickness of sediment deposited or eroded from
a particular place was calculated by subtracting the depths
in each map at each grid point, using subprogram 'MAPDIF.'
At the same time that depth changes were being calculated,
the average depth change, the number of points, and the area

of data were being calculated. When the depth changes were
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calculated the values for number of points, average depth,
arca of data, and volume of sediment were printed on the
terminal. The depth change values were stored in array
DMAP for later output and/or use. Negative values for the
depth change indicated net erosion during the surﬁey inter-
val. For efficiency, the interpolated values were stored
in an array whose size was determined by the frequency of

interpolation.

Shoaling Rate Calculation

The shoaling rates were calculated from the depth
change array by dividing each array value by the number of
years between the respective surveys, using subprogram
'SEDRTE'. These data were then stored in array RMAP for
later ocutput. As with depth change, negative values indi-

cated erosion.

Data Display

Several different types of data display were
available in this program. The data in each array could
be printed on the terminal or on the line printer. Sub-
routine 'PRTDTA' printed the original data as they appeared
in the MAP array after being read in. Subroutine 'PRTMAP'

printed the data from any of the calculated arrays.



The line printer output was an inexpensive and rapid
way to disgplay the data. However, because the line printer
prints eight lines per inch and ten characters per inch,
it would require four sections the width of the computer
paper (a total of 5 ft [1.5 m]) to make the map dimensionally
square. Instead, the data were printed in two sections,
with the dimensions of maps displayed on the line printer
or terminal being 500 feet/inch (60 m/cm} in the east-west
direction and 400 feet/inch (48 m/cm) in the north-south

direction.

The calculated data was plotted, using three
different devices. The first device was the Tektronix
screen. This device plotted the entire map on a cathode
ray tube (CRT) at the terminal. Output of the CRT was too
small to be useful in analysis, although hard copies could
be made. The CRT was useful for checking the form of the

plot before it was sent to one of the other larger display

devices.

The seccond display device was the Calcomp Drum
plotter. This device had a maximum width of 30 inches
and "unlimited" length. The maximum map size could be
obtained on this unit. The drum plotter used a ballpoint
and, therefore, was not as neat as the Tektronic flat bed

plotter; the third device.
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The Tektronic flat bed plotter used a felt tipped

pen and a sheet of bond paper that had 15 by 11 inches

(38 by 28 cm) usable space. This plotter was very fast and
neat and, therefore, was used to display all the maps shown
in this report. 'PLTMAP' and 'SHRPLT' were the subprograms

used for plotted display of the calculated maps.

The plot routine 'PLTMAP' had several options that
could be used at the time of plotting. Each map could be
plotted with depths or depth changes in feet, meters, or
centimeters. If the metric units were chosen, a metric set
of axes were plotted, showing the metric equivalents to the
axes in feet. If the map being plotted was shoaling rates,
then the units were plotted in feet/year, meters/year or
centimeters/year. For each of these units, the number of
digits to be plotted to the right of the decimal point for
the desired precision was also specified by the user. Care

had to be taken not to overlap the numbers,

For each map used in the analysis, a string of X
and Y values was stored on a "disk file" which representéd
the shoreline for each map. At the time of plotting, the
number of shorelines desired (up to nine) was specified,
and the titles of the shoreline data files were read in,
Depending on the dates of the maps being plotted, the Ferry
Terminal jetty and the center section of the breakwater were

put on the map or left out, as appropriate. The title of
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the map being plotted was entered at the terminal, and
the size output was designated by a scaling factor. If
the scaling factor was equal tc one, the map was plotted
to a scale of 1000 ft/inch (120 m/cm) scaling factors
less than one made the plot smaller and greater than one
made it ldrger. This scaling factor was used to reduce
or expand the map size so that it filled the usable area
of the output device. The map outline used as a base
for the contour maps was made, using subroutine 'SHRPLT,'
which produced a map the same as 'PLTMAP' but left out

the depths.
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Evaluation of Errors

Errors in the analysis result from several sources.
In addition to the surveying errors, they result from
inaccuracies in the interpolation procedure and other
data manipulation. These potential sources of error are

summarized and quantified in this section.

Exrrors due to changes in the datum used for each
map result in a constant inaccuracy either up or down,
throughout the entire study area. Therefore, these
errors do not change the overall pattern but simply change
the value of all the contour lines. Making the assumption
that the datum used for the maps has changed consistently
with an average sea level rise calculated over the last
50 years, 0.0l feet/year (0.3 cm/yr) should be added to the
value of each shoaling rate to correct all maps to the

same datum.

Errors due to the correction of soundings on an
individual map to a common datum are probably quite small
because tide levels were continuously monitored for the
duration of the surveying. Errors due to sounding
inaccuracies and navigational inaccuracies would have been
random and probably would result in an error of less than

0.5 feet (15 cm) in depth (Sallenger and others, 1975).
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fnterpolation of these data to a grid system
resultediin a loss of some detail in bathymetry. This
distanceQWéighted averaging over a gertain area also
reduced éhe effect of random errors. In areas of drastic
varijation of bathymetry, the interpolated data are
probably iess representative of the actual depths that
were presént in these positions, but would represent
regional trends. Because of grid points on the fringes
of available data are most likely not surrounded by the
data points used in the interpolation, little weight
should be given to these points, except possibly where

\
they are consistent with local bottom trends.

When shoaling rates for a particular survey interval
are calculated, some of the complexities of the map may
be a result of errors in the data. The shorter the interval
hetween sﬁrveys, the more significant an error becomes.
On the other hand, with shorter intervals the greater the
expecﬁed Variability would be, and, therefore, the greater
the expecLed complexity. For these reasons one must be
cautious when interpreting the significance of anomalous-
looking areas.

The overall accuracy of the calculated data can

be estimate by determining the net errors due to surveying

inaccuracies and evaluating these in light of the calcula-
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tions involved. A procedure outlined by Sallenger and
others (1975) estimates net error based on the average
discrepancy at trackline crossings. Three maps were
analyzed in this way, using between 30 and 50 crossings
on each map. In all three cases the average discfepancy
was around 0.5 feet (15 c¢m) and, therefore, was about

the same as could be assumed from the fact that soundings
were recorded to the nearest foot. When one map is
subtracted from another, an average error of 0.5 feet

(15 cm) results in a net average error of 0.7 feet (21 cm),
based on statistical distributions of errors as discussed
by Beers (1957}). This is probably an overestimate,
because of the averaging effect of the interpclation

procedure in reducing the effect of random errors.

Another way to check the accuracy of the data is
to compare the sum of the depth changes for each survey
interval and the total depth change calculated from the
first and last surveys. This was done for four points

in the study area, and the results are as follows:

Point Coord. (ft) 1842-1971 Sum of Surveys
4000/1200 6.6 £t (2.0 m) 6.1 ft (1.86 m)
5200/4800 12.4 £t (3.7 m) 13.3 £t (4.0 m)
6400/3000 12.3 £t (3.7 m) 12.8 £t (3.9 m)
2000/7800 37.9 ft {11.5 m) 38.1 ft (11.6 m)

The mean discrepancy for these four points is 0.5 feet
(15 cm) and the maximum is 0.9 ft (27 cm). Distributing

the mean among the seven survey intervals gives an average
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error of 0.07 feet (2.1 cm) per interval. The 0.9 feet
is probably an overestimate, while the 0.07 feet is
probably an underestimate of the overall error. The 0.5
feet (15 cm) error is probably realistic and should be
used. This represents a confidence of 0.05 feet/year
(1.5 cm/yr) for a survey interval of 10 years and 0.03
feet/year (0.9 cm/yr) for a survey interval of 20 years.
(Note that the longer the survey interval, the less
significant an error of 0.5 feet (15 cm) in depth change

becomes in the shoaling rate values.)
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Data Presentation

Data Presentation Format

This section deals with the analysis of the
computer-produced plots of depths, depth change, énd
shoaling rates. The English measuring system is used
throughout to facilitate checking with depths as they are
recorded on the original maps. It is very important that
one be able to compare the .depth changes and shoaling

rates with the original survey data.

The interpolated point density used is every 600
feet (180 m) in the east-west direction and every 400 feet
(120 m) in the north-south direction. The numbers are
guite small because as much information as possible was
plotted in a limited space. Considerable experimentation
went into determining the best letter size and map size

to use and maintain a concentrated point density.

In each of the shoaling maps the last digit is
significant with caution. In addition, the last digit is
more significant in maps with longer survey intervals, and,
on the same map it is more significant in areas with low

gradients.
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The breakwaters and jetty in each depth map were
plotted only if they were present during the interval.
In cases where two maps were compared, such as depth changes
and shoaling rates, the breakwaters and jetty were plotted
only if they were built before the most recent survey used.
Figure 16 shows the dates of construction for each of these
features. The dates of each shoreline are given in the

shoaling rate conteur maps.

The area that remained above sea level for the
entire survey interval is indicated by slashes about one
millimeter:long at a 60° angle toward the southwest. This
slashing does not follow any one shoreline. It does follow
the most landward of the shorelines plotted at any point

along the coast.

The abbreviation "ORIG DTM" stands for the original
datum, indﬁcating that the datum used for the original
survey was not corrected for sea level rise. The contour
interval used on the shoaling rates contour map is always
0.5 feet/year (15 cm/yr). In addition, the 0.25 feet/year
(7.6 cm/yr) contour line is given in some places in order

to provide more detail in otherwise empty areas.

In each plot, north-south is parallel to the Y
axis, and east-west is parallel to the X axis. The depth

changes and shoaling rates plots indicate the largest area
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for which there were data on both original surveys. There
is a tendency to make assumptions by extending trends into
areas for which data were not available. This should be

avoided.

In the following sections, depths, depth éhanges,
and shoaling rates that have been calculated for each survey
and survey interval are described. In each case, a set of
diagrams is presented with a discussion of each map. Each
set consists of original depths, depth changes, shoaling
rates, and manually produced shoaling rates contour maps.
The survey intervals are presented in chronological order
except where there is a larger interval analyzed followed by
the intervening intervals. This was done for the entire
study period, 1842-1971, and for the period 1883-1929, which
was followed by the discussion of 1883-1894, 1884-1913, and
1913-1929. There is duplication of depth maps where neces-
sary for completeness. After all the intervals have been
described, the overall trends and conclusions will be

presented with some summary diagrams.

Shoreline Changes and Depths

Figure 16a shows the shoreline changes that have
occurred in the study area during the last 129 years. In

addition, the dates of construction of the breakwater and
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ferry jetty are given. Figures 16b-i give the interpolated
depth values calculated from each of the hydragraphic
surveys. These maps have not been corrected to the same
datum, because the assumed correction factor based on
average sea level data from tide gauge records would not

significantly change the bathymetric differences and sheoaling

rates presented later.
|
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Figure 16 - Shoreline and Depths, 1842-1977. Figure 16a,
shows the position of profile lines, the dates of construc-
tion of breakwater and the jetty, and the shorelines for
1977, 1945, 1929, 1883, and 1842. Figures l6b-16i show

the computer-interpolated depths for each of the available
survey maps; 1971, 1945, 1929, 1913, 1894, 1883, 1863,
1842. These data were used to calculate the difference
maps shown later. The bathymetric patterns shown in this
figure are discussed later with depth change data and
shoaling rate data.
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1842 to 1971 (Figure 17)

In the following set of maps (Figure 17 a, b, c,
and d), the interpolated depths, depth changes, and shoaling
rates for the entire study period are shown. These data
show the net average change in bathymetry. The first
available data were collected about ten years after the
construction of the first two sections of the inner

breakwater.

' Depths in 1842 for the central portions of the
harbor were 17 to 20 feet (5.2 to 6.1 ﬁ). They increased
to around 30 feet (9.1 m) in the channel between the sec-
tions of the breakwater and in the channel east of the
breakwater. Depths off the west end of the breakwater were
about the same as those in the central portion of the
harbor. To the north and east of Cape Henlopen, depths

were 50 feet (15.2 m) or greater.

' Between 1842 and 1971, the bathymetry of the harbor
changed from one of gradual deepening toward the north and
east (from depths of 8 feet [2.4 m] to depths of 20 or 30
feet [6.1 to 2.1 m]), to bathymetry showing a slight
shallowing toward the north and deepening toward the east

{(comparison of Figure 17a and Figure 26).

Breakwater Harbor has, in general, filled in

between 6.0 and 15.0 feet {1.8 and 4.6 m). In the region
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of spit growth, depths have changed from 40 feet (12.2 m)

or greater to sea level or above. Offshore of Cape Henlopen,
significant deposition (as much as 56 feet [17.1 m]) has
occurred while to the north in the present channel between
the cape and the outer breakwater as much as 27 feet (8.2

m) has eroded.

Slight erosion off the east end of the breakwater
of lass than 0.1 feet/year (3 cm/yr) average for 129 years
has occurred. The highest average shoaling rate found was
0.45 feet/year (13.7 cm/yr), on the present location of Hen
and Chickens Shoal. The shoaling rates diagrams show that
on the average the area has filled in slowly, with the
higher rates being in the eastern portions of the study

areda.

In the long term, the channel between the inner
breakwater and the cape has filled in, except in the "hole"
at the end of the breakwater. A similar "hole" exists off
the west end of the inner breakwater and off the south end
of the outer breakwater (not shown in Figure 17; see

Figure 1}.
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Figure 17 (pages 74 and 75)

Page 74

17a.

1842 Depths in Feet. Interpolated depths are from
1842 data. Depths are plotted every 400 feet (120
north-south and every 600 feet (180 m) east-west.

m)

Depth positions are located to the lower left of the

numbers.

17b. 1842F1971 Depth Change. Depth change values are
calculated from the interpolated data in Figure
16i and 16b. Negative values indicate erosion.
The shorelines are labeled in Figure 17d.

Page 75

17c. 1842-1971 Shoaling Rates (feet/year). Shoaling
rates are calculated from Figure 17b, by dividing
each value by 128.

17d4. 1842-1971 Shoaling Rates Contour Map. The data in

Figure l7¢ were hand-contoured to produce this map
The "slashing" shows where the land remained above
mean high water throughout the survery interval.
“slgshing" does not fpllow one shoreline.

The



40.00

20,00

80, D0

a0, 00

—oly_

. E-W. FEET min"
a.00 40.00 2000 .00 4000 W00 @000 0,00 BOOD %000 40000 140.00  120.00

73,3 743 718 BT IS I 2371 4.3 3.2 .S‘Z.!l .!S.S LR ] ?I.D 42.4 473 340 1.0 .3 8r.4

9.3 79.2 7.7 77.0 M9 1.2 2.k W .4 30,3 82,2 BA.0 40.¢ 3.7 4.2 4.0 343 BO.F B4 &

4.0 731 Z2.8 2.9 7.0 T0.1 P87 0.0 .9 .4 F2T M4 W7 418 W1 0.7 M. 0.8 2.7 €50
h B h h h . h - h h h H M - +

.4 H.A 5’1.! .2!.? .4 ?‘.l.! 8.4 2.0 :Zﬂ.ﬂ 7.4 %00 .!!.1 3.5 43.4 483 .!‘2.8 Jo.a 800 2.4 BA R
B . . H h h . h B it h . B b

W.O W0.4 20.2 248 22,1 ¥2.3 W4 Ir.0 8.3 4.8 I8 0 ¥I.7T 383 438 438 S48 BO.0 B0 700 72O

_H..! . 24.w{_{3 3.8 ?9.‘ ?T.ﬂ 6.4 8.9 Z0.4 .4 BT FTLH T8 S4.6 3a0 €92 CAN V9.9

2,3 2.8 2.8 .0 WA W7 4L HmA 20 A N0 XA L 43 98 _33.7 B0 B.a 0.y

}!.4 .3 H.E M AT _20.? 182 2 A0 .t 480 I8 8.2 @80 73.0

13.0 i3.2 720.9 W.0 5.8 18.0

3BL 2.8 _34-5 4.2 477 J40 T7 T4 Tel

.h.n S 2.3 A0 TR
3.7 28,7 7.8 .0 ED.D
b B . .

18.2 ie.0 }n.z 4.8 48.2 !.ﬂ.l '!?.ﬂ _!!.D 2.0 .40.!

18.0 179 17.3 17.3 14.0 187 H.0 254 0.3 .0 WA MW.0 M0 &L.7 A0

s

170 47.4 159 16.2 1.0 14.4 ¥D.4 22.27 22.4 29.3 Z7.0 2%.9 92,7 e.@ 12,0 0.0 0.0 5.0 MO
v - - - + ' . . b . - - h B v

!.0.!. '15.2 ;S.O !.H.O !.T.l !.C.D }l.i '21.0 '22.0 .1'4.1 ?ﬂ.l 37.9 4.4 9.I:I }l.t
13.2 13.0 !.!.? 8.4 }ﬂ.! 7.3 1
_14.4 '14.4 !.5.2 3..1.3 1€.8 :.|,7.=
!.4.4 !.5.0 !.S.D _1!.!. !.'f.ﬂ !.T.‘
!.‘.l 3.5.0 }!.! .ll,'i' !.7.! .21..!
}:.S }3.' }1.1 _l?.D 17.8 !.:.l
14.39 ?.0.4 :‘.4.3 }!.l .:o.r ?.4
IT-} '7.! '5.0 .!
.0 1.9 ?.D 9.

. 17a

W00 0. 0.00

.00

wigQ*

40,00

by

2% 8

.00 W0 .00

1842 DEPTHS IN FEET (PRIGINAL DATUM)

E-W. FEET mig!
0,00 9.0 .00 00 4P00 W0 EDA0  FP.0D 8000 300 10000 440.00 420,00
.7 2.7 27 47 SR+ 189 S04 04 D3 7.4 DTS I35 AT 1.9

=08 -2.7 -4.9 -48 =20 -7.4 .4 =313 14 43 1.3 57 -3.8 30 B4 29 AAT.T 14743 -2

M DA U 48 i

L]

1.9 94 -9.2 .—t.l :T.S -3.0 -94 0.0 -4,4 7,9 4.9 8.4 .} .4!..' .0 !-l.l .4 :i.ﬂ ‘-".ﬂ .-l.l
a
b

0.3 =4 7.3 <76 0.2 CTA 27 0 ?.-ﬂ A !.l.! .?!..? 3

-3.% 1.3 -3¢ -2.8 14,4 &3 12,0 157 19.2 22,4 264

e .3 X 4.8

wr

A* T4 TR ¥2.3

R R SURE

3.y 38 1 1 9.9 114 wm.r T w3 BRI MBS

" M HO u.E

i "F.S BT 1.2 T4 10T % 3.3 7.0 ma
2.4 9.0 TT.2 M.T

€4 T R 107 34.0 104 1 4.4 :2.0 ?‘.l

g8 57 0 A.F 403 u.w i2a 134 123 LI 2.4 -UA N4 3.4 .’.i =4 9

.0 B3 £ 40 83 1.2 140 103 173 W1 33 134 W wT 4.8 ITa wI

£2 53 %1 €4 B0 310.3 194 147 140 4P W04 MO W27

:
S4 40 47 6.0 T B4 124 417 490 .0 fa.0 3

=-11.9

17t

1842-1971 DEFTH CHANGE (FT, BRIG DTM)



_?5...

.00 40,00 2000 .0 4.0 E_:;.'mFEEIp.m liq.';.m o~ .00 20,00 100.00  $40.00  420.00
E_ -0.,01 10.02 ~0.02 ~0.04 -&.02 ~0.01 ~0.09 ~0.00 0.0¢ .00 -0.07 ~0.08 +0.13 0.1 0.2 0.0 ~0.13 ~0.08
° =0.00 0.02 70,04 ~0.0¢ ~0.04 ~0,08 0.0 ~0.03 ~0.02 0,09 0.01 r0.0970.990.02 ~0.07 -0.02 ~0.14 011 -0.07 0.08
g| 9.0 —c.00 ;lo.m -0.03 ~0.04 ~0.04 -0.02 0,00 ~0.030.02 0.4 0.07 0.2 0.3 0.30 0.43 0.07 -0.0F ~9.05 0.04
?;ﬁ 0.00 -0.01 30.06 -0.06 000 -0.08 -0.04 -0.01 0.04 0.07 D.1D 0.2 0.1 0.03 -0.04 ~0.08
-0.08 ;o.osfo.m -0.02 0.1 0.08 0.03 0.2 0.2 0.47 922 Y 0.4 0.44 049 D07 D05
; 7000 0.01 9.0 & B AT 0,18 0.20 D.iP 0.6 0,18 0.4 D 0.4 0 0.3
009 D.09 0.04 047 0.10 0.47° 0.4¢ 0.0 D2 0.2 0.2 6.2 037 0.29 .43 0.7%
g| c.oe 0.08 gor a2 0.1 041 0.8 DN G2 044 0.7 R 041 0.%0 0.3 0.%2
ii' 0.03 0.0 0.07 O.04 D.08 0.0 0.07 0.07 0.m O7 49 —0.020.48 0. W7 041 0.35 0.4 0.4
. Cgm 0.05 008 O.04 D08 D03 040 D.42 D49 043 0.0 -0.00.7 Q. 0.5 088 0.9 0.43
'.‘.'g‘ 0.08 0.0 0.00 0.08 0.07 D.03 0.4 0.5 P.15 0.2 0.4 v o
"] 0.3 0.04 004 0.07 .67 Q0% 0018 0.1t 0.4 0L Q.14 -0.09
'-.':8 ¢.04 000 Q.04 O.0F 0.08 D.08 0.08 DAL D40 0427 B4 0 0.0¢
llfﬂ"‘ £.00 0.09 0.09 0.09 0.9 0.0F 0.09 .40 0.40 0.0 0.47 0.
n 0.02 0.07 0.02 0.04 Q.05 0.07 0,08 0.10 0.l 0.d4 D.4F
*Eu vz 0.2 §.uz 0.04 0.05 0.00 0.08 0.10 042 0.08 I
0.02 D.08 .07 0.0N O.N 0.0 0.0 D.4i ¢.07 ~0.C4 0.9
g| 0o _J.uq U.08 0.08 0.03 D42 0.04 0.3 0.4
g" 0.03,./0.02 g.‘m o.m 0.04 _-n.os_—o.m:o.mg.m
H
g i7¢
1842-1971 SHBALING RATES (FT-YR. BRIG DTM)
1 E-H. FEET mig"
o.00 10 40 2p 00 30.00 40.00 40 .00 7p.0 0. 20.00 100,00  {A0.0 12000
5 | - _
g\ = o '//:—\-\.\-—;—--._
94 + ~
O — - | A
+ -
1 ! ~
a-"--._____‘..a - N
9 ' d RRSPY
ﬁ.
o
i'g ~
——— .
~
N\
L 0
1q
2
g
& CONTOUR INTERVAL
3 0.5 FEET/YEAR
1
3 174

1842-1371 SHOALING RATES CONTBUR MAP




-76-

1842 to 1863 (Figure 18)

‘The depths for 1842 were previously discussed. For
the interval 1842-1863 depth changes in the harbor ranged
from ~-12.0 to 3.0 feet {(~3.7 to 0.9 m). North and northeast
of the cape, depth changes ranged from near zero to greater
than GOjfeet. North of the inner breakwater, almost all

depth changes were negative.

There were small depositional areas on the northeast
side of the breakwaters, which was the "ebb-tide-lee" side.
The rest of the study area, except the area to the north of
the cape, was erosional or nearly nondepositional. The
maximum erosion occurred off the harbor shoreline and to the
north oﬁ the breakwaters. A small depositional area was
present in the center of the harbor. Shoaling rates ranged
from -1.0 to just over 1.0 feet/year (~0.3 to 0.3 cm/yr)
averaged over the Zl-year period and averaged -0.02 feet/

yvear (0.6 cm/yr} in the harbor.
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Figure 18 {(pages 78 and 79)

Page 78

1Ba. 1842 Depths in Feet. Interpolated depths are from
1842 data. Depths are plotted every 400 feet (120 m}
north-south and every 600 feet (180 m) east-west.
Depth positions are located to the lower left of
the numbers.

- 18b, 1842-1863 Depth Change. Depth change values are
calculated from the interpolated data in Figure

16h and 16i. Negative values indicate erosion.

The shorelines are labeled in Figure 18d.

"Page 79

18c. 1842-1863 Shoaling Rates (feet/year). Shoaling
rates are calculated from Figure 18b, by dividing
each value by 21 years.

l8d. 1842-1863 Shoaling Rates Contour Map. The data
in Figure 18c were hand-contoured to produce this
map. The "slashing" shows where the land remained
above mean high water throughout the survey interval.
The "slashing” dpes not follow one shoreline.
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1863-1883 (Figure 19)

Depths for 1863 were around 17 feet (5.2 m) in the
central portions of the harbor, increasing to around 30 to
40 feet (9.1 to 12.2 m} in channels between the sections of
the breakwater and to the east of the breakwater. The
offshore profile along the harbor shoreline was much steeper
than the present profile, indicating a less well-developed
tidal flat. Depths off the cape ranged from 30 to 50 feet
(9.1 to 15.2 m), but this was not necessarily representative
of the full range, as no data were available to the north

and east of the cape.

Depth changes for the central area of the harbor
ranged from near zero to about 3.0 feet (0.9 m). As much
as 10 feet (3 m) eroded in the channels arcund the break-

water.

From 1863 to 1883, the area immediately north of
the cape was depositional; however, the northward extent
of the depositional area was relatively more restrictive.
A significant channel of erosion was present to the north
of the cape just offshore of the 1883 shoreline. The
depositional area in the "ebb-tide-lee" of the breakwater
was again present for the eastern section, but had shifted

to a "flood-tide-lee" position for the western section.
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Two large depositional centers were present along
the shore of the harbor, indicating more extensive develop-
ment of the tidal flat during this interval. In addition
to these depositional centers, the shoreline on the bay side

of the cape did not erode as in other intervals.

The average shoaling rate for the harbor was 0.18
feet/vear (5.5 cm/yr), while the rates ranged from near
zero to 0.5 feet/year (15 cm/yr). In channels, the erosion
rates were as high as -0.5 feet/year (~15 cm/yr). And in
the area of new cape development, the depositional rates

were greatér than 2.0 feet/year (60 cm/yr).
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Figure 19 (pages 83 and 84)

Page 83

19a.

18hb.

Page

19c.

194.

1863 Depths in Feet. Interpolated depths are from
1863 data. Depths are plotted every 400 feet (120 m)
north-south and every 600 feet (180 m) east-west.
Depth positions are located tc the lower left of the

numbers.

1863-1883 Depth Change. Depth change values are
calculated from the interpolated data in Figure

lég and 1l6h. Negative values indicate erosion.

The shorelines are located in Figure 19d.

84

1863-1883 Shoaling Rates (feet/year). Shoaling rates
are calculated from Figure 19b, by dividing each
value by 20 years.,

1863-1883 Shoaling Rates Contour Map. The data in
Figure 19¢c were hand-contoured to produce this map.
The "slashing" shows where the land remained above
mean high water throughout the survey interval.

The "slashing”" does not follow one shoreline.
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The interval 1883-1929 was analyzed in two ways.
First, thé entire interval was analyzed, using the 1883 and
1929 datal Then, the interval was subdivided, using the
1894 and 1913 data. Averaging over longer periods showed
the more general trends, while the shorter intervals pick
up much of the local and short-lived complexities. The

gap in the inner breakwater was filled in the late 1880s

and the outer breakwater was constructed in 1900.
1883 to 1929 (Figure 20)

The 1883 depths ranged from 16 to 17 feet (4.9 to
5.2 m) in the central area of the harbor and deepened to
20 to 30 feet (6.1 to 9.1 m) in the channels around the
breakwater. Depths off the tip of Cape Henlopen were
around 50 feet (15.2), deepening to over 75 feet (22.9)

farther offshore.

Depth changes ranged from 3 to 7 feet (0.9 to 2.1 m)
in the central area of the harbor increasing to 20 feet |
(6.1 m}) in two locations on the south side of the breakwater.
Depth changes off the tip of the cape were as high as 50
feet (15.2 m}). Again, as much as 10 feet (3 m) eroded in
the channel offshore of the 1929 shoreline. To the east
of the tip of the cape as much as 67 feet (20.4 m) deposited
in one place. To the south of this region as much as 12

feet (3.7 m) eroded in some places.
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The shoaling rates contour map indicates depoéition
over mdst of the area with some small areas cf erosion
presené (Figure 204d). The average shoaling rate for
Breakwéter Harbor was 0.16 feet/year (4.9 cm/yr}). The
major deposition associated with the growth of Cape Henlopen
was to‘the east of the cape tip with ratesg greater than 1.0
feet/yéar (30 cm/yr) in places. The tip of the cape grew
almostiIOOO feet (300 m) to the northwest, while the

Atlantic coast retreated about 600 feet (180 m).

The next three sections divide the 46 year-interval
from 18833-1929 into 11, 19 and l5-year intervals. Note the
greater complexities of the patterns of deposition and

erosiod, and the greater magnitudes of shoaling.



Figure 20 (pages 88 and 89)

Page 88

20a.

1883 Depths in Feet. Interpolated depths are from
1883 data. Depths are plotted every 400 feet (120 m)
north-south and every 600 feet (180 m) east-west.
Depth positions are located to the lower left of

the numbers.

20b. 1883-1929 Depth Change. Depth change values are
calculated from the interpolated data in Figure 1lé6d
and l6g. Negative values indicate erosion. The
shorelines are labeled in Figure 20d4.

Page 89

20c. 1883-1929 Shoaling Rates (feet/year). Shoaling rates
are calculated from Figure 20b, by dividing each value
by 46 years.

20d. 1883-1929 shoaling Rates Contour Map. The data in

Figure 20c were hand~contoured to produce this map.
The "slashing” shows where the land remained above
mean high water throughout the survey interval.

The "slashing" does not follow one shoreline.

Note that this survey interval is subdivided further in the
following three sections.
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1883 to 18%4 (Figure 21)

The 1883 depths were previously described. Depth
changes' for the area immediately south of the breakwater
were as;much as 10 feet (3 m), while for the central areas
of the harbor they were from 1.0 to 3.0 feet (0.3 to 0.9 m}.
Note that about half of the total depth change for 1893-1929
in the érea south of the breakwater was attained in the
first five years after the construction of the center section
of the breakwater. Deposition again occurred to the north
of the 1883 position of Cape Henlopen in the area of new
spit growth, with an erosional channel to the north of this
depositional area. Up to 40 feet (12.2 m) of sediment
deposited in the area offshore of the 1894 cape, represent-
ing an average shoaling rate of as high as 3.5 feet/year
(1.1 em/yr). This major deposition was centered to the

northeast of the cape.

The shoaling rates contour map shows the greater
complexity of the erosional and depositional patterns during
this interval. As discussed earlier errors have a relative-
ly greater significance because of the shorter time interval.
Therefore, it is quite likely that some of the complexities
are not real. However, magnitudes of change were sufficient-
ly large in some areas to indicate that some cf the com-

plexity is real. The average shoaling rate for the center
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portion of the harbor was 0.14 feet/year (4.3 cm/yr), with

a maximum as high as 0.64 feet/year (19.5 cm/yr}.

The tip of the cape migrated toward the southwest,
contrary to the long-term trends of the cape. Significant
coastal erosion occurred in the southwestern area of the
harbor, with associated erosion of the bottom cffshore of

this area.
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Figure 21 (pages 93 and 94)

Page 93

2la.

21b,

1883 Depths in Feet. Interpolated depths are from
1883 data. Depths are plotted every 400 feet (120 m)
north-south and 600 feet (180 m) east-west. Depth
positions are located to the lower left of the

numbers.

1883-1894 Depth Change. Depth change values are
calculated from the interpolated data in Figure
16f and 16g. Negative values indicate ercsion.
The shorelines are labeled in Figure 21d.

Page 94

2lc,

21d.

1883-1894 shoaling Rates (feet/year). Shoaling rates
are calculated from Figure 21b, by dividing each

value by 1l years.

1883~1894 Shoaling Rates Contour Map. The data in
Figure 21c were hand-contoured to produce this map.
The "slashing" shows where the land remained above
mean high water throughout the survey interval. The
"slashing" does not follow one shoreline.
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1894 to 1213 (Figure 22}

Depths for 1894 were significantly shallower in the
area immediately south of the breakwater. Depths for the
central portions of the harbor ranged from 12 to 20 feet
{3.7 to 6.1 m), while areas offshore of the tip of the cape

were around 30 to 40 feet (9.1 to 12,9 m).

Depth change values for the harbor were from -2.0
to 11 feet (~0.6 to 3.4 m), with most of the harbor showing
slightly positive depth change. Major deposition occurred
in the sheltered areas of the harbor, while significant
erosion occurred in the channel between the breakwater and
the cape. The deepening of the channel was as much as 13
feet (4.0 m), becoming less as it entered the harbor. The

average shoaling rate for the harbor was 0.08 feet/year

(2.4 cm/yr).

The erosion rates for the inner breakwater-Cape
Henlopen channel were on the order of ~0.2 feet/year (6.1
cm/yr) but were as high as -0.7 (21.3 cm/yr} in places.
Deposition rates off the tip of Cape Henlopen reached as
high as 2.1 feet/year (64.0 cm/yr) with the deposition of
as nmuch as 40 feet (12.2 m) of sediment. In the channel
between the cape and the outer breakwater considerable
erosion occurred, except in the center of the channel,

where as much as 9 feet (2.7 m) of sediment were deposited,
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It should be remembered that the outer breakwater was built

in 1900.

The tip of Cape Henlopen grew almost directly north
by about 600 feet (180 m). Slight accretion of the harbor
shoreline over most of its length occurred, coupled with

some deposition ocffshore.
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Figure 22 (pages 98 and 99)

Page 98

22a.

1834 Depths in Feet. Interpolated depths are from
1894 data. Depths are plotted every 400 feet (120 m)
north-south and every 600 feet (180 m) east-west.
Depth positions are located to the lower left of the

numbers.

22b. 1894-1913 pepth Change. Depth change values are
calculated from the interpolated data in Figure 1l6f
and l6e. Negative values indicate erosion. The
shorelines are labeled in PFigure 22d.

Page 99

22¢. 1894-1913 Shoaling Rates (feet/year). Shoaling rates
are calculated from Figure 22b, by dividing each
value by 19 years.

22d. 1894-1913 shoaling Rates Contour Map. The data in

Figure 22c were hand-contoured to produce this map.
The "slashing” shows where the land remained above
mean high water throughout the survey interval. The
"slashing” does not follow one shoreline.
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1913 to 1929 (Figure 23)

The depth map for 1913 shows depths of 12 to 15 feet
(3.7 to 4.6 m) for the central portions of the harbor and
depths of 30 feet (9.1 m) or greater off the tip of Cape

Henlopen.

Depth changes for 1913-1929 were around 2 to 3 feet
(0.6 to b.9 m) in the harbor and from ~1.0 to 40 feet (-0.3
to 12.2 m) off the tip of the cape. Along the harbor shore-

line, some erosion and some deposition occurred.

Shoaling rates ranged from 1.0 to 3.0 feet/year (30
to 9291 cm/yr) in the harbor to as high as 2.6 feet/year (82
cm/yr) oﬁf the tip of the cape. Erosion farther north off
the tip of the cape was as high as -1.7 feet/year (-52 cm/
yr). The average shoaling rate for the harbor was (.1l
feet/year (3.4 cm/yr). The tip of the cape grew to the

northwest about 700 feet (210 m).
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Figure 23 (pages 102 and 103)

Page 102

23a.

23b.

1913 Depths in Feet. Interpolated depths are from
1913 data. Depths are plotted every 400 feet (120 m}
north-south and every 600 feet (180 m) east-west.
Depth positions are located to the lower left of the
numbers.

1913-1929 Depth Change. Depth change values were
calculated from the interpolated data in Figure lée
and 163. Negative values indicate erosion. The
shorelines are labeled in Figure 23d.

Page 103

23c.

23d,

1913-1929 Shoaling Rates (feet/year). Shoaling rates
are calculated from Figure 23b, by dividing each value

by 16 years.

1913-1929 Shoaling Rates Contour Map. The data

in Figure 23¢ were hand-contoured to produce this map.
The "slashing" shows where the land remained above
mean high water throughout the survey interval.

The "slashing" does not follow one shoreline.



! a0 o0 00 spe0 P "oy, W0 P00 .00 0.0

0.00 12000
8 WT M4 WL T BT Mo 2L .0
e 249 748 20,3 AT 0.8 W0 T ML 2.
g| 298 294 270 M9 My M Mo n 4.0
=3 PO M2 WO DA I3 W3 W W03 .
ZS 4 77 M 63 74 34 X7 M4 X4 WS 24 D ma W0
-
g
1
E
g
L
0
34
)
g
1
g
a-
8 23a
#
1913 DEPTHS IN FEET (BRIGINAL DATUM)
.00 9.0 oo oo .o E*hFEETq:.m .wr;:.m .00 p.o0 4000 240,00 139,00
| - -2.3 ~.0 =10
® 0.7 =23 vz -8k
g 5.8 0.3 -t =41
H 3.0 03 -0.7 -ZT 4.8
0.4 £a -2 09 0.2 2. -390
9 45 0.6 0.t % g4 Z.6 0.9 o
a 78 o7 2.9 2 T 2.3 -2.4 Sa
gl 19 22 75 10 27 24 g8 48 L2 1.0 o4
Blozr 18 44 13 74 24 40 3 LR
| B4 13 24 s a7 18 ZE 23 29 3x 44 o4 7.0
ﬂg_ £4 02 48 43 44 T T MO 43 13 94 B2
B4 OLE 12 LT 16 R4 BT 2 23 3 b ga
gl 2 10 0. 1.8 20 18 27 AT Na ¢ 43 39
oY 1.0 1.0 08 20 44 20 T I4 B3 4T B3 0.8
“ (14 21338 10 R0 T2 L& B3 E4 4l ag
;&g‘ 1.0 g.l‘g.e 47 2.0 0% £0 2O A
1.4 £.0 4.0 t2 T8 AT A3 L0
g 32 30 17 14 e g a0
Rl1ax 3.0 14 04 30 o7 D2z -0u 0%
0.0 D4 A0 47 BT -t
g__i.n br 18 12 -0 -0
P4 13 2.6
8 23k
B

18413-1828 DEPTH CHANGE (FT., BRIG DTM)



_103_

£-H. FEET
o .00

2Tl

g .00 .00 o0 ) . r
g Oq00 .0 »® b ¥ :0.7‘1: :c.ﬂ:..m L AL L L R T L . L
o _BD‘ ?.“:ﬂ.ﬂ:ﬂ.ﬂ
q 0.0% 2.09 -0.13-0.1%
Ey 0.43 0.0% -0.04 -0.4T =010
g.@ 0.0r 0.7 0.02 -0.M -9.47 0.4
;ﬂmﬂmg . Ny X 0.9 DR -0.0F -O.ET
O.4R 0.0 DA% 0% 0,20 0.1 %, 0.4 O.4 =047 0.9
§| 9.0 D.1% 0.43 0.0w D47 043 0.7 ma\K 0.7¢ 0.0 0.6 LTL
M o047 0.4 007 D1z 049 D43 0.0 D79 D1 OO [E_JK-F %
" 045 009 0.8 D.OT O4d 0,08 D.4C 040 049 0.00 0.7 —D.480.09 i{p P .4
gg o0 0.0 0.1 O.06 008 0.4 048 093 0.7 04T -0.440.70 O.40 §
D44 007 OO 0.4 DA D.ad 047 DAF 049 0.1 O.2% .27 0.9
;‘,q 0.08 0.0¢ 0,08 D4 O.4% 040 DT .29 024 U4S O 04
-1 0.0% 0.8 0.0F D17 DM 0,59 0.4F 0N OB 0.% 024 0.
w 0.0 0.0¢ 0.07 0.08 043 054 04t 0.8 047 1.7 O.0ZO.D
:Lg_ 0.0 D.0% D4 g.u'g,u 0,04 DO OAY C.OB 0.02 =0.030.00
D2 006 DN 00T 247 040 006000 0.8
g| 008 207 0.1 0.7 0.0 Do7 02000 TO.M
P{ o.or 0.8 p.or Do 049 0.04 D.4 -0.08-0.0
0.0 0.0 -0.08 ~0.07 0.04 -0.1%-0.13
E“ D.F 0.0 008 DR 009 0.3
0. 0.1
" — 23c
#

poo a0 W00 4000

1913-1829 SHBALING RATES

E-MW. FEET

0 .00

o 7P

(FT/YR.,
[ tTy

BRIG DTM?

LY

600

10.00

20.m

+

CONTOUR  INTERVAL
05 FEET/YEAR

676!

23d

1813-1929 SHOALING RATES

CONTOUR MAP



~104-
Summary for 1883 to 1929

During the interval 1883 to 1929 marine processes
produced net deposition in most areas and erosion in the
channel hetween the inner breakwater and the cape (Figure
20). Although from 1883 to 1929 significant depoéition in
the central areas of the harbor occurred, one can see that
actually there was major deposition from 1883 to 1894,
followed by erosion from 1894 to 1913, followed by deposi~
tion from 1913 to 1929 (Figures 21-23), It is suggested
that the actual initiation of the deposition took place in
the late 1880s with the construction of the center section
of the inner breakwater and that the initiation of the
period of erosion was around the turn of the century with

the construction of the cuter breakwater.

Deposition of sediments associated with spit growth
occurred in localized areas immedliately to the north of the
cape, with very high sedimentation rates., Commohly, just
north of this depositional center, an erosional channel was
present. ‘The center of deposition associated with the tip
of the cape migrated considerably from survey interval to
survey inkerval, with the net depositional center being

seaward of the spit tip (Figure 204).

The tip of Cape Henlopen showed net growth toward

the northwest, while actually it migrated to the west, then
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migrated to the north, then migrated to the northwest

{Figures 21d, 22d, and 234).

It appears that the net result of changes in
bathymetry and shorelines from 1883 to 1929 was simple.
However, the short-term changes were quite complex, as a
result of storms énd construction projects. This analysis
should caution workers in coastal areas who would predict
long-term trends (50 years) on the basis of short-term
studies (as long as 10 years), without fully evaluating
man's effects and the effects of abnormal or unusual

climatic conditions.
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1929 to 1945 (Figure 24)

Depths for the central area of the harbor were
around 11 to 14 feet (3.4 to 4.3 m}), with depths off the
tip of the cape around 30 to 40 feet. To the east of the

cape the depths were 10 to 20 feet (3 to 6 m).

Depth changes were on the order of 2 to 4 feet (0.6
to 1.2 m) in the central areas of the harbor and less than
one foot (0.3 m) near the southern side of the breakwater.
Depth ch&nges in the vicinity of the spit tip were around
40 feet (12.2 m), with erosion of 10 feet (3 m) or more
north of the depositional area. Offshore, to the east, the

depth changes were mostly negative.

The shoaling rates maps show general deposition in
the harbor, except along the south shore where some local
erosion occurred. Off the tip of the cape, most of the
area was depositional, and very little eroded similar to
that seen before, in the channel between the inner break-
water and the cape. General depositidn occurred during this
interval, except in a small area of the channel between the

outer breakwater and the cape.

Shoaling rates ranged from 0.1 to 0.25 feet/year
(3 to 9 em/yr) in the harbor and increased to as high as
2.5 feet/year (80 cm/yr) off the spit tip. The average

shoaling rate for the harbor was 0.19 feet/year (5.8 cm/yr).
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The depositional area associated with the cape had
two centers. One was located just off the spit tip, while
the other was about 1700 feet (500 m) to the east of the
spit tip. Very little coastal erosion occurred on the
Atlantic side of the cape, and the cape grew northward about
800 feet (240 m). The bay shoreline changed little in

position during this interval.
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Figure 24 (pages 109 and 110)

Page 109

24a., 1929 Depths in Feet. Interpolated depths are from
1929 data. Depths are plotted every 400 feet (120 m)
north-south and every 600 feet (180 m) east-west.
Depth positions are located to the lower left of
the numbers.

24b, 1929-1945 Depth Change. Depth change values are
calculated from the interpolated data in Figure 16d
and 1l6c. Negative values indiécate erosion. The
shorelines are labeled in Figure 24d.

Page 110

<4c. 1929-1945 Shoaling Rates (feet/year). Shoaling
rates are calculated from Figure 24b, by dividing

each value by 16 years.

24d. 1929-1945 Shoaling Rates Contour Map. The data in
Figure 24c were hand-contoured to produce the map.
The "slashing” shows where the land remained above
mean high water throughout the survey interval.
The "slashing" does not follow one shoreline.
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1945 to 1971 {(Figure 25)

In 1964, the ferry terminal jetty was built on the
harbor shoreline. The most recent shoreline plotted on these
maps is the 1977 shoreline, while the most recent bathymetric

data are valid for 1971.

The depths for 1945 were 7 to 1l feet (2.1 to 3.4 m)
in the central areas of the harbor and as much as 45 feet
(13.7 m) in the channel between the inner breakwater and the
cape. Dépths to the north of the spit tip were 30 to 40
feet (9.i to 12.2 m), and depths offshore were greater than
70 feet (21.3 m) to the northeast of the cape and 15 to 20

feet (4.6 to 6.1 m) to the southeast of the cape.

Depth changes were around -1.0 feet (-0.3 m) between
the ferry jetty and the west end of the breakwater and 1 to
6 feet (0.3 to 1.8 m) in the more easterly parts of the
central harbor. Depth changes in the channel between the
inner breakwater and the cape show erosion of -9.6 feet
(-2.9 m) to deposition of over 20 feet (6 m). Depth changes
in the area of new cape growth were on the order of 30-40
feet (9-12 m). This depositional center extended east of

the spit tip about 3000 feet (900 m).

The shoaling rates contour map shows considerable
deposition over much of the area with some erosion in the

western harbor and to the north of the 1977 position of the
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cape. Alternating zones of deposition and ercsion occurred

on the Atlantic side of the cape. Shoaling rates as high as
2,1 feeg/year (64 cm/yr) were present in the vicinity of the
cape and erosion rates as high as ~0.4 feet/year (12 cm/yr)

were fodnd to the north of the present position of the cape.
The average shoaling rate between 1945 and 1971 for the

harbor was 0.04 feet/year (1.2 cm/yr).

Cape Henlopen grew to the north-northwest by 1800
feet (55b m). The Atlantic coast eroded by about 200 feet
{60 m), and the harbor shoreline east of the inner breakwa-
ter showed about the same amount of erosion. The southern
shoreline of the harbor eroded in the eastern section and

accreted in the western section less than 10 feet (30 m).
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Figure 25 {pages 114 and 115)

Page 114

25a.

1945 Depths in Feet. Interpolated depths are from
1945 data. Depths are plotted every 400 feet (120 m)
north-south and every 600 feet (180 m) east-west.
Depth positions are located to the lower left of

the, numbers.

25b. 1945-1971 Depth Change. Depth change values are
calculated from the interpolated data in Figure 1léc
and léb. Negative values indicate erosion. The
shorelines are labeled in Figure 25d4.

Page 115

25c. 18945-1971 Shoaling Rates (feet/year). Shoaling
rates are calculated from Figure 25b, by dividing
each value by 26 years.

25d. 1945-1971 Shoaling Rates Contour Map. The data

in Figure 25c¢ were hand-contoured to produce this
map. The "slashing" shows where the land remained
above mean high water throughout the survey interval.
The "slashing" does not follow one shoreline.
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1971 Depths (Figure 26)

The latest bathymetric survey was done in 1971. The
first published chart to show all the 1971 data is the 1977
NOS chart 12216. The depths in Breakwater Harbor.rénged
from 4 t$ 10 feet (1.2 to 3.0 m). The scour hole off the
cast end‘of the innexr breakwater was about 50 feet (15 m)
deep. Depths in the central harbor were progressively
shallower from south to north. Depths in the channel north
of the cape ranged from 30 feet (9 m) to the northwest to

over 70 feet (21 m) toc the northeast of the cape.

A shoal was present on the west side of the spit tip,
between the inner breakwater and the cape. Other survey
charts show shoaling on the ebb-tidal-lee side of the
inner breédakwater. In addition, it is separated from the
cape by a 30~-foot deep channel (Figure 4}, that has become
deeper according to a comparison of the 1975 published
chart with that of 1977. As discussed earlier the exact
date for which the 1975 depths were valid is unknown,

except that it is earlier than that on the 1977 edition.
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Figure 26 - 1971 Depths in Feet. Interpolated depths are
from 1971 data. Depths are plotted every 400 feet (120 m)
north~south and every 600 feet (180 m) east-west. Depth
positions are located to the lower left of the numbers.
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Sunmary 1842 to 1971

Figure 27 plots calculated parameters against time
to summarize the area changes. From 1842-1971, Breakwater
Harbor filled in by 6 to 40 feet (1.8 to 12.2 m). This
represents an average shoaling rate of 0.05 to 0.31 feet/
year (1.5 to 9.4 cm/yr), or corrected for sea level rise
(as outline earlier) 7.3 tc 41.3 feet (2.3 to 12.6 m) of
infill, a%d shoaling rates of  0.06 to 0.32 feet/year
(1.8 to 9.8 cm/vyr). The average rate of infill was
0.11 ft/yr (3.4 cm/yr). The maximum average shoaling rate
for Breakwater Harbor occurred from 1929 to 1945 with a rate
of 0.19 feet/year (5.8 cm/yr), this was a total change in
depth of about 4.0 feet for the 20 years from 1863 to 1383;
averaged pver the area of the harbor. The slowest shoaling
rate was from 1842 to 1863, when slight erosion actually

occurred when rates were averaged of the area of the harbor.

Shoaling rates increased from 1842 to 1883, and
decreased from 1883 to 1894. From 1894 to 1913, slow
sedimentation again occurred with a gradual increéase in the
rate in the following two survey intervals. The slowest
shoaling rates correlate well with the times of construction
of breakwaters. The latest survey interval agains shows a

slowing in the rate of shoaling.
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Cape Henlopen grew toward the northwest from 1842
to 1971, at an average rate of about 30 feet/year (9 m/yr).
In addition, the tip of Cape Henlopen migrated westward
-almost 3000 feet (900 m). The northward component of
growth varied from -20 to 50 feet/year (-6 to 15 m/yr),
while the westward migration rate of the tip of the cape
ranged from 0 to 50 feet/year (0 to 15 m/yr). The maximum
westward migration rate occurred from 1913 to 1929, while
the minimum rate occurred from 1894 to 1913. The minimum
northward migration rate was from 1883 to 1914, and the
maximum was from 1929 to 1971 (it was constant for two

survey intervals).

21l the rates and depth changes just described were
averages éver a survey interval, and in the case of
Breakwater Harbor rates, they were alsco averaged over the
area of the harbor. Rates at any instant could have been

greater or less than the average for the interval. These

short-term potential variations are unknown.
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Figure 27 - Time vs. Breakwater Harbor average shoaling
rate, sea level from tide measurements, movement of spit
tip. The average shoaling rate for Breakwater Harbor is
calculated by averaging all the shoaling rates south of

the inner breakwater and between the cape and the western
edge of the study area. The area of the harbor changes as
a result of spit growth. The tip of the cape is defined as
the most northerly point of the shoreline a4t any time.

The dates of construction of the breakwaters and ferry
jetty are also shown.



Discussion

The growth of Cape Henlopen toward the northwest
over the last 129 years has caused general deposition in
much of the area of study. This has been a general response
to decreased tidal flow because of narrowed channels and
growth of Cape Henlopen. Breakwater construction in 1831 and
1900 alsc caused decreased tidal flow, in a catastrophic
manner. As a result, in the survey intervals following the
construction of a breakwater, a temporary halt in deposition
occurred reversing the normal trend toward deposition. The
actual duration of this erosional period was not determined
for lack Pf more frequent data. The construction of the
center section of the inner breakwater showed a similar
reversal of the depositional trend, but it was not nearly
as widespread as those caused by the breakwater construction
projects. The western part of Breakwater Harbor has under-
gone similar erosion, seen on the 1945-1971 maps, as a

result of the construction of the ferry jetty in 1964.

Two sources of sediment for the study area are
littoral transport along the Atlantic coast of Delaware

and Delaware Bay sediment settling from suspension. The

-121-



-122-

littoral transport system along the shore of Delaware Bay
supplies some sediment but not nearly as much as the other

sources,

The Atlantic coast littoral transport system was
the largest sediment source and supplied all the material
which makes up Cape Henlopen, as well as much of the
sediment in other parts of the study area. Hen and Chickens
Shoal was supplied by the tidal redistribution of some of
these littoral sediménts. Littoral transport is presentiy
supplying material for further spit growth and for tidal

flat progradation southward along the harbor shoreline.

Delaware Bay suspended sediment was responsiblé for
the filling of Breakwater Harbor but added little to other
parts of the study area. The actual location in which a
particle of sediment was "permanently"” deposited was deter-

mined to a large extent by the tidal currents of the area.

One of the important aspects of this study is the
determination of whether or not a "spit platform," as
described by Meistrell (1972), was developed at any time
during the study period. Meistrell (1972) stated: (1) a
spit platform is a "prerequisite to spit growth"; (2) it is
a depositional feature; and (3) it is morphologically an
embankment. When looking for a spit platform, one must

use the bathymetric charts, not shoaling rates or depth
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change diagrams. Figure 28 is a plot of north-south profiles
off the tip of Cape Henlopen for each of the surveys indi-
cated. These profiles show little evidence of an accre-
tional spit platform. Instead, the cape has prograded with
a steep leading edge extending from about the low tide line
to the floor of the channel being filled. Occasionally, a
"platform-like" feature appears off the spit tip, just below
the low tide, but this feature is ephemeral only present
after stoEms and commonly in winter (E. Maurmeyer and J. C.
Kraft, personal communications, 1977). This feature is,
therefore% an erosional "bench" caused by wave attack at the

spit tip auring northeast storms.

Cape Henlopen is evidence that a spit platform is
not a prerequisite for spit growth. Spits can grow into a
deep channel in spite of strong tidal currents without.the
developmeﬁt cf an accretional spit platform. Thus, spit
platforms;may in fact be a common feature of spits, but

they are not essential for spit growth.

~ Figure 29 shows the relationship between 1842 depths
and the average shoaling rates calculated for all points
between 1842 and 1971. The line labeled "Maximum Possible
Shoaling Rates" is a mathematical construction, produced by
dividing any depth by the 129 years of the survey interval.
This line represents the maximum shoaling rate that can

occur, assuming any depth fills to sea level during the 129
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Figure 28 - North-south profiles off the tip of Cape
Henlopen for the indicated years. Profiles are plotted
from the original survey data and migrate with the position
of the spit tip. Profile locations are plotted in Figure
l6a. None of the profiles show evidence of Spit-platform
development.



-125-

L / Y Y
A
& A a
wna
(’Q. & a '
o« a 'y
‘.\’/ 4 Iy 'Y
‘,\%V“.'“ 4 + & A
re .
e v - &
>_
.
e KEY TO SYMBOLS . . .
L3 [~ / + + [ A 1
. L
E [ /‘ r v’ '.4- * * *
P + tas mwe
@01} P LT g DEPOSITION :
% jd O .. $ $
<X - '-:* ¢ . §
o / + 3’- + L
% / + + H ik . = . - +
Offgtt—4— —— —— e — BB m — — — — — —— o ——— — — — — — ——
— » * *
"~ . . "MUtme + . . a N
o . * “wom a
1 [~ L)

N L] - " [ ] 2 a a & a
= N y . . 4 e
-l | R

EROSION a

. A
02| a a
1 1 Y | 1 | i H 1 1 L i

1 ]
o 5§ 10 B 20 25 36 35 4|0 45 50 55 BH0 65 0 75 80
{842 DEPTHS (FEET)

Figure 29 - 1842-1971 Shoaling Rates vs. 1842 Depths. The
four sections of the study area indicated in the upper left
of the diagram are plotted using different symbols, The
only area which shows a consistent relationship between
shoaling rate and depth is Breakwater larbor. The
significance of this relationship is discussed in the text.
The "Maximum Possible Shoaling Rates” line is a mathematical
construction produced by dividing any depth by the 129 years
of the survey interval.
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years of the study.

No relationship between original depth and average
shoaling rate is present, except in Breakwater Harbor. All
areas except Breakwater Harbor are strongly affected by
storm conditions and, therefore, would be considerably more
complex in patterns of deposition and erosion than the
protected area of the harbor. The trend of the plus signs
(Breakwater Harbor data) is subparallel to the maximum
possible shoaling rates lihe and 'therefore' shows a consis-
tent trend toward higher shoaling rates with increased
original depths. Similar plots for other shorter survey
intervals showed much less.correlation indicating the
complex nature of this general trend when details of the

process are examined.

These data, coupled with the fine grained nature of
the sediment, suggest that over the long term the harbor
area has filled as a result of sediment settling from
suspension to an equilibrium depth determined by the amount
of tidal flow. This equilibrium depth has continually
decreased with the growth of the cape toward the northwest
and therefore, there has been deposition of substantial

amounts of sediment.

A large depositional center associated with the tip

of the cape has consistently been present on the shoaling
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rates contour maps. The position of this depositional
center is attributed to the redistribution of littoral
sediments by tidal currents and the progradation of the
spit as éescribed earlier. Due to the dominants of ebb
tides, on the average, the center has been shifted toward
the east of the spit tip. However, since it is likely

that the sedimentation in the area of the spit tip has been
strongly dominated by storm transport of sediment, it is
also 1ikelf that the short-term position of this center
during a particular survey interval has been determined by

the timing of storms with respect to tidal currents.

If, during a survey interval, the major amount of
sediment was transport in the littoral system during storm
conditions on a flooding tide, it is likely that the
depositional center was shifted toward the west for that
interval. In addition, wind stress could have caused
significant variation from the norm for tidal currents.
(The fastest current recorded for current meter Station 2,
between the innexr breakwater and the cape, was during
a flood tide.) As a result of these factors, the position
of the depositional center at any time is dependent on
complex fﬁctors, including the timing between tidal cycles
and storm cenditions, and is, therefore, variable. Over
the long £erm (120 years) the position of the major

|
deposition associated with cape growth was to the east of
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the growth axis, showing a long-term dominance of ebb tidal

transport of littorally supplied sediments.

The depositional feature called Hen and Chickens
Shoal is;similar to an ebb-tidal delta commonly associated
with tidal inlets (Hayes and Kana, 1976). This Feature
again at£ests to the strong ebb dominance of the tidal
currents of the area. The ebb dominance that was measured
in the hérbor is probably exaggerated as a result of the
geometryiof the cape and inner breakwater. The funnel-
shape ofithe harbor and the sharp bend.that is made at its
eastern end cause a concentration of ébb tides and a
diminishment of flood tides through the harbor. Since this
affect will have increased with time as a result of cape
growth, it is likely that some of the sediments that are
now carried around the spit tip onto Hen and Chickens Shoal
may have been carried into the harbor in the past. This
possibility can be tested stratigraphically, and would also
be a good basis from which te calculate volumes of sediment
deposited, since sediment deposited by different mechanisms

could be handled separately,

It is important to determine the relationship
between b&thymetric change and sediment type. It is
inferred that areas which showed rapid shoaling rates during
a survey interval received coarser sediments from the

littoral drift system along the Atlantic coast, while areas
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which showed slower rates received sediment from either
littoral transport systems or suspension. Sediment
deposition in rapidly filling areas (greater than about 0.5
feet/year {15 cm/yr]) is probably not caused by a response
toward equilibrium between the bottom and tidal flow, but
rather the result of insufficient tidal or wave energy to
continue transporting the sediment. This is the case in
Cape Henlopen and explains how the spit tip can continue

tb grow dgspite the strong tidal currents. Although energy
condition$ off the spit tip seem gquite high, the energy is
not suffiFient to transport all the sediment, supplied by
‘littoral £ransport around the spit tip into the tidal flat.
A large amount of sediment but not all the sediment supplied
té the cape area is transported onto the tidal flat éhd onto
Hen and Chickens Shoal. Cape growth causes a change in the
eqﬁilibriﬁm conditions of the rest of the area and, there-

fore, is the cause of significant deposition both from

suspension and from littoral transport.

Sediment settling from suspension is deposited
during lo&-flow conditions of the tidal cycle, and on the
average only the ﬁaterial required to maintain equilibrium
as a resuit of decreased tidal flow remains behind. It is
difficult‘to evaluate the exact timing of this process
because of the complex variables involved 1) in tidal

fluctuations and currents; 2} in storm conditions, and
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3) in the complexities of resuspension of sediments, espe-
cially fine grained sediments and the relative importance

of flocculation.

These results indicate that the prediction of future
trends or the determination of past trends on the basis of
short-term studies of conditions and processes will deter-
mine only the short-term tendencies for change. The actual
change which will occur in the coastal area is dependent on
long—ter& tendencies and short~term random processes of
storms. Detailéd bathymetric analysis shows many trends of
a general nature that can be explained on the basis of
"uniformitarian" arguments, but the details of many of these
changes ére catastrophic in nature due to random processes
of climafe and morphologic change. Man's influences can
be evaluated and predicted only in a general way with
emphasis:on the long-term tendencies,

Volume Calculations

The volume of material deposited during anf given
survey interval is important for the calculation of sediment
budgets énd for the determination of dredging ¢osts.
However,‘since the volume calculated is inevitably dependent
on the afea over which it is calculated, and since the area

for which data were available changed from survey interval

to survey interval, volumes were not used in this analysis.
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In addition, the volumes for any given area will not give
any more information about the shoaling history than the
shoaling rates diagram. If one prefers to think in terms of
volumes, Table 1l gives the conversion of shoaling rates to
volumes. This is possible because the units of shoaling
rates in gddition to feet/year could be feeta/year/feetz,
by.assuming that each of the shoaling rates values are
representative of the 200-by-300-foot "box" which contains
the value at its center. This area can be multiplied by the
shoaling rates value to produce a volume. These volumes can
be summed for any area of interest to calculate the total

volume/year deposited during any survey interval.

When one is dealing with the volumes of sediment
deposited during a survey interval, the material deposited
by eclian processes and wave swash must be considered. No
topograph;cal data are presented here because they are
available only at 10-foot-contour intervals for just a few
surveys. At present, detailed topographic data are avail-
able for the cape (Belknap, and others, unpublished data},
but the uée of these data to calculate past volumes deposit-
ed above sea level would require assumptions about the
topography in the past based on present morphology, coupled
with land area changes calculated from the diagrams present-

ed in this report.
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SHORLING RATE TO VOLUME CONVERSICN TAELE

W

ft/vr | ft3/zr vd fvr /yr
3.5 2.1 x 10° 7.7 x 10° 5.9 x 10°
3.0 1.8 x 10° .7 x 10° 1 ox 100
2.5 1.5 x 10° 5 ox 107 x 103
2.0 1.2 x 10° 4 x 10° x 103
1.5 0.9 x 10° 3 x 10° x 10°
1.0 0.6 x 10° 2.2 x 10° .6 x 10°
0.5 0.3 x 10° .1 x 10° .8 x 10°
0.4 2.4 x lO4 X lO2 X 102
0.3 1.8 x 10% x 10° .1 x 102
0.2 1.2 x 10% x 10° x 10°
0.1 0.6 x 10° .2 x 10° .6 x 10°
0.05 0.3 x 104 .1 x 102 .8 x 10°
0.03 1.8 x 104 X 102 X 102
0.01 0.6 x 10° .2 x 101 .6 x 10!

Table 1 ~ These numbers are based on the assumption that
the sHoaling rates as presented on the maps are repre-
sentative of the shoaling rates in a 200-by-300 foot
rectangle. Each volumetric number is the volume of
sediment deposited or eroded (negative the value) in

the rectangle containing the shocaling rate. To estimate
the volume of sediment deposited in any given area,
multiple the number of points in the area by the number
of yvears in the survey interval and by the appropriate
number in this table. These are only estimates,



CHAPTER IV

CONCLUSIONS

Tidal Flat Processes

1, The source of sediment on the tidal flat is from
the tip of Cape Henlopen, as evidenced by the decrease in
elevation and relief, the decrease in mean grain size, and
increase in sorting, from north to south. Halsey (1971)

suggested the same source based on movement of sand

ridges.

2. Sediment size analysis along three profiles on
the tidal}flat show that the size of the largest particles
deposited‘on the tidal flat is dependent on micro-environ-
ment, while the size of the finest particles deposited on
the tidallflat is not dependent on micro-environment. The
evidence for this conclusion is in the plot of mean grain
size plus and minus one standard deviation across the

tidal flat.

3. Pining-landward found in one profile on the tidal
flat is caused by a decrease in wave energy in the landward

direction. Tidal currents on this particular tidal flat
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are not strong enough to resuspend the sand which predomi-
nates. A detailed understanding of wave refraction and
diffraction patterns is necessary to thoroughly understand

and gquantify the tidal flat dynamics.

4. A theory to explain the movement of and morphology
of the sand ridges on the tidal flat is developed from
limited data and much observation. This theory can be

field tested through extensive measurements.

The reorientation of the sand ridges from coast-
parallel! to coast—perpendicular is caused by a shift in
the dominhant transport mechanism in the central part of the
tidal flat. In the north, overwash predominates, while in
the south littoral transport along the sides of the ridges
predominates. The spit-like ridge which first develops by
littoral transport near the low tide line at the spit tip,
is overwashed during high tides moving the ridge upward and
landward on the tidal flat. These ridges are breached in
the centﬁal area of the tidal flat because the sediment

supply is insufficient to maintain them.

Littoral processes in the more southerly part of the
tidal flat redistribute the stranded sediments in the central
area moving them southeast until they connect to the high
tide beach as a coast-perpendicular ridge. Wave diffraction

through the inner breakwater-Cape Henlopen gap while the
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ridges are submerged perpetuates the coast-perpendicular
orientation of the ridges in the southern part of the tidal

flat. The relative importance of storms is unknown.

5: As a result of the very short duration of wave
attack anﬁ very low energy of the waves along the high tide
shoreline‘landwa;d of the tidal flat, little sediment is
tranSporth during "normal" conditions at high tide. During
storm congitions, the higher tides and higher wave energy
combine to erode the high tide shoreline. Under normal
conditions this sediment is not replaced. As a result, the
high tide shoreline on the west side of the cape is under-
going erosion. BAnalysis of shorelines in the past shows

that this erosion on the west side has been substantial, and

continuous during the development of Cape Henlopen.
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Breakwater Harbor Preocesses

1. The new technique for the presentation of tidal
current data used in this report allows large volumes of
data to}be presented in a compact straight forward manner.
In addiﬁion to showing the statistical relationship between
the dﬁration of velocities and directions of flow, it alsc
shows the relationship between predicted and measured tidal
duration, demonstrating the complexities of the flow
patterns resulting from factors not considered in the

prediction models.

The current data demonstrates that the duration of
the ebb tide is much longer than the duration of flood tide
(8 and 4 hours respectively). This is attributed to the
normal ebb dominance of the tidal currents in southeastern
Delaware Bay and the suppression of flood tides by the
"funnel” configuration of the harbor. The current data also
demonstrates that the central part of the harbor is affected
by wave motions during northwest winds and low flow rates.
The mode of the velocities at Station 1 was between 30 and
40 cm/sec at 80° to 100° magnetic, while for Station 2 the
mode was 40 to 50 cm/sec at 20° to 40° magnetic. Very

little flow through the harbor occurs on flood tide.

2. The source of fine grained material in

Breakwater Harbor is from the west, as evidenced by
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dominant gbb-tidal currents and the sediment type distribu-

tions. Strom (1972) suggests the same source.
‘ _

| 3. Sand which is transported off the tidal flat is
either 1) |carried out of the harbor by the strong ebb tide
or 2) depasited just off the edge of the tidal flat as the
flood tides are usually too weak to transport tidal flat
sediments. Since sediment normally moves off the tidal
flat duriﬂg falling (ebb) tides, very little sediment is
transportéd into the central harbor from the tidal flat.
Material qhich'is not transported back around the tip of the
cape duriné ebb tides, after it moves off the tidal flat
contributeb to the progradation of the tidal flat into the

harbor, especially in the southern portions,

4, The trend of coarsening with increased depth
found by Oostdam (1971) in Delaware Bay was also observed in
Breakwater Harbor when going from the center of Breakwater
Harbor into the channel off the east end of the breakwater.
This trend suggests that the channels are maintained as a

result of strong tidal flow, rather than a lack of sediment

supply.
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| Bathymetric Change and Marine Processes

1. Deposition in Breakwater Harbor has been in
response: to decreased tidal flow, resulting from the growth
of Cape Henlopen toward the northwest. The pattern of
deposition has been quite simple in the long termI(l29 years)

while vefy complex in the short term (a survey interval).

2. Some of the short term complexities of deposi-
tional ahd erosionél patterns have bheen caused by the con-
structioé of the two breakwaters and the ferry jetty. 1In
each casé, the construction of one of these barriers caused
a brief éeriod of erosion in the resulting narrowed areas,
and slowéd or stopped deposition in some of the other less
narrowed areas. This erosional period was followed by in-
creased deposition rates as the sedimentation regime adapted
to the néw construction. Spit growth continued in a form
adapted to the construction, and continued to decrease tidal

flow thréuqh the area.

i
3. Average shoaling rates for Breakwater Harbor

during sﬁrvey intervals ranged from ~-0.02 feet/year {-0.6
cm/yr) to 0.19 feet/year (5.7 cm/yr). Rates of the spit tip
were as high as 3.0 feet/year (90 cm/yr). All the shoaling
rates shéwn on the shoaling rates diagrams are averages over
the survey interval. Rates could have been higher or lower

at any instant during the interval.
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4, The deposition off the spit tip was characterized
by extremely rapid deposition in a localized area associated
with spit growth. This depositional area was probably much
more restrictive than indicated on the shoaling rates dia-
grams because the shoaling rates are averaged over a decade
or more. The actual rates were probably very much higher,
on the order of 20 to 30 feet/year (600 to 900 cm/yr) ,
immediately off the spit tip, but only lasting a year or
two, before the area was filled to sea level and the dépo-
sitional cénter was moved northward. When this amount of
depositionjis averaged over the survey interval the apparent
shoaling rate is decreased and the apparent area of deposi-~

tion is increased.

5. Sediment is supplied to the study area by
littoral transport along the Atlantic Coast of Delaware,
and by sediment in Delaware Bay waters settling from sus-.
pension. The net accumulation resulting from suspended
sediment deposition is dependent upon many complex factors,
including sediment locad, flocculation, bottom time before
resuspension, tidal flow, and the affect of storms on tidal
flow and wave energy. This source has been the most important
contributor to the sediment deposited in the harbor, keeping
the harbor at an equilibrium depth with respect to tidal
flow in the long term. The harhor has filled in more in

the previously deeper areas and less in the previously
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shallower areas. This has resulted in a flattening of the
bathymetry of the harbor and a good correlation between

original depths and the average shoaling rates for the last
129 years. This correlation is not found in other parts of

the study area.

6. The long-term tendencies can be analyzed by

historic and geologic studies, and understood by study of
short-term processés. Man's influence can only be evaluated
and predicted in a general way with emphasis on the long-

term tendencies, determined by the identification and

analysis of past long-term trends.
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APPENDIX A

SIZE ANALYSIS - TECHNIQUES AND DATA

Sediment samples were examined in the field for
their approximate size characteristics. Samples which
contained silt and clay were placed in plastic sample
bags, while samples which appeared to be entirely sand
were placed in cloth sample bags. All samples taken in
plastic sample bags were analyzed by pipette and samples
taken in cloth bags were analyzed using dry sieves at one
phi intervals. The percent sand, percent silt and percent
clay were calculated for the samples analyzed by pipette
and mean grain size, sorting, skewness, and kurtosis were
calculatéd for samples analyzed using dry sieving. The

techniqués for each type of analysis are described below.

Pipette Enalysis

The pipette analysis followed the procedure
described by Folk (1974). A portion of the sediment from
each Sample was placed in a 1000 ml, beaker. Enough sample
was taken to provide between 5 and 15 grams dry weight of

silt and clay. This required an estimate of the amount of
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sand and water in each sample. With some experience, this
- can be done with acceptable accuracy. Each of these samples
was then dispersed in 300 ml. of 0.1% calgon solution for
24 hours after which the samples were placed in a mixer for

5 minutes to aid in the dispersion of the sediment.

ﬁach sample was wet sieved using a 4 phi (.0635 mm.,
U. 5. standard 230 mesh) sieve. Wash bottles containing
0.1% calgon were used to wash the silt and clay through the
. sieve. C(are was taken not to use more water than was
required to bring the total volume of the water-sediment
suspension to 1000 ml. The sediment retained in the sieve
was dried and weighed. This was the total amount of sand in
the sample. The clay and silt was contained in the 1000 ml.
suspensian, which was placéd in a 1000 ml. settling tube for

pipette analysis.

ﬁhe amount of silt and clay in the settling tube
was calcuiated by allowing the suspension to settle long
enough to‘allow and particles larger than .063 mm. to settle
past a depth of 20 cm. This time was calculated by substi-
tuting the temperature, density of the particle (which was
assumed to be that of quartz), and the diameter of the
particle into Stokes Law as simplified by Folk (1974, p. 40).
At this time an aliquot was taken from a depth of 20 cm.
using a 25 ml. pipette. The material in the aliquot was

one 40th 6f the material in suspension finer than 0.063 mm,
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Since all the material coarser than 0.063 mm. was removed
from the‘suspension by wet sieving, this represents one
40th of ﬁhe total weight of the material in the settling
tube, ané therefore is a measure of the weight of silt plus
clay in fhe original sample. This aliquot was placed in a
40 ml., ﬁre—weighed beaker, and dried in an oven at 80-90°

C.

In order to determine what portion of the suspension
in the settling tube was silt and what portion was clay,
another aliquot was removed from a depth of 10 mm. when
encugh time has passed to allow a 0.004 mm. (8 phi) sized
particle to settle past a 10 mm. depth, The material in the
25 ml. aiiquot was one 40th of the material in the settling
tube finer than 0.004 mm. This was one 40th of the amount
of clay that was in suspension. This aliguot was also put

in a pre4weighed 40 ml. beaker and placed in the oven to

dry.

In each of the 25 ml. aliquots, there were three
components. First, there was the watér, which was evaporated
off. Second, there was the material in suspension, which
was the quantity being determined. Third, there was material
in solution in the water which is left behind during evapoc-

ration oﬁ the water, and therefore, added tc the weight of

each dried aliquot. In order to remove the weight of this
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material from the weight of the dried aliquot, about 60 ml.
‘

of the suspension was poured into a centrifuge tube and
centrifuded for one hour at 20,000 rpm. This removed all
the suspeﬁded material. A 25 ml. aliquot was then taken
from the solution in the centrifuge tube, placed in a pre-
weighed 40 ml. beaker, and placed in the oven to dry. The
Qeight of;the residue which was the méterial dissolved in
the water was then subtracted from the weights of each of
the other aliquots so that only the weight of the material
in suspension in the settling tube used in the calculaticn.

This procedure for the removal of the dissolved material

was described by R. N. Strom {personal communication).

Té calculate the percent of sand, silt and clay in
the sample the weight of the sand in the sieve after wet
sieving was added to the weight of the dried 25 ml. aliquot
containin§ silt and clay multiplied by 40. This was the
total dry;weight of the original sample. The weight of each
of the sand, silt and clay was divided by the total weight

and multiplied by 100 to calculate the percent.

Dry Sieving

The samples taken in cloth bags were rinsed in
fresh water, dried, and split. Fifty gram portions of

each sample were placed in a stack of sieves at one phi
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intervals from -2 to 4 phi. The sediment retained in each
sieve was weighed on a top loading Mettler balance.
Cumulativ¢ percent curves were plotted and mean grain size
and sorting calculating according to Folk (1974). The
data for Breakwater Harbor samples are given in Table 2,

and the data for tidal flat samples are given in Table 3.
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TABLE 2
BREAKWATER HARBOR SAMPLE DATA
SAMPLE PERCENT PERCENT PERCENT FOLK'S
NO. SAND SILT CLAY CLASSTFICATION
500 71 17 11 muddy sand
501 7 49 Ll mud
502 ly 32 63 mud.
503 27 L8 24 sandy mud
504 45 43 11 sandy silt
505 35 47 17 sandy silt
506 5 62 33 mud
507 | 6 61 34 clayey silt
508 1 77 22 silt
509 8 A0 32 mud
511 100 0 0 sand
512 - - - -
513 15 55 30 sandy mud
514 25 53 21 sandy silt
515 15 61 25 sandy silt
516 17 58 26 sandy mud
518 11 63 27 sandy silt
519 16 65 19 sandy silt
521 100 0 0 sand
522 100 0 0 sand
523 100 0 0] sand
524 3 91 7 silt
825 ‘ 63 25 11 silty sand
526 86 g 6 muddy sand
527 77 14 9 muddy sand
531 100 0 0 sand
532 99 1 0 sand
533 (4 15 8 muddy sand
5314 83 11 6 muddy sand
535 28 52 20 sandy silt
536 85 10 6 muddy sand
ol 100 0 0 sand
gl 100 0 0 sand
Shly a7 2 1 sand
545 ol y 2 gsand
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TABLE 3
TIDAL FLAT SAMPLE DATA
SAMPLE  GRAPHIC INCLUSIVE INCLUSIVE  KURTOSIS
NO. ‘MEAN GRAPHIC STAND. GRAPHIC
A DEVIATION (4) SKEWNESS

1 0.48 0.73 -0.18 1.22

2 0.49 0.75 0.01 1.07

3 1.04 0.50 0.00 1.16

b 0.38 0.86 -0.04 1.18

5 1.05 0.45 0.09 1.10

6 0.93 0.56 0.05 0.89

7 0.80 0.57 ~-0.07 1.04

8 0.42 0.73 ~-0.04 1.10

9A 0.71 0.64 -0.01 1.04

9B 0.82 0.65 -0.05 1.07
10 -0.75 2.54 -0.67 1.29
11 0.60 1.01 -0.28 1.34
124 - - - -
12B 0.57 1.23 -0.39 1.86
13 0.54 0.73 -0.01 0.90
14 1.24 0.41 0.06 1.07
15 1.33 0.37 0.08 1.02
16 0.91 0.68 0.08 0.75
17 1.32 0.49 -0.04 0.98
18 1.21 0.55 -0.09 1.00
19 1.14 0.49 -0.03 1.00
20 0.89 0.66 -0.01 0.89
21 0.85 1.67 -0.53 2.39
22 0.91 1.31 -0.40 1.88
23 -1.16 3.04 -0.66 0.46
2h 1.14 0.63 -0.13 1.11
25 0.84 0.58 -0.12 1.18
50 -1.14 0.50 -0.03 0.97
51 1.13 0.48 -0.06 0.95
52 1.08 0.53 0.00 1.08
53 1.17 0.58 -0.05 0.90
5l 1.23 0.63 -0.17 0.94
55 1.20 0.53 -0.03 1.04
56 1.13 0.55 -0.05 1.01
57 1.06 0.52 -0.04 1.14
59 1.04 0.45 0.24 0.94
60 0.99 0.52 -0.04 0.98
61 1.07 0.61 -0.06 1.00
62 1.27 0.56 -0.14% 0.99
63 1.25 0.58 -0.10 0.97
64 - destroyed
65 1.28 0.59 ~0.25 0.97
66 1.20 0.59 -0.17 0.98
67 destroyed
68 destroyed

69 destroyed
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TABLE 3
(cont.)
SAMPLE GRAPHIC INCLUSIVE INCLUSIVE
NO. MEAN GRAPHIC STAND. GRAPHIC KURTOSIS
(#) DEVIATION (@) SKEWNESS
70 destroyed
71 0.97 0.59 -0.10 1.12
72 0.23 1.27 -0.34 ‘ 1.01
600 0.79 0.45 -0.05 1.03
601 destroyed
602 0.67 0.58 -0.19 0.92
604 1.01 0.47 -0.09 1.20
605 1.05 0.55 -0.08 1.02
606 0.92 0.54 -0.13 1.22
607 1.06 0.51 -0.05 1.06
608 0.96 0.54 -0.06 1.02
60G 0.99 0.54 -0.07 0.99
610 0.96 0.54 -0.05 1.04
611 1.09 -0.,48 -0.06 1.04
612 1.02 0.46 -0.04 1.00
613 1.13 0.46 -0.37 0.96
614 1.10 0.49 0.00 1.02
615 1.16 0.49 D.15 0.97
616 1.26 0.44 0.17 0.99
617 1.34 0.44 -0.01 1.02
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MARPWORK {08/30/777)

1000
1050
1100
1150
12ug
125y
1360
13590
14090
145¢
1500
1550
1600
1650
1700Q
1750
1800
1850
1900
1950
2000
2050
2060
2100
2150
2200
2250
2300
2350
2360
2400
2450
2500
2950
2600
2650
27100
2150
28Y0
2850
2900
2950
3000
3050
100
3150
3200
3250
3300
313150
3400
3450
3500
3550
3600
3650
yioo

SSET AUTORIND
SUIND = FriHt (0427 )IESTRESEr/=
Cc- CREATE FILES '
FLLE o(KINDEPRINTER MAKRECSIZEST132,0N1TS=1)
F1LE S(TITLE="¢ILEIU®, KIND=DISKPACK, FILETYPE=T)
F1LE  1O(TLTLE="FELEJDY, KIND=DLSKPACK, FILETYRE=Y)
FlLe 11{KINDEREMUNE,MYUSE=10,MAXRECSTZES22)
C=  DIXKENSTON APRAYS
DIMENSION FILELIO(3), VF(p4)
COMMUN HEALER(12), MAP{§V0,120), FRAY(5), MG{04), VALUE(4),
- CLOSH(4)

Dk'ﬂ'\ FH"Y/' (1”0 ! ’ 'lljllx' [ ' lzx ' " ' l12 ' L ¢ J '/
DIMENSIUH HBAP(35,35), BMAP(345,35), aMAP(35,35), DRAP(35,35),
- XMAR(39,35), YMAP(39,3%), ISV(4), JSV{4)

C= BEGIN EXKCUTILON
wWRITHE(11,/)"YOU ARE KUNLIWG A PRUGHAM TUu CALCULATLE®
WRITE(11,/7)"  SHOALING RATES AKD  VULUMES =~ THEN PLOT*
10 COUNTINUE
C~ SET ARHAY S1ZIE
MXE=120
MX5=90

= SET INTERPULATION FREQUENCE

BRITELLL, AV L2304 k502t bt bhnb bttt sl siEssasgnsn
WRITE(11,/) MENTER INCREAENT IN A FOrR INTERFUDATION, THEN ', *°
WRITE{1]1,/} "ThEN 1NCHEMENT 1H ¥ FUR INTEKPOLATION®
WHITEC(L1Y,/) PEACH IWCHEMENT MUST 6k FROmM 3 T0O 9°
READ(11,1010) INKX, INKY

WRITEC1]),/7)" DU YOU WANT Tu PRINT BLANK MAPS I=MO, 25YES™

READ(11,1020) 1PL

1P (IPLEU,2) CALL SHRPLT{MXE,MXS5)
WRITE{YE,/7)"D0 YOU WANT Tu GUIT HERE 1sku, 2=YES"
READCL3,1020) 16U
IF(IGO,ED,2) GUTO 40

C= HEAD DATA FOR FIFST WAP

20 WHRITE(11,/) "ENTEKR MOST RECENT MAP®
CALL FILLIFILEID, 9, MXE, MX3)
WHITE(3},/)%D0 YOU WANT T0O PRINT DATA 1=N0, 2=Y¥ES"
REAL(IL1,1020) 1PL
IF{IPLEu, 2} CALL PRTUTA(FILELD, VI, N E,MX5)
WRITE(L11,/7)"00 YOU wWANT Tu QUIT HERE 1=ND, 2=YES*
REALCL),1020) 1GD
IF(IGU.EG,2) GUYL 40
CALL  JINIERP{XMAP, MRk, MXS, MXX, MXY, JIKKX, INKY)
WRITE(11,/) 00 YUU WANT TO PLOT 1INTERP VALUES 1=Nn0, 2=YES"
READL(T],3020) IPL
IFUIPLLEG.2) CALL PLTAAP(XMAP ,MXE MX5, MXX, BXY, INKX, INKY,YEARS)
WRITE(L},/)"DU YOU WAKT TOU PRINT VALUES 1=kO,2=YES"
REALB(IL1,1G20) 1PL
IF{IPL.EU, 2} CALL PRIMAP{XMAP,MXE,MX5,FXX, XY, INKX, TNKY)
WRITEC(LL, /)00 YoU wANT TO QUIT HERE 1=N0, 2=YES®
READ(1},1020) 1GU
IFCIGU,IK0,2) GOTO 40
WRITiLt1,/} ™ENLEK OLUER MAP®

(= BEGIN READING DATA K SECUOND MAP

CALL  FILL(FILEIL, 10, ®XE, MXS)
WRITE(L1,/7)3 D0 YOU wANT TO PRINT DATA 1=M0, 2=YES®
READ{IL,1020) 1IPL .



i7%0
‘380
IgL0
3940
3950
4000
4050
4100
4150
4200
4250
4300
4350
4400
4450
4500
4550
4600
4650
4700
4750
4800
4450
4900
4950
5000
5050
5100
5150
5200
5250
S350
5400
5450
5500
5550

40 CON
STU

1010 FUR
1020 FOR
Eup
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*

IFCIPL.ED,2) CALL PREDFA{FILEID, VF,MXE,MXS)

WRITE(11,/7)"DU YUU wANT TO QUIY HERE 1=NU, 28YES®
READ(11,1020) 1GO

1F (160 LG, 2) GUTO 40

CALL INTERP(YMAP, MXE, MXS, MXX, MXY, INKX, INKY)
WRITE(11,/)"D0 YOU WANT TO FLUT INTERP VALUES 3=ND, 2:YES™
KEAD(11,1020) 11

1F(1PL.EU,2) CALL PLTSAP (YMAR ,MXE,MXS,MXX, MXY, LNKX, INKY, YEAKS)
WRITE(1),/)"0U YOU WANT TO PRINT VALUES §=ND,2RYES"
READ(11,1020) 1Pl

IF(IPL.LU,2) CALL PRTMAP(YMAP,HXE ,MXS,MXX,HXY, INKX, INKY)
WRITE(1),/) 0y YOU ®ANT TO QUIT HERE 1=NO, 2=YES®
READ(11,1620) 16U

IF(IGU.EG,2) GUTO 40

CALL HAPDIF(YMAP, XMAP, UMAP, MXX, MXY, 1NKX, INKY, YEAKRS)
WRITE(11,7)"D0 YUU WANT TO PLUT MARDIF VALUES 1=NQ, Z=YES”
READ(I1,1020) 1PL

IF(IPL,EG.2) CALL PLTMAP(DMAP,MXE, XS, MXX, kXY, INKX, INKY, YLARS)
WRITE(11,/3"00 YUU wANT TU PRIME VALUES 1sNo,2sYHES™
READ(11,1020) IPL

IF(IPL,EU.2)  CALL PRTHMAL (DMAD, ¥XE, XS, MXX, LY, INKX, JuKY )
WRITE(11,/7)"DU0 YUU wANT TO QUIT MERE 1=ND, 2sYES®
READ{11,1020) IGO

IF(16U,EU,2) GO0 4o

CALL SEDRIE(UMAP, KMAP,MXX, MXY,YEARS)

WRITE(11,7)"D0 YOU wANT TO PLOT SEDRATE VALUES 1sNQ, 2=YHS®
READ(11,1U20) IPL

1F(3IPL,EU,2) CALL PLTHAP(RMAP ,MXE,MXS,MXX,MXY, INKX, INKY, YEARS)
WRITE(11,/)"0U YUU WA4T TU PHINT VALDES 1=n0,2SYES®
READC(11,1020) IPL

IF(IPL.EG,2) CALL PRTMAP (KHAP,MAE,MXS,MXX,MXY,INKX, INKY)
TINUE

P

MATC(I1,1X,11)

MAT(11)
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SUKFILL (23723/717)

10000
100%0
10100
10150
10200
10250
10300
10150
16400
10450
10500
10550
10600
10650
10700
10150
10600
10850
10900
10950
11000
110%0
11100
11150
11200
11250
11300
113%0
11400
11450
11500
11550
11600
j165¢0
11700
11750
13800
11850
11900
11950
12000
12050
12100
12150
12200
12250
12300
12350
12400
124%0
12500
12550
12600
12650
12700
12750
12300

12850
12900

$SET SEPARATE
C= CREAIE FILES
FlLuk 9(TITLE="FILEID*, KINDEDISKPACK, FILETYPE=T)
FILE JO(TITLE=S"FILEID™, KIND=UISKPACK, FILETYFESY)
FlLe 1H(KINDEREMDIE, MYUSES1U) .
SUBROUTINE FILLIFILETY, IN, MXE, MXS)
C= DIMENSLUN AKHAYS .
DIMENSIURN FILEID(3)
CUMMON HEADER(12), MAP(100,120), FRAY(S), MG(64)}, YALUE(4),
- CLUSE(4)
INTIALLIZE MAP AKRAY YALUES TO «)
DU 20 Is§,MXS
VY 10 J=)  MXE
10 MAP(]1,J)zw]
" 20 CONTINUE :
C= CHARGE TITLE OF INPUT FLLE 10 DATA FILE NAME
‘ WRITE(13,/} “ENFER INPUT FILE NAME ., ., JAND A PERIOD M
REAUCILl, JO14) FILEID
CHARGEC(IN, TITLE=FILELD)
€= READ AND WRITE FIRST 3 KECURDS UF DATA FILE
po 30 1=1,3
READ(Ih,1020) (HEADERCJI), J=1,12)
WRITE(11,1020) HEADEK
10 COUNTINUE
C~ SKIP 4'Ti RECOHD OF DATA FILE
READ (IN,1030)
C+= HKEAD DATA HECURD ,
40 READ C(IN,1040,FND=80) X, Y, %, XX, YY, 2%
b0 70 1=1,2
C= CHECK FOR END OF LATA
5C IF(Z,EQ,55%) GUTU B¢
C= CURRECT DATA POSITIUN
=X~ {0,0048%X)
‘ Y=Y+(0,0195*Y)
Ce ROUND OFF X AND Y ANU MAKE INTEGER AND MUVE DECIMAL
IRUS=100%Y4 5
JCOL=100#%X+4,5
C= CHECK FUR [EGAL X AND Y
IF(1RUKN,G¥ . MX8) GUYTO 60
IF (IHUw,LE,Q) GUTO 6O
IF(JCUL,GT,MXE) GDTU 60
IF (JCUL,LE.U) GUTC 60
Cn PLACE 2 IN MAP(JCUL,1ROW) POSITION
MAP(IROW,JCOL) =2 :
Co EXCHANGE X,¥,2, WITH XX,YY,2Z2 AND LOuP
b0 X=XX
Y=YY
10 2=Z¢
C= LOOP BACK TO READ NEXT RECURD OF DATA
GUTO 40
80 CONTINUE
C= SAVE FILE AND KETURH T0 MAIN PROGRAM
LUCK 1w
RETURN
1010 FORMAT (3A6)
1020 FufMAT (' 11,1246}
10630 FURMAT (1X)

[
|

Y040 FURMAT(HX,6(1X,F7,3))
END
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SUBINTERP ! (01/23/77)

20000
20050
20100
203150

20200

20250
20300
20350
20400
20430
20%00
2055¢
20600
20650
20700
204750
20800
20450
20900
20950
21000
21050
21i00
21150
21200
21250
213100
213150
25400
214590
21500
21550
21600
21650
21700
21150
21800
21850
21900
21950
22000
22050
22100
22150
22700
22250
22300
22350
22400
22450
22500
22550
22600
22650
22700
24750
22800

BSET SEPARATE
C= CHEAIE FILES
FILE  9(TITLES"FILEIP®, KINDSDISKPACK, FILETYPE=?)
Flbt 10(TITLES"FILEID", KRIMDZDISKPACK, FILETYPE=T)
FILE J1(KIND=REMOTE,MYUSE=T1)
: SURRUUTINE INTERE (ARAP ,MAXE, MXS5, MXX, MXY, ILKX, INKY)
C= VIMENS1UON ARRAYS
DIMENSTON AMAP(19,35), YSY(4), Xav(4)
COMMUN HEADER(12), MAP(10U,320}, FRAY(S5), MG(n4), VALUE(S4],
- CLOSKE(4)
C= CALCULATE SLZE OF INTERPULATIUN AMRAY
MXK=s (MXE=1)71MKX +1
MAY=(MXS=])/71INKY +

C-; WALK THRUUGH MATHTIX 10 INTEKPULATE EVERY
Cu INKX POINT 1IN X AND EVERY INKY POINYT IN Y
C= STEP ACROSS ROWS UF MAP ARHAY '
K=i
DO 170 TROW=],MX5,1RKY
L=1

STEP ACROSS COLUMNS OF MAF ARRAY
DO 150Q JCUL =1,MXE, INKX
INITIALLIZE VAHJALLES
AMAP(K,L) = 999Y49yg
PO 1¢ KM=1,4
CLOSE(MM)= 4000
YSV(MM)==
X5V (MM)a~-1
10 VALUE(MM)= =]
C=UHECK FOR DATA AT THE POINT
IE (MAP(IROw,JCOL),LT. ©) GUIU 20
AMAPIK,L) = MAP(IRUW,JCUL)

C

¢

GUTO 140
C= ' GU TO FOUR QUADRANES AWOUND POINT TD BE INTEKPULATED
20 DO 100 M=i,4

GU 10 {30,40,50,60) ,M
C= S5ET LA & LB 10 +« OR = 170 GU TO FRUPER QUALHANTS

30 LA=]
LB=1
‘ B 010 10
40 LA==1
_ GOTU 7o
50 L=~
o gutu 70
&0 I.A=1
C= ALTERNATE KAS =1 AND 0 TU PICK UP JRUK ANP JCOUL DATA
70 KAS(=1)t8H '

JF{KA.GT,0) KA=(
C= WALK THROUGH QUADRANT 1IN SEARCH OF CLUSEST PUIRYT
PO*90 I1=1,10
I = IRUW + A¥{1I4KA)
Ce ;F ROW NUMHER 15 > CLOSEST POINT GOTL KEXT QUADRANT
1F(1,G6T,CLOSE(M)}) GUTG 1040
DO BO Juz= 1,10
JEJCUE + LBE{JG+KA)

C= 1F COLUMN NUMBER 15 > CLUSEST PODINT GOTO NEXT RUk

IF(J,6T.CLUSE(M))  GUTO KD
C= CHECK FOK LEGAL ARRAY PARAMETERS
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21850 IF(I.LE,0,U0R, 1,GY,MX5) GUTU JOU

22900 : IF(I, LE,0.UR,J,.G1 ,MXE) GUTD %0
2249%0 Ce CHECK FUR DATA

230060 IF{HAP(1,J).LT.U)  GUTO BO

23050 L= CHECK FUR BARRIER

23100 _ IFCIJEQ L AND  MAP (T ,J) . GT, 95, AND . IT . GT . 1)COTH 100
231150 IF{MAP(],J).6T,9%) GUTD 90

23200 L= CALCULATE DISTANCE

23250 UIST = SOKRT ((IKOW~]}k%2 & WCUL=J)*22)
233090 Cr SAVE DISTANCE VALUE, AND PUSITION OF CLUSEST POINT -
233450 ‘ IF(DIST,GT.CLUSE(M))  GUID 90

23400 CLOSK (M) = DIST

23450 VALUE(R) = MAPC(],J)

23500 YSVI(M) = ABS(I=~IRUW)

23450 XSY{KH) = ApS (J=JCul)

23600 Ce IF PUSITIUN 15 2ZERO MARE VERY SMNALL (SHOULD NEVER OQCCURY
23050 IF (YSV(M),EQ,0) YSY{h)I=0,00001

23100 IF (XSY(M).EQ,0} XSV(M)=0,00001

23750 C+ LUUP BACK

23800 GUTO 90

231850 80 CONTINUE

23900 %G CUNTINUE

2349%0 100 CORTINUE

24000 C= CALCULATE 1MTEKPULATED VALUE FOR PUINT MAP (1RO®,JC0L)
24050 €= INITIALIZE VARIABLES

24100 STUKE =0,0
24150 KPT=0D

24100 DENOM=D, 0

24250 C= CHECK FOR DATA FROM ALL FOUR QUADRANYS IF SO 1£ST
24300 LO 1510 mMM=1,4

24350 110 IF (VALUE(M) LT.0) GOTU 120

23400 CALL DATEST(YSV, XSV)

24450 120 CONTEINUE

24500 C= CALCULATE GRID POINT VALUE

245%0 DU 130 K=1,4

24600 Ce CHECK FUR DATA FROM THIS GUADRANT

24650 ; IF (VALUE(M) ,LT.V) COLTD 130

24700 C= CUUNT THE NUMSER OF PULINTS USED IN CALCULATIUN

24750 ' KPTSKPT+1

24800 STURE = YALUE(M)/CLOSE(M)+STUKRE

2485%0 DENOM = 1 / CLUSE(M) + DENUM

24900 130 CONTINUE

24950 C= IF NOT ATLEAS1 2 PUINTS FOR INTERPULATION THEN SKIP
25000 IF(KPT,LT.2) GUIO 14¢

25050 C= SET AMAP GRIL PUINT EQUAL Tu INTERPULATED VALUE
25100 . AMAP{K L) = STUKE/DENUM

251%0 Ce INCREMENT TO NEXT GRID PUINT AND GO AGAIN

25200 140 L = L+}

25250 150 CONTINUE

25300 160 K = K#)

25350 170 CUNTIMNUE

25400 RETURN .

25450 END

25500 SUSHOUTINE DATEST(YSV, X5V)

25550 C- SUHRUUNTINE TO TEST GEUMETRIC KELATIUNSHIP UF POLNTS
25600 DIMKENSION YS5Yy(4), X8V{d)

25650 COMMUN HEADER(12), MAP(100,120), FHAY(S), MG(ed), YALUE(Yq),
25700 - CLUSELA)

25754 LARGESD

25800 ] PO 10 LP=1,4



254850
25900
25950
26000
26050
26100
26150
20200
26259
26300
26350
26400
2645¢
26500
26550
26600
26640
26700
26750
26400
268%0
26300
26950
271000
27050

27100 .
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C= FIND QUADHRANT CONTAINING FARTHEST AwAY POINT
IF (LARGE ,GT . CLUSELLP)) GUTIH 10
LARGESCLOSE(LY)
LO=L#
| 10 CUNTINUE
C= S5£T LT & LIt TU ADJACENT QUADRANTS
G T (20,30,40,%0), Lu
20 LT=2
LH=q
GUTO 60 .
30 LI=3 '
LR=1 . - .. .
GUTO o0
40 LT=4
LK=2
GUTU &0
50 LI=}
LR=3
CeCALCULATE ANGLE BETWEEN POINTS UN UPPUS]ITE S1DE FROM
= FARTHEST PUILNT
b0 ANGLEZATANLYSVILT)ZXSVILTI) + ATAN(XSV(LHI/ZYSBY(LK)}
C=~ IF ANGLE 15 GHREATER TuhAN 90 UDEGHEES PULNT 1S SURKROUNDED
C= BY CLUSKESY THREE POINTS S5i} USE UNLY THE THREE
IF (ANGLE . GT,ARSIM(1,.0)) VALUE(LG)= =1
RETURY
END , -

SUBSEDRTE (08/05/7))

40000
40059
40100
40150
40200
40250
40300
40350
40400
40450
40500
40550
49600
40650
40700
40750
400800
40850
49900

SSET SEPARATE
C~ CREATE FILES
FILE 9(TITLE="FILEID", KIND=DLSKPACK, FILETYFE=T)
FILE 10(TITLE="FILEID®, KIND=DISKPACK, FILE1YRE=2T)
FILE 11{KIND=REMUTE,NYUSE=T0)
SUBRUUTTNE SEDRTE(DMAF, RYAP, MXX, MXY,YEARS)
C= DIMENSION ARKAYS
DIMEASION DMAP{3%,35), RMAP{35,35)
COMMUON HEAUFR(12), MAP(100,120), FRAY(S), MG(64), VALUE(4),
- CLUSE(4)
WRITE(1},7) “CALCULATING SED=RATE"™
| DO 10 1=1,M%Y
DO 10 J=1,mAX

. C= CALCULATE SHOALIRG RATES FUR DIFFERENCE MAP

RMAP(1,d)= DMAP(I,J)/YEAKS
10 1F (DMAP(L,d) ,GT,95) RMAP(],JISDRAP(L,Jd)
WRITE()1,/) "SED=RATE CALCULALEDL®
RETURN
ExD
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SUBMAPLLF (HH/78%/71})

3e000
3v010
30uso
oquo
V1S
30200
30220
3o2o0
30300
30350
304u0
30470
30450
Jusoy
30550
30600
06450
30700
307150
30800
30850
308770
30900
30950
31000
31020
31050
31100
31150
nire
31180
31200
31250
31300
31350
31370
31400
31420
31450
3t500
41520
31550
31600
11650
3116790
31700
31750
31800
31850
31900
31950
3Zzvoo
32950
32100
32150
32200
32250
32300
32350
32400
32150
32500
3350
126uv
32650

§SET SEPARAITE
C= CHEATE FILES
FILE 9(TITLE="FILEID", KLNRD=DISKPACK, FLLETYPE=T)
FILE 10(TLYLE="r1LEID®, KINDEZDISKPACK, FILE1YPE=T)
FLILE 11(RIND=HEAULE,MYUSE=1U)
SUBRUUTINE MAPDIF(AMAP, BAAP, DMAR, HMXX, MXY, 1NKX, INKY, YEARE)
C~ DIMERSIUN ARRAYXS
DIMENSTUN AnAR(3S,35), BAAP(IS,3%), DMAR(AS5,35)
COMMON HEAUEH(12), MAP(L00,120), FRAY{S}, MGLud), VALUE(4),
-  CLOSE(4)
INTEGER UYLAHS, RYEARS
o INITIALIZE VARIAHLES
WAITE(E1,7) "ENTER OATE OF MOST RECENT MAP®
READC(1IL,1010) KYEARS
ARITE(I],7) "ENTER DATE OF OLDER MAP AND A PLRIUD"
KEAULEY,1010) DYRARS
YEAKS = RYEARS=0YEARS
SUM=0,0
NPTS=0
AVG=(,0
AREA=O0,0
C= SURTRACT NEW MAP FROM QLD UNE
D) 10 J=1,MKY
bo 10 J:i,nxx
PHAP (L, JI=(AMAPCL, J)~HRoAP (1, 0))
C= CHECK FOR BARHIERS
1F (AMAP(L,J).GT.95%) DHAPCL,JI=AMAP(],J)
IF (BRAP(L,J).GT,95) OUMARCL,J)3RmAPL],S)
) IF(DMAP{T,J).GLs95) GUID 10
€= (HECK FOR DESIKELD AHKAY PARKRAMETERS
Ce SKIP FLRST AikD LAST KROW AND COLUMN
1IF{1,LE,1) GuUTO 190
IF(I,LE, L) GUTO 10
1F(1.GT, (MXY=1)) WOTO 10
W (J.GT.(MEKA=1)) GUTD 10
Ce COUNT NUMBER OF PUINTS
NPTS=NPTS+]
C~ 5UsM DEPTH CHANGE
, Sumz SUM + DMAP(L,d)
10 CONTINUE _
Ce= CALCULATE AREA, AVERAGE DEPTH CHANGE, VOLUME
AREASHNPTS S IKKX*[NKYS100U0,
AVGZSUM/NPTS
VOL=AVGAREA
C= DUTPUT CALCULATIUNS
ARITE(31,1060) UYEARS, RYEARS
WRITE([11,1020) KPS _
WRITECIL,1030) AVG, (AVL#,3048)
WRITE(LI1,1040) ARER, (AREAX,0929)
WHITE(11,1050) VUL, (VUL*,0283)
HETURN
1010 FORMAT(14) .
1020 FURMAT( ="', 5X,"NUMBER UF vo!urs USED LnNT,
- " CALCUthlUN =%, 3X,15)
1030 FURMAT(' *,22X,"AVERGE DEYTH CHANGE 2%,3X,
- F542," FEET",/,43X,"=", 3%, Fb6,3," METERSY)

1040 FORMAT(® *,5X,"AREA FUR AHICH VULUME wAS ",

- CCALCULATED =",3XskE12,3," S0 FEET",/,43X,"=",
- 3K, EYZ2.3,% 50 METERS™)

1050 FORMAT(! ',13%,"VULUME O SEDIMFNY DEPDSITED ="
- JINLETZ2,3,"  CUnlC FREED",/, 43K, "=",3X,E12,34

- " CUBLIC METERS")

1060 FURNATC( ="' ,9X,"CALCULATIUNS FUR *,14,
- *TO ", 143
EnD
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SUBPRTRTA (07/23/71)
$S5ET SEPARATE

L0000
60050
60100
60150
60200
602%0
6013100
6U350
60400
60450
60500
60550
60600
ble%0
60100
60750
bOBUD
60850
60900
60450
61000
61050
613100
61150
61200
61250
61300
61350
61400
61450
61500
61554
61600
61650
61700
61750
61800
61850
61900
61950
£2000
62050
62100
62150
62200
62250
62300
62350
62490
62450
62500
62550
62600
62650
62700
62750
62800
62850
62900
6295V

FlLE
FILk
# 1

‘= CREATE FILES

JOTITLE="FILETIN", KIND=DISKPACK, FILFTYPE=T)
JOCTITLE="FILEID", KINO=DISKPACK, FILETYPRZ?)
1L (RIND=HEMOTE  MYUSE=TO)

SUBROQUTINE PRTUDTA(FILEID, VF, MXE, MX5)

C= LDIMENSTON ARRBAYS

DIMENSLON FILEIO(3), VE(o4)
CUMMUN HEADER(1Z2), MAPL1U0,120), FRAY(Y), MG(&4), YALUE(4),
CLUSE(4)

C=- wHITE DAME OF FlLE AT TOP OF PAGE

Ce

WHITE(6,1010) FILEID .
DIVIDE X DIRECTION INT( 2 PARTS S0 IT FITS ON PAGE

C- INLTIALLZE VARIABLES

=

c- .
10
¢

20

NB=¢
oo 70 I=1,32
NA= KA + 1

NB = NB+ 60
IF (NB,.GY,MXE)} NHz=MXF
PRINT HEADING 10 ID MAP SECTIUN
IF {I.,EQ.1) WHITE(6,1020)
IF (1.EU.2) WRITE (v ,1030)
WRITE{6,1040} (11, [I=NA,nb,2)
CALCULATE FORMAT FUR EACH RUW TO BE PRINTED
DU 70 1ROw = 1,MX8

INITIALIZE VARIABLES

DO 20 KK=1,64
VF{XK)=" "
JJ=3

Ji=0

¥YF(1)=FRAY(1)
YE(64)Y=FRAY(D)
YF(2)=FRAY(2)}

DO 40 JCOL= NA,WB

C= SET FOHRMAT TO 2X

VF(JJ)=FRAY (})

C= CHECK FOR DATA

IF (MAP(IROW,JCOL) (LT,0) GUTU 30

C*‘IF DATA = COUNT NUMBER OF POLNTS, PUT VALUE IN NEXT
Ce PUSITION OF ARRAY HG, SET FOWMAT TO 12

JZz=JZ+)
MGLJZ)=MAP (1RONW,JCOL)
VE(JJ)=FRAY (4}

C= GO TO NEXT POINY

30
40

C= 1F
50

C= 1F
60
70

1010
1620
1ulv
1040
1050

JU=ddrl
CONTINUE
1#¢22) 70, 60, S0
DATA ON LIKE PRINDT LINE NUMBER AND LILINE
WRITE(G6,VE) jROW, (MG(J),J=1,J2)
cOT0 70
N DATA ON LINE JUST PRINT LINE NUMBER
WRITE{6,1050) IROW
CONTINUE
RETURN
FURMAT ('8! ,50X,"DATE=", 3Ab)
FURMAT (10,504, "SECTLUn ODNE®/S)
FURMAT ('L',5ui, "SRCTION Twu®/)
FURMAT ('0',2X, 60(1X,13))
FURMAT('0? ,13)
END



 SUBPRTMAP L04/05/77)

SEPARATE
U= CREATE FiLkS

50009
20050
50100
50150
Y0210
Q02%0
50300
$0350
50400
20454
S5U300
50950
50600
3UBS0
S50T00
SO07T5Q
Y0800
Y0850
SU900
50950
S10uU0
S1u50
521100
51150
51200
51250
51300
51350
51400
514%0
G1500
%1530
515%0
51600
HYles50
Y1700
S0
51809
518%0
519040
81950
52000
92050
52100
52150
82200
h2450
52300
94350
52400
52450
54500
94550
52600
92650

§SET

FILE
FLLE
FlLE

9T

LM(TITLE="FILELID",

ITLE-"F1
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LEID", KIND=DISKPACK, FILETYPE=7)
KINU=DISKPACK, FILETYPE=T)

LI(KLIND-REMOTE, MYUSE=STD)

SUURUUT I NE PRTMAP (AMAP, MXE, MKS§, MXX,
C= {HIMENSION +RRAYS

COMMUN HEADER(12}, MAP(100,12¢), FRAY(S), MG(64); VALUE(4),

CLDS» (4)

ULMENSTOUN AMAP(3%,39)

wh [

Te(lt, /)

"PRLINTING CALCILATED MAP"

C= REAUD MAP HEADLI&G FUR LINE PRINTER

whT

ThHi11,7)

"ENTER MAP HEADING®

READCLY,101U) HEAUER
aHlIE(o,1020) HEADER
C~ INITIALTZLE VAR
[SPACESINKX*2=8

N =

0

TABLES

AA=120,/1KKX/2

NUP=

AA

C= SPLIT ARRAY INTO TwD SECTIONS BY COLUMNS

10

20

i

oy L=t ,2
GO Tt}
wRI W E(G,
whill (b,
LEFT=0

GOTO 30

WHITE(E,
WHITE(G,
LEFT={AA

Ce PHEINT TwU HAL
Cw IWETLALLEZE VYARTADLES

30

NAZNR+1
NH=NUB+NO
IF (hH.G
0y 50 1=
K=1#*[

0,20), L
1030}
1050} (1I, 11=1,60,2)

1040}

1050) (11, ILI=6{,MXE,2)
=NUP IR INKX*2

YES

P

T.MXX} HB=MXX
1,MxY¥
NEKY=TNKY+1

MXY,

L

Ce PRINT LINE WITH PRUPFER SPACING BETWEEN POINTS
(6,1060) K, LEFT, {(AMAP(I,J),1SPACE),
Ce PRIAT LINF HUMBERS UF EMPTY LINES

44
50
60

1010
1hz0
1u3G
1040
1u5¢
1060
10749

Cun
AR
HET

WRITE

uo a0
mJ
wHITE
CONTINUE
TINUE
TE(YY, /)
Witn

Mi=1, INKY=1
K=heMl
(6,1070) MJX

"MAP PRINTING CUMPLETED"™

FURMAT(]124A0b)

Fuk

MAT("1 Y

0N, 1200,7)

FORMAT('Q',5uX, "SECTLON ONE")
FORMAT('1Y,50X, "SECTIUN TWO")

FiR

MAT('O!

JAALI20LX, 1))

FORMAT('0' , 13,14,%%,20(F6,.2,*X))

Funr
£ND

MALR(*'O!

$13)

INKX,

INKY)

J=NA,NB)



70000
70050
70100
70150
70200
10250
703060
703150
70400
Te450
76500
T0550
70600
70650
Tui00
70750
0800
7085%0
70900
709%0
71000
71050
71100
71150
71200
71250
71300
11350
71400
71450
71500
715%0
1600
T1650
71655
F1i00
71150
71800
11850
11900
T19%0
72000
72050
72100
12150
72200
12250
12300
72350
12400
724%0
12500
72550
12600
72650
72700
T2750
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SURPLTHAP (09/01/77)

§SHT SEPARATE

C=

CHEAIE FILES

FIQE Y(TITLE="FILELID", KIND=DISKPACK, FI1LETYPE=ZT)
FILE 10(TITLE="FILELID", KIND=DISKPACK, FILETYPE=?)
F1lLk  YT1ININDTHEMUTE, MYUSE=I0)

FILE ®=FI!LEB,UNLTSREMDTE

‘ SUBRUUTILE PLTHAP{AMAP MXE MXS, KX, MXY, INKX ,INKY , ¥EARS)

Cw

[
t

DIHENSIUN ARRAYS
DIMENSLUN AMAPC3S,3%), NAME(2), FILELD(9), FTILEC(L),
UATA MAME/'DEMARE 00115/

50120}

CUMHUN HEALER(12), MAP(3ICGQ,120), FRAY(S), MG(&4), VALUE(4),

- CLUSF(4)
LOGICAL VA
INITIALIZE VRARIABLES

.10 IFT=10

Cw»

C»=

pbn 2o J4=1,120
20 5(J)=0,0
DEFINE UNITS FNR OUTPUT MUMBERS
ARITEC(LY, /)00 YuU WART DEPTHH/RATES PLOTTED IE™

WRLTE(1Y,/)" 1SFT, FY/YREAR] 25k, M/YEAR] 3=CM,UCH/YEAR"

REALVCIY,1010) TUNTS

CONV=].0

IFCIUNTS.EQ,.2) CUNV=,3048

IFCIUNTES EU, 3) CONV=30.48
ESTARLISH SHOKELINES TU ©OF PLOTT?ED

WRITE(1] ,/I"ENTER NUMBER UF SHORELINES TU BE PLOTIED®

READ(1),1000) us
0o 40 ]=1,n5

30 WRITE(11,/)"ENTER SHORELLINE DATAFILE % & % AND PRRIOL,

READ(11,1020) FIiLEID(L)
FILE(1}=F1LEL1D(L)
IF(FILECI), EQ,"NU™)  GUTO 40
CHANGE(S,TITLE=F1LE)
INQUIRE(9,RESIDENT=VA)
CLUSE 9
IF(VA) COTO 40
SHORELINE DATA FILF DUESN'T EXIST
WHITE(IL, /) "DATA FILE BUESK'T EX1ST == KRE-ENTFR
GUTO 30
40 CUONTINUE
DEF INE COHRRECTION FACTORS FOR DATUM OF MAPS
WRITE(11,/7)"D0 YOU wWANT DATUM CUKRECTI®ED ",
- "1=ND, 2=DEPLIHS, 3I=DI¥FFS, 4=HATES"
READCIL,1010) JCUR

C1F DEPTHS EMTER DATE UF MAP TO CURKECT

IF(ICOKH, . EG.2) WRITE{11,/7)"ENTER DATE OF MApH
© IF(ICOR.E0.2) REAU(11,1030) IDATE
SET MEADER EQUAL TU BLARKS
phoSO 151,17
50 HEADER({T)=" "
ENTER MAR MEADING FOR PLOTTER
ARITE(H], /) ™ ENTER MAP HEADING FOR PLOTILRY
READ(11,1040) HEADER
DEFINE S1ZE UF OUTPUT KAP
WRITECLL, /) " ENTER SCALE FACTUK « *
READ(11,3050) St
DEFINE PRECISIUN UF_UUTPUT NUMBEKS

]
.

O N0



T2R00
72950
72900
12950
13600
13050
73100
71190
73200
13250
731300
73350
73400
73450
T3i%0U0
73550
73600
T3u50
T3700
7137450
73800
73850
73%00
739450
74000
74050
74100
T4150
T4200
74259
74300
741350
74400
74450
T4500
74550
74600
T4650
14700
T471%0
743840
74850
74900
74950
75000
75050
15100
75150
15200
15250
715300
15350
715400
159450
75500
15550
T5600
Inb50
15700
15150

(=

C=

;C"'

C-

Cm=

Kyl
1

C=

(]
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WARITE(L), /)" ENIER NUMBER OF DIGITS 70 BE PLUTTED *
WRITECLY,Z)"T0 THE RIGHT OF 1HE DECIMAL PULNT ON PLOTTER®
READCI1,1010) NRGY
DEFINE QUIPUYT BEVICE
WHITEC(1], /) "ENTER NUMBER OF OQUTPUT UNIT (=9,069,10)"
READ(Y, L06U) 10UT
IF TECTRUNIX CHT KEM TEKM1&4AL NUMBER
IF(IUUT . EQL9) ARITE(I1,/)"ENTER TEHMINM, KUMBLRY,
- "5115%, FUR RLIGHT, S015, FUK LEF1"
IF(IOUT,.RULY9) HEADCI1,1070) FILE
IF MLSSTAKE DON'T PLOT
WRITE(L1,/) "15 1T OKAY 10 PLOT 1=n0, 2=YES"
REAR(L1Y,1010)  RPL
1F (NPL.EQ.1)} GUTO 180
1F{TOUTFO %) CHANGE(8,TITLE=FILE)

WRITE(1L,/} " BEGIN PLUTY
INITIALLZE VARIABLES

HT=0,10%
HGI1) IS5 AN ASTERISK

MG(13=0Y

CLOSE 11

CALL PLTSRT(NAKE,10UT)
CALL FACTOR{SIZE)
REDEFINE OK1GIN
CALL PIJUT(lcga .4""3)
CALL PLOT(U,90./]FT,=3)
PLOT AXES ENGLISH AXD 7 METRIC UNITS
CALL AXIS(O,3,0/1FT,YE-w, FEET", 11 ,120/0F),0,0,1FT*)00)
CALL AXIS(=2,/1FT,=1,¥MXS/IFT,"N=5, FEET",}1 . 4X8/71FT,90,
-~ HAS*I00,1FT*(~-100))
IF {TURTS.EG,)) GUTO &0
CALL AXIS{=9,/1FL,=1 ,AMXS/1F7T ,"N~5, METERS" ,11,MXE/1FT,90,
- MXS¥100%,3048,LFT*(~100)+,2048)
CALL AX¥SCO,10.71F),"E=n, METEHRS",§1,120/1FT,0,0,1F14100%,3048)
L0 CUNTINUE
1E MAP IS POST 1960 PLOT FERRY JETTY
po 70 I=1,K5
70 IF(FILEIV(L) ,LT,"S1%62%) GOTU 8O
GOTO 40
BU CONTIMUE .
CALL PLOT(3,16/1FT,=86,72/1FT1,3)
CALL PLUTC(.Te/LYT, =1, 12/1FT,2)
CALL PLOT(.UB/AIET,=75.5671FT,2)
CALL PLOTC(4,3221F),=TO,90/1FT,2)
CALL PLOT(I0,68/LFT ,«65,96/1F1,2)
CALL SYMBULCLU,GH/TFT,=63,96/1FT HT#,75,MG(1),0,1)
90 CUNTINUE
PLOT MAP TITLE
CALL SYMBOLC(1,2,(4,04MX5)4{~1)r1FT,T*2,HEADER,0,50)
INITEALTZE YAMIABLLS
TPEN=3
FLUT SHUHELLNES
DO 150 1=1./nS
IF(FILEIDCE) JEQ,"§0 ") GOT0 150
IT=}
FILE(I)=FILEID(I)
IF PUST 1900 FILL CEHTER SECIIUON UF BREAKWATER
IF(FILE(L)Y LT, "S1400,") IPEN=Z
CHAKGE(Y,1TTLE=FILE}
i0Q CUNTINUE
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15800 C= READ SHORELINF. K AND Y CUORDINATES

15850 . READ(9,106U,END=130) X,Y,2,XX,YY,22

15900 DO 130 J=3,2

15950 C+ CUHKRECT SINURELINE PUSITUNS

16000 X=89,54%%

Ta0b0 Y=98,45Y .

16100 C+ CHECK IF PUSITOUN IS5 UN MAP

76150 ‘ IFIX.LT,0) GUILr 100

76200 ‘ IF(Y.G1,8X5) GOTO {40

T6250 C+ INTEGEHRIZE X AUD SAVE FARTHEST SOUTH POSLTION FOR
76300 Cw» SHURELINE IN INAN COLUMNH 1IN ARKAY S({#)

76350 X+,

16400 IF(M.GT,MXE)  GUTO 110

1645¢ IFIM.LELO,)  GUOTU 11¢

16500 IF(Y . GT,5(M}) S(M)=¥

76550 110 CONTINUE,

76600 C+ 1F AT FIRSYT PUSITIUN UF SHORELINE TU BE PLUTTEDR KOVE
16650 C=+ TO THAT POSIYIUN WITA THE PEN UP

76700 IFCIT.GTL1)  GUID 120

16750 CALL PLUT(X/IFT, X/(=1)/0¢T,})

16800 . 1T=2

76850 120 CONTINUE

76900 C= MOYE TO EACH SHORE POSITION w1lTH THE FEN DOWN
76950 CALL PLOT{X/IFT,X/(=1)71FT,2)

71000 XzkX :

17050 ¥=yy

Ti190 130 CUNTINUE

17150 GUTO 10V

77200 140 CUNTINUE

71250 C= SAVFK FIlLE

17300 CLUSE 9

17350 150 CUNTINUE

17400 C= PLOT BREAKWATER

71450 CALL SYMBOL(LR2S2/IFT,~32,72/1FT, HT#,75,M6(1)},0,1)
71500 CALL PLOT(39,32/1FT,=24,52/1FT,2)

17550 CALL PLUT(Y7.4/1FT,=16,44/1F1,1PEN)

11600 CALL PLOTCIS,/IFT,=20,/71FT,2)

17650 ChLL SYMBOL(15,/1FT,=20,/1FT,HT+,75,MG(1),0,1)

11100 C~- SET ALL CUOLUKNS OF S(J) WLTHOUT SHURELINE TU SOUTH EDGE OF MaP
THIL0 Do 160 J=1,120

17800 160 1F(5(J)ER.0) S(J)=HXS

11850 C= ESTANLISH CORRECTION FACTORS DESIGNATED EAKRLIER

17900 CUuRFCT=0

77950 IFCICOR,EQ,2) CURFCT=.0114{1917=1DATE)
18000 1F(ICUREG, 3) CURFCTS,0114YEARS

78050 1F(1COR,EU,4) CURFCTI=.011

18100 C= GO TO EACH GRID PUINT, CUNVERT PUSITON TU INCHES

78150 DO 170 J=1,MKX

78200 X=1,0%(J=1)4INKA/LFT

18250 DO 170 151,MXY

8300 C= CHECK IF ON LAND

78350 IFCIAINKY =(INRY=1),GT,S5(J*INKA-(INKX=1))) GUID 170
78400 C- CORECT VALUE

14450 STURE=AMAY(1,J}+CORFCT

78500 ¥=-1, 04 (1=-1)*INKY/IFT

78550 C= CHECK FOR DATA

78600 IFCAMAP(1,J).GE,595) GOTD 170

78650  C- PLOT NUMaER AND POSITIUN RFTER CORECTING TO RIGHT UNITS
78700 ' CALL NUMBER(X,Y+#0,.1,.HI,CONVESTORE, D, NRGT)

78750 ) CALL SYMBOL(X,Y,H1/3,MG(1),0,1)



18600
78850
Td9g00
T8990
19000
19050
19160
719150
149200
19250
T9300
193540
19450
79430
79450
79500
19590
73650
719700
797150
79800
79850
79400
79350
80000
BU050
ROI10Y
BOi%0
80200
80250
60300
BU3b0

170
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CONTIHUE

C= Flul3d EDGE OQF MAP

CALL PLUIC=2,21FT, =1, *MXS/IFT,3)
CALL PLOTCLI?25,2IFT,(=1,)%MA5/1F1,2)
CALL PLUY(125,/1FT,3.071¢T,2)

CALL PLOYC120.716T,3,0/11T,2) .

‘C= HEUEFINE UHL1GIN AT URIGLEAL PLACKE

IF(Iuul, v G, ~9) CALL PLOT(136, 73T, ~100,/71F1,~3)
CALL PLUOYCU,=90,/0FT,~3) :
CALL PLUT(*Y,9,~,4,=3)

C~ CLEAR PLOTTER

180

CALL PLOT(0,0,10UT)
CALL HUME
CLUSE 8

C= WALl FOR UPERATOR TQ HIT RETURN

READ(11,1010) CUNTLN

Call PLOT(0,0,¥)

CUONTINUE

WRITEL{11,/7)"D0 YOU WANT TU RE«PLUT THIS MAP )1=NO , 25YES”
READ(11,1010) &PL

1F(NPL,EG,2) GUIL 10

RETURN

C= HKEAD FOR CONTINUE GR REPLOT

1010
102¢
10346
1040
1054
§060
1070
1040

FORMAT(L1)

FURMAT (CB)

FURMAT(14)
FORMAT(2A8)
FOHRMAT(F5,.2)
FURMAAT(I2)

FURMAT(Ab)

FORMAT (BX,b{1X,F7.3))
END
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SUBSHRPLT (09/01/77)

80009
BQOLO
40100
BOIbY
80200
80250
B0 300
80350
80400
HO450
80500
8055V
B0b6QY
HO6%0
80700
407350
B0BQO
B0BOU
80900
BOYSD
91000
81050
#1100
81150
81200
81250
g13100
81350
81400
81450
B14a45%
1500
¥1550
B1600
Bi165S0
Bt700
BL17150
#1800
681850
81900
819%0
820090
B2050
821900
82150
82200
82250
82300
82350
B2440
B2450
62500
B2550
82600
R2650
82700

B2750

$SET SEPARATE
Ce CHEATE FILES
FILE 9(TITLL="FILELU®, KIND=DISKPACK, FILETYPE=T)
FILE 10CTITLE=FILELD®, KIND=ULSKPACK, FILEYYPEST)
FILE 11(KINDSREMUTE,MYUSE=10)
FILE B(KIND=HREMUIE)
SUBRDUTINE SHHPLE(MXE, MXS)
C+ DIMENSIUN ARRAYS
DIMENSLIUN AMAP(35,35), NAME(2), FILEID(9), FILE(1l), S(120)
UDAYA NAME/Z'DEMAKE QU11%'/
CUMMUN MEALER(12), MAP(1U0,120), FRAY(S), MG(64), VALUE(4),
- CLOSE(4)
‘ LOGICAL VA
C= INITIALLZE VAKIABLES
10 IFT=10
by 20 J=1,120
20 5(J)=0,0
C= DEFINE AXIS AS ENGL1SH OR METHIC
WRLITE{L11, /I ENLER 1SFEET, 2=METRIC"®
READ(IL,10)0) JunTs
C= DEFINE SHURELINES TU BE PLOTTED _
WRITE(11,/)"ENTER NUHBER UF SHORELIMES TO BE PLOETED®
READ(1]1,10510) ns
DO 40 1=1,n5
3o WARITE(11,/)"ENTER SHURELINE DATAMFILE £ % ¥ AND PERIDD, OR wiQ"
READ{11,1020) FILEID(L)
FILE(1)=FILEIDC(L)
IF(FILEC}),EU,"NO™}  GUTO 40
CHANGE(9, TITLESFILE)
INGUIRE(Y ,RESIDENT=VA)
CLUSE 9
IF{YA) GUTO 49
CWRITF{11,/)"DATA FILE DUESN'T EX1ST = = HE=ENTER!"
GuTo 30
40 CIONTLNUE
C= SET HEADER EQUAL TO BLANKS AND KEAD TITLE OF MAP
DU S0 1=1,12
50 HEADEH{I)=" .
WRITE(I1,/7) " ENTER MAP HEADING FOR PLOYVER®
READ(11,5030) HEADER
C= VEFINE SCALING FACTOR
WRITEC11,/7) *® ENTEN SCALE FACYTOR - °®
READ(11,1040) STZE
C~ LEFLINE UBTPUT UNE
WRITE()11,/7) "ENTER NUMBER OF OUTPUT UNIT (=9,09,10)"
READ(11,1050) foUT
C= 1F TEKTRONIX CRT LINPUT TERMINAL NUMBEN
1P (I0UT.EQ.9) WKITE{L11,/)"FNTER TEHMINAL NUMBER",
- "511%, FOR RIGHT, 5015, FUR LEFT*®
1F(IOUT.EQ,%) REAU{11,1060} FILE
C= JF MISTAKE DUN'T PLUT
‘ WRITE(11,/7) "18 1T UKAY TO PLU1 1=N0G, 2=YES"®
READ(1§,10t0) NPL
1F (NPL,EQ,1) GUTU 15¢&
C= START PLOT
IF{IOUT,EQ,%) CHANGE{#,TITLESFILE)
~ WRITE(11,/) "  BEGIN PLOT"



B2800
2850
B29490
B2950
BIpLO
813059
83100
83150
83200
63250
83300
#3350
#3400
B3450
81500
83550
83600
63050
83700
83750
gisuv
BAHSY
B83%00
81950
84000
B40%0
B4100
#4150
B4200
B4250
84300
84350
84400
g4440
B4500
B4540Q
84600
84050
84700
B41n0
84400
844850
g4900
Bd94%0
é5000
85050
85300
85150
85200
85250
85300
8513150
85400
85150
89500
85550
85600
85650
85700
8%7150
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G+ INITTALIZE YARIABLES
H1=0,105
MGil)=eYy
CLUSE )1
CALL PLTSHI{NAME,IUUT)
CALL FACTOR(S1ZL) .
U= REDEFINE URIGIN
CALL PanT(iog,-‘;p'j)
CALL PLUT(Q,90,./1FT,=13)
U= PLUT AXES .
CALL AXIS(0,3.0/1FT,"E=-w, FEET",11,120/1:1,0,0,1FT*100)
CALL AXLIS({=2./1F1,~1,%PXS/IFL,"N=5, FEET", 11, MXE/1FT,90,
- HXSH100,IF 4(=j00))
IF (1UNTS.EQ,1) GOTU 60
CALL AXIS(=9,/1FT,=1,4MXS/LEY,"N=S, METERS*, 11 ,MX5/1FT,90,
- MXS+100#%, 3048, TFT*{=100)%,3048)
CALL AXIB{0,10,/1FT,"Emw, METERS",11,120/1F1,0,0,1FT4100%,304k)
60 CONTINUE
DO 10 1=1,N5
Cm JF PRE=1960 PLUT FERRY JETITY
o IF(FLLEIDCL) LT, "S1962") GOTO B0
GOT0D 90
80 CONTINUE
CALL PLUT(3.16/1FT,~86,72/1¥T, 1)
CALL PLUOT(,76/71FT,=TH, 72/1tT,2)
CALL PLUTC(.BE/ZL1FT,=15%,56/1F71,2)
CALL PLOT(4.32/1FT,=10.96/1FT,2)
CALL PLUTCIU6B21FT,-05.96/FFT,2)
CALL SYMBUL(1U,08/1F 1, =65,90/1F1 ,HT%,75,0G(1),0,1}
90 CONTINUE
C- PLUT TIFLE DF MAP
CALL SYMBULC(1,2,(4,04MXS)%{=~1)/1FT ,HT*2,HEADFR,0,50)
IPEN=3
C= PLOT SHUHELINES
pu 140 I=i,N5
IF(FILEID(I)} . EQ,"NO") GUID 140
11=1
IF{FILEC1),LT."51900,") TPEN=2
CHANGE (Y, T 1TLE=t LLE)
- 100 CUNTINDE
READ(Y, 1070, END=130) X,Y,Z,.XX,YY,2%
‘"bu 120 J=1,2
X=UY, 528X
Y=98,45%Y
IF{X, LY. 4} GUTU 100
1IF(Y,GY,kXS) GOTO 130
FF(IT.GT. 1) GuTD 110
T T CALL PLOT{X/LIFT,Y/(»1)/1FT,3)
I1=2
110 CONTINLE
CALL FLOI(X/IFT,Y/{~1)/1FT,2)
=XX
Y=Yy
120 CONTINUE
GUTU 100
130 CONTINUE
CLNSE 9
140 CUNTINUE
C= PLUT BREARWATER



85000
85850
659930
B5Y50
B6UO0O
86050
86100
Bb1%0

B6200°

86250
B6300
86350
G400
86450
B6500
86550V
86570
86600
86650
B6T40
8RHUD
46850

- geay0o

86950
41000
87950
87100
81150
87200
87250
81300
B1350
87400
87450

~169-

CALL SYMHUL(&?.b?/lfl,-32.??/1?1.HT*.?%,MG(l),U,l)

CALL PLUT(I9.3271FT,=24,
CALE PLUT(27.,471FT,~16.4
CALL PLUTCLS,.FIET,=20./71
CALL SYMBOL(15,/IFT,~20,

SEAT . 2)

4/1¥1 1FEN)

F1,2)

ATFT, H1%,79,8G(1),0,1)

CALL PLUL(=2,/1¥1, =1 ,#MX5Z1FT, 1)

CALL PLOT{1%5,/0tT.(=1.)

$AXS/LFT,2)

CALL PLUOT{125./1F7,3.0/1FT,2)

CALL PLOT(Y20,/1FT,3.0/1FT,2)

Cw= REDEFINE OHIGIN AT DKIGINAL PLACE

IF{luuT, EQ,~9}) CALL PLUT (130, /1T, =100, /0FY,=3)

CALL PLUNCU,=90.71FT,=3}
CALL Pla“T('l.gg'o“c-JJ

¢» CLEAR PLUTTLR

CALL PLOT{0,0,10UT)
CALL NOKE
CALL PLOT(D,0,8)

C~ WALT FUIR RETURN FUNCH

1%0

READC()]1,1010) CONTIN
CLUSE #
CUNTINUE

C= REPLUT UR RETURN

10)0
1020
1030
1040
1050
1060
1070

WRITE(11,7)"D0 YOU WANT
READ(}),1050) NPL
1IF{NPL,EG,2) GUTU 10
RETURN

FURMATI{I1)

FURMAT({CE)
FORMAT(12Ab)
FUORMAT{FS 42}
FURMAT(12)

FURMAT (At)

FORMAT(nX ,601X,FT,.3))
END

10 RE-PLUT THIS MAP 1=MO , 2SYES™



